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Abstract

Understanding erosion and transport of sediment is of importance when dealing with
many geomorphological and ecological concerns, such as the stability of riverbanks, the
siltation of navigational channels, the distribution of sediments, nutrients, and pollutants
as well as the loss of storage capacity of reservoirs. For example, by interrupting river
connectivity, dams alter flow and sediment dynamics, leading to sediment accumulation
in the reservoirs. Therefore, advancing the knowledge about erosion and sediment
transport processes is also critical for effective management of water resources.

There is a relatively good understanding of the erosion processes of non-cohesive
sediments on idealized geometries. The erosion processes in natural cohesive sediment
mixtures, on the other hand, are greatly affected by a variety of physical, chemical, and
biological sediment properties. These sediment properties and their complex site-specific
interactions with flow and bed morphology considerably complicate modelling and
management of sediment, resulting in high spatial and temporal variability of critical
erosion thresholds in aquatic water bodies. Despite the importance of sediment dynamics,
the relative roles of sediment properties on spatial and depth variable erosion resistance
of cohesive sediments remain poorly understood. In addition, presence of microbial
aggregates (“biofilm”) has been increasingly recognized to mediate sediment properties
and dynamics both in the laboratory and in the field through their self-secreted matrix of
extracellular polymeric substances (EPS). In particular, adhesion and cohesion exerted by
biofilms lead to increased erosion thresholds (biostabilization), both at the sediment
surface and deeper layers. The biostabilization potential of biofilms is controlled by their
biodiversity and community composition through the metabolic performance of involved
microbial communities, which is also dictated by the complex interactions of flow,
biofilm, and sediment. Therefore, to improve the understanding of sediment transport and
biostabilization as well as to consider the multi-variate problem of natural cohesive
sediment mixtures, interdisciplinary studies with integrated methodological approaches
are needed. In this respect, controlled laboratory experiments are still ideal to investigate
the three-way interaction between flow, biofilm, and sediment. The present dissertation
explores the erosion of artificial and natural sediments through advanced experimental
methods and approaches, with a focus on flow—biofilm-sediment interactions. The results
of this study are presented in three scientific publications, which are core parts of this
cumulative dissertation.

The first set of laboratory experiments deals with the performance of an acoustic Doppler
velocity profiler (Vectrino Profiler) for measuring mean velocity and turbulence at the
sediment-water interface. The flow measurements obtained by Vectrino Profiler were
compared to those obtained by particle image velocimetry (PIV) on four types of bed
material, involving geotextile bed as a scenario for loose sediment with high porosity,
sand bed with a median particle size of 0.25 mm, coarse gravel bed having a nominal
diameter between 18 and 36 mm as well as metal bed as a scenario for strongly
acoustically reflective flat bed. During the experiments, the flow velocity, bed material,
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and probe to bed distance of the Vectrino Profiler were varied whilst the flow depth
remained constant at 0.23 m. The vertical profiles of mean velocity, turbulent Kinetic
energy, and power spectral density of velocity fluctuations were compared between the
two instruments since they are most commonly used parameters for characterization of
flow at the sediment—water interface. The results showed that the acoustic interference of
the bed (boundary interference) adversely affects the velocity measurements as close as
1.7 — 5 mm above the bed, depending on the bed material. Accordingly, a practical
criterion was provided to identify the vertical extent of the boundary interference region.
It was shown that its vertical extent can be identified by a local minimum in the signal-
to-noise ratio, recorded by the Vectrino Profiler itself. Outside the boundary interference
region, the best agreement between the two instruments was found around the sweet-spot
of the Vectrino Profiler, where the observed differences were <6% for mean velocities
and <10% for turbulent kinetic energy. Overall, this study shows the limitations of
acoustic-based velocity instruments for measuring flow and turbulence at the sediment—
water interface. Therefore, optical methods, such as PIV, can be utilized to obtain non-
destructive measurements of spatial velocity distribution near the bed.

The second set of laboratory experiments explores the interactions of flow, biofilm, and
sediment using an integrated and interdisciplinary approach, which is rarely implemented
in the fields of hydraulic engineering and ecohydraulics. The experiments were conducted
in six identical laboratory flumes using the water and inoculation from the reservoir
Grol3er Brombachsee. The biofilms were then cultivated on fine (median particle size =
0.16 mm) and medium sand (median particle size = 0.29 mm) under contrasting flow
conditions: low flow (bed shear stress ~ 0.01 Pa) and high flow (bed shear stress ~ 0.04
Pa). The water depth, water temperature, and light intensity were kept constant during the
experiments. Through a methodological workshop, a multitude of advanced optical
instruments and approaches was utilized on the quasi-naturally grown biofilm samples to
test the feasibility of an integrated experimental approach for investigation of flow—
biofilm—sediment interactions, with a focus on biostabilization. It was observed that the
flow speed influences the time of settlement, biofilm growth as well as surface
topography. Mean surface roughness (0.46 to 1.97 mm) and biofilm thickness (1.92 to
3.74 mm) increased considerably with a decreasing flow regime (bed shear stress from
0.04 Pa to 0.01 Pa). Moreover, application of next-generation sequencing approach
demonstrated that the abundance and species diversity were significantly higher for
bacterial communities at high flow conditions, whereas they were higher for microalgal
communities at low flow conditions. The advantages and challenges associated with the
applied methods were also explored in view of sediment stability. It was suggested that
the laboratory-scale observations should be linked to larger scales relevant for
management of water resources.

To explore the interrelationships between site-specific sediment parameters and spatially
and depth-varying erosion thresholds, the third set of experiments utilized 22 sediment
cores that were collected from the deposits of two reservoirs: GroRer Brombachsee (GBS)
and Schwarzenbachtalsperre (SBT). The multi-variate relationships between critical
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erosion thresholds of cohesive sediment mixtures and a collection of physical (bulk
density, particle size distribution, sediment composition, and percentiles of particle size
distribution), chemical (cation exchange capacity and total organic carbon), and
biological (chlorophyll-a, EPS protein and carbohydrate) sediment characteristics were
investigated. In contrast to the most previous studies that employed visual determination
approaches only, the critical erosion thresholds were determined analytically (and
visually) in a straight erosion flume using an advanced photogrammetric measurement
method relying on a structured-light approach. The analyses revealed that the clay-
dominated sediments of the GBS with comparatively low total organic carbon and sand
content were, on average, 10 times more stable compared to the sandy sediments of the
SBT. Consequently, for the clay-dominated sediments, critical erosion thresholds were
strongly correlated with clay content, and to a lesser extent, with bulk density. In contrast,
the comparatively sandy sediment layers of SBT exhibited strong positive correlations
between critical erosion thresholds and sand content, whereas the relationship was inverse
with clay content. The strength of these relations generally decreased for sediment layers
deeper than 10 cm. EPS (protein and carbohydrate) and chlorophyll-a were not good
indicators for the erosion thresholds, suggesting an ambiguous influence of biology and
its varying interaction with other physico-chemical sediment properties. Therefore,
identifying universal sediment parameters for estimating critical erosion thresholds is
challenging for natural sediments, but the interrelationships can be simplified to site-
dependent key parameters.

Overall, the findings of this research highlight the need to further study erosion processes
in laboratory and various natural environments under variable regimes of flow, biofilm,
and sediment. When studying flow-biofilm—sediment interactions and erosion processes,
spatially heterogenous near—bed flow dynamics and its simultaneous interaction with
sediment-biofilm matrix and (dynamic) bed roughness can be considered using non-
destructive optical approaches, such as PIV and underwater laser scanner. Due to the
complexity of natural sediments, the field studies should, ideally, be complemented with
controlled laboratory studies by utilizing a combination of advanced optical and
molecular approaches in an integrative way. A successful example of such integrated
approach is demonstrated in this dissertation.
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Kurzfassung

Das Verstdndnis der Erosion und des Transports von Sedimenten ist fir viele
geomorphologische und 6kologische Probleme von Bedeutung, z. B. fiir die Stabilitat von
Flussufern, die Verschlammung von Schifffahrtskandlen, die Dynamik von Sedimenten,
Né&hr- und Schadstoffen sowie den Verlust der Stauraumkapazitat von Wasserreservoirs.
Durch die Unterbrechung der Flussdurchgangigkeit verédndern Querbauwerke
beispielsweise die Stromungs- und Sedimentdynamik, was zu Sedimentansammlungen in
den Staurdumen fiihrt. Daher ist ein besseres Verstdndnis der Erosions- und
Sedimenttransportprozesse auch fur eine wirksame Bewirtschaftung der Gewasser wichtig.

Die Erosionsprozesse von nicht kohésiven Sedimenten auf idealisierten Geometrien sind
relativ gut bekannt. Die Erosionsprozesse in nattrlichen kohdsiven Sedimentmischungen
werden dagegen stark von einer Vielzahl physikalischer, chemischer und biologischer
Sedimenteigenschaften beeinflusst. Diese Sedimenteigenschaften und ihre komplexen
standortabhé&ngigen Wechselwirkungen mit der Stromung und der Sohlmorphologie
erschweren die Modellierung und das Management von Sedimenten erheblich und fuhren
zu einer hohen rdumlichen und zeitlichen Variabilitat der kritischen Erosionsschwellen.
Trotz der Bedeutung der Sedimentdynamik sind die relativen Auswirkungen der
Sedimenteigenschaften auf die raumlich und in der Tiefe variierende Erosionsstabilitét
kohasiver Sedimente bisher nur wenig bekannt. AuRerdem wird zunehmend erkannt, dass
mikrobielle Aggregate ("Biofilm™) durch ihre selbstproduzierte Matrix aus
extrazelluldren polymeren Substanzen (EPS) die Sedimenteigenschaften und -dynamik
sowohl im Labor als auch in Felduntersuchungen beeinflussen. Insbesondere die
Adhéasion und Kohasion, die durch Biofilme erzeugt werden, fiihren zu erhéhten
Erosionsschwellen (Biostabilisierung), sowohl an der Sedimentoberflache als auch in
tieferen Schichten. Das Biostabilisierungspotenzial von Biofilmen wird durch ihre
Artenvielfalt und die Artenzusammensetzung durch die Stoffwechselleistung der
beteiligten mikrobiellen Gemeinschaften kontrolliert, die auch durch die komplexen
Wechselwirkungen von Stromung, Biofilm und Sediment beeinflusst wird. Um das
Verstandnis von Sedimenttransport und Biostabilisierung zu verbessern und das
multivariate Problem natlrlicher kohdsiver Sedimentmischungen zu berticksichtigen,
sind daher interdisziplinare Studien mit integrierten methodischen Ansatzen erforderlich.
Daher sind kontrollierte Laborexperimente weiterhin ideal, um die Drei-Wege-
Interaktion zwischen Strémung, Biofilm und Sediment zu untersuchen. In der
vorliegenden Dissertation wird die Erosion von kiinstlichen und nattirlichen Sedimenten
mit Hilfe moderner experimenteller Methoden und Ansédtze untersucht, mit einem
Schwerpunkt auf den Wechselwirkungen zwischen Strémung, Biofilm und Sediment. Die
Ergebnisse dieser Arbeit werden in drei wissenschaftlichen Publikationen vorgestellt, die
am Ende dieser Dissertation zu finden sind.

Die ersten Laborexperimente beschaftigen sich mit der Leistung eines Ultraschall-
Doppler-Profil-Geschwindigkeitsmessers (Vectrino Profiler) zur Messung der mittleren
Geschwindigkeit und Turbulenz an der Sediment-Wasser-Grenzflache. Die mit dem
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Vectrino Profiler gewonnenen Stromungsmessungen wurden mit denen verglichen, die
mit Hilfe der Particle Image Velocimetry (P1V) an vier Arten von Sohlmaterial gewonnen
wurden. Dabei handelte es sich um einen Geotextilsohle als Szenario fir lockeres
Sediment mit hoher Porositét, eine Sandsohle mit einer mittleren Partikelgrof3e von 0,25
mm, eine grobe Kiessohle mit einem nominalen Durchmesser zwischen 18 und 36 mm
sowie eine Metallsohle als Szenario fiir stark akustisch reflektierenden Sohlen. Wéhrend
der Experimente wurden die Strémungsgeschwindigkeit, das Sohlmaterial und der
Abstand zwischen dem Vectrino-Profiler-Sensor und der Sohle variiert, wahrend die
Wassertiefe konstant bei 0,23 m blieb. Die vertikalen Profile der mittleren
Geschwindigkeit, der turbulenten kinetischen Energie und der spektralen Leistungsdichte
der Geschwindigkeitsschwankungen wurden zwischen den beiden Instrumenten
verglichen, da dies die am hdufigsten verwendeten Parameter zur Charakterisierung der
Strémung an der Sediment-Wasser-Grenzflache sind. Die Ergebnisse zeigten, dass die
akustische Interferenz der Sohle die Geschwindigkeitsmessungen in einem Bereich von
1,7 bis 5 mm ber der Sohle beeintrachtigt, abhangig vom Sohlenmaterial. Folglich wurde
ein praktisches Kriterium zur Bestimmung der vertikalen Ausdehnung der akustischen
Interferenzzone entwickelt. Es wurde gezeigt, dass die vertikale Ausdehnung durch ein
lokales Minimum im Signal-Rausch-Verhéltnis, das vom Vectrino Profiler selbst
aufgezeichnet wird, identifiziert werden kann. AuRerhalb der akustischen Interferenzzone
wurde die beste Ubereinstimmung zwischen den beiden Instrumenten um den Sweetspot
des Vectrino Profilers herum gefunden, in dem die beobachteten Unterschiede <6% fir
die mittleren Geschwindigkeiten und <10% fiur die turbulente Kinetische Energie
betrugen. Insgesamt zeigt diese Studie die Einschrdnkungen von akustischen
Geschwindigkeitsmessgeraten fur die Messung von Stromung und Turbulenz an der
Sediment-Wasser-Grenzflache. Daher kénnen optische Methoden wie PIV eingesetzt
werden, um zerstérungsfreie Messungen der raumlichen Geschwindigkeitsverteilung in
der Sohln&he zu ermitteln.

Die zweiten Laborexperimente untersuchen die Wechselwirkungen von Strémung,
Biofilm und Sediment mit einem integrierten und interdisziplindren Ansatz, der in den
Disziplinen Wasserbau und Okohydraulik nur selten umgesetzt wird. Die Experimente
wurden in sechs identischen Laborrinnen mit dem Wasser und der Inokulation aus dem
GroRen Brombachsee durchgefiihrt. Die Biofilme wurden auf Feinsand (mittlere
Partikelgrofle = 0,16 mm) und Mittelsand (mittlere PartikelgréRe = 0,29 mm) unter
unterschiedlichen  Stromungsbedingungen  aufgewachsen:  geringe  Strdmung
(Sohlschubspannung ~ 0,01 Pa) und hohe Strémung (Sohlschubspannung ~ 0,04 Pa). Die
Wassertiefe, die Wassertemperatur und die Lichtintensitait wurden wahrend der
Experimente konstant gehalten. Im Rahmen eines Methoden-Workshops wurden
verschiedene fortschrittliche optische Instrumente und Ansétze an dem quasi-natirlich
gewachsenen biofilmgebundenen Sediment verwendet, um die Durchflihrbarkeit eines
integrierten experimentellen Ansatzes zur Untersuchung der Wechselwirkungen
zwischen Stromung, Biofilm und Sediment zu testen, mit einem Schwerpunkt auf der
Biostabilisierung. Es wurde festgestellt, dass die Stromungsgeschwindigkeit die
Besiedlungszeit, das Biofilmwachstum und die Oberflachentopographie beeinflusst. Die
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mittlere Oberflachenrauheit (0,46 bis 1,97 mm) und die Biofilmdicke (1,92 bis 3,74 mm)
nahmen mit abnehmendem Strémungsregime (Sohlschubspannung von 0,04 Pa auf 0,01
Pa) deutlich zu. Daruber hinaus zeigte die Anwendung des Next-Generation-Sequencing-
Ansatzes, dass die Abundanz und die Artenvielfalt fir bakterielle Gemeinschaften bei
hohen  Stromungsbedingungen signifikant hoher waren, wahrend sie fir
Mikroalgengemeinschaften bei niedrigen Stromungsbedingungen hoher waren. Die
Vorteile und Herausforderungen, die mit den angewandten Methoden verbunden sind,
wurden auch im Hinblick auf die Sedimentstabilitat untersucht. Es wurde vorgeschlagen,
die Messungen im Labormafstab mit groReren Malstdben zu verknipfen, die fur die
Bewirtschaftung von Gewassern relevant sind.

Um die Wechselbeziehungen zwischen den standortabhangigen Sedimentparametern und
den raumlich und tiefenabhéngigen kritischen Erosionsschwellen zu erforschen, wurden
in den dritten Experimenten 22 Sedimentkerne verwendet, die aus den Ablagerungen von
zwei Staurdumen entnommen wurden: GroRRer Brombachsee (GBS) und Schwarzenbachtalsperre
(SBT). Untersucht wurden die multivariaten Beziehungen zwischen kritischen
Erosionsschwellen kohdsiver Sedimentmischungen und einer Reihe physikalischer
(Lagerungsdichte, Sedimentzusammensetzung, Perzentilwerte der PartikelgréRenverteilung),
chemischer (Kationenaustauschkapazitat, gesamter organischer Kohlenstoff) und biologischer
(Chlorophyll-a, EPS-Protein und Kohlenhydrate) Sedimenteigenschaften. Im Gegensatz
zu den meisten friheren Studien, die nur visuelle Bestimmungsansétze verwendeten,
wurden die kritischen Erosionsschwellen analytisch (und visuell) in einer geraden
Erosionsrinne mit einer modernen photogrammetrischen Messmethode bestimmt, die auf
einem strukturierten Lichtansatz basiert. Die Analysen ergaben, dass die tonhaltigen
Sedimente der GBS mit vergleichsweise geringem Gesamtgehalt an organischem
Kohlenstoff und Sand im Durchschnitt 10-fach stabiler waren als die sandigen Sedimente
der SBT. Folglich waren die kritischen Erosionsschwellen fur die tonhaltigen Sedimente
stark mit dem Tongehalt und in geringerem Male mit der Lagerungsdichte korreliert. Im
Gegensatz dazu wiesen die vergleichsweise sandigen Sedimentschichten der SBT starke
positive Korrelationen zwischen den kritischen Erosionsschwellen und dem Sandgehalt
auf, wahrend die Beziehung zum Tongehalt umgekehrt war. Die Stérke dieser
Beziehungen nimmt fiir Sedimentschichten ab, die tiefer als 10 cm in den Sedimentkernen
liegen. EPS (Protein und Kohlenhydrate) und Chlorophyll-a waren keine guten
Indikatoren fir die kritischen Erosionsschwellen, was auf einen unklaren Einfluss der
Biologie und ihre unterschiedliche Wechselwirkung mit anderen physikalisch-
chemischen Sedimenteigenschaften hinweist. Es zeigt sich also, dass die Identifizierung
von universellen Sedimentparametern fur die Abschatzung kritischer Erosionsschwellen
natlrlicher Sedimente sehr komplex ist, die Wechselbeziehungen jedoch vereinfacht auf
einzelne standortabhangige Schlisselparameter reduziert werden kdnnen.

Insgesamt unterstreichen die Ergebnisse dieser Forschung die Bedeutung der weiteren
Untersuchung von Erosionsprozessen im Labor und in verschiedenen natirlichen
Gewassern unter variablen Strémungs-, Biofilm- und Sedimentregimen. Bei der
Untersuchung der Wechselwirkungen zwischen Strémung, Biofilm und Sediment sowie



XXVi

der Erosionsprozesse konnen die raumlich heterogene sohlnahe Stromungsdynamik und
ihre gleichzeitige Wechselwirkung mit der Sediment-Biofilm-Matrix und der
(dynamischen) Oberflachenrauheit mit zerstérungsfreien optischen Ansatzen wie PIV
und Unterwasser-Laserscanner berticksichtigt werden. Aufgrund der Komplexitét
nattrlicher Sedimente sollten die Feldstudien idealerweise durch kontrollierte
Laborstudien ergénzt werden, bei denen eine Kombination aus fortschrittlichen optischen
und molekularen Ansétzen integrativ eingesetzt wird. Ein erfolgreiches Beispiel fur einen
solchen integrierten Ansatz wird in dieser Dissertation vorgestellt.
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1 Introduction

1.1 Research Background and Motivation

Erosion, transport, and deposition of sediment in rivers and reservoirs have been of great
interest to engineers, sedimentologists, and geomorphologists for many years. This is
mainly due to the complex interactions between flow and sediment that control
morphology of the bed, and thus aquatic habitat, water quality, and beyond. The
interaction of flow and sediment is so complex that, according to an anecdote, when Hans
Albert Einstein told his father Albert Einstein that he would like to study sediment
transport, Albert Einstein recommended him strongly not to delve into the mechanics of
sediment transport due to difficulties in dealing with sediment transport processes [2].

Natural flows are typically characterized by three-dimensional (3D) flow velocities over
a rough boundary consisting of a complex topography, hereafter called sediment—water
interface. The sediment—water interface is dynamic and may change its shape due to the
dynamic erosion, transport, deposition, and consolidation (ETDC) process, which is also
governed by a complex interaction of physical, chemical, and biological factors.
Consequently, flow in aquatic systems contains a range of temporal and spatial scales [3].
The complexity is further increased in the presence of “ecosystem engineers”, such as
biofilms, which act to change the geomorphology [4, 5] and the entire ecosystem [6].
Biofilms are genetically diverse surface-attached aggregates of microorganisms
(Archaea, Bacteria, Eukarya) [7], which are wrapped in a self-secreted matrix of
extracellular polymeric substances (EPS) and colonize beds in diverse environments,
including rivers [8], and reservoirs [9].

Hughes [10] once stated: “Understanding sediment transport in coastal regions is a
perplexing challenge that in all likelihood will continue to frustrate coastal researchers
and engineers for generations to come”. This opinion is still valid today and could also
be applied to freshwater ecosystems such as rivers and reservoirs. Accordingly,
understanding and modelling erosion processes are critical for many ecological and



geomorphological concerns, including the stability of riverbanks and bridge piers, the
siltation of navigation channels and harbours, the distribution of particulate matter
(sediments, organics, and pollutants) as well as the loss of storage capacity of reservoirs
(figure 1). For example, erosion and deposition processes are usually in a state of dynamic
equilibrium in most natural rivers. However, the global construction of >58,000 large
dams [11] has significantly affected this balance by fragmenting the river network [12],
leading to an estimated over 100 Gt sediment trapped in reservoirs [13]. Therefore,
advancing our knowledge about erosion and sediment transport processes is also central
to a range of management strategies, particularly in view of increased demands for
hydropower [14, 15].

Figure 1: Sedimentation problem in Paonia Reservoir, Colorado, USA. a) before
drawdown, b) after drawdown as part of the sediment management strategy.
Left image shows that the mud interfered with the intake structure that controls
releases to the stream below the dam

Sediment bed material can be non-cohesive and cohesive. The non-cohesive sediments
range from sand (0.062 mm > diameter < 2.0 mm) to gravel (diameter > 2.0 mm), whereas
the cohesive sediments consist of smaller particles, including silt (0.002 mm < diameter
< 0.0062 mm) and clay (diameter < 0.002 mm) fractions [16, 17]. In river and reservoirs
or any other aquatic ecosystems, cohesive sediments are usually encountered as a
heterogenous mixture of inorganic particles (e.g., sand, silt, clay) enriched with diverse
microbial communities forming biofilm [18] as well as pore water and gas (e.g., methane)
[19]. A water-sediment mixture of silt, clay and organic matter is also called “mud” [20].

Erosion mechanisms and influencing factors differ considerably between cohesive and
non-cohesive sediments. Whilst erosion resistance of non-cohesive sediment is mainly
governed by particle size and weight, electrostatic charges on clay-sized particles
determine the interparticle bonding between cohesive sediments [17]. These interparticle
bonding forces can be several orders of magnitude larger than gravitational forces [21].
Cohesive sediment erosion takes place when the strength of the flow is sufficient to
overcome interparticle forces [21, 22] and cohesive sediments erode as a bulk group (flocs
or aggregates) with interparticle interactions. In contrast, non-cohesive sediments are
detached from the bed and transported as individual particles without interparticle
interaction [16].

The increased recognition of ecological effects on flow-sediment dynamics over the last
two decades has resulted in the development of the field called “ecohydraulics”. Among
other biological influences, the role of biofilms in modifying sediment properties and



processes has been increasingly recognized. Indeed, when growing on sediment in the
bed finer than approximately 2 mm (clay, silt, sand) [23], biofilms glue sediment particles
to each other through their self-secreted EPS matrix [4, 5], leading to enhanced erosion
resistance [24]. Such ability of biofilms to increase erosion thresholds (or sediment
stability) by biological actions is called “biostabilization” [25-28] or “biogenic
stabilization” [5]. Biostabilization has been reported to considerably mediate the sediment
ETDC processes in aquatic ecosystems [5]. It must be noted that despite non-cohesive
sediments act independently of each other, when they are coated with biofilms, they
behave as cohesive particles, resulting from the adhesion exerted by biofilm [5].
Additionally, adhesion and cohesion exerted by biofilm are expected to enhance erosion
resistance not only at the surface [18, 29], but also at deeper sediment layers [30].

A great deal of laboratory studies have been previously performed with non-cohesive
sediments and sediments without any microbial involvement, yielding a relatively good
understanding of the erosion processes occurring on idealized geometries [5, 18]. Since
interparticle bonds between particles and presence of biofilm in natural sediments
significantly complicate modelling and management of sediment in aquatic water bodies,
there exists no generic relationships for the estimation of erosion thresholds in natural
sediments. Additionally, the vast and complex interactions of physical, chemical, and
biological factors can considerably affect erosion thresholds, resulting in high spatial and
temporal variability [31, 32]. Therefore, when assessing erosive properties of cohesive
sediments, site-specific sediment conditions should be considered [33], which makes
cohesive erosion studies a multi-variate problem [22]. Therefore, future field studies are
required to consider the multi-variate problem of natural cohesive sediment mixtures [34]
with biofilm [5]. It is of critical importance since cohesive sediments can also bind
contaminants and may lead to significant ecological and water quality problems. Due to
growing concerns for ecological problems, the sediments are subject to several
international guidelines, such as EU Water Framework Directive, which aims to achieve
the “good” ecological status of water bodies in the EU by 2027 [35]. Despite the
importance of sediment dynamics, the relative roles of sedimentological factors on spatial
and depth variable erosion resistance of cohesive sediments remain poorly understood.

The biostabilization potential of biofilms is dictated by their biodiversity and community
composition through the metabolic performance of involved microbial communities [5,
28, 36-38], which is governed by the interactions of flow, biofilm, and sediment. Indeed,
many biofilms have complex morphologies and can develop long, oscillating filamentous
structures called streamers [39, 40], which not only alter flow dynamism and bed
topography, but also mass transport near the bed and thus biostabilization potential [24].
Whilst investigating the relationships between site-specific natural sediment
characteristics and erosion thresholds is important to advance our understanding about
cohesive erosion processes and to establish practical formulations for erosion thresholds,
a fundamental understanding of flow—biofilm—sediment interactions which influence
biostabilization is still elusive. Despite artificial and natural sediments and their erosion
behaviour have received increasing attention over the last decades with or without



consideration of biofilm, their interrelationships to flow and bed topography co-evolving
with biofilm growth have not been studied yet [5, 26, 41]. Challenges include i) creating
realistic experimental settings and utilizing a combination of tools and approaches to
describe the reciprocal relationships between flow—biofilm—sediment and associated mass
transfer, which alters microbial processes and vice-versa and ii) understanding the role of
key microbial players (and processes) for biogeochemical and morphological processes,
and how microorganismal level functions can be linked to biostabilization [24].
Overcoming these challenges requires an integrated and interdisciplinary investigation of
biostabilization by studying hydraulics, geomorphology, and microbial ecology as an
integrated concept using advanced tools and approaches rather than viewing them as
subordinately serving the other [42]. A decade after the “2020 vision” of Rice et al. [41]
for integrated and interdisciplinary river science, a feasibility of an interdisciplinary
approach bringing different tools and scientific communities together on the same
research topic has yet to be tested.

1.2 Research Objectives

The main objective of this dissertation is to investigate the erosion of artificial and natural
sediments through advanced experimental methods and approaches, with a focus on
flow—biofilm—sediment interactions.

More specifically, the objectives of this research are:

e todemonstrate limitations of an acoustic-based velocity profiler for characterizing
flow and turbulence at the sediment—water interface through controlled laboratory
experiments,

e to provide the current state of the knowledge in the erosion process of non-
cohesive and cohesive sediments (with and without biofilm) under the influence
of various physical, chemical, and biological factors, including their interactions
with flow, biofilm and sediment,

e to critically review current state of the flow—biofilm—sediment research across
various spatial scales, currently employed measurement techniques and critically
assess their advantages and limitations with particular reference to erosion
processes,

e to investigate the interrelationships between physical, chemical, and biological
sedimentological characteristics and erosion thresholds for natural sediments,

e to perform laboratory experiments on biostabilization and explore the feasibility
of an interdisciplinary research by utilizing a variety of modern optical and laser-
based tools, advanced molecular approaches as well as integrating knowledge
from hydraulic engineering, geomorphology, and microbial ecology.



1.3 Outline of Dissertation

This doctoral dissertation is presented in a cumulative format. The dissertation contains
an introduction and a literature review chapter, a material and methods chapter, and three
appendices composed of three publications/manuscripts that are either published (Appendix
I & 1) or accepted for publication (Appendix I11) in peer-reviewed journals (figure 2).

Chapter 2 discusses the erosion and sediment transport processes for non-cohesive and
cohesive sediments as well as physical, chemical, and biological factors influencing the
erosion resistance of these sediments. Methodological challenges for the measurements
of erosion, flow dynamics, and bed topography are also discussed.

Chapter 3 presents an overview of materials and methods for conducting laboratory
experiments and field sampling. Additional methods are also provided in the respective
manuscripts.

Chapter 4 presents a synthesis of main findings and provides an outlook for potential
future studies and further methodological challenges to be solved that can support
predictions on erosion of natural sediments under variable regimes of flow—biofilm—
sediment interactions.

Appendix | evaluates the measurement performance of an acoustic Doppler velocity
profiler, namely Vectrino Profiler, and discusses how acoustic-based velocimeters pose
challenges for mean velocity and turbulence measurements at the sediment—water
interface despite their frequent use. Laboratory experiments were conducted on four types
of bed material. Mean velocities and turbulence measured by Vectrino Profiler were
compared to those measured by Particle Image Velocimetry. The influence and vertical
extent of the boundary interference region (i.e., acoustic interference of the bed biasing
velocities) as well as reliable measurement range were critically discussed [43].

Appendix Il focuses on flow—biofilm—sediment interactions from an interdisciplinary
perspective. It presents a combination of a controlled experimental study and application-
oriented critical review on the state of the art and methodological approaches in the flow-
biofilm-sediment research with an emphasis on biostabilization and fine sediment
dynamics. A feasibility of an interdisciplinary approach for biostabilization research was
explored through a methodological workshop. The chapter also addresses how advanced
methods in the fields from hydraulics, sedimentation engineering, microbial ecology, and
biochemistry can be applied to study flow—biofilm—sediment interactions, towards the
same goal of biostabilization. The main experimental findings were incorporated into a
critical review [24].

Appendix 11l focuses on the multivariate relationships between critical erosion
thresholds of natural sediments and their physico—chemical and biological-
sedimentological characteristics based on 22 sediment cores collected from two reservoirs
in Germany. The interrelationships between erosion thresholds and a collection of
sediment parameters, including bulk density, sediment composition, percentiles, cation
exchange capacity, organic content, EPS (proteins and carbohydrates) as well as



chlorophyll-a (a proxy for photoautotrophic biomass/algae in sediments) were evaluated
and discussed. Based on controlled laboratory experiments, this study also utilized an
advanced photogrammetric method to quantify critical erosion thresholds for a succession
of sediment layers within the collected sediment cores [44].

Part | — Performance of the Vectrino Profiler at the sediment-water interface Part Il - Exploring flow-biofilm-sediment interactions:

Assessment of current status and future challenges
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Figure 2. Overview of the achievements in exploring erosion process, with a particular
focus on flow—biofilm—sediment interactions



2 Literature Review

This chapter focuses on sediment transport mechanisms for both non-cohesive and
cohesive sediments. Incipient motion observation techniques and erosion devices for
measuring incipient motion of sediments as well as associated methodological challenges
are discussed in detail. Physical, chemical, and biological factors affecting erodibility of
cohesive sediments are presented and discussed. Finally, the effect of biofilm on erosion
thresholds is elaborated along with methodological challenges in exploring flow-biofilm-
sediment interactions, which control growth and functions of biofilms.

2.1 Origin and Properties of Sediments

The characterization of sediment deposits is critical to understand their behaviour
(mobility and stability) and fate in aquatic water bodies as well as to design engineering
structures (e.g., reservoirs). In view of erosion and transport, sediments are generally
characterized by their particle shape, composition and size, the latter being the most
important parameter [45]. Based on the particle size distribution, sediments are usually
classified into two categories using the Wentworth scale [46]: i) non-cohesive sediment
and ii) cohesive sediment [21, 22]. The non-cohesive sediments range from sand (0.062
mm > diameter < 2.0 mm) to gravel (diameter > 2.0 mm), whereas the cohesive sediments
consist of smaller particles, including silt (0.002 mm < diameter < 0.0062 mm) and clay
(diameter < 0.002 mm) fractions. The sand and silt particles are produced as a
consequence of physical weathering of primary materials (i.e., rocks), nearly spherical,
and mostly contain quartz with feldspar and mica [20, 22]. Mainly containing tetrahedral
sheets of silicon-oxygen and octahedral sheets of magnesium, or aluminium-oxygen, the
clay particles are formed by chemical weathering of primary materials and are plate-
shaped [22, 47]. The various combinations of these sheets with different anionic and
cationic substitutions [17] lead to development of different clay minerals, holding
together by electrostatic forces. The most common types of minerals comprise kaolinites,
illites, vermiculites, and smectites (or montmorillonites) (see Grabowski et al. [22] for
further details).

In natural environments, such as rivers, reservoirs, lakes, and estuaries, cohesive
sediments are typically found as a heterogenous mixture of inorganic particles (e.g., fine



sand, silt, clay), organic matter, pore water, and gas (e.g., methane) [19]. A water—
sediment mixture of silt, clay, and organic matter is also called “mud” [20] or fine
sediments. The volumetric fractions, weight, and particle size distributions of natural
sediments are highly variable [17, 19, 22].

The mechanisms for erosion and transport of sediments and affecting factors involved
differ for non-cohesive and cohesive sediments. The behaviour of cohesive sediment
particles is controlled by gravitational, interparticle electrochemical, and hydrodynamic
forces. The relative contributions of these forces are mainly controlled by particle size.
While the gravitational and hydrodynamic forces are critical for erosion resistance of non-
cohesive sediments, the interparticle electrochemical forces, including Coulombian
forces, London-van der Waals forces, and double-layer repulsion become increasingly
dominant as the particle size reduces below 62 um (see review by Santamarina [48]).
Particularly, clay particles have large surface areas compared to their volumes (i.e., large
specific area) and can attract and repel each other due to the presence of electrical charge.
With the predominance of attractive forces, they become strongly cohesive. Since the
cohesion is exerted by electrochemical forces present on the particle surface, the degree
of cohesion also increases with decreasing size of particles, leading to maximum cohesion
for the fine clay fractions (< 2 um) [17]. Sand and gravel particles, on the other hand, do
not show any cohesive behaviour, do not stick together, and thus are practically non-
cohesive (Table 1). Similarly, according to Mantz [49], coarse silt range exhibits little
cohesion behaviour in terms of incipient motion similar to those of sand. While non-
cohesive particles act independently of each other (without interacting), nevertheless
when they are coated with microbial assemblages (“biofilms”), they act as cohesive
particles due to the adhesion exerted by biofilm [5] (see section 2.8).

Under certain environmental conditions, cohesive particles can stick together and form
larger particles with larger submerged weight — a process named “flocculation” [50]. The
resulting particles or aggregates are called “flocs”. Flocs are composite and flexible
structures having various shapes (typically 100 — 200 um) [51], sizes, and densities and
can comprise both inorganic (e.qg., clay and silt particles) and organic (e.g., biofilm) matter
[19, 52]. Thereby, the sediment mechanics of fine cohesive particles is different than that
of non-cohesive particles.

2.2 Concept of Erosion

In order to understand cohesive sediment transport and the effect of biofilm on erosion
processes, it is necessary to describe the underlying physics. Erosion (or sediment
entrainment) is defined as the detachment and movement of sediment particles at the
sediment-water interface (e.g., in river or reservoir bed) [53]. For non-cohesive sediment,
detachment of sediment particles from the bed and their transport take place when eroding
forces are dominant over the resisting forces. The resisting forces are a function of size,
weight, shape, and porosity of the particle, its position in the surrounding matrix of
particles as well as packing density [16, 54-56].



Table 1: Sediment particle size and its relation to cohesion [17] (with permission from

ASCE)!
Size range (um) | Classification Degree of cohesion
> 62 Coarse-grained Non-cohesive
40 - 62 Fine grained: coarse silt Practically non-cohesive
20-40 Fine grained: coarse silt Cohesion increasingly important with
decreasing size
2-20 Fine grained: medium and fine silt Cohesion important
<2 Fine-grained: coarse, medium, and fine clay | Cohesion very important

Cohesive sediments respond to hydraulic forces both physically (by absorbing water and
swelling) and chemically through ion exchange in an attempt to preserve electroneutrality
[57]. Hence, electrochemical properties of particles and their complex interactions (in the
form of attraction and resistance) with water chemistry controls the erosion resistance
(erodibility) of cohesive sediment [21, 58, 59]. The degree of interparticle attraction
(sticking together) between sediment particles is influenced by, inter alia, clay
minerology, grain size, cation-exchange-capacity (see section 2.7) while the water
chemistry is a function of temperature, pH, and dissolved ions [22].

Cohesive sediments are usually transported as suspended load or wash load, whereas bed
load consists of non-cohesive sediments. Cohesive sediment erosion occurs when the
flow strength is large enough to dominate interparticle attraction forces [21, 22, 60].
Associated cohesive sediment behaviour is defined for bulk samples, implying that
cohesive sediments are transported as a group with interparticle interactions [22, 61] in
different erosion modes depending on the flow strength and bed composition [62]. Non-
cohesive sediments are, on the other hand, typically detached from the sediment bed and
transported as individual particles without interparticle interaction [16]. Withstanding the
uncertainties in identifying sediment incipient motion described in section 2.4., erosion
and transport of non-cohesive sediment is better understood compared to cohesive
sediment erosion, yet the erosion process is even more complex when the biological
factors, such as biofilm, are involved.

2.3 Theory of Sediment Incipient Motion

A non-cohesive sediment particle resting on the bed is subject to a combination of
gravitational (Fg), hydrodynamic drag (Fp), and lift forces (Fr). Incipient motion
represents the state of condition immediately before to movement of sediment particles
at the bed surface. It is often related to increasing flow conditions. This includes
increasing discharge or flow velocity due to e.g., storm events and snowmelt as well as
reservoir management strategies, such as sediment flushing. When the flow rate is

1 This material may be downloaded for personal use only. Any other use requires prior permission of the American
Society of Civil Engineers. This material may be found at https://doi.org/10.1061/9780784408148.ch04.
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increased, the bed shear stress also increases. The bed shear stress eventually reaches to
a level at which sediment particles starts to move. This level is referred to as “critical
shear stress for erosion” or “erosion threshold”.

Considering a velocity profile in a river with a time-averaged velocity of U that
corresponds to a level of u at the particle level, the forces acting on an individual particle
are: 1) the drag force (Fp), ii) the lift force (Fr), iii) the frictional resistance force (Fr),
and iv) the gravitational force (Fg) (figure 3). Depending on the conditions, there exist
three modes of particle motion, including rolling, sliding, and lifting [16, 63]. To reach
the incipient motion, one of the following conditions must be satisfied:

F; = F; (lifting mode)
Fp = Fg = (F; — F,)tang, with ¢ is the pivoting angle (sliding mode)
Mp = M (rolling mode)
Where My, is the overturning moment due to Fj, and F;, at the pivoting point, and Mg is

the resisting moment due to F; about the pivoting point.

v
= A

Enlarged view Enlarged view Enlarged view

Figure 3: Conceptual sketch of sediment entrainment threshold for different sediment
movement modes [16] (reproduced with permission from Wiley)

Whilst the wunderlying mechanics are clear, challenges include simultaneous
measurements of these variables due to complex three-dimensional turbulence patterns
and their interaction with the co-evolving bed [24, 64]. Since turbulence is considered as
random fluctuations around a mean flow velocity [65], bulk properties based on flow
velocity and particle properties have been found favourable, which have resulted in
development of a variety of formulas and engineering curves for estimating incipient
motion. Therefore, before describing cohesive erosion processes, incipient motion of non-
cohesive sediment is described in the following sections.
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2.4 Identification of Sediment Incipient Motion

Prior to describing the erodibility of cohesive sediment and biofilm-induced sediment
stabilization, the approaches used for definitions of incipient motion of non-cohesive
sediments shall be briefly summarized since a combination of visual and analytical
approach will be utilized in this study to quantify the incipient motion.

Whilst knowledge of incipient motion of sediment particles is needed for estimating
sediment transport, different definitions of incipient motion exist, which include: i) the
visual observation approach [66], ii) the reference transport approach [67, 68], iii) the
largest grain approach [69], and the probabilistic approach [53]. The first three
approaches assume that incipient motion is a deterministic process and time-averaged bed
shear stress moves the sediment particles [66, 68, 70-72], whereas the probabilistic
approach considers incipient motion as a stochastic process by recognizing the
probabilistic features of turbulent fluctuations caused by particle-flow interactions [53,
73-82]. The contributors to the stochastic processes also include, inter alia, surface
roughness of the bed [83], heterogeneities in size, shape and density of particles [84-87],
sheltering effect [88, 89], and packing [56, 90], which are also mutually influenced by the
presence of biofilm [5, 26]. Therefore, estimating or quantifying the initiation of motion
is challenging and mostly subjective. The “visual observation approach”, as the name
suggests, is based on the direct observation of movement of sediment particles at the bed.
Incipient motion is considered to occur when the first particles start moving. Accordingly,
Kramer [66] qualitatively defines four types of flow conditions for the incipient motion:

i.  No transport: No particles move on the bed

ii.  Weak transport: A countable number of the smallest particles are in motion in
isolated zones.

iii.  Medium transport: An uncountable number of particles of mean size are in
motion.

iv.  General transport: Particles of all sizes are in continuous motion at all parts of
the bed, leading to morphological changes.

Other qualitative visual definitions of incipient motion involve, inter alia, motion of a
single particle [56, 91, 92], motion of 1-2 particles [93], motion of the most exposed
particle(s) [94], general motion on the bed [95, 96], and first motion of a plane sediment
bed [97].

The “reference transport approach” is an indirect but quantitative approach and defines a
critical shear stress associated with zero bedload (i.e., rolling, sliding, lifting) transport
rate (i.e., the average particle momentum per unit bed area), which is performed by
extrapolating the backward measured transport rate to shear stress at zero or at a low
reference level [67, 98, 99]. However, in cases of sediment mixtures with a wide range of
particle sizes, a unique reference transport rate cannot be observed [67, 100], making the
approach sensitive to the properties of the sediment particles and their particle size
distribution as well as extrapolation techniques employed. While it is accurately unknown
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which approach Shields [68] used for measuring and comparing his data to those by Casey
[101], Gilbert [71], Kramer [102] and USWES [103], the analysis of large datasets on
erosion thresholds suggests that a combination of visual observation and reference
transport approaches was employed [104, 105]. According to the experiments by Taylor
and Vanoni [106], the Shields curve represents the conditions of a small observable
transport rate, rather than zero transport rate.

The “largest grain method” is a quantitative approach based on the critical shear stress
(flow competence functions) required to mobilize the largest particle [69, 107]. In this
approach, flow functions are developed based on the collection of sediment particles in a
sediment trap. While the approach can be easily applied in small streams where the near-
bed measurements of flow is difficult, the size and efficiency of the sediment trap as well
as the measurement duration play a critical role [108]. Differences in these factors may
lead to underestimation of the maximum size of transported sediment [107] or to
equivocal results for sediment that exhibits equal mobility since the flow functions
approach is based on selective transport [109].

The “probabilistic approach” considers the effect of turbulence and variability in particle
properties on the incipient motion. Compared to the other approaches, it acknowledges
that the bed shear stress varies over time, and thus the incipient motion is associated with
complex interactions of particles (and their properties) with turbulent fluctuations of flow.
In this case, while the conceptual sketch (figure 3) employs the average flow velocity, the
probabilistic approaches consider instantaneous flow velocities, including turbulent
bursting events (i.e., outward interactions, inward interactions, ejection, and sweep
events) and their frequencies and durations [110]. Figure 4 presents probability density
functions (PDFs) of instantaneous bed shear stress () and instantaneous bed shear stress
(rt,g) associated with sediment incipient motion. When the flow velocity increases, a
slight overlapping of both PDFs can take place, leading to the state of incipient motion.
The degree of particle motion is controlled by the degree of PDF overlapping. When there
is no overlapping, no particle motion takes place. In cases of a significant overlapping of
both PDF distributions, a significant amount of particles are set in motion [16]. As
discussed later in this section, the probabilistic approach is arguably the most accurate
approach for describing sediment entrainment process since the dynamic interaction
between near-bed flow velocities and associated sediment particle motions can be
simultaneously quantified.
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Figure 4: Conceptual diagram of sediment entrainment probabilities: a) Probability
density functions (PDFs) of instantaneous bed shear stress (z,) and
instantaneous bed shear stress governing vulnerability of individual particle
entrainment (rt,g), b) a slight overlapping of both PDFs leading to particle
entrainment, and c) a substantial overlapping of both PDFs, leading to
entrainment of considerable amount of sediments (modified from Dey and Ali
[16], with permission from Wiley)

The visual observations of incipient motion have shown that incipient motion is related
to flow strength, which can be described using discharge [111], flow velocity [112, 113],
bed shear stress [68], and stream power [114]. Among these quantities, the concepts of
mean flow velocity [113] and critical shear stress [68] have long been used. Hjulstrom
[113] established a diagram between particle diameter and depth-averaged velocity to
determine whether the flow will erode, transport or deposit sediment based on a water
depth of 1.0 m, which was extended by Sundborg [115] and Miedema [116] considering
different water depths and also cohesive sediments. Even though the Hjulstrom —
Sundborg diagram is extensively used by geologists due to its simplicity [117], there exist
several drawbacks. One of them is the absence of data for particle sizes smaller than 0.1
mm [22] and for sediment mixtures. Another drawback is that it disregards the effect of
flow heterogeneity near the sediment bed. It is well known that there exists a complex
interaction of flow and sediment (with or without biofilm) at the sediment-water interface,
which cannot be estimated reliably from mean velocity measurements only [5, 26, 40,
118-120]. Accordingly, near-bed shear stress is of greater importance for describing the
incipient motion in natural waters, where biota even makes the flow more complicated.
However, its measurements in natural flow conditions are difficult due to limitations of
the methods.
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Therefore, the concept of critical shear stress and the widely used Shields curve [68] have
been central issues in erosion and sediment transport and most of the experimental and
theoretical studies have been built on the work by Shields [68] (see reviews, books, and
guidelines by Dey [63], Dey and Ali [16], Dey and Papanicolaou [54], Garcia [121],
Vanoni [122], van Rijn [59], Yalin [123], and Yang et al. [61], among others). Based on
a series of laboratory experiments on a flatbed using four different non-cohesive sediment
types with sizes ranging from 0.36 mm to 3.44 mm and densities ranging from 1.06 to
4.25 g cm™ and applying the principles of similarity theory for the first time, Shields [68]
described a non-dimensional relation between particle size and critical shear stress. The
nondimensional Shields parameter (z, or 8), which is used to calculate the state of the
incipient motion, is given by:

TCT'

(ps —p)gD

where pg is the density of the sediment, p is the density of the fluid, g the value of
gravitational acceleration, D the characteristic particle diameter of the sediment, which
usually corresponds to median grain size of sediment mixtures (D = Ds,), and 7, is the
critical shear stress. The Shields parameter is defined as a function of the particle

T, =0 =

Reynolds number (Re* = uTkS) where u, = (1,./p)*/? is the friction velocity, k(=

2.5Dc,) is the roughness height, and v is fluid kinematic viscosity. Accordingly, the
Shields diagram [68] presents the variation of Re, with respect to 6. In this diagram, the
curve represents the boundary between stability (below the curve) and erosion (above the
curve). Re, represents the characteristics of the flow around roughness elements, by
defining i) hydraulicly smooth (Re, < 5), ii) hydraulicly transitional (5 < Re, < 70),
and hydraulicly rough (Re, = 70) regimes [16]. Therefore, Re, can be considered as the
interrelationship between near-bed flow and surface roughness. In hydraulicly smooth
flow, the sediment particles are smaller than the thickness of the laminar sublayer (6,,),
and thus the local roughness elements are often sheltered. §,, can be estimated by &, =
5v/u, [124] and has a typical height of O(1 cm) [3]. In hydraulicly rough flows, on the
other hand, sediment size or local roughness becomes larger than the laminar sublayer
and interacts with the overlying flow. Due to the development of filamentous structures,
biofilms often generate additional flow resistance and thus the effective roughness is
larger than the geometric roughness k, [125-128].

Despite a century of studies on sediment incipient motion, there is no generally accepted
approach for estimating sediment incipient motion. For instance, while the reference
transport approach is better suited for bedload transport studies, it can lead to the
overestimation of actual bed shear stress in the presence of developing bedforms during
the experiment. The Shields diagram and its modifications (see review by Yang et al.
[61]) is still widely used today, but large scatters exist (up to tenfold) around the mean
Shields diagram of the experimental data obtained in similar flow conditions,
morphologies, and median grain sizes [105, 129]. This can be mainly attributed to the
different descriptions of sediment incipient motion since utilizing different or subjective
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incipient motion criteria can result in different estimations of critical flow conditions. For
detailed elaboration of the limitations of the Shields diagram, the reader is referred to the
papers by Buffington [104], Buffington and Montgomery [105], Pahtz et al. [55],
Sherman et al. [45], and Yang et al. [61]. The accurate determination of the associated
erosion thresholds for the incipient sediment motion can be further complicated by
varying degrees of sediment bed heterogeneity involving mixed grain sizes (cohesive
contributions), macro-roughness, bed roughness [16, 54, 105], including biofilm-
associated surface roughness [5, 26]. The Shields diagram is limited to the abiotic
sediments (without biological involvement) on a flat bed, and some field studies reported
its restricted application for incipient sediment motion estimation for biotic sediments
[18, 130] and cohesive sediments [18], where erosion resistance and thus critical shear
stress required for incipient motion may drastically increase due to cohesive forces
between the particles and adhesive forces binding to the bed.

| argue that, to identify incipient motion objectively and accurately regardless of biotic
involvement, the best practice would be to adopt a “probabilistic approach” by obtaining
simultaneous measurements of instantaneous flow velocities and the sediment
entrainment processes across the bed. Thereby, the interaction of the highly turbulent flow
field and sediment particles can be considered. Some authors indeed argue that sediment
transport rate appears to never reach precisely to zero due to strong turbulent bursting
events [55, 56, 121]. While performing simultaneous measurements of velocity and bed
is easier for non-cohesive sediment transport, it is deemed to be challenging for cohesive
sediments and biofilm-coated sediments due to i) a high density of suspended particles in
the water column preventing optical access to spatially-resolved flow measurements with
advanced velocity measurement techniques, such as Particle Image Velocimetry (PIV),
and ii) carpet-like erosion mode of biofilm-coated sediment, where instead of bedload
particle motions, a catastrophic failure of the bed is often observed [131, 132].
Additionally, for biofilm-coated beds, heterogeneous surface topography imposes
additional measurement challenges and uncertainties and make the flow even more
complex. Therefore, in this dissertation, a combination of visual and analytical approach
will be utilized to identify erosion thresholds based on spatially resolved measurements
of erosion. As discussed above, since near-bed shear stress is more relevant for
representing particle-flow interaction, near-bed shear stress determined a priori by a laser
Doppler velocimeter (LDV) as a function of discharge will be used (see chapter 3).

Since the incipient motion and thus the mobility or stability of sediment are influenced
by cohesion and adhesion due to the presence of clay fractions and biological matters
(e.g., biofilm), the erosion potential of cohesive sediments and influencing physical,
chemical, and biological factors (with the main focus on biofilm) is presented in the
following sections.
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2.5 Erodibility of Fine Cohesive Sediments

In non-cohesive sediments, critical shear stress for erosion is reached when the gravity
force of the individual particle is exceeded by the bed shear stress. When the sediment
bed consists of clay fractions with a certain amount, erosion resistance of sediment
considerably increases and sediment transport concepts for non-cohesive sediment
become invalid [59]. There is no consensus about the amount of clay fraction (e.g., 5 —
15%) [59, 133, 134] required for transition from non-cohesive to cohesive erosion regime
since it depends on clay mineralogy, organic matter content, and sand size in the mixture
[135].

Erosion of fine cohesive sediment takes place when the flow forces are larger than the
synergistic interparticle forces in an individual particle or in particle groups. Whether
non-cohesive or cohesive sediment, the onset of erosion is defined by the critical shear
stress (7.,-). Owing to the complex and widely varying bonds between cohesive sediment
particles and their interactions with flow and biota, much less is known about erosion of
cohesive sediments. Unlike non-cohesive sediments, erosion of cohesive sediments
cannot be characterized solely based on their physical characteristics, such as particle size
distribution and particle shape. Cohesive sediments mainly consist of clay-sized
sediments, which have strong interparticle forces due to electrostatic charges on the
surface. The interparticle forces can be several orders of magnitude larger than
gravitational forces [21]. The degree of interparticle bonds increase with the decrease in
particle size (see Table 1). These complex interparticle bonds substantially complicate
the modelling of sediment transport for streams and reservoirs with cohesive bed and/or
bank, and thus the management of these water resources. Even disregarding the effect of
biological components, there exist more than 20 parameters [see 136]. Biological factors,
in some cases, may be more important than the electrochemical forces [137]. The most
important factors are discussed in the following sections. For a more comprehensive
overview, the reader is referred to Black et al. [18], Grabowski [22], Mehta [138], Mehta
and McAnally [17], and Raudkivi [21]. These vast and complex physical, chemical, and
biological factors can considerably influence fine cohesive erosion, leading to high spatial
and temporal erosion variability [31, 32]. Therefore, when assessing erosive properties of
cohesive sediments, site-specific sediment conditions should be considered [33], which
make cohesive erosion studies a multi-variate problem [22]. The erosion of cohesive
sediment is governed by the frictional forces of site-specific hydrodynamic regimes (e.g.,
currents, wind-induced surface waves) and their complex and dynamic interactions with
multi-variate properties of the sediments [21, 22, 138].

It must also be recognized that cohesive sediments can exist in multiple states, including
i) eroded sediment, ii) transported sediment (sediment in suspension — fluid mud), iii)
deposited sediment, and iv) partially consolidated or consolidated sediment, known as
ETDC (Erosion-Transport-Deposition-Consolidation) processes. This means that sand,
silt, and clay particles are continuously eroded, transported, and deposited (though not
necessarily in this order) in rivers, lakes, and reservoirs due to flow and turbulence. The
dynamics of these processes are controlled by the interactions between flow
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characteristics, sediment properties (with or without biota) and water chemistry [26]. The
erosion and transport of cohesive sediment have been extensively studied in estuarine
environments using a variety of laboratory and field-deployable methods (see section
2.6). However, our knowledge about riverine environments, particularly reservoir
sediments, remains limited despite the importance of the topic for ecological and
engineering investigations.

By ignoring the effect of organic matter and biological forces, most studies have
identified two main types of erosion modes [139-141], centering around alternative
definitions [142, 143]:

Surface Erosion (z,,): Surface erosion takes place when a critical shear stress for
individual particles and aggregates (or flocs) is locally exceeded, leading to entrainment
of individual surficial sediment (particle, aggregates or flocs), also known as Type-1
erosion [139, 141]

Mass Erosion (.,,): Mass erosion take place when a critical threshold for the bulk

strength of the sediment is exceeded, resulting in instantaneous entrainment of clusters or
lumps of aggregates or flocs, also known as Type-2 erosion [139, 141]

Figure 5 shows the idealized relationship between erosion rate and shear stress assuming
that erosion rates are estimated through SSC over time [139, 141]. Surface erosion occurs
at the point where first sediment or floc is detached from the bed (7). As the shear
stress increases, surface erosion also increases gradually until large aggregates of the bed
are removed (rcr‘z). The erosion rate and suspended sediment concentration (SSC) is
estimated to be linear [139, 140, 144]. It must be mentioned that some measurements are
challenging to fit this idealized relationship (figure 5) due to the large variability in data
stemming from the natural variability of cohesive sediments (Tables 2 and 3). The
discrepancies are due to subjective SSC threshold levels and regression approaches (e.g.,
linear or logarithmic). Whilst some researchers assumed the erosion threshold being equal
to the background SSC level, others considered the critical erosion threshold level for
surface erosion subjectively (e.g., 10 mg/L by Widdows et al. [145] and 100 mg/L by
Lucas [146]). Therefore, the erosion thresholds for surface erosion vary widely in the
literature. Similarly, time-series of the SSC can be considered for a certain time period or
the entire time period, the latter biasing towards the surface erosion [147].

Additional erosion mode observations include multistep entrainment phenomenon by
Righetti and Lucarelli [130]. Righetti and Lucarelli [130] reported a sporadic, intermittent
motion of relatively small aggregates (at low shear stress) called primary aggregates,
followed by an increase of primary aggregate flux (at higher shear stress), defined as
aggregates of higher clustering order. Finally, with further increase in shear stress, a
sudden erosion occurs, leading to an increasing number (size) of aggregates (or flocs).
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Figure 5: ldealized relationship between shear stress and erosion rates. Units are
intentionally omitted (inspired by Tolhurst et al. [149])

In the context of biofilm-mediated sediments, which is usually the case for natural
cohesive sediments [5], several different thresholds exist [148-150], making a
comparison between these studies highly difficult, particularly for erosion thresholds
obtained using field-deployable erosion devices (see section 2.6). Furthermore, when
biofilm covers the surface of the superficial sediment, a sudden catastrophic failure of the
bed is directly observed, followed by mass erosion at considerably higher bed shear
stresses [5, 131, 132].

Since the idealized approach (figure 5) operates based on measurements of SSC using
either optical or acoustic sensors, erosion measurements on biologically mediated
sediment surfaces can be challenging, particularly when the flocs are transported near the
bed far away from these sensors (see section 2.6 for discussion). In the context of this
thesis, a combination of visual and quantitative approach was used to quantitatively
obtain erosion thresholds using a camera in combination with a structured light
(PHOTOSED) [151], which enables measurements of sediment volume over time [152].
The method is further discussed in chapter 3.

Over the last few decades, in order to estimate erosion thresholds for cohesive sediments,
various mathematical formulas have been developed (see Zhu et al. [153]), yet they result
in significantly different erosion thresholds due to site-specific, cohesive nature of the
sediment (see van Rijn [135]).

Prior to proceeding with erosion devices and factors influencing cohesive sediment
erosion, it is worth summarizing key terms used to describe erosion in various disciplines.
Some of these terms have been used interchangeably by different researchers.
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Erosion: Entrainment of sediment by action of wind and water [59].

Erodibility: “Erodibility is the propensity for the sediment to be eroded and is
represented typically as an erosion threshold or erosion rate. It is an attribute of the
sediment itself, and is dependent on the sediment properties that dictate the resistive
forces in the sediment, such as gravity, friction, cohesion, and adhesion” [22].

Erosion threshold: The threshold level at which structural failure of the sediment occurs
due to velocity of an eroding fluid or an applied shear stress [154].

Cohesive strength: The strength of sediment due to attractive electrochemical forces or
electrical charges on particles, which are related to surface area to volume of particles
[22].

Adhesive strength: The strength of sediment due to surface tension resulting from
electrochemical attraction between particle and other materials (i.e., organic matter, EPS)
[22].

2.6 Measurement Devices for Erosion

In order to estimate erosion rates and critical shear stress for erosion, a variety of
devices/techniques have been developed and tested, both in laboratories and in the field.
Laboratory flumes include conventional straight recirculating flumes (or ducts) [140] and
rotating cylinders (annular flumes) [155]. Laboratory flumes are often used to test field-
collected sediment samples (cores) or artificially reconstructed sediments with different
size and mineralogy (table 2).

While field studies are comparatively less than laboratory studies, a diversity of benthic
in situ flumes have been developed to quantify erosion rates and erosion thresholds of
sediments in natural rivers, lakes, reservoirs, estuaries, and oceans. These erosion devices
include submerged impinging jets, known as Cohesive Strength Meter (CSM) [29], Gust
Erosion Microcosm System [156], benthic annular flumes [157], benthic in situ flumes
[158-161]. They can be mainly categorized under straight recirculating flumes and
recirculating systems. In these devices, suspended sediment concentration (SSC) is
measured using the backscatter signal intensity from particles with an optical or acoustic
instrument and related to certain hydrodynamic conditions. Thanks to their portability,
CSM and Gust Microcosm chamber have been used to quantify temporally and spatially
varying erosion thresholds. CSM works by delivering a jet of pressurized water (vertical
jet) onto the sediment surface and is also commercially available. After an incremental
increase of the jet pressure and eroding the sediment, the light transmission in the water
column (thus SSC) is then measured with infrared transmissometer and related to
hydrodynamic conditions. The Gust Erosion Microcosm System (GEMS) is a circular
erosion device consisting of a rotating shear plate on the top. The rotation rate of the top
shear plate is used to exert various shear stresses on the bed [156]. Both CSM and GEMS
have been extensively used in the field over the last three decades, particularly in the
estuarine environment, but only recently in field environments (see table 3). Indeed, the
review of existing devices indicates that most of the erosion devices (both laboratory and
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field-deployable) have been utilized either in the marine and coastal environments or for
field-collected samples from these environments, with comparatively much less studies
from rivers and reservoirs (table 3).

Each field-deployable device (or category) has certain advantages and disadvantages
depending on their complexity, portability, cost, and operating principle [149, 162]. For
example, even though CSM has been extensively used in the field, it does not generate
shear stress parallel to the bed, and therefore lacks reality. It also defines the erosion
threshold e.g., a 10% decrease in light transmission within the test chamber, which is
dependent not only the configuration (type, diameter of the nozzle, and its height from
the bed), but also sediment properties. Additionally, it is only capable of quantifying
erosion thresholds for the surficial sediment [162]. A major disadvantage of recirculating
erosion devices (e.g., GEMS, ISEF, Sea Carousel, benthic annular flumes) is the
development of curvature secondary flows, leading to complex three-dimensional flow
patterns and thus heterogenous shear stress on the sediment surface [163]. In these flumes,
the bed shear stress is radially increased from inner to the outer flume wall [163].

Benthic in situ flumes can vary in size and shape. In these flumes, abrupt changes in SSC
are monitored and linked to prevailing hydrodynamic conditions. The main advantage of
the flumes is that they can deliver flow parallel to the sediment surface to exert consistent
shear stress [162], but they are costly and complex setups [32].

In natural conditions, the bed can be coated by biofilm [29]. The initial increase in SSC
can be related to the breakdown of this surficial surface instead of sediment resuspension
[160]. Furthermore, even without a biofilm cover, rolling/sliding sediment particles (bed
load) cannot be observed with such erosion devices in the field since the background
signal intensity cannot distinguish whether the suspended particles are in the vicinity of
the bed or further above in the water column (transported from other sites) [160]. An
additional problem is the insensitivity of sensors to detect SSC at high sediment
concentrations [164].

Whilst the physical, chemical, and biological properties of the natural sediment can be
altered (disturbed) by the process of extracting, transporting and testing sediment cores
[32, 158], conventional laboratory flumes are still the most reliable way of generating
controlled and reproducible flow conditions that can be used to observe and measure
erosion thresholds visually and quantitatively. Depth-dependent erosion behaviour of
sediments and its relation to sediment properties is also required to advance management
of water resources (e.g., reservoirs) and assess their ecological conditions. Whilst most
field-deployable erosion devices focus on the erosion of surficial layers [162], depth-
dependent erosion behaviour can be obtained with laboratory flumes (see table 2), such
as the SEDFLUME (Sediment Erosion at Depth Flume, [143]), EFA flume (Erosion
Function Apparatus, [165, 166]), and ASSET flume (Adjustable Shear Stress Erosion and
Transport Flume [167], by fitting sediment cores to a hole at the bottom of the flume, and
lifting and aligning the core flush with the flume bottom layer-by-layer. In this study, the
SETEG erosion flume [168], a straight recirculating duct similar to SEDFLUME, was
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used to examine depth-dependent erosion behaviour of natural cohesive sediments and
surface erosion of biofilm-coated sediments.

Additionally, observations of a wide range of erosion thresholds in the literature for
similar flow and bed conditions [105] can be attributed to approaches used to identify
erosion thresholds (see section 2.4) as well as a variety of erosion devices employed, each
having different operating principles [149, 162]. In most erosion devices, bed shear stress
measurements are pre-calibrated as a function of discharge based on indirect
measurements of the flow velocity approx. 8 — 10 cm above the bed [135]. However, the
bed shear stress obtained with different methods, including the law of the wall (i.e.,
obtaining logarithmic velocity-depth profile), Prandtl’s seventh power, turbulent kinetic
energy, Reynolds stress, and the quadratic stress law [169] can substantially vary due to
the complex nature of the turbulent flow near the bed [170]. Therefore, velocity
measurements should be performed in the immediate vicinity of the bed.

Among bed shear stress estimation methods, the most common methods are law of the
wall and Reynolds stress method. In the law of the wall method, velocity measurements
are performed in discrete measurement points, so that the velocity gradient can be
obtained. Based on the assumption of linear depth varying eddy viscosity, steady flow
conditions, and constant shear stress, bed shear stress can be calculated using the law of
the wall [see 21]. Apart from these assumptions, another limitation of the method is the
involvement of the universal von Karman coefficient (k). Recent studies have shown the
non-universality of the von Karman coefficient in fluvial streams [171], particularly on
biofilm-covered surfaces [172]. Furthermore, accurate measurements of velocity and
elevations above the “unclear” bed level is very challenging [169], resulting in errors in
bed shear stress estimation [169, 173].

In the Reynolds stress method, vertical momentum flux is required to estimate Reynolds
stress at a particular elevation. There exists a diffusional process for the transport of fluid
momentum towards the bed. The exchange of fluid eddies across the planes of mean shear
parallel to the bottom tends to even out the velocity distribution by diffusing momentum
towards the bed. This rate of momentum transport due to turbulent velocity fluctuations
is known as Reynolds stress [174] and is calculated as:

Txy = —p(u'v’)

where overbar denotes the temporal average, u’ and v’ denote fluctuations of
longitudinal and vertical velocity, respectively and are defined as

u' =u—(u)and v’ = v — (v)
where u and v denote instantaneous velocities and prime denotes turbulent fluctuations.
In curvature flows (e.g., annular flume, GEMS), the method has a limitation since it
assumes isotropic turbulence conditions, which is not the case due to strong flow
curvature [163]. In this study, the Reynolds stress method was adopted to quantify the

spatial distribution of near-bed shear stress in the erosion flume, but a comparison to law
of the wall method showed similar results.



Table 2: Overview of erosion devices used in the laboratory (modified and updated after Wang [175])

Flume type

Sediment type — source / Equipment name (if available)

Author(s)

Straight recirculating
flume

San Francisco Bay mud in marine water

Partheniades [140]

Kaolinite; freshwater (river); SEDFLUME

Dennett et al. [176, 177]

Undisturbed samples from riverbeds: SEDFLUME

McNeil et al. [143]

Reconstructed samples for riverbeds; SEDFLUME

Jepsen et al. [178]

Undisturbed muddy sediment from a reservoir

Haag et al. [179]

Quartz particles; SEDFLUME and ASSET

Roberts et al. [167, 180]

Undisturbed and reconstructed samples from field; pure clay (Kaolinite, Bentonite); Quartz
particles; SEDFLUME

Lick and McNeil [181]

Sediment mixtures (Dsp = 152.5 um and 215 pm) and cohesive estuarine mud

Panagiotopoulos et al. [182]

Mud-sand mixtures and natural mud from the Mississippi River

Perkey et al. [183]

Georgia kaolinite in fresh water

Ravisangar et al. [184, 185]

Undisturbed loess-derived soils in cropland tested in freshwater (Belgium)

Nachtergaele and Poesen [186]

Reconstructed sediment mixtures of mud and sand and natural mixed sediments (intertidal);
ERODIMETRE

Le Hir et al. [187]

Sand and clay mixture

Barry et al. [188]

Undisturbed samples from riverbed and coastal area

Ganaoui et al. [189]

Undisturbed samples from lakes; SEDFLUME

Righetti and Lucarelli [130]

Undisturbed samples from riverbeds

Ternat et al. [190]

Straight recirculating
duct

Silt and clay mixture; Kaolinite

Briaud et al. [165, 191, 192]

Sediment cores from three reservoirs, River Neckar, Germany; SETEG

Gerbersdorf et al. [193, 194]

Natural sediment cores from Durance and Rhéne rivers; HERODE

Ternat et al. [190]

Undisturbed natural soil samples from riverbanks in Manitoba, Canada
Erosion Measurement Device (EMD)

Kimiaghalam et al. [195]

Cohesive/non-cohesive sediment mixture; SETEG-PHOTOSED

Noack et al. [151]

Reservoir mud; SETEG-PHOTOSED

Beckers et al. [196]




Flume type Sediment type — source / Equipment name (if available) Author(s)
Cohesive and non-cohesive soil mixtures with mud contents varying from 0% to 100%; Erosion Gao et al. [166, 197]
Function Apparatus (EFA)
Boston Blue Clay Zreik et al. [198]
Yolo loam soil Arulanandan et al. [199]
30% lllite Ariathurai and Arulanandan [200]
Rotating cylinder or | Hong Kong mud and King’s Lynn Sand (230 pm); SEA CAROUSEL Ockenden and Delo [201]
annular flume Mudflat at Hythe, Southampton Water, Southern England; Lab Carousel Neumeier et al. [202]
Reconstructed cohesive sediment mixtures with varying clay contents Grabowski et al. [154]
Sediment sizes (0.17-4 mm) Baar et al. [203]
Cohesive sediment collected from the upper River Taw in South-West England Krishnappan et al. [204]
Mixture of clay (40%), silt (53%), and fine sand (7%) Mazurek et al. [205]
Submerged impinging | Clay-sand mixtures Ansari et al. [206]
jet — cohesive strength | Reconstructed cohesive sediment mixtures with varying clay contents Grabowski et al. [154]
meter Reconstructed sediments with varying ratios of kaolinite and smectite clay (estuarine) Kilkie [207]
Biologically mediated fluvial streambank erosion Smith et al. [208]
Vertical tube with Mixed mudflat at intertidal sites in the German and Danish Wadden Sea Andersen et al. [209, 210]
rotating propeller Mud-sand mixtures van Rijn [135]
EROMES
Circular inverted bell- | Muddy bed Lintern et al. [211]
shaped funnel Instrument for measuring shear stress in situ (I1SIS)




Table 3: Overview of field-deployable erosion devices (modified and updated after Wang [175])

Flume type

Sediment type — source / Equipment name (if available)

Author(s)

Circular inverted bell-
shaped funnel

Mudflats in Severn estuary (Portishead and Blue Anchor Bay), UK
Instrument for measuring Shear stress in situ (1SIS)

Williamson and Ockenden [212]

Submerged impinging
jet — cohesive strength
meter or jet erosion
device

Allen et al. [213, 214]

Paterson [29]

Intertidal mudflat, Westerschelde estuary, the Netherlands,

Tolhurst et al. [215]

Sylt mudflat, Germany (biostabilization index of 6.2)

Tolhurst et al. [215]

Cohesive clay soils to non-cohesive sandy soils (in streams — thirty sample sites)

Allen et al. [213, 214]

Muddy sediment Humber estuary Skeffling mudflats

Tolhurst et al. [150]

Agricultural soils

Potter et al. [216]

Saltmarshmud in Essex (UK)

Watts et al. [217]

Streambank erodibility, southwestern Virginia, USA

Wynn et al. [218]

Cohesive channels in the Powder River Basin (PRB) of Wyoming, USA

Thoman and Niezgoda [219]

Urbanizing basin near Toronto, Canada

Shugar et al. [220]

Lowland streams, UK

Grabowski et al. [221]

Streambank erodibility, Illinois River watershed in Oklahoma, USA

Daly et al. [222]

Riverbanks sediments at each site of Selangor River, Bernam River and Lui River, Malaysia

Ibrahim et al. [223]

Estuarine mud at14 sites

Kilkie [207]

Streambank erodibility, Tennessee, USA

Mahalder et al. [224, 225]

Intertidal area near Rimouski (Quebec, Canada)

Wagqas et al. [226]

Mudflat-salt marsh transition area on the Jiangsu Coast, China

Watts et al. [217], Chen et al. [227]

4 types of cohesive soils

Wahl [228]

Bay of Fundy, Canada
Lake Ontario, Canada

Amos et al. [229, 230]

Fine-grained sediment in Fraser River delta

Amos et al. [231]

24



Flume type

Sediment type — source / Equipment name (if available)

Author(s)

Benthic annular flume

Biofilm-mediated sediment, Upper South Cove, Nova Scotia; Sea Carousel

Sutherland et al. [232]

Chesapeake Bay and Middle Atlantic Bight

Maa et al. [233]

Baltimore Harbour

Sanford and Maa [144]

Muddy sediment from tidal flat in the Westerschelde estuary, Netherlands

Lucas et al. [234]

Humber estuary, UK

Widdows et al. [145, 235]

Reconstructed mud from Wadden sea

Johansen et al. [236]

Sediment at in Baynes Sound, British Columbia, Canada; SEA CAROUSEL

Sutherland and Amos [157]

Gust erosion
(U-GEMS)

Estuarine sediment

Gust [156], Gust and Muller [237]

Ship-born sediment samples (seabed, western European continental margin)

Thomsen and Gust [238]

Accumulation of sediment on continental margins, Gulf of Lions, Mediterranean Sea

Law et al. [239]

23 sediment cores from Arc and Isére alpine rivers

Legout et al. [240]

Sand-mud mixed sediment on the Yeochari tidal flat, Gyeonggi Bay, Korea

Ha et al. [241]

Surface soils in the Yolo Bypass, California, USA

Work and Schoellhamer [242]

106 sediment cores (flood deposit on the middle Louisiana shelf)

Xu et al. [243]

Mud, Pearl River Estuary, China

Huang et al. [244]

Benthic race-track
shaped flume

South Wales, UK

Black and Cramp [159]

Benthic vertical
recirculating flume

Intertidal mudflat along the Dutch Wadden Sea coast; ISEF

Houwing [245], Houwing and van
Rijn [161]

Benthic flow-through
flume

Buzzards Bay, Mass

Young [246]

Undisturbed bottom sediment, Puget Sound Basin, Washington, US (SEAFLUME)

Gust and Morris [247]

Boston harbour mud, 12% clay, 51% silt

Ravens and Gschwend [248]

Several rivers, wetlands, and lakes in New Zealand
NIWA in situ Flume I and 2

Aberle et al. [31, 249, 250]
Debnath et al. [32, 251]

River sediment

Portable in-situ flume (ISF)

He and Nguyen [252]

25
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2.7 Factors Affecting Erodibility of Cohesive Sediments

In the natural environment, a variety of factors affect erodibility or erosion thresholds of
cohesive sediments [22] (figure 6). According to Winterwerp et al. [136], there are more
than 20 parameters, even when the biological factors are ignored. In the following
sections, most important physical, chemical, and biological factors are discussed in detail.

Physical
» Mean particle size
~ Particle size distribution
» Bulk density
» Water content
» Temperature
Geochemical
M@ > Clay mineralogy
> Biogenic structures (Burrows, - CEC
Networks, Biofilm, EPS, etc.) - pH
» Sediment disturbance + Metal ions and SAR
» Feeding and egestion - Organic content
~ Salinity

Figure 6: Physical, chemical, and biological factors affecting cohesive sediment
erodibility. The direction of the arrows show dynamic interaction between
sediment properties (modified from Grabowski et al. [22], Copyright (2011),
with permission from Elsevier)

2.7.1 Physical factors affecting erodibility of cohesive sediments

The physical factors influencing cohesive sediment erosion include flow and sediment
properties (site-specific) and their interactions [22]. The key sediment properties that
have been recognized to influence fine sediment erodibility are bulk density, water and
gas content, mean (or median) particle or aggregate size, particle size distribution (clay,
silt, and sand content), sediment structure, and water temperature [135, 142, 155, 183,
187, 200, 213, 216, 218, 219, 222, 224, 225, 253-263]. All these properties can vary
substantially from one site to another [22]. Particularly, the effect of clay or mud (defined
as a mixture of clay and silt therein) content on the critical shear stress has been
extensively studied in the laboratory [34, 133, 135, 142, 166, 183, 187, 191, 258, 264,
265]. Despite a large body of laboratory experiments, comparatively less field studies
exist [31, 32, 187, 213, 245, 265-267]. In general, erosion thresholds increase with
increasing clay content [34, 135, 182, 183, 258, 261, 265, 268] and increasing bulk
density (or decreasing water content) [133, 213, 218, 254, 265].
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Based on the laboratory and field experiments of non-cohesive and cohesive sediment
mixtures, Mitchener and Torfs [265] found an increase in critical shear stress by a factor
of 10 by 30% mud addition to a sand bed and an increase by a factor of 2 by adding 50%
sand to a mud bed. Furthermore, in case of mud addition of 50% to a sand bed, the critical
shear stress was as high as to those observed in homogeneous mud beds, which was also
supported by the findings by Panagiotopoulos et al. [182]. Houwing [245] observed a
factor of 100 decrease in erosion rates of intertidal sediment with the increase in mud
content (from 4% to 35%). For riverine sediments, Debnath et al. [32] reported a negative
relationship between mud content and erosion coefficient, with a small erosion coefficient
representing a low erosion rate. Interestingly, Gerbersdorf et al. [194] and Gerbersdorf et
al. [193] reported negative relationships between sand content and critical shear stress for
erosion for the field collected samples from a riverine environment.

Panagiotopoulos et al. [182] and van Ledden [269] showed that the clay content is a
more generic indicator compared to the mud content to define the transition from non-
cohesive to cohesive erosion behaviour. The clay (or mud) content is of importance since
it determines the packing mode of the bed and thus its erosion behaviour [34]. When the
clay content is large, the coarse particles are dispersed by fine sediments, resulting in fine
packing [134, 270]. On the other hand, fine sediments are filled into the pore space (voids)
of non-cohesive sediments when the clay content is small, resulting in coarse packing
[134, 270]. According to Raudkivi [21], a presence of 10% clay is sufficient to control
cohesive properties of the sediment. More recently, based on extensive experiments with
artificially mixed sediments (kaolinite and bentonite) and natural mud collected from the
lower Mississippi River, Perkey et al. [183] reported an increase in critical shear stress
by a factor of 2-3 when mud content addition to the sand reached to 8%. Similar to the
findings by Mitchener and Torfs [265] and Panagiotopoulos et al. [182], Grabowski
[154], Kothyari and Jain [142], and Perkey et al. [183] reported maximum critical shear
stress for erosion when the mud content was 30% — 40%. While increasing clay content
is critical for increasing erosion thresholds [31], clay mineral composition also plays an
important role [265]. For example, the transition from non-cohesive to cohesive erosion
behaviour was shown to be between 7% and 13% for smectite. Similarly, a bentonite
addition of 2% to quartz particles was observed to cause considerable increase in critical
shear stress for erosion [264]. By using freshwater and marine water on sediment
mixtures with various ratios of kaolinite and smectite clay, Kilkie [207] recently found a
decrease in critical shear stress for the smectite rich sediments in freshwater, underlining
the importance of clay mineral composition and its reaction to water chemistry. Recently,
Perkey et al. [183] reported an increase in critical shear stress by a factor of 2 for erosion
of the natural sediment samples from the lower Mississippi River and kaolinite—bentonite
mixtures as compared to kaolinite only mixtures. Despite the observed effect of clay
mineral composition on erosion thresholds [264, 271], most experimental studies have
been hitherto conducted with kaolinite and in many studies the type of clay mineral is not
mentioned. The variations in clay content often leads to changes in bulk density of
sediments [182]. Therefore, both clay (or mud) content and bulk density should be
considered as integrative parameters.
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Bulk density (the ratio of the mass and apparent volume of a sediment sample) and water
content indicate consolidation or packing of sediments [22]. Previous investigations have
generally found positive correlations between critical shear stress and bulk density of fine
cohesive sediments in laboratories, marine and freshwater environments [22 and the
references therein] [31, 180, 183, 272], with exceptions being Gerbersdorf et al. [194]
and Gerbersdorf et al. [193] in which the authors observed negative relationship in
between based on sediment samples collected from riverine environments. According to
Roberts et al. [180], bulk density is an important property of fine sediments with a size
smaller than 0.125 mm, beyond which the particle size is of importance. Best
generalizations for critical shear stress have been hitherto obtained using bulk density
based on samples from both riverine and coastal environments [22]. For example, inter
alia, using sediment and water samples from a lake, Hwang and Mehta [273] obtained
relationships between bulk density and critical shear stress (and erosion rates) using an
annual flume. These expressions obtained from riverine and coastal environments were
later generalized and parametrized by [59]. Yet, bulk density cannot be used alone to
estimate critical shear stress for erosion [180].

In general, bulk density increases or water content decreases with sediment depth in both
artificially mixed and field-sampled fine cohesive sediments [143, 181, 184, 274-277].
Therefore, deeper sediment layers are expected to be more resistant to erosion compared
to surface layers. It must be mentioned that the natural sediments also contain biota (e.g.,
biofilm, among others), which is generally dominant at the sediment surface and
vertically distributed through sediment depth [30, 215]. Therefore, the adhesion and
cohesion exerted by biofilm is expected to increase critical shear stress for erosion at the
sediment surface [18, 29] and at deeper layers [30].

Despite the role of bulk density on erosion resistance of cohesive sediment has been noted
by many researchers (in some cases of intertidal sediments, increasing critical shear stress
up to 20 times [217, 278]) Grabowski [22] argues that water content is a more generic
indicator since it affects the mechanical properties of clay [22]. Most experimental and
field studies have relied on the assumption that the sediment is saturated (pores are filled
with water and no gas is present). Therefore, bulk density and water content have been
used interchangeably [180, 279]. Yet, gases (e.g., methane or carbon dioxide) are usually
stored in natural sediments [280, 281] and thus expected to decrease the mechanical
stability of sediment.

Natural rivers and reservoirs are characterized by complex geometries, including deltas,
bends, and a diversity of bed and channel roughness. The latter also includes biological
players, such as vegetation and biofilm, both of which are known to considerably affect
flow characteristics [5, 40, 282, 283]. Accordingly, hydrodynamic characteristics
affecting erodibility (and its spatial variability) of sediment comprise a magnitude of the
shear stress and turbulence [138], including secondary flows [140, 259, 284-288] as well
as flow variability, including flow duration and peaks [268].

As described in the preceding sections, mean (or median) particle size is often positively
correlated with erosion thresholds for non-cohesive sediments. On the other hand, studies
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on cohesive sediments generally report a negative correlation between particle (or
aggregate) size and critical shear stress for fine (clay — silt size) sediments [142, 165, 180,
191, 238, 264]. By performing laboratory experiments, Roberts et al. [180] studied the
influence of bulk density and mean particle size (5 um to 1350 um) on the erosion of
quartz particles. The authors observed a positive correlation with critical shear stress for
the mean size range of 100um to 1350 um, and a negative correlation for sediment
particles below 100 um. While the latter was attributed by Roberts et al. [180] to the
increased cohesivity, Lick et al. [264] and Grabowski et al. [22] argue that the
interparticle attraction was partly due to organic matter resulting from long consolidation
time rather than the cohesion between the quartz sediments. Grabowski et al. [22] further
argue that the relationship between particle size and erosion thresholds can be positive or
negative for fine cohesive sediments depending on the flow and turbulence characteristics
in the water column during deposition of sediments, which can lead to varying aggregate
sizes and thus varying erosion response. Utilizing a field-deployable cohesive strength
meter (CSM), Thomsen and Gust [238] performed field experiments on natural marine
mud and observed a negative correlation with Ds,. The authors observed clay-liked
behaviour of silty sediments (for Ds, < 30um) comparing with the erosion thresholds
reported in the literature. This was attributed by the authors to biological stabilization of
sediment. Using a special erosion function apparatus (EFA), Briaud et al. [165] found a
negative correlation between critical shear stress and Ds, for consolidated cohesive
sediment mixtures from the field. For a wide range of sediment mixtures with clay
proportion varying in the range of 10% to 50% (with fine gravel, or with fine sand and
gravel), Kothyari and Jain [142] conducted extensive experiments and similarly observed
a negative correlation of critical shear stress with particle size for the clay range. More
recently, Briaud et al. [191] reported a negative correlation with critical shear stress for
cohesive sediment mixtures, suggesting the use of D¢, for defining upper- and lower
limits of the critical shear stress. Based on the digitized data from the published literature,
the variation of critical shear stress with mean particle (aggregate) size (or Dsq) is
depicted in Appendix Il (accepted manuscript). It is clear from the figure that there is a
general agreement on the negative correlation between particle size and critical shear
stress for mean (and median) particle (aggregate) sizes smaller than approx. 0.150 mm
and a positive correlation for particle sizes larger than 0.150 mm.

2.7.2 Chemical factors affecting erodibility of cohesive sediments

Despite numerous studies on physical sediment properties affecting erodibility of fine
cohesive sediment, chemical properties have received considerably less attention. The
erodibility of cohesive sediment is affected by various chemical factors, involving
contributions from the chemistry of sediment, eroding fluid (water in this case), and pore
fluid.

The factors related to water chemistry that can affect cohesive sediment erodibility
include pH, dissolved ions, metals, and salinity [22]. Water chemistry does this by
altering physicochemical forces between cohesive particles [22]. While studies on the



30

effect of pH on cohesive sediment erodibility is mostly limited to laboratory setups [22],
a decrease in erosion thresholds up to a factor of 14 was observed with increasing pH
[185]. Since pH can be regulated by biological activities (e.g., biofilm) [289, 290], more
studies on the effect of pH on erosion thresholds are needed. Temperature also influences
the erodibility of fine cohesive sediments. Ariathurai and Arulanandan [200] found a
decrease in erosion thresholds with increasing temperature, likely due to decreased
electrochemical attraction between clay particles.

The chemistry of pore fluid and its interaction with overlying fluid also affect
physicochemical forces between cohesive particles [22, 291]. The chemical composition
of dissolved ions in these pore fluids, specifically the ratio of exchangeable sodium ions
(Na*) to calcium (Ca?*) and magnesium (Mg?*) ions, was reported to influence erosion
thresholds of fine cohesive sediments [200, 291, 292]. Grabowski et al. [22] also argue
that the existence of metal ions can affect erodibility of cohesive sediments by enhancing
the electrochemical attraction between clay particles and enhancing the elasticity of
biofilms. Furthermore, pore fluid pH affects the orientation of particles during
interparticle bonding by interfering with the surface or edge charges of the particles,
leading to orientations of Edge-Edge (E-E), Edge-Face (E-F), Face-Face (F-F), which
changes the structure of the sediment. For example, low pH conditions (5 < pH < 7) result
mostly in E-F particle orientations. This leads to stratification of the bed structure with
high void ratio and high-water content, resulting in high erosion rates near the surface
[176]. On the other hand, high pH conditions (pH > 7) result mostly in F-F particle
orientations, for which the interparticle attraction is highly enhanced due to increased
surface contact. This leads to denser aggregate and sediment structures, with a low water
content and a strong erosion resistance [176].

One of the most important parameters influencing erodibility of cohesive sediment is the
clay mineralogy. Clay minerals are mainly responsible for the cohesive nature of the
sediment (crosslinking of particles with each other in water, for types of the crosslinking
see review by Dai and Zhao [293]) and form approximately one third of sedimentary
rocks [294]. Mainly containing tetrahedral “sheets” of silicon-oxygen and octahedral
“sheets” of magnesium or aluminium-oxygen [21] in a “crystal-like” structure (also called
crystal layer), the clay particles are formed by chemical weathering of silicate minerals
within rocks and are plate-shaped [22, 47]. The ionic composition of these sheets can
vary considerably due to isomorphic substitution of exchangeable ions between clay
minerals [21, 294, 295]. Due to ionic exchange and associated broken bonds between clay
minerals, the crystal-like structure of clay minerals becomes negatively charged. This
negative charge is then balanced by adsorption of exchangeable cations in the vicinity of
the crystal structure to keep neutrality [21].The total negative charge in clay is known as
Cation Exchange Capacity (CEC) [17]. The CEC, expressed as milliequivalents of
exchangeable cations per 100 grams of dry sediment, is a specific property of clay
minerals that determine the degree of mineral cohesion and the adsorption capability. The
higher CEC results in greater cohesion. This leads to coagulation or flocculation of micro-
meter-sized individual clay particles to form larger aggregates or flocs [17].
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The various combinations or bonding of the tetrahedral and octahedral sheets with
different anionic- and cationic substitutions [17] lead to the development of different clay
minerals, holding together by electrostatic (attractive and repulsive) forces. Cohesion
results from net attraction interparticle forces. The most common types of minerals
include kaolinites, illites, vermiculites, and smectites (or montmorillonites) (see
Grabowski et al. [22] for further details), which are mainly characterized by their sheet
configuration (1:1 or 2:1, see table 4) [294]. These clay mineral groups have different
layer structures, particle sizes, CEC values, textures, plasticities, water adsorption
capacities (table 4), and reactions to biological effects [22]. Therefore, different erosion
thresholds are observed. In general, increasing levels of CEC were reported to increase
erosion thresholds (or decrease erosion rates) based on laboratory and field-sampled
sediments from riverine and coastal environments [193-195, 200]. Yet, Torfs [296]
observed a lower critical shear stress for a mixture of smectite (Montmorillonite) and
sand in comparison to kaolinite or natural marine mud. This further shows the complexity
of cohesive sediment erosion processes since kaolinites are the least electrochemically
active minerals owing to their larger sizes and lowest CEC. Despite CEC is a distinct
property of clay particles (defining clay mineralogy) and thus fine cohesive sediments in
natural waters, the influence of CEC on erosion of natural cohesive sediments has not
been sufficiently addressed.

Clay minerals have also space between their layers [293]. Since the interlayer bonding is
strong in kaolinites, there is no or little interlayer swelling, which leads to little
isomorphic substitution and thus lower CEC levels. On the other side, the interlayer
bonding in smectites is weak, enabling water and exchangeable ions to access. Another
aspect of clay minerals is that when they swell due to their electronegative surface and
CEC, the interlayer spacing will increase and thus their adsorption capacity for heavy
metals [297] and other organic contaminants [298].

Consisting of waste and secretion of dead organisms (flora and fauna), organic matter in
natural waters can widely range in size [22]. Clay particles in natural waters are
negatively charged due to adsorption of natural organic matter (NOM) [176]. NOM is
typically expressed as a percent of organic carbon adsorbed to the clay particles [176].
Interparticle bonding between clay particles and thus stability of fine cohesive sediments
can be positively or negatively influenced by NOM and its interaction with sediment
[299]. Based on laboratory experiments, Dennett et al. [176] found decreased critical
shear stress with an increase in NOM (0.0% to 0.12%). On the other hand, Gerbersdorf
etal. [194] and Gerbersdorf et al. [193] found positive relationships between total organic
carbon (TOC) and critical shear stress for erosion from field collected samples from
riverine environments. Similarly, Aberle et al. [31] observed that the erosion resistance
increases due to presence of fibrous organic matter (e.g., decomposing leaves and roots).

Mehta [300] showed that higher TOC results in lower particle density based on the
measurements from Rodman Reservoir (Florida) [301]. Gowland and Mehta [302] and
Gowland et al. [303] collected data on erodibility of organic-rich sediments from various
sites in Florida (USA) and showed that 5% by weight of TOC, the bulk density reduced
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to 1700 kg/m3, which is supported by the findings of Parchure and Davis [301]. For
example, among many other riverine sites, Parchure and Davis [301] observed a decrease
of particle density from 2700 kg/m? (sand) to 1400 kg/m?® when organic content increased
to 75%. The authors also reported an increase by a factor of 7.5 in erosion rates when
organic content increased from 10% to 60% for Newnan’s Lake (Florida). Due to
adsorption of clay particles, Parchure and Davis [301] also reported an increase in TOC
with increasing mud ratio. Righetti and Lucarelli [130] observed an increase by a factor
of 5 in erosion resistance with varying TOC content (8 — 25%), the maximum resistance
being ata TOC of 12 -14%. Since TOC or NOC can vary highly from one site to another,
it should be considered in cohesive erosion studies. Note that the amount of organic
content in these studies are denoted as TOC in this thesis.

2.7.3 Biological factors affecting erodibility of cohesive sediments

Organisms (e.g., macrofauna, meiofauna, microalgae and bacteria) living in sediments of
rivers, reservoirs and estuaries can increase or decrease erodibility of sediment [18, 22].
They also interact differently with electrochemical properties of cohesive sediments
depending on site-specific sediment and water properties [17]. In general, the increase in
erosion thresholds or sediment stability is called “biostabilization” [27] or “biogenic
stabilization” [5]. Alternatively, it is defined as “a decrease in sediment erodibility
caused directly or indirectly by biological action” [304]. In contrast, increase in sediment
erodibility by biological actions is known as “bioturbation” [27]. Bioturbation is caused
by reworking of sediment by inhabiting organisms [22]. According to Black et al. [18],
stabilizing effects by biological actions include, inter alia, mucus called extracellular
polymer substances (EPS) secreted by microorganisms, networking effects, sediment
compaction, sediment armouring, biofiltration, and biodeposition, whereas the
destabilizing effects include, inter alia, grazing blistering, burrow cleaning, and boundary
layer effects.

The organisms inhabiting in natural sediments include bacteria, diatoms, microalgae, and
burrowing organisms. These benthic communities are abundant in sediment [6, 305]. By
studying the effect of bacteria and diatoms on erosion thresholds, Paterson [27] showed
that non-cohesive particles become cohesive when bacteria and diatoms grow on them,
resulting in substantial increase in erosion thresholds This is due to EPS that form
cohesive networks between particles and microorganisms. Paterson [27] and USBR [292]
argue that microorganisms have a stronger influence on erosion thresholds than the
interparticle electrochemical forces within cohesive sediments. The stabilizing effect of
microbial organisms, “biostabilization”, is discussed in detail in the following sections.

Burrowing organisms can positively or negatively affect sediment erodibility of surficial
sediment. For example, Brekhovskikh et al. [306] showed a decrease by a factor of 10 in
erosion thresholds in the presence of Oligochaeta, which are frequently observed worms
in freshwater environment. Brekhovskikh et al. [306] also found an initial decrease in
erosion thresholds for Chironomids (midges with burrowing larva observed in freshwater
environment). However, the authors observed that the erosion thresholds increased over
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time due to mucus secreted by Chironomids. A similar stabilizing effect of burrowing
organisms was later demonstrated by Meadows and Meadows [307]. The reader is further
referred to the reviews by Black et al. [18] and Grabowski et al. [22].

Table 4: Properties of mostly studied clay minerals for erodibility [17, 22, 207, 293, 297,
308-311]. Images reproduced from the ‘Images of Clay Archive’ of the
Mineralogical Society of Great Britain & Ireland and The Clay Minerals Society

(https://www.minersoc.org/images-of-clay.html)

Properties Kaolinite Illite Smectite

Sheet type 1:1 (two layer) 2:1 (three layer) 2:1 (three-layer)
Particle size (um)* 0.36 (large) 0.062 (medium) 0.011 (small)
CEC (Meq/100 g) 3-15 10-40 80-150

Water adsorption No swelling No swelling High expansive

capacity Low expansive Medium expansive coefficient
coefficient coefficient

Critical salinity 0.6 11 2.4

(ppm)**

Plasticity Low Medium High

Erodibility in soils Low Medium High

Erodibility in Medium Low Low

sediment with low

SAR

Erodibility in Medium High High

sediment with high

SAR

Specific Low Medium Very High

Surface area 8-26m?g?

SEM Image

* Defined here as the diameter of a circle with the same surface area as platelike clay particles.

** Critical salinity for floc formation.
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2.8 Biostabilization of Sediment by Biofilm

This section is partially reproduced from Appendix Il [24]. Biofilms are genetically
diverse surface-attached aggregates of microorganisms (Archaea, Bacteria, Eukarya) [7],
which are wrapped in a self-produced matrix of EPS. Aquatic biofilms are capable of
colonizing various soft (e.g., sediment or soil surface) and hard (e.g., stone, plant, pipe,
or vessel surfaces) surfaces that exist across diverse environments, including streams and
rivers [6], lakes [312], estuarine [313], and marine [137] waters, as well as drinking water
distribution systems [314, 315]. Whether growing on mud (epipelic), sand (epipsammic),
stone (epilithic) or plant (epiphythic), whether addressed as microphytobenthos (in
shallow coastal waters, intertidal flats), microbial mat (among others, in habitats of hot
springs, hypersaline ponds, groundwater) or periphyton (on any submerged surface in the
aquatic habitat), all communities possess emergent features, such as production of EPS,
tolerance towards external stresses, cell-cell communication and collective behavior as
well as synergetic use of nutrients that distinguish them as biofilm [26, 316-318].

When growing on sediment in the bed finer than about 2 mm (clay, silt, sand) [23],
biofilms also glue the sediment particles to each other through their EPS matrix [4, 5].
This, in turn, alters the sediment-bed properties, e.g., density, morphology, size gradation
[319-322], and dynamics, e.g., erosion and transport [30, 64, 323-329] and, finally, the
accumulation and transport of contaminants [330, 331].

As defined in the previous section, the ability of biofilms to increase erosion thresholds
by biological actions is called “biostabilization” [25-28] or “biogenic stabilization” [5].
Hereafter it is referred to as “biostabilization” throughout the dissertation.
Biostabilization has been reported to mediate the sediment ETDC processes in aquatic
ecosystems [5]. It must be noted that biostabilization can also occur through smoothing
of the bed surface and therefore reduction of the hydraulic roughness, as observed over
gravel-like hemispheres [119]. These interactions of sediment and biofilm are critical to
the biogeochemical processes at the entire ecosystem level [332].

The biostabilization index (BI) is often used as an indicator for the stabilizing effect of
biofilm and is defined as [27, 333]:

Tcr,bio

TCT'

where 7., p;, IS the critical shear stress for biostabilized sediment and ., is its abiotic
reference. An overview of some studies reporting BI from diverse environments is given
in Table 5. Many of these laboratory and field studies employed different erosion devices
and different definitions of erosion thresholds, which results in a wide range of erosion
thresholds and BI. This raises questions about comparability of the results. It must also
be mentioned that most of these studies represent sediment characteristics at intertidal
areas, with only three studies representing freshwater environment [9, 334, 335].

Biostabilization potential of biofilms and biofilm-induced biogeochemical processes are
dictated by their biodiversity and community composition through the metabolic
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performance of involved microbial communities [5, 28, 36-38]. The physical structure,
composition and diversity of the biofilms in aquatic ecosystems vary widely depending
on the physical (e.g., grain size, porosity), chemical (e.g., sediment nutrient content),
biological (e.g., growth rate, cell-cell communication), and environmental (e.g., light,
temperature and flow regime) factors [36, 336] and processes [337]. This also includes
their complex interactions with nutrient and organic matter cycling [6, 338], growth
habitat [339, 340] as well as flow and bed topography [8, 341-343]. Many biofilms have
complex morphologies and can develop long, oscillating filamentous structures called
streamers [39, 40], which not only alter flow dynamics and bed topography, but also mass
transport near the bed.

Table 5: A list of observed biostabilization index (BI) values in the literature (modified
and updated after Vignaga [344]). “nc” denotes non-cohesive bed, whereas “c”
denotes cohesive bed

BI [-] Bed | Sediment environment/ Erosion device (if available) | Author(s)

Subtidal biological mats binding sandy carbonate
2-6 nc | sediments / Laboratory flume and in situ Neumann et al. [345]
underwater flume

Marine sand bar (0.189 mm) covered with purple

10-15 | nc sulphur bacteria / Straight laboratory flume

Grant and Gust [346]

3 ne 0.125 — 0.177 mm quartz grains in seawater / Dade et al. [347]
Laboratory flume

4 nc | Subtidal sediment / Straight laboratory flume Madsen et al. [348]

Marine sediment colonized by autotrophic

> . .
106 ne assemblages / Cohesive strength meter

Yallop et al. [137]

Sediment (gravel and d =1 mm sand) / .
25 ne Recirculating laboratory flume Vignaga etal. [349]

River water, 0.150 mm glass beads /
>
3 ne Straight recirculating flume Thom [335]

3 ¢ | Estuarine sediment / Annular flume Parchure and Mehta [277]
4 ¢ | Intertidal sandy beach / Cohesive strength meter Yallop et al. [137]
6.2 ¢ | Intertidal mudflat / Cohesive strength meter Tolhurst et al. [215]
5-10 ¢ | Intertidal mudflat / Annular flume Neumeier et al. [202]
15 c | Lake sediments / Straight recirculating flume Righetti and Lucarelli [130]
3.4 c/nc | Tidal mudflats / Two different annular flumes Amos et al. [350]
15-17 | o/nc Reservoir, 0 —0.02 mm, 0.02 — 0.05 mm, 0.05 — Fang et al. [334]

0.10 mm / Straight recirculating flume

River water, 0 — 0.02 mm, 0.02 — 0.05 mm, 0.05 —

2.65-5.01 . . . .
65-5.01 | cinc 0.10 mm / Straight recirculating flume, river water

Fang et al. [9]
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Therefore, of particular importance for biostabilization is, the complex and dynamic
interaction between flow, biofilm, and sediment, which substantially influences both
cohesive and adhesive properties of the bed [27, 130, 329], leading to increased erosion
thresholds at the sediment surface [5, 18] and at deeper layers [30]. The erosion behaviour
of both, non-cohesive and cohesive sediment with biofilm cover, is similar to that of
natural cohesive sediments [132, 329]. Specifically, electrochemical and biological
properties of natural sediment interact with each other, which is further complicated by
reciprocal flow-biofilm-sediment interactions. Accordingly, distinguishing between
adhesion and cohesion and understanding their relative contributions to erosion process
is very difficult.

In order to better predict the behavior of fine sediment or develop sediment management
scenarios (e.g., flushing) [351, 352], experiments have been largely performed in
laboratory flumes with sediments that were retrieved and transferred from the field [9,
193, 334]. However, there also exist in-situ measurements to avoid sediment disturbance
associated with transportation of sediment from the field to the laboratory flume and
sediment aging [250, 353]. However, as discussed in section 2.6, this imposes additional
challenges, such as inaccurate determination of erosion thresholds due to a subjective
selection of threshold definitions and methodological limitations (e.g., application of
horizontal flow or vertical flow, generation of heterogenous flow conditions due to flume
curvatures), yielding a diverse range of critical shear stress values even for similar flow
and bed conditions.

Accordingly, whilst investigating the relationships between site-specific natural sediment
characteristics and erosion thresholds is important to advance our understanding about
cohesive erosion process and to establish practical formulations for erosion thresholds, a
fundamental understanding is still elusive and is derived from controlled laboratory
experiments. In this respect, in order to better understand biostabilization and sediment
dynamics as well as to effectively manage our water bodies for the benefits of human
society and ecosystem functioning, a better understanding of flow-biofilm-sediment
interactions is needed. Challenges include i) creating realistic experimental settings and
utilizing a combination of tools and approaches to describe the reciprocal relationships
between flow-biofilm-sediment and associated mass transfer, which alters microbial
processes and vice-versa, and ii) understanding the role of key microbial players (and
processes) for biogeochemical and morphological processes at the entire ecosystem level,
and how organismal level functions can be linked to ecosystem functions. These
challenges require acquisition of large bodies of information across various spatial scales
by studying hydraulics, geomorphology, and ecology as an integrated concept using
advanced tools and approaches rather than studying them in isolation. To foster
interdisciplinary research with little or no destruction to flow and sediment, a combination
of optical methods and approaches would be ideal. A comprehensive elaboration of
research on flow-biofilm-sediment interactions as well as associated methodological
challenges and research gaps in relation to biostabilization and fine sediment dynamics
are provided in the publication in Appendix Il. Herein, a brief overview of
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methodological discussion is provided, with some passages quoted verbatim from the
publication (Appendix II).

Hydraulics: As discussed above, the understanding of flow-biofilm-sediment
interactions is currently hampered by the lack of velocity measurements at the sediment-
water interface. Most studies represent flow with a single (bulk) value for the entire
channel either as a depth-averaged or cross-sectional average velocity (and discharge)
[354 and references therein] or temporally-averaged flow and turbulence parameters far
above the bed [341, 342, 355]. For example, Risse-Buhl et al. [342] and [341] conducted
velocity measurements around biofilm-covered sediment using acoustic Doppler velocity
profiler (i.e., Vectrino Profiler), but could not obtain accurate near-bed flow velocities
due to acoustic interference of the bed [43]. Since most studies employ conventional
ADV sensors [282, 325, 356-358], they mostly ignore heterogenous nature of turbulence
parameters over a natural living surface, such as biofilms. Yet, to understand how
biofilms affect the turbulent boundary layer and vice versa, as well as its erosion response,
near-bed flow measurements are critical. Additionally, many measurement techniques are
capable of recording velocity measurements at single probe locations or along a vertical
profile and disturb the flow field (intrusive). Whilst an optical technique, called, laser
Doppler velocimetry [125, 126], is non-intrusive, it does not give access the simultaneous
dynamics of the flow since it is also capable of measuring at a single probe location. In
this regard, optical and non-intrusive approaches, such as PIV and PTV (particle tracking
velocimetry), are the most favourable techniques to obtain high resolution, simultaneous
two-dimensional measurements of flow and turbulence over a large region (few dm?). For
example, by using PIV, Graba [118], Murphy [359], and Shang et al. [322] showed i) the
highly complex and heterogenous distribution of turbulent flow structures around
biofilm, and ii) the increased drag due to high levels of momentum transport, resulting in
an effective hydrodynamic roughness significantly larger (a factor of 2 reported by
Murphy [357]) than the biofilm geometrical roughness. Due to is non-intrusive nature,
PIV technique can easily be combined with other optical measurement techniques, e.g.,
underwater laser scanner for bed roughness and hyperspectral imaging for biochemistry
(Chlorophyll-a) measurements, which often co-evolve with flow over time. Since
commercial PIV systems are very expensive (>100k€), a low-cost PIV system was
developed and applied in this study.

Bed topography: Many measurement techniques exist for bed topography or roughness
measurements, including, inter alia, airborne laser scanning [360], terrestrial laser
scanning [361, 362], multibeam echo sounding [363] over large domains as well as
structure-from-motion [364, 365] and laser-triangulation [342, 366, 367] for roughness
calculations in smaller domains. While structure-from-motion (SFM) outweigh the
literature [364, 368, 369], the technique also has some limitations [368]. The main
limitations include refraction at the water surface and image degradation when the SFM
is applied from the air [370], requiring modelling the distortion of the light [371].
However, during the experiments, the water surface also has a variable surface roughness
due to interactions of flow and biofilm filaments, making SFM measurements from
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outside impossible. This means that the flume must be drained in order to perform SFM
measurements over dynamic surfaces. However, draining the flume also disturbs biofilm,
both structurally and microbially. Additionally, SFM technique is computationally
expensive [369]. Even though the laser-triangulation sensors have not been intensively
used in fluvial hydraulics, they can address the limitations of the commonly used SFM
techniques. For example, using a boat-mounted laser triangulation sensor, Noss and
Lorke [367] investigated high-resolution depth and width measurements of shallow
streams. Thom [335] quantified surface topography of biofilms using a commercial laser
triangulation, but the measurements had to be performed outside of the flume, and the
measurement process was quite timely. Since commercial laser-triangulation sensors are
not designed to operate underwater and are expensive, a self-made underwater laser
scanner was developed and applied to assess feasibility of an interdisciplinary research.

Molecular approaches: Insights into the microbial community composition have been
traditionally gained by microscopic evaluation of morphological, taxonomically unique
features [372]. This classical approach is for example common for the determination of
diatom species that — by their appearance and certain requirements — are excellent
indicators of different water qualities or various hydrodynamics scenarios [118]. Whilst
these insights are very valuable on the microalgae level, addressing the occurrence of
certain bacterial species requires metagenomics approaches. Nowadays, thanks to the
advances in molecular ecology and computational power, it has become possible to
decipher the previously unprecedented diversity of biofilms and taxonomic differences
using high-throughput technologies [372, 373]. Furthermore, metagenomic approaches
prevents problems associated with conventional polymerase chain reaction (PCR)
amplification [372]. Specifically, Ribonucleic acid (RNA)-based approaches, instead of
Deoxyribonucleic acid (DNA)-based approaches, have the capability to provide a clearer
picture of taxonomic and functional diversity of the metabolically active microbial
communities in biofilms [374]. In this regard, the molecular analysis of 16S Ribosomal
RNA (rRNA) and 18S rRNA is now central to many studies addressing diversity of
biofilm communities [375-379].
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3 Materials and Methods

As reviewed in chapter 2, the erosion processes in natural environment are highly
influenced by physical, chemical, and biological properties of sediments and their site-
specific interactions. Therefore, controlled laboratory experiments are ideal to understand
the interactions of flow, biofilm, and sediment as well as the resulting ecosystem process,
i.e., “biostabilization”. Since there exists mutual and dynamic feedback between flow,
sediment, and biofilm-induced sediment reworking process, interdisciplinary approaches
are required to better comprehend biostabilization mechanisms. In this respect, a
combination of non-destructive optical methods and approaches would be ideal. In
addition to laboratory studies, the process of natural erosion should be explored in the
field in order to understand the relative roles of site-specific sedimentological parameters
on spatially- and depth-variable erosion thresholds, with the possibility to transfer
findings to different environments.

3.1 Laboratory Study

The first set of experiments were motivated by the increasing use of acoustic Doppler
velocity profilers for characterizing velocities and turbulence at the sediment — water
interface under both laboratory [380, 381] and field conditions [382, 383]. Specifically,
the Vectrino Profiler has become increasingly popular due to its high spatial resolution
(1 mm) and velocity profiling range (35 mm) (http://cs.nortek.no/). Since it can also
provide simultaneous measurements of distance, thus the instrument is well suited for
studies involving flow-biofilm-sediment interactions. However, boundaries located in
the measurement range of conventional acoustic Doppler velocimeters (ADV) are known
to have adverse influence on velocity measurements due to the acoustic interference of
the bed, biasing velocities as far as 10 mm above the bed [384-386], the region named as
“boundary interference region”. Particularly, as discussed in chapter 2, the interactions
between flow and biofilm take place predominantly at scales ranging from 100 um to 10
cm in vertical length [387]. Therefore, near-bed measurements (< 10 mm) is of great
importance.

To evaluate the measuring performance of the Vectrino Profiler as well as to investigate
the influence and vertical extent of the boundary interference region on mean velocity
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and turbulence measured by the Vectrino Profiler, laboratory experiments were
conducted in a flume (0.36 m wide, 3 m long) on four types of bed material, including (i)
geotextile bed (Polypropylen, GreenLife GmbH, Schwerin, Germany) as a scenario for
fluffy sediment with high porosity, (ii) sand bed with a median grain size (Dso) of 0.25
mm, (iii) gravel bed having a nominal diameter between 18 and 36 mm (coarse gravel),
and (iv) metal bed as a scenario for strongly reflective flat bottom. During the
measurements the flow depth was kept constant at 0.23 m, while flow velocity, bed
material, and distance of the Vectrino Profiler probe to the bed were altered. The
measurements were performed both with Vectrino Profiler and Particle Image
Velocimetry (P1V, Dantec Dynamics, Skovlunde, Denmark). The comparison included
vertical profiles of mean flow velocity, turbulent kinetic energy (TKE) as well as power
spectral density of velocity fluctuations since they are essential parameters, which are
commonly used to characterize flow fields at the sediment—water interface. More
information about the experimental set-up, methods, and data processing is given in
Appendix | [43]. This study showed and highlighted the limitations of the Vectrino
Profiler (or other ADV techniques) for measuring velocities in the close vicinity of the
bed. Therefore, in order to obtain high spatial and temporal measurements of velocities
without disturbing the bed, optical methods, such as PIV should be used.

The second set of experiments focused on flow—biofilm—sediment interactions from an
“interdisciplinary” perspective. Although fine sediments and their erosional behavior
have received increasing attention over the last decades with or without the consideration
of biofilm, their link to spatio-temporally varying bed topography, hydrodynamics, and
microbial community, and metabolic activity co-evolving with biofilm growth have not
been studied yet [41, 326, 388]. Such studies require integrated investigations of
hydrodynamics, biogeomorphology and microbiology [41, 42]. However, even a decade
after the “2020 vision” of Rice et al. [41] for integrated and interdisciplinary river science,
a feasibility of an interdisciplinary approach bringing different tools and scientific
communities together on the same topic, “biostabilization” in the context of this study,
has yet to be tested.

Therefore, in this experiment, we have tested the feasibility of such an integrated and
interdisciplinary approach by co-applying advanced instruments and methods from the
disciplines of hydrodynamics, microbial ecology, and sedimentation engineering on
freshwater biofilm samples that were quasi-naturally grown on non-cohesive sediment.
Since, flow velocity is the main driver for biofilm growth and EPS production [5, 8, 375],
biofilms developed at contrasting flow conditions are expected to have different
morphology (e.g., thickness, roughness) and different levels of EPS secretion, which may
influence sediment stability. Hence, biofilms were cultivated in six identical laboratory
flumes (each 0.15 m wide and 3 m long) at contrasting flow conditions: i) low flow (LF)
scenario with a bed shear stress of ~ 0.01 Pa and ii) high flow (HF) scenario with a bed
shear stress of ~ 0.04 Pa. Three LF flumes and HF flumes were located in separate
containers to avoid cross-contamination of ambient light. The flumes were modified
versions of the ones used by Thom et al. [132] and each possess an individual water tank,
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pipes, and cooling circuits to cultivate biofilm under controlled conditions of
hydrodynamics, temperature, and light. The entire bottom of each flume was
reconstructed as “one block” to avoid any water leakage to the bottom as well as any
height inconsistencies across the flume (e.g., cartridges are not perfectly parallel), which,
otherwise, could significantly affect flow conditions by generating step-change in the
roughness. The biofilms were cultivated on 16 removable cartridges with dimensions of
88 x 58 x 50 mm3 (I x w x h). The advantage of such design is that it enables the transfer
of cartridges outside the flume when in situ measurements cannot be performed. Before
inserting these cartridges into the flumes, they were filled with fine (Dsy = 0.16 mm)
and medium sand (D5, = 0.29 mm), saturated in water, compacted and flattened to
achieve a planar surface parallel with the cartridges edges. In order to reproduce nutrient
conditions, water chemistry, and site-specific microbial organisms, 1.2 m® of natural
freshwater was withdrawn from the reservoir Groller Brombachsee (meso-eutrophic)
[281], which was then transported to the laboratory, well-mixed through aeration, filtered
to avoid large particles that can disturb sediment surface or stuck in the flume, and
distributed to the water tanks equally. Additionally, a homogeneous solution was
prepared using site-specific sand and scratched stones (for diatom and algae) and equally
distributed into the flumes. During the experiments, water depth in the flumes were
maintained (in the beginning) at 75 mm through gates at the flumes’ outlets. The water
temperature was also fixed at 15°C with the help of heat exchangers, which supplied
colder water at 8 °C. A full PAR (photosynthetically active radiation) spectrum was
utilized [132] and the light intensity was kept constant at 50 HE ms™. After a growth
period, the biofilm growth and related parameters were regularly monitored and linked to
prevailing conditions.

Through a joint methodological workshop, we utilized advanced methods with
capabilities of measuring at various spatial scales and high spatial resolutions to address
the interdisciplinary question of how advanced methods in the fields of hydraulics,
sedimentation engineering, microbial ecology, and biochemistry can be applied to study
flow-biofilm—sediment interactions, towards the same goal: Biostabilization. The
measurements included flow dynamics (Particle Image Velocimetry), bed topography
(laser-triangulation scanner and light microscopy), biofilm structure (optical coherence
tomography), mass transfer (microsensors), microbial community (16s and 18s rRNA
gene sequencing), mechanical properties (rheometer), and biostabilization potential
through erosion thresholds (see section 3.2 for SETEG flume). We also explored
advantages and limitations of the methods applied. The main findings of this experimental
study were combined with an application-oriented review on the current state of the
knowledge and methodological approaches in the flow-biofilm-sediment research with a
focus on biostabilization and fine sediment dynamics mainly in the benthic zone of lotic
and lentic environments. More information about the application of these methodological
approaches can be found in Appendix Il [24].
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3.2 Field Study

To investigate multi-variate relationships between sedimentological properties and
erosion thresholds, 9 and 13 sediment cores (22 in total) were collected from the deposits
of reservoirs Grolier Brombachsee (GBS) and Schwarzenbach (SBT), respectively. Both
reservoirs are shallow with mean depths of ~16.5 m (maximum depth = 33 m at maximum
capacity) and ~21.8 m (maximum depth = 65 m at maximum capacity) for GBS and SBT.
With typical total phosphorus concentrations of < 30 mg m, they can be considered as
meso-eutrophic [281].

The GBS (inauguration date = 2000) is located in Bavaria in Germany (the Franconian
Lake District) at an elevation of approximately 410 meters above sea level (m.a.s.l.). It
has a surface area of ~8 km? [389]. The main purpose of the reservoir is to store water
and regulate water levels in the Regnitz-Main catchment area. The GBS is also used for
leisure, recreation, and fishing.

Located in the Black Forest in the south-west of Germany (Baden-Wdrttemberg) at an
elevation of approximately 669 meters above sea level (m.a.s.l.), the Schwarzenbach
reservoir (inauguration date = 1926) is a shallow, mesotrophic reservoir, with a surface
area of ~0.54 km?[389]. The reservoir is mainly used to balance the load in energy supply
and drains into the first large-scale hydroelectric pumped-storage system. Similar to the
GBS, the SBT is also used for leisure, recreation, and fishing. The reservoir is fed by two
inflows, one transition tunnel and pumped water.

Of particular importance is the difference of sediment composition between the two
reservoirs. The SBT is sand-dominated, whereas the GBS is clay-dominated. In addition,
total organic content varied between both reservoirs, all of which are expected to
influence the erosion thresholds (see chapter 2).

Sediment cores from these deposits were extracted using the “Frahm Sediment Sampler”
(MBT GmbH — MacArtney Germany), which was originally developed by “Leibniz
Institute for Baltic Sea Research”. The main advantage of this corer, compared to
conventional gravity and piston cores, is the generation of the vacuum by the lid, when
extracting sediment from the bottom. Thanks to the movable clamps, it also facilitates
quick sealing immediately after sediment core collection [390], resulting in a collection
of relatively undisturbed sediment core samples. To enable a smoother entry into the
sediment, we used PVC (Polyvinyl chloride) cores of 0.10 m in diameter (wall thickness
= 0.005 m) and 1 m in length, with a lower end bevelled to an angle of 5°. The Frahm
Sediment Sampler was operated from a floating platform powered by an electric motor.
The floating platform was also equipped with a tripod and an electric winch (12 V), whose
speed can change between 20 and 10 m min without and with load, respectively.

After withdrawal of the sediment cores, they were immediately transferred to the
laboratory with core lids closed to mitigate disturbances due to water fluctuations [150,
194]. The vertical profiles of wet bulk density was non-destructively measured for all
cores based on Gamma Ray Attenuation (GRA) measurements by emitting a collimated
gamma beam (Cesium Cs™*” with a decay energy of 661 KeV) through the sediment cores
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and detecting the gamma quants with a scintillator detector unit made of Sodium lodide
doped with Thallium (Nal (T1)) at the other side of the cores at a room temperature of 27
°C (see Mayar et al. [391, 392] for details of the technique). The attenuation of gamma
rays passing through the cores rely strongly on the bulk density. This results in vertical
profiles of bulk-density distribution with a vertical resolution of 2 cm. After the bulk
density measurements, the sediment cores were stored in a climate-controlled chamber,
with temperatures being close to the in situ temperatures. Based on the similarity of the
vertical bulk density profiles, the group of sediment cores collected from GBS and SBT
were separately categorized into two sub-groups for the analyses of i) physico-chemical
and biological analyses (table 6), and ii) critical shear stress for erosion. The cores in sub-
groups were then sectioned into different layers at vertical intervals of 1 —5 cm. To ensure
the comparability between the sediment cores and to assess uncertainties associated with
assigning different sediment cores (and layers) to each other for characterization of
sediment properties and critical erosion thresholds, a maximum bulk density deviation of
7.5 % (percentage error) was allowed between two layers. This resulted in a correlation
matrix consisting of 92 elements to explore multivariate relationships between selected
sedimentological properties and erosion thresholds.

For the physico-chemical sediment properties, particle size distribution was measured by
laser diffraction with a Malvern Mastersizer 2000 (Malvern Instruments Ltd, Malvern,
UK). On the basis of the particles size measurements, the sediments were then categorized
into clay, silt (fine, medium, coarse) and sand (find, medium, coarse) according to the
ISO 14688-1 (2017) and finally the 10", 50", and 90" percentiles (D;, Dso, Dgg) Were
calculated. Total Organic Carbon (TOC) was indirectly measured by loss on ignition (in
percentage) of dried sediment according to the European standard DIN EN 13137 (2001).
Therefore, TOC considers both living and dead organisms. The Cation Exchange
Capacity (CEC) was determined using hexamminecobalt (II1)chloride as an extracting
solution and quantifying the exchangeable cations photometrically according to 1SO
23470:2018 (2018). The individual exchange ions (e.g., Na*, Ca?*, Mg*") were not
quantified.

Table 6: Overview of analysed sedimentological parameters

Physical Bulk density

Sediment composition
Chemical | Total organic carbon
Cation exchange capacity
Biological | Chlorophyll-a

EPS (protein, carbohydrate)

For biological sediment properties, chlorophyll-a, a proxy for photoautotrophic
biomass/algae in sediments, was determined within 0.5 cm?® wet sediment samples of each
sediment layer (in triplicates) by ethanol extraction (96%) and acidification by
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Hydrochloric acid (HCI). The spectrophotometric determination of supernatant was
performed before and after acidification according to DIN 38412-16:1985-12 (1985) and
Gerbersdorf et al. [326]. The EPS contents were characterized by extracting the colloidal
(water-extractable) fractions of the biofilm and centrifuging (Sigma 202MK Centrifuge,
Sigma GmbH, Osterode, Germany) according to Gerbersdorf et al. [326]. Subsequently,
the supernatants were analysed spectrophotometrically for EPS-protein (EPS-p) and EPS-
carbohydrate (EPS-c) contents (in triplicates) using the modified Lowry method [393]
and phenol-sulfuric acid method [394], respectively.

For the critical shear stress measurements, the sediment cores were eroded at various
vertical intervals (representing the interval for sedimentological characterization) in the
SETEG (“Stromungskanal zur Ermittlung der tiefenabhéngigen Erosionsstabilitat von
Gewassersedimenten”) flume [168, 276]. The SETEG flume is a pressurized recirculating
flume, which has a clear glass window of 2 m in length (total length = 8 m), 0.142 m in
width, and 0.10 m in depth. The flume enables the control of the velocity by varying
discharge (0.001 to 0.065 m® s). The water is pumped through pipes from a large
annually drained water tank (1200 m®) in the basement of the laboratory. The SETEG
flume has a circular hole at the measurement section (7.64 m from the flume entrance) as
well as an electric motor driven lifting shaft, on which sediment cores can be locked,
moved (in vertical), and positioned to the flume zero-bed level. Two-dimensional (2D)
laser Doppler velocimeter (LDV) (TSI Inc., Shoreview, MN, USA) measurements were
used to characterize the spatial distribution of the shear stress across the measurement
section. The bed shear stress was calculated as a function of discharge using the Reynolds
stress method at 2 mm above the bed (see section 2.6), but a comparison to the law of the
wall method showed similar results (with percent difference of < 4 %). The flow was
fully developed at the measurement section and Kolmogorov’s inertial subrange (-5/3
law) [395] was present in the spectrum of velocity fluctuations, confirming that the
measurements represent typical characteristics of turbulence. For further details about the
SETEG flume as well as bed-shear stress—discharge relationships, the reader is referred
to Beckers et al. [152].

After inserting a sediment core into the flume bed, any protruding or loose sediment was
cut off with a wire, so that the sediment surface was flush with the flume bed. Further,
the sediment cores fitted snugly into the circular hole in the flume bed, creating minimum
disturbance. The sediment surfaces (layers) were then exposed to a stepwise increment
of discharge. Each discharge was maintained for a period of 600s until a surface failure
of the bed was observed, after which another sediment layer was elevated to the flume
level by means of the lifting shaft. During the erosion process, the sediment surface was
continuously monitored by a photogrammetric system, namely PHOTOSED
(Photogrammetric Sediment Erosion Detection Method). The details about the method
can be found in Noack et al. [151]. Briefly, the method operates based on the structured-
light technique, in which a semi-conductor laser coupled with a diffraction optic projects
a structured (known) dot pattern (approximately 24,000 points) onto the sediment surface
and a CMOS camera (Complementary metal-oxide—semiconductor, Imaging
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Development Systems GmbH, Obersulm, Germany) continuously records deflection and
appearance of these light patterns at 10 frames per second (2 MP images) [151]. The
volumetric change of the sediment layer between consecutive frames (here: At = 60 s)
and thus time-series of the recorded erosion volumes within a specified region of interest
of the sediment surface can be calculated using Farnebaeck’s Dense Optical Flow
algorithm [396], which enables estimation of different types of critical shear stress for
erosion [152].

Further details about the erosion set-up, identification of erosion thresholds as well as
statistical analysis between sedimentological parameters and erosion thresholds can be
found in Appendix 111 [44].
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4 Synthesis and Conclusions

The research presented herein was based on laboratory flume studies focused on flow—
sediment interactions (with and without biofilm) and erosion resistance of artificial and
natural sediments. To this end, multiple experimental methods for investigating the
interactions between flow and sediment (with or without biofilm) were utilized. The study
also illustrated a successful application of an interdisciplinary approach bringing together
methods from the fields of hydraulics, sedimentation engineering, microbial ecology, and
biochemistry. In general, the findings underline the need to further study erosion
processes in various natural environments under variable regimes of flow, biofilm, and
sediment. Due to complex interactions between physico-chemical and biological bed
properties, the field studies should, ideally, be complemented with controlled laboratory
studies by utilizing a combination of advanced optical and molecular approaches in an
integrative way. In the following the main findings of this dissertation are presented (see
Appendices I, I, and I11 for the articles).

Assessing performance of a commonly used acoustic Doppler velocity profiler for
measuring flow and turbulence in the near-bed region

The laboratory study on the comparison between Vectrino Profiler and PIV
measurements of velocities and turbulence at the sediment—water interface demonstrated
that the sediment bed adversely influenced velocity measurements as close as 1.7 — 5 mm
above the bed, depending on the bed material. The vertical extent of the boundary
interference region — the acoustic interference region of the bed leading to
underestimation of velocities — and velocity differences between two instruments
decreased with decreasing proximity of the Vectrino Profiler. It was also shown that the
vertical extent of this boundary interference region can be practically identified by a local
minimum in signal-to-noise ratio recorded by the Vectrino Profiler itself. It must be
mentioned that even though the Vectrino Profiler is capable of providing accurate
measurements of bed distance in addition to velocities over solid surfaces (e.g., gravel),
alternative distance measurements are required on softer sediment beds (e.g., sand, fluffy
sediments) due to the penetration of the acoustic signal. In the measurements, a
reasonable agreement (<10%) of mean velocities and turbulence was observed between
both instruments around the sweet-spot (the region of largest overlapping between the
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receivers) of the Vectrino Profiler only. Whilst the mean velocities were reliable over a
larger region (x 8 bins centered at the sweet-spot), the spectral analysis of turbulent
fluctuations showed that turbulence measurements are only reliable within 3 mm around
the sweet-spot, which is approximately one-third of the previously suggested region by
MacVicar et al. [397]. A remarkable observation was to persistent appearance of a local
minimum of TKE and velocity variances at the sweet-spot of the Vectrino Profiler, where
the Doppler noise is minimum. The application of the Doppler noise correction method
by Hurther and Lemmin [1] could not correct the TKE profiles, suggesting that the noise
is not solely due to geometrical configuration of the VVP. Therefore, measurements from
Vectrino Profiler should be interpreted with caution, particularly for measurements above
fine sediment beds. This study further confirms the limitations of acoustic-based velocity
instruments for measuring flow and turbulence at the sediment—water interface. Future
studies should explore placing the sweet-spot of the Vectrino Profiler within the boundary
interference region of the bed in addition to considering the probe’s potential flow
disturbance. For non-destructive, high-resolution velocity and turbulence measurements
over larger areas, optical methods, such as PIV and PTV, can be used, which also give
access to visual observations of sediment surface or moving boundaries (e.g., biofilm
filaments).

Identifying the gaps and challenges in flow-biofilm-sediment research and
addressing them with an integrative approach

Motivated by the needs for integrative and interdisciplinary approaches to investigate the
interactions of flow, biofilm, and sediment in order to better understand biostabilization,
this study presents results of a laboratory study and methodological workshop focused on
flow—biofilm—sediment interactions on biofilm-covered non-cohesive sediment bed
developed at contrasting flow conditions. We also presented a successful application of
an interdisciplinary approach, bringing a variety of advanced methods from different
scientific disciplines together. The results were incorporated into an applicated-oriented
review focusing on flow-biofilm-sediment research across various spatial scales.

On the basis of their co-application for the same goal towards understanding
biostabilization, we made several observations about reciprocal relationships between
flow, biofilm, and sediment as well as advantages and challenges associated with applied
methods. We found that the flow speed influences the time of settlement, biofilm growth
as well as surface topography. Mean surface roughness (0.46 to 1.97 mm) and biofilm
thickness (1.92 to 3.74 mm) increased considerably with a decreasing flow regime (bed
shear stress from 0.04 Pa to 0.01 Pa). The changes in surface topography affected the
magnitude and distribution of Reynolds shear stress and enhanced effective roughness.
Whilst measuring bed topography with scanning microscopy was time-consuming with a
potential to disturb sediment due to transportation of cartridges outside the flume,
underwater laser-triangulation scanner demonstrated similar results quickly, both in terms
of time and measurements. Therefore, even though the underwater laser-triangulation
method is not frequently used in geomorphological investigations (section 2.8), it can be
considered as a suitable choice at scales ranging from cm? to dm? since it provides non-
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destructive measurements of the bed. In addition, the method can easily be combined with
the PIV method, giving insights into dynamic interactions between bed and flow. Further,
the application of microsensors to measure metabolic activity within the sediment bed led
to observation of bursts of H,O> when touching a diatom colony with sensors. This could
be a self-defense mechanism of these microalgae against predators, which have not been
previously observed in a similar environment. Optical Coherence Tomography (OCT)
provided in situ and non-destructive internal structure of biofilm-bed in the surficial
sediment layer, giving access to observations of filament networks connecting sediment
particles together. However, the method was limited to surficial sediment layers (~2 mm)
due to the limited probe depth. Overall, microsensor measurements could be used
together with PIV, laser scanner, and OCT measurements in analyzing the external and
internal mass and momentum transfer by combining substrate distribution, flow
dynamics, and biofilm structure. Furthermore, in an attempt to observe changes in the
microbial community that drive important ecosystem functions (i.e., biostabilization),
advanced molecular methods were applied and significant shifts in species composition
and diversity at both prokaryotic and eukaryotic level were observed. The abundance and
species diversity were significantly higher for bacterial communities at high flow
conditions, whereas they were higher for microalgal communities at low flow conditions.
Measurements by hyperspectral imaging illustrated that imaging density, composition,
and distribution of phototrophic biofilms may create a strong predictor for sediment
stability and metabolic activity. Rheological measurements showed that viscoelasticity of
biofilm varies with biofilm age, presenting more elastic behaviour for mature biofilm.
Whilst commonly used magnetic particle induction technique [398] enabled
measurements of surface adhesion (a proxy for sediment stabilization) at high-resolution
(< 5mm), the measurements were limited to the surface of low-profile biofilms, with no
protruding filaments due to limited optical access. To facilitate the comparison between
different experimental studies and to obtain realistic (i.e., horizontally applied stress)
results representative for natural conditions, straight laboratory flumes are still the most
reliable way to obtain critical erosion thresholds of sediments.

Investigating the role of site-specific sedimentological parameters on erodibility of
natural sediments

Whilst controlled laboratory experiments are ideal to understand complex erosion
processes and flow—biofilm—sediment interactions, there exists no generic relationship
between erosion thresholds and sedimentological properties. In order to explore the
relative roles of site-specific sedimentological parameters on depth-variable erosion
thresholds, 22 natural sediment cores were collected from two reservoirs (GBS, SBT) in
Germany. By characterizing physico-chemical and biological sediment properties as well
as measuring erosion thresholds in a straight laboratory flume utilizing an advanced
photogrammetric measurement method relying on a structured-light approach,
multivariate relationships between sedimentological properties and two types of erosion
thresholds at various sediment layers were observed. The sedimentological properties of
sediment cores collected from GBS and SBT were different. The clay-dominated
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sediments of the GBS with comparatively low total organic carbon and sand content were,
on average, 10 times more stable compared to the sandy sediments of the SBT.
Consequently, for the clay-dominated sediments, strong positive correlations were found
between the erosion thresholds, clay content, and bulk density, supporting previous
studies discussed in section 2.7.1. In contrast, the comparatively sandy sediment layers
of SBT exhibited strong positive correlations between erosion thresholds and sand
content, whereas the relationship was inverse with clay content. This is, in contrast, to the
study by Gerbersdorf et al. [193] and Gerbersdorf et al. [194], who reported negative
relationships between sand content and critical shear stress in a similar riverine
environment. Interestingly, a negative correlation between organic carbon content and
erosion thresholds was also observed, which is opposed to the other studies in riverine
environments [31, 193, 194]. Furthermore, EPS and chlorophyll-a were not good
indicators for the erosion thresholds, suggesting an ambiguous influence of biology and
its varying interaction with other physico-chemical parameters. Overall, the results stress
the need to further investigate the site-specific influence of sedimentological properties
and their relative roles on sediment erodibility at various natural environments in order
to predict the behavior of fine cohesive sediments and develop sediment management
scenarios (e.g., reservoir flushing) [351, 352] .
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ABSTRACT

The Vectrino Profiler is increasingly recognized as a promising instrument for characterizing near-bed velocities and turbulence due to its high spatio-
temporal resolution and velocity profiling range. However, its measurement performance in the vicinity of the bed ( < 10 mm) is not well documented.
This study reports on the comparisons of mean velocity, turbulent kinetic energy, and power spectral density above various bed materials between
the Vectrino Profiler and particle image velocimetry in a laboratory flume. Our analyses demonstrate that the bed interference adversely influences
the measurements as close as 1.7-5 mm above the bed, depending on the bed material. We provide a criterion to identify the vertical extent of
the interference region. Outside of the interference region, best agreement between the Vectrino Profiler and particle image velocimetry was found
around the sweet-spot of the profiler where the observed differences were < 6% for mean velocities and < 10% for turbulent kinetic energy.

Keywords: Acoustic Doppler profiler; boundary layer; particle image velocimetry (PIV); sediment—water interface; turbulence;

velocity measurements

1 Introduction

Measurements of velocities and turbulence with high spatio-
temporal resolution are of critical importance for a variety of
hydraulic applications. In 2012, the Vectrino Profiler (Vec-
trino II, Nortek AS, Rud, Norway) was introduced to meet
the needs for increased spatial resolution. The Vectrino Profiler
(VP) is a multi-static acoustic Doppler velocity profiler and its
probe comprises four receivers around a central transmitter. It
is capable of measuring three-dimensional flow velocities over
a profiling range of 35 mm with an adjustable vertical resolu-
tion (bin size) of 1 to 4 mm, and at a sampling rate of up to

100 Hz. The instrument also allows for simultaneous measure-
ments of the distance to a solid boundary at a sampling rate of
up to 10 Hz, and a spatial resolution between 1 and 4 mm (Craig,
Loadman, Clement, Rusello, & Siegel, 2011).

This work is motivated by the increasing use of the VP
for measuring velocities and turbulence at the sediment—water
interface (SWI) under both laboratory (Hooshmand, Horner-
Devine, & Lamb, 2015) and field (Puleo et al., 2014; Wen-
grove & Foster, 2015) conditions. Its enhanced spatial resolution
and velocity profiling range, together with simultaneous dis-
tance measurements, will most likely make the VP increasingly
popular, particularly for the investigation of sediment—water
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interactions. However, in spite of its high potential for bound-
ary layer studies, there have been only few investigations on the
effect of a boundary located in the measurement range on the
performance of the VP (Brand, Noss, Dinkel, & Holzner, 2016;
MacVicar, Dilling, Lacey, & Hipel, 2014), although bound-
aries are known to have adverse effects on other Doppler-based
velocity measurements (Dombroski & Crimaldi, 2007; Finelli,
Hart, & Fonseca, 1999; Precht, Janssen, & Huettel, 2006;
Voulgaris & Trowbridge, 1998). Based on measurements away
from solid boundaries, Brand et al. (2016) observed in com-
parison to standard acoustic Doppler velocimeter (ADV) mea-
surements that (i) mean velocities measured by the VP are only
reliable in the upper 25 mm of its profiling range, and (ii) turbu-
lence quantities are most reliable at the sweet-spot (SS) of the
VP, which will be discussed below.

The boundary interference region (IR) is defined as the near-
bed region of the velocity profile, where the measurements are
biased by the presence of the interface. Estimation of the verti-
cal extent of the IR above the bed is of critical importance and
requires independent reference flow measurements, which were
lacking in the studies of MacVicar et al. (2014) and Brand et al.
(2016). The focus of this contribution is therefore on the inves-
tigation of the influence and vertical extent of the IR on mean
velocities and turbulence measured by the VP over different
types of bed material. We also provide a comparison between
the VP and particle image velocimetry (PIV) measurements
away from the bed.

Transmitter

Flow

Journal of Hydraulic Research Vol. 55, No. 4 (2017)

2 Methods

2.1 Methodology and data

Laboratory experiments were carried out in a flume (36 cm wide,
3 m long), which was instrumented with a PIV system (Dantec
Dynamics, Skovlunde, Denmark) and a VP. A Cartesian coordi-
nate system was used: the VP and therefore three-dimensional
flow velocities (i, v, w) were accurately aligned with longitudi-
nal (x), transversal (y), and vertical (z) directions of the flume
(Fig. 1). The overlapping sampling volumes of both instruments
were located at a fixed position at the centreline of the flume,
120 cm downstream of the flume inlet. PIV measurements were
performed subsequently to the VP measurements.

The flume water was seeded with particles (20 pm
polyamide) until the signal-to-noise ratio (SNR) of the VP
measurements was at least 30 dB at the SS and 20dB at the
upper and lower end of the VP profiling range, which are
the thresholds recommended by the manufacturer (http://www.
nortekusa.com/usa/knowledge-center/). The SS corresponds to
the location within the VP sampling volume, where the overlap
of the four acoustic beams is largest. This corresponds to bin 12
in our case (52 mm below the transmitter, Fig. 1). During the
measurements the flow depth was kept constant at 23 cm, while
flow velocity, bed material, and distance of the probe to the bed
were altered. Four types of beds were used: (i) geotextile bed
(GF, Polypropylen, GreenLife GmbH, Schwerin, Germany) as

Distance
probe to sediment

Figure 1 Side view of a schematic diagram showing the experimental set-up (not to scale). Only one pair of receivers are shown, with beam 1

(x- direction) aligned with the mean flow. Transmitter and receivers (beams) have a divergence angle for transmitting (solid lines with arrows) the
acoustic signal and receiving backscattered signal (dashed black lines with arrows) within a sampling volume (shaded yellow area). The light yellow
area in the sampling volume represents the region in which all beams overlap and observe the same particles. The darker yellow area represents the
region where the beams receive backscattered signals from different regions of the sampling volume. The red bar in the sampling volume shows the
position of the sweet-spot (SS, bin 12), where the overlapping region of the beams is the largest. The rectangular area enclosed by the grey dashed
lines shows the field-of-view (FOV) of the PIV camera. The interference region (IR), where the velocity measurements are affected by the presence
of the bed, is shown by a colour-gradient near the bed and a zigzag pattern for its variable vertical extent
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Table 1

for the different bed materials and flow velocities

Assessment of the Vectrino Profiler

Per cent difference (PD) in mean velocity (Umag) and turbulent kinetic energy (TKE) measured by PIV and VP

Test Probe distance by PD
PIV Zir
(Umag) VP camera Zgg (Umag) (TKE) (TKE) (HL)
ID Bed type (ms~h (mm) (mm) (mm) (%) (%) (%)
GF Geotextile 0.026 74.0 66.3 1.7 —19.3 —32.6 —60.1
15.0 —58 —19.7 —25.7
S1 Sand 0.039 74.1 73.0 33 —14.7 —48.1 —89.9
21.7 0.6 —5.1 -9.7
S2a Sand 0.026 61.0 59.9 2.5 —332 —50.6 —63.2
8.6 —17.0 —20.5 —26.7
S2b Sand 0.026 73.8 72.7 3.0 —-264 —21.6 —52.0
21.4 —12.7 13.7 9.3
S2¢? Sand 0.026 50.5 49.4 33 —-7.0 —-35.0 —46.1
Gl Gravel 0.031 74.2 74.2 4.5 —20.9 10.5 —41.8
23.0 —45 7.5 3.0
G2a Gravel 0.056 74.2 74.2 4.5 —11.8 8.3 —43.8
23.0 —1.6 10.9 6.1
G2b Gravel 0.056 60.4 60.5 4.1 52 3.5 —14.9
9.2 52 — 158 —235
G2¢? Gravel 0.056 50.8 50.8 3.6 3.0 —-0.5 —14.0
M Metal 0.110 74.1 74.1 52 8.2 2.3 —36.5
22.8 4.6 —4.4 —12.1

Note: The height of the interference region (zj;) and the position of the sweet-spot (zss, bin 12) were superimposed for PD
comparison in terms of their elevations above the bed (mm).
#No comparison at zg (bin 12) exists for these tests since zgg is located within the bed. PIV measurements were performed
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subsequently to these tests for S2 and G2 datasets.

a scenario for fluffy sediment with high porosity; (ii) sand bed
(S) with a median grain size (Ds) of 0.25 mm; (iii) gravel bed
(G) having a nominal diameter between 18 and 36 mm (coarse
gravel); and (iv) metal bed (M) as a scenario for strongly reflec-
tive flat bottom. Furthermore, the distance between the probe
and the bed was varied for tests S2 and G2 (Table 1). Verti-
cal profiles of mean velocity, turbulent kinetic energy (TKE),
as well as power spectral density (PSD) of velocity fluctuations
were compared because they are essential parameters, which are
frequently used to characterize the near-bed flow fields.

2.2 Vectrino Profiler and data processing

Three-dimensional velocity measurements were sampled for 6
min at 74 Hz with a vertical bin resolution of 1 mm over a range
of 35 mm, starting 40 mm away from the transmitter (Fig. 1).
The manufacturer recommends either to use the maximum inter-
val ping algorithm and to adjust the velocity range to limit the
influence of the acoustic interference on the velocity data, or to
use the adaptive ping algorithm (http://cs.nortek.no/). The effect
of different ping algorithms on SNR and correlation values was
tested before the measurements. The maximum interval ping
algorithm, which produces the longest ping interval to match
the ambiguity velocity, was indeed found to be best suited for
investigating the effect of acoustic interference close to the bed.
Acoustic interference is related to the ping timing, and to obtain

good-quality data close to the bed, the ping interval needs to
be long enough to reduce the signal contamination due to the
pulse-to-pulse interference caused by reflections at the bed (see
fig. 7 of Craig et al., 2011). We selected the maximum interval
ping algorithm and adjusted the velocity range between 0.2 and
0.6ms~! depending on the flow conditions.

The instrument provides four velocity values, of which the
longitudinal (#) and one vertical component (w;) are obtained
from receivers 1 and 3, and the transversal (v) and the sec-
ond vertical component (w;) are obtained from receivers 2
and 4. Such a set-up facilitates the estimation of the mea-
surement noise in each velocity component (Hurther & Lem-
min, 2001). It is based on the covariance of the two redun-
dantly measured vertical velocity estimates (w)w}), for which
the noise is assumed to be uncorrelated such that(w)w}) =
(w;fuel) = (wﬁuez). w, and w) are the fluctuating components
(e.g. w; = wi — (w)) of the two independently measured ver-
tical velocities, (w;fuel) and (Wﬁuez) are their true variances,
and angle brackets denote the time average. Following Hur-
ther and Lemmin (2001), the variance of the noise for each
vertical velocity component was estimated by subtracting the
covariance from the measured variance (e.g. (Nf,l) = (w/lz) -
(w{w})). Finally, the average noise Variance(Nv%)was calculated
(ie. (N2) = 0.5((N2,) + (N%))). The corresponding Doppler
noise in the longitudinal and transversal velocity components
((N;,)) was estimated from the calibration matrix provided by
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the VP, and subtracted from the measured variances (u2) and
(v'?) to calculate noise-corrected variances.

By careful examination of velocities and turbulence after try-
ing various SNR and correlation thresholds, raw data were first
filtered in beam coordinates with thresholds of SNR > 15dB
and correlation > 70%, and then despiked following the method
of Goring and Nikora (2002), modified by Wahl (2003). Both
procedures resulted in rejection of unreliable data below 1%
and 3%, respectively, and affected neither normality of veloc-
ity distributions nor variance of the velocities. The outliers
were replaced by the nearest valid data points. The filtered
data were transformed back into the Cartesian coordinates,
and the Doppler noise correction method (hereafter referred as
“HL-corrected”) of Hurther and Lemmin (2001) was applied.

2.3 Particle image velocimetry and data processing

Two-dimensional velocities (u, w) around the sampling vol-
ume of the VP were measured by PIV. The system consisted
of a Dantec Dynamics FlowSense 4M charge-coupled (CCD)
digital camera (2048 x 2048 pixels, 8 bit, greyscale), a 200-
mJ Nd:YAG double-pulse laser (Litron Lasers, wave length:
532 nm), fitted with a cylindrical lens to generate a planar light
sheet. The camera recorded double frame images within a field
of view (FOV) of 46 x 46mm (0.022mmpx '), at a rate of
7.4 Hz for 6 min. The time interval between two successive laser
pulses was adjusted depending on the flow speed. The image
pairs were processed using an adaptive correlation algorithm
(DynamicStudio V4.0, Dantec Dynamics) with interrogation
areas (IAs) of 32 x 32 pixels without overlapping, and with a
3 x 3 moving average validation for outlier detection. The final
resolution of the two-dimensional velocity vectors was 0.7 mm
in the longitudinal and vertical direction.

2.4 Instrument comparison

To locate the sampling volume of the VP within the FOV of the
PIV camera and to align the velocity vectors measured by both
instruments, the VP’s probe position was measured by its inter-
nal boundary distance detection and by a combination of optical
and physical surveys using the PIV camera and a micrometer
screw. The distance between the central transmitter of the VP
(Fig. 1) and the solid boundary is measured by the VP’s trans-
mitter via detecting the position of the maximum return signal
intensity (Craig et al., 2011). This measurement process is influ-
enced by the properties of the bed materials. Porous materials
are expected to absorb and attenuate more of the acoustic signal
due to their lower acoustic impedance (Kuczmarski & John-
ston, 2011). The precise longitudinal and vertical position of the
probe was first surveyed in images (resolution: 0.022 mm px~!,
accuracy: =+ 2 pixels) close to the bed (approximately 30 mm
above the bed), before the VP was moved upward to the position
of the velocity measurements by the micrometer screw. A rela-
tive difference between the vertical increments adjusted by the
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micrometer screw (30, 40, 50, 60, 70 and 74 mm from the bed,
accuracy: 50 um), and bed distances measured by the VP did
not show any difference, irrespective of the bed material. This
indicates that acoustic penetration and reflection of the VP’s sig-
nal are independent of bed distance and vertical probe position.
Therefore, bed distance measured by the VP’s internal boundary
detection was corrected to correspond to the topmost position
of the bed elevation for different bed materials as observed by
the PIV camera. We estimate an accuracy of 4= 0.5 mm for the
position of the solid bed, which corresponds to the nominal
accuracy of the VP’s distance measurements (Nortek, 2016).
The locations of the measurement bins were taken from the
“velocity header range matrix”, which was calculated internally
by the VP.

The PIV provided only two components of the velocity vec-
tors (u, w), whereas the VP provided all three components (u,
v, w). To compare the velocities measured by the PIV and
by the VP, the velocity measurements at the intersections of
both sampling volumes were considered for further analyses:
(1) the width of the sampling volume of the VP was approx-
imated by a cylinder with a diameter of 6 mm similar to the
study of Poindexter, Rusello, and Variano (2011), and velocity
vectors within the xz-plane obtained by the PIV were horizon-
tally averaged in the x-direction (eight IAs) across the width
of the VP’s sampling volume; and (ii) velocity vectors within
single [As along the centreline of the VP’s sampling volume
were considered. The former method was selected because bulk
flow statistics (i.e. mean velocity and TKE) were not affected by
the degree of spatial averaging at these scales. The magnitudes
of the mean velocities and the TKE were calculated using the
following relations: (Upmag) = (1) + (w1)»)®, and (TKE) =
0.5((u'?) + (w/lz)). w; was selected since it was obtained from
the same pair of beams as u. PSDs of velocity fluctuations
were estimated using Welch’s method (Welch, 1967) for time-
series segments of 512 points with 50% overlap, and a Hanning
window function.

The effect of potential misalignment of both instruments was
tested by rotating the measured velocity vectors by 4 1° around
the three axes, which resulted in a maximum variation of 0.5%
for (TKE) and approximately 4% for the covariance of lon-
gitudinal and vertical velocity fluctuations (u'w}). Covariance
is known to be most sensitive to misalignment errors (Peltier
et al., 2013). We restricted the comparison between the VP and
PIV to scalar quantities ((Unag), (TKE)) and PSD of veloc-
ity components to minimize the effect of small misalignment
errors. The per cent differences between mean velocities and
TKE measured by the PIV and VP were calculated as PD =
[((VP) — (PIV))/(((VP) + (PIV))/2)] x 100%.

3 Results

In this section, we illustrate the vertical extent of the IR
and its effect on the near-bed velocities and turbulence by
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Figure 2 Mean velocity (Unmag) and turbulent kinetic energy (TKE) profiles measured by the VP and PIV over gravel bed (G1). (a) Mean velocities
measured by the two instruments; (b) mean SNR values of all beams measured by the VP; (c) PD between the VP and PIV measurements; (d)
comparison of uncorrected and HL-corrected (TKE) profiles. The shaded grey area represents the interference region (IR), with the horizontal
dashed lines denoting the upper end of the IR (zj; = 4.5 mm). The solid black lines at an elevation (z) of 0 mm show the locations of the bed surfaces
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Figure 3 Mean velocity {(Umag) and turbulent kinetic energy (TKE) profiles measured by the PIV and VP with varying proximity to the gravel bed
(G2a—G2c). (a) Mean velocities measured by the two instruments; (b) mean SNR values of all beams measured by the VP; (c) mean correlation values
of all beams measured by the VP; (d) comparison of uncorrected and HL-corrected (TKE) profiles. The shaded grey area represents the interference
region (IR), with the horizontal dashed lines denoting the upper end of the IR. The solid black lines at an elevation (z) of 0 mm show the locations of

the bed surfaces

representative plots from gravel bed experiments (Figs 2 and 3),
because measurements above all the bed materials showed a
similar pattern. The velocity and turbulence profiles above geo-
textile (GF), sand (S1-S2), and metal (M) beds can be found in
the supplementary material.

3.1 Mean velocities

Good agreement between the VP and PIV measurements was
observed in the upper region of the profile, where PD < 10%
for mean velocities estimated over =+ 8 bins centred at the SS
(bin 12) of the VP, and PD < 6% at bin 12 (Table 1, e.g. Fig. 2),
except for sand tests (S2a and S2b, Fig. S2). On the other
hand, large differences were observed close to the bed (Fig. 2a).
This is most likely caused by bed interference of the acoustic
measurements (Rusello & Allard, 2012). Within this zone, the
quality parameters measured by the VP remained above criti-
cal thresholds (correlation > 70%, SNR > 20 dB), which makes
it difficult to identify the potentially contaminated range of
the velocity profile. The SNR profile of the VP measurements
always had a parabolic shape with the highest values (c¢.38 dB)
around the SS of the profiling range (Fig. 2b). A local minimum
of SNR was observed at the lower end of this parabola, whose

height varied with bed material. Below this minimum, the SNR
increased sharply, reaching a maximum of 55-60 dB. The height
at which the SNR reached a local minimum (horizontal dashed
lines in Figs 2 and 3) corresponded to the upper end of the IR,
below which the velocities began to deviate most strongly from
the PIV measurements. This suggests that the vertical extent of
the IR can be identified by the location of a minimum in the
mean SNR profile.

The thickness of the IR (z;) varied between 1.7 £ 0.5 mm
and 5.2 £ 0.5 mm (Fig. 4) for different bed materials. This sug-
gests that velocity measurements with VP can be reliable as
close as 1.7 & 0.5 (mm) to the SWI, which is at least one-fifth of
the distance suggested by Voulgaris and Trowbridge (1998) for
a standard ADV. Above the IR the differences between the PIV
and VP velocities were as small as 3% for Test G2c¢ (Table 1),
yet as high as —19.3% for Test GF (Table 1), and —26.4%
for Test S2b (Table 1). Within the IR, the differences between
the VP and PIV velocities increased steadily (reaching 200%)
whilst approaching the bed.

The vertical extent of the IR decreased with decreasing
probe’s proximity to the bed, i.e. from 4.5 mm to 3.6 mm for
the gravel bed, and varied between 3.3 and 2.5 mm for the sand
bed, which is close to the accuracy (£ 0.5 mm) of the distance
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Figure 4 Observed height of the interference region (z;;) for the mea-
surements performed over geotextile, sand, gravel and metal beds.
Error bars represent the accuracy of the distance measurements related
to identification of the solid bed surface

measurements (Table 1 and Fig. 4). Also the PD between the
measured mean velocities varied with varying the probe’s prox-
imity to the bed, between — 33.2% and — 7% for the sand bed,
and between — 11.8% and 3% for the gravel bed (Table 1).
Best agreement between the VP and the PIV was found when
the probe was closest to the bed (PD = — 7% and PD = 3%
in mean velocities for the sand and gravel bed, respectively).
A potential explanation for the effect of the probe’s proximity
to the bed on the measured velocities could be the flow distur-
bance caused by the presence of the VP. While mean velocities
were increasing with decreasing probe’s proximity to the gravel
bed (G2, Fig. 3a), no systematic increase in mean velocities
was observed on sand bed (S2, Fig. S2a). Brand et al. (2016)
estimated the effect of flow disturbance to be <0.9% in the
horizontal and < 0.6% in the vertical velocity component along
VP’s profiling range. The reason for the clear differences in mea-
sured mean velocities with different probe’s proximity in the
present measurements remains unclear.

The local maximum of SNR (55-60 dB) at the end of the VP
profiling range was identical with the rigid bed level for gravel
and metal beds (Figs 3b and S1j). This is likely due to the fact
that no (or very little) acoustic signal was absorbed by the bed,
and the acoustic signals were reflected mainly at the surface of
the gravel and metal beds. Indeed, the PIV camera and the VP
distance measurements were in a very good agreement for these
types of beds (Table 1). However, 7.7 mm and 1.7 mm differ-
ences in distance readings (Table 1) between the surveys of the
PIV camera and the VP were observed for the geotextile and
sand bed, respectively, which confirms that the acoustic signal
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penetrated into the bed for softer materials. Hence, the identifi-
cation of the bed surface on soft materials is difficult, because
none of the quality parameters (i.e. SNR and correlation) can be
used to precisely identify the position of the bed in the measured
velocity profiles. While we were unable to obtain a quantitative
measure of softness and absorbance of the different bed materi-
als used in our study, the effect of these measures on the extent
of the IR should be considered in future studies.

3.2 Turbulent kinetic energy and power spectral density

The best agreement between (TKE) estimated from the VP and
PIV measurements was observed at + 4 bins around the SS of
the VP (Fig. 2c). Differences between (TKE) from the VP and
(TKE) from the PIV were below 10% (Fig. 2¢) at this region
for tests S1, G1, G2a and M. In these tests the VP was located
approximately 74 mm above the bed (see Table 1) and therefore
the entire profiling range of the VP could be analysed. Con-
trary to measurements around the SS, PD exceeded 20% in the
lowest 15 mm of the profile (Fig. 2¢). The uncorrected and HL-
corrected (TKE) profiles showed a persistent local minimum
around the SS (Fig. 2d), which suggests that the data quality var-
ied along the VP’s sampling volume. This local minimum was
observed in (1?) and (v?) (not shown), but was not observed
for ((w/lz) and (w/zz)). MacVicar et al. (2014) and Brand et al.
(2016) also observed similar profiles of velocity variances with
a local minimum at the SS (e.g. see Fig. 3¢ of MacVicar et al.,
2014). According to Brand et al. (2016), the profile shape is most
likely caused by the Doppler noise contamination and decorre-
lation of the signals (decreasing overlap of the acoustic beams
towards the edges of the velocity profile, Fig. 1), both of which
are the result of geometric arrangement of the beams. Brand
et al. (2016) observed that Doppler noise mainly contaminated
the variance of the horizontal velocities, while the variance of
the vertical velocities was mainly affected by the decorrela-
tion of the beam signals. After applying the HL-correction, we
observed a local minimum of (Nuz) at the SS, which increased
on either side of the SS (Fig. S3), and dropped rapidly to zero at
the upper end of the IR. (N?) was at least a factor of 10 higher in
comparison to (N2) (1 x 107* vs. 7 x 107 for (N2) and (N?2)
at the SS, respectively for test G2a). Hence, the observed local
minimum of (TKE) at the SS (Figs 2d and 3d) is not surpris-
ing since (TKE), by definition, involves contributions from both
longitudinal and vertical velocity fluctuations.

Similar to the mean velocities, large differences in uncor-
rected and HL-corrected (TKE) were observed between the VP
measurements with different probe proximities to the bed. Dif-
ferences in uncorrected (TKE) at 9 mm above the bed varied
between —2.7% and —20.5% for sand bed tests (S2), and
between — 13.6% and 23.4% for gravel bed tests (G2) (Figs 3d
and S2d). Differences in HL-corrected (TKE) varied between
—8.4% and —31.1% for sand bed tests (S2), and between
—8.5% and —21.1% for gravel bed tests (G2). Surprisingly,
the HL-correction did not result in a consistent improvement
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throughout the profiles, although it improved the agreement at
the SS for Tests S2b, G1 and G2a (Table 1). When the probe
was located closest to the bed, the uncorrected (TKE) estimates
matched favourably with a PD of —0.5% at 3.6 mm above the
gravel bed (G2c, Table 1). Still, there was no improvement for
sand bed (PD = —35% at 3.3 mm above the bed in Test S2c,
Table 1). It should be noted that the SS (z, bin 12) was located
within the bed in tests S2¢ and G2c¢, and z;; was located at bin 9
and 8 of the VP, respectively. While no consistent improvement
in PD between the VP and PIV was observed for (TKE) in both
cases, the performance of the VP under conditions when the SS
is located in the IR deserves further investigation.

PSD of longitudinal velocity fluctuations (#) measured at
elevations of z = 13.7, 23, and 30 mm above the bed (corre-
sponding to bins 5, 12 and 21, respectively) are shown in Fig. 5
for test G2a, in which the full profiling range of the VP was
located above the bed. The PSD of « at bin 12 (the SS) showed
an inertial subrange — 5/3 slope for frequencies between 0.5 and
12 Hz with a noise floor of 1.6 x 107°m? s 2 Hz~!, whereas
the PSD at bins 5 and 21 strongly deviated at 0.9 Hz (Fig. 5)
even though the noise floor was comparable (1.8 and 2 x
107m?s~2 Hz ™!, respectively). The PSD estimated from the
PIV measurements, in contrast, showed an inertial subrange
between frequencies 0.5 and 2.4 Hz at all compared distances
from the bed (Fig. 5). Considering the curvature of the velocity
PSD for bins 5 and 21, it became clear that the PSDs cannot be
only compensated by Doppler noise removal. Based on spectral
analysis, MacVicar et al. (2014) concluded that the VP can be
used for turbulence characterization only within a 10 mm sub-
region centred at the SS. When comparing the PSD within the
inertial subrange between VP and PIV, only bins 10—12 were
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Figure 5 Power spectral density (PSD) for longitudinal velocity fluc-
tuations («') of the PIV and VP atz = 13.7, 23, and 30 mm for test G2a

and corresponding measurement bins of the VP. The sampling rate of
the VP was 74 Hz compared to 7.4 Hz of PIV
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found to be most reliable. This is approximately one-third of
the previously suggested region by MacVicar et al. (2014) and
confirms the recent findings of Brand et al. (2016).

4 Conclusions

A comparison between PIV and VP measurements of velocities
and turbulence in the near bed region of a laboratory flume was
carried out using different bed materials. Particular attention was
paid to the vertical extent of the IR, in which acoustic interfer-
ence of the bed leads to underestimation of the flow velocity
and turbulent kinetic energy. From this comparison we identi-
fied the following important aspects for the use of the VP for
near boundary measurements:

1. The bed strongly affected the measurements as close as 1.7—
5mm above the bed. We also observed that the vertical
extent of the IR and the velocity differences decreased with
decreasing probe proximity to the bed. The vertical extent
of this IR depended on bed material and could be identified
by a local minimum in the SNR profile.

2. The location of the bed surface can be precisely identified
with the VP’s distance measurements over solid materials;
however, alternative distance measurements are needed for
measurements over soft materials.

3. Reasonable agreement of mean velocities and turbulence
between VP and PIV measurements was observed only
around the SS of the profiler. The difference between both
instruments was below 10% for a range of £+ 8 bins cen-
tred at the SS for mean velocities (excluding sand tests,
S2a and S2b), and below 10% within £ 4 bins centred at
the SS for (TKE). Spectral analysis showed that velocity
spectra obtained at bins 10—12 followed a — 5/3 slope in
agreement with PIV measurements, which suggests that tur-
bulence characterization will be most reliable within 3 mm
around the SS. Positioning of the SS at the IR should be
considered in future studies, along with experimental inves-
tigations of potential effects of the transmitter head on the
flow field within the sampling volume.

4. In contrast to the PIV measurements, the (TKE) profiles
measured by the VP showed a persistent local minimum at
the SS, and the Doppler noise correction method of Hurther
and Lemmin (2001) did not result in a consistent improve-
ment in (TKE) profiles, which suggests that an increase in
(TKE) below and above the SS cannot be compensated by
this Doppler noise correction method.

Considering these aspects we conclude that VP data should
be interpreted with caution, particularly for measurements
above soft bed materials, where the location of the SW1 is uncer-
tain. This problem is especially critical in field applications with
limited visual access to the bottom.
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Notation

() = time-average (mean) (—)

Ds = median grain size (mm)

(N3, (Nf,l), (vaz) = variance of the noise in «’, ), and w)
(m?s~?)

(N,iv) = variance of noise in «’ and v’ (m? s72)

(va) = average noise variance obtained from
w) and w), (m*s™2)

u, v = longitudinal (x-direction) and transver-
sal (y-direction) velocities (ms™")

w', v, wi, wh = fluctuating components of u, v, wy, and
wy (ms™")

W, (v?) = variances of # and v (m? s72)

(Unag) = magnitude of the mean longitudinal and
vertical velocity (ms™')

Wi, Wa = first and second vertical velocity com-

ponents obtained from Beams 1 and 3,
and Beams 2 and 4 of the VP (ms™!)
(wy) = time-average w; (ms~})
(w2 true variances of w; and w; (m? s~2)

2
Wiruel >’ (WtrueZ)

(W wh) = covariance of w; and w; (m?s™?)

z = elevation, with the origin at the bed
(mm)

Zir = position of the upper limit of the inter-
ference region above the bed (mm)

Zss = position of the sweet-spot of the VP
above the bed (mm)

Abbreviations

ADV = acoustic Doppler velocimeter

G, GF,S,M = bed type (gravel, geotextile, sand, and metal)
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HL-corrected = after Doppler noise correction of Hurther and
Lemmin (2001)

IA = interrogation area

IR = interference region

PD = per cent difference (%)

PIV = particle image velocimetry

PSD = power spectral density (m?>s~2Hz™!)

SNR = signal-to-noise ratio (dB)

SS = sweet-spot

TKE = turbulent kinetic energy (m?s~?2)

VP = Vectrino Profiler
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Figure S1 Mean velocity (Up,q4) and turbulent kinetic energy (TKE) measured by the VP and
PIV over geotextile (GF — top panel), sand (S1 — middle panel), and metal (M — bottom panel)
beds. (a) Mean velocities measured by the two instruments; (b) mean signal-to-noise ratio
(SNR) values of all beams measured by the VP; (c) percent difference (PD) between the VP
and PIV measurements; (d) comparison of uncorrected and HL-corrected (TKE) profiles. The
shaded grey area represents the interference region (IR), with the horizontal dashed lines
denoting the upper end of the IR (z;.). The solid black lines at an elevation (z) of 0 mm show
the locations of the bed surfaces
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Figure S2 Mean velocity (Uy,,,4) and turbulent kinetic energy (TKE) profiles measured by the
PIV and VP with varying proximity to the sand bed (S2a-S2c). (a) Mean velocities measured
by the two instruments; (b) mean signal-to-noise ratio (SNR) values of all beams measured by
the VP; (c) mean correlation values of all beams measured by the VP; (d) comparison of
uncorrected and HL-corrected (TKE) profiles. The shaded grey area represents the
interference region (IR), with the horizontal dashed lines denoting the upper end of the IR.
The solid black lines at an elevation (z) of 0 mm show the locations of the bed surfaces
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Figure S3 Estimates of the noise variance profiles in the fluctuating component of the

longitudinal velocity (u') over sand (S1), gravel (G1, G2a), and metal (M) beds using the
Doppler noise correction method of Hurther and Lemmin (2001)
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Biofilm activities and their interactions with physical, chemical and biological processes are of great im-
portance for a variety of ecosystem functions, impacting hydrogeomorphology, water quality and aquatic
ecosystem health. Effective management of water bodies requires advancing our understanding of how
flow influences biofilm-bound sediment and ecosystem processes and vice-versa. However, research on
this triangle of flow-biofilm-sediment is still at its infancy. In this Review, we summarize the current
state of the art and methodological approaches in the flow-biofilm-sediment research with an emphasis
on biostabilization and fine sediment dynamics mainly in the benthic zone of lotic and lentic environ-
ments. Example studies of this three-way interaction across a range of spatial scales from cell (nm - pm)
to patch scale (mm - dm) are highlighted in view of the urgent need for interdisciplinary approaches.
As a contribution to the review, we combine a literature survey with results of a pilot experiment that
was conducted in the framework of a joint workshop to explore the feasibility of asking interdisciplinary
questions. Further, within this workshop various observation and measuring approaches were tested and
the quality of the achieved results was evaluated individually and in combination. Accordingly, the pa-
per concludes by highlighting the following research challenges to be considered within the forthcoming
years in the triangle of flow-biofilm-sediment:

i) Establish a collaborative work among hydraulic and sedimentation engineers as well as ecologists to
study mutual goals with appropriate methods. Perform realistic experimental studies to test hypotheses
on flow-biofilm-sediment interactions as well as structural and mechanical characteristics of the bed.

ii) Consider spatially varying characteristics of flow at the sediment-water interface. Utilize combinations
of microsensors and non-intrusive optical methods, such as particle image velocimetry and laser scan-
ner to elucidate the mechanism behind biofilm growth as well as mass and momentum flux exchanges
between biofilm and water. Use molecular approaches (DNA, pigments, staining, microscopy) for sophisti-
cated community analyses. Link varying flow regimes to microbial communities (and processes) and fine
sediment properties to explore the role of key microbial players and functions in enhancing sediment
stability (biostabilization).

iii) Link laboratory-scale observations to larger scales relevant for management of water bodies. Con-
duct field experiments to better understand the complex effects of variable flow and sediment regimes
on biostabilization. Employ scalable and informative observation techniques (e.g., hyperspectral imaging,
particle tracking) that can support predictions on the functional aspects, such as metabolic activity, bed
stability, nutrient fluxes under variable regimes of flow-biofilm-sediment.

© 2020 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.watres.2020.116182
0043-1354/© 2020 Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/j.watres.2020.116182
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116182&domain=pdf
https://doi.org/10.1016/j.watres.2020.116182

2 S.U. Gerbersdorf, K. Koca and D. de Beer et al./Water Research 185 (2020) 116182

1. Introduction

Microbial life in most water bodies grows in “biofilm”, which
are genetically diverse surface-attached aggregates of microorgan-
isms (Archaea, Bacteria, Eukarya) (Flemming and Wuertz, 2019)
that are wrapped in a self-produced matrix of extracellular poly-
meric substances (EPS). Aquatic biofilms are capable of colonizing
various soft (e.g., sediment or soil surface) and hard (e.g., stone,
plant, pipe or vessel surfaces) surfaces that exist across diverse
environments, including streams and rivers (Battin et al., 2016),
lakes (Zhang et al., 2020), estuarine (Vijsel et al., 2020) and marine
(Yallop et al., 1994) waters, as well as drinking water distribution
systems (Chan et al., 2019; Douterelo et al., 2019). Whether grow-
ing on mud (epipelic), sand (epipsammic), stone (epilithic) or plant
(epiphythic), whether addressed as microphytobenthos (in shallow
coastal waters, intertidal flats), microbial mat (among others, in
habitats of hot springs, hypersaline ponds, groundwater) or peri-
phyton (on any submerged surface in the aquatic habitat), all com-
munities possess emergent features, such as production of EPS, tol-
erance towards external stresses, cell-cell communication and col-
lective behavior as well as synergetic use of nutrients that dis-
tinguish them as biofilm (Flemming et al., 2016; Flemming and
Wingender, 2010; Flemming and Wuertz, 2019; Gerbersdorf and
Wieprecht, 2015; West et al., 2007).

Biofilm lifestyle is distinctly different and more common than
planktonic lifestyle, with an estimated 40-80% of cells contribut-
ing to the global biomass residing in biofilms (Flemming and
Wuertz, 2019). The transition of one microbe from the planktonic
to the biofilm lifestyle, and vice-versa, depends on a range of envi-
ronmental conditions among which the local hydrodynamics are
of paramount importance (Berke et al., 2008; McDougald et al.,
2012; Wheeler et al., 2019). Hydrodynamics largely dictate ini-
tial “touch-down” and the residence time of the microbes on sur-
faces (Rusconi et al., 2014). When exceeding a certain hydrody-
namic force or experiencing a hydraulic retention time shorter
than the doubling-time of the cells, the microbes will disperse
again and leave the habitat. Those cells that still stick are selected
towards stronger adherence, and the further biofilm development
strongly shapes their adjacent physical and chemical surrounding
in a reciprocal way (Gerbersdorf and Wieprecht, 2015). Thereby,
biofilm growth and its influence on the surrounding strongly de-
pend on the microbial metabolic activity which leads to redox-
relevant small-scale stratification and impacts large-scale biogeo-
chemical budgets (Packman, 2013). However, these metabolic pro-
cesses are determined by mass transfer in the water column and
towards the biofilm, which is again controlled by hydrodynam-
ics regulating nutrient supply to the microbes (Gerbersdorf and
Wieprecht, 2015). For a comprehensive review on the processes re-
lated to surface attachment and subsequent colonization, we re-
fer readers to reviews by Berne et al. (2018), Gerbersdorf and
Wieprecht (2015) and Tolker-Nielsen (2015).

When growing on sediment in the bed finer than about
2 mm (clay, silt, sand) (Statzner et al., 1999), biofilms also
glue the sediment grains to each other through their EPS ma-
trix (Jones, 2017; Paterson et al., 2018). This, in turn, alters the
sediment-bed properties, e.g., density, morphology, size gradation
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E-mail addresses: sabine.gerbersdorf@mwk.bwl.de (S.U. Gerbersdorf),
kaan.koca@iws.uni-stuttgart.de (K. Koca), dbeer@mpi-bremen.de (D. de Beer),
achennu@mpi-bremen.de, arjun.chennu@leibniz-zmt.de (A. Chennu),
christian.noss@baw.de (C. Noss), ute.risse-buhl@ufz.de (U. Risse-Buhl),
markus.weitere@ufz.de (M. Weitere), olivier.eiff@kit.edu (O. Eiff),
michael.wagner@kit.edu (M. Wagner), jochen.aberle@tu-braunschweig.de
(J. Aberle), michael.schweikert@bio.uni-stuttgart.de (M. Schweikert),
kristina.terheiden@iws.uni-stuttgart.de (K. Terheiden).

1 Both authors share the first authorship.

(Fang et al.,, 2012; Gibbs, 1983; Huiming et al., 2011; Shang et al.,
2014), and dynamics, e.g., erosion and transport (Banasiak et al.,
2005; C. Chen et al, 2017; Droppo et al, 2015; Fang et al.,
2017; Gerbersdorf et al., 2008; Malarkey et al., 2015; Righetti and
Lucarelli, 2010; Vignaga et al, 2013) and, finally, the accumu-
lation and transport of contaminants (Burns and Ryder, 2001;
Forstner et al., 2004). The ability of biofilms to increase ero-
sion thresholds by biological actions is an ecologically essential
ecosystem function named “biostabilization” (de Brouwer et al.,
2005; Gerbersdorf and Wieprecht, 2015; Passarelli et al., 2014;
Roncoroni et al., 2019) and has been reported to mediate sedi-
ment erosion, transport, deposition and consolidation (ETDC) cycle
in aquatic ecosystems (Paterson et al., 2018). It should be noted
that biostabilization can also occur through smoothing of the bed
surface and therefore reduction of the hydraulic roughness, as ob-
served over gravel-like hemispheres (Graba et al., 2010). These
interactions of sediment and biofilm are critical to the biogeo-
chemical processes at the entire ecosystem level (Packman, 2013).
Along with their impact on nutrient fluxes (Battin et al., 2016;
Falkowski et al., 2008; Madsen, 2011), biofilms possess further
fundamental ecosystem services such as water self-purification
(Gerbersdorf and Wieprecht, 2015; Shannon et al., 2008) and they
also regulate and mediate primary production and food web pro-
cesses (Battin et al., 2008; Demars, 2019; Graba et al., 2013).

Such fundamental ecosystem processes and functions of the
biofilms are determined by their biodiversity and community
composition through the metabolic performance of involved mi-
crobial communities (Allan and Castillo, 2007; Besemer, 2015;
Loreau et al., 2001). The physical structure, composition and di-
versity of the biofilms in aquatic ecosystems vary widely depend-
ing on the physical (e.g., grain size, porosity), chemical (e.g., sedi-
ment nutrient content), biological (e.g., growth rate, cell-cell com-
munication) and environmental (e.g., light, temperature and flow
regime) factors (Allan and Castillo, 2007; Stevenson et al., 1996)
and processes (Leibold et al., 2004), including interactions with nu-
trient and organic matter cycling (Battin et al., 2016; Schiller et al.,
2007), growth habitat (Salta et al.,, 2013; Wilhelm et al., 2014) as
well as flow and bed topography (Battin, 2000; Risse-Buhl et al.,
2017; Woodcock et al., 2013). Indeed, many biofilms have complex
morphologies and can develop long, oscillating filamentous struc-
tures called streamers (Larned et al., 2011; Nikora, 2010), which
not only alter flow dynamism and bed topography, but also mass
transport near the bed.

The preceding higher-order effects induced by biofilm forma-
tion are of ever-changing nature (Battin et al., 2016) mainly due
to complex reciprocal interactions between flow, biofilm and sed-
iment (Gerbersdorf and Wieprecht, 2015) and are also expected
to change in a nontrivial way as a result of climate change
(Piggott et al., 2015; Zeglin, 2015) and human alteration. However,
our understanding of dynamic flow-biofilm-sediment processes
nexus in natural water bodies which drive changes in ecosys-
tem processes and functions remain still incomplete (Nikora, 2010;
Packman, 2013; Paterson et al., 2018). In order to better manage
our water bodies for the benefits of human society and ecosystem
functioning as well as to support UN’s Sustainable Development
Goals, a better understanding of flow-biofilm-sediment interactions
- that we call flow-biofilm-sediment triangle - is needed. Chal-
lenges include i) creating realistic experimental settings and utiliz-
ing a combination of tools and approaches to describe the recip-
rocal relationships between flow-biofilm-sediment and associated
mass transfer, which alters microbial processes and vice-versa and
ii) understanding the role of key microbial players (and processes)
for biogeochemical and morphological processes (biostabilization)
at the entire ecosystem level, and how organismal level functions
can be linked to ecosystem functions. These challenges require ac-
quisition of large bodies of information across various spatial scales
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Fig. 1. How to investigate the interactions of flow-biofilm-sediment. Addressing various scales and applying appropriate techniques used in different disciplines. This figure
is the result of a knowledge consolidation exercise through expert discussions during the joint workshop that was held between June 2018 and February 2019 in Stuttgart.
Accordingly, the instruments reported in black font were employed in our pilot experiment as a contribution to this review paper.

by studying hydraulics, geomorphology and ecology as an inte-
grated concept using advanced tools and approaches rather than
viewing them as subordinately serving the other. The increasing
needs for interdisciplinary approaches have been underlined by
many recent studies (Battin et al., 2016; Palmer and Ruhi, 2019;
Paterson et al., 2018; Rice et al., 2010; Roncoroni et al., 2019).

In this review coupled with an illustrative experiment, we sum-
marize the current understanding of the flow-biofilm-sediment tri-
angle and demonstrate how this three-way interaction and impor-
tant ecosystem functions such as biostabilization can benefit from
a co-application of measurement techniques from various disci-
plines. The intersection between scientific fields of hydrodynam-
ics, biogeomorphology and microbiology is the theme of this pa-
per. While we focus on flow-biofilm-sediment interactions with
implications on fine sediment dynamics mainly in the benthic zone
(first cm of the bed) of lotic and lentic environments, some exam-
ples from other environments (e.g., medicine) are also presented to
provide a more comprehensive picture of the field.

2. Methodology
2.1. General approach

To address the flow-biofilm-sediment triangle and its effects on
ecosystem processes with an emphasis on biostabilization (Fig. 1),
a joint workshop (three-phase) was held in Stuttgart, Germany
between June 2018 and February 2019, bringing together experts
from Germany in the relevant areas of hydromechanics, microbial
ecology, biochemistry and sedimentation engineering. The main
goals of the workshop were i) to consolidate knowledge and iden-
tify knowledge gaps in understanding flow-biofilm-sediment inter-
actions through expert discussions and pivotal papers and ii) to
perform a pilot experiment to test and discuss how the identi-
fied knowledge gaps can be addressed by co-application of modern
methods in the fields of hydraulics, sedimentation engineering, mi-
crobial ecology and biochemistry. The current knowledge and gaps
to elucidate flow-biofilm-sediment interactions were discussed in
the first phase together with the design of the pilot experiment,

and the second and third phases were focused on performance of
experiments and review/discussion of the results, respectively.

2.2. Pilot experiment

During the pilot experiment, the capabilities of selected promis-
ing instruments and methods from different disciplines (shown in
black font in Fig. 1) across various spatial scales were exemplarily
demonstrated by their co-application on riverine biofilm samples
that were quasi-naturally grown on fine sediment at contrasting
(high bed shear stress ~0.04 Pa and low bed shear stress ~0.01 Pa)
flow conditions in six recirculating flumes, each with dimensions
of 3 m long and 0.15 m wide (Schmidt et al., 2015). The specific
aims of this pilot experiment were (a) to test the applicability and
limitations of the techniques applied and (b) to identify the spatial
and temporal scales relevant to better understand the reciprocal
interactions in the flow-biofilm-sediment triangle. For the latter,
we summarize the various scales applied in different disciplines
first (Fig. 1). Selected preliminary data from this pilot work focus-
ing on young (21 days) and mature biofilms (90 days) were uti-
lized in the context of current knowledge and methodological ad-
vances that exist in each of the relevant fields for this flow-biofilm-
sediment triangle (Fig. 1).

2.3. Structure of the Review

This review article provides an update on current scientific
knowledge, practices and methodological approaches related to
flow-biofilm-sediment interactions, including fine sediment dy-
namics and outlines how future studies can benefit from an in-
terdisciplinary approach in order to better understand the flow-
biofilm-sediment processes nexus. The review is organized into
three parts. The first starts from the initial colonization to mature
microbial landscapes, thereby focusing on heterotrophic bacteria
and microalgae (Section 3). The second describes the internal ar-
chitecture, polymeric matrix, community biomass and composition
of the biofilm as well as mass transfer (Section 4). The third dis-
cusses the mechanical properties of biofilm and biofilm-embedded
sediments with specific regard to biostabilization (Section 5). In



4 S.U. Gerbersdorf, K. Koca and D. de Beer et al./Water Research 185 (2020) 116182

each of these sections, selected data from the pilot experiment was
used to support the challenges and benefits of a comprehensive in-
terdisciplinary approach. Finally, in Section 6, we present research
gaps and research challenges in the relevant disciplines based on
the condensed knowledge and experience gained during the work-
shop. Section 7 concludes the review paper.

3. A view from above: mutual flow - sediment/biofilm
interactions

3.1. Flow - Attachment - Colonization

In aquatic ecosystems, the mostly turbulent flow is generated
by an external supply of energy (e.g., gravity, wind, waves) at the
macroscale (bulk) (Kolmogorov, 1941) but gradually passed on to
the microscale experienced by the aquatic microorganisms. The hy-
drodynamic forces affect many aspects of microbial movement, at-
tachment and subsequent biofilm development for which adher-
ence/remobilisation, nutrient supply and metabolic waste removal
are of utmost importance. Therefore, understanding the recipro-
cal interaction between microbial assemblages and near-bed hy-
drodynamics has direct theoretical and practical implications. Liv-
ing and moving at the microscale (herein referred as single-cell
scale), microorganisms are directly exposed to a local viscous flow
characterized by low Reynolds numbers (Re <<1), which in turn
interacts with the larger turbulent scales (Tennekes, 1989). Over-
all, like non-motile macroorganisms, microbes are at the mercy of
boundary conditions controlled by the turbulence. While macroor-
ganisms experience flow as an intermittent and chaotic motion,
rapid fluid fluctuations appear slower and smoother to microbes
that are smaller than the size of the smallest eddies and thus, em-
bedded within a single whirl of the flow (Wheeler et al., 2019).
Nevertheless, most microorganisms are motile and thus, even at
the microscale, self-propelling bacteria induce flow perturbations
and create spatiotemporal chaos of the otherwise laminar flow.
This swimming of a self-propelling bacterium can occur as a ran-
dom walk, one of the mechanisms being “run-and-tumble” motion
(e.g., for Escherichia coli). Apart from this individual locomotion,
collective motion (e.g., chemotactic waves, swarming) of bacteria
might take place (Lauga, 2016; Lauga and Powers, 2009). This be-
havior might lead to long-range motions to impact velocity speed
and direction (Bratanov et al., 2015), meso-scale turbulence char-
acterized by vortex length scale (Doostmohammadi et al., 2017) as
well as collective oscillation as centimetre-scale travelling waves
(Chen et al, 2017a, b). Thus, whether via passive (drift, down-
sweeps) or active (self-propulsion, buoyancy regulation) move-
ments, macro- and microscale interactions between flow and mi-
crobes orchestrate together to influence the likelihood of surface
contacts as well as detachment/attachment ratios (Characklis and
Cooksey, 1983; Tuson and Weibel, 2013; Wey et al., 2009). For
instance, it seems difficult for a microorganism to overcome the
physical forcing when exposed to higher flow conditions (~0.08 Pa)
resulting in delayed attachment as well as growth compared to low
(~0.01 Pa) and medium (~0.04 Pa) flow (Schmidt et al., 2018). For
further microbial colonization, flow again seems to be the most de-
cisive factor since forcing may increase particle resuspension and
light attenuation, limiting metabolic activity and establishment of
photoautotrophs within the biofilm (Schmidt et al., 2018).

On the other hand, flow can be highly beneficial to biofilm de-
velopment in order to maintain nutrient supply and the removal
of waste-products. Decisive for these features is the so-called “dif-
fusive benthic boundary layer” (DBBL), usually sub-millimeter in
thickness. Along with surface roughness, the usually turbulent flow
above dictates the thickness of this DBBL where viscous flow pre-
vails (Gerbersdorf and Wieprecht, 2015). Accordingly, the DBBL
represents the zone between zero velocity at the surface (no

slip condition) and turbulent conditions within the water column
above. Within this viscous DBBL, molecules are transported by
molecular diffusion, driven by a concentration gradient between
the bulk fluid and the surface. The diffusion coefficients (Daq) are
specific for the molecules of interest, and along with the thick-
ness (L) of the DBBL determine the transfer velocity (kL). Along
with the vertical concentration gradient, the external mass transfer
towards the surface of the substratum or the developing biofilm
(kL (m s~') = Daq (m? s!') / L (m)) is quantified. This exter-
nal mass transfer is decisive for the replenishment of nutrients or
other molecules essential for further biofilm colonization, and the
term is used to distinguish it from internal diffusion limitations
that might occur within the biofilm (Stewart, 2012). As seen above,
the external mass transfer depends on the thickness of the DBBL,
which again is controlled by near-bed turbulence and the surface
roughness of the biofilm-bound sediment (Nikora, 2010), but diffi-
cult to determine experimentally due to its thinness and inherent
proximity to the bed surface.

While a growing biofilm under fast local flow conditions, which
leads to a relatively thin DBBL with a strong concentration gradi-
ent, might be in a favourable situation regarding nutrient replen-
ishment, the risk of immediate detachment or sudden sloughing-
off is also enhanced (Zhang et al, 2011). Consequently, the im-
pact of the turbulence has been described as a trade-off between
shear forces and nutrient supply to influence the overall lifecycle of
microbial assemblages ranging from attachment, colonization, and
ongoing growth to dispersal (McDougald et al., 2012).

3.2. Growth - Topography - Flow

When the biofilm grows horizontally and in height, it changes
the topography of the colonized substratum, rendering the pre-
vious surface properties redundant. At first, the biofilm dissemi-
nates across the surface to be colonized and the resulting spatio-
temporal pattern depends again largely on the flow above. While
a hydraulically smooth and more constant flow seems to favor
isotropic microcolonies, multidirectional, fluctuating and varying
flow velocities allow higher degrees of freedom for colonization
(Rossy et al.,, 2019; Stoodley et al., 1999; Thomas et al., 2013).
Hence, growing clusters at a hydraulically rough environment (i.e.,
turbulent at the roughness-scale) result in anisotropic, star-like
structures that may optimize the exploitation of space (Hodl et al.,
2014). This is consistent with the data from the pilot experi-
ment, where it was observed that young biofilm featured isotropic
growth while more elevated matured biofilm exhibited a preferred
growth orientation in alignment with the flow direction (Fig. 2a).
While gaining height, the biofilm can either smoothen a formerly
rough surface by accruing the “valleys” or enhance the roughness
by growing on “hills” to accentuate small differences in surface
structure (Picioreanu et al., 1998; Stewart, 2012). In the first sce-
nario, growth in valleys might be favoured since the troughs act
as a hideaway to protect from hydrodynamic forces (Barton et al.,
2010). The second scenario, the “fingered” biofilm growth, has been
proposed to be due to a competitive advantage at flow condi-
tions that impede nutrient replenishment otherwise (Nikora et al.,
2002). Generally, hydraulically smooth flow conditions seem to
promote the formation of filamentous or stalk-like structures that
protrude out of the biofilm and experience a compressed DBBL
with a higher supply of nutrients. This is in line with our work-
shop results on freshwater biofilm where low bed shear stresses
(~0.01 Pa) allowed the development of thicker and more heteroge-
neous biofilm, with elongated filaments (so-called streamers) mov-
ing with the flow. In contrast, medium stresses (~0.04 Pa) re-
sulted in biofilm accumulating close to the surface and forming
bungalow-type structures (Gerbersdorf and Wieprecht, 2015).
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Fig. 2. Comparison of biofilm growth at different stages of development in the pilot experiment. (A) Young biofilm surface (black line) exhibits isotropic properties (81%)
without any directional properties while mature biofilm surface (red line) shows anisotropic properties (17%) with a preferred orientation along with the flow direction.
(B) Biofilm topography changes over the weeks followed by light microscopy (LM). (C) Mountainous appearance of mature biofilm after 4-week growth scanned by laser

triangulation (LS) system.

Clearly, one way or the other, if given time, biofilm develop-
ment changes the bed topography. In the pilot experiment, we
measured bed topography by (a) scanning the area with micro-
scope (Axio-Zoom 1.6) and (b) with laser triangulation system (e.g.,
Noss et al., 2018) where biofilm valleys and peaks are determined
by measuring the reflected laser light that falls incidentally onto
a receiving object and at a certain angle which depends on the
distance of the object (here the biofilm). At the low flow condi-
tions given above, increasing mean and RMS (root mean square)
heights over the weeks of growth indicated a rougher topography,
while increasing autocorrelation lengths (distance to a different
structure) of the surface roughness reflected a more regular surface

structure of biofilm (Fig. 2b). Hence, the mature biofilm in week 4
has a remarkably mountainous appearance (Fig. 2c). As compared
to the initial conditions, the average biofilm thickness (1.92 to
3.74 mm) as well as surface roughness (0.46 to 1.97 mm) increased
significantly along with a reduced flow regime (0.04 to 0.01 Pa),
as previously modelled by Head (2013). This increase in rough-
ness appears to (a) reduce the DBBL thickness, (b) increase the sur-
face area and/or (c) induce near-bed flow field fluctuations such as
micro-eddies by the protruding structures (e.g., Bishop et al., 1997).
Thereby, the effective roughness mediates the friction (=resistance)
forces in a way, well beyond the expectation arising from the phys-
ical appearance of biofilm (Cowle et al., 2017). Measurements of
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flow and biofilm growth across the 5 cm patch scale in our pilot
experiment suggest a spatially heterogeneous distribution of the
Reynolds stress (=total stress tensor in a fluid), which globally in-
creases above the matured biofilm bed as compared to the initial
bare sand bed. The enhanced and varying peaks in Reynolds stress
might result in recirculating eddies, turbulent wakes or turbulent
bursts (packets of energetic fluid) that penetrate deep into the
DBBL to impinge transiently on the biofilm (de Beer et al., 1994a).
This way, the mass transfer towards (sweeps to enhance food sup-
ply) and out of (ejections to boost waste removal) the biofilm is
positively enhanced (Bishop et al., 1997; McDougald et al., 2012;
Stewart, 2012) up to a point where detachment and abrasion oc-
curs (Zhang et al., 2011). In the extreme, e.g., smooth flow condi-
tions, the biofilm might become depleted in metabolic substrates
and enriched in metabolic waste (Stewart, 2012), while the oppo-
site is true for biofilm growth at rough flow conditions (Biggs et al.,
1998); known as the eutrophic effect of the flow.

4. Entering the microbial city
4.1. Architecture and EPS matrix

Biologists developed an early interest in the architecture as well
as in the chemical and biological composition of biofilms. Conse-
quently, there are numerous papers dealing with flow-biofilm in-
teractions from young to mature stages of biofilm development. In
this context, it has been observed that biofilm matrix, architecture
and species composition change significantly along with the hydro-
dynamics (Azeredo et al., 2017; Risse-Buhl et al., 2020; van Loos-
drecht et al., 2002). Observations by several research groups con-
gruently detail that biofilm thickness is inversely related to flow
velocities (Graba et al., 2013; Paul et al., 2012; Pereira et al., 2002).
Interestingly, biofilm mass follows this trend, but to a much lesser
extent. For instance, Paul et al. (2012) reported for one biofilm
type thickness reduction from 300 to 100 pm and mass reduc-
tion from 0.13 to 0.09 mg TOC cm~2 when exposed to increas-
ing shear stress from 2 to 9 Pa. Dreszer et al. (2014) showed
elastic sponge-like behavior of biofilm being exposed to varying
flow conditions (first three days at 20 L m=2 h~!, followed by
an increase to 60 L m~2 h~! and restoring back to the original
flow). Their optical coherence tomography (OCT) measurements
revealed that 50% decrease in biofilm thickness at higher veloc-
ity was largely due to the collapse of mushroom-like void spaces,
while the biofilm mass remained the same (Dreszer et al., 2014).
This not only proves the largely visco-elastic nature of biofilm, but
also the variations in density of the biofilm matrix along with the
flow conditions. By applying various levels of shear stress (from
0.09 to 13 Pa) on the surface of biofilm cultivation plates in an
annular reactor, Paul et al. (2012) confirmed the significantly en-
hanced biofilm density (roughly about three times) with increasing
shear stress. The investigations of Pereira et al. (2002) on single
species Pseudomonas biofilm explained the possible mechanisms
behind the observed changes in physiognomy: cells at stronger
hydrodynamic conditions secreted more exopolymeric substances
per unit volume while void spaces were reduced. The resulting
thinner and denser biofilm seems to promote nutrient degrada-
tion rates and thus efficiency in wastewater treatment, but caution
is warranted for the extrapolation to natural multispecies biofilm
(Pereira et al., 2002). First studies in fluvial systems on epilithic
biofilms confirmed these effects of turbulent flow on biofilm archi-
tecture; however, this was most pronounced at nutrient-rich con-
ditions (Risse-Buhl et al., 2017). Furthermore, Fish et al. (2017) and
Polst et al. (2018) attested as well significantly higher produc-
tion of EPS carbohydrates and EPS proteins at a stronger hy-
drodynamic regime for biofilms in drinking water pipes and au-
totrophic stream biofilms, respectively. This was different com-
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Fig. 3. Water-extractable (colloidal) extracellular polymeric substances (EPS) con-
centrations over time. Indicated are carbohydrates (green) and proteins (blue) at
high (dark colours) and low (light colours) flow conditions.

pared to the results of our pilot experiment, which showed sig-
nificantly higher carbohydrates content at the lower flow condi-
tion, but similar for proteins at both lower and higher flow regimes
(Fig. 3). The studies are most likely incongruous since they address
different biofilm communities (e.g., heterotrophic bacteria versus
microalgae) with varying secretion pattern of polymeric substances
(Pierre et al, 2012; Vu et al, 2009). Moreover, there are some
uncertainties as to the broad range of extraction and determina-
tion methods used (Delattre et al., 2016). Furthermore, the com-
position of EPS is highly variable and complex, thus challeng-
ing to characterize (Flemming et al., 2016; Frelund et al., 1996;
Jahn and Nielsen, 1995; Nielsen et al., 1997, 1996). To the best of
our knowledge, there are currently no studies on shifts in EPS qual-
ity (e.g., monomer composition, functional groups, structural eluci-
dation) according to various flow conditions although it is eminent
that components for structural integrity (e.g., amyloids, Zeng et al.,
2015) might be more prevalent at higher flow conditions. That
again, will be most likely determined by the dominating microbial
species that trigger EPS secretion highly differently depending on
their adaptation - an uncharted territory.

4.2. Microbial biomass and multitrophic relations

The effect of flow on biofilm biomass is environment-
dependent and still inconclusive. While most studies in drinking
water distribution systems reported increasing bacterial biomass
with increasing flow velocity (Fish et al., 2017; Simdes et al.,
2007; Torvinen et al., 2007), the others from stream ecosystems
showed the opposite for both bacterial and microalgal biomass
(Battin et al., 2003; Besemer et al., 2007). Yet, the effect of flow on
biomass and diversity of biofilms in streams appears to be season-
dependent (Risse-Buhl et al., 2020), suggesting a modulating ef-
fect of varying physicochemical parameters and synergistic multi-
trophic interactions. In our pilot experiment, hyperspectral imaging
and quantification of absorption peaks was used to map photopig-
ments across the surface of sedimentary biofilms (Chennu et al.,
2013). This technique can be used to non-invasively monitor the
distribution and dynamics of chlorophyll a and other pigments at
very fine spatial scales (Chennu et al., 2015b) and flexible temporal
resolution, providing a comprehensive view of the spatio-temporal
evolution of photopigments in biofilms under various ecological
interactions (Chennu et al., 2015a). The photopigment distribu-
tions in our measured biofilms of varying flow regimes, age and
sedimentary grain structure (Fig. 4) indicated diversity in spatial
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Fig. 4. Photopigment distributions derived from hyperspectral imaging. Monitored is the surface of sedimentary biofilms under various flow conditions, biofilm maturity (age)
and sediment grain structure (see panel edge labels). Each condition shows the natural (true color) view of the surface alongside a false-color composite of the abundance
of Chl a (in red) and Phycoerythrocyanin (in blue), with a common colormap scale for each pigment across all abundance maps. The Chl a abundance was calculated using
the log-corrected MPBI centered at 675 nm (see reference in text: Chennu et al, 2013), and represents a proxy for photosynthetic biomass in the biofilm. Phycocyanin
abundance was calculated using second derivative at 625 nm (see reference in text: Chennu et al., 2015a), but was not shown as it correlated completely with Chl-A map.
The Phycoerythrocyanin abundance was calculated using second derivative at 575 nm, and was generally patchy across the surface but with higher values in the fine-grained
sediment. The spatial patterns of Chl a was heterogeneous at mesoscales, but showed a directionality (perpendicular to flow) in young biofilms in medium-grained sediment
under high flow velocities. The statistical distribution of the Chl a values from the ~1.2 million pixels in each abundance map is shown in the lower panel, indicating that
age of the biofilm was the primary correlation to Chl a level, with values slightly lower for coarser sediments.

structure, succession of new functional groups in older biofilms
and represent a generally robust proxy for photosynthetic poten-
tial. While studies on pure-cell biofilms have indicated discerni-
bility for diatom-specific photopigments (Fucoxanthin, Jesus et al.,
2014), we could not detect this in our studied biofilms embed-
ded in a scattering sediment matrix. However, recent optical mod-
eling work provides promising developments towards fine-tuned
applications (Launeau et al., 2018). Besemer et al. (2007), by ad-
dressing the community successions of stream biofilms in flumes,
gave evidence of higher bacterial species abundance and microal-
gal biomass within laminar to transitional flow as compared to
fully turbulent conditions. Schmidt et al. (2018) verified reduced
bacterial cell numbers as well as microalgal biomass at stronger
flow conditions, where both flow scenarios (weak vs. strong) were
turbulent. Nevertheless, the effects of flow on microbial cell num-

bers and biomass might be as well of indirect nature. For instance,
negative effects on microbial grazer densities (e.g., flagellates, cil-
iates) by flow potentially generates positive effects in biofilm
bacteria as the latter are released from grazing pressure (Risse-
Buhl et al,, 2020; Wey et al., 2008). Environmental biofilms are,
in fact, multi-trophic consortia including also protistan and micro-
metazoan grazers besides prokaryotes and algae (Weitere et al.,
2018) and it is this complex microbial cosmos that finally deter-
mines biofilm functionality (Arndt et al, 2003; Besemer, 2015).
Therefore, we could get revolutionary insights into the microbial
world by including the whole microbial web. In this regard, Risse-
Buhl et al. (2017) has done pioneering work to address the inter-
action between near bed turbulence, mean flow () and biofilm
composition, architecture as well as trophic structure in mountain-
ous stream ecosystems. In this study, the abundance of filamentous
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Fig. 5. Molecular fingerprinting of the community composition. Next generation sequencing (NGS) of 16S rRNA (prokaryotic organisms). Groups of individuals that are
genetically closely related are organized in OTUs (operational taxonomic units) for the high (=H) flow conditions (left) and low (=L) flow conditions (right).

autotrophs increased with near-bed turbulent kinetic energy (TKE)
which most likely offered shelter to bacteria that remained unaf-
fected in numbers by the increasing flow velocities. Bacteria fur-
ther benefited from a reduced grazing pressure at faster flowing,
more turbulent sites, since the abundance of heterotrophic protists
decreased with flow. Results by Risse-Buhl et al. (2017) suggested
that near-bed flow might impact the magnitude and direction of
matter fluxes through shifts in the microbial food web, thereby
possibly affecting ecosystem functioning.

4.3. Microbial taxonomy (by microscope and molecular techniques)

Insights into the microbial community composition have been
traditionally gained my microscopic evaluation of morphological,
taxonomically unique features (Clark et al., 2018). This classical ap-
proach is for instance common for the determination of diatom
species that — by their appearance and certain requirements -
are excellent indicators of different water qualities or various hy-
drodynamics scenarios. Graba et al. (2013) reported that epilithic
biofilms at smooth flow grew much thicker, developed thicker fila-
ments and accommodated multicellular growth forms of diatoms
while biofilm at rough conditions were more compact hosting
smaller, mobile and unicellular diatoms. This seems to confirm the

progression of climax populations at low flow velocities that are
subject to minor changes but undergo C-Selection (competition in
terms of resources such as nutrients). In contrast, pioneer species
dominate at high flow velocities where resources are available, but
environmental forcing is strong to experience R-Selection (ruderal
strategy to be adapted to disturbed habitats) (Biggs et al., 1998).
While these insights are very valuable on the microalgae level,
addressing the occurrence of certain bacterial species requires
metagenomics approaches. Nowadays, it has become possible to
decipher the previously unprecedented diversity of biofilms us-
ing high-throughput technologies (referring to next-generation se-
quencing (NGS)). In terms of community composition, results of
our pilot experiment of prokaryotic 16S ribosomal ribonucleic acid
(rRNA) and eukaryotic 18S rRNA suggest varying responses of
the prokaryotic (bacterial) and (micro-) eukaryotic (“higher” cells)
species. Species diversity (number of species and number of in-
dividuals per species) was significantly higher at high flow condi-
tion (0.04 Pa) for the bacterial community while microalgal species
flourished at the low flow (0.01 Pa). Additionally, bacterial species
that are filamentous or well-known to have EPS-coding genes were
more dominant at the mentioned high flow velocities (Fig. 5). This
indicates clear shifts of the bacterial community as a response to
the hydraulic regime. Few studies took it even further to the level
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of gene expression in order to reveal microbial responses to me-
chanical stress by shear flow, but this is so far restricted to the
single-cell level (Persat et al., 2015; Thomen et al., 2017)

4.4. Mass transfer (towards, out of and within the biofilm)

The above briefly discussed biofilm architecture, EPS quantity,
biomass and community composition is decisive for the mass
transfer towards and within the biofilm. Mass transfer has implica-
tions for both, the resupply of nutrients and the removal of waste-
products as stated earlier and is largely influenced by the hydro-
dynamic features. To follow the transport of dissolved molecules
into and within the biofilm, mainly microelectrodes have been
used so far (Beyenal and Babauta, 2013; de Beer et al., 2018;
Senderholm et al., 2017). For instance, vertical profiles of oxy-
gen microelectrodes allowed the calculation of the DBBL thickness
for oxygen (depending on the flow conditions above) as well as
metabolic activity (photosynthesis, respiration) and the resulting
penetration depth and micro-niches within a biofilm or biofilm-
inhabited sediment (de Beer et al., 1994b; Gerbersdorf et al., 2004;
Jorgensen and Revsbech, 1985). Using oxygen microelectrodes in
our pilot experiment, vertical profiles of oxygen concentration at
the water-biofilm-sediment interface were recorded in the tran-
sition from light to dark (Fig. 6a). While oxygen peaks and con-
centrations within the first 5 mm of depth were clearly decreas-
ing over darkness, the oxygen concentration below the photic zone
never decreased to zero, indicating some advection. Based on the
calculated photosynthetic and respiration rates, it could be stated
that the metabolic activity was quite low in our system as com-
pared to e.g., studies from intertidal flats (de Beer et al., 2005),
microbial mats (Niibel et al., 2002) and alkaline lakes (Wieland
and Kiihl, 2000). The wide range of habitats tested proves the un-
broken popularity of microsensors to determine physiological re-
sponses and essential functions of biofilms at high spatial and tem-
poral resolution. Some investigations took it even one step fur-
ther to address flow pattern in situ within cell clusters or voids of
single-cell or multi-species bacterial biofilm by tracking the move-
ment of microscopic fluorescent particles with the help of confo-
cal microscopy (de Beer et al.,, 1994a; Thomen et al., 2017). Other
studies directly determined local mass transfer coefficients apply-
ing modified limiting current techniques (LCT) within the biofilm
(Yang and Lewandowski, 1995). As a result, the non-uniformity
of local mass transfer processes within biofilms became appar-
ent by their large fluctuations that were explained by irregular-
ities in biofilm microstructures comprising channels, voids and
cell clusters. While diffusion was prevailing in cell clusters, lig-
uid flow (convection and diffusion) occurred within the biofilm
voids (de Beer et al., 1994b, 1994a; Yang and Lewandowski, 1995).
Moreover, the flux from the bulk water into the biofilm was en-
hanced by the elevated biofilm structure being twice as high as
compared to a planar surface (de Beer et al., 1994b). With these
valuable insights that can be gained at high spatial resolutions, it
is not surprising that microsensor studies have skyrocketed in the
last decades. Right now, mass transfer and local conversion rates
of various molecules (e.g., N,O, H,S, NO3;~, NO,~) can be deter-
mined by a large range of sensors to calculate the distribution of
a suite of metabolic activities (de Beer, 2011). To give just one ex-
ample, one of the more recent developments, the hydrogen per-
oxide (H,0,) microsensor, was applied in our pilot experiment.
While photosynthesis produces H,0, as damaging by-product, it
is usually scavenged by catalase to avoid cell damage. However,
bursts of H,O, up to 100 - 200 uM were observed when the sen-
sor tip touched a diatom colony - most likely a defense mech-
anism of these microalgae against predators that has not been
noticed before (Fig. 6b). Again, this allows novel information on
prey-predator relation and resulting functions at microscale level.
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Fig. 6. Microsensor profiles. (A) Oxygen respiration rates determined by subsequent
oxygen profiles in transition from light to dark. (B) Hydrogen peroxide burst after
touching a diatom colony with the sensor tip.

In order to move on from the fragile micrometer-sized glass elec-
trodes towards more robust sensors, macroelectrodes with sens-
ing tips in centimetre range were developed and the simultane-
ous determination of molecules in two-dimensional arrays by op-
todes was pursued (Glud et al., 2000). These optodes based on lu-
minescence quenching are superior to electrochemical sensors in
many ways such as obstruction of the local flow field, hystere-
sis or cross-sensitivity (Kautsky, 1939; Tengberg et al., 2006). Still,
there are new challenges associated like response time, drift, long-
term stability in organic-rich environments and data processing
(Bittig et al., 2018; Glud et al., 1994; Tengberg et al., 2006). Nowa-
days, both types, electrochemical and luminescent-based microsen-
sors are pushed manifold. However, to particularly address biofilm-
flow interaction is still rare (Glud et al., 1998; Kiihl et al., 2007) but
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has unbowed potential to unravel links between morphology and
functionality of biofilms.

5. Mechanical stability of biofilm and its inhabited
environment as one essential ecosystem function

5.1. Biofilm functions for its inhabitants and for the ecosystem

As opposed to a single planktonic lifestyle, the biofilm offers
high survival, persistence and reproduction potential to the em-
bedded microbes (Flemming and Wuertz, 2019). On one hand,
there is co-metabolism and an enhanced availability of essen-
tial resources, resulting in significantly higher metabolic activity.
This has attracted extensive attention since it links to the impor-
tant microbial ecosystem functions such as biodegradation, self-
purification or drinking water provision (see Introduction and the
references therein). On the other hand, protection from environ-
mental stressors is a key factor for biofilm members. The EPS ma-
trix controls material fluxes largely by its internal porosity and per-
meability that determine fluid flow conduits and their connectiv-
ity (Flemming et al., 2016). Since slow diffusion processes prevail
and adsorption occurs, toxicants such as antibiotics or disinfectants
may be intercepted in the outer layers of a biofilm, which also
represents a huge problem in medical treatment (Bjarnsholt et al.,
2011). All of that is possible by the cohesive and adhesive forces
binding microbes to each other as well as to their substratum and
conferring their overall mechanical and structural integrity that is
largely impacted by the predominant flow conditions. Thanks to
this stability, biofilm eventually colonizes all kinds of interfaces
whether unintentionally (e.g., biofouling in pipes and on ship-
hulls) or encouraged (e.g., in waste-water treatment, on mem-
branes). Therefore, understanding mechanical properties of aquatic
biofilms and biostabilization potential of biofilm-bound sediment
have important implications not limited to aquatic ecosystems.

5.2. The challenges with biofilm-induced mechanical stability

Characterizing the mechanical stability of biofilm and biofilm-
enclosed environments is thus of broad and significant concern,
but remains a challenging task despite a body of work. Part of the
problem is that, traditionally, it was attempted to remove biolog-
ical effects, while nowadays, biology is often brought to the labo-
ratory with little consideration of natural settings (Paterson et al.,
2018). In this regard, laboratory-grown biofilm are often based on
distinct microbial strains growing at conditions that are difficult
to compare and often lack natural relevance (e.g., single-species
biofilm and nutrient supply that do not occur in natural rivers
(Vignaga et al., 2012)). When testing for the biostabilization effect
in the laboratory, a range of engineering devices are applied that
act at different size scales while addressing different forces (e.g.,
vertical jets versus horizontal bed shear stress (Vardy et al., 2007;
Widdows et al., 2007)). Moreover, examination of erosion thresh-
olds are more complicated in biofilm-embedded sediments since
they behave very differently compared to the traditionally used
abiotic particle-size fractions (e.g., they erode in aggregates and
chunks rather than in single-grain mode (Thom et al., 2015)). Last
but not least, investigating development of biofilm over time re-
quires non-destructive methods, but most approaches require bed
failure to occur (Jonsson et al., 2006).

Overall, flow-microbe interactions and implications for mechan-
ical stability of biofilm have received special attention since this
process understanding might help to control (eradicating harmful
or encouraging beneficial) biofilm by optimizing cleaning proce-
dures (e.g., in drinking water pipes) or improving operational pa-
rameters (e.g., in rotating biological contactors). In the following,
we will present a brief selection of such studies focusing on the

mechanical strength of a biofilm in relation to flow from single-
cell level to bulk biofilm measurements in the range from several
millimeters to several centimeters (Wagner et al., 2010b).

5.3. Single-cell approaches to determine adhesive forces

Atomic force microscopy (AFM) has been widely used to de-
termine the elasticity and adhesive capacity of single bacterial
or microalgal cells linking the results to different cell surface
biomolecules with implications to the initial stages of biofilm colo-
nization (Wright et al.,, 2010). The AFM technique can be applied in
a static or dynamic mode, measures in the range from piconewtons
to several nanonewtons and allows 3D mapping of surfaces within
a limited area (Boudarel et al., 2018). Since the technique has been
widely used to study initial attachment, only few studies relate
to reciprocal microbe-flow interactions that become most interest-
ing in later stages of biofilm development. Lim et al. (2008) gave
proof of the positive relation between morphological parameters
such as surface coverage and roughness as well as flow rate in
biofilms growing on glass beads within microfluidic cells. To shed
light on the internal structure of biofilm, passive particle tracking
microrheology (PTM) or active optical tweezer (OT) and magnetic
tweezer (MT) techniques have been successfully implemented (see
reviews by Ahmad Khalili and Ahmad, 2015; Azeredo et al., 2017).
These approaches allow the determination of spatially and tem-
porally varying adhesive strength as well as the quantification
of shear stresses required for detachment while operating in the
sub-piconewton (pN) to several hundreds of pN (<1 pN) range
(Castelain et al., 2012; Picioreanu et al., 2018). Using MT as a more
robust approach for actively moving cells, Galy et al. (2014) de-
veloped a 3D map of mechanical biofilm properties and demon-
strated decreasing elastic compliance in E. coli biofilms being ex-
posed to increasing shear stress. This research provided valuable
insights of the heterogeneity of biofilm showing variations in shear
compliance in the order of two magnitudes within close proximity
(Galy et al., 2014). Again at microscale, microfluidics are an integral
part in the study on mechanical properties of growing biofilms, of-
ten combined with microscopy to monitor biofilm formation dur-
ing growth and biofilm deformation due to applied stress such
as pressurized air or flow (see review by Karimi et al, 2015).
Hohne et al. (2009) established such an approach to examine the
Young modulus and relaxation time of two bacterial strains while
imaging their deflection due to varying air pressure with confo-
cal laser scanning microscopy (CLSM). Thomen et al. (2017) pur-
sued the growth of E.coli to reveal the previously unknown bac-
terial strategy to settle in low shear stress regions before strate-
gically expanding from these bases towards areas of high shear
stress that were impossible to colonize before. Hou et al. (2018) ap-
plied attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy as well as CSLM to give evidence that the indi-
vidual Staphylococcos aureus bacterium produced two to five times
more EPS polysaccharides at high shear conditions as compared to
low shear stress. That also extended to the entire biofilm as was
shown by tribometrically measured coefficients of friction (CoF),
confirming that EPS quantity is considered relevant for mechani-
cal strength (Hou et al., 2018).

5.4. Structural visualization and mechanical strength at the
mesoscale

While the microscale is certainly very important to learn about
activities and functions of biofilms at high resolution, it remains
difficult to extrapolate these insights to the dimensions of an en-
tire biofilm (mm-cm range) which is of greater interest if it comes
to flow-biofilm interaction and the resulting mechanical strength
(Wagner and Horn, 2017). Knowledge on mechanical strength is
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needed to re-think anti-biofouling measures, to manage biofilm
growth in technical systems such as bioreactors, membranes or
drinking water distribution pipes or simply to better understand
the mode of action that is behind the effects recorded in biosta-
bilization of sediments. Therefore, other techniques such as opti-
cal coherence tomography (OCT) or optical coherence elastography
(OCE) (Larin and Sampson, 2017) which has a more holistic view
on biofilm structure could be explored. OCT allows to work on
this mesoscale in micrometer resolution and represents a fast, non-
invasive, in situ imaging technique that gives depth-resolved struc-
tural information which does not require staining. Thus, employ-
ing near-infrared light allows deeper penetration into the biofilm
in comparison to CLSM and does not need fluorophores that might
interfere with local properties of the biofilm (Azeredo et al., 2017;
Picioreanu et al., 2018). However, our own OCT measurements in
the pilot experiment suggest that while surface topography is easy
to image, it can be difficult to capture the internal structure as
well as to differentiate between biofilm and sand particles. Still,
OCT clearly visualized how the microbes filled the sand grain space
with biofilm maturation (Fig. 7). In young biofilms, filaments were
visible at the mentioned low flow conditions (0.01 Pa) while at
high flow (0.04 Pa), the growth seems delayed again (Fig. 7). This
influence of various flow scenarios in the initial stages of biofilm
growth is expected to manifest later in variations in thickness,
morphology as well as hydraulic resistance of the mature biofilm
as has been revealed by other OCT measurements (Dreszer et al.,
2014).

Exploring the wusage of rotating disk electrodes (RDE),
Boulétreau et al. (2011) confirmed varying riverine biofilm
thickness and elasticity that both were significantly higher at
low flow conditions (0.1 versus 0.45 m s~! over 21 days). In
contrast to OCT, RDE examines the biofilm as homogenous bulk
material which is similar to the application of rheometers that
are commonly used for studying viscoelastic material although
being destructive (Boudarel et al., 2018). Biofilm comprises both
an elastic (or solid-like) and a viscous (or liquid-like) part that
stores and dissipates energy during strain deformation. In our
workshop, we also tested viscoelastic properties of young and
mature biofilms using a rotational rheometer. Conducting dynamic
tests in the oscillatory mode of the rheometer in our pilot experi-
ment documented clearly the viscoelastic behavior of the biofilms
at varying stages of maturity. Beforehand, some biofilm samples
(young biofilm) were cultivated in situ on rheometer disks with
the same substrate tested simultaneously with other devices, while
other samples (mature biofilm) were transferred later onto those
disks at termination of the experiment. Due to the roughness of
the substrate, both sample preparation methods showed similar
results even though the in situ growth has a clear advantage of
ensuring an overall structural integrity. The recorded phase angle
highlighted the strong dependence of the viscoelastic properties
on the maturity of the biofilm. The results showed a low phase
angle of tand = 0.16 for the matured biofilm, indicating less vis-
cous and more elastic behavior, while this value increased for the
young biofilm to tané = 0.28 (Fig. 8). However, no clear relation
could be detected between the phase angle and the prevailing
flow conditions, although the margin of the phase angle has
been slightly larger for biofilms exposed to lower flow conditions
(Fig. 8). For a more comprehensive interpretation however, it is
necessary to link the results on rheological properties to structural
features (e.g., streamers or flat biofilm) and chemical composition
(polymer type) in future studies. Then it would also be possible
to structurally explain stronger adhesion and lower detachment
rates at higher shear stresses as it has been previously observed
by recording stress-strain tests and creep-compliance curves in
Pseudomonas aeruginosa biofilm samples (Stoodley et al., 2002).

Imm E
.

Fig. 7. Optical coherence tomography (OCT) images. Sand grains embedded by
biofilm showing young growing biofilm with filamentous structure at low flow
(above) and delayed attachment at high flow (below).

5.5. Erosion vulnerability and adhesive capacity in sediment research

As we can see from Sections 5.1-5.4, there exists promising
studies highlighting mechanical properties of biofilm in interaction
with the flow at various scales (see also review by Aratjo et al.,
2019). However, none of the research includes the substratum, ex-
cept for our presented OCT (Fig. 7) and rheometer measurements
(Fig. 8) where biofilm grew on fine sand. This is, of course, dif-
ferent in sedimentation engineering where the erosive response
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Fig. 8. Rheometer Measurements. Phase angles of the mature and young biofilm samples measured by rheometer under low flow conditions.

of the substratum towards hydrodynamic forcing is central. How-
ever, biofilms were and sometimes still are neglected in this re-
search field (Paterson et al., 2018; Righetti and Lucarelli, 2007).
That changed some decades ago when it was increasingly recog-
nized that biofilms are ubiquitously distributed and impact signif-
icantly the dynamics of the ETDC (erosion - transport — deposi-
tion - consolidation) sediment cycle (Black et al., 2002). With the
consensus on the importance of biostabilization, the portfolio of
methods to address sediment stability has broadened. The classi-
cal approach in hydraulic research and engineering utilizes erosion
flumes or chambers in which the flowing water eventually causes
bed failure to occur (Aberle et al., 2003; Jonsson et al., 2006;
Noack et al., 2015; Widdows et al., 2007). With growing interest in
the biology mediating the erosive response, devices with smaller
footprints capable for usage in the field were developed to pur-
sue mechanical failure and sloughing-off at higher temporal and
spatial resolution (Vardy et al., 2007). However, to follow-up grad-
ual changes in the attachment and increasing cohesion of substra-
tum by young biofilms, non-destructive methods with higher sen-
sitivity were needed. Magnetic particle induction (MagPI) system
has been developed to determine the adhesive capacity of growing
biofilm at the patch scale with a small footprint, but large enough
to get meaningful results on biofilm-embedded sediment stability
(Gerbersdorf et al., 2018; Larson et al.,, 2009). Using 50% particle
clearance, the MagPI indicated significantly lower adhesiveness at
low flow condition (834 4+ 59 mA) as compared to high flow con-
dition (1241 4+ 97 mA) in our pilot experiment. This is in line with
the results of Graba et al. (2013) who performed a sloughing test
on 40-day-old biofilms and showed an inverse relation between
the proportion of detached biomass and the average value of fric-
tion velocity during growth. The higher stability might be related
to enhanced secretion of extracellular polymeric substances at high
shear stresses as stated earlier (Brading et al., 1995; Fish et al.,
2017). Whether or not this translates into a higher biostabilization
capacity of the biofilm within the sediment at high flow regimes,
is currently unknown (Gerbersdorf and Wieprecht, 2015). In our
pilot experiment, by investigating the erosion failure of the sam-
ples within the SETEG-flume (Noack et al., 2015), the critical shear
stress necessary to erode the biofilm-sediment complex was 40-
fold higher as compared to the bare sand (Fig. 9). However, there
was no statistically significant difference between the two con-

trasting flow scenarios. This might be explained by the growing
mode of these samples where the biofilm covered the underly-
ing substratum like a carpet. Erosion often occurred suddenly at
the edges of our sample holders, followed by a severe resuspen-
sion of the bare, unprotected sediment beneath the biofilm car-
pet, rather than indicating a true failure of the biofilm-sediment
surface (see S1 and S2 for videos). The starting position of the
erosion at the edges of the cartridges can be attributed to a sud-
den change in surface roughness upstream and downstream of the
measurement location. Hence, while cultivating biofilms in special
cartridges (Schmidt et al., 2015) or coupons (Singer et al., 2010,
2006) facilitates in situ and easier measurements using a multitude
of instruments, it is critical for erosion tests to exclude unwanted
effects of sudden roughness change. It is further deemed advisable
to adapt Shield’s-like erosion schemes to biofilm-embedded mate-
rial (Shields, 1936; Thom et al., 2015).

6. The gaps in hydromechanics, biofilm and sediment research
and lessons to learn

In biofilm research, the single-cell scale has been natu-
rally favoured to decipher details on biofilm attachment, quo-
rum sensing, morphology and/or detachment (Kim et al., 2016;
Mukherjee and Bassler, 2019; Wheeler et al., 2019). As we have re-
ported above, reciprocal flow-biofilm interactions have been exper-
imentally explored within micro-fabricated channels that mostly
range from micrometres to millimetres and analysed mainly by mi-
crosensors (de Beer et al., 1994a; Yang and Lewandowski, 1995)
and/or imaging techniques. For the latter, Thomen et al. (2017) vi-
sualized the trail lengths of 1-um fluorescent particles via micro-
scopically derived z-stack images in millifluidic channels. Magnetic
resonance microscopy (MRM) is another promising method for the
investigation of transport phenomena, which is capable of simulta-
neously imaging the development of flow field and biofilm struc-
ture in a non-invasive, less time-consuming way while covering
quantitatively relevant areas (Gjersing et al., 2005; Manz et al.,
2005, 2003). For instance, Wagner et al. (2010a) addressed the
response of biofilm to various flow gradients and shear rates by
scanning the flow field with MRM. Herrling et al. (2017) suc-
cessfully elucidated water diffusion within five different types of
biofilm structures by pulsed field gradient-nuclear magnetic res-
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Fig. 9. Erodibility tests. Biofilm-sediment complex is exposed to increasing shear stress in the erosion flume SETEG (Stromungskanal zur Ermittlung der tiefenabhdngigen
Erosionsstabilitdt von Gewdssersedimenten). Left is the bare sand that acts as the control (critical shear stress: 0.3 Pa), right is the mature biofilm after 6 weeks of growth
(critical shear stress: 12 Pa after failure at the edges). Please also see S1 and S2 videos in the supplementary material.

onance (PFG-NMR). As Morgenroth and Milferstedt (2009) stated,
“...a biofilm with a total area of 1 m? is not simply the sum of
biofilm grown in 1000 flow channels, even though the total ar-
eas roughly correspond.” Consequently, in their study, Morgenroth
and Milferstedt (2009) went up to the patch scale to address
the effect of laminar, transient and fully turbulent conditions on
biofilm in the range of several millimetres to centimetres. Collec-
tively, these experiments gave essential insights into detailed pro-
cesses of biofilm development at various hydrodynamic settings.
However, their relevance for aquatic environments is still largely
debatable due to difficulties in reproducing natural conditions in
the laboratory. Challenges include representing natural temporal
and spatial variability of flow (single-cell scale to ecosystem scale)
and biofilm (multitaxa and multispecies communities) or gener-
ating fully-developed turbulent flow conditions and irregular sur-
faces (e.g., mixed sediments, spatial heterogeneity of roughness) at
the measurement section.

Ideally, biofilm should be grown in a most natural-like setting
to allow a typical community composition and matrix structure
at environmentally relevant flow patterns. Obviously, this might
differ severely in simulating technical or natural habitats but in
both cases, this requires experimental facilities that are beyond the
small scale of the microfluidic channels. Despite increasing number
of mesocosm studies, our understanding of near-bed flow dynam-
ics is currently hampered by the lack of velocity measurements at
the flow-biofilm-sediment interface (e.g., Nuy et al., 2018; Risse-
Buhl et al., 2017). While the interactions between flow and biofilm
occur predominantly at mesoscale (100 pm to 10 cm in verti-
cal length), most studies concerning flow-biofilm reciprocity usu-
ally represent flow with a single (bulk) value for the entire chan-
nel either as a depth-averaged or cross-sectional average veloc-
ity (and discharge) (Moulin and Eiff, 2012 and references therein)
or temporally-averaged flow and turbulence parameters far above
the bed (Risse-Buhl et al., 2017, 2020; Singer et al., 2010), ignor-
ing the heterogenous characteristics of the flow at local biofilm
scale (um to cm) and its dispersive contribution to mass flux.
This can mainly be attributed to frequent use of acoustic-based
(e.g., acoustic Doppler velocimeter or ADV) or magnetic field based
(e.g., electromagnetic current meter or ECM) instruments in both
laboratory and field studies, which have difficulties in measuring
near-bed mean flow (<5 mm) and turbulence (<10 mm) due to
acoustic interference of the bed (Koca et al., 2017; Voulgaris and
Trowbridge, 1998) and/or sensor size. On the other hand, apply-
ing hot-film anemometers, Biggs et al. (1998) demonstrated clearly
the influence that the biofilm has on the close-by flow pattern
2 mm above its surface while there was no measurable effect to
the far more uniform mean velocity of the mid-water column. Hy-
drodynamic fluctuations with local shear stress peaks are critical
to mass transfer (Stoodley et al., 1999; Voermans et al.,, 2017),

with important consequences for biofilm to modulate ecosystem
health and services. This is particularly important for biofilms with
streamers which oscillate with the flow and modulate mass trans-
fer (Nikora, 2010; Larned et al., 2011). Ultimately, only local flow
conditions are relevant to describe the forcing at microscale and
are not easily inferred from mean bulk velocities (Graba et al.,
2013). The introduction of modern, optical and non-intrusive tech-
niques such as particle image velocimetry (PIV) allows high res-
olution measurements of flow patterns close to the biofilm (~1-
2 mm) in standard configurations. PIV is based on visualization
and computation of the displacement of small tracer particles
in a flow, captured by two subsequent images (see reviews by
Adrian et al,, 2011; Westerweel et al.,, 2013). Since it allows for
both quantitative measurements at larger areas (few dm?) and vi-
sualization of flow structures, PIV provides physical insights into
the behavior of flow and biofilm interactions, thereby offering var-
ious advantages over traditional methods (i.e., ADV, ECM). Despite
its costly and complicated setup, low-cost PIV systems have re-
cently been developed for use in the laboratory (Cierpka et al.,
2016) and in the field (Cameron et al., 2013; Koca et al., ‘Un-
published results’). Thus, instead of following traditional single-
point or vertical profile measurements, it is now possible and
timely to characterize flow pattern near biofilm at high resolution
(Koca et al., 2016). Nevertheless, the challenge remains to mea-
sure this at sub-millimeter scales in fully-turbulent, fully-rough
and fully-developed environments, which, unavoidably, must be
performed in relatively large flow facilities on the several-meter
scale for a variety of controlled flow and environmental conditions
(Packman, 2013; Vignaga et al., 2013). Indeed, it would be desirable
to describe scales small enough to include the viscous sublayer on
the biofilm and grains while simultaneously capturing the full tur-
bulent spectrum. Only then can the mechanisms behind biofilm
growth as well as mass and momentum flux exchanges between
biofilm and the water be elucidated.

Research on flow-sediment interaction has a long tradition in
engineering science which is motivated inter alia by the huge eco-
nomical aspect to maintain waterways and harbours for shipping
as well as flood control measures (Voermans et al., 2017). Sedi-
ment dynamics from bedload such as rolling gravel to suspended
load of fine particles is of uttermost importance for the hydrolog-
ical, geomorphological and ecological functioning of aquatic sys-
tems including rivers, lakes, reservoirs, estuaries and coastal zones
(Forstner and Westrich, 2005). Along with sediment properties, the
hydrodynamic regime is decisive for the transport, deposition and
finally spatial distribution of sediments. Hence, fine-grained par-
ticles such as silt and clay usually settle in low energetic habi-
tat while coarser sediment deposit in areas of high energy im-
pact where frequent collisions of sand particles (“rolling”) occur
(Van Rijn, 1993). This in turn impacts the settlement of microbes
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with a higher likelihood to develop in fine sediments since these
small particles feature (a) a high surface to volume ratio, (b) of-
fer plenty of binding sites to trap nutrients and (c) offer more
protection for sensible shells such as diatom frustules that might
be destroyed in rolling (Delgado et al., 1991; Gerbersdorf and
Wieprecht, 2015). Mediation of fine sediment characteristics by
the developing microbial assemblages then changes their ero-
sive response to hydraulic forcing as described in Sections 1 and
5.5. While the onset of motion of non-cohesive sediment parti-
cles such as sand or gravel is generally predicted by using the
Shields diagram (Shields, 1936), there is no valid approach for
fine cohesive sediment because of the biological features inhabited
(Black et al., 2002). In order to better predict the behavior of fine
sediment and the often-associated pollutants at extreme (e.g., 100-
year flood) or management scenarios (e.g., flushing), experiments
have been largely performed in laboratory flumes with sediments
that were retrieved and transferred from the field (Forstner and
Salomons, 2008; Gerbersdorf et al., 2007; Haag et al., 2001). How-
ever, there are increasing efforts towards in situ measurements
in order to avoid unwanted changes due to transport of sedi-
ment from field to flume and sediment aging (Aberle et al., 2003;
Noack et al., 2015; Witt and Westrich, 2003).

Overall, although fine sediments and their erosional behavior
have thus received increasing attention over the last decades with
or without the consideration of biofilm, their link to the tempo-
rally and spatially highly varying pattern of hydrodynamics (e.g.,
TKE) and bed topography co-evolving with biofilm growth have not
been studied yet (Gerbersdorf and Wieprecht, 2015; Hannah et al.,
2004; Rice et al, 2010). On a much smaller scale, some stud-
ies addressed the sloughing-off phenomena of biofilm at varying
shear stresses by measuring biofilm weight losses or the amount
of eroded sand/biofilm mixtures (Griin et al, 2016; Pique et al.,
2016). Consequently, future studies should further explore the
flow-biofilm-sediment processes nexus in order to better under-
stand biostabilization and sediment dynamics which have key im-
plications for morphodynamics, aquatic habitat, water quality and
beyond. This requires integrated investigations of hydrodynamics,
biogeomorphology and microbiology. An example of such inte-
grated approach was illustrated in this review paper combined
with a pilot experiment. Based on the co-application of state-of-
the-art methods from different disciplines (black font in Fig. 1)
on quasi-naturally grown biofilm-bound sediment developed at
contrasting flow conditions, we have made following observations
about advantages and challenges associated with the tested meth-
ods:

- Flow affected time of settlement, growth direction and subse-
quent topography of biofilm-bound sediment (Fig. 2). In turn,
the biofilm growth increased considerably the magnitude and
heterogeneity of Reynolds shear stress (not shown here). While
the measurements of spatially and temporally varying flow in
combination with motion of streamers are still challenging, PIV
may become a key method in studying natural flow-biofilm in-
teractions at high resolution.

- Obtaining topography by scanning microscopy (Fig. 2a-b) was
far too time-consuming for larger areas, instead laser triangula-
tion system showed similar results (Fig. 2c) in a fraction of the
time previously needed and is thus an excellent choice for char-
acterizing topography at patch scale (cm?- dm?). Microscopy is
needed for higher resolutions at spatially limited spots in order
to e.g., visualize key components of the biofilm (members and
EPS moieties) by fluorescence signals.

- With application of microsensors, we have observed bursts of
H,0, when touching a diatom colony, suggesting a likely de-
fense mechanism of these microalgae against predators. There-
fore, using microsensors, one can also gain insights into how

microbes cope with friendly and unfriendly neighbours in their
close surrounding (Fig. 6).

Microsensor measurements could be used together with PIV
measurements and OCT images for analyzing the external and
internal mass as well as momentum transfer by combining sub-
strate distribution, flow dynamics and biofilm structure. Even
though it is not tested here, the application of MRM holds
promise for studying internal and external diffusion and flow
patterns.

OCT is a beneficial imaging technique for characterizing internal
structure of biofilm without disturbing or damaging the sam-
ples. However, since the probe depth is limited, it remains to
be tested how suitable this technique is for analyzing biofilm-
embedded sediment over depths larger than 2 mm (Fig. 7).
Performing biochemical and microbiological analyses, it was ob-
served that quantities of polymeric substances and cell num-
bers play a minor role in explaining the mechanisms of binding
within the biofilm and beyond (Fig. 3), suggesting the signifi-
cant role of various EPS moieties and key microbial players to
translate into functionality, herein biostabilization.

- Applying molecular techniques, we have observed significant
shifts in species composition and diversity at both prokaryotic
and eukaryotic levels according to temporal and environmen-
tal changes (Fig. 5). The link between functionality and diver-
sity of key players is a matter of an ongoing debate in ecology
(Besemer, 2015; Dang and Lovell, 2016; Leibold et al., 2004). To
introduce this idea into biofilm science would be a great re-
search concept for hypothesis building.

Microalgae seem to play a dominant role in biostabilizing the
sediment with impact according to the particular groups or
species involved. Thus, the possibility to monitor by hyper-
spectral imaging the density, composition and distribution of
phototrophic biofilms (Fig. 4) creates a strong predictor for
metabolic activity and sediment stability.

- While the magnetic particle induction technique is highly sen-
sitive for measuring adhesiveness of biofilm-bound sediment at
high temporal and spatial resolution (< 5 mm, not shown here),
it is restricted to measurements at the sediment surface. Fur-
thermore, measurements are challenging if streamers are abun-
dant.

Until now, determination of the stability of deeper layers has
been limited to erosion flumes, with the known methodological
limitations (Fig. 9). Like with the erosion flumes, the rheometer
approach does not allow ongoing measurements for the same
sample over time, but could structurally explain varying adhe-
siveness and detachment rates of biofilm at different environ-
mental scenarios (Fig. 8)

7. Conclusions

Recent advances in measurement techniques have provided a
wealth of knowledge regarding individual domains of biofilm re-
search, yet the understanding of flow-biofilm-sediment processes
is still at its infancy. Studying flow-biofilm-sediment interactions
are of importance to better understand ecological functions and
engineering processes and to help establish healthy aquatic ecosys-
tems. Most of the insights on the sediment-ecology relation derive
from investigations on macroorganisms and macrophytes. This is
surprising since microbes are the first colonizers to dictate sub-
sequent colonization by higher trophic levels and they e.g., pre-
dominately affect the flux of matter on larger scales. Moreover, the
link to the substratum in which microorganisms settle is mostly
missing. Therefore, integrative and interdisciplinary approaches are
needed that simultaneously and equally address the complex and
non-linear ways in which sediment properties and biofilm in-
teract with the hydrodynamics at a scale of ym to cm (single-
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cell and patch scale) before extrapolating the theoretical knowl-
edge to the larger scales for environmental management purposes.
While field studies are essential, process understanding comes
from controllable and repeatable conditions addressed in labora-
tory experiments which should cross disciplinary boundaries to
avoid oversimplification and unrealistic settings (e.g., use of iso-
lated species, inappropriate physical conditions, unconsidered wall
effects or short test sections).

In this Review, we summarized the current state of the knowl-
edge and methodological approaches in the flow-biofilm-sediment
research with an emphasis on biostabilization and fine sediment
dynamics mainly in the benthic zone of lotic and lentic envi-
ronments. Specifically, we combined a literature review with the
results of a pilot experiment that was conducted in the frame-
work of a joint workshop, with the aims of i) consolidating expert
knowledge from different scientific fields, but all with the same
goal directed towards flow-biofilm-sediment triangle, ii) identify-
ing knowledge gaps and iii) exploring the feasibility of different
instruments to address these gaps. In the pilot experiment, co-
application of advanced methods with capabilities to visualize at
cell-, patch- and reach scales at high spatial resolution in control-
lable laboratory conditions has facilitated investigations into flow
dynamics (particle image velocimetry), bed topography (laser tri-
angulation system and light microscopy), biofilm structure (opti-
cal coherence tomography), mass transfer (microsensors), micro-
bial community (16S and 18S rRNA gene sequencing) as well as
mechanical characteristics (rheometer) and biostabilization poten-
tial (magnetic particle induction and erosion flumes). Based on the
evaluation of feasibility of these techniques, we also provided re-
search insights, methodological limitations, existing research gaps
and future research directions that have potential to make impor-
tant contribution to the field of biostabilization.
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ABSTRACT

The present study investigated multivariate relationships between critical erosion thresholds
of reservoir sediments and their physico-chemical and biological characteristics to unravel the
effect of sedimentological parameters on fine sediment erosion. We collected 22 sediment cores
from the deposits of two reservoirs located in southern Germany (Grofer Brombachsee = GBS;
Schwarzenbachtalsperre = SBT). An erosion flume and an advanced photogrammetric method
were used to quantify critical erosion thresholds for a succession of vertical layers over sediment
depth. The functional relationships between the critical erosion thresholds and a collection of

sediment parameters, including bulk density, sediment composition, percentiles, cation exchange
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capacity, organic content, extracellular polymeric substances (EPS proteins and carbohydrates), and
chlorophyll-a were examined. The clay-dominated sediments of the GBS with comparatively low
total organic carbon and sand content were on average 10 times more stable compared to the sandy
sediments of the SBT. Consequently, for the clay-dominated sediments, strong positive correlations
were found between the erosion thresholds and clay content. In contrast, the sandy sediment
layers experienced strong positive correlations with the sand content and percentiles. The bulk
density was mainly positively and the total organic carbon content was mainly negatively correlated
with the erosion thresholds. Furthermore, EPS and chlorophyll-a were not good indicators for the
erosion thresholds, suggesting an ambiguous influence of biology. Generally, the strength of the
relations decreased for sediment layers deeper than 10 cm. Overall, our results underline the need
to investigate the influence of sediment characteristics on fine sediment erodibility from varying

natural environments.

INTRODUCTION

Understanding fine sediment erosion is of particular importance in various water-related fields
in engineering and natural sciences. For instance, detailed process knowledge is inevitable to
reliably predict morphodynamic changes in order to establish sustainable sediment management
strategies (Annandale 1987; Aberle 2008). Numerous studies have investigated the erodibility of
fine sediments with cohesive properties in riverine (Noack et al. 2015; Schifer Rodrigues Silva
et al. 2018), lacustrine (Righetti and Lucarelli 2007), and marine (Yang et al. 2019; Zhu et al.
2019) environments. In spite of their global importance for sustainability of future water supplies
and ecological quality of downstream channels (Kondolf et al. 2014), studies focusing on the
erosion stability of reservoir deposits are limited (Annandale et al. 2016; Morris 2016; Peteuil et al.
2018). In this context, two main scenarios are crucial: i) the certainty that sediment deposits are
remobilized (e.g., by management strategies such as reservoir flushing) and ii) the certainty that
sediment deposits remain at the same position (in case of contaminated sediments, e.g., Gerbersdorf
et al. 2007.) Generally, erosion is controlled by the balance between bed shear stress exerted by

hydrodynamic forces and internal resistance forces of sediment particles. Consequently, one of the



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

4l

72

73

74

75

76

77

most important parameters in experimental erosion studies is the threshold indicating the initiation
of motion (Briaud 2008), that is, the critical bed shear stress (7.,). The incipient motion of non-
cohesive sediments mainly depends on the submerged weight of the particles. It can be described
by the Shields (1936) curve or its adaptations, which account to a certain extent for uncertainty
induced by, e.g., varying experimental methods and protocols despite the data scatter around the
mean Shields curve (see Buffington and Montgomery 1997). In turn, the shear strength (resistance)
of cohesive sediments against the flow induced shear stress is mainly caused by inter-particular
forces between the particles (e.g., Kothyari and Jain 2008; Briaud 2008; Zhu et al. 2019) and
no generally accepted relationships for the prediction of critical bed shear stresses are available
for these kind of sediments (van Rijn 2020). The reason is that various physical, chemical, and
biological sediment characteristics influence the inter-particular forces, and thus, making the the
measurement of the cohesive shear strength a more complex undertaking compared to non-cohesive
sediments (e.g., Berlamont et al. 1993; Burt et al. 1997; Grabowski et al. 2011; Kimiaghalam et al.
2016).

To underline this fact and as motivation for our research, Figure 1 presents ranges of critical
erosion thresholds and their median particle size diameters (dsg) from previously conducted erosion
studies in diverse environments, plotted together with those of the present study (GBS and SBT,
see chapter 3). The figure also contains the Shields (1936) curve as a reference for coarse grains,
empirical equations derived by Briaud (2008) and Briaud et al. (2017) to create upper and lower
limits for the erosion thresholds of fine grained soils with a dso <0.1 mm, and a refined upper
limit based on our data (7., = 0.001dso~2). Figure 1 reveals that a high range of variability exists
for erosion threshold data that cannot be accounted for by the dso only and additional parametric
effects beyond the dsy must influence the erosion threshold data (e.g., Briaud et al. 2017).

Generally, cohesiveness forms for fine grained sediments in the clay (<2um) and silt size
(£63um), although the clay concentration is primarily responsible for cohesion (Grabowski et al.
2011). Therefore, clay and silt are often combined and referred to as the 'mud’ content of a mixture,

where mud <63um (e.g., Mitchener and Torfs 1995; van Rijn 2020). Non-cohesive/cohesive
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sediment mixtures experience a cohesive erosion behavior once the mud content exceeds a certain
threshold. This threshold is reported to be between 10% to 15% (Mitchener and Torfs 1995;
Panagiotopoulos et al. 1997; Debnath et al. 2007; Perera et al. 2020). Furthermore, the shear strength
of a non-cohesive/cohesive sediment mixture is influenced by different sediment compositions,
consolidation/compaction, ion-exchange capacity, organic content, and biological activity (such
as by a biofilm) (e.g., Berlamont et al. 1993). Therefore, exploring critical erosion thresholds of
sediment mixtures exceeding a mud content of >5% becomes challenging.

Another challenge is the limited transferability of results to natural sediment conditions. The
reason is that process understanding and existing erosion models have been mainly derived from
laboratory experiments, conducted with non-cohesive/cohesive sediment mixtures or remolded
sediments (e.g., Panagiotopoulos et al. 1997; Kothyari and Jain 2008; Zhang and Yu 2017).
However, natural sediments are much more complex as they are graded and heterogeneous mixtures
(Van Ledden 2003; Winterwerp et al. 2012; Schifer Rodrigues Silva et al. 2018) with stratified bed
properties (Lau et al. 2001), resulting in variable bed shear strengths in all directions of space (e.g.,
Tolhurst et al. 2006; Zhu et al. 2019; Beckers et al. 2020).

Additionally, the capability of microbial aggregates (biofilm) to adhere to sediment particles
or organic matter and bind them together have gained increasing attention recently (e.g., Paterson
1997; Valentine et al. 2014; Paterson et al. 2018; Koca and Gerbersdorf 2019; Gu et al. 2020,
among others). When growing on fine sediment, biofilm alters sediment properties and dynamics,
leading to biostabilization (Black et al. 2002; Righetti and Lucarelli 2007; Gerbersdorf et al. 2020).
For instance, Thom et al. (2015) described the erosion pattern of bio-inhabited sediment as crust
or carpet-like, which was clearly different from pure sediment erosion. Despite the importance of
biological sediment properties, most studies focus on physico-chemical sediment characteristics.

These multi-parametric effects can hardly be simulated with artificial non-cohesive/cohesive
sediment mixtures, thus, experimental investigations with natural sediments are required. In
this context, the currently available in-situ devices to measure cohesive erosion are limited in

terms of the measurement technology and depth of operation. Therefore, ex-sifu investigations of
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natural sediments under controlled hydraulic conditions using an advanced measurement technology
represent a possibility to meet the needs of cohesive sediment erosion research (e.g., McNeil et al.

1996; Briaud et al. 2001; Roberts et al. 2003; Le Hir et al. 2008).

Erosion Thresholds Concepts for Cohesive Sediments

Debnath and Chaudhuri (2010) reviewed and evaluated five erosion threshold definitions re-
ported in the literature (see also Sanford and Maa 2001). These thresholds are defined by (i) the
initial occurring sediment motion, (ii) significant occurring erosion, (iii) the intersect with the
x-axis of a back extrapolated line from the plotted erosion rate, (iv) a sediment depth sequence of
increasing critical bed shear stress, and (v) an occurring burst in sediment motion (Sanford and
Maa 2001; Debnath and Chaudhuri 2010). Additional threshold concepts can be found, which
are often supplemented by describing the erosion behavior. Righetti and Lucarelli (2007) ob-
served a multistep entrainment phenomenon by studying entrained particles and flocs (aggregates)
in suspension using image analyses techniques. They defined a criterion to distinguish between
the incipient motion of single particles and flocs or aggregates. Wu et al. (2018) considered the
incipient surface erosion in their study and emphasized the effect of varying mud contents (low,
moderate, high, and pure mud) on the erosion threshold. van Rijn (2020) reported thresholds of
critical bed shear stresses for particle, surface, and mass erosion which were visually determined
from flume experiments. Beckers et al. (2020) measured emerging erosion spots caused by surface
erosion and large holes torn open by detached aggregate chunks. Such specific erosion forms have
also been visually observed by other researchers (e.g., McNeil et al. 1996; Roberts et al. 2003;
Debnath et al. 2007), and their occurrence may also serve as threshold definition.

In summary, the multiple existing threshold definitions underline the complexity in identifying
one universal critical erosion threshold for cohesive sediments and non-cohesive/cohesive sediment
mixtures. Moreover, the existing definitions might describe different erosion and transport modes
or different erosion types which are not always evident from the data (van Rijn 2020) and make
the comparison additionally difficult (e.g., Aberle et al. 2006). Thus, it is deemed advisable to

work with more than one threshold value to investigate multivariate relationships between critical
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erosion thresholds and sediment characteristics (e.g., Le Hir et al. 2007; Righetti and Lucarelli
2007; Briaud et al. 2017; van Rijn 2020).

The main objective of this study is to explore the functional relationships between critical ero-
sion thresholds and sediment characteristics for the deposits of two reservoirs located in southern
Germany. For this purpose, we removed sediment cores from deep reservoir regions and inves-
tigate their erodibility in a multitude of erosion experiments using an advanced photogrammetric
method. We present a slope-criterion to identify the incipient particle erosion (surface erosion)
and the maximum occurring erosion from the cumulative erosion volume, which enables a robust
assessment of the erosion data to obtain confident erosion thresholds. From a set of adjacent
sediment cores, we analyze physico-chemical and biological sediment characteristics (bulk density,
sediment composition, percentiles, total organic carbon, cation exchange capacity, chlorophyll-a,
extracellular polymeric substances). Based on the collected data, we explore the multivariate rela-
tionships between the erosion thresholds and the sedimentological characteristics in vertical layers
over sediment depth. Ultimately, we reveal the key sediment parameters that govern the erosion
stability of the investigated reservoir deposits and provide a set of limitations and recommendations

for future experimental erosion studies.

MATERIALS AND METHODS

Study Sites and Sediment Core Extraction

Two reservoirs with different sediment characteristics were investigated: i) The reservoir Grofler
Brombachsee (GBYS) is the largest reservoir of the Franconian Lake district in Bavaria, Germany
(49°07°47.6"N 10°55°60.0"E). It was built during 1983-1992 for the purpose of low water regulation
of the Regnitz-Main catchment. In addition, it is used for recreation (Daus et al. 2019). At the
maximum operation level (410.5 m.a.s.l.), the GBS has a water surface of 8.63 km? and a total
storage volume of 143.73x10° m® (Deutsches TalsperrenKomitee e. V. 2013). ii) The reservoir of
the Schwarzenbachtalsperre (SBT) is located in the Northern Black Forest, Germany (48°39°25.6"N
8°19°28.9"E). It was built between 1922-1926 and is the upper reservoir in a pump-storage system.

At the maximum operation level (668.5 m.a.s.l.), the Schwarzenbach reservoir has a water surface
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of 0.66 km? and provides a total storage volume of 14.42x10% m? with a maximum length of
2.2 km, width of 600 m, and depth of 47 m (Deutsches TalsperrenKomitee e. V. 2013; Mouris et al.
2018). Two inflows, one transition tunnel, and the pumped water feed the reservoir.

In order to explore the sediment deposits, 9 and 13 sediment cores were removed from GBS and
SBT, respectively (22 cores in total, Table 1). In each reservoir, the cores were removed from three
previously explored regions of the reservoir bed. For this purpose we employed a Frahm-Sediment
Sampler (see Beckers et al. 2018). With this device, relatively undisturbed sediment cores can
be removed from deposits (maximum depth of operation is 100 m). This is ensured by using
customized PVC-tubes to mitigate possible shearing effects during penetration. The tubes had a
length of 1 m and a diameter of 0.1 m. Their lower opening was cut off diagonally at an angle
of 5° and the wall was bevelled all around. Furthermore, the transparent PVC-tubes enabled a
visual in-situ assessment of the sediment cores directly after the removal. In case of any signs of
disturbance, e.g., cracks or an oblique surface, the retrieved core was immediately rejected and not

used further (see also Beckers et al. 2019).

Experimental Measurement Procedure

The removed sediment cores were analyzed in several layers over core depth. First, the depth
distribution of bulk density (BD) was measured for all 22 sediment cores with a vertical resolution
of 2 cm. Based on the similarity of the bulk density, sediment cores from an investigated reservoir
region (Table 1) were, first, assigned to each other and, second, assigned to further destructive
analyses. From the assignments made, a set of vertical layers was analyzed in terms of their
physical and partly chemical and biological sediment characteristics. The remaining sediment
layers were analyzed in terms of their erodibility using the SETEG/PHOTOSED-system within the
equivalent depths. Due to assignment of two sediment cores to each other, a certain degree of
uncertainty was naturally involved in the analysis. To quantify this uncertainty, the percentage error
from the matched sediment layers of similar bulk densities was calculated. Special care was taken
to ensure a maximum deviation of 7.5 Y% between two vertical layers. This resulted in a correlation

matrix containing 92 elements (GBS: 42 and SBT: 50; see Beckers et al. 2021).
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Analysis of Physico-Chemical and Biological Sediment Parameters
Bulk Density

The (wet) bulk density (BD) of each sediment core was measured non-destructively and prior
to any further analysis using a bulk densitometer (source: '3’CS with a decay energy 662 keV;
scintillator: Nal(TI)) (e.g., Mayar et al. 2019; Mayar et al. 2020). For the analysis, the sediment
core was placed between a traverse system that automatically moves down the core to measure the
BD at a predefined vertical spacing, here at 2 cm steps, to collect the BD profile over depth (Beckers

et al. 2018; Beckers et al. 2019).

Sediment Composition and Percentiles

The particle size distribution (PSD) was determined by laser diffraction with a Malvern Mas-
tersizer 2000 (Malvern Instruments Ltd, Malvern, UK). The instrument enables to measure particle
sizes in the milli-, micro- and nanometer range (0.02-2,000 um) (Malvern Instruments 2007). Each
measurement was conducted in triplicates, whereas each triplicate comprised seven measurement
runs. During the measurements, the flocs (or aggregates) were broken by ultrasound treatment.
Finally, the particle sizes were obtained by averaging over the triplicate measurements in order to
minimize reported uncertainty from laser diffraction methods (Lepage et al. 2019). From the mea-
sured particle sizes, the sediment composition (SC) was derived according to ISO 14688-1:2017
(2017) (clay: <2 pm, silt: >2 < 63 um , sand: >63 < 2,000 um). For the characterization of
the deposits, we differentiated between clay, silt, and sand. Furthermore, the 10th-, 50th-, and

90th-percentiles (d1¢, dso, and dgg) were derived from the particle size distribution.

Total Organic Carbon and Cation Exchange Capacity
The Total Organic Carbon (TOC) was determined by loss on ignition (in percent) of dried
sediment according to the European standard DIN EN 13137 (2001). The sediment loss on ignition

is the most common way of measuring organic content (Grabowski et al. 2011).

The effective Cation Exchange Capacity (CEC) was determined using hexamminecobalt(III)chloride

as extracting solution to quantify the exchangeable cations using a spectrophotometric method ac-

cording to the international standard ISO 23470:2018 (2018).
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Extracellular Polymeric Substances and Chlorophyll-a

Extracellular Polymeric Substances (EPS) are secreted by microorganisms and mainly com-
posed of proteins and carbohydrates (Gerbersdorf et al. 2020), accounting for 75-90% of the
EPS-matrix (Tsuneda et al. 2003). The modified Lowry method (Raunkjar et al. 1994) and the
phenol-sulfuric acid method by DuBois et al. (1956) were used to determine the water-extracable
fraction of EPS-proteins (EPS-p) and EPS-carbohydrates (EPS-c), respectively.

Chlorophyll-a (CHL-a), a proxy for autotrophic biomass of biofilm, was extracted and quantified

before and after acidification using a photometric analysis (DIN 38412-16:1985-12 1985).

Experiments for Investigating the Erosion Potential

Erosion experiments were conducted using the SETEG/PHOTOSED-system (Figure 2). The
system consists of the SETEG erosion flume (Kern et al. 1999), whose general construction
resembles different laboratory erosion flumes exploring the erosion potential of cohesive sediments
and non-cohesive/cohesive sediment mixtures (e.g., McNeil et al. 1996; Briaud et al. 2001; Roberts
et al. 2003). The flume is constructed as a straight, rectangular, transparent, and closed flume that
is operated under pressurized flow. It has a length of 8.00 m, a width of 0.142 m, and a height of
0.10 m (inner dimensions). The upper part below the inlet is made of stainless steel (6.00 m). The
lower part, where the measurements are conducted, is made of glass (2.00 m) to allow for optical
access. The flume allows to investigate flow rates from 1 to 65 L s~!. The corresponding bed shear
stresses (7 ~ 0.04 - 32 Pa) were obtained from a priori calibrated function of flow using 2D laser
Doppler velocimetry (LDV) measurements (Beckers et al. 2020). The measuring section consists
of a circular opening at the bottom of the flume, where sediment cores with diameters between
0.1 and 0.135 m can be locked in position. The center of the measuring section is located 7.64
m downstream of the inflow to ensure a fully developed turbulent flow field. The SETEG erosion
flume is complemented by PHOTOSED, a versatile photogrammetric method to detect sediment
erosion (Noack et al. 2018) at high resolution (detection limit: Az,,;,=0.1 mm on approximately
10 mm?).

During an erosion experiment, sediment cores were locked in position at the flume bottom
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from below (see Figure 2). By means of a mechanical lifting apparatus, (pre-)selected sediment
layers were vertically elevated and positioned for erosion tests. When a desired sediment layer was
reached, the protruding sediment was cut off by a wire, leaving the sediment layer flush with the
flume bottom (see Figure 46 in Beckers et al. 2019). Next, the sediment response against a set
of incrementally increasing bed shear stresses (1,=600s) was explored until sediment failure was
observed. Caution was taken to start each experiment at a bed shear stress below the threshold for
incipient motion.

During the experiments, a semiconductor laser with a diffraction optic was projected onto
the sediment surface, resulting in a structured light pattern of approximately 24,000 points (on
a surface area of 143 cm?). The changes of the sediment surface were continuously monitored
by a CMOS camera (2 MP, 10 Hz, Imaging Development Systems GmbH, Obersulm, Germany).
In a post-processing routine, the volumetric change of the sediment layer between consecutive
frames (here: At = 60 s) was computed within a user-specified region of interest (ROI with area of
2456 mm?) using Farnebaeck’s Dense Optical Flow algorithm (Farnebick 2003). This provides the
volumetric change of the sediment surface as a function of the applied bed shear stress over time.
Consequently, the method accounts for both, eroded material being transported in suspension and
along the bed. Furthermore, selecting a ROI with sufficient distance from the core edge, allows to
mitigate potential boundary effects impacting on the erosion data. This provides reliable data and
the means to distinguish between fundamental erosion processes and specific erosion forms (see

Beckers et al. 2020).

Identification of Critical Erosion Thresholds

The measurements with the SETEG/PHOTOSED-system provide the means to identify critical
erosion thresholds (7.) from the time-series of the recorded erosion volumes. To address existing
uncertainties in data analysis and interpretation (e.g., Aberle et al. 2006), we followed a pseudo-
automatic approach to identify confident erosion threshold values. After plotting the cumulative
erosion volume V, (aggregated over the ROI) over the entire duration of an erosion experiment

(investigated sediment layer at a certain core depth), we applied a slope-criterion (see also Gularte
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etal. 1980; Mehta and Partheniades 1982; Righetti and Lucarelli 2007) that identifies change points
based on the derivative of the data (acceleration points) (Figure 3). The initial continuous rise of
the curve (Figure 3 A, 7=0.5 Pa ) can be attributed to particle and surface erosion. The shear stress
at this point is denoted as 7. o and often defined as the critical bed shear stress for incipient motion
(e.g., Young and Southard 1978; Wu et al. 2018).

Furthermore, we consider the evidence of Righetti and Lucarelli (2007) who reported a multistep
entrainment phenomenon with changing erosion regimes for cohesive sediment erosion. This
change in the erosion regime (or in the erosion behavior) is the response of the sediment to an
exceedance of the bed shear stress, which exhibits a distinct rise in the cumulative erosion volume
due to a significant increase of the erosion (see also Beckers et al. 2020). It is represented by the
maximum change in slope (maximum acceleration) of the erosion data (Figure 3 A, 7=1.61 Pa).
The bed shear stress applied at this threshold was also considered in our study and denoted as 7. s.

It must be noted that for some cases 7. coincides with 7. s. This is particularly the case for
fully consolidated and uniform sediments, because they erode at a constant rate once the erosion
is initiated, which is often referred to as Type II (steady-state or unlimited) erosion (Mehta and
Partheniades 1982; Sanford and Maa 2001; Aberle 2008). Consequently, no clear distinction
between different erosion regimes can be made when the erosion progresses continuously over time

(see Figure 3 B; 7. 0=7.,5=1.61 Pa).

Statistical Analysis

The statistical analyses between the sediment characteristics and the critical erosion thresholds
were conducted using R (v.3.5.1) (R Core Team 2017). The degree of potential relationships
among the sediment characteristics and the critical erosion thresholds was conducted using a
Pearson correlation analysis with the Hmisc package (Harrell Jr et al. 2020). Prior to an analysis,
univariate and multivariate normality was tested using the test of Shapiro and Wilk (1965), followed
by log- and arcsine square-root-transformations as needed. Transformation of data frames were
performed using the dplyr package (Wickham et al. 2020). Pearson correlation coefficients at a

significance level (p-value < 0.05) between the selected variables indicating functional relationships
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were plotted by means of correlograms using the Corrplot package (Wei and Simko 2017).
Furthermore, the data was categorized into two groups of sediment depth to explore depth-
dependency of the correlations. These groups were A (0-10 cm) and B (>10 cm). Draftsman plots
were generated to visualize depth-dependent correlations using the Performance Analytics package
(Peterson and Carl 2020). Next, the variations of the correlation coefficients were explored for
the evaluated sediment parameters in the depth-dependent layers. In the correlation graphs, “+1”
represents a perfect positive correlation and “-1” represents a perfect negative correlation, whereas
“0” represents no relationship. The statistical significance of the relationships was evaluated at

various significance levels, which are indicated in the results.

RESULTS AND DISCUSSION

Synthesis of Sediment Characteristics and Critical Erosion Thresholds

Table 2 provides the summary of the minimum, mean, and maximum values for all measured
sediment parameters. The complete data set is freely available online (Beckers et al. 2021).

In general, the measured critical erosion thresholds 7. and 7.5 in the GBS are on average
approximately 10 times higher than those in the SBT. While the lower limit of the measured values
of 7.0 and 7,5 is of similar range, the maximum values differ by an order of magnitude (see
Table 2). The high erosion thresholds of the GBS deposits can be attributed to larger BD, mud,
and clay contents. An increase of these parameters are generally associated with a higher erosion
stability (e.g., Mitchener and Torfs 1995; Panagiotopoulos et al. 1997; Van Ledden 2003; Kothyari
and Jain 2008; Wu et al. 2018). Along with an increase in clay content, the CEC increases since
it is a proxy for the electro-chemical activity of clay minerals (Partheniades 2007). Accordingly,
a high CEC suggests a high cohesive strength of a sediment mixture, and thus, results in a higher
erosion stability (e.g., Gerbersdorf et al. 2007). Moreover, the GBS sediments are characterized
by comparatively low TOC (<3.70%), which is indicative of high erosion stability as an increased
TOC accumulation could increase the erodibility of sediment deposits (e.g., Mehta 1991).

The lower erosion stability of the SBT deposits can be explained by an overall lower BD due

to the presence of organic-rich sediments (TOC>8.38%) and little consolidation (as indicated by
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the low BDs), which suggests a high water content (Fukuda and Lick 1980). Furthermore, the
sand content is substantially larger (see Table 2). These sediment characteristics are generally
associated with low erosion stability (see Grabowski et al. 2011) and confirm previous findings
(e.g., Mitchener and Torfs 1995; Panagiotopoulos et al. 1997; Zhang and Yu 2017). It is worth
mentioning that Krishnappan et al. (2020) observed similar critical thresholds (7. = 0.09 Pa) for
fine-grained cohesive river sediment. They observed the sediment particles were interconnected
through loose fibril material, which is an effect of microbial secretion or of the present organic
material.

Noticeable in the SBT data are low BD values (<1 g cm™>). This indicates the presence of
air or gas in the sediment (Grabowski et al. 2011). The formation of carbon dioxide and methane
mainly results from anaerobic carbon mineralization in anoxic sediments (Segers 1998). Given
the sediment composition and organic content of the SBT deposits, gas formation in the SBT
sediment occurs (see Peeters et al. 2019), and gas fluxes to the atmosphere have been reported
(see Encinas Ferndndez et al. 2020). Generally, the presence of gas decreases the stability (Jepsen
et al. 2000), which additionally supports the lower critical bed shear stresses measured for the SBT
deposits.

Given the SC, low BDs (<1.11 %), and the amount of TOC (>8.38 %), we expected high
biological activity in the sediments of the SBT. Thus, we analyzed a set of biological parameters
to consider their influence on the sediment stability. The microalgae biomass indicated by the
CHL-a content (41-413 ug g~!) confirms this hypothesis, since the present range corresponds to
and exceeds values of biologically active sediments (e.g., de Brouwer et al. (2003) found a range of
1.0-10.3 ug g~ ! in the top 0.5 cm for three intertidal mudflats located in different geographical areas
in Northwest Europe; Gerbersdorf et al. (2007) found a range of 35-197 ug g~! in the river Neckar
in the top 2.0 cm of the sediment). Similarly, the EPS contents found in the SBT sediments confirm
the hypothesis of biologically active sediment. For instance, Morelle et al. (2020) observed highly
productive sediments in the intertidal areas downstream of Seine estuary (Normandy, France), with

EPS-c and EPS-p contents being larger than 70 ug g~' in autumn and 35 ug g~! in spring samples
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due to the higher percentage of fine particles in summer. While underlying the importance of fine
sediments for biofilm production, the range of EPS contents observed by Morelle et al. (2020) is at

least 10 times lower compared to those in the SBT.

Functional Relationships between Critical Erosion Thresholds and Sediment Characteristics
of the GBS Deposits

Positive correlations were observed for the GBS sediments between the critical erosion thresh-
olds and the sediment depth, bulk density, and clay content, whereas negative correlations were
found with the TOC content, djg, silt content, and dso (Figure 4). These correlations follow
typical findings of parametric dependencies with cohesive erosion thresholds. Particularly, bulk
density was most closely and positively associated with the critical erosion thresholds, which is
also reported from other studies (e.g., McNeil et al. 1996; Gerbersdorf et al. 2007; van Rijn 2020).

Although the silt content is negatively correlated with the critical erosion thresholds, this is
outweighed by the positive correlation of the clay content (Figure 4). This highlights the role of clay
content (not the silt or mud content) on the cohesive erosion resistance, supporting previous findings
(e.g., Schifer Rodrigues Silva et al. 2018; van Rijn 2020). Similar to the findings of Mehta (1991),
we also observed negative correlations between the critical erosion thresholds and the TOC content.
Despite the impact of TOC on the erodibility of cohesive sediments is widely recognized (Grabowski
et al. 2011), the effect on sediment stability is still ambiguous. Additionally, the erosion resistance
increased with sediment depth, which confirms results obtained from experiments investigating
depth-dependent erosion of natural cohesive sediments (e.g., McNeil et al. 1996; Lick and McNeil
2001) and supports the general understanding of depth-limited erosion (Mehta and Partheniades
1982).

To study a variation of functional relationships over sediment depth, we divided the results
into two depth regions. Region A represents depths of 0-10 cm and B represents depths of
>10 cm. The trend of the depth-sequenced correlations is mainly consistent for region A and B
(Table 3 and Figure S1). The erosion resistance increases with BD and clay content and decreases

with djo and TOC content through regions A and B. Interestingly, dso and dop are negatively
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associated with the erosion resistance in the region A, but positively associated in the region B,
which is not reflected in Figure 4. Since the average particle sizes are only slightly different, this
demonstrates the complexity in identifying functional relationships and highlights the necessity to
consider parametric relationships in various depth-sequences. Moreover, an increase in silt content
suggests a decrease in the erosion resistance. However, the significance levels of the correlations
are in the range of p = 0.06-0.15, and thus, caution must be taken. Since the sand content in the
GBS deposits is overall small (<6.72 %), no significant correlations were found. Furthermore, it
becomes evident that the different types of critical erosion thresholds (7. o and 7. s) yield different
functional relationships with the sediment characteristics. The correlations between the sediment
characteristics and 7. g are stronger compared to 7. for the depth regions A (0-10 cm) and B
(>10 cm). We attribute this to the fact that the identification of initial surface erosion, reflected
by 7.0, 1s difficult for sediments with a "strong cohesive erosion behavior" since tearing of flocs
is highly variable due to stochastic nature of flow. In turn, the detection of a change in the
erosion regime, indicated by 7. g, is more robust for this type of sediments, thus, yielding stronger

correlations with sediment characteristics.

Functional Relationships between Critical Erosion Thresholds and Sediment Characteristics
of the SBT Deposits

For the SBT deposits, significant positive correlations were observed between the critical erosion
thresholds and the d5y as well as the sand content, whereas significant negative correlations were
observed with the clay and silt content as well as sediment depth (Figure 5).

The observed relationships seem contradictory at first, since one would rather expect positive
relationships between the erosion thresholds and mud (clay and silt) content instead of the sand
content. This effect was also reflected by the positive correlations between the critical erosion
thresholds and dsg, since a positive correlation indicates an increasing erosion stability with an
increasing median particle size diameter. It is interesting to note that a negative correlation between
sediment stability and silt content was also observed for the GBS deposits (Figure 4). It has been

reported that the highest erosion resistance of non-cohesive/cohesive sediment mixtures emerges
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at a certain mud/sand ratio. Mitchener and Torfs (1995) found this ratio to be 30-50% mud added
to sand by weight while Perkey et al. (2020) reported the maximum critical bed shear stress at
a mud content of 30-40% for homogeneously mixed non-cohesive/cohesive sediments. The SBT
sediments showed a mud content of 71.71-85.58% and a sand content of 14.42-28.30% (Table 2).
Therefore, it is conceivable that the SBT sediments with a higher sand content are closer to the
optimal mud/sand ratio, and thus, leading to higher shear strength and to a positive correlation
between the critical erosion thresholds and sand content and (dsp). The negative correlation
between the erosion thresholds and the sediment depth suggests that there is no uniform vertical
trend of the sediment characteristics. For example, Figure 5 indicates a negative correlation between
BD and sediment depth. This implies that the SBT deposits do not show a classical trend with an
increasing consolidation level over the depth. Such trends have been reported for natural sediments
due to intermediate layers of differently composed sediment (e.g., Gerbersdorf et al. 2007). The
SBT deposits were further weakly consolidated with low mean and minimum BDs (Table 2). This
results from the organic matter content and biologically active sediment, which likely leads to gas
production as reflected in the low BDs in some layers (see Beckers et al. 2021). In freshwater lakes,
the highest gas concentrations are usually found below a certain sediment depth (e.g., Kuivila et al.
1989; Thebrath et al. 1993). Thus, the presence of gas explains low BDs in the deeper located
sediment layers and the negative correlation between BD and sediment depth.

By evaluating the variation of correlations over the two depth regions, multiple significant
correlations with 7. can be observed for the region A (0-10 cm) (Table 4 and Figure S2). The
statistical analysis indicates that the erosion resistance of the SBT deposits significantly increases
with sand content and the percentage values (do, dso, and dog) and decreases with contents of
clay, silt, and TOC. These relationships resemble the erosion behavior of non-cohesive sediment
despite the fact that the sediment of the SBT are composed of sufficient fine material to expect
cohesion (Table 2). Thus, the erosion behavior can be explained by the mud/sand ratio, low BDs
due to higher TOC and biologically active sediment, as well as by the weakly consolidated material

in the SBT sediments (see Beckers et al. 2021). In the depth region B (>10 cm), a significant
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positive correlation was only found between the critical erosion threshold 7, ; and BD (R = 0.54;
p < 0.01), further suggesting that the erosion stability increases with BD. However, since the BD

ranges between 0.91-1.11 g cm™3

, as result of organic matter, little consolidation, and the presence
of gas, it is difficult to make any concluding statement. Rather, the findings for the SBT underline
the importance of considering different depth-sequences for weakly consolidated reservoir deposits

since sediment parameters change over depth in a complex and nontrivial way.

Comparison of Functional Relationships between the GBS and SBT Deposits

The overall variation of Pearson’s correlation coefficients (Figure 6) indicates that the functional
relationships between the critical erosion thresholds and the sediment characteristics were stronger
for the region A (0-10 cm) for both, GBS and SBT deposits. The correlations decreased at deeper
sediment layers represented by region B (>10 cm). Furthermore, the SBT sediments showed less
significant and weaker correlations, particularly for the deeper sediment layers (region B >10 cm)
(compare with Table 3 and 4). As a whole, this highlights the complexity in identifying functional
relationships for strongly heterogeneous and biologically active natural sediments, such as from the
SBT, compared to deposits of moderate heterogeneity, such as from the GBS.

In general, the strongest parameter-specific functional relationship with the critical erosion
thresholds was found for the BD. Averaged over all depth regions, the BD yielded the correlation

coeflicients of R ,=0.61 and R, =0.79. Moreover, the clay content (R ,=0.57 and R _;=0.77)

Tc,0
and dyg (R, ,=-0.55 and R;_=-0.76) indicated strong correlations with the erosion thresholds. The
weakest relationship was found for the silt content through all regions, however, the correlation was
still high (R, ,=0.47 and R._(=0.67). These results support various findings reported in previous
studies (Mitchener and Torfs 1995; Panagiotopoulos et al. 1997; Schifer Rodrigues Silva et al.

2018; van Rijn 2020).

LIMITATIONS AND RECOMMENDATIONS
The use of sediment cores for depth-dependent erosion tests is a common practice (e.g., McNeil

et al. 1996; Briaud et al. 2001; Righetti and Lucarelli 2007; Schifer Rodrigues Silva et al. 2018).
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However, the removal of sediment cores from sediment deposits may cause certain types of distur-
bance (see Diick et al. 2019). Through technical measures, coring disturbances can be mitigated
but never fully avoided. For instance, Mclntyre (1971) reported on the necessity to use coring
tubes with a diameter of >0.1 m to overcome sampling problems at the sediment-water interface.
In particular, the escape of gas bubbles from the sediment during coring or core transportation may
disturb the sediment structure. Although, technical methods such as freeze coring preserve the gas
bubbles in the sediment (Diick et al. 2019), freezing and thawing may also alter the sediment struc-
ture, making this method unsuitable for erosion studies. Yet, we are aware that a non-quantifiable
error from core removal and transportation exists in all erosion studies where sediment cores are
employed.

Potential uncertainties arise from the SETEG erosion flume, such as sudden roughness transition
from the smooth bed to the sediment surface, which does not accurately resemble natural conditions
and might affect the flow field. However, similar studies concluded that sudden roughness change
contributes minimally to the overall experimental results (Roberts et al. 2003). In this paper,
we addressed this by selecting a ROI distant from the boundaries through our photogrammetric
approach in order to minimize the boundary effect (also see Beckers et al. 2020). It is, nevertheless,
advisable to technically address this limitation in the future (see, e.g., Le Hir et al. 2008).

Regarding the method of core allocation and data analysis, four limitations must be mentioned:
First, we assume that the BD is as a representative bulk parameter for sediment characteristics to
assign sediment layers to each other for subsequent analyses. We allowed a maximum deviation
of 7.5% between two layers when assigning them to each other. In doing so, we quantified the
error from this frequently used method in sediment research (e.g., Gerbersdorf et al. 2007; Righetti
and Lucarelli 2007). Consequently, a maximum uncertainty interval of +£7.5% can exist. This
may also explain the scatter in the data, particularly in the case of the SBT sediments (see Beckers
etal. 2021). As described previously, some sediment samples could be collected for characterizing
analyses prior to the start of an erosion experiment directly from the SETEG flume. This procedure

should be preferred in principle, but it depends strongly on the sediment characteristics and the
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possibilities to obtain representative samples from the erosion flume. However, in this case, the
sediment characteristics directly correspond to the measured erosion thresholds and no error from
assigning different layers to each other exist (see Beckers et al. 2021).

Second, the procedure to analyze the erosion data for detecting critical erosion thresholds offers
advantages over a visual determination since it works analytically and is thus not biased by different
user opinions. Potential problems arise from the fact that a small flaw in the surface, maybe due
to the vertical slicing (see Beckers et al. 2019), might lead to local sediment movement at the
beginning of an erosion experiment. Since PHOTOSED is very sensitive and detects even small
erosion events (Beckers et al. 2020), this could result in an initial rise of the erosion volume. We
overcome this challenge by applying a pseudo-automatic routine, which requires confirmation by
the operator before a threshold is finally stored, allowing to cross-check the individual frames
in case of ambiguity. Furthermore, we consider two erosion thresholds to consider the multiple
different threshold concepts employed by various authors (see Sanford and Maa 2001; Debnath and
Chaudhuri 2010).

Third, we focused on a collection of promising parameters to describe the sediment character-
istics. Although they encompass physical, chemical, and biological parameters, we do not claim
to have included all relevant parameters (e.g., Berlamont et al. 1993; Grabowski et al. 2011). As
mentioned, parameters such as gas content in the sediment were not considered although it may
affect the erodibility (Jepsen et al. 2000; Lick and McNeil 2001) and must be considered in future
studies on the erodibility of natural reservoir sediments.

Fourth, although our data set was comparably large (see Beckers et al. 2021), it was not
large enough to ensure statistical significance for all considered parametric functional relationships
(Table 3 and 4, Figure 4 and 5).

It is worth noting that we did not intend to provide new equations based on the multi-correlation
analysis conducted for the studied reservoirs. As discussed in the introduction, a considerable degree
of uncertainty exists regarding accuracy and comparability of fitted equations to data in sediment

erodibility estimates, which is due to site-specific sediment properties as well as utilization of
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varying experimental methods and data collection protocols (Sanford 2006). Whilst data sharing
is still minimal within the hydraulic engineering community, it is expected to facilitate controlled
testing and benchmarking of standardized approaches for data analysis and new hypotheses about
cohesive sediment erosion. In this respect, our data includes not only physico-chemical and
biological sediment properties, but also erosion thresholds based on a robust analytical rather than
on a visual determination approach. Several such high quality laboratory and field data are required
for further development of accurate and widely applicable sediment transport models (Bhattacharya
et al. 2005). As suggested by Sanford (2006), it is therefore advisable to increase the data pool and

we welcome if other researchers utilize our data in their work.

SUMMARY AND CONCLUSIONS

In this study, we presented critical erosion thresholds as well as a collection of physico-
chemical and biological sediment characteristics for the deposits of two reservoirs located in
southern Germany, namely GroBer Brombachsee (GBS) and Schwarzenbach reservoir (SBT).
Critical erosion thresholds were evaluated from experimental data obtained with an erosion flume
and an advanced photogrammetric system that can detect and quantify erosion events at high spatial
and temporal resolution. We considered two erosion thresholds (expressed as critical bed shear
stresses) by using a slope criterion applied to the cumulative erosion volume: 1) the threshold
for incipient particle (surface) erosion and ii) the threshold indicating a change in the erosion
behavior/regime. Based on a large data set measured at various depth-dependent sediment layers
(Beckers et al. 2021), we explored the functional relationships between the erosion thresholds and
the evaluated sediment parameters. Based on the presented results, the following conclusions can

be summarized:

1. The GBS sediments were characterized by an increasing bulk density, clay and silt content,
and cation exchange capacity as well as by decreasing contents of sand and total organic
carbon over the sediment depth.

2. The SBT sediments were characterized by a comparatively low bulk density (1.02 g cm™
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on average), with no clear trend of sedimentological characteristics over sediment depth.
Furthermore, the SBT sediments were, in comparison to the GBS sediments, characterized
by lower clay and silt contents and a lower cation exchange capacity, but by higher sand and
total organic carbon contents. In general, the SBT sediments were characterized by high
biological activity.

3. The sediment deposits of the GBS were on average 10 times more resistant against erosion
compared to those of the SBT.

4. For the GBS deposits, strong positive correlations were observed between critical erosion
thresholds and clay content, and to a less extent with bulk density. Strong negative corre-
lations were observed between erosion thresholds and total organic carbon content. The
correlations of erosion thresholds and sediment characteristics consistently decreased over
depth.

5. In contrast, for the SBT sediments, strong negative correlations were found between the
erosion thresholds and the clay content, which can be attributed to the comparatively higher
sand content (by approx. a factor of 6). The increased sand content was strongly associated
with increasing erosion thresholds in the first 10 cm of the sediment core, but this relation
diminished in deeper layers. We attributed this effect to high biological activity in deeper
layers, which complicated the elucidation of clear functional relationships for the SBT

deposits.

Future experimental erosion studies are required to consider more physico-chemical and bio-
logical sediment parameters from different reservoir deposits consisting of various fine sediment
mixtures. This will help to increase the data pool for statistical analysis in pursuit of better under-
standing of the functional relationships between sediment stability and sediment characteristics.
To foster a standardized approach and facilitate the comparison between different studies, multiple
critical erosion thresholds using advanced quantitative methods should be considered, an example

of which was presented in this paper.
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Data Availability
All data generated or used during the study are available in a repository online in accordance

with funder data retention policies (Beckers et al. 2021).

Direct link to the data: (doi.org/10.5281/zenodo.4474529)
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TABLE 1. Overview of removed and analyzed sediment cores

Reservoir No. of Cores Sediment Length (Min-Max) [m] Explored Regions Removal Date

GBS 9 0.49-0.64 3 25-26.09.2017
SBT 13 0.25-0.56 3 06-07.08.2018

SBT = Schwarzenbachtalsperre; GBS = Grofier Brombachsee
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TABLE 2. Overview of main results including critical erosion thresholds and sediment character-
istics of the GBS and SBT deposits. Note: NA denotes “not applicable".

Reservoir GBS SBT
Parameter MIN MEAN MAX MIN MEAN MAX
Tc,0 [Pa] 0.10 243 11.34  0.07 0.28 0.81
T..s [Pa] 032 3.84 1248  0.17 0.38 0.99
BD [g cm ™3] 1.06 1.20 1.46 0.91 1.02 1.11
Clay [%] 458 8.12 1252 2.10 2.94 3.93
Silt [%] 82.30 88.52 93.09 69.35 76.51 82.18
Mud [%] 93.27 96.65 98.65 7171  79.45 85.58
Sand [%] 1.35  3.35 6.72 1442  20.55 28.30
dyo [um] 1.38 1.99 2.92 3.36 4.20 5.34
dso [um] 6.28  8.37 11.38 1741  20.83 25.79
doo [um] 21.96 30.92 40.30 6495 95.09 147.93
TOC [%] 071  2.11 3.70 8.38 11.66 14.73
CEC [cmol kg™!] 71.80 10296 190.96 46.78  79.39 105.29
CHL-a[ugg'l] NA NA NA 40.68 154.05 412.71
EPS-p [ug g7'] NA NA NA 406.06 758.10 1124.39
EPS-c [ug g7 ] NA NA NA 266.33 455.65 739.89
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TABLE 3. Correlation coeflicients between critical erosion thresholds and sediment characteristics

for the GBS deposits separated into depth regions A (0-10 cm) and B (>10 cm). The significance
levels are indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.

GBS A (0-10cm) B (>10cm)
Tc,0 Te,S Tc,0 Te,S
BD[gcm™] 037  0.66%%* 028  0.54%%*
Clay [%] 0.50%  0.72%%*  0.48%  0.38
Silt [%o] 032 040  -040 -0.39
Sand [%] 0 -0.07 0.11  0.20
dio [um] -0.46%  -0.70%%% .0.45%  -0.36
dso [um] -0.44%  -0.66%%* 029  0.49%
doo [um] -0.16  -0.26 029  0.45%
TOC [%] 049  -0.73%% 038  -0.51%
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TABLE 4. Correlation coefficients between critical erosion thresholds and sediment characteristics
for the SBT deposits separated into depth regions A (0-10 cm) and B (>10 cm). The significance
levels are indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.

SBT A (0-10cm) B (>10cm)
Tc,0 Tc,S Tc,0 Tc,S
BD [gcm ™3] 0.03 -0.19 031 0.41*
Clay [%] -0.82%%*  .0,71%* -0.13 -0.14
Silt [%] -0.71%* -0.46  -0.23 -0.19
Sand [%] 0.72%% 0.47 023 0.19
dio [um] 0.74%* 0.66* 0.16 0.15
dso [pm] 0.79%*#*  0.61* 031 0.22
doo [um] 0.62* 0.35 0.16 0.12
TOC [%] -0.70%* -0.47 026 0

CEC [cmol kg™1] -0.26 0.06 0.20 -0.07
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(Beckers et al. 2019).

40



2 > > 2 ? D 00 oD O oD o0 QP o o
'f«\Q <o°Q %\Q \%Q @\Q \QQ < @Q AT \,\Q AR R

N
«10% N N N N “ 104 O Qq/ D 0 NN v q,@ nﬁ’
— ‘ ‘ T _ 357 ‘
mE 1 (")E
1
S / 3t
E 2 ' E
£ ' Eos
=] y 5 490
3150 | 5 Togdala
zZ X Z ol first derivative
,é ‘f: _é linear data fit
S 1t 95' ©15¢+ Te0
o ' o - Tes
[0] ! o 1+
© ! ©
S05f W 1 S
E / ;: E05
o i A o
0 600 1200 1800 2400 3000 0 600 12001800240030003600420048005400
A Time [s] B Time [s]
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Fig. S1. Multivariate correlations between analyzed sediment parameters and critical erosion
thresholds of the GBS deposits for the depth region A (0-10 cm) and B (>10 cm). The distribution
of each variable is displayed as a histogram on the diagonal axis with an overlaid kernel density
estimation. Below the diagonal axis, the scatter plots with fitted lines are displayed. Above the
diagonal axis, the correlation coefficients and significance levels (p-values) of the relationship are
indicated by the symbols *** (p =0 - 0.001), ** (p = 0.001 - 0.01), * (p =0.01 - 0.05), and ® (p =
0.05 - 0.10).
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Fig. S2. Multivariate correlations between analyzed sediment parameters and critical erosion
thresholds of the SBT deposits for the depth region A (0-10 cm) and B (>10 cm). The distribution
of each variable is displayed as a histogram on the diagonal axis with an overlaid kernel density
estimation. Below the diagonal axis, the scatter plots with fitted lines are displayed. Above the
diagonal axis, the correlation coefficients and significance levels (p-values) of the relationship are
indicated by the symbols *** (p =0 - 0.001), ** (p = 0.001 - 0.01), * (p =0.01 - 0.05), and ® (p =
0.05 - 0.10).
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