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voor hun interesse en behulpzaamheid.

Last but definitely not least, mijn lieve Jantine. Jouw Friese down-to-earth men-
taliteit heeft me zeer geholpen om thuis mijn werk even te vergeten en te genieten.
Jouw aanwezigheid heeft mij rust gebracht en maakt me zo gelukkig dat ik iedere dag
met een goed gevoel aan mijn promotie-onderzoek kon werken. Ik wil je bedanken
voor alle mooie momenten samen en de liefde die je mij geeft.

Wout van Dijk
Utrecht, May 2013

13





1 General introduction

1.1 Context

Natural rivers have distinctive planforms such as braided and meandering (Figure 1.1;
Leopold and Wolman, 1957; Schumm, 1985). Braided rivers are characterized by
multi-thread channels distinguished by bars, whereas meandering rivers are charac-
terized by a single-thread system and have a sinuous channel. Leopold and Wolman
(1957) emphasized that there is a continuum of river patterns instead of a hard dis-
crimination threshold between braided and meandering.

River morphology develops by sediment transport, deposition of sediments and
sediment erosion. Continuous deposition of sediments results in floodplain construc-
tion, while erosion processes destroy the floodplain. Besides deposition of sediments
ecosystems develop along the river. Vegetation increases hydraulic resistance and
captures sediment, while the roots increase bank strength and control the erosion
of the floodplain. The development of rivers is also important for society. Rivers
migrate and form fertile land which is occupied by humans, while the river channel
is used as transport route or natural defense. The understanding of the development
of different river patterns is urgently needed to predict the rivers’ response to natu-
ral and man-induced changes in forcing, e.g. climate change, land use change, river
restoration and flood mitigation works.

Why different river patterns emerge is only qualitatively understood. Several
studies ascribe the transition between braided and meandering to the vegetation
cover in the river plain. The presence of vegetation determines bank erosion (Eaton,
2006) and sedimentation of fines (Gurnell et al., 2000), and is largely controlled by
climate and soil conditions (e.g., Millar, 2000; Gibling and Davies, 2012). For example,
along with the transition from glacial to interglacial climate and the development of
vegetation, river patterns show a transition from braided to meandering, which is
observed for the Rhine-Meuse delta (e.g., Vandenberghe, 2003; Erkens et al., 2011).
Nevertheless, geomorphologic evidence of meandering rivers has been found on Mars
where vegetation cannot have played a role (Figure 1.1; Howard, 2009).

Many individual fluvial processes are relatively well understood when considered
in models, but their combined effect on river patterns remains hypothetical. Braided
rivers emerge when banks are weak (Parker, 1979; Paola et al., 2001) whereas mean-
dering rivers emerge for stronger banks (Hey and Thorne, 1986; Parker et al., 2007).
Vegetated banks and cohesive floodplains provide bank strength, which determines
the channel width-depth ratio. Wide channels lead to formation of mid-channel bars,
which are associated with braided rivers, whereas narrow channels lead to alternate
bars (Struiksma et al., 1985; Camporeale et al., 2007). Alternate bars, in turn, de-
termine the bank erosion pattern, i.e. bank undercutting and mass wasting in pools
between the alternate bars (Thorne and Osman, 1988; Darby et al., 2000, 2007),
which may lead to meander development and a meandering river pattern. Extensive
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Figure 1.1 (Caption next page. Scan with Layar App.)
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Figure 1.1 (Previous page.) Examples of rivers with various channel patterns, from
braided until meandering. From top to bottom: Rakaia River, New Zealand (braid plain);
Tagliamento River, Italy (braid plain); Allier River, France (meandering with chutes); White
River, USA (meandering with scrolls); and edge of the Aeolis Planum, Mars (relict meanders
with chute cutoffs). Source: Google, DigitalGlobe and NASA.

lateral migration of the channel leads to the development of lower floodplains which
are occupied during chute cutoffs and are associated to the onset of braiding as well
(Friedkin, 1945).

The understanding of how distinctive river patterns emerge, comes from field
observations, numerical models and experiments. Observations, experiments and
models represent nature in different ways and have different weaknesses and strengths,
but they are complementary and should be combined where possible (Kleinhans,
2010). The transition between braided and meandering rivers often occurs over a
longer timescale than the timescale of human observations. This means that field
observations in this context are of limited use, but they were useful to formulate
hypotheses for this transition. Classical descriptors for channel patterns based on
field observations are therefore not conclusive, while generic experimental setups or
physic-based numerical models can not produce all patterns yet.

Flume experiments are a common approach to reproduce phenomena observed in
the landscape. It is an adequate way to obtain insights of what effect different initial
and boundary conditions have on, for example, river patterns. Earlier experiments
illustrate that it prove to be very difficult to reproduce self-formed dynamic mean-
dering in the laboratory (Paola et al., 2001). The difficulty to reproduce meandering
in the lab could be a result of scale issues but also be due to lack of understanding
meander formation.

1.2 Aim and general research question

The aim of this work is to determine the necessary and sufficient conditions that
results in meandering. Also, the specific roles of cohesive sediments and vegetation are
evaluated herein. The working hypothesis is that with increasing bank strength, e.g.
due to cohesive fines or vegetation, channel width-depth ratio remains low. In turn,
low channel width-depth ratios lead to formation of alternate bars, where opposite
bank erosion leads to bend growth. Furthermore, the interaction between channel
dynamics and floodplain construction and destruction could lead to the formation
of a meandering river. I conduct several experiments and test the effect of different
floodplains, characterized by cohesive sediments or with a vegetation cover, on the
formation of a meandering river. In relation to the general aim, the overall research
question of the thesis is:

How does the interaction between channel dynamics and floodplain characteristics
lead to the development of different river patterns?
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The overall research question is elaborated through a series of sub-questions, which
are presented in section 1.5.

1.3 River pattern development and controls

This section is devoted to river patterns and how they emerge as the result of chan-
nel dynamics and floodplain construction and destruction. This review is divided in:
1) classification of river patterns, 2) discussion of existing theory on meander develop-
ment, 3) the role of bank strength in meandering rivers, 4) the retardation of meander
growth by chute cutoffs, and 5) the role of floodplain construction in maintaining a
meandering river.

1.3.1 Channel pattern classification

Many qualitative classifications have been established to predict different channel
patterns over the past decades (e.g., Leopold and Wolman, 1957; Schumm, 1985).
Characteristics of hydraulic geometry and stream power, river width and channel
planform have empirically been related to flow discharge, channel slope and a repre-
sentative bed sediment diameter (Parker, 1979; Hey and Thorne, 1986; Van den Berg,
1995; Church, 2006; Parker et al., 2007; Kleinhans and Van den Berg, 2011). The re-
view of Kleinhans (2010) provides two hypothetical explanations for channel pattern:
1) pattern changes with flow strength; 2) pattern changes with sediment supply.

The first explanation for channel patterns is that channel pattern changes from
braided to meandering due to decreasing flow strength. Accordingly, many discrimi-
nators between braiding and meandering rivers are proposed that are based on flow
strength (Leopold and Wolman, 1957; Ferguson, 1987; Van den Berg, 1995). Flow
strength is determined by the channel-forming discharge and energy gradient, i.e.
unit stream power.

The second explanation for channel patterns depends on the sediment supply and
properties (Ferguson, 1987). A change in supply of bed sediment provokes changes in
the channel pattern. Overloading of the river results in braiding, whereas sediment
reduction leads to incision of the river and promotes meandering (Church, 2006).
Nevertheless, braided and meandering rivers are also found in equilibrium situations
between sediment load and discharge.

Both classical explanations have uncertainties of what exactly the necessary pa-
rameters and deterministic characteristics of channel patterns are (cf. Kleinhans,
2010). For instance, the field determination of flow conditions, e.g. channel width,
depth and gradient, and modifications of the necessary parameters have been estab-
lished by different researchers and are somewhat subjective to what they identify as
formative conditions. This leads to differences in the relation between flow strength
and channel pattern. Therefore, in the pattern classification of Kleinhans and Van den
Berg (2011) (Figure 1.2) the flow strength is given as a potential specific stream power,
which is based on the predicted width, in relation to the median grain size. Still, there
is no agreement on what the characteristics for braided and meandering rivers are,
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Figure 1.2 River patterns subdivided from braided to meandering to straight, i.e. laterally
immobile and is plotted with bar pattern. The river patterns are given by potential specific
stream power, which is based on valley gradient and predicted width, related to the median
grain size. After: Kleinhans and Van den Berg (2011).

e.g. the number of bars, vegetation on bars and the sinuosity of the channel. There-
fore, classical explanations stress that there is a morphological continuum, but this
still leaves unclear what causes the difference in river patterns.

1.3.2 Bar and bend formation

Kleinhans and Van den Berg (2011) related empirical predictors of channel patterns
to bar patterns (Figure 1.2) and bar theory predictors. Linear stability analysis, i.e.
bar and bend instabilities, describes the effect of channel dimensions, i.e. width-depth
ratios, on presence of bars and bar mode. Increasing potential-specific stream power
implies more energy to erode banks, which is related to higher channel width-depth
ratios and more bars in lateral direction.

According to the linear stability analysis, i.e. a simplified analytical solution
for the physics of flow and sediment transport, meandering could theoretically form
from a straight channel configuration (Blondeaux and Seminara, 1985). The straight
channel will be unstable over the course of time. Irregularities in the channel bed,
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i.e. bar instability, and irregularities in the channel planform, i.e. bend instability,
lead to bar and bend formation (Ikeda et al., 1981; Lanzoni and Seminara, 2006;
Seminara, 2006). Consequently, a perturbation of an initially straight channel grows
to form bars and bends in the channel. When banks of a river consist of the same
non-cohesive sediment as the bed, banks will erode, so that the river becomes wider
and shallower (Crosato and Mosselman, 2009; Kleinhans and Van den Berg, 2011).
Channel widening results in high with-depth ratios and mid-channel bars emerge,
while when the width-depth ratio is low alternate bars form. Alternating erosion
of the bank is balanced by sediment deposition on the opposite side of the channel.
The bar instability response of the channel can result in a planform perturbation
due to bank erosion, which then leads to planform irregularities, i.e. bend instability
(Blondeaux and Seminara, 1985; Crosato et al., 2011). The typical wavelengths of the
bars and bends resonate at a specific width-depth ratio, in which case non-migrating
alternate bars form. Eventually, the growth of the alternate bars results in increased
bend amplitude and sinuosity: a meandering channel pattern emerges (Figure 1.3).

The dynamics of a meandering river are determined by the nature of the bend
instability. Theoretically, this instability is absolute or convective. Convective insta-
bility occurs when the perturbation, located at some initial position in the channel,
is sustained over time. The convective instability affects the planform only in a single
direction. Absolute instability, however, develops when the perturbation is triggered
only at some initial time and then ceases. The direction of the convection is deter-
mined by resonance conditions: for relatively low width-depth ratios the instability
is sub-resonant and convects in downstream direction, while for high width-depth
ratios the instability super-resonant and convects in the upstream direction. Lanzoni

migrating free bars with erodible banks

non-migrating bars with erodible banks

flow

flow

Figure 1.3 Formation of alternate bars. a) If bars are migrating and banks are erodible,
the channel tends to widen. b) If bars are non-migrating and banks are erodible, opposite
bank erosion initiates meandering. After: Crosato et al. (2011).
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and (b and d) periodic boundary conditions upstream (b) and downstream (d). After
the initial perturbation the upstream (a) or downstream (c) reach recovers to the initial
straight configuration, whereas the continuous perturbation leads to a significantly different
planform. The perturbation for the absolute instability (e) affects the entire domain. After:
Lanzoni and Seminara (2006).

and Seminara (2006) and Camporeale and Ridolfi (2006) showed that bend insta-
bility is mostly convective in nature, which for sub-resonant rivers implies that an
upstream boundary must continuously be perturbed to maintain dynamic meandering
(Figure 1.4). Bar and bend instabilities indicate that meander bends and meander
dynamics are determined by low width-depth ratios, which is controlled by bank
erosion processes.

1.3.3 Bank stability and erosion

Meandering is determined by bank stability and bank erosion rate, which is related to
bank properties. Channel width in meandering rivers are low, due to stronger banks.
Bank erosion processes occur as follow for stronger cohesive banks; first, the bank is
undercut by the water flow at the base and bottom part of the banks; subsequently,
bank retreat occurs by mass failure of the bank (Figure 1.5 left, Darby et al., 2000,
2007; Simon et al., 2000; Simon and Collinson, 2002; Nardi et al., 2012). Then,
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Figure 1.5 Conceptual sketch of the evolution of a cohesive bank (left) and a non-cohesive
bank (right), where banks are protected at the bank toe by eroded bank sediment. After:
Nardi et al. (2012).

cohesive sediment slumps settle at the bank toe and protect the bank against fast
erosion (Thorne, 1982; Parker et al., 2011). Changes in the bank profile results in a
shift of the locus of the high flow velocity to the downstream direction, which reduces
the shear stress acting on the bank (Kean and Smith, 2006a,b; Darby et al., 2010).
For less cohesive banks, erosion is gradual, sediment deposits at the bank toe and is
transported downstream (Figure 1.5 right).

Vegetation and cohesive sediments increase bank stability. Riparian vegetation
has an engineering effect, i.e. controlling and influencing morphology along rivers.
Vegetation increases the hydraulic resistance (McKenney et al., 1995; Baptist, 2003;
Gurnell and Petts, 2006; Bennett et al., 2008), increases bank strength through root
systems (Pollen and Simon, 2005; Eaton, 2006; Pollen-Bankhead et al., 2009), de-
creases the effective bottom shear stresses (Millar, 2000; Abernethy and Rutherford,
2001) and increases sediment deposition (Hickin and Nanson, 1984; Gurnell et al.,
2000). The heterogeneity of a floodplain by vegetation patterns and sediment com-
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Figure 1.6 Sketch of the water flow direction and the development of a meandering bend
with a chute cutoff. The chute and scroll bar are related to the bend and hydrodynamics.
Where the chute bar is in front of the chute channel, but in the event of a chute cutoff the
chute bar is eroded. After: Kleinhans and Van den Berg (2011).

position results in differences in bank strength and determines the shape of meander
bends (Motta et al., 2012).

High bank stability leads to sharper bends. In sharp bends, a smaller counter-
rotating cell develops near the outer bank, which leads to a reduction of the flow
strength and probably a reduction in bank erosion (Blanckaert and Graf, 2001; Blanck-
aert, 2011). In very sharp bends, flow separates from the inner bend and directly at-
tacks the outer bank, which leads to a very different bank erosion and bar formation.
This style is likely associated with channels with relatively strong banks and not with
dynamical meandering (Ferguson, 1987; Kleinhans et al., 2009).

1.3.4 Bend cutoffs

Bend cutoff is a non-linear process, which is not considered in the linear stability
analysis to explain the formation of a meandering river. The classification of channel
patterns (Kleinhans and Van den Berg, 2011) suggests a close association of chute
cutoffs with meandering river styles at the transition with braiding. Understanding
the stability of the bifurcate meander bends may yield insight into controls on chute
cutoff, and the transition between braided and meandering rivers (Grenfell et al.,
2011; Kleinhans and Van den Berg, 2011). Bend development and sinuosity growth
are limited by the occurrence of cutoffs (Figure 1.6) and channel adjustment following
the cutoff (Howard, 1984, 1992; Stölum, 1996; Camporeale et al., 2005). Recently,
significant progress towards understanding the dynamics of chute cutoffs has been
made (Constantine et al., 2010b; Micheli and Larsen, 2011; Grenfell et al., 2011),
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while the advance in morphodynamic modeling of these ’bifurcate meander bends’
is still waiting (Zolezzi et al., 2012). The development of a chute channel could be
the initiation of a multi-thread system, i.e. braided river, when the main and chute
channel both remain open.

The dynamics of a chute depend on the division of flow and sediment in the channel
and over the floodplain. At the upstream end of the chute cutoff, a bifurcation forms
where water and sediment is divided into the two downstream branches. The division
of water discharge and sediment load between both branches can change over time as
a result of adjustment of the branches, e.g. channel widening. Eventually, when the
sediment-transport is not equally distributed over both downstream branches, one of
the branches will close (Constantine et al., 2010a; Kleinhans et al., 2011).

An upstream bend leads to a disequilibrium between water and sediment parti-
tioning at the bifurcation (Kleinhans et al., 2008). Helical flow in a meander bend
transports the sediment to the inner bend branch. The process of chute cutoff is
complicated due to floodplain characteristics, i.e. sediment composition, floodplain
elevation, and the presence of vegetation. Furthermore, there are few observations
that describe the development of chute cutoffs in natural rivers. Therefore, numerical
models and experiments are useful for a general understanding of the initiation and
dynamics of these chute channels and how meandering is remained even after cutoffs.

1.3.5 Floodplain construction

Sediment erosion by bend migration and cutoff is balanced by deposition of sediment
forming new floodplains and determines erosion rates after the initial development of
meander bends. Extensive erosion results in a threshold braided channel where the
river is so wide and shallow that both banks and bed are barely mobile (Parker, 1978).
In meandering rivers, lateral migration of the channel leads to erosion of the higher
outer bank, while lateral accretion and floodplain construction on the inner side of
the bend occur on lower elevations. The effect is that floodplains become lower, i.e.
floodplain shaving (Lauer and Parker, 2008). The process of floodplain shaving and
channel extension results in local differences between erosion and deposition. This
difference is balanced by overbank deposition or by filling depressions, i.e. aban-
doned channels (Lauer and Parker, 2008). Meandering rivers are known to develop
in a clayish cohesive floodplain (Gibling and Davies, 2012). Floodplains of silt and
clay are constructed during floods (e.g., Middelkoop and Asselman, 1998) with more
deposition near the channel and a general decrease of fine deposition with increasing
distance from the channel (e.g., Walling and He, 1997; Törnqvist and Bridge, 2002).

Construction of a new floodplain can occur in the form of different architectural
deposits. The first floodplain deposit is formed by lateral point bar accretion of
scroll bars that form a sand-sized body in the inner side of the bend (Figure 1.7;
Nanson and Croke, 1992). On top, overbank deposition of finer material completes
the new floodplain (Figure 1.8; Jackson, 1976; Nanson, 1980). This floodplain consists
of varying grain-sizes and is mostly occupied during high flow stages (Nanson and
Croke, 1992). The scroll bars remain visible in the landscape as ridges and swales
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Figure 1.7 Scroll bars in natural systems. a) The scroll ridges and swales are visible in the
Digital Elevation Model of the river IJssel, The Netherlands. b) Vegetation patterns reveal
scroll ridges and swales in the river Koyukuk, Alaska. Source: Actueel Hoogtebestand
Nederland and Bing Maps, DigitalGlobe.

(Figure 1.7a), and associated vegetation patterns (Figure 1.7b). The second floodplain
deposit is formed by overbank flow on the outer bank and forms vertical-accretion
on top of the existing floodplain (Figure 1.8; Nanson and Croke, 1992), e.g. levees
and splays (Figure 1.8; Brierley et al., 1997; Cazanacli and Smith, 1998). The splays
can build out forming crevasses, but may also lead to avulsion (Pérez-Arlucea and
Smith, 1999). Overbank sedimentation produces a floodplain that consists of a non-
cohesive bed with a cohesive layer on top. A third floodplain element is formed in
abandoned channels when they are filled by a thick layer of cohesive material, e.g.
clay or peat. At the upstream and downstream end of a residual channel, sediment
deposition consists of relatively coarse sediments building a plug bar (Toonen et al.,
2012). After disconnection of the subsidiary channel, finer sediments fill the remaining
depressions (e.g., Lewis and Lewin, 1983).

Overbank flow leads to deposition of fine material on the floodplain, so that flood-
plains become higher in elevation and balance the local difference between erosion and
deposition of the migrated channel. A key component to capture these fine sediments
and build new floodplain is vegetation. Vegetation seeds can be distributed by wind
or by water. Water dispersal of seeds is called hydrochory (Nilsson et al., 2010). The
growth of vegetation leads to sediment trapping (Gurnell and Petts, 2002; Baptist,
2003; Bertoldi et al., 2011) and, in turn, aggraded surfaces support further coloniza-
tion and succession of vegetation (Geerling et al., 2006; Corenblit et al., 2009; Gurnell
et al., 2012). The success of vegetation establishment is determined by both biotic
(seed dispersal and succession) and abiotic (sediment types, uprooting and substrate)
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Figure 1.8 Illustration of several floodplain elements, e.g. vertical-accretion and lateral-
accretion, and floodplain erosion surfaces, e.g. cutbanks and channel incision. After: Miall
(1985).

or hydrologic (floods, drought and burial) factors (Gurnell and Petts, 2002). In gen-
eral, the duration and level of inundation (hydroperiod) control the spatial expansion
of vegetation along a river reach (Bertoldi et al., 2011), determine the distribution
of vegetation seeds (Edwards et al., 1999), and affect the riparian vegetation pattern
(Osterkamp and Hupp, 2010). How the floodplain construction and vegetation distri-
bution leads in to cohesive banks and sustains a dynamic meandering river remains
hypothetical.

1.4 Experimental studies

Earlier experiments studied the development of distinctive channel patterns. Braided
channels are relatively easily reproduced in laboratory experiments (Ashmore, 1991b).
This experiment demonstrate that braiding intensity increases for channel slope, dis-
charge and stream power. An increase of bedload sediment input causes aggradation
and increases braiding intensity. The braided river from Ashmore (1991b) is very
dynamic and leads to channel widening which results in formation of mid-channel
bars. Furthermore, a braided river is dominated by chute cutoffs (Federici and Paola,
2003). The development of bars and cutoffs results in multiple branches where wa-
ter and sediment flow bifurcate. The bifurcations in the braided river network are
mostly unstable when the flow field is characterized by a low sediment mobility and a
non-uniform flow upstream of the bifurcation (Federici and Paola, 2003, Figure 1.9b).
Furthermore, the erodible banks of the downstream branches result in an equilibrium
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Figure 1.9 Examples of experimental rivers, from braided until meandering. a) Braided
river with increased sediment feed rate (Egozi and Ashmore, 2009). b) Braided river with bi-
furcations (Federici and Paola, 2003). c) Static perturbation initiated incipient meandering
that became braided (Friedkin, 1945). d) Static meander thalweg formed in an experiment
with cohesive material on top of the banks (Schumm and Khan, 1972). e) Incipient mean-
der was cutoff by chutes (Parker, 1979). f) Addition of vegetation resulted in a wandering
pattern with meander bends (Tal and Paola, 2010). g) Meandering was sustained when
vegetation captured light-weight sediment in the chutes (Braudrick et al., 2009). h) A me-
ander bend formed in slightly cohesive silts (Peakall et al., 2007). i) Highly-sinuous static
meanders in a cohesive floodplain (Smith, 1998). Scan with Layar App.

configuration that depends mainly on the widening ratio of the channel. Another
experiment shows that the channel dynamics in braided rivers are mostly controlled
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by, local dynamics and asymmetry of bifurcations and avulsions (Egozi and Ashmore,
2009, Figure 1.9a).

To control channel dynamics and limit the development of a wide channel, as-
sociated with mid-channel bars, experiments aimed to develop a meandering river
stabilized the banks. Experiments that created a cohesive floodplain can be subdi-
vided into three sets of approaches. First, Friedkin (1945, Figure 1.9c), Schumm and
Khan (1972, Figure 1.9d), Jin and Schumm (1987) and Smith (1998, Figure 1.9i)
produced meandering channels in cohesive sediment. These experiments demonstrate
that the strength of the banks is a crucial factor to develop a meandering river. These
experiments used clay material that for experimental conditions formed too cohesive
banks to allow channel migration. This is not surprising, because clay has strengths
of the order of several kilo-Pascals, whereas the flow shear stress in nature is of the
order of several Pa and less in the laboratory.

Second, Peakall et al. (2007, Figure 1.9h) produced one spectacular meandering
channel, whereby less cohesive silt added strength to the banks. Many features of
meandering rivers were observed in the single bend that developed, such as lateral
migration, point bar formation and chute cutoff. Nevertheless, meandering was lim-
ited to one single bend until a chute cutoff occurred. Third, alfalfa seeds added to
a braided experimental river in a non-cohesive bed (Gran and Paola, 2001; Tal and
Paola, 2007) resulted in a single-thread sinuous channel with some characteristics of
meandering, such as bend migration and cutoffs for one of the channels. (Tal and
Paola, 2010, Figure 1.9f).

The experiment of Braudrick et al. (2009, Figure 1.9g) shows spectacular results of
a sustained meandering river with decreasing dynamics for higher intensity vegetation.
Vegetation seeded on the floodplain decreased bank erosion when the initially straight
channel migrated laterally. Vegetation led to meandering due to the combined factors
of: reduction of flow strength by hydraulic resistance, increasing strength of eroding
banks, and filling abandoned channels and lows by capturing lightweight floodplain
sediment, so that multiple channels and reoccupation were prevented. The relatively
strong vegetation in the experiments, however, dramatically reduced channel dynam-
ics and lateral migration of the channel.

Increased bank stability leads to channel dimensions that promote the develop-
ment of alternate bars. In experiments, however, it was never obtained that a straight
channel evolved into a dynamically meandering river. Straight channel alignment with
a low width-depth ratio results in the formation of alternate bars (Figure 1.9i, Parker,
1979) and opposite bank erosion results in a pseudo-meandering river (Visconti et al.,
2010). Floodplain formation in these experiments was limited, so that after chute
cutoffs occurred, the channels became wide and shallow, leading to the development
of a braided river (Parker, 1976; Federici and Paola, 2003).

To initiate meandering, earlier experiments started with a static planform per-
turbation (e.g., Figure 1.9c). The initial perturbation was an inflow of water and
sediment at a fixed angle to the valley gradient (Friedkin, 1945; Schumm and Khan,
1972; Peakall et al., 2007; Braudrick et al., 2009) and led initially to higher sinuous
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meanders. However, when cutoffs occurred the dynamic meandering pattern did not
sustain.

The question thus remains how to develop a natural meandering river in the lab,
which is dynamically meandering by continuous creation, expansion, translation and
cutoff of meander bends. Furthermore, it has remained unclear how the interaction be-
tween channel dynamics, sedimentation and vegetation lead to a cohesive floodplain,
and how does the interaction leads to the development of a dynamic meandering
instead of a braided river.

1.5 Specific research questions and thesis outline

The general research question formulated in relation to the aim, scope and focus of
this thesis How can feedback between channel dynamics and floodplains lead to the
development of distinctive experimental channel patterns? is elaborated through a
series of sub-questions, which are answered in the individual chapters of this thesis.

1. Is the lack of understanding of dynamic meandering in experiments a scale issue?
Prior experiments showed that bank stability is a key process in the development
of meandering rivers in the lab. However, these experiments are limited to either
non-cohesive floodplains or too cohesive floodplains. In Chapter 2, I describe how
traditional scaling rules are used in reproducing landscape experiments. Further-
more, this chapter provides pilot experiments that were conducted to understand the
influence of cohesive fines and vegetation on bank stability. Chapter 2 shows several
bank erosion tests, floodplain construction tests by performing small-scale ’delta’ ex-
periments and the interaction between floodplain destruction and construction in a
small-scale pilot river setup. These experiments were conducted for understanding
the scaling issues.

2. What is the effect of an imposed perturbation upstream of the experimental chan-
nel on meander development and how will this work in natural rivers?

Earlier experiments resulted in meander dynamics that decreased over time. Accord-
ing to linear stability analysis, bend instabilities in meandering rivers are convective
in downstream direction. Therefore, I conceived the idea of a sustained perturbation
that simulates meander bends migrating into the reach of interest, here the flume,
instead of an initial fixed perturbation (Chapter 3).

3. What is the role of chute cutoffs, i.e. initiation and development, in sustaining
a meandering river pattern?

The transition between braided and meandering is gradual. This transition is char-
acterized by the initiation and development of chute cutoffs. Chute cutoffs are less
frequently observed and studied in natural rivers, whereas chute cutoffs resulted in a
braided river in most earlier experiments. Chute cutoffs retard meander growth and
decrease sinuosity. In Chapter 4, I present the outcomes of a numerical model, where
I studied the controls for initiation and development of chute cutoffs. Furthermore, I
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compare the processes with observations from field and experiments.

4. What is the effect of the development of vegetation patterns on the river pattern?
Vegetation increases bank stability, so that a meandering river is sustained. The
difference between wind and flow dispersed vegetation results in different vegetation
patterns on the floodplain. In Chapter 5, I test what the effect of these two vegetation
patterns is on the meander planform. I compare the effect on channel dynamics of
vegetation that is uniformly distributed on the floodplain to an experiment where
vegetation seeds are distributed by the flow during floods.

5. How does floodplain construction and destruction lead to a sustained dynamic
meandering river?

Chapter 6 shows how cohesive fines construct a heterogeneous floodplain of several
architectural elements and how the self-formed floodplain results in sustaining a dy-
namic meandering river. I compare the results to an experiment without the addition
of cohesive fines.

The last chapter of this thesis (Chapter 7) summarizes my answers to the general
research questions and the sub-questions. The conclusions of the individual chapters
are combined to a general understanding of the interaction between channel dynam-
ics and floodplains for meandering rivers. These conclusions inspired new research
questions, which are discussed in the final section of Chapter 7.
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2 Scaling of river morphodynamics

Based on: Kleinhans, M.G., Van Dijk, W. M., Van de Lageweg, W. I.,
Hoyal, D. C. J. D., Markies, H., Van Maarseveen, M., Roosendaal, C.,
Van Weesep, W., Van Breemen, D. M. O., Hoendervoogt, R., Cheshier,
N. (submitted), Quantifiable effectiveness of experimental scaling of river- and delta
morphodynamics and stratigraphy. Submitted to Earth-Science Reviews.

Abstract

Laboratory experiments to simulate landscapes and stratigraphy often suffer from scale

effects, because reducing length- and time scales leads to different behavior of water and

sediment. Classically, scaling proceeded from dimensional analysis of the equations of mo-

tion and sediment transport, and minor concessions such as vertical length scale distortion

led to acceptable results. In the past decade many experiments were done that seriously

violate these scaling rules, but nevertheless produced significant and insightful results that

resemble the real world in quantifiable ways. Here we focus on self-formed fluvial channels

and channel patterns in experiments. The objectives of this chapter are 1) to establish a

design strategy based on a combination of classical scale rules and small-scale experiments

focused at specific processes, and 2) to assess what scale effects are present in such ex-

periments. We present a number of small laboratory setups and protocols that we use to

quantify and design morphodynamics and potential scale effects for depositional or erosional

conditions, and for more detailed properties such as effective material strength. Strength of

floodplain material determines channel dimensions, which in turn determines the channel-

ization tendency and channel pattern. We show how floodplain formation can be controlled

by adding silt-sized silica flour, bentonite, Medicago sativa (alfalfa) or Partially Hydrolyzed

PolyAcrylamide (a synthetic polymer) to poorly sorted sediment. The experiments demon-

strate that there is a narrow range of conditions between no mobility of bed or banks, and

too much mobility. The experimental setups and protocols presented here can optimize de-

sign and tune experiments aimed at reproducing and studying dynamical and channelized

systems.

2.1 Introduction

Experiments to simulate landscapes and stratigraphy at the lab scale have been used
for more than a century (Reynolds, 1887). Experiments have two advantages over
real-world data, namely full control over the initial and boundary conditions, and
a much faster evolution so that it can be witnessed and recorded. Experiments
also have advantages over numerical modeling, namely materiality: the materials
and processes at work in the experiment are real as in the real world, unlike those
in numerical models that are virtual (Paola et al., 1992; Morgan, 2003; Kleinhans
et al., 2005). Even if such models are based on the laws of physics, these remain
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Figure 2.1 Schematic view (after Peakall et al., 1996) of the balance between scales and
scale problems in replicating prototypes, i.e. the natural system that is targeted. Here we
address river models at a scale between distorted scale models and analogue models.

dependent on choices about the included physics, specification of boundary conditions
and resolution, and numerical issues related to discretization and propagation of errors
(Oreskes et al., 1994; Kleinhans et al., 2005). However, landscape experiments have
a major disadvantage: the length- and time-scales cannot be scaled down perfectly
(Yalin, 1971).

This chapter addresses scale effects for self-formed rivers and deltas with erodible
banks at smaller scales than distorted scale models and larger scales than analogue
models (Figure 2.1). Traditionally, rivers with fixed banks were down-scaled to the
laboratory through dynamic similarity of flow and sediment mobility expressed in
dimensionless numbers (Reynolds, 1887; Yalin, 1971; de Vries et al., 1990; Hughes,
1993). Similarity scaling has been a tremendously powerful measurement-, analysis-
and prediction tool for scientific study and engineering. The strong emphasis on
the scale rules was justified for these purposes, particularly some decades ago when
numerical models and computer power were limited. However, rigidity in the adher-
ence to these scale rules have also impeded scientific progress on experiments covering
much larger spatial and temporal scales in smaller experimental facilities (Paola et al.,
2009). Yet spectacular results with patterns and dynamics surprisingly similar to na-
ture were obtained in setups that violate the classical scaling rules in many ways (e.g.,
Tal and Paola, 2007; Malverti et al., 2008; Kraal et al., 2008; Braudrick et al., 2009;
Hoyal and Sheets, 2009, Chapter 3).

But how can we be reasonably certain that these experimental results represent
nature when the scale rules are violated? One approach has been not to “care that
specialists in sediment transport have declared that the movable-bed scale models
are wrong; so, just like the bumblebee who goes on flying even though it has been
declared aerodynamically impossible for him to do so, [we] keep using the movable-
bed scale model, and most of the time with great success.” (Le Méhauté, in Hughes,
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1993, p. 245). Indeed, several authors have discussed how well very small-scale ex-
periments reproduce spatial patterns and dynamics of natural systems (Paola et al.,
2009), even if the flow is fully laminar (Malverti et al., 2008) or hydraulically smooth,
which suggests that flow turbulence is of limited importance for morphological pattern
formation. Progressing from such successes, Paola et al. (2009) review and propose
various fruitful ways of studying and quantifying similarity between experimental and
natural system, once the experiment has been done.

The fundamental problem we address here is that similarity scaling has worked
well for rivers with fixed banks and for braided gravel-bed rivers (e.g., Ashworth
et al., 2004), but cannot straightforwardly be applied when characteristic (e.g., bank-
full) width is a dependent parameter in self-formed channels. The reason is that no
convenient theory is available to scale bank erosion rate and floodplain sedimentation,
because this involves many more processes than the flow and sediment transport on
channels and bars. Yet the balance of bank erosion and floodplain sedimentation de-
termines channel width and channel pattern (Ferguson, 1987; Kleinhans, 2010). As a
result, experimental design of self-formed rivers and deltas is usually based on many
trials and costly errors, which may or may not give us interesting results.

The first objective of this chapter is to identify which traditional scaling rules
must be adhered to in order to produce the phenomenon of interest and which rules
can be relaxed. Furthermore, we will use bar theory to assess potential scale effects
on bar dimensions and, for instance, the transverse bed slope in curved channels
to quantify the link between morphodynamics and the resulting stratigraphy. The
second objective is to present a set of simple, small and fast experiments that isolate
processes of floodplain sedimentation, bank erosion and bank failure at a similar scale
as large landscape experiments but for a much smaller area so that they can be done
much faster. We use these experiments to constrain the conditions and materials most
likely to work well in a large setup and compare these to conditions and materials
used in other reported experiments, and this set of experimental setups may inspire
other test setups.

2.2 Similarity scaling, scale effects and design

The ultimate aim of river and delta experiments is to reproduce the morphology and
stratigraphy of natural systems under controlled conditions. To reproduce a natural
system in the laboratory, the spatial scale must be reduced. The scale ratio relates
the scale N of parameter X of a river or delta in nature to the experimental river or
delta:

NX =
Xn

Xe

(2.1)

where subscripts n and e refer to nature (or prototype) and experiment (or scale
experiment). We refer to ‘large scale number (NX)’ and ‘small scale’ as synonymous.
Geometric similarity means that all scales with dimensions of length x, y, z are equal:
Nx = Ny = Nz, whilst distorted scale models are vertically exaggerated. Dynamic
similarity entails geometric similarity and kinematic similarity, so that the ratios of

33



all vectorial forces are the same (Hughes, 1993). This requirement cannot be fulfilled
as reviewed below, so that perfect similitude is never obtained. However, similarity is
possible to some extent if similitude is obtained for the most important forces whilst
the requirements are relaxed for the less important.

These compromises may lead to more severe scale problems in smaller scale ex-
periments (Figure 2.1). Obviously, sediment may still transport, erode, deposit and
produce morphodynamics and stratigraphy on a small scale in experiments, but with
large scale numbers several thresholds are crossed at which the character of flow and
sediment transport changes dramatically. These we discuss below. Table 2.1 summa-
rizes conditions for experiments reported in literature and reports dimensional and
dimensionless characteristics described in this section.

2.2.1 Scaling of flow, sediment transport, morphology and stratigraphy

Hydraulic similarity

Similarity of free surface flow requires that the ratio of inertial and gravitational forces
is similar in nature and experiment. This ratio is the Froude number:

Fr =
u√
gh

(2.2)

where u = depth-averaged flow velocity, h = water depth and g = gravitational ac-
celeration. In nature, backwater effects are important in rivers and deltas and occur
only in subcritical flow. Many systems in nature have a tendency to remain subcrit-
ical (Parker, 1978; Grant, 1997; Giménez et al., 2004). Flow in experiments is not
necessarily subcritical with Fr < 1, as many experiments have localized antidunes
with Fr ≥ 1 and some delta experiments of Hoyal and Sheets (2009) also had super-
critical flow. A simple advantage of subcritical flow is that the experimental water
levels can be controlled by the downstream weir over a length similar to the e-folded
backwater adaptation length in subcritical flow (i.e., the characteristic length scale
over which a water level curve with exponential shape approaches the asymptote of
steady uniform flow depth). This backwater adaptation length is estimated as:

λbw =
3h

S
(2.3)

with S = energy gradient.
Scaling of flow velocity, fluid vorticity and the adaptation of spiral flow in bends re-

quires that the flow resistance scaleNC adheres to the roughness condition (Struiksma,
1986):

N2
C =

Nx,y

Nz

(2.4)

However, relative to water depth both sediment particles and laboratory dunes are
typically larger than dunes in real rivers. The effect of relatively larger flow resistance
in experiments, with NC > 1, is a lower flow velocity than required for other scaling
conditions. The classical way of resolving this is by vertical distortion, which implies
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an exaggeration of the water depth. In small-scale channel pattern and delta experi-
ments bedforms are generally absent or negligible so that flow is entirely determined
by skin friction and energy gradient.

Another requirement of similarity holds for the ratio of inertial to viscous forces
as expressed in the Reynolds number:

Re =
uh

ν
(2.5)

where ν = dynamic viscosity (ν ≈ 1× 10−6 for water of 20◦C). In natural rivers, flow
is usually turbulent with a Reynolds number Re > 2000. The Froude and Reynolds
conditions cannot be reconciled simultaneously, but the Reynolds similarity condition
can be relaxed as long as flow is turbulent, that is, dominated by inertial forces, and
details of turbulence are not important.

For large length scale numbers NX , surface tension may become important. The
relative importance of inertial and surface tension forces is expressed in the Weber
number:

We =
ρu2h

σ
(2.6)

where σ = surface tensile force per unit length (0.073 N/m for pure water), where
as a rule of thumb surface tension is negligible for We > 10 (Peakall et al., 1996).
Surface tension can be modified by surfactants. Polymers in the flow may increase the
surface tension, while soap may decrease it (De Gennes et al., 2004). Experimentation
and analysis on the effect of soap on shallow flow and sediment transport are clearly
needed before practical application becomes feasible.

However, a rule of thumb for surface tension effects based on a simple threshold
Weber number gives neither the effects on general flow nor the spatial extent. The-
ory for thin liquid films and capillarity may elucidate potential scale effects of surface
tension. It is particularly instructive to assess the length scale over which surface
tension may modify the flow conditions. The exponential decay of surface perturba-
tions such as an emergent object is characterized by the capillary length λc. This
e-folded adaptation length is found by comparing the Laplace pressure σ/λc with the
hydrostatic pressure ρgh (De Gennes et al., 2004), where :

λc =

√
σ

ρg
(2.7)

For water this yields a capillary length λc = 2.7 mm. Hence the hydraulics are
significantly modified by surface tension if the water depth is of the same order as
the capillary length and if sudden bed jumps or objects such as large particles or
vegetation stems are present. A more thorough analysis is presented in Malverti
et al. (2008). For practical purposes we can derive from the above that surface tension
is only important at water depths of a few mm where the largest particles emerge
or emergent plants are used, and that even then the effect is limited to enhanced
sedimentation of fines within a few mm around such emergent objects, similar to tail
bars behind trees or other obstructions in nature.
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The near-bed flow conditions affect bed scouring tendency. The channel bed is
hydraulically smooth when the particles are submerged in the laminar sublayer. When
this is the case, ripples form if there is enough water depth (h > 0.02 m), or scour
holes form in shallow flow. A full explanation for these phenomena is lacking but a
reasonable working hypothesis is that the turbulence generated at the ripple top or
scour hole rim is strong enough to penetrate the laminar sublayer, so that scour is
maintained. For hydraulic rough boundaries, the bed remains planar or dunes form.
The balance between inertial and viscous forces at the bed surface is given by the
Reynolds particle number:

Re∗ =
u ∗D50

ν
(2.8)

where u∗ =
√
τ/ρ is the shear velocity. The transition from hydraulic smooth to

rough is gradual (Re∗ = 3.5 − 70), so that a hard threshold cannot be given. Con-
servative estimates take the upper limit, but there is empirical evidence that the
actual limit below which scour holes and ripples form is lower. Comparison to empir-
ical bedform stability diagrams (Southard and Boguchwal, 1990; Van den Berg and
Van Gelder, 1993) shows that the transition takes place in the lowest part of the
Shields curve (Wiberg and Smith, 1987; Zanke, 2003; Vollmer and Kleinhans, 2007)
at Re∗ ≈ 5.

Sediment transport similarity

The key issue in reproducing mobile bed morphology and consequent stratigraphy is
sediment mobility. In nature, sand bed rivers have high mobility whereas gravel bed
rivers have low mobility near the threshold for sediment motion. Sediment mobility
is expressed as the Shields number (θ), which is the balance between the bed shear
stress and gravity:

θ =
τ

(ρs − ρf )gD
(2.9)

where in steady uniform flow τ = ρfghS is the total shear stress, with ρf = density
of fluid, ρs = density of sediment and D = particle diameter, usually the mean or
median of the distribution by weight. For sediment transport calculations, the shear
stress related to skin friction is used to exclude form roughness from bedforms and
channel walls, where

τ = ρfg
u2

C2
(2.10)

with the Keulegan (1938) equation to estimate the skin friction-related Chézy number
(C/) (van Rijn, 1984):

C/ = 18 log
12h

D90

(2.11)

where D90 = 90th percentile of the particle size distribution. This condition for
similarity of mobility cannot be fulfilled in conjunction with the Froude similarity
because one depends on u2 and the other on u. Furthermore, particle size cannot be
reduced as much as the other Cartesian dimensions of the experiment relative to the
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prototype in nature, because properties such as threshold mobility and cohesion of
silt and clay are significantly different from that of sand and gravel (e.g., Lick et al.,
2004).

In practice, the above equations are used to assess sediment mobility a priori
based on expected flow conditions and design sediment properties. The key problem
in morphological experiments is that these sediments cannot be very different from
those in nature, yet the flow is very much weaker. Given the small water depth of
small-scale experiments, the typical shear stress is low despite larger gradients than
in nature. Hence sediment mobility may be low or even below beginning of sediment
motion. Three ways have classically been applied to increase sediment mobility. The
first is to vertically distort the model, that is, Nh > NL. This has the advantages
of increasing gradients and also of decreasing surface tension effects. The second is
to further increase the bed gradient of the experiment, which is known as tilting.
The third way is to use light-weight materials as bed sediment (Yalin, 1971; Hughes,
1993). Although very useful, light-weight sediment have been predicted to lead to
subtle scale effects on bar dimensions discussed later.

High bed slope and small water depth in experiments also affect the threshold
for the beginning of sediment motion, i.e. the Shields criterion, which may therefore
differ from that in nature (Vollmer and Kleinhans, 2007). This modification becomes
particularly important in shallow flows where the larger particles emerge above the
flow surface (Ferguson, 2007). Furthermore, steeper slopes and effects of shallow
flow on different particle sizes may affect sediment sorting patterns. The mobility
of size-fractions in sediment mixtures are still relatively poorly understood for small-
scale experiments (Wilcock and Crowe, 2003; Vollmer and Kleinhans, 2008), but data
indicate that the sediment mixture should be unimodal in order to have equal mobility
of all size fractions and prevent significantly lower mobility of the larger sizes (Parker
and Klingeman, 1982; Wilcock, 1993; Kleinhans and Van Rijn, 2002). Such lower
mobility would result in sediment sorting patterns such as armoring. On the other
hand, there are also conditions in which coarser particles become more mobile than
the average grain size. In shallow experimental flows where D approaches h, coarser
particles may be more prone to overpassing onto the bars than in nature because of
limited water depth relative to particle size (Carling, 1990). Furthermore, in extreme
cases of channel gradients of about 0.05, the relative mobility of finer and coarser
sediment reverses because the bed tilt significantly changes the force balance on the
large exposed particles (Solari and Parker, 2000).

The Reynolds particle number (Equation 2.8) characterizes an important aspect
of sediment mobility in addition to the Shields number: t directly compares the size
of a particle resting on the bed and the thickness of the laminar sublayer, just above
the bed, in which turbulence is suppressed. Roughness and turbulence generation
are also dependent on particle shape, in particular angularity, and the particle size
distribution. This may be part of the reason that Stefanon et al. (2010) obtained
morphology dominated by the typical scour holes associated to hydraulic smooth
conditions. Their sediment was a uniform 0.8 mm polystyrene, which probably was
moderately well rounded. On the other hand, Peakall et al. (2007) had hydraulic
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rough conditions despite the D50 being only 0.21 mm. The probable reason of this
hydraulic behavior is that the D90 is nearly 2 mm, and Peakall et al. (1996) argue that
the Reynolds particle number should be calculated with the D90 rather than the D50.
Consequently, the advantage of a poorly sorted sediment is that sediment mobility,
related to the median particle size, remains relatively high whilst the bed remains
hydraulically rough. We found that a poorly sorted unimodal sediment mixture can
be used to obtain relatively high mobility and hydraulic rough conditions.

With high sediment mobility, suspension of bed material may occur in nature
and in experiments. Suspended sediment transport requires turbulence. Many fluvial
experiments (Friedkin, 1945; Smith, 1998; Tal and Paola, 2007; Peakall et al., 2007;
Braudrick et al., 2009) and delta experiments (Hoyal and Sheets, 2009; Van Dijk et al.,
2009) had turbulent flow in the self-formed channels, but laminar flow on the flood-
plains. Self-formed floodplains are essential elements in channel patterns (Kleinhans,
2010), and form from bedload and suspended sediment deposited in splays and levees,
from clay in floodbasins and from vegetation. However, sediment suspension requires
turbulence, which is difficult to obtain in small-scale experiments. It is hardly useful
to assess proper scaling of suspension by comparing flow velocity on the floodplain
to settling velocity of the sediment if suspension is impossible. We hypothesize that
experimental floodplain siltation by fines is more localized near the channel than in
nature. It is possible that light-weight sediments have a longer settling lag so that
these may deposit more distally in the floodplains but this is still being explored.

Similarity of morphology, dynamics and stratigraphy

The ultimate aim of the experiments described in this chapter is to reproduce and in-
vestigate natural river morphology, morphodynamics, morphological adaptation and
the resulting stratification to a change in boundary condition. Unfortunately, mor-
phological and stratigraphical similarity is not necessarily attained under conditions
of geometric, hydraulic and sediment transport similarity. Wavelengths, migration
rates and amplitudes of bars depend on channel width-to-depth ratio, mobility and
the planimetric form of the channel including its curvature, width variations and
sinuosity (Struiksma et al., 1985; Seminara and Tubino, 1989). Hence any vertical
distortion of channels will modify the morphology and resulting stratigraphy.

In order to predict analytically the dependence of fluvial bar morphology on chan-
nel dimensions, flow conditions and sediment mobility in experiments, we apply the
Struiksma et al. (1985) theory, which, as other theories (e.g., Seminara and Tubino,
1989), is based on a physically-based description of the interaction between flow and
a deformable sediment bed as follows. The direction of sediment transport may differ
from the direction of depth-averaged flow because of gravitational effects on moving
particles on transverse and longitudinal slopes and because of spiral flow in bends.
The first is often referred to as the transverse bed slope effect and the second is often
referred to as bend flow. The steady bed topography in river bends can be under-
stood as a combination of a transversely sloped bed depending on the local channel
curvature and a pattern of steady alternate bars induced by upstream variations (or
perturbations) in channel curvature. The superimposed bars are in some conditions
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expressed as deep pools on the outer bend, mirrored by high bars on the inner bend.
The transverse bed slope and bar patterns are highly relevant for stratigraphy: the
transverse bed slope effect effectively determines the slope of lateral accretion surfaces,
whilst the deepest scours form the erosional base of the channel belt.

Struiksma et al. (1985) (also see Kleinhans and Van den Berg, 2011) derived ana-
lytical predictors for bar wavelength and bar behaviour. This theory can intuitively
be understood from the starting point of a perfectly straight channel with flat bed and
an upstream perturbation of the bed on one side of the channel at a fixed location.
Starting from this perturbation, the transverse flow adapts whilst the bed develops a
transverse slope, which is the first bar forced by the perturbation. Depending on con-
ditions, this bar excites new bars further downstream, or the perturbation is damped
out. Struiksma et al. identified four characteristic length scales that describe such a
situation, namely the adaptation length of transverse flow λw, the adaptation length
of transverse bed adaptation λs, the wavelength of the bars Lp and the damping
length of the bar LD. Most importantly, nondimensional bar period (or wavelength)
Lp (m) is calculated by:

2πλw
Lp

=
1

2

√
(n+ 1)

λw
λs
−
(
λw
λs

)2

−
(
n− 3

2

)2

(2.12)

where n = the degree of nonlinearity of sediment transport versus depth-averaged flow
velocity (qb = f(un)). For a classical bed load transport predictor such as Meyer-Peter
and Mueller (1948), n ≥ 3 for high Shields numbers and increases to infinity towards
the critical Shields number for sediment motion. We choose with n = 4 for sand-bed
rivers and for gravel-bed rivers n = 10 (following Crosato and Mosselman, 2009) as
gravel is closer to the threshold of motion so that the nonlinearity is stronger. Here,
the adaptation length λw (m) of transverse flow is given as:

λw =
C2h

2g
(2.13)

where adherence to the roughness scale (Equation 2.4) is important. The adaptation
length of a bed disturbance λs (m) is calculated as:

λs =
h

π2

(
W

h

)2

f(θ) (2.14)

where W is channel width (m), and where the magnitude of the transverse slope effect
f(θ) is calculated from an empirical function (e.g., Koch and Flokstra, 1981; Talmon
et al., 1995):

f(θ) = αθ
√
θ (2.15)

where αθ is used for calibration.
Nondimensional damping length Ld (m) of the bars is calculated by:

λw
Ld

=
1

2

(
λw
λs
− n− 3

2

)
(2.16)
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Thus bar theory predicts whether forced bars dampen out in less than one bar length
(overdamped regime) or over longer distance so that multiple bars along the river may
exist (underdamped regime) or excite (excitation regime, Ld < 0). This characteristic
of bars is a function of the nondimensional Interaction Parameter (IP ):

IP =
λs
λw

(2.17)

which depends strongly on width-depth ratio, and weakly on hydraulic roughness and
sediment mobility. The significance of this ratio is that it predicts whether bars can
exist at all in a channel. For instance, very narrow and deep experimental channels
will not develop bars.

The above shows that the key variable that needs to be controlled in experiments
is the width and depth of the channel. The above length scales, particularly the bar
length but also the damping length that predicts behavior, depend most strongly
on channel aspect ratio W/h and also on roughness h/D50 and C, and sediment
mobility θ. All variables may differ between experiment and nature because of vertical
distortion, so that the eventual morphology differs as well (Struiksma et al., 1985;
Struiksma, 1986). We will assess how sensitive river pattern in generic experiments
is to such scale effects.

The different regimes of the Interaction Parameter lead to the development of
different river patterns (as described in Kleinhans and Van den Berg, 2011). A river
can be considered as single-thread, moderately braided or braided depending on the
number of active channels across the river width during channel-forming discharge
(Egozi and Ashmore, 2008; Kleinhans and Van den Berg, 2011). The number of
active channels are given in the braiding index (Bi) or the bar mode m. Crosato
and Mosselman (2009) derived an analytical bar mode predictor, which provides the
favorable mode according to the theory of Struiksma et al. (1985) for sand and gravel
bed rivers:

m =

√√√√0.17g (n− 3)√
ρs−ρf
ρf

D50

B3S

CQ
(2.18)

where the relation between mode m and braiding index Bi is defined as

Bi =
m− 1

2
+ 1 (2.19)

Métivier and Meunier (2003) and Malverti et al. (2008) analyzed the effects of
laminar flow on sediment transport and braiding and found that sediment transport
in laminar flow can well be described by a Bagnold-type or Meyer-Peter and Mueller-
type predictor, which depend on sediment mobility. Furthermore, braided rivers were
experimentally produced in laminar flow in agreement with linear stability theory
by Devauchelle et al. (2007), which demonstrates that the existence of braiding does
not depend on turbulence of the flow. It has, however, not been investigated yet
how spiral flow develops in laminar flow in meandering channels, so we do not know
the effect of laminar flow on bar dimensions and transverse bed slope in experiments
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aimed at meandering. Furthermore meandering requires formation of floodplain, and
if this is done by fine suspended sediment then turbulence is required for suspension.

An analytical solution for the transverse bed slope, which corresponds to the slope
of lateral accretion surfaces in river bar deposits, can be found for an infinitely long
and gentle bend when the gravitational force on particles are balanced by the spiral
flow (Struiksma et al., 1985; Talmon et al., 1995):

tan

(
δz

δy

)
= 9

(
D

h

)0.3√
θ

2

κ2

(
1−
√
g

κC

)
h

R
(2.20)

where κ = 0.4 is Von Kármán’s constant and R = radius of curvature of the stream-
lines.

To sum up what can be learned from theory: to obtain geometrical similarity
between prototype and scale model, all dimensionless length scales should be equal,
including the Interaction Parameter and the dimensionless damping and wavelength
of the bars. Scale model distortion (Nx 6= Ny 6= Nz) then leads to a significant
scale problem, because the width-to-depth ratio appears in the length scales reviewed
above. It cannot be resolved by adjusting the sediment mobility, which also appears
in the length scales, because this affects sediment transport mode and transverse bed
slope (see Equation 2.20). The scale problems are also not improved when using a
low density sediment, because then the balance between spiral flow and transverse
bed slope effect is changed (Struiksma et al., 1985; Struiksma, 1986; Struiksma and
Klaassen, 1986). Also the balance is modified for different grain sizes if a poorly
sorted sediment is used. In conclusion, there is no method to prevent these scale
problems so they must be quantified by comparison of experimental results to theory,
numerical models and natural systems.

The morphological time scale can be calculated directly from the average sediment
transport rate and a control volume that is eroded or deposited if experiments were
scaled according to a similarity scaling procedure (Yalin, 1971; de Vries et al., 1990).
This results in a characteristic time scale of, for instance, transverse bed slope tilt-
ing in a curved channel, channel excavation, and of the formation of an entire delta.
The appropriate time scale depends on the phenomena of interest, because it is the
appropriate spatial gradient of sediment transport that determines the rate of mor-
phological change. So, on a transverse bed slope and at a channel cutoff or avulsion
site, the appropriate transport rate is the transverse sediment transport component
which depends on helical flow, transverse bed slope, sediment mobility and flow re-
sistance (also see Equation 2.20). For deltas with a certain volume that capture all
supplied sediment, the calculation of the morphological time scale for delta formation
is straightforward. This has been applied for experimental deltas and alluvial fans
(Kraal et al., 2008; Van Dijk et al., 2012a) and has been applied to deltas on planet
Mars (Kleinhans et al., 2010a) to determine the formative time scale given a sediment
transport rate estimated from upstream channel dimensions.
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Aim, design and characteristics of river and delta experiments

Our approach to experimental design and analysis outlined above takes an interme-
diate position between the powerful similarity scaling of traditional engineering and
the equally powerful exploratory landscape and stratigraphy experiments that violate
scaling rules yet produce various forms of similarity between experiment and nature.
Many experiments in sedimentology and geomorphology focus on generic questions
rather than a specific prototype in nature (Table 2.1), so N is unknown. Furthermore,
when results are compared among different experiments and perhaps a control exper-
iment, the violations of similarity scaling discussed above can largely be ignored and
the above theory can be used to design the experiments. Theory is in fact more appro-
priate for experimental river pattern design than empirical approaches; for example
the empirically accurate streampower classification for river patterns Kleinhans and
Van den Berg (2011) breaks down for small rivers and experiments whereas the theory
of Struiksma et al. (1985) outlined above predicts bar dimensions in our experiments
rather well (Kleinhans et al., 2010b, Chapter 3).

From the foregoing, it follows that three relaxed scaling requirements must be
fulfilled for general process similarity with natural gravel-bed rivers. First, flow must
remain subcritical or critical and turbulent. Grant (1997) found that self-formed
channels that tend to evolve into the supercritical regime will not exceed critical flow
by much or will tend to oscillate around critical flow. Indeed, experiments often are
about critical and rarely exceed Fr = 1 (Table 2.1). Second, bed sediment must
be mobile in the bedload regime to represent gravel bed rivers in nature and in the
suspension regime to represent sand bed rivers in nature. The latter has proven
difficult when very fine cohesive sediment was used (Smith, 1998; Hoyal and Sheets,
2009). Scale problems are largely unexplored in such conditions, if only because
weakly cohesive sediment behavior in laboratory conditions is poorly understood.
Usually, however, experiments have dominant bed load transport which is typical
for gravel-bed rivers (Kleinhans and Van den Berg, 2011). Third, the bed must
be hydraulically rough. This conflicts with the requirement of sufficient sediment
mobility which also depends on particle size, and in the case of the smooth bed of
Smith (1998) may have led to unrealistically deep scour holes and sharp bends. The
conflict has been resolved by using a poorly sorted unimodal sediment where the
coarsest particles cause the bed to be rough (Peakall et al., 2007, Chapter 3).

The key problem that now remains is to constrain material behavior and condi-
tions such that the dynamic balance between floodplain formation and bank erosion
leads to the type of river or delta pattern that is required. This will determine the
channel width-to-depth ratio, which must be in the range where the correct river
pattern appears. For braiding experiments the channels must be wide and shallow
so that higher-mode bars appear as in Ashmore (1991b) and Tal and Paola (2010).
The channel width-to-depth ratios of the Smith (1998) experiments are extraordinary
small compared to natural systems because of the large cohesion of the sediment. The
large depth cannot have been caused by distortion due to high flow resistance, be-
cause such fine sediments would be relatively smooth, which is confirmed by the high
Froude number. Early experiments demonstrated that lack of bank strength led to
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Table 2.2 Approximate conditions in three small experimental setups (see Figure. 2.2) in
comparison to the large flume experiment with self-formed river and floodplain of Van de
Lageweg et al. (2013), Chapter 3 and 6.
Setup discharge sediment feed gradient inlet width dimensions

10−3 m3/s 10−3 m3/hr m/m m m×m

Large flume 0.25–1 0.2–1 0.0055–0.01 0.25 10×3
Stream table 1 1 0.01 0.1 5×1.25
Delta table 0.17 0.6 0 0.04 1.5×1
Friedkin channel 0.111 0 0.01 0.05 1.1×0.05

runaway bank erosion and formation of braided systems (Friedkin, 1945; Schumm and
Khan, 1972), or too much bank strength led to unrealistically narrow and sometimes
immobile channels (Smith, 1998). Therefore many authors attempted to form flood-
plains that were erodible by adding slightly cohesive sediment (Peakall et al., 2007),
vegetation (Tal and Paola, 2010) or cohesionless low-density sediment that was mobile
on the floodplain and trapped by vegetation (Braudrick et al., 2009). Most of these
materials were selected by trial and error in time-consuming experiments and the
question addressed in the next section is how we can test such materials in advance
and in a systematic and rational manner.

2.3 Experiments for testing erosion and sedimentation

To design an experiment with self-formed channels, one could apply hydraulic geome-
try relations. However, these implicitly depend strongly on the strength of the banks
and therefore indirectly on processes that form floodplain on the accreting bank (see
Ferguson, 1987; Kleinhans, 2010, for reviews). Consequently, we must find a way to
scale down the floodplain forming processes and the resulting ratio between strength
of the banks relative to strength of the flow that determines bank erosion processes
and rate (Simon et al., 2000; Simon and Collinson, 2002). The tendency of a small-
scale fluvial system to form floodplains and erode banks depends to a large extent on
the properties of the sediment and presence of vegetation or other substances that
enhance bank strength, which we will first describe. Following material description,
we present four experimental setups that test aspects of this balance: the direct shear
test, a bank erosion experiment (Figure 2.2a,b), a delta deposition experiment (Fig-
ure 2.2c) and a stream table (Figure 2.2d). Together these four setups can be used
to quickly determine relevant properties and behavior of materials (Table 2.2) in oth-
erwise similar conditions, in contrast to expensive experiments with a large flume for
complete rivers and deltas (Table 2.1) that take weeks or months to run.
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Figure 2.2 Small scale experimental setups to systematically test erosional and deposi-
tional behavior for different sediment mixtures under conditions similar to that in large
flume experiments (see Table 2.2). (a) Setup of Friedkin erosion test. The water supply
channel is 5.0 cm wide, 1.1 m long and coated with a sand layer to represent sand rough-
ness. The standard mold has a surface area of 3.225 dm2 (or ×10−2 m2), is 2 cm in height
(total volume 0.645 L) and is inclined with a 45◦ angle to the water supply channel. (b)
Friedkin erosion run with erosion indicated for every time step. Warmer colors correspond
to a longer erosion duration. (c) Side view of Delta experiment. We used a flat plywood
stream table of 1.5 by 1 m with a constant base level with a 4.0 cm wide inlet. (d) Side
view of plywood stream table of 5 m long, 1.25 m wide set at a slope of 0.01 m/m.

2.3.1 Materials

Three sediment mixtures cover the range reported in literature (Figure 2.3). One
sediment is uniform fine sand as used in Van Dijk et al. (2009). The other sediments
are poorly sorted sand as in Peakall et al. (2007), Van de Lageweg et al. (2013) and
Chapter 3, and varying degrees of armoring were studied after the coarse tail of the
poorly sorted sediment was sieved out. Silt-sized silica flour was added to the poorly
sorted sand in various proportions. How this silt affects the morphodynamics is not
fully understood, but it is the only granular material discovered so far that builds
floodplain at the experimental scale that leads to dynamic meandering. Although
the silt is not nearly as cohesive as clay, Lick et al. (2004) show that the critical
shear stress increases for particles smaller than 50 µm, so that the added silica flour
is expected to increase the threshold for channel erosion on a floodplain. At the same
time, the silt particles percolate through the pores into the bed and silt smaller than
a certain cutoff size does not contribute to bed level change and roughness (Frings
et al., 2008). We calculated that silt-sized material finer than 20 µm, that is, 40%
of the silt-sized silica flour, is accommodated entirely in the pore space of the sand
mixture, which means that more than half of the silt is deposited on top of the sand
to form slightly cohesive layers with smooth surfaces.

Two materials were added to the poorly sorted sediment in some experiments:
bentonite and Partially Hydrolyzed PolyAcrylamide (PHPA, a synthetic polymer).
The bentonite is a clay mineral that was mixed into the sand in dry powder form.
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Figure 2.3 Particle size distribution of four sediment mixtures; uniform sand (black-solid
line), poorly sorted sand (red-dashed line), 20% silt mixture (blue dash-dotted line) and
40% silt mixture (greed-dotted line). The cutoff size (Dcp) shows the fraction that will
percolate into the bed. Porosity (εtot) indicates the percentage of pores in the sediment
mixture.

The polymer was used in the delta experiments of Hoyal and Sheets (2009) in com-
bination with the bentonite and other materials. For an experiment with distinct
channels and floodplain it is important to be able to measure where the polymer is
deposited, but, unlike the other materials, PHPA is difficult to observe. We unsuc-
cessfully attempted to dye the polymer and we attempted to measure the polymer
concentration with an amide hydrolysis method (Nagase and Sakaguchi, 1965). For
both methods the measurable polymer concentration in a soil sample turned out
to be an order of magnitude higher than the low polymer concentrations at which
morphodynamics were already strongly affected. More importantly, we found from
percolation experiments with colored polymer that the polymer was not fixated in
the deposit at all but percolated in all directions. As a result, the entire deposit
becomes strongly cohesive when PHPA is used. This need not be a problem in the
case of accumulating deltas where deeper layers do not affect the morphodynamics.
However, in the case of non-aggrading conditions such as in river pattern experiments
it prohibits morphodynamics due to the large cohesion added to sediment.

Vegetation was sown on the poorly sorted sand in some experiments to simulate a
uniform vegetation distribution, and added to the inflow in other experiments, which
is a novel approach that simulates how the flow distributes vegetation on the morphol-
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ogy. We experimented with various species (Van de Lageweg et al., 2010), including
garden rocket (Eruca sativa), garden cress pepper weed (Lepidium sativum), thale
cress (Arabidopsis Thaliana) and alfalfa (Medicago sativa) as in Tal and Paola (2010)
and Braudrick et al. (2009). Sprouts of these species were systematically subjected to
different seeding densities and to various growing conditions, including light intensity,
submergence and nutrient starvation. We found that plants sprouted quickest and
grew best on saturated soil. Garden cress pepperweed and garden rocket grew the
largest stem heights and root systems, whereas thale cress and alfalfa remained smaller
and showed a slower development. Alfalfa and garden rocket developed single main
roots, whereas garden cress pepper weed developed main roots with side branches
that anchored much more strongly in the soil. Denser seeding reduced sprout growth
after about a week. Stronger light increased plant growth and plant strength. A
striking result was that environmental conditions do not affect seedlings very much in
the first week because in this stage the plants still depend mostly on nutrition from
the seed. However, the sand is devoid of nutrients, which leads to general mortality
after a week, particularly if water is not refreshed but recirculated. Fungi developed
on dead plants when water was recirculated in a relatively dark laboratory, but these
can be prevented or slowed in development by using fresh water and a minor amount
of copper sulfate.

2.3.2 Direct shear test for material strength

Experiments using clay for floodplain material demonstrated that this material is
too strong to be removed by experimental rivers (Jin and Schumm, 1987). This is
expected because clay has a strength of the order of several kilo-Pascal, whereas the
flow shear stress in nature is of the order of several Pa and less in the laboratory.
Much of past efforts to reproduce river patterns in the laboratory focused on finding
and optimizing a floodplain-forming material or using vegetation as a ‘floodplain
filler’ (Gran and Paola, 2001; Tal and Paola, 2007; Braudrick et al., 2009). Plants
increase bank strength as do cohesive floodplain sediment and vegetation in nature
(Tal and Paola, 2007), but this has not been quantified relative to other materials.
Predictions with theory or models for bank stability cannot replace measurements
because they are strongly dependent on empirical determination of cohesion and
other soil parameters, as well as physical properties of plants with roots in that soil.

A classic geotechnical measurement of material strength is the direct shear test
in well-drained conditions, which we used to compare strength of materials used in
experiments. Samples of 0.06 m wide and long and 0.02 m thick were sheared at
a constant rate and under a constant normal stress whilst the required force was
measured. The direct shear apparatus incorporated a motor to move a piston at a
predefined constant rate (horizontal displacement). A load hanger system provided
the adjustable (5, 10, 15, 20 and 30 additional kg) normal stresses. The material
strength was derived at the peak shear strength just before failure (Figure 2.4a). For
every sediment sample at every normal stress at least three replica measurements
were done. The intercept of the trend line of shear strength against normal stress
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failure for replica measurements and different normal stresses, but note that these normal
stresses represent bank heights orders of magnitude larger than found in experiments. The
sediment mixture with silica flour has significant cohesion whereas the polymer mixture
shows nonlinear behavior.

is an apparent cohesion (c/), and the slope of this trend line indicates the angle of
internal friction (φ).

We found that accurate measurements of shear strength require a significant nor-
mal stress, but then the extrapolation to zero normal stress for the determination of
cohesion is inaccurate (Figure 2.4b). Although the apparent cohesion of poorly sorted
sand with silica flour is larger than that without the silt, the uniform sand also has a
relatively large cohesion value. On the other hand, sand with polymer has a negative
apparent cohesion because the polymer limited drainage from the sample making it
unsuitable to quantify its material strength from a direct shear test.

Apparently the material properties at the experimental scale differ significantly
from that in the direct shear test. A normal stress of 25 kPa, the minimum value
applied here, means that a sample of unit surface area is subjected to a weight of
2500 kg. With a typical soil density of about 1500 kg/m3 this translates to a minimum
bank height of more than 1 m. The banks of experimental channels are, however, of
the order of 0.01 m high. We therefore conclude that the standard direct shear test
of material strength is of limited value for the present purposes.

2.3.3 Friedkin setup for bank erosion tests

The bank erosion rate resulting from all physical and biological processes acting in
channel pattern experiments can directly be measured in an experiment. These in-
clude flow shear, armoring at the bank toe, capillary forces, added strength by roots
and polymer excreted from roots, added flow resistance at banks by overhanging veg-
etation, mass failure of banks, and so on. We present an experimental ‘Friedkin’ setup
gleaned from Friedkin (1945) with which we compared bank erosion rates for a wide
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Table 2.3 Sediment mixtures were composed of poorly sorted sand (‘Ps’), silica flour (‘s-
f’), bentonite and/or polymer. Polymer was measured in grammes of dry granular material
per liter of dry sediment whereas the other components were measured as volumes of dry
material. Note that our Delta mix contained much less polymer than other mixtures that
also incorporated polymer.
Input Ps silica-flour Ps s-f bentonite Ps s-f polymer Delta mix Hoyal mix Unit

Poorly sorted sand 80 80 80 79.8 76 % vol
Silica flour 20 20 20 20 19 % vol
Bentonite - 3 - 0.2 5 % vol
Polymer - - 1.25 0.07 1.25 g/L

range of conditions and materials of experiments from literature (Table 2.1). The
principle of the experiment is that a block of sediment with similar bank height as in
the channel pattern experiments is eroded over time by clear water of similar water
depth and flow velocity as in the channel pattern experiments (Figure 2.2a). We
used a mold to position a block of sediment in the Friedkin flume with high accuracy
and repeatability. Time lapse photography and image analysis allowed for automated
determination of the volume of the block of sediment (Figure 2.2b). Each time series
of sediment volume was characterized by a half-life time at which half the sediment
was eroded.

Tens of small-scale bank erosion experiments and bank failure experiments (Van de
Lageweg et al., 2010) were performed to quantify the strength of banks reinforced by
plant roots at the experimental scale. Seeds were allowed to sprout in sand already
positioned in molds to prevent disturbance upon placement in the flume. Various
mixtures of sediment were tested repeatedly with systematically varying cohesive
additions (Table 2.3).

We found different erosion trends that were very sensitive to material composition
(Figure 2.5). Many erodible mixtures show relaxation behavior characterized by fast
initial erosion and gradually decreasing erosion rate (Figure 2.5a). Some materials,
such as our standard poorly sorted sand (Figure 2.3) continued to be eroded until the
block of sediment was breached. Breaching is important to have as a condition con-
trasting cases where the breach did not occur because of different material properties.
For example, in very poorly sorted sand with a tail of fine gravel and a 90th percentile
of 2.7 mm static armoring occurred at the bank toe, which prevented breaching. The
uniform sand of Van Dijk et al. (2009) with the hydraulic smooth boundary showed
a constant bank erosion rate rather than relaxation, possibly because it is finer and
much more mobile in the experimental range of shear stress. The polymer ‘delta’
mixture with bentonite and poorly sorted sand of a lower concentration than the
mixture of Hoyal and Sheets (2009) (Table 2.3) was moderately erodible, whereas a
mixture of poorly sorted sand with silica flour and higher bentonite concentration
was hardly erodible (Table 2.3).

49



The effect of silica flour was tested for two different sedimentary styles: uniformly
mixed into the bed to represent a heterogeneous bank with many thin layers of co-
hesive sediment, and spread (as dry powder) as a uniform cohesive silt on top of a
uniform cohesionless layer of poorly sorted sand (Figure 2.5b). The erodibility of
the sediment block was more than halved by increasing silt to 40% by volume. This
is more than the pore volume of the poorly sorted sand, so the mixture must have
become matrix-supported on the silt between 20–30% (Figure 2.3). Indeed, we found
that dry mixing followed by wetting worked well whereas wet mixing led to immediate
fluidisation upon removal of the mould. However, exceeding the pore volume when
mixed dry seems not to have affected the erodibility, except perhaps that variability
was much larger for 40%.

For the second style with a uniform silt layer on top of cohesionless sand, the
volumetric fraction of silt was calculated from the thicknesses of sand and silt layers
to be able to compare on the same axis to the uniformly mixed banks (Figure 2.5b).
A layer of silt on a sandy bank doubled the half-life compared to the same amount
of silt mixed uniformly into the sand, and increased variability. A 1–2 mm layer of
silt resulted in a half-life of 2–3 hr, which is considerably less than for the control
experiments with poorly sorted sand which breached in less than 0.5 hr. This shows
that an experimental floodplain with a top layer of silt considerably reduces bank
erosion rates despite that the bank toe is composed of cohesionless sediment. We
suspect that the relatively large effect of the top layer is partly caused by a transition
from hydraulic rough to smooth boundary of the bank toe as silt blocks fail from the
bank top and gradually break apart on the bank toe to enrich the sediment surface
locally with silt.

As expected, bentonite had a much stronger effect on bank erodibility than silica
flour (Figure 2.5c). A concentration of only 1.5% by volume halved the erodibility
and at 3% no erosion occurred at all. The bentonite is an important component of
the polymer mixture of Hoyal and Sheets (2009) because it reacts with the polymer,
but the Friedkin experiment shows that the bentonite on its own must have had
already quite a large effect compared to the much less cohesive and coarser-grained
silica flour used in the fluvial experiments of Peakall et al. (2007) and Chapter 3. The
effect of polymer mixed into the sediment in the concentration used by Hoyal and
Sheets (2009) is much larger than any other component tested here. We also tested
the effect of 4 mm thick layers of cohesive sediment on a 8 mm thick bank compared
to the control experiment with 12 mm thick poorly sorted sand (Figure 2.5d). Poorly
sorted sand with 20% silt by volume is two times less erodible than cohesionless poorly
sorted sand. Addition of the amount of bentonite also added to the delta mixture of
Hoyal and Sheets (2009) adds no measurable effect. However, addition of the same
polymer concentration as in Hoyal and Sheets (2009) renders the banks nonerodible
as tested over more than 3 hours. Our delta mixture, which combines silica flour,
bentonite and a much lower polymer concentration was somewhat erodible. Again
we found that the polymer percolated from the top layer into the entire bank, which
increased the strength of the initially cohesionless material as well. This shows that
the polymer is unsuitable for river experiments since the risk of ossification is large and
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block with 20% silt and increasing bentonite concentration. (d) Half-life of an 8 mm base
layer of poorly sorted sand with a 4 mm top layer of different compositions. (e) Effect of
two plant species, two plant ages and two seeding densities on bank erosion.

we found no way to fix most polymer to sediment and stop percolation. We observed
that mixtures and deposits aged within hours and became much more cohesive in the
ageing process, but we did not investigate this in detail. There exist oxidants that
break down highly-gelled muds with polymer, which may be interesting for further
investigations.

Erodibility of vegetated banks is strongly determined by seeding density, rooting
density and depth of rooting relative to channel depth (Figure 2.5e). Halving the
seeding density approximately doubles the erodibility for 3-day old seedlings, with no
difference between the two species shown. However, after 6 days the garden rocket
provided much more strength to the bank than alfalfa, but only for the low seeding
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density, because the roots branched strongly in these conditions. For the higher
seeding density the effect of the two species hardly differed and also was the same as
after 3 days. The enhanced bank strength for low garden rocket seeding density is
probably due to the strongly spreading root systems of individual seedlings in contrast
to that of alfalfa. This indicates that higher seeding densities can compensate for the
strength added by root branching, and that differences between species are mainly
visible for low seeding densities. These results suggest that bank strength by alfalfa
is better controllable because it merely depends on seeding density. In addition,
the erosion tests of the vegetated banks indicate that the risk of ossification is large
and therefore low seeding densities and limited spreading root systems of individual
seedlings are preferred.

We conclude that the Friedkin setup is useful to compare bank erosion rates
between various sediment mixtures and to isolate effects of additions such as cohesive
material or plants, and to test layered bank scenarios.

2.3.4 Delta setup for sedimentation tests

Erosion and sedimentation are equally important: to maintain a constant width in
time, the bank erosion must be equaled by sedimentation on the opposite side of the
river. ‘Sedimentation’ is also the set of processes that determines the stratification
once fluvial accommodation space has been generated by a channel or by subsidence.
Here we present an experimental ‘Delta’ setup that allows fast and systematic com-
parison of sedimentation styles of different materials. Stratification will obviously
differ between deltas and floodplain splays, but the sedimentary behaviour is similar
in the sense that there is an expanding flow that leads to sedimentation, and nev-
ertheless there is channel initiation and bifurcation as in splays, chutes and braided
rivers.

Formation of small-scale channelized fan deltas in the laboratory has proven chal-
lenging but significant progress has been made in several labs in recent years (e.g.,
Sheets et al., 2002; Hoyal and Sheets, 2009; Van Dijk et al., 2009; Powell et al., 2012).
Various types of deltas have been created, ranging from fine- to coarse-grained, non-
cohesive to cohesive sediment, and from sheet flow dominated to strongly channelized.
These experiments have elucidated a number of important factors and autogenic be-
haviors under constant boundary conditions, such as channelization and mouth bar
formation and backward sedimentation leading to avulsion. However, there has been
very little systematic investigation of scale effects and of the effect of sediment mix-
ture on autogenic delta behavior. Here we describe a set of experiments with identical
conditions to investigate the link between sediment mixture properties, such as grain
size, sorting, addition of fines or polymers, and delta morphodynamics. A quantifica-
tion of aspects of morphodynamics such as time series of channel dimensions, network
pattern, planform delta shape, and bifurcation mechanisms is beyond the scope of
this chapter. Visual inspection, however, gave strong indications for the sedimentary
behavior and tendency to form channels, which can also be expected in large-scale
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Figure 2.6 Delta morphology. (a) Uniform sand experiments show delta development with
cycles of sheet flow and channel incision (as in Van Dijk et al., 2009). (b) Poorly sorted sand
experiments show sediment size-sorting trends, mouth bars and multiple channels which
migrate until they are abandoned. (c) Silt addition results in a more focused channel, at
the end of which a mouth bar forms that leads to back-sedimentation and channel back-
filling followed by avulsion (as in Hoyal and Sheets, 2009; Van Dijk et al., 2009). (d) Polymer
addition to the sediment mixture (poorly sorted sand with 20% silt) results in back-cutting
of relatively narrow and deep channels and much more irregular deltas (see also Hoyal and
Sheets, 2009). Scan with Layar App.

experiments. These experiments were designed to be small, fast and repeatable, so
that a wide range of different mixtures could be covered.

We found that the delta experiments elucidated the tendency of splay formation
and channelization in naturally formed sediment deposits. Sedimentation patterns
and dynamics differed dramatically between different types of sediment (Figure 2.6).
The uniform fine sand invariably exhibited sheet flow or formed unwanted scour holes
because of hydraulic smooth conditions. These scour holes are unwanted because their
dimensions are nearly independent of channel depth and often much larger than chan-
nel depth. We further found that deltas with the uniform sand exhibited alternating
phases of (unchannelized) sheet flow and deeply incised channels (Figure 2.6a) in
agreement with Van Dijk et al. (2009) and Chapter 3. Incision initiated with a scour
hole at the apex.

In contrast, the poorly sorted sand formed well-channelized deltas without scour
holes, probably because the coarser particles cause hydraulically rough conditions
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(see Equation 2.8), and because bifurcations were temporarily stabilized by gravel
deposition (Figure 2.6b). More mature deltas were generally semi-circular fan-shaped
with protruding mouth bars.

Weakly cohesive silica flour added to the poorly sorted sand increased channel-
ization and channel depth (Figure 2.6c). The channels showed lateral migration as
well as ‘avulsive’ tendencies in the form of chute cutoffs, and deposited silt-rich sheets
between channels in agreement with the river experiments with similar sediment by
Peakall et al. (2007) and Chapter 3. A wide sediment mixture with polymer, poorly
sorted sand, silica flour and in some cases bentonite (Table 2.3, delta mix) formed
narrow channels with limited lateral mobility and strong banks (Figure 2.6d). Chan-
nels were narrower than in any other mixture and flow was often supercritical. As
a result of channel extension by mouth bars and upstream aggradation, avulsion oc-
curred frequently in agreement with Hoyal and Sheets (2009). At the largest polymer
concentrations, knickpoints and backward steps appeared similar to those in deltas
on cohesive lake beds or bedrock. The polymer percolated to underlying layers which
became stronger over time. Experiments with higher concentrations of polymer and
bentonite (Table 2.3, Hoyal mix) failed in our setup because the delta apex built up
to a level exceeding our simple wooden inlet. Furthermore, the properties and aging
of this material are determined partly by the setup that mixes polymer into the flow
and sediment feed.

In general, these experiments showed that poorly sorted sediment removes the
unwanted scale effect of scour holes in fine sand and facilitates sorting-related bi-
furcation and bar formation. Addition of silica flour increases channelization by
strengthening the banks. Addition of polymer increases bank strength much more
and enhances channelization and avulsion, but causes unwanted channel bed harden-
ing and backward step erosion. In aggradational settings this may not be a problem
but in river pattern experiments without net degradation or aggradation polymer
would inevitably ossify the entire system.

2.3.5 Stream table setup for bar formation

A stream table was used to study morphodynamics resulting from the combination
of erosive and sedimentary processes without net degradation or aggradation. In
our channel pattern experiments, the stream table fitted about two bar or mean-
der lengths. Water and sediment were supplied at the upstream boundary and the
downstream boundary was a fixed weir. Overhead photography captured the mor-
phodynamics, and dye indicated water depth and active channel flow. The stream
table allowed fast experimentation with one or two experiments per day and rapid
preparation within an hour for new experiments because of its small size. Differ-
ent sediments were tested, variations in upstream discharge and sediment feed were
applied to test theoretical relations between bar wavelength and discharge and to
determine the equilibrium conditions. Furthermore, vegetation was manually sown
on the initial bed or in other experiments added to the inflow and allowed to be spread
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Figure 2.7 River morphology. (a) Uniform sand leads to hydraulic smooth conditions
which show scours and ripple dunes in the bed. (b) In the poorly sorted sand initial
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by flow. In this setup we discovered that shifting of the inlet funnel was crucial to
maintain channel dynamics, which was later employed in the large flume experiments
(Van de Lageweg et al., 2013, Chapter 3).

Again we found that uniform sand had many scour holes but did not develop an
obvious channel (Figure 2.7a), which is expected from hydraulic smooth conditions
and was also observed in the delta experiments. A double, weakly sinuous bend
developed in poorly sorted sand with an upstream perturbation (inflow at an angle
to the general flume direction). This system also formed scroll bars visible from
the sediment sorting pattern (Figure 2.7b). A large reduction of discharge resulted
in smaller channels, which then exhibited chute cutoffs before the bends migrated
into the sidewalls, which was a reason to stop the experiments with higher discharge
(Figure 2.7c). Addition of silt to the feeder led to incipient floodplain formation,
somewhat narrower channels, and in some cases to the prevention of chute cutoff
(Figure 2.7d). High silt concentrations in the feed and lower concentrations in the
initial bed both led to lower lateral mobility or even immobility. Finally, we show an
example of an experiment with vegetation sown uniformly on the initial floodplain,
which reduced lateral mobility but also caused sharper and shorter bends and higher
scroll bars (Figure 2.7e).

The wavelength of the forced bends in one of the stream table experiments (Fig-
ure 2.7b) was directly compared to the value predicted by theory (Equation 2.12,
Figure 2.8). The wavelength is well predicted, but the prediction is highly sensitive
to the assumed nonlinearity n of sediment transport, which is highly variable close
to the beginning of sediment motion as in these experiments. This shows on the one
hand that there are no apparent scale effects in the overall dimensions of the bends,
but on the other had that the predictability is limited whilst the stream table experi-
ments allow an accurate measurement that can aid designing a large-scale experiment.
Ultimately, these small-scale experiments resulted in the set of boundary conditions
and sediment mixture used in our large flume experiments (Van de Lageweg et al.,
2013, Chapter 3, Chapter 6).

2.4 Discussion

2.4.1 Experimental design to represent natural rivers

We presented a combination of theoretical and empirical designs for river and delta
experiments. The theoretical design is based on classical similarity scaling and the
empirical design on a set of experiments that can be conducted quickly and cheaply to
explore sediment behavior in bank erosion in the Friedkin setup and channelization
and floodplain formation in the Delta setup and the stream table in the relevant
conditions so that the large-scale experiments can be conducted more efficiently.

We compared behavior of materials used in the literature, including poorly sorted
sediment, silt, clay, alfalfa and a polymer. It turns out that aggrading delta environ-
ments are less sensitive to materials causing a large threshold for erosion, particularly
the polymer. However, river environments in dynamic equilibrium require a more
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subtle mode of floodplain building, which can be done by silt, light-weight sediment,
alfalfa and combinations thereof. On the other hand, materials used here for the flu-
vial experiments could also fruitfully be used for delta experiments in the future and
would perhaps lead to enhanced floodplain formation in deltas. Furthermore, there
are opportunities for cross-fertilization with other fields that employ experiments
with mobile sediments, including debris flows, turbidities (e.g., Postma et al., 2009),
tidal experiments (e.g., Stefanon et al., 2010; Kleinhans et al., 2012) and planetary
experiments (e.g., Kraal et al., 2008).

The most important characteristics of natural rivers are that the sediment has
to be mobile, the channel bed sediment must be cohesionless and on average coarse
enough for hydraulic rough conditions and flow must be subcritical. Furthermore, the
erodibility of the banks and the resulting width-to-depth ratio determines natural bar
pattern (Figure 2.9). All these characteristics are also the most important experimen-
tal design criteria. Most experiments listed in Table 2.1 fulfill these criteria, except
those with the finest bed material. A striking result is that most experiments have
dominantly bedload transport for sandy sediment, whereas natural rivers with sand
as bed material are usually dominated by suspended bed-material transport. This
leads to the conclusion that most experiments to date represent gravel-bed rivers in
nature, whereas experimental reproduction of suspension-dominated sand-bed rivers
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Figure 2.8 Comparison of measured bar wavelength in stream table experiments (Fig-
ure 2.7) and predicted bar length (Equation 2.12), which is sensitive to transport nonlin-
earity and which is highly variable near the beginning of sediment motion. The choice
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remains a challenge. Perhaps the use of light-weight sediments coarse enough to
prevent hydraulic smooth conditions and cohesion can be of use.

2.4.2 Interpretation of experimental scales

Given a spatial scale of an experiment designed according to the rules of the similarity
scaling procedure, a morphological time scale can be calculated directly from a rele-
vant sediment transport rate and a control volume that is eroded or deposited. For
our experiments and analogue models that violate similarity scaling rules this time
scale approach is still valid because the sediment transport rate literally determines
how fast a certain volume is filled or removed. However, the process of bank erosion
depends on multiple variables including geo-technical. This raises the question how
the characteristic time scale of channel migration and bend formation a river pattern
experiment should be determined, and what it actually represents.

We compared experimental bend migration rates normalized with channel width
to typical values found in nature. Typical bank erosion rates in the experiments were
of the order of 1 cm/hr, or about one channel width per about 8 floods (Chapter 6).
Apparently, the experimental channel migration is relatively faster than in nature.
In itself this is not entirely surprising because experimental rivers are always in the
formative flood condition, so a correction of the data with an appropriate flood inter-
mittency could perhaps correct the bias. To estimate the morphological time scale,
a control volume of eroded sediment was calculated from the average water depth
near the outer banks and the surface area of the area eroded by one bend with the
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maximum erosion length of one width. This volume, eroded over a certain amount of
time, was compared to the sediment transport feed rate of the experiment. We found
that migrating bends reworked a surprisingly large amount of sediment: more than
four times the sediment feed rate (Chapter 3). This agrees with values found in the
Friedkin experiments, where no sediment was fed upstream.

At the moment, the cause of the relatively large local sediment transport rate
in eroding bends is not fully understood. Higher transport rates near the banks are
expected to some extent because flow shear stress is larger than average near the outer
banks and transport is enhanced by the bank slope. On the other hand, the banks
are stronger than the loose bed sediment. Perhaps the high transport rate is due to
an experimental scaling issue where banks in experiments are weaker than in natural
rivers relative to the shear stress of the outer bank flow, but perhaps the sediment
displacement rate by bend migration in nature is also much larger than the typical
average sediment transport rates in the channel.

Tentatively, we define a loose time scale characteristic of bend migration over
which a bend migrates on average one channel width. Here we compare the ex-
periment of Chapter 3 to the Allier river in France and the Rhine river near the
Dutch-German border, which are both morphologically similar to the experiment in
the sense that the dominant mode of sediment transport is bedload and the pattern
is meandering with chute cutoffs. When compared to the Allier river, the experiment
represents decades and when compared to the Rhine river it represents centuries.
Rivers of other sizes would have different time scales depending on their dimensions,
sinuosity and on general floodplain properties that determine bank strength.

2.4.3 Scale-dependence or independence?

The use of experiments to study fluvial and deltaic patterns has been eloquently
defended elsewhere (Paola et al., 2009) and our results in small-scale flumes show that
scaling rules from engineering may be violated with usable results for the purpose of
studying the patterns if direct comparison to a particular prototype is not the aim.

Paola et al. (2009) argued that experiments of fluvial and deltaic patterns show
similar morphology and dynamics as their counterparts in nature, because these pat-
terns are scale-independent. We further assume in agreement with Paola et al. (2009)
and others that appropriate experimental morphodynamics automatically lead to ap-
propriate stratigraphy. This assumption is based on the scale-independence of the
transverse bed slope predictor (Equation 2.20, Chapter 3) which determines the an-
gle of lateral accretion surfaces and the scour depth of pools. Following Paola and
Borgman (1991) the deepest scours determine the set thickness statistics, and our ex-
periments corroborated this hypothesis for meandering rivers (Van de Lageweg et al.,
2013). We found that transverse bed slopes in the experiments agreed very well with
theory (Equation 2.20, Chapter 3) and has similar values as the targeted prototype
rivers (Figure 2.10). Such results indicate that scale problems of river and delta
models may be smaller than anticipated in the engineering literature.
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Figure 2.10 Point bar deposits have lateral accretion surfaces corresponding to the mi-
grating transverse bed slope of the river channel. (a) Section of a point bar deposit of the
river Rhine in a quarry in Rheinberg, Germany (courtesy G. Erkens). (b) Map view of
experimental point bar (Chapter 3). (c) Slice of experimental synthetic stratigraphy of the
point bar in (b) Lateral accretion surfaces with measured transverse bed slopes agree with
theory (Equation 2.20).

There is further evidence for some scale-independence in field data of natural
equilibrium rivers with various patterns (Kleinhans and Van den Berg, 2011). Three
bar patterns associated to increasingly larger width-to-depth ratios are compared
in Figure 2.11. The data shows that similar patterns occur in rivers with discharge
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Figure 2.11 Cumulative distributions of mean annual flood discharge as a measure for the
size of a river, showing that similar patterns occur in rivers with discharge varying more
than three orders of magnitude. Field data of natural equilibrium rivers is filtered for bar
pattern in three classes that all show evidence of lateral migration: (a) Meandering rivers
with scroll bars. (b) Meandering rivers with scroll and chute bars, and (c) braided rivers
(see Kleinhans and Van den Berg, 2011, for definitions and data).

varying more than three orders of magnitude. For example, rivers with scroll bars and
chute cutoffs as also formed experimentally in Chapter 3 occur for mean annual flood
discharges ranging from 20–30,000 m3/s. The ratio of discharge of the largest and
smallest rivers in the dataset is as large as the ratio of discharge of the smallest river
and the experiments with the same pattern. In other words, similar river patterns
are observed for flow discharges differing seven orders of magnitude.

The notion of scale-independence is supported to some extent by the experimental
data in comparison with theoretical predictions of bar lengths and pattern. For
example, bar length is well predicted for the small-scale stream table experiments
(Figure 2.8). However, it is sensitive to the assumed degree of sediment transport
nonlinearity, which is highly sensitive to Shields mobility number near the beginning
of sediment motion. Clearly bars and channels cannot be scaled down without a
limit. In fact, most experiments reported in literature (Table 2.1) have a discharge,
particle size and slope of similar magnitude. This is not merely a compromise between
the scale effects and the maximum size of facilities that can be handled by a few
researchers, but is in fact near the smallest scale above the threshold for motion of
medium sand that produces bars, channels and other phenomena of interest.

Clearly, several thresholds exist beyond which the scale-independence breaks down.
The theoretical analysis and the experiments show that these thresholds include the
transition from subcritical to supercritical flow, the transition from hydraulic smooth
to rough bed, the beginning of sediment motion, and the threshold for erosion of
cohesive or vegetated banks. Phenomena of interest in their own right arise when
these thresholds are not met, but when experiments are designed on the right side of
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these thresholds, many phenomena found in natural rivers and deltas can well be rep-
resented in the experiments in a quantifiable way. Our results show that experiments
at practically feasible scales can adhere to these relaxed scaling rules.

2.5 Conclusions

We showed how a number of small laboratory setups and protocols can be used effi-
ciently to isolate certain processes, determine their rates and tendency to channelize
or spread, assess potential scale effects and identify the most likely successful settings
for expensive large-scale experiments. A wide range of materials used in experiments
reported in literature were systematically compared.

1. Similarity scaling has worked well for rivers with fixed banks and for braided
gravel-bed rivers, but cannot straightforwardly be applied when width is a de-
pendent parameter in self-formed channels.

2. Physics-based predictors of bar wavelength and transverse bed slope are well
applicable without apparent scale problems to laboratory experiments.

3. The tendency of a small-scale fluvial system to form floodplains and erode
banks depends to a large extent on the properties of the sediment and presence
of vegetation or other substances that enhance bank strength.

4. The Friedkin bank erosion test showed significantly different erosion trends that
were very sensitive to bank composition.

5. The delta deposition test indicated that sedimentation patterns and dynam-
ics differed dramatically between different types of sediment with an increased
channelization tendency for more cohesive sediment mixtures.

6. Stream table fluvial experiments demonstrate that there is a narrow range of
conditions between no mobility of bed or banks, and too much mobility.

7. Most experiments represent gravel-bed rivers in nature, whereas experimental
reproduction of suspension-dominated sand-bed rivers remains a challenge.
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3 Meander growth

Based on: Van Dijk, W. M., Van de Lageweg, W. I., Kleinhans, M. G.
(2012), Experimental meandering river with chute cutoffs. Journal of Geophysical
Research 117 (F03023).

Abstract

Braided rivers are relatively simple to produce in the laboratory, whereas dynamic me-

andering rivers have not been sustained beyond initial bend formation. Meandering is

theoretically explained by bend instability growing from planimetric perturbation, which

convects downstream. In this study, we experimentally tested the importance of upstream

perturbation and chute cutoff development in the evolution and dynamics of a meandering

channel pattern. The initial straight channel had a transversely moving upstream inlet point

and silt-sized silica flour was added to the sediment feed to allow floodplain formation. We

obtained a dynamic meandering river with scroll bars. Bend growth was alternated by chute

cutoffs that formed across the point bars. Meandering was maintained as one channel was

disconnected by a plug bar. The curvature at the chute bifurcation transported sediment

and build a new floodplain, while the other channel widens. At the end of the experiment,

the fluvial plain exhibited a meandering channel, point bars, chutes and abandoned and

partially filled channels with a slightly cohesive floodplain surface similar to natural me-

andering gravel-bed rivers. We conclude that the necessary and sufficient conditions for

dynamic meandering gravel-bed river are a sustained dynamic upstream perturbation and

floodplain formation.

3.1 Introduction

Many rivers on Earth, from the smallest to the largest, have a meandering planform.
Meandering rivers are generally single-thread and are dynamic in the sense that their
bends migrate through bank erosion. Erosion is balanced by floodplain formation
on the other side of the channel, so that the channel migrates whilst approximately
maintaining a constant width (Figure 3.1). Despite numerous field and model studies,
the necessary and formative conditions for meandering remain unclear (Kleinhans,
2010). Numerical models suggest that bend growth is balanced by neck cutoffs which
leads to a statistical steady state of meander properties (Camporeale et al., 2005;
Frascati and Lanzoni, 2010).

Producing a dynamic meandering channel in laboratory experiments has proven to
be curiously difficult. It is the question to what extent this is due to scaling problems
and to what extent it reflects our limited understanding of the controls and process
of meandering. Flume experiments that added small amounts of vegetation produced
characteristics of meandering (Tal and Paola, 2010) or sustained a meandering river
(Braudrick et al., 2009). These experiments showed that braiding initiated by chute
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Figure 3.1 Meandering in the river Allier, France, showing a transversely stable inflow
point at the bridge and lateral movement of the channel downstream triggered by changes in
flow orientation at the bridge. Meander bends increase in size and lateral migration increases
in downstream direction of the bridge. Time in years, hard or fixed banks indicated. Photo
courtesy IGN-France (2008). Scan with Layar App.

cutoffs (Friedkin, 1945) was prevented by strengthening the floodplain. The general
aim of this study is to understand what the necessary and sufficient conditions are
for the formation of a dynamic meandering gravel-bed river and how a single-thread
river reforms after chute cutoff.

Theoretical understanding of the formation of meanders follows from linear sta-
bility analyses (Struiksma et al., 1985; Parker and Johannesson, 1989). According to
the linear stability analysis, a straight channel configuration is unstable both plani-
metrically, i.e. bend instability, and altimetrically, i.e. bar instability, for turbulent
flow on a cohesionless sediment bed (Ikeda et al., 1981; Lanzoni and Seminara, 2006;
Seminara, 2006). Consequently, a perturbation of an initially straight channel align-
ment grows to form meandering patterns. The bar instability response of the channel
can result in a planimetric perturbation due to bank erosion, which then leads to
bend instability (Blondeaux and Seminara, 1985; Crosato et al., 2011). The typical
wavelengths of the bars and bends resonate at a specific width-depth ratio, which
case non-migrating alternate bars form in the bends.

The nature of bend instability determines meander planform development. Theo-
retically, instability could be absolute or convective (Figure 3.2). The convective in-
stability requires a persistent perturbation located at some initial cross-section of the
channel and affects the planform only in a single direction. The absolute instability
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Figure 3.2 Migration of a perturbation of the channel planform. (a) Absolute bend in-
stability spreads in both direction. (b) Convective bend instability only migrates in down-
stream direction in the case of sub-resonant conditions.

develops even if perturbations are triggered only at some initial time and then cease.
In addition, the absolute instability influences planform in both directions (Lanzoni
and Seminara, 2006). The direction of the convection is determined by the resonance
condition: for relatively low width-depth ratios sub-resonant instability convects in
the downstream direction, while for high width-depth ratios super-resonant instabil-
ity convects in the upstream direction. Lanzoni and Seminara (2006) found that bend
instability is mostly convective in nature, which for sub-resonant rivers imply that an
upstream boundary must continuously be perturbed to maintain dynamic meander-
ing. A sub-resonant instability is mostly found in meandering rivers, which are in an
underdamped regime (Struiksma et al., 1985; Lanzoni and Seminara, 2006). Under-
damping leads to overdeepening of the outer-bend pool and associated enhancement
of the bar in the inner bend just downstream of the entrance to the bend or other
perturbations (Kleinhans and Van den Berg, 2011).

Bend development and sinuosity growth are limited by the occurrence of non-
linear processes, i.e. cutoffs and channel adjustment following the cutoff (Howard,
1984, 1992; Stölum, 1996; Camporeale et al., 2005). Various processes can lead to a
cutoff; when two bends intersect a neck cutoff forms, whereas if a shortcut develops
over a point bar within one bend a chute cutoff forms (Lewis and Lewin, 1983).
Neck cutoffs are characteristic for rivers with a high sinuosity, while chute cutoffs
are characteristic for rivers with low sinuosity (Friedkin, 1945; Schumm and Khan,
1972; Ashmore, 1991a; Peakall et al., 2007; Kleinhans and Van den Berg, 2011). The
theoretical maximum sinuosity for a river is about 3.14 (Stölum, 1996), but most
rivers have much lower sinuosity (Kleinhans and Van den Berg, 2011).

In nature, chute cutoffs in meandering rivers can form in three different ways or
combinations thereof. First, swales within the floodplain may capture overbank flow
and incise until cutoff occurs (Fisk, 1947; Hickin and Nanson, 1975). Second, as a
result of localized bed aggradation along a meander, the conveyance capacity of the
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channel is reduced, and flood flow is forced overbank, resulting in headcut extension
from the downstream rim in upstream direction across the point bar and chute cutoff
(Gay et al., 1998; Zinger et al., 2011). Thirdly, an embayment upstream on the point
bar forms by localized bank erosion during floods and downstream extension of the
embayment leads to a cutoff (McGowen and Garner, 1970; Constantine et al., 2010b).

Most studies aimed to create a meandering river focused on bank strength (Friedkin,
1945; Schumm and Khan, 1972; Smith, 1998; Gran and Paola, 2001; Peakall et al.,
2007; Tal and Paola, 2007; Braudrick et al., 2009). When banks of a river are the
same non-cohesive sediment as the bed, the banks will erode, so that the river be-
comes wider and shallower and braid bars emerge (Crosato and Mosselman, 2009;
Kleinhans and Van den Berg, 2011). For gravel bed rivers this is the case when a
threshold channel forms where the river is so wide and shallow that both banks and
bed are barely mobile (Parker, 1978; Kleinhans, 2010). To initiate meandering these
previous experiments started with a planimetrical perturbation. The initial pertur-
bation was an inflow of water and sediment at a fixed angle to the valley gradient
(Friedkin, 1945; Schumm and Khan, 1972; Peakall et al., 2007; Braudrick et al., 2009).
Other experiments showed that with a straight inlet alternate bars initiated and in-
cipient meandering eventually formed a braided river as the channel widened and/
or bends were cut off (Parker, 1976; Federici and Paola, 2003; Visconti et al., 2010).
In the work of Gran and Paola (2001) and Tal and Paola (2007, 2010), upstream
dynamics were controlled by avulsions, and vegetation subsequently produced a wan-
dering pattern with meander features. In our pilot experiments, we observed that the
bend dynamics ceased after some time in the case of a fixed perturbation (Kleinhans
et al., 2010b; Van Dijk et al., 2010). As natural meandering reaches are continuously
perturbed by upstream meandering or some other planimetric variation, we conceived
the idea of a sustained perturbation that simulates meander bends migrating into the
reach of interest, here the flume. Our hypothesize was later found be supported by
the theory of convective bend instability (Lanzoni and Seminara, 2006).

Here we report on an experimental river representing a meandering gravel-bed
river that exhibits lateral and downstream migration, downstream convection and
chute cutoffs. The objective of this chapter is to assess the importance of sustained
upstream perturbation on chute cutoff development in the evolution of meandering
channel patterns. The inlet of water and sediment was moved continuously in a
transversal direction to simulate a meander bend that migrates into the flume.

This chapter is set up as follows. We first give a detailed description of the
layout and boundary conditions of the flume and experiments in the laboratory and
the used measurement techniques. Then, we present detailed morphology in the
form of maps and timeseries. Furthermore, we compare our experimental river to
empirical, analytical and physical descriptions of natural meandering rivers, including
bend migration and a physically-based predictor of the transverse bed slope in bends.
Finally, we elaborate on the set of processes that cause chute cutoff yet maintain a
single-thread channel.
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3.2 Experimental setup, methods and materials

The experiment was designed to represent a meandering gravel-bed river which is
dominated by bedload transport (Kleinhans and Van den Berg, 2011). The designed
conditions were not based on direct scaling from a particular natural river, but on an
optimal reduction of scaling issues derived from a large number of pilot experiments
(Kleinhans et al., 2010b). We designed experimental conditions that compromise
between the most important scaling issues; in particular, low sediment mobility, pre-
vention of scour holes and cohesion of the floodplain sediment. To obtain meandering
in a relatively short flume, we designed an inflow duct perpendicular to the upstream
edge of the tank which moves transversely as a sustained perturbation. We compared
the results obtained using the shifting inflow to those obtained for a control experi-
ment without transverse inflow movement but with otherwise identical conditions. To
assess whether the resulting experimental meandering channel was representative for
natural meandering rivers, we quantitatively compared the most important properties
and dynamics of meandering to empirical and analytical predictors. We studied the
formation of chute cutoffs and the processes of channel closure.

3.2.1 Flume setup and experimental procedure

The experiment represented a meandering gravel-bed river in underdamped regime
and was accomplished by scale rules of some non-dimensional variables for hydraulic
conditions, sediment transport conditions and morphological features, which had to
remain between specific ranges (Table 3.1). The flow had to be subcritical (Fr < 1) as
in most rivers. Turbulent flow was necessary to rework the sediment and to transport
sediment in suspension in the channel and on the floodplain (Re > 2000). In contrast,
braided rivers could be represented by laminar flow where floodplain interaction was
not important (Métivier and Meunier, 2003; Malverti et al., 2008; Lajeunesse et al.,
2010). For sediment transport conditions bedload sediment should be mobile θ > θcr
(Kleinhans and Van den Berg, 2011). Because a laminar sublayer condition was known
to be conducive to formation of ripples or scour holes (Kleinhans et al., 2010b),
the channel should have a hydraulically rough bed, for which large particles were
needed to disrupt the laminar sublayer (grain Reynolds number, Re∗ > 11.6). For
morphological features the channel width-depth ratio determined the bar mode and
bar formation, which was represented by bar wavelength and interaction parameter
(Table 3.1). This required that the channels had enough bank strength so they did
not became too wide and shallow which would led to braiding.

The experimental setup was kept as simple as possible with constant influxes and
a straight initial slope and channel. The experiments were carried out in the Eurotank
at Utrecht University, a flume which is 6 m wide and 11 m long (Postma et al., 2008,
Figure 3.3). The flume was filled with a 10 cm thick layer of poorly sorted sand
(Figure 3.4) and the initial bed surface was set at a gradient of 5.5 · 10−3 m/m based
on pilots. We carved a 30 cm wide by 1.5 cm deep straight channel in the sediment,
corresponding approximately to the predicted hydraulic geometry in a non-cohesive
gravel-bed river (Parker et al., 2007) and with self-formed channels in the pilot ex-
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Table 3.1 Boundary, initial and designed conditions. We used Keulegan with ks = D90 (1),
Struiksma et al. (1985, their equations 26 and 28) (2) and Crosato and Mosselman (2009,
their equation 19) (3). The scale rule for IP is to be within an underdamped regime (see
text).

Boundary conditions Symbol Scale rule Value Unit

Flume width 6 m
Flume length 11 m
Formative discharge Qw 1 l/s
Bed sediment feed Qb 1 kg/hr
Silt feed Qs 0.25 kg/hr

Initial conditions

Median grain size D50 0.51 mm
Channel width W 300 mm
Channel depth h 15 mm
Mean velocity u 0.22 m/s
Valley slope Sv 5.5 mm/m

Design conditions

Froude number Fr < 1 0.58 -
Reynolds number Re > 2 3.3 103

Shields mobility number θ > 0.04 0.07 -
Grain Reynolds number1 Re∗ > 11.6 33 -
Interaction Parameter2 IP 0.10 < IP < 0.29 0.22 -
Bar wavelength2 Lp 3.0 m
Bar mode3 m 1.23 -
Braiding index3 Bi 1.12 -

periments. The downstream boundary was formed by a deep basin with constant
water level. The base level was controlled by a fixed overflow level at downstream
floodplain level, which led to sedimentation and formation of a fan delta. The con-
stant input discharge of 1.0 l/s was controlled by a rotameter. The upstream inflow
point was initially offset transversely at half a channel width as a static planimetric
perturbation to start meandering.

The sediment feed consisted of coarse (sand) and fine (silica flour) sediment, which
were mixed in a ratio of 4:1. The sediment feed rate was 1.00 kg/hr of bedload
sediment (sand) and 0.25 kg/hr of suspended sediment (silica flour). The sand had a
specific weight of 2650 kg/m3, a median grain size D50 = 0.51 mm, and was poorly
sorted (Figure 3.4). The silica flour was necessary for having sufficient suspended
sediment transport, that could settle on the floodplain and point bar resulting in
slightly more cohesive banks (Peakall et al., 2007) and in the filling of lows in the
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Figure 3.3 Overview of the Eurotank looking in the upstream direction. Initially, a straight
channel was carved into the flat poorly sorted sand bed. At the movable inlet, sediment
and water enter from a constant head tank and sediment feeder. The computer-controlled
gantry was used to scan the bed with a line-laser and to make high-resolution images with
a DSLR-camera. Scan with Layar App.

floodplain to limit the potential for chute cutoffs (Braudrick et al., 2009). The silica
flour had a specific weight of 2600 kg/m3, and a median grain size of D50 = 0.03 mm.

The experiment ran for 260 hours under a constant formative (bankfull) discharge
and transverse movements of the inflow point for water and sediment over time.
Firstly, from 0-30 hrs the inlet point was at a fixed position with an offset of half the
channel width to study the evolution with a static upstream perturbation. Secondly,
from 30-80 hrs the inflow point was transversely moved to the left with a constant rate
of 1 cm/hr. Finally, from 100-260 hrs the inflow point was moved to the right with a
constant rate of 1 cm/hr. The migration rate was determined from measurements of
the average bend migration rate from earlier pilot experiments and about equal to a
movement of W/30 per hour. Tests (not reported here) without migration resulted
in a decrease in channel dynamics, while a faster movement of 5 and 10 cm/hr of the
inlet point resulted in channel abandonment upstream, as lateral and longitudinal
channel migration could not keep up with the migration speed of the inlet point.
These results suggested that a minimum rate of perturbation is needed and that
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Figure 3.4 Grain size distribution of the initial bed (black) and the feed (red dashed)
sediment.

channel development is bounded to a maximum perturbation rate which depended
on the erodibility of the banks.

3.2.2 Data collection

Several measurements were done during the experiment. Overhead photographs were
taken at 10-min intervals to record channel migration by low-resolution images. Fur-
ther, the flume was equipped with an automated gantry with a line-laser scanner
(0.7 mm vertical resolution) and a high-resolution (0.25 mm/pixel) Digital Single Re-
flex camera. The dry bed topography was scanned on average every 7 hours. The
high-resolution camera was remotely controlled and captured 55 images per full cov-
erage of the flume at on average a 7 hour interval during wet and subsequent dry bed,
so that both could be matched to the laser scan. The flow was shut off for scans and
photographs of the dry bed.

3.2.3 Data processing

The collected data were processed to obtain digital elevation maps and silica flour dis-
tribution maps. The images from the low and high-resolution cameras were first rec-
tified for lens distortion (Heikkila and Silven, 1997). The high-resolution images from
wet conditions were used to identify the channel, while high-resolution images from
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dry conditions (Figure 3.5a) produced a silica flour distribution map (Figure 3.5c).
Silica flour was detected by changes in luminosity of the photographs, as silica flour
was white compared to the bed material, but is rather inaccurate as it was affected
by ambient lighting. The water was colored with a red dye, Rhodamine B, for iden-
tification of channels on the images from wet conditions.

We used digital elevation models (DEMs) to identify channel pattern changes.
The bed topography was measured by projecting the line-laser onto the bed normal
to the mean downstream direction of the channels and photographing the line with a
digital camera (0.7 mm resolution) mounted at an oblique angle with a 2 mm interval
in longitudinal direction (Figure 3.5b). The point cloud with x,y and z coordinates
were gridded by a median filter on a 2, 4 or 10 mm grid depending on the size and
details of the region of interest. These high-resolution DEMs as well as the time
interval between scans were important for the quality of morphologically inferred
process rates (Lane et al., 2003).

The initial bed surface slope of the DEMs was subtracted to detrend the DEMs.
For areas where no changes occurred between current DEM and original DEM, values
were indicated with zero. DEMs of difference (DoD) were constructed by subtracting
DEM pairs. The DoD showed that points known to be constant changed slightly in
height over time. Differences in height of these stable points could be the result of
interpolation of the point cloud on a grid and sub-millimeter movement of the gantry
suspended from the ceiling. We therefore corrected the DoDs by setting no changes
for values which were smaller than 0.7 mm which was a conservative estimate of the
vertical scan resolution.

The sediment balance was calculated by summation of the corrected DoDs for
the fluvial part (first 10 m, Equation 3.1). The sediment balance volumes between
timesteps t and t+ 1 were calculated for all grid cells m based on the inversed Exner
equation:

Vt→t+1 = dx · dy ·
m∑
i=1

zi,t+1 − zi,t (3.1)

where V is volume (l), z is bed level (in dm), dx is grid size in x-direction (in dm)
and dy is grid size in y-direction (in dm), i is grid cell index and m is total number
of grid cells.

3.2.4 Data reduction

The experimental river was quantified by the total braiding index (TBI), the active
braiding index (ABI, Bertoldi et al., 2009b), bend migration rate and transverse bed
slope. The total braiding index, defined as the number of wetted channels per cross-
section, was taken as the average number of channels (selected at six fixed cross-
sections along the flume) identified on the DEM and high-resolution photographs
where the red color band of the images corresponded to the red dyed water. The active
braiding index, defined as the number of channels that transport sediments in a cross-
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Figure 3.5 Illustration of data processing and data parameterization of photographs and
DEMs for each timestep. (a) Example of the gridded photographs of the dry bed after 72
hrs; (b) Example of a shaded elevation map (DEM); (c) Example of silica flour distribution
map. Numbers 1,2 and 3 indicate cross-sectional profiles shown in (d). (d) Cross-section
profiles; blue line indicates the water level derived from photographs of flow. W = channel
width, hmax = maximum channel height, hb = bank height and ∂z/∂y= transverse bed
slope measured between 2 cm from the deepest point until 2 cm from the waterline at the
inner side of the bend (shown by red dots).

section, was the average number of channels which also had net morphological change
(e.g., lateral migration) observed on the DoD maps at six identical cross-sections.

Bend migration rate was determined by the displacement of the bend apex and
related to bend curvature (R/W ). Three phases (initiation, growth and termination)
of bend development could be distinguished depending on non-dimensional bend cur-
vature (R/W ) and normalized migration rates (M/W ), where R = radius of curva-
ture (m), W = channel width (m) and M = migration rate (m/hr) (Hickin, 1974;
Furbish, 1988; Hooke, 2003). Therefore, the centerline of the channel was used to cal-
culate the curvature and bend radius along the bend (Fagherazzi et al., 2004; Crosato
and Mosselman, 2009, Equations 3.2 - 3.3). The apex of the bend was determined as
those parts where the radius of curvature was smallest, measured as largest curvature.
The curvature was calculated as (Fagherazzi et al., 2004):

Λ =

[
dx
ds

d2y
ds2
− dy

ds
d2x
ds2

]
[(

dx
ds

)2
+
(
dy
ds

)2]3/2 (3.2)
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Figure 3.6 A detailed Digital Elevation Model (DEM on 2 mm grid) of the central region
of the flume after 191 hrs. The channel cuts through its deposits and disconnects former
active channels (I) by a plug bar (II). Location of scroll ridges and swales (III), as well as
bar accretion on the point bar complex (IV) are shown. Scan with Layar App.

where s is the curvilinear streamwise coordinate (per mm), x- and y- coordinates of
the grid and Λ is the curvature, which is positive (negative) when the bend is turning
right (left) for increasing values of s. Here we calculated the radius of curvature
streamline (R) as:

R =
π

2Λ
(3.3)

At the bend apex, we measured the maximum bend migration rate (Hickin and
Nanson, 1975, 1984; Hooke, 2003) automatically from DEMs and manually from over-
head photographs. For the bend migration rate, the absolute distance between bend
apex positions was calculated, so that the migration indicates lateral as well as longi-
tudinal directions. The data was filtered for points which were related to a direction
shift of the outer bank, for example due to chute cutoffs.

We measured transverse bed slope in the bends for comparison to a transverse bed
slope predictor, to test helical flow and the transverse bed slope effect in experimental
bends for scale problems. Transverse bed slope was measured on the DEMs in profiles
perpendicular to the channel centerline. Figure 3.5d illustrates several profiles along
a meander bend and shows the channel width (W ), maximum channel depth (hmax),
mean channel depth (h), bank height (hb) and the transverse bed slope in a bend
( ∂z
∂n

, where n is the transverse coordinate in a curvilinear channel). The transverse
bed slope was determined between 2 cm from the deepest point until 2 cm from
the waterline (following Struiksma et al., 1985). We used the theory of Struiksma
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et al. (1985, adapted by Talmon et al. (1995)) to predict the transverse bed slope for
damped conditions in an infinitely long bend:

tan

(
∂z

∂n

)
= 9

(
D50

h

)0.3√
θ

2

κ2

(
1−
√
g

κC

)
h

R
(3.4)

where κ = 0.4 Von Karman’s constant, g = acceleration of gravity (9.81 m/s2),
9 (D50/h)0.3 = α and C = Chezy coefficient (here calculated as 18 log 12h

D90
). ∂ z

∂ n

depends on α
√
θ and the helical flow strength (Struiksma et al., 1985), which could be

calibrated for a better representation of the transverse bed slope of our experimental
river. The water depth (h) was kept constant, while the bend radius (R) changed in
this prediction. Data was filtered by excluding points that mismatched between the
photographs during wet conditions and the DEMs.

3.3 Results

In our experiment a low sinuosity meandering river developed, where outer bend ero-
sion was balanced by floodplain formation of scroll ridges and swales. Bend growth
was alternated by chute cutoffs, and former channels were closed by plug bars (Fig-
ure 3.6). The plug bar is defined as a bar that hinders flow into a channel (Fisk,
1947; Toonen et al., 2012). Below we report in detail on channel pattern evolution
and chute cutoff mechanisms. We quantitatively compared the important properties
and dynamics of a meandering river to empirical and analytical predictors, i.e. sin-
uosity, braiding index, bank erosion related to bend curvature and transverse bed
slope.

3.3.1 Channel pattern evolution

The experiment showed different stages of channel development which could be related
to the upstream boundary conditions. The experiment was therefore subdivided
into three stages: 1. (0-38 hrs) incipient meandering of a low-sinuosity channel with
alternating bars developed without movement of the inflow point; 2. (38-100 hrs)
meander growth which resulted in a higher-sinuosity meandering channel and the
development of a mature point bar with successions of scroll bars that was later cut
off as the inflow point moved to the left side; and 3. (100-260 hrs) increasing floodplain
complexity as a major chute cutoff occurred and a single-thread meandering channel
redeveloped as the inflow point moved to the right side (Figure 3.7).

Figure 3.7 (Next page.) Channel evolution; Left: shaded elevation maps (DEMs) de-
trended with the initial slope. Blue arrow indicates location of inlet point for water and
sediment, while black arrow indicates migration direction of the inlet point. Right: corre-
sponding overhead photographs where the red and blue band are switched.
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Figure 3.8 Dynamics in the experiment over time with vertical black dashed lines for
cutoff occurrence and blue dash-dotted lines to distinguish the three stages of (1) incipient
meander, (2) meander growth and (3) floodplain complexity. (a) Sinuosity (b) Total (TBI,
black line) and active (ABI, red striped line) braiding indices compared to the predicted
active braiding index (See Table3.1, blue dashed line) (c) Sediment balance per timestep
for the fluvial part (first 10 m in longitudinal direction); negative values indicate sediment
loss, which is trapped in the fan delta.

Incipient meandering

Initially, a weakly sinuous quasi-meandering river with narrow alternating point bars
developed (Figures 3.7-3.8a, 0-30 hrs). The initial offset of the inflow caused bank
erosion and overbank flow. Bank erosion and formation of forced alternating bars
produced an incipient meandering river with three bars and bends, a sinuosity of
1.12 (Figure 3.8a) and a bar wavelength corresponding to the predicted wavelength
of 3.0 m (Table 3.1). After formation of these three bends, the initial perturbation
migrated downstream and straightened the channel (Figure 3.8a and b, 14-30 hrs).
The bar and bend stretched out to a length longer than the predicted bar wavelength
and two bends remained in the domain of the flume (Figure 3.7, 30 hrs).

Channel adjustment to the base level and formation of bars and bends led to
sediment loss in the first 30 hrs (Figure 3.8c). Sediment which deposited downstream
of the fluvial plain produced a fan delta, which after 30 hrs was already half the volume
of the total fan delta volume measured at the end of the experiment (260 hrs). At the
end of this first stage, the channel straightened and lateral migration ceased. Channel
mobility was insignificant, i.e. neither lateral channel movement nor the development
of a new floodplain was observed (Figure 3.9a).
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inlet point shown on DEM of difference. (a) Channel is immobile whilst upstream pertur-
bation is fixed in position. (b) Upon transverse movement of the inflow point meanders
start to build out rapidly.

Meander growth

In the second stage, movement of the inflow point in the transverse direction resulted
in formation and growth of bends and increased sinuosity (Figure 3.7, 30-58 hrs).
Development of bars and bends were initiated when the inlet point moved transversely
over a distance of 2/3 of the channel width. Then, in the middle section of the
flume, a bar and bend formed that later promoted the development of another bend
downstream (64 hrs). Lateral migration of the channel by bank erosion and formation
of bars was clearly visible in the DoD (Figure 3.9b). The transversal movement of the
inlet resulted in bend expansion and the bend amplitude tripled (Figure 3.7, 58 hrs).
Furthermore, the channel width changed and bend wavelength became shorter, so
that three bends instead of two bends formed. Erosion and sedimentation resulted in
width-depth variation of the channel along the experimental river (Table 3.2).

In this stage, net sediment loss occurred due to channel widening, channel exten-
sion by increase in sinuosity, and channel bank shaving whilst producing lower flood-
plains than the pristine floodplain (Figure 3.8c), but not by net channel deepening
(Van de Lageweg et al., 2013). Whilst the floodplain evolved by continuous migration
of the meandering river, sediment loss was reduced to zero and the fan delta hardly
grew. The channel sinuosity increased to a maximum of 1.3 (Figure 3.8a), until the
middle bend was cut off. After the cutoff, the total braiding index increased (Fig-
ure 3.8b), because water flowed in the residual channel. The active braiding index
remained about unity (Figure 3.8b), because the residual channel had no morpholog-
ical change and the system remained single-threaded.
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Figure 3.10 Channel displacement by meander translation, migration and chute cutoffs.

Floodplain complexity

In the third stage (Figure 3.7, 128-246 hrs), the inflow point was moved twice as
far from the flume center as in the former opposite sweep. Movement of the inlet
point in the reverse direction produced a multiple bend cutoff, so that the channel
straightened (Figure 3.8a). In the straight channel new meander bends formed at
opposite side of the earlier bends. The formation of bends resulted in an increase in
sinuosity and sediment loss again (Figure 3.8a and c). Again a bend cutoff occurred,
so that the residual bends were approximately mirrored after 191 hrs (Figure 3.6).

As the experiment progressed, floodplain complexity increased. Former channels
were transformed into floodplain lakes that only received a minor amount of silica flour
by sheet flow over the plug bar. Depressions of the residual channels could easily be
re-activated by channel migration at a later time to transform into chute channels. As
a result bend translation onto depressions, i.e. former channels, resulted in twice the
amount of cutoffs later in the third stage (between 191-260 hrs, Figure 3.8). Further,
in the third stage the main channel did not produce a constant maximum sinuosity
of 1.3, but the sinuosity varied between values of 1.1 and 1.2 due to repetitive cutoffs
and redevelopment of bends (Figure 3.8a). Floodplain complexity was quantified by
the total braiding index, which increased as disconnected residual channels remained
unfilled with sediment. The active braiding index, on the other hand, ranged between
1 and 1.5 (Figure 3.8b), demonstrating that the channel remained largely single-
threaded (see Figure 3.10).

3.3.2 Transverse bed slopes in bends

We examined if the transverse bed slope of the experimental channel bends be-
haved according to well verified theory (Equation 3.4). The transverse bed slope
increased with decreasing bend radii (R/h). Transverse bed slope in the experiment
was often steeper than the predicted transverse bed slope because of overdeepening
at the beginning of the bend (Figure 3.11). This was expected as the channel was
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Table 3.2 Measured and calculated parameters. Range indicates variation along the entire
channel including straight and bended parts.

Symbol Straight Bend Unit

W 0.30 0.20 m
h 0.01 0.02 m
u 0.33 0.25 m/s
Fr 0.95 0.45 -
Re 3 · 103 4 · 103 -
θ 0.066 0.130 -
Re∗ 31 44 -
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Figure 3.11 Transverse bed slope as measured and predicted in the second bend, upstream
of the bend apex, at the bend apex and downstream of the bend apex (see Figure 3.5 for
locations). The predicted transverse bed slope was predicted with equation 3.4. The trans-
verse bed slope along the bend decreased in steepness, which is explained by overdeepening
of the channel (dashed line, Struiksma et al., 1985). Points in the ellipse are the result of
channel incision after cutoffs. For the transverse bed slope predictor a constant flow depth
was used.

in an underdamped regime (Table 3.2). The transverse bed slope at overdeepening
locations were generally three times larger than the transverse bed slope according to
the predictors (Figure 3.11, blue line). We found no relation between discrepancies
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of measured and predicted transverse bed slope and bend migration rate or sediment
sorting in the bend.

3.3.3 Bend migration styles

Styles of bend migration are here described in the framework of the normalized
bend migration rate (channel width/ hour; W/hr) and non-dimensional bend cur-
vature (R/W ) (Figure 3.12). To test the detailed variation in time, the position of
some outer banks were also manually traced on the overhead photographs, which
had a shorter time interval than the scans (Figure 3.12a). Furthermore, the normal-
ized migration rate versus channel curvature was compared to migration rates of the
upstream boundary (Figure 3.12b).

Eroding banks in the experiment did not show any slump failure; erosion occurred
gradually by sediment entrainment. Individual bend migration was characterized
by an initiation, a growth and a termination phase (Figure 3.12a). Initially, bend
migration was slow for high bend curvatures. In the pristine floodplain, the migration
rate peaked at a R/W -ratio of 12 (Figure 3.12a). The bend migration rate in the
reworked floodplain peaked at higher R/W -ratio of 18 and the maximum migration
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Figure 3.12 Normalized bend migration rate for their period of existence from bend ini-
tiation until cutoff. The normalized bend migration versus bend curvature are related to
bend development. (a) Single bend migration in the initial floodplain and in a reworked
floodplain according to photographs and DEMs. The photographs showed phases of initi-
ation, growth and termination of the river bend, while DEMs averaged the migration rate
over a longer time period. Migration of the inlet point is indicated by the black dotted line.
Note that several points close to each other indicates the termination phase; (b) Migration
rate measured between DEMs for the first and second bend. Note that migration rates of
the second bend were higher and correspond less to the transversal migration of the inlet
point.
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Figure 3.13 Lack of relation between transverse inflow point migration and lateral bend
migration rate. (a) Positions of the channel at several locations relative to the initial
position of the inlet, showing that bend amplitude increased downstream and exceeded the
amplitude of the transverse perturbation of the inlet. (b) Timeseries of migration rates,
indicating that downstream channel migration was initiated from upstream and migration
rates increased over time.

rate increased from 0.5W/hr to 1.5W/hr (Figure 3.12a). The peak occurred when the
bend migrated through the depression of the former channel, so that less sediment had
to be removed. The total volume of sediment that was removed for the formation of
the bend in the pristine floodplain was twice the volume compared to bend formation
with the same amplitude in the reworked floodplain, 21.5 l (in 28 hrs) versus 11.2 l
(in 14 hrs) of sediment from initiation until cutoff. Similarity, in the development of
both bends was that bend migration was terminated at the same bend curvature. For
a R/W between 6-8, no lateral migration was observed and bends were abandoned
(e.g., chute cutoffs).

The lateral migration of the first bend was slower than the second bend (Fig-
ure 3.12b). The migration rate of the second bend exceeded the migration rate of the
transversally moving upstream inlet point for about 50% of the time, while migration
rate of the first bend only exceeded migration rates of the transversal moving inlet
point for 25% of the time (Figure 3.12b). Apparently, the migration rate of the first
bend was more controlled by the transversal movement of the inlet point whilst the
second bend developed freely.

To assess if the bend migration rates were mostly forced by the transversal mov-
ing inlet point as a standing or advecting wave, we compared lateral positions and
migration rates of several points along the river with the position and migration rate
of the inlet (Figure 3.13a and b). This demonstrated that the rate and direction of
the bends differed non-systematically from that of the transverse movement of the
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inflow point in three ways. Firstly, bend amplitude increased in the downstream direc-
tion (Figure 3.13a). Secondly, the maximum bend amplitude exceeded the maximum
amplitude of the inlet point (Figure 3.13a). Thirdly, the migration rate increased
downstream and initiation of channel migration was retarded. This indicated that
the perturbation had to convect downstream and that the downstream bends were
initiated but not forced by the transversal moving inlet point.

3.3.4 Chute cutoffs

In the experiment, channel shifting and new bend formation were generally caused
by single chute cutoffs and once by multiple chute cutoffs. The occurrence of chute
cutoffs prevented the development of high sinuosity meanders whilst the rapid closure
of the channel abandoned by chute cutoff prevented development of a braided river.

Single bend cutoffs

Single bend cutoffs occurred as a bend migrated downstream and occupied depres-
sions, i.e. topographic lows, in the self-formed floodplain. Depressions formed on
the inner side of the bend as a side-bar did not fully attach to the floodplain (Fig-
ure 3.14a). We define a side bar as a bar attached to one side of the channel, but
not as part of a train of alternate bars. Furthermore, depressions formed when the
residual channel was not filled with sediment (Figure 3.6). The self-formed floodplain
was lower as the bend migrated and shaved the floodplain by eroding high banks and
forming lower point bars (Figure 3.14a and b). Below we describe the chute cutoff
development in five phases starting from incipient meandering.

In the first phase (Figure 3.14a, 44-50 hrs), lateral migration induced by upstream
perturbation instantly initiated an ’alternate’ side bar. The upstream part of the side
bar attached to the earlier formed floodplain. The downstream part of the side bar
did not attach to the floodplain, so that a large swale depression formed. In a later
stage, the depressions were only filled by suspended material that was transported
by overbank flow over the bar into the swale. Due to a limited amount of suspended
material and the absence of floods, depressions were not entirely filled by sediment.

In the second phase (Figure 3.14b, 50-78 hrs), rapid meander growth proceeded
as the perturbation by the upstream flow orientation continued. Bank erosion and
lateral movement of the bend produced a higher amplitude bend in the middle section

Figure 3.14 (Next page.) Changing morphology in the DEMs (left panel) and chute cutoff
description (right panel). Development of self-formed floodplains (a-b) and their relation
to formation of a chute cutoff (c-e). Chute cutoff occurred when overbank flow became
dominant by an increase in sinuosity and/ or change in channel dimension. Important
processes for cutoff are bank erosion, upstream propagating headcuts and chute channel
incision. Colors in conceptualized evolution indicate channel (blue), scrolls (yellow), chute
bars (green), headcut lines and bank incision (red), plug bars (purple) and overbank flow
(blue arrow).
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Figure 3.15 The high-resolution gridded images (a) indicates the locations of the white
silica flour and are shown in the silica flour distribution map (b) after 108 hrs. Arrows
indicate drapes of silica flour downstream of the splay and on the point bar.

of the flume. We visually observed that sediment eroded from the outer bank was
transported and at least partly deposited on the inner bank downstream. As lateral
successive scrolls were attached to the inner bank, a point bar formed which was
characterized by scroll ridges and swales. On the upstream side of the point bar,
accretion by sheet deposition of bedload material disconnected the swale depressions
from the active channel.

In the third phase (Figure 3.14c, 78-108 hrs), overbank flow became more impor-
tant as water level fluctuated, even with constant discharge. Overbank flow occurred
in response to in-channel sedimentation and channel geometry changed, which caused
flow diversion at the outer bank. As the outer bank migrated laterally and longitudi-
nally, outer bank erosion and sediment input in the channel continued. Downstream
sediment transport decreased as sinuosity increased and lowered the local stream gra-
dient. The decrease in stream gradient caused a decrease in flow velocity, so that
water level rose, starting overbank flow at the outer bank. Diverted flow led to fur-
ther reduction of sediment transport, and more in-channel deposition. Changes in
the channel width-depth ratio and the occurrence of overbank flow continued for a
long period.

In the fourth phase (Figure 3.14d, 108-114 hrs), channel shallowing caused a fur-
ther increase in overbank flow. In-channel sedimentation and bar accretion resulted
in disconnection between the channel upstream and downstream of the point bar.
Overbank flow became more focused as it rapidly incised a chute channel in the outer
bank and formed a chute splay downstream of the chute channel. Overbank flow con-
verged from the floodplain into the large swale depressions downstream and produced
headcuts that propagated in upstream direction (Figure 3.14d). Silica flour deposi-
tion in the depression of the point bar and on the outer bank did not form large
cohesive drapes (Figure 3.15), so that bank strength and the critical shear stress for
sediment entrainment probably did not increase much.
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In the last phase (Figure 3.14e, 122 hrs), the chute channel rapidly incised the
chute splay and connected with a headcut. Following the chute cutoff, the channel
widened and a new side bar formed. Then the channel started to migrate laterally
and formed a new bend just downstream of the former bend (Figure 3.7, 128 hrs).
Former channels were observed in the DEM as a depression, but were disconnected
from the main flow by a plug bar as shown in the overhead photographs (Figure 3.7).

Multiple bend cutoff

Multiple bend cutoffs developed in the third stage of channel development when the
inflow point moved in the reverse direction. In the beginning of the reverse movement,
a fan built at the upstream boundary and closed off the upstream part of the channel
(Figure 3.7, 128 hrs). As the fan built out in the downstream direction, a chute
channel incised in the fan from the inlet point position to the main channel at the first
point bar (Figure 3.7, 150 hrs). Within 8 hours, the second bend was cut off due to the
upstream change in flow orientation and an impulse of sediment from the upstream
chute channel led to in-channel sedimentation. This processes continued until all
three bends were cut off and the channel straightened (after 158 hrs). Meanwhile,
floodplain formation by plug bars disconnected former active channels, so that the
system remained single-threaded.

Straightening of the active channel by several cutoffs was associated to the on-
set of braiding, but as the inflow point was continuously perturbed, alternate bars
and meander bends were initiated in the opposite direction. In pilot experiments
without transverse movement of the inflow point, multiple bend cutoff also occurred
which resulted in a straight channel (Chapter 2). Without the continuous upstream
disturbance, no subsequent lateral migration occurred after the multiple bend cutoff.

3.4 Discussion

Our experimental results show that the combination of a dynamic inflow point, poorly
sorted sand and silt promotes the development of a dynamic meandering river ex-
hibiting a richer morphology than hitherto produced in a flume, including cycles of
meander growth and chute cutoff.

3.4.1 Bend development

The incipient meandering with alternate bars was predicted for the initial width-depth
ratios (Struiksma et al., 1985; Parker and Johannesson, 1989; Seminara and Tubino,
1989). Later, the incipient meandering river was cutoff, which also occurred in earlier
experiments related to braided (Friedkin, 1945; Schumm and Khan, 1972; Ashmore,
1991a) and meandering rivers (Braudrick et al., 2009; Tal and Paola, 2010). Despite
bend growth and chute cutoffs, the channel maintained its geometrical character-
istics, particularly low width-depth ratios that prevented formation of mid-channel
bars (Crosato and Mosselman, 2009). Furthermore, the experiment remained in an
underdamped regime, which implies sub-resonant conditions. We observed that the

85



perturbation from the transversal movement of the inflow point convected in down-
stream direction and bends were overdeepening, which agrees with theory (Struiksma
et al., 1985; Lanzoni and Seminara, 2006). Meander dynamics increased in down-
stream direction, which was also observed in numerical models were a meandering
channel pattern emerged in downstream direction (Howard, 1992; Stölum, 1996; Lan-
zoni and Seminara, 2006). The influence of the transversal perturbation on down-
stream bend development was limited to the development of the first bend, while
the second bend moved around freely (Figures 3.12-3.13). This is in agreement with
Zolezzi and Seminara (2001), who found that a perturbation decays a few channel
widths in downstream direction. We calculated that the adaptation length of the
transverse bed slope was 0.4 m which was less than 2 channel widths (Struiksma
et al., 1985).

Linear stability analysis suggests that meandering can form in a straight channel
when non-migrating alternate bars grow and lead to bend instability (Blondeaux
and Seminara, 1985). However, the bend amplitude and the number of bends in
the experiment were limited (Figure 3.9a). This may be due to the limited flume
length. Although we observed that bend amplitude increased in downstream direction
(Figure 3.13a).

Bend migration in the experiment had similar characteristics as that in natural
rivers. Bend growth could be characterized by channel extension, expansion and
translation (Hooke, 1984). Bend evolution followed phases of initiation, growth and
termination as like in nature (Hickin, 1974; Furbish, 1988; Hooke, 2003). The bend
curvature related to the phases of bend evolution differs in our experiment compared
to nature. The minimum radius of curvature in the experiment was around 4, and
bend growth terminated between values of 4-8. In natural fluvial systems, termination
occurred in bends ranging at bend curvature between 1-6, but with a maximum
frequency in bend curvature of 1-2 (Hooke, 1984; Furbish, 1988). Termination of
bend growth was coupled to the occurrence of chute cutoffs. After reformation of
bends the sinuosity did not reach the same high value of 1.3 before the first chute
cutoff, which was also observed in numerical simulations with cutoffs (Camporeale
et al., 2005; Frascati and Lanzoni, 2010).

3.4.2 Cutoff processes

Several shortcuts over the point bar developed and caused single bend or multiple
bend cutoffs in the experiment. Multiple bend cutoffs in meandering rivers have been
reported by several studies (e.g., Stölum, 1996; Hooke, 2004; Camporeale et al., 2005;
Kleinhans and Van den Berg, 2011). These cutoffs were caused by the propagation
of a change in flow orientation and triggered by floods, and temporarily reduced
sinuosity. In the experiment, a chain of events promoted the multiple bend cutoff.
The reverse direction of the inlet point caused a shift in flow direction and triggered
a chute cutoff upstream that was followed by multiple cutoffs.

Chute cutoff development in the experiment was a result of overbank flow, which
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Figure 3.16 (a) Conceptual model for chute cutoff development in a dynamic meandering
river with rapid bend expansion and translation. (b) Where the chute cutoff forms there
is a temporary bifurcation on the upstream edge of the pointbar. At the outer bank the
flow goes over the pointbar, causing further excavation of the chute through the chute bar.
At the downstream edge backward cuts develop, one of which eventually connects with the
upstream chute, most likely but not necessarily during a flood. (c) Once the chute channel
exists, the old meander bend has an unfavorable entrance curvature relative to the upstream
channel which leads to capture of bed sediment and formation of a plug bar that eventually
disconnects the meander from the channel.

either occurred when bends became sharper and sinuosity increased or when sedi-
mentation occurred in the channel (Figure 3.14). Eventually, a chute cutoff occurred
when the unconfined overbank flow was captured by the topographic depressions in
the floodplain, i.e. former channels, forming upstream propagating headcuts, while
upstream bank erosion formed a chute channel. These processes were also observed
in natural meandering rivers, e.g. bank incision (McGowen and Garner, 1970; Con-
stantine et al., 2010b), headcut propagation on the point bar (Gay et al., 1998; Zinger
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et al., 2011) or located specifically in the lower swales (Fisk, 1947; Hickin and Nanson,
1975).

We summarize with a conceptual model (Figure 3.16) how the experiment eluci-
dated how chute cutoffs develop in a dynamic meandering river with bend growth,
floodplain formation and overbank flow. In general, a sinuous channel will rapidly
develop until a critical bend amplitude (Figure 3.16a), which is also observed in nu-
merical simulations (e.g., Howard, 1984; Sun et al., 1996). Then, bend translation and
expansion increases the bend curvature and alters the channel dimensions. A high-
momentum flow advects onto and over the point bar in the curved channel (Dietrich
and Smith, 1983). At the sharper bend overbank flow occurs and flow is diverted,
similar to bifurcations (Miori et al., 2006). Water flows overbank and incises in the
outer bank (flow strength > bank strength, Ferguson, 1987; Constantine et al., 2010b)
and deposits a chute bar, whereas sediment is transported through the inner bend,
i.e. the active channel. Downstream of the point bar overbank flow converged in de-
pressions forming headcuts. Later, the actual chute cutoff is triggered by for example
a flood (reported by Ghinassi, 2011; Zinger et al., 2011) or when a bar blocks the
flow in the active channel (Figure 3.16c). A single-thread channel is maintained as
the curvature upstream (Kleinhans et al., 2008) leads to closing one of the two chan-
nels with a sediment plug. We argue that in braided rivers, even with one dominate
channel (Egozi and Ashmore, 2009), channels are straight, i.e. less curvature, hence
former active channels are not as much disconnected with a plug bar.

Disconnection of a former channel by a plug bar has also been found in natural
meandering gravel-bed rivers, for example in the river Rhine in the past millennia
before human interference (Toonen et al., 2012, Figure 3.17). In the Rhine, the plug
bar consists of bedload sediment (sand-sized sediment), while the downstream residual
channel is filled with finer material during low flow conditions (e.g., McGowen and
Garner, 1970; Toonen et al., 2012). Fine material hardly filled the residual channels in
the experiment, so that when the floodplain became more complex residual channels
were easily reoccupied. Despite the addition of slightly cohesive silica flour to this
experiment, chute cutoffs formed. In future experiments, we will add more silica flour
to create a more cohesive floodplain and reduce the numbers of chute cutoffs. Further,
we will vary the discharge, so that the overbank and floodplain lows can receive more
silica flour.

3.4.3 Scaling of flow and sediment transport

The overall channel pattern of the experiment strongly resembles a meandering pat-
tern dominated by chutes and scrolls, which is representative of a low-sinuosity me-
andering gravel-bed river (Leopold and Wolman, 1957; Kleinhans and Van den Berg,
2011). Scroll bars with typical ridges and swales formed at a constant discharge.
The predicted interaction parameter indicated an underdamped river, meaning that
in the outer bends overdeepening occurred (Struiksma et al., 1985; Johannesson and
Parker, 1989). The transverse bed slope observed in our experiment corresponds with
a transverse bed slope predictor (Equation 3.4, Struiksma et al., 1985; Talmon et al.,
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1995). Upstream of the bend apex, the transverse bed slope was three times steeper
as expected in underdamped regime with overdeepening. Such agreement between
theory and the experiment strongly suggests that there are no severe scale problems.

Our experimental meandering river was designed to minimize scaling issues. In-
deed, flow was mostly subcritical, sand was dominantly transported as bedload while
silica flour was transported in suspension, and scour holes were rare and usually the
result of flow confluencing. As with natural gravel-bed rivers (Lewin, 1976), we ob-
served that changes in channel width-depth ratio resulted in localized critical flow
conditions. However, we observed that overbank flow was laminar, so that the crit-
ical shear stress for sediment entrainment on the floodplain will be higher (Zanke,
2003), which may have reduced the number of chute cutoffs relative to a prototype
situation with turbulent flow over the floodplain. On the other hand, the cohesionless
sand allowed rapid bank erosion (Kleinhans et al., 2010b), such that channel bend
growth resulted in channel extension, floodplain shaving (Lauer and Parker, 2008)
and net sediment loss. Despite the weak banks and the scale problem of laminar flow
on the floodplains, the experimental river remained meandering.

3.4.4 Scaling of meander migration

Comparing the meander evolution of the experimental river to that of real rivers
requires a time scale. This is not trivial because that time scale is partly determined
by the inherited strength of the banks and floodplain. For the purpose of scaling
experimental time, we compare the time required to build a channel belt from bend
reworking of the floodplain on both sides of the river. The number of bends that our
experimental meandering built in 260 hr with a single cycle of transverse movement
(Figure 3.10) can correspond to approximately a time scale of a century for the
meandering gravel-bed river Allier in France, where lateral mobility of the channel is
very high (Figure 3.1, Kleinhans and Van den Berg, 2011). For the river Rhine at
the Dutch-German border our experimental river represents a millennium of bends
reworking the floodplain (Figure 3.17, Kleinhans and Van den Berg, 2011; Kleinhans
et al., 2011). Both rivers have low sinuosity migrating meanders with scroll bars and
chute cutoffs similar to our experiments. Meandering rivers with lower lateral channel
mobility and fewer chutes, such as sinuous rivers in tropical forests where vegetation
grows rapidly on the point bar (Kleinhans and Van den Berg, 2011), are perhaps better
represented by meandering experiments with dense vegetation (Braudrick et al., 2009)
or very high bank cohesion (Smith, 1998). Our experimental meandering river with
modest bank strength is highly dynamic, suggesting that meanders in nature without
strong bank protection (e.g., vegetated banks) can also form very fast.

This experiment shows the influence of a continuous planimetric instability, which
can be in natural meandering gravel-bed rivers meander growth, confluences of rivers,
or channel width variations (Luchi et al., 2010) on the dynamics of a meandering river.
Our findings may have implications for the downstream impacts of bank stabilization
and other structures (e.g., bridges and groins) on the meander development, i.e.
amplitude and migration rate. For example, directly downstream of the bridge and
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Figure 3.17 Complex floodplain topography generated by bend migration and chute cutoffs
over the past few millennia of the river Rhine (based on laser altimetry, courtesy Cohen
et al., 2009).

the fixed banks the amplitude and lateral migration of the bends decreases in the
river Allier (Figure 3.1). Further, our results suggest that restored streams, where
morphodynamics are required for rehabilitation of riparian processes (Geerling et al.,
2006), could be made more dynamic by perturbing the upstream reach. For example,
the downstream trapped sediment can be supplied at one side of the channel as a
transverse perturbation.

3.5 Conclusions

The dynamic meandering river which formed in our experiment represents a mean-
dering gravel-bed river with scroll and chute bars. Typical characteristics of this
river were high lateral channel mobility, alternate bar initiation, meander growth,
overdeepening in the bend and chute cutoffs. Channel shifting, reactivation of former
channels and meander growth resulted in a mature and similar-to-natural floodplain
complexity. Bend migration showed different phases of development, comprising ini-
tiation, growth and termination by cutoff. The time to form a channel belt by bend
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migration indicates that the timescale for our experimental meandering river corre-
sponds approximately to a century for the river Allier in France and a millennium for
the river Rhine at the Dutch-German border.

We conclude that a dynamic upstream perturbation is needed to sustain an in-
stability and which maintains meandering. An initial perturbation upstream results
in initiation of bars and bends; the perturbation subsequently migrates downstream
and results in a low-sinuosity quasi-meandering channel. This experiment demon-
strates that sustained upstream inflow perturbation causes dynamic meandering even
if banks are hardly strengthened by cohesive sediment and vegetation is absent. In
nature, the inflow perturbation corresponds to perturbations caused by for example
bend curvature.

Chute cutoffs occur when overbank flow excavate depressions by incision and head-
cut propagation on the self-formed floodplain, i.e. point bar. Cutoff processes limit
bend growth, but meandering is sustained. The sediment balance between bend dy-
namics, chute cutoffs and floodplain formation is important. The curvature at the
chute bifurcation between the former active channel and the chute channel leads to
such a division of water and sediment that the former channel is closed with a plug
bar.
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4 Chute cutoffs

Based on: Van Dijk, W. M., Schuurman, F., Van de Lageweg, W. I.,
Kleinhans, M. G. (preparation), Bifurcation instability determines chute cutoff
development in meandering rivers. To be submitted.

Abstract

The transition between braided and meandering rivers is characterized by the occurrence of

chute cutoffs. A bifurcation at the upstream inlet of a chute cutoff controls sediment and flow

partitioning between the chute and the main channel. Recent channel bifurcation models

suggest that upstream bend radius, gradient advantage, inlet step and upstream sediment

supply at the bifurcation are important. Our objective is to unravel the relative importance

of these factors in order to unravel necessary conditions for successful chute cutoffs. In

this study we compared results from a morphological model with field observations of chute

cutoffs in meandering gravel-bed rivers. The morphodynamic model demonstrated that

chutes were initiated when flow exceeded the inlet step, i.e. floodplain elevation. The

model runs as well as field observations showed the development of two types of chute

cutoffs, a scroll-slough cutoff and a bend cutoff. Shortening of the bend triggered a scroll-

slough cutoff on the newly formed point bar. Overbank flow and a significant gradient

advantage resulted in a bend cutoff, which shortened the channel length. We conclude that

the success of chute initiation depends on floodplain characteristics, i.e. inlet step, sediment

composition and the presence of vegetation. Chute cutoff success or failure is determined by

the dynamics upstream of the channel bifurcation, which is controlled by channel curvature

and gradient advantage.

4.1 Introduction

River bifurcations are found in rivers at a large range of scales, from flow around a
bar to a splitting river at the delta apex. River bifurcations are crucial elements of
river patterns (Kleinhans et al., 2013a): multi-thread anastomosing rivers (Kleinhans
et al., 2012), chute cutoffs in meandering rivers (Grenfell et al., 2011) and braid bars
in braided rivers (Zolezzi et al., 2009). Empirical classifications of channel patterns
(Kleinhans and Van den Berg, 2011) suggest a close association of chute cutoffs with
meandering river styles at the transition to braiding. Here, a neck cutoff occurs
when two bends intersect, whereas a chute cutoff develops by a shortcut over a point
bar and is difficult to predict. Understanding the controls on chute cutoffs and the
stability of the bifurcate meander bends may yield insight into the transition between
braided rivers and meandering rivers (Grenfell et al., 2011). Recently, significant
progress towards understanding the dynamics of chute cutoffs has been made from
field studies (Constantine et al., 2010b; Micheli and Larsen, 2011; Grenfell et al.,
2011), while morphodynamic models have remained underemployed for this purpose
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(Jagers, 2003; Zolezzi et al., 2012). Here we study the controlling factors for initiation
and development of chute cutoffs based on field observations and a morphodynamic
model.

Bifurcation development is determined by the division of water and sediment to the
downstream branches (Wang et al., 1995; Bolla Pittaluga et al., 2003; Hardy et al.,
2011). Numerous studies already explain the controls of bifurcation at bars (e.g.,
Bertoldi et al., 2009b; Zolezzi et al., 2009), others for bifurcation at the delta scale
(e.g., Stouthamer and Berendsen, 2000; Edmonds and Slingerland, 2008; Kleinhans
et al., 2008, 2010c). The division of water (discharge) and sediment (load) between
both branches can change over time as a result of adjustment of the branches, for
example by channel widening (Miori et al., 2006). Eventually, when the sediment
transport partitioning is not in equilibrium with discharge partitioning, one of the
branches will close (Constantine et al., 2010a; Kleinhans et al., 2011).

The division of discharge and sediment at the bifurcation is described in a nodal
point relation by Wang et al. (1995) and Bolla Pittaluga et al. (2003). This nodal
point relation identifies the stability of the bifurcation, but ignores upstream bars
and bends. The bifurcation asymmetry determines the development of both down-
stream branches and is controlled by the inlet step, i.e. bed level difference between
both branches divided by the upstream water depth (Bertoldi et al., 2009a), gradient
advantage of both branches, and upstream bend radius at the bifurcation (Kleinhans
et al., 2008). The transverse bed slope - related to bend radius - has a significant ef-
fect on the division of bedload sediment between both branches in meandering rivers.
This suggests that chute cutoff processes may also be determined by upstream channel
curvature.

Field studies described the initiation of chute cutoffs by erosion, either through
headward incision of a channel which captures an increasing volume of the overbank
flow (Gay et al., 1998; Zinger et al., 2011) or through bank erosion capturing a
depression (Constantine et al., 2010b) or both (Kleinhans and Van den Berg, 2011).
Several types of chute cutoffs occur: 1) a scroll-slough cutoff occurs by scour and
enlargement of sloughs that form chute channels eventually (Grenfell et al., 2011,
suggested by Fisk (1947)), or 2) a bend cutoff develops over the point bar by incision
and shortens the meander bend tremendously. The sloughs are related to scroll bar
formation by which inner-bank attachment of bars is interrupted. Floods can be seen
as a trigger, since chute cutoff requires high water levels and high rates of bedload
transport (Ghinassi, 2011; Zinger et al., 2011). After excavation of a chute channel,
the division of sediment load leads to closure of one of the channels by a sandy plug
bar (Constantine et al., 2010a, Chapter 3). Later, the residual channel is filled by
overbank flow and deposition of fine material (Toonen et al., 2012; Dieras et al., 2013).

Experiments showed that the number of chute cutoffs is reduced when flood-
plains become less erodible due to vegetation (Braudrick et al., 2009) or cohesive
fines (Chapter 6). The development of chute cutoffs in an experiment was described
in Chapter 3. Here was shown that chute cutoffs developed when a bend reached a
critical amplitude and curvature, so that overbank flow occured and flow diverted.
Water flowed overbank and incised in the outer bank forming a chute channel, whereas
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Figure 4.1 Meandering in the river Allier, France. Lateral movement of the channel and
chute cutoffs over a period of 60 years distinguished from aerial photographs (background is
2009 image). Chute cutoffs are indicated by C. Scan with Layar App. Source image: Bing
Maps, DigitalGlobe.

the upstream bend led to sediment transport through the inner channel and closed
the branch with a sediment plug. i.e. the active channel. This process description is
mostly qualitative as flow velocities and sediment transport along the bend were not
measured.

Here we use morphodynamic modeling (Delft3D) of a dynamic meandering gravel-
bed river that exhibits chute cutoffs and lateral channel migration to quantify the
formative conditions for chute cutoff processes. The objective of this chapter is to
assess the effects of upstream channel curvature, gradient advantage, inlet steps and
sediment load division on bifurcation initiation and development of chute cutoffs. We
compare the model results with field observations and experiments. The model setup
was inspired by the river Allier, which like the experiments is a meandering gravel-bed
river with chute cutoffs. We used a simple representation of a bend in the river Allier
to test some systematic scenarios.

This chapter is set up as follows. Firstly, we describe field observations of the river
Allier. Secondly, we specify initial and boundary conditions of our morphodynamic
model. Thirdly, we present results of various model outcomes at two bifurcations.
We discuss the model outcomes in relation to field and experiment observations and
formulate a conceptual model for chute initiation in a meandering gravel-bed river.
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4.2 Study area

The river Allier upstream of the city Moulins is a natural dynamic meandering gravel-
bed river with chute cutoffs (Figure 4.1, Kleinhans and Van den Berg, 2011), and a
sinuosity of 1.5 and migration rates up to 60 m/yr. The river Allier flows in a valley
with a gradient of 3.3 m/km and is a tributary of the river Loire in central France
(46◦29’53”N 3◦19’38”E). The Allier is a rain fed river with a flashy hydrograph and

2008

2011

2002

1992

0 400 m

Figure 4.2 Aerial image of the river Allier showing several former channels that were
abandoned by chute cutoffs during floods. Flood peaks on 8 November 1994 (1020 m3/s),
6 December 2003 (1370 m3/s) and 5 November 2008 (850 m3/s, Ministère de l’Ecologie et
du Développement Durable) all led to major cutoffs. Source image: Google, DigitilGlobe.

Figure 4.3 (Next page.) Oblique images of a meander bend at Château de Lys showing
initiation of a chute cutoff and displacement of the chute channel. Taken during discharges
less than 50 m3/s in August 2003 (a), July 2004 (b), September 2009 (c) and September
2011 (d).
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(d) 2011, single bend

(b) 2004, initiation of a chute cutoff

(a) 2003, single bend

(c) 2009, chute channel widening and migration

Figure 4.3 (Caption previous page.)
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Table 4.1 Flood occurrence Allier at Chatel-de-Neuvre for 1986-2012.

Recurrence interval (yrs) Discharge (m3/s)

2 620
5 880
10 1100
20 1200

a mean annual discharge of 140 m3/s. Table 4.1 indicates flood frequency based on
data from 1986 - 2012.

Bend migration increased sinuosity of the gravel-bed river, and chute cutoffs al-
tered the meander planform. Kleinhans and Van den Berg (2011) showed that the
river became temporarily braided after a bridge was built and a high flood peak led
to cutoffs of several channel bends (Figure 4.1, 1982). Later, new meander bends
developed and increased the sinuosity of the river. The multiple chute cutoff event
occurred only once, while other chute cutoffs occurred only at a single bend. For
example, the current channel and remnants of former channels shown in Figure 4.2
were formed due to several flood events in 1994, 2003 and 2008, which all led to
single-bend cutoffs.

Successive site visits between 2003 and 2011 showed the development of a chute
cutoff on a non-vegetated point bar at a bend near Château de Lys (Figure 4.3a).
The chute cutoff was initiated in 2004 (Figure 4.3b) and remained open for a few
years (2009, Figure 4.3c). The chute cutoff is best described as a scroll-slough cutoff
development. Later, the chute channel disappeared (2011, Figure 4.3d) and observa-
tions suggested two different developments of the chute channel. First, migration of
the channel upstream led to closing of the chute channel with a plug bar upstream of
the chute channel as the inner channel received more sediment. Second, high lateral
migration rate of the chute channel led to merging with the outer channel.

Initiation and development of chute cutoffs were restricted by floodplain character-
istics, i.e. sediment composition, floodplain elevation and the presence of vegetation.
The sediment of the river was heterogeneous and contained mostly of gravel with a
D50 of around 5 - 8 mm and D90 around 9 - 20 mm. During low discharge, below
200 m3/s, the river bed was covered with a pavement or armoring layer (Crosato
and Saleh, 2011). Vegetation succession was found from pioneer vegetation, herbs
and weeds to softwood forest further away from the channel. In summer, riparian
vegetation, e.g. willows and poplars, developed on the emerged bars. This limited
the development of bend cutoffs. For example, a sharper bend (Figure 4.3a-d) with
more soft-wood in the inner bend decreased chute cutoff initiation over the point
bar, whereas on the lower part of the point bar without the presence of vegetation a
scroll-slough cutoff occurred. Furthermore, several chute cutoffs occurred at a bend
with less dense/ young vegetation on the point bar (Figure 4.2).
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4.3 Morphodynamic model setup

In this study we used the computational fluid dynamics package Delft3D, to test
systematic scenarios. Delft3D is a physics-based numerical model and simulates hy-
drodynamics, sediment transport and morphodynamics and was used in several appli-
cation of rivers, estuaries, deltas and tidal basins (e.g., Lesser et al., 2004; Edmonds
and Slingerland, 2008; Kleinhans et al., 2008). The model setup was inspired by
the river Allier and we used an initial Digital Elevation Model (DEM) and settings
from the river Allier to test scenarios with systematic modifications targeted at chute
development. We manipulated the initial settings to unravel the controls for chute
cutoff processes that occur at the bifurcation upstream of the chute cutoff as discussed
earlier.

4.3.1 Model description

The hydrodynamics were modeled using the depth average momentum and continu-
ity and solved the depth-averaged non-linear shallow-water equations (Lesser et al.,
2004). Helical flow effects on bed shear stress direction was included through a pa-
rameterization (Struiksma et al., 1985). Computation of morphodynamics included
sediment transport induced by the flow and bed slope, bank erosion and an update of
the bed level. Sediment transport rates were predicted by the Engelund and Hansen
(1967) equation. The input of sediment was equal to the sediment transport capacity
at the inflow. Furthermore, the longitudinal and transverse bed slope effects were ap-
plied to the bed load component (Struiksma et al., 1985; Lesser et al., 2004; Kleinhans
et al., 2008).

We modeled free water surface, flow, sediment transport, erosion and deposi-
tion with two different Delft3D versions, simulations done with (version FLOW
4.00.07.000000, 13th September 2012) and without (version FLOW 3.60.01.7844, 13th
July 2009) an immersed channel boundary (Jagers et al., 2011). The immersed chan-
nel boundary was a representation of the bank line and solved the flow and sediment
transport in the vicinity of the bank-lines.

4.3.2 Numerical modeling approach

In the Delft3D model, simulations started with an initial topography created from
dGPS measurements from 2003 and 2004 mainly for floodplain elevations (data from
Baptist, 2005), and aerial images from 2009. Aerial images were used to obtain extra
data points in the main channel, e.g. thalweg, which were not measured with the
dGPS data. Therefore, we used the intensity of the blue band of the RGB photograph
as indication for the water depth (based on Carbonneau et al., 2006). The initial
topography was interpolated on a rectangular grid by averaging of collected data and
gaps were filled with internal diffusion. The grid cells were 11 m long and 8 m wide.
The full domain represented an area of 3.96 km in length and 1.67 km in width. The
imposed boundary conditions were upstream flow discharge divided over 45 cells and
water level specified over the entire downstream boundary (Figure 4.4).
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Figure 4.4 Initial DEM (a) based on dGPS measurements (from M. Baptist) and the
aerial photograph of 2009 (b). Box indicates the study area. Source image: Bing Maps,
DigitalGlobe.

The simulated time for the flow was 5 months. The time step of the flow was
0.1 min to ensure numerical stability and a spin-up interval of 480 min before mor-
phological changes was allowed to stabilize the flow that was started with a horizontal
water level. Assuming that flow was not modified significantly by erosion and sed-
imentation during one time step, the morphological change in each time step was
multiplied by a factor >1. The chosen morphological factor was 25. The effect of
the factor on bed morphology was usually negligible (Roelvink, 2006) and gave no
significant differences with a factor of 1 (no acceleration). The factor of 25 with 5
monthly flow gives a total simulation of 3777 days (about 10 years and 4 months).

We used a median grain-size (Dm) of 5 mm and a D90 of 9 mm for the entire
river section. Bed roughness in natural rivers varies spatially due to the presence
of bed forms, but here we used a constant uniform bed roughness (Nikuradse ks =
0.15 m). The discharge regime was kept constant at 200 m3/s, which was higher
than the mean annual discharge. For several runs we increased the discharge to the
annual flood stage of 500 m3/s. We used two discharge regimes of 200 m3/s and
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Figure 4.5 Discharge regime of the river Allier from the station at Chatel-de-Neuvre, about
10 km upstream of Château de Lys. (a) Frequency of observed discharge levels between
1968-2012. (b) Q-h relation based on monthly flood levels at Chatel-de-Neuvre from 2006-
2011. Dashed lines indicate modeled discharges.

500 m3/s, which occurred 99% of the time in the river Allier (Figure 4.5a). To obtain
a stable model for higher discharges, water level rose downstream according to a Q-h
relation (based on data from Ministère de l’Ecologie et du Développement Durable,
Figure 4.5b).

4.3.3 Sensitivity analysis

To identify and classify the effect of several parameters we varied several initial and
boundary conditions (Table 4.2). We tested the effect of an on average 0.8 m higher
floodplain elevation at the point bar of interest. Furthermore, we tested the effect
of boundary conditions on chute cutoff initiation and development by; 1) discharges
exceeding the floodplain elevation, 2) an immersed channel boundary for continuous
bend migration upstream instead of a bend cutoff, and 3) a stronger transverse bed
slope effect by changing calibration factor α from Struiksma et al. (1985, adapted by
Talmon et al. (1995))
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Table 4.2 Tested conditions.

Parameter Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9

DEM or. cor. or. or. or. cor. cor. or. or.
Discharge (Q) 200 200 500 200-

500
200 200 200 200 200 (m3/s)

Immersed boundary no no no no yes no no no no
Transverse bed slope (α) 0.7 0.7 0.7 0.7 0.7 0.7 1.0 0.7 0.7 (-)
Sediment size (Dm) 5 5 5 5 5 8 8 8 8 (mm)
Bed roughness (ks) 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.30 (m)

tan

(
∂z

∂n

)
= Aα

√
θ
h

R
(4.1)

where ∂ z
∂ n

= transverse bed slope, A is a helical flow coefficient (is 1), θ is the Shields
mobility parameter, h is water depth and R is the radius of streamline curvature. A
larger α means a smaller bed slope effect and thus a smaller effect of gravity on the
grains. We also tested the effect of different parameters; 1) increasing sediment sizes
and 2) increasing bed roughness (Table 4.2).

The simulations showed the development which was entirely based on flow and
sediment dynamics, where only for the immersed channel boundary runs a bank
erosion formula was used. Furthermore, spatial variability of sediment sizes was not
incorporated as well as the full discharge regime and the presences of vegetation.

4.3.4 Characterization of chute development

The data obtained from the numerical simulations were reduced to descriptive param-
eters for development of chute cutoff processes. Data was reduced to (1) bend radius
and water depth upstream of the chute cutoff and (2) discharge, sediment transport,
water levels and bed levels through the branches downstream of the bifurcation. The
branches and main channel were identified by thresholding the DEM on flow veloci-
ties. On a fixed cross-section upstream of the bifurcation (Figure 4.7 locations 1 and
4) the bend radius along the bend was calculated. The radius of curvature streamline
(R) was calculated as:

R =
π

2

[(
dx
ds

)2
+
(
dy
ds

)2]3/2[
dx
ds

d2y
ds2
− dy

ds
d2x
ds2

] (4.2)

where s is the curvilinear streamwise coordinate, which is the calculated streamline
(per m), x- and y- coordinates of the grid. R is positive (negative) when the bend
is turning right (left) for increasing values of s. We used the streamlines based on
velocities in U - and V - direction to determine flow direction. Along, these streamlines
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Figure 4.6 Conceptual model for bifurcation stability as a function of flow and sediment
partitioning (based on Wang et al., 1995). The bifurcations can be stable (green) or unstable
(yellow) depending on the value for k (Equation 4.3). Bifurcations are asymmetric (dotted
lines) if channel width of downstream branches differ. Increasing sediment feed into the old
channel indicates closure of the chute channel, whereas the other way the old channel closes
(purple line).

the distance between upstream of the bifurcation to the cross-sections was measured.
The distance was used to determine gradient advantage, which is the gradient of
the water level from upstream (Figure 4.7 locations 1 and 4) of the bifurcation to
the channels downstream (Figure 4.7 locations 2/3 and 5/6/7). To determine water
discharge, sediment transport and inlet step between both downstream branches of
the bifurcation, the same cross-sections were used.

We used the method of Wang et al. (1995) to indicate whether the bifurcation
formed after cutoff was stable or unstable. The Wang et al. (1995) relation partitions
the width-integrated sediment flux of the upstream branch Qs1 into the downstream
sediment fluxes Qs2, Qs3 at bifurcations as:
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Qs2

Qs3

=
Q2

Q3

kW2

W3

1−k
(4.3)

where Q is discharge and W is width of the branch and k can be determined em-
pirically. This relation allows an effect of nonlinear sediment transport on the par-
titioning. Usually k is found to be 1, e.g. for braided river simulations and delta
models, which implies that sediment partitioning was proportional to flow discharge
partitioning (Kleinhans et al., 2011). Wang et al. (1995) found that bifurcations were
stable for k ≥ n/3, where n depends on the transport predictor. In this chapter
n = 5, using the Engelund and Hansen (1967) transport predictor in this chapter.
Bifurcations following the line for k = 1 and k < n/3 are symmetric, but unstable
(blue line and yellow area Figure 4.6). Bifurcations following the line for k = n/3
and k > n/3 are symmetric and stable (orange line and green area Figure 4.6). Bi-
furcations are mostly not symmetric, as chute channels after initiation are small and
widen over time. For example, a chute channel 3 times smaller is asymmetric and is
indicated with the dotted lines (Figure 4.6). Eventually, the chute channel develops,
which leads to closure of the chute channel or the old channel (purple line, Figure 4.6).

4.4 Model results

Several simulations were conducted to obtain insight in the development of chute
cutoffs in a meandering gravel-bed river. Here we describe the results of run 1, which
had no immersed channel boundary. The effect of initial and boundary conditions
and several parameters on the morphodynamics is given in the last section.

4.4.1 General evolution of the model run

Run 1 formed cutoffs over a period of 10 years, including two scroll-slough cutoffs
and one bend cutoff. Initially, the model run reshaped the channel to a morphology
related to the constant discharge and led to merging of the two branches in the bend
(0 - 200 days, Figure 4.7a). Along the inner bend a low swale remained.

Lateral bend migration increased the channel bend amplitude and length, which
later resulted in the development of a scroll-slough cutoff (250 - 800 days, Figure 4.7b).

Figure 4.7 (Next page.) Development of the channel for run 1. Shown are the water depth,
flow velocity and sediment transport maps. (a) A single thread channel. (b) Scroll-slough
cutoff leads to a bifurcation of the bend. Cross-section 1 indicates upstream location of
the bifurcation. Cross-sections 2 and 3 indicate the two downstream branches. (c) Merging
of both branches to a single-thread channel again. (d) Bend cutoff, where cross-section 4
indicates location upstream of the bifurcation. Cross-sections 5 and 6 indicate downstream
branches. See Figure 4.4 for location.
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The chute captured the lower swale at the inner side of the bend, which developed
during lateral migration of the channel in the first phase. The chute channel was
shallow, but significant flow velocities and sediment transport occurred for morpho-
logical changes. The chute channel widened and the channel migrated laterally until
both branches merged again (800 - 850 days, Figure 4.7c). Then another scroll-slough
cutoff developed, but the development of the chute channel was limited due to a bend
cutoff of the point bar (1150 - 1350 days, Figure 4.7d). The bend cutoff started to
develop after 3 years of morphological simulation. Water flow incised a chute chan-
nel, and channel widening resulted in a dominant flow through the chute channel,
while the former channel was abandoned. Sedimentation at the entrance of the for-
mer channel disconnected the channel upstream, so that flow velocities reduced and
stopped sediment transport through the main channel (Figure 4.7d).

4.4.2 Cutoff development

The development of the meandering river resulted in several cutoffs. Here we de-
scribe the development of the scroll-slough cutoff and the bend cutoff by descriptive
parameters, e.g. bend radius, inlet step and gradient advantage.

Scroll-slough cutoff

The development of the meander bend increased sinuosity and decreased the bend
radius of the bend of interest. Water flow along the inner bend resulted in excava-
tion of a chute channel (Figure 4.8a), which resulted in lowering of the water depth
(Figure 4.8a). The sediment transport through the chute channel was relatively high,
which resulted in deposition of sediment and an increase in the inlet step of the chute
channel (2) compared to the main channel (3, Figure 4.8b). Eventually, the inlet step
would rise above the water level and close the chute channel (2). However, both chan-
nels merged and another scroll-slough cutoff was initiated (Figure 4.8a). Opening of
the chute channel resulted in a change in the main flow direction and increased the
upstream bend radius (Figure 4.8c). Later, bend migration decreased the bend ra-
dius and led to another scroll-slough cutoff (Figure 4.8a). In general, upstream bend
radius and water level exceeding the inlet step controlled initiation and development
of the scroll-slough cutoffs.

Different width of the branches showed an asymmetric division of water and sed-
iment at the bifurcation (Figure 4.8d). The division between water and sediment

Figure 4.8 (Next page.) Scroll-slough cutoff processes (left panel) and bend cutoff pro-
cesses (right panel) for run 1. (a) Mean bed elevation of the outer bend channel (3, 6) and
the inner bend channel (2, 5) and the water depth upstream of the bifurcation (1, 4) over
time. Sediment transport ratio plotted against (b) inlet step difference between downstream
branches, (c) upstream bend radius, and (d) discharge ratio.
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indicated an unstable bifurcation over time for the first scroll-slough cutoff. The
second scroll-slough cutoff was identified as a more stable bifurcation as the line was
almost parallel to the line of k = 5/3. The chute channel, however, was smaller and
the bifurcation was more asymmetric than during the first cutoff. The points and the
line indicated that the chute channel at the inner channel (2) would open, while the
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old branch in the outer channel (3) would close (see Figure 4.6). The chute channel
at the inner side of the bend widened and migrated laterally until merged with the
other channel (850 days).

Bend cutoff

The bend cutoff in the middle section of the model resulted in closure of the main
channel, while the small cutoff described above resulted in merging of the two down-
stream branches. The bend cutoff was initiated by a water level that rose to a level
exceeding floodplain elevation. The water level was about 0.3 m higher before the
cutoff (after 1000 days) compared to the initial water level. Excavation of the chute
channel resulted in lowering of the water depth (Figure 4.8a). The chute channel
deepened, while sedimentation at the inner side of the bend closed the former chan-
nel (Figure 4.8a).

Gradient advantage of the chute channnel determined the initiation and devel-
opment of the channel as the flow path over the point bar was about 1 km shorter
(Figure 4.9a,b). Longitudinal profile of both branches showed sedimentation in the
former channel, i.e. branch 5, whereas the bed was eroded in the chute channel, i.e.
branch 6. A bar in front of the channel resulted in an increase in water level gradient
for branch 6. This was also observed in the development of the gradient advantage
during the development of the bend cutoff (Figure 4.9c,d).

The bend cutoff showed that the inlet step difference between the main channel
(5) and the chute channel (6) decreased and that eventually the chute channel be-
came dominant (Figure 4.8b). Channel excavation increased the sediment transport
through the chute channel. The sediment transport ratio increased significant for the
bend cutoff compared to the bend radius (Figure 4.8c). Compared to the scroll-slough
cutoff the upstream bend radius decrease was insignificant. This suggests that the
increase in sediment transport ratio in the chute channel did not depend on the bend
radius.

During initiation of the chute channel, channel widths between both downstream
branches differ, indicating an asymmetric bifurcation. The asymmetric division of
sediment transport and discharge led to excavation of the chute channel and increased
the sediment transport through the branch (Figure 4.8d). The branches became even,
but the development of the bifurcation indicated an unstable bifurcation of k = 1.
Later, the chute channel widened and the main channel closed. This led to a stable
bifurcation indicated with the dots that could be represented with a line of k > 5/3.

These findings suggested that the development of the two types of cutoffs were
controlled by different mechanisms. Compared to the scroll-slough cutoff gradient
advantage affected the development of the bend cutoff more (Table 4.3). The bend
radius upstream of the scroll-slough cutoff varied between values larger and smaller
than for the bend cutoff. Decreased bend radius could be the trigger for higher
water levels and the occurrence of the scroll-slough cutoff. The inlet step of the bend
cutoff was higher compared to the scroll-slough cutoff. Also, the development of the
inlet step between both cutoffs differs. The inlet step for the bend cutoff lowered,
whereas the inlet step for the scroll-slough increased. This was the result of dominant
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Table 4.3 Parameters that affected the formation of the scroll-slough and bend cutoff.

Parameters Scroll-slough Bend cutoff Value

Bend radius 300:700 380:480 m
Inlet step 0.5:0.9 -0.2:0.8 m
Gradient advantage 0.5:2.5 4:11 10−4

sediment transport direction to the inner channel, which led to sedimentation in the
scroll-slough at the inner channel and deepening of the chute channel in the bend
cutoff at the outer channel.

4.4.3 Effect of initial, boundary conditions and parameters on chute cutoffs

We tested the effect of an initial higher floodplain elevation, the effect of boundary
conditions, e.g. discharge, immersed channel boundary and transverse bed slope ef-
fect, and the effect of varying several parameters, i.e. sediment size and bed roughness,
on the development of cutoffs in the model runs.

A well-developed point bar (run 2), represented with a higher floodplain, limited
the formation of a bend cutoff. An increase of the elevation at the point bar decreased
chute initiation as the water level did not exceed bankfull conditions (Figure 4.10a-b).
This led to more lateral migration of the bend and an increase in sinuosity compared
to the run with a lower floodplain. Still, scroll-slough cutoffs developed as these
formed on the self-formed point bar which was lower, than the higher floodplain that
limited bend cutoff development.

Higher discharges increased the initiation and success of the bend cutoff, while it
limited the development of scroll-slough cutoffs. Higher discharges increased water
levels and resulted in an instant bend cutoff of the meander bend. The mean annual
flood discharge was sufficient to incise a new channel through the point bar. A
simulation with a varying discharge between the mean annual discharge (200 m3/s)
representing 255 days and the mean annual flood discharge (500 m3/s) representing 2
days (run 4) limited the instant cutoff development compared to a run with constant
discharge of 500 m3/s (run 3). The bend cutoff and closure of the former channel
occurred after 3 flood events.

The run with an immersed boundary (run 5) led to scroll-slough cutoffs, but the
boundary limited the development of a bend cutoff. The scroll-slough cutoff developed
during the same period as in run 1, and after the first scroll-slough cutoff a second
one occurred. However, the relation between sediment transport ratio and discharge
ratio indicated a more unstable bifurcation compared to run 1 (Figure 4.11a). The
chute channel widened and developed to become the dominant channel. However,
compared to run 1 the chute channel started to loose before the second scroll-slough
cutoff occurred (Figure 4.11a).

Increased transverse bed slope effect resulted in smaller but deeper channels. The
transverse bed slope effect was tested on a less dynamic simulation, i.e. coarser grains
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and higher floodplain elevation. We compared water elevation and channel dimensions
between runs with different transverse bed slope effect, α is 0.7 (run 6) and 1.0 (run 7).
A stronger transverse bed slope effect (α) results in an increase in lateral migration
and the number of scroll-slough cutoffs. Migration rates increased due to deeper
channels with higher flow velocities at the outer bank. This led to shorter bend
radius, which promoted the occurrence of the scroll-slough cutoffs. Furthermore,
water level rose for channels which were smaller and deeper, so that flow exceeded
floodplain elevation more frequent and led to cutoffs.

The chosen parameters for grain-size and bed roughness changed the bifurcation
asymmetry and water levels. Increased sediment size led to a decrease in the dynamics
and the number of chute cutoffs (run 8). Bends became longer and the bend radius
did not decrease to critical values for a scroll-slough cutoff. Although dynamics
decreased, a bend cutoff developed after 1750 - 2280 days. The development of the
bifurcation, however, resulted in enhanced sediment partitioning to the inner channel,
i.e. main channel, compared to the run with finer grains. Coarser grains were less
affected by the transverse bed slope, so that more sediment was transported through
the inner channel (Figure 4.11c). Increased bed roughness rose the water level and
promoted the occurrence of chute cutoffs (run 9 compared to run 8). Higher water
levels resulted in earlier overbank flow and excavation of the chute channel for the
bend cutoff (Figure 4.11d).

These findings illustrated that initiation and development of the channel and
the success of chute cutoffs were sensitive to initial, boundary conditions and the
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water level for run 6 with α = 0.7 and run 7 with α = 1.0 at cross-section 1 over time. (c)
Sediment transport ratio and discharge ratio for run 1 with Dm of 5 mm and run 8 with Dm

of 8 mm at the bifurcation of the bend cutoff. (d) Water level elevation compared between
run 8 with roughness values of ks = 0.15 m and run 9 with ks = 0.3 m at cross-section 4
over time.

chosen parameters. Not surprisingly, chute cutoff processes were mostly determined
by the floodplain elevation, without flow conditions exceeding the floodplain elevation
bend cutoffs did not occur. Constant discharge was sufficient for obtaining overbank
flow, but floods were more effective at initiation of chute channels. Water elevation
was influenced by the transverse bed slope effect and bed roughness. Grain-sizes
determined lateral mobility of the channel, but did not prevent cutoff processes. The
partitioning of sediment at the bifurcation was affected by grain-size, transverse bed
slope effect and bend migration upstream as these determine the sediment transport
ratio between both branches.
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4.5 Discussion

4.5.1 Factors affecting bifurcation evolution at chute cutoffs

This study shows that success or failure of chute cutoffs can be predicted by the
bifurcation analysis of Wang et al. (1995) (Figure 4.6). The model runs indicate
that the bifurcations at chute cutoffs in meandering gravel-bed rivers develop to a
highly asymmetrical equilibrium as most discharge is transferred to one of the down-
stream branches, while the other one is closed. Upstream bends and flow curvature
result in helical flow that transports sediment through the inner channel. Sediment
partitioning is much more asymmetric than water discharge partitioning due to up-
stream channel bends, which leads in sedimentation in the inner channels, which is
in agreement with Kleinhans et al. (2008, 2011). A plug bar closes the inner channel
upstream, so that inevitably the outer channel wins. This is also shown for residual
channel in the Rhine in Toonen et al. (2012) and for experiments in Chapter 3. The
scroll-slough cutoff and bend cutoff were initiated on the outer bank of the upstream
bend. The scroll-slough, however, is then located on the inner bend of the next bend,
which is the main reason that both types of cutoff developed differently.

Initiation and development of the chute cutoff was controlled by several factors.
Chute cutoff initiation occurs when water level exceeds the inlet step of the chute
channel or point bar, mostly during floods (as shown in Ghinassi, 2011; Zinger et al.,
2011). The results showed that even with a constant discharge water level can exceed
the floodplain level. Factors that leads to fluctuation in the water level are; upstream
bend radius, transverse bed slope effect and bed roughness. Lateral bend migration
shortens the bend radius, which affects the momentum of flow that advects onto and
over the point bar in the curved channel (described in Dietrich and Smith, 1983). The
transverse bed slope effect determines the width-depth ratio of the channel, which
increases the water level. The bed roughness increases water levels and promotes
overbank flow, but does not affect the bifurcation asymmetry and stability.

The inlet step showed a transverse difference between both downstream branches
and indicates a bed elevation asymmetry. Chute channel opening results in a change
of the bed elevation and the inlet step. The bed elevation increases for the chute
channel during the scroll-slough cutoff indicates closure of the chute channel, whereas
chute channel during the bend cutoff decreases. Miori et al. (2006) and Bertoldi et al.
(2009a) allowed modification of the channel width to hydraulic geometry in their
bifurcation analysis, so that a stable equilibrium could emerge. Nevertheless, bend
migration in this morphodynamic model resulted in changes of bend radius as well,
so that even adaptation of the branches could not prevent the closure of one of the
branches. Bifurcations in these meandering gravel-bed rivers can become stable when
channel widening is limited by cohesive floodplains. Therefore, we suggest in future
studies on bifurcation analysis to include floodplain characteristics, so that the chute
channel does not have to widen until hydraulic geometry before becoming stable.
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4.5.2 Chute cutoffs as an aspect of river patterns

The process of chute cutoffs is closely associated with the transition from a mean-
dering style to braiding (Kleinhans and Van den Berg, 2011; Zolezzi et al., 2012).
The development of meandering rivers depends on the characteristics of floodplains,
in particular bank strength (Kleinhans, 2010). Weak banks result in channel widen-
ing that promote the formation of mid-channel bars. Lateral channel migration in
meandering rivers develops lower point bars due to the process of floodplain shaving
(Lauer and Parker, 2008) and the point bar elevation is related to migration rates
(Friedkin, 1945). The process of chute cutoff initiation depends on; 1) flood regimes
that increase water level and results in a gradient advantage over the point bar, 2)
bend sinuosity: as sharper bends rise the water level, and 3) floodplain characteris-
tics, i.e. floodplain elevation, sediment composition and presence of vegetation. The
model results and field observation showed that chute cutoffs initiated on a lower or
less developed part of the point bar mostly on the outer bank. The development
of a higher floodplain limits chute initiation in the model run. In the river Allier,
the presence of vegetation and vegetation succession (Geerling et al., 2006) stabilized
banks and limited chute initiation, but was not modeled here.

The morphodynamic model and field observations of the river Allier illustrate the
development of 2 types of chute cutoffs, scroll-slough cutoffs and a bend cutoff. The
development of the bend cutoff was comparable with a meandering river with chute
cutoffs in an experiment (Chapter 3). Lateral channel migration and adaptation
of the width-depth ratios lead to water level rise and overbank flow over the point
bar. The division of flow and sediment at the location where overbank flow diverged
resulted in sedimentation in the inner channel, here the main channel (in agreement
with Toonen et al., 2012; Dieras et al., 2013, Chapter 3). Sediment mobility in the
model was higher compared to the experiments, so that a chute channel was excavated
before the main channel was closed. In the experiment the main channel was closed
before the chute channel was fully excavated (Chapter 3). Repeatedly scroll-slough
cutoffs occur when the bend remains on the same location. The development of scroll-
slough cutoffs were observed in an experiment with higher sinuosity and a bend on
the same location (Chapter 6).

The morphodynamic model leads to adaptation of the conceptual model based on
experiments presented in Chapter 3. The conceptual model (Figure 4.12) illustrates
how different types of chute cutoffs develop in a dynamic meandering gravel-bed river
with bend radius, overbank flow and floodplain properties. Scroll-slough cutoffs are
mostly easier to develop due to a lower floodplain and less vegetation near the channel.
The scroll-slough cutoff depends mostly on the radius of the upstream bend and has a
lower inlet step, while there is less gradient advantage for the inner channel. Sediment
transport limitations of the chute channel lead to lateral migration of the branch, that
eventually merges with the outer channel. The migration, however, depends on bar
properties, e.g. vegetation and sediment composition, between both branches (e.g.,
Grenfell et al., 2011). The bend cutoff is driven by a high gradient advantage between
the outer bend and the inner side of the point bar and is associated to flood regimes.
Sinuosity of the rivers determine the gradient advantage, which for meandering gravel-
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bed rivers with chutes is between 1.3 to 1.8 (Kleinhans and Van den Berg, 2011).
The occurrence in natural systems is limited due to a well developed floodplain, i.e.
elevation and the presence of vegetation (Ferguson, 1987; Constantine et al., 2010b).
The upstream bend results in a more asymmetric sediment partitioning compared
to discharge partitioning and this leads to closure of the main channel (agrees with
Miori et al., 2006; Kleinhans et al., 2008).

The model run was a schematization of the setting that occurs in natural mean-
dering rivers and was useful to study bifurcation processes at chute cutoffs. Obser-
vations of the river Allier show that a chute cutoff is prevented when the floodplain
is higher and the presence of vegetation. In a series of experiments we developed
distinctive river patterns, from braided to meandering and identified the role of chute
cutoffs. Addition of vegetation on the floodplain decreases chute excavation due to
increased bank stability (Eaton, 2006; Braudrick et al., 2009) and hydraulic resistance
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(Chapter 5), so that higher sinuous meanders can develop. Overbank flow will not
always leads to chute cutoffs, but has a significant role in developing cohesive flood-
plains (Chapter 6). Therefore, experiments that created meandering with constant
discharge illustrate the development of meander bends by channel dynamics (e.g.,
Chapter 3), whereas discharge variation and the interaction with the floodplain, i.e.
building and destroying, indicates the formation and sustaining of a meandering river
and limits chute cutoffs (shown in Chapter 6).

4.6 Conclusions

We studied the controls for initiation and development of chute cutoffs in meandering
gravel-bed rivers. The process of chute cutoffs is closely associated with the tran-
sition from a meandering style to braiding. The morphodynamic runs demonstrate
that chute cutoffs processes in meandering rivers are related to asymmetric bifurca-
tions with upstream bends. Chute cutoffs are initiated by overbank flow and gradient
advantage that excavate a channel depending on floodplain characteristics. The de-
velopment can be ascribed to simple bifurcation analysis, which indicates that the
bifurcations at chute cutoffs are unstable. Closure of one the downstream branches
results in remaining a single-thread meandering river as observed in the field and in
experiments. Systematic scenario modeling shows that:

1. Chute cutoffs are only initiated when flow exceeds floodplain level.

2. Field observations show that initiation and development of chute cutoff depends
on floodplain characteristics, especially the floodplain elevation. Furthermore,
vegetation succession along the river with associated sediment deposits of fines
increases bank strength, floodplain level and flow resistance.

3. Upstream bend radius and related curvature determines water level and initiates
scroll-slough cutoffs when bends become sharper. The scroll-slough cutoff are
formed on lower point bar with less vegetation.

4. Gradient advantage promotes the development of a bend cutoff over the point
bar. The gradient advantage varies along the bend, so that there is less advan-
tage for scroll-slough cutoffs compared to the bend cutoff.

5. Sediment partitioning is much more asymmetric than discharge partitioning.
Upstream bends result in helical flow that transports sediment through the
inner channel. A plug bar closes the inner channel upstream, so that inevitably
the outer channel wins.

6. The initiation and development of the chute cutoff is mostly sensitive for the
floodplain level and water level exceeding the floodplain level. The water level
is influenced by the transverse bed slope effect and bed roughness, whereas
grain-size, transverse bed slope effect and upstream bend migration determines
water discharge and sediment load partitioning at the bifurcation.
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5 Bank stabilization by vegetation

Based on: Van Dijk, W. M., Teske, R., Van de Lageweg, W. I. and
Kleinhans, M. G. (submitted), Effects of vegetation distribution on experimen-
tal river channel dynamics. Submitted to Water Resource Research.

Abstract

Strong feedbacks exist between channel dynamics, floodplain development and riparian veg-

etation. Earlier experimental studies showed how uniformly distributed vegetation causes a

shift from a braided to a single-thread river. The objective of this study is to test what the

effect of vegetation is on channel pattern and dynamics when seeds are uniformly distributed

or when seeds are distributed by the flow. The experiments were carried out in a flume of

3 m wide and 10 m long. In the first experiment we test the effect of uniformly distributed

vegetation compared to a control experiment without vegetation, where we used a constant

discharge. We also tested seed distribution by the flow during floods and the effect on the

channel dynamics. In agreement with earlier work, the uniformly distributed vegetation ex-

periment compared to the control experiment showed stabilization of the banks; decreasing

erosion rate and tightening of bends. Vegetation seeds distributed by the flow settled at

lower elevations compared to the uniformly distributed vegetation. Inner bend vegetation

stabilized a part of the point bar and hydraulic resistance of the vegetated bar forced water

into the channel and over the floodplain. As a result, sediment deposited upstream of the

vegetation patch. We conclude that seeds distributed by the flow leads to stable vegetated

bars, whereas vegetation uniformly distributed on the floodplain stabilize banks and in-

creases sinuosity of the meandering river. This implies that the combination of discharge

variations and vegetation settling rules have a large effect on the morphology and dynamics

of rivers.

5.1 Introduction

The interaction between river morphodynamics and riparian vegetation development
plays an important role in the development of river channel patterns (e.g Gurnell et al.,
2012). Here, riparian vegetation is defined as the biotic community near the river
banks, which is sustained by and interacts with the flow (after Hughes, 1997). The
influence of riparian vegetation on the channel pattern ranges from almost negligible
in a braided river, e.g. pioneer islands, to considerable effects for low-sinuosity rivers,
e.g. highly vegetated banks. In between these extreme river patterns, the interaction
leads to the development of several vegetation patches, e.g. strip levee and bench, and
a more meandering pattern of the river (e.g., Bendix and Hupp, 2000; Gurnell et al.,
2012). Numerical simulations show the development and interaction of a vegetated
floodplain with the river planform, e.g. vegetation pattern development and bank
stabilization (Perucca et al., 2006; Crosato and Saleh, 2011). Experiments show that
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a meandering river sustained when vegetation seeds were distributed uniformly (by
hand Braudrick et al., 2009). However, in nature vegetation pattern is also influenced
by hydrochory, i.e. the dispersal of seeds by water (Nilsson et al., 2010). Here we
report on the results of an experiment with uniformly distributed seeds (by hand)
and an experiment where seeds are distributed by the flow in relation to the channel
dynamics.

Multiple interactions between a dynamic river and riparian vegetation are present
that influence the establishment of riparian vegetation. The establishment of riparian
vegetation is determined by both biotic (seed dispersal and succession) and abiotic
(sediment types, uprooting and substrate) or hydrologic (floods, drought and burial)
(Gurnell and Petts, 2002), which control sediment dynamics and lead to vegetation
development along the channel (Corenblit et al., 2009). Vegetation on the floodplain
and banks affects hydrological processes (Gurnell et al., 2005; Corenblit et al., 2007).
Riparian vegetation increases hydraulic resistance (McKenney et al., 1995; Baptist,
2003; Gurnell and Petts, 2006; Bennett et al., 2008), increases bank strength due to
root systems (Pollen and Simon, 2005; Eaton, 2006; Pollen-Bankhead et al., 2009),
decreases the effective flow shear stresses (Millar, 2000; Abernethy and Rutherford,
2001) and increases bar sedimentation (Hickin and Nanson, 1984; Gurnell et al.,
2000). The growth of vegetation leads to sediment trapping (Gurnell and Petts,
2002; Baptist, 2003; Bertoldi et al., 2011) and freshly elevated surface of former bars
supports the development of new pioneer vegetation and extension to floodplain level
(Gurnell et al., 2012).

In general, the duration and level of inundation (hydroperiod) control the spatial
expansion of vegetation along a river reach (Bertoldi et al., 2011), affect the riparian
vegetation patterns (Osterkamp and Hupp, 2010), and determine the dynamics of
vegetation dispersal (Edwards et al., 1999). The effect of floods on vegetation can be
divided into hydrological, i.e. mechanical damage, saturation of the soil, transport of
seeds and inundation influencing biochemical processes (Blom and Voesenek, 1996),
and geomorphological impacts, i.e. erosion and deposition of sediment (Bendix and
Hupp, 2000). Riparian vegetation patch development depends on; (1) germination of
new plants in sediment deposited during floods, (2) resetting for pioneer species by the
destruction of older vegetation, (3) the absence of floods which allows germination and
vegetation growth, and (4) dispersal of seeds (Bendix and Hupp, 2000; Clarke, 2002).
The main reasons for vegetation destruction during floods are uprooting or physical
destruction and the burial of vegetation on the banks of a river (Edwards et al.,
1999; Bendix and Hupp, 2000). In experiments, Perona et al. (2012) showed that
riparian vegetation is not a passive element in the river and when riparian vegetation
germinates it interacts with the flow, i.e. leads to sediment deposition and flow
diversion.

Bank strength determines the characteristics of rivers such as width-depth ratio,
bar and channel pattern (see Kleinhans, 2010, for review). River banks can have
a certain strength to resist erodibility, from a non-cohesive layer until a thick layer
of cohesive material (Eaton and Giles, 2008). When banks of a river are the same
non-cohesive sediment as the bed, the banks will erode, so that the river becomes
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wider and shallower and braid bars emerge (Parker et al., 1998; Crosato and Mossel-
man, 2009; Kleinhans and Van den Berg, 2011). When bank strength is high rivers
become narrower and deeper, form alternate bars (Struiksma et al., 1985; Campore-
ale et al., 2007). Bank stabilization is enhanced by riparian vegetation. The effect
of riparian vegetation can be divided into mechanical, i.e. roots binding sediment
particles (Thorne, 1990; Simon and Collinson, 2002; Pollen, 2007), or hydrological,
i.e. drier and better drained banks with reduced weight and pore pressure (Simon
and Collinson, 2002).

During a number of prior flume studies vegetation was introduced to stabilize
the banks and decrease the number of channels. Alfalfa (Medicago sativa) seeded on
a braided experimental river stabilized the banks and led to local bend migration,
forming a pattern best characterized as wandering (Gran and Paola, 2001; Tal and
Paola, 2010). A later study showed that meandering could be sustained by vege-
tation, which trapped light-weight sediment in the chutes (Braudrick et al., 2009).
These experiments focused on bank stabilization effect of vegetation. In our earlier
work we showed that fluvially formed cohesive floodplain with fines in specific ar-
eas also increases bank strength and leads to more sinuous meanders (Chapter 6).
Perhaps a non-uniform spatial distribution of vegetation would also suffice to form
dynamic meandering rivers. In prior vegetation experiments, the natural settling
and establishment of riparian vegetation was ignored, as alfalfa (Medicago sativa)
was manually and uniformly distributed on the floodplain. Consequently, hydrochory
played not a role in structuring of riparian vegetation.

Yet hydrochory is an important process in colonization of riparian vegetation
along the river (Van Splunder et al., 1995; Nilsson et al., 2010). Patterns in ripar-
ian vegetation occur in all river environments and are determined by the hydrology
and morphology of rivers (Blom et al., 1990). The dependency of vegetation on soil
suitability, water availability and river regime can create distinctive patterns in nat-
ural situations, and also reflect the combined disturbances (Bertoldi et al., 2011).
River floodplains are often characterized by massive germination resulting in the es-
tablishment of young riparian forest, while floods erode the river banks and carry
vegetation away (Van Splunder et al., 1995). Experimental studies showed that seed
deposition depends on hydraulic processes influenced by small-scale morphological
characteristics (Merritt and Wohl, 2002; Chambert and James, 2009).

The objective of this study is to asses the role of vegetation distribution in bank
stabilization, in particular; (1) on channel dynamics, (2) bank strength, and (3)
hydraulic resistance. We conducted experiments where plant seeds were uniformly
distributed on the floodplain or where seeds are distributed by the flow during floods.
We investigate where vegetation establishes when seeds are distributed by the flow.

5.2 Experimental setup, methods and materials

The experiments were set up to represent a gravel-bed river dominated by bedload
transport. The experiments were designed to the conditions that a meandering river
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developed (like in Chapter 3 and 6) and was not based on direct scaling from a
particular natural river, but on an optimal reduction of scaling issues (Kleinhans
et al., 2010b). To assess the effect of channel dynamics on vegetation establishment
and exclude other factors, we performed several experiments. First, a vegetated
bank was studied in comparison to a non-vegetated bank experiment. Second, we
investigated how the vegetation seeds were distributed by the flow during floods
and how bank stabilization and hydraulic resistance of vegetation affect the channel
dynamics (like the meandering in Van de Lageweg et al., 2013, Chapter 3). Third, we
compared the experiments with riparian vegetation to the experiment with a cohesive
floodplain (Chapter 6).

5.2.1 Flume setup and experimental procedure

The experiments represented a gravel-bed river and were scaled by similarity of di-
mensionless variables for hydraulic conditions, sediment transport conditions and
morphological features, which had to remain within specific ranges. The flow had to
be subcritical (Froude number, Fr < 1) as in most rivers. Turbulent flow was neces-
sary to rework the sediment and to transport sediment in suspension in the channel
(Reynolds number, Re > 2000), while limited water depth leads to laminar flow on
the floodplain. For sediment transport conditions, bedload sediment should be mobile
θ > θcr (Shields mobility number). To limit ripple and scour formation the channel
bed should be hydraulic rough. Therefore, large particles were needed to disrupt the
laminar sublayer (grain Reynolds number, Re∗ > 11.6, Kleinhans et al., 2010b).

Channel planform experiments were conducted in a flume of 3 m wide and 10 m
long. The flume was filled with a 100 mm thick layer of poorly sorted sand. The
source of the sand differed between the experiments and so did the grain-sizes. In the
uniformly distributed vegetation and control experiment, the poorly sorted sand was
slightly coarser, D10, D50 and D90 are 0.30, 0.71 and 2.00 mm, respectively. The poorly
sorted sand for the vegetation seeds distributed by the flow experiment was the same
as in earlier work (Chapter 3 and 6); D10, D50 and D90 are 0.26, 0.51 and 0.88 mm,
respectively. The initial bed had a gradient of 0.01 m/m and initially a straight
channel was carved of 150 mm wide and 10 mm deep. A fixed weir downstream kept
the base level at a constant level.

To form initial meander bends before adding vegetation seeds in the experiments,
the upstream inlet position of sediment and water feeder was moved transversally and
discharge was kept constant. The discharge for the uniformly distributed vegetation
and control experiment was Qc = 1800 l/hr (0.5 l/s) for 30 hrs and the discharge for
the vegetation seeds distributed by the flow was Qc = 1080 l/hr (0.3 l/s) for 60 hrs.
The discharge was higher for the experiment with the coarser sand, so that sediment
remained mobile and the conditions for bar formation are still in an underdamped
regime (Struiksma et al., 1985). Underdamping leads to overdeepening of the outer-
bend pool and associated enhancement of the bar in the inner bend just downstream of
the entrance to the bend or other perturbations (Kleinhans and Van den Berg, 2011),
so that bar growth and bank erosion formed a meander planform (see Chapter 3).
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Figure 5.1 Discharge regime (a) and sediment feed (b) for the control (red dashed-dotted
line), uniformly distributed vegetation (blue dashed-line) and the seeds distributed by flow
(green solid-line) experiments.

To keep the experiment dynamic after formation of the initial bends we moved the
inlet point transversally with a rate of 10 mm/hr for all experiments to a maximum
amplitude of 300 mm (see Chapter 3).

After development of a few bends, we distributed the vegetation seeds uniformly
on the floodplain or added vegetation seeds to the sediment and water feed. First,
we tested how channel dynamics changed after stabilization of the banks by vegeta-
tion and compared these results with a control experiment without vegetation. The
sediment feed was kept at a rate of 0.24 ml/hr. After 30 hrs, a meander planform
existed and vegetation seeds were evenly sown on the floodplain with a density of 1.5
seeds/m2. We seeded during a constant flow of Qc = 1500 l/hr (0.42 l/s) and then
vegetation grew for 5 days before continuing the experiment. To stimulate germina-
tion of the seeds a low flow of 600 l/hr (0.17 l/s) was used during the germination
process. The experiment continued with the same constant discharge Qc = 1800 l/hr
(0.5 l/s). Due to vegetation the channel dynamics decreased and the discharge was
increased to Qc = 2250 l/hr (0.63 l/s) after 46 hrs. The vegetation increased the resis-
tance of the bed, so that sediment deposited upstream forming a fan-shaped feature.
Therefore, the sediment feed was reduced by almost a factor of 2 and later increased
when the effect of vegetation decreased due to mortality (Figure 5.1b). Sediment
feed and discharge were kept constant in the control experiment. After a flow period
of about 89 hrs vegetation died and we seeded again, with the same intensity and
growth duration as the first seeding campaign.

Second, we tested how vegetation seeds distributed on the river planform by hydro-
chory, i.e. dispersal by flow. For the dispersal of the seeds we used a simple schematic
hydrograph of Qhigh = 1800 l/hr (0.5 l/s) for 15 minutes and Qlow = 900 l/hr (0.25 l/s)
for 3.75 hours (Figure 5.1a). Low flow represented bankfull discharge and high flow
water levels exceeded bankfull, so that seeds can be distributed on the floodplain. We
used a short duration for the high discharge to limit the effect of an increasing bend
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wavelength during the experiment. The sediment feed was kept constant at a rate
of 0.12 ml/hr. We used seeds of alfalfa, which was used in other experiments (Gran
and Paola, 2001; Braudrick et al., 2009; Tal and Paola, 2010; Perona et al., 2012),
which germinates in a few days and is less strong than garden rocket as quantified
in an earlier pilot experiment (Van de Lageweg et al., 2010). We added 30 g (5000)
alfalfa seeds during each high flow until the end of the experiment. The density of
alfalfa seeds was about 1280 kg/m3 and the size about 1 mm. Seeds can float on the
water due to a coat layer, but here seeds were mixed with water before adding to
the flow. After each cycle of low and high flow we stopped the experiment for that
day, so that the experiment took longer (in real time) and vegetation seeds were not
reworked before they would have germinated.

5.2.2 Data collection

Several measurement techniques were used to record morphodynamics of the exper-
imental rivers. The flume was equipped with an automated gantry with a line-laser
scanner (0.2 mm vertical resolution) and a high-resolution camera (0.25 mm/pixel).
We measured and photographed the bed after each high discharge by pausing the
experiment, and during the constant discharge experiments we paused the experi-
ment to record interesting phenomena of channel migration and chute cutoffs. Two
LED-floodlights were mounted on the gantry to suppress ambient lighting. The point
cloud from the line-laser was gridded on a 4-mm grid by median filtering to produce
Digital Elevation Models (DEMs). The initial bed surface slope of the DEMs was
subtracted to detrend the DEMs. The detrended elevation was expressed relative to
the surface that remained unchanged. DEMs of difference (DoD) were calculated by
subtracting DEM pairs. DoDs were thresholded by the vertical resolution (0.2 mm)
of the laser line scanner. The high-resolution camera was remotely controlled and
captured 36 images per full coverage of the flume during wet and subsequent dry bed
conditions. The images were matched to the gridded laser scan data.

5.2.3 Data processing

The high-resolution images were used to segment channels and vegetation in the
experiments. The high-resolution camera with RGB-band gives values for green, red
and blue, which can be transformed to a L ∗ a ∗ b∗ color space (CIELAB). Herein,
L∗ represents the luminosity (low = black and high = white), a∗ is the position
between red/ magenta (high values) and green (low values), and b∗ is the position
between yellow (high values) and blue (low values). The a*-band was used to segment
vegetation in the dry photographs, while the a*-band of the wet photographs was used
to segment the channels.

To segment vegetation we used the a*-band and the difference between high and
low elevation (Z90 - Z10). We used threshold-values to identify the vegetation; the
difference between Z90 - Z10 with a threshold value of 3 mm and the a*-band with a
threshold value of lower than 127 (see Figure 5.2a-b). A vegetation map was created
by a combined classification followed by spatial filter. Therefore, we dilated and
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eroded the map by infilling holes and eroding loose pixels (Figure 5.2c). The water
was dyed with a violet color to determine the channel position and water depth. The
intensity of the redness (a∗) was related to water depth for each time step, as the
violet color differed during the experiment. The relation between water depth and
redness intensity was found by relating the bed elevation on a cross-section with the
redness intensity at that cross-section (see Chapter 6).

5.2.4 Data reduction

To describe the evolution of the experimental river, the sinuosity and the distribution
of the surface elevation were calculated for every time step. The frequency distribution
of the detrended surface elevation was used to check whether the experiments did not
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aggrade or degrade, and to test if the experiment with vegetation developed deeper
channels and higher floodplains than the experiment without vegetation. Further-
more, we looked at the transverse bed slope ( ∂z

∂n
, where n is the transverse coordinate

in a curvilinear coordinate system) in relation to the bend radii (R/h). Transverse
bed slope was measured on the DEMs in profiles perpendicular to the channel at
the bend apex. The bend apex was determined from the radius of curvature (R).
The apex of the bend was determined as those parts where the radius of curvature
was smallest, measured as largest curvature (Λ). The curvature was calculated as
(Fagherazzi et al., 2004):

Λ =

[
dx
ds

d2y
ds2
− dy

ds
d2x
ds2

]
[(

dx
ds

)2
+
(
dy
ds

)2]3/2 (5.1)

where s is the curvilinear stream wise coordinate (per mm), x- and y- coordinates of
the grid and Λ is the curvature, which is positive (negative) when the bend is turning
right (left) for increasing values of s. Here we calculated the radius of curvature (R)
as:

R =
π

2Λ
(5.2)

We measured the transverse bed slope in the bends for comparison between differ-
ent experimental setups (with/without vegetation) and a transverse bed slope predic-
tor. The transverse bed slope was determined between the deepest point and the top
of the nearest point bar ridge (following Struiksma et al., 1985). We used the theory
of Struiksma et al. (1985, adapted by Talmon et al. (1995)) to predict the transverse
bed slope for damped conditions in an infinitely long bend:

tan

(
∂z

∂n

)
= 9

(
D50

h

)0.3√
θ

2

κ2

(
1−
√
g

κC

)
h

R
(5.3)

where κ = 0.4 Von Karman’s constant, g = acceleration of gravity (9.81 m/s2),
9 (D50/h)0.3 = α (calibration factor) and C = Chezy coefficient (here calculated
as 18 log 12h

D90
). Thus in general ∂ z

∂ n
depends on α

√
θ and the helical flow strength

(Struiksma et al., 1985), which could be calibrated for a better representation of the
transverse bed slope of our experimental river. The water depth (h) was kept constant,
while the bend radius (R) changed in this prediction. Furthermore, we measured the
bank location from two time steps at the apex to determine the migration rate and
normalized the migration rate by dividing the migration with the channel width.

5.2.5 Bank erosion tests

To obtain specific knowledge on riparian vegetation and bank strength in a scaled
experiment, a bank erosion experiment was conducted (Kleinhans et al., 2010b; Van de
Lageweg et al., 2010, Chapter 6). This experiment was inspired by the work of
Friedkin (1945). Tens of small-scale experiments of bank retreat were conducted
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(Figure 1 in Chapter 6). These tests were carried out to quantitatively assess the
effect of different vegetation densities and growth duration on bank erosion rates and
processes. Experiments were conducted in a flume with a duct of 50 mm wide and
1 m long on a slope of 0.01 m/m and a discharge of 400 l/hr (0.1 l/s). At the end of
the entrance, a sediment block of 20 mm thick and with vegetation was placed. Here
the water flow attacked the bank with an angle of 45◦ and an initial 50 mm channel
width (see also Van de Lageweg et al., 2010, Chapter 6).

Bank erosion rates were measured from time lapse photography of the sediment
block. The progress retreat of the bankline of the sediment block was obtained by
image processing. The bankline was used to calculate sediment area, and as thickness
was known, sediment block volume. Data was then reduced to half-life times to
characterize bank erosion rates for different vegetation densities (0.5, 1.0, 2.2 and 4.4
stems/cm2) and growth duration (2, 4, 6 or 8 days). Half-life time is defined as the
time it takes to reduce the volume of the experimental sediment block to half the
initial volume. Each of these variables were tested at least two times.

5.3 Results

Three experiments were conducted, a control experiment without vegetation, an ex-
periment in which vegetation seeds were uniformly distributed, and an experiment
in which vegetation seeds were distributed by the river flow. These three experiment
with a varying degree of vegetation impact had different effects on the morphology
of the river (Figure 5.3).

5.3.1 River morphology

Control experiment without vegetation

The control experiment developed into a low-sinuous channel with a typical sinuosity
of 1.2 which often decreased due to cutoffs to 1.1 (Figure 5.4a). Former active channels
were blocked by a plug bar and without the infill of these former channels by fines, the
former channels remained visible in the DEM (Figure 5.3a). The continuous upstream
perturbation led to the development of new bends after chute cutoffs, as also reported
in earlier work (Chapter 3). New bends reworked the floodplain by eroding outer
banks and forming new floodplain, i.e. point bars, at the inner side (Figure 5.3a).
The river slightly incised (Figure 5.4c, Z50), so that meanders were sustained longer
and sinuosity increased above 1.2 (Figure 5.4a). Therefore, the sediment feed was
increased after 84 hrs (Figure 5.1), so that the overall channel bed remained at the
same elevation (Figure 5.4b). As a result, the channels became shallower again and
new chute cutoffs occurred (Figure 5.3a & 5.4a, 124 hrs).
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Uniformly distributed seeds experiment

The addition of uniformly distributed vegetation to the floodplain resulted in a change
in the shape of the meander bends. Initially, bars and bends formed like in the control
experiment without vegetation (Figure 5.3b, 30 hrs). After the floodplain became
vegetated, the bend amplitude increased and bends became tighter (Figure 5.3b,
62 hrs) and sinuosity increased up to 1.4 (Figure 5.4a). Along the vegetated bend,
the channel bend scour became deeper (Figure 5.4c, Z5), while the mean channel
depth remained at the same surface elevation. The surface elevation of the channel
with vegetated banks differed compared to the control experiment without vegetation.
The shape of the surface elevation distribution for the vegetation experiments had a
long tail to the deeper points compared to the control experiment (Figure 5.4c). Later,
vegetation died and the upstream bend slowly migrated downstream. Then, the main
channel was filled with sediment and a chute cutoff developed, so that the sinuosity
decreased to 1.2. The upstream chute cutoff forced several cutoffs downstream and
decreased sinuosity to 1.1 (Figures 5.3b - 5.4a, 85 hrs). After this reset, new bends
developed slowly from upstream. The expansion of new bends were first limited by
germination of new sprouts, which were sown on the floodplain after 89 hrs. Later,
vegetation died and several bends developed in downstream direction (Figure 5.3,
134 hrs).

Seeds distributed by flow experiment

Initially, alternate bars formed in the straight channel before vegetation was added
to the water and sediment feed. The amplitude of the alternate bars grew and an
incipient meandering river developed with a characteristic scroll bar topography in
the inner bend (Figure 5.3c, 16 hrs). The channel geometry was different compared
to the experiments with higher discharges (Figure 5.4b-c), the channel was less deep
(higher Z5) and the distribution was less skewed (Figure 5.4c). Lateral migration
of the channel was balanced by floodplain formation of lateral accretion surfaces.
Later, the bend grew and became sharper, so that water level rose and overbank flow
occurred at the downstream side of the bends. Downstream of the bends a splay
developed that became the most dominant flow direction. Successive incision in the
floodplain resulted in a local avulsion/ cutoff and a new channel (Figure 5.3c, 32 hrs).

Figure 5.3 (Previous page.) Digital elevation models of the control, the uniformly dis-
tributed vegetation and seeds distributed by flow during floods experiment. (a) The control
experiment shows continuous development of meander bends, which are later cut off. (b)
The uniformly distributed vegetation experiment shows the development of the same bar
bend shape in the situation without vegetation. Later, vegetation leads to tighter bends
and a large chute cutoff (85 hrs) which reset the system. The box indicates the location of
velocity measurements shown in Figure 5.9. (c) The seeds distributed by the flow experi-
ment shows initial growth of meanders (12 hrs), local avulsion (32 hrs) and lateral migration
(52 hrs) before reaching a meander planform as the initial DEM for addition of vegetation
seeds in the feed (72 hrs). Note that the gray colors indicates elevation that did not change.
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In the cutoff channel, a new bend formed and the upstream bend was still growing in
lateral and longitudinal direction (Figure 5.3c, 52 hrs). The process of bend growth
continued and a sinuous planform established of several bars and bends (Figure 5.3c,
72 hrs). This planform was used as the initial setting for the distribution of seeds by
the flow during floods.

5.3.2 Vegetation dispersal

Uniformly distributed seeds

Vegetation was uniformly distributed on a river planform that formed during a con-
stant discharge for 30 hrs. The low flow during germination led to minor lateral
migration of the channel. Initially, the vegetation covered about 45% of the flume
and was mostly found on the pristine floodplain (Figures 5.5a - 5.7a). Vegetation
that germinated on the inner bend was overtopped when the discharge increased and
sediment deposited on the inner bar (Figure 5.6a). Extensive wetting by overbank
flow and the dark conditions of our facility resulted in high mortality of the riparian
vegetation on the floodplain (Figure 5.5a, 60 hrs). The uniformly distributed veg-
etated floodplain decreased extensive erosion and channel shifts, i.e. chute cutoffs,
compared to the control experiment. The riparian vegetation stabilized the outer
bank, so that outer bank erosion decreased and the bank became irregular to differ-

1

1.1

1.2

1.3

1.4

1.5

−30

−20

−10

0

10

−30

−25

−20

−15

−10

−5

10

0

5

0 20 40 60 80 100 120 140 0 0.025 0.05 0.075 0.1

si
n

u
o

si
ty

 (
−

)
Su

rf
ac

e 
el

ev
at

io
n

 (
m

m
)

Time (hrs) Fraction (−)

Su
rf

ac
e 

el
ev

at
io

n
 (

m
m

)

(a)

(b)

(c) ~60 hrs

Z95

Z95

Z50

Z50

Z5

Z5

control experiment
uniformly distributed vegetation

control
uniformly distributed
fluvially distributed

Figure 5.4 Descriptive statistics of the control, uniformly distributed vegetation and seeds
distributed by the flow experiment. (a) Sinuosity of the control experiment compared to
the uniformly distributed vegetation experiment. (b) Time series of the detrended median
surface elevation and of the spatially-averaged range of detrended surface elevations of
the reworked experimental surface. (c) Probability distribution of detrended channel belt
surface elevation at 60 hrs of the flume experiments indicates that elevation for the uniformly
distributed vegetation experiment is more skewed. Dots indicate percentiles plotted in (b).

128



ences in erodibility (Figure 5.6b). Here bank undercutting and bank collapsing were
dominant bank erosion processes (Figure 5.6d). Bank erosion occurred gradually by
sediment entrainment in the control experiments and prior experiment (Chapter 3).

The vegetation on the floodplain decreased bank erosion rates. Mortality of the
riparian vegetation caused an increase in overbank flow and the occurrence of a chute
cutoff of the bend in the middle of the experiment (Figures 5.3b & 5.6c, 85 hrs). The
flow direction shift caused by this cutoff initiated several chute cutoffs downstream
(Figures 5.3b & 5.5, 85 hrs). Then the chute channel developed to the same width-
depth ratios as observed in the control experiment. After the large chute cutoff, new
seeds were uniformly distributed on the floodplain with the same density as in the first
seeding campaign (Figure 5.5a, 89 hrs). The decayed vegetation and fungi resulted
in less successful germination of seeds. The vegetation density was 0 seeds/cm2 on
the floodplain, instead of 0.64 seeds/cm2 three weeks after the seeding campaign.
Although less seeds germinated, decaying seeds seemed to increase bank stability.
We observed slow lateral migration which led to a low-sinuous river and deeper outer
pools than during the first seeding campaign. Higher amplitude bends and a higher
sinuous river developed when the vegetation died again (Figure 5.3b, 134 hrs).

Seeds distributed by flow

Vegetation seeds were distributed by the flow on a river planform formed during a
constant discharge. These seeds were added in the sediment and water feed during
floods, so that the seeds deposited on the higher floodplain. Vegetation seeds were
added after 60 hrs until the end of the experiment. The vegetation developed on lower
areas and the elevation distribution was more skewed to the lower elevation compared
to the experiment with uniformly distributed vegetation (Figure 5.7a). The first seeds
settled in the lows of the point bar and downstream of the crevasse splay on the outer
bends. Seeds on the point bar were transported as bedload and helical flow pushed
the seeds to the inner bend. Seeds deposited downstream of the splays due to flow
dispersion which likely resulted in a decrease in flow velocity from the splay to the
floodplain (Figure 5.5b, 84 hrs).

The germination and growth of vegetation patches occurred at several specific
locations. The first clear establishment of vegetation occurred on the outer banks
where seeds deposited during overbank flow (Figure 5.6f-g). The second vegetation
cover was observed downstream of the point bar which developed between the former
scroll and the new scroll (Figure 5.6f). The third vegetation cover was located along
the bend between the reworked area and the initial floodplain (Figures 5.5b & 5.6f).
The seeds settled probably when overbank flow converged to the main channel and
seeds deposited due to a change in hydraulic roughness. The final location where
vegetation established was at the plug bar in the upstream section of the flume (Fig-
ure 5.6e). Closure of the former channel by a plug bar captured seeds, so that the
plug bar became vegetated.

Later, seeds settled at the initial vegetation patches and these patches grew (Fig-
ure 5.5b, 96 hrs and Figure 5.7b). The maximum vegetated cover (15 %) was observed
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Figure 5.5 Shaded DEM with vegetation map during uniformly distributed seeds (a) and
seeds distributed by flow (b). (a) The top panel shows the elevation classes before seed were
uniformly distributed. Below are vegetation maps showing a decrease in active vegetation
until a new seeding campaign (93 hrs). (b) In the top panel elevation classes are given that
are used in Figure 5.7. Below maps illustrated locations of newly germination (blue colors),
germination time (lightness of the green colors) and the mortality (red colors) of vegetation.
Note that vegetation died without being replaced by new ones even when new seeds were
added in the sediment and water feed.
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Figure 5.6 Observed vegetation patterns in our experimental setup. (a) Vegetation near
the channel is overtopped by sediment that deposited on the inner bend. (b) Local stabi-
lization by vegetation leads to local differences in bank erosion rates and an irregular bank.
(c) Mortality of vegetation increases erosion rates and the occurrence of chute cutoffs. (d)
Bank undercutting leads to bank collapse of large vegetated banks. (e) Vegetation is dis-
tributed in the former channel and deposited at the plug bar. (f) Vegetation deposited on
the outer bank, along the inner bend and in the scroll swales. (g) Vegetation on deposited
at the outer bank splay stabilized the bank and increases the sharpness of the bend. (h)
In a pilot experiment we observed successions of vegetation in the inner bend, between the
scrolls and in the chutes. Scan with Layar App.
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Figure 5.7 Time series of vegetation distribution as a function of elevation. (a) Vegetation
distributed on a lower level during the experiment where vegetation seeds were distributed
by the flow during floods. Note that the vegetation cover for the uniformly distributed
vegetation experiment is denser. (b) Vegetation distribution on different elevations over
time.

after 128 hrs. Here, most vegetation deposited on the pristine plain area (orange) and
on the reworked floodplain area (green). Mortality of the vegetation after 3 weeks
reduced the vegetated floodplain as the old vegetation was not renewed and limited
the effective experimental time.

5.3.3 Hydro- and morphodynamics in a vegetated experimental river

Settling of vegetation on the pristine plain and self-formed floodplain led to changes
in the hydrodynamics and morphodynamics of the experimental river. Vegetation
has the engineering effect of bank stabilization and is able to increase the hydraulic
resistance.

Bank stabilization

Vegetation on the floodplain led to bank stabilization as roots bind the sediment
particles. Small-scale bank erosion rate tests showed that the half-life time of the
experimental sediment block increased with increasing vegetation density and growth
duration. After 2 days of growth, there was no measurable effect of vegetation on
the experimental sediment block (Figure 5.8a). After 4 days, the effect of vegetation
increased and after 6 days there was significant effect with increasing vegetation
density. The strength of vegetation after 8 days was that strong that the half-life time
was not reached within 2 hours even for the low vegetation density of 0.5 seeds/cm2.
The half-life time was doubled for a seed density of 2.2 seeds/cm2 and even a decuple
for a seed density of 4.4 seeds/cm2 (half-life time more than 2 hrs) during a growth
duration of 6 days. At a seed density of 1 seed/cm2 the half-life time was higher
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Figure 5.8 The effect of vegetation on bank erosion rates. (a) Half-life times of several
vegetation densities and growth duration in the Friedkin tests. (b) Bend curvature and
bank migration rates compared for a bank with (low and high discharge in the uniformly
distributed vegetation experiment) and without vegetation (control experiment and before
uniformly distributed vegetation).

compared to the experiments with a seed density of 2.2 seeds/cm2. We did not find
a clear reason for this.

Bank stability by vegetation in the experiment with uniformly distributed vege-
tation resulted in tighter bends compared to the control experiment. The normalized
migration rate at the bend apex showed that the rates for the vegetated banks were
the same as for the non-vegetated banks (Figure 5.8b). This was the result of the
smaller width of the channel compared to the control experiment, while the absolute
erosion rate for the vegetated banks was higher. In the control experiment without
vegetation, the migration rate increased to values above 0.2 M/W (normalized mi-
gration rate) after chute cutoffs and initiation of new bends. Vegetation on the banks
resulted in a decrease in the normalized migration and banks became stable during
a discharge lower than 2100 l/hr (Figure 5.8b, blue stars). When the discharge was
increased to 2250 l/hr we observed that the migration rate increased (Figure 5.8b,
green dots). Due to the vegetation the bends became tighter and bend curvature
decreased, while migration rate decreased until the large chute cutoff occurred.

Hydraulic resistance

Vegetation growth led to an increase in the hydraulic resistance of the floodplain.
Initially, overbank flow was diverted over the floodplain (Figure 5.9a). Later, vegeta-
tion on the floodplain resulted in more concentrated flow through the lows of the bed
(Figure 5.9b). The measured flow velocity on several locations (given in Figure 5.9)
showed that the average flow velocity increased, which was measured by dyeing the
water on the floodplain (Table 5.1). The increase in flow velocity was the result of
flow concentrations in the lows of the bar and chute, while on the floodplain flow
velocity due to vegetation decreased. Vegetation resulted in flow dispersion and re-
tardation in dead zones. The increase in hydraulic resistance caused a decrease in
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Table 5.1 Average flow velocities before and after vegetation establishment in the uni-
formly distributed experiment. For the locations see Figure 5.9

Location discharge (l/hr) before (m/s) after (m/s)

floodplain (I) 1800 0.08 0.065
chute channel (II) 1800 0.14 0.18
bar (III) 1800 0.12 0.13
floodplain (I) 2500 0.02 0.029
chute channel (II) 2500 0.11 0.15
bar (III) 2500 - 0.052

sediment transport, so that the sediment feed was decreased in the experiment with
uniformly distributed vegetation (Figure 5.1).

In the experiment with seeds distributed by the flow, the morphodynamics de-
creased after establishment of vegetation compared to prior experiments (Chapter 3
and 6). Initially, overbank flow on the initial floodplain was observed (Figure 5.10a),
so that the vegetation settled on the floodplain (Figure 5.5b). Later, sediment de-
position in the channel led to a chute cutoff and flow was concentrated in the chute
channel. The vegetation cover downstream of the second bend stabilized the bank and
blocked the flow, so that the flow was forced over the point bar (Figure 5.10b). The
vegetation cover developed on the lower areas compared to the uniformly distributed
vegetation experiment and caused flow diversion over the higher floodplain. The lim-
ited water depth on the floodplain resulted in a mobility lower than the critical shields
mobility number. Upstream of the vegetation sediment deposited (Figure 5.10c) and
water depth decreased even more. Eventually, we observed no morphological changes
in the experiment even when we increased the low discharge to 1050 l/hr (Figure 5.1).
Nevertheless, downstream of the vegetation cover, flow converged and the channel in-
cised (Figure 5.10c).

5.4 Discussion

These experiments highlight the effect on river pattern and dynamics by the process
of vegetation dispersal on the floodplain. In this section we discuss the experimen-
tal river pattern with prior experiments, scale effects and the interaction between
vegetation and channel dynamics.

5.4.1 Experimental river patterns

The overall river pattern was affected by vegetation. Vegetation uniformly distributed
on the floodplain decreased bank erosion rates and increased the sinuosity of the
river planform. Seeds distributed by flow during floods settled along the channel
and increased hydraulic resistance. This lead to diversion of the flow onto the non-
vegetated floodplain. The effect of bank stabilization by vegetation was tested in
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Figure 5.9 Hydrological changes after the establishment of vegetation in the experiment.
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Dyed water shows the flow path just after establishment of vegetation on the floodplain. The
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tail in the distribution due to dispersion and dead zones at the vegetation upstream of the
measured position.

earlier work and showed that bank stabilization reduced the number of active channels
(Gran and Paola, 2001; Tal and Paola, 2007, 2010). Continuous addition of vegetation
on the floodplain reduced bar accretion and sustained a meandering river (Braudrick
et al., 2009). In that study, the vegetation captured the light-weight sediment in the
lows and reduced the number of chute cutoffs. Here a large chute cutoff occurred after
vegetation died and when the vegetation was not constantly added on the floodplain,
as was done in the study by Braudrick et al. (2009). The former channel was closed
by a plug bar, as in Chapter 3. An experiment with more fines (Chapter 6) showed
a decrease in the occurrence of chute cutoffs when the self-formed floodplain became
more cohesive.
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Figure 5.10 Morphological changes after the establishment of vegetation in the experi-
ment. (a) A water depth map before the growth of vegetation in the seeds distributed
by the flow experiment. (b) A water depth map after establishment of vegetation in the
same experiment. (c) Erosion and deposition map between time steps 128 hrs and 72 hrs
experimental time. Note that sedimentation occurred upstream of the vegetation patches,
while downstream the bed was eroded.

In the development of vegetation patterns important are the biotic and abiotic
or hydrologic processes (Gurnell and Petts, 2002). The hydrological disturbance, e.g.
floods, can lead to a braided river with stable vegetated banks as seen in experiments
of Perona et al. (2012). The initial river planform with differences in disturbances
along the meander bends resulted in distinctive distribution of the vegetation along
the channel. Vegetation settled on the point bar (also observed by Tal and Paola,
2007) and on the outer banks. Continuous addition of vegetation leads to high density
vegetation patches which increased hydraulic resistance of the bed and decreased the
dynamics in the experimental setup and increases sinuosity, which is also observed
in a prior experiment (Braudrick et al., 2009) with higher density vegetation. The
distribution of the seeds by the flow is similar to the distribution of fines in the
experiment of Chapter 6. Vegetation seeds and the fine sediments from Chapter 6
deposited mainly at the inner scrolls and on the outer bank splays. Nevertheless, the
fines only increased bank stability, while the stems of the vegetation also increased
the hydraulic resistance. The vegetation patches diverted the flow on and over the
floodplain indicating that, if sediment mobility were higher, vegetated bar islands
would have formed, leading to a multi-thread system.

5.4.2 Scaling

In the work of (Figure 5.11) Chapter 6 a meander bend formed that did not have
stronger outer banks, while inside the floodplain became stronger by deposition of
cohesive fines reducing the tendency for chute cutoffs. This resulted in a meander
bend that continuously eroded the outer bank and sustained a gradual bend with a
transverse bed slope comparable to the experiment without vegetation (Figure 5.11).
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In the experiment of Chapter 6, the bend in downstream direction was affected by the
curvature of the bend just upstream, and this bend became tighter compared to the
bend upstream (Figure 5.11). The curvature of this bends decreased until the bend
became that tight that it was easier to form a chute cutoff (Chapter 3). The bends did
not became that tight as the bends in the experiment with vegetation (Figure 5.11).

The addition of vegetation leads to bank stabilization and reshaped the mean-
der bends. Outer bank vegetation leads to a sharper bend with a steeper transverse
bed slope compared to the experiment without vegetation, and hence stronger outer
banks (Figure 5.11). The transverse bed slope for the tight bends differ compared
to the predicted transverse bed slope which is based on a linear model (Struiksma
et al., 1985). Ottevanger et al. (2013) present a nonlinear model where curvature-
induced secondary flow is weaker in sharp bends. The weaker secondary flow results
in a decrease in transverse bed slope compared to the linear model and fitted better
with experimental data. Furthermore, the meander bends were tighter and shorter
when vegetation increased bank strength. In natural systems, the shape of the mean-
der bend differs as result of a heterogeneous floodplain, where bank strength differs
along the channel (Motta et al., 2012). At the point where the main flow converges,
bank erosion occurs (Ikeda et al., 1981), so that here vegetated banks can be re-
moved. Flow strength decreases and stronger vegetated banks reduce erosion rates,
leading to tighter bends on the point were flow diverges. After the chute cutoff, the
bend developed to the same channel geometry, width-depths, as before addition of
vegetation.

The alfalfa stems cause flow resistance, while the roots of the alfalfa sprouts pro-
vided cohesion. This cohesion is comparable to the magnitude of root-reinforcement
provided to natural streambanks relative to the strength of the bank material alone
(Pollen and Simon, 2006). The resistance of the vegetation depends on the stem height
of the alfalfa sprouts, which compared to several channel depths (Perona et al., 2012).
The resistance and the strength of vegetation patches at the bar level leads to flow
diversion. In the scaled experiment, the water level of the diverted flow was too
shallow that sediment mobility decreased and became less than the critical shields
mobility number. In this experiment, the diverted flow reduced the dynamics of the
river and was a limitation in the experiment where seeds were distributed by the flow.
The seeds germinated on relative lower elevations compared to the uniformly sown
experiment, while normally only smaller/ lower vegetation will emerge at these lower
elevations, e.g. bench (aquatic) vegetation (Gurnell et al., 2012).

5.4.3 Vegetation pattern versus channel pattern

The establishment of vegetation seeds depends mostly on stranding, whereas distance
traveled and the timing of the dispersal are negligible in the experimental setting. In
this experiment, the mechanism of stranding is the most important in establishing of
a vegetation patch. Several mechanisms can be involved in retention, i.e. stranding,
of seeds on several locations (Nilsson et al., 2010); water level decrease (Nilsson et al.,
2002), captured by sprouts protruding above water (Schneider and Sharitz, 1988),
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and seeds are forced to the inner bend by helical flow related to river sinuosity,
hydraulics and channel morphology (Merritt and Wohl, 2002; Gurnell et al., 2008).
The river planform influences the establishment of vegetation on the outer banks and
in the inner scrolls. In the experiment, hydrochory enables seeds to colonize sites
and to develop a vegetated floodplain. In the experiment, the seeds were dispersed
by nautohydrochory, i.e. at the water surface, and by bythisochory, i.e. by currents
at the bottom of the channel (Parolin, 2005). These two different dispersal processes
lead to vegetation establishment on the pristine floodplain and in the inner bend
scrolls, respectively. Overbank flow distributes the seeds on top of the outer bank,
where a decrease in flow velocity, i.e. hydraulic disturbance, results in deposition of
the seeds (cf. Gurnell and Petts, 2002).

The establishment of vegetation seeds on the scroll bars are important in the
development of bar islands. Rapid germination of vegetation leads to accumulation
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of sediment and the growth and stabilization of the islands (Gurnell et al., 2001;
Bertoldi et al., 2011). Here we used alfalfa seeds as these seeds germinate relatively
easy and occupy the alluvial river. In nature, the main pioneer species along the river
are Cottonwood, Poplars (Populus) or Willows (Salix) (Van Splunder et al., 1995;
Rood et al., 2003). The dispersion of riparian species is driven by water flow, i.e.
hydrochory, and wind (Walker et al., 1986; Gurnell et al., 2004). The establishment
of Cottonwood or other vegetation depends on a combination of root growth and
capillary fringe, e.g. moisture content (Noble, 1979; Mahoney and Rood, 1998).

An important factor for establishment of natural vegetations are droughts and
gradual stage fluctuations of the water (Van Splunder et al., 1995). In the seed dis-
tributed by flow experiment disturbances were limited to floods and seasonality was
absent. The alfalfa seeds colonize the floodplain much easier and develops a different
pattern than observed in nature, e.g. dispersal of willow and poplar seeds (Van Splun-
der et al., 1995). The alfalfa germinate relatively fast like riparian vegetation on river
bars. However, the strength and height of the alfalfa represents better a tree that
had grown for several years and not riparian vegetation, which is found on the yearly
flooded floodplain.

The growth of vegetation depends on hydrologic and abiotic processes. In the
uniformly distributed vegetation experiment, vegetation grew mostly on the flood-
plain and higher bars during the low flow. When water discharge increased, sediment
transport increased and bar accretion buried vegetation on the inner point bar. Bar
accretion is an important process to develop higher bars and in the succession of
vegetation species (Corenblit et al., 2007). Our experimental results show that vege-
tation on the outer banks leads to sustaining a meander planform and even increasing
the sinuosity, while the erosion rate decreased. Overbank flow and mortality of the
vegetation results in a chute cutoff, while continuous addition of vegetation would
have resulted in sustaining a sinuous river (as shown in Braudrick et al., 2009).

Time scaling of morphological change versus the the vegetation succession is im-
portant. Old vegetation became further away from the channel when the channel
migrates lateral. In the experiment where seeds are distributed by the flow, the
vegetation density increased by capturing seeds upstream and downstream of the
vegetation patch. The limit dynamics in the experiment where seeds are distributed
by the flow resulted in limitation of vegetation aging, whereas the growth and con-
tinuous accretion on the point bar leads to aging of vegetation in a pilot experiment
(Figure 5.6g). Here vegetation was added in the initial straight channel at the begin
of the experiment. Besides aging, in natural systems, the establishment of the pio-
neer vegetation leads to changes in habitat, so that new vegetation can develop, i.e.
succession (Geerling et al., 2006).

The vegetation patches became that dense in the experiment with seed dispersal,
that the bank was hardly erodible (see also Figure 5.8a). These vegetation patches
formed bar islands, e.g. pioneer islands initiated around a deposited tree in natural
systems (Gurnell et al., 2012). Trees on the active bars are more pronounced in
braided rivers and affect the bars by increasing sediment deposition and stabilizing
the bar behind the tree (e.g., Gurnell et al., 2001; Bertoldi et al., 2011). Our results
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suggest that the vegetation establishment on these bars increases the tendency to
braid compared to meandering rivers with dense uniformly vegetated outer banks.

5.5 Conclusions

We conducted several experiment to test the role of vegetation distribution on bank
stabilization. First, a control experiment without vegetation was conducted. Second,
an experiment with uniformly distributed vegetation seeds was conducted. Third,
we conducted an experiment with vegetation seeds distributed by the flow. Seed
dispersal processes determine vegetation pattern dependent on fluvial morphology,
and modifies river morphology pattern. We conclude that a uniformly vegetated
floodplain stabilizes banks, forms tighter meander bends, increases channel sinuosity
and has positive effect in sustaining a single-thread channel. Vegetation establishment
from seed distributed by the flow leads to continued growth of vegetation patch,
which increases hydraulic resistance near the channel, causes flow diversion and no
channelization. This leads in a multi-threaded system with shallower water depths
and no dynamics. This confirms that the combination of discharge variations and
vegetation settling rules have a large effect on the morphology and dynamics of rivers.
Results show that:

1. The channel becomes narrower and deeper for experiments with vegetation.

2. Bank erosion rate decreases for a vegetated floodplain.

3. Bank stabilization leads to tighter bends with an irregular bank and undercut-
ting of the bank.

4. Hydraulic resistance of the flow by vegetation leads to sediment deposition
upstream of the vegetation.

5. Seeds distributed by the flow developed on a lower elevation compared to uni-
formly distributed vegetation seeds.

6. Establishment of vegetation in the seeds distributed by the flow experiment
was mostly caused by stranding of seeds; water level decrease (e.g. on the
floodplain), helical flow (e.g. in bends) and germination of sprouts (e.g. increase
of vegetation patches).

7. The morphological change for development of vegetation succession is impor-
tant.
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6 Floodplain construction and
destruction

Based on: Van Dijk, W. M., Van de Lageweg, W. I., Kleinhans, M. G.
(in press), Formation of a cohesive floodplain in a dynamic experimental meandering
river. Earth Surface Processes & Landforms.

Abstract

Field studies suggest that a cohesive floodplain is a necessary condition for meandering in

contrast to braided rivers. However, it is only partly understood how the balance between

floodplain construction by overbank deposition and removal by bank erosion and chutes

leads to meandering. This is needed because only then a dynamic equilibrium exists and

channels maintain meandering with low width-depth ratios. Our objective is to understand

how different styles of floodplain formation such as overbank deposition and lateral accretion

cause narrower channels and prevent chute cutoffs that lead to meandering. In this study

we present two experiments with a self-forming channel in identical conditions, but to one

we added cohesive silt at the upstream boundary. The effect of cohesive silt on bank

stability was tested in auxiliary bank erosion experiments and showed that an increase

in silt reduced erosion rates by a factor of 2. The experiment without silt developed to

a braided river by continuous and extensive shifting of multiple channels. In contrast,

in the meandering river silt deposits increased bank stability of the cohesive floodplain

and resulted in a reduction of chute cutoffs and increased sinuosity by continuous lateral

migration of a single channel. Overbank flow led to deposition of the silt and two styles

of cohesive floodplain were observed; first, overbank vertical-accretion of silt, e.g. levee,

overbank sedimentation or splays; and second, lateral point bar accretion with silt on the

scrolls and in the swales. The first style led to a reduction in bank erosion, while the second

style reduced excavation of chutes. We conclude that sedimentation of fine cohesive material

on the floodplain by discharge exceeding bankfull is a necessary condition for meandering.

6.1 Introduction

Rivers can have various channel patterns, such as braided and meandering (e.g.,
Leopold and Wolman, 1957; Schumm and Khan, 1972). It has long been hypothe-
sized that cohesive floodplain material or vegetation adds strength to river banks, and
that this is a necessary condition for meandering (e.g., Ferguson, 1987). Rivers with
a cohesive floodplain develop into a meandering river, while non-cohesive floodplains
lead to channel widening which eventually results in braiding (Parker, 1979; Fergu-
son, 1987; Kleinhans, 2010). Still, to experimentally reproduce a sustained dynamic
meandering channel pattern in the laboratory has proven difficult, so that the exact
conditions for meandering remained unclear. In the experimental work of Braudrick
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et al. (2009), meandering was sustained by the addition of vegetation to the flood-
plain. Geomorphologic evidence of meandering rivers has been found on Mars where
vegetation cannot have played a role (Howard, 2009). Here we report on experiments
which resulted in a braided and a meandering river, where the only difference was
the addition of cohesive fines in the sediment feed.

Meandering rivers are characterized by a high sinuosity as meander bends can
migrate laterally and increase the bend amplitude, while remaining single-threaded.
Braided rivers have a low sinuosity and are characterized by multiple-threads. In
meandering rivers, channel migration of the bends are slow (Hickin and Nanson, 1984)
and bends develop in phases of creation, growth and abandonment (Camporeale et al.,
2005). An important aspect of bend migration is bank erosion (Kleinhans, 2010).
First, banks are undercut by fluvial erosion at the base and lower portion of the banks;
second, bank retreat occurs by mass failure of the bank (Darby et al., 2000, 2007;
Simon et al., 2000; Simon and Collinson, 2002). Then, the bank sediment settles at the
bank toe and armoring protects the bank against fast erosion (Thorne, 1982; Parker
et al., 2011) and shifts the locus of the high flow velocity, which reduces the shear stress
acting on the bank (Kean and Smith, 2006a,b; Darby et al., 2010). Several studies
attempted to predict bank erosion rates by calculating the bank erosion processes
(e.g., Ikeda et al., 1981; Rinaldi and Darby, 2008; Langendoen and Simon, 2008;
Parker et al., 2011). The strength of the bank depends on the floodplain style and
floodplain cohesion. Other studies empirically linked bank erosion rates in bends to
flow processes of channel depth, bend curvature, friction with the bank (Hickin and
Nanson, 1984; Furbish, 1988) and the adaptation length of momentum redistribution
of the flow across the curved channel (Struiksma et al., 1985). Bend migration rate
generally increases when bends become sharper. On the other hand in braided rivers
migration rates are high even without sharp bends (Hooke, 2003). High bank erosion
rates in experiments with cohesionless sediment led to channel widening and the
development of a braided river (Ashmore, 1991b). Therefore, we hypothesize that
cohesive floodplains are required to have stronger banks to sustain low width-depth
ratios.

Chute cutoffs, which shorten the flow path, are a limiting process in the devel-
opment of highly sinuous bends. The development of chute cutoffs is described in
several field studies (e.g., Constantine et al., 2010b; Micheli and Larsen, 2011; Zinger
et al., 2011). Furthermore, chutes have limited the development of high sinuous me-
andering rivers in earlier experiments (Friedkin, 1945; Peakall et al., 2007; Braudrick
et al., 2009; Tal and Paola, 2010, Chapter 3). To sustain meandering, chute cutoffs
have to be limited. Cutoffs can be prevented by vegetation growth to stabilize banks,
but meandering rivers form also in areas were vegetation does not play a role, e.g.
intertidal muds (Kleinhans et al., 2009), Martian rivers (Howard, 2009), glaciers (e.g.,
Gorner Glacier, 45◦58’11”N 7◦48’6”E, observation by WMvD) and deserts (Matsub-
ara et al., 2011). Therefore, we hypothesize that cohesive sediment deposition on the
point bars is a sufficient condition to prevent chute cutoffs.

Sediment erosion by bend migration and cutoff is balanced by deposition of sed-
iment forming new floodplains. Lateral migration of the channel leads to erosion of

142



the higher outer bank, while lateral accretion and floodplain construction on the inner
side of the bend is lower (also known as floodplain shaving, Lauer and Parker, 2008).
The process of floodplain shaving and channel extension results in local differences
between erosion and deposition. This difference is balanced by overbank deposition
or by filling depressions (e.g. abandoned channels, Lauer and Parker, 2008). Flood-
plains of silt and clay are constructed during floods (e.g., Middelkoop and Asselman,
1998) with more deposition near the channel and a general decrease of fine deposition
with increasing distance from the channel (e.g., Walling and He, 1997; Törnqvist and
Bridge, 2002). This shows that to build a cohesive floodplain, flow discharges are
required that at least temporarily exceed bankfull height, so that fines deposit on the
high non-cohesive banks and in the disconnected lows to balance the local differences
in elevation.

Construction of a new floodplain can occur in different styles. First, an important
process in this context is lateral point bar accretion (Nanson and Croke, 1992) on
the inner side of the bend, which forms scroll bars that, with overbank deposition,
becomes a floodplain (Jackson, 1976; Nanson, 1980). This floodplain consists of
varying grain-sizes and is mostly occupied during high flow stages (Nanson and Croke,
1992). Second, overbank flow on the outer bank and at the edge of the channel forms
vertical-accretion (Nanson and Croke, 1992), e.g. levees and splays (Brierley et al.,
1997; Cazanacli and Smith, 1998). These splay could build out forming crevasses, but
could also lead to avulsion (Pérez-Arlucea and Smith, 1999). Overbank sedimentation
produces a floodplain that consist of a non-cohesive bed with a cohesive layer on top.
Abandoned channels are filled by deposition of relatively coarse sediments that build
plug bars (Toonen et al., 2012). After disconnection, finer sediments fill the remaining
depressions (e.g., Lewis and Lewin, 1983). An experimental test of the construction
of a cohesive floodplain and how bank stabilization leads to a meandering river has
not been done to date.

Earlier studies have shown that the addition of bank cohesion decreases chan-
nel migration and changes channel width-depth ratio when bank stability increases
(Friedkin, 1945; Schumm and Khan, 1972; Smith, 1998; Gran and Paola, 2001; Peakall
et al., 2007; Braudrick et al., 2009; Tal and Paola, 2010). However, in prior experi-
ments bank strength was provided by adding cohesive sediments or vegetation seeds
manually on top of the floodplain (Friedkin, 1945; Schumm and Khan, 1972; Gran and
Paola, 2001; Braudrick et al., 2009; Tal and Paola, 2010). In an earlier experiment
(Chapter 3) we showed the development of a meandering river with weakly cohesive
point bar cover that nevertheless developed several chute cutoffs. Therefore, in this
study we added more fines and used a simple hydrograph for overbank sedimentation
compared to the experimental meandering river in Chapter 3 with constant discharge.
In this chapter we test how the river sustains meandering when the bank is stabilized
by a self-formed cohesive floodplain, while a floodplain without cohesion results in a
braided river. We refer to self-formed cohesive floodplain as the floodplain formed by
sediment deposition distributed by the water flow after the initial conditions. The un-
changed initial banks are referred to as pristine plain and are non-cohesive. The area
where the river changes the bed/ bank elevation is referred to reworked floodplain.
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Here we show how the cohesive floodplain forms over the duration of the experi-
ment and how this maintained a meandering channel, as well as demonstrating how
the lack of cohesive floodplain led to braiding under otherwise equal conditions. To
systematically evaluate bank erodibility in the experiment, tens of small-scale bank
erosion tests were conducted. The objective of this study was to assess the effect of
cohesive floodplain fines on; 1. the floodplain formation, 2. bank erosion and cutoff
processes and 3. the channel pattern. This chapter is structured as follows. First,
we describe the setup and boundary conditions of the experiments, the measurement
techniques, and the setup for the bank erosion tests. Second, we present results de-
scribing the bank erosion test, the detailed morphology, the water depth and the
construction of the cohesive floodplain. Finally, we discuss floodplain formation and
bank erosion processes based on the results of the bank erosion tests and the sequence
of bend development observed in the experiments.

6.2 Experimental setup, methods and materials

The experiments were set up to represent a gravel-bed river dominated by bedload
transport (Kleinhans and Van den Berg, 2011). The designed conditions were not
based on direct scaling from a particular natural river, but on an optimal reduction of
scaling issues derived from a large number of pilot experiments (Van de Lageweg et al.,
2013, Chapter 3). We designed experimental conditions that compromise between
the most important scaling issues; in particular, low sediment mobility, prevention
of scour holes and cohesion of the floodplain sediment. The experiments were scaled
down in discharge compared to our earlier experiment (Table 6.1, Chapter 3), so that
in the same length of the flume more bends could develop. Additionally, small-scale
bank erosion tests were conducted to quantify the influence of silt on bank erosion
rates.

6.2.1 Bank erodibility

Earlier experiments

Most experiments resulted in a braided planform by reoccupation of depressions,
which form when erosion exceeds deposition (Ashmore, 1991b). To obtain self-formed
meanders in the lab, earlier experiments reduced the bank erosion rate by having
stronger banks. A decrease in erosion rate should lead to a longer time period for
sediment deposition on the inner side of the channel, so that the local differences
between erosion and deposition were balanced. The earlier experiments could be di-
vided in two different types of bank stabilization. First, several prior studies added
a cohesive mixture of clay in the bed, so that inner bend floodplain formation should
keep up with the outer bank erosion. These experiments led to the formation of static
meanders as lateral migration ceased when the bank cohesion was too high (Friedkin,
1945; Schumm and Khan, 1972; Smith, 1998). The addition of a less cohesive silt
increased bank strength of the non-cohesive bed and formed a single bend (Peakall
et al., 2007). Second, others have used vegetation to add bank strength. Alfalfa
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Figure 6.1 Setup of the bank erosion experiment to derive erosion rates. (a) Setup of the
inlet channel and the experimental sediment block. (b) Initial image of the experimental
sediment block with colored lines indicating bank lines derived from subsequent images.

(Medicago sativa) sprouts seeded on a braided experimental river led to local bend
migration but the pattern that formed in these experiments is best characterized as
wandering (Gran and Paola, 2001; Tal and Paola, 2010) rather than truly meander-
ing. Furthermore, alfalfa sprouts increased floodplain deposition of cohesionless fines,
resulting in a sustained meandering system with a moderate sinuosity (Braudrick
et al., 2009).

Bank erosion tests

Too much bank stability decreases the dynamics of the river (Friedkin, 1945; Schumm
and Khan, 1972; Smith, 1998; Gran and Paola, 2001). Therefore, we tested system-
atically the effect of different amounts of silt concentration on bank erosion rates.
These experiments were inspired by the work of Friedkin (1945). Tens of small-scale
experiments of bank retreat were conducted (Figure 6.1). These tests were carried
out to quantitatively assess the effect of different sediment mixtures on bank erosion
rates and processes. Experiments were conducted in a flume with a duct of 50 mm
wide and 1 m long on a slope of 0.01 m/m and a discharge of 400 l/hr. At the end
of the entrance an experimental sediment block was placed. Here the water flow at-
tacked the bank with a sharp angle of 45◦ and an initial 50 mm channel width (see
also Van de Lageweg et al., 2010; Kleinhans et al., 2010b).

145



Two series of bank erosion experiments were performed to test erosion rates for
two different styles of floodplains: 1) The effect of sediment mixtures with different
silt concentration represented continuous entrainment of sediment from the banks
with lateral silt accretion and without undercutting of the bank. These banks were
observed in the point bar, where overbank flow caused chute excavation. 2) The
effect of a vertical-accretion of stacked silt layers on top of a non-cohesive bed was
tested, which was observed in the experiment when levees, overbank sedimentation or
remnants of the crevasse were undercut by the flow at the outer bend. For the first, a
floodplain consisting of different ratios between sand and silt was tested for erodibility
(e.g., inner bend floodplain), where the experimental sediment block was 20 mm thick.
For the other one, a floodplain was tested which had a cohesive silt drape on top of
the non-cohesive sand (e.g., outer bank floodplain). Here the experimental sediment
block consisted of an 8 mm, i.e. bankfull level, thick poorly sorted sand, which was
draped with different thickness of silt layers.

Bank erosion rates were measured from timelapse photography of the experimental
sediment block. The progress retreat of the bankline of the experimental sediment
block was obtained by image processing. The bankline was used to calculate sediment
area, and as thickness was known, the volume of the experimental sediment block.
Data was then reduced to half-life times to characterize bank erosion rates, which is
defined as the time it takes to reduce the volume of the experimental sediment block
to half the initial volume.

6.2.2 Flume setup and experimental procedure

The experiments represented a gravel-bed river and were scaled by similarity of di-
mensionless variables for hydraulic conditions, sediment transport conditions and
morphological features, which had to remain within specific ranges (Table 6.1). The
flow had to be subcritical (Froude number, Fr < 1) as in most rivers. Turbulent flow
was necessary to rework the sediment and to transport sediment in suspension in the
channel and on the floodplain (Reynolds number, Re > 2000). For sediment transport
conditions bedload sediment should be mobile θ > θcr (Shields mobility number). A
small ratio of particle size to laminar sublayer thickness is known to be conducive, so
that the near-bed flow conditions affect bed scouring and ripple formation (Kleinhans
et al., 2010b). The channel should therefore have a hydraulically rough bed, for which
large particles were needed to disrupt the laminar sublayer (grain Reynolds number,
Re∗ > 11.6). For morphological features the channel width-depth ratio determined
the bar mode and bar formation, which is determined by bar wavelength and in-
teraction parameter (Kleinhans and Van den Berg, 2011, Table 6.1). This required
that the channels had enough bank strength, so that they did not became too wide
and shallow, which ultimately leads to braiding. There are no rules for scaling bank
strength, except that τ/σ > 1 (τ is the shear strength and σ is the normal stress).
Therefore, we conducted small-scale bank erosion tests to estimate sufficient condi-
tions for erosion processes to continue, yet maintain bank stability at values higher
than for cohesionless sediment.
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Table 6.1 Initial and design conditions, with values for low and high discharge. We used
Keulegan with ks = D90 (1), Struiksma et al. (1985, their equations 26 and 28) (2) and
Crosato and Mosselman (2009, their equation 19) (3).

Initial Symbol Scale rule Value

Median grain size D50 0.51 mm
Channel width W 150 mm
Channel depth h 10 mm
Valley slope Sv 0.01 m/m

Design

Froude no. Fr < 1 0.5-1.0 -
Reynolds no. Re > 2 1.7− 3.3 · 103

Shields mobility no. θ > 0.04 0.12 -
Shear velocity u∗ 0.03 m/s
Grain Reynolds no. 1 Re∗ > 11.6 42 -
Bar wavelength 2 Lp 0.9-3.2 m
Interaction Parameter 2 IP 0.10 < IP < 0.29 0.12-0.47 -
Bar mode 3 m 0.9-1.8 -
Braiding index 3 Bi 1.0-1.4 -

The experiments were carried out in a flume of 6 m wide and 11 m long, which
was divided into two separate plains of 3 m wide and effectively 10 m long. The
flume was filled with a 100 mm thick layer of poorly sorted sand (Figure 6.2). The
initial bed was set at a gradient of 0.01 m/m. We carved a 150 mm wide by 10 mm
deep straight channel in the sediment, corresponding approximately to the predicted
hydraulic geometry of a non-cohesive gravel-bed river (Parker et al., 2007) and self-
formed channels in pilot experiments. The downstream boundary had a fixed weir,
so that the base level was kept at a constant level. Upstream, we varied the inlet
position of the sediment and water feeder with a lateral migration rate of 10 mm/hr,
to mimic a bend that translates into the flume (see also, Chapter 3).

We carried out two identical experiments, which only differ in the availability of
cohesive fines in the sediment feed. The addition of fines in the sediment feed repre-
sents the addition of cohesive fines to the sediment load, which led to the transition
between braiding and meandering in the Rhine-Meuse delta. To one experiment we
added silt-sized silica flour (D10, D50 and D90 are 3.7, 32 and 97 µm, respectively)
in a ratio of 1:4 in the sediment feed (Figure 6.2). Furthermore, an extra amount
of 0.5 L silt was separately supplied during each high discharge to build a cohesive
floodplain in the experiment. The Rouse number (Equation 6.1 Rouse, 1937) for the
silt-sized fraction was smaller than 1.2, which indicates that the fines will transport
in suspension:
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sediment. The cutoff size indicates that for the sediment mixture particles smaller than
0.02 mm will percolate into the bed and that the porosity εtot will decrease with 10%.

P =
ws
κu∗

(6.1)

where P is the non-dimensional Rouse number, ws is the sediment fall velocity (in
m/s), κ is the Von Kármán’s constant (0.4) and u∗ is the shear velocity (in m/s).

Deposition of the fine silt-sized fraction will probably not affect sediment entrain-
ment due to changes in critical shear stress despite the reduction of median grain size.
First, the addition of silt to the sand made the mixture bimodal, so that mobility
differed between the two sediments and not increased mobility of the total mixture
(Wilcock and Southard, 1988; Kleinhans and Van Rijn, 2002). Second, although the
silt is not cohesive like clay, Lick et al. (2004) show that the critical shear stress in-
creases for particles smaller than 50 µm. Third, fine particles will percolate into the
bed (Frings et al., 2008) and calculations of the cutoff size of the sediment mixture
shows that particles smaller than 20 µm (40% of the silt-sized silica flour) will neither
affect bed level nor bed roughness (Figure 6.2, Frings et al., 2008, 2011).

A simple schematic hydrograph was used with a Qhigh = 1800 L/hr (0.5 L/s)
for 30 minutes and Qlow = 900 L/hr (0.25 L/s) for 2.5 hours. We ignore hysteresis
of wash load supply that is often observed in natural river floods (Asselman, 1999).
In the hydrograph, low flow represents approximately bankfull discharge based on
the predicted hydraulic geometry in a non-cohesive gravel-bed river (W = 200 mm,
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indicates the moment that the bed topography was scanned and photographed.

h = 9 mm according to Parker et al., 2007), whereas high flow exceeds bankfull and
distributed the fine sediment on the floodplain. The flood flow had an intermittency of
1:5, where 20% is flood stage and 80% of the time is bankfull stage. With constraints
on the maximum discharge in the flume, the sediment had to be on average the right
mobility. Furthermore, it was the duration and magnitude of low and high flow that
were determined together. We designed the hydrograph to the same average discharge
as in an experiment with a constant flow discharge of Qc = 1080 L/hr (0.3 L/s),
so that a volume of about 3200 L in 3 hrs flowed through both experiments. The
sediment feed was kept constant at 0.2 L/hr of bedload sediment (Figure 6.3) during
both experiments. Input discharge was controlled by a rotameter and the sediment
feed was controlled by a sediment feeder. Each experiment ran for 120 hrs with one
full cycle of the upstream moving boundary, with an amplitude of 300 mm in both
directions.

6.2.3 Measurements and calibration

Several measurement techniques were used to record morphodynamics of the experi-
mental rivers. Overhead photos were taken at a 5-min interval to create a time-lapse
video of the experiment. Further, the flume was equipped with an automatic gantry,
on which we mounted a high-resolution camera (0.25 mm ground resolution) and a
laser line scanner (0.2 mm vertical resolution). We measured and photographed the
bed after each high discharge by pausing the experiment (Figure 6.3). Two LED
floodlights were mounted on the automatic gantry to suppress ambient lighting. The
point cloud from the line-laser was gridded on a 4-mm grid by median filtering to pro-
duce Digital Elevation Models (DEMs). The initial bed surface slope of the DEMs was
subtracted to detrend the DEMs. The detrended elevation was expressed relative to
the surface that remained unchanged. DEMs of difference (DoD) were calculated by
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subtracting DEM pairs. DoDs were thresholded by the vertical resolution (0.2 mm)
of the laser line scanner.

A sediment balance was calculated by summation of the thresholded DoDs (Equa-
tion 6.2). The sediment balance volumes between time steps t and t+1 were calculated
for all grid cells m based on the inversed Exner equation:

Vt→t+1 = dx · dy ·
m∑
i=1

z(i,t+1) − z(i,t) (6.2)

where V is volume (in dm3), z is bed level (in dm), dx is grid size in x-direction (in
dm) and dy is grid size in y-direction (in dm), i is grid cell index and m is total
number of grid cells.

To describe evolution of experiments in the flume, the total and active braiding
index (TBI and ABI, Egozi and Ashmore, 2009; Bertoldi et al., 2009b), the sinuosity
and the distribution of the surface elevation were calculated for every time step. The
water was dyed with a red color dye (Rhodamine B) to determine the channel position
and water depth. The TBI, defined as the number of wetted channels per cross-
section, was taken as the average number of channels (from six cross-sections at the
distance of 2, 3.5, 5, 6.5, 8 and 9.5 m along the flume) identified on the DEM and
high-resolution photographs where the red color band of the images corresponded to
the red dyed water. The ABI, defined as the number of channels that transport
sediment in a cross-section, was the average number of channels which also had net
morphological change (e.g., erosion or deposition) observed on the DoD maps at the
six identical cross-sections as the TBI. The frequency distribution of the detrended
surface elevation (characterized by percentiles Z5, Z50 and Z95) was used to check
whether the experiments did not aggrade or degrade, and to test if the experiment
with cohesive silt developed deeper channels and higher floodplains, as compared to
the experiment without cohesive silt.

The high-resolution images were used to derive the concentrations of silt on the
floodplain, to segment channels and to deduce water depth (based on Carbonneau
et al., 2006; Tal and Paola, 2010). The high-resolution camera with RGB-band gives
values for green, red and blue, which can be transformed to a L ∗ a ∗ b∗ color space
(CIELAB). Herein, L∗ represents the luminosity (low = black and high = white), a∗
is the position between red/ magenta (high values) and green (low values), and b∗ is
the position between yellow (high values) and blue (low values). The luminosity was
used to make distribution maps of the highly reflective silt. Therefore, 18 samples
of silt were related with the luminosity difference between the current image and the
initial image of the bed (Figure 6.4a). The intensity of the redness (a∗) was related
to water depth for each time step, as the redness reduced during the experiment. The
relation between water depth and redness intensity was found by relating the bed
elevation on a cross-section with the redness intensity at that cross-section. For this
relation, only points were included of the active channel and the overbank flow on
the outer bank (Figure 6.4b-c).
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6.3 Results

In the experiment without fines a braided river formed, while the addition of cohesive
fines produced a single-thread meandering river. In this section, we describe the effect
of silt on bank erosion, morphodynamics of the braided and meandering river, cohesive
floodplain formation and the effect of cohesive floodplain fines on bank stabilization
and chute excavation.

6.3.1 Auxiliary bank erosion experiments

Bank erosion experiments were conducted to quantify the effect floodplain styles
with different silt concentrations on erosion rates. Initially, erosion was rapid and
declined with the decrease of the experimental sediment block volume and increased
channel width. Erosion of the experimental sediment blocks without a silt layer on top
occurred continuously by sediment entrainment. Coarse grains of the poorly sorted
sand were detached from the experimental sediment blocks. The coarse grains were
not transported downstream immediately and caused local bank toe protection. A
cohesive silt layer on top stuck together and was undercut resulting in the detachment
of failure blocks. Silt was not directly transported and deposited at the bank toe.
We suspect that silt depositing on the bank toe led to hydraulic smoother conditions
and increased critical shear stresses, which caused a decrease in bank erosion. The
increase of silt on top of the bank made the bank line more irregular as erosion
rates differed locally. Nevertheless, the sediment mixtures eroded continuously and
no failure blocks were observed. Silt fraction within the non-cohesive sands decreased
the entrainment of sediment and bank erosion rates.

The addition of 20% silt decreased the bank erosion rate by a factor of 2 (Fig-
ure 6.5). Bank strength increased with an increase of silt concentration, until the
pores were filled by silt (around 20%, Figure 6.5a). When the pores of the sand were
filled, silt became part of the bed-structure (Frings et al., 2008). The addition of water
led then to fluidazation of the silt, so that bank strength did not increase. A further
increase in silt resulted in more variation of the half-life time caused by variation in
compaction and a variance of the cut-off size between mixtures, so that shear stresses
differ (Frings et al., 2008). The mean half-life time was the same for concentration
higher than 20% silt in the mixture (Figure 6.5a), while lower concentrations showed
no significant effect on the bank stability.

The bank strength increased when a silt layer was on top of the non-cohesive
poorly sorted sand. A 1 mm thick layer of silt, about 13% of the total volume of
the experimental sediment block, did not reduce the half life time (Figure 6.5b).
An experimental sediment block with a 1.5 mm (19%) thick silt layer had a much
higher bank strength and reduced bank erosion almost a factor of 3. A poorly sorted
experimental sediment block with a 2 mm (25%) silt layer decreased the bank erosion
to a rate four times slower than without a silt layer.
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Figure 6.5 Half-life times of the small-scale bank erosion experiment (after 5 cm bank
erosion). (a) Well-mixed sediment mixtures. Banks became stronger with increased silt
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Concentrations of silt on top of the poorly sorted sand. Higher silt concentrations decreased
bank erosion rate as an example of lateral migration eroding a levee.

6.3.2 Channel pattern

Our experiments resulted in a braided river as well as a meandering river (Figure 6.6
and Movie 1). Lateral channel migration was the dominant process in both exper-
iments. Ultimately, meandering was sustained because the channel experienced less
chute cutoffs. This was caused by the addition of cohesive fine material that deposited
on the floodplain and stabilized the banks.

Initial alternate bars

The initial conditions for both setups were the same, so that in both experiments
alternate bars formed. In this first phase, the alternate bars grew to an incipient
meandering river. Thereafter, the bend wavelength increased and bends migrated in
downstream direction. The most upstream bend reached the downstream bar and
a chute cutoff shortened the channel in both experiments (Figure 6.6, 27 hrs (a)
and 39 hrs (b), respectively). The incipient meandering rivers straightened and new
bends formed as the upstream perturbation was maintained. The development after
the cutoff of the incipient meandering river produced a braided and a meandering
river. In both setups, bend formation was initiated by the upstream boundary, that
continuously moved in the transverse direction.

Braided river

The river without cohesive fines produced a braided planform as the channel repeat-
edly cross-cut the self-formed floodplain. The braided river was characterized by
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multiple channels (Figure 6.7a) as indicated by the TBI, which was around 2 (Fig-
ure 6.8a). Nevertheless, sediment transport occurred mostly in one main channel
(ABI just above 1.7). Lateral channel migration formed a point bar with typical
scroll ridges and swales. Further, a subsidiary channel formed that later developed
into a chute channel. After each cutoff, perturbation of the channel by the moving
upstream boundary caused lateral migration, so that new bends were initiated again.

Later, continuous migration of the channel resulted in reoccupation of older chan-
nel depressions and more channels became active in the braided river (Figure 6.8A-B).
Overbank flow was observed when the bend developed and later followed by a chute
cutoff. The chute cutoff straightened the channel and lowered the water level, so that
the total wetted area of the floodplain in the experiment decreased (Figure 6.7c). The
wetted area is the area where water flows during low flow. We distinguish the total
wetted area and the area that has been reworked, the difference between both is the
overbank flow.

Channel adjustment and formation of bars and bends shaved off the floodplain.
Channel extension and floodplain shaving led to sediment loss in the first 25 hrs
(Figure 6.9b). Later, sediment loss continued as the reworked area increased (Fig-
ure 6.9a) and the floodplain shaved off further. As result the overbank flow in the
braided declined (Figure 6.7c). Eventually, the total sediment balance shows a loss
of 73 L, which is about 4.5 mm in height per unit area that had been reworked by
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the channel. Nevertheless, the channel did not incise in the floodplain as the Z5, Z50

and Z95 of the reworked area did not change over time (Figure 6.9c).

Meandering river

The meandering river was characterized by sustained lateral migration of the channel
in the middle section of the flume. The bend in the middle section of the experiment
translated and expanded, so that a large bend formed (Figure 6.6, 117 hrs). The
curvature, expansion and translation of the bend in the middle section controlled the
bend downstream (e.g., migration and cutoffs). The ABI of the braided river was just
above 1.5, while the ABI for the meandering river was smaller than 1.5 (Figure 6.8b).
Eventually, sustained lateral channel migration produced a single-thread meandering
river were the sinuosity increased up to 1.4 (Figure 6.8b, c).

The meandering river developed after the cutoff of the incipient meandering river.
In the initial channel alternate bars developed, which increased the sinuosity and
roughness of the channel. When the bend became sharper water level rose and over-
bank (floodplain) flow occurred even during low flow, so that for example the total
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Figure 6.9 (Next page.) Descriptive statistics of the flume experiments. (a) Time series of
the reworked area. (b) The sediment balance shows sediment loss when the reworked area
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elevation at the end of the flume experiments. Dots indicate percentiles plotted in (c).
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wetted area was larger than the wetted area of reworked floodplain, while in the
braided river they became equal (Figure 6.7c). Concentrated overbank flow resulted in
a chute cutoff of the non-cohesive incipient meandering river and decreased the wetted
area as the channel straightened (Figure 6.6, 39 hrs). The upstream moving boundary
triggered lateral migration of the bend and the eroded sediment deposited upstream of
the chute channel and formed a plug bar (Figure 6.6, 60 hrs). Later, the bend extended
and translated, which resulted in a continuous increase of the bend amplitude and
bend length (Figure 6.6, 99 hrs). Eventually, a large bend developed in the middle
section of the flume with a typical scroll ridge-swale topography (Figure 6.6, 117 hrs).
The bend was not cross-cut even when the upstream moving boundary moved in
reverse direction seen in Chapter 3.

In the meandering river fines settled on the floodplain when water level exceeded
bankfull elevation. Overbank flow on the pristine plain occurred when the bends
became sharper in the meandering river, but also for the incipient meandering river
in both experiments (Figure 6.7c). The wetted area without overbank flow on the
pristine plain was equal for the braided and the meandering river (Figure 6.7c). Over-
bank flow in the meandering river resulted in a large area of shallow water depth at
the end of the experiment (Figure 6.7d). The water depth distribution without pris-
tine overbank flow and the surface elevation at the end (Figure 6.9d) showed that the
channels were slightly deeper and the floodplain slightly higher for the meandering
river. Channels in the braided river were less deep as water was divided over multiple
branches (Figure 6.6, 117 hrs).

As in the braided river, channel adjustments and rapid migration of the bends
resulted in sediment loss over the first 20 hrs (Figure 6.9b). The meandering river
reworked a smaller area and the absolute sediment loss was also less (Figure 6.9a-b).
Overall, the sediment loss was 4.9 mm in height over the reworked area compared
to 4.5 mm in height for the braided river. A reason for this difference could be that
the channels in the braided river were less deep and the floodplain shaving effect was
smaller. Although the sediment loss was higher, the surface elevation did not show
more degradation (Figure 6.9c). The Z5, related to the deepest part of the reworked
area, did not became lower, i.e. deeper. At the end of the experiment, the surface
elevation illustrated that the meandering river, as compared to the braided river had
deeper (Z5) and shallower points (Z95) in the reworked area, i.e. the meandering river
had both a deeper channel and a higher floodplain (Figure 6.9d).

6.3.3 Floodplain deposition and styles

The floodplain was formed by deposition and erosion of sand and silt and by enrich-
ment of silt during overbank flow. Two characteristic floodplain styles were observed
by the deposition of cohesive silt. The first style was formed by deposition of silt
on the outer bank (vertical-accretion), such as crevasse splays, levees and overbank
sheets of silt deposits. The second style was found on the inner bend (lateral accre-
tion), where silt deposited during lateral migration and later on the point bar scrolls
and in the lower swales (overview in Figure 6.10a).
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Silt distribution

Silt deposited in different styles on the meandering river and was not uniformly dis-
tributed along the meandering river. Continued silt addition resulted in an increase
in the surface area fraction containing silt and an increase in silt concentrations over
time (Figure 6.10b). Low concentrations of silt settled along the main channel during
the formation of the incipient meandering river (Figure 6.10c). Later, the highest
silt concentrations were observed near the flume inlet as overbank flow occurred on a
small area, while silt concentrations in the water were relatively high, causing depo-
sition. In the middle section, a large bend developed and captured most of the silt.
Continued deposition of silt increased the silt concentration in the middle section
(Figure 6.10c-d). Deposition of the silt led to depletion of the silt concentration, so
that the surface fraction area of silt and concentration decreased in the downstream
direction. After the incipient meandering river was cutoff, silt was removed by channel
migration without depositing a new layer of silt in the downstream section.
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Inner bend deposits

Point bars developed as the channel migrated laterally and sediment deposited on
the inner side of the bend forming scroll bars, while sheet flow over the point bar
resulted in lobate bars. Silt deposited on the lee sides of the point bar, i.e. swales,
by overtopping the scroll and lobate bars and depositing along the main channel
(Figure 6.11a).

Silt was spread on various elevations of the point bar; in the low swales, in a
subsidiary channel and on the higher scrolls. Most of the silt deposited between the
detrended elevation of -2.9 and -9.9 mm and the highest concentrations were clustered
at detrended elevations of -7.4, -5.4 and -3.9 mm (Figure 6.11b). The lowest elevation
of silt on the surface (-7.4 mm) was located in the most downstream part of the
swales and in the remnants of the chute (subsidiary) channel (Figure 6.11c, blue).
The chute channel was abandoned due to a plug bar upstream, while downstream
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silt deposited without filling the channel remnants. Silt on the surface (-5.4 mm)
deposited also on the upstream part of the swales and on the scrolls along the channel
(Figure 6.11c, yellow). The highest elevation of silt on the surface (-3.9 mm) was
located on the chute bar formed during the incipient meandering river and on the
active scrolls (Figure 6.11c, red). The lowest areas were not entirely filled with silt,
so that depressions such as chutes and swales remained visible.

Outer bank deposits

The sharper bends in the meandering river promoted overbank flow on the outer bank,
which caused formation of crevasse splays and levees. Downstream of the sharpest
part of the bend, a high-momentum flow advected onto and over the point bar in the
curved channel, so that overbank flow occurred and diverted on to the pristine plain.
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by the light reflection on the water surface.
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The interaction between flow strength and bank strength resulted in crevasse splays
or levees, respectively. Crevasse splays or levees did not form in the braided river as
flow curvature was generally low, so that water level did not rise above the pristine
plain (Figure 6.7c).

The crevasse channel with splay formed during the incipient meandering phase
when the banks were not yet cohesive. Downstream of the crevasse channel, a sandy
splay formed with silt deposits at the lee side (Figure 6.12a). Later, the upstream
bend migrated in lateral and downstream direction and the flow direction in the
crevasse became more perpendicular to the channel. The former crevasse channel
was abandoned and filled with fines, while in the new crevasse channel silt deposited
again at the lee side of the crevasse splay (Figure 6.12b). Eventually, a chute cutoff in
the main channel shifted the flow direction, so that the crevasse was abandoned. The
remnant of the crevasse splay was partly filled with silt by overbank flow occurring
on the crevasse splay (Figure 6.12c).

In the meandering river, continuous overbank flow with silt on the pristine plain led
to formation of a levee. The banks were stronger, so that sediment deposited on the
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outer bank instead of channel incision and the formation of a crevasse. The thickness
and location of the levee depended on the occurrence and direction of the overbank
flow. Overbank flow followed the initial slope and spread outwards from the sharpest
point of the bend (Figure 6.13a). In planform view, the overbank deposit formed a
splay shape, that was interrupted due to the low ridges on the initial pristine plain
(Figure 6.13a). On these ridges, the silt fraction decreased as water depth decreased
and apparently flow velocity increased (Figure 6.13b).

Deposition of sand and silt raised the floodplain elevation. Near the channel, sand
deposition was dominant compared to silt deposition. The deposited sand fraction
raised the floodplain elevation by 2 mm (Figure 6.13b). Spreading of the overbank
flow resulted in deposition of more silt and less sand in downwards direction. The
concentration of silt deposits varied in longitudinal and lateral direction. First, in lon-
gitudinal direction the percentage of the area covered by silt increased, but further
downstream percentage of silt decreased as most silt was already deposited (Fig-
ure 6.13b). Second, the percentage of silt was non-uniformly distributed in lateral
direction (Figure 6.13c). High concentrations of silt raised the floodplain elevation
by 0.5 to 1.5 mm (Figure 6.13b-c).

6.3.4 Bank stabilization

In this section, the relation between bank erosion and floodplain style is explored.
First, the floodplain area that stabilized the banks is described. Second, bank erosion
is related to meander migration in several bends.

Bank stabilization by floodplain construction

In the meandering river, several floodplain styles formed and stabilized the banks.
These floodplain styles were eroded by different processes, i.e. bank undercutting or
sediment entrainment (Table 6.2). The self-formed floodplain reduced bank erosion
upstream, chute incision and headcut formation downstream of the point bar, so that
the meander bend was not cut off (as in Chapter 3). At the meander bend in the
middle section, a total area of 7.9 m2 (see Figure 6.10), several cohesive floodplain
styles developed and covered about 40% of the area. On the pristine plain (total area
of 4.3 m2) silt covered an area of 1.75 m2, which was 41% of the total pristine plain
area and was mostly concentrated on one side of the channel (Table 6.2). On the inner
bend (total area of 3.6 m2) 43% of the area was covered by silt. Here, silt deposited
during lateral accretion and during overbank flow on the higher scrolls (1.0 m2) and
in the lower swales (0.5 m2). The bank erosion test demonstrated that addition of
silt in the floodplain reduced erosion rates.

Bank erosion in channel experiments

Distinct floodplain styles and bank erosion processes resulted in differences in chan-
nel bend displacement in our experimental setup. Here we describe the migration of
four bends (for location of cross-profiles see Figure 6.6). Three bends formed in the
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Table 6.2 The surface area with floodplain formation styles occurring in relation to flood-
plain removal by bank undercutting and chute incision in the middle section of the mean-
dering river (see Figure 6.10a).

floodplain style area undercutting incision

total area 7.9 m2

overbank area (I) 4.3 m2

crevasse 0.0 m2 X -
pristine 1.8 m2 X -

inner bend area (II) 3.6 m2

ridges 1.0 m2 X X
swales 0.5 m2 - X

Table 6.3 Channel displacement (migration rate) related to cohesive silt deposits (bank
properties) and the sharpness of the bend (curvature) for cross-profiles A-C from 57-117
hrs (Figure 6.14).

Profile Bank properties Curvature (R/W) Migration rate (mm/hr)

A layered 5.2 4
B top cohesive 11.2 12
C non-cohesive 13.1 5

meandering river, where silt concentration around the bends decreased in the down-
stream direction (Figure 6.10). The first bend was characterized by silt deposition on
the inner side of the bend and on the outer bank. The second bend had dominantly
silt deposition on the inner side of the bend. At the third bend some silt deposition
occurred on the outer and inner bend. Also, one bend was analyzed from the braided
river, representing a bend without any effect of a cohesive floodplain.

Figure 6.14 (Next page.) Evolution of several bends, for the meandering (A,B and C)
and braided experiment (D) (see Figure 6.6). (a) Small bend amplitude with a high con-
centration of silt reduced outer bank erosion and lateral migration, while it stabilized the
inner bend. (b) Silt stabilized the lows, while the channel migrated laterally. (c) Less silt
resulted in reactivation of lows and chute cutoffs downstream of the large meander. (d) In
the braided river, the amplitude of the bend formed by lateral migration decreased due to
local avulsion of the channel that shifted the flow direction. Silt concentrations are given
by the thickness of the brownish line, cross-profiles and deepest points of the active channel
(dots) are colored for each time step.

164



−30

−25

−20

−15

−10

−5

0

5

−30

−25

−20

−15

−10

−5

0

5

−30

−25

−20

−15

−10

−5

0

5

0 0.2 0.4 0.6 0 0.5 1 1.5
 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

distance (in m)

b
ed

 e
le

va
ti

o
n

 (
in

 m
m

)

distance (in m)

distance (in m)

b
ed

 e
le

va
ti

o
n

 (
in

 m
m

)

distance (in m)

)
m

m 
ni( 

noitavel
e 

deb

outer bank (A)inner side (A’) inner side (B’) outer bank (B)

inner side (C’) outer bank (C)

inner side (D’) outer bank (D)

lateral migration

lateral migration

lateral migration

local avulsion

local avulsion

lateral migration

chute cutoff

chute cutoff

local avulsion
chute cutoffs

and lateral migration

reactivation of the
subsidiary channel

timestep (hr)

57 69 71 93 105 117
silt concentration (%)

0

deepest point
active channel

100

Figure 6.14 (Caption previous page.)

165



In the upstream bend, deposition of silt on the outer bank resulted in the formation
of a levee and an increase in bank strength. In the experiment, channel migration
rate decreased despite the sharper bend curvature over time (Table 6.3). Because
deposition of silt continued, chute excavation decreased on the inner side of the bend
(Figure 6.14a). The migration rate of the bend in the middle section was faster despite
the gentle bend (Table 6.3). Here, bank strength was not increased by silt deposits on
the outer bank (Figure 6.14b). Consequently, there was less time for silt deposition
on the inner side and the concentration was therefore lower. Cross-profile B shows
that silt deposition occurred mainly in the lows of the point bar, which halted chute
incision.

Reoccupation or excavation of channel depression remnants occurred more often
where silt had hardly deposited. The downstream bend of the meandering river had
some small chute cutoffs on the active point bar. The first chute cutoff occurred
after 57 hours due to a flow direction shift caused by a bar upstream of cross-profile
C. Later, upstream meander growth caused a local avulsion of the main channel
as remnants of the former channel were reoccupied. Outer bank resistance by silt
deepened the channel (Figure 6.14c). The second chute cutoff occurred on the active
point bar, which was caused by the upstream bend that translated downstream and
shortened the flow path. Remnants of the crevasse splay were not reoccupied as
silt deposits stabilized the floodplain surface, preventing incision of chute channels
(left side of the cross-profile C). Due to chute cutoffs, the average migration rate of
the bend was lower, despite low silt concentrations on the outer bank and a bend
curvature comparable to that in cross-profile B (Table 6.3).

Local avulsions and chute cutoffs were more common in the experiment without
fines. The main channel was located for most of the time at the outer bank, but local
avulsions and chute cutoffs limited the bend growth (Figure 6.14d). Flow direction
shifted continuously reoccupied channel remnants as the floodplain consisted only
of erodible non-cohesive sediments (Figure 6.5). Here, the subsidiary channel was
excavated by overbank flow on the point bar, but it did not become the main channel
(Figure 6.14d). The cohesive floodplains on the outer bank reduced outer bank erosion
and thus lateral migration, while the cohesive floodplain in the inner bend decreased
channel incision and headcut formation.

6.4 Discussion

6.4.1 Channel pattern and scaled conditions

Our experimental results demonstrate the development of a braided and meandering
river. Cohesive fines deposited in the floodplain stabilized banks and led to a sustained
meandering river. In the braided river, one or two channels remained active most of
the time (ABI above 1.7). As observed in other studies on braided rivers in the
flume (e.g., Ashmore, 2001; Egozi and Ashmore, 2009), continuous cross-cutting of
the channel on the floodplain resulted in extensive shifting of the channel and bars.
Field studies (e.g Reinfeld and Nanson, 1993) have described braided river evolution
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by lateral migration of a braid-train, but this kind of braiding did not develop in this
experiment. Lateral channel migration is the dominant process in the braided and
meandering river as the channel belt increases (Van de Lageweg et al., 2013). Later,
cutoffs in the braided river decreased lateral channel migration.

In this experiment a cohesive silt was added for bank stabilization. In earlier
experimental work, bank stabilization was accomplished by manual addition of veg-
etation on the floodplain (Tal and Paola, 2010). Braudrick et al. (2009) added low-
density material behaving as fine sediment, which was captured by the vegetation
and filled potential chutes, so that single-thread meandering was sustained. Other
studies (Friedkin, 1945; Schumm and Khan, 1972; Smith, 1998) tested the effect of
initial cohesive banks on meandering river development. Bank stabilization should
decrease lateral migration, so that sedimentation on the inner bend increases to orig-
inal floodplain level. In an earlier experiment (Chapter 3) a large chute cutoff reset
the development of the meander bend after the upstream perturbation moved in re-
verse direction and restarted new bend development. Here we show that the addition
of even more silt prevented cut off even after reversed movement of the upstream
boundary. Our results indicate sustained meandering forms when there is a self-
formed cohesive floodplain without manual interference as required in the case of
seeding vegetation.

Our results showed the difference in channel development between experiments in
which the only condition that was varied was the availability of cohesive fine material
in the sediment feed. In an earlier experiment with less silt and a constant dis-
charge, floodplain formation was limited and chute cutoffs could occur (Figure 6.15a,
Chapter 3). A downscaled experiment with constant discharge (0.3 l/s) shows that
overbank flow was limited and bends became shorter (Figure 6.15b). The lack of over-
bank flow supports the idea of the importance of a varying discharge for the formation
of a cohesive floodplain (Figure 6.15c-d). Another effect of the varying discharge is
that the wavelength of the bend increases due to the effectiveness of sediment trans-
port during high discharges (Figure 6.15b versus Figure 6.15c,). We observed that
for the low discharge and shallow channels average sediment mobility decreases, so
that when flow dispersed over the floodplain the morphological changes reduced.

6.4.2 Bank erosion and chute cutoffs

The bank erosion experiments show that the addition of slightly cohesive silt decreases
bank erosion and increases bank stability. The erosion rate can be quantified using an
excess shear stress formula in which bank erosion is related to flow shear stress, crit-
ical shear stress and an erodibility coefficient (e.g., Rinaldi and Darby, 2008; Darby
et al., 2010). With the bank erosion experiments we tested the erodibility coefficient
of the sediment mixtures. However, prediction of the critical shear stress for cohesive
material is complex as for cohesive sediments the fluvial entrainment threshold in-
creases (Zanke, 2003; Lick et al., 2004; Rinaldi and Darby, 2008). We suspect that an
increase of silt in the sediment mixture at the bank toe causes hydraulically smooth
conditions and increases the critical shear stress for sediment entrainment as the sand
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Figure 6.15 Water depth and silt concentration maps for several experiments. (a) Experi-
ment with a constant discharge (1 l/s) with silt addition. No clear development of a cohesive
floodplain (t = 142 hrs). (b) Experiment with a constant discharge (0.3 l/s) without silt.
Bends were shorter and overbank flow decreased over time (t = 114 hrs). (c) Experiment
with varying discharge and without silt. The bar wavelength increased compared to con-
stant discharge and a larger area was reworked at t = 114 hrs. (d) Experiment with varying
discharge and with silt addition. A large bend developed, while a cohesive floodplain formed
and stabilized the banks (t = 114 hrs). Scan with Layar App.

is protected against turbulence by a viscous sublayer (e.g., Zanke, 2003; Vollmer and
Kleinhans, 2007), both of which effects cause a decrease in bank erosion.

Silt on the bank toe originating from the bank top reduced bank erosion in the
experiment. Deposition of silt on the outer banks forms a layer of cohesive silt on
top of a non-cohesive bank. The erodibility of the non-cohesive sand is higher, so
that flow undercuts the cohesive silt and failure processes with bank toe protection
determine bank erosion rates, as in natural rivers with cohesive banks (e.g., Simon
and Collinson, 2002; Darby et al., 2007; Langendoen and Simon, 2008; Parker et al.,
2011).

Floods enhanced the occurrence of chute cutoffs by bank incision and excavating
floodplain depressions. Channel migration causes a local imbalance of more erosion
compared to deposition and forms depressions (Lauer and Parker, 2008). Without
bank stability, these depressions are captured by chute cutoffs causing the channel to
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braid. Chute cutoffs formed by upstream bank incision and downstream headcut for-
mation in the point bar lows (Constantine et al., 2010b; Zinger et al., 2011, Chapter 3).
In the meandering river, the erosion processes were balanced by the cohesiveness of
the fines reducing bank erosion and chute excavation. In the experiment without
fines, the local imbalance between erosion and deposition was not compensated with
stronger banks so that chute cutoffs cause the channel to braid. Silt depletion in the
meandering experiment decreased cohesive floodplain formation and increased chute
incisions and cutoffs in the downstream section.

6.4.3 Floodplain sedimentation

Overbank flow is required for floodplain formation (e.g., Lewin, 1978; Nanson and
Croke, 1992; Zwolinski, 1992). Overbank sedimentation is enhanced by several fac-
tors, e.g. river slope, lateral channel movement, baselevel and the occurrence and
magnitude of floods (Zwolinski, 1992). In our experimental setup we used a simple
hydrograph, with a long period low flow representing bankfull discharge and a short
period of high flow representing a flood. During the high flow period, sedimentation
of the fine material on the banks decreased the local sediment imbalance between
erosion and deposition (Lauer and Parker, 2008). Furthermore, the floodplain with
silt became more cohesive. Overbank sedimentation of fines causes two styles of flood-
plain formation; in the outer bank forming levees and crevasse splays and in the inner
bend in chutes and between and on scroll ridges and swales.

The floodplain in the experimental meandering river was similar to floodplains
found in natural river systems. The deposition of fines on the outer bank forms a
levee with coarse grains near the channel and finer, but also thinner, deposits further
away from the channel (e.g., Brierley et al., 1997; Walling and He, 1997; Ferguson
and Brierley, 1999). Natural levees form along the channel when water level exceeds
bankfull levels. Here, the levee formed only at the outer banks downstream of the bend
apex when overbank flow spread outwards and contains fine material. The formation
of a crevasse on the outer bank formed when the flow strength was stronger than the
bank strength, as described for natural systems (O’Brien and Wells, 1986; Bristow
et al., 1999). Fines settled on the distal side of the crevasse splay as observed in the
Brahmaputra and the Cumberland Marshes (e.g., Coleman, 1969; Pérez-Arlucea and
Smith, 1999). Later, the crevasse splay was abandoned by the main flow and fine silt
particles buried the crevasse channel, as formed in aggrading rivers with suspended
fine material (e.g. the Colombia River, Makaske, 2001). An important process in the
construction of the distal levee and crevasse splay was advective deposition of the
suspended material (Cazanacli and Smith, 1998) rather than diffusive mechanisms
(Törnqvist and Bridge, 2002). The advective process was more important in the
experiment as the floodplain flow was not turbulent, while in natural systems the
effect of turbulence results in a stronger decrease in thickness and grain-size in the
levee (Törnqvist and Bridge, 2002).

Silt deposition affected meander formation mostly in the middle section of the
meandering river. In the upstream reach extensive silt deposition decreased bank
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erosion and the bend amplitude, which caused a lower bend amplitude, whereas
downstream silt deposition was supply-limited which allowed the development of chute
cutoffs on the point bar. We hypothesize that depletion of silt deposition in the
downstream section would become less when the initial bed of a sediment mixture
consists of at most 10% silt, which would not affect bank stability as shown in the
bank erosion experiments.

6.4.4 Relevance for natural rivers

The experimental results support earlier ideas that bank strength is a necessary
condition and a key parameter for river meandering (Ferguson, 1987; Eaton, 2006;
Kleinhans, 2010; Kleinhans and Van den Berg, 2011). Cohesive outer banks will re-
duce lateral migration and decrease channel dynamics. More important is that the
self-formed floodplain prevented chute cutoffs. To form a cohesive floodplain discharge
variation is important because it allows fines to settle on higher banks (Middelkoop
and Asselman, 1998). In nature, levees form and cohesive banks when water level
fluctuates (Brierley et al., 1997).

This experiment suggests that the initial plain does not need to be cohesive. When
the initial bed is non-cohesive, alternate bar formation and bend migration occur
rapidly. The supply of cohesive material entering from the hinterland, our upstream
boundary, could stabilize the banks. For example, the addition of cohesive fines to
the sediment load of rivers at the transition of a glacial to interglacial climate could
stabilize banks, decrease cutoffs and could cause the transition between braiding and
meandering, as observed in the Rhine-Meuse delta (e.g., Vandenberghe, 2003; Erkens
et al., 2011). Meandering patterns as present in the middle and late Holocene may
have formed rapidly in the early Holocene, but were fixated when the amount of
cohesive material on the floodplain increased whilst gradient reduced due to base
level rise. Rivers with less cohesive material in the sediment load are more dynamic
and have more cutoffs, such as the River Allier in France and the River Rhine at the
apex of the delta around the border of the Netherlands and Germany.

Several studies ascribe the transition between braided and meandering to the veg-
etation cover in the river plain, which is largely controlled by climate conditions (e.g.,
Millar, 2000; Gibling and Davies, 2012). Vegetation will add strength to the bank
(Millar et al., 1993; Eaton, 2006; Braudrick et al., 2009; Tal and Paola, 2010) and
hydraulic resistance causes more deposition of fines on the banks (Darby, 1999), so
that the influence of the cohesive sediment on the banks can be important. These
experimental results illustrate that bank strength by cohesive materials can be suffi-
cient to sustain meander development even without the growth of vegetation as also
observed on Mars (Howard, 2009).

6.5 Conclusions

A braided and a meandering gravel-bed river developed in our experimental flume
study. For the first time, we conclusively linked the development of the different
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channel patterns to the formation of a cohesive floodplain and resulting bank stability.
We conclude that the necessary conditions to form and sustain a meandering channel
pattern are cohesive floodplain material and overbank flow in addition to a dynamic
upstream perturbation. Results show that:

1. Bank erosion rates decrease significantly for slightly cohesive floodplains, tested
with systematic small-scale bank erosion rate tests.

2. The braiding experiment is characterized by alternate bar formation in the
initial straight channel, lateral channel migration and chute cutoff occurrence.

3. Sustained lateral migration and cohesive floodplain formation results in a me-
andering river, without the occurrence of chute cutoffs. The cohesive floodplain
stabilizes the banks, so that lateral bank migration and chute excavation de-
creases. Discharge variations are necessary to form a cohesive floodplain of
overbank sedimentation on the higher outer banks and to fill potential chutes.

4. The deposition of fines forms two styles of cohesive floodplains. First, a layer of
cohesive material on top of a non-cohesive bank in the outer bank, e.g. levees
and crevasse splays. Second, lateral accretion of different grain-sizes in the inner
bend.

5. The experiments show that a meandering river can develop without having an
initial cohesive bank. This suggests that the formation of a cohesive floodplain
can result in the transition from a braided to a meandering river.
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7 Conclusions and perspectives

The main objective of this thesis is to increase the understanding of the necessary
and sufficient conditions that determine the development of a meandering river pat-
tern. I focus on the associated interactions between channel dynamics, floodplain
and vegetation in the formation of different river patterns. Each of the previous five
chapters has provided an answer to one of the sub-questions. The conclusions to
these sub-questions are summarized and form the basis for the overall conclusion of
the thesis. In the last section, I will elaborate on new research questions.

7.1 Summary of chapter conclusions

7.1.1 Scaled experiments

Laboratory experiments to simulate river landscapes often suffer from scale effects.
Many experiments violated the scale rules that are based on the dimensional analysis
of the equations of motion and sediment transport, and vertical length scale distor-
tion, but produced insightful results that resembled the real world. However, these
experiments were not able to reproduce dynamically meandering rivers. The lab se-
tups and protocols evaluated in Chapter 2 answered the sub-question: Is the lack of
understanding of dynamic meandering in experiments a scale issue?

Similarity scaling, as suggested in Paola et al. (2009), does not work well when
channel width is a dependent parameter in self-formed channels. Channel width de-
pends on the interaction between channel dynamics and floodplain, which is controlled
by the composition of the sediment and presence of vegetation. There is a narrow
range of conditions between no mobility of bed or banks, and too much mobility. The
cohesion of the sediment for delta experiments, which is purely sedimentation domi-
nated, can be more cohesive compared to river experiments, where sedimentation and
erosion occurs. In the delta experiments, more cohesive sediment mixtures show an
increased channelization tendency (in agreement with Hoyal and Sheets, 2009), while
high cohesion, e.g. clay and vegetation, decreases channel dynamics dramatically in
river experiments (Smith, 1998; Gran and Paola, 2001). A sediment mixture of poorly
sorted sand and slightly cohesive silts was sufficient in increasing the bank strength
and limiting the development of scours in the bed.

7.1.2 Channel dynamics

River patterns are generally explained by the interaction between channel dynamics,
floodplain and the presence of vegetation. The experiments described in Chapters 3
and 4 identified the key processes that make up channel dynamics, i.e. flow through
the channels forming alternate bars associated with meandering and flow diversion
at the outer bend forming chute channels associated with braiding. Chapter 3 an-
swered the sub-question: What is the effect of an imposed perturbation upstream of
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the experimental channel on meander development and how will this work in natural
rivers?

The first step to understand channel dynamics is the flow pattern through a chan-
nel, which leads to formation of alternate bars. In agreement with bar and bend
theories (Blondeaux and Seminara, 1985; Crosato et al., 2011), the meandering river
in the experiment developed by formation of alternate bars, forming channel bends,
and increasing bend amplitude towards a maximum by lateral migration before chute
cutoffs and straightening of the channel. Dynamic meandering, however, is not ob-
tained from the growth of alternate bars to meander bends.

The experiments showed that a static perturbation led to low amplitude static
bends, while a transverse moving boundary caused high-amplitude dynamic mean-
dering with scroll bars and infrequent bend cutoffs. To sustain meandering dynamics,
the upstream boundary must continuously be perturbed. This agrees with observa-
tions from meandering rivers where bend instabilities convect in downstream direction
(Lanzoni and Seminara, 2006). The instabilities continue to propagate from the up-
stream boundary in downstream direction. The transverse movement of the inlet
shows that besides the scale issue of bank strength, there was a lack in understanding
of how natural perturbations result in dynamic meandering rivers. In nature, bound-
ary conditions are always dynamic, such perturbations can occur in the form of river
confluences, upstream meander, bar dynamics or discharge variations.

Chapter 4 answered the sub-question: What is the role of chute cutoffs, i.e. ini-
tiation and development, in sustaining a meandering river pattern?

Chute cutoffs are initiated by flow processes exceeding bankfull conditions. Chute
cutoff development is determined by the partitioning of water and sediment over the
floodplain and the main channel, and can be predicted by a bifurcation analysis (e.g.,
Wang et al., 1995; Bolla Pittaluga et al., 2003). Eventually, chute initiation depends
on the characteristics of the floodplain, i.e. floodplain elevation, sediment composition
and the presence of vegetation.

Two types of chute cutoffs can be identified from field observations, model outcome
and experiments. Scroll-slough cutoffs occur mostly between recently deposited scroll
bars; they have a lower elevation are sparse vegetated, and are formed due to an
increase in the upstream bend curvature which rose the water level. A bend cutoff
develops due to a gradient advantage over the point bar, where gradient advantage
increases with increasing sinuosity of the meandering river. Gradient advantage is
higher for higher sinuous rivers, however, the floodplain further away from the channel
is stronger due to vegetation (as observed in the river Allier).

The upstream curvature is a significant control for the success and failure of the
chute cutoff. The upstream curvature results in an asymmetric flow and sediment
partitioning (in agreement with Kleinhans et al., 2008). The transverse bed slope
and helical flow through the bend results in sediment transport in the direction of the
inner bend. This results downstream of the bifurcation in sedimentation in the branch
connected with the inner bend, whereas the branch connected to the outer bend
is excavated. Eventually, the downstream branch with largest sediment transport
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closes, whereas the branch connected with the outer bend of the upstream meander
bend opens. A single-thread system remains due to closure of one branch. The
channel width-depth ratio of the branch that remains open determines the formation
of alternate bars, whereas channel curvature upstream determines meander growth
(also shown in Chapter 3).

7.1.3 Floodplain construction and destruction

Floodplain construction and destruction is controlled by the presence of vegetation
and sediment composition, which determine bank strength. Furthermore, the pres-
ence of vegetation and fines determines the initiation of chute cutoffs in the experi-
ments. Chapters 5 and 6 show the results of the presence of vegetation and cohesive
fines on the channel width-depth ratio and the development of a meandering river
instead of a braided river. Chapter 5 answered the sub-question: What is the effect
of the development of vegetation patterns on the river pattern?

Therefore, two different modes of vegetation dispersal with different flow regimes
were tested. With uniformly distributed vegetation bank strength increases, so that
lateral migration decreases. Hydraulic resistance of the vegetated floodplain results
in flow concentration through the channel forming deeper channels and decreasing
overbank flow. The water flow is mostly in-channel, the meander bend migrates
and develops tighter bends and higher sinuosity compared to an experiment without
vegetation.

Vegetation pattern formed by seeds distributed by the flow leads to continued
growth of vegetation patch on lower elevations. The hydraulic resistance of the vege-
tation causes flow diversion over the non-vegetated floodplain. Due to a limited water
depth, lower flow velocities and increased bank strength by vegetation, sediment mo-
bility decreases and channelization does not occur. This results in a multi-threaded
system with shallower water depths and no dynamics. The results imply that the
combination of discharge variations and vegetation settling rules have a large effect
on the morphology and dynamics of rivers.

Instead of vegetation adding fines to the feed also adds strength to the banks
to decrease bank erosion rates. The sub-question answered in Chapter 6 was How
does floodplain construction and destruction lead to a sustained dynamic meandering
river?

The experiments showed that a braided river pattern emerged for the experiment
without the fines, whereas in the experiment with fines a meandering river pattern
emerged. The construction of a cohesive floodplain occur by deposition of slightly
cohesive silts during high discharge, whereas channel migration leads to destruction
of the floodplain. The silt deposits mainly in depressions, and on the higher outer
banks due to floods. Higher discharges which do not lead to chute cutoffs result in
floodplain formation. Whereas on the non-cohesive floodplain high discharges result
in chute cutoffs for the braided river. Silt deposition on the floodplain limits bank
erosion and chute excavation. Small-scale erosion tests confirm that the silt increases
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bank strength and decreases bank erosion, whereas cohesive fines on the point bar
decrease chute excavation and cutoff. I conclude that the dynamic meandering river
was sustained by sedimentation of fine cohesive material on the floodplain by discharge
exceeding bankfull.

7.2 Synthesis

Combining the results of previous chapters, results in a answer to the general question
of: How does the interaction between channel dynamics and floodplain characteristics
lead to the development of different river patterns?

Classical channel pattern predictors emphasized that there is a continuum of river
patterns, instead of a hard discrimination between braided and meandering. Chap-
ter 6 shows the formation of a braided river with channel width-depth ratios com-
parable with the meandering river of Chapter 6. The braided as well as meandering
river are dominantly formed by lateral migration of the channel. Slight differences
in the initial and boundary conditions lead to different river patterns in the experi-
ments, where channel width-depth ratio and grain-size are in the same range. The
simplest conditions, constant discharge and sediment input, result in the development
of a meandering river with several chute cutoffs (Chapter 3). A discharge hydrograph
with discharges exceeding bankfull conditions results in an increase of chute cutoffs,
which eventually results in a braided river (Chapter 6). The addition of vegetation
on the floodplain results in stronger banks, tighter bends and reduces chute initiation
than observed without vegetation, whereas vegetation growth on the bars results in
flow diversion and a decrease in channel dynamics (Chapter 5). Eventually, the ad-
dition of fines in the sediment combined with a discharge hydrograph results in the
construction of a floodplain that reduces chute cutoffs. A dynamic meandering river
is sustained as the lateral migration of the channel continuous (Chapter 6).

The initial development of the channel patterns is related to linear stability anal-
ysis. Linear stability analysis describes the formation of meander bends in channels
with low width-depth ratios (Blondeaux and Seminara, 1985). The initial low-width
depth ratios result in formation of alternate bars that grew to meander bends. The
formation of a cohesive floodplain results in sustaining low width-depth ratios and
decreases bank erosion. Channel widening results in the formation of mid-channel
bars, but was not observed in the experiments even for experiments without cohesive
bank material. The experiment of Chapter 3 with a static perturbation illustrates
the formation of meander bends from alternate bars during constant discharge. The
dynamics of the meander growth, however, is limited to the static perturbation up-
stream. In nature, meandering rivers are dynamic (Lanzoni and Seminara, 2006).
The dynamics of meandering are determined by the nature of the bend instability. In
meandering river, the instability convects in downstream direction. The experiment
of Chapter 3 shows that to sustain dynamic meandering, the upstream boundary
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must continuously be perturbed, so that instabilities continue to propagate from the
upstream boundary in downstream direction.

The experiment in Chapter 3 illustrates how in-channel interaction between flow
and floodplain results in meander formation. However, continuous growth of the
meander bends leads to overbank flow and the development of chute cutoffs. The
success of chute initiation depends on floodplain characteristics, i.e. inlet step, sedi-
ment composition and vegetation. The occurrence of floods promotes the occurrence
of chute cutoffs as shown in Chapter 6 for the braided river with a floodplain of non-
cohesive sediments. Furthermore, the increase of discharge increases the meander
length. These results agree that flow strength in river pattern predictors determines
the transition between meandering and braided (Leopold and Wolman, 1957; Van den
Berg, 1995). Higher discharges rearranged the river pattern from meandering towards
braided.

The initiation and development of chute cutoffs is a key process in sustaining a
meandering river. Overbank flow leads to partitioning of water and sediment through
the channel and over the point bar. Chute cutoff success or failure is determined by
the channel bifurcation, which is controlled by channel curvature and the gradient
advantage. The upstream bend curvature, e.g. meander bend, steers the sediment to
the inner bend, whereas flow is pushed towards the outer bend (in agreement with
Kleinhans et al., 2008). This results in closure of the channel at the inner bend. The
winning channel widens, but should preserve low width-depth ratio, otherwise mid-
channel bars emerge. Upstream channel curvature initiate meander growth, which is
observed in the experiment described in Chapter 3.

Hydraulic geometry of the channel is determined by the flow strength and the bank
strength which reduces erosion rates (Kleinhans, 2010). Experiments with the same
initial conditions, but differences in bank strength a meandering river forms. Scaled
experiments showed that there is a narrow range of conditions between no mobility of
bed or banks, and too much mobility for small-scale experiments that represent river
morphodynamics. High cohesion decreases channel dynamics considerably in river
experiments. The effect of too strong banks by vegetation in the experiments (Chap-
ter 5) result in stable banks, tight bends and increased sinuosity of the meandering
river (in agreement with Braudrick et al., 2009). Furthermore, vegetation reduces
overbank flow velocities, which would reduce initiation of chutes (Chapter 5).

Bank erosion by bend migration and cutoff is balanced by deposition of sediment
forming new floodplains. Overbank deposits are an important floodplain forming
process that balances these local differences as shown in Chapter 6. Fines deposit in
the lows of the point bar in the inner bend and form a levee/splay on the outer bank
where flow diverts from the channel to the floodplain. Overbank deposition occurs
when the discharge exceeds bankfull level, which can result in the development of
chute cutoffs. The addition of fines in the experiment and the simple hydrograph
led to a meandering river with higher sinuosity and less chute cutoffs. The cohe-
sive floodplain decreased bank erosion and chute incision compared to a non-cohesive
floodplain, where overbank flow results in chute cutoffs.
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Figure 7.1 Illustration of several floodplain elements, vegetation patterns and river mor-
phodynamics for a meandering river with chute cutoffs. Modified from Miall (1985).

Meandering gravel-bed river with chute cutoffs
This thesis focused on the development of a meandering river and the interaction

with the floodplain. Figure 7.1 illustrates a conceptual river (modified from Miall,
1985) with floodplain elements, vegetation patterns and river morphodynamics as
observed from this thesis for a meandering gravel-bed river dominated by chutes.
Meander bend amplitude grows by continuous erosion at the outer banks. These
banks are protected by riparian vegetation which was established along the river.
Bank erosion occurs by undercutting and mass failure, and sediment deposited at the
bank toe before transported and protects the bank for extensive erosion. Furthermore,
the hydraulic resistance of the vegetation results in sediment deposition along the
channel forming a levee, which once in a while is breached forming a crevasse splay
downstream.

Increasing sinuosity results in an increase in gradient advantage over the point
bar. Eventually, a chute channel incises through the point bar. The success of the
chute cutoff depends on the water and sediment partitioning at the bifurcation, but
also on the strength of the point bar. Succession of vegetation results in mature trees
on the inner side of the point bar, whereas near the channel the point bar consists of
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bare soil with some riparian vegetation along the water. As result the chute channel
progression is blocked by trees on the point bar.

Erosion by lateral migration of the channel is balanced by sediment deposition. In
the meandering river, the dominant process for deposition is lateral accretion at the
inner side of the bend. This lateral accretion consist mainly of sand and gravel with
some layers of fines. Furthermore, overbank deposition results in vertical accretion
of silts and clays on top of the coarser sand and gravels. The deposition of fines is
promoted by the growth of vegetation, but is also found in the lows (swales) of the
point bar complex. Water availability determines the growth of riparian vegetation,
so that along lows on the floodplain, formed by lateral accretion of the river, trees
are found.

7.3 Main conclusions

I conclude that meander growth is controlled by the interaction between channel
dynamics and floodplain for bankfull conditions, while overbank flow is important in
constructing and destroying floodplains and retarding meander bend growth. Eventu-
ally, meandering will occur in floodplains that are strong enough due to the presence
of vegetation and cohesive sediments - to prevent channel widening and chute exca-
vation. Results show that:

1. In-channel morphology depends on the width-depth ratio that determines the
initiation of alternate bars.

2. With a static upstream perturbation bend growth leads to low amplitude bends
and are static in lateral migration. A dynamic upstream perturbation leads to
dynamic rivers with a richer morphology than hitherto is produced, including
cycles of meander growth and chute cutoff.

3. Flow exceeding bankfull discharge determines the development of floodplain
formation that balances bank erosion, but the discharge level and duration of
the flow exceeding floodplain elevation could lead to chute cutoffs.

4. Sediment partitioning is much more asymmetric than discharge partitioning at
chute bifurcations. Upstream bends result in helical flow that transports sedi-
ment through the inner channel. A plug bar closes the inner channel upstream,
so that inevitably the outer channel wins and sustains a single-thread channel.

5. Riparian vegetation increases main channel flow and decreases overbank flow.
Stabilization of the banks by riparian vegetation results in sustaining low width-
depth ratios, which leads to local bank erosion and tight bends.

6. Hydraulic resistance of the vegetation results in flow diversion around bars,
which reduces channel dynamics.

7. Cohesive sediment results in distinctive floodplains that sustain dynamic me-
andering.
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7.4 Recommendations for further research

This thesis aimed at improving general understanding of the interaction between
channel dynamics, floodplain and vegetation in the formation of different river pat-
terns. The focus of this thesis is on experiments that represented gravel-bed rivers.
The results of several experiments show how the interaction between channel dynam-
ics, floodplain and vegetation reproduced realistic dynamic gravel-bed meanders in
the laboratory. Obviously, there are still topics that need to be investigated, several
of which are outlined below.

1. Experimental meandering of sand-bed rivers. This thesis illustrates the devel-
opment of meandering rivers in gravel-bed dominated systems. As indicated in
Chapter 2, due to scale issues sediment mobility of experiments is low and there-
fore most experiments represent gravel-bed rivers. However, in nature there are
more meandering sand-bed rivers found compared to gravel-bed rivers. For fur-
ther studies it will be interesting to reproduce sand-bed rivers. This is possible
by using industrial plastics more commonly available nowadays, which are light-
weight compared to sand used in this work. Interesting question will be how
the development of floodplain between sand-bed and gravel-bed rivers differ,
and whether the low-sediment mobility for the experiments representing gravel-
bed rivers affected the channel dynamics. Furthermore, the question will be
how channel dimensions and channel planform differs between a gravel-bed and
sand-bed river. The challenge for sustaining meandering sand-bed rivers will be
to conduct cohesive floodplains with plastics.

2. The implementation of dynamic boundary conditions. This thesis presented re-
sults of a meandering river where the upstream boundary was continuously per-
turbed by lateral movement of the inlet. An initial static perturbation was not
sufficient for maintaining channel dynamics. Experimental and many modeling
studies did not include a dynamic boundary and the presented results did not
show the decay of dynamics under constant boundary conditions. Preliminary
results (Kleinhans et al., 2013b) show that also for numerical models a sustained
dynamic condition is necessary to explain morphodynamics. Further, our re-
sults suggest that restored streams, where morphodynamics are required for
rehabilitation of riparian processes (Geerling et al., 2006), could be made more
dynamic by perturbing the upstream reach. For example, it could be tested if
dynamics sustain in these restored stream when the downstream trapped sedi-
ment is supplied at one side of the channel as a transverse perturbation. These
results are used to predict river morphodynamics, but the use of a dynamic
boundary could be useful in many other disciplines. For example, Castelle and
Ruessink (2011) already show that time-varying wave direction at the seaward
boundary caused natural variability of rip channels.

3. Vegetation distribution implementation in numerical models. Vegetation plays a
role in the development of rivers, but is not well presented in numerical models.
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Crosato and Saleh (2011) attempted to include vegetation in Delft3D by includ-
ing some simple rules, but the results were poor in the variance of vegetation
patterns. The experiments in Chapter 5 and Perona et al. (2012) showed that
the distribution of vegetation and the disturbance by floods are important to de-
termine vegetation patterns along river. Inclusion of vegetation so far is mostly
simplistic (Perucca et al., 2006), while field studies suggest significant effects
of vegetation on the river pattern (Gurnell et al., 2012). Vegetation rules are
needed in morphodynamic models representing rivers, but also estuaries. For
example, in the work of Van der Wal et al. (2010) the observed mud deposition
mismatched with the model outcome due to excluding the effect of vegetation
on the bars.

4. Floodplain formation in experiments and numerical models. The experiments
show the formation of distinctive floodplains, e.g. levees, crevasse splays, lat-
eral accretion surfaces and overbank sedimentation. Sedimentation of fines is
important in building floodplains that are cohesive. The experimental result
show limitations in the formation of the floodplain. In Chapter 2 I indicate
that flow should be turbulent, but the water depth on the floodplain indicates
laminar flow conditions. Laminar flow results in less reworking of the fine sed-
iments on the floodplain. I suggest for further investigation to test floodplain
formation in experiments with turbulent floodplain flow, or investigate the for-
mation of floodplains with numerical models. The numerical model could be
used to test different scenarios between vegetation distribution and the addition
of fines on the formation of floodplains. This is needed to understand long-term
development of meandering river that rework their self-formed floodplain. For
example, the fines and vegetation increases the heterogeneity of the floodplain,
which determines the development of bends and irregularities as observed in
nature (Motta et al., 2012).

5. Effect of sediment sorting patterns on river morphology. The use of a poorly
sorted sand in the experiments resulted in distinctive sorting patterns of fine
grains at the inner side of the bend and coarse grains in the outer bends. Sedi-
ment sorting affects the transverse bed slope, which affects the morphology of
rivers. However, current transverse bed slope formulations (Talmon et al., 1995)
are based on well-sorted sediment mixtures. Therefore, I suggest that further
research should focus on including the effect of sorting patterns in transverse
bed slope predictors.

181





References

Abernethy, B. and I. D. Rutherford (2001), The distribution and strength of riparian
tree roots in relation to riverbank reinforcement. Hydrological Processes 15, 63–79.

Ashmore, P. E. (1991a), How do gravel-bed rivers braid? Canadian J. of Earth Sciences
28, 326–341.

Ashmore, P. E. (1991b), Morphology and bed load pulses in braided, gravel-bed streams.
Geografiska Annaler. Series A, Physical Geography 73, 37–52.

Ashmore, P. E. (2001), Braiding phenomena: Statics and kinematics. In: P. M. Mosley,
ed., Gravel Bed Rivers V, New Zealand Hydrological Society, Christchurch, New Zealand,
95–120.

Ashworth, P., J. Best and M. Jones (2004), Relationship between sediment supply and
avulsion frequency in braided rivers. Geology 32, 21–24.

Asselman, N. E. M. (1999), Suspended sediment dynamics in a large drainage basin: the
River Rhine. Hydrological Processes 13, 1437–1450.

Baptist, M. J. (2003), A flume experiment on sediment transport with flexible, sub-
merged vegetation. In: International Workshop on Riparian Forest Vegetated Channels:
Hydraulic, Morphological and Ecological Aspects, Trento, Italy: RIPFOR.

Baptist, M. J. (2005), Modelling Floodplain Biogeomorphology.
Ph.D. thesis, TU Delft, Delft University of Technology. URL
http://repository.tudelft.nl/view/ir/uuid2-b55f-1560f434cbee/.

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

Bennett, S. J., W. Wu, C. V. Alonso and S. S. Y. Wang (2008), Modeling fluvial
response to in-stream woody vegetation: implications for stream corridor restoration.
Earth Surface Processes and Landforms 33, 890–909.

Bertoldi, W., L. Zanoni, S. Miori, R. Repetto and M. Tubino (2009a), Interaction
between migrating bars and bifurcations in gravel bed rivers. Water Resources Research
45, W06418.

Bertoldi, W., L. Zanoni and M. Tubino (2009b), Planform dynamics of braided
streams. Earth Surface Processes and Landforms 34, 547–557.

Bertoldi, W., N. A. Drake and A. M. Gurnell (2011), Interactions between river flows
and colonizing vegetation on a braided river: exploring spatial and temporal dynamics
in riparian vegetation cover using satellite data. Earth Surface Processes and Landforms
36, 1474–1786.

Blanckaert, K. (2011), Hydrodynamic processes in sharp meander bends and their mor-
phological implications. Journal of Geophysical Research 116, F01003.

Blanckaert, K. and W. Graf (2001), Mean flow and turbulence in open-channel bend.
J. of Hydraulic Engineering 127, 835–847.

Blom, C. W. P. M. and L. A. C. J. Voesenek (1996), Flooding: the survival strategies
of plants. Trends in Ecology and Evolution 11, 290–295.
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Summary

Rivers have distinctive river patterns such as multi-channel braided and single-channel
meandering. Why these different river patterns emerge is only qualitatively under-
stood. Many fundamental fluvial processes are relatively well understood, but their
combined effect on river patterns remains hypothetical. Braided rivers emerge when
banks are weak, whereas meandering rivers emerge as result of stronger banks. Vege-
tated banks and cohesive floodplains provide bank strength, which reduces the channel
width-depth ratio to the point where alternate bars instead of mid channel bars form.
The objective of this thesis is to determine how rivers self-organize their morphology
through interactions between channels, floodplain and vegetation. In order to predict
the migration and bank/floodplain development and the ultimate pattern of rivers, I
unraveled these interactions in a series of flume experiments.

In Chapter 2 a number of laboratory setups and protocols were conducted to
isolate certain processes, asses potential scale effects and identify the most likely set-
tings for large-scale experiments. I identified that similarity scaling does not work
well when self-formed channels are dependent on the the channel width. The sys-
tematic tests showed that there is a narrow range of conditions between no mobility
of bed or banks, and too much mobility. High cohesion decreases channel dynamics
dramatically in river experiments. I identified a sediment mixture of poorly sorted
sand and slightly cohesive silts, which was sufficient in increasing the bank strength
and limiting the development of scours in the bed.

According to linear stability analysis, meandering channels can theoretically arise
from a straight channel. The unstable river bed leads to formation of alternate bars
when width-depth ratios are low, whereas mid-channel bars form for high width-depth
ratios. The alternate bars induce alternate erosion of the banks at the opposite side
of the channel. In experiments (Chapters 3, 5 & 6) starting with a straight channel,
I indeed observed the development of alternate bars, bending of the channel and
lateral expansion towards maximum amplitude followed by chute cutoff and channel
straightening.

The dynamics of a meandering river are determined by the nature of the bend
instability. A recent theory found that bars and channel curvature for meandering
rivers mostly convect in one direction, usually downstream due to low width-depth
ratios. This implies that, to sustain meandering dynamics, the upstream boundary
must continuously be perturbed, so that instabilities continue to propagate from
the upstream boundary in downstream direction. Indeed experiments in Chapter 3
showed that a static perturbation led to low amplitude static bends, while a transverse
moving boundary caused high-amplitude dynamic meandering with scroll bars and
infrequent chute cutoffs.

The linear stability analysis determines the development of meandering for bank-
full discharges. However, water elevation exceeding bankfull discharge determines the
development of chute cutoffs, which is determined by discharge, bend radius and bed
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roughness. The division of water and sediment is asymmetric at the location of over-
bank flow due to upstream bend curvature. The bifurcation is unbalanced towards
one of the two downstream channels resulting in excavation of a chute channel and
closure of the main channel. Morphodynamic model results (Chapter 4) illustrated
that bend curvature determines the success or failure of chute cutoffs. Chute cutoff
is preferable at the inner side of the bend due to a gradient advantage. However,
vegetation succession and associated floodplain elevation and sediment composition
prevents chute cutoffs to succeed or form.

Bank strength should be sufficient to remain low-width depth ratios. This in
order to prevent the channel for widening, which eventually leads to braiding. Ri-
parian vegetation has the effect of hydraulic resistance and bank strength and it
increases bar sedimentation. Earlier experiments showed that the addition of vegeta-
tion (Alfalfa) on a braided river resulted in bank stabilization and the development
of a single-thread channel. The addition of vegetation also enhanced sedimentation
of fine material in floodplain depressions which decreased the number of cutoffs. I
performed experiments (Chapter 5) in which vegetation was uniformly distributed on
the floodplain of a meandering channel. This resulted in bank stabilization and the
development of meander bends that were tighter compared to a control experiment
without vegetation. Alternatively, I tested the effect of vegetation seeds that are dis-
tributed by the flow during floods (Chapter 5). The vegetation developed on lower
areas and hydraulic resistance of the stems resulted in flow diversion, which resulted
in shallow water depths over bars and floodplains and decreased channel dynamics.
Vegetation in the experimental setup was successful in bank stabilization, but the de-
velopment of new vegetation is limited to continuous manual distribution of seeds and
not dependent on the feedbacks between channel dynamics and floodplain formation.

Bank erosion by bend migration and cutoff is balanced by deposition of sediment
forming new floodplains. The process of floodplain shaving and channel extension
results in local differences between erosion and deposition. Overbank deposits are
an important floodplain forming process that balances these local differences. I con-
ducted an experiment (Chapter 6) where the initial bed consisted of poorly sorted
sand. The experiment had a simple hydrograph of bankfull discharge and discharge
exceeding bankfull. During the higher discharge slightly cohesive fines were added in
the feed, so that these fines could deposit in the lows of the floodplain. The addition
of fines in the experiment and the simple hydrograph led to an experimental mean-
dering river with higher sinuosity and less chute cutoffs. The fines deposited in the
lows of the point bar in the inner bend and formed a levee/splay on the outer bank
where flow diverted from the channel to the floodplain. The cohesive floodplain in this
experiment decreased bank erosion and chute incision compared to the experiment
without the addition of fines.

The formation of meanders is controlled by interactions between channel dynamics
and floodplains. I conclude that channel dynamics are controlled by the bankfull con-
ditions, while overbank flow is important in constructing and destroying floodplains.
Results show that:
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1. In-channel morphology depends on the width-depth ratio, which determines the
initiation of alternate bars.

2. Alternate bars do not necessary lead to meandering. A static upstream pertur-
bation causes only low amplitude, static bends. A dynamic upstream perturba-
tion leads to dynamic and higher-sinuosity meandering with a richer morphology
than hitherto produced in experiments, including cycles of meander growth and
chute cutoff.

3. Flow exceeding bankfull discharge determines the development of floodplain
formation. The formation of a cohesive or vegetated floodplain leads to the
necessary equilibrium between erosion and deposition of the migrating channel,
so that a low width-ratio remains. which balances bank erosion. Steady bankfull
discharge leads to cycles of meander growth and chute cutoff.

4. However, the discharge level and duration of the flow exceeding floodplain el-
evation may lead to chute cutoffs. The addition of cohesive sediments during
high water levels result in cohesive floodplains that sustain dynamic meandering
by limiting the number of chute cutoffs and parallel channels.

5. The development of a chute cutoff is determined by the partitioning of water
and sediment between the old channel in the outer bend and the new channel
on the floodplain in the inner bend. The latter is shorter and therefore has a
gradient advantage. The curvature of the river just upstream of the bifurcation
leads to an asymmetric partitioning with relatively more sediment transport to
the branch in the inner bend. Depending on whether this asymmetry or gradient
advantage is more important, the chute channel will close or incise. According
to the model outcome and experiments the inner bend channel seems to lose,
so that a single-thread channel remains.

6. Hydraulic resistance of the vegetation results in flow diversion around vegetated
bars, which reduces channel dynamics.

7. Riparian vegetation induces concentration of flow in the main channel. Sta-
bilization of the banks by riparian vegetation results in sustained low channel
width-depth ratios. More localized bank erosion at stronger banks causes for-
mation of tight bends.

The results of this thesis have the following significance for future research and
river management. The natural processes of seed dispersal, vegetation settling and
development have large effects on river pattern development that differ from uni-
formly seeded vegetation. I recommend for further studies to develop natural seed
dispersal methods for experiments and for numerical models. Furthermore, I suggest
for further studies to investigate a method for using sediment mixtures, i.e. from mud
and gravel, in experiments and numerical models. The numerical models can produce
more scenarios of how the interaction will be between channel dynamics, floodplain
and the presence of vegetation in a short time frame. Numerical model have no scale
issues compared to experiments. Furthermore, I suggest that numerical and exper-
imental studies incorporate dynamic boundary conditions. Restored stream, which
dynamics decreased in time, should continuously perturbed in transverse direction by
supplying the trapped sediment downstream on one side of the channel upstream.
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Samenvatting

Rivieren vormen verschillende patronen. Zo ontstaan er vlechtende rivieren, bestaande
uit meerdere geulen, en meanderende rivieren, bestaande uit één hoofdgeul die door
het landschap kronkelt. Waarom deze verschillende rivier patronen ontstaan is tot
nu toe alleen kwalitatief beschreven. Veel fundamentele fluviatiele processen zijn
relatief goed begrepen, maar hun gecombineerde effect op het rivierpatroon blijft hy-
pothetisch. Vlechtende rivieren ontstaan wanneer oevers makkelijk eroderen, terwijl
de oevers van meanderende rivieren sterker zijn met hun begroeide oevers en cohesieve
overstromingsvlaktes. Deze verminderen oevererosie, waardoor de geul dieper wordt
uitgegraven. Hierdoor neemt de breedte-diepte verhouding van de geul af. In zulke
relatief smalle en diepe geulen kunnen er alternerende banken ontstaan, om en om
aan de tegenovergelegen oevers, in plaats van meerdere banken in het midden van de
geul zoals bij vlechtende rivieren. Het doel van dit proefschrift is om te bepalen hoe
rivierenpatronen worden veroorzaakt door de interacties tussen verplaatsing van de
geul, vorming van de overstromingsvlakte en ontwikkeling van de vegetatie. Daarvoor
heb ik een reeks experimenten in een grote stroomgoot c.q. zandbak uitgevoerd.

Eerst zijn een aantal laboratoriumopstellingen en protocollen ontwikkeld en ge-
bruikt om verscheidene processen te isoleren (hoofdstuk 2). Hiermee zijn eventuele
schaaleffecten bepaald en waren de meest succesvolle instellingen gëıdentificeerd voor
grootschalige experimenten beschreven in hoofdstukken 3, 5 & 6. Ik vond dat een
simpele geometrische schaling van prototype naar experiment niet goed werkt voor
zelf-gevormde geulen waar de geulbreedte afhankelijke is van de condities. Systema-
tische proeven toonden aan dat er een beperkt bereik van condities zijn waar tussen
geen mobiliteit en te veel mobiliteit plaats vond van de bedding of de oevers. Ver-
plaatsing van de geul door oevererosie aan de ene kant en sedimentatie aan de andere
werd in de rivier experimenten drastisch verminderd wanneer de cohesie te groot was.
Verder stelde ik vast dat een sediment mengsel bestaande uit slecht gesorteerd zand
en een beetje plakkerige slib (silt) voldoende was voor het verstevigen van de oevers
en het beperken van uitschuringen in het bed.

Theoretisch dacht men reeds lang dat een meanderende geul kan ontstaan vanuit
kleine initiële verstoringen in een rechte geul. De van nature instabiele rivierbedding
zou dan tot het vormen van alternerende banken leiden in kleine verhoudingen van
breedte en diepte van de geul, terwijl meer banken in het midden van de rivier ontstaan
bij een toename van de breedte-diepteverhouding. Deze alternerende banken groeien
dan uit tot bochten doordat de stootoever aan de overzijde van de geul erodeert en
sediment wordt afgezet op de glijoever (voorheen de alternerende bank). In experi-
menten (hoofdstukken 3, 5 & 6) beginnend vanuit een rechte geul met een statische
verstoring observeerde ik inderdaad het ontstaan van deze alternerende banken, maar
ontstond geen meanderende rivier. Er ontwikkelden zich nauwelijks bochten en deze
ontwikkeling werd bovendien snel afgekapt door een afsnijding aan de binnenzijde
van de bocht. De nieuw ontstane rechte geul vertoonde weinig tot geen zijdelingse
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migratie en ontwikkelde zich niet tot dynamische meanders zoals die in de natuur
voorkomen (hoofdstuk 3). Kleine initile verstoringen leiden dus niet tot meanderen,
in tegenstelling tot wat meandersimulatiemodellen en oudere theorie suggereren.

Een recente theorie stelt dat dynamisch meanderen wordt veroorzaakt door in-
stabiliteiten die zich maar in één richting bewegen, en niet in zowel benedenstroomse
als bovenstroomse richting voortplanten en groeien. Verstoringen in bochtkromming
in meanderende rivieren met hun relatief kleine breedte-diepteverhouding bewegen
in stroomafwaartse richting. Dit betekent dat voor meanderende rivieren die dy-
namisch moeten blijven de instroomrand continu verstoord moet worden. Daarom
is een opstelling gebouwd waarbij de instroomrand langzaam dwars op de geul werd
heen en weer geschoven. Dit leidde tot een hogere amplitude en dynamische me-
anders, in tegenstelling tot het hierboven beschreven experiment met de statische
verstoring (hoofdstuk 3). Deze meanderbochten bestonden uit kronkelwaardruggen
die afgewisseld werden door bochtafsnijdingen.

Theoriën voor het ontstaan van meanders gaan meestal uit van een constant debiet
waarbij de geul geheel onder water staat. Echter, waterstanden hierboven bepalen het
ontstaan en de ontwikkeling van bochtafsnijdingen. De waterhoogte is afhankelijk van
het debiet, de bochtstraal en de ruwheid van de bodem. Zowel vegetatie als cohesief
sediment op de overstromingsvlakte voorkómen het insnijden van een nieuwe geul en
de opeenvolgende bochtafsnijdingen. Het ontstaan van zulke bochtafsnijdingen leidt
tot een brede ondiepe geul met een bank in het midden, wat de aanzet tot vlechten
is. In de experimenten bleek de bochtafsnijding echter snel weer naar de buiten-
bocht te verplaatsen. Dit werd veroorzaakt door een asymmetrische verdeling van
het water en het sediment tussen de oude geul en de geul die die bocht afsnijdt. De
verdeling bij de splitsing van het water en sediment tussen de twee geulen is daardoor
onevenwichtig waardoor een van de twee geulen snel groeit terwijl de andere geul
wordt afgesloten, vaak de geul die in de binnenbocht ligt. Morfodynamische model-
berekeningen (hoofdstuk 4) lieten zien dat de bochtkromming het succes of het falen
van de bochtafsnijding bepaalt. Door het gradiëntvoordeel van een ’rechte weg’ over
de overstromingsvlakte ten opzichte van een bochtige geul komen bochtafsnijdingen
voornamelijk voor aan de binnenzijde van de bocht.

Om te zorgen dat een geul een kleine breedte-diepte verhouding behoudt is er
voldoende oeversterkte nodig. Anders zal de rivier immers zich verbreden, wat uit-
eindelijk tot een vlechtend rivierpatroon leidt. Oevervegetatie beschermt de oevers
tegen erosie. Eerdere experimenten toonden aan dat de toevoeging van vegetatie (al-
falfa) tot stabiele oevers leidde, waardoor de oorspronkelijke vlechtende rivier naar een
één geulsysteem ontwikkelde. Verder leidde de toevoeging van vegetatie tot meer sedi-
mentatie van fijn materiaal in de laagtes van de overstromingsvlakte, zodat het aantal
bochtafsnijdingen afnam. Ik heb experimenten uitgevoerd (hoofdstuk 5) waarin ve-
getatie gelijkmatig werd gezaaid over de overstromingsvlakte van een meanderende
rivier. Dit vegetatiepatroon resulteerde in stabilisatie van de oevers, waardoor er
scherpere bochten ontstonden dan in een vergelijkend experiment waar geen vege-
tatie groeide op de overstromingsvlakte. Vegetatie stabiliseerde weliswaar de oevers,
maar de ontwikkeling van nieuwe vegetatie was geheel bepaald door het continu hand-

200



matige verspreiden van zaden. Het behouden van de meanders in dit experiment was
dus niet afhankelijk van de terugkoppeling tussen de geul dynamiek, de gevormde
overstromingsvlakte en de verspreiding van vegetatie. Het is echter maar de vraag
of plantenzaden zich in de natuur uniform verspreiden of in een patroon worden
neergelegd door het rivierwater. Daarom testte ik het effect van het verspreiden
van zaden bij de stroming van het water gedurende een overstroming (hoofdstuk 5).
Hier ontwikkelde de vegetatie op lager gelegen delen dan tijdens een experiment met
een gelijkmatige verdeling van de zaden op de overstromingsvlakte. De hydraulische
weerstand van de vegetatie resulteerde in afremming van het water dat zich daardoor
meer concentreerde in zones zonder vegetatie. De ontwikkeling van vegetatie op de
lager gelegen delen waar het door de rivier zelf was verspreid leidde hierdoor tot een
ondiepere waterstroming over de banken en overstromingsvlakte en minder dynamiek
van de geul.

Oevererosie door bochtmigratie en bochtafsnijdingen zijn meestal in evenwicht met
het afzetten van sediment en het vormen van een nieuwe overstromingsvlakte. Dit
evenwicht leidt tot een min of meer constante breedte van de migrerende riviergeul.
Het scherenvan de overstromingsvlakte door afkalving van de hogere stootoever en
het afzetten van sediment op de lagere glijoever (de kronkelwaard) leidt lokaal tot
netto meer erosie. Ik heb twee experimenten uitgevoerd die een eenvoudige verdeling
van laag- en hoogwater in de tijd hadden, namelijk afwisselend een laag debiet, wat
een waterniveau tot aan de oevers representeerde, en een kortstondig hoog debiet
waarbij de overstromingsvlakte overstroomde. In één van de experimenten heb ik
fijn sediment toegevoegd, om te testen wat het effect was van het toevoegen van
fijn sediment in de ontwikkeling van de overstromingsvlakte en het rivier patroon
(hoofdstuk 6). Hierbij begon ik in beide experimenten met een bedding die alleen
bestond uit slecht gesorteerd zand. Tijdens het hoge debiet werd licht cohesief slib
(steenmeel van siltgrootte) bovenstrooms toegevoegd. Het silt vulde de laagtes van
de overstromingsvlakte en vormde sterkere oevers. Dit leidde tot een meanderende
rivier met grotere bochten en veel minder bochtafsnijdingen in vergelijking met het
experiment zonder toegevoegd silt. Het silt kwam net als in natuurlijke rivieren
terecht in de laagtes van de kronkelwaard in de binnenbocht, op de oevers en in
crevasse-afzettingen vanuit de buitenbocht.

Het ontstaan van een dynamisch meanderende rivier is dus het resultaat van in-
teracties tussen geulverplaatsing, banken in de rivierbedding en de vorming en afslag
van de overstromingsvlakte tijdens hoogwaters. Mijn resultaten laten het volgende
zien:

1. De morfologie in de geul is afhankelijk van de breedte-diepte verhouding, die
het ontstaan van alternerende banken bepaalt.

2. Alternerende banken leiden niet automatisch tot meanderen. Een statische
stroomopwaartse verstoring leidt tot statische bochten met een kleine ampli-
tude. Een dynamische stroomopwaartse verstoring leidt tot een toename in
bochtigheid in een dynamische rivier met een rijkere morfologie dan tot nu toe
was ontstaan in experimenten. Hierbij waren voor het eerst cycli van mean-
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dergroei en bochtafsnijdingen te zien zoals die in de natuur veel voorkomen.

3. Stroming die boven de oevers uitkomt is bepalend voor het ontwikkelen van een
overstromingsvlakte. Het vormen van een cohesieve en/of begroeide overstro-
mingvlakte leidt tevens tot het noodzakelijke evenwicht in de hoeveelheid erosie
en depositie van de bewegende riviergeul waarbij de breedte-diepteverhouding
laag blijft.

4. Echter, het waterniveau ten gevolge van het debiet en de duur van de overstro-
ming bepalen tevens het ontstaan en succes van bochtafsnijdingen. Toevoegen
van meer cohesief sediment tijdens hoogwaters leidt tot een cohesievere over-
stromingsvlakte die ervoor zorgt dat het aantal bochtafsnijdingen vermindert
maar de rivier wel dynamisch blijft meanderen.

5. De ontwikkeling van een bochtafsnijding wordt bepaald door de verdeling van
water- en sediment tussen de oude geul door de buitenbocht en de nieuwe geul
over de overstromingvlakte in de binnenbocht. De laatste is korter en heeft daar-
door een gradiëntvoordeel. De kromming van de rivier net bovenstrooms van
deze splitsing leidt tot een asymmetrische verdeling met relatief meer sediment-
transport naar de tak in de binnenbocht. Afhankelijk van of deze asymmetrie
of het gradiëntvoordeel belangrijker zijn wordt de afsnijding weer afgesloten of
diept verder uit. In de modellering en de experimenten bleken vooral binnen-
bochttakken af te sluiten zodat de tak in de buitenbocht weer dominant werd
en het één geulsysteem van de rivier hersteld werd.

6. Hydraulische weerstand van de vegetatie leidt tot stroming om de begroeide
banken heen, waardoor er een ondiepe stroming ontstaat met als gevolg dat de
dynamiek van de geul vermindert.

7. Oevervegetatie echter verhoogt de stroming door de hoofdgeul. Stabilisatie
van de oevers door oevervegetatie resulteert in het instandhouden van een lage
breedte-diepte verhouding. Dit leidt tot lokale oevererosie en scherpere bochten.

De resultaten van dit proefschrift zijn als volgt van belang voor toekomstig on-
derzoek en voor rivierbeheer. Het natuurlijke proces van zaadverspreiding, vege-
tatiekolonisatie en ontwikkeling heeft een groot effect op het ontwikkelen van rivier-
patronen en verschilt van die door gelijkmatig verspreiding van vegetatie. Ik adviseer
voor toekomstige studies de ontwikkeling van natuurlijke vegetatieverspreiding toe te
passen in gootexperimenten alsmede in numerieke modellen. Verder wil ik sugger-
eren voor toekomstige studies om een methode te onderzoeken voor het toepassen
van sedimentmengsels, dat wil zeggen van slib, zand en grind in gootexperimenten
alsmede in numerieke modellen. Numerieke modellen kunnen door de toenemende
rekenkracht steeds meer scenario’s draaien in een korter tijdbestek en hebben geen
last van schaaleffecten. Dit moet leiden tot meer begrip over de interacties tussen de
geulverplaatsing, overstromingsvlakte en de aanwezigheid van vegetatie. Verder stel
ik voor dat numerieke en experimentele studies meer gebruik maken van dynamische
morfologische randvoorwaarden. Beken die zijn ’hersteld’ ten behoeve van natuur-
ontwikkeling maar waar de dynamiek afneemt in de tijd zouden continu verstoord
kunnen worden door bijvoorbeeld het opgevangen sediment in een benedenstroomse
zandvang te storten aan een zijde van de geul stroomopwaarts.
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