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Abstract

Abstract

Braided rivers exhibit extremely complex and dynamic morphologies as their multiple
channels are constantly re-worked. The research reported in this thesis explored a
number of properties of braided river form and dynamics and some controlling factors

through three individual but complementary research elements.

The first research element was concerned with some of the controls on the transition
between single thread and multi-thread channel patterns. Twenty-seven different flume
experiments were conducted, supported by fourteen replicates. In these experiments,
channel confinement (maximum possible channel width) and formative discharge were
varied in a 25 x 2.9 m flume of constant slope (1%) and bed material (Dsp = 1mm) with
sediment supply constrained to match sediment output. As the maximum potential
channel width increased, the channel pattern changed from a single channel with
alternate bars, to the formation of mid-channel bars, and finally to a multi-thread
braided pattern. Bed elevation frequency distributions showed distinct changes in their
median, standard deviation, skewness and kurtosis as channel width and discharge
increased, indicating the consequences of confining braided channels and regulating
discharge on their bed elevation and morphology.

The second and third parts of the research use remotely sensed data sets to explored (i)
the degree to which a real river shows similar characteristics to those generated in the
flume experiments and (ii) the variety in braiding patterns that are found in association

with different boundary conditions of slope, width, discharge, and riparian vegetation.

For the second research element, a Lidar survey of a 36 km reach of the lower
Tagliamento river, Italy, was investigated. Within this reach, the river shows only small
variations in slope and bed material size and is subject to the same flood flows. Analysis
focused on thirty-six 1 km sub-reaches and demonstrated clear associations among the
median, standard deviation, kurtosis and skewness of the bed and also clear downstream
trends. Measures of vegetation cover showed statistically-significant associations with
the median, standard deviation, kurtosis and skewness of the bed, particularly when
only the 32 truly braided reaches were analysed. The measures of vegetation cover also
showed downstream trends that corresponded with the trends in bed morphology.
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Abstract

Overall, variations in bed morphology showed similar characteristics to those observed
in the laboratory flume, but also they showed correspondence with riparian vegetation
cover, indicating a topographic signature of vegetation on the bed morphology. The
downstream trends appear to be associated with the changing vigour of the riparian
vegetation and possibly variations in river baseflow characteristics associated with
varying groundwater levels in the alluvial aquifer. The most mature patches of
vegetation within the braid plain of the most downstream part of the 36 km reach appear

to occur on remnants of braid plain isolated by river bed incision.

The third and final research element considered the morphology of six European
braided rivers of different slope, width, discharge and riparian vegetation type.
Information extracted from Google Earth and other aerial imagery, and gauged river
flow data supported an analysis of changes in braided river characteristics through time,
and among the six European river sites. Four traditional planform indices were used to
characterise the braiding pattern (Bi — braiding index, Ai and Ai2 —anastomosing
indices; Si — main channel sinuosity) were combined with measures of stream power
and its component variables (width, Qio, and slope). Robust data for bed material
calibre was not available. Statistical analysis of the entire data set revealed a potential
influence of riparian vegetation type on the relationship between unit stream power and
braid channel width; and a trend of increasing Bi, Ai, Ai2, and Si with decreasing unit
stream power. However, a larger and more complete data set is needed to confirm these

general trends and to fully explore transitional rivers.

This research has illustrated the morphological consequences of confining braided rivers
and the dependence of the braiding pattern on stream power. It has also illustrated the
role of vegetation in contributing to the morphological complexity of braided rivers and
the potential role of riparian vegetation in constraining the relationship between stream

power and braided river width.
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Chapter 1

Chapter 1

Introduction

This thesis is concerned with braided rivers, the controls on their morphology and their
transition to single-thread forms. The research commences by investigating the three-
dimensional morphology of braided and transitional rivers and the degree to which this
is influenced by channel confinement and discharge. The association between riparian
vegetation and the three-dimensional morphology of braided and transitional reaches of
a single river are then investigated to develop understanding of the ‘topographic
signature of vegetation’. Finally, a sample of braided and transitional rivers with
different width, slope, discharge and riparian vegetation are investigated to assess the
degree to which the influence of vegetation can be identified as other factors controlling

river morphology also vary.

Chapter 2 provides a brief review of the literature on alluvial river channel styles and
the braid-meander transition. It sets the scene for proposing the three research questions
that are investigated in the thesis (section 2.5). Each of these three research questions is
investigated in a separate Chapter (Chapters 3, 4 and 5). Each of these Chapters is
written as a free-standing piece of research. As a result, the relevant detailed literature is
reviewed within each of Chapters 3, 4 and 5, and Chapter 2 serves as a broad and
relatively brief context for the research rather than an exhaustive review of the relevant

literature.

The thesis uses a combination of research methods to address the three research
questions. Experiments are conducted in a laboratory flume. Different remotely-sensed
data sets are then analysed to investigate the characteristics of real braided and
transitional rivers. Airborne lidar, colour and panchromatic air photographs, and
satellite images are all analysed using both image processing and GIS software. In
addition, statistical analyses are applied to several of the derived data sets. These
methods provide the focus for each of chapters 3, 4 and 5, with laboratory flume
research presented in Chapter 3; the analysis of airborne lidar data presented in Chapter

4; and the analysis of other remotely sensed data types presented in Chapter 5.

22



Chapter 1

The research results combine to provide new scientific insights into several aspects of
braided and transitional rivers. These results are of both scientific and management
interest, but, as explained in Chapter 6, further research is needed to transform these
new insights into quantitative tools that can be directly applied in river restoration and

management contexts.
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Chapter 2

Developing a Process-based Understanding of Alluvial River
Channel Styles: A Brief Introduction to the Braid-meander

Transition

2.1 INTRODUCTION

The research reported in this thesis focuses on braided rivers, including both their
characteristics and how these differ from narrower transitional river forms. Each of the
following three research chapters (Chapters 3, 4 and 5) reviews relevant literature and
so this chapter provides a brief overview of braided rivers in the context of the
continuum of river types that have been identified. In doing this, some of the key
controls on braided and transitional rivers are outlined, providing support for the

research questions that are posed at the end of the chapter (section 2.6).

To provide a brief context for the following research, this chapter outlines the historical
development of research concerning alluvial channel styles with a particular emphasis
on the transition between single thread (meandering) and multi-thread (braiding) styles,
and the apparent controls on this transition. Research on this theme has passed through
three main historical phases from early descriptive approaches to approaches that
incorporate controls and processes in an increasingly quantitative way. Here, these
phases are called: (i) the descriptive era (section 2.2); (ii) incorporating process
understanding: discharge, sediment and gradient controls (section 2.3); and (iii) the role

of riparian vegetation (section 2.4).

2.2 THE DESCRIPTIVE ERA
Until the 1950s, descriptive classifications of rivers were prevalent. The following three

pieces of work are influential in different ways.
In relation to terminology, Jackson (1834) provided one of the earliest examples of the

application of a classificatory approach to river planforms when he applied, for the first

time, the term “anastomosing” to describe a river channel that separates into more than
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a single channel at one point and re-joins further downstream (Carling et al., 2013),
formally discriminating between single-thread and multi-thread planforms.

Probably the best known early classification of rivers was proposed by Davies (1899),
who defined three adaptation stages in river style development (youthful, mature, old
age). These were linked to phases of landscape development or denudation and so were
inherently linked to land surface gradient and bed sediment calibre. When the stages
were applied as an upstream to downstream sequence, they were also linked inherently
to river discharge.

Alabayan and Chalov (1998) describe research that was published at about the same
time as Davies’ work but has received far less attention. Lokhtin (1897) anticipated the
more quantitative, process-based approaches that emerged in the 20™ century. Well
ahead of other researchers, Lokhtin suggested that there were three main independent
factors that controlled river forms: the discharge regime, the slope or gradient
(influenced by the relief of the area crossed by the river), and the erodibility of the river
bed (which varies according to the sediment properties). He proposed a ‘channel
development criterion’, the ratio of stream power (discharge combined with gradient)
and bed erodibility represented by bed material grain size, where low values of the
criterion corresponded to stable meandering streams and high values to unstable braided
streams. These factors form the basis of developments during the period of increased
process understanding (section 2.3).

2.3 INCORPORATING PROCESS UNDERSTANDING: DISCHARGE,
SEDIMENT AND GRADIENT CONTROLS

Although much of the early work suggested possible process controls on river style, the
first quantitative links between fluvial processes and forms were proposed in the mid
1950s. Two pieces of research by Lane (1957) and Leopold and Wolman (1957) were

particularly influential.

Lane (1957) suggested a qualitative relation that represented the governing conditions
responsible for the different morphologies of alluvial channels (braided, intermediate

and meandering):

Qs/Q~S/D
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where Q represents discharge of water, Qs represents discharge of sediment, D is
sediment calibre, and S is the slope. Thus the equation links river discharge, sediment

size and load (availability), and topographic gradient.

In a similar analysis, Leopold and Wolman (1957) provided a quantitative definition of
an apparent threshold between meandering and braided planforms. Although Leopold
and Wolman (1957) suggested that rivers should be conceptualized as a continuum of
different patterns, they subdivided rivers into three main planform styles (straight;
meandering; braided) and they quantified the transition between meandering and
braided patterns as a relationship between discharge (Q) and channel slope (S) (Figure
2.1):
$=0.012Q%*

In both of these examples, the selection of an appropriate value for Q is open to debate
but Leopold and Wolman (1957) selected the ‘bankfull discharge’ for the graph
depicted in Figure 2.1. They also suggested six variables as the main controls on
channel pattern in natural environments (i.e. discharge, slope, width, depth, velocity,
and roughness), later adding sediment load and sediment size to the list (Leopold et al.,
1964). Although subsequent research has shown that all of these variables are associated

with river channel style, they are not independent of one another.

Between 1960 and 2000, researchers built on the above work, progressively
incorporating greater detail concerning fluvial processes into the discrimination of
channel styles, and incorporating quantitative analyses based upon the aggregation of
field data from as many sites as possible. The properties of fluvial sediments (calibre,

supply) were given particular attention.
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Figure 2.1 Combinations of slope and bankfull discharge observed for natural channels, and a line separating braiding and meandering
channels (from Leopold and Wolman, 1957).
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Researchers working in different river environments further developed the relationship
proposed by Leopold and Wolman (1957, Figure 2.1) by estimating different slope-
discharge threshold conditions based on bankfull or mean annual flood discharge to
represent Q and channel or valley slope to represent S. They showed that sediment size
was an additional crucial factor in discriminating meandering — braiding threshold
conditions (e.g. Osterkamp, 1978; Begin, 1981; Bray 1973, 1982; Carson, 1984a and b;
Ferguson, 1987; van den Berg, 1995), and developed these relationships using larger
data sets (e.g. Ferguson, 1987, Knighton and Nanson, 1993, Beechie et al., 2006) to
define new thresholds (e.g. Church 2002) within the data space shown in Figure 2.1.
The addition of new data revealed that sites show a gradual transition across the plot
according to bed material calibre, with predominantly gravel bed, braided and
wandering streams plotting above the Leopold and Wolman (1957) transition line and
streams with predominantly sand and finer bed sediment plotting below the line (Figure
2.2). In this analysis, ‘wandering’ is defined as a transitional, gravel-bed channel style
described by Desloges and Church (1989, p360) as ‘irregularly sinuous channels,
sometimes split about channel islands and in some places braided’. Following a deeper
analysis, Church (2002) proposed different channel style thresholds depending on bed

sediment calibre (gravel or sand, Figure 2.3).
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Figure 2.2 Association between river planform style, discharge and slope showing
the threshold between meandering and braiding defined by Leopold and Wolman,
1957 (data sources: Leopold and Wolman, 1957, Ferguson, 1987, Knighton and
Nanson, 1993, Beechie et al., 2006). (from Gurnell et al., 2009)
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Figure 2.3 Association between river planform style, discharge, slope and bed

sediment calibre (data sources as for Fig. 2.2, thresholds between styles from
Church 2002). (from Gurnell et al., 2009).

Whilst this simple graphical approach incorporated bed sediment calibre, the

incorporation of sediment supply required a slightly different approach, which was

initiated by Schumm during the 1960s to 80s.

Schumm (1963) subdivided rivers according to their alluvial sediment calibre and thus

the predominant mode by which they transported sediment (suspended, mixed, bedload

channels), assigning ranges of channel gradient, width to depth ratio, and sinuosity to

each mode and describing the way in which channels associated with each transport

mode adjusted to erosion or deposition (Table 2.1).
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Table 2.1 Characteristics of suspended, mixed and bedload dominated alluvial

channels (after Schumm 1963).

- . Suspended | Bedload
Stable Depositing Eroding Load (%) (%)
Suspended wid <7 Major deposition Dominant bed
load sinuosity > 2.1 on banks leads to erosion 85 15
channels Gradient gentle narrowing Widening minor
Initial major Initial bed
Mixed load . W d 7-25 deposition on erosion followed
sinuosity 1.5-2.1 banks followed 65 35
channels - fp by channel
Gradient moderate | by deposition on O
widening
bed
.. Widening
Bedload . Wld.) 25 Bed(;jﬁposmém dominant
channels smgosny <15 ~ and bar and Little bed 30 70
Gradient moderate | island formation esosion

Schumm’s subdivision of suspended, mixed and bedload alluvial channel types was

further subdivided and extended into boulder-bed and silt-clay channels by Church

(2002, 2006), providing a more detailed association between sediment transport mode

and calibre, channel style, and channel geomorphological features (Table 2.2).
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Table 2.2 Characteristics of alluvial channels according to the mode of sediment transport (developed from Schumm (1963a) by Church

(2006)).
River Type /
Characteristic Sediment . . -
Shields type Sediment transport regime Channel morphology Channel stability
number
Jammed Cobble or Bed load dominated; low total Tep-pools or boulder cascades; width Stable for long periods with throughput of bed
channel boulder- transport but subject to debris typically a low multiple of largest boulder | load finer than structure-forming clasts; subject to
0.04+ gravel flow. size; S > 3°, catastrophic destabilisation in debris flows.
Threshold Bed load dominated; low Cobble-gravel channel bed; single thread or | Relatively stable for extended periods, but subject
channel Cobble- totaltransport in partial transport | wandering; highly structured bed; relatively | to major floods causing lateral channel instability
gravel regime; bedload may actually | steep; w/d > 20 except in headwater boulder and avulsion; may exhibit serially reoccupied
0.04+
be less than 10% total load. channels. secondary channels
Bed load dominated, but Gravel to sandy-gravel; single thread to Subject to avulsion and frequent channel shifting;
Threshold Sandy-gravel | possibly high suspension load; braided; limited, local bed structure; braid-form channels may be highly unstable, both
channel to cobble- partial transport to full mobility; complex bar development by lateral laterally and vertically; single-thread channels
up to 0.15 gravel bed load typically 1%-10% of | accretion; moderately steep; low sinuosity; subject to chute cutoffs at bends; deep scour
total load w/d very high (>40) possible at sharp bends
Mainly single-thread, irregularly sinuous to — . . -
Transitional Mixed load; high proportion meandered; lateral/point bar development Single-thread c_hannels, wregular_lateral instability
Sand to fine- . L . o or progressive meanders; braided channels
channel moves in suspension; full by lateral and vertical accretion; levees } 8 .
gravel P . ST . . laterally unstable; degrading channels exhibit
0.15-1.0 mobility with sandy bedforms present; moderate gradient; sinuosity <2; S
both scour and channel widening
w/d < 40
Sandy Suspension dominated with Single thread, meandered with point bar Smgle-thrc—gad, highly SInuous qhannel; Io.op
. . A i progression and extension with cutoffs;
Labile channel | channel bed, sandy bedforms, but possibly development; significant levees; low : o
N o R . ) ) anastomosis possible, islands are defended by
>1.0 fine-sand to significant bedload moving in gradient; sinuosity >1.5; w/d < 20; . : Lo Y
. ! : vegetation; vertical accretion in the floodplain;
silt banks the bedforms serpentine meanders with cutoffs ) o
vertical degradation in channel
Silt to sandy . . o Single-thread or anastomosed channels; S_mgle-thread or anastom_osr-:\d chanr)els; common
. Suspension dominated; minor . ) — in deltas and inland basins; extensive wetlands
Labile channel | channel bed, Do prominent levees; very low gradient; . i : L
. bedform development; minor ) - ; PR and floodplain lakes; vertical accretion in
up to 10 silty to clay- sinuosity > 1.5; w/d < 15 in individual L
. bed load floodplain; slow or no lateral movement of
silt banks channels o
individual channels
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Schumm (1985) used the three modes of sediment transport from Table 2.1 to produce a
qualitative classification of river styles (Figure 2.4), which formed the basis of
subsequent, more complex classifications. For example, Ferguson (1987) produced the
modified diagram shown in Figure 2.5, concluding that at lower slopes and similar
discharge, sand-bed rivers braid more easily than gravel-bed ones, and that the bank
erosion needed for braiding requires a greater gradient than a meandering pattern at a
given discharge. The diagram also recognizes the potential importance of bank
vegetation for bank strength; identifying that inactively meandering (and anastomosing)
channels possess strong banks that are hard to erode (Figure 2.5).

Schumm’s (1985) diagram (Figure 2.4) was also revisited by Church (1992, 2006), who
incorporated channel descriptions from Mollard (1973) to introduce a wider range of
channel styles (Figure 2.6).

In Figure 2.6 only three commonly-recognised multi thread river styles are identified:
wandering, braiding and anastomosing. However, some researchers have given the
classification of multithread rivers particular attention. For example, Nanson &
Knighton’s (1996) identified eight (sub)types of anabranching (multi-thread) channel
systems according to stream power, sediment calibre, vertical and lateral stability and
morphological characteristics (sinuosity, island size and shape, Figure 2.7) and located
them on the Leopold and Wolman (1957) Q-S plot (Figure 2.8).

The classification proposed by Rosgen (1994), which is widely applied by stream

managers across the United States, is based heavily on the above work. Rosgen justifies

his approach by stating that:
‘Stream pattern morphology is directly influenced by eight major variables
including channel width, depth, velocity, discharge, channel slope, roughness of
channel materials, sediment load, and sediment size (Leopold et al., 1964). A
change in any one of these variables sets up a series of channel adjustments
which lead to a change in the others, resulting in channel pattern alteration.
Because stream morphology is the product of this integrative process, the
variables that are measurable should be used as stream classification criteria’
(Rosgen, 1994, p171).
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Figure 2.4 Channel styles associated with different modes and calibres of sediment
transport, stream power, sediment calibre and sediment load (after Schumm,
1985).
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Figure 2.5 Channel styles differentiated according to stream power, amount and
size of bedload, width-depth ratio and channel instability (after Ferguson 1987 in
Kleinhans, 2010).
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Figure 2.6 Association of alluvial river channel form with the principal governing
factors (from Church 2006, after Church 1992, based on the concept of Mollard
1973 and Schumm 1985). Shading indicates sediment character and vegetation
cover.
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Thus, Rosgen’s scheme, although based on a multi-level hierarchy of four inventories
(geomorphic characterisation, morphological description, condition, verification) and
developed from ‘field observation of hundreds of rivers of various sizes in all the
climatic regions of North America, experience in stream restoration, extensive teaching,
and practical applications of the classification system by many hydrologists,
geomorphologists, fisheries experts, and plant ecologists’ (Rosgen, 1994, pl73),
essentially defines river type at level 1 (i.e. geomorphic characterisation) by slope, cross
section (entrenchment ratio, width : depth ratio), plan view (sinuosity / single-/multi-
thread) and dominant bed material.

In the last decade, considerable advances have been made in classifying channels based
on both empirical and physics-based theoretical analyses of bar development. Since
channel patterns (e.g. meandering, braided) and their subdivisions are closely related to
the nature of the bars that are present, the nature of bars provides a new addition to the
factors that can be used to distinguish channel types. Kleinhans and van den Berg
(2011) provide a recent review of this topic, in which they describeed the bar regimes /
bar modes developed theoretically by Parker (1976); Struiksma et al., 1985; Mosselman
et al., 2006, and Crosato and Mosselman (2009). They classified ‘natural’ channel
patterns from Google Earth images (available at: https://www.google.com/earth/) using
the active braiding index and the presence of scroll bars, chute bars and scrolled point
bars. Single-thread river patterns were subdivided into meandering with chute bars,
meandering with scroll bars, and stable straight or sinuous rivers. Braiding intensity was
quantified by the braiding index, defined as the average cross sectional number of
active, unvegetated or barely vegetated braids. They illustrated a new empirical
prediction of these bar and channel patterns on a plot of ‘potential specific stream
power’ against median bed material grain size (Dso) (Figure 2.9). ‘Potential specific
stream power’ is similar to specific stream power but it corresponds to a straight
channel (sinuosity=1) and thus incorporates valley slope rather than channel slope;
channel-forming discharge; a reference channel width which is independent of actual
(pattern-dependent) channel width and is estimated from bed material size and channel-
forming discharge. This development of classification based on bar properties is a very
active area of current research, which, nevertheless, has roots in the work of Leopold
and Wolman (1957) and will undoubtedly lead to further refinement of channel

classification.
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Recently, Eaton et al. (2010) have also incorporated anabranching channels into the
Leopold and Wolman Q-S plot by adding a third axis describing bank strength (Figure
2.10). This, to some extent, reflects the role of riparian vegetation and so leads this
review to consider the specific role of riparian vegetation in controlling channel

planform.
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Figure 2.10 Channel pattern discriminant functions expressed as a function of

slope, discharge and relative bank strength (from Eaton et al., 2010).

2.4 THE ROLE OF RIPARIAN VEGETATION
At an early stage, Leopold and Wolman (1957) mentioned vegetation in association
with river style, but they did not recognise it as a control on style only as a passive

feature of areas where fluvial disturbance was relatively low.

Many researchers have indicated the potential importance of vegetation for river style
and dynamics. For example, through an empirical analysis of relationships among
bankfull discharge and channel dimensions of gravel-bed streams in the UK, Hey and
Thorne (1986) showed that bank vegetation provided an important explanatory variable,
providing an early indicator of a link between vegetation and channel form /
dimensions. Smith et al (1991) provided quantitative underpinning of the importance of
vegetation when they showed that river banks covered by short alpine vegetation had a
20,000 times greater resistance to erosion than unvegetated river banks. Smith (2004)

38



Chapter 2

and Griffin and Smith (2004) observed ‘floodplain unravelling’ (river transformation
from a single to multi-thread channel pattern) as a result of extreme flood events
following heavy grazing of floodplain woody vegetation, which suggested a role of
woody vegetation in controlling the threshold between single thread and multi thread
channel patterns. Also Beechie et al (2006) inferred that tree rooting depth was an
important control on channel lateral migration from their analysis of channel style and
vegetation patch age and diversity across straight — meandering - island braided - bar
braided rivers. Moreover, Nanson and Knighton’s (1996) classification of anabranching
river systems, although explicitly discriminated using physical properties, implicitly
identified vegetation properties as discriminators of 7 of the 8 anabranching (sub)types
(Table 2.3). Finally, based on field observations of riparian tree growth performance,
Gurnell et al. (2009) conceptualised how the rate of riparian tree establishment and
growth might affect the threshold stream energy at which planform pattern might
change (Figure 2.11).

Table 2.3 Role of vegetation in 7 of the 8 anabranching (sub)types identified by
Nanson and Knighton (from Gurnell et al., 2009).

Stated role of vegetation

Type Number Type Name (page in Nanson and Knighton, 1996))

Low Energy Group
. ‘aggradation of bedload and the concomitant growth of aquatic
Type 1 Organic . - - - A A
vegetation constricts channel flow inducing periodic avulsion
subtype a Systems (224)
Type 1 Organo-Clastic | ‘resistant, well-vegetated banks protect swampy, levee-banked
subtype b Systems islands’ (224)
Sand- ‘requires the combination of stabilizing bank vegetation and
Type 2 Dominated, low stream energy to prevent the channel from braiding or

Island-Forming | meandering’ (224-5)
Higher Energy Group

Sand- ‘these ridges commonly form in wide sandy channels as the
Type 4 Dominated result of within-channel tree growth acting as an obstruction
Ridge-Forming | to flow’ (227)

‘anabranching sections .. appear to be initiated by enhanced
bed-sediment input ... the periodic formation of log or ice jams
may augment this process’ (229), ‘Avulsion channels incise
into existing floodplains, but in some cases islands grow
vertically to floodplain height from large bars stabilized by
vegetation within the channel’ (230)

Gravel-
Type 5 Dominated,
Laterally-Active

Gravel- . .
Type 6 Dominated. t_he_lmeans by Yvhlch anabranches are formed appears to be
Stable similar to type 5’ (231)
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trajectory C

trajectory B

trajectory A

Tree Growth

Time periods between «—— Braided - Ogcasfone!f?!ea}ndé [slond braided
: ; ccasionalislands- Island braide
uprooting floods fortrajectory C Island braided - Wandering

Braided— Occasional islands
s Occasional islands - Island braided
Island braided - Wandering

Time periods between
uprooting floods fortrajectory A

Example tree growth trajectories under different growth conditions and in the
absence of uprooting floods

- = — — — Growthstages along the growth trajectories

Range in time periods between uprooting floods across the differentgrowth
trajectories to preventtransition fromthe first to second channel planform style

Figure 2.11 Conceptual model of associations between tree growth performance,
flood magnitude/frequency and channel style. Sediment supply is assumed to be
sufficient to support the different channel styles. Three trajectories of riparian tree
growth (solid lines) from seedling / sapling, through shrub, young and mature tree
stages (dashed lines) according to different growing conditions are compared with
the range in the maximum time period between floods capable of uprooting trees
across the three trajectories (thin grey arrows) to prevent transitions between the

given river planform styles (italic text) (from Gurnell et al., 2009).

The importance of vegetation growth and establishment for braided river morphology
has been demonstrated empirically by Bertoldi et al. (2011a), who through the analysis
of properties of the vegetation cover and the bed elevation distribution of 21 reaches of
the Tagliamento River, lItaly, identified a ‘topographic signature of vegetation

development’.

Building on field observations, laboratory flume experiments have investigated many
aspects of the influence of vegetation on channel form and dynamics and have
confirmed relationships observed in the field (e.g. Gran and Paola, 2001, Tal and Paola,

2007). In parallel, quantitative relationships linking vegetation to channel style have
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focussed on bank stability. Particularly notable was the research by Millar (2000), who
developed an improved theoretical meandering-braiding transition criterion
incorporating the influence of riparian vegetation on bank stability. This has been
developed in subsequent research by Eaton et al. (2010), where it has been incorporated
into a number of useful graphics including the Leopold and Wolman (1957) Q-S plot
(Figure 2.9) mentioned previously.

An important aspect of the role of vegetation as a control on channel style is that
vegetation growth performance is itself dependent upon hydrological processes,
particularly the river flow regime, and in some cases also the water retentive
characteristics of riparian soils. This suggests that extremely complex interactions
between vegetation growth, river discharge / moisture availability and sediment
dynamics may govern variations in river channel style across space and time. This is a
topic that has received remarkably little research attention, although Gurnell (2014)

provides a recent review.

2.5  CONCLUSIONS

More than a century of research has revealed the importance of four main groups of
factors in influencing channel style: discharge, gradient, sediment and vegetation.
However, the precise nature of these controls is complex and includes many potential
interactions and feedbacks. As a result, there are numerous questions that remain
unanswered and thus many potentially-fruitful research paths to pursue. For example,
Kleinhans (2010) recently listed the following 9 questions relevant to channel styles that

require further research:

1.  What is the role of flow strength and variation in flooding magnitude and
frequency on the pattern?

2. What is the effect of the nature, magnitude, and variation of upstream sediment
feed on patterns?

3. Is added bank strength due to sorting of fines and bed sediment a sufficient
condition for meandering, and is vegetation also a sufficient condition? What
extra interactions and feedbacks on channel pattern would arise if both occur?

4.  What is the role of bar pattern and sorting at the bar scale? Is the emergence of

fixed alternate (complex) gravel bars a sufficient condition for meandering in
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gravel-bed rivers? To what extent do small-scale sorting processes cause large
scale sorting patterns relevant for channel pattern?

5. In what parameter space of vegetation, fine sediment deposition (density, size,
thickness) and flooding (magnitude, and frequency) do transitions between river
patterns take place?

6.  In what manner, to what extent and why do channel patterns and their causes in
small rivers (1 m width) differ from those in large rivers (10 km width)?

7. What are the necessary conditions and time-scales for transitions between river
patterns in response to changes in forcings?

8. How do channel patterns develop when the initial condition is another channel
pattern rather than a hypothetical plane valley?

9.  Are there hard thresholds (rather than transitions) that the system can cross during
changing forcings due to extreme events? Can such threshold crossings lead to
hysteretic or irreversible change due to vegetation or inherited floodplain

structure?

2.6 RESEARCH QUESTIONS

The present research is concerned with braided rivers and their transition to single-
thread forms. Based on the above review, and particularly developing from section 2.4,
the research aims to investigate the impact of confinement imposed by unerodible
(valley width) or cohesive (sediment, vegetation) banks on braided and transitional

rivers through the following research questions:

1.  What are the influences of variations in discharge and river confinement on
river style and bed morphology? These two factors are explored experimentally
in Chapter 3 where they allow consideration of the impact of natural (valley or
cohesive bank) or human-induced (embanking and bed reinforcement)
confinement on the transition from single-thread to braided channel patterns and
the degree to which these are influenced by variations in (fixed) formative
discharge.

2.  What is the influence of vegetation on braided and transitional river
morphology? This is explored in chapter 4 across 36 1km reaches of a natural
river that are subject to similar peak discharges, slope and bed material but display

differences in vegetation cover.
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Does the type and extent of vegetation influence / co-vary with braided river
planform? This question is explored in Chapter 5 across a selection of European
braided rivers that display different amounts and types of vegetation but also
different discharge regimes, slope and bed material. Google Earth images from
different dates allow variations in river planform and vegetation extent to be
compared through time, whereas comparisons among a sample of different rivers

allow a qualitative comparison of vegetation and braiding characteristics.
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Chapter 3

Flume Experiments to Investigate Braided Channel

Development Under Controlled Conditions

3.1 INTRODUCTION

Although humans have long had an interest in different channel morphologies,
significant progress in understanding the variety of morphologies that may occur and
potential controlling processes commenced during the second half of the 20" century
(see Chapter 2). Over the last 70 years, much research has focused on quantifying the
properties of individual rivers, characterising the recurring properties of
geomorphological features such as pools, riffles, bars, islands and associated
bifurcations, and understanding the controls on the development of rivers of different
type and their specific geomorphological features.

This chapter aims to contribute to this field of study by manipulating several potential
controls on channel morphology and observing the morphological response to those
manipulations within a laboratory flume. The focus of these experiments is to
investigate the conditions under which multi-thread braided patterns develop as
discharge and channel width change under a constant slope and grain size and a
sediment supply that, through recirculation, matches the sediment transport rate. These
experiments form a first phase in the research reported in this thesis, which investigates
braided river morphologies in the laboratory and in field situations, gradually increasing

the range and complexity of the potential controlling factors.

To provide a context for the laboratory experiments, this introductory section defines
braided rivers (section 3.1.1); and briefly reviews how researchers have described and
quantified braided river morphology (3.1.2), and the controls on braiding that have been
identified (3.1.3). The section ends by listing the research questions that are investigated
in the laboratory experiments (3.1.4).
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3.1.1 Definitions of “Braiding”

Braided rivers develop in non-cohesive sediments composed predominantly of cobble,
gravel, and / or sand grain sizes and are characterised by flows of water and sediment in
multiple channels that diverge and converge at points that are called nodes (Lane, 1957,
Bertoldi et al., 2009b). The individual channel threads vary greatly in size through time
and space, and are separated by bars which may vary widely in their stability but are
mainly unvegetated (Ashmore, 2009, Bertoldi et al., 2009b). However, where bars
remain stable for a sufficient time, vegetated islands may form, giving rise to an island-
braided morphology. The multiple threads of braided rivers are highly dynamic and
complex (Brierley and Fryirs, 2008, Ashmore, 1990). Their planform and altimetry
change rapidly during flood flows as a result of widespread sediment erosion and
deposition, generating channel avulsions and inducing the formation and destruction of
bars (Ashmore, 1982, Charlton, 2007, Chew and Ashmore, 2001, Jerolmack and
Mohrig, 2007, Miall, 1977, Ashmore, 2013). These dynamics provide a wide diversity
of physical and hydraulic habitats, frequent habitat turnover and, particularly in the case
of island braided rivers, a very complex and rich habitat mosaic that supports extremely
high biodiversity (Tockner et al., 2003, 2006).

3.1.2 Quantifying Properties of Braided Channel Form

As braiding is highly complex and also dynamic, this river planform presents
considerable challenges to those attempting to quantify channel properties and their
variations between rivers and also through time on the same river. Quantification of

braiding properties has traditionally been based on three groups of measures:

(@) The average number of channels across the river cross section or braid plane
(Ashmore, 1990, Chew and Ashmore, 2001, Friend and Sinha, 1993, Howard et
al., 1970, L.B. and Davies, 1979),

(b) The total channel length within a given length of the river course or braid plane
(Ashmore, 1990, Hong and Davies, 1979, Mosley, 1982, Richards, 1982,
Robertson-Rintoul and Richards, 1993, Smith et al., 1996),

(c) Bar dimensions and frequencies (Brice, 1960, Brice, 1964, Germanoski and
Schumm, 1993, Rust, 1977).

All of these approaches represent means of counting and measuring the complexity of

the braiding pattern. Of these broad approaches, channel counts (approach a) are
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probably the most widely used. It produces a measure of braiding intensity or a
‘braiding index’. In addition, measures of sinuosity of the individual channels are also
widely used. These methods have been applied to assess changes in braiding pattern
over time and its response to external controls. Many different methods have evolved to
produce channel counts, with each producing potentially different results and inter-
calibration between methods is difficult (Egozi and Ashmore, 2008). Therefore, it is

crucial to use a single method and apply it consistently.

A development of the measurement of braiding intensity relates to whether the braid
channels are active (i.e. actively transporting bed material) or not, leading to the
discrimination of active braiding intensity and total braiding intensity. The difference
between these two measures reflects the fact that, because the flow is separated into
different channels the sediment transport is also divided, with some channels having
insufficient energy to transport bed material (Ashmore, 1990, Bertoldi et al., 2009b,
Egozi and Ashmore, 2009).

Although measures using approach (a) (and related ones using approach (b)) have been
widely used, measures extracted using approach (c) can be complemented by predict
from theoretical work that quantifies bar development (Toffolon and Crosato, 2007) and
stability (e.g. Hansen, 1967; Callander, 1969; Seminara and Tubino, 1989).
Furthermore, since the development of bars modifies channel planform (Olesen, 1984),
approaches focusing on bar development and stability are particularly relevant to river
channel management and restoration design (Malavoi et al., 2002). While direct
measurements are informative, predictions of bar development using theoretical and
numerical methods (e.g. Seminara and Tubino, 1989, Crosato and Mosselman, 2009)
are potentially particularly valuable. For example, Crosato and Mosselman (2009) have
proposed a physics-based but quite simple approach to determining what they call the
bar mode:
b—3 B%

m2 =017g——

JaD, €0

Where:

m = the bar mode

g = acceleration due to gravity (m.s?)

b = degree of nonlinearity of sediment transport versus depth-averaged flow velocity

(dimensionless).

46



Chapter 3

B = river width (m)

A = relative sediment density under water (dimensionless)
Dso = median sediment grain size (m)

C = Chézy coefficient

Quw = water discharge (m*.s™)

The bar mode discriminates between the river types that are likely to develop with
values of <1.5 indicating a meandering planform, values of >2.5 indicating a braided
planform and intermediate values (> 1.5 and < 2.5) indicating a transitional planform.
The method has been shown to produce quite reliable predictions for rivers with a
width-to-depth ratio below 100. However, as the method incorporates channel width,
discrimination between single thread and braided channel planforms might be already
implied, since the braided rivers tend to have wider channels than meandering ones,

providing space for a larger number of bars.

With the recent development of methods to rapidly measure the three-dimensional
morphology of river channels, notably ground-based and airborne LIDAR, it has
become possible to explore the third dimension of river channel form in detail and to
develop new synthetic measures of braid channel morphology. For example, Bertoldi et
al. (2011a) extracted elevation frequency distributions for the braid plain from which
they were able to extract summary morphological indices such as the skewness and

kurtosis of the braid plain form.

In this chapter, a selection of the above measures of braid channel form are used to
compare the morphologies created during different experimental runs in a laboratory

flume and also to assess the effectiveness of some theoretical predictions.

3.1.3 Controls on Braiding and Braided Channel Morphology

The determination of the main controlling variables on braiding as well as the analysis
of the morphological responses to changes in these variables has been a contentious
subject in the last 60 years. Much of this contention originates from questioning of the
consistency / accuracy of measurements, the nature of the relevant variables, and the
dynamics and disequilibrium of some of these variables over short timescales, such as
the influence of sediment overloading during floods (Ferguson, 1987, Lewin and

Brewer, 2001, Millar, 2005). As a result, even though there was early research that
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attempted to understand the dominant variables that cause morphological changes in
braided rivers, only in the last 25 years have technological advances allowed
sufficiently precise measurements to deepen insights into the influences of various

controls on channel planform development.

Despite the continuous debate, there is a core set of key variables that are acknowledged
to influence braiding. This set was suggested by Lane (1955), who considered that
interactions between discharge, channel or valley gradient, and sediment transport were
the main causes of different channel patterns. Ashmore (1991) identified discharge,
channel or valley gradient, and sediment particle size as the main variables, to which
bank erosion resistance was later added, including the influence of bank sediments and
riparian vegetation on this channel property (Eaton et al., 2010, Gurnell et al., 2009,
Millar, 2000, Tal et al., 2004). Both field and laboratory investigations have contributed
to developing understanding of the impact of these controls on braiding morphology

and characteristics.

The flume experiments detailed in this chapter focus explicitly on the influence of
discharge on channel morphology under different channel confinement conditions.
Discharge combine with slope, determines the unit stream power (rate of energy
dissipation) that acts on the bed and banks of a river and so dictates the potential for,
and rate of, sediment transport. In order to restore and improve the ecological conditions
of a river and avoid incision, unit stream power is calculated to determine the amount of
energy the river possesses to move sediment in either bed load or suspended load per
unit channel width. Thus, channel width is an important variable as its manipulation
could be expected to lead to increased efficiency of sediment transport and channel bed
incision (narrower widths) or less efficient transport of sediment and the deposition of

bars (wider widths) if discharge and sediment supply remain constant.

While river discharge is acknowledged to be a control on braided channel morphology,
it is difficult to specify how the two are linked unless it is in experimental situations
where the discharge can be precisely measured (Begin, 1981, Bridge, 1993, Carson,
1984, Kellerhals et al., 1976, Mosley, 1982, Rust, 1977, Surian, 1999, van der Nat et al.,
2002). For example, recent flume experiments have identified relationships between
braiding intensity and discharge or stream power, revealing connections between the

mechanics of braiding at the scales of the multi-thread network of channels and the
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individual channels of which the network is composed (Ashmore, 2013). A gradual
increase of the total braiding index to a relatively stable value exhibiting small
fluctuations, has been observed in laboratory experiments starting from a single straight
channel with a constant discharge and slope. Similar runs have shown a similar pattern,
but values of instantaneous braiding intensity are variable.(Ashmore, 2009, Egozi and
Ashmore, 2009). Once approximate equilibrium in the braiding intensity is reached, an
additional increase in discharge for a particular sediment size causes braiding intensity
to increase further. Other research based on measurements of braiding patterns from
aerial photographs shows that the braiding intensity is proportional to stream power and
inversely proportional to the bed material grain size (Bertoldi et al., 2009b, Egozi and
Ashmore, 2009). Furthermore, both the active and total braiding intensity and the ratio
of the number of active to total channels adjust in response to the imposed formative
discharge and stream power (Ashmore, 2013).

Research has also demonstrated the influence of the formative discharge on the total
river width (the sum of the wetted width of all channels in a cross-section) and the mean
depth of the channel. This relationship has been revealed through a compilation of river
cross-section data by Van den Berg (1995), who concluded that for a given formative
discharge and compared to single thread rivers, braided rivers are wider and shallower
making their width to depth ratio higher than that of single thread channels. However,
this relationship is subject to considerable variability. This has been illustrated by flume
experiments using the same discharge, which have shown a width variation of over 30%
which may have been caused by different bedload conditions across the runs
(Warburton, 1996). These results show a similar level of width variability to natural
rivers analysed in New Zealand by Mosley (1983). The suggestion that width and
discharge are linearly related, albeit with considerable noise, has been explored by
Bertoldi et al. (2009a). They found variations in bedload flux under a constant discharge
per unit width, suggesting that flux might be more dependent on river width than flow
depth, unit discharge, or shear stress.

Discharge variability has also been considered to be an important influence on braiding.
However, research incorporating non-cohesive sediment and a constant discharge in
laboratory experiments have shown that a braided planform is a common occurrence
regardless of the absence of discharge variability (Ashmore, 1982, Hong and Davies,
1979, Murray and Paola, 1994, Ashmore, 1990, Ferguson, 1993). Nevertheless,
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frequency and duration of channel forming discharges or large flows that exceed a
certain threshold may be important for maintaining a braided planform (Piégay et al.,
2009) and discharge variability may also be an important component of bar evolution
mechanisms (Lane, 2006)

In addition to discharge, the amount of sediment that is supplied to the river is also
important because if it exceeds the energy available to move the sediment, different
morphological structures develop. In single thread channels, bar structures characteristic
of transitional rivers develop, and if the excess of sediment supply continues, additional
sediment accumulation leads to the development of a braided channel. As a
consequence, the ratio between discharge and sediment supply has been proposed as the
principal control of both river and valley slope in alluvial sedimentary basins (Paola,
2001).

Sediment grain size is also important for river morphology since larger particles
increase the threshold stream power required for braiding (Carson, 1984, Dade, 2000,
Ferguson, 1984, Ferguson, 1987, Henderson, 1963, Kellerhals, 1982, Millar, 2000,
Robertson-Rintoul and Richards, 1993, Van den Berg, 1995). This effect is particularly
evident when sand and gravel bed rivers are compared (Ferguson, 1987, Kellerhals,
1982, Van den Berg, 1995, Bledsoe and Watson, 2001, Kleinhans and van den Berg,
2011). Bed material is also often considered to have a unique size, and so equal mobility
of particles is assumed. While this may provide a reasonable approximation for some
streams (Andrews, 1983, Andrews and Erman, 1986, Kuhnle, 1992, Parker and
Klingeman, 1982), in others finer sediments are selected for transport over the coarser
particles (Komar, 1987, Ashworth and Ferguson, 1989). Lisle (1995) compared bed
load and bed material in 13 sampled natural rivers and concluded that the average size

of the bedload was finer than the average size of the bed material.

Bed load transport is an important factor that helps maintain the variability and
complexity of the braided network. The typical characteristics for braiding are a high
bedload supply rate and high stream power and where erosion of bed and bank materials
is low relative to stream energy (Osterkamp, 1978, Ferguson, 1987). As braiding
develops in non-cohesive sediment and in bedload-dominated situations, it requires a
combination of discharge and slope (stream power) that is sufficiently large to move the
bed material (Leopold et al., 1957, Osterkamp, 1978, Dade, 2000, Ferguson, 1987, Van
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den Berg, 1995). However, understanding and predicting bedload flux in braided rivers
remains a significant problem because of the high transverse variability in the hydraulic
parameters that control sediment flux across the braid plain (Bertoldi et al., 2009a) that
are affected by, for example, the complex river morphology and variability in grain size
(Carson and Griffiths, 1987). Dade (2000) assumed that the grain size of the transported
sediment is correlated and in equilibrium with the size of the bed material, but this is
difficult to verify. Particle tracing is beginning to yield information on how bed load
movements are related to controlling factors such as bed morphology and properties of
particular flow events but further experiments are needed to more comprehensively
explore how bed material moves within braided systems (Martin and Church, 1995,
McLean et al., 1999, Habersack, 2001, Martin and Ham, 2005).

A final factor that is influential with regard to braiding is bank erosion resistance. The
resistance of river banks to erosion is dependent upon the cohesion of the bank
sediments, which depends upon their silt and clay content, and the added flow resistance
and cohesion provided by bank vegetation. The vegetation canopy traps sediment and
its roots enhance the cohesion of the sediment, thus limiting the susceptibility of the
banks to erosion (Millar, 2000; Tal et al., 2004; Gurnell et al., 2009; Eaton et al., 2010).
In general, high bank erosion resistance restricts the potential for channel braiding and
forces a higher threshold of stream power or slope above which braiding may develop
(Eaton et al., 2010, Ferguson, 1987, Millar, 2000, Millar, 2005, Osterkamp, 1978,
Schumm, 1963, Crosato and Saleh, 2011). Different flume experiments and field
observations have illustrated that significant vegetation development can induce a
transition from a braided to a single thread channel, and vegetation removal from the
floodplain can induce the opposite (Gran and Paola, 2001, Gurnell et al., 2001, Tal et
al., 2004, Tal and Paola, 2007, Zanoni et al., 2008, Jang et al., 2003).

3.1.4 Research Questions

Sections 3.1.2 and 3.1.3 have briefly summarised the methods used for measuring
properties of braided channels and current knowledge of the controls on braiding. This
chapter builds on this knowledge by reporting a series of laboratory experiments
conducted in a flume of constant slope and constant bed material size. The experiments
were conducted to investigate the impact of different constant formative discharges and
different channel widths on channel morphology under a condition where sediment

supply matches sediment yield from the flume through recirculation.
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The experiments where designed to answer the following research questions:

1. To what extent does bed morphology vary between experiments conducted with
the same formative discharge and fixed maximum channel width?

2. To what extent does bed morphology change in response to different fixed,
formative discharges within the constraints of a fixed maximum channel width?

3. To what extent does bed morphology change in response to a fixed, formative
discharge within the constraints of different fixed maximum channel widths?

4, To what extent does bed morphology change in response to different fixed,
formative discharges within the constraints of different fixed maximum channel

widths?

In relation to these experiments, the impact on morphology was assessed with respect to
a range of the different measures of morphology described in section 3.1.2 and with

particular reference to transitions between single thread and multi-thread planforms.

3.2 METHODS

3.2.1 Flume Experiments

Twenty-seven experiments were carried out in a large flume (25 m long, 2.9 m wide)
located at the University of Trento, Italy (Figure 3.1) to answer the research questions
listed in section 3.1.4. The flume was already filled with well-sorted sand with a typical
grain size (ds) of 1mm and had a fixed gradient of 0.010. This choice was made in order
to represent a typical gravel-bed braided river, providing a compromise between a grain
size that is large enough for grains to move independently (i.e. not cohesive) while
being sufficiently small to be mobile at relatively low stream power and thus small
discharges. Furthermore, as the amount of sand required to fill the flume is large (over
30 m®) and is moved manually, there was no realistic way to change the grain size

between the experiments.

Each experiment was conducted within a fixed width channel, which varied among the
experiments (Table 3.1). The nine different channel widths were achieved by excavating
channels in the sand contained in the flume with the required dimensions. The channel
edges were lined with a blue non-reflective plastic sheet to fix the width (Figure 3.1 B).

The plastic had a small roughness to ameliorate any sharp velocity increment that might
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arise if the plastic became exposed to flowing water. The experimental channel bed was
composed of sand and was self-formed as most of the experimental runs commenced
with a narrow straight central channel and flat bed cut into the middle of the area
defined by the fixed width. However, repetitions for some of the widths and discharges
used the previously formed morphology as a starting point in order to analyse the bed
evolution pattern (Table 3.1).
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Figure 3.1 The flume used in the experiments. A) Volumetric sand feeder, parallel
camera to the flume bed, carriage and lap top controller. B) Example of an
experimental configuration showing the plastic cover used in all the runs,
configured to a width of 0.30 m at “low flow”. C) Laser profiler, D) Chute and
submerged sediment tank.

In order to design the duration of experimental runs, a time scale was calculated
referring to the conservation of sediment mass equation (the Exner equation):

a 1 dq.

gt 1—p dx

where n is bed elevation, p is sediment porosity, gs is sediment flux per unit width, t is
time and X is space. Performing a dimensional analysis on this equation, scaling n with
flow depth D and x with channel width w, it is possible to quantify a temporal scale (T)
of morphological evolution as:

T Qs /w
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As a result, T can be seen as the time needed to observe a bed change of the order of
one depth on a longitudinal spatial scale of one channel width. At constant discharge,
bed morphology is expected to reach a dynamic equilibrium in a few increments of T.
Each experiment was run for a time of 8T to ensure a dynamic equilibrium between the
sediment transport and sediment output from the channel and the bed morphology, and
to collect the necessary data for the processing phase following completion of the
experiments. Where second runs occurred, they were initiated on the preformed bed and
were run for 40% of the original calculated time of “T” from Exner’s equation (Table
3.1).

Table 3.1 Channel width, slope and discharge utilised in each experiment, the run

time for the initial experiment (8T), and for any repetition runs (RT).

Run No. Width (m) Slope Discharge (I/s) Time (Min) 8T (Hr) RT (Min)

1 0.01 15 9.01 1.2 -
2 0.15 0.01 2.0 5.62 0.7 -
3 0.01 25 5.95 0.8 -
4 0.01 15 13.12 1.7 -
5 0.20 0.01 2.0 10.83 14 -
6 0.01 2.5 9.02 1.2 -
7 0.01 15 26.24 3.5 10
8 0.30 0.01 2.0 20.85 2.8 8
9 0.01 2.5 16.47 2.2 -
10 0.01 15 63.46 8.5 25
11 0.40 0.01 2.0 39.64 5.3 16
12 0.01 25 29.83 4.0 -
13 0.01 15 133.24 17.8 53
14 0.60 0.01 2.0 82.70 11.0 33
15 0.01 25 55.46 7.4 -
16 0.01 15 175.23 23.4 70
17 0.80 0.01 2.0 124.80 16.6 50
18 0.01 2.5 78.30 10.4 -
19 0.01 15 372.91 49.7 149
20 1.00 0.01 2.0 248.77 33.2 100
21 0.01 2.5 175.46 23.4 -
22 0.01 15 586.71 78.2 235
23 1.25 0.01 2.0 408.38 54.5 163
24 0.01 2.5 267.37 35.6 -
25 0.01 15 752.98 100.4 301
26 1.50 0.01 2.0 413.04 55.1 165
27 0.01 2.5 358.34 47.8 -
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The flume’s hydraulic system allowed a discharge range from 0.5 to 20 litres per
second. Sand was fed into the upstream part of the channel from a volumetric sand
feeder (Figure 3.1 A). At the downstream end of the flume (Figure 3.1 D), a chute
conveyed the solid and liquid flux (i.e. transported sediment and water) to a submerged
tank where the sediment transport (Qs) was measured by sampling the cumulative
weight every minute, allowing the same quantity of sediment to be fed into the upstream
end of the channel. In this way, the sediment supply was adjusted to match the sediment
transported out of the flume.

Following each experimental run, a digital elevation model (DEM) of the bed
topography was obtained using a laser profiler (Figure 3.1 C). The profiler was
supported on a bridge mounted on a rail positioned on the top of the concrete walls of
the flume. Bed elevation was measured at 5mm intervals across the flume and at 5 cm
intervals along the flume to capture the entire width of the experiment and a further 4
cm beyond each of the banks. This provided a detailed DEM describing the channel
form from 5 m to 20 m along the length of the flume and thus excluding areas subject to

entrance and outflow effects.

Once a dynamic equilibrium in sediment transport had been achieved in each
experiment, the mean sediment transport rate (Qs) for the experiment was calculated
from the remaining sediment transport measurements. A dimensionless mean sediment

transport rate (gs) was then calculated using the following formula:
Qs

: w-Ps-Jg (P ;pr)dgo

Where Qs is the sediment transport, w is the flume width, g is gravitational acceleration,
ps is the sediment density, pw is water density, and dsp is the median grain size.

Once the dynamic equilibrium of sediment transport had been achieved, the
transporting, non-transporting, and dry areas in the cross-section (Figure 3.2) were
mapped manually using a metric tape at 0.5 m intervals from 8 m to 18 m along the
length of the flume. When the runs exceeded 15 h length, these measurements were
obtained twice, and then averaged.
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Figure 3.2 Transporting, non-transporting and dry areas of the flume bed.
Measures of a) Dry, b) Wetted, and c) Active widths where obtained by measuring
along 20 transects, spaced 0.50 m apart. These measurements were made (“by
hand”) while running each experiment and also from the photographic record.

A ‘high flow’ photographic survey was carried out during each run when the full
experimental discharge was flowing through the channel. The survey was conducted
using a Nikon D3100 mounted on a hand-moveable carriage approximately 4 m above
and parallel to the flume bed and was controlled through a lap top computer. In the
minute following the cessation of each run, a second set of pictures were taken to
represent ‘low flow’ (i.e. water was still present, mostly in scours and some deep

channels).

3.2.2 Data Analysis

(i) Data preparation for DEM construction and description

In order to clean the “.txt” files produced by the laser, all the matrices were imported
into Excel, and at least 8 cross sections were graphed including the first, middle and last
cross sections in order to determine the bank locations. The columns containing the
bank points were then removed and a second set of graphs were produced to check that
all the bank points had been successfully removed. The file was then saved in a “.cvs”

format.

The statistical programme ‘R’ was used to analyse the cleaned matrices of 300 cross
sections produced by the laser profiler for each of the runs. First, all values > 10.0 and
<-10.0 were recoded as non-available (NA) since these values are used to indicate
points that are outside the range of the profiler. Second, the matrix was de-trended by

subtracting the mean elevation of each row (channel cross section) from each of the row
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values, and then saved as a “.csv” file. Finally, the matrix was reorganized as a vector in
order to compute the detrended elevation frequency distribution and calculate summary
statistics describing its form (mean, median, standard deviation, upper and lower
quartiles, skewness and kurtosis). The elevation frequency distribution was calculated
using a bin size of 0.5, and percentage frequencies to allow visual comparison between

experimental runs.

(it) DEM construction

Each DEM was then processed for input to Arc GIS. Each of the rows of the original
(i.e. including the banks and not de-trended) matrix was replicated 9 times using a
Fortran programme to produce 3000 row ASCII files and thus the square cells required
for analysis within a GIS. The ASCII files were imported and converted to raster using
the Arc tool box in ArcGIS 10 with the values in a “float’ type to preserve the whole
range of values. The slope of each map was calculated using the *focal statistics’ option
to calculate the mean in a moving square window equivalent to the flume width of each
run. The produced map was then subtracted from the original raster file in order to
produce a de-trended map for each of the runs using the ‘raster calculator’. From the de-
trended maps the banks and some parts close to the banks with missing information
were clipped using the spatial analyst tool ‘extract by rectangle’. For the runs with a
repetition, the slope was also calculated and subtracted from the runs, and then, using
the georeferencing tool ‘add control points’, both rasters (of the repeated runs) were
aligned using their banks as a reference. After this, using the raster calculator the
repetition run was subtracted from the first run producing a raster map with the
morphological changes, and then the banks were clipped off. This raster was exported
as an ASCII using the conversion tools, and then imported into Excel and cleaned of the
999 values assigned by ARC GIS to the previously clipped columns.

A second ‘R’ code was written to analyse the matrices produced by the difference
between the first run and its repetition. This code substitutes the values> 10.0 and <-
10.0 for non-available (NA) and then organizes the cleaned de-trended matrix into a
vector to calculate the elevation frequency distribution and the same descriptive

statistics that were estimated for each of the individual runs.

Following the above data processing, a colour scheme was selected to display the de-

trended channel maps from all of the experimental runs in a way that highlighted the
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distribution of bars and channels. From these colour images, it was possible to separate
runs that generated one of two different channel styles: a) predominantly single thread
channels with alternate side bars, and b) predominantly multi-thread channels showing

mid-channel bar development.

(ii1) Estimation of dimensionless stream power

The photographic surveys of each of the experiments provided a total of 16 individual
pictures for both the “high flow” and “low flow” surveys of each experimental run.
These pictures where resized individually using the program ‘Image Converter’ and
then stitched together using ‘Photo Stitch 3.1°. The “high flow” pictures were imported
into ArcGIS 10 and georectified to fit each of the DEM’s using the banks as reference.
A minimum of 8 control points were identified along the banks in each photograph for
use in georectification.

Following georectification, a total of 20 cross sections spaced at 0.5 m intervals and
commencing 5 metres from the upstream end of each DEM were inspected to measure
dry and wetted areas within each cross section (Figure 3.2). It was not possible to
measure areas transporting sediment due to the reflection of the water surface in the

pictures.

The wet and dry areas were summed for each cross section and then averaged by run in
order to compare with the surveys carried out by hand during each of the experiments
(Figure 3.3). In this way the hand surveys were validated, giving confidence in the use
of the hand measurements of the transporting areas to replace the measurements that

could not be extracted from the photographs.

Different estimates of dimensionless stream power (w) were then calculated for each of
the averaged widths, namely: a) “Flume width”, the original configuration width
selected for each run. b) “Wetted width”, the averaged submerged width at ‘high flow’,
and c) “Active width”, the averaged transporting width in the channel at ‘high flow’.
This was accomplished by using the following formula:

Q-5

W - Jg (ps p_wpw) dgg
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Where Q is the water discharge, w is the width (flume width, wetted width or active
width), g is gravity, ps is the sediment density, pw is the water density, and dso is the

median grain size.
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Figure 3.3 Relationship between wetted widths (in m) measured from photographs

(horizontal axis) and by hand (vertical axis).

3.3 RESULTS.

3.3.1 Descriptive Statistics

Table 3.2 presents summary statistics describing the boundary conditions and process-
form responses associated with all of the experimental runs. The Table is organised
vertically to show the 27 runs with the three discharges nested within the nine flume
widths. This section describes the broad trends observable from Table 3.2 in the order
followed by the columns of the Table, but excluding the last three columns, which are

described in detail in section 3.3.2.

At small channel widths, no differences are observed between the flume, wetted and
active widths, with water actively moving sediment across the complete flume width at
all experimental discharges. However, as the flume width increases, the wetted and
active widths do not continue to occupy the entire flume width and the ratio between the
active and the wetted width follows a decreasing trend with increasing channel width
for each of the three experimental discharges (Figure 3.4). However, there are some
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small deviations from this decreasing trend in the active to wetted width ratio at channel
widths greater than 0.8 m.

1.60 B
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=
g oso g A Wetted width
g Ll Q & 'S * L 2 ’ Active width
E 0.40 - Q ’ * ‘ z &
é 0.20 - d] O

0.00 ; ; —

0.00 0.50 1.00 1.50

Flume width (m)

Figure 3.4 Wetted and active channel widths observed at different flume widths
(the three discharges are shown for each width using the same symbol).

When discharge is converted to stream power and rendered dimensionless (o) with
respect to the three different widths (flume, wetted and active widths), as would be
expected, the three estimates of o show increasing values from channel through wetted
to active width for each discharge and flume width combination (Figure 3.5). Each of
the three estimates of ® also shows a decrease as the channel width increases (Figure
3.5), although there are slight deviations from this trend, notably in relation to ®
estimates for active channel widths greater than 0.8 m (Figure 3.5).
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Table 3.2 Summary information on wetted, dry and active channel widths and related stream power, sediment transport rate and bed

elevation frequency distribution of the 27 experimental runs.

Run

Mean

Ratio

Mean sediment Dimensionless

Bed Elevation

Discharge Q  Flume  Mean wetted Mean dry . . o (Flume o (Wetted o (Active . -

Run No. 'e(rr‘]%;h (/) width(m) width (m)  width (m) Wf’(‘jcttr:"(‘:n) AC;"V’vei’éﬁe)tte width)  width)  width) tra’gfc(’g/tsgate tr;ﬁg{;’;‘ret”(gs) 'V('fr‘:]'sn S:'cr'i:)‘" Kurtosis Skewness
T 12 15 015 015 0.00 0.15 10 0731 0731 0731 3552 0.065 0.005 0164 0434 0210
2 07 2.0 0.15 0.15 0.00 0.15 10 0974 0974 0974 6.88 0126  -0002 0136 0575  -0.084
3 08 25 0.15 0.15 0.00 0.15 10 1218 1218 1218 752 0138 -0008 0143 0410  0.128
4 17 15 0.20 0.20 0.00 0.20 10 0548 0548 0548 3536 0.049 0036 0260 1010  -0.747
5 14 2.0 0.20 0.20 0.00 0.20 10 0731 0731 0731 5.152 0.071 0006 0185 -0.043  -0.204
6 12 25 0.20 0.20 0.00 0.20 10 0913 0913 0913 7.104 0.098 0006 0199 0148  -0.219
7 35 15 0.30 0.30 0.00 0.30 10 0365 0365 0365 3.056 0.028 0122 0559 1735  -1.162
8 28 2.0 0.30 0.30 0.00 0.30 10 0487 0487 0487 4.56 0.042 0087 0431 3263  -1468
9 22 25 0.30 0.30 0.00 0.254 0.845 0609 0609 0720 6.64 0.061 0039 0305 1455  -0.908
10 85 15 0.40 0.40 0.00 0.317 0.793 0274 0274 0346 1872 0.013 0146 0505 2606  -1446
11 53 2.0 0.40 0.40 0.00 0.360 0.899 0365 0365 0406 3.568 0.025 0174 0693 0826  -1.051
12 4 25 0.40 0.40 0.00 0.329 0.823 0457 0457 0555 5.408 0.037 0169 0.648 2484  -1450
13 1738 15 0.60 0.57 0.03 0.445 0.777 0183 0191 0246 1568 0.007 0123 0613 1616  -1.103
1“1 20 0.60 0.58 0.02 0.469 0.809 0244 0252 0312 2.992 0.014 0194 0744 1763  -1285
5 74 25 0.60 0.56 0.04 0.378 0.674 0304 0326 0483 5.088 0.023 0134 0751 1883  -1211
16 234 15 0.80 0.70 0.10 0.374 0535 0137 0157 0293 1.792 0.006 0108 0618 1184  -0.962
17 166 20 0.80 0.74 0.07 0.551 0.750 0183 0199  0.265 2.976 0.01 0142 0711 1393  -1032
18 104 25 0.80 0.75 0.05 0.542 0.725 0228 0244 0337 5.302 0.019 0199 0787 3084  -1460
19 497 15 1.00 0.85 0.15 0.305 0.360 0110 0128 0360 1158 0.003 0.124 0599 2900  -1296
20 332 20 1.00 0.88 0.12 0.344 0.392 0.146 0167 0425 2.042 0.006 0.184 0701 1305  -1137
21 234 25 1.00 0.95 0.05 0.530 0.555 0183 0191 0345 3.208 0.009 0132 0691 0902  -0.940
2 782 15 125 0.97 0.28 0.327 0.337 0088 0113 033 1.008 0.002 013 0628 1072  -0921
23 545 20 125 0.99 0.26 0.399 0.402 0117 0147 0366 1.706 0.004 0132 0691 0902  -0.940
24 356 25 125 1.08 0.17 0.531 0.493 0.146 0169 0344 2.968 0.007 0.160 0775 2387  -1224
25 1004 15 150 1.10 0.40 0.420 0.382 0073 0100 0261 1018 0.002 0.106 0555 2568  -1.172
26 551 20 150 114 0.36 0.411 0.361 0097 0129 0356 2184 0.004 018 0629 1295  -1.019
27 478 25 150 125 0.25 0.554 0.444 0122 0147 0330 2.864 0.005 0.147 0703 2149  -1241

* Flume width is equal to the complete width measured inside the plastic cover.
** Mean wetted width is equal to the average of all the water submerged areas in the cross section.
***Mean dry width is equal to the average area of all the areas exposed above the water level in the cross section.

****Mean active width is equal to the average area in the cross section that is submerged and transporting sediment.
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Figure 3.5 Relationship between o (calculated for flume, wetted and active width
for three formative discharges) and flume width.

B 0.14

-
@ O
=)
=]

Flume

-
|
=
=

[s) width {m)
o015

8]
=g

00.20
©0.20
o ®0.40
A060
o AD.80
A1.00

Al25

2 A 1.50

s
;

o

®
o =)
(=} (=]
o o
&

=]
B
(o]

Mean sediment transport rate Qs (g/s)
@
> @
b
Dimensionless sediment transport (gs)
o

=
=]
ra

ra
= B

e =[P

el @
[

L]
. . : i
2 25 3 1 15
Discharge (1/s) Discharge (1/s)

25 3

[
=
in

Figure 3.6 Mean sediment transport rate (left) and dimensionless sediment
transport rate (right) in relation to discharge across all flume widths (key).

The sediment transport rate (Qs in g/s) and the dimensionless sediment transport rate
(gs) both appear to vary according to both the flume width and the discharge that is
transporting the sediment (Figure 3.6). In general, larger amounts of sediment are
transported by higher discharges within the same flume width and less sediment is
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transported in wider channels by the same discharge. Thus, Qs and gs appear to vary
according to the combination of discharge and width.

3.3.2 Digital Elevation Models

Figures 3.7 to 3.9 illustrate the DEMs produced by each of the experimental runs
associated with Q=1.5 I/s, Q=2.0 I/s, Q=2.5 I/s, respectively. In each Figure the colour
scales from dark orange in the highest elevation areas to pale yellow in the lowest areas,
the extreme elevation values, and the median elevation for each run are shown on the

scale associated with each DEM.

For Q=1.5 I/s (Figure 3.7), the elevation range of the DTM generally increases with
increasing channel width, although the ranges at 0.6 m and 1.25 m show slightly lower
values than adjacent channel widths. A regular and symmetrical distribution of alternate
bars can be observed up to a 0.30 m channel width. At 0.40 m width, the alternate bars
remain regular but they elongate and start to exhibit a longitudinally asymmetrical
shape and higher surface elevation. At 0.6 m width, mid-channel bars start to appear in
addition to alternate bars. Above 0.6 m width, channel complexity increases. In general,
a main channel can be observed in these wider channels following a sinuous course with
an increasing wavelength accompanying increases in width. The number of smaller
channels and chutes also increase so that highly complex braided forms emerge at 1.25
and 1.5 m widths.

For Q=2 I/s (Figure 3.8), the elevation range is greater than for the Q=1.5 I/s runs for the
0.15 and 0.2 m widths. Thereafter, the ranges tend to be smaller than were observed for
Q=1.5 I/s. A regular and symmetrical distribution of alternate bars can be observed up
to a 0.40 m channel width, with bar length progressively increasing as channel width
increases. At 0.60 m width, mid-channel bars started to appear, but they only become
clear at 0.80 m width. Larger channel widths show increasingly complex multi-channel
forms. At 1.0 and 1.5 m widths, the main channel exhibits a sinuous course but this is
less marked than was observed in the channels formed by Q=1.5 I/s (Figure 3.7). In
addition, the contrast between main and secondary channels is less noticeable than in

Figure 3.6, so that several sinuous threads appear to overlay one another.

For Q=2.5 I/s (Figure 3.9), the elevation ranges are similar to those for Q=2 I/s for

narrow channel widths (e.g. 0.15 and 0.2 m), but thereafter they tend to be larger with
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some exceptions (e.g. 0.6 m). Well-defined, evenly-spaced alternate bars are observed

up to 0.4 m width, with bar lengths increasing and bars taking an increasingly
asymmetrical plan shape as width increases. At 0.60 m width the bars start to lose their
regular shape and to develop a form more akin to mid-channel bars. For channels of
0.80 m width and wider, mid-channel bars and a multi-thread planform are apparent,
and the main channel adopts a sinuous planform of increasing wavelength with
increasing channel width. As was observed for Q=2.0 I/s, the secondary channels and
chutes also display sinuous planforms that show different amplitudes and wavelengths
from the main channel.
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Figure 3.7  DTMs produced by a discharge of 1.5 I/s applied to different flume widths.
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Width Elevation
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Figure 3.8 DTMs produced by a discharge of 2.0 I/s applied to different flume widths.
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Q=2.51s

Figure 3.9  DTMs produced by a discharge of 2.5 I/s applied to different flume widths.
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Figure 3.10 Bed elevation frequency distributions generated by different combinations of discharge (vertical) and channel width (horizontal).
Each frequency distribution is labelled by run number (1 to 27) and employs an equal bin size of 0.5 on the horizontal axis with values ranging
from -9 to +9. The vertical axis expresses density with a minimum value of 0 and a maximum of 1 for all of the runs.
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3.3.3 Elevation Frequency Distributions

The bed elevations from these 27 DEMs can be expressed as elevation frequency
distributions (Figure 3.10) from which descriptive statistics can be extracted, such as the
mean, median, standard deviation, skewness and kurtosis. In the present case, because
the DEMs were detrended, the mean was close to zero in all cases. However, the
remaining four descriptive statistics provide useful information about the form of the
bed. Comparison of median values with zero (the mean), provides an initial assessment
of whether the frequency distribution has more observations greater than or less than the
average elevation of the bed. The standard deviation describes how variable the bed
elevation is, with small standard deviations indicative of subdued bed topography with
little variation in the bed elevation, whereas a high standard deviation indicates that the
elevation of the bed varies a lot. Kurtosis describes the peakedness of the distribution
and so gives similar information to the standard deviation: high (positive) kurtosis
indicates that many of the elevation values are similar, although there may be extreme
values in the distribution tails. This suggesting a river bed with a subdued topography;
low (negative) kurtosis indicates a flatter frequency distribution, suggesting an irregular
river bed with much greater variability in its elevation and eveness in the frequency of
different elevation values. Lastly skewness indicates the degree to which the frequency
distribution is assymetrical, with values close to O indicating a symmetrical distribution
with balanced areas of the bed that are higher (e.g. bar tops) or lower than the average;
positive skewness represents a river with relatively restricted high areas (bar tops) and
extensive low areas; negative skewness represents a river with extensive high areas (bar
tops) separated by relatively restricted intervening low areas. Figure 3.11 illustrates how
different river beds might appear according to their skewness and kurtosis.

Positive Skewness

_HL;_A_A_AJ

No Skewness

_h.--h._.ﬂul

Negative Skewness

Negative Kurtosis € > Positive Kurtosis

Figure 3.11 Conceptual sketches of the impact of different bed elevation kurtosis

and skewness on the appearance of the cross profile of a braided river.
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The observed frequency distributions (Figure 3.10) show broad trends of increasing
width and skewness, and decreasing peakedness with increasing channel width, and the
changes appear to occur most rapidly at lower discharges. The bed elevation frequency
distribution is summarised by four descriptive statistics in Table 3.2: the median
(describing central tendency of the frequency distribution), standard deviation
(describing variability in the observations and thus the width of the distribution),
kurtosis (describing the peakedness of the distribution), and skewness (describing the
asymmetry of the distribution).

The medians of the bed elevation distributions show an increasing trend with flume
width and also with discharge up to around 0.4 m width (Figure 3.12A). For widths of
0.6 m and above, there is a slightly declining trend in the median values as flume width
increases, with lower values generally related to decreasing discharge, although there is
considerable variability around these trends.
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Figure 3.12 Variations in the A. median; B. standard deviation; C. kurtosis; D.

skewness of the bed elevation with flume width and formative discharge.

For all three discharges, the standard deviation of the bed elevation frequency
distributions (Figure 3.12B) shows a generally increasing trend with increasing flume
width to a width of 0.80 m but there is no consistent trend in standard deviation with
discharge for the same width. For channel widths above 0.8 m, the standard deviation
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increases with discharge for the same flume width but there is no distinct change in

standard deviation with increasing flume width.

Kurtosis values for the bed elevation frequency distributions (Figure 3.12C) vary widely
with flume width and discharge, but they are generally positive in value, with a broad
increase for flume widths of up to 0.6 m and then kurtosis declines with increasing
flume width.

Skewness of the bed elevation frequency distributions (Figure 3.12D) decreases from
positive to negative values with increasing channel width up to a width of 0.6 m and
then remains at similar low negative values but with considerable variation between

discharges for larger flume widths.

3.3.4 Associations Among Processes and Channel Size and Form
(i) Dynamic Equilibrium in sediment transport
In each experimental run, sediment was supplied to the flume to match the amount of

sediment being transported through the given flume width by the discharge.

As previously observed from Table 3.2, the mean sediment transport rate (Qs) and its
dimensionless form (gs) decline as flume width, wetted width and active width increase.
For example, Figure 3.13 shows the relationships between Qs and gs and the wetted
channel width. The symbols indicate widths where no mid-channel bars are present by
circles and those that support mid-channel bars by triangles with darker colours

indicating wider widths.

Sediment transport also varies with stream power (Figure 3.14). Qs increases with ®
across all flume widths (Figure 3.14A). When Qs is plotted in its dimensionless form
(gs), the data tightly follow a slightly curved relationship (Figure 3.14B). This confirms
that the experiments were run for long enough to reach a dynamic equilibrium in
sediment transport rate that was adjusted to the discharge and channel width, and thus
provides confidence that the morphological results are representative of a dynamic

equilibrium condition defined by Q, Qs and flume width.
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Figure 3.13 Scatter plots with indicative regression trend lines illustrating a decline

in A. mean sediment transport rate (Qs in g/s) and B. dimensionless sediment

transport rate (gs) with increasing wetted channel width. The different symbols

indicate the presence (triangular markers) or absence (circular markers) of mid-

channel bars, and the colours indicate different flume widths.

(if) Wetted and active widths

Observations of the wetted and active width of each experiment provides information

on the proportion of the width of flowing water (i.e. the wetted width) that is actively

moving sediment (i.e. the active width) and is, therefore, actively eroding, transporting

and depositing sediment to modify the channel morphology.
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Figure 3.14 Scatter plots with indicative trend lines illustrating relationships
between o (flume width) and A. mean sediment transport rate (Qs in g/s) and B.

dimensionless sediment transport rate (qs) defined across the 27 experimental

Figure 3.15A illustrates that there is a curved relationship between the ratio of the active
and wetted width and stream power, which is associated with changes in the flume
width. At small channel widths (0.15 and 0.20m) stream power remains high for all

experimental runs and the ratio of active to wetted channel width is equal to 1.0, with
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As the channel width increases to 0.3 and 0.4 m, stream power decreases and there is a

variable response between runs in the ratio of active to wetted width and thus the
proportion of the wetted channel that is actively transporting sediment. In some runs the
ratio is 1.0, indicating that the entire width is transporting sediments, but in some runs
the ratio is lower, falling in a range between ca. 0.8 and 1.0. However, there is no
consistent response to changes in stream power for runs with the same flume width.
Once the channel exceeds 0.4 m width, the ratio of active to wetted width falls rapidly
with increasing flume width, illustrating a distinct and progressive decrease in the
proportion of the active channel transporting sediment.
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Figure 3.15 Scatter plots illustrating A) Changes in the ratio of active to wetted
width as flume width with increasing o (with trend line). B) Changes in wetted
channel width with increasing discharge. C) Changes in active channel width with

increasing discharge.
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Figures 3.15 B and C illustrate how the wetted and active channel width change as
discharge increases. At low flume widths (< 0.4 m), the wetted width occupies the entire
flume width; at high flume widths (> 1.0 m) it is smaller than the flume width and
shows a distinct increase with discharge; and at intermediate flume widths (0.6 and 0.8
m) the wetted width is very close to the flume width and shows no clear trend with
discharge (Figure 3.15B). At very low flume widths (< 0.2 m), the active width
occupies the entire flume width; at high flume widths (> 1.0 m) the active width is
considerably smaller than the wetted width and shows a very distinct increase with
discharge; and at intermediate flume widths (0.4 to 0.8 m) the active width is distinctly
narrower than the wetted width but shows no clear trend with increasing discharge
(Figure 3.15C).

(iii) Changes in channel form in response to changes in stream power and flume width
Figure 3.16 presents scatter plots illustrating how channel morphology changes across
the experimental runs. The three rows of graphs represent the three measures of
dimensionless stream power (flume, wetted and active channel width) and show similar
patterns for each of the four properties of the channel morphology (median, standard
deviation, kurtosis, skewness) but with a change in the absolute values of power as a
result of the different widths used to render stream power dimensionless. However, the
graphs displaying dimensionless stream power calculated from the active width show a
tighter clustering of points for the highest channel widths than those displaying stream
power calculated from the flume and wetted widths.

The median elevation is relatively large and similar for all runs with a flume width
greater than 0.3 m, indicating that the median is consistently larger than the mean
(which has been constrained to be 0.0 cm by the method of DEM analysis that was
adopted). However, the median reduces and converges on zero as the flume width
becomes narrower and as o increases for any particular flume width. A similar pattern
IS seen in the scatter plots of standard deviation of the elevation frequency distribution,
with the standard deviation showing clustered high values for flume widths greater than
0.30 m and a sequence of smaller values that decrease with reducing flume width and

increasing stream power for each flume width.
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Figure 3.16 Scatter plots illustrating relationships between stream power (o related to flume, wetted and active widths) and properties of the
channel morphology (median, standard deviation, skewness and kurtosis of the elevation frequency distribution). The key explains the
symbols used for runs with different flume widths).
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Kurtosis describes the height and sharpness of the peak of the bed elevation frequency.
Apart from the smallest channel widths (0.15 and 0.20 m), which have a kurtosis value
close to zero, all bed elevation frequency distributions have positive values of kurtosis
(i.e. increasingly leptokurtic or peaked), which increase with flume width, although
there is enormous scatter in relation to both width and also stream power for any fixed
width.

Skewness, a measure of the asymmetry of the frequency distribution, is close to zero
(i.e. close to symmetrical) for a channel width of 0.15 m but then it decreases markedly
for widths of 0.2 and 0.3 m until it stabilises at between -1 and ca. -1.5 for larger widths
(i.e. markedly negatively skewed). There also appears to be a decrease in the value of

skewness with decreasing stream power for the smaller flume widths.

When variations in the median, standard deviation, kurtosis and skewness are compared
for runs of different discharge but with the same channel width, some distinct trends are
revealed (Figure 3.17). For small channel widths (0.15 and 0.2 m) there is a reduction in
median, standard deviation and kurtosis and an increase in skewness towards a value of
0 (symmetric distribution) with increasing discharge. For all channel widths of 0.4 m
and greater, there is a trend of increasing median and standard deviation with increasing
discharge, and in most cases kurtosis increases and skewness decreases. At the
intervening channel width of 0.3 m there is a very strong decrease in the median and
increase in the standard deviation with increasing discharge with no clear trend in
skewness or kurtosis. Overall, the four parameters of the elevation frequency
distribution indicate a trend from approximately normally distributed frequency
distributions with skewness and kurtosis close to zero at low flume widths, particularly
when combined with high stream power. This implies a relatively smooth and subdued
undulating bed form with few notably high or low areas (e.g. Figure 3.11E). As stream
power increases but the flume width remains small, the river bed starts to adopt a
slightly negatively skewed, broader but more peaked frequency distribution, still
implying a relatively smooth and subdued undulating bed but with bar tops increasing in
relative importance to intervening channels and so tending towards Figure 3.11F. Once
the flume width exceeds 0.3 m, all of the elevation frequency distributions show marked
negative skew, and are increasingly broad but also peaked. This implies an increasingly
irregular bed, with intermediate to high elevation bar tops increasing in importance

relatively to lower areas (e.g. Figure 3.111).
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Figure 3.17 Variations in median, standard deviation, kurtosis and skewness of the
bed elevation frequency distribution with changes in discharge. The key explains
the symbols used for the different widths.

(iv) Channel morphology and the emergence of mid-channel bars

As discussed in section 3.3.2, mid channel bars were only observed in experimental
runs of at least 0.6 m width for discharges of 1.5 and 2 I/s and they appeared at a width
of 0.8 m for a discharge of 2.5 I/s. The association between the presence of mid-channel
bars and the four parameters of the elevation frequency distribution are shown in Figure
3.18.

From Figure 3.18, it is apparent that channels with mid-channel bars develop (but not
exclusively) in association with a median elevation greater than 0.1 cm, a standard
deviation greater than 0.5 cm, a skewness less than —0.9 and an intermediate level of
kurtosis.
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Figure 3.18 Presence of mid-channel bars in relation to the four parameters of the
elevation frequency distribution (black dots are channels without mid-channel

bars; white dots are channels with mid-channel bars).

(v) Repetition runs

All the results presented so far in this section exclude the repetition runs. Although there
appear to be distinct trends in the data, it is important to establish that these are robust
results that could be reproduced across several runs reflecting the experimental
conditions of discharge and flume width that were explored. Therefore, this section
compares the results on the 13 repetition runs with the initial runs under the same flume

width and discharge (Table 3.3). As in previous analyses, the parameters (median,
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standard deviation, kurtosis and skewness) of the bed elevation frequency distribution
for each first (A) and second (B) run have been extracted. The same properties have also
been extracted for the frequency distribution of the difference in bed elevation between
each pair of runs (C).

The median values for the first runs (A) (range: 0.08 to 0.20; average: 0.133) and the
second runs (B) (range: 0.030 and 0.152; average: 0.116) are similar. The frequency
distributions of the differences in elevation between runs (C), show a very small range
in the medians (-0.01 to 0.02), with an average of 0.003. Similarly, there is a significant
variation in the individual standard deviations of the bed elevation frequency
distributions among first runs (A) (range: 0.5 to 0.75; average: 0.629), and second runs
(B) (range: 0.342 to 0.708, average: 0.595). However, the frequency distributions of the
differences in elevation between runs (i.e. C) show a small range in standard deviations
(0.35 to 0.65) with an average of 0.543. Kurtosis values also vary greatly among first
runs (A) (range: 0.80 to 3.30; average: 1.679), and second runs (B) (range: 0.877 to
3.762; average: 2.074). However, the kurtosis of their difference (C) shows values from
1.3 to 5.65 with an average of 3.291 showing that the frequency distributions for (C) are
far more peaked (compact) than either of the first and second runs. Finally, skewness
shows values between -1.5 to -0.93 with an average value of -1.119 for the first runs
(A), and -1.40 to -0.867 with an average value of -1.123 for the second runs (B), but the
values for the difference in elevation (C) ranges from -0.75 to 0.51 with an average
value of 0.032, indicating far more symmetrical distributions than for A or B.

Overall, the frequency distributions of the differences in bed elevation between runs A
and B are far more compact than for the individual runs, with median values close to
0.0, low standard deviations, a peaked and symmetrical shape. This illustrates that
repeat runs generate similar bed elevation frequency distributions, providing confidence
that the results obtained when comparing runs under different discharges and flume

widths are robust and that the trends that have been identified are genuine.
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Table 3.3 Summary information on run length (hr), discharge (Q in I/s), and the
parameters (median, standard deviation, kurtosis, skewness) of the bed elevation
frequency distribution for runs A and B and of the frequency distribution of the
difference in elevation between A and B, which is labelled C.

Run Discharge  Flume Bed Elevation

RUNNO. yongth (hr)  Q (Ifs)  width (m) Median  St.Dev. o Skewness
(cms) (cms)
A 3.50 15 0.30 0122 0.559 1735  -1.162
7B 0.17 15 0.30 0075  0.383 2600  -1.218
7C " 15 0.30 0023  0.399 1666  -0.350
8A 2.80 2.0 0.30 0.087 0431 3263  -1.468
8B 0.13 2.0 0.30 0030 0342 3762  -1.142
8C " 2.0 0.30 0.085 0518 1307  -0.745
10A 8.50 15 0.40 0.146  0.595 2606  -1.446
10B 0.42 15 0.40 0.082 0.485 1842  -1.057
10C " 15 0.40 0010 0436 3146  -0.143
11A 5.30 2.0 0.40 0174 0693 0826  -1.051
11B 0.27 2.0 0.40 0.095 0552 1278  -0.982
11C " 2.0 0.40 0.044 0413 2781  -0.548
13A 17.80 15 0.60 0123 0613 1616  -1.103
13B 0.88 15 0.60 0.152 0.655 1835  -1.210
13C " 15 0.60 0011 0524 2463 0390
14A 11.00 2.0 0.60 0194  0.744 1.763  -1.285
14B 0.55 2.0 0.60 0135  0.698 1.929  -1.185
14C " 2.0 0.60 0.004 0549 3169  -0.341
16A 23.40 15 0.80 0.108 0.618 1184  -0.962
16B 117 15 0.80 0.132 0.628 0877  -0.971
16C " 15 0.80 0038 0.559 5.609 0.289
17A 16.60 2.0 0.80 0.142 0.711 1393 -1.032
17B 0.83 2.0 0.80 0.138 0.703 1033 -0.867
17C " 2.0 0.80 0026 0587 3.886 0.042
19A 49.70 15 1.00 0.124 0599 2000  -1.296
19B 2.48 15 1.00 0.126 0.595 1841  -1.131
19C " 15 1.00 0012 0602 4343 0.304
20A 33.20 2.0 1.00 0184 0701 1305  -1.137
20B 1.67 2.0 1.00 0.147 0.708 2746 -1.400
20C " 2.0 1.00 0036 0633 4146 0.122
22A 78.20 15 1.25 0.113 0.628 1072 -0.921
22B 3.92 15 1.25 0.115 0.641 1698  -1.031
22C " 15 1.25 0008  0.547 3.321 0.507
23A 54.50 2.0 1.25 0.132 0.691 0.902  -0.940
23B 2.72 2.0 1.25 0.126 0.688 2258  -1.108
23C " 2.0 1.25 0024 0535 2.761 0.334
25A 100.40 15 1.50 0.106 0.555 2568  -1.172
25B 5.02 15 1.50 0.124 0578 2085  -1.189
25C " 15 1.50 0012 0596 3414  0.069
26A 55.10 2.0 1.50 0.118 0.629 1295  -1.019
26B 2.75 2.0 1.50 0.143 0.678 2353  -1.234
26C " 2.0 1.50 0.045 0594 3918 0.344
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Figure 3.19 Frequency distributions of the differences in elevation between the original runs (A) and their repetition (B) organized vertically
by discharge and horizontally by flume width. Each of the distributions is labelled according to the original run number with C to indicate the

distribution relates to the difference in elevation between runs A and B. The individual horizontal axis for all of the figures is equally
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3.4  DISCUSSION AND CONCLUSIONS

In section 3.1.4, four research questions were posed, which can now be answered.

3.4.1 Research Question 1: To what extent does bed morphology vary between
experiments conducted with the same formative discharge and fixed maximum
channel width?

There were 14 pairs of runs, where the experiment was restarted and run for a second
period. All of these additional runs resulted in changes in the channel bed morphology,
but the four summary statistics (median, standard deviation, skewness and kurtosis)
were very similar in each pair of runs and the frequency distribution of the differences
in bed elevation between the DTMs produced by each pair of runs was normally
distributed with a very low standard deviation, suggesting that the changes were small
and random. This suggests that the differences observed across the experiments as
channel width and discharge change are robust and informative.

3.4.2 Research Question 2: To what extent does bed morphology change in
response to different fixed, formative discharges / stream powers within the
constraints of a fixed maximum channel width?

Small but distinct differences were observed in bed morphology in response to changes
in the formative discharge or stream power for a fixed channel / flume width (Figure
3.16). These suggest that at small widths, increased discharge / stream power tends to
reduce the median bed elevation as well as its standard deviation and kurtosis,
suggesting a lower but more homogeneous bed. At the same time, skewness approaches
zero, indicating a symmetric bed elevation frequency distribution. Thus with small
channel widths, the bed appears to be lowered (scoured) and variability in elevation is
reduced. However, above a width of 0.3 m, increased discharge leads to an increase in
the overall bed elevation and also in its variability, suggesting increased bar accretion,
with a decrease in skewness (increase in asymmetry) and thus an increase in the
peakedness of the distribution. There appears to be a threshold in the response of
channel morphology to increasing discharge at a flume width of 0.3 m.

3.4.3 Research Question 3: To what extent does bed morphology change in

response to a fixed, formative discharge / discharge within the constraints of

different fixed maximum channel widths?
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Changes of bed morphology in response to flume width change were larger than those
in response to discharge change. Changes in planform can be seen clearly in the DTMs
displayed in Figures 3.7, 3.8 and 3.9. The same broad trend can be observed for all three
discharges as the flume width increases. Up to 0.4 m flume width, a bed morphology of
alternate bars can be observed with bar length increasing as width increases. For
channel widths of 0.8 m and above, mid channel bars appear. Although a main channel
persists with a broadly sinuous course of increasing wavelength with increasing flume
width, secondary channels develop and become more numerous and complex as flume
width increases. The transition between a single thread planform with alternate bars and

the appearance of mid channel bars occurs at flume widths of 0.6 or 0.8 m.

These changes in planform are accompanied by changes in bed elevation frequency
distribution. When the four parameters of the frequency distribution are plotted against
discharge (expressed as dimensionless stream power and thus adjusted for channel size),
clear trends are revealed (Figure 3.16). The single thread, alternate bar channels below
0.6 m flume width, show increases in median, standard deviation and kurtosis of bed
elevation, and a decrease in skewness with increasing channel width. This indicates a
trend of increasing bed elevation with a more variable, asymmetric and peaked
frequency distribution. For all flume widths greater than or equal to 0.6 m, the four
parameters of the elevation frequency distribution show no distinct trend with channel
width, and their values are particularly similar when stream power is rendered
dimensionless using the active channel width, or the width of the channel that is

experiencing active sediment transport.

3.4.4 Research Question 4: To what extent does bed morphology change in
response to different fixed, formative discharges within the constraints of different
fixed maximum channel widths?

If we combine the responses to discharge and width changes, it is clear that bed
morphology responds in quite a complex way to changes in discharge and flume width.
Narrow channels respond differently from wide channels, with transitional behaviour
observed at channel widths of 0.4, 0.6 and 0.7 m width depending upon the discharge
applied and the response variable being considered. This transition reflects a shift from
channels, where the flume width constrains both the wetted and active width (i.e. 0.15,
0.2 and 0.3 m) to those where both wetted and active width are unconstrained (0.8 m

and wider).
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3.4.5 Comparison of the Experimental Results with Observations and Predictions
From Previous Work

The flume experiments reported in this chapter confirm and extend several relationships
among processes and forms that have been established in previous work.

The sediment transport data can be compared to previous research conducted with
respect to both channel width and flow energy. Warburton (1996) found a negative
linear relationship between sediment discharge and initial channel width in his flume
experiments. Since he also found a linear relationship between initial and final channel
widths, his results can be compared with the relationship illustrated in Figure 3.13A
from the present research. Figure 3.13A describes a curved relationship across a similar
width range and slope to those employed by Warburton (1996), but the curve is only
discernible because of the much larger data set than that of Warbuton (1996) (27
compared with 8 experimental runs). A strong, curved, positive relationship was
established between dimensionless mean sediment transport rate (gs) and dimensionless
unit stream power (o (flume width)) across the entire set of runs (Figure 3.14B). This is
very similar to that produced by Bertoldi et al (2009a). However, the present research
considerably extends the range of values of gs and ® for which the relationship is
defined.

The research also confirms the positive associations between channel width and
discharge or stream power reported in numerous previous flume studies (e.g. Ashmore,
1991, 2011; Bertoldi et al., 2009a). Nevertheless, the present research extends this
previous work, by considering how the active channel develops within a wider range of
fixed flume widths. Bertoldi et al. (2009a) identified slightly curved, positive
relationships between active width and stream power for two separate groups of
experiments conducted in different flumes. They then showed that these two data sets
described a single, curved, positive relationship when the ratio of active to wetted width
was plotted against dimensionless stream power. The present research has identified a
positive, curved relationship when the ratio of active to wetted width was plotted
against dimensionless stream power (Figure 3.15A), but in the present case, the range of
values of dimensionless stream power is much larger. Moreover, the largest values of ®
were achieved within narrow fixed channels, where the active width (Figure 3.15C) was

close to the value of the wetted width (Figure 3.15B), which in turn occupied the entire
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channel width. As a result, the upper part of the curve, between ® = 0.25 and ® = 0.4,
extends that of Bertoldi et al. (2009a) under unconfined conditions, but above o = 0.4,
the curve is defined largely by the experiments with flume widths of 0.15 and 0.2 m,

where the entire width of the flume was wetted and was almost entirely active.

Table 3.4 *Observed BI, and estimated bar types, bar mode (m) and Bl based upon
2Colombini, Seminara and Tubino (1987) and *Crosato and Mosselman (2009) for
values of their parameter b of 10 (recommended for gravel bed rivers) and 5.
(M=meandering, T = transitional, B = braided)

Run Bl' Blactive® Bartypes? m(b=10)° BI (b=10)° Planform® m (b=5) 3 BI (b=5) * Planform *

1 1.00 1.00 FLAT 0.4 0.7 M 0.7 0.9 M
2 1.00 1.00 FLAT 0.3 0.7 M 0.6 0.8 M
3 1.00 1.00 FLAT 0.3 0.6 M 0.6 0.8 M
4 1.00 1.00 FLAT 0.6 0.8 M 1.2 1.1 M
5 1.00 1.00 FLAT 0.5 0.8 M 1.0 1.0 M
6 1.00 1.00 FLAT 0.5 0.7 M 0.9 0.9 M
7 1.00 1.00 ALTERNATE 1.2 1.1 M 2.2 1.6 T
8 1.00 1.00 ALTERNATE 1.0 1.0 M 1.9 1.4 M
9 1.00 1.00 ALTERNATE 0.9 0.9 M 1.7 1.3 M
10 1.00 1.10 ALTERNATE 1.9 1.4 M 35 2.3 T
11 1.00 1.00 ALTERNATE 1.6 1.3 M 3.0 2.0 T
12 1.00 1.00 ALTERNATE 1.4 1.2 M 2.6 1.8 T
13 1.25 1.55 MULTIPLE 3.3 2.1 T 6.2 3.6 B
14 1.13 1.52 CENTRAL 2.9 2.0 T 5.5 3.2 B
15 1.10 1.09 CENTRAL 2.6 1.8 T 4.8 2.9 B
16 1.76 1.75 MULTIPLE 4.8 2.9 B 9.1 5.0 B
17 1.65 1.40 MULTIPLE 41 2.6 B 1.7 4.4 B
18 1.25 1.65 MULTIPLE 3.8 2.4 T 7.1 4.0 B
19 1.81 2.15 MULTIPLE 6.4 3.7 B 11.9 6.5 B
20 1.50 1.62 MULTIPLE 5.7 3.3 B 10.6 5.8 B
21 155 1.90 MULTIPLE 5.1 3.0 B 9.5 5.2 B
22 2.53 2.10 MULTIPLE 7.4 4.2 B 13.9 7.5 B
23 2.20 1.95 MULTIPLE 7.0 4.0 B 13.0 7.0 B
24 1.88 2.07 MULTIPLE 6.3 3.6 B 11.8 6.4 B
25 2.47 2.10 MULTIPLE 8.8 49 B 16.5 8.7 B
26 1.81 2.05 MULTIPLE 8.4 4.7 B 15.8 8.4 B
27 2.15 2.10 MULTIPLE 8.1 4.5 B 15.1 8.0 B

The present research has taken a three-dimensional approach to evaluating how the style
of the river changes as width and discharge are evaluated. However, much previous
work has evaluated or predicted such changes using simple planform measures as were
described in section 3.1.2. To compare the results of the present research with other
research, the braiding index and the active braiding index were extracted from the
photographs taken for each experimental run. In addition, predicted bar mode (m) and
associated Bl values were calculated for each run using the method of Crosato and
Mosselman (2009) and the style of channel was estimated using the method of
Colombini, Seminara and Tubino (1987). All of these results are shown in Table 3.4.
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The observed results in Table 3.4 are consistent with previous quantitative analyses of
braiding intensity (e.g. Ashmore, 1991, 2009, Bertoldi et al., 2009a), which have shown
an increase in braiding intensity (number of anabranches, number of links) with
dimensionless stream power. Changes in bar dimensions observed in the DTMs
(Figures 3.7 to 3.9) are also consistent with Ashmore’s (2009) observation that “braided
channel networks ... have a characteristic length scale (or scales) related to the
wavelength of the bars from which braiding develops and to the scale of the bars and
confluence-bifurcation units within the braided network’. Furthermore, the variations in
the observed braiding index show good correspondence with those predicted using the
method of Crosato and Mosselman (2009) when their parameter B is set to 10, and the
appearance of mid-channel bars in the experimental runs also corresponds with

predictions from the method of Colombini et al. (1987).

3.4.6 Concluding Remarks

The reported experiments have confirmed and extended previous research by
considering river width and bed responses to three experimental discharges under a
constant slope and bed material size, and unrestricted bed material supply within flume
channels of a range of fixed widths. Thus the experiments demonstrate morphological
responses to different degrees of channel confinement. This is not only important in the
context of natural channels, where confinement may result from the presence of bedrock
valley walls, or the presence of highly cohesive floodplain sediments, but it also
demonstrates the morphological consequences of artificial confinement of rivers that

would otherwise develop a braided morphology.

Chapter 4 extends this analysis, by considering a natural channel that displays several
similarities to the flume experiments but also several differences. By focusing on the
lower reaches of the Tagliamento River, it is possible to investigate the morphology of
reaches of different width that are subject to a similar, although highly variable, flow
regime; similar, although slightly varying, slope; and high sediment availability. These
provide sufficiently close natural surrogates to explore similarities between the flume
results and the conditions observed in natural rivers and to consider the following

research question:
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In a natural river, is there any noticeable change in channel morphology as

the channel width and stream power vary?
However, the morphology of the Tagliamento is also affected by vegetation, introducing
an additional potential control on channel morphology. This provides an opportunity to

explore a second research question:

To what extent is channel morphology affected by the presence of

vegetation?
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Chapter 4

Interactions Between Vegetation and Channel Morphology on

a Braided River: The Lower Tagliamento River, Italy

4.1 INTRODUCTION

Chapter 3 presented results from 27 experimental runs carried out in a large laboratory
flume. In these experiments, some of the controls on channel morphology that had been
identified from the literature were fixed (namely, sediment size and supply, and slope)
in order to investigate the influence of two particular controls: channel width (level of
confinement) and discharge. The interactions between these controls produced different
bed morphologies, revealing clear changes in the skewness and kurtosis of the bed
elevation frequency distribution as channel width and discharge varied. There were also
notable adjustments in each of the descriptive statistics of the bed elevation frequency
distribution as channel width or the degree of confinement of the channel changed. In
particular, there was a marked threshold in these properties as the bed morphology
changed from single thread (alternate bars) to multi-thread (mid-channel bars) with
increasing channel width. In this chapter, the analysis focuses on a real river, where the
influence of additional factors on channel bed morphology can be explored, most
importantly the impact of vegetation.

Over the last two decades, the impact of vegetation on channel morphodynamics has
been increasingly recognised through field observations (e.g. McKenney et al., 1995;
Gurnell et al., 2001, 2005, Corenblit et al., 2009), flume experiments (e.g. Bennett et al.,
2008, Li and Millar, 2011, Tal and Paola, 2007, 2010) and modelling (e.g. Murray and
Paola, 2003, Camporeale and Ridolfi, 2006, Perucca et al., 2007, Eaton and Giles, 2009,
Eaton et al., 2010). Vegetation has been recognized to influence channel morphology
through root reinforcement of river banks and other surfaces, and also through
interactions between the vegetation canopy, flowing water and sediment transported
during floods, which result in a decrease in flow velocities and trapping of mineral
sediment and organic matter to aggrade the bank surface (Millar 2000, Eaton, 2006;
Bennett et al., 2008; Pollen-Bankhead, et al., 2009 Pollen-Bankhead and Simon, 2009,

2010). There are two way interactions between vegetation and the fluvial processes not
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only once the vegetation is established, but also in terms of the degree to which
colonization can be successful and the vegetation can survive subsequent fluvial
disturbances. This is observed in the evolution and destruction of vegetated landforms
such as islands, scroll bars and benches (Gurnell et al., 2001, 2005; Corenblit et al.,
2007, 2009; Osterkamp and Hupp, 2010). As vegetation establishment and growth is
highly dependent on water availability, changes in the flow regime can have a
significant impact on vegetation extent and dynamics in the river corridor (Johnson,
2000; Lytle and Merritt, 2004; Camporeale and Ridolfi, 2006; Bertoldi et al., 2009b,
2011). Extended periods of flooding or drought can lead to large changes in the
vegetation cover (Amlin and Rood, 2003; Lite and Stromberg, 2005; Glenz et al., 2006;
Stromberg et al.,, 2007; Rood et al., 2008) with potential consequences for channel

morphology.

Research on vegetation — fluvial process interactions, specifically the retention and
reinforcement of sediment by vegetation to build landforms such as islands that change
the topography of river beds, and the flow intensities required to remove these
landforms, have been hampered by a lack of appropriate data to investigate such
temporally and spatially complex dynamics. In particular, study of these interactions on
braided rivers has received very little research attention until recent years, probably due
to the greater complexity of these dynamics in braided planforms, which are challenging
to investigate using traditional methods. While, as already noted, flume and numerical
modelling approaches have been informative, the acquisition of information from real
rivers has required the coupling of remotely sensed data with direct field measurements.
Sequences of high resolution air photographs have provided useful insights into the rate
and spatial extent of vegetation dynamics (e.g. Shafroth et al., 2002; O’Connor et al.,
2003; Zanoni et al., 2008, Hervouet et al., 2011), with the most recent work making use
of a variety of airborne and satellite remotely-sensed data sets. Where resources are
available, researchers are commissioning the capture of data sets from aircraft or are

using unmanned air vehicles to capture data (e.g. Hervouet et al., 2011).

Data sets captured from satellite platforms are now widely available and are of
sufficient spatial resolution to yield useful information on the plan dynamics of
vegetation on larger braided rivers (e.g. Bertoldi et al., 2011a; Henshaw et al., 2013)
whereas airborne lidar data sets are also becoming more accessible to researchers. These

provide three-dimensional information that allows vegetation extent, height and
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structure to be related to the underlying river bed topography (e.g. Bertoldi et al.,
2011b). The limitation of using such data sets is the time period over which they are
available, their temporal frequency and their spatial and spectral resolution. While air
photo coverage often extends back to the middle of the 20" century, the longest satellite
data record of consistent spatial and spectral resolution is Landsat Thematic Mapper
data (1984 to present). ASTER data offers higher spatial resolution but data sets are
only available from 1999. To achieve three-dimensional information, lidar data is
required. This is obtained using aircraft and so data availability is spatially very
variable. The spatial resolution of lidar data sets has increased rapidly as the technology
has advanced.

In this chapter, the flume research reported in Chapter 3 is extended to a real river
environment where human interventions are relatively small. The research makes use of

airborne lidar data:

Q) To focus on a 37 km length of braided river of relatively constant slope and
bed material that is subject to the same flow regime (there are no major
tributaries) but shows some variation in braid plane width and vegetation
cover. This provides a natural river environment where several of the key
factors influencing channel dynamics are relatively uniform.

(i) To adopt a similar methodology to that applied to the flume experiments to
characterise bed morphology using lidar data.

(iif)  To additionally characterise vegetation properties from the lidar data.

(iv)  To explore associations between vegetation and braid plain morphology.

This research adopts the methodology developed by Bertoldi et al. (2011b) and applies
it to a different and longer length of the Tagliamento river by analysing lidar data
captured on a different date.

4.2 THE STUDY SITE

The braided, gravel-bed Tagliamento river is located in the Friuli Venezia Giulia region
of Italy. It rises in the Italian Alps and flows for approximately 170 km to the Adriatic
Sea, draining a catchment area of approximately 2580 km?. It is considered to be one of
the last morphologically intact rivers in Europe (Tockner et al., 2003) since, with the
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exception of its most downstream part, its corridor is mainly unconfined by

embankments and bordered by riparian woodland.

The analysis presented in this chapter, focuses upon a 37 km section of the lower
Tagliamento, extending downstream from 46° 11’ 0.83°’N, 12° 57" 24.71’E (close to
the town of Pinzano) through a continuously braided section until the river passes
through a transitional section into a meandering section at 45° 05° 37.87°’N, 12° 58’
32.16’E (close to the town of Madrisio). Since only small tributaries join the river
within this section, the entire 37 km of river is subject to essentially the same flood
regime. However, downwelling and upwelling to / from the alluvial aquifer generates
significant changes in baseflow along the river, with the central part often drying out
completely in mid-summer. Riparian woodland, dominated by poplar trees (Populus
nigra) is present along the entire 37 km section. Trees actively colonise the braid plain
giving rise to the formation of a dynamic mosaic of islands (Gurnell et al., 2001)

4.3 METHODS

As reviewed in section 4.1, vegetation colonisation of the bar surfaces of braided rivers
is accompanied by sediment retention, bar surface aggradation and root-reinforcement
of the aggrading surface. As a result, a morphological response is expected in
association with vegetation colonisation, with increasing surface aggradation and the
formation of island landforms in vegetated areas as the vegetation persists and grows.
Therefore, bar surface elevation is anticipated to increase with the height and age of the
riparian tree species that colonise the river bars of the Tagliamento River. Therefore, the
methods described below investigate the morphology of the river bed (4.3.1) and also
the extent and height (surrogate for age and biomass) of vegetation (4.3.2) in order to
investigate the degree to which any sediment retention and aggradation effect of

vegetation may have affected the overall morphology of the river bed.

4.3.1 Extraction and Analysis of a Digital Elevation Model of the River Bed

An airborne lidar survey of approximately 37 km of the Tagliamento river (the study
section) was conducted between 9 and 13 January 2001, at a point density of
approximately 1.02 m? by the Autorita di Bacino dei fiumi dell’Alto Adriatico. No
information is available concerning the vertical accuracy of this survey. However,
published estimates of the accuracy of elevations derived from a scanner of similar

vintage, operating at a similar elevation (ca. 1200m) with similar point density (2m) in
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comparison with ground measurements from a total station have been found to be less
than 20 cm (root mean square error) on flat surfaces and around 25 cm over forests
(Hodgson and Bresnahan (2004). The 24 data files covering the active corridor
included measurements that extended at least 4 km laterally from the river banks.

These data were converted and imported into the free software FUSION (developed by
the US Department of Agriculture, Forest Service, Remote Sensing Applications
Center, downloadable from http://www.fs.fed.us/eng/rsac/). The data in the imported

point cloud was then filtered using the ‘ground filter’ command in order to identify
points that are at the ground surface and differentiate them from points located on the
surface of the vegetation and other protruding surfaces. This command uses the Krauss
& Pfeifer (1998) filtering technique, where points are more likely to be classified as
vegetation if they protrude from other points in the surrounding point cloud. Hollaus et
al. (2006) found that this filtering method works well on ground surfaces that are
reasonably flat (not characterised by steep slopes) and where the vegetation is
sufficiently sparse for > 25% of points to reach the ground surface. Given the relatively
flat nature of the river bed (relative relief < 5m) and the early spring date of the survey
(before significant leaf development on the woodland canopy), these criteria are
comfortably met in the present application. Following the filtering procedure, a 4 m by
4 m pixel digital elevation model (DEM) of the bare ground was created from each of
the raw lidar files using the “grid surface create’ command. All of the files were then
converted to ASCII format and imported into ArcGIS 10 using the conversion tool
option “ASCII to Raster”, and a single raster file was created using the “mosaic to new
raster” option in ArcGIS 10 (selected mosaic operator was “last” and mosaic colour

map mode was “first”) to create a single DEM.

Using a neighbourhood statistics tool within ArcGIS 10, a provisional land surface
slope was calculated and was subtracted from the DEM in order to identify the edges of
the main channel and its planform. A polygon shape file was then created to delimit the
area enclosed by the main channel and this was used as a mask to extract the area of the
active river channel and create a new raster DEM of the channel bed alone for

morphological analysis.

To facilitate analysis of different parts of the 37km long river bed, it was divided into 1

km long reaches. The choice of 1km length reaches, and the location of the most
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upstream reach in the present analysis, followed previous work on the Taglaimento by
Bertoldi et al. (2011), where lidar data from 2005 had been analysed. It was initially
hoped that comparison of data for the two dates might yield an interesting comparison
of channel morphology following 4 years of vegetation colonisation. Unfortunately, the
short length and laterally confined location of the area of overlap of the two surveys,
prevented any useful comparison of vegetation development between the two dates.
First a central axis (line) was constructed along the entire 37 km river bed and
perpendicular lines to this central axis were constructed at 1 km intervals to create
individual polygon shape files for every 1 km reach. The resultant polygon shape files
were used to define, extract and export the relevant elevation data and co-ordinates as a

‘txt’ file to Excel, where it was saved in ‘csv’ format.

Once the DEM data for each 1 km reach had been exported into Excel, it was detrended
to remove the downstream slope, so that the local relative elevation could be examined.
A code was written in R to analyse the data within each ‘csv’ file as a matrix. Each
ground matrix was de-trended by calculating the average elevation of each cross-
channel line in the grid and then subtracting the average from each of the individual

elevations in that line to create a new detrended matrix.

A relative frequency histogram (vertical axis ranging from 0 to 1; horizontal axis
displaying a fixed 0.1 m bin size) and set of descriptive statistics were extracted (mean,
median, standard deviation, skewness, kurtosis, upper and lower quartile) from the

elevation data within the detrended grid for each 1 km reach.

4.3.2 Extraction and Analysis of a Vegetation Canopy Surface Model

The canopy surface model (CSM) was calculated using the ground-filtered file (i.e. with
the ground elevation as a reference surface) in the ‘canopy model” command within
FUSION. Vegetation height and spatial distribution was evaluated within spatial units
defined by a 12 m by 12 m grid in order to give a sufficient sample of vegetation points
to make a reliable assessment. These data points were analysed to identify the
proportion indicating 1) an unvegetated / open gravel surface: all points less than or
equal to 1m above the estimated ground surface level; 2) vegetation taller than 1 m: all
points greater than 1 m above the estimated ground surface; 3) vegetation taller than 5
m: all points greater than 5 m above the estimated ground surface; and 4) vegetation

taller than 10 m: all points greater than 10 m above the estimated ground surface. The
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above analyses resulted in 4 files which indicated the proportion (0 to 100 %) of points
within each of the elevation ranges inside the 12 x 12 grid units that where then
expressed in 4 files of 4 m by 4 m pixel size to match the previously produced DEM.
The files were exported in ASCII format and were imported into ArcGIS 10 using the
‘ASCII to raster’ conversion tool, where they were mosaiced into four different canopy
surface model (CSM) rasters for the four different height classes. Finally the active
channel area was extracted by using the previously-produced active channel polygon
shape files.

Within ArcGIS 10 each of the three Canopy Surface Models representing the presence
of vegetation of different heights height (i.e. >1 m, >5 m, and >10 m) was reclassified to
filter out spurious values, by using the rule that the ‘true’ presence of vegetation
required at least a 5% cover value. Hence, everything with a cover below 5 % was
considered non-vegetated and was coded with a value of ‘0’ and everything with a cover
above 5% was coded with a value of ‘1’. To produce an unvegetated or bare gravel
raster, the “vegetation >1m” raster was reclassified so that values of 0 to 5 % were
coded with a value of “1” and others with a value of ‘0’. Using the ‘raster calculator’ the
CSM for vegetation >10 m was subtracted from the CSM for vegetation >5 m to obtain
all the vegetation in a 5 to 10 m height range, similarly the CSM for vegetation >5 m
was subtracted from the CSM for vegetation >1m in order to obtain the vegetation ina 1
to 5 m height. Using the reach polygons previously created for each of the 37 1 km
reaches, the reclassified rasters were subdivided into 1 km reaches and then using the
‘attribute table’, the amount of vegetated pixels within each 1 km reach was counted in

each of the selected categories.

Lastly, for comparison with other research on braided rivers, some planform indices
were extracted. First, using the reclassified raster for vegetation >1 m (i.e. vegetation
present) and extracting each of the data for each of the 37 reaches with the previously
used polygons, the channel centre line was superimposed on the vegetation distribution
for each reach and 10 cross sections were placed at 90 degrees to the centre line every
50 metres. The averaged total channel width was then calculated. The average
vegetated, non-vegetated and total channel width was calculated for each 1 km reach
using these transects. Second, the braiding index (Bl) was calculated using the only
image in Google Earth that covered the entire 37 km section. Each of the 1 km reaches

was investigated in this image (dated 25" June 2008). Using 50 m spaced transects
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constructed perpendicular to the channel centre line, the number of “flowing channels’
was counted along each transect and then these estimates were averaged to give an

estimate of Bl for each 1 km reach.

4.4 RESULTS

4.4.1 Description of the Detrended DEM Data for the 36 1km Reaches

During analysis of the DEM data for the 37 km section of the Tagliamento, it became
apparent that rail and road bridge construction at ponte Tagliamento (45°57'47.08"N,
12°54'14.38"E) had such a major effect on one of the 1 km reaches, that its morphology
could not usefully contribute to an analysis of ‘natural’ braid morphology, and so this
reach was excluded from further analysis. This left 36 reaches which, on the basis of
their planform and confinement by mountains, were assigned to four descriptive
categories: confined braided, braided, transitional and meandering. The term confined
braided was only applied when both edges of the braid plain were confined by
mountains or terraces. The detrended DEMSs for each 1 km reach are illustrated in
Figures 4.1 and 4.2 and the relative frequency histograms of bed elevation for these
reaches are presented in Figures 4.3 to 4.6.
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Table 4.1 Description of the shape of the frequency histograms in Figures 4.3 to 4.6

according to five types (where specified, L and R refer to the location of the

‘bump’ or secondary peak on the left or right side of the histogram).

Single ?)'stl? Two One main
Reach | Single peak peak, small pgaks of | peak, two
se'condalry secondary S|m|_lar secondary
bump neak magnitude peaks
1 \
2 \
3 \
4 \
5 VR
6 VR
7 VL&R
8 \
9 \
10 \
11 VL
12 VL
13 VR
14 \
15 \
16 VR
17 \
18 \
19 VR
20 VR
21 VR
22 VL
23 VR
24 \
25 VR
26 \
27 VR
28 VR
29 VR
30 \
31 VR
32 VL
33 VR
34 \
35 VL
36 \
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A visual inspection of the frequency histograms shows that, although they are all
dominated by a broadly unimodal form, similar to that of the experimental channels
reported in Chapter 3, there are quite wide variations in their detailed shape. In addition,
some of the distributions show secondary features, which were not observed in the
experimental channels, allowing five main shapes of frequency distribution to be
identified (Table 4.1). First and most prominent are single peaked, symmetrical
histograms with the peak frequency at or very close to 0.0 m. The second shape is
similar to the first but with a small secondary ‘bump’ on one side of the distribution (in
Table 4.1, the side of the peak affected by the bump is indicated as L or R for the left or
right side). The third shape shows a main peak with a small secondary peak (in Table
4.1, the side of the peak affected by the small secondary peak is indicated as L or R for
the left or right side). The fourth shape shows two close peaks of similar magnitude.
The last, fifth shape shows one major peak and two smaller ones.

The most common types of frequency histogram shape are single peaked with (n=16)
and without (n=9) a ‘bump’ (Table 4.1). Where a ‘bump’ or small secondary peak (n=4)
IS present, it occurs mainly on the right side of the histogram (n=16 out of 20). Five
histograms have a bump or small secondary peak on the left side of the histogram, and
one of these has a bump on both sides. With the exception of reach 2, double (n=5) and
multiple secondary (n=2) peaked histograms occur from reach 15 downstream. Such
peaks or bumps represent particular elevation ranges that are strongly represented in the
bed topography. Where they occur on the right side of the distribution, they represent
extended elevated areas, which in geomorphological terms could be major bench or
terrace-type forms within the braided channel, probably reflecting past areas of river
bed left isolated by bed incision. Where they occur on the left side of the distribution,
their geomorphological explanation could be the presence of on or more braid threads
with beds that are relatively higher than the majority of braid threads, perhaps indicating
side channels that are only occupied when flows are elevated. In either case, the peaks
and bumps most probably indicate channel adjustments in response to changes in fluvial
processes such as the occurrence of extreme flow events or changes in the sediment
supply / transport regime. Therefore, they represent deviations from the dynamic
equilibrium conditions that were imposed during the flume experiments described in
Chapter 3.
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Further descriptive statistics extracted from the bed elevation frequency data for each of
the 1 km reaches (1 to 36) are provided in table 4.2. These show a wide range across the
36 reaches, reflecting to some extent the variations in the shape of the elevation
frequency distributions described above. Indeed, there is considerable variability in the
descriptive statistics. Median elevation ranges from -0.161 to +0.060 m, standard
deviation from 0.360 to 0.867 m, lower quartile from —0.644 to —0.243 m, and upper
quartile from +0.169 to +0.473 m. These can be compared with the total elevation range
within the data for each reaches which ranges from 2.607 to 6.486 m. As already noted
from a visual inspection of Figures 4.3 to 4.6, the shape of the elevation distributions
vary considerably, and this is reflected in kurtosis values ranging from —0.733 to +2.256
and skewness values ranging from —-0.417 to +1.108. Thus, the full range of bed
elevation shapes, reflecting different combinations of skewness and kurtosis, is present

as was illustrated in the schematic diagrams of Figure 3.11.

In addition to the increasing occurrence of secondary peaks from reach 15 downstream,
these other properties of the morphology of the river bed also appear to show trends
along the downstream sequence of the 36 reaches that were analysed (Figure 4.7), with
the standard deviation decreasing gradually to around reach 25 and then sharply
increasing; skewness varying widely, but showing generally lower values between
reaches 1 and 22 than between reaches 23 and 36; kurtosis decreasing gradually to
around reach 25 and then increasing sharply to reach 36; and the range in elevation
decreasing from reach 1 to 10 and increasing from reach 15 to 36. Refering to Figure
3.11, the bed elevation distributions in reaches 1 to 20 are approximately symmetrical
but with a downstream trend from slightly positive to slightly negative kurtosis and
slightly negative to near zero skewness, demonstrating a gradual transition from a
profile tending towards Figure 3.11F to one tending towards Figure 3.11B. Downstream
to reaches 28 to 30, both skewness and kurtosis increase sharply, indicating a transition
towards a profile similar to Figure 3.11G. Further downstream to reach 35, both
properties decline back to values close to zero, indicating a transition towards a profile
similar to Figure 3.11E. The June 2008 values of Bl (Table 4.2), are highly variable
within the braided reaches, but the section between reach 22 and 30 (where the bed
profile transitions from Figure 3.11E to H) has generally low Bl values (<3), reflecting
a zone of low water stage associated with gradual recovery of groundwater levels from

their typically lowest summer values around reach 20 (Gurnell and Petts, 2006).
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Table 4.2 Descriptive statistics of the bed morphology of thirty-six 1 km reaches of the Tagliamento river based on the analysis of lidar data

from early spring 2001.

Parameters of the Bed Elevation Frequency Distribution

Vegetation cover

Reach - Width Slope Planform Type = Median Star_ldgrd . Lowgr Uppgr % taller %o taller 9 taller % no Braiding
number (M) (m/m) deviation Kurtosis Skewness quartile  quartile . ndex
(m) (m) (m) m than 10m than5m than 1m vegetation
1 400.984 0.004 Confined Braided -0.037 0.481 0.320 0.264 -0.280 0.278 0.000 1.592 15.613 84.387 5.1
2 612.568  0.003 Braided -0.018 0.636 1.111 -0.332 -0.379 0.423 0.201 1.084 13.981 86.019 7.0
3 810.242  0.003 Braided -0.014 0.490 0.076 -0.104 -0.279 0.319 0.000 0.803 8.373 91.627 4.3
4 804.738  0.003 Braided 0.006 0.467 0.262 -0.259 -0.264 0.305 0.020 0.565 7.865 92.135 3.5
5 952.385  0.004 Braided -0.035 0.425 -0.245 0.011 -0.301 0.323 0.018 0.768 12.065 87.935 3.2
6 945.753  0.004 Braided -0.012 0.488 -0.501 0.071 -0.348 0.345 0.133 2.000 16.628 83.372 6.3
7 795.706  0.004 Braided 0.010 0.566 -0.077 -0.035 -0.344 0.334 0.090 0.934 5.699 94.301 6.3
8 916.756  0.003 Braided -0.025 0.434 0.002 0.230 -0.307 0.279 0.103 1.782 9.159 90.841 5.6
9 701.783  0.003 Braided 0.001 0.453 0.845 -0.334 -0.258 0.264 0.093 1.372 7.596 92.404 5.1
10 485.82  0.003 Braided 0.013 0.445 -0.252 -0.046 -0.316 0.302 0.338 1.744 4.693 95.307 5.3
11 712 0.003 Braided 0.060 0.613 -0.110 -0.304 -0.409 0.430 0.040 0.707 7.226 92.774 4.7
12 947.809  0.003 Braided 0.055 0.568 -0.211 -0.257 -0.399 0.396 0.121 0.467 4.804 95.196 25
13 837.485  0.003 Braided -0.040 0.442 -0.258 0.333 -0.338 0.306 0.118 0.438 3.165 96.835 15
14 752.589  0.004 Braided 0.011 0.410 -0.143 -0.183 -0.264 0.277 0.056 0.685 2.740 97.260 4.7
15 769.8 0.004 Braided -0.016 0.421 -0.709 0.041 -0.333 0.335 0.028 0.315 3.221 96.779 6.7
16  1005.376  0.004 Braided -0.034 0.383 -0.208 0.047 -0.279 0.287 0.000 0.051 3.762 96.238 6.9
17 949.805  0.004 Braided -0.024 0.422 0.407 0.225 -0.290 0.279 0.002 0.325 10.574 89.426 3.9
18 791.788  0.004 Braided -0.002 0.417 -0.337 0.026 -0.316 0.320 0.000 0.031 3.761 96.239 3.3
19 826.125  0.003 Braided -0.049 0.392 -0.435 0.278 -0.298 0.296 0.000 0.114 3.412 96.588 3.0
20 712.768  0.004 Braided -0.023 0.392 0.119 0.127 -0.260 0.267 0.000 0.021 1.879 98.121 2.8
21 793.296  0.004 Braided -0.024 0.412 0.095 0.010 -0.275 0.302 0.006 0.148 2.890 97.110 3.3
22 703.097  0.003 Braided 0.053 0.518 0.076 -0.417 -0.343 0.378 0.016 0.660 9.245 90.755 1.7
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Table 4.2 continued.

Parameters of the Bed Elevation Frequency Distribution

Vegetation cover

Reach — Width  Slope Planform Type  Median Star_ldgrd . Lowgr Uppgr % taller 9% taller 9% taller % no Braiding
number (M) (m/m) deviation Kurtosis Skewness quartile  quartile . ndex
(m) than 10m than5m than 1m vegetation
(m) (m) (m)

23 619.594  0.003 Braided -0.161 0.654 0.112 0.814 -0.489 0.356 0.309 3.542 21.892 78.108 2.6
24 701.988  0.004 Braided -0.012 0.490 -0.733 0.006 -0.391 0.409 0.044 0.835 6.817 93.183 2.1
25 570.253  0.003 Braided -0.054 0.360 0.716 0.434 -0.243 0.249 0.000 0.162 2.434 97.566 6.1
26 625.403  0.003 Braided 0.008 0.381 -0.044 0.152 -0.264 0.258 0.000 0.392 5.196 94.804 2.8
27 551.27 0.003 Braided -0.008 0.456 0.341 -0.172 -0.312 0.337 0.203 0.909 5.490 94.510 2.9
28 677.062 0.002 Braided -0.120 0.556 0.898 0.892 -0.372 0.298 0.146 3.511 27.244 72.756 2.8
29 577.669  0.002 Braided -0.050 0.515 2.256 1.108 -0.285 0.169 0.536 5.839 18.368 81.632 2.9
30 806.242  0.002 Braided -0.102 0.853 0.410 0.779 -0.644 0.441 2.364 12.848 31.539 68.461 2.9
31 881.413  0.003 Braided -0.004 0.720 1.659 0.475 -0.447 0.438 2.442 8.272 22.377 77.623 3.6
32 630.426  0.003 Braided -0.044 0.818 0.759 0.567 -0.511 0.458 1.107 9.204 23.069 76.931 3.0
33 464.754  0.003 Transitional -0.006 0.497 0.294 -0.202 -0.300 0.351 1.588 7.581 13.466 86.534 2.6
34 465.487  0.003 Transitional 0.019 0.637 0.023 -0.149 -0.372 0.473 7.876 16.720 25.983 74.017 2.5
35 332.086  0.002 Meandering -0.017 0.533 1.512 0.599 -0.342 0.268 0.728 1.957 9.592 90.408 2.0
36 277.641  0.002 Meandering -0.080 0.867 -0.344 0.411 -0.588 0.480 5.499 9.228 20.312 79.688 1.3
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Figure 4.7 Changes in a: standard deviation (m), b: elevation range (m), c: skewness and d: kurtosis from reach 1 downstream to reach 36.

The dashed line denotes the downstream limit of the braided reaches (reach 1 to reach 32). The arrows indicate reaches 23, 28, 29, 30, 31, 32,

which are discussed later in section 4.4.2.
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4.4.2 Relationships Among Bed Morphological Properties Across the 1 km Reaches
Correlations among the main morphological variables across all 36 reaches are
presented in Table 4.3. To link with the flume experiments of Chapter 3, the channel
width was included in the analysis as well as several properties of the bed elevation
frequency distribution (median elevation, standard deviation, skewness, kurtosis, and

elevation range).

Table 4.3 Product moment correlations among channel width and properties of the
bed elevation frequency distribution (median elevation, standard deviation,
skewness, kurtosis, and elevation range) across the 36 1km reaches and the 34
braided reaches (emboldened correlations are statistically significant (p<0.05),

italicised correlations are not statistically significant).

Channel Median Standard

width  elevation deviation Skewness Kurtosis

All reaches (n=36)

Median elevation 0.135

Standard deviation -0.289 -0.279

Skewness -0.169 -0.783 0.324

Kurtosis -0.278 -0.183 0.256 0.466

Elevation range -0.357 -0.269 0.749 0.294 0.516

Braided reaches (n=32)

Median elevation 0.138

Standard deviation -0.081 -0.241

Skewness -0.156 -0.800 0.338

Kurtosis -0.311 -0.239 0.391 0.466

Elevation range -0.079 -0.278 0.731 0.289 0.586

Despite the small sample size of only 36 reaches, correlations between skewness and
each of median elevation, standard deviation and kurtosis are all statistically significant.
However channel width is only significantly correlated with the range in elevation of
the bed, which is also significantly correlated with the standard deviation and kurtosis.
This may suggest that there was insufficient range in width to show a strong correlation
with bed morphology, particularly as only two of the reaches could be strictly described
as single thread. When only braided reaches are considered (Table 4.3) all of the

correlations strengthen apart from those with channel width. The latter would be
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expected as the range in channel widths has been reduced even further by removing the

four meandering and transitional reaches from the data set.
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Figure 4.8 Scatter plots of skewness of the bed elevation frequency distribution
against the median (m), standard deviation (m), and kurtosis. Left: scatter plots
include all 1 km reaches; Right: scatter plots for braided reaches only, with outlier

reaches indicated by their reach number.
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The significant correlations among the other morphological properties require a more
detailed examination, in particular the summary properties of distribution shape
(median, standard deviation, skewness and kurtosis). In Figure 4.8 scatter plots illustrate
relationships between skewness of the bed elevation frequency distribution and the
median, standard deviation, and kurtosis. The three plots on the left show data from all
reaches, whereas the three plots on the right show data only for unconfined braided
reaches. The broad patterns are similar for all reaches and for only the braided reaches,
showing negative associations between skewness and both the median and standard
deviation of the bed frequency distribution, and a positive association between
skewness and kurtosis, with a few notable outliers among the most downstream braided
reaches (23, 28, 29, 30, 31, 32). The standard deviation, skewness and kurtosis of these
outlier reaches all seem to be generally higher than other reaches. This is confirmed by
the arrows locating these reaches in Figure 4.7. Furthermore, the significant positive
association between skewness and kurtosis of the braided reaches disappears when the

outlier reaches are excluded (r = 0.083, p = 0.679).

4.4.3 Relationships Between Vegetation and Bed Morphological Properties Across
the 1 km Reaches

Table 4.4 summarises the correlations between vegetation and morphological properties
of all reaches and only the braided reaches. The correlations tend to be positive between
all measures of vegetation presence (% taller than 1 m, % taller than 5 m, % taller than
10 m) and the standard deviation, kurtosis and skewness of the bed elevation
distribution and negative between all measures of vegetation presence and the median.
Correlations between all four morphology parameters and % unvegetated is the exact
inverse of the correlations with % taller than 1 m, since this is the threshold used to
indicate the presence of a vegetation cover. All correlations become stronger when only
braided reaches are considered, and all correlations apart from one are statistically

significant.

Figures 4.9 and 4.10 plot the four vegetation cover variables (unvegetated, %vegetation
> 1 m, %vegetation > 5 m, % vegetation > 10 m) against the median and standard
deviation of the bed elevation frequency distribution for all 1 km reaches (Figure 4.9)
and for braided reaches only (confined and unconfined, Figure 4.10). Reaches 23, 28,
29, 30, 31, and 32, which appeared as outliers in the scatter plots of Figure 4.8, are

indicated on the scatter plots of Figure 4.10.
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Table 4.4 Product moment correlation coefficients between channel bed
morphological and vegetation variables for all reaches and only braided reaches
(emboldened correlations are statistically significant (p<0.05), italicised
correlations are not statistically significant).

Median 32?/?:,[?52 Kurtosis  Skewness

All reaches (n=36)

% taller than 10 m -0.065 0.576 0.045 0.116
% taller than 5 m -0.236 0.713 0.257 0.350
% taller than 1m -0.510 0.762 0.408 0.504
% unvegetated 0.510 -0.762 -0.408 -0.504
Braided reaches (n=32)

% taller than 10 m -0.233 0.735 0.443 0.445
% taller than 5 m -0.413 0.793 0.499 0.619
% taller than 1m -0.579 0.768 0.526 0.595
% unvegetated 0.579 -0.768 -0.526 -0.595

The two meandering reaches appear as outliers on plots a, b, e and f in Figure 4.9,
indicating that their percentage cover of taller vegetation (> 5m and > 10 m) is higher
than would be expected for the median and standard deviation of their bed elevation
frequency distribution. However, plots ¢, d, g and h show fairly clear associations
between vegetation cover and the median and standard deviation of the bed elevation
frequency distribution for all reaches and there are statistically significant correlations
with the standard deviation (+/-0.762) and median (+/-0.510).

When only the braided reaches are considered, the strength of the associations between
vegetation and morphology variables strengthens (Table 4.4, Figure 4.10). However,
plots a, b, e, f (Figure 4.10) illustrate that the outlier reaches identified in Figure 4.9,
show higher proportions of more mature vegetation (> 5m, > 10m) than the other
reaches, and this is particularly noteable for reaches 30, 31 and 32, which are located
immediately upstream of the transitional (33 and 34) and meandering (35 and 36)
reaches.

Figures 4.11 and 4.12 plot the four vegetation cover variables (unvegetated,

%vegetation > 1m, %vegetation > 5m, % vegetation > 10m) against the kurtosis and
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skewness of the bed elevation frequency distribution for all 1 km reaches (Figure 4.11)
and for braided reaches only (Figure 4.12). Reaches 23, 28, 29, 30, 31, and 32, which
appeared as outliers on the plots in Figure 4.9 are indicated on the scatter plots of Figure
4.12.

When the four vegetation cover variables are plotted against the kurtosis and skewness
of the bed elevation frequency distribution (Figure 4.11), the meandering reaches once
again stand out as having a higher more mature vegetation cover (> 5m, > 10m, Figure
4.11 a, b, e, 1)) than might be expected for their morphology in comparison with other
reaches. Several braided reaches plot in the same area of these scatter plots as the
meandering reaches, and when the braided reaches are plotted alone (Figure 4.12), these
braided reaches with more mature vegetation are identified as reaches 30, 31 and 32.

Overall, while some reaches appear as outliers when the two measures of taller (more
mature vegetation) are considered, when the proportion vegetated or unvegetated are
used as measures of vegetation, the braided reaches show a strong association with
morphological properties, particularly with standard deviation (Figure 4.9 ¢ and d) and
skewness (Figure 4.11 g and h) of the bed elevation frequency distribution.
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Figure 4.9 Scatter plots of vegetation cover variables (unvegetated, %vegetation >

1m, %vegetation > 5m, % vegetation > 10m) against the standard deviation (a to

d) and the median (e to h) of the bed elevation frequency distribution for all 1 km

reaches.
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Figure 4.10 Scatter plots of vegetation cover variables (unvegetated, %ovegetation >

1m, %vegetation > 5m, % vegetation > 10m) against the standard deviation (a to

d) and the median (e to h) of the bed elevation frequency distribution for braided

reaches only.
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Figure 4.11 Scatter plots of vegetation cover variables (unvegetated, %ovegetation >

1m, %vegetation > 5m, % vegetation > 10m) against the kurtosis (a to d) and the

skewness (e to h) of the bed elevation frequency distribution for all 1 km reaches.
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Figure 4.12 Scatter plots of vegetation cover variables (% unvegetated,

%vegetation > 1m, %vegetation > 5m, % vegetation > 10m) against the kurtosis (a

to d) and the skewness (e to h) of the bed elevation frequency distribution for

braided reaches only.
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The downstream pattern of the four vegetation cover variables from reach 1 to reach 36
are illustrated in Figure 4.13. The Figure shows a gradual downstream decrease in the
percentage of the braid plain that is vegetated to around reach 20, after which the
vegetated area varies greatly but generally increases sharply through the remaining
braided reaches (21 to reach 32) and then remains high through the transitional and
meandering reaches (33 to 36). This broad pattern is maintained for the percentage of
the braid plane under vegetation taller than 5m, although the percentage cover between
reaches 1 to around reach 20 is much lower than the downstream reaches. The cover of
vegetation taller than 10 m is negligible downstream to reach 28, where it starts to
increase, with the highest percentages found in the transitional and meandering reaches.

Figures 4.14 and 4.15 show maps of the vegetation distribution on the braid plain in
comparison with the DTM for selected reaches. Figure 4.14 shows nine reaches in the
upstream part of the study area (downstream to reach 22). In general, vegetation is
patchy, with many small areas indicative of pioneer and small building islands (Gurnell
et al., 2001). These patches appear in groups on higher bar surfaces, and in reaches 8, 11
and 22, the patches have aggregated to form larger areas of vegetation containing some
taller areas of trees. Figure 4.15 shows nine reaches all located downstream of reach 22.
Although numerous small patches of vegetation are present, in these downstream
reaches there are sizeable areas of continuous vegetation taller then 5m and containing
discrete patches taller than 10 m. These extended areas of vegetation are particularly
noticeable in reaches 23, 28, 29, 30, 31, 32 and 36. Reach 36 shows a discrete patch of
tall vegetation located on the inside of the bend of this meandering reach and coincident
with the highest area of a point bar on the DTM. The growth of vegetation on point bars
in association with meander migration appears to explain the taller vegetated areas in
the transitional and meandering reaches (33 to 36). The other reaches with discrete
patches of > 5 m and > 10 m vegetation are braided reaches, and the vegetated areas are
on the highest parts of the braid plain and form major established islands.
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Figures 4.16 and 4.17 provide further topographic information on braided reaches 23,
28, 29, 30, 31 and 32, which show more extensive patches of taller vegetation than the
other braided reaches. The cross profiles for each reach illustrate that these more mature
vegetated patches are located on the highest areas of the braid plain and usually show
sharp boundaries with the remainder of the braid plain. For example in reach 23, the
main vegetated areas are crossed on the left side (right bank) of transects 1 and 2 and on
the right side of transects 4, 5 and 6. In each case distinct tabular structures are found,
which are elevated 1.5 m above the surrounding braid plain surface. In reach 28, there is
an area of the braid plane along the left (right bank) of the reach that is elevated
approximately 1.5 m above the rest of the braid plane. In reach 29, two central islands
support distinct areas of taller vegetation and have surfaces approximately 1.5 m above
the braid plane (transects 3 and 4 for a smaller upstream island and transect 6 for the
downstream island). Similarly two heavily vegetated areas in reach 30 correspond to
tabular island surfaces elevated approximately 2.5 m and 2 m above the surrounding
braid plane. The small patch of taller vegetation in reach 31 is located on a tabular area
that protrudes up to 2.5 m above the rest of the braid plane, whereas in reach 32 there is
an elevated area on the left side (right bank) of the channel that is less tabular than the
features in the other reaches, but is elevated some 1.5 metres above the rest of the

channel bed.
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45  DISCUSSION AND CONCLUSIONS

45.1 River Bed Topography

Analysis of bed elevation frequency distributions from a lidar survey of 36 1km reaches
of the middle-lower Tagliamento river has revealed five basic forms, of which two
(single, symmetrical peak, single peak with a ‘bump’) are particularly common. Where
a ‘bump’ or secondary peak is observed, this is almost always observed on the right side
of the elevation frequency distribution, indicating a locally more extensive area of an
elevation band that is higher than the median elevation. In many reaches, these elevation
bands are typically located between 1 and 1.5 m higher than the elevation of the main
peak of the distribution.

There was insufficient variation in the widths of the channels investigated on the
Tagliamento to explore associations between bed morphology and channel width for
comparison with the analyses in Chapter 3. However, summary statistics extracted from
the elevation frequency distributions show statistically significant correlations among
the median, standard deviation, skewness and kurtosis which strengthen when only
braided reaches are considered. Figure 4.18 compares scatter plots between skewness
and median, standard deviation, and kurtosis of the bed elevation frequency distribution
for the 36 Tagliamento reaches and the 27 experiment channel morphologies presented
in Chapter 3. Although the ranges in the axes are completely different, if one compares
the distributions of the unconfined braided reaches on the left plots with those of the bed
morphologies with mid-channel bars on the right plots (both represented by white
circles), similar trends are apparent in the upper two pairs of plots, particularly when the
outlier braided reaches are excluded from the Tagliamento data set. However, the
Tagliamento braided reaches show a much greater variability in their skewness than the
experimental reaches, even when the outliers are excluded. Of course the comparison is
not robust because of the completely different scales of the two data sets; the inherent
variability among the Tagliamento reaches in slope, particle size, and probably sediment
supply; and the very small length to width ratios of the Tagliamento reaches in
comparison with the experimental channels. An additional factor that may influence the

form of the Tagliamento reaches is vegetation (see 4.5.2).

There are also distinct downstream patterns in the standard deviation, skewness,
kurtosis and elevation range of the bed elevation frequency distributions. Although

there is local reach-to-reach variability, the middle reaches (5-22) generally show the
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lowest combined values of all four variables, the upstream reaches (1-4) showing a

higher elevation range and kurtosis than most of the middle reaches and the lower

reaches (23-36) showing generally higher values of all four variables than the middle

and upstream reaches.
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Figure 4.18 Scatter plots for the 36 Tagliamento reaches (left) and the 27 flume

experiments (right) illustrating relationships between skewness and the median,

standard deviation and kurtosis of the bed elevation frequency distribution.
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4.5.2 Associations Between Bed Topography and Vegetation
Properties of the vegetation cover were also extracted from lidar data.

Strong correlations were identified between % unvegetated, % vegetated and taller than
1m, % vegetated and taller than 5 m, and % vegetated and taller than 10 m, and the
median, standard deviation, skewness and kurtosis of the bed elevation frequency
distribution. When only the braided reaches are considered all of the correlations apart
from that between the median of the bed elevation frequency distribution and %
vegetated taller than 10 m are statistically significant. These vegetation — morphology
correlations (Table 4.4) are all stronger than correlations among the morphological
properties of the reaches (Table 4.3) whether all 36 reaches or just the 32 braided
reaches are considered.

As with the bed morphology, there are also distinct downstream variations in the
vegetation indices (Figure 4.13). The middle reaches (7-22) show the lowest vegetation
cover. The upper reaches (1-6) show a higher cover of vegetation (taller than 1m) than
the middle reaches, although the cover shows a declining trend downstream through
these six reaches. The downstream reaches (23 to 36) show the highest cover of all three
vegetation heights (taller than 1 m, taller than 5 m, taller than 10 m), with a generally
increasing cover of all three from reach 23 downstream to reach 36. Therefore, both
morphology and vegetation cover show broadly similar downstream trends, but those
for vegetation cover are more marked and show clearer transitions than those for the
morphological variables. This association between vegetation and morphology has been
explained by Gurnell (2014) to be associated with the rate of vegetation growth, which
varies with groundwater levels in the alluvial aquifer. There is down-welling and then
up-welling of groundwater through the 36 studied reaches, often leading to the river
drying up in mid-summer in the most central reaches of the study area. Therefore, the
downstream trends in both morphology and vegetation cover may reflect the vigour of

the vegetation and thus its potential to influence the morphology of the braid plain.

Overall the vegetation is shorter and sparser than that observed by Bertoldi et al.

(2011a) but this may be explained by several factors:

1. The lidar data used in the present analysis was collected in April 2001, which is

only a few months after the largest flood on the Tagliamento since 1980, which
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occurred on 7 November 2000. This bank full event would have removed much
of the vegetation that was present in the braid plain. There was no significant
flood between the April 2001 lidar survey that is analysed here and the May
2005 lidar survey that was analysed by Bertoldi et al., (2011a), giving over four
years of uninterrupted vegetation growth by the time of the latter lidar survey.

2. The lidar data used in the present analysis was obtained earlier in the year than
the 2005 survey. This difference in the month of survey is critical, since it is the
period of the year when foliage starts to appear on the riparian trees. As a result,
the point cloud of the 2001 lidar survey is far less likely to intercept vegetated

surfaces than that of the 2005 survey.

3. Although lidar surveys vary in the density of their point cloud, providing a
further possible explanation for differences in the representation of the
vegetation canopy, there was very little difference in point cloud density
between the 2001 and 2005 surveys.

Correspondence between vegetation and morphology is also likely to be weaker in 2001
because the large flood only five winter months before the lidar survey would not only
have removed much of the vegetation cover but it would also have reshaped the braid
plane. By 2005 vegetation cover would be taller, uprooted trees and pioneer islands left
after the 2001 flood would have had time to develop and accumulate fine sediment from
flow pulse and wind storm events (Gurnell et al., 2008), whereas those islands that
survived the flood would also have had time for their vegetation cover and morphology

to start to recover.

In summary, the present research has shown similar associations between bed
morphology and vegetation to those revealed by Bertoldi et al. (2011a) but, for the
reasons given above, the associations are not as strong. Nevertheless, the topographic
signature of vegetation is present. Furthermore, the ‘bumps’ and secondary peaks
observed between 1 and 1.5 m above the median elevation on many of the bed elevation
frequency distributions (section 4.5.1) are probably part of that topographic signature,
since island surfaces gradually aggrade until their surfaces are 2 m or more above the

gravel bar surfaces when they are fully developed.
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45.3 Outlier Reaches

In the downstream reaches, the areas occupied by taller vegetation (taller than 5 m,
taller than 10 m) are clearly defined and surrounded by continuous areas of vegetation
taller than 1 m, suggesting that they mark distinct islands within the braid plain,
whereas elsewhere in these downstream reaches and across much of the other reaches,
the vegetation is predominantly short (taller than 1m) and patchy, suggesting that it

represents pioneer and building islands (Gurnell et al., 2001).

One notable feature of these large patches of taller vegetation (Figure 4.15) in the
downstream reaches is that they are associated with particularly high areas that rise
abruptly from the braid plain (Figure 4.16). These areas of higher elevation undoubtedly
gave the taller vegetation some protection from the November 2000 flood, allowing it to
survive and be observed in the January 2001 lidar data. Although these vegetated areas
may simply be established island surfaces, channel incision has been observed in the
lower reaches of the Tagliamento to a depth of approximately 1 m (Ziliani and Surian,
2012). This is believed to be mainly the consequence of gravel mining from the river
bed. It is possible that many of the larger patches of taller vegetation revealed in Figure
4.16, which are often 2m above the adjacent level of the braid plain are at least partly
associated with elevated areas that have been isolated by this bed incision, combined
with prolonged surface aggradation associated with this taller (and older) riparian
woodland cover. However, more detailed research incorporating field observations is

needed to investigate this issue.
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Chapter 5

Braiding, Anastomosing and Sinuosity Indices: a Comparison

Among Reaches of Six European Braided Rivers

5.1 INTRODUCTION

Following from the detailed three-dimensional analysis of the Tagliamento River
presented in Chapter 4, this chapter considers several European braided rivers and
compares their physical properties.

Lidar data was not available for the investigated rivers apart from the Tagliamento, and
so information was assembled largely from high resolution images to make the
comparison. Google Earth was the main data source because it provides elevation data
as well as aerial images, and often provides images for several dates for the same site.
However, aerial photographs were also used for one river to give a longer time series of
images for analysis. These data sets were complemented where possible by flow records

and information on bed material calibre.

As a result of this reliance on planform information, comparisons among rivers and
dates used more traditional indices of braiding complexity such as the braiding index, to
replace the three-dimensional comparisons based on the elevation frequency
distribution, which were used in Chapters 3 and 4.

The aims of this chapter are:

Q) To identify some naturally braiding rivers across Europe that span a range of
biogeographical conditions and thus are subject to different riparian
vegetation as well as having different size, gradient and flow.

(i) To extract from aerial imagery and other data sources, a set of physical
properties of reaches of these rivers to represent the core physical controls
and braiding responses of the selected rivers across space (several river

reaches) and through time (images of different date).
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(ii)  To investigate variations in braiding response across the rivers and at
different dates in order to identify how they vary and whether riparian

vegetation appears to be a significant controlon their behaviour.

5.2 MATERIALS AND METHODS

5.2.1 Selection of Rivers and Images

A selection of six transitional to braided rivers were identified for investigation (Table
5.1). In addition to the Tagliamento, which provides a link with chapter 4, five other
rivers were identified that showed stark differences in riparian vegetation and for which
discharge data could be obtained to support estimation of stream power. This meant that
the selection was to some extent opportunistic, and, given more time to search and
conduct analyses, a larger sample of rivers would have been identified to increase both
the coverage and replication of riparian vegetation types, as well as other factors,
including gradient, discharge and sediment supply/calibre characteristics. On this basis,

the following analysis should be treated as exploratory.

Table 5.1 The six rivers selected for study, their location, the number of reaches
selected and the number of years for which data were available for analysis.

River . Location
Number River Country  No. reaches Years atitude Longitude
1 Feshie UK 9 10 57°0'36.97"N 3°54'21.16"W
2 Coquet UK 2 1 55°18'59.08"N 2° 3'50.09"W
3 Liza UK 1 1 54°30'42.21"N 3°19'53.43"W
4 Bialka Poland 5 1 49°20'42.13"N 20° 7'52.66"E
5 Val Roseg  Switzerland 4 1 46°25'26.21"N  9°51'39.01"E
6 Tagliamento Italy
Middle reaches 8 7 46°10'40.31"N 12°57'24.93"E
Headwater reaches 4 1 46°23'09.65"N 12°39'21.09"E

The Tagliamento was separated for analysis into two areas, the middle reaches, where
the riparian woodland is affected by a warm, moist Mediterranean climate, and is
dominated by Black Poplar (Populus nigra) and the Alpine headwaters, which are
dominated by Grey Alder (Alnus incana) and Hoary Willow (Salix eleagnos). The Val
Roseg is a pro-glacial river located high above the tree line in the Alps in Switzerland,
and its riparian vegetation is sparse, comprising low alpine herbs and grasses. The
Bialka River in Poland is bordered by coniferous forest. All of these rivers are braided.
The remaining three rivers are located in the UK, and have riparian zones that are
covered by moorland with few trees. While the Feshie is a braided river, the analysed
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reaches of the Coquet and Liza are wandering rather than braided. Inclusion of these

three UK rivers was based on advice from Environment Agency personnel.

Each of the study rivers were subdivided into 1 km long reaches for analysis. Freely
available images of these rivers were identified in Google Earth and were analysed
using the tools available in Google Earth Pro. All available images within Google Earth
were inspected. For every reach, all cloud-free images that provided complete coverage
from a single date (i.e. no mosaicing within the reach) were selected for analysis. In the
case of the Feshie, a sequence of seven historical photographs (1946 to 2005) were
available for a single reach, and so these were analysed in addition to images from

Google Earth.

5.2.2 Extraction of Information From Images

Table 5.2 summarises the reach properties extracted from aerial images.

Each reach was defined on every image by a polygon. A centre line was drawn along
each river using the “path” option of the measuring tool. The limits of the 1 km reaches
were then set on this line with the “place mark” tool. These place marks were used to
ensure that the same reach was analysed in every selected image, although the centre
line was adjusted between images to follow the river planform at the time of the image.
Using the measurement tool, individual polygons were then drawn around each reach on
every selected image to enclose the active channel at the time of the image. In a few
cases, the outer limit of the active channel could be interpreted in two different ways
(e.g. Figure 5.1), and so a second polygon was also defined (labelled “Opt.2” in Table
5.2). From these polygons, the area and perimeter of the active channel was calculated.

The slope of each reach on each image was calculated using the following formula:

(vi—v2)
§==-
x
where S is the slope, yl is the elevation on the centre line at the upstream end of the
reach, y2 is the elevation on the centre line at the downstream end of the reach and x is

the length of the centre line between between y1 and y2.

Channel width was determined by measuring the width of the active channel at 10 cross
sections equally spaced at 50 m intervals along each reach, and at the same time,

information was extracted for the following indices:
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1) The Braided index (Bi) was the reach average number of wetted channels found
in each of the 10 cross sections.

i) The Anabranching index (Ai, Ai2) was the reach average number of the active
channels separated by vegetated islands in the 10 cross sections. Although only
mature vegetation was included in estimates of the anabranching index, two
different indices allowed for islands with a completely closed canopy and
islands where vegetation showed gaps in the canopy. Ai (island a in Figure 5.2)
was calculated using only islands with a mature closed canopy, whereas Ai2
(islands a and b in Figure 5.2) included islands comprised of a closed canopy or
a combination of closed and partly open canopy.

iii) The Sinuosity index (Si) was calculated for the main braid channel by dividing
the main channel length by the straight line distance between its start and end

points.

Figure 5.1 Reach 2 of the Feshie River near Feshiebridge, a) shows a first
interpretation of the active channel, b) shows a second possible interpretation of
the active channel, referred to as “option 2, and c) shows the difference between
the two interpretations of the active channel.
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% {.‘~_1'.‘\"'9."I'~I-i'.§ : A
Figure 5.2 In order to illustrate the process followed to determine vegetated islands

when measuring the Anabranching index (Ai) the Tagliamento river section 9 is
shown a) Island consists of closed canopy vegetation b) Islands consist of a
combination of closed canopy vegetation plus some adjacent discrete sparse

vegetation areas.

The seven historical images obtained for the Feshie river for the years 1946, 1955,
1964, 1989, 1993, 1997, 2000, and 2005 were analysed in Arc GIS 10. A shape file was
created in the Arc Catalog for each individual year in order to separate the active
channel and then a central transect line was drawn. The Bi, Ai, and Si indices and the
channel width were estimated for each image (as described above for the Google Earth

images).
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Table 5.2 Information extracted from satellite and aerial images for the study rivers, river reaches and dates.

River name Reach Image Year Bi Al Ai2 Si  Slope Width (m) Perimeter (m) Area(m?
Bialka 1 2012 1.7 13 13 110 0.015 65 2225 69335
Bialka 2 2012 21 11 11 112 0.015 70 2292 69931
Bialka 3 2012 14 16 16 113 0.015 88 2378 104445
Bialka 4 2012 26 17 21 113 0.015 94 2199 74131
Bialka 5 2012 1.6 1 1 1.10 0.015 55 2180 53854
Coquet 1 2009 1.9 1 1 1.30 0.004 58 2202 45715
Coquet 2 2009 2 1.3 1.3 123 0.004 91 2315 80311
Feshie 1 2000 21 18 19 114 0.002 109
Feshie 2 1946 33 18 19 133 0.002 150
Feshie 2 1955 1.7 25 25 113 0.002 146
Feshie 2 1964 24 23 23 118 0.002 153
Feshie 2 1989 18 12 13 116 0.002 102
Feshie 2 1993 34 13 13 120 0.002 143
Feshie 2 1997 47 17 19 111 0.002 148
Feshie 2 2000 27 21 21 106 0.002 115
Feshie 2 2005 38 13 13 102 0.002 143
Feshie 3 2000 28 12 12 113 0.002 71
Feshie 4 2005 2.1 1 1 1.19 0.006 50 2217 77205
Feshie 4 2011 1.7 1 1.1 1.26 0.008 49 2233 79632
Feshie 5 2006 2.3 1 1 1.22 0.010 128 2310 116902
Feshie 5 2011 2.2 1 1.9 1.20 0.008 136 2407 122719
Feshie 6 2006 1.4 1 1 1.11 0.010 65 2344 67130
Feshie 6 2011 1.2 1 1.6 1.22 0.008 70 2517 126364
Feshie 7 2006 19 13 14 119 0.010 70 2376 60795
Feshie 7 2011 24 15 17 128 0.008 137 2268 93180
Feshie 8 2005 3.8 1 1 1.11 0.002 151 2345 113972
Feshie 9 2005 3.3 1 1 1.14 0.012 150 2429 128872

133



Chapter 5

Table 5.2 continued.

River name Reach Image Year Bi Al Ai2 Si  Slope Width (m) Perimeter (m) Area(m?
Liza (Ennerdale Lake) 1 2008 19 12 12 122 0.012 40 2344 49466
Tagliamento Middle 5 2003 2.3 1 1 1.06 0.003 281 2694 319315
Tagliamento Middle 5 2005 5 1 1 1.09 0.003 366 2719 324217
Tagliamento Middle 5 2011 4.6 1 1.3 116 0.003 364 2783 328173
Tagliamento Middle 6 2003 1.7 1 1 1.04 0.003 179 2778 257313
Tagliamento Middle 6 2003 1.7 1 1 1.06 0.003 177 2974 267569
Tagliamento Middle 6 2005 2.4 1 1 1.09 0.003 178 2941 262150
Tagliamento Middle 6 2011 1.8 1 1 1.11 0.003 168 2792 256677
Tagliamento Middle 7 2003 1.6 1 1.6 1.08 0.003 668 3295 645242
Tagliamento Middle 7 2005 16 14 14 132 0.003 643 3324 650269
Tagliamento Middle 7 2011 3 1 1.6 125 0.003 676 3347 655293
Tagliamento Middle 8 2003 1.2 1 1.2 116 0.001 550 3322 586167
Tagliamento Middle 8 2005 1.2 1 1.2 1.05 0.003 573 3386 614157
Tagliamento Middle 8 2008 32 12 12 128 0.003 579 3288 597030
Tagliamento Middle 8 2011 3.6 1 1 1.05 0.003 619 3408 640000
Tagliamento Middle 1 2002 2.6 1 1 1.15 0.001 770 3801 838295
Tagliamento Middle 1 2003 1.5 1 1 1.13 0.001 772 3860 858505
Tagliamento Middle 1 2005 2.8 1 1 1.45 0.003 787 3924 869439
Tagliamento Middle 1 2011 2.6 1 1.2 1.47 0.003 815 3950 886247
Tagliamento Middle 1 2012 36 16 33 108 0.001 827 3944 892900
Tagliamento Middle 2 2002 44 17 22 127 0.001 786 3549 716294
Tagliamento Middle 2 2002 44 17 22 127 0.001 786 3511 710648
Tagliamento Middle 2 2005 48 1.8 2 1.23 0.003 818 3640 762632
Tagliamento Middle 2 2011 53 14 14 130 0.003 842 3718 784231
Tagliamento Middle 2 2012 44 28 3 1.31 0.001 843 3667 774141
Tagliamento Middle 3 2002 34 14 14 108 0.001 545 3193 572767
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Table 5.2 continued.

River name Reach Image Year  Bi Ai  Ai2 Si  Slope Width (m) Perimeter (m) Area(m?
Tagliamento Middle 3 2003 36 14 14 110 0.001 542 3140 563440
Tagliamento Middle 3 2005 42 15 15 112 0.003 550 3205 569244
Tagliamento Middle 3 2012 38 15 15 124 0.001 551 3114 565116
Tagliamento Middle 4 2002 49 27 27 110 0.001 688 3416 703030
Tagliamento Middle 4 2002 51 27 27 111 0.002 673 3354 679470
Tagliamento Middle 4 2003 29 27 27 100 0.001 681 3362 703707
Tagliamento Middle 4 2005 41 26 26 100 0.003 692 3385 706077
Tagliamento Middle 4 2011 36 25 29 103 0.003 687 3426 684254
Tagliamento Middle 4 2012 34 23 23 105 0.001 656 3349 685939

Tagliamento Headwaters 1 2003 15 17 18 109 0.010 130 2397 126769

Tagliamento Headwaters 2 2003 1.7 16 17 116 0.010 121 2516 148212

Tagliamento Headwaters 3 2003 21 13 13 113 0.010 170 2761 184560

Tagliamento Headwaters 4 2003 27 14 16 109 0.010 178 2505 163789

Val Roseg 1 2010 2.5 1 1 1.15 0.034 66 2279 47064

Val Roseg 2 2010 2.1 1 1 1.15 0.034 70 2677 196241

Val Roseg 3 2010 88 56 56 117 0.034 222 2748 176150

Val Roseg 4 2010 27 12 12 110 0.034 63 1555 44964

Opt. 2 reaches

River name Reach Image Year  Bi Al Ai2 Si  Slope Width (m) Perimeter (m) Area(m?

Feshie 8 2005 4.2 1 1 1.13 0.002 225 2530 156634

Feshie 6 2006 2.3 1 1 1.22 0.01 65 2310 116902

Feshie 5 2011 22 16 16 119 0.008 178 2470 148653

Feshie 7 2011 15 11 17 128 0.008 149 2277 123901

Bialka 4 2012 3 2.4 3 1.13 0.015 121 2186 87034
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5.2.3 Discharge, Bed Material and Stream Power

Wherever possible, discharge records were obtained from a gauging station close to the
analysed reaches of each river. Daily average flow records were used and the Q,, Qs and
Q10 flows were estimated using the annual maximum series fitted to an EV1 (Gumbel)
distribution using an online calculator (available at

http://ponce.sdsu.edu/onlinegumbel.php).

For the Tagliamento River, Q2, Qs and Q1o values of 1100, 1600 and 2150 m3/s were
used. These were estimated from records at Venzone, which is close to the reaches
studied in the middle of the river. Since within the part of the catchment upstream of
Venzone the average discharge has been shown to be related to catchment area raised to
the power 0.955 (Mosetti, 1983), these estimates of Q,, Qs and Qo were scaled by
catchment area to give 1133, 1648, 2215 m/s, respectively, for the middle reaches and
117, 170, 229 m®/s, respectively, for the headwater reaches.

Bed material calibre data was available for some of the reaches, and so wherever
possible an estimate of dso (median grain size) was extracted. However, the quality of
this data was highly variable and generally poor.

Using the three discharge and bed material estimates, three stream power indices were
estimated for each of the Q,, Qs and Qg events

1. Total stream power was calculated for the Q2, Q5 and Q10 events for each reach

and time using the formula:

w¥= pgQ5

where o* is the stream power, p is the water density, g is the acceleration due to
gravity, Q is the discharge, and S is the slope.

2. Unit stream power was calculated for the Q,, Qs and Q1o events for each reach

and time using the formula:

_ pgQs
=2

i1 o

where o** is the stream power, p is the water density, g is the acceleration due
to gravity, Q is the discharge, S is the slope, and w is the width of the channel.
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3. Dimensionless stream power was calculated for the Q,, Qs and Qo events for
each reach and time using the formula:
Q-S
2 Ps — Pw 3
Wi J.g( P )d50

Where o*** is dimensionless stream power, Q is the water discharge, w is the

¥ =

channel width, g is gravity, ps is the sediment density, pw is the water density,

and dsg is the median grain size.

The discharge, dso and stream power estimates for the studied reaches are listed in Table
5.3.
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Table 5.3 Discharge, dso and stream power estimates for the studied reaches.

Total Stream Power

Unit Stream Power

Dimensionless Stream Power

River name Reach I\r(ne?re (n(:?%) Q2 Q5 Q0 Q2 ow*Q5 0*Ql0 w*Q2 **Q5 w**Ql0 w***Q2 w***Q5 w*** Q10

Bialka 1 2012 69 108 134 10153 15892 19718 156 244 302

Bialka 2 2012 69 108 134 10153 15892 19718 145 226 281

Bialka 3 2012 69 108 134 10153 15892 19718 115 181 224

Bialka 4 2012 69 108 134 10153 15892 19718 109 170 211

Bialka 5 2012 69 108 134 10153 15892 19718 183 287 356

Coquet 1 2009

Coquet 2 2009

Feshie 1 2000 140 198 237 2747 3885 4650 25 36 43 0 0.081 0.097 0.029
Feshie 2 1946 140 198 237 2747 3885 4650 18 26 31 0 0.059 0.070 0.070
Feshie 2 1955 140 198 237 2747 3885 4650 19 27 32 0 0.060 0.072 0.072
Feshie 2 1964 140 198 237 2747 3885 4650 18 25 30 0 0.057 0.069 0.069
Feshie 2 1989 140 198 237 2747 3885 4650 27 38 46 0 0.086 0.103 0.103
Feshie 2 1993 140 198 237 2747 3885 4650 19 27 33 0 0.062 0.074 0.074
Feshie 2 1997 140 198 237 2747 3885 4650 19 26 31 0 0.060 0.071 0.071
Feshie 2 2000 140 198 237 2747 3885 4650 24 34 41 0 0.077 0.092 0.097
Feshie 2 2005 140 198 237 2747 3885 4650 19 27 33 0 0.062 0.074 0.173
Feshie 3 2000 140 198 237 2747 3885 4650 39 55 66 0 0.125 0.149 0.092
Feshie 4 2005 62 83 97 3649 4885 5709 73 98 115 0 0.222 0.260 0.074
Feshie 4 2011 62 83 97 4866 6514 7613 98 132 154 0 0.299 0.349 0.149
Feshie 5 2006 62 83 97 6082 8142 9516 48 64 75 0 0.145 0.169 0.260
Feshie 5 2011 62 83 97 4866 6514 7613 36 48 56 0 0.108 0.127 0.349
Feshie 6 2006 62 83 97 6082 8142 9516 93 124 145 0 0.282 0.330 0.330
Feshie 6 2011 62 83 97 4866 6514 7613 69 93 109 0 0.210 0.246 0.127
Feshie 7 2006 62 83 97 6082 8142 9516 87 116 136 0 0.263 0.307 0.330
Feshie 7 2011 62 83 97 4866 6514 7613 36 48 56 0 0.108 0.126 0.246
Feshie 8 2005 62 83 97 1216 1628 1903 8 11 13 0 0.024 0.029 0.307
Feshie 9 2005 62 83 97 7299 9771 11419 49 65 76 0 0.148 0.173 0.126

138



Chapter 5

Table 5.3 continued.

Total Stream Power Unit Stream Power Dimensionless Stream Power
River name Reach I\r(ne?re (n(:?%) Q2 Q5 Q0 0*Q2 Q5 0*Ql0 0**Q2 0**Q5 w**Ql0 w***Q2 o***Q5 w***Q10

Liza (Ennerdale Lake) 1 2008
Tagliamento Middle 5 2003 62 1133 1648 2215 33344 48501 65187 119 173 232 0.195 0.284 0.381
Tagliamento Middle 5 2005 62 1133 1648 2215 33344 48501 65187 91 132 178 0.149 0.217 0.292
Tagliamento Middle 5 2011 62 1133 1648 2215 33344 48501 65187 92 133 179 0.150 0.219 0.294
Tagliamento Middle 6 2003 62 1133 1648 2215 33344 48501 65187 186 271 364 0.306 0.445 0.598
Tagliamento Middle 6 2003 62 1133 1648 2215 66688 97001 130375 377 548 737 0.618 0.899 1.209
Tagliamento Middle 6 2005 62 1133 1648 2215 33344 48501 65187 187 273 366 0.307 0.447 0.601
Tagliamento Middle 6 2011 62 1133 1648 2215 33344 48501 65187 198 288 387 0.325 0.473 0.636
Tagliamento Middle 7 2003 62 1133 1648 2215 33344 48501 65187 50 73 98 0.082 0.119 0.160
Tagliamento Middle 7 2005 62 1133 1648 2215 33344 48501 65187 52 75 101 0.085 0.124 0.166
Tagliamento Middle 7 2011 62 1133 1648 2215 33344 48501 65187 49 72 96 0.081 0.118 0.158
Tagliamento Middle 8 2003 62 1133 1648 2215 11115 16167 21729 20 29 40 0.033 0.048 0.065
Tagliamento Middle 8 2005 62 1133 1648 2215 33344 48501 65187 58 85 114 0.096 0.139 0.187
Tagliamento Middle 8 2008 62 1133 1648 2215 33344 48501 65187 58 84 113 0.095 0.138 0.185
Tagliamento Middle 8 2011 62 1133 1648 2215 33344 48501 65187 54 78 105 0.088 0.129 0.173
Tagliamento Middle 1 2002 48 1133 1648 2215 11115 16167 21729 14 21 28 0.035 0.051 0.068
Tagliamento Middle 1 2003 48 1133 1648 2215 11115 16167 21729 14 21 28 0.035 0.050 0.068
Tagliamento Middle 1 2005 48 1133 1648 2215 33344 48501 65187 42 62 83 0.102 0.148 0.200
Tagliamento Middle 1 2011 48 1133 1648 2215 33344 48501 65187 41 59 80 0.099 0.143 0.193
Tagliamento Middle 1 2012 48 1133 1648 2215 11115 16167 21729 13 20 26 0.032 0.047 0.063
Tagliamento Middle 2 2002 48 1133 1648 2215 11115 16167 21729 14 21 28 0.034 0.050 0.067
Tagliamento Middle 2 2002 48 1133 1648 2215 11115 16167 21729 14 21 28 0.034 0.050 0.067
Tagliamento Middle 2 2005 48 1133 1648 2215 33344 48501 65187 41 59 80 0.098 0.143 0.192
Tagliamento Middle 2 2011 48 1133 1648 2215 33344 48501 65187 40 58 77 0.095 0.139 0.187
Tagliamento Middle 2 2012 48 1133 1648 2215 11115 16167 21729 13 19 26 0.032 0.046 0.062
Tagliamento Middle 3 2002 48 1133 1648 2215 11115 16167 21729 20 30 40 0.049 0.071 0.096
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Table 5.3 continued.

Total Stream Power

Unit Stream Power

Dimensionless Stream Power

River name Reach I\r(ne?re (n(:?%) Q2 Q5 Q0 0*Q2 Q5 0*Ql0 0**Q2 0**Q5 w**Ql0 w***Q2 o***Q5 w***Q10
Tagliamento Middle 3 2003 48 1133 1648 2215 11115 16167 21729 20 30 40 0.049 0.072 0.097
Tagliamento Middle 3 2005 48 1133 1648 2215 33344 48501 65187 61 88 119 0.146 0.213 0.286
Tagliamento Middle 3 2012 48 1133 1648 2215 11115 16167 21729 20 29 39 0.049 0.071 0.095
Tagliamento Middle 4 2002 48 1133 1648 2215 11115 16167 21729 16 23 32 0.039 0.057 0.076
Tagliamento Middle 4 2002 48 1133 1648 2215 22229 32334 43458 33 48 65 0.080 0.116 0.156
Tagliamento Middle 4 2003 48 1133 1648 2215 11115 16167 21729 16 24 32 0.039 0.057 0.077
Tagliamento Middle 4 2005 48 1133 1648 2215 33344 48501 65187 48 70 94 0.116 0.169 0.227
Tagliamento Middle 4 2011 48 1133 1648 2215 33344 48501 65187 49 71 95 0.117 0.170 0.229
Tagliamento Middle 4 2012 48 1133 1648 2215 11115 16167 21729 17 25 33 0.041 0.059 0.080

Tagliamento Headwaters 1 2003 90 117 170 229 11478 16677 22465 88 129 173 0.083 0.121 0.163
Tagliamento Headwaters 2 2003 90 117 170 229 11478 16677 22465 95 138 186 0.089 0.129 0.174
Tagliamento Headwaters 3 2003 90 117 170 229 11478 16677 22465 68 98 132 0.063 0.092 0.124
Tagliamento Headwaters 4 2003 90 117 170 229 11478 16677 22465 65 94 126 0.061 0.088 0.119

Val Roseg 1 2010 26 37 45 8672 12341 15009 131 186 226

Val Roseg 2 2010 26 37 45 8672 12341 15009 124 177 215

Val Roseg 3 2010 26 37 45 8672 12341 15009 39 56 68

Val Roseg 4 2010 26 37 45 8672 12341 15009 138 196 238

Opt. 2 reaches
Total Stream Power Unit Stream Power Dimensionless Stream Power
River name Reach I\r(ne?re (n(:?%) Q2 Q5 Q0 0*Q2 Q5 0*Ql0 0**Q2 o**Q5 w**Ql0 w***Q2 w***Q5 w***Q10

Feshie 8 2005 50 62 83 97 1216 1628 1903 5 7 8 0.012 0.016 0.019
Feshie 6 2006 50 62 83 97 6082 8142 9516 48 64 75 0.108 0.145 0.169
Feshie 5 2011 50 62 83 97 4866 6514 7613 27 37 43 0.062 0.083 0.097
Feshie 7 2011 50 62 83 97 4866 6514 7613 33 44 51 0.074 0.099 0.116
Bialka 4 2012 69 108 134 10153 15892 19718 84 131 163
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5.2.4  Data Analysis

Through the above analyses, values of four planform variables (Bi, Ai, Ai2, Si), four
reach dimensions (average channel width, slope, active channel area and perimeter
length), median bed material grain size (dsp), and twelve flow-related variables
(discharge, total stream power, unit stream power, dimensionless stream power, each
related to the Q2, Qs and Q1o return period floods) were estimated for the reach and date
combinations (Tables 5.2 and 5.3). However, there were missing values for some of
these variables, whereas others had poor accuracy. Therefore, the first stage in data
analysis was to establish which combination of variables was the most promising for

investigating associations between the four planform variables and their likely controls.

A second stage was to produce scatter plots to provide a preliminary assessment of the
associations between the four planform variables and channel width (a measure of “size’
that is usually associated with discharge and for which there were estimates for all

reaches and times) and stream power, within and between rivers.

Lastly, Principal Components Analysis was used to investigate multivariate associations

between the four planform variables and subsets of likely controlling variables.

5.3 RESULTS

53.1 Options1and 2

Five reaches were subject to an analysis under Option 2 in addition to Option 1. Four of
these were on the Feshie and one on the Bialka. Table 5.4 summarises the values for the
four indices of planform and the active channel width derived from using the two
options on these five reaches. The use of Option 2 results in very significant increases in
the active width of the channel as a result of incorporating significant areas of well
vegetated land within the ‘active channel’ in order to incorporate side/distributary
channels into the ‘braided’ channel. This major increase in width leads to a very
significant reduction in estimates of unit and dimensionless stream power. The effect on
the four planform indices varies. In general, there are small increases in Ai and Ai2 and
small decreases in Si with larger increases in Bi. Since only five channels required
consideration of Option 2, with fairly small adjustments in the planform indices but
significant consequences for unit and dimensionless stream power estimates, Option 2

estimates were excluded from further analysis. This exclusion can also be justified on
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geomorphic grounds, since the excluded islands were large and defined by a relatively
small outer channel, suggesting that they are probably relict features that are close to
merging with the floodplain or are simply areas of the floodplain defined by minor
avulsion channels at high flow. In this way, the analysed data set focused on a restricted
but probably more appropriate meaning of the term “active channel width’.

Table 5.4 Planform indices and active channel widths derived from applying
options 1 and 2 to five river reaches.

River Reach  Year Bi A\ Ai2 Si Width (m)
Feshie Opt. 1 8 2006 1.9 1.3 1.4 1.19 70
Feshie Opt. 2 8 2006 4.2 1 1 1.13 225
Feshie Opt. 1 6 2006 14 1 1 1.11 65
Feshie Opt. 2 6 2006 2.3 1 1 1.22 128
Feshie Opt. 1 5 2011 1.7 1 1.1 1.26 49
Feshie Opt. 2 5 2011 2.2 1.6 1.6 1.19 178
Feshie Opt. 1 7 2011 1.2 1 1.6 1.22 70
Feshie Opt. 2 7 2011 1.5 1.1 1.7 1.28 149
Bialka Opt. 1 4 2012 2.6 1.7 2.1 1.13 94
Bialka Opt. 2 4 2012 3 2.4 3 1.13 121

5.3.2 Selecting Informative Variables

Of the variables with potential to explain the four indices of planform (Bi, Ai, Ai2, Si),
all reaches and dates had values of slope and active channel width. Since both active
channel area and perimeter were very highly correlated (p < 0.0001) with width (0.904,
0.997, respectively) and had some missing values (for the seven historical photographs
of the Feshie, Table 5.2), area and perimeter were not included in any further analysis.
All of the channels were located in narrow valleys and so were to some extent confined
by the valley sides. In some cases (e.g. Tagliamento), terraces also provided a degree of
confinement. Estimates of discharge (Q2, Qs, Q10) were also not available for two of the
UK rivers (Coquet, Liza, Table 5.3). However, this only affected a single image for
three reaches, otherwise the data set was complete. As a result, total stream power and
unit stream power could be estimated for virtually all reaches for all three discharges.
The estimation of dimensionless stream power was further restricted by lack of
information on dsp, and also by the poor quality of some of the dsp estimates.
Correlations among the different estimates of stream power were investigated to
identify their information content (Table 5.5).
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Table 5.5 Correlations among different stream power indices (®o* is total stream
power, ®** is unitstream power and ®*** is dimensionless stream power; Q2, Qs,
and Qo refer to the discharges for which the three different stream power indices
are estimated).

* ** **k*k * * *

() () () ()

(Q2) (Q2) (Q2) (Q2) (Qs) (Quo)

o* (Q,) 1 0.372 0.338 o* (Q,) 1 1.000 0.999

o** (Q,) 0.372 1 0.937 ®* (Qs) 1.000 1 1.000
o*** (Qy) | 0.338 0.937 1 ®* (Q1o) 0.999 1.000 1

o* ** **F* ** ** **

(Qs) (Qs) (Qs) (Q2) (Qs) (Quo)

®* (Qs) 1 0.389 0.365 o** (Q,) 1 0.999 0.992

®** (Qs) 0.389 1 0.940 ®** (Qs) 0.999 1 0.997
®*** (Qs) | 0.365 0.940 1 ®** (Q10) 0.992 0.997 1

o* ** O*** O*** @*** O***

(Quo) (Quo) (Quo) (Q2) (Qs) (Qu0)

®* (Qq0) 1 0.416 0.410 O*** (Qy) 1 0.998 0.985

®** (Q10) 0.416 1 0.945 ®*** (Qs) | 0.998 1 0.994
®*** (Qg) | 0.410 0.945 1 ®*** (Qq) | 0.985 0.994 1

The left column of Table 5.5 shows correlations among the three unit stream power
indices for Q (top), Qs (middle) and Q1o (bottom). From these correlation matrices, it is
clear that the correlation between unit stream power and dimensionless stream power is
very high (p<0.0001) for all three discharge estimates (0.937, 0.940, 0.945,
respectively). Given the missing values and poor quality of the dso data set, which is
included in the estimation of dimensionless stream power, it was decided to omit this
variable from further analysis. The right column of Table 5.5 shows correlations among
the three estimates of total (top), unit (middle) and dimensionless stream power
(bottom) for the three discharge estimates (Q-, Qs and Qap). In all cases the correlations
are extremely high, suggesting that estimates based on any one of the three discharges
provide similar information. Therefore, analysis proceeded using indices based on Qo

alone.

Therefore analysis proceeded using the following variables: Bi, Si, Ai, Ai2, slope,

active channel width, Qi and total and unit stream power estimated from Qqp.
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5.3.3  Associations Among Variables within a Single River

Multi-date aerial images were available for two rivers, the Feshie and the middle
reaches of the Tagliamento. These data sets were explored to assess the level of
variance in the four indices of planform among the image dates for each investigated
reach.

Eight reaches were considered in the middle Tagliamento, which displayed widely
varying active channel widths. This resulted from differential confinement of the
channel by mountains or terraces and ranged from narrow reaches close to the Pinzano
gorge to very wide, semi-confined, reaches downstream and upstream of the gorge.
Figure 5.3 shows scatter plots of active channel width plotted against the four indices of
planform and unit stream power estimated for the Q, and Qi flows, with data from a
single reach but at different dates represented by the same symbol.

The plots representing the two measures of unit stream power (Figures 5.3 E and F)
confirm that there is no significant change in the pattern of the data points whichever
unit stream power value is used (i.e.for Q,, Qs or Qi0). This further supports the use of
stream power values for only one flow (Q1p) in all subsequent analyses. Since the same
discharge is used in all of the computations, the vertical shifts in the plotting position
for some reaches in Figures 5.3 E and F represent changes in channel width and/or slope
estimated from different images, but there is a clear overall reduction in unit stream

power with increasing channel width across the reaches and images of different date.

All of the planform indices show an increase in their maximum values with increasing
channel width, although this is most marked for the two anabranching indices (Ai, Ai2).
Furthermore, although there are variations in the plotting position for each reach across
the sampled image dates, this variation is relatively small, particularly for Si, Ai and
Ai2, which are not significantly affected by flow stage. Even Bi, which is affected by
flow stage at the time of the image, shows relatively small variance for any individual

reach. These results give confidence in the analysis of a mix of reaches and image dates.

Figure 5.4 shows scatter plots for the river Feshie of the four planform indices against
the active channel width. The Feshie shows greater variance in each of the indices than
the Tagliamento, with a similar range in planform index values for a group of much

narrower reaches than those of the Tagliamento. One reach (dark grey diamonds) has
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values extracted from images dating from 1946 to 2005, a period over which the river
has changed greatly. The planform indices and channel width are presented as time
series for this reach in Figure 5.5, illustrating variability in Bi, Si, Ai, and Ai2 that
largely reflects changes in channel width and also shows an apparently declining trend
in Ai, Ai2 and width through time reflecting lateral encroachment of the vegetated

floodplain.
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Figure 5.3 Four indices of planform (A. Bi; B. Si; C. Ai; D. Ai2) and unit stream
power for Q, (E) and Qi (F) plotted against active channel width for the
Tagliamento middle reaches. Each symbol represents a different reach, with all

image dates marked using the same symbol for the reach.
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Figure 5.4 Four indices of planform (A. Bi; B. Si; C. Ai; D. Ai2) plotted against

active channel width for the river Feshie reaches. Each symbol represents a

different reach, with all image dates marked using the same symbol for the reach.

Thus, it appears that at least some of the variability in Ai, Ai2 and probably Si reflect

genuine changes in reach morphology through time, whereas there is additional

variability in Bi as a result of differences in flow at the times when the images were

collected. The following analyses of the entire data set from 6 rivers cannot make

allowance for flow stage variations because in many cases only one image is available.

However, the above analyses suggest that comparisons of Ai, Ai2 and Si are more likely

to represent true differences in the morphology between reaches than Bi.

146



Chapter 5

Q- Al —@— A2 --C-- Bi ce@e- S

Planform index
w
}

1e0

Width (m)

=

=

]
I
T

100 f f I I T ;
1940 1850 1860 1970 1980 19580 2000 2010

Year

Figure 5.5 Time series plots of Bi, Si, Ai, Ai2 for one reach of the river Feshie.

5.3.4  Associations Among Planform, Channel Dimension and Stream Power
Variables Across Six European Braided Rivers

Figure 5.6A shows unit stream power plotted against channel width, with the expected
decline in unit stream power with increasing channel width and with higher unit stream
power in relation to channel width for the Tagliamento middle reaches (black circle) in
comparison with the Tagliamento headwaters (dark grey circle), Bialka (dark grey
diamond), Val Roseg (white diamonds), which in turn show higher stream power for the
same width than the Feshie (white circle). The colours of the symbols represent
woodland vegetation with relatively vigorous growth (black), other woodland
vegetation (grey), vegetation with few trees (white).
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Figure 5.6 Scatter plots of A. unit stream power; B. Bi; C Si; D Ai; E Ai2 plotted
against active channel width (the colours of the symbols represent woodland
vegetation with vigorous growth (black), other woodland vegetation (grey),
vegetation with few trees (white)).

Figure 5.6 shows scatter plots of the four planform indices plotted against channel
width. Because of the very wide channel widths (and values of total stream power — not
illustrated) the plots in Figure 5.6 show little discrimination between rivers apart from
the Tagliamento middle reaches. However, one reach of the Val Roseg shows
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anomalously high values of Bi, Ai and Ai2, reflecting the width of this reach, which
allows numerous braid channels to develop during the summer high flows of the image
and also allows the alpine vegetation between these channels to survive from year to
year relatively undisturbed. The width of this reach is probably more a reflection of past
glacial processes than any self-forming channel related to the current flow regime.

Figure 5.7 shows log-log scatter plots of the four planform indices plotted against unit
stream power. Unit stream power expresses total stream power per unit width of
channel, and so it removes some of the contrasts between the relatively wide
Tagliamento middle reaches and the other rivers. The log-log plot also allows the data
set to be viewed in a more integrated way and reveals a gradual reduction in the
maximum values of Si, Ai and Ai2 (Figure 5.7 B, C, D) with increasing unit stream
power. A similar decreasing trend may be present in the Bi plot (Figure 5.7A) but it is
less clear.

In order to explore gradients in the data set that might indicate the most important
controls on the four planform indices, groups of variables were subjected to Principal
Components Analysis (PCA). The first PCA was conducted on the four planform
indices, slope and channel width (Table 5.6). The first two PCs had eigenvalues greater
than 1 and, therefore explained more of the variance than any of the original variables,
and jointly explained almost 69% of the variance in the data set. Judging from the
variable loadings on the first two PCs, PC1 describes a gradient of increasing Bi, Ai and
Ai2, whereas PC2 describes a gradient of increasing slope and decreasing channel
width. A scatter plot of the reach scores on the two PCs (Figure 5.8A) shows that the
different rivers are separated along PC2 and show different ranges along PC1 according
to the range in values of three planform indices within each individual river. This
suggests that little of the variation in Bi, Ai and Ai2 is explained by slope or channel

width across this 6 river data set.
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Table 5.6 Eigenvalues, variability explained and variable loadings on the first four
PCs of a PCA on Bi, Si, Al, Ai2, slope, and channel width (all loadings >0.7 are

emboldened).

PC1 PC2 PC3 PC4
Eigenvalue 2.617 1497 0981 0.484
Variability (%) 43.624 24.955 16.355 8.059
Cumulative %  43.624 68.579 84.934 92.993

Loadings PC1 PC2 PC3 PC4

Bi 0.825 -0.071 0.135 0.382
Ai 0917 0.272 -0.006 -0.234
Ai2 0926 0.191 -0.007 -0.251
Si -0.062 -0.397 0.896 -0.188
Slope -0.041 0.820 0.397 0.328
Width 0.482 -0.743 -0.057 0.276

Table 5.7 Eigenvalues, variability explained and variable loadings on the first four
PCs of a PCA on Bi, Si, Ai, Ai2, slope, channel width and Qo (all loadings >0.7 are

emboldened.

PC1 PC2 PC3 PC4
Eigenvalue 2.757 2110 1.028 0.553
Variability (%) 39.380 30.143 14.685 7.896
Cumulative %  39.380 69.522 84.208 92.103

Loadings PC1 PC2 PC3 PC4

Bi 0.781 -0.260 0.149 0.227
Ai 0.741 -0.609 -0.053 -0.165
Ai2 0.773 -0.547 -0.031 -0.195
Si 0.047 0.207 0.963 -0.146
Slope -0.316 -0.703 0.207  0.566
Width 0.741 0573 0.082 0.179
Qo 0591 0.711 -0.157 0.250

A second PCA introduced Qi as an additional variable (Table 5.7). The first three PCs
had eigenvalues greater than 1 and jointly explained almost 85% of the variance in the
data set. However, PC3 only describes a gradient in Si that is independent of the other
variables. Judging from the variable loadings on the first two PCs, PC1 describes a
gradient of increasing Bi, Ai, Ai2 and channel width, whereas PC2 describes a gradient
of increasing Q1o and decreasing slope, it also has quite a strong negative loading on Ai.
A scatter plot of the reach scores on the two PCs (Figure 5.8B) shows that the different

rivers are separated along a diagonal across the plot that follows the vectors for
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decreasing slope and increasing Q1o and channel width, and each river is aligned along
the vectors of increasing Bi, Ai and Ai2. This suggests that little of the variation in Bi,

Aiand Ai2 is explained by slope or channel width across this 6 river data set.

Since width, slope and Qi all contribute to the estimation of unit stream power, a final
PCA substituted unit stream power for slope, width and Qqo (Table 5.8). The first two
PCs had eigenvalues greater than 1 and jointly explained almost 77% of the variance in
the data set. Judging from the variable loadings on the first two PCs, PC1 describes a
gradient of increasing Bi, Ai, Ai2 and a weak decrease in unit stream power, whereas
PC2 describes a gradient of increasing Si and a weak decrease in unit stream power. A
scatter plot of the reach scores on the two PCs (Figure 5.8C) shows that there is no
longer separation between the rivers on the plot, but there is a general trend of
increasing Bi, Ai and Ai2 with decreasing unit stream power, with a slight tendency
within the Tagliamento middle reaches for an increase in Si with deacreasing unit

stream power.

Table 5.8 Eigenvalues, variability explained and variable loadings on the first four
PCs of a PCA on Bi, Si, Ai, Ai2, slope, channel width and Qo (all loadings >0.7 are

emboldened.

PC1 PC2 PC3 PC4
Eigenvalue 2.653 1193 0.637 0.455
Variability (%) 53.064 23.868 12.745 9.094
Cumulative %  53.064 76.932 89.678 98.772

Loadings PC1 PC2 PC3 PC4

Bi 0.801 0.067 0.201 0.560
Ai 0.927 -0.222 0.113 -0.219
Ai2 0.930 -0.168 0.074 -0.266
Si 0.009 0.893 0.423 -0.151
o** Q10 -0.536 -0.560 0.632 -0.006
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54  DISCUSSION AND CONCLUSIONS

A range of planform, reach dimension, bed material grain size, and flow-related
variables were extracted from aerial imagery (Google Earth and air photographs), flow
gauging station records and other sources that provided information on bed material.
This information was extracted for 70 reach - image date combinations for six European
rivers. For five reaches, a second option (including major side channels) was used to

define a further set of values of the planform and geometric variables.

This data set was then investigated to define a core set of variables, emphasising the
completeness of the variable estimates across all investigated reaches, the
reliability/accuracy of the variable estimates, and the information content of the
variables (one variable was selected when a group were very strongly inter-correlated).
The core set of variables selected for analysis were Bi, Si, Ai, Ai2, slope, active channel
width, Q10 and total and unit stream power estimated from Q. Since only five channels
required consideration of Option 2, with resultingly small adjustments in the planform
indices but significant consequences for unit and dimensionless stream power estimates,

Option 2 estimates were also excluded from further analysis.

The rivers Feshie and Tagiamento (middle reaches) had data sets incorporating repeat
measurements of the same reach at different dates, and so the information for these two
rivers was investigated to assess the within-reach variability of the measured variables
as well as any broad trends in the four planform indices in relation to channel width and

unit stream power.

The Tagliamento data set incorporated a wide range in channel width and unit stream
power estimates, and revealed relatively small within-reach variations in Bi, Si, Ai, Ai2,
width, and unit stream power among different image dates in relation to the overall
variability in the data set. There was a clear inverse relationship between unit stream
power and channel width, which mainly reflects different levels of confinement (from
completely to partly confined), since there are no significant tributary confluences
influencing discharge among the investigated reaches, and there are only small
differences in channel gradient.changes. The four planform indices showed an increase
in their maximum value with increasing channel width and thus decreasing unit stream
power (Figure 5.3), in part indicating a response to changing confinement similar to that

observed in the laboratory experiments (Chapter 3). In particular, the maximum values
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of Si, Ai, Ai2 showed a marked increase once the channel width exceeded 500 m,
indicating that on this large river, such a channel width is necessary to allow vegetation
to establish to maturity on bar tops to form islands in association with the potential for
the main braid channel to develop a sinuous course. This increase in all four planform
indices with increasing channel width and decreasing stream power supports the
previous findings in chapters 3 and 4. The relatively small variability in Bi, Si, Ai, Ai2
and channel width between images in part reflects the relatively small time period
represented by the analysed images. All information was extracted from Google Earth,
with image dates spanning the period 2002 to 2012.

For the Feshie, the planform indices Bi, Ai and Ai2 also showed increasing maximum
values with increasing channel width. However, within-reach variability was greater
than that observed for the Tagliamento (Figure 5.4). This can partly be explained by the
smaller range in width displayed on the Feshie, where the investigated reaches are quite
tightly confined by adjacent hillslopes, with restricted space for the development of
floodplain ‘pockets’. More importantly, most of the variability is observed within one
reach, where air photos spanning six decades (1946 to 2005) were analysed. A more
detailed investigation of the data for this reach (Figure 5.5), showed considerable
correspondence in the temporal patterns of the four planform indices and channel width
and there also appeared to be an underlying trend of decreasing Ai, Ai2 and width over
the 60 years, suggesting that the variability reflects true changes in the river’s
morphology over that period. A potential explanation of these temporal changes is that
there were few floods during the 1970s in Scotland, whereas more recently, and
particularly since 1989, flooding has been more frequent. Such variations allow
floodplain pockets to fluctuate in their presence and width, with a corresponding change
in braid plain width and in the space available for braid threads and islands to develop.

These analyses of the Feshie and Tagliamento (middle reaches) data sets suggest that
pooling data from different dates across the six rivers is most likely to reveal genuine
variations in their morphology across space and time, although the stage-dependence of

Bi, may introduce additional variance that is not attributable to morphological change.

Analysis of the entire data set confirmed an inverse relationship between unit stream
power and channel width across all of the studied rivers (Figure 5.6 A). Since unit

stream power incorporates channel width, it implicitly provides an indication of channel
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confinement by valley side slopes, terraces or vegetated floodplain pockets in the
studied confined / semi-confined reaches. Nevertheless, three parallel curved
relationships were defined rather than a single curve. The Tagliamento middle reaches
plotted above the Tagliamento headwaters, Bialka, and VVal Roseg, which in turn plotted
above the Feshie. The bounding vegetation on these rivers varies with relatively
vigorously growing riparian trees in the warm moist climate of the middle Tagliamento,
less vigorously growing riparian trees in the cooler climates of the Tagliamento
headwaters and the Bialka, and riparian vegetation essentially without trees in the high
mountain environment of the Val Roseg, and the heavily grazed moorland of the Feshie.
Therefore, the shift in the curved relationship between unit stream power and channel
width could be interpreted as reflecting a change in the erosion resistance (relative bank
strength) of the channel margins: the Tagliamento middle reaches show the highest unit
stream power for any channel width, with intermediate values for the Tagliamento
headwaters, Bialka and Val Roseg, and the lowest values for the Feshie. This supports
the model proposed by Eaton et al. (2010), which includes relative bank strength
(incorporating vegetation) as well as stream power (slope and dimensionless discharge)
as the primary determinants of channel pattern. However, a larger data set incorporating
more rivers would be needed to confirm this suggestion, particularly given the different
approach used to estimate discharge values for the two Tagliamento sites in comparison

with the other rivers.

A major problem faced in integrating data from the six rivers is the enormous
differences in their size, discharge, slope and probably bed material calibre (although
note the problems encountered in obtaining data for bed material). Dimensionless
stream power would have provided the most effective way of scaling the data for these
differences, but because of the poor quality of the bed material data, unit stream power
was used instead, which at least standardises the data for slope and channel width /
confinement. Broad trends of decreasing maximum Bi, Si, Ai and Ai2 were observed
with increasing unit stream power across the entire data set, with no apparent
differences displayed by any of the six rivers (Figure 5.7). Therefore, the different
response of the Tagliamento middle reaches to unit stream power for any given width is
not reflected in the response of the planform indices. Principal Components Analysis
applied to the four planform indices, unit stream power, and its component variables
(slope, width, Qi) (Figure 5.8), further confirm the differences in scale (slope, width,

Q1) of the selected rivers. When these differences are removed by expressing them in
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the form of unit stream power, all four planform indices show an increase in their

maximum values with decreasing unit stream power across the entire 6 river data set.

This suggests a common response of planform indices across the different rivers, once

the differences in slope and width / confinement are accounted for.

Despite the wide variability in river size and in all of the investigated variables within

and between rivers and river reaches, some general trends emerge from the analyses

presented in this chapter. A larger data set is required before these trends can be

verified, but the main preliminary conclusions are as follows:

The analysis of aerial images (mainly from Google Earth) and other data sets has
provided a data set that has revealed trends that are geomorphologically
interpretable.
Where information is available for a single reach spanning several decades,
longer and shorter term fluctuations can be identified that confirm the
importance of such historical analyses for identifying trajectories of braided
river adjustment including planform change (e.g. Comiti et al., 2011; Ziliani and
Surian, 2012), and also indicate how planform indices adjust in parallel with
channel width in relatively confined situations as floodplain pockets are
removed or vary in size in response to erosive floods and riparian extension
under colonising riparian vegetation.
Within individual rivers, increases in the maximum value of Bi, Si, Ai and Ai2
have been observed with increasing channel width (or decreasing confinement).
o Within the middle reaches of the Tagliamento, this is associated with
essentially the same discharge record since there are no major tributary
confluences between the investigated reaches, justifying the use of a
single gauged flow record. Therefore, the analyses of this data set can be
compared with the outcomes of flume experiments reported in chapter 3,
where channels of different width as a result of different levels of
confinement were subjected to the same selected discharges. However,
since Bi values are adversely affected by flow stage, the Ai and Ai2
indices provide more robust indicators of the presence of (stable) bars.
Both of these indices show a clear increase in their maximum value and
variability with increasing channel width. The increase in variability,

probably reflects differences in the growth performance of riparian trees
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in the different reaches of the river (Bertoldi et al., 2011 a, b), since each
reach is represented by a tight cluster of points in the scatter plots (Figure
5.3).

o0 Within the Feshie, flow variability among reaches and through time
provide greater scatter in the plots relating planform indices to channel
width. Thus the Feshie may support previous observations on the impact
of river flow events and intervening vegetation colonisation on braid
channel width and complexity (e.g. Henshaw et al., 2013), but a more
detailed analysis is required to confirm this.

The association among discharge, slope, width and discharge across the entire
data set revealed two PCs describing weak gradients of increasing Bi, Ai and
Ai2 with decreasing slope and with increasing discharge and width (Figure
5.8B), confirming much of the research reviewed in the introduction to chapter
3. However, the enormous differences in the size of the investigated rivers, led
to the plotting positions of river reaches being arranged along a diagonal across
the PC1-PC2 plot which was essentially independent of (at right angles to) the
vectors describing the loadings of Bi, Ai and Ai2 on the two PCs. Nevertheless,
when these controlling variables were combined into a single index (unit stream
power), gradients of increasing Si, Bi, Ai and Ai2 with decreasing unit stream
power were revealed and all reaches from all rivers plotted in the same broad
area of the PC1-PC2 plot (Figure 5.8C).

The only clear differentiation among the rivers that could be attributable to
contrasts in riparian vegetation appeared when unit stream power was plotted
against channel width (Figure 5.6 A). Although this may be an artifact of the
way that discharge indices were calculated or of the particular rivers that were
selected, the three apparently different curved relationships displayed in the plot
could be attributed to the erosion resistance of the banks associated with
different types of riparian vegetation, as suggested by Millar (2000). This
requires further investigation, including assembly of a larger set of rivers and
reaches, a more robust set of dso measurements to estimate dimensionless stream
power, and a careful consideration of how ‘relative bank strength’ can be
estimated. Such an enhanced data set could be used to explore and confirm the
analyses presented by Eaton et al. (2010) who proposed an interaction among
dimensionless disharge, slope and relative bank strength in defining transitions

from braided through anabranching to single thread rivers.
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Chapter 6

Summary, Implications, Future Research, and Conclusions

6.1 INTRODUCTION
This thesis has been concerned with braided rivers and their transition to single-thread
forms. Following a brief review of the literature on alluvial river channel styles and the

braid-meander transition, Chapter 2 concluded with the following research questions:

1.  What are the influences of variations in discharge and river confinement on river
style and bed morphology?

2. What is the influence of vegetation on braided and transitional river morphology?

3. Does the type and extent of vegetation influence / co-vary with braided river

planform?

Each of these questions was investigated in turn in chapters 3, 4 and 5. This chapter
summarises the results of the research reported in these three chapters and some of its
limitations (section 6.2), discusses the potential for future research (section 6.3), and
then considers the potential applications of the research for river management and
restoration (section 6.4).

6.2 SUMMARY OF RESEARCH FINDINGS AND SOME LIMITATIONS
6.2.1 Research Question 1: What are the influences of variations in discharge and
river confinement on river style and bed morphology?

Chapter 3 reported on 27 flume experiments that investigated the impact of channel
confinement (nine fixed maximum channel widths were explored: 0.15, 0.2, 0.3, 0.4,
0.6, 0.8, 1.0, 1.25, 1.5 m) and discharge (three fixed discharges: 1.5, 2.0, 2.5 I/s) on
channel morphology. In all of these experiments the 25 m long by 2.9 m wide flume
retained a constant slope (0.010), was filled with well-sorted sand with a typical grain
size of 1 mm, and sediment input to the flume was maintained to balance sediment
output from the flume. Morphological outcomes of the experiments were judged using

four parameters of the bed elevation frequency distribution (median, standard deviation,
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skewness and kurtosis); wetted and active channel width; total and active Bi (braiding
index) and visual descriptions of the planform. Formative processes were represented
by discharge and dimensionless stream power calculated for the flume fixed width,
wetted width and active channel width, and also by the mean and dimensionless

sediment transport rate.

The repetition runs showed little change in the four parameters of the bed elevation
frequency distribution, giving confidence that any changes in bed morphology were a

true response to changes in channel confinement or discharge.

Changes of bed morphology in response to flume width change were larger than those
in response to discharge change. Up to a 0.4 m flume width, a bed morphology of
alternate bars was observed and bar length increased as width increased. For channel
widths of 0.8 m and above, mid channel bars appeared. Although a main channel
persisted with a broadly sinuous course of increasing wavelength with increasing flume
width, secondary channels developed and became more numerous and complex as
flume width increased. The transition between a single thread planform with alternate
bars and the appearance of mid channel bars occurred at flume widths of 0.6 or 0.8 m.
These changes in planform were accompanied by changes in bed elevation frequency
distribution. The single thread, alternate bar channels that formed below 0.6 m flume
width, showed increases in median, standard deviation and kurtosis of bed elevation,
and a decrease in skewness with increasing channel width. This indicates a trend of
increasing bed elevation with a more variable, asymmetric and peaked frequency
distribution. For all flume widths greater than or equal to 0.6 m, the four parameters of
the elevation frequency distribution show no distinct trend with channel width, and their
values are particularly similar when stream power is rendered dimensionless using the
active channel width, or the width of the channel that is experiencing active sediment

transport.

Small but distinct differences were observed in bed morphology in response to changes
in the formative discharge. At small widths, increased discharge tended to reduce the
median bed elevation as well as its standard deviation and kurtosis, suggesting a lower
but more homogeneous bed. At the same time, skewness approached zero, indicating a
symmetric bed elevation frequency distribution. Thus with small channel widths, the

bed appears to be lowered (scoured) and variability in elevation is reduced. However,
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above a width of 0.3 m, increased discharge leads to an increase in the overall bed
elevation and also in its variability, suggesting increased bar accretion, with a decrease
in skewness (increase in asymmetry) and thus an increase in the peakedness of the
distribution.

Contribution and limitations:

The flume experiments reported in this thesis extend previous flume work. They
confirm the positive associations between channel width and discharge or stream power
reported in numerous previous flume studies (e.g. Ashmore, 1991, 2011; Bertoldi et al.,
2009a), but more importantly, they extend this work by considering how the active
channel develops within a wider range of fixed flume widths. Bertoldi et al. (2009a)
identified slightly curved, positive relationships between active width and stream power
for two separate groups of experiments conducted in different flumes, which described a
single, curved, positive relationship when the ratio of active to wetted width was plotted
against dimensionless stream power. The present research identified a positive, curved
relationship when the ratio of active to wetted width was plotted against dimensionless
stream power, and in the present case, the range of values of dimensionless stream
power was much larger. The largest values of o were achieved within narrow fixed
channels, where the active width was close to the value of the wetted width, which in
turn occupied the entire channel width. As a result, the upper part of the curve extends
that of Bertoldi et al. (2009a) which only reflected unconfined conditions.

In terms of bed morphology, the analysis of summary statistics describing the bed
frequency distribution, allow morphological changes to be represented as trajectories
across the conceptual diagram presented as Figure 3.11. Thus, Figure 6.1 illustrates a
transition from a relatively featureless bed in the the narrowest flume widths, when
combined with the highest discharge. This transforms into a more complex, higher relief
bed as discharge increases. However, the most complex channels arise when flume
width increases further. As flume widths increases above 0.3 m, the relative relief of the
bed also progressively increases, with an increasing tendency of bar tops to dominate

the cross profile relative to intervening braid channels.

The experiments throw light on the transition from single-thread to braided channels
and, in the context of river management, illustrate the morphological consequences of

confining braided rivers. The huge increase in stream power results in single thread
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channels with lowered, morphologically simple beds, even when sediment supply is not
limited. Such environments lack morphological complexity and suffer high shear
stresses changing a diverse braided channel into a simplified and hostile river
environment from an ecological perspective (e.g. Figure 6.1).

Positive Skewness

_HL;_A_A_AJ

No Skewness

| Width = 0.15-0.20 high Q

Widf;h_:.o,ls.-ﬁ;zarlﬁ'-

Negative Skewness

=

Negative Kurtosis > Positive Kurtosis

Figure 6.1 Schematic changes in the bed cross profile, associated with shifts in
skewness and kurtosis, as discharge and unit stream power decrease and flume

width increases.

6.2.2 Research Question 2: What is the influence of vegetation on braided and
transitional river morphology?

The role of riparian vegetation in river morphology was explored through analysis of a
lidar survey of 36 1 km length reaches of the middle-lower Tagliamento river, Italy.
This part of the Tagliamento was selected partly because of the availability of lidar data
but also because the vigour of the riparian vegetation is known to vary from reach to
reach in response to variations in moisture availability (Gurnell, 2014). Lidar data
provides the ability to extract a DEM for the studied reaches and thus to perform a
similar analysis of the bed elevation frequency distribution to that performed in relation
to the flume experiments of Chapter 3. Lidar data also provides information from which
properties of the vegetation cover can be extracted. Unfortunately, the lidar survey was
conducted only a few months after the largest flood in three decades, which would
undoubtedly have removed much of the riparian vegetation from the active channel, and
it was conducted in January before foliage had appeared on the deciduous trees that
grow along the river, reducing the ability of the lidar to interact with the tree canopy.
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In terms of bed morphology, there was insufficient variation in the widths of the
channels investigated on the Tagliamento to explore associations between bed
morphology and channel width for comparison with the analyses in Chapter 3.
Summary statistics extracted from the elevation frequency distributions showed
statistically significant correlations among the median, standard deviation, skewness
and kurtosis of the reach bed elevation frequency distributions. The correlations
strengthened when only braided reaches were considered, but the Tagliamento braided
reaches showed a much greater variability in their skewness than the experimental
reaches of Chapter 3. There were also distinct downstream patterns in the standard
deviation, skewness, kurtosis and elevation range of the bed elevation frequency
distributions of the 36 reaches: the middle reaches (5-20) generally showed the lowest
combined values of all four variables, the upstream reaches (1-4) showed a higher
elevation range and kurtosis than most of the middle reaches and the lower reaches (23-
36) showed generally higher values of all four variables than the middle and upstream
reaches. The broad changes in skewness and kurtosis are overlain on Figure 3.11 to
produce Figure 6.2. This Figure highlights how shifts in the skewness and kurtosis of
the bed elevation frequency distribution describe river bed cross profile changes. The
cross profiles are reasonably complex in the upstream reaches and then decline to their
lowest complexity around reach 20, where vegetation extent is lowest, reflecting the
deeper groundwater levels in the alluvial aquifer and thus porr vegetation development
in this part of the river (Gurnell and Petts, 2006). Downstream from reach 20,
complexity increases again, initially with the development of relatively narrow bar tops
/ islands in comparison with the braid channel widths, but the bar tops / islands then
progressively widen at the expense of the intervening braid channels in a downstream

direction.

In terms of associations between vegetation and bed morphology, strong correlations
were identified between all measures of vegetation cover and the median, standard
deviation, skewness and kurtosis of the bed elevation frequency distribution. When only
the braided reaches were considered all of the correlations apart from that between the
median of the bed elevation frequency distribution and % vegetated taller than 10 m
were statistically significant. These vegetation — morphology correlations were all
stronger than correlations among the morphological properties of the reaches,
suggesting an association (causal relationship?) between vegetation and river bed

morphology. There were also distinct downstream variations in the measures of
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vegetation cover: the middle reaches (7-22) showed the lowest vegetation cover; the
upper reaches (1-6) showed a higher cover of vegetation than the middle reaches, and
the downstream reaches (23 to 36) showed the highest cover, including the highest
cover of trees taller than 10 m. Overall, morphology and vegetation cover showed
broadly similar downstream trends through the 36 reaches, suggesting that vegetation
and morphology interact and are both controlled by hydrological processes (floods,

groundwater levels).

Positive Skewness D G

No Skewness

Negative Skewness
Reach1-4

Negative Kurtosis <€ > Positive Kurtosis

Reach 28-30

Figure 6.2 Schematic downstream changes in the bed cross profile, indicated by
skewness and kurtosis of the bed elevation frequency distribution, along the 36km

length of the Tagliamento River.

In the downstream reaches, the areas occupied by taller vegetation (taller than 5 m and
10 m) are clearly defined and are associated with particularly high areas that rise
abruptly from the braid plain (Figure 6.3). Although these vegetated areas may simply
be established island surfaces, channel incision has been observed in the lower reaches
of the Tagliamento to a depth of approximately 1 m (Ziliani and Surian, 2012), and so it
is possible that many of the larger patches of taller vegetation, which are often 2m
above the adjacent level of the braid plain are associated with elevated areas that have
been isolated by this bed incision. These features appear to be associated with distinct

secondary bumps or peaks on the bed elevation frequency distribution.

Contribution and limitations:

Although lidar data were only available for a single date, and this date was a few
months after a very large flood, associations existed between vegetation and bed
morphology, particularly within the braided reaches. This confirms the ‘topographic
signature of vegetation’ identified by Bertoldi et al. (2011a) from lidar data obtained on
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a different date,when vegetation cover was better developed, and for another part of the

Tagliamento River. The new contributions of the present research are that:

Section 23 Section 28 Section 29

Value Value Value
- 9558 - 2.858 - 3.238

. 0.670 0.961
-1.516

-1.316

Section 30 Section 31 Section 32

Value Value Value
- 3.665 - 3.371 - 3.386

0.916 - 0659 0.596
-1.832 2053 2192

Figure 6.3 Distinct elevated areas (red polygons) within reaches 23, 28-32 that are

represented as bumps and secondary peaks on the bed elevation frequency
distribution, support mature riparian vegetation and may represent areas of the
braid plain isolated by bed incision.

()  The topographic signature of vegetation appears to persist despite the occurrence
of a very large flood immediately prior to the lidar survey;

(i)  The topographic signature changes along the river in this 36 km section, and
changes in bed morphology parallel changes in vegetation cover, which both
map onto the growth rate of the dominant riparian tree species, Populus nigra, as
measured by Gurnell (2014).

Unfortunately, because of the availability of only a single lidar survey and its

limitations for vegetation assessment due to its timing in early spring and after a major
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flood, only simple associations can be identified. Multi-date lidar observations gathered
during the summer, when foliage is fully developed, are essential if vegetation-
morphology interactions are to be tracked in sufficient detail and the processes driving
that interaction are to be inferred more reliably.

6.2.3 Research Question 3: Does the type and extent of vegetation influence / co-
vary with braided river planform?

Having established a link between vegetation and braid plain morphology in chapter 4,
a sample of European braided and transitional river reaches with different riparian
vegetation were selected for analysis to assess whether differences in their morphology
could, in part, be attributed to vegetation. Six rivers were selected from the UK, Poland,
Switzerland and Italy. These included a glacier-fed braided river (Val Roseg,
Switzerland) located above the tree line; a braided (Feshie) and two transitional
(Coquet, Liza) UK rivers surrounded by moorland with minimal tree cover; two braided
rivers (Bialka, Poland and the headwaters of the Tagliamento, Italy) which, because of
their altitude and latitude, are bordered by relatively slow-growing riparian woodland;
and a low-lying, river located in southern Europe (middle reaches of the Tagliamento,
Italy), where riparian trees grow vigorously if they are not short of water.

Each river was subdivided into 1 km long reaches and information was extracted from
one or more aerial images (mainly from Google Earth) to describe the channel planform
(width, braiding index (Bi), anastomosing index (Ai, Ai2), and sinuosity (Si) of the
main channel) and gradient. In addition flow records were analysed to estimate total and

unit stream power associated with the 2, 5 and 10 year flow events.

Analysis of the entire data set revealed an inverse relationship between unit stream
power and channel width across all of the studied rivers, and three parallel curved
relationships were defined. The Tagliamento middle reaches plotted above the
Tagliamento headwaters, Bialka, and Val Roseg, which in turn plotted above the Feshie.
Since the bounding vegetation on these rivers varies, the shift in the curved relationship
between unit stream power and channel width could be interpreted as reflecting a
change in the erosion resistance (relative bank strength) of the channel margins: the
Tagliamento middle reaches show the highest unit stream power for any channel width,

with intermediate values for the Tagliamento headwaters, Bialka and Val Roseg, and the
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lowest values for the Feshie. However, a larger data set incorporating more rivers would

be needed to confirm this suggestion.

A major problem faced in integrating data from the six rivers was the enormous
differences in their size, discharge, slope and probably bed material (although it was not
possible to obtain reliable bed material calibre estimates). Dimensionless stream power
would have provided the most effective way of scaling the data to account for these
differences, but because of the poor quality of the bed material data, unit stream power
had to be used instead.

Broad trends of decreasing maximum Bi, Si, Ai and Ai2 were observed with increasing
unit stream power across the entire data set, with no apparent differences displayed
among any of the six rivers. Therefore, the different response of the Tagliamento middle
reaches to unit stream power for any given width is not reflected in the response of the
planform indices. Principal Components Analyses applied to the four planform indices,
unit stream power, and its component variables (slope, width, Qi0), further confirmed
the differences in scale (slope, width, Q1) of the selected rivers. When these differences
were removed by expressing slope, width, and Qg in the form of unit stream power in
the PCA, differences between the rivers were removed and all four planform indices
showed an increase in their maximum values with decreasing unit stream power across

the entire 6 river data set.

Contribution and limitations:

Despite the wide variability in river size and in all of the investigated variables within
and between rivers and river reaches, some general trends emerged from the analyses
presented in chapter 5, but a far larger data set is required before these trends can be

verified.

Therefore, the contribution of the research in Chapter 5 was to reveal:
() differences in the relationship between unit stream power and channel width
that may relate to ‘bank strength’.
(i) differences in the morphological indices (Bi, Ai, Ai2, Si) through time
within individual reaches that may contribute to tracking trajectories of
channel change reflecting long term adjustments in the interactions between

flow, sediment transport and vegetation growth.
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(i) broad associations between the morphological indices (Bi, Ai, Ai2, Si) and

unit stream power that are common to all of the investigated rivers.

However, the small sample of rivers investigated and the lack of information on bed
material calibre limited the analytical results and made it difficult to assess whether the
type and extent of vegetation influenced / co-varied with braided river planform, which

was the initial aim of the research.

6.3 FUTURE RESEARCH

Although each of chapters 3 to 5 has made a clear research contribution, the expected
links between these contributions were not as strong as was initially hoped. In
particular, (i) the focus on transitions between braided and single thread channels, which
was clearly addressed in the flume experiments of Chapter 3, was not developed as
greatly as anticipated in subsequent chapters and (ii) although associations were found
between vegetation and channel morphology, insufficient information was assembled in

Chapters 4 and 5 to investigate the underlying processes driving this association.

The limited focus on transitional rivers partly reflects the fact that within the European
river context of Chapters 4 and 5, transitional and single thread reaches are often
heavily influenced by human modifications, making it difficult to obtain a large enough
data set of naturally-functioning rivers of these types. In addition, in the context of
Chapter 4, insufficient lidar data was available for single thread and transitional reaches
to be fully examined. The insufficiently detailed evaluation of the impact of vegetation
on river bed morphology also reflects lack of data, but in this case it is a function of
time limitations in identifying suitable river reaches and data sources and then in
processing the data for those additional reaches and data sources. Both of these
shortcomings could be addressed in future research that extends all three of the research
elements reported in Chapters 3 to 5.

In relation to the flume experiments of Chapter 3, additional work incorporating
different flume slopes, calibres of bed material, discharges (fixed and variable) and
sediment supply would be extremely time consuming but also informative in developing
a general model of transitions between single thread and braided morphologies.

However, perhaps the most relevant research to the broad theme of this thesis would be
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to retain the tested flume conditions of slope, bed material, width and discharge but to
introduce vegetation. Although there are many published flume experiments that
consider the impact of vegetation on river planform and bed morphology, which
generally indicate a simplication of planform with the introduction of vegetation and a
shift from multi-thread towards single thread forms (e.g. Braudrick et al., 2009; Jang
and Shimizu, 2007; Li and Millar, 2010; Tal and Paola, 2007, 2010), there has been no
research which has considered this topic in the context of different degrees of channel
width confinement. Such research would be interesting from both scientific and river

management viewpoints.

In relation to the analysis of airborne lidar data, as illustrated in Chapter 4, real
advances in understanding vegetation - channel morphology interactions could be
achieved if analysis could be extended to annual lidar surveys collected at the same time
of year (summer) over at least a decade, and calibrated using field measurements. The
research by Bertoldi et al. (2011a) illustrates the power of coupling field observations
with lidar data. If multiple lidar surveys were available, changes in morphology could
be precisely linked with the occurrence of floods and changes in vegetation extent,
height and biomass through time, and the vegetation properties could be quantified and
verified using field observations. In this way the timing of vegetation and
morphological change could be tracked, hopefully confirming the way in which
vegetation appears to lead to sediment retention and morphological change in braided
rivers (Gurnell et al., 2001; Gurnell and Petts, 2006; Bertoldi et al., 2011b).

Coupled with the above, if the repeat lidar surveys were extended into transitional and
single thread reaches, a better understanding of the role of vegetation at these transitions
could be achieved. Historical analyses of information extracted from air photographs
have revealed temporal transitions in river planform that appear to be coupled with
vegetation development (e.g. Zanoni et al., 2008), but shorter term coverage with lidar
data could reveal precisely how vegetated landforms develop in transitional reaches and
so would provide evidence of how transitions in planform from multi-thread to
transitional might be achieved. This would once again be of both scientific and river

management interest

Finally, in relation to the multiple river research reported in Chapter 5, the analysis of a

rather small sample of reaches and images showed considerable promise. However, if a
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much larger data set could be assembled, preferably including information on bed
material size, a more integrated analysis could be achieved following that proposed by
Eaton et al. (2010). Their analysis incorporates dimensionless formative discharge,
slope, and relative bank strength into a three dimensional model describing thresholds
between single thread, anabranching and braided rivers. They use data from other
previously-published studies to test the model, but a more robust test would be achieved
with a large purpose-collected data set. If the model could be supported, it would
provide not only an important scientific finding but it would be a useful tool for river
managers, enabling them to understand why particular channel types are present or to

design channels to restore river function.

6.4 RELEVANCE OF RESEARCH TO RIVER MANAGEMENT
The relevance of each of the research elements and their possible future development to
river management is mentioned in section 6.3. In this section these comments are

synthesised and extended to indicate how the research could be used by river managers.

Within Europe, the Water Framework Directive (WFD; European Commission, 2000)
requires that rivers are managed to achieve good ecological status. It also highlights the
importance of the hydrology, morphology and dynamics of river channels and their
floodplains (abbreviated to ‘hydromorphology’ in EU documents) as crucial supporting
elements in achieving understanding of river ecosystem functioning, and identifying
appropriate management actions. In essence, hydromorphology as it relates to the
diversity, dynamics and functioning of physical habitats, is a crucial component of river

ecosystems (Newson and Large, 2006; Vaughan et al., 2009).

Braided rivers, particularly those with a gravel bed, are the most complex and dynamic
type of river morphology (Church, 2006), and also offer particularly high hydrological,
water quality and temperature diversity (Arscott et al., 2001) as a result of complex
surface-groundwater downwelling and upwelling pathways (Malard et al., 2000). They
are also the most endangered river type within Europe as a result of centuries of river
engineering (e.g. Petts et al., 1989). Therefore, the protection and reinstatement of
braided rivers is an important aim for river managers, which nevertheless needs to be

achieved against the demands and pressures placed upon rivers by humans.
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The present research has illustrated the morphological consequences of confining
braided rivers (Chapter 3); the role of vegetation in contributing to the morphological
complexity of braided rivers (Chapter 4); and has pointed to the potential role of
riparian vegetation in constraining the relationship between stream power and width of
braided rivers (Chapter 5). Outputs of all of these research elements have the potential
to contribute to improved management concepts and tools.

The research in Chapter 3 has demonstrated how river confinement leads to a
simplication of river bed morphology, the reduction in size of many bed features and the
disappearance of others. In any particular river reach, this reduction in the diversity, size
and ‘roughness’ of bedforms is accompanied by an increase in unit stream power (the
narrowed channel has to accommodate the same discharge). This increase in stream
power and associated flow velocities result in a reduction in the size and area of
hydraulic ‘refugia’ within the channel and an increase in the proportion of the bed that
becomes active and unstable. All of these changes are demonstrated in the experiments
reported in chapter 3. When translated into the context of a real river subject to
confinement, the changes represent an increasingly hostile environment for the biota,
whether the focus is on fish, invertebrates or plants. Therefore, the research implicitly
projects the management concept, that artificial confinement of rivers should be kept to
a minimum, in order to retain as a diverse a range of physical habitats and hydraulic
refugia as is feasible within the constraints imposed by human requirements and
activities. It also underpins the management concept that by manipulating channel
width, a range of particular, sustainable habitat mosaics and dynamics are induced that

do not require any artificial creation through other human interventions.

Although strategies in river restoration and flood protection increasingly reflect the
above-stated concept that an increase in river width is needed to improve bed
morphological complexity and ecological quality (e.g. Rohde et al., 2004, 2005; Jahnig
et al., 2009; Weber et al., 2009), few studies have provided detailed quantitative
information on the effect of different width constraints on river bed form. This research
has provided this quantitative information and has proposed an innovative approach to
defining channel bed complexity by extracting summary parameters of the bed elevation
frequency distribution. Importantly, with airborne laser scanning becoming increasingly
affordable and the resulting data sets becoming more accessible, the possibility of

defining braided river bed form in great detail is becoming a realistic aim for river
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managers. As a result, the outputs produced here (e.g. Figure 6.1) that link the style of
bed topography to, for example, the skewness and kurtosis of the bed elevation
distribution, becomes a realistic management tool for assessing pre- and post-project
bed form and for designing the width of channels based on expectations of the outcomes
for bed form.

Chapters 4 and 5 extend the work of chapter 3 by including consideration of vegetation.
In particular, Chapter 4 illustrates an association between vegetation and river bed
morphology, supporting the previous suggestion by Bertoldi et al. (2011a) that the
former imposes a topographic signature on the latter. As with chapter 3, the analysis of
bed topography using lidar data is feasible for managers, and has the potential for
devising a management tool along the lines of Figure 6.2. However in this case, analysis
of a greater range of island braided rivers is needed, as is analysis of the same rivers at
different vegetation colonisation and growth stages following disturbing floods (e.g.
Bertoldi et al., 2011b, Henshaw et al., 2012). If this research were performed, it should
be possible to use properties of the bed elevation frequency distribution (range, standard
deviation, skewness and kurtosis), to summarise the form of the currently active bed and
its potential adjustments under vegetation development and destruction whether by
natural processes or human interventions (planting, pruning), and also under changes in
gradient and width induced by management actions. Furthermore, instabilities in the
channel bed form have been shown to be effectively isolated by the bed elevation
frequency distribution, providing useful indicators for managers of issues such as
incision, which may need to be considered in the design of management actions. A
crucial point is that lidar data gathered for management purposes should not be
preprocessed to ‘get rid of the vegetation” (and other surface features), as is currently
the case with most data sets gathered for the UK Environment Agency, since vegetation
and morphology need to be jointly quantified to gain a full insight into river

functioning.

Lastly, Chapter 5, although only an exploratory analysis that requires further
development, has illustrated the potential for a further management tool. River width is
determined mainly by fluvial processes, and is manipulated through management
activites to suit human and/or environmental needs. The initial results from Chapter 5
indicate that freely developed riparian vegetation may also influence channel width,

allowing also for different styles of river to evolve as riparian vegetation changes. This
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concept underpins the model proposed by Eaton et al. (2010), and the concept’s
management implications have been demonstrated in some field situations, where
‘floodplain unravelling’ (i.e. a change from a meandering to braided planform) has
occurred as a consequence of overgrazing of floodplain / riparian vegetation (e.g. Smith,
2004). Developing a larger data set to feed into the analysis of Chapter 4 could lead to
the development of a management tool similar to that of Eaton et al. (2010) but simpler

so that it would be more readily applicable by managers.

In conclusion, this thesis has gone a considerable distance in developing scientific
understanding of interactions between fluvial processes, confinement, vegetation and
morphology in braided and transitional rivers that underpins some simple management
concepts and tools. Some of these tools could be applied now with great effect, whilst
others need some refinement or improvement before they can be fully adopted by river

managers.
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