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1. General Introduction

1.1 Motivation

1.1.1 Lowland Streams

Lowland streams can be defined as low-energy rivers with a channel slope smaller

than∼1 m km−1, a channel width smaller than∼20 m, and a channel bed consisting

of sand or peat (Van der Molen et al., 2012). Lowland streams in Europe can be

found in the North-western European Plain, which covers The Netherlands, the

northern part of Belgium, Denmark, the northern part of Germany, the southern

part of Sweden and the north-western and central parts of Poland. Lowland streams

in the Netherlands date from the last glacial period (12,000 years ago). In lowland

areas, modification and channelisation of water courses have been severe, and today

less than 10% of the lowland streams in the Netherlands, the UK, Germany, and

Denmark still feature a natural physical state (Brookes & Long, 1990; Iversen et al.,
1993; Verdonschot & Nijboer, 2002; Lorenz et al., 2004). Over the past 200 years,

there have been three stages of modification to the morphology of lowland streams

in the Netherlands: (1) a period of inundation, (2) a period of drainage, and (3) a

period of restoration.

The first stream modifications reported in literature occurred in the 18th and

19th century (Baaijens & Dauvellier, 2011). In this period, nutrient-rich stream

water has been used to fertilize agricultural fields. Farmers constructed hydraulic

structures, with the purpose to stimulate inundation. The nutrient-rich stream wa-

ter was periodically directed to the agricultural fields to let nutrients be deposited,

serving as a natural fertilizer to increase crop yields. Baaijens & Dauvellier (2011)

suggest that part of the lowland streams in the Netherlands have been constructed

for this purpose. In the beginning of the 20th century, inundation systems disap-

peared after the introduction of industrialized fertilizers. From this time onwards,

the lowland catchments were adjusted for purposes of drainage.

Halfway the 20th century, changing groundwater management practice in agri-

cultural areas led to channelisation of the majority of lowland streams in the Nether-

lands. The design of the channelised streams aimed at reducing flood risk and meet-

ing the hydrological requirements for the adjacent agricultural fields. The small

sinuous streams were redesigned to become straight, to obtain an increased cross-

sectional area, and to become controlled by weirs (Iversen et al., 1993; Verdonschot

& Nijboer, 2002). In this period, the drainage density within catchments also in-

creased, through the construction of ditches. All these measures were aiming at

a quick discharge response during high flows, whereas weirs were in control of

ground water levels during low flows. These measures seriously affected the hydro-
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1.1. Motivation

1926

1937

1953

Figure 1.1 Historical maps showing the process of stepwise channelisation of the
Tungelroyse beek. Figure 1.3 shows the location of the Tungelroyse beek in the Nether-
lands.

logical conditions in the catchments (Meijles & Williams, 2012). Figure 1.1 shows

an example of the process of channelisation based on three historical topographic

maps of a lowland stream (the Tungelroyse beek). Channelisation occurred in a

first phase between 1926 and 1937 and a second phase between 1937 and 1953.

Re-meandering measures were implemented in 2011 in this example. Similar chan-

nelisation measures of lowland streams were implemented in Denmark (Brookes,

1987; Iversen et al., 1993; Baattrup-Pedersen et al., 2000), Germany (Lorenz et al.,
2009), Japan (Nakano & Nakamura, 2008), and the UK (Vivash et al., 1998).

Channelisation had destructive consequences for the abiotic conditions of the

benthic ecology in the majority of lowland streams in the Netherlands (Verdonschot
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1. General Introduction

& Nijboer, 2002). The construction of straight channelised streams resulted in ho-

mogeneous in-channel habitat patterns, often solely consisting of bare sand. In an

extensive survey, Verdonschot et al. (1995) conclude that the measures (channeli-

sation, increase of channel dimensions and increase of drainage density) had major

consequences for flow velocity, being the key variable of the abiotic environment

relevant for benthic ecology (Fonseca & Hart, 2001). During low flows, weirs were

closed to increase ground water levels. This caused flow velocities to drop to nearly

zero and fine sediment (e.g. silt) to be deposited on the channel bed. Eventually,

this has caused the disappearance of heterogeneous in-stream habitat. In partic-

ular, coarse substrates such as large woody debris and gravel were lost (Brookes

& Gregory, 1988). During high flows, weirs were lowered and flow velocities in-

creased dramatically. The combination of a channel bed consisting of fine sediment

and high flow velocities during high flows were detrimental for the existing ben-

thic ecology. Also, the ground water management had detrimental effects on the

terrestrial ecology surrounding the streams.

1.1.2 Stream Restoration

The vast majority (96%) of lowland streams in the Netherlands are severely im-

pacted by anthropogenic influences (Nienhuis et al., 2002; Verdonschot & Nijboer,

2002). This reflects the need for stream restoration in the Netherlands. Wohl et al.
(2005) defines stream restoration as: “assisting the establishment of improved hy-

drologic, geomorphic, and ecological processes in a degraded watershed system

and replacing lost, damaged, or compromised elements of the natural system”. An

important element of this definition is the focus on the catchment scale. Recently,

several stream restoration concepts have been presented focussing on catchment

scale measures, such as the ’erodible corridor’ (Piégay et al., 2005) and ’espace de
liberté’ (Kondolf, 2012). Until now, stream restoration has mainly focussed on reach

scale measures (Sudduth et al., 2007; McMillan & Vidon, 2014). Common practice

in the Netherlands is no exception to this.

Stream restoration in the Netherlands has largely been triggered by the Water

Framework Directive (WFD; Council of the European Communities, 2000), in which

it is stated that all water bodies should achieve a good qualitative and quantitative

status by 2015, with extensions until 2027. The main objective of stream restoration

in the Netherlands is to achieve a good ecological status. The second objective is to

increase the retention of water within the catchment, which follows from the Na-

tional Water Act (Waterbeleid voor de 21ste eeuw (WB21); Ministerie van Verkeer

en Waterstaat, 2000). Other objectives are related to hydrological conditions (to

prevent groundwater damage to crops on agricultural fields and to assure wetland
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1.1. Motivation

conditions of natural areas) and recreation (to combine measures with an increase

of recreational facilities).

Several approaches are used in stream restoration design, including river classi-

fication schemes (e.g., Rosgen, 1994), based on reference reaches (e.g., Newbury &

Gaboury, 1993), and process-based approaches (e.g., Copeland et al., 2001; Shields

et al., 2003). The design procedures typically adopted in the Netherlands follow

a process-based approach. The new channel dimensions should satisfy the follow-

ing requirements: (1) flood risk reduction, (2) optimal groundwater conditions for

adjacent agricultural fields and (3) improvement of the conditions beneficial for

benthic ecology. The first requirement is related to the National Water Act (WB21),

which aims at reducing flood risk in downstream areas. Water authorities are sup-

posed to take measures to retain water within the catchment during high flows.

For stream restoration projects, this means the construction of lowered floodplain

areas surrounding the streams. The construction of a lowered floodplain also aims

at restoring the natural floodplain processes related to the terrestrial ecology. The

second requirement only applies to lowland streams within agricultural areas (the

majority of the catchments in the Netherlands), and aims at maintaining the existing

ground water levels for adjacent agricultural fields. The third requirement follows

from the Water Framework Directive, which aims at increasing the ecological status

of the streams.

Stream restoration in the Netherlands involves the construction of sinuous chan-

nels (re-meandering), mimicking the channel planform characteristics before chan-

nelisation. The sinuous planform is often based on historical sources (such as Figure

1.1). Re-meandering has been widely used as a stream restoration measure (e.g.,

Sear et al., 1998; Kondolf, 2006; Lorenz et al., 2009). Positive effects on the habi-

tat diversity have been reported after re-meandering measures were implemented

(Lorenz et al., 2009). Re-meandering or other channel reconfiguration measures

are often applied at local scale, in isolated channel reaches. At local scale, these

measures may be successful in improving the habitat conditions, however, recover-

ing the typical benthic ecological communities may only be successful when taking

measures at the catchment (Jähnig et al., 2010).

In practice, a 1D-flow model (e.g. SOBEK Channel flow; Deltares, 2011) is

typically used in the design of the cross-sectional shape of the new channel. The

design procedure focusses on the three main requirements of the new channel

design. The channel bed level is adjusted such that existing ground water levels are

maintained. The cross-sectional shape is adjusted to achieve conditions of water

depth and flow velocity that best suit the needs of specific lowland ecosystems

(Verdonschot et al., 1995). Finally, the floodplain level is adjusted to meet the legal

5



1. General Introduction

requirements of flood risk. The measures taken to improve the abiotic conditions for

benthic ecology and the construction of a floodplain aims at restoring the natural

processes in the streams. Although it has been widely used in stream restoration

design, 1D-flow modelling may not capture small scale processes related to the

benthic ecology appearing in natural lowland streams.

1.2 Stream Restoration and Meandering

There seems to be a cultural preference for meandering planforms within stream

restoration projects (Kondolf, 2006). This cultural preference was already acknowl-

edged in the 18th century by Hogarth (1753), who identified the importance of

serpentine lines in the perception of beauty. The construction of a sinuous planform

is the most common stream restoration practice in the Netherlands. Historical maps

(e.g. Figure 1.1) show meandering/sinuous channel planforms in the period before

channelisation. These historical maps provide inspiration to construct a meandering

planform in lowland areas.

Stream restoration projects are valuable research objects for studying meander-

ing processes (Güneralp et al., 2012). Lowland stream restoration does not involve

the construction of hydraulic structures, as often happens in other geographical re-

gions (e.g. Buchanan et al., 2014). Restored lowland streams are allowed to develop

laterally, within the boundaries of the floodplain. On the other hand, longitudinal

development is often influenced by weirs at the boundaries of the restored channel

reaches and bridges, which constrain the width of the floodplain. These influences

should be considered when evaluating restoration projects. Compared to river me-

anders, studying meander processes in lowland streams has the benefit of relatively

small physical dimensions. Due to the small water depths, lowland streams are

wadeable during the majority of the year. This allows to obtain bathymetrical data

using conventional techniques, such as GPS-equipment (Bangen et al., 2014). One

individual can perform a high resolution bathymetrical survey of the channel and

floodplain at the reach scale (i.e. a series of bends) within one day. A high temporal

resolution can be obtained relatively easily. It is likely that morphological processes

occur within months to years, since the dimensions of lowland streams are in be-

tween those of laboratory experiments and rivers, where morphological processes

occur within hours/days and decades/centuries, respectively.
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1.3. Meander Processes

1.3 Meander Processes
Traditionally, a simplified distinction has been made between three types of channel

planforms, viz. straight, meandering and braided (Leopold & Wolman, 1957). In

this classification, straight and meandering planforms consist of a single channel,

whereas braided planforms consist of multiple channels. A distinction between me-

andering and other planforms has been made using empirical relations, applying

representative values for discharge, channel slope and bed material (Leopold &

Wolman, 1957; Hey & Thorne, 1986; Eaton et al., 2004; Kleinhans & van den Berg,

2011). These empirical relations offer order-of-magnitude threshold values to distin-

guish channel patterns, but yield limited physical understanding of morphological

processes in rivers.

Morphological processes in meandering rivers have been studied with math-

ematical models and observed in the field and under laboratory conditions, and

occur on varying spatial and temporal scales (Table 1.1). Analytical and numerical

meander models typically focus on the largest spatial and temporal scales. These

meander models are widely used to study the initiation of meandering. Initiation

of meandering has been attributed to two types of instability responses, unified by

Blondeaux & Seminara (1985). The first to emerge was the so-called bar theory,

which considers the stability of the alluvial bed and shows that small perturbations

in the channel bed may develop into an alternate bar pattern (e.g., Hansen, 1967;

Callander, 1969; Blondeaux & Seminara, 1985; Struiksma et al., 1985). The vast

majority of the experimental support for the existing alternate bar theory relies on

laboratory experiments (e.g., Tubino, 1991; Lanzoni, 2000; Crosato et al., 2011;

Venditti et al., 2012). Field studies are rare (Lewin, 1976; Welford, 1994; Rodrigues

et al., 2012; Venditti et al., 2012) and reveal complexity of river systems featuring

alternate bars, by showing discharge variation, irregular channel width variation,

sediment heterogeneity, vegetation development and changes in the longitudinal

stream profile due to reach-scale erosion and sedimentation. Until now, Welford

(1994) remains the only field study that actually tested the applicability of the

existing alternate bar theory.

The second type of instability response to emerge was the so-called bend theory
(Ikeda et al., 1981), which considers the planform instability of a straight channel

and shows that a small perturbation of the channel centerline may lead to the

development of meanders. Blondeaux & Seminara (1985) and Struiksma et al.
(1985) showed the importance of coupling the hydrodynamic equations with the

equation of sediment conservation. This has led to meander migration models based

on the full Saint Venant equations (e.g., Crosato, 1987; Johannesson & Parker, 1989;
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1. General Introduction

Table 1.1 Spatial and temporal scales in meandering rivers (Güneralp et al., 2012).

Main scales Sub-scales Definition

Spatial scale Width Cross-section or channel-width
Bend One meander bend or a few meander bends,

including meander wavelength scale
Reach Meander train (series of bends)
Floodplain Several reaches, including meander belt scale

Temporal scale Equilibrium Flow–bed topography is at equilibrium with a
given planform geometry - a time scale longer
than that of turbulent eddies and shorter than
that of bed and planform evolution

Event One or a few events causing change in bed
morphology

Engineering Time scale of planform evolution before
cutoffs occur - generally, decades for rivers
and a few hours in laboratory flumes

Geological Planform evolution including multiple cutoffs

Howard, 1996; Stølum, 1996; Sun et al., 1996, 2001; Zolezzi & Seminara, 2001).

Observations of meander initiation have been restricted to laboratory experiments

(e.g., Friedkin, 1945; Schumm & Khan, 1971; Smith, 1998; Peakall et al., 2007;

Van Dijk et al., 2012), focussing on the role of floodplain material in the process

of meander initiation. Due to the long time-scales involved in meander migration,

field observations are rare and mainly rely on historical topographic maps.

Several stages are distinguished in the processes related to meander develop-

ment, which act at multiple spatial and temporal scales. Bank erosion causes an

outward migration of the channel centerline, at the smallest spatial and temporal

scale, and is often considered as a driver of meander development. Four distinct

types of bank erosion failure mechanisms have been identified (ASCE, 1998): pla-

nar failures, rotational failures, cantilever failures, and piping and sapping failures.

The banks of lowland streams are often steep and covered with vegetation. In that

setting, the upper layer may serve as a cohesive layer, whereas the lower layer,

consisting solely of sand, may be subject to fluvial erosion. Considering these char-

acteristics, planar and cantilever failures are likely to be the most common failure

mechanisms in lowland streams.

Channel migration occurs when the outer bank of a meander bend is subject to

bank erosion. At the opposing side of the channel, a point bar emerges and extends

in lateral direction towards the eroding bank, keeping the channel width more or

less constant over longer time-scales. In most meander models, bank erosion is
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1.3. Meander Processes

parametrised based on the near-bank flow velocity in excess of the mean velocity,

and a dimensionless erosion coefficient (Ikeda et al., 1981). The bank accretion

rate is assumed constant to the bank erosion rate, by imposing a constant channel

width.

Recently, the attention in meander research has shifted from the autogenous

processes towards exogenous influences on meander dynamics. Special attention

is paid to the role of floodplain heterogeneity and riparian vegetation on meander

dynamics. Floodplain heterogeneity causes variation of bank erosion resistance,

which cannot be parametrised with solely one erosion coefficient. Based on that

consciousness, Motta et al. (2012b) coupled a physics-based bank erosion module

with the Ikeda et al. (1981) meander model. They concluded that the complexity

of the meander planform may be represented well with their model, especially for

the case of a heterogeneous floodplain. Whereas a constant width is assumed in

previous meander models, it has been acknowledged that the processes and time

scales of bank erosion and bank accretion are dissimilar (Parker et al., 2011). In

existing laboratory experiments, a constant channel width can only been maintained

by the addition of cohesive material (Schumm et al., 1972; Smith, 1998) and/or

vegetation (Gran & Paola, 2001; Tal & Paola, 2007; Braudrick et al., 2009). In a

new framework presented by Parker et al. (2011), point bars are supposed to be

stabilized by vegetation, and thereby are able to keep up with the eroding outer

bank. The new framework has been applied successfully in a numerical meander

model, which was capable of producing a variety of meander planform patterns,

consistent with those observed in natural rivers (Asahi et al., 2013).

Vegetation also stabilises the outer banks. The importance of riparian vegetation

in contributing to channel bank stability has been widely recognized (Simon &

Collison, 2002; Pollen-Bankhead & Simon, 2009). Recently, laboratory experiments

have shown how riparian vegetation may stabilize floodplain material, causing a

morphological regime change from an initially braided channel pattern towards a

single-thread (meandering) channel pattern (Gran & Paola, 2001; Braudrick et al.,
2009; Tal & Paola, 2010). Riparian vegetation is potentially responsible for changes

in meander planform characteristics, including wavelength and skewness (Perucca

et al., 2007). Floodplain heterogeneity may have a similar effect on a meander

planform, by inducing differences in erodibility of the outer banks (Güneralp &

Rhoads, 2011; Motta et al., 2012b). Considering the relatively small spatial scales

of streams as compared to rivers (channel width < 20 m), riparian vegetation and

floodplain heterogeneity may have a comparatively larger influence.

The process of erosion at the outer bank and the associated accretion at the

inner bank, gradually increases channel sinuosity. Sudden decreases of sinuosity are

9



1. General Introduction

caused by meander cutoffs. Two main types of meander cutoffs have been identified.

Neck cutoffs can develop by the progressive migration of an elongated bend into

itself (Erskine et al., 1992; Hooke, 1995). Chute cutoffs are shortcuts developing

over a point bar or across a meander bend (Lewis & Lewin, 1983; Erskine et al.,
1992). Neck cutoffs are likely to occur in high-sinuosity meander bends and under

low channel gradients. Chute cutoffs are more likely to occur in moderate to low-

sinuosity meander bends, and under high channel gradients (Lewis & Lewin, 1983).

There is a lack of process-based field studies, which is the main reason why the

physical controls on processes of chute cutoff formation remain poorly understood

(Micheli & Larsen, 2011; Grenfell et al., 2012).

1.4 Objective & Research Questions
In the mid-nineties, when stream restoration was in its infancy, it was already

recognized that monitoring of restored channel reaches could potentially reveal

the success of restoration efforts (Osborne et al., 1993; Sear, 1994). Until now,

post-project monitoring is still rare (England et al., 2008) and little knowledge

exists on the success of stream restoration projects (McMillan & Vidon, 2014). It

has also been acknowledged that a knowledge gap exists regarding the natural

processes that are relevant for stream restoration (Wohl et al., 2005). This is why

stream restoration projects create ideal field sites to study both the success of stream

restoration (Kondolf, 2006) and the natural processes that are involved in rivers

and streams (Hooke et al., 2011; Güneralp et al., 2012). The latter is especially

true for the processes related to meandering rivers, since studies on the temporal

evolution of meandering rivers are rare (Güneralp et al., 2012).

Only a few studies have been presented focussing on morphological monitoring

in lowland areas. Wolfert (2001) presented the most extensive morphological study

on lowland stream restoration in the Netherlands to date. Three restored streams,

located in the southern part of the Netherlands, were monitored over a period of

2 years. Wolfert (2001) showed that the largest sediment production rates were

associated with the first bankfull discharge event, which occurred in the first year

after realization. Adjustment of the channel bed included local scouring of pools,

undercutting of banks, coarsening of bed material and the formation of depositional

bedforms. Following the initial morphological response, rates of sediment produc-

tion declined and the balance of sediment input and output was restored. Similar

observations have been made in lowland stream restoration projects in the U.K.

(Sear et al., 1998) and the U.S. (Lindow et al., 2007). These findings confirm the

study by Kuenen (1944), who studied the meandering dynamics of several lowland
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streams in the northern part of the Netherlands. Kuenen (1944) concluded that the

majority of streams did not show signs of lateral migration.

The channel bed of lowland streams mainly consists of sand. In natural streams,

a mosaic of substrate patterns has been observed covering the sand bed (Tolkamp,

1980). The variety of substrate patterns include gravel, leaves, branches, large

woody debris and organic detritus. Tolkamp (1980) showed that the substrate

pattern is dynamic over time, with distinct differences between the four seasons.

Macrophytes are frequently observed in lowland streams (Pedersen et al., 2006).

Macrophytes may have a strong control over the dynamics of the substrate pattern,

by capturing fine sediments (Wolfert, 2001; Lorenz et al., 2009) and by reducing

the active channel width (Lindow et al., 2007).

Until recently, morphological developments were rarely being considered in the

design process of stream restoration projects in the Netherlands. This is partly

caused by the lack of post-project appraisals focussing on morphological develop-

ments and, hence, a lack of understanding of the dominant morphological processes.

Due to this knowledge gap, water authorities fear morphological developments,

including channel migration, large sediment loads and channel incision or aggra-

dation. To bridge the knowledge gap, this thesis aims to identify, quantify and
understand morphological processes in lowland streams.

Specific research questions are formulated based on this objective. These re-

search questions are divided into two groups. The first group is related to morpho-

logical processes in lowland streams, and are fundamental in nature. The second

group is related to the implications for lowland stream restoration.

1. Morphological processes in lowland streams:

a) How can the archetypical channel planform of a lowland stream be

characterized?

b) Can post-project appraisals in lowland stream restoration bridge the

gap between laboratory studies and rivers with a mild slope?

2. Implications for lowland stream restoration:

a) How do the morphological developments relate to the needs to improve

the ecological status?

b) What is the role of longitudinal connectivity in the morphological

development of restored lowland streams?

c) Which are the main controls on the lateral development in restored

lowland streams?

11
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FLOW

Chapter 3
Chapter 6

Chapter 5

Chapter 4
Chapter 2

Figure 1.2 Morphological focus areas of each of the five chapters.

1.5 Thesis Outline
The results from this thesis will be presented in five chapters (Chapter 2-6). Figure

1.2 visualizes the main morphological processes studied in each of the five chapters.

In Chapter 2 three stream restoration projects are evaluated, focussing on the

role of structures and floodplain heterogeneity on longitudinal and lateral channel

adjustments, at varying spatial scales. Chapter 3 studies the dynamics of alternate

bars in a lowland setting, which are considered a natural means to create stream

flow variations. Chapter 4 reveals insight into initiation of meandering in a lowland

setting, and subsequent meander development, including bend cutoff and channel

incision. Chapter 5 focusses on a chute cutoff event that happened within three

months after the construction of a stream restoration project. Chapter 6 sheds

light on the morphological developments following the chute cutoff event and

focusses on the impact of riparian vegetation and discharge dynamics on channel

and floodplain morphodynamics.

The five chapters will assist in answering the five research questions (Section

1.4) as follows. Each of the five chapters will contribute to the knowledge on topics

related to planform characteristics of lowland streams (Question 1a), including

initiation of meandering (Chapters 3 and 4), floodplain heterogeneity (Chapters 4

and 6), long-term planform development (Chapters 2 and 4), and short-term and

small-scale morphodynamics (Chapters 2, 3 and 5). Chapters 3, 5 and 6 present

the results of two stream restoration projects, which have been subject to a detailed

morphological survey program. From the outcomes of these chapters it will be

determined if lowland stream restoration projects can be combined with the study

of meander processes of natural systems (Question 1b).

Implications for lowland stream restoration are mainly discussed in Chapter 2.

The main objective of stream restoration in the Netherlands is to achieve a good

ecological status. In-channel morphological processes influence the benthic ecology

12



1.6. Study Areas

Table 1.2 Characteristics of the five study areas.

Gelderns- Hagmolen- Hooge Lunterse Tungelroyse
Nierskanaal beek Raam beek beek

Channel width (m) 8.8 2.0 7.5 6.5 12.9
Channel depth (m) 1.2 0.4 0.4 0.4 1.4
Channel slope (m km−1) 0.48-3.8 0.5 1.8 0.96 0.08
Sinuosity (-) 1.19 1.20 1.00 1.24 1.32
Median grain size (µm) 800-18100 188 218 258 141
Avg. daily discharge (m3s−1) 0.71 0.15 0.22 0.32 1.01
Yearly peak discharge (m3s−1) 4.07 0.99 2.03 7.67 4.77
Ann. coeff. of flow var.a (-) 91.5b 123.2c 119.5c 138.5c 77.4b

aannual coefficient of flow variation: standard deviation of the discharge divided by the average
discharge (Poff & Ward, 1989)

bbetween intermittent flashy and intermittent runoff (Poff & Ward, 1989)
cbetween harsh intermittent and intermittent flashy (Poff & Ward, 1989)

at the smallest spatial scale (Question 2a). These morphological processes include

the formation of habitat (Chapter 2) and the dynamics of channel banks and bars

(Chapters 3 and 6). Longitudinal and lateral channel bed adjustments may pose a

threat to structures (e.g. roads and bridges) and adjacent agricultural fields. These

morphological adjustments are one of the main concerns of water authorities in the

Netherlands (Questions 2b and 2c). The causes and consequences of longitudinal

channel bed adjustments are discussed in Chapters 2, 3 and 5. Lateral channel bed

adjustments are discussed in Chapters 2 and 6. Chapter 7 synthesizes the main

results of this thesis, in an attempt to reconcile the present-day view on stream

restoration in The Netherlands with fundamental insights into morphological pro-

cesses, gained in this thesis.

1.6 Study Areas
Five field locations were selected to study the morphological processes in lowland

streams (Figure 1.3). Table 1.2 shows site specific characteristics of each of the

five study areas. The table emphasizes in bold font the field characteristics that

differ from the characteristics typical for lowland streams, viz. the channel slope

of the downstream part of the Gelderns-Nierskanaal and the Hooge Raam, which

are relatively steep, and the median grain size of the Gelderns-Nierskanaal, being

relatively large.

The field campaigns have focussed on four stream restoration projects, includ-

ing three traditional re-meandering projects (Hagmolenbeek, Lunterse beek and

Tungelroyse beek) and one experimental study reach (Hooge Raam). The three

traditional stream restoration projects have been evaluated over a period of 2 years.
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Figure 1.3 Location of the five study areas in the Netherlands. The map of the Nether-
lands includes the main river branches, the location of all lowland streams (channel
width > 3 m) and a simplified soil texture map (Alterra, 2006), interpreted to the USDA
classification soil texture system.

The design principles are presented and evaluated based on morphological and

hydrological surveys. An alternative approach has been implemented at an experi-

mental study reach. Over a period of almost three years a field experiment has been

performed, with a focus on the in-channel morphological processes. The design was

based on general hydraulic geometry relations, established from a comprehensive

data set described in Church & Road (1983). The aim of this project was to study

the autogenous development of a straight channel.

In these four stream restoration projects, a monitoring scheme was implemented

to study the morphological processes that evolved in the first 2-3 years after con-

struction of the new channel. The length of the study reaches range between 300

and 600 m. This coincides with at least 2 meander loops in the re-meandered

projects. The monitoring scheme included:

14



1.6. Study Areas

• Sequential morphological surveys along multiple cross-sections;

• Continuous discharge measurements;

• Continuous water level measurements;

• Sediment sampling from the channel bed.

The spatial and temporal resolution of the morphological surveys were chosen

to be particularly high in two projects, i.e. the field experiment in the Hooge Raam

and the re-meandered reach in the Lunterse beek. These projects aimed at gaining

more insight into small-scale morphological processes (width/bend and event scale)

and the interaction with the floodplain. Alternate bars formed eight months after

construction of the straight experimental study reach in the Hooge Raam. Alter-

nate bar dynamics was studied based on detailed morphological surveys. Similar

morphological surveying methods have been applied in the Lunterse beek. Soon

after construction works had ended, a chute cutoff event occurred. In the period

following the chute cutoff in the Lunterse beek, riparian vegetation emerged. These

processes have led to an increase in monitoring efforts at this study reach, focussing

on riparian vegetation development, sedimentation sequencing, and discharge dy-

namics.

The field campaigns captured processes at the engineering time scale, which is

most relevant for water authorities. The geological time scale gives more insight

into stability of meander bends, and is more fundamental in nature. A historical

reconstruction has been made for the re-meandering projects (i.e. Hagmolenbeek,

Lunterse beek and Tungelroyse beek) and for the Gelderns-Nierskanaal. The histor-

ical analysis of the three re-meandering projects focusses on the dynamics of the

channel planform before channelisation. Long-term morphological developments

have been studied in the Gelderns-Nierskanaal, which has been constructed by the

end of the 18th century as a straight channel. Within decades, the channel evolved

into an active meandering channel. The processes that lead to this planform change

have been studied using historical material and field surveys.
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2. Lowland Stream Restoration

2.1 Introduction
Halfway the 20th century, groundwater management in agricultural areas led to

channelisation of the majority of lowland streams in the Netherlands. The design

of the straightened streams aimed at reducing the flood risk and meeting the hydro-

logical requirements for the adjacent agricultural fields. The small sinuous streams

were redesigned to become straight, to obtain an increased cross-sectional area and

to become controlled by weirs. The effects of these measures included degradation

of the benthic ecology in the streams (Verdonschot & Nijboer, 2002).

The vast majority (96%) of lowland streams in the Netherlands are severely im-

pacted by anthropogenic influences (Nienhuis et al., 2002; Verdonschot & Nijboer,

2002), reflecting the need for stream restoration in the Netherlands. Over the past

25 years, many water authorities in the Netherlands have set goals to restore de-

graded streams. Stream restoration in the Netherlands has largely been triggered

by the Water Framework Directive (WFD; Council of the European Communities,

2000), in which it is stated that all water bodies should achieve a good quality status

by 2015, with extensions until 2027. The main objective of stream restoration in

the Netherlands is to achieve a good ecological status. The second objective is to

increase the retention of water within the catchment, which follows from a National

Water Act (WB21; Ministerie van Verkeer en Waterstaat, 2000). Other objectives

are related to hydrological conditions (to prevent groundwater damage to crops on

agricultural fields and to assure wetland conditions of natural areas) and recreation

(to combine measures with an increase of recreational facilities).

The most common practice for stream restoration in the Netherlands is so-called

re-meandering. This mainly implies the construction of a sinuous channel planform.

Stream restoration also includes the removal of weirs, to increase the longitudi-

nal connectivity within the stream. Frequently, old historic maps are used as a

source of inspiration for the planimetric design of the channel planform, e.g. to

estimate the width of the meander belt and channel sinuosity. One-dimensional

flow models (e.g. SOBEK Channel flow; Deltares, 2011) are used to find the most

suitable cross-sectional dimensions, including channel width and channel depth.

The aim of modelling exercises with such models is to find the dimensions that sat-

isfy the following requirements: (1) flood risk reduction, (2) optimal groundwater

conditions for adjacent agricultural fields and (3) improvement of the conditions

beneficial for benthic ecology. The first requirement is related to the National Water

Act (Ministerie van Verkeer en Waterstaat, 2000), and implies the construction of

lowered floodplain areas surrounding the sinuous channel. The second require-

ment only applies to lowland streams within agricultural areas (the majority of the
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Table 2.1 Hydrological and ecological constraints for the design of the three stream
restoration projects. Not all constraints were used in each stream restoration project.
The constraints that were not used are denoted with n/a (not available).

period Hagmolen- Lunterse Tungelroyse
beek beek beek

Hydrological constraints:
Inundation frequency (days yr−1) 10-20 160-200 > 100
Groundwater level summer n/a 1 n/a
(m -surface elevation) spring n/a n/a 0.50-0.80

winter n/a n/a 0.30-0.50
Ecological constraints:
Flow velocity (m s−1) summer > 0.10 > 0.10 > 0.20

spring 0.20-0.40 n/a 0.10-0.50
winter n/a 0.60-0.80 < 1.00

Water depth (m) summer n/a > 0.20 0.20-0.70

catchments in the Netherlands), and aims at maintaining the existing ground water

levels in the adjacent agricultural fields. The third requirement follows from the

Water Framework Directive, which aims at increasing the ecological status of the

streams.

Table 2.1 shows details of the design principles, that served as a basis for the

three stream restoration projects under study. The hydrological constraints are re-

lated to flooding frequency and groundwater needs. Flooding frequency differs

between 10 to 200 days per year. The flooding occurrence is related to the bankfull

discharge. The bankfull discharge is obtained from a flow duration curve, in which

the expected frequency corresponds to the total inundation period. The ground-

water constraints will determine the depth of the channel bed below the floodplain

elevation. These values are commonly obtained from groundwater models. The

ecological constraints are obtained from a 1D-flow model. The obtained channel

dimensions are adjusted such that the highest discharges correspond to bankfull

conditions.

In the design process, little attention has been paid to the morphological devel-

opments, that may occur after channel construction. Nevertheless, the Dutch water

authorities are concerned with sediment transport and the associated morpholog-

ical changes after the realization of a stream restoration project. These concerns

include longitudinal and lateral channel adjustments. The objective of this study is

to characterize and understand the channel bed adjustments in the three selected

lowland streams subject to a stream restoration program. The selected streams

all represent conditions typical for the Netherlands, but are different in bed slope,

sediment grain size and channel width.
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Figure 2.1 Land use type (%) in each of the three catchments.

2.2 Study Areas
The streams under study are located in three different provinces of the Netherlands

(Figure 2.2). The catchments are located in aeolian-sand deposits and land use is

dominated by agriculture (Figure 2.1). Climatological conditions can be considered

constant throughout the Netherlands, with the average yearly precipitation amount-

ing to 793 mm (KNMI, 2014). Channel construction in the thee stream restoration

projects ended between June 2010 and October 2011. The overall stream restora-

tion strategy included the construction of a sinuous channel planform, removal of

weirs, and lowering of the floodplains. Table 2.2 shows characteristics of the three

projects. Although the same restoration strategy was used in all three projects, the

resulting channel characteristics differ. Constructed channel widths range from 2.0

m to 12.9 m, and constructed channel slopes from 0.08 m km−1 to 0.96 m km−1.

Several site specific characteristics can be observed from the sketches of the

study areas (Figure 2.2). In the Hagmolenbeek (panel b) the re-meandered channel

partly follows the straightened channel, at the location where an existing bridge

was maintained. Here, the channel dimensions increase, compared to the rest of the

study reach. In the Lunterse beek (panel a), the re-meandered channel crosses the

straightened channel at several locations. A weir is located upstream from the study

reach. A peat deposit is located in the upstream part of the study reach. The Lunterse

beek is also subject to extensive analyses in Chapters 5 and 6. The study reach of the

Lunterse beek analysed in this chapter, includes the re-meandered channel reach

upstream from the bend where a cutoff event occurred (Chapter 5). This choice

was made to facilitate comparison with the morphological processes that occurred

in the two other study reaches discussed in this chapter. The study reach of the

Tungelroyse beek (panel c) is located upstream from an area where a straightened

channel was maintained, causing an increase of the channel dimensions at the

downstream end of this study reach.
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Figure 2.2 Locations of the study areas in the Netherlands and sketches of the extent
of the study areas Lunterse beek (a), Hagmolenbeek (b), and Tungelroyse beek (c). The
sketches include the study reach (dark grey), re-meandered channel (grey) and straight-
ened channel (light grey), the sediment sample locations (S1,S2,S3), the locations of
the cross-sections CS1,CS2 and CS3, the location of the habitat survey (HAB), and the
location of the water level gauge (WL), including the cross-section at that location (A-A’).
The sketches also include the location of a weir and a peat deposit in the Lunterse beek
(panel a) and the location of a bridge in the Hagmolenbeek (panel b).
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Table 2.2 Characteristics of the study areas.

Hagmolen- Lunterse Tungelroyse
beek beek beek

Longitude 52◦ 12' 59" N 52◦ 4' 46" N 51◦ 14' 42" N
Latitude 6◦ 43' 22" E 5◦ 32' 37" E 5◦ 53' 10" E
Altitude (m a.m.s.l.) 17.8 5.2 23.3
Catchment area (km2) 59.5 63.6 116.1
Mean daily discharge (m3s−1) 0.15 0.31 1.01
Yearly peak discharge (m3s−1) 1.00 3.55 4.77
Annual coeff. of flow variationa (-) 123.2b 138.5b 77.4c

Sediment size (µm) 188 258 141

Restored channel length (km) 1.7 1.6 9
Width (m) 2.0 6.5 12.9
Depth (m) 0.4 0.4 1.4
Channel slope (m km−1) 0.50 0.96 0.08
Sinuosity (-) 1.20 1.24 1.32

Length of study reach (m) 385 250 380
Surveying period (from - to) Sept. 2010 - October 2011 - June 2011 -

July 2012 August 2013 August 2013
astandard deviation divided by average discharge (Poff & Ward, 1989)
bbetween harsh intermittent and intermittent flashy (Poff & Ward, 1989)
cbetween intermittent flashy and intermittent runoff (Poff & Ward, 1989)

2.3 Material & Methods

Historical maps were available for each of the three streams. The historical maps

give a clear view of the channel evolution in time, possible anthropogenic modifi-

cations and allow to estimate the period when channelisation measures were im-

plemented. Historical maps were available for the Hagmolenbeek from 1892-1995

(9 maps), for the Lunterse beek from 1872-1995 (8 maps) and for the Tungelroyse

beek from 1896-1988 (9 maps). The channel centerline was extracted from the

digitized historical maps. For each map a channel reach was selected that did not

show any anthropogenic influence in the period before straightening. The length of

these channel reaches ranged from 1.2 to 2.5 km. The sinuosity was determined for

these channel reaches by dividing the channel length by the length of the channel

reach after straightening.

A standardized monitoring scheme was implemented for all three projects. The

monitoring focused on morphological and hydrological parameters. Monitoring

activities were focused on study reaches with a length between 250 and 380 m.

The lengths of the study reaches were chosen such that they captured at least
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two complete meander wavelengths. Morphological data were collected using Real

Time Kinematic (RTK) GPS-equipment (Leica GPS 1200+), with a one-year interval

between the surveys. The RTK-GPS equipment allows to measure a point in space

with an accuracy of 1 to 2 cm. Morphological data were collected along 30 to

69 cross-sections during each survey. The water level was recorded at each cross-

section, from which the water level slope was determined.

The channel width and channel bed elevation were determined at each individ-

ual cross-section. The channel width is defined as the distance between the two

channel bank tops. The location of the channel bank tops in each cross-section were

marked during the field surveys. The channel bed elevation was obtained by sub-

tracting the hydraulic radius from the average elevation of the two opposing crests

of the channel banks. The hydraulic radius is defined as the cross-sectional area

divided by the wetted perimeter. The average channel slope over the total length of

the study reach was determined by fitting a straight line through the channel bed

elevations.

The in-channel habitat patterns were obtained at 20-m subsections of the three

study reaches (HAB; Figure 2.2). Each year, three pattern sketches were made of

the channel bed, distinguishing substrate (sand, gravel and silt), macrophytes and

algae.

Sediment samples were taken at three locations along the channel, i.e. upstream,

half way, and downstream of the study reaches (S1,S2,S3; Figure 2.2). Samples

were taken during the first and last morphological surveys. The sediment samples

were dried for 24 hours in an oven at 105◦ Celsius. The dried samples were sieved

using a stack of eight sieves, with mesh sizes ranging from 63-2000 µm. The weight

of each subsample was determined and the cumulative grain size distribution was

established. The median grain size was derived from the cumulative grain size

distributions.

Discharge was measured continuously at a measurement weir, located outside

the study areas. Discharge was sampled at a one-hour frequency for the Hagmolen-

beek and Lunterse beek and at a 15-minute frequency for the Tungelroyse beek.

Water level was measured continuously using a water level gauge inside the study

reach (WL; Figure 2.2). Water level was sampled at a one-hour frequency. Since

short-term water level variation may relate to local effects at the water surface,

further analysis focusses on the daily-averaged time-series for discharge and water

level.

Discharge and water level time-series were combined to determine the cross-

sectional average flow velocity ū and dimensionless bed shear stress (Shields stress)

θ. The cross-sectional flow area was determined based on the water level and cross-
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Table 2.3 Average water level slope and Shields parameter for each.

Hagmolen- Lunterse Tungelroyse
beek beek beek

Water level slope (m km−1) 0.69 0.43 0.08
Shields parameter (-) 0.052 0.042 0.067

sectional shape at the water level gauge (Figure 2.2). Values of ū were obtained by

dividing the discharge by the cross-sectional flow area.

Assuming near-uniform flow conditions, Shields stress was estimated according

to:

θ =
R∆ζ

∆x

d50s
(2.1)

where R is the hydraulic radius (m), ∆ζ
∆x is the longitudinal water level slope (-),

d50 is the median grain size (m), and s = (ρs − ρ)/ρ is the relative submerged

specific gravity of the sediment (-), with ρ = 1000 kg m−3 the density of water

and ρs = 2650 kg m−3 the density of sediment. The longitudinal water level slope
∆ζ
∆x was based on the average measured longitudinal water level (Table 2.3). The

median grain size d50 was obtained from the average of the sediment samples from

the first survey.

The cross-sectional average Shields stress time-series were used to determine

the time windows when the Shields stress exceeds the critical Shields stress (Shields

parameter), corresponding to the periods when sediment may have been actively

transported. The Shields parameter depends on the grain size and is defined as

(Van Rijn, 1993):

θcr = 0.24D−1
∗ for 1 < D∗ ≤ 4 (2.2a)

θcr = 0.14D−0.64
∗ for 4 < D∗ ≤ 10 (2.2b)

where D∗ is the particle parameter:

D∗ =

[
(s− 1)g

ν2

]1/3

d50 (2.3)

where g = 9.81 m s−2 is the gravitational acceleration and ν = 10−6 m2 s−1 is the

kinematic viscosity of water.
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2.4. Results

2.4 Results

2.4.1 Historical Maps

Figure 2.3 shows the historical channel centerline evolution of the three streams,

derived from the historical maps. The sinuosity was determined for each of the

channel centerlines (Figure 2.3d). Both the Hagmolenbeek and Tungelroyse beek

hardly show any variation of the sinuosity in the period before straightening, when

the sinuosity was stable around a value of 1.26 and 1.20, respectively. The figures

also show that both streams were first partly straightened, between 1925 and 1935,

before the channels were completely straightened between 1935 and 1955. The

Lunterse beek shows a stronger morphological activity in the period before straight-

ening. In this period, the sinuosity varied between 1.14 and 1.25. The Lunterse

beek was straightened between 1953 and 1962.

2.4.2 Morphological Surveys

Figure 2.4 shows the temporal changes of the channel width (upper panels) and

channel bed elevation (lower panels) along the channel centerline. The figure in-

dicates the location where the re-meandered channel crosses the formerly straight-

ened channel (Hagmolenbeek and Lunterse beek) and the location of the peat

deposit (Lunterse beek).

At two locations in the Hagmolenbeek, changes in channel width and channel

bed elevation were observed. One location is situated where the re-meandered

channel partly follows the old straightened channel, which coincides with the lo-

cation of a bridge. The channel bed elevation before re-meandering was partly

maintained. During the two-year monitoring period, this section of the channel was

filled with sediment. The other location is located in the bend just upstream from

the bridge. Here, a channel width increase and channel incision were observed from

year 0 to year 2. A minor form of channel incision is observed in the downstream

half of the study reach.

Most variation in channel width and bed elevation was observed in the Lun-

terse beek. The channel width increased by 1 to 3 meters at two sections of the

channel. At these two sections, the re-meandered channel crossed the formerly

straightened channel. Channel incision occurred at two locations along the chan-

nel centerline: upstream and downstream from the peat deposit. Sediment was

deposited downstream of the streamwise coordinate 175 m. Most of the changes in

channel width and bed elevation occurred during the first year after construction

of the re-meandered channel. In the second year, only minor changes occurred.
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Figure 2.3 Temporal evolution of the channel planforms derived from the historical
maps of the Hagmolenbeek (a), the Lunterse beek (b), the Tungelroyse beek (c). Panel
(d) shows the temporal evolution of sinuosity.

During the two-year survey period, hardly any changes in channel width were

observed in the Tungelroyse beek. Changes were more apparent in the temporal

evolution of the bed elevation. Channel incision occurred between streamwise

coordinates 125 and 150 m. Deposition of sediment occurred around streamwise

coordinates 175 m and 250 m, and downstream from streamwise coordinate 350

m. The latter is most evident for cross-section TCS3 (Figure 2.5).

Figure 2.5 shows three examples of cross-sections for each study reach. HCS1

from the Hagmolenbeek shows the bend where both channel widening and channel

bed incision occurred. Channel widening is mainly related to bank erosion. Here,

bank erosion occurred gradually, from year 0 to year 2, and amounts up to 1.05

m (62% of the channel width). Channel bed incision also occurred gradually and

amounted up to 0.25 m (44% of the channel depth). HCS2 shows the rate of sedi-
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mentation of the channel near the bridge. Here, the constructed channel width (3.0

m) exceeded the channel width of the rest of the channel. Deposition of sediment

locally exceeded 0.29 m (37% of the channel depth). HCS3 shows an example of

a cross-section from the downstream half of the study area. Only minor changes

occurred here, even though Figure 2.4 suggests aggradation of sediment in this part

of the study reach.

In the Lunterse beek, channel widening and incision occurred on a larger scale.

LCS1 shows a location along the channel where the re-meandered channel crosses

the formerly straightened channel. It shows a cross-section where bank erosion

occurred next to incision of the channel bed near the eroding bank. This resulted in

a typical asymmetric cross-sectional shape, as found in meandering rivers. The up-

stream cross-section also shows that morphological adjustments mainly occurred in

the first year. At this location, bank erosion amounted to 1.4 m (19% of the channel

width). Channel incision amounted to 0.22 m (55% of the channel depth). LCS2

shows a cross-section surrounded by peat deposits. Few morphological adjustments

occurred in this section of the channel. LCS3 shows that just downstream of the

peat deposits, channel incision occurred. As opposed to other locations along the

channel, here the morphological development took place gradually. In the first year,

incision amounted up to 0.22 m and in the second year up to 0.25 m, reaching

130% of the channel depth in total.

Figure 2.4 showed that few changes in channel width were observed in the

Tungelroyse beek. TCS1 shows the cross-section where the channel was constructed,

with a channel width exceeding the rest of the channel; 15.7 m against an average

of 12.9 m. At this location, located in a bend, channel incision of the outer bank and

aggradation of the inner bank occurred. TCS2 shows point bar development in the

inner bend. Here, sediment was deposited in the inner bend, resulting in a gradual

increase amounting to 0.27 m in the first year and 0.22 m in the second year. TCS3

is located at the downstream end of the study reach and shows the channel bed

gradually aggregated over the two-year period, by 0.23 m in the first year and 0.13

m in the second year.

Figure 2.6 shows the channel slopes for each of the three surveys per stream.

The channel slope in the Hagmolenbeek did not change over the two-year period.

Both the Lunterse beek and the Tungelroyse beek show decreasing channel slopes

over time. The decrease of channel slope in the Lunterse beek was most dramatic

in the first year. This was mainly caused by channel incision at the upstream end

of the study reach. In the second year, a slight increase of the channel slope was

observed. The Tungelroyse beek featured negative channel slopes for the surveys

after one and two years, which can be attributed to local channel bed adjustments.
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Figure 2.6 Channel bed slope (m km−1) derived from the lower panels of Figure 2.4.

Table 2.4 Median grain size (µm) of each sediment sample, derived from the grain
size distributions (Figure 2.7). The sample locations are shown in Figure 2.2.

Hagmolenbeek Lunterse beek Tungelryse beek
Year 0 Year 2 Year 0 Year 2 Year 0 Year 2

S1 171 165 252 254 125 113
S2 129 282 271 182 194 175
S3 222 200 253 259 128 214
Average 188 203 258 227 141 179

2.4.3 Grain Size Analysis

Figure 2.7 shows the grain size distributions for the three sample locations in each

of the three streams, both at the start and at the end of the monitoring period. Table

2.4 lists the median grain sizes established from the sediment samples. Only small

changes in bed material composition have occurred during the two-year study pe-

riod. In each of the three streams, two out of three sample locations show negligible

changes. Especially in the Lunterse beek, all except one of the grain size distribu-

tions remain nearly identical. In each stream, one sample location differs from this

observation, i.e. location HS2 and LS2, and location TS3. Eventually, this caused a

change in average median grain size, with an increase in the Hagmolenbeek and

Tungelroyse beek and a decrease the Lunterse beek.
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Figure 2.8 Temporal evolution of the in-channel habitat pattern on a 20-m study
reach. The sample locations are shown in Figure 2.2.
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2.4.4 Habitat Patterns

Figure 2.8 shows the evolution of the in-channel habitat patterns. All three study

reaches were constructed in bare sandy soil. Within the first year several habitat

types appeared in the Hagmolenbeek and in the Lunterse beek. In the Tungelroyse

beek the channel bed still consisted of bare soil after the first year. In each study

reach, macrophytes emerged, mainly near the channel banks. Also other habitat

types were observed: algae in the Hagmolenbeek and Lunterse beek, gravel in the

Lunterse beek and silt in the Tungelroyse beek. Since the habitat surveys were

mainly concentrated in the summer period in the Hagmolenbeek, the amount of

algae cover as observed from the figure may not represent the entire year.

2.4.5 Hydrological Results

Figure 2.9 shows Box-and-whiskers plots of the cross-sectional average flow velocity

and Shields stress. The lowest cross-sectional average flow velocities occurred in the

Hagmolenbeek, where the median value amounts to 0.08 m s−1. The cross-sectional

average flow velocities in the Lunterse beek and Tungelroyse beek were similar, with

median values amounting to 0.13 m s−1. Most variation in cross-sectional average

flow velocity is observed in the Lunterse beek. Here, values reach up to 0.41 m s−1.

The least variation is observed in the Hagmolenbeek.

The highest Shields stresses are observed in the Hagmolenbeek, where the me-

dian Shields stress amounts to 0.34. The median Shields stresses in the Lunterse

beek and Tungelroyrse beek are slightly lower, both amounting to 0.22. The distribu-

tion of the Shields stress differs among the three streams. The broadest distribution

is observed in the Hagmolenbeek and the narrowest in the Tungelroyse beek. Apart

from these differences, the fraction of time for which the threshold for sediment

motion is exceeded is similar for all three study reaches, amounting to 87%, 84%,

and 81% of the time for the Hagmolenbeek, Lunterse beek and Tungelroyse beek,

respectively.

2.5 Discussion
Longitudinal channel bed adjustments were observed in all three study areas. The

longitudinal channel bed adjustments were observed at channel sections where the

re-meandered channel either crosses the formerly straightened channel (Hagmolen-

beek), downstream from a weir and a peat deposit (Lunterse beek) or upstream

from a straightened channel section (Tungelroyse beek). In the Hagmolenbeek,

longitudinal adjustments mainly occurred in the channel bend that was subject to
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bank erosion and at a location where the re-meandered channel crosses the formerly

straightened channel. At this location, where a bridge was located, the cross-section

was initially both deeper (59%) and wider (34%) than the average values for the

rest of the study reach. It is likely that the increase of channel dimensions caused

flow velocities to decrease in this area, eventually leading to aggradation. Geo-

metrical effects may have been responsible for the aggradation of the channel bed

at the downstream end of the Tungelroyse beek. Here, the re-meandered channel

eventually flows into the straightened channel, resulting in an increase of channel

width.

In the Lunterse beek, a weir was maintained upstream from the study reach.

At the upstream end of the study reach, channel incision was observed. It is likely

that a lack of sediment transport past the weir resulted in an imbalance in sedi-

ment transport downstream of the weir. Consequently, more sediment may have

been entrained because of the difference between the actual sediment transport

and the transport capacity in this section, resulting in channel incision. A similar

situation may have occurred downstream of the peat deposit. The peat area may

trap sediment from upstream, interrupting the along channel sediment transport.
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Figure 2.10 Photos from (a) the channel bank where extensive bank erosion oc-
curred, and (b) a channel bend with similar curvature where no morphological changes
occurred.

Downstream of the peat deposit, sediment was available and must have been en-

trained to increase the sediment transport towards its transport capacity, causing

channel bed incision.

These examples show that most of the longitudinal channel bed adjustments are

related to exogenous influences, viz. width variation, a weir and a peat deposit, as

opposed to autogenous processes related to instability in the coupled system of the

water motion, sediment transport and bed morphology. These exogenous influences

resulted in backwater effects and variation of sediment transport capacity.

Lateral channel adjustments occurred in all three study reaches. Bank erosion

was observed in the Lunterse beek and the Hagmolenbeek, and was also related

to exogenous influences. In the Lunterse beek, bank erosion was observed in ar-

eas where the re-meandered channel crosses the formerly straightened channel. At

these locations, the former channel was filled with sediment prior to the construc-

tion of the new channel. It is very likely that this resulted in a less consolidated

floodplain, which was prone to erosion. In the Hagmolenbeek, channel width adjust-

ments were observed at a location where a non-cohesive sandy layer was overlain

by a vegetated upper layer (Figure 2.10a). Erosion of the sandy layer undermined

the upper cohesive layer, causing failure of the overhanging upper layer. A bend

with similar curvature is located downstream of the bridge, where limited morpho-

logical adjustments were observed. The channel banks of this bend did not consist

of this particular structure (Figure 2.10b).

Both in the Lunterse beek and in the Tungelroyse beek, asymmetrical cross-

sections have been observed. The development of the asymmetrical cross-sections

may be related to autogenous processes, featuring erosion in the outer bend and
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deposition in the inner bend. In the Lunterse beek, both types of processes occurred,

whereas in the Tungelroyse beek only deposition of sediment in the inner bend

occurred.

Channel bed development also occurred at the habitat scale. Analysis of habitat

patterns show that a gravel bar and a silt bar formed in the Lunterse beek and in the

Tungelroyse beek, respectively. These habitat types may be related to the occurring

flow regime. Figure 2.9 shows that the highest Shields stresses were observed in the

Hagmolenbeek and the lowest Shields stresses in the Lunterse beek and Tungelroyse

beek, although the Lunterse beek shows a broader distribution. The low Shields

stresses in the Tungelroyse beek may explain the formation of a silt bar. Similar

habitat dynamics have been observed in other lowland streams, but under similar

flow conditions (Wolfert, 2001). In the Hagmolenbeek, almost the entire channel

cross-section was covered with algae. In each stream, macrophytes appeared near

the channel banks. Their presence may be related to the flow conditions, although

it is likely that nutrient availability and other influences (e.g. temperature, shading)

play a more important role in the distribution of these habitat types.

The rate at which the channel bed is adjusting to a new morphological equi-

librium can be estimated by calculating the morphological time scale based on

a parabolic approximation of the bed evolution equation (De Vries, 1975). The

morphological time scale T characterises the time needed for the channel bed to

develop towards uniform flow conditions, and is defined as:

T =
(1− e)3L2Bib

bQ̃s
(2.4)

where e = 0.4 is the fraction of the sediment volume occupied by pores (-), L is

a characteristic longitudinal length scale (m), B is the channel width (m), ib is

the channel slope, b is an exponent representing the degree of nonlinearity in the

relation between sediment transport and depth-averaged flow velocity (-), and Q̃s
is the yearly averaged volumetric sediment transport (m3 year−1). The channel

width B and the channel slope ib follow from the constructed channel conditions.

The value of b is equal to the exponent in case of a power law dependence qs ∝
ub, attributed b = 4 here. This corresponds to a value used for sand-bed rivers,

following Crosato & Mosselman (2009) and Kleinhans & van den Berg (2011). The

yearly volumetric sediment transport Q̃s is estimated using the Engelund & Hansen

(1967) sediment transport equation:

Q̃s =
0.05ū2R1.5

(
∆ζ
∆x

)1.5

B

(s− 1)2√gd50
(2.5)

The median grain size d50 is obtained from Table 2.4.

34



2.5. Discussion

Table 2.5 Sediment transport rates and morphological time scales.

Hagmolen- Lunterse Tungelroyse
beek beek beek

Sediment transport Q̃s (m3 year−1) 123 332 299
Morphological time scale T (year) 20.3 36.9 6.5

The morphological time scale is estimated by adopting a characteristic length

scale of 2 km, which is an estimate of the average length of stream restoration

project in the Netherlands. For the Tungelroyse beek, this length is within the

range where flow may be nonuniform (L < 3R/ib), limiting the applicability of the

parabolic model in a strict sense. Despite this, the results offer an estimation of the

characteristic response time for lowland streams, that can be used in a qualitative

manner. Table 2.5 lists the yearly sediment transport and morphological time scale

for the streams under study. Yearly sediment transport rates were similar for the

three streams. The morphological time scales of the three streams are in the order of

years to decades. These results suggest that longitudinal channel bed may adjust to a

new equilibrium within years after implementation of stream restoration measures

in lowland streams.

Table 2.1 lists the principles used in the design of the three studied streams.

The ecological constraints include minimum and maximum flow velocity and water

depth values, which reflect the abiotic conditions relevant for the typical benthic

ecology. The ecological constraints differ per season. The time-averaged values for

the cross-sectional average flow velocity and water depth were estimated based

on the discharge and water level time-series. In nearly all cases, the flow velocity

conditions in the spring and in the summer are lower than the design values, with

cross-sectional average flow velocities around 0.07 m s−1 in the Hagmolenbeek and

around 0.10 m s−1 in the Lunterse beek and Tungelroyse beek. For winter condi-

tions, these values increase to around 0.10 m s−1 in the Hagmolenbeek, 0.18 m s−1

in the Lunterse beek, and 0.15 m s−1 in Tungelroyse beek. The Tungelroyse beek

is the only case meeting the design criterion for flow velocity in winter conditions.

The water depths are evaluated for summer conditions only, averaging 0.34 m in

the Hagmolenbeek, 0.25 m in the Lunterse beek, and 0.79 m in the Tungelroyse

beek. The Lunterse beek is the case to meet the design criterion for water depth in

summer conditions. These figures show the current design procedure to be deficient

for the flow velocity and water depth targets and justifies a reconsideration of the

design procedure for lowland stream restoration in the Netherlands.
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2.6 Conclusions
Three stream restoration projects have been evaluated focusing on morphological

developments over a two-year period. During this period, longitudinal and lateral

channel adjustments have been observed. Longitudinal channel bed adjustments

were significant in each of the three streams, and were related to exogenous in-

fluences. Hydraulic structures (e.g. bridges and weirs), channel width variation

and heterogeneity of the channel substrate caused channel bed incision and aggra-

dation, and consequently, channel slope adjustments. Lateral channel adjustments

were only observed in a limited number channel bends. Bank erosion was related to

floodplain heterogeneity, which may be considered an exogenous influence. Other

lateral channel adjustments were the result of autogenous morphological processes,

including point bar formation due to secondary flow. In several bends, deposition of

sediment in the inner bend was observed, which was associated with bank erosion

in a limited number of cases, resulting in asymmetrical cross-sectional profiles.

The fine sediment characteristics (median grain size 125-250 µm) and relatively

small flow depths cause Shields stresses to exceed the Shields parameter for over

81% of the time. Despite this, no significant changes in sediment composition were

observed, most likely resulting from uniformity of the prevailing sediment. At the

habitat scale, changes occurred that may be related to the flow conditions, leading

to the formation of a gravel bar and a silt bar. These observations are particularly

relevant for the abiotic conditions for benthic ecology, showing that within 2-years’

time natural processes may develop a habitat pattern in a restored lowland stream.
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3. Alternate Bars

3.1 Introduction
Alternate bars in rivers and streams are an instability phenomenon related to dif-

ferences in the characteristic length scales for the adjustment of flow and sediment

transport to irregularities at the channel bed. The vast majority of the experimental

support for the existing theory relies on laboratory experiments assuming a constant

discharge. Field studies are rare, which causes the practical applicability of existing

theory to remain largely unclear. Aiming to verify the predictive capacity of existing

bar theory, here a large-scale field experiment is presented in which alternate bars

form under variable discharge conditions.

A key parameter for the development of alternate bars is the width-to-depth

ratio of the channel. Alternate bars occur only within a limited range of this ra-

tio. Wider and shallower channels give rise to multiple bars, rather than alternate

bars (Parker, 1976; Colombini & Tubino, 1990). Narrower and deeper channels

do not produce any bars at all (Struiksma et al., 1985). The range for alternate

bars can be expected to cover higher width-to-depth ratios in systems of overall

erosion and lower ratios in systems of overall sedimentation, because bed degra-

dation reduces the number of bars at a given width-to-depth ratio, whereas bed

aggradation increases the number of bars (Germanoski & Schumm, 1993). A linear

stability analysis of the mathematical equations provides values of the temporal

growth rate, the migration speed, the wavelength and the spatial damping factor

for alternate bars at specific conditions of flow and sediment (Hansen, 1967; Callan-

der, 1969; Blondeaux & Seminara, 1985; Struiksma et al., 1985). Linear stability

analysis provides information on how bar amplitudes change in time and space, but

not on the values of the amplitudes themselves. The latter can be obtained from

weakly nonlinear stability analysis (Colombini et al., 1987; Schielen et al., 1993).

Theoretically, linear and weakly nonlinear stability analyses apply to infinitesimally

small amplitudes only, but experimental findings show they work well for larger

amplitudes.

Two special cases arise from two different simplifications of the general linear

analysis. Hansen (1967), Callander (1969) and Blondeaux & Seminara (1985) as-

sume that the spatial damping factor is equal to zero, so that all bars have the same

height. This implies they assume an infinitely long channel without any influence

from upstream or downstream boundaries. The alternate bars are supposed to start

growing spontaneously at the same time everywhere, without any gradients in bar

amplitude. The resulting migration speed and wavelength correspond to the bars

with the largest temporal growth rate. The alternate bars of this first special case

are called ‘migrating bars’, ‘migrating free bars’ or, less precisely but widespread,
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‘free bars’. Struiksma et al. (1985) assumed that the temporal growth rate and the

migration rate are equal to zero, which means that the bars neither migrate nor

grow or decay in time. This is assumed to correspond to bars that are induced by

some local, non-migrating geometrical forcing, such as a transverse dam in part of

the cross-section or an abrupt change in channel curvature. The alternate bars of

this second special case are called ‘steady bars’, ‘nonmigrating bars’, ‘spatial bars’

or, less precisely but widespread, ‘forced bars’. They are significantly longer than

the migrating bars (Olesen, 1984) and offer an explanation for overdeepening or

additional scour along the outer bank of river bends (Struiksma et al., 1985; Parker

& Johannesson, 1989). Both special cases assume a constant discharge, but Tubino

(1991) extended the analysis of migrating bars to varying discharges. Tubino (1991)

showed that bar amplitude varies in response to the rising and falling stages of a

flood event. The weakly nonlinear theory predicts the final bar amplitude, after

applying the theory to a sequence of typical flood events.

Both migrating bars and nonmigrating bars have been reproduced under labo-

ratory conditions (e.g. Tubino, 1991; Lanzoni, 2000; Crosato et al., 2011; Venditti

et al., 2012). Migrating bars occurred in laboratory experiments, even though Blon-

deaux and Seminara’s condition of absent boundaries, or boundaries without any

influence, were not met. Nonmigrating bars forced by a local geometrical forcing

have also been reproduced in laboratory flumes. These laboratory experiments

demonstrate that the equilibrium bed topography that is eventually reached, when

the condition of small amplitudes is no longer satisfied, has more or less the same

wavelength and spatial damping as the nonmigrating bar pattern formed initially

from a flat bed (Struiksma et al., 1985). Long-duration laboratory experiments by

Crosato et al. (2011) show migrating bars to be transient features that eventually

develop into nonmigrating bars if the discharge remains constant. The presence of

nonmigrating bars suppresses migrating bars (Seminara & Tubino, 1989; Lisle et al.,
1991), but Crosato et al. (2011) argue, nonetheless, that migrating bars could be

re-generated episodically if the discharge varies. The slowly evolving nonmigrat-

ing bars result most probably from geometrical forcing at the boundaries, because

their generation requires a permanent nonmigrating forcing. The convective nature

of alternate bars implies that the pattern would disappear from an infinitely long

channel after removal of all local geometrical forcing (Defina, 2003; Federici &

Seminara, 2003). Once a pattern of nonmigrating bars persists, each bar can be

seen as a new nonmigrating forcing for the next bar downstream (and upstream in

case of a super-resonant width-to-depth ratio). As a result, the bar amplitude even-

tually becomes uniform along the channel, irrespective of initial spatial variations

(Crosato et al., 2011).
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The vast majority of the experimental support for the existing theory relies

on laboratory experiments. Field studies are rare and add complexity to the river

system by large discharge variations, bank erosion, heterogeneous sediment, vegeta-

tion development and changes in the longitudinal stream profile due to reach-scale

erosion and sedimentation. One of the first to report on a field study on alternate

bar behaviour was Lewin (1976), who investigated the development of alternate

bars in a straightened gravel-bed stream (River Ystwyth, Wales) over a period of

one year. His results are mainly qualitative, however, they give a good overview of

the initial stages of bar development in a straight river channel. Welford (1994)

presented a field experiment on alternate bar behaviour in a straightened gravel-

bed stream (Embarras River, USA). He tested the alternate bar theory for unsteady

flows of Tubino (1991) against the results of his field experiment. Welford (1994)

concluded that the process of bar formation in his field experiment occurred under

different flow conditions, and in a different manner than predicted by the Tubino

(1991) model. Tubino et al. (1999) refer to Welford (1994) as a properly designed

field prototype, concluding that in spite of its approximate character, which mainly

resides in the assumption of weak unsteadiness, the model was able to replicate

observed trends in bar amplitude and to reproduce the distinct lag between flow

variability and bed response exhibited by field observations. Recently, Rodrigues

et al. (2012) studied two migrating bars in a side channel of the river Loire (France).

The side channel was only inundated during flood events. Rodrigues et al. (2012)

showed the resulting morphodynamics for a single discharge peak, where bar mi-

gration was observed during the falling limb of the discharge peak. A field scale

experiment was performed by (Venditti et al., 2012, St. Anthony Falls Laboratory,

Minneapolis, USA), focusing on alternate bar dynamics under varying sediment

supply conditions. They showed that their nonmigrating bars vanished when the

sediment supply was terminated. Until now, Welford (1994) remains the only field

study that actually tested the applicability of existing bar theory.

Here, the results from a field experiment are presented, over a period of almost

three years. The straight channel was allowed to evolve autogenously from initially

flat bed conditions, subject to discharge variation, where alternate bars formed over

a period of eight months after the start of the experiment. In this experiment bar

elongation, bar migration, bar amplitude growth and subsequent bar decay were

observed. These processes can be related to both migrating and nonmigrating bars,

therefore, these field observations were compared with two lines of research. The

predictive capacity for the case of migrating bars was evaluated with the theory of

Tubino (1991) and for the case of nonmigrating bars with a simple physics-based

predictor for the number of river bars (Crosato & Mosselman, 2009), which is based
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on the nonmigrating bar theory by Struiksma et al. (1985).

3.2 Study Area
The stream under study is the Hooge Raam (51◦ 42' 56" N, 5◦ 42' 7" E), a tributary of

the river Meuse (Figure 3.1a). The catchment (Figure 3.1b) covers an area of 42.8

km2. The elevation within the catchment varies between 9 and 22 m above mean

sea level. The stream can be characterized as a lowland stream. The average yearly

precipitation amounts to 793 mm (KNMI, 2014). The subsurface of the catchment

mainly consists of aeolian-sand deposits. The mean daily discharge is 0.22 m3s−1

and the peak discharge in the study period was 5.67 m3s−1 (Figure 3.2a).

In the summer of 2009, a stream restoration project was completed over a length

of about 1 km (Figure 3.1c). The downstream part of the project was restored by

constructing a sinuous channel pattern, based on the historical planform observed

on maps dating from the period before straightening. Figure 3.1e shows the initial

channel cross-section of this part of the channel. In the upstream part, a straight

channel was created, with the purpose to study autogenous meander initiation.

The length of this experimental reach is 600 m, with an initial channel slope of

1.8 m km−1. The channel had a constructed width of 7.5 m and a constructed

depth of 0.4 m (Figure 3.1d). The design was based on general hydraulic geometry

relations, established from a comprehensive dataset described in Church & Road

(1983). The initial channel was constructed 1.2-1.6 m below ground level, due to

the upstream and downstream connection with the existing incised channel bed.

The initial profile of the cross-section featured a small floodplain section, which was

considered too narrow. For this reason, the floodplain was lowered 660 days after

the start of the experiment (Figure 3.1d), creating a better connectivity between the

channel bed and the surrounding area, both from a morphological and an ecological

perspective. The bed sediment consists of cohesionless fine sands, with a median

grain size of 218 µm (Figure 3.2b).

3.3 Materials & Methods
The experimental reach has a length of 600 m. Figure 3.3 shows three aerial photos

taken 225, 352 and 862 days after the start of the experiment. Water is flowing from

the bottom to the top. The middle photo shows a regular pattern of alternate bars

in the downstream part of the experimental reach. In the upstream part, however,

dense vegetation growth resulted in an irregular bed morphology, without a clear
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Figure 3.1 Overview of the study area: (a) geographic location (b) digital elevation
model of the catchment, (c) schematic diagram of the study area, where Q indicates
the location of the discharge station and WL2 and WL3 the locations of the water level
gauges, (d) design cross-section of the experimental reach, with in grey the floodplain
after lowering, and (e) the design cross-section of the re-meandered reach.

1 2 3 4 5 6 7 8 9 10 11 12 13

bankfull

daily avg.

yearly peak

time from start of the experiment (days)

di
sc

ha
rg

e 
(m

3 s−
1 )

0 100 200 300 400 500 600 700 800 900
0

0.5

1

1.5

2

2.5

0.1 0.2   0.5    1
0

20

40

60

80

100

grain size (mm)

cu
m

ul
at

iv
e 

pe
rc

en
t f

in
er

 (
%

)a b

Figure 3.2 (a) Discharge hydrograph of the channel under study. The grey horizontal
lines denote the yearly peak discharge (dashed), bankfull discharge under initial con-
structed channel conditions (solid) and daily average discharge (dash-dotted). The 13
surveys are indicated with the grey vertical lines. (b) Grain size distributions from bed
material samples, taken at 3 locations in the experimental reach. The bold line denotes
the average from all three samples.
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Figure 3.3 Aerial photos of the experimental reach, taken at 225, 352 and 862 days
after the start of the experiment. Water is flowing from the bottom to the top. The middle
photo shows a clear difference between the vegetated area (upstream) and the regular
pattern of alternate bars (downstream).

pattern of alternate bars. The dense vegetation in the upstream part emerged

around 320-350 days after the start of the experiment (July 2010). The break in the

development within the two parts of the experimental reach coincides with a border

in land ownership. The sudden change in vegetation may relate to differential

nutrient supply from the neighbouring agricultural lands. The analysis focusses

on the morphodynamics of the downstream part, where alternate bars developed,

initially unhindered by vegetation growth, over a length of 280 m. The entire 600

m of the experimental reach, including the upstream vegetated part, was surveyed

twice, namely just after construction was completed and during the last survey.

Bed elevation data from 13 GPS-surveys were analysed. Bed elevation data were

collected using Real Time Kinematic (RTK) GPS-equipment (Leica GPS 1200+).

The RTK-GPS equipment measures a point in space with an accuracy of 1-2 cm.

The number of points collected during each individual survey ranged from 600

to 2250, with an average of 1900 point measurements. Digital Elevation Models

(DEMs) of each of the datasets were constructed. To do so, a Triangular Irregular

Network (TIN) was made using Delaunay triangulation. Subsequently, the TIN was

interpolated on a grid using nearest neighbour interpolation, with a grid spacing

of 0.2 m. A grid was used to allow for a quantitative comparison among the serial

DEMs. An anisotropy factor of 4 was used within the interpolation routine, to
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account for the lower density of the collected data in the longitudinal direction.

The anisotropy factor was derived by dividing the average distance between the

cross-sections (2.8 m) by the average distance between the survey points in cross-

sectional direction (0.7 m).

The temporal evolution of the alternate bars was studied by analysis of three

geometrical variables, i.e. the bar wavelength, bar amplitude and longitudinal bar

position. The latter was used to determine the bar migration speed. The bar wave-

length and longitudinal bar position were evaluated based on longitudinal channel

bed profiles. From these longitudinal channel bed profiles local extremes were

derived, i.e. bar tops/troughs. This was done by first subtracting the average lon-

gitudinal channel bed slope from the bed topography data. Second, the data were

filtered using a LOESS regression algorithm (Tate et al., 2005).

The bar wavelength, bar position, bar top and bar trough are defined in Figure

3.4. Topographic data from the fifth field survey (day 520) are used in this example.

The method was applied to the longitudinal profiles for both sides of the channel.

In this example, the profile on the left side is shown. Figure 3.4a includes the

measured longitudinal channel bed profile, the LOESS filtered longitudinal channel

bed profile, and the channel gradient. Figure 3.4b shows the longitudinal channel

bed profile after detrending the bed topography by removing the channel slope,

in which zero-crossings can easily be detected. Figure 3.4b illustrates the adopted

definitions of bar wavelength and longitudinal bar position. The bar wavelength

is defined as the length between two successive bar troughs. The longitudinal bar

position is defined by the center of gravity above the average channel slope, defined

as:

posj =

Z1,j∑
si,j=Z2,j

(si,j − Z1,j)ηi,j∆s

Z1,j∑
si,j=Z2,j

ηi,j∆s

+ Z1,j (3.1)

where posj is the location of bar j, Z1,j and Z2,j are zero-crossings and si,j is the

location of a certain cell i with elevation ηi,j and width ∆s. The width ∆s is equal

to the grid spacing of 0.2 m.

The longitudinal bar position is used to determine the bar migration speed.

The bar migration speed is determined by the bar migration distance divided by

the time between two successive surveys (∆pos/∆t). Bar elongation was observed

during the experiment. Therefore, the resulting longitudinal bar growth was also

determined, which is defined as the difference in bar wavelength between two

successive surveys divided by the time between the two surveys (∆λ/∆t).
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bar position

wavelength

bar trough

bar top

a

b

c

Figure 3.4 Definition of bar characteristics, with an example of the fifth field survey
(day 520): (a) the measured longitudinal channel bed profile on the left side of the
channel (light grey), the longitudinal channel bed profile after applying the LOESS
regression (black) and the channel gradient (dark grey), (b) detrended longitudinal
channel bed profile and (c) bed topography data. Panel (b) gives definitions for bar
wavelength and bar position. Panel (c) gives definitions for the locations of bar top and
bar trough, their difference being the bar amplitude.

Figure 3.4c shows the bed topography from the fifth field survey. The bar am-

plitude is determined by the difference between the local maximum and local

minimum, within the area between two zero crossings and the channel banks. The

local maximum and local minimum represent the bar crest and bar trough of a

particular bar, respectively.

Discharge data were collected upstream of the experimental reach at a discharge

measurement weir, marked by Q in Figure 3.1c. The discharge measurement weir

was operational from day 140 until the end of the experiment. Discharge data were

collected with a one-hour frequency. Water level data were measured at two lo-

cations along the experimental channel, marked as WL2 and WL3 in Figure 3.1c,

located at 325 and 547 m from the upstream end of the experimental reach, re-

spectively. The water level gauges were operational from day 660 until the end of

the experiment. Water level data were collected with a one-hour frequency. Lon-

gitudinal water level profiles were measured during 6 of the 13 surveys. During

the eleventh field survey (day 863), a clear mark indicating the highest water level

in the preceding period was observed. The date and time of this high-water event

could be traced back from the measured water level time series at the two water

level gauges.
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Figure 3.5 Results from (a) model calibration and (b and c) model validation. The
squares in panel (a) denote the measured water levels during the survey and the lines
the modelled water levels. The thick light grey line denotes the bed level. Panels (b)
and (c) show the validation results for the water level gauges WL2 and WL3, located at
x = 325 m and x = 547 m, respectively. The grey lines represent the measured water
levels and the black lines represent the modelled water levels.

The cross-sectional average flow velocity in the experimental reach was obtained

from discharge and an estimation of hydraulic roughness, using a model implemen-

tation of the Saint Venant equations (SOBEK Channel flow, Deltares, 2011). Lon-

gitudinal water level measurements revealed an M1-backwater curve (see Figure

3.5a), caused by the narrower cross-sectional shape near the downstream end of

the study reach (compare Figure 3.1d and 3.1e). The backwater curve causes the

flow velocities to slightly decrease in the downstream direction.

In the hydrodynamic modelling exercise, the temporal changes of the channel

dimensions were taken into account, i.e. variation of the channel slope and the

floodplain lowering after day 660. Discharge was imposed at the upstream bound-

ary and water level at the downstream boundary. The hydrodynamic model was

calibrated using measured longitudinal water level profiles. A low-flow case (day

774, Q = 0.22 m3s−1) and a high-flow case (high-water mark at day 857, Q = 1.73

m3s−1) were selected from the available observed longitudinal water level profiles.

The calibration was performed by adjusting the bed and floodplain roughness val-

ues, which yielded optimal Chézy values of 13 and 10 m1/2s−1, respectively. The

Chézy value in the floodplain was attributed a lower value to represent the pres-

ence of vegetation. Figure 3.5a shows the results of the calibration procedure. The

hydrodynamic model was validated using the measured water level time series

(Figures 3.5b and 3.5c). The modelled water level time series at both locations

compare well with the measurements (R2= 0.86 for the upstream and R2=0.91

for the downstream location). Both panels show the highest degree of agreement

during periods of high flow. Low flows are either under- or over-predicted.
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Figure 3.6 Detrended bed topography data from the 13 GPS-surveys. The numbers
indicate the location of the six individual bars. Water is flowing from bottom to top.

3.4 Experimental Results

First, the results from the 13 morphological surveys are presented. The first survey

was performed 246 days after the start of the experiment. Figure 3.6 shows the

bed topography data of the morphological surveys. For the first five surveys, the

individual bars can be distinguished relatively easily. At the fifth survey, a more or

less sinuous thalweg appears in the channel. The alternate bars grow both in length

and in amplitude in the first five surveys. As time evolves, the morphology of the

channel increases in complexity. The alternate bars become repeatedly connected

and disconnected from each other, and from day 739 onwards several scour holes

appear in the channel in the upstream part of the experimental reach, around 325

m and 380 m from the upstream end of the study reach.

In total, six bars were identified that appear in the data from the 13 surveys,

i.e. three on the left side and three on the right side of the channel. The most

downstream bar was excluded from the analysis, because it was possibly affected

by the downstream boundary. Figure 3.7 shows the temporal evolution of the bar

wavelength (a), bar amplitude (b), bar migration (c) and bar elongation (d). The

bar wavelength initially increases in time up until the fifth survey, after which an

equilibrium wavelength is reached, averaging 75.7 m. The evolution of the bar

amplitude is more irregular. The bar amplitude decreases from the first to the

second survey and increases from the second to the fourth survey. At the fourth
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Figure 3.7 Evolution of (a) the average bar wavelength, (b) the average bar ampli-
tude, (c) bar migration, and (d) bar elongation. The length of the error bars in panels (a)
and (b) are defined as the standard deviation divided by the square root of the number
of bars (σ/

√
n).

survey, the maximum average bar amplitude is reached, amounting to 38.3 cm. After

the fourth survey, a downward sloping trend is visible, with slight increases of bar

amplitude only around the 10th and 13th surveys. The latter is mainly caused by the

irregular topography at the end of the experiment (Figure 3.6), which complicated

the identification of local extremes, needed to describe the bar tops and bar troughs.

Figure 3.7c shows bar migration occurred especially between day 346 and day

568, with an average bar migration speed of 0.17 m day−1 in this period. Bar

elongation (Figure 3.7d) was restricted to the period between day 346 and day

681. This period of bar elongation largely overlaps the period of bar migration.

In addition, bar migration rates are of the same order of magnitude as the bar

elongation rates. The observed bar migration are arguably interpreted as a side

effect of bar elongation, rather than actual bar migration.

Figure 3.8a shows the average cross-sectional bed level for the experimental

reach, just after construction was realized (day 0) and at the end of the experiment

(day 938). The figure shows an overall decline of the bed slope. Where the longi-

tudinal profile initially had an average slope of 1.8 m km−1, it decreased to 0.9 m

km−1 after 938 days. Figure 3.8b shows the development of the channel slope in

the downstream part of the experimental reach. The channel slope decline occurred

gradually from the start of the experiment until day 520, after which it stabilized.

The channel slope decline is most probably caused by a backwater effect, which

were observed during several morphological surveys. The right most aerial photo of

Figure 3.3 shows that at the downstream end of the experimental reach (upper part

of the photo) water inundates the floodplain, as a result of the backwater effects.

Figure 3.9 shows cross-sections at successive bar tops, for surveys carried out
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Figure 3.8 (a) The longitudinal channel bed profile just after construction (gray) and
after 938 days from the start of the experiment (black). The black line shows increased
bed levels in the downstream part of the channel, causing a reduction of the longitudinal
channel bed slope. (b) The temporal evolution of the channel slope in the downstream
part of the experimental reach.

immediately after construction of the stream, at day 520 and at day 938. All panels

show both aggradation of the channel bed and erosion of the channel banks from

the start of the experiment until day 520. Aggradation of the bed is most apparent

for the bars located in the downstream section of the experimental reach, summing

up to 0.30 m for both bars 2 and 3. Erosion of the channel banks is apparent at all

individual bar locations. Channel bank erosion shows the highest rates for bar 3,

which amounts to more than 1 m over 520 days. Morphological changes between

days 520 and 938 are mainly restricted to sedimentation of the bar troughs, up

to 0.10 m for bar 3. This holds for all bars except for bar 5, which hardly shows

any morphological change between days 520 and 938. Sedimentation of the bar

troughs explains the decrease of bar amplitude, as shown in Figure 3.7b.

Table 3.1 summarizes some of the results obtained from the field experiment.

Both the average discharge and the average water depth reflect the seasonal vari-

ation, as shown in Figure 3.2a. The response of the flow to the declining channel

slope is mainly reflected in the average flow velocity and average Shields parameter.

Each of these three flow characteristics show decreasing values in response to the

declining channel slope.

3.5 Predictive Capacity of Bar Theory
Theoretical models by Tubino (1991) and Struiksma et al. (1985) have the potential

to predict the occurrence of migrating bars and nonmigrating bars, respectively.

The input for both models is basically restricted to flow velocity, grain size, channel

width, channel depth, and channel slope. The bar models were applied by adopting
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shows sedimentation over the full width of the channel from the start of the experiment.
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and day 938.

Table 3.1 Characteristics from the periods between the 13 successive surveys.

from - to dischargea water flow channel Shields wd-
deptha velocitya,b slope stressa,c ratiod

(days) (m3s−1) (m) (m s−1) (m km−1) (-) (-)

0 - 246 0.29 0.27 0.17 1.80 1.36 18.6
246 - 346 0.02 0.04 0.14 1.49 0.17 19.7
346 - 444 0.26 0.26 0.14 1.08 0.78 16.8
444 - 520 0.34 0.31 0.15 1.12 0.97 17.0
520 - 568 0.23 0.28 0.11 0.82 0.64 14.8
568 - 626 0.04 0.07 0.09 0.90 0.18 15.1
626 - 681 0.00 0.01 0.02 0.85 0.03 15.5
681 - 739 0.11 0.16 0.10 0.90 0.39 15.6
739 - 774 0.11 0.17 0.11 0.87 0.41 15.8
774 - 821 0.13 0.23 0.12 0.83 0.52 15.5
821 - 863 0.21 0.36 0.13 0.84 0.85 15.6
863 - 900 0.16 0.21 0.11 0.94 0.54 15.2
900 - 938 0.16 0.21 0.12 0.94 0.56 15.5
a time-averaged
b from 1D-flow model
c θ = τ/C2d50s, with τ = u2ρg/C2, C = 13 m1/2s−1, d50 = 218 µm and s = 1.65
d width-to-depth ratio, determined at bankfull discharge (constr. channel), Q = 0.8 m3s−1
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the reach-average flow velocities obtained from the 1D-flow model. Since both

theoretical models assume uniform flow conditions, the application to the gradually

varied flow of this case may seems inconsistent, but the observed rhythmic pattern

of the five retained alternate bars does not show any systematic trends that can be

interpreted as signs of a backwater effect.

3.5.1 Theory by Tubino (1991)

The model of Tubino (1991) simulates migrating bar development in response to a

varying discharge. The model predicts bar dynamics under unsteady flow conditions.

Here, the analysis is limited to the temporal dynamics of the unsteadiness parameter

Ũ , which is directly linked to the occurrence of migrating bars. This results in a

quasi-steady analysis, in which a reference state was defined for each of the 13

surveys separately. The reference state is defined by three dimensionless parameters,

i.e. the mean width-to-depth ratio β̃, the mean roughness parameter d̃50, and the

mean Shields parameter θ̃ (dimensionless variables are denoted with a tilde):

β̃ =
0.5B

h̄0
(3.2)

d̃50 =
d50

h̄0
(3.3)

θ̃ =
S

sd̃50

(3.4)

where B is the width of the channel, h̄0 is the reach-averaged flow depth (in the

reference state), d50 is the median grain size, S is the bed slope, and s = (ρs−ρ)/ρ is

the relative submerged specific gravity of the sediment. For the case study presented

here, B = 7.5 m and d50 = 218 µm are assumed.

The reference state is selected by choosing a set of parameters satisfying the

following two conditions:

ε̃(θ̃, d̃50) =
β̃ − β̃c(θ̃, d̃50)

β̃c(θ̃, d̃50)
= δ̃ (3.5)

q̃th(θ̃, d̃50) =
qth

q̄0(θ̃, d̃50)
= 1− δ̃ (3.6)

where ε̃ and δ̃ are perturbation parameters, β̃c(θ̃, d̃50) is the critical value of the

width-to-depth ratio for the formation of migrating alternate bars, q̄0(θ̃, d̃50) is the

average flow discharge per unit width, qth is the minimum value of q̄0(θ̃, d̃50), and

q̃th(θ̃, d̃50) is the dimensionless value of qth.
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Figure 3.10 (a) The critical value of the width-to-depth ratio β̃c above which migrat-
ing bars can develop. (b) The linear growth rate of bar amplitude on the slow time scale
associated with bar development α̃1R. Both β̃c and α̃1R are plotted against the Shields
stress θ̃ for six values of the roughness parameter d̃50. The markers ♦ show the values
for β̃c and α̃1R, which were obtained for the constructed conditions (0) and conditions
for each survey (1-13). Solid lines are adopted from Tubino (1991); β̃c and α̃1R are
extrapolated for the Shields stress θ̃ > 0.5.

Values of β̃c are obtained from Figure 3.10a, which shows β̃c as a function of

θ̃ and d̃50 based on the idealized model. The minimum value of the discharge was

used, because the flow conditions nearly permanently exceed the threshold for

sediment motion. From the discharge time series, 13 flood waves were identified,

with peak values exceeding 0.8 m3s−1, i.e. the bankfull discharge under constructed

channel conditions (at day 0). Accordingly, qth was set to the minimum discharge

recorded during these flood waves, which amounted to Qmin = 0.064 m3s−1, and

hence, qth = Qmin/0.5B = 0.017 m2s−1.

The unsteadiness of the flow and morphology can be quantified based on the

unsteadiness parameter Ũ , which is defined as:

Ũ =
σ̃

ε̃α̃1R
(3.7)

where σ̃ is the dimensionless angular frequency of the flood wave and α̃1R the linear

growth rate of bar amplitude on the slow time scale associated with bar develop-

ment. The dimensionless angular frequency of the flood wave σ̃ is expressed as a

ratio between the average travel time along the channel reach and the characteristic

period of the flood, defined as:

σ̃ =
σ0.5B

ū0
(3.8)

where σ = 2π/τ is the angular frequency of the flood wave, with τ the characteristic

rise time of the flood wave, and ū is the reach-averaged flow velocity, derived from

the 1D-flow model results. The characteristic rise time of the flood wave was derived

from the discharge time series. From the 13 selected flood waves, the average rise
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3.5. Predictive Capacity of Bar Theory

time amounted to 22 h. The linear growth rate of the bar amplitude α̃1R is obtained

from Figure 3.10b, which shows α̃1R for different values of both θ̃ and d̃50.

Figure 3.11a shows the unsteadiness parameter Ũ for all surveys. For each

survey the bed slope S was obtained and the 1D-flow model results and refer-

ence conditions, defined by equations 3.5 and 3.6, were used to obtain ū0 and

h̄0. Positive/negative values of Ũ are controlled by the perturbation parameter ε̃,

since σ̃ and α̃1R are always positive. The perturbation parameter ε̃ becomes pos-

itive/negative when β̃ is larger/smaller than β̃c(θ̃, d̃50), which corresponds to the

unstable/stable regime, respectively. The unstable regime corresponds to conditions

where migrating bars develop. The stable regime corresponds to conditions where

migrating bars do not develop or vanish. In the unstable regime, three subregimes

can be identified based on Ũ , controlled by the dimensionless angular frequency of

the flood wave σ̃: (1) Ũ ∼ O(1), bar development is affected by flow unsteadiness;

(2) Ũ � 1, bars develop on a much longer time scale than that associated with the

flow unsteadiness; (3) Ũ � 1, bars develop on a much shorter time scale than that

associated with the flow unsteadiness.

Figure 3.11a shows that the unsteadiness parameter was positive during all

surveys, corresponding to the migrating bar regime. Immediately after construction

of the channel, conditions corresponded to the first subregime, i.e. Ũ ∼ O(1).

This implies that at the start of the experiment, the time scale of migrating bar

development was expected to be similar to the time scale of flow variation. Soon

after construction, conditions gradually developed towards the second regime, i.e.

Ũ � 1, in which the time scale of migrating bar development is larger than the

characteristic time scale of flow variation.

Here, the analysis is restricted to the unsteadiness parameter, whereas the theory

by Tubino also presents expressions for bar amplitude and bar wavelength. Efforts

to quantify bar amplitude and bar wavelength were hampered by: (1) the apparent

focus on gravel-bed rivers, which explains the limited Shields domain for which

results are presented (θ̃ < 0.5), and (2) the lack of information on the imaginary

parts of the model parameters.

3.5.2 Theory by Struiksma et al. (1985) and Crosato & Mosselman
(2009)

The physics-based second-order linear model by Struiksma et al. (1985) predicts

wavelength and spatial damping of bar formation. Struiksma et al. (1985) assumed

that the temporal growth rate and the migration rate are equal to zero. The theory

was applied using the same parameter values as in the Tubino model, except for

the discharge, by adopting bankfull discharge conditions, following Crosato & Mos-
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Figure 3.11 Temporal evolution of: (a) the unsteadiness parameter Ũ and (b) the
bar mode m.

selman (2009), and except for the bed slope effect on sediment transport direction,

by employing formulations by Talmon et al. (1995).

The bar regime can be computed adopting the longitudinal damping coeffi-

cient of nonmigrating bars LD. The system complies with Blondeaux and Semi-

nara’s resonant conditions when this coefficient equals zero. When the coefficient

is positive/negative, the system is sub-resonant/super-resonant, respectively. The

longitudinal damping coefficient reads:

λw
LD

=
1

2

(
λw
λs
− b− 3

2

)
(3.9)

where λw is the adaptation length of the flow, λs is the adaptation length of a bed

disturbance and b is the degree of nonlinearity in the relation between sediment

transport and depth-averaged flow velocity, which is equal to the exponent in case

of a power law dependence qs ∝ ub. A value b = 4 was attributed, corresponding

to a value used for sand-bed rivers, following Crosato & Mosselman (2009) and

Kleinhans & van den Berg (2011).

The adaptation length of the flow λw characterizes the longitudinal distance

needed for the decay of perturbations in the transverse distribution of flow veloc-

ity, generated by an upstream disturbance. The adaptation length for the flow is

formulated as:

λw =
h̄0

2Cf
(3.10)

where Cf is the friction factor defined by Cf = g/C2, in which g = 9.81 m s−2 is

the gravitational acceleration in the Netherlands and C the Chézy coefficient set to

13 m1/2s−1, which is adopted from the 1D-flow model.

The adaptation length of a bed perturbation λs characterizes the longitudinal

distance needed for the decay of perturbations in the lateral water depth profile
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created by an upstream disturbance, which is defined as:

λs =
1

π2
h0

(
B

h̄0

)2

f(θ0) (3.11)

where f(θ0) accounts for the effect of gravity on the direction of sediment transport

over transverse bed slopes, which is formulated as (Talmon et al., 1995):

f(θ0) = 9

(
d50

h̄0

)0.3√
θ0 (3.12)

where θ0 is the reach-averaged value of the Shields stress, defined by:

θ0 =
ū2

C2sd50
(3.13)

The wavelength of nonmigrating bars LP is formulated as follows:

2π

LP
=

1

λw

(
λw
λs
−
(
λw
LD

)2
)1/2

(3.14)

Crosato & Mosselman (2009) derived a predictor for the number of bars per

cross-section from the theory by Struiksma et al. (1985). For a river with a width-

to-depth ratio β, the bar mode m of the incipient bars can be determined by:

m =
β

π

√
(b− 3)f(θ0)Cf (3.15)

where the nearest integer of bar mode m relates to the most probable number of

bars per cross-section. A bar mode 0.5 < m ≤ 1.5 suggests a series of alternate bars.

Figure 3.11b shows the results for the bar mode m, which describes the bar

regime. Equation 3.15 predicts values around 1, which corresponds to a bar mode

with alternate bars. The temporal evolution of m shows a decreasing likelihood

of the development of nonmigrating bars, which is shown in Figure 3.11b by a

decrease of m. Similar to the results from the Tubino model, this is mainly caused

by the decreasing channel slope.

3.6 Discussion
The first stages of bar development in the experiment show strong similarities with

the field description by Lewin (1976) and the numerical model results of Defina

(2003). Lewin (1976) offers a clear view on the first stages of bar growth in a coarse

grained channel bed. He showed that initially, alternate bars developed with bar

wavelengths corresponding to 3 times the channel width. In a subsequent stage,

55



3. Alternate Bars

these bars developed into alternate bars with a wavelength of 7.5 times the channel

width. The alternate bars migrated in downstream direction during exceptionally

high flows. The evolution of the bar amplitude was not reported. Defina (2003) de-

veloped a numerical model to study alternate bar dynamics and applied the model

to the steady flow experiments described by Lanzoni (2000), showing initial bar

elongation and an increase of bar amplitude. The results show that especially bar

amplitude developed towards an equilibrium value. Figure 3.12 presents a cartoon

summarizing the wavelength, amplitude and migration development of the bars

in the present experiment. Combining results from Lewin (1976), Defina (2003)

and this study, which feature contrasting conditions of bar material, elongation

of alternate bars may be a general feature occurring in the initial stages of bar

development.

The bar development summarized in Figure 3.12 is markedly different from

the results presented by Welford (1994). Welford (1994) showed migrating bars

formed during the falling limb of a single discharge peak, which vanished during the

subsequent periods of low flow. Alternate bars developed sequentially, rather than

uniformly, as in this experiment. Welford (1994) classified the discharge regime

in the straightened section of the Emberras River based on an annual coefficient

of flow variation (Poff & Ward, 1989). The latter coefficient amounted to 52.6,

which classified the discharge regime in the transition between intermittent runoff

and perennial runoff. In the case of the Hooge Raam, the annual coefficient of

flow variation amounts to 119.5, corresponding to an intermittent flashy to harsh

intermittent discharge regime. While Welford (1994) classified the flow variability

in the system as fairly high, in this case the flow variability was even higher. In the

Tubino model, this flow variability is captured in the characteristic rise time of the

flood wave. A flashy discharge regime with high flow variability results in short rise

times. This causes an increase of the unsteadiness parameter Ũ , which reduces the

likelihood of the occurrence of migrating bars. In this field case, this corollary may

explain the absence of migrating bars. Flashy discharge hydrographs are typical for

highly modified lowland catchments, like in The Netherlands. Migrating bars are

not likely to appear under these conditions.

Despite several differences in the underlying assumptions, the theoretical mod-

els by Tubino (1991) and Struiksma et al. (1985) both contain a capacity to predict

the main bar developments as observed. Both models predict the occurrence of

alternate bars immediately after construction of the channel, and both models pre-

dict that the conditions for the bars to prevail become increasingly unfavourable

in time. Migrating bars are characterized by a smaller wavelength compared to

nonmigrating bars and are typically migrating in the downstream direction. The
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Figure 3.12 Schematic diagram of the temporal evolution of bar wavelength, bar
amplitude and bar migration.

laboratory experiments described in Tubino (1991), used to validate the model,

show migration speeds of about 10 bar wavelengths per day. Migration speeds of

0.17 meter per day were observed, which is equal to 3 · 10−3 bar wavelengths per

day. These small migration rates and the coincidence between bar migration and

bar elongation suggest that the alternate bars can be classified as nonmigrating. It

is plausible that migrating bars have triggered the start of bar development in the

initial stage of the experiment. From the second survey onwards, the Tubino model

predicts the time-scale of migrating bar development to become much larger than

the time scale of the flow variation (Ũ � 1). The model may be correct in repro-

ducing the observation, but the information available is insufficient to establish the

model performance rigorously.

The results from this field experiment show an initially regular alternate bar

pattern until halfway the experiment. In the second half of the experiment, the reg-

ular bar pattern evolved to become irregular. To quantify the increased irregularity

of the bed topography, the raw bed elevation data was subtracted from the filtered

elevation data. Figure 3.13 shows an increase of the standard deviation of these

residuals from around 0.020 m to 0.035 m. Arguably, the bed forms in the final

stages of the experiment are merely relics from initially regular bar pattern. Fig-

ure 3.14 shows how vegetation cover increases towards the end of the experiment.

The vegetation cover on the bars may be responsible for stabilizing the initial bar

pattern.

The Crosato and Mosselman model predicts the development of nonmigrating

alternate bars throughout the experiment, with values for bar mode m around 1,

suggesting bars to prevail during the entire experiment. The bar mode m shows a

tendency to decrease towards m = 1, caused by the declining channel slope. This
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Figure 3.13 Standard deviation of the difference between the raw bed elevation data
and corresponding LOESS filtered data.

Figure 3.14 Photos of alternate bar 2, taken at 520, 681, 821 and 938 days after the
start of the experiment.
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could be interpreted as a decreasing likelihood of alternate bar development. In a

recent study, Venditti et al. (2012) showed that termination of upstream sediment

supply caused alternate bars to disappear, both under laboratory and field condi-

tions. In their field experiment, the channel slope reduced to half the initial value,

with the main longitudinal adjustment being upstream erosion. In this experiment,

channel slope decline was mainly caused by downstream deposition of sediment.

The end result is similar for both cases: a decreased regularity of the initial alternate

bar pattern.

The theoretical bar models applied in this case study assume uniform flow

and channel bed conditions. The field results show that these conditions were

not met during the entire study period. A backwater effect is held responsible for

the declining bed slope, hence, flow was not uniform over the whole length of

the experimental reach. Besides, the experimental reach was subject to a flashy

discharge hydrograph. Most of the time, the flow conditions did not correspond

to the average flow conditions, as used in the two bar theories. Furthermore, the

vegetated upstream part of the experimental reach may have had an influence on

the sediment supply to the downstream part. These constraints may have influenced

bar dynamics and may also explain the deviation between field observations and

model results, near the end of the experiment. A logical next step would be to apply

a numerical model to this case study, to study these constraints in more detail.

3.7 Conclusions
This chapter presents the results from a field experiment where alternate bars

developed within eight months after the start of the experiment. From the obtained

field data a sharp view on the initial increase of bar wavelength and bar amplitude

was obtained. These findings are consistent with existing field studies on alternate

bars, suggesting that the growth and elongation of alternate bars may be a general

feature occurring in the initial stages of bar development. A period of bar migration

was recorded, which coincided with the period of bar elongation. The migration

rates were several orders of magnitude smaller than those presented previously in

laboratory experiments. This suggests the observed alternate bars can be classified

as nonmigrating bars, rather than migrating bars.

Using the obtained dataset, the predictive capacity of two bar theories was es-

tablished: (1) the theory by Tubino (1991) for migrating bars and (2) the theory by

Struiksma et al. (1985) and Crosato & Mosselman (2009) for nonmigrating bars.

Both theories predicted the occurrence of alternate bars under the constructed

channel conditions. Halfway the experiment, the regular pattern of alternate bars
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evolved into an irregular bed topography, and bar amplitudes were subject to de-

cline. The two bar theories correctly predicted a decreasing likelihood of alternate

bars throughout the experiment, mainly caused by the decline in channel slope that

occurred in the first half of the experiment.

The common practice in lowland stream restoration is the construction of a

sinuous planform, with the aim of increasing the spatial flow variability, which is

considered crucial for the abiotic conditions for benthic ecology. Alternate bars po-

tentially have the same effect on the flow and are therefore sometimes considered

to be an alternative, for the common practice within lowland stream restoration.

This study shows that the initial conditions, controlled by the channel slope, were

favourable for the formation of alternate bars. A backwater curve, due to a narrow

cross-sectional shape near the downstream end of the study reach, caused the chan-

nel slope to decline. After the channel slope declined, the conditions promoting

bar development vanished. As a consequence, the regular pattern of alternate bars

disappeared. The final channel slope of the presented case study is at the upper end

of the range of slopes occurring in lowland streams. Therefore, stream restoration

practitioners in lowland areas should not aim at autogenous development of alter-

nate bars, but use other means for increasing the spatial flow variability. In other

geographic regions, with steeper slopes and continuous sediment supply, alternate

bars could be an alternative for the common practice of stream restoration.
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4. Initiation of Meandering

4.1 Introduction
River meander dynamics has intrigued many scientists throughout history. Recently,

the interest in meander behaviour has intensified in the context of stream restora-

tion projects aiming at restoring sinuous/meandering planforms and subsequent

free morphological behaviour. Meander dynamics have been studied by applying

analytical and numerical models. Ikeda et al. (1981) was among the first to develop

a meander model that includes a description of the river flow and bed topography,

simulating lateral channel shift. Their modelling approach was the basis of a num-

ber of subsequent meander models (e.g., Richardson, 2002; Abad & García, 2006;

Coulthard & Van de Wiel, 2006). Blondeaux & Seminara (1985) and Struiksma

et al. (1985) showed the importance of coupling the hydrodynamic equations with

the conservation equation of sediment. This has led to meander migration models

based on the full Saint Venant equations (e.g., Crosato, 1987; Johannesson & Parker,

1989; Howard, 1996; Stølum, 1996; Sun et al., 1996, 2001; Zolezzi & Seminara,

2001). In many of these models, which capture much of our current understanding

about river morphology, meandering initiates uniformly along the streamwise co-

ordinate. Based on a historical analysis, this contribution shows how meandering

initiates in isolated sections along a channel, which can be related to floodplain

heterogeneity.

Initiation of meandering has been attributed to two types of instability responses,

unified by Blondeaux & Seminara (1985). The first to emerge was the so-called

bar theory, which considers the stability of the alluvial bed and shows that small

perturbations in the channel bed may develop into an alternate bar pattern (Hansen,

1967; Callander, 1969; Engelund, 1970). At the pools between the bars, near-bank

flow velocities and water depths are higher, resulting in localized bank erosion, and

hence, a sinuous channel planform. Bend theory (Ikeda et al., 1981) considers the

planform instability of a straight channel and shows that a small perturbation of

the channel centerline may lead to the development of meanders.

In most meander models developed so far, the migration rate is obtained by

multiplying the near-bank excess flow velocity by a dimensionless erosion coeffi-

cient, which depends on the physical properties of the banks and their vegetation

cover. The value of the erosion coefficient also depends on the numerical solution

of the model (Crosato, 2007). For cases where field data is available, the coefficient

is obtained empirically based on calibration, using observed erosion rates. These

erosion rates are either measured in the field or obtained by remote sensing data

(aerial/satellite imagery) or historical maps. Calibration of the erosion coefficient

is a challenge, considering the heterogeneity of floodplain soils, the presence of
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vegetation, and other causes of spatial variation. Often, observed erosion rates from

field studies are lacking.

Recently, several studies have focused on the relation between floodplain char-

acteristics and meander dynamics. Van Balen et al. (2008) addressed the spatial

heterogeneity of bank erosion in a meander migration model, through the depen-

dence of erosion rates on seepage flow in the banks. They showed a positive feed-

back may exist between seepage rates and bank migration: bank migration focuses

groundwater flow, causing more seepage at the bank, which in turn enhances mi-

gration rates. Güneralp & Rhoads (2011) showed that heterogeneity in erosional

resistance of the floodplain has a major influence on meander evolution. Motta et al.
(2012a) presented an analytical meander model based on the work by Ikeda et al.
(1981), coupled to a physics-based bank erosion module (Langendoen & Alonso,

2008; Langendoen & Simon, 2008). They simulated features of planform behaviour

that are commonly observed in nature, but previously could not be simulated using

the constant erosion coefficient approach. Following Güneralp & Rhoads (2011),

Motta et al. (2012b) extended their model for the case of heterogeneous floodplain

sediments. They concluded that complexity of the floodplain sediments contributes

to the complexity of the channel planform.

Laboratory experiments have shown that it is possible to create a physical scale

model of a meandering planform. Federici & Paola (2003) presented an experiment

in which a meandering planform formed after some time. However, the meandering

planform eventually evolved into a braided river pattern due to the lack of cohesion

of the bank material. Therefore, the type of sediment plays a major role in the

creation of meanders under laboratory conditions. Several sediment mixtures have

been used, which all have a different way of adding cohesion to the material. In

the past, solely cohesive material was used to create meanders in the lab (Friedkin,

1945; Schumm & Khan, 1971; Smith, 1998). More recently, mixtures of cohesive

and noncohesive sediment were explored to achieve realistic river meandering in

laboratory flumes, using for example silica flour (Peakall et al., 2007; Van Dijk et al.,
2012). Braudrick et al. (2009) used alfalfa sprouts to obtain a stable meandering

planform. Both Peakall et al. (2007) and Braudrick et al. (2009) also introduced an

initial perturbation in the channel planform.

Considering the calibration requirements of bank erosion parameters in mecha-

nistic models, and scaling issues in laboratory experiments, field studies and histor-

ical reconstructions are crucial in studying the timescales and spatial development

characterizing channel development. Long-term field-scale reconstructions of mean-

dering channels are limited by the availability of historical sources to reconstruct the

meandering planform, especially before 1900. Planform reconstructions are mainly
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based on historical topographic maps (Pišút, 2002; Uribelarrea et al., 2003; Timár

et al., 2008; Church & Rice, 2009; Hooke & Yorke, 2010) and aerial photographs

(Warburton et al., 2002; Uribelarrea et al., 2003; Bartley et al., 2008; Church &

Rice, 2009; Hooke & Yorke, 2010), of which the latter are often available from

the 1940s onwards. Recently, airborne LiDAR and satellite imagery have become

customary tools for geomorphological studies (Charlton et al., 2003; Timár et al.,
2008), offering a means of recognizing historical channel patterns (Seker et al.,
2005; Notebaert et al., 2009).

The objective of this study is to contribute to the knowledge about the role of

floodplain heterogeneity on the spatio-temporal developments of meander forma-

tion, by making a historical reconstruction of the meander behaviour and incision

development of an initially straight channel.

4.2 Study Area

4.2.1 Engineering Works

The artificial channel under study, named Gelderns-Nierskanaal and centred at 51◦

30' 54" N, 6◦ 11' 14" E, was constructed by the Prussians by the end of the 18th cen-

tury, probably around 1770. The channel is located on the Dutch-German border in

the south-eastern part of the Netherlands and runs from the river Niers in Germany

to the river Meuse in the Netherlands (Figure 4.1). The purpose of the channel was

to lower peak discharges in the downstream reaches of the river Niers, which is a

tributary of the river Meuse. At the inlet of the channel, a weir controls the inflow

of water. Inflow of water is regulated by an agreement between the Dutch and

German water authorities, settled in 1952. Discharge is measured close to the inlet.

Discharge data from 1971-2008 were used to calculate a mean daily discharge of

0.71 m3s−1 and an average yearly peak discharge of 4.07 m3s−1.

The total length of the channel is 13.3 km. The banks of the German part of

the channel were protected, to prevent lateral developments, whereas the Dutch

part developed into a morphodynamically active meandering channel. The Dutch

part, in turn, can be subdivided into two parts. Between the early 1900s and 1940s,

the banks of the upstream part became protected with bank revetments. At present,

those bank revetments are still visible at some locations, see Figure 4.3e. Two

bridges are present in the upstream section, one at the Dutch-German border and

one approximately 0.5 km downstream from the border. The downstream part of

the study reach can be considered undisturbed regarding its geomorphology, with

no erosion or flood controls, and the presence of only one bridge near the mouth

64



4.2. Study Area

STUDY
AREA

NL G

B

C’

C Fig. 4.4 Q

Geldern

N
ie

rs

Meuse

Gelderns−

Nierskanaal

G
erm

any

The N
etherlands

0 1 2 km

Lower Rhine terrace

Middle Rhine terrace

Upper Rhine terrace

Young aeolian sand dunes

Old aeolian sand dunes Middle and upper Meuse terraces

Present Meuse floodplain and
lower Meuse terrace

Meuse

Niers

length along cross−section C−C’ (km)

el
ev

at
io

n
(m

 a
m

sl
)

0 2 4 6 8 10 12
10

20

30

Aeolian sand dune deposits

Cover sand deposits

Recent fluvial deposits Lower Rhine terrace deposits

Middle Rhine terrace deposits

Upper Rhine terrace deposits Middle and upper Meuse terrace
deposits

No data

a b

c c’

Figure 4.1 Overview of the study area with (a) the location of the study area on the
German-Dutch border, (b) a geomorphological map of the study area, where Q indicates
the location of the discharge station and the rectangle indicates the location of Figure
4.4, and (c) a schematic cross-section showing sedimentary units across transect C-C’
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(c) are used as relative indications of terrace levels in this figure and do not represent
formal units in regional terrace classifications. Both (b) and (c) are adapted after Stiboka
(1975), using data from Wolfert & De Lange (1990) and Van den Berg (1996).

of the channel where it debouches into the river Meuse. The study area is located

in a deciduous forest, surrounded by several agricultural fields.

4.2.2 Geology

Figure 4.1 shows the main geomorphological units of the study area, in a plan

view (panel b), and the related sedimentary units, in a cross-section (panel c).

The sedimentary units are divided into aeolian, Rhine, and Meuse deposits. The

Pleistocene Rhine and Meuse terrace deposits mainly consist of coarse sand and

gravel. The recent river deposits in the floodplains along the rivers Meuse and Niers

predominantly consist of clay. The aeolian deposits consist of fine to coarse sand.

Figure 4.1 shows that the German part of the study area is mainly influenced by the
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river Rhine. Here, the channel follows a valley occupied by an abandoned (lower)

Rhine terrace, between middle and upper Rhine terrace remnants. The upper Rhine

terrace remnant explains why the channel was not constructed in a straight line

from the city Geldern in Germany to the river Meuse in the Netherlands. The

channel follows the northern edge of the upper Rhine terrace. On Dutch territory,

the channel predominantly has scoured into Meuse terrace deposits. The channel

flows across a middle/upper terrace, and crosses an area of aeolian sand dune

deposits, before debouching into the river Meuse.

The study reach is located in the Dutch part of the channel with a length of 3.8

km, extending from the German-Dutch border to the outflow in the river Meuse.

Here, the channel gradient varies between 0.48 m km−1 in the upstream section

and 3.8 m km−1 near the mouth. The channel gradients in the upstream section

are comparable to those in the Niers (Kasse et al., 2005), to the lowland streams

analysed by Wolfert (2001) and the lowland streams presented in Chapters 2, 5

and 6. The channel gradients in the downstream section correspond to the small

streams found in the hilly landscape in the province of Limburg in the southern

part of the Netherlands (e.g. De Moor & Verstraeten, 2008; De Moor et al., 2008).

The average bankfull width and depth are 8.8 m and 1.2 m, respectively.

The bed material varies along the channel. In the upper section the bed material

mainly consists of (coarse) sand, with a median grain size of 0.80 mm (see Figure

4.2 for the grain size distributions). There are several weakly developed point

bars located in the inner bends. The bed material in this section is typical for Dutch

lowland streams, which mainly consists of sand (Wolfert, 2001). In the downstream

section, the bed material gradually becomes coarser and is dominated by gravel,

with a median grain size of 18.1 mm (Figure 4.2). The in-channel morphology

changes in the downstream direction along the channel. A total of 67 gravel bars

have been identified in the downstream section of the channel, which are only

exposed during periods of low-flow. Figure 4.3a and 4.3b show examples of the

point bars and mid-channel bars.

At several locations along the valley edge, a clear view of the Pleistocene terrace

deposits was obtained (see Figure 4.3d and 4.3g). At those locations, sediment

textures and layer thicknesses were determined in situ. The USDA soil texture

classification was used to differentiate between the different grain sizes, using a

sand ruler. Figure 4.4 shows the sample locations in the study area. Figure 4.5 shows

the sedimentary succession at 10 locations along the valley edge. The exposed

deposits mainly consist of median to coarse sand. At eight locations, a thick (0.3-

1.2 m) gravel layer and/or gravelly sand layer was visible. This is most likely the

source of the current bed sediment, which consists of gravel in the downstream
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Figure 4.2 Grain size distributions from bed material samples from 4 locations in the
upstream part (black lines) and 4 locations in the downstream part (grey lines). The
thick lines denote the average for upstream and downstream samples, respectively.

section of the channel. In a preliminary survey, red-brown coloured layers of sand

were found at five locations along the valley edge, in which iron-rich groundwater

oxidises and turns red when it comes in contact with air. The groundwater comes

in contact with air in the upper part of the groundwater column, and therefore,

the depth of the iron oxide gives an indication the upper extent of the historical

groundwater table.

4.2.3 Hydrology

The purpose of the channel was to reduce flood risk in the downstream reaches

of the river Niers. This suggests that no water was led into the channel during

low flow periods, resulting in a non-natural discharge distribution. The Dutch and

German water authorities, however, made an agreement in 1952 which defined a

minimum discharge of 0.5 m3s−1 and a maximum of 7 m3s−1. It is unknown how

water discharge was distributed before that time.

Discharge time series of the Gelderns-Nierskanaal and Niers were compared to

investigate the discharge distribution over the inlet of the channel and the down-

stream branch of the river Niers. Two discharge time series were used, both con-

sisting of daily averaged discharge data. The discharge in the Gelderns-Nierskanaal

was measured near the inlet (Figure 4.1). This discharge time series contains data

covering the period between 1970 and 2008. The discharge in the river Niers was

measured at the city of Goch between 1970 and 2006. For both data series, the

monthly averaged discharge is shown in Figure 4.6. The figure also shows the 10%,

25%, 75% and 90% quantiles for every month.
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Figure 4.3 Photos of the study area, illustrating (a) a point bar, (b) a mid-channel
bar, (c) the valley floor showing groundwater seepage, (d) a sedimentary succession
showing a thick iron oxide layer (thickness: 0.20 m), (e) the remnants of the bank
protection, (f) an aerial photo (2008) of the area surrounding the confluence of the
Gelderns-Nierskanaal and the river Meuse showing a mouth bar at the downstream
side of the channel outlet (Copyright Eurosense B.V. 2008) and (g) valley edge erosion
(height of exposed sediments: 2.5 m). See Figure 4.4 for photo locations.
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Figure 4.5 Sedimentary successions at 10 locations, see Figure 4.4 for the locations
in the study area. Ground level corresponds to the level of the valley edge into which
the channel has incised.

As to the monthly average discharge (solid black line), both discharge time

series show the same yearly pattern with high flows in January and February and

low flows in August and September. The 25% and 75% quantiles also feature similar

patterns for both data series. The 10% and 90% quantiles, however, show that the

extremes in the river Niers are less pronounced than the extremes in the Gelderns-

Nierskanaal. In other words, the peak discharges in January-February are relatively

high in the Gelderns-Nierskanaal, compared to the river Niers. The same holds for

low flows in the summer period. Thus, the discharge in the Gelderns-Nierskanaal

is relatively flashy.

The study area is located in the river Meuse catchment (36,000 km2). The river

Meuse has a length of 900 km and is a rain-fed river. It is an important waterway in

western Europe, navigable from the North Sea up to France (Nienhuis, 2008). In the
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Figure 4.6 Monthly averaged discharge for the Gelderns-Nierskanaal (upper panel)
and river Niers (lower panel). Indicated in gray are the 25% and 75% quantiles and
with a dashed line the 10% and 90% quantiles.

19th century, navigation was impeded by sedimentation. Since the 19th century the

river Meuse has been subject to measures aiming to improve navigation. This started

with dredging activities in the 19th century. In the 20th century, the measures

became more rigorous. Several meanders were cutoff, hundreds of groynes were

build, lateral canals were constructed, and, most importantly, from 1930 onwards

the water level was fully controlled by six weirs in the Dutch part of the river Meuse

(Nienhuis, 2008). All of this may have had an impact on the bed morphology of the

Gelderns-Nierskanaal near the confluence with the river Meuse.

Water level data from the river Meuse were analysed to evaluate the dynam-

ics of the downstream boundary (i.e. the downstream water surface level) of the

Gelderns-Nierskanaal. At 14 locations water levels were measured daily. From these

locations, two are in the vicinity of the confluence with the Gelderns-Nierskanaal,

4 km upstream and 6 km downstream from the mouth of the Gelderns-Nierskanaal,

respectively. Both water level time series span a period from 1850 until the end

of the 20th century. Figure 4.7a shows yearly averaged water levels in the period

1850-1984/1995 for these two locations. The figure clearly shows that the weirs

were operational in the river Meuse from 1930 onwards, causing a water level in-

crease of about 2 m from 1929 to 1930. Regression analysis shows there is a water

level increase before the weirs were operational, for both locations. The cumulative

water surface rise is equal to 0.31 m and 0.46 m for the upstream and downstream

location, respectively. After the weirs became operational, the increasing trend is

still visible, although less pronounced.

Bed level measurements have been performed from 1916 onwards, with irreg-

ular intervals between the surveys. These bathymetry data were collected along

cross-river transects with a 100 m spacing, and width-averaged within the navigable

section of the channel. Subsequently, bed levels were averaged per river kilometre
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Figure 4.7 Historical yearly averaged water levels and bed levels from the river
Meuse. The water level time series correspond to two locations near the confluence of
the Gelderns-Nierskanaal, as indicated.

(Van Dongen & Meijer, 2008). Figure 4.7 shows the change in bed level of the river

Meuse at the confluence with the Gelderns-Nierskanaal. Between 1930 and 1940,

dredging operations were performed in this section of the river Meuse (Van Dongen

& Meijer, 2008), causing a decrease of the bed level. Overall the bed level shows

only minor changes between 1940 and 2010. Therefore, it is concluded that the

installation of the weirs in 1930 is the only substantial change at the downstream

boundary of the Gelderns-Nierskanaal that has occurred since the construction of

the channel. The installation of the weirs is the main cause of the rise in water

surface level at the confluence with the Gelderns-Nierskanaal.

4.3 Materials & Methods
Planform characteristics were derived from 12 historical maps, covering the period

between 1806 and 2006. The oldest historical document available was the Tranchot

map, based on data from a survey carried out around 1806. Four topographic

military maps were used, dating from 1840 to 1936, and seven general topographic

maps, dating from 1941 to 2006. Figure 4.8 shows an example of the topographic

military map of 1895. The features that were derived from all maps are indicated in

the figure, including the channel centerline, the incised valley boundaries and the

knickpoint of the bed level indicating the upstream end of valley incision. Table 4.1

lists the details of all historical maps. Each map was scanned at a resolution of 600

dpi and georeferenced using ESRI ArcGIS™. Centerlines were manually digitized,

with an average node-spacing of 10 m.

Figure 4.9 shows the channel centerlines derived from all 12 historical maps.
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Table 4.1 Characteristics of historical topographic maps.

year map type scale

1806 Tranchot 1:25000
1840 topographic military map 1:50000
1895 topographic military map 1:50000
1926 topographic military map 1:50000
1936 topographic military map 1:50000
1941 topographic map 1:50000
1955 topographic map 1:25000
1965 topographic map 1:25000
1975 topographic map 1:25000
1982 topographic map 1:25000
1988 topographic map 1:25000
2006 topographic map 1:25000

valley edge

channel planform

river Meuse

knickpoint

0 200 400 m

Figure 4.8 Topographic military map of 1895, showing features that were derived
from the historical maps, viz. the channel centerline, the valley edges and a bed level
knickpoint marking the upstream end of the valley incision.

Planform changes were evaluated based on total sinuosity Stotal, computed by

dividing the channel length Lch by the valley axis length Lv. The valley axis is

defined as the midline of the valley. An increase of Stotal indicates an increase of

channel length, which is the result of lateral migration of the channel. A decrease of

total sinuosity in a meandering channel is mainly caused by meander cutoffs or by

channel straightening through bank erosion. On the right-hand side of Figure 4.9

the total sinuosity is reported for the 12 channel centerlines. In the period between

the construction of the channel until the mid 1930s, Stotal increased. Between 1936

and 1955, a number of meander cutoffs occurred, which resulted in a decrease of

Stotal.
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Figure 4.9 Channel centerlines derived from the 12 topographic historical maps.
Values on the right-hand side quantify the sinuosity of the Dutch part of the channel.

A Digital Elevation Model (DEM) was obtained from LiDAR surveys carried out

between 1997 and 1998, which covered the entire Dutch part of the study area

(Actueel Hoogtebestand Nederland, AHN, Van Heerd et al., 2000). The LiDAR data

resolution amounted to 1 point per 4 m2, with a vertical accuracy of 0.20 m and

a horizontal accuracy of 0.30 m. Outliers, vegetation and buildings were removed

from the dataset to ensure the data represent the actual earth surface. The data

were interpolated on a grid with a 1-m resolution, using linear interpolation. The

DEM was used to identify the valley edges as shown in Figure 4.4, and to make an

estimate of the valley incision since the construction of the channel.

In addition to the historical and remotely sensed data described above, field

data were collected. In a first reconnaissance survey, traces of iron oxide and gravel

layers in the sedimentary succession were found at several locations along the

valley edge (Figure 4.5). Sedimentary successions were described at 10 locations

along the valley edge where the sediment was exposed. Figures 4.3d and 4.3g show

examples of these exposed terrace deposits. These 10 exposed locations were not

evenly distributed over the valley length. Therefore, 49 cores were subsequently

collected along the entire length of the valley to establish the spatial distribution

of sediment properties. A hand auger was used for drilling down to 2.2 m below

ground level. The depth of iron oxide layers in the profile was recorded at each
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Figure 4.10 Digital Elevation Model of the study area, including the centerline of
the channel in 2006. Elevation is shown in meters above mean sea level. Several ge-
omorphological units are indicated, i.e. the parabolic sand dunes near the confluence
with the river Meuse (A) and a Rhine terrace near the German border (B). The Roman
numbers label the sections indicated in Figures 4.11 and 4.12.

location. A distinction was made between profiles consisting solely of sand and pro-

files where gravel layers were present in the profile, in which the gravel layer depth

was recorded as well. This resulted in a along valley view on traces of groundwater

seepage and gravel.

4.4 Results

4.4.1 Valley Incision

Figure 4.10 shows the DEM of the study area including the 2006 channel centerline.

Several geomorphological units discussed earlier can be recognized in this figure.

Near the German border, a Rhine terrace remnant (B) borders the channel at its

northern side. Moving in the downstream direction, a gentle westward slope of

the land surface surrounding the channel is part of the Meuse terrace, also shown

in Figure 4.1 (c). The most distinctive features are the parabolic sand dunes near

the confluence with the river Meuse (A). These aeolian sand dunes date from the

Younger Dryas period, approximately 12,000 years ago (Van den Berg, 1996). The

dunes consist of coarse grained sand and show local elevation differences up to 20

m. The LiDAR data show the aeolian dunes have a larger extent than indicated in

Figure 4.1, which was based on Stiboka (1975), indicating the accuracy limitations

of the latter report.

When focussing on the area near the channel, the most notable feature in Figure

4.10 is the incised valley near the confluence with the river Meuse. The DEM shows
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Figure 4.11 Evolution of the channel centerline (black) and valley edge (grey). The
valley edges from 1840, 1895, 1936 and 1955 are derived from topographic maps. The
valley edge of 1997 is derived from the LiDAR data set. The Roman numbers label the
sections in Figure 4.12.

the channel has incised over several meters (see also the upper part of Figure 4.12).

From historical maps it was possible to extract the valley edge, as shown for

example in Figure 4.8. The first topographic map, dating from 1806, did not show

any feature that would suggest the presence of a valley edge. From 1840 onwards,

all maps depict valley edges, as illustrated in Figure 4.11. The map of 1926 did not

show any change in the location of the valley edge compared to 1895. No changes

are observed in the period from 1955 to 2006 either. Note that the valley edge of

1997 is derived from the LiDAR dataset, which includes much more detail than the

valley edges derived from the historical maps.

Figure 4.11 shows that until 1840, the valley incision was concentrated in the

reach downstream of the first meander (section VI). Upstream of that location no

valley edges were drawn. The map of 1895 shows that the extent of the valley

incision reached up to section IV. From 1936 onwards, the knickpoint location and

valley width in the downstream reach of the Gelderns-Nierskanaal were constant,

suggesting the valley incision to be stable in that period.

The top panel in Figure 4.12 shows the present longitudinal valley bottom pro-

file. The valley bottom profile in the upstream part runs largely parallel to the

valley edge, whereas the valley bottom in the downstream part becomes progres-

sively deeper downstream. This pattern cannot be readily explained as a response

to a draw-down curve of the channel bed level, creating erosion that progressively

retreats in the upstream direction. The valley bottom profile has a bilinear shape
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with a knickpoint around 1.5 km from the Dutch-German border. Figure 4.11 shows

that the present extent of the valley incision has been stable since the mid 1930s.

Because the knickpoint coincides with the most upstream extent of the valley in-

cision, it can be assumed that the knickpoint has also been stable ever since the

1930s.

Several processes played a role during the process of valley incision. Figure 4.3c

shows the presence of overland flow within the incised valley during one of the

field surveys, caused by water that was seeping out of the valley wall. The upper

part of Figure 4.12 shows where an iron oxide layer was recorded, and at which

depth. Iron oxide was found in almost all cores in the deeply incised part of the

valley. The shape of the incision in this section shows similarities with so-called

amphitheatre shaped canyons (Kochel & Piper, 1986; Howard & McLane, 1988;

Schumm et al., 1995), which are typically attributed to erosion by local seepage

flow. The average depth where the iron oxide was found was 1.4 m below the level

of the valley edge. Considering the current channel depth (1.2 m), this could have

been below the constructed channel bed before incision. Arguably, seepage may

have been triggered by valley incision, which in turn may have accelerated valley

incision. Both seepage and meander dynamics may have contributed to the width of

the incised valley. Seepage increases the moisture content of the valley wall, which

enhances bank erosion at locations where the meander banks encounter the valley

wall. This has resulted in a present day valley depth up to 9 m and a valley width

up to 170 m, or 19 times the current channel width.

The knickpoint in the bed level profile coincides with the transition from coarse-

grained bed sediment in the upstream part of the channel, and gravel in the down-

stream part (Figure 4.3a and 4.3b). Results from the 49 cores (Figure 4.12) re-

veal that in the valley wall two gravel layers are present, located upstream and

downstream of the knickpoint in the valley bottom. The progressive retreat of the

valley edge, illustrated in Figure 4.11, shows that it is likely that valley incision has

initiated in the downstream reach and progressively proceeded in the upstream di-

rection. This process will have continued until the gravel layer was reached, which

consists of particles too coarse to be readily transported. From then onward, the

valley incision will have been retarded, which may have been amplified by spread-

ing of the gravel over the channel bed by the flow. The deposited gravel can act

as an armouring layer, increasing the erosion resistance of the channel bed. The

established changes in water levels in the river Meuse may also have had an effect

on the incision rate of the valley. Both the presence of gravel on the channel bed

and raised water levels in the river Meuse will have counteracted valley incision.
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4.4.2 Meander Dynamics

Spatial series of the local sinuosity are determined to discuss the meander dynamics

of the channel over the past 240 years. Local sinuosity, denoted by Slocal, was

obtained by dividing the channel length within a moving window by a predefined

length along the valley centerline. The moving window is 250 m long, which is

roughly equal to three meander wavelengths.

Figure 4.12a shows spatial series of the local sinuosity for all 12 historical chan-

nel centerlines. The results from the 49 cores along the valley are included in the

figure, and the elevation of the valley edge and valley bottom are indicated. The

valley edge runs nearly horizontally in downstream direction until 1.5 km from

the German-Dutch border. The increase in slope marks the transition between two

Meuse terraces. Downstream of the transition, the valley edge again runs nearly

horizontally. Near the outlet to the river Meuse, the peak in the surface level reflects

the aeolian sand dunes in the area.

Figure 4.12b of shows the temporal variability of the local sinuosity in each

of the seven sections defined in Figure 4.12a. The 1806 channel centerline shows

meandering has initiated in section VI, where sinuosity increased rapidly in time

up to a maximum of around 2. Figure 4.11 shows that, in this section, meandering

had initiated before valley incision had started. Meandering also initiated in section

IV, in the period between 1806 and 1840. Both in section IV and in section VI,

meandering developed independently, at least until 1926. From 1936 onwards,

sections IV and VI had merged, which is reflected in an increase in sinuosity in

section V.

Several meander cutoff events have occurred between 1926 and 1955. The

remainders of those are shown in Figure 4.10, e.g. in section VI. Meander cutoffs

result in a decrease in sinuosity. In section IV, cutoff events have occurred between

1926 and 1936. Most evident are the cutoff events in section VI. Figure 4.12b clearly

shows a decrease of local sinuosity between 1936 and 1955. For both sections IV

and VI, it can be concluded that the cutoff events are clustered within a 10 to 20

year time span. Using the meander model of Howard & Knutson (1984), Stølum

(1996) showed from numerical simulations that cutoff events tend to cluster. This

was subsequently confirmed by field research by Stølum (1996), who concluded

that each cutoff has a tendency to trigger other cutoffs in its vicinity by causing

accelerated local change. This explains the cutoff clustering in space and time as

observed.

The upstream sections of the channel show little activity over the past 240 years.

In section II, meandering has initiated between 1926 and 1936. The sinuosity in

section II does not show any significant changes after 1936 (Figure 4.12b), which
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can be attributed to the construction of bank revetments between 1900 and 1940.

Bank protection, albeit left unmaintained (see Figure 4.3e), may have prevented

the channel from active meandering in the upper sections.

The valley bottom profile confirms the existence of a difference in morphody-

namic behaviour between sections III and IV. Figure 4.12 shows a knickpoint at

the boundary between the inactive upstream sections I through III, and the active

downstream sections IV through VII. Both the upstream part and the downstream

part show a nearly constant slope. The two parts may have developed to reach two

alternative states of a morphological equilibrium, pertaining to laterally confined

conditions and a more natural state with erodible banks, respectively.

4.4.3 Initiation of Meandering

Figure 4.10 shows the current meandering planform including the DEM of the sur-

rounding earth surface. Sections II, IV and VI, where meandering has initiated, are

located in the direct vicinity of elevated sedimentary units, i.e. aeolian sand dunes

and a Rhine terrace remnant. Each of the three hotspots for meander initiation

coincides with the toe of a topographic high. Figure 4.12 shows that iron oxide was

found in the Pleistocene terrace deposits at those spots, which is related to lateral

groundwater seepage flows (Anderson, 1988). While it remains unknown whether

seepage was present before the channel was constructed, it is likely that ground-

water levels in the study area were affected by the construction of the channel.

In flat terrains, precipitation usually infiltrates the soil vertically. The vicinity

of a terrace remnant or an aeolian dune, however, changes the groundwater flow

in the surroundings of the channel. A topographic high causes the groundwater

to flow in lateral direction away from the elevated terrain, causing groundwater

seepage in lower parts of the landscape, e.g. valleys. Seepage through the valley

walls increases the moisture content of the bank. Field research (Wilson et al., 2007;

Fox et al., 2007; Van Balen et al., 2008) and laboratory studies (Fox et al., 2006;

Lindow et al., 2009; Fox & Wilson, 2010) have shown a positive correlation between

seepage flow and bank instability and erodibility.

Results from the cores confirmed that iron oxide is present in the banks at each

of the three spots of meander initiation, but occurred also in section (VII). In the

latter section, the seepage has been related with the relatively deep valley incision,

which was described earlier. In sections II, IV and VI iron oxide was found close to

the level of the valley edge (< 1 m). This provides a clue that seepage has triggered

meander initiation. The upper part of Figure 4.12 also shows that, especially in

sections II and IV, and to some extent also in section VI, the subsurface mainly

consists of sand. The subsurface of both sections III and V mainly consist of gravel.
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Figure 4.12 Longitudinal (a) and temporal (b) variability of local sinuosity. Right
vertical axis in panel (a): spatio-temporal variation of local sinuosity along the valley axis
for all 12 historical channel centerlines. Local sinuosity is determined with a window-
size of 250 m. Left vertical axis in panel (a): elevation of the valley edge and valley
bottom in meters above mean sea level. The upper part of the figure shows the locations
of cores, with a maximum depth of 2.2 m below the level of the valley edge. Red squared
markers indicate locations where traces of iron oxide were found, solid black squares
correspond to locations where the hand auger reached a gravel layer, and delineated
squares indicate the deepest point to which the hand auger reached in a sand layer. The
gray zone marks the coring depth and the extent of the sand deposits.
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A conclusion is made that meandering in the channel under study has initiated

in channel reaches with a floodplain consisting of sand, at spots in the vicinity of

topographic highs, where local seepage flow causes seepage erosion and enhances

the erodibility of the banks, promoting fluvial erosion.

4.5 Conclusions
The objective of this study was to contribute to the knowledge about the role of

floodplain heterogeneity on meander formation, by making a historical reconstruc-

tion of the development of an initially straight channel. A historical reconstruction

was made of a channel constructed in the 18th century between the rivers Niers

and Meuse, on the Dutch-German border. Within the Dutch part of the channel,

meandering has initiated at three locations. The upstream part of the channel did

not show any meander dynamics after the first meander had initiated, because of

bank protection. Downstream of the protected bank area, the channel evolved into

an actively meandering channel, featuring meander cutoffs.

From field evidence it appears that the sections of the channel where meander-

ing has initiated correspond to sections of the channel where iron oxide was found

within 1 m from the surface level, indicating groundwater seepage. The ground-

water seepage originates from the banks and valley sides adjacent to higher elevated

terrains, composed of terrace remnants and aeolian dunes. Since the subsurface of

these sections mainly consists of sand, local seepage flow causes seepage erosion

and enhances the erodibility of the banks, promoting fluvial erosion. The resulting

bank erosion may have resulted in small perturbations in the channel planform.

These perturbations in the initial planform, in turn, are the most plausible trigger

for the initiation of meandering in this case study.

Meandering has initiated in three separate sections of the channel. The spatial

variation in meander initiation was attributed to local differences in hydrology

(seepage) and geology (presence of gravel). Recently, meander research focuses on

the role of floodplain heterogeneity on meander dynamics, e.g. local differences

in hydrology and geology. Commonly, a constant erosion coefficient is used for the

whole river reach to parametrise bank erosion. The present study shows that spatial

heterogeneities may assert a strong control over sinuosity developments over two

centuries of planform change. These observations justify efforts to implement the

influence of floodplain heterogeneity and the effect of seepage on bank erosion in

meander models.
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5. Chute Cutoff

5.1 Introduction
In the Netherlands, stream restoration generally refers to the construction of low-

sinuosity channels. After construction, these channels typically show limited mor-

phological change in time, mainly due to oversized cross-sections. Occasionally,

pronounced morphological changes occur, including bank erosion and meander

cutoffs. This chapter reports on a recent chute cutoff event that occurred right after

the realization of a stream restoration project, showing that backwater effects can

play a crucial role in the occurrence of a chute cutoff.

Two main types of meander cutoffs have been identified. Neck cutoffs can de-

velop by the progressive migration of an elongated bend into itself (Erskine et al.,
1992; Hooke, 1995). Chute cutoffs are shortcuts developing over a point bar or,

over-bank, across a meander bend (Lewis & Lewin, 1983; Erskine et al., 1992).

Neck cutoffs are likely to occur in high-sinuosity meander bends and under low

channel gradients (Lewis & Lewin, 1983). Chute cutoffs are more likely to occur

in moderate to low sinuosity meander bends, and under high channel gradients

(Lewis & Lewin, 1983). Few studies have focused on cutoffs in small streams, which

occur at temporal and spatial scales small enough to investigate the phenomenon

in detail.

Three mechanisms have been proposed in the literature to explain chute cutoff

occurrence: (1) swale enlargement, (2) headcut propagation, and (3) embayment

formation and extension (Constantine et al., 2010). According to the first mecha-

nism, a swale may channelise the flow during a flood, governing the predominant

flow route on the floodplain. The second mechanism refers to a headcut at the

downstream boundary of a meander bend propagating in the upstream direction.

This chute mechanism mainly occurs in rivers with floodplains consisting of cohe-

sive sediment, which acts to maintain the form of the headcut (Brush & Wolman,

1960; Gay et al., 1998). The third mechanism considers the formation of an embay-

ment as a result of localized bank erosion along the outer bank, upstream of the

meander that undergoes cutoff. Subsequent floods extend the embayment, shifting

it downstream until it intersects the riverbank downstream, forming a chute (Con-

stantine et al., 2010). Chute cutoff by embayment formation and extension is most

likely to occur along large meandering rivers having steeply sloping floodplains.

The headcut propagation and embayment formation are incisional processes that

may act on well-established inner-bank floodplains, and are affected by reductions

in floodplain surface roughness and floodplain heterogeneity (e.g. root depth and

stratification). Both mechanisms are strongly related to flood events (Constantine

et al., 2010; Micheli & Larsen, 2011).
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Lewis & Lewin (1983) were among the first to present a study on the occurrence

of neck and chute cutoffs. They used historical sources to show the correlation be-

tween floodplain gradient and cutoff frequency, although this correlation was not

so pronounced for chute cutoffs. More recently, historical sources have been used to

find correlations between the occurrence of chute cutoffs and planform characteris-

tics (Constantine et al., 2010; Micheli & Larsen, 2011; Grenfell et al., 2012). Micheli

& Larsen (2011) found that meander bends that have been subject to a chute cutoff

had higher values of sinuosity and entrance angle, and lower values of curvature,

compared to other meander bends. Constantine et al. (2010) showed that chute

cutoffs tend to form at the spot along the channel centerline where the curvature

has its local maximum. Based on regression models, Grenfell et al. (2012) showed,

with a statistical analysis, that the probability of chute initiation at a meander bend

is a function of the bend extension rate, i.e. the rate at which a bend elongates in

a direction perpendicular to the valley axis trend. Other planform characteristics

such as sinuosity, curvature and entrance angle were shown not be significantly

different for bends with and without chute cutoff. Although historical sources of the

river planform are very useful to study chute cutoff occurrence at large temporal

and spatial scales, they may not provide sufficient information needed to predict

the occurrence of chute cutoffs.

There are only a few case studies available that describe the occurrence of chute

cutoffs in the field. Most of these offer qualitative rather than quantitative informa-

tion, giving insight in the causal relationships involved in processes during chute

cutoff events. The majority of these studies claim that the chute cutoffs under study

occurred during periods of overbank flow (Johnson & Paynter, 1967; Hooke, 1995;

Gay et al., 1998; Zinger et al., 2011). This was also observed under laboratory con-

ditions (Jin & Schumm, 1987; Peakall et al., 2007; Braudrick et al., 2009; Van Dijk

et al., 2012). Even though these experiments were performed imposing constant

bankfull conditions, overbank flow did occur, caused by changes in channel slope

(Jin & Schumm, 1987) and in-channel sedimentation (Van Dijk et al., 2012). Both

field and lab studies show overbank flow is an inherent feature of the occurrence of

chute cutoffs, although the magnitude and related frequency of the floods needed

for chutes to develop is still unknown.

Existing quantitative field studies have focused on processes of sedimentation in

cutoff channels and on post-cutoff morphodynamics in chute channels. Sedimenta-

tion processes in cutoff channels were investigated shortly after the cutoff occurred

(Johnson & Paynter, 1967; Thompson, 1984; Hooke, 1995; Dieras et al., 2013) and

at sites where historical evidence was present (McGowen & Garner, 1970; Erskine

et al., 1992; Ghinassi, 2011; Toonen et al., 2012). Sedimentation of the cutoff chan-
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nel exhibits a fining-upward sequence, from coarse sand or gravel/cobbles at the

base to clay loam or sand at the surface (e.g. Erskine et al., 1992; Hooke, 1995).

Differences in grain size characteristics of the deposited material are related to the

flow regime after the channel underwent cutoff. In a laboratory experiment, Peakall

et al. (2007) showed that deposition of fine to medium sands (corresponding to

the courser material in the experiment) coincides with continued flow through the

cutoff, whereas deposition of fine-grained fills of clays and loams coincides with

slow-moving or stagnant water in the cutoff channel.

Only recently, case studies describing post-cutoff morphodynamics were pre-

sented in the literature, where the collection of the morphological data mainly

focused on the chute channel. Fuller et al. (2003) quantified in detail the magni-

tudes of sediment transfers associated with channel adjustments following cutoff,

in a laterally active gravel-bed river. Their analysis shows that the initial morpho-

logical development was dominated by bed scour, followed by a period of extensive

bank erosion and lateral channel migration. Zinger et al. (2011) estimated the

amount of sediment produced by two chute cutoff events. They found that each

event triggered the rapid delivery of sediment into the river, at rates one to five

orders of magnitude larger than those produced by lateral migration of individ-

ual bends. They also found that much of this material was deposited immediately

downstream, which led to significant changes in channel morphology.

The lack of process-based field studies is the main reason why the physical con-

trols on processes of chute cutoff formation remain poorly understood (Grenfell

et al., 2012). Despite this, there have been several attempts to model the process of

chute cutoff. Chute cutoff initiation has been incorporated into a one-dimensional

meander migration model by Howard (1996). The model does not capture the

flood flow across the point bar creating the chute, but predicts the influence of plan-

form and topographic characteristics determining where and when chute cutoffs

are expected to occur. Constantine et al. (2010) applied a two-dimensional depth-

averaged hydrodynamic model to determine the influence of the channel curvature

on the location where overbank flow incises the floodplain, causing the initial chute

cutoff formation. Constantine et al. (2010) suggests that chute cutoff initiation is

due to overbank flow escaping from the main channel, where the riverbank most

strongly turns away from the downstream flow path.

Unlike other morphological processes that occur in meandering channels (e.g.

bank erosion, neck cutoffs, meander migration), detailed analysis of field observa-

tions of chute cutoffs are still lacking (Micheli & Larsen, 2011). These observations

are needed to better understand the mechanisms that cause chute cutoffs. Field

evidence is presented of a chute cutoff event, which occurred within three months
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after the realization of a stream restoration project. As part of a research project

to establish post-project morphological changes in this stream restoration project,

a detailed monitoring plan was implemented. The objective of this study is to re-

veal details of the hydrodynamic and morphological conditions before, during and

after the chute cutoff event, to eventually increase understanding of the processes

governing chute cutoffs.

5.2 Study Area
In October 2011 a stream restoration project was realized in a small lowland stream,

entitled Lunterse Beek, located in the central part of the Netherlands (52◦ 4' 46" N,

5◦ 32' 30" E), see Figure 5.1. A sinuous planform (with a sinuosity of 1.24) replaced

a former straightened channel, where the course of the new channel crossed the

former channel at several locations (Figure 5.1c). The channel was constructed

with a channel width of 6.5 m, a channel depth of 0.4 m and a channel slope of

0.96 m km−1. A lowered floodplain surrounded the channel, with an average width

of 20 m (Figure 5.1d). At the downstream end of the study area, a bridge reduces

the floodplain width to less than 10 m. The bed material mainly consists of fine

sand, with a median grain size of 258 µm. A 20 m channel reach, located upstream

from the main study area, consists of peat (Figure 5.1d).

Figure 5.1b shows the location of the study area in the catchment. The catch-

ment has an area of 63.6 km2. The elevation within the catchment varies between 3

to 25 m above mean sea level. The study area is located in a mildly sloping area. The

subsurface of the catchment mainly consists of aeolian-sand deposits. Agriculture

is the main land-use in the catchment. The average yearly precipitation amounts

to 793 mm (KNMI, 2014). The average daily discharge is measured at 0.33 m3 s−1

and the peak discharge during the study period was 5.67 m3 s−1.

5.3 Material & Methods

5.3.1 Morphological Monitoring

The temporal evolution of the bathymetry has been monitored over a period of

eight months. Morphological data were collected in the area covering the lowered

floodplain, over a length of 180 m, indicated by light grey in Figure 5.1d. Morpho-

logical data were collected using Real Time Kinematic (RTK) GPS-equipment and

an Acoustic Doppler Current Profiler (ADCP), see Figure 5.3 for the dates of the
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Figure 5.1 Overview of the study area: (a) location of the study area in the Nether-
lands, (b) elevation model of the catchment, (c) planform of the restored reach, with the
squared marker indicating the location of the discharge station (Q) and the triangular
marker the location of a weir (WEIR), and (d) sketch of the study area, indicating the
location of peat in white, the location of a bridge at the downstream end of the study
area, the location of the water level gauges with circled markers and the three main
bends with labels 1-3.

morphological surveys. RTK-GPS equipment (Leica GPS 1200+) was employed to

measure surface elevation, with an accuracy of 1-2 cm. The surface elevation data

were collected along cross-sections between the two floodplain edges. The number

of points collected during each GPS-survey ranged between 379 and 1158, with an

average of 831 point-measurements, see Table 5.1 which also provides point densi-

ties for each survey. The survey strategy proposed by Milan et al. (2011) is followed,

focusing on breaks of slope. The point-density was increased in the vicinity of steep

slopes (e.g. channel banks), and decreased the point-density on flat surfaces (e.g.

floodplains).

An ADCP-survey was not included in the original monitoring plan, being part of

a separate study commissioned by the water authority. Despite accuracy limitations,

the bed level data from the ADCP-survey appeared valuable to the present study, as

the survey took place just before the cutoff event. The ADCP-survey was undertaken

with a Teledyne RDI StreamPro ADCP. The StreamPro ADCP is mounted on a float,

with a length of 0.70 m and a width of 0.43 m. The ADCP uses four acoustic

beams to measure the depth of the channel relative to the ADCP transducer, with
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a sampling frequency of 0.5 Hz. Bed level data were recorded for water depths

exceeding 0.10 m. The track of the float is measured using bottom tracking. An

RTK-GPS antenna (Septentrio Altus APS-3) was mounted on the ADCP to be able

to transform the local coordinates and measured channel depths to the Dutch

coordinate system (RD-coordinates) and to elevation above mean sea level.

From four morphological surveys (three GPS-surveys and the ADCP-survey),

bed elevation data were also obtained in the channel upstream from the study

area. These measurements were focused on the channel bed rather than on the

floodplain. Both datasets were combined to derive the evolution of the channel bed

over a length of approximately 300 m, in the main study area and upstream. The

bed elevation was obtained at each channel cross-section by averaging the measured

cross-sectional data over the width of the channel bed, between the channel banks.

5.3.2 DEM Construction and Processing

Digital Elevation Models (DEMs) of each of the fourteen datasets were constructed.

The data were transformed to s, n-coordinates using the method described by

Legleiter & Kyriakidis (2007). Since the data were collected in cross-sections, an

anisotropy factor was used within the interpolation routine, accounting for disper-

sion of the collected data in the longitudinal direction. The anisotropy factor was

determined by dividing the average streamwise distance between the subsequent

cross-sections by the average cross-stream distance between the individual point

measurements. The data were split into a channel section and a floodplain section,

to account for a higher density of point measurements in the channel than in the

floodplain. A separate anisotropy factor was applied for the channel and the flood-

plain data. Table 5.1 lists the point density and anisotropy factors for all individual

surveys, specified for the channel and floodplain sections.

The data were projected onto a curvilinear grid, following the channel centerline

for the channel data and the valley centerline for the floodplain data. A Triangular

Irregular Netwerk (TIN) was constructed using a Delaunay triangulation routine in

Matlab, following Heritage et al. (2009). Subsequently, the TIN was interpolated

onto a grid using nearest neighbour interpolation, with a grid spacing of 0.25 m.

After interpolation, the data were transformed back to x, y-coordinates. The in-

terpolated channel and floodplain were then merged to facilitate the comparison

between all six surveys.

Deposition and erosion patterns were obtained by subtracting two subsequent

morphological surveys, yielding a DEM of Difference. Real morphological change

can be different from apparent morphological change, which may arise from uncer-

tainties in the individual DEMs, e.g. from instrumental errors or errors that arise

87



5. Chute Cutoff

Table 5.1 Overview of the six morphological measurements, showing the survey date,
the surveying equipment, the number of data points, the point density (PD) in points
m−2 and the anisotropy factor (AF) as used in the interpolation routine, specified for
the channel and floodplain data.

Measurement no. 1 2 3 4 5 6

Survey date (day) 0 64 93 133 191 231
Equipment RTK-GPS ADCP RTK-GPS RTK-GPS RTK-GPS RTK-GPS
No. data points 379 8394 956 918 742 1158
PD (all) 0.16 2.46 0.32 0.27 0.20 0.30
PD (channel) 0.25 4.09 0.44 0.34 0.31 0.45
AF (channel) 10.51 11.70 5.30 3.74 4.42 4.19
PD (floodplain) 0.12 2.21 0.24 0.24 0.15 0.24
AF (floodplain) 4.95 12.15 2.47 2.25 2.13 2.09

from the interpolation routine. The uncertainty can be established by determining

the threshold level of detection (LoD). The method by Milan et al. (2011) was

adopted to construct the spatially distributed LoD. Milan et al. (2011) account for

the increase of spatially distributed error in a DEM near steep surfaces (e.g. channel

bank edges), by inferring the relationship between the standard deviation of ele-

vation errors and local topographic roughness. The method by Milan et al. (2011)

was adjusted, by adopting a single linear regression model to obtain the spatial

standard deviation of elevation error grids. The regression model was obtained

after combining elevation errors and local topographic roughness values (Figure

5.2a), for all six surveys.

In each grid cell the LoD was obtained according to:

Ucrit = t
√

(σe,1)2 + (σe,2)2 (5.1)

where Ucrit is the critical threshold error, t is the critical Student’s value and σe1

and σe2 are the standard deviation of elevation error, for the first and second sur-

vey, respectively. The threshold value is based on a critical a Student’s t-value,

at a chosen confidence level. Following Milan et al. (2011), a confidence limit

equal to 95% was applied, which results in t ≥ 1.96 (2σ). The elevation differ-

ence between two subsequent surveys at a particular grid cell is insignificant when

zi,j(new)− zi,j(old) < Ucrit, where zi,j(new) and zi,j(old) are the elevations of the

two subsequent morphological surveys at grid cell i, j. A lower bound for the critical

threshold error was adopted, to account for the accuracy of the RTK-GPS equipment.

This lower bound was set to Ucrit = 0.04 m, which is 2 times the maximum error

of the RTK-GPS equipment.

The channel centerlines were used to determine the temporal evolution of the

planform characteristics. During each of the six surveys, the position of both channel
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Figure 5.2 Variation in elevation errors with local topographic roughness, (a) eleva-
tion errors for each measured x,y-coordinate for all six surveys, where elevation error
increases with increasing local topographic roughness, (b) standard deviation of the
elevation error for 10 classes of the local roughness. Panel (b) also includes the linear
regression model and coefficient of determination.

banks were well-defined. The position of the channel centerline was subsequently

derived from the average position of either bank. The curvature series were de-

rived from the channel centerline. Zero-crossings of the curvature series coincide

with the inflection points between the bends. The inflection points were used as

a boundary between the bends. For each bend, the sinuosity and dimensionless

wavelength were determined. The sinuosity was calculated by dividing the length

of the channel between the inflection points by the wavelength of the bend, which

is the straight-line distance between the inflection points. The wavelength was sub-

sequently divided by the constructed channel width to obtain the dimensionless

wavelength.

5.3.3 Hydrological Monitoring

Discharge data were collected downstream of the study reach at a discharge station,

indicated with Q in Figure 5.1c. The discharge estimates were acquired with a

one hour frequency. Figure 5.3 shows the discharge hydrograph over a period of

250 days. Water level data were measured at two locations along the study reach,
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Figure 5.3 Discharge hydrograph for the channel under study. The morphological
surveys are indicated with the grey and dark grey vertical lines for the GPS- and ADCP-
surveys, respectively. The chute cutoff took place in the period indicated in light grey.

indicated with WL1 and WL2 in Figure 5.1d. The water level gauges WL1 and

WL2 started monitoring 54 and 103 days after construction of the channel had

finished, respectively. Water level data were acquired with a one-hour frequency.

Longitudinal water level profiles were measured using the RTK-GPS equipment

during four of the five GPS-surveys.

5.3.4 Sediment Sampling

Grain size distributions were derived from two sets of sediment samples, taken with

a sediment core sampler (KC Denmark Kajak Model A). First, sediment samples

were taken from the channel bed and banks just after construction had finished.

Sediment samples were taken at two cross-sections along the channel in the study

area. Second, sediment samples were taken in the cutoff channel approximately one

year after the construction had finished. A total of 10 cores were taken in the cutoff

bend at the centerline of the constructed channel. At each location, the difference

between the constructed channel and deposited sediment was determined, which

ranged between 0.24 and 0.47 m below the surface. The samples were taken at

two depths between the current surface level and the constructed channel bed,

approximately at one quarter and three quarters of the depth of the deposited

sediment. Sediment samples were dried in an oven for 24 hours at a temperature

of 105◦ Celsius. Subsequently, the organic material was removed. The grain size

distribution was obtained using a laser particle sizer (Sympatec Helos KR) and
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subdivided into 57 classes, ranging from 0.12 µm to 2000 µm. The median grain

size was derived from the cumulative grain size distributions.

5.3.5 Hydrodynamic Model

A Reynolds Averaged Navier Stokes model (Delft3D), using k-ε turbulence closure,

was employed to study the flow characteristics causing deposition of the sediment

in bend 2, prior to the chute cutoff. To minimize boundary effects in the model

results in the region of interest, the model domain was extended both in lateral and

longitudinal direction. For this purpose, an additional morphological survey was

performed at day 133. The model domain covered an area with a length of 425 m

and an average width of 39 m, indicated by the dark grey colour in Figure 5.1d. The

bathymetrical data were interpolated onto a curvilinear grid, with an average grid

spacing of 2.35 m in stream-wise direction and 1.25 m in cross-stream direction. A

finer cross-stream grid spacing of 0.8 m in the channel section was used to account

for details of the bathymetry within the channel. Ten logarithmically distributed

sigma-layers were defined in the vertical direction. The horizontal eddy viscosity

was set to 2.5 m2s−1.

Discharge and water levels were imposed as upstream and downstream bound-

ary condition, respectively. To find the discharge conditions that could explain the

deposition of sediment in bend 2, a series of steady-state simulations was carried

out imposing discharges ranging between 0.1 and 5.7 m3 s−1, which corresponds

to the range of observed discharges in the period under study (Figure 5.3). In these

simulations, the water level boundary condition was derived from a discharge-water

level relation (Q-H relation), based on measured water level time series at water

level gauge WL2. The measured water level data from WL2 were extrapolated to

the downstream boundary of the model domain, based on measured water level

slopes. Figure 5.4a shows the Q-H relation and Figure 5.4b the longitudinal water

level profile.

The model calibration was performed using the measured longitudinal water

level profile from the first GPS-survey. In the calibration procedure, values of the

Manning bed roughness coefficient were varied. The 20-m long channel section

consisting of peat caused an increase in water level (Figure 5.4b), between 80 m

and 100 m along the centerline coordinate. This was represented in the model by

increasing the roughness in this area. Calibrated values of the Manning coefficient

amounted to 0.017 s m−1/3 for sand and 0.14 s m−1/3 for peat. This resulted in a

coefficient of determination of R2 = 0.97. A validation simulation was performed

using the measured longitudinal water level profile from the second GPS-survey.

This resulted in a coefficient of determination of R2 = 0.87 (Figure 5.4b).
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Figure 5.4 Input for the hydrodynamic model, with (a) discharge-water level rela-
tion (Q-H relation) and (b) the results of the calibration (dark grey) and validation
(light grey) simulations. Panel (b) shows the measured and modelled longitudinal wa-
ter level profile, including the coefficient of determination R2 as an measure of model
performance.

5.4 Results

5.4.1 Field Results

Figure 5.5 shows a sequence of 6 photos taken between 23 and 231 days after

construction of the channel. The top-left figure shows the constructed sinuous chan-

nel planform. The photo clearly shows the channel was constructed in a lowered

floodplain. Initially, the floodplain consisted of bare soil. After 95 days, the first

distinction between the constructed (cutoff) channel and chute channel became

visible. In the photo taken 161 days after construction and in subsequent photos,

this distinction becomes more pronounced. The aerial photo (day 188) gives a good

overview of the study area after the chute cutoff occurred. Vegetation started to

appear after 231 days.

Figure 5.6 shows on the left side the bathymetry from the six morphological

surveys, and on the right side the resulting erosion and deposition in the five subse-

quent periods. The first survey (day 0) shows the channel was constructed accord-

ing to a regular sinuous pattern, with a sinuosity P = 1.24. Between the first two

surveys, sediment was deposited in bend 2, with sedimentation locally exceeding

0.30 m. The third survey (day 93) shows more sediment was deposited in bend 2,

which was at that moment cutoff from the main channel. The process of sedimen-

tation of the cutoff channel continued in the subsequent period, albeit only in the

downstream limb of the cutoff channel. The third survey shows an embayment had

formed downstream of the apex of bend 2. This embayment continued to show inci-

sion into the floodplain at the fourth survey, resulting in a clear distinction between

the constructed channel (indicated with the dashed lines) and the new channel.
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day 76

FLOW

day 95

FLOW CHUTE CHANNEL
CUTOFF CHANNEL

day 23

FLOW

day 161

FLOW
CHUTE CHANNEL

CUTOFF CHANNEL

day 231

FLOW

CHUTE CHANNEL

CUTOFF CHANNEL

day 188

FLOW

CHUTE CHANNEL

CUTOFF CHANNEL

Figure 5.5 Sequence of photos from the study area. Photos are taken at 23, 76, 95,
161, 188 and 231 days after construction of the channel had finished. Flow is indicated
with an arrow. The red stars indicate the apex of bend 3.
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Figure 5.6 Digital Elevation Models and DEMs of Differences of all six morpholog-
ical surveys. The number of days indicates the time since construction of the channel
had finished. The dashed black lines indicate the location of the channel banks of the
constructed channel. The red stars indicate the apex of bend 3, as indicated in Figure
5.5. On the left side of the figure, elevation is indicated in meters above mean sea level.
On the right side of the figure, erosion is indicated in blue and deposition in red.

The newly formed channel bend migrated in downstream direction between the

fourth and sixth survey, showing both erosion at the outer bank and accretion at

the inner bank. Focusing on the upstream part of the study area, morphodynamic

developments occurred between the second and third surveys in bend 1. In the

upstream limb of bend 1, a topographic low had formed and sediment was also de-

posited around the apex of bend 1. In the subsequent surveys, only minor changes

occurred in the upstream part of the study area.

Figure 5.7 shows the temporal evolution of both the channel centerline and the
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Figure 5.7 (a) Temporal evolution of the channel centerline, which has been derived
from the morphological surveys. (b) Temporal evolution of the longitudinal bed eleva-
tion. Bed elevation is obtained at each channel cross-section by averaging the measured
cross-sectional data over the width of the channel bed, between the channel banks.

longitudinal bed elevation for all six morphological surveys. Morphological data

obtained upstream from the main study area is also included in Figure 5.7b. In both

figures, the x-axis is displayed as the length along the valley centerline. Figure 5.7a

clearly shows the cutoff occurred between the second and third survey, after which

bend 3 started to migrate in the downstream direction. When comparing the initial

and final bed levels in Figure 5.7b, it appears that sediment was deposited in the

downstream part of the study area. At the upstream end of the study area erosion

occurred. This caused a dramatic reduction of the channel gradient, from 0.96 m

km−1 to 0.20 m km−1. When looking into more detail, Figure 5.7b shows that bend

1 featured only minor changes throughout the survey period, with deposition of

sediment between the second and third survey being most apparent. The deposition

of sediment in bend 2 had already started in the second survey, which was prior to

the occurrence of the chute cutoff.

Figure 5.8 shows in red the grain size distribution of the sediment samples

taken from the constructed channel. The figure shows in blue and red the grain

size distributions of the deposited sediment in the cutoff channel, for the upper and
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Table 5.2 Statistical parameters (median grain size, kurtosis and skewness) of the
sediment samples taken in the constructed channel (day 0) and in the cutoff channel
(day 341).

median grain kurtosis skewness
size (µm) (-) (-)

constructed channel bed 218 6.9 2.3
cutoff channel (upper) 172 10.1 2.9
cutoff channel (lower) 234 9.3 2.7

lower half of the deposited sediment layer, respectively. The figure clearly shows

that the average grain size in the upper layer of the cutoff channel is finer than in

the lower layer of the channel. The grain size of the constructed channel can be

found in between the grain size distributions from for the upper and lower layers

in the cutoff channel.

Table 5.2 shows three commonly used statistical parameters to describe grain

size distributions, i.e. the median grain size, the kurtosis and the skewness. Both

the kurtosis and the skewness are lower for the samples taken in the constructed

channel. This indicates the sediment deposited in the cutoff channel is more uniform

than the sediment present in the channel directly after construction.

Figure 5.9 shows the sediment characteristics of the sediment samples taken in

the cutoff channel. Figure 5.9a shows sample locations of the 10 sediment cores.

Figure 5.9b includes the morphological evolution of the channel bed elevation in

the cutoff channel and shows sediment was first deposited in the upper limb of

the cutoff bend. Sedimentation gradually continued in the downstream direction,

until the entire cutoff channel was filled with sediment. Figure 5.9c shows in more

detail the distinction between the finer upper layer and the coarser lower layer.

The median grain size of the upper samples is finer than the grain size of the

lower samples. Besides, the panel shows a downstream fining, where the deposited

sediment is coarser in the upper limb of the cutoff channel (increased median grain

sizes), both for the upper and lower samples.

5.4.2 Model Results

Figure 5.10 shows the results from the series of steady-state hydrodynamic model

simulations, with in panel (a) the channel centerline from the first survey as a

reference. Figure 5.10b shows the average cross-sectional bed shear stress within

the channel banks, along the valley centerline. The panel also displays the critical
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Figure 5.8 Grain size distributions, with in green the grain size distribution from the
constructed channel bed, and in blue and red the average grain size distributions of the
upper and lower half of the deposited sediment in the cutoff channel, respectively.
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Figure 5.9 Results of the sediment sampling taken approximately 1 year after the
construction had finished: (a) plan view of the locations of the 10 sediment cores, (b)
longitudinal profile along the cutoff channel showing the locations of the upper (blue)
and lower (red) sediment cores and the surface level derived from four morphological
surveys, and (c) median grain sizes.
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bed shear stress:

τcr = θcr(ρs − ρ)gd50 (5.2)

where θcr is the Shields parameter (-), ρs is the density of sediment, ρ is the den-

sity of water, g is the gravitational acceleration, and d50 is the median grain size.

Attributing θcr = 0.042 (see Table 2.3 in Chapter 2), ρs = 2650 kg m−3, ρ = 1000

kg m−3, g = 9.81 m s−2, d50 = 258 µm, this results in τcr = 0.18 N m−2.

Figure 5.10b shows that the bed shear stress does not exceed its critical value

in the whole study area for discharges smaller than 0.4 m3s−1. With discharges

between 0.4 m3s−1 and 0.9 m3s−1, τcr is exceeded in bend 1, but remains smaller

in bend 2 and 3. For discharges exceeding 0.9 m3s−1, the bed shear stress in the

channel exceeds τcr in the whole study area.

Figure 5.10c reveals the reason for the apparent distinction between the up-

stream and downstream bed shear stress regimes, showing the longitudinal water

level profiles from the five steady-state simulations. For the lower discharges, the

water level profile is nearly linear. When discharge increases, the water level be-

comes bilinear, with the smallest water level slope in the downstream reach. Hence,

a backwater curve appears in the upstream water level profile. This backwater

curve is most likely caused by a bridge that narrows the floodplain width at the

downstream end of the study reach (Figure 5.1d). Deceleration of the flow in the

downstream part of the study area causes the flow velocities to decrease dramati-

cally, and consequently, a negative gradient in bed shear stresses.

These results imply that for a range of discharges (i.e. 0.4-0.9 m3s−1), bed

material is entrained in bend 1, since bed shear stress exceeds the critical value and

are increasing in downstream direction (upward gradient). Within this discharge

range, bed material is likely to be deposited in bend 2, where bed shear stresses

drop below the critical value and, moreover, are decreasing in downstream direction

(downward gradient). In the period before the chute cutoff occurred, discharges

remained for 24% of the time in this discharge range.

5.5 Discussion
Figure 5.11 shows a conceptual model of the main morphological processes that

occurred in the period between construction and chute cutoff. Figure 5.11a shows

the constructed channel planform (blue), within the lowered floodplain (yellow)

and surrounded by meadow (green). The figure also indicates the location of the

former straightened channel before re-meandering (brown), which was filled with

sediment by the water authority following the construction of the new channel.
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Figure 5.10 Results from the hydrodynamic model: (a) Constructed channel center-
line. Vertical lines indicate the inflection points for the three bends. (b) Spatial distribu-
tion of the bed shear stress for five steady state simulations, corresponding to discharges
amounting to 0.2, 0.4, 0.6, 0.9 and 1.6 m3s−1, respectively. The dashed line indicates
the critical bed shear stress τcr (Equation 5.2). (c) The corresponding longitudinal water
level profile, where the grey area indicates elevation below the channel banks.

Figure 5.11b presents a sketch of the deposition of sediment in bend 2 (red). This

caused the flow to become directed across the point bar during flood events. An em-

bayment formed at the apex of bend 2 (Figure 5.11c). The chute cutoff completed

when the chute channel incised and widened into the floodplain, and more sedi-

ment was deposited in the cutoff channel. Consequently, the chute channel acted

as the main channel, conveying the discharge most of the time (Figure 5.11d).

Prior to the cutoff event, a bar was deposited in the upstream limb of the cutoff

bend. These bar forms are known as plug bars (Fisk, 1944). Plug bars in cutoff

channels typically form in post-cutoff periods (e.g Johnson & Paynter, 1967; Hooke,

1995), when peak discharges formative for the chute channel have receded, and

moderate discharges are divided over the parallel channels. Subsequently, flow is

mainly concentrated in the steeper chute channel, causing channel incision and

widening into the floodplain. In the cutoff channel, however, flow velocities drop
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Figure 5.11 Conceptual model of the main morphological processes, showing four
stages in the development of the chute cutoff: (a) study area after construction, (b)
formation of a plug bar, (c) initial embayment formation, (d) incision of the chute
channel into the floodplain.
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Figure 5.12 Aerial photo taken 188 days after construction of the re-meandered
channel. The shaded area indicates the former straightened channel and the red ovals
the four locations along the former straightened channel where erosion is observed.

below the critical value, causing deposition of sediment in the form of a plug bar.

In this case study, the plug bar can be considered the cause of the chute event,

rather than a consequence. This finding confirms two recent laboratory experiments,

reporting on pre-cutoff plug bar formation (Peakall et al., 2007; Van Dijk et al.,
2012). In the experiments by Van Dijk et al. (2012), plug bars formed in response to

an increase of overbank flow, causing deceleration of flow velocity, similar to these

field observations. The numerical simulations in this study highlight the importance

of backwater effects, which may be particularly relevant in restored streams, where

the longitudinal water level is often influenced by downstream channel narrowing

(e.g. by bridges and weirs).
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The development of the plug bar must have been a very subtle process. The bed

shear stress should have been sufficiently high to transport sediment from upstream.

Figure 5.7 shows that erosion of the channel bed occurred at the upstream end of

the study reach, hence, sediment was available from upstream. The backwater

effect, caused by the floodplain narrowing near the end of the study reach, caused

a downward sloping gradient in bed shear stresses in bend 2 (Figure 5.10). The

combination of the available sediment from upstream and the resulting spatial

variation of bed shear stresses caused by the backwater effect may explain why the

plug bar formed in bend 2 (Figure 5.11b).

Figure 5.11c shows the initial chute formation coincides with a location where

the former channel used to be located. The former channel was filled with sediment

prior to the construction of the new channel. It is very likely that the sediment fills in

the former channel were less consolidated than the rest of the floodplain. Therefore,

the corresponding floodplain area was prone to erosion. The aerial photo in Figure

5.12 clarifies this observation. The photo shows that at several other locations,

especially upstream from the main study area, erosion occurred in the floodplain

where the former straightened channel used to be.

The deposition of sediment in the upstream limb of the bend to be cutoff and

the location of the initial embayment show similarities with processes related to

channel avulsions. A channel avulsion is the relatively rapid transfer of river flow

out of an established section of the channel belt and into a new flow pathway on

the adjacent floodplain (Mohrig et al., 2000). An avulsion occurs when a new chan-

nel pathway is available which has gradient advantages over the existing channel

pathway (Slingerland & Smith, 2003). The presented chute cutoff event may be

interpreted as a local avulsion, which is an avulsion that forms a new channel in

the adjacent floodplain, and rejoins the channel at a downstream location (Heller

& Paola, 1996).

The processes that led to the chute cutoff in this case study (Figure 5.11b and

5.11c) may be related to the processes as observed in channel avulsions. Avulsions

are often observed in net-depositional channels, e.g. anastomosing rivers and river

deltas (Makaske et al., 2002; Jerolmack & Mohrig, 2007). Besides, it has been

recognized that avulsion frequency increases, with increasing upstream sediment

supply (Ashworth et al., 2004). In a river, net-deposition may also occur when the

discharge pattern changes or when the channel gradient decreases (Slingerland &

Smith, 2003). In meandering rivers, the latter may related to sinuosity increase (due

to meander migration) or base-level rise. Observations have shown that avulsion

frequency increases when rivers are subject to base-level rise, eventually, resulting

in channel bed aggradation (Törnqvist, 1994; Ethridge et al., 2009). These findings
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show similarities with the consequences of the backwater effect in this case study.

An avulsion may occur, when the channel bed level is not far below or even above

the elevation of the adjacent floodplain (Mohrig et al., 2000). The actual avulsion

may be triggered by a flood event (Slingerland & Smith, 2003). Similar to chute

cutoffs (Constantine et al., 2010), the new channel is commonly located at the outer

banks of meander bends, where flow velocities are high, confining levees are narrow,

and flood flows impinge the banks at high angles (Slingerland & Smith, 2003). It

has also recognized that avulsions occur at locations where erodible substrate and

active and abandoned floodplain channels are present (Aslan et al., 2005).

Existing studies on post-cutoff morphodynamics describe the sequence of mor-

phological developments in the chute channel following the cutoff, showing bed

scour followed by a period characterized by extensive bank erosion and lateral

channel migration (Hooke, 1995; Fuller et al., 2003) and channel widening (Zinger

et al., 2013). These observations agree with the current observations. After the

initial chute channel had formed, the channel gradually incised and widened into

the floodplain. The channel bend migrated in the downstream direction, consistent

with previous observations (Hooke, 1995; Fuller et al., 2003).

This case study also presents the morphological evolution before and during the

cutoff. Figure 5.13 shows the temporal evolution of the sinuosity and dimensionless

wavelength over the whole study period. The cutoff occurred in bend 3, which

is clearly visible from the evolution of the sinuosity. No change of sinuosity was

observed between the first two morphological surveys. The chute cutoff roughly

occurred between survey 2 and 3, causing a reduction of the channel sinuosity. The

sinuosity reduced until survey 4, after which it increased. Bend 3 shows a reducing

dimensionless wavelength over the whole study period. In bend 2, a reduction of

the sinuosity is observed from survey 2 to 5 and an increase of the dimensionless

wavelength. In bend 1, no significant changes were observed for the sinuosity and

dimensionless wavelength.

In bend 3, the most significant difference between the constructed planform

geometry and the geometry after the chute cutoff occurred is the reduced dimen-

sionless wavelength. The channel sinuosity at survey 6 nearly equals the constructed

sinuosity of this bend. Chapter 6 includes the morphological evolution of this stream

restoration project in the following year after survey 6. The results of the subse-

quent morphological surveys show that only minor changes occurred with respect

to the channel centerline. The temporal evolution of the characteristics of cutoff

bend (bend 3) clearly show that the process of channel cutoff occurred in the same

rate as channel recovery.
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5.6 Conclusions

In a restored lowland stream, subject to a relatively natural, flashy discharge, a

chute cutoff occurred within three months after construction of a stream restoration

project. As part of a research project to establish post-project morphological changes

in this stream restoration project, a detailed monitoring plan was implemented.

This allowed for an unprecedented opportunity to analyse the bathymetry before,

during and after the chute channel formation. The field results confirm the following

inferences from previous, more indirect studies: (1) sediment was deposited in the

upstream limb of the cutoff channel, prior to the cutoff event, (2) an embayment

formed along the outer bank, upstream of the meander that underwent cutoff, (3)

the chute channel incised and widened into the floodplain, and (4) the deposited

sediment in the cutoff channel showed upward fining.

Similar to recent laboratory experiments, a plug bar formed prior to the chute

cutoff. The plug bar formed in response to a backwater effect, caused by a narrowed

cross-sectional shape at the downstream end of the study area. The embayment,

triggering the chute cutoff, initiated at a location where the former channel was

located, i.e. where the erosion resistance may expected to be low. An aerial pho-

tograph reveals that the morphological response is markedly different in the areas

where the former channel was located. The main morphological process that led to
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the chute cutoff, i.e. agradation of the channel bed, shows similarities with processes

that have been observed in channel avulsions, which occur in net-depositional river

systems. The results of this case study may be relevant for the initial period after

the construction of a stream restoration project. Often channel slope reduction is

observed in the initial period after construction, mainly due to loose sediment and

an inappropriate initial channel slope. Under specific circumstances, the reduction

of the channel slope may lead to chute cutoffs or other pronounced morphologi-

cal changes, which potentially may be a thread for adjacent agricultural fields and

structures.
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6. Riparian Vegetation

6.1 Introduction
Riparian zones play an essential role in restoration of aquatic systems (Naiman &

Décamps, 1997) and are have strong control on fluvial landforms (Corenblit et al.,
2007). Stream restoration in the Netherlands increasingly involves the develop-

ment of riparian zones along the restored channel reaches. These riparian zones

are constructed to accommodate water during flood events, and to improve the

connection between aquatic and terrestrial ecology. This chapter will focus on the

effect of riparian vegetation on meander morphodynamics in a restored lowland

stream.

Riparian vegetation adds strength to the soil. Root mass is linearly related to soil

shear strength, such that even low root densities can provide a substantial increases

in shear strength of the soil matrix. Root-reinforced soils are more resistant to defor-

mation and failure than bare soils (Abernethy & Rutherfurd, 2001). The stabilizing

effect of riparian vegetation has an impact on meandering of rivers and streams

at various spatial scales. The importance of riparian vegetation in contributing to

channel bank stability is widely recognized (e.g., Simon & Collison, 2002; Pollen-

Bankhead & Simon, 2009). The mechanical effect of riparian vegetation causes an

increase of bank stability, through the increase of tensile strength of the soil. On the

other hand, hydrological processes could cause a decrease of bank stability, includ-

ing increase of pore-water pressure due to higher infiltration through macropores

(Simon & Collison, 2002).

River meandering processes may induce variation in riparian vegetation biomass

density (Perucca et al., 2006). Perucca et al. (2007) constructed a process-based

vegetation model, coupled with a fluid dynamics model. Their results show that

riparian vegetation is potentially responsible for changes in meander planform

characteristics, including wavelength and skewness. On a reach scale, riparian veg-

etation affects channel patterns. Recently, laboratory experiments have shown how

riparian vegetation may stabilize floodplain material, causing initial braided chan-

nel patterns to shift towards single-thread (meandering) channels (Gran & Paola,

2001; Braudrick et al., 2009; Tal & Paola, 2010). Van de Wiel & Darby (2004)

studied morphological developments at the reach-scale in a numerical model. They

showed that riparian vegetation density and root structure were the most influential

parameters controlling reach-scale morphodynamics.

Details of hydrological disturbances, such as duration, intensity, frequency and

extent of floods, include the most important factors influencing riparian vegetation

development (Pedersen et al., 2006; Merritt et al., 2010). Biological and chemical

processes form secondary controls on species presence and abundance (Gurnell

106



6.1. Introduction

et al., 2012). The influence of hydrological disturbances on riparian vegetation is

most apparent in lowland areas, where floodplains are typically broad and flat. In

these areas, species-specific responses to hydrological disturbances are related to

soil moisture/oxygenation, sediment deposition, the frequency and duration of inun-

dation, and the erosive action of flooding (Ward et al., 2002). Each riparian species

has a different tolerance and growth response to hydrological disturbances (Gurnell

et al., 2012). These differences affect the spatial distribution of species according to

topography, sediment texture and landform stability within the riparian zone, both

in lateral (Johnson et al., 1995; Naiman et al., 2005) and longitudinal direction

(Bertoldi et al., 2011). In a stochastic model study, Camporeale & Ridolfi (2006)

showed how random variation in river discharges results in lateral variability of

the distribution of riparian vegetation. Camporeale & Ridolfi (2010) extended this

model with a physically-based morphodynamic model (Zolezzi & Seminara, 2001).

They showed that active meander processes affect the development of riparian veg-

etation, especially in high-curvature bends. This chapter zooms into a low-energy

stream environment, showing how riparian vegetation may have contributed to the

morphodynamic developments that occur in an initial, pre-vegetation stage after

construction of the channel.

Serial digital elevation models (DEMs) offer the opportunity to quantify reach-

scale morphological change. Several survey techniques have been used to collect

topographic data for DEM construction in fluvial environments, including total sta-

tion (Fuller et al., 2003), ground-based GPS (Brasington et al., 2003), photogram-

metry (Lane et al., 2010), unmanned radio-controlled platforms (Lejot et al., 2007),

Terrestrial Laser Scanning (TLS; Wheaton et al., 2013) and airborne LiDAR (Croke

et al., 2013). Temporal morphological changes could be detected when a study

reach is surveyed more than once. A DEM of Difference (DoD) may quantify mor-

phological changes when comparing two serial DEMs (Lane et al., 2003). DoD in

braided rivers have been extensively applied on reach-scale (e.g., Lane et al., 2010;

Wheaton et al., 2010a, 2013). DoD analysis in meandering rivers is often restricted

to bend-scale (e.g., Gautier et al., 2010; Kasvi et al., 2013), although there are sev-

eral exceptions in meandering rivers (Fuller et al., 2003; Erwin et al., 2012; Croke

et al., 2013). Until now, DoD analyses are typically based on annual (e.g., Wheaton

et al., 2013) or bi-annual surveys (Fuller et al., 2003; Lane et al., 2010). The low

temporal resolution can cause erosional and depositional patches to overlap, com-

plicating sediment budget estimation. Besides sediment budget estimation, DoD

analysis has been used to relate individual erosional and depositional patches to

morphological and ecological processes (e.g., Grove et al., 2013; Wheaton et al.,
2010b), often called DoD segregation.

107



6. Riparian Vegetation

A field study is presented, based on 14 high-resolution surveys over a period of

almost two years. The study focussed on a reach-scale study site, covering three me-

ander bends and the adjacent floodplain. Morphological and terrestrial ecological

data are combined, under varying discharge conditions. The field study is performed

in a stream restoration project. Stream restoration projects are rarely subject to

monitoring schemes combining morphological, hydrological and ecological surveys,

although there are exceptions (e.g., Gurnell et al., 2006). The objective is to estab-

lish and understand the morphological response of a restored lowland stream to

riparian vegetation development and varying discharge conditions.

6.2 Study Area
In October 2011 a stream restoration project was realized in a small lowland stream,

the Lunterse Beek, located in the central part of the Netherlands (52◦ 4' 46" N, 5◦

32' 30" E), see Figure 6.1. A straightened channel was replaced by a new channel

with a sinuous planform. The course of the new channel crosses the former channel

at several locations (Figure 6.1c). The new channel was constructed with a width

of 6.5 m, a depth of 0.4 m and a longitudinal slope of 0.96 m km−1. A lowered

floodplain surrounded the channel, with an average width of 20 m, see Figure 6.1d.

The bed material mainly consists of fine sand, with a median grain size of 258 µm.

Figure 6.1b shows the location of the study area in the catchment. The catch-

ment has an area of 63.6 km2. The elevation within the catchment varies between

3 to 25 m above mean sea level. The study area is located in a mildly sloping area.

The subsurface of the catchment mainly consists of aeolian-sand deposits. The av-

erage yearly precipitation amounts to 793 mm (KNMI, 2014). The average daily

discharge amounts to 0.33 m3 s−1 and the peak discharge during the study period

was 6.46 m3 s−1.

A chute cutoff occurred within 3 months after realization of the stream restora-

tion project, which has been described in Chapter 5. Prior to the cutoff, a plug bar

was deposited in the bend to be cutoff. Hydrodynamic model results show that the

location of the plug bar coincides with the region where flow velocity drops below

the threshold of sediment motion, indicating the sediment deposition was caused

by a backwater effect. Upstream from the plug bar, an embayment formed in the

floodplain at a location where the former channel was located. The former channel

was filled with sediment prior to channel construction. The sediment fills originated

from other parts of the study area, where excess sediment was available from the

construction of the new channel. It is likely that the sediment at this location was

less consolidated, and therefore, was prone to erosion. The chute channel continued
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Figure 6.1 Overview of the study area: (a) location of the study area in the Nether-
lands, (b) elevation model of the catchment (Actueel Hoogtebestand Nederland, AHN;
Van Heerd et al., 2000), (c) planform of the restored reach, with the squared marker
indicating the location of the discharge station (Q), and (d) sketch of the study area,
indicating the location of the water level gauges (WL1 and WL2) and the approximate
extent of available terrestrial photos (grey-shaded triangle, Figure 6.8).

to incise and to widen into the floodplain and, after 6 months, acted as the main

channel, conveying the discharge during the majority of time.

6.3 Material & Methods

6.3.1 Morphological Monitoring

The temporal evolution of the bathymetry has been monitored over a period of

almost two years. Morphological data were collected in the area within the lowered

floodplain over a length of 180 m, indicated by light grey in Figure 6.1d. Morpho-

logical data were collected with an average frequency of 52 days, using Real Time

Kinematic (RTK) GPS-equipment (Leica GPS 1200+ for the surveys 1-13 and Leica

Viva GS10 for survey 14) to measure surface elevation with an accuracy between 1

and 2 cm. The surface elevation data were collected along cross-sections between

the two floodplain edges. The survey strategy proposed by Milan et al. (2011) was
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Table 6.1 Overview of all morphological measurements, with point density (PD,
points m−2) and anisotropy factor (AF) as used in the interpolation routine, specified
for the channel (ch.) and floodplain (fp.) areas, respectively.

Survey Survey No. data PD (all) PD (ch.) AF (ch.) PD (fp.) AF (fp.)
no. date (day) points

1 0 379 0.16 0.25 9.74 0.12 4.59
2 93 956 0.32 0.44 5.04 0.24 2.35
3 133 918 0.27 0.34 3.57 0.24 2.15
4 191 742 0.20 0.31 4.24 0.15 2.04
5 231 1158 0.30 0.45 4.19 0.24 2.09
6 288 1376 0.35 0.53 4.42 0.29 2.15
7 341 1296 0.32 0.50 4.04 0.26 1.86
8 377 1655 0.42 0.62 3.56 0.35 1.68
9 426 1484 0.39 0.58 3.50 0.31 1.64
10 454 1472 0.36 0.55 4.12 0.30 2.03
11 489 1420 0.35 0.51 4.08 0.29 2.05
12 525 1462 0.37 0.56 4.66 0.29 2.15
13 558 1256 0.31 0.50 4.08 0.24 1.77
14 672 1501 0.44 0.85 10.66 0.23 2.67

followed, focusing on breaks of slope. Following this strategy, the point-density was

increased in the vicinity of steep slopes (e.g. channel banks), and decreased the

point-density on flat surfaces (e.g. floodplains). Digital Elevation Models (DEMs)

and DEMs of Difference (DoDs) of each of the fourteen datasets were constructed.

The same method was used as described in Section 5.3.2. Table 6.1 lists the point

density and anisotropy factors for all fourteen surveys, specified for the channel

and floodplain sections.

6.3.2 Quantifying Morphological Activity

Morphological activity was quantified for the study area as a whole, and for isolated

geomorphic zones. The study area was segregated into four geomorphic zones:

channel bank, channel bed, floodplain, and cutoff channel. Figure 6.2a shows an

example of the distribution of each of the four geomorphic zones in the study area,

for period (4-5), day 191-231. Segregation of each of the four geomorphic zones

was accomplished as follows. The channel bank mask is defined as the zone between

the channel bank lines of two subsequent surveys, plus a strip of 0.5 m width on

either side of the zone. The channel bed mask is defined as the zone between the

two channel bank masks. The remainder of the grid domain is labelled as floodplain,

with the cutoff channel considered as a separate geomorphic zone. Finally, each

of the patches of morphological change was attributed to one of the geomorphic

features (Figure 6.2b).
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Figure 6.2 Segregation of geomorphic zones, for period (4-5). (a) Masks of each
of the four geomorphic zones, including channel bank (orange), channel bed (purple),
floodplain (green), and cutoff channel (brown). (b) Resulting segregation.

Two methods were applied to quantify morphological activity. First, the vol-

umetric change in sediment storage was determined. Volumetric change in sed-

iment storage was determined by multiplying the elevation change by the grid

cell area, distinguishing gross erosion and gross deposition. Net sediment change

was determined by subtracting gross erosion from gross deposition. Second, The

root-mean-square elevation difference was determined:

RMSD =

√∑
(zi,j(new)− zi,j(old))2

n
(6.1)

where zi,j is the elevation in grid cell i, j of the DEM and n is the number of

grid cells. The volumetric change in sediment storage and the root-mean-square

elevation difference were expressed as a rate of change, by dividing both quantities

by the time between two successive surveys.

6.3.3 Hydrological Monitoring

Discharge data were collected downstream of the study reach at a discharge mea-

surement weir, indicated with Q in Figure 6.1c. Discharge estimates were acquired

with a one-hour frequency. Water level data were collected at a water level gauge

in the study area, indicated with WL1 in Figure 6.1d. The water level gauge started

monitoring 103 days after construction of the channel. The water level gauge was

accidentally placed in the cutoff channel. After day 288, the water level gauge was

moved to a new location, on the other side of the floodplain, indicated with WL2

in Figure 6.1d. Water level data were acquired with a one-hour frequency. Longitu-

111



6. Riparian Vegetation

dinal water level profiles were measured with RTK-GPS equipment during thirteen

of the fourteen morphological surveys.

6.3.4 Riparian Vegetation

The restored stream was constructed in bare soil. Riparian vegetation started to

develop halfway the first year. The spatial distribution of the riparian vegetation

was obtained from two aerial photographs, taken at day 289 (July 2012) and at

day 636 (July 2013). The aerial photographs were taken with a 25 cm resolution.

Figure 6.3a shows an example of the aerial photograph taken at day 289. The

aerial surveys also included Colourized Infra-Red (CIR) images (Figure 6.3b), which

contain data from the Near Infra-Red (NIR) wavelengths (0.78-3 µm). With these

data the riparian vegetation development at these two dates was quantified with

the Normalized Difference Vegetation Index (NDVI):

NDVI =
NIR−VIS

NIR + VIS
(6.2)

where NIR is the intensity of the Near Infra-Red wavelengths and VIS is the inten-

sity of the VISible red wavelengths. Equation 6.2 was applied to the entire image,

from which the spatial variation of the NDVI within the study area was obtained.

NDVI varies between -1.0 and 1.0. Positive values generally correspond to vegeta-

tion, whereas negative values correspond to water, or other media that adsorb the

infra-red wavelengths (Clevers, 1988).

Figure 6.3c shows the NDVI, from the first aerial survey, for the study area

and surrounding agricultural fields and roads. The panel clearly shows positive

values for the pasture area on the north-side of the study area. Negative values are

obtained inside the channel and on the road, on the south-side of the study area.

The obtained NDVI values within the study area are in a range of 0 to 0.2, which is

associated with bare soil (Holben, 1986). Nevertheless, the aerial photo and field

observations show that vegetation was present in the study area, where positive

NDVI-values corresponded to vegetation. Therefore, further analysis only considers

the areas where a positive NDVI-values is obtained.

6.4 Results

6.4.1 Morphodynamics

Figures 6.4 and 6.5 show the DEMs and DoDs of the fourteen morphological surveys,

respectively. The first three surveys (day 0, 93 and 133) show the sequence of
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Figure 6.3 An example of the first aerial photograph from which the NDVI was deter-
mined, showing (a) the RGB-image (Red, Green, Blue), (b) the CIR-image (Colourized
Infra-Red), and (c) the NDVI. In panel (c), the green coloured areas indicate positive
NDVI-values and orange coloured areas indicate negative NDVI-values. All images have
a 25 cm resolution.

morphological changes that capture the chute cutoff event. The first DoD (day 0-

93) shows deposition of sediment on the channel bed, which is associated with the

formation of a plug bar (Chapter 5). An initial embayment had formed upstream

from the bend to be cutoff. The actual cutoff occurred in the second period (day

93-133), where a new channel incised into the floodplain. In the subsequent period

(day 133-231), the morphological changes occurred mainly in the bend at the

downstream end of the study area. During this period, in this bend both erosion

of the outer bank and accretion in the inner bank were observed. Maximum bank

erosion amounted to 2.5 m between day 133 and 191 (2.6 channel widths per

year). Subsequently, there was a period of little morphological change (day 231-

288). In the last period (day 341-672), morphological changes were restricted to
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Figure 6.4 Digital Elevation Models (DEMs) of all fourteen morphological surveys.
The number of days indicates the time since construction of the channel. The dashed
black lines indicate the location of the channel banks of the constructed channel. The
solid black line surrounding the DEMs indicates the extent of the seventh morphological
survey (day 341). Elevation is indicated in meters above mean sea level.

the channel bed and banks. Maximum bank erosion amounted to 0.7 m between

day 341 and 377 (1.2 channel widths per year). At that time, little morphological

change was observed in the floodplain.

Overall, dynamics of the bed level is highest in the downstream half of the

study area. Figure 6.4 clearly illustrates the channel bed incision of the bend at the

downstream end of the study area, in the period following the chute cutoff. The

upstream half of the study area did not show pronounced morphological changes.

Apart from occasional changes in the channel bed, no structural bank erosion or

accretion was observed.

Figure 6.6 shows the sediment budget, derived from the DoDs (Figure 6.5).
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Figure 6.5 DEMs of Difference (DoDs) of all thirteen periods between the fourteen
morphological surveys. The number of days indicates the time since construction of
the channel. The dashed black lines indicate the location of the channel banks of the
constructed channel. The solid black line surrounding the DEMs indicates the extent of
the seventh morphological survey (day 341). Erosion is indicated in blue and deposition
in red. The DEM of the first of the two DEMs is shown in grey-scale.

Figure 6.6a shows volumetric change over the study area as a whole, aggregated for

regions of erosion and deposition, and net change. Figure 6.6b shows the volumetric

change, subdivided per geomorphic zone. Considering the study area as a whole

(Figure 6.6a), a shift from net deposition to net erosion is observed. In the first

period (1-2), deposition is mainly caused by the deposition of sediment in the

channel bed and the cutoff channel. This is followed by a period (2-4) of limited

net change, where bank erosion is balanced by net deposition in the rest of the

study area. From the fifth survey onwards, the sediment balance shifts towards net

erosion. Channel bed processes (channel bed incision) are the dominant contributor

to the net erosion of sediment in the study area.
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Figure 6.6 Temporal evolution of the volumetric change in sediment storage. (a)
Volumetric change in sediment storage (m3 day−1), for regions of deposition (red),
erosion (blue), and net change (black). (b) Volumetric change in sediment storage
(m3 day−1), specified per geomorphic feature, with channel bank (orange), channel
bed (purple), floodplain (green), and cutoff channel (brown). The dashed vertical lines
indicate the surveying moments, the numbers at the top of the figure correspond with
the numbers in Table 6.1.

Figure 6.7 Riparian vegetation cover derived from aerial photographs taken on (a)
day 289 (July 2012) and (b) day 636 (July 2013). The two panels only show the positive
NDVI values, with the DEM from survey 6 and survey 12 in grey-scale as a reference.
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6.4.2 Riparian Vegetation Development

Figure 6.7 shows the positive values of the NDVI in the study area, obtained from

the two aerial photographs. The figure clearly shows that riparian vegetation cover

increased from the first to the second year. Riparian vegetation cover (observed

as a positive NDVI-value) amounted to 56% of the study area in the first year and

77% of the study area in the second year. At the time of the first aerial photograph,

riparian vegetation covered 33% of the channel bank zone, 3% of the channel bed

zone, 80% of the floodplain zone, and 57% of the cutoff channel zone. This shows

riparian vegetation did not develop as abundantly in the cutoff channel as in the rest

of the floodplain. There is also a clear distinction between channel (bed and bank)

and floodplain. At the time of the second aerial photographs, riparian vegetation

covered 84% of the channel bank zone, 22% of the channel bed zone, 97% of the

floodplain zone, and 92% of the cutoff channel zone. The cover increased in all

geomorphic zones, where the channel bank, floodplain, and cutoff channel zone

were almost totally covered with riparian vegetation.

Figure 6.8 shows the series of fourteen oblique terrestrial photos taken from

the location indicated in Figure 6.1d. Just after construction had finished at day 0

(first photo of row one), riparian vegetation was visible on the left channel bank.

Overall, riparian vegetation was absent in the floodplain. In the subsequent period,

until day 161 (third photo of row one), no change in riparian vegetation coverage

was observed. Riparian vegetation started to develop around day 231 (first photo

of row two). Some patches of riparian vegetation were emerging in the floodplain

and at the channel banks. The development of riparian vegetation continued in the

following period and a maximum riparian vegetation coverage was observed at day

341 (last photo of row two). At that moment, the floodplain was almost entirely

covered with riparian vegetation. Only in the cutoff channel, riparian vegetation

did not develop as abundantly as in the floodplain, see also Figure 6.7a. In the

period until the end of the study period, from day 377 (first photo of row three)

until day 558 (the last photo of row four), the riparian vegetation cover started to

decrease, approximately to a level similar to the situation between day 231 and

288. The riparian vegetation cover started to increase again from day 558 onwards.

This resulted in the maximum riparian vegetation cover at the end of the survey

period, at day 672 (the last photo of row five).

6.4.3 Morphodynamic Regime Change

Figure 6.9 combines the data obtained from the morphological surveys, terrestrial

photos and discharge measurements. Figure 6.9a shows morphological change (m
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Figure 6.8 Series of fourteen oblique terrestrial photos taken from the location indi-
cated in Figure 6.1d, except for the third photo (day 161), which was taken from the
other side of the floodplain.
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Figure 6.9 Temporal evolution of: (a) the rate of morphological change (m year−1)
for the study area as a whole (black diamonds), and specified per morphological feature,
with channel bank (orange triangles), channel bed (purple squares), floodplain (green
circles), and cutoff channel (brown triangles), and (b) discharge hydrograph (m3 s−1).
The green shaded colours indicate the riparian vegetation coverage, estimated from
Figure 6.8. The dashed vertical lines indicate the surveying moments, the numbers at
the top of the figure correspond to the numbers in Table 6.1.

year−1), which has been derived from Figure 6.5, with Equation 6.1. Figure 6.9b

shows the discharge hydrograph, obtained from the measurement weir located 360

m downstream from the study area. The temporal evolution of the morphological

change (black diamonds in Figure 6.9a) shows that the RMSD-metric of morpho-

logical change was relatively high in the first two periods (1-3). In the subsequent

period, morphological changes show a decreasing trend until period (6-7). In the

final period, incidental peaks are observed during periods of increased discharges,

i.e. in period (7-8) and (9-10).

From Figure 6.9a it appears that the study period can be divided into two stages.

The first stage can be considered an apparent morphological disequilibrium. The

interval between surveys 1 and 3 is largely dominated by the chute cutoff event,

which is followed by an interval until survey 5 that is dominated by channel bank

processes. The second stage can be considered to be a morphodynamic equilibrium,
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in the sense that the reach-scale morphology has stabilized. Both channel bank and

channel bed processes dominate morphological change in the latter stage. During

the whole study period, morphological changes in the floodplain contributed only

slightly to the overall changes in the study area.

The temporal development of riparian vegetation, indicated with the green

shaded colours in Figure 6.9, shows reach-scale riparian vegetation development

from day 231 onwards. A maximum riparian vegetation coverage is observed in

period (7-8), which corresponds with the photo taken on day 341 (Figure 6.8, last

photo on row two). In the subsequent period, until the end of the study period, a

decrease of riparian vegetation cover is observed. In Figure 6.9b, two periods of

extremely high discharges occurred, i.e. in period (1-2) and period (9-10), from

which the discharge peaks have a return period of 120 days and 180 days per year,

respectively. The discharge peaks are associated with high-intensity precipitation

events, which is commonly observed in regulated lowland catchments.

6.5 Discussion
Figure 6.9 shows an initial stage of morphological disequilibrium, when rates of

morphological change are relatively high, without showing a clear response to

discharge variation. In the subsequent near-equilibrium stage, a clear response to

the varying discharge is evident. To investigate the degree in which morphological

activity is in response to discharge variation, values of the RMSD were related to

time-averaged dimensionless bed shear stress (Shields stress) θ (-). The Shields

stress is defined as:

θ(t) =
SR(t)

d50s
(6.3)

where S is the longitudinal water level slope, R(t) is the hydraulic radius (m),

d50 is the median grain size (m), and s = (ρs − ρ)/ρ is the relative submerged

specific gravity of the sediment (-), with ρ = 1000 kg m−3 the density of water

and ρs = 2650 kg m−3 the density of sediment. The average longitudinal water

level slope S was used, which was calculated from the eleven last water level

profiles from the GPS-surveys, excluding the two pre-cutoff water level profiles.

An average water level slope of 0.49 m km−1 was obtained. The hydraulic radius

R(t) was obtained by dividing the cross-sectional flow area A(t) by the wetted

perimeter P (t), obtained from the cross-section at the location of the water level

gauge. Equation 6.3 was applied to the discharge and water level time-series and

averaged between two successive morphological surveys, to obtain an estimate of

the time-averaged Shields stress per period.
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Figure 6.10 Linear regression between time-averaged Shields stress (-) and the root-
mean-square elevation difference (RMSD; m year−1) for the study area as a whole. The
filled and open markers correspond to the pre-vegetation and post-vegetation stages,
respectively. The solid black line denotes the linear regression curve for the period
after vegetation emerged (5-14). The grey-shaded area indicates the extent of the 95%-
confidence interval of the regression model.

A linear regression model was determined, relating the RMSD to time-averaged

Shields stress for the study area as a whole. The linear regression model was deter-

mined for the period after vegetation emerged (5-14) only. Evaluation was based on

the hypothesis that morphological activity in the period prior to vegetation growth

was significantly different from the period after vegetation emerged. Additionally,

the 95%-confidence interval was determined based on the Student’s t-distribution,

with the degrees of freedom corresponding to the number of periods after vegeta-

tion emerged.

Figure 6.10 shows the results from the linear regression between RMSD and

time-averaged Shields stress. The RMSD in a certain period is significantly different

from the linear regression model when the value is outside the 95%-confidence in-

terval. Considering the study area as a whole, the whole period prior to vegetation

growth is outside the 95%-confidence interval. These results suggest that the mor-

phodynamic behaviour during the period prior to vegetation growth is significantly

different from the period after vegetation emerged.

Chapter 5 showed that active meander processes occurred in the initial period

prior to vegetation growth, including a chute cutoff and meander migration. In the

subsequent period, when riparian vegetation started to emerge, the active meander

processes were less pronounced, although localized bank erosion was observed.

From Figure 6.6 it appears that study period can be subdivided into an initial pe-

riod of net-deposition (1-5) and a latter period of net-erosion (5-14). The active

meandering processes as observed in the period prior to vegetation growth may be

related to an imbalance of sediment in- and output. Variation in sediment supply
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have been related to channel patterns, where increased sediment supply in a river

may result in a braiding planform, whereas reduced sediment supply in a meander-

ing planform (Church, 2006; Kleinhans, 2010). In this case study, the difference

between the two periods may be explained by the difference in sediment supply. In

the initial period the channel may have acted as a meandering river due to exces-

sive sediment supply. Data collected upstream from the study area showed channel

incision in the first year (Figure 2.4, Chapter 2). Subsequently, the sediment sup-

ply decreased and the channel may have acted as a laterally stable sinuous river.

The marked difference between the two periods of morphological behaviour may

coincidentally corresponded with the growing season of the observed riparian veg-

etation. Nevertheless, riparian vegetation may have played a substantial role in the

processes that led to the morphological regime change, which is discussed below.

This study was part of a multidisciplinary research project, which included

aquatic and terrestrial ecological surveys. Upstream from the current study reach,

riparian vegetation species were mapped in three cross-sections, respectively at 17

m, 84 m, and 120 m from the study area. In each cross-section, species cover was

mapped in five rectangular plots (25 × 50 cm), located on the channel bed (1 plot),

at the channel bank toe (1), in the floodplain (2) and on the floodplain edge (1).

Data from two plots per cross section were used in the present study to estimate the

dominant species. The two plots were located in the floodplain at 2.7-5.5 and 7.9-

11.7 m from the channel banks, respectively. Coverage of the riparian vegetation

species was estimated twice, at day 339 (September 2012) and 645 (July 2013),

respectively.

The dominant species (average cover > 10%) in 2012 were Juncus articulatus
(Jointed Rush) and Juncus bufonius (Toad Rush). Juncus articulatus was also among

the dominant species in 2013, which also included Juncus effusus (Soft Rush) and

Trifolium repens (White Clover). The observed species and their characteristics are

summarized in Table 6.2. All species are classified as herbaceous vegetation and

are perennial, rather than annual. The growing season of the dominant species

are roughly from June to September, which explains the maximum coverage in

September as observed in Figure 6.8 (last photo of row two). Root depths vary

between less than 10 centimetres to 100 centimetres. The presented root depth

values are valid for full grown specimens. It is likely that the root depths for the

observed vegetation in this case study were shorter.

The most dominant species are all classified as herbaceous vegetation. The root

structure of herbaceous vegetation differs from other vegetation types, such as

shrubby and woody vegetation. Herbaceous vegetation shows a more graminoid-

shaped root structure, including fibrous roots (Wynn et al., 2004; Burylo et al.,
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Table 6.2 Characteristics of the most dominant riparian vegetation species found on
the channel banks and in the floodplain, including location where the species were found,
average cover (%), lifetime, growing season, and root depth. The presented characteris-
tics were obtained from http://www.wilde-planten.nl/ (Wilde planten in Nederland
en België; Wild plants in the Netherlands and Belgium).

scientific name cover (%) lifetime growing season root depth

September 2012
Juncus articulatus 19 perennial Jun-Sep 10-20 cm
Juncus bufonius 22 annual Jun-Sep < 10 cm

July 2013
Juncus articulatus 14 perennial Jun-Sep 10-20 cm
Juncus effusus 14 perennial Jun-Aug < 100 cm
Trifolium repens 28 perennial May-Oct 10-50 cm

2011). On the other hand, shrubby and woody vegetation include a tap-like root

system, without fibrous roots (Burylo et al., 2011). The differences in root struc-

ture cause differences in erosional resistance. Recent studies, in other geographical

regions, have shown that herbaceous vegetation provides more soil reinforcement

and is more efficient in improving aggregate stability than shrubby and woody vege-

tation (Burylo et al., 2011; Fattet et al., 2011). The advantages in erosion resistance

for herbaceous vegetation are most effective in the top soil layer (< 30 cm; Wynn

et al., 2004). Previous studies have demonstrated that herbaceous vegetation types

are among the first to (re)colonize the substrate, after environmental disturbance

or land restoration (Cammeraat et al., 2005; Burylo et al., 2007). Although most of

these studies were performed in different geographical regions and within different

climates, these results show that herbaceous vegetation may have a significant im-

pact on soil stability. The influence of herbaceous vegetation on bank stability may

be even more relevant for lowland streams, due to their low channel depths. The

temporal rate in which riparian vegetation has colonized the lowered floodplains

confirms a previous study (Gurnell et al., 2006). For future research, it may be

worthwhile to study the rate in which riparian vegetation is able to colonize and

stabilize the floodplain and channel banks after stream restoration measures are

implemented.

At longer time scales, shrubby and woody vegetation will most likely colonize

the channel banks in lowland streams. In September 2011, four morphologically

undisturbed lowland streams were visited in central Poland (Figure 6.11). Visual

observations in these morphologically undisturbed lowland streams show that the

channel banks are dominated by vegetation, including herbaceous (panel (a) and

(b)) and woody vegetation (panels (a), (c) and (d)). Fully grown trees are observed

on the channel banks, which may infer that lateral channel development is rare.
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Figure 6.11 Photos from four morphologically undisturbed lowland streams in cen-
tral Poland (Łódzkie region), with (a) Gać river (51◦ 36' 16" N, 20◦ 7' 57" E), (b) Grabia
river (51◦ 34' 1" N, 19◦ 15' 46" E), (c) Korabiewka river (52◦ 0' 58" N, 20◦ 12' 50" E),
and (d) Słomianka river (51◦ 29' 29" N, 20◦ 14' 27" E).

Evidence of lateral channel development was only observed in the Grabia river

(panel (b)). On the lower part of the photo, emergent vegetation shows the location

of several slump blocks, which are most likely a result of channel bank undercutting.

These observation show that the herbaceous vegetation may affect channel bank

stability of the top soil layer in lowland streams. Furthermore, the observations

in the Korabiewka river and Słomianka river show that it is likely that the woody

vegetation is able to stabilize the channel banks in lowland streams.

6.6 Conclusions
A detailed monitoring plan was implemented to monitor a restored lowland stream

for a period of almost two years after channel construction. Morphological, hy-

drological and ecological data were combined to establish interactions between

reach-scale morphodynamics, discharge dynamics and riparian vegetation devel-

opment. In the initial stage after channel construction, when negligible riparian
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vegetation was present, channel morphology adjusted rapidly towards an alterna-

tive, complex topography. In this period, maximum bank erosion rates amounted

to 2.6 channel widths per year. Riparian vegetation emerged in the subsequent

stage. The spatial distribution of the riparian vegetation is found to be governed

by inundation frequency. Channel bed incision and localized bank erosion domi-

nate the morphodynamic developments after riparian vegetation developed, with

maximum bank erosion rates amounting to 1.2 channel widths per year. Linear

regression analysis shows that the morphological response to Shields stress is sig-

nificantly different between the pre-vegetation and post-vegetation stages, hence,

a morphological regime change had occurred.

The two stages of morphological adjustments reveal the rate in which a low-

land stream adjusts to a new morphological equilibrium. From the obtained field

evidence, it can not indisputably be concluded that riparian vegetation is respon-

sible for the morphological regime change. Nevertheless, the characteristics of the

herbaceous vegetation and channel dimensions of lowland streams suggest that the

initial riparian vegetation may have a strong control on the stability of the channel

banks. Consequently, it may be worthwhile to minimize the duration of the initial

stage of morphological adaptations after a lowland stream restoration project is

realized. To some extent this duration can be manipulated by changing the season

when the new channel is constructed, which has an impact on the duration of the

pre-vegetation period and time channel forming discharges cause morphological

changes. Future research is needed to substantiate these hypotheses.
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In the previous five chapters, the results from the field campaigns have been

presented. Historical evidence and field data were obtained at five study sites, in

the context of four stream restoration projects (three re-meandered reaches and

one straight experimental reach) and a 240 year old man-made canal, all located

in the Netherlands.

Over a period of 2-3 years, morphological and hydrological data were obtained

from the stream restoration projects. Adjustment of the longitudinal bed profile

was observed at each of the four sites. Structures (e.g. bridges and weirs), channel

width variation and heterogeneity of the channel substrate affected the water level

slope and the transport of sediment. In three of the four cases this resulted in

a declining channel slope. Lateral development was only observed in a limited

number of locations along the studied streams. These locations mainly relate to

the absence of riparian vegetation and the presence of floodplain heterogeneity. At

one field site, a chute cutoff and extensive bank erosion and accretion occurred in

the initial period prior to vegetation growth. A shift was observed from channel

bank to channel bed processes, coinciding with a period when riparian vegetation

started to develop. This shift may be related to stabilisation of the channel banks

by riparian vegetation, although the field evidence was insufficient to substantiate

these findings, and further research is needed. Other cases of bank erosion were

related to floodplain heterogeneity (i.e. unconsolidated floodplain material and a

sand layer overlain by established riparian vegetation).

Large-scale morphological developments are exceptional and only occurred dur-

ing the initial phase, after construction. Nevertheless, due to the fine sediment

characteristics (median grain size 125-250 µm), sediment is transported through-

out the year, where critical flow velocities are exceeded during the majority of time.

At the experimental field site, this characteristic led to the formation of alternate

bars on the channel bed. The alternate bars showed a dynamic morphological de-

velopment. A declining channel slope and possible other external controls caused

the regular bar pattern to disappear, resulting in a more complex, but still dynamic

channel morphology.

Historical evidence shows that floodplain heterogeneity influenced initiation

of meandering in a man-made canal. Meandering had initiated at three locations

where traces of seepage were found in the subsoil. In the upstream half of the

channel, where the channel dimensions correspond to those of lowland streams,

meander activity ceased after the initial bend had formed. Historical maps of two

out of three re-meandered channels show negligible change of the channel planform

in the 30-year period before straightening. The studied lowland streams lack the

ability to develop active meandering processes on geological time scales.
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The results presented in this thesis, as summarized above, are synthesized in

the current chapter. The research questions from Chapter 1 are answered and an

outlook is provided proposing future research in lowland streams.

7.1 Meander Processes in Lowland Streams

How can the archetypical channel planform of a lowland stream be characterized?

Water authorities in the Netherlands use the term re-meandering for the construc-

tion of a sinuous channel in stream restoration projects. The term re-meandering
may suggest that lowland streams are characterized by a meandering planform.

Meandering may be interpreted as a temporal phenomenon associated with the

process of bank erosion and accretion, that eventually leads to meander migration

and an increase of channel sinuosity. The sinuosity decreases through neck or chute

cutoffs, after which these processes repeat themselves. Water authorities in the

Netherlands fear morphological developments related to meandering, including

bank erosion and channel migration. This thesis focussed on meandering processes

and showed that in lowland streams, these processes may only occur under specific

conditions, in the initial period after realization of a stream restoration project.

Initiation of meandering has been attributed to bar and bend instability Blon-

deaux & Seminara (1985), which have been studied in Chapters 3 and 4, respec-

tively. In the Hooge Raam (Chapter 3) alternate bars formed under channel condi-

tions that do not agree with typical lowland stream characteristics (channel slope >

1 m km−1). The evolution of the bar pattern involved an increase of bar wavelength

and bar amplitude, and within one and a half years a more or less sinuous thalweg

appeared on the channel bed. The regular alternate bar pattern and sinuous thalweg

disappeared after the channel slope declined to less than 1 m km−1. Two bar mod-

els predicted a decreasing likelihood for alternate bars to form, in response to the

declining channel slope. This case study, representing a relatively large bed slope,

suggests that the channel slope of lowland streams may generally be too low for

alternate bars to form. Therefore, exogenous influences offer a more plausible expla-

nation for the initiation of the sinuous planform, rather than autogenous processes.

An initial perturbation of the channel centerline (bend instability) is most likely

responsible for the initiation of meandering in the Gelderns-Nierskanaal (Chapter

3). The initial perturbation was caused by local seepage. In lowland streams other

causes for floodplain heterogeneity (e.g. gravel layers and peat deposits), may also

be related to the initial perturbation of the channel centerline. Subsequently, autoge-
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nous meandering processes may have formed the typical sinuous channel planform.

These findings are based on two case studies, which limit the applicability in a wider

context. Further research is needed te better explain the initiation of meandering

in lowland streams, which may focus on long-term numerical meander modelling,

on detailed historical reconstructions and on characterization of morphologically

undisturbed lowland streams.

In the Gelderns-Nierskanaal (Chapters 3), historical sources also show evidence

of an active meandering channel, including meander migration and bend cutoffs.

These processes mainly occurred in the downstream section of the channel, which

is characterized by a steep channel slope (> 1 m km−1) and coarse channel bed

substrate (gravel). The processes that occurred in the upstream section may be

most relevant for lowland streams, where the channel slope (< 1 m km−1) and the

channel bed substrate (coarse sand) are more closely related to lowland stream con-

ditions. In this section of the channel, the observed meandering processes were less

evident. Meander migration only occurred in the first stages after meander initia-

tion. In the subsequent period, the channel centerline stabilised. Stabilisation of the

channel centerline may be related to anthropogenic influences, some remainders

of bank revetments are still visible. Stabilisation of the channel centerline was also

observed from historical sources of lowland streams before channelisation (Chapter

2). The stability of the channel planforms at geological time scales may be surpris-

ing, considering the fine sediment characteristics of lowland streams (median grain

size 125-250 µm). At shorter time scales, morphological changes of the channel bed

did occur in the studied lowland streams and sediment is almost constantly being

transported (Chapters 2, 3, 5, and 6). Consequently, the stable sinuous channel

planform is most likely a result of stabilization of the channel banks. Visual obser-

vations in morphologically undisturbed lowland streams in Poland show that the

channel bank zone is dominated by herbaceous and woody vegetation (Chapter 6),

which both have the potential to stabilize channel banks (Wynn et al., 2004; Fattet

et al., 2011). These observations show that morphologically undisturbed lowland

streams consist of a stable sinuous channel planform over longer (geological) time

scales, which is most likely stabilized by riparian vegetation.

Can post-project appraisals in lowland stream restoration bridge the gap between
laboratory studies and rivers with a mild slope?

Recently, two special issues on river meandering have been published, in Earth
Surface Processes and Landforms (Hooke et al., 2011) and in Geomorphology (Gün-

eralp et al., 2012). Both editorial commentaries acknowledge the need for field

130



7.2. Implications for Lowland Stream Restoration

evidence to validate and test existing models and future refinements of these mod-

els. Until now, the natural variability, dynamics and complexity of real rivers are

not incorporated into meander models, which may have practical application in the

design of re-meandered streams and rivers. Post-project appraisals of re-meandered

streams and rivers add to the knowledge of meandering rivers and will directly find

their practical application in stream restoration when such projects are subject to

frequent morphological surveys. The field cases described in this thesis were all per-

formed in a lowland setting, which may imply only limited morphological changes

would occur. Nevertheless, substantial morphological development has been ob-

served in the studied streams. Furthermore, the presented case studies in Chapters

3 - 6 are among the few field studies presented in the literature within their specific

focus area and have subsequently added to the knowledge on meandering processes

that occur under field conditions.

Lowland streams have a few advantages over other river systems, as case study

areas for studying meandering processes. These advantages mainly relate to the

small spatial and short temporal scales involved in lowland streams. Lowland

streams are wadeable during the majority of the year, which makes it possible to

do frequent field surveys in study reaches consisting of several meander loops. Due

to a flashy discharge, typical for regulated lowland catchments, channel forming

discharges occur frequently. The fine sediment characteristics of the channel bed

cause sediment to be transported during the majority of the year. Eventually, the

discharge and sediment characteristics result in frequent morphological changes

and may relate to morphological processes that occur in meandering rivers, e.g.

alternate bar formation, bend migration and the occurrence of chute cutoffs. In the

presented case studies, these processes ceased when the bed topography tended

towards a stable equilibrium. Therefore, lowland stream restoration projects may

only be valuable case study areas for studying river meandering in the initial period,

although consideration should be made for the causes for the initial disequilibrium.

7.2 Implications for Lowland Stream Restora-
tion
How do the morphological developments relate to the needs to improve the ecological
status?

The main objective of stream restoration in the Netherlands is to improve the
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ecological status of the channel (benthic ecology) and floodplain (terrestrial ecol-

ogy). In the design procedure, the terrestrial ecology is only accounted for in terms

of an increase of moisture content of the channel banks, without verifiable estimates

for moisture content or ground water levels. The design process mainly focusses

on the improvement of the abiotic conditions for in-channel benthic ecology, by

applying ranges for depth-averaged flow velocity and water depth. These ranges

are used to find the most suitable dimensions of the channel cross-section (channel

width and depth). It is likely that these constraints are too much of a simplification

of the conditions that best suit the benthic ecology in lowland streams.

The habitat of the benthic ecology is limited to a few centimetres above and

below the channel bed. At this scale their habitat and mobility can be explained in

relation to life resources, including oxygen, food and protection against forces of

shear stress (Lancaster & Belyea, 2006). At larger spatial scales, the distribution of

benthic ecological communities relate to habitat patchiness (Fonseca & Hart, 2001),

where each habitat (e.g. sand, gravel, leaves, woody debris) forms under different

abiotic conditions. Hydraulic conditions play an important role in the formation

of each habitat type. Due to their physical characteristics, each habitat type forms

under different hydraulic conditions.

The hydraulic conditions also cause micro-topography of the channel bed, which

affects the mobility and distribution of benthic ecology (Buffin-Bélanger et al.,
2003). The majority of the presented morphological developments in the four

stream restoration projects focussed on width to bend scale developments, such

as bank erosion and longitudinal channel bed adjustments. In Chapters 3 and 6

an increase of the spatial resolution of the morphological measurements resulted

in high-resolution DEMs, which reveal a patchiness of the channel bed topography.

Chapter 2 shows a dynamic habitat pattern in the three re-meandered streams,

similar to previous studies (Tolkamp, 1980; Wolfert, 2001). These findings suggest

that small-scale channel bed adjustments occur in restored lowland streams. The

small-scale channel bed adjustments may have a positive impact on the habitat

distribution and, consequently, the ecological status of the restored streams.

Habitat scale changes occurred in the studied lowland streams, although no

special attention was paid to these processes in the design procedure. What really

matters for benthic ecology is the balance between the occurrence of a continuously

changing mosaic of habitat patches in space and the stability of individual habi-

tat patches in time (Tolkamp, 1980). Currently, the design procedure focusses on

ranges of cross-sectional averaged flow velocities and water depths. These estimates

may have a physical meaning for benthic ecology at larger spatial and temporal

scales, however, they do not capture the processes at the scale of the benthic ecology.
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Recently, there have been several attempts in this direction, mainly by introducing

large woody debris. The introduction of large woody debris may be particularly

successful in lowland streams. Trees are large in comparison to the dimensions of

lowland streams, and are therefore able to provide important structures to increase

the temporal and spatial flow variability (Gurnell et al., 2002). In future stream

restoration projects it may be worthwhile to focus on habitat scale processes and

to assess the abiotic conditions favourable for typical lowland ecology.

What is the role of longitudinal connectivity in the morphological development of
restored lowland streams?

It has been widely acknowledged that connectivity is a fundamental property of

all ecosystems (Kondolf et al., 2006). In riverine ecosystems, this is mainly related

to hydrological connectivity. Pringle (2001) defined hydrological connectivity as:

“an ecological sense to refer to water-mediated transfer of matter, energy, and/or

organisms within or between elements of the hydrological cycle”. Hydrological con-

nectivity is expressed in four dimensions (Ward, 1989), i.e. longitudinal, lateral,

vertical and temporal, and covers the whole catchment. The three spatial dimen-

sions apply to different linkages within a catchment: the longitudinal dimension to

upstream-downstream linkages, the lateral dimension to channel-floodplain link-

ages, and the vertical dimension to channel bed-water-air linkages. The temporal

dimension applies to changes over time for each spatial dimension.

These linkages have been conceptualized in the River Continuum Concept (Van-

note et al., 1980), which stresses the importance of a river without discontinuities,

and implies a gradual shift in abiotic stream characteristics and species composition

along the channel gradient. From a fluvial geomorphological point of view, con-

nectivity within a catchment has been expressed as a continuum from upstream to

downstream, where sediment is produced in the headwater zone (erosional zone),

transported in the midzone (transportation zone) and deposited in the floodplains

and delta (depositional zone) (Schumm, 1977). This continuum of erosion, trans-

port and deposition of sediment occurs in any segment of a river, and works also

in the lateral, vertical and temporal dimension. In each segment, distinct geomor-

phic processes and disturbance regimes are created, affecting aquatic and riparian

ecosystems (Montgomery, 1999).

It has been recognized that successful stream restoration requires an increase of

connectivity (Verdonschot & Nijboer, 2002; Wohl et al., 2005; Kondolf et al., 2006).

Most restoration projects focus on single, isolated channel reaches and therefore

lack connectivity, which is vital for improving the ecosystem. From the four stream
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restoration projects evaluated in this thesis, only one project (Tungelroyse beek)

involved restoration of the whole stream. The other projects were realized in iso-

lated channel reaches. This has caused a lack of longitudinal connectivity, mainly

affecting the temporal evolution of the longitudinal channel bed profile. The longi-

tudinal channel bed profile was mainly influenced by backwater effects, caused by

narrowing of the channel width downstream of the study reaches (Chapters 3 and

5), and by a lack of upstream sediment input (Chapter 2). Eventually, these exoge-

nous influences caused a decrease of channel slope in three of the studied streams

(viz. Hooge Raam, Lunterse beek and Tungelroyse beek). Similar morphological

adjustments have been observed in isolated restored channel reaches of lowland

streams in the UK (Sear et al., 1998).

Longitudinal channel bed adjustments were the most significant morphological

responses that occurred in the stream restoration projects subjected to study. In most

cases, the lack of longitudinal connectivity was the main cause explaining these

changes. These results show that the basic principles of the sediment transport

continuum (Schumm, 1977) is not applicable in these streams. In future stream

restoration projects it may be worthwhile to aim at increasing the longitudinal

connectivity by removing weirs and to anticipate on causes of backwater effects.

Special attention should be paid to the introduction of large woody debris, which

is increasingly used as a stream restoration measure in lowland streams. Since the

size of the woody debris are often exceeding the channel width, debris jams may

develop, causing backwater effects (Piégay & Gurnell, 1997).

Stream restoration projects should not be limited to isolated channel reaches,

but it may be worthwhile to consider the stream as a whole. Recently, related con-

cepts have been presented in literature, such as the ’erodible corridor’ (Piégay et al.,
2005) and ’espace de liberté’ (Kondolf, 2012). These concepts involve the develop-

ment of a zone along a river or stream, where the active channel can naturally move

in order to maintain sediment supply, which is essential for optimal terrestrial and

aquatic ecosystem functioning. This will not only improve the longitudinal connec-

tivity in the processes related to channel bed adjustments, but will also induce an

increase of ecological connectivity, which may be essential for reaching the main

goal of stream restoration.

Which are the main controls on the lateral development in restored lowland streams?

Lateral development in meandering rivers mainly occurs in channel bends,

where erosion of the outer bank and accretion of the opposing inner bank causes a

shift of the channel centerline. These meandering processes are controlled by the
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interaction of the secondary flow and sediment transport in curved channel bends.

Channel bank characteristics influence the rate at which these autogenous processes

cause erosion of the outer bank, which include channel bank composition (Midgley

et al., 2012), hydrological conditions (Casagli et al., 1999; Fox et al., 2006), and

the presence of riparian vegetation (Simon & Collison, 2002; Pollen-Bankhead &

Simon, 2009). These channel bank characteristics are all represented by floodplain

heterogeneity, and may impose an exogenous influence on the processes related to

lateral channel development.

Spatial variation of lateral channel development has been related to floodplain

heterogeneity. Recently, the importance of floodplain heterogeneity on meander

planform dynamics has been recognized and studied in meander models (Güneralp

& Rhoads, 2011; Motta et al., 2012a). In Chapters 4 and 2, hydrological conditions

(local seepage) and channel bank composition (gravel and former channel fills)

were a cause for floodplain heterogeneity, and, hence, resulted in spatial variation

of the observed lateral development. In future stream restoration projects it may be

worthwhile to involve a field reconnaissance to map possible causes of floodplain

heterogeneity, such as local seepage, gravel and peat deposits, and former channel

fills. Such field reconnaissances may assist in assessing the causes of lateral channel

development, and may help to prevent unwanted changes to the new channel

topography.

Lowland streams consist of a sinuous planform, which is most likely stabilized by

vegetation. The time scale of the field observations in the four stream restoration

projects under consideration was too short to establish the role of the riparian

vegetation in the morphodynamics of lowland streams. Chapter 6 discusses the

growing season and root characteristics of the dominant riparian vegetation types

found in the Lunterse beek. The observed riparian vegetation characteristics suggest

that the (mainly) herbaceous vegetation may influence channel bank stabilization,

although further research is needed to substantiate these findings. Nevertheless, it

may be worthwhile to minimize the duration of the initial stage of morphological

adaptations after a lowland stream restoration project is realized. To some extent,

this duration can be manipulated by considering the season when the channel is

constructed, which has an impact on the growth of vegetation to be expected, and

the time that channel forming discharges cause morphological changes.
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7.3 Outlook

7.3.1 Flow Processes at the Scale of Benthic Ecology

In this thesis morphological processes of lowland streams have been established.

The focus was mainly on the spatial and temporal scales that matter most for water

authorities, i.e. the reach and engineering scale. Lateral channel migration and

longitudinal channel bed adjustments may affect structures and adjacent agricul-

tural fields. These morphological adjustments are potentially a cause for channel

maintenance, and are therefore of interest for the water authorities.

The current design procedures for lowland streams in the Netherlands aim

to optimize the abiotic conditions for benthic ecology typical in lowlands. From

a hydrological point-of-view, the benthic ecology is affected by processes at sev-

eral spatial and temporal scales. At the catchment scale, the distribution of water

through the subsoil and drainage network affects the discharge dynamics at the

reach scale. The discharge dynamics causes variation of channel forming discharges,

affecting the cross-sectional shape and the channel bed composition. The dynamics

of the channel morphology will eventually influence the flow velocity and habitat

conditions at the smallest spatial and temporal scales, which are most relevant for

benthic ecological processes.

The typical benthic ecology found in natural lowland streams occur under low to

moderate dynamic conditions. The streams studied in this thesis are characterized

by flashy discharge dynamics, which may result in rapidly increasing flow veloci-

ties. Consequently, under these conditions, the benthic ecology and their habitat are

washed away during recurring flood events. When these flashy discharge conditions

persist, the benthic ecology may not establish after restoration measures are imple-

mented. The flashy discharge dynamics are most likely detrimental for the benthic

ecology and may interfere with the main goal of lowland stream restoration, i.e. to

improve the ecological status of lowland streams.

The construction of a lowered floodplain aims at storing water during flood

events, however, it may also reduce the flow dynamics during such events. For

future research it may be worthwhile to focus on understanding the impact of

the flashy discharge on the abiotic conditions relevant for benthic ecology. These

may include laboratory studies focussing on detailed flow processes near lowland

habitat, such as leaf patches, woody debris, and coarse organic matter. Research

may also focus on the effect of restoration measures such as a floodplain lowering

and adjusting the width-to-depth ratio of a channel. Field studies may focus on

the spatial and temporal dynamics of flow velocity and sediment transport. These
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studies could potentially reveal the abiotic conditions needed for typical lowland

benthic ecology to flourish.

The results of these studies may help to improve restoration design of lowland

streams. Until now, the ecological constraints include ranges of cross-sectional aver-

aged flow velocities. These constraints are too much of a simplification of the abiotic

conditions, relevant for benthic ecology. The design may involve an assessment of

the prospective temporal dynamics of flow velocity, and constrain the abiotic con-

ditions needed for improved benthic ecological conditions. Measures should not

only focus at the reach scale, where stream restoration projects are implemented.

The causes of the flashy discharge dynamics are found at the catchment scale. Until

now, stream restoration often only involves the construction of a new channel in

isolated sections of the stream. In future restoration projects, it may be worthwhile

to involve measures at the catchment scale, aiming at reducing the flashy discharge

dynamics.

7.3.2 Riperian Vegetation Control on Stream Morphology

One of the main conclusions of this thesis is that morphologically undisturbed

lowland streams exhibit a stable sinuous planform. The sediment characteristics

(fine sands, median grain size between 125 and 250 µm) cause sediment to be

transported virtually all throughout the year. Observations have shown that mor-

phological development at the habitat scale occurred during the majority of the

year as well. Nevertheless, at geological time scales, lateral development is rarely

observed. The lack of lateral development has been related to riparian vegetation,

which may stabilize the channel banks. However, the evidence used to substanti-

ate these findings was only based on visual observations and not on actual field

measurements.

This yields an opportunity for future research. The field observations have

shown that herbaceous vegetation is the most dominant vegetation type in the

first few years after construction. Previous studies, in other geographical regions,

have shown how herbaceous vegetation is able to stabilize the top soil. Due to their

root depth, herbaceous vegetation may subsequently fix the channel banks in low-

land streams, as soon as the roots have developed sufficiently. The characteristics of

the roots are essential when evaluating the stabilizing potential of a species. These

characteristics may include root depth, growth rate and root biomass. When species

and their characteristics are known, an assessment can be made estimating the

rate at which vegetation controls the lateral development of a channel. This may

potentially be relevant for stream restoration planning and maintenance, leading

to a reduction of the costs of stream restoration.
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Summary

Halfway the 20th century, groundwater management in agricultural areas led to

channelisation of the majority of lowland streams in the Netherlands. This has led

to degradation of the aquatic and terrestrial ecosystems, characteristic for lowland

streams. Over the past 25 years, water authorities in the Netherlands have aimed at

restoring these degraded streams. Historical maps show that many lowland streams

consist of a meandering planform. Re-meandering is the common practice regarding

stream restoration in the Netherlands. Little is known about the morphological

processes following the completion of such stream restoration projects. The aim of

this thesis is to characterize the morphodynamic developments of restored lowland

streams, with a focus on meander processes.

Three traditional stream restoration projects (Hagmolenbeek, Lunterse beek and

Tungelroyse beek) were monitored during the initial two years after construction of

the new channel. In these projects, the former straightened channel was replaced by

a re-meandered channel. A standardized monitoring plan was implemented, which

included three morphological surveys (cross-sections, with a one-year interval), sed-

iment sampling (from the initial and final channel bed), habitat pattern surveys

(three times per year) and continuous discharge and water level measurements.

The morphological measurements revealed that morphodynamic developments are

mainly concentrated in the first year following construction. Adjustment of the lon-

gitudinal bed profile was the main morphological response. Structures (e.g. bridges

and weirs), channel width variation and heterogeneity of the channel substrate

caused channel bed incision and aggradation, and hence, channel slope adjustment.

Lateral development was observed only in a limited number of channel bends, and

was mainly related to floodplain heterogeneity. The habitat surveys showed the

occurrence of gravel, silt, vegetation and algae on the channel bed. Morphological

developments at the scale of the channel cross-section were exceptional, despite

the fine sediment characteristics (median grain size 125-250 µm). Due to these

channel bed characteristics, sediment is transported during the entire year.

Water authorities are constantly looking for more cost-effective alternatives for
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re-meandering. One such method is to remove bank protection and allow autoge-

nous processes to develop a sinuous planform. To study these processes, a large-

scale field experiment was performed in a 600 m long straight channel reach (Hooge

Raam). Over a period of almost three years, the channel was allowed to evolve au-

togenously from initially flat-bed conditions, in response to a variable discharge.

Alternate bars developed within eight months after the start of the experiment.

The initial stages of bar development included bar growth, both in wavelength and

in amplitude, and limited bar migration. Towards the end of the experiment, the

alternate bar pattern became increasingly irregular and bar amplitudes started to

decrease. During the experiment, the channel slope declined from 1.8 m km−1 to

0.9 m km−1. Two bar theories were applied to establish their predictive capacity.

Both bar theories predicted the development of alternate bars under the constructed

channel conditions and a decreasing likelihood for the development of alternate

bars in response to the declining channel slope. This study shows that it is unlikely

that the typical sinuous planform in lowland streams, as observed from historical

maps, is the result from autogenous processes alone. Exogenous processes, such

as a local seepage or floodplain heterogeneity, may be needed to achieve channel

sinuosity.

Processes of meander initiation were studied focussing on a man-made canal

(Gelderns-Nierskanaal). The canal was constructed near the end of the 18th century,

as a straight channel between the river Niers (Germany) and the river Meuse (The

Netherlands). The banks on the Dutch part of the channel were left unprotected and

developed into an active meandering channel, featuring meander development and

valley incision. These processes were analysed using historical topographic maps

and recent airborne LiDAR data. Meandering initiated in three sections of the chan-

nel, where the channel sinuosity developed asynchronously over time. Sedimentary

successions in the study area show layers of iron oxide, indicating groundwater

seepage from nearby located higher elevated terrains. Only at the spots where

meandering had initiated, iron oxide was found close to the surface level. This pro-

vides a clue that seepage triggered bank erosion by increasing the moisture content

of the banks. The spatial variation in meandering behaviour, as observed in this

channel, justifies efforts to implement the influence of floodplain heterogeneity and

the effect of seepage on bank erosion in meander models.

Backwater effects played a substantial role in the development of a chute cutoff,

which occurred after the realization of a stream restoration project in the Lunterse

beek. In this stream restoration project, additional measurements were performed,

next to the standardized monitoring plan. Over a period of almost 2 years, the

additional monitoring included fourteen high-resolution morphological surveys and
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riparian vegetation mapping. Prior to the cutoff, a plug bar was deposited in the

bend to be cutoff. Hydrodynamic model results were used to infer that the plug bar

was related to a backwater effect, causing a drop of sediment transport capacity.

Upstream from the plug bar, an embayment formed in the floodplain at a location

where the former channel was located. The former channel was filled with sediment

prior to channel construction, resulting in a less consolidated area of the floodplain.

Consequently, it was prone to erosion. The chute channel continued to incise and

widen into the floodplain and, after 6 months, acted as the main channel. These

results show how upstream sediment supply and backwater effects are involved in

the processes that lead to the occurrence of a chute cutoff.

The chute cutoff and several additional morphological adjustments occurred in

a period without riparian vegetation in the Lunterse beek. Herbaceous vegetation

started to develop approximately 7 months after construction, with a maximum

coverage by the end of the summer period. Detailed morphological and hydro-

logical data show a marked difference in morphological behaviour between the

pre-vegetation and post-vegetation stage. A linear regression procedure was ap-

plied to relate morphological activity to time-averaged Shields stress. In the initial

stage after construction, with negligible riparian vegetation, channel morphology

adjusted with a weak response to the discharge hydrograph. In the subsequent

period, morphological activity in the showed a clear relation to discharge varia-

tion. The two stages of morphological response to the restoration measures may

be caused by riparian vegetation development, although additional field measure-

ments are needed to substantiate these findings.

Lowland streams are small rivers, consisting of a sinuous channel pattern, a

sandy channel bed and a gentle slope (<1 m km−1). It is likely that the sinuous

planform observed on historical maps is a result from exogenous influences, rather

than autogenous processes. In general, the studied lowland streams show little mor-

phological activity. The observed morphodynamics occurred mainly in the first year

after construction and were caused by backwater effects and floodplain heterogene-

ity. After initial morphological adjustments, the channel planform remained stable.

The rapid establishment towards an equilibrium state of the channel planform is at

odds with the view on lowland streams as small rivers migrating actively in their

own deposits. The term re-meandering may be misleading, because of the conno-

tation with channel meandering in time. The steadiness of the channel planforms

has not been extensively demonstrated over geological time scales. This study has

focused on short-term observations, since engineering time scales are more relevant

for stream restoration practitioners.
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Samenvatting

In de eerste helft van de 20ste eeuw zijn veel laaglandbeken in Nederland gekana-

liseerd. De intensivering van de landbouw en de daaraan gekoppelde grondwater-

behoefte liggen ten grondslag aan deze grootschalige kanalisatie. Dit heeft geleid

tot een degradatie van het karakteristieke laaglandecosysteem. In de afgelopen 25

jaar zijn de Nederlandse waterschappen begonnen met het herstellen van een groot

deel van de laaglandbeken. Op historische kaarten is te zien dat laaglandbeken

in het verleden een meanderend karakter hadden. Verder worden laaglandbeken

getypeerd door een bodemverhang kleiner dan∼1 m km−1, een breedte kleiner dan

∼20 m en een zandige bodem. Het hermeanderen van laaglandbeken is een vaak

gebruikte techniek om laaglandbeken te herstellen. Tot nu toe is er weinig onder-

zoek gedaan naar de morfologische processen na aanleg van beekherstelprojecten.

Het doel van dit proefschrift is het karakteriseren van de morfologische processen

in herstelde laaglandbeken, met een focus op meanderprocessen.

In drie laaglandbeken waar traditionele hermeandering is toegepast (Hagmolen-

beek, Lunterse beek en Tungelroyse beek), is gedurende de eerste twee jaar na aan-

leg een standaard monitoringsprogramma geïmplementeerd. Het monitoringspro-

gramma omvatte morfologische metingen (in dwarsprofielen, één keer per jaar),

sedimentbemonstering (bij aanleg en na twee jaar), habitatopnames (drie keer per

jaar) en continue afvoer- en waterstandsmetingen. De meeste morfologische veran-

deringen vonden in het eerste jaar na aanleg plaats, waarbij de meest dominante

morfologische veranderingen in het lengteprofiel plaatsvonden. Constructies (bv.

bruggen en stuwen), variatie in de breedte en heterogeniteit van de beekbodem

waren de belangrijkste oorzaken van deze veranderingen. In twee beken heeft dit

tot een afname van het bodemverhang geleid. Laterale aanpassingen zijn slechts

op kleine schaal waargenomen, met name in bochten en gerelateerd aan de hetero-

geniteit van de ondergrond. Gedurende de twee jaar na aanleg zijn verschillende

habitattypen waargenomen, zoals een grindbank, een slibbank, macrofyten en al-

gen. Hoewel de morfologische aanpassingen gering waren, wordt er gedurende

het hele jaar sediment getransporteerd. De fijne zandkarakteristieken (mediane
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korrelgrootte 125-250 µm) spelen hierin een bepalende rol.

Waterschappen in Nederland zijn constant op zoek naar kostenefficiënte al-

ternatieven voor beekherstel. Eén van deze methoden is het verwijderen van oe-

verbeschoeiing, vervolgens zouden autogene morfologische processen een kronke-

lende loop moeten vormen. In een grootschalig veldexperiment zijn deze mor-

fologische processen onderzocht. In de Hooge Raam is over een lengte van 600

m een rechte waterloop aangelegd. Gedurende een periode van bijna drie jaar

is de morfologische ontwikkeling gevolgd. Binnen acht maanden na aanleg is

een regelmatig alternerend bankenpatroon ontstaan, met een kronkelende stroom-

draad. In de daaropvolgende periode namen de banklengte en bankamplitude toe

en heeft bankmigratie plaatsgevonden. Halverwege het veldexperiment verdween

de regelmaat in het bankenpatroon. Ook is een afname van de bankamplitude

waargenomen. Gedurende het veldexperiment is het aangelegde bodemverhang

gehalveerd, van 1.8 m km−1 tot 0.9 m km−1. Het afnemen van het bodemverhang

is gerelateerd aan stuweffecten. De stuweffecten zijn veroorzaakt door een ver-

nauwing van de beekbreedte benedenstrooms van het experimentele traject. Op

basis van de meetgegevens uit het veldexperiment is de voorspelkracht van twee

banktheoriën getest. Beide theoriën voorspellen het ontstaan van alternerende

banken onder de initiële veldcondities. Ook voorspellen de twee theoriën een afne-

mende waarschijnlijkheid van het ontstaan van alternerende banken als gevolg

van het afnemen van het bodemverhang. Het regelmatige alternerende banken-

patroon verdween nadat het bodemverhang afnam tot een waarde die tegen de

bovengrens ligt van typische waarden voor laaglandbeken. Het is daarom onwaar-

schijnlijk dat het typische kronkelende meanderpatroon, zoals te zien op historisch

kaartmateriaal, veroorzaakt is door louter autogene morfologische processen. Het

is aannemelijk dat in het verleden exogene invloeden, zoals lokale kwel en de

heterogeniteit van de ondergrond, hebben bijgedragen aan het ontstaan van de

kronkelende waterlopen in laaglandgebieden.

De invloed van exogene processen op de initiatie van meandering zijn in detail

bestudeerd in het Gelderns-Nierskanaal. Aan het eind van de 18de eeuw is het

kanaal aangelegd vanaf de Niers (Duitsland) naar de Maas (Nederland), met als

doel het tegengaan van piekafvoeren op de Niers. De oevers van het Nederlandse

deel van het kanaal zijn grotendeels onaangeroerd gelaten en er is in ruim 200

jaar een actief meanderende waterloop ontstaan, inclusief bochtafsnijdingen en

insnijding in het aanwezige Maasterras. De meanderprocessen zijn geanalyseerd

op basis van historisch kaartmateriaal, een gedetailleerde hoogtekaart (Algemeen

Hoogtebestand Nederland) en veldmetingen. Meandering is in drie onafhankelijke

secties van het kanaal geïnitieerd. Op basis van grondboringen is aangetoond dat
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ijzeroxide voorkomt in verschillende lagen in de ondergrond. IJzeroxide is een

indicatie voor (lokale) kwel. Juist op de drie lokaties waar meandering is geïnitieerd

zijn de ijzeroxidelagen dicht aan het maaiveld gevonden. De kwel heeft mogelijk

lokaal voor een toename van het vochtgehalte van de oevers gezorgd, dit maakte

de oevers vatbaar voor erosie en heeft het meanderproces op gang gebracht. De

ruimtelijke variatie van het meanderpatroon, zoals in het Gelderns-Nierskanaal is

waargenomen, rechtvaardigt de huidige inspanningen om exogene invloeden, zoals

kwel en de heterogeniteit van de ondergrond, op te nemen in meandermodellen.

In de Lunterse beek speelden stuweffecten een subtstantiële rol in de morfolo-

gische ontwikkelingen die uiteindelijk tot een bochtafsnijding hebben geleid. Naast

het gestandaardiseerde monitoringsplan zijn aanvullende morfologische metingen

verricht, met een verhoogde ruimtelijke en temporele resolutie. Naast de morfologi-

sche metingen met een hoge resolutie is gedurende een periode van bijna twee jaar

de vegetatieontwikkeling gevolgd. Binnen drie maanden na aanleg van de nieuwe

beek heeft een bochtafsnijding plaatsgevonden, wat een morfologische aanpassing

is die eerder nog maar weinig in detail is geobserveerd. In de periode voordat

de bochtafsnijding plaatsvond is een rivierbank afgezet. Door middel van een 3D-

stromingsmodel is aangetoond dat het ontstaan van de rivierbank gerelateerd is

aan benedenstroomse stuweffecten. Daarnaast laten ingemeten lengteprofielen zien

dat bovenstrooms van het onderzoeksgebied insnijding heeft plaatsgevonden en

sediment in benedenstroomse richting is getransporteerd. De combinatie van de

bovenstroomse sedimenttoevoer en benedenstroomse stuweffecten hebben tot de

vorming van de rivierbank geleid. Vervolgens is in de inundatiezone een nieuwe

waterloop ontstaan, bovenstrooms van de rivierbank. De initiële insnijding in de

inundatiezone vond plaats op een lokatie waar de voormalige gekanaliseerde loop

was gelegen. Nadat de nieuwe kronkelende beekloop was gegraven is de voorma-

lige gekanaliseerde loop gedempt met zand dat vrij was gekomen bij de graafwerk-

zaamheden. Het is aannemelijk dat de oevers waar het zand was gedumpt een

zwakkere pakking had dan rest van onderzoeksgebied, wat de oever vatbaar voor

erosie maakte. De nieuwe waterloop heeft zich vervolgens verder ingesneden in

de inundatiezone, zowel in de breedte als in de diepte. Na zes maanden was de

bochtafsnijding voltooid en functioneerde de nieuwe waterloop als hoofdwaterloop.

De resultaten van dit onderzoek laten zien hoe bovenstroomse sedimenttoevoer en

benedenstroomse opstuwing een belangrijke rol kunnen spelen in de vorming van

een bochtafsnijding.

De bochtafsnijding en daaropvolgende bochtmigratie vonden met name plaats

in een periode waarin terrestrische vegetatie nog niet was ontwikkeld. Kruidige ve-

getatie begon zich ongeveer zeven maanden na aanleg van het hermeanderingspro-
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ject te ontwikkelen. Aan het eind van de eerste zomer is een maximum in biomassa

waargenomen. Gedetailleerde morfologische en hydrologische meetgegevens laten

zien dat er een merkbaar verschil is tussen de initiële periode zonder vegetatie en

de periode met vegetatie. Er is een lineair verband afgeleid tussen de morfologische

ontwikkeling en de tijdgemiddelde Shields parameter. De Shields parameter geeft

informatie over de schuifspanning die het water uitoefent op de beekbodem. Het

lineaire verband laat zien dat de morfologische ontwikkeling in de initiële periode

wordt getypeerd door een gebrekkige relatie met de Shields parameter. Zelfs bij

lage afvoeren zijn veel morfologische veranderingen waargenomen. In de daarop

volgende periode is de respons sterker aanwezig, waarbij grote morfologische ver-

anderingen optraden in perioden met een hoge afvoer en vice versa. Het verschil

tussen de initiële periode zonder vegetatie en de periode met vegetatie is mogelijk

gerelateerd aan de bovenstroomse aanvoer van sediment, die tot het afzetten van

de rivierbank heeft geleid. Het is in deze studie dan ook niet eenduidig vastgesteld

of de oevervegetatie heeft bijgedragen aan de verandering van de de morfologi-

sche respons. Vervolgonderzoek is nodig om de rol van vegetatieontwikkeling op

morfologische processen binnen beekherstelprojecten duidelijker vast te stellen.

Het is aannemelijk dat het kronkelende bovenaanzicht van laaglandbeken in

Nederland, dat op veel historisch kaartmateriaal is te zien, veroorzaakt is door exo-

gene invloeden, in plaats van door autogene processen. Over het algemeen vindt

er geen actieve oevermigratie plaats op de schaal van de beek als geheel. Lokale

veranderingen concentreren zich in het eerste jaar na aanleg, waarbij opstuwing

en de heterogeniteit van de ondergrond een belangrijke rol spelen. Na de initiële

aanpassingsperiode ontstaat een stabiel bovenaanzicht. De kortstondige morfologi-

sche aanpassing staat haaks op het beeld dat laaglandbeken morfologisch actieve

riviertjes zijn. De term ’hermeandering´ is misleidend, vanwege de suggestie dat

laaglandbeken de kenmerken zouden hebben van actief meanderende rivieren. Dit

onderzoek heeft zich met name gericht op korte morfologische tijdschalen vanwege

de relevantie voor het Nederlandse waterbeheer. Dit heeft inzichten verschaft in de

meest relevante morfologische processen voor de beekherstelpraktijk.
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