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Abstract

Interactions between fluvial processes and vegetation along the natural
channel margins have been shown to be fundamental in determining me-
andering rivers development. By colonizing exposed sediments, riparian
trees increase erosion resistance and stabilize fluvial sediment transport
through their root systems, while during a flood event the above-ground
biomass interacts with the water flow inducing sediment deposition and
altering scour patterns. In turn river dynamics and hydrology influence
vegetative biomass growth, affecting the spatial distribution of vegeta-
tion. These bio-morphological dynamics have been observed to direct
control accretion and degradation rates of the meander bend. In particu-
lar, vegetation encroachments within the point bar (i.e. colonizing species
and strand wood), initiate pioneeristic landforms that, when evolving, de-
termine the lateral shifting of the margin that separates active channel
from river floodplain and thus inner bank aggradation (bar push). This
diminishes the portion of the morphologically active channel cross-section,
influencing the erosion of the cutting bank and promoting channel widen-
ing (bank pull). As a result of the cyclical occurrence of these erosional and
depositional processes, meandering rivers floodplain show a typical ridge
and swale pattern characterized by the presence of complex morphologi-
cal structures, namely, benches, scrolls and chutes within the new-created
floodplain. Moreover, difference in migration rate between the two banks
have been observed to induce local temporal variations in channel width
that affect river channel morphodynamics and its overall planform through
their influence on the local flow field and channel bed morphology.

Despite enormous advances in field and laboratory techniques and
modelling development of the last decades, little is known about the rela-
tion between floodplain patterns and their controlling bio-morphological
interactions that determine the bank accretion process. This knowledge
gap has so far limited the development of physically-based models for the
evolution of meandering rivers able to describe the lateral migration of
banklines separately. Most existing meander migration models are indeed
based on the hypothesis of constant channel width.

v



vi

Starting from this knowledge gap, the present doctoral research has
aimed to provide more insight in the mutual interactions among flow, sed-
iment transport and riparian vegetation dynamics in advancing banks of
meandering rivers. In order to achieve its aims, the research has been
designed as an integration of remote sensing and in-situ field observations
with a mathematical modelling approach to i) provide a quantitative de-
scription of vegetation and floodplain channel topography patterns in ad-
vancing meanders bend and to ii) explore the key control factors and their
role in generating the observed patterns.

The structure of the present PhD work is based on four main elements.
First, two types of airborne historical data (air photographs and Lidar

survey) have been investigated, in order to quantify the effects of spatial-
temporal evolution of vegetation pattern on meander morphology and to
provide evidence for the influence of vegetation within the topography
of the present floodplain. Such remote sensing analysis has highlighted
a strong correspondence between riparian canopy structure and geomor-
phological patterns within the floodplain area: this has clearly shown the
need to interpret the final river morphology as the result of a two-way
interaction between riparian vegetation dynamics and river processes.

Second, field measurments have been conducted on a dynamic meander
bend of the lower reach of the Tagliamento River, Italy, with the initial aim
of checking the outcomes of the remote sensing analysis through ground
data. The outcomes of the field measurements have further supported the
results, providing ground evidence on the relations between vegetation
and topographic patterns within the transition zone that is intermediate
between the active channel bed and the vegetated portion of the accreting
floodplain. The influence of vegetation on inner bank morphology has
also been interpreted in the light of the expected time scales of inundation
and geomorphic dynamics that characterize the advancing process of the
inner bank. The combined analysis of both remotely sensed data and
field measurements associated with the historical hydrological dataset have
allowed to quantitatively characterize the biophysical characteristics of the
buffer zone, close to the river edge, where the accretion processes take
place.

The third research element has foreseen the development of a biophysi-
cally-based, simplified bio-morphodynamic model for the lateral migration
of a meander bend that took advantage of the empirical knowledge gained
in the analysis of field data. The model links a minimalist approach that
includes biophysically-based relationships to describe the interaction be-
tween riparian vegetation and river hydro-morphodynamic processes, and
employs a non linear mathematical model to describe the morphodynam-
ics of meander channel bed. Model application has allowed to reproduce
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the spatial oscillations of vegetation biomass density and ground mor-
phology observed in the previous analyses. Overall, the model allows to
understand the role of the main controlling factors for the ground and
vegetation patterns that characterize the advancing river bank and to in-
vestigate the temporal dynamics of the morphologically active channel
width, providing insights into the bank pull and bar push phenomena.

The fourth and concluding element of the present PhD research is a
analytical investigation of the fundamental role of unsteadiness on the
morphodynamic response of the river channel. Results obtained in the
previous elements have clearly showed the tendency of a meander bend
to develop temporal oscillations of the active channel width during its
evolution, but no predictive analytical tool was previously available to
investigate the channel bed response to such non-stationary planform dy-
namics. A non linear model has therefore been proposed to investigate
the effect of active channel width unsteadiness on channel bed morphol-
ogy. The basic case of free bar instability in a straight channel has been
used in this first investigation, which has shown the tendency of channel
widening to increase river bed instability compared to the steady case, in
qualitative agreement with experimental observations.

Overall, the research conducted within the present Doctoral Thesis rep-
resents a step forward in understanding the bio-morphodynamics of mean-
dering rivers that can help the development of a complete bio-morphodyna-
mic model for meandering rivers evolution, able to provide support for
sustainable river management.
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Chapter 1

Introduction

River meanders are complex natural features that have fascinated writers,
artists and stimulated the interest of researchers for many years. The term
meanders refers to the bends and loops that these sinuous rivers generate
in their flowing down the valley. It took its name from the Meander River
(Büyük Menderes Irmaǧı), a winding stream that flows in south-western
Turkey, known in the ancient Greece as river-god Maiandros (from greek
Mαιανδρoς or Maeander in the latin version).

From aerial photographs or satellite images (see the examples reported
in Figure 1.1), the successive curves of meandering rivers appear to be or-
ganized in a continuous twisted path, typical of many natural channels,
where bends are characteristically skewed according to the direction of
migration, the inner bank is characterized by sediment depositing on the
point bar and presents a convex profile, and the outer bank shows a con-
cave shape. Their morphological development depends on the interactions
between water flow, sediments and riparian vegetation that affect sediment
deposition and erosion processes, thus ultimately playing a role in the pro-
cesses of inner bank advancing and outer bank retreating. As a result of
their lateral migration, meandering rivers floodplain is typically character-
ized by a corrugated surface due to the presence of complex morphological
structures (e.g. scrolls formation, see Figure 1.1b).

Bend growth processes increase river channel sinuosity until the occur-
rence of neck cut offs, where river flow abandons the meander loop, thus
originating an oxbow lake. Moreover, presence of vegetation within the
inner bank interacts with the over-bank flow altering scour/depositional
patterns and leading to the formation of chute that may be scoured and en-
larged during a subsequent flood inducing channel bifurcation i.e. chute
cut off phenomena (see Figure 1.1b). This process can be further sup-
ported by an unbalance between bank erosion and accretion able to in-
duce local variation in channel width modifying river flow patterns and
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a)

b)

c)

oxbow lake
chute cutoff

scrolls

point bars

Figure 1.1: Aerial imageries of a)Purus River (Brazil), b)Paraguay River, south of
Villa Franca, Paraguay extracted from Google Earth and c) satellite image of the
Mississippi River, south of Memphis, Tennessee - Landsat7, NASA’s Goddard Space
Flight Center/USGS.

the overall river planform.

It has been shown since almost two decades (Howard, 1992; Gurnell
et al., 1994) that tracking meanders historical evolution and predicting
their future dynamics is achievable from the interpretation of aerial im-
ageries and by means of mathematical morphodynamics models of in-
creasing complexity. While uncertainties are still widespread in both ap-
proaches, they somehow allow to broadly delineate the extensions of the
actively meandering river corridor, and to suggest their future evolution-
ary trajectories. However integration between the two approaches and
between them and in-situ field measurements has seldom been tested for
the same purpose, despite having strong potential for increasing our un-
derstanding of processes and for reducing present uncertainties.

From a management point of view, because river meandering often
occur within populated floodplains, it is relevant to understand such dy-
namics, for both fundamental scientific reasons and in order to increase
our ability of simulating river planform evolution and of defining the ar-
eas at risk for future channel erosion. This will provide a valid support
for river-associated risk management and guidance in reducing risks for
human communities and hydraulic structures (e.g. bridges, levees).
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This problem is particularly relevant in those floodplain areas of the
world where active channel meandering still takes place, and might be
viewed as less relevant in European countries where more than 80% of the
river reaches have been modified to serve the needs of the human popu-
lation and presents constrains (e.g. artificial levees, bank protection and
groynes) that prevent any morphological evolution. However, in the last
year river management has been increasingly focusing on river restoration
with the aim to partially restore the natural functioning of river systems,
also as a tool to directly sustain the aims of the Water Framework Direc-
tive.

Several types of interventions make up the ensemble of possible ap-
proaches to river restoration. By re-connecting rivers to their floodplain
and providing more space for their morphological evolution, for instance,
some river restoration projects allow the initiation and planform develop-
ment of meander bends. This may also serve to increase the diversity of
the river ecosystem and to enhance recreational opportunities associated
with the use of the river and with its visual amenity, therefore able to
generate economic benefits i.e. tourism and recreational activities. Fur-
thermore, restoring rivers may in some case also increase their natural
flood storage capacity, thus damping flood peaks and possibly reducing
the related risk for human population and activities. In the event of high
flow, excess water can be absorbed by the natural features, such as mean-
ders, reducing the amount of damage with respect to the analogous case
in which engineered structures are overwhelmed.

This latter aspect results to be particularly relevant in our country
where changes in rainfall regime associated with climate change have expo-
nentially increased the risk of flooding. In particular, the extreme events
that have occurred in the last years have highlighted the limits of the
classic flood risk management approach; which is based, essentially, on
providing constrains to the watercourse.

However, many river restoration projects are not yet adequately sup-
ported by state-of-art morphodynamics studies, both in the design and
assessment stages. Many river restoration projects fail in their aims or
induce undesirable effects, implying a waste of resources. On the other
hand, the complex nature of the dynamic river processes relevant for chan-
nel restoration and, more in general, for river management, determine a
knowledge gap whereby our understanding of fundamental biophysical in-
teractions is still in its infancy in many cases. A clear examples are the
interactions between river processes and riparian vegetation dynamics that
play a key role in the evolution of river meanders and in the related process
of new floodplain creation. Such existing knowledge gap has prevented the
development of a comprehensive predictive ability for meanders evolution
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that can support, properly, river management and restoration of meander-
ing channels. The present Doctoral Thesis focuses on this knowledge area,
at the intersection of river mopho-dynamics and eco-hydraulics, with the
general goal to provide novel insights in these mutual feedback processes
and to allow the development of complete bio-morphodynamic predictive
tools able to provide enhanced scientific support to sustainable river man-
agement.

In order to reach this aim, the river is viewed in this work as the result
of a dynamic equilibrium between biotic dynamics and fluvial processes.
This fundamental approach of the research is reflected in the setup of a
multidisciplinary approach able to involve river ecology, geomorphology
and fluid-mechanics.

By investigating river channel bio-morphodynamics from the combi-
nation of different techniques (e.g. remote sensing, field observations and
modelling) this thesis work aims to represent a step forward in this di-
rection. This has been possible throughout the cooperation between the
two departments where the work of thesis has been carried out within
the SMART Joint Doctorate Programme: Department of Civil, Environ-
mental and Mechanical Engineering at the University of Trento, Italy,
and Department of Physical Geography at the Queen Mary University of
London, UK.
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Chapter 2

Interactions between riparian vegetation, sed-

iments and water flow within fluvial system

This chapter provides a review of the state of art on the present un-
derstanding about the interactions between river processes and riparian
vegetation, with a special focus on meandering rivers. The review has
been thought with the aim of introducing the reader to the terms and
the concepts on which the present PhD thesis is based, and it leads to
highlight the research gaps that motivated the research presented in this
thesis.

2.1 Introduction

The fundamental role played by riparian vegetation in the evolution of
river channel patterns has only recently been widely recognized and set
as a key element in the scientific literature focused on modelling and
analysing the evolution of river patterns, including meandering rivers
(Camporeale et al., 2013; Gurnell, 2014). Although modelling the river ac-
tive corridor as a complex system generating by the dynamic equilibrium
between biological and fluvial processes may appear a forgone conclusion,
this represents an important step in a scientific dialogue between fluid
mechanicists, geomorphologists and ecologists that have stimulated the
research on river morpodynamics within the last decades, but only very
recently is being reflected in interdisciplinary scientific outcomes.

The debate on the role played by riparian vegetation in the morphody-
namics of meandering rivers has indeed started only recently, while previ-
ous approaches were mainly grounded in the disciplines of fluid mechanics
and of physical geography.

The fluid mechanicistic approach finds among its initial contributors
Einstein (1926), who was the first to understand the importance of helical
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Figure 2.1: Successive cross-sectional surface profiles of meander channel and point
bar, 1953-59 (Leopold and Wolman, 1960).

flow in meanders formation and development. Using an analogy with a cup
of tea, he inferred that secondary current induced by channel curvature or
Corioli’s forces lead to scour at the outer bank and sediment deposition at
the center of the channel, such as the tea leaves in a cup of tea collect at
the center of the cup when the tea is forced to rotate by a spoon. This is
due to the secondary currents associated with the shear stress between the
tea and the lateral wall of the cup. About 30 years later Friedkin (1945);
Rozovskij (1957) quantify Einstin’s early observations and Leopold and
Wolman (1960) investigated the effects induced by meandering flow pat-
terns on the processes of lateral deposition and erosion and their influence
on river channel evolution (see figure 2.1). Moreover, in their review pa-
per, Leopold and Wolman (1960) pointed out the inadequateness of the
available frameworks at the time in describing the complex dynamics that
characterize meander bends evolution. Along the same time frame, empir-
ical research based on geomorphological approaches concentrated on de-
scribing the physical parameters that influence river form, and also some
of them began recognizing riparian vegetation as an important control on
fluvial dynamics, associating changes in channel planforms with the pres-
ence of different vegetation coverage within the river margins (Mackin,
1956).

At the end of the twentieth century, theoretical analyses and labora-
tory observations have revealed that formation of meandering patterns is
related to instability mechanisms generated by the presence of a movable
interface between the fluid and the erodible boundary which appears to
be intrinsically unstable (Seminara, 2006). On the base of these consid-
erations, integrated field, laboratory and theoretical research, which have
been carried out within the first years of the twenty-first century, have
contributed in deeper understanding the effect of riparian plants on flu-
vial processes, giving evidence of both a passive and an active role play
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by vegetation in influencing river morphology.
The present chapter reviews the progressive evolution of the scientific

debate leading to a shift from the idea of the river as static element, in
which vegetation merely represents an increase in wall roughness, towards
a more comprehensive and realistic view interpreting the river corridor as
a dynamic system sustained by the mutual interactions between biological
and fluvial processes.

This review chapter builds the state of art by separately addressing
field and laboratory observations (section 2.2) from modelling approaches
(section 2.3)for the sake of clarity. Moreover the second part of this chapter
highlights the research gaps that emerge from the review of the state of
art, introducing the main objectives of the present doctoral project and
providing the outline of the research elements that have been designed to
overcome the main detected research gaps.

2.2 Field and Laboratory investigations

River corridor morphology

Meander bends migrate laterally as a result of the curvature - forced flow
pattern that causes erosion of the outer bank and deposit sediments at
the inner, convex bank (Leopold and Wolman, 1957, 1960). The progres-
sive deposition of point bar at the convex bank is known to be associated
to the development of a currugated floodplain surface, characterized by a
succession of ridges and swales (see Figure 2.2), which have been referred
in literature with the term of meander scrolls or scroll bars (Hickin, 1974;
Hickin and Nanson, 1975; Nanson, 1980; Nanson and Croke, 1992). Anal-
ysis conduced by Hickin (1974) on the point bars of the Beatton River
(British Columbia, Canada), has revealed that meanders developed fol-
lowing an erosion-path orthogonal to the apexes of the scroll bends, where
direction and migration rate are controlled by the value of the ratio of the
radius of curvature to channel width. On the basis of such observation,
scrolls formation within the floodplain area have been investigated to es-
timate meandering river historical evolution, through dendrochronology
analysis on the vegetation that they support Hickin and Nanson (1975) or
with direct measurements that can provide three dimensional information
on the scroll bar structure, such as optical (Rodnight et al., 2005) and
ground penetrating (Bridge et al., 1995; Leclerc and Hickin, 1997) remote
sensing techniques.

Furthermore, it has been observed that the natural variability in river
discharge contributes to channel planform evolution by contributing to
both bank erosion and bank accretion processes. In particular, high flows
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Figure 2.2: Point bar succession in a laterally migrating meandering channel (Hickin,
1974).

determine channel widening through net bank erosion mechanism, while,
conversely, absence of high magnitude floods causes width contraction
through aggradation associated with deposition of benches (scrolls) at the
convex bank. Moreover, over-bank deposition contributes in rising river
channel margins (Nanson, 1986; Pizzuto, 1994; Visconti et al., 2010). On
the short-term (say 20-30 years) it has been observed that the unbal-
ance between rate of cutbank erosion and point-bar accretion leads to a
‘concertina-like’ movement of the channel with the cutbank retreating and
then pausing, and afterwards the convex bank ‘catching up’(Nanson, 1981;
Nanson and Hickin, 1983). This discontinuous process has been observed
to be linked with fluvial processes at the scale of the overall river planform
(Hooke, 2007, 2008), namely with longitudinal variations in river channel
width associated with mid channel bars formation (Bertoldi and Tubino,
2005) (Ashmore, 1982, 1991). Furthermore, from geometry considerations
Lauer and Parker (2008) demonstrated that, at the local scale, differences
in length and vertical accretion rate between the two banks determine a
net removal of sediments, incrementing the sediment flow within the river
channel.

Mutual interaction between vegetation and river meanders morphol-
ogy

Early analysis conduced to understand the role of vegetation on fluvial
processes have revealed two principal mechanisms through which ripar-
ian vegetation exerts a control on the river morphology patterns (Hickin,
1984): by trapping and strenghtening alluvial sediments (active role) and
by influencing flow field patterns (passive role). The above-ground biomass
interacts with the river (over-bank) flow by increasing the local roughness
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and modifying its turbulent structure (i.e. Armanini et al., 2005; Righetti,
2008; White and Nepf, 2008), thus inducing changes in sedimentation pat-
terns (Vargas-Luna et al., 2014), or by directly trapping the transported
material (sediment or wood). More specifically, over-bank deposition in-
duced by the presence of vegetation has been observed to be particularly
relevant in the aggradation processes of meander inner banks (Hickin,
1974). However, McKenney et al. (1995) have observed that this induced
effect tends to decrease far from the river edge, since mature vegetation
drag resistance is lower than that showed in its earlier phases (i.e. brush
form).

The active role played by vegetation on river morphology is mainly
related with its influence on bank processes, sediment retention and initi-
ation of pioneer landforms. Several researchers have observed a reduction
in bank erosion rates due to the action of trees’ root structures that in-
crease soil cohesion (Micheli and Kirchner, 2002b; Allmendinger et al.,
2005; Pollen-Bankhead et al., 2009; Pizzuto et al., 2010) and have tried to
quantify the effect of riparian vegetation on stream bank lateral migration
(Micheli and Kirchner, 2002a; ?; O’Neal and Pizzuto, 2011) Moreover, re-
search conduced on gravel bed river systems has shown that live or dead
(uprooted trees that can sproot asexually) vegetation, by trapping and re-
inforcing fluvial sediments, initiates pioneer landforms, such as vegetated
islands in braided streams (Gurnell et al., 2001, 2005).

Because the development of riparian trees is controlled by flow distur-
bance and moisture availability, the structure of these riparian communi-
ties is largely influenced by the hydrological regime. Variation in water
discharge influences recruitment phase (recruitment model box proposed
by Mahoney and Rood, 1998) and determines plant success and growth by
modifying the water table level and altering sediment moisture retention
(Perona et al., 2012). During floods flow may reduce vegetation coverage
by eroding vegetated areas or by uprooting trees (Crouzy and Perona,
2012) and, at the same time, it deposits new sediments (i.e. point bar at
the inner bank) that can be colonized during the low stage phase. As a
result, vegetation structure and distribution within the riparian corridor
reflects the proximity to the river edge, the river topography and hydrolog-
ical conditions (McKenney et al., 1995; Robertson and Augspurger, 1999;
Robertson, 2006), localizing a hotspot of ’plant engineering’ (Gurnell and
Petts, 2006) between areas mainly dominated by fluvial disturbance and
by plants (Gurnell et al., 2012); see Figure 2.3.

Recent advances in flume experiments have further supported the field
observations on the active role of riparian vegetation on channel morpho-
dynamics, showing that these mutual feedbacks are often critical controls
on the overall river planform (Gran and Paola, 2001; Braudrick et al.,
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Figure 2.3: Zone of interaction between riparian vegetation and fluvial processes
at the connection between plant dominated and flood disturbance dominated zones
(Gurnell et al., 2012).

2009; Tal and Paola, 2010; van Dijk et al., 2013). Another important fac-
tor related to the influence of vegetation on river morphology, presence of
uprooted trees stranded on the point bar has been recognized as respon-
sible for initiation of scroll bars within the point bar itself and therefore
an important aspect of the planform evolution of river meanders (Nanson,
1981; Gurnell and Petts, 2006). Moreover during over-bank flow vege-
tation acts as an obstacle altering scour and depositional patterns, thus
inducing deposit in corrispondence of the deposited tree and scouring on
its sides (McKenney et al., 1995; Nakayama et al., 2002). In particular,
for the purpose of the present analysis, the conceptual model proposed by
(McKenney et al., 1995) (Figure 2.5) results to be much appropriate in
summarizing the physical processes described above. Figure 2.5 show the
evolution sequance of the inner bank of an ideal evolving meander. Af-
ter the creation of the point bar during the flood event, vegetation grows
during the low flow stage (time 0), assuming adequate moisture is avail-
able. During the subsequent floods, over-bank deposition occurs in the
newly vegetated band because flow resistance is higher than in the sur-
rounded area where flow induce scour channels, which may be viewed as
possible initiator of chutes (time 1). The cross-section becomes narrower
and the subsequent high flow causes scour of the main channel and ero-
sion of the outer bank (time 2). This induces a reduction in water stage,
thus creating a surface which can support colonization by a new band of
vegetation. Furthermore, field investigations as well as flume experiments
have individuated in ridges and swales pattern within the floodplain area
a fundamental element for the occurrence of chute cut-off (Grenfell et al.,
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a) b)

c)

Figure 2.4: Example of flume experiments conducted to investigate the role of a)
and b) vegetation and c) cohesive sediments on river channel morphodynamics; a)
Braudrick et al. (2009), b) Tal and Paola (2010), c) van Dijk et al. (2013).
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Figure 2.5: Conceptual model of channel morphogenesis for meandering rivers with
vegetated floodplain from McKenney et al. (1995).Time 0) vegetation growth on the
point bar; time 1) over-bank flow during flood induce deposition on the vegetation
bands and scour on the chute; time 2) deposition at the inner bank induce erosion in
the main channel, diminishing the water stage and creating new bare sediments for
colonization.
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2011; van Dijk et al., 2012; Rozo et al., 2012).

2.3 Modelling

This section focuses on the analytical model that have been proposed so far
to quantitatively investigate the planform evolution of meandering rivers,
with special attention to the role of riparian vegetation dynamics. Thanks
to their simplified hypothesis, these models often represent powerful tools
to quantitatively predict and to gain insight into the biophysical mechanics
governing the evolution process and on their controls.

2.3.1 Morphodynamic models for meandering rivers

Most models proposed in literature to quantitatively predict meandering
planform evolution are based on the well known bend theory, originally
proposed by Hasegawa (1977) and Ikeda et al. (1981); this initial approach
to the bend theory will be named ”HIPS model” following Parker et al.
(2011). In the HIPS model, and in the subsequent models based on it,
the lateral channel migration rate is linearly proportional to the near-
bank excess velocity compared to that occurring at the channel centerline.
The proportionality is expressed through a dimensionless coefficient E
essentially accounting for bank properties but also for numerical issues:

ζ = E∆U (2.1)

where ∆U represents the difference in streamwise velocity between the
inner and outer bank. In equation (2.1) ζ and U represent the lateral
migration rate of the channel and the longitudinal velocity, respectively,
made dimensionless using a reference uniform flow velocity U∗0 . Under the
fundamental assumption that the channel width does not change through-
out the evolution process, the equation (2.1) is applied to the channel axis.
Therefore, the river spatial-temporal evolution is represented through the
evolution of its centreline, which is governed by a non linear partial inte-
grodifferential equation that can be derived geometrically considering that
each point along the line migrates along a normal direction according to
the law (2.1) (Seminara et al., 2001; Seminara, 2006).

Among the major achievements, the original bend theory based on the
HIPS model and its subsequent refinements have allowed predicting the
characteristic spatial scales of developing meanders (Edwards and Smith,
2002; Frascati and Lanzoni, 2009), understanding conditions under which
a meander can grow towards mature loops (Parker et al., 1983; Blondeaux
and Seminara, 1985); reproducing typical meander loop migration rates
(Crosato and Mosselman, 2009) and shapes (Seminara et al., 2001; Zolezzi
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et al., 2009); investigating the nature of meander instability (Lanzoni and
Seminara, 2006); distinguishing stable and unstable bends in field cases
(Luchi et al., 2007); and the dominant direction of upstream/downstream
2D morphodynamic influence (Zolezzi and Seminara, 2001; Zolezzi et al.,
2005). When coupled with planform evolution models at larger time scales,
long-term simulation of meander floodplain development (Howard, 1992;
Sun et al., 1996) and assessment of possible existence of chaotic behaviors
(Frascati and Lanzoni, 2010) also have been achieved.

However, the HIPS-based approach presents two major limitations:
the paucity of the physical basis for the erosion law, particularly on the
estimate of the lateral migration coefficient E, and the assumption of
constant channel width that underpin a perfect balance between the ero-
sion and depositional processes that occur at the outer and inner bank,
respectively.

In recent years, the need to separately address the dynamics of the two
opposite meander banks has increasignly been recognized, based on the
acknowledging that opposite banks in meander bends are actually char-
acterized by markedly different processes. However, a strong bias towards
bank erosion in comparison with accretion is evident in the number of
studies. Most studies have indeed been focusing on understanding more
quantitatively the mechanisms of bank erosion, and very little advance-
ment in bank accretion is observed.

The processes of bank stability and failure mechanisms are typically in-
corporated into a bank retreat model where an excess shear stress law uses
two erodibility parameters (erodibility coefficient and crtical shear stress
value) that account for bank properties (Darby et al., 2007). This has
later been coupled with an hydrodynamic model by Rinaldi et al. (2008)
describing bank retreat as a complex process due to the combined action
of bank failure and fluvial erosion. According to them most critical condi-
tion for bank erosion are not reached during the flow peak but during the
rising phase between subsequent peaks. Recently Motta et al. (2012a,b)
implemented the approach proposed by Darby et al. (2007) into a HIPS-
based modelling framework (RVR Meander model proposed by Abad and
Garcia, 2006), proposing a phisically-based erosion model to investigate
the effect of floodplain soil heterogeneity on the evolution of meander-
ing rivers. Other authors have showed, through a stochastic analysis, the
influence of heterogeneity in floodplain erosional resistance on meander
evolution (Güneralp and Rhoads, 2011; Posner and Duan, 2012).

In the attempt to overcome the hypothesis of constant channel width
that characterizes the HIPS-based model for meanders evolution, Luchi
et al. (2011); Zolezzi et al. (2012b) have showed that in sine-generated
meandering channels, channel width spatial variation interacts non lin-
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early with the curvature spatial variations thus affecting bend instability
and, because of changes in flow pattern, increasing lateral erosion, with
potential consequences for incipient channel bifurcation. Following a sim-
ilar approach Frascati and Lanzoni (2013) extended the model to the case
of channel with arbitrarily variable curvature.

Only recently Eke et al. (2014) proposed a coupled model between in-
channel morphodynamics and bank processes based on the general frame-
work for meander evolution presented by Parker et al. (2011). In this
approach, the lateral migration of the retreating and of the advancing
banks is modelled using different closure relationships based on different
erosion and deposition rates and acknowledging that two different physi-
cal processes occur. Under the assumption of quasi-steady condition the
in-channel morphodynamic submodel is used to compute the near-bank
shear stress that determines bank erosion or deposition depending on the
relative difference between the computed shear stress value and a thresh-
old value. By relaxing the hypothesis of constant channel width, this
model allows insight into the physical mechanisms of ’bank pull ’ and ’bar
push’ that govern channel widening/narrowing.

2.3.2 Modelling the interaction between river processes ad ri-
parian vegetation dynamics

Although the crucial effect of vegetation on meandering river dynamics
is well known in general terms (see paragraph 2.2), the complexity of the
factors that control the mutual interaction between river processes and
biological dynamics has so far limited the development of a comprehensive
model for meanders development.

Several numerical models have been proposed to investigate the influ-
ence of riparian vegetation on the overall river planform evolution. Li and
Millar (2011), accounting for the stabilizing effect induced in vegetation
on bank stability Millar (2000), have observed reduced lateral migration of
the channel due to an increase in bank stability associated with a dimin-
ishing in near-bank velocity. Quite realistic and complex morphological
patterns have been obtained by Nicholas (2013) who divided the compu-
tational grid in active channel and vegetated cells, according to two simple
rules for vegetation colonization and removal: if the maximum depth ex-
perienced within a cell, over a fixed time period, does not overcome a
threshold, the cell becomes vegetated and its roughness increases; on the
contrary if a threshold velocity is exceeded vegetation is removed (see the
example reported in Figure 2.6).

Recently, few bio-morphodynamic model that fully couple vegetation
dynamics with river morphodynamics have been proposed by Perucca
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Figure 2.6: Temporal evolution of a meandering rivers from the application of teh
model proposed by Nicholas (2013).

18



2.3. Modelling

a) b)

b

transverse distance

Figure 2.7: Example of a) the three curves that describe biomass density distribution
along a river transect (Perucca et al., 2006) and b) result obtained from the application
of the model proposed by Perucca et al. (2007) where the black line correspond to the
case of constant erodibility.

et al. (2006, 2007); Crosato and Saleh (2011). In the first models river-
induced processes are summarized by three different lateral distribution
curves of biomass densities along the river transect and the morphody-
namic processes are modelled through the physically-based model for me-
andering rivers proposed by Zolezzi and Seminara (2001). In the first
contribution Perucca et al. (2006) have investigated the influence of river
migration on vegetation spatial-temporal patterns for different ratios be-
tween the time scales of vegetation dynamics and of river planform evo-
lution. A complementary analysis has been performed by Perucca et al.
(2007), who modelled the vegetation active role on river meandering plan-
form by relating the lateral migration coefficient E with vegetation biomass
density b, such that Eb = E + q b, whith E referring to the bare bank and
q a coefficient to be suitably calibrated.

Minimalist models have provided insight into the physical controls that
govern the reciprocal influence between riparian vegetation, river flow and
sediments. By using a minimalist approach Camporeale and Ridolfi (2006)
investigate the hydrological, river-induced effects on the lateral distribu-
tion of vegetation biomass, referring to a quasi-trapezoidal cross-section
that simulates the river morphology. In this model vegetation temporal
dynamics is accounted for through a dycothomic relation, on the basis of
the curves for the maximum vegetation biomass development suggested
by Perucca et al. (2006). On the basis of their approach it has been inves-
tigated how riparian vegetation dynamics is affected by changes in river

19



2.4. Discussion and Research gaps

morphology due to the planform dynamics of meandeiring channels (Cam-
poreale and Ridolfi, 2010) and by hydrological processes (Gurnell et al.,
2012).

Furthermore, the double-exponential equation propsed by Marani et al.
(2013) for describing vegetation biomass distribution along a section tran-
sect, even tough derived for tidal marsh, has been adopted to investigate
the effect of vegetation on free river bars dynamics (Bertoldi et al., 2014).

2.4 Discussion and Research gaps

In the last 20 years, advances in laboratory techniques and modelling have
contributed in deeper understanding of the dynamics at the base of the
bio-morphological interactions within the fluvial systems. The scheme pre-
sented in Figure 2.8 summarizes the main mechanisms involved in these
interactions. Morphological patterns similar to those observed in nature
have been reproduced from numerical model simulations, as well as from
physical model experiments, allowing to increase understanding of the
relations between biotic and abiotic processes inferred from field obser-
vations. Moreover, theoretical investigations have explored the scales-
dependence of the physical phenomena and quantified the effects of the
different controls on these processes (Camporeale et al., 2013; Gurnell,
2014).

Colonization and growth of riparian plants are highly influenced by the
hydrology and by the morphology of the river (river-induced processes)
throughout moisture and nutrients supply and plants removal. On the
other hand, riparian species, playing an active role on fluvial morphology,
affect river channel morphodynamic altering erosion/deposition patterns
and generating new landforms (vegetation-induced processes). According
to the ’fluvial biogeomorphic succession concept ’ introduced by Corenblit
et al. (2007), the influence that hydrogeomorhic processes exert on veg-
etation dynamics depends on the stage of succession of the plants, thus
riparian trees are disposed from early stage to mature vegetation along the
river transect moving far from the channel edge. Analogously, the impact
of vegetation on river processes varies because below- and above-ground
biomass also change through time.

These mechanisms are crucial at the interface between areas of the
river corridor dominated by fluvial processes and areas covered by ma-
ture vegetation, where particular riparian species (after Gurnell and Petts
(2006) ‘riparian enginneers’) may initiate pioneeristic landforms, deter-
mining the lateral shifting of the margin that separates active channel
from river floodplain (Gurnell, 2014).
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Since the dynamics described above have been recognized at the base
of the accretion processes that occur at the convex bank of meander bends,
accurate field observations are required to provide insight in the phenom-
ena that can inform biophysically-based modelling developments. How-
ever, data informations obtainable from field measurements presents sev-
eral limitation in space and time scale. Nevertheless, the combination
of these with remote sensing techniques can provide information on the
ground and vegetation structure, through LiDAR survey (Bertoldi et al.,
2011b), analysis of satellite images (Bertoldi et al., 2011a; Henshaw et al.,
2013) and on vegetation spatial coverage distribution throughout time
(Zanoni et al., 2008; Garófano-Gómez et al., 2013), providing temporal
and spatial extension of field observations.

Overall, the complexity of the dynamics involved in bio-morphological
interactions within the river corridor suggests that these processes can be
investigated successfully only through a multidisciplinary approach, where
field and modelling activities cooperate together. Field data are required
to provide insight into modelling approach, while, on the other hand,
models elucidates mechanisms that otherwise would be hidden behind the
complexity of the real cases (Gurnell et al., 2012; Camporeale et al., 2013).

To date meandering rivers modelling has been mainly focusing on in-
channel processes and have only partially investigated the influence of
riparian vegetation in fluvial morphology processes within the active cor-
ridor. Despite vegetation encroachment at the point bar and plants in-
fluence on over-bank erosion/deposition have been recognized as crucial
processes in the evolution of the meander bend, they have not yet been
included in physically-based models because of a lack of understanding
their mechanisms. Therefore, specific field investigations focused on the
temporal and spatial evolution of morphological patterns and structure
are required to understand how riparian species, river hydrology and mor-
phology are related in the evolution of river meanders. Further research
is also required to quantify the effect of tree’s rooting in stabilizing river
banks and to individuate an efficient method for the calibration of bank
migration rate; such results could provide useful information for the vali-
dation of models with real data.

A quite accurate description of meander development can be obtained
by linking the most accurate solution available for in-channel morpho-
dynamics with erosion or accretion models for the river banks. Under
the assumption that river banks migrate with a much slower time scale
compared to that of the channel bed, the two processes can be decoupled
and described through a hybrid model: analitical for the active channel
and numerical for the banks (Seminara and Bolla Pittaluga, 2012). This
approach would allow the two banks to migrate according with the flow
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Figure 2.8: Principal interactions between riparian vegetation and fluvial processes
(Camporeale et al., 2013).

pattern computed in the channel and therefore under certain condition the
inner/outer bank deposits/erodes or, in other cases, both will erode. As
a result, on the short term, such type of model could allow to investigate
the scale-dependence of channel widening-narrowing process and investi-
gate the key controls of the phenomena. Moreover, deep understanding in
river bank dynamics can allow development of physically-based bank mi-
gration models that can replace the present simplified closure relationships
proposed for both bank advance and retreat.

Research is needed to investigate meandering dynamics under non sta-
tionary conditions, when the hypothesis of different evolutionary time-
scales between banks and channel bed does not hold and channel bed ad-
justs instantaneously with river margins lateral migration and vice versa.
This configuration would be quite interesting because will allow the im-
provement of accurate bend theory-based morphodynamic models to quan-
titatively understand the effect of channel width temporal variation on the
river flow pattern, thus on river morphodynamics and planform evolution.

2.5 Principal objectives and structure of the present
work

In the light of the state of art review, this doctoral research aims to:
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i) provide a quantitative description of vegetation and floodplain chan-
nel topography patterns in advancing meanders bends;

ii) analyse the relation between these patterns and the interaction be-
tween flow, sediment transport and riparian vegetation responsible
for their development during bank accretion processes;

iii) explore the key control factors and their role in generating the ob-
served patterns.

The research integrates remote sensing and in situ field observations with
mathematical modelling. Because little is known about the bio-morphologi-
cal interactions that drive bank advance, a preliminary field activity is
required to collect information that can provide insight in the physical
controls of both river- and vegetation-induced processes. Therefore, the
present research combined remote sensed technique with field measure-
ment to investigate vegetation and morphological spatial-temporal evolu-
tion. Moreover, a first attempt of understanding the influence of width os-
cillation induced by self evolving bank on river channel morphodynamics is
presented. A simplified bio-morphodynamic model for meandering rivers
evolution is then proposed, in which river banks dynamics are treated sep-
arately. In particular, inner bank lateral migration is associated with the
interactions between riparian vegetation and river processes that initiate
pioneeristic landforms within the point bar.

In order to achieve the above goals, the present thesis is organized in
four research elements, which outline as follow:

remote sensing analysis (Chapter 3): two types of airborne historical
data (air photographs,and Lidar) are investigated to extract information
on i) temporal evolution of river channel and woodland extent over a multi-
decadal time scale (1966 - 2001) on freely migrating meander bends of the
lower Tagliamento River in NE Italy; ii) present channel and riparian
morphology and vegetation structure in the same bends; (iii) relations
between vegetation and morphology revealed by (i) and (ii);

field observations (Chapter 4): field measurements are conducted on
an evolving natural meander bend of the lower reach of the Tagliamento
River (Italy), with the aim of i) investigating morphological structure and
its association with vegetation patterns to quantify the linkages between
the spatial distribution of vegetation, river flows and the detailed local
floodplain morphology; ii) supporting the remote sensing analysis (pre-
sented in Chapter 3) and giving evidence of their potential for providing
information for bio-morphodynamics models;
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bio-morphodynamic model for meandering river (Chapter 5): a bio-
morphodynamic model is developed to quantitatively describe patterns
observed in the previous analysis (Chapter 3,4) in relation to vegetation
dynamics. The model links a minimalist approach for the interaction be-
tween riparian vegetation and river processes with a non linear analytical
model for the morphodynamics of a meander bend, with the aims to: i)
investigate the bio-physical controls of inner bank accretion, ii) quanti-
tatively asses the role of river- and vegetation-induced processes on the
developing riparian patterns and iii) quantify channel width temporal vari-
ation in a freely migrating meander;

instability of river bars under unsteady conditions (Chapter 6): a
theoretical model is proposed to investigate the effect on river bar stability
of the temporal oscillations of the active channel width as observed in a
meander during its evolution; this represents a first step towards a more
complete modelling approach compared to that proposed as a first step in
Chapter 5.
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Chapter 3

Quantifying riparian vegetation dynamics and

their interaction with river morphology on

two meander bends of the Tagliamento River

This chapter investigates the evolution of the vegetation and morphology
on two meander bends in the lower reaches of the Tagliamento River, Italy.
The aim of the research is to reconstruct how meander morphodynamics
and vegetation relate to one another using historical records to provide a
real example that can inform model development.

3.1 Introduction

Historical reconstruction of river morphodynamics depends upon assem-
bling as many historical sources of information as are available for a site,
so that information on different properties can be extracted from different
source types and integrated. Grabowski et al. (2014) summarise the wide
range of historical sources that can provide information on river dynamics
including documentary evidence (e.g. land surveys, tax records, agricul-
tural censuses, records from private estates or ecclesiastical sources); car-
tographic records (map sources covering different themes and at a wide
range of scales); other topographic surveys (e.g. channel cross section
and long profile surveys); and remotely sensed data (ground, airborne
and satellite derived data). However, to achieve the required spatial res-
olution for the present analyses, the current analysis is based entirely on
remotely-sensed data.

The advent of remote sensing techniques has provided an enormous
range of data sets of varying spectral and spatial resolution, which have
revolutionised the way in which river dynamics can be investigated. Aerial
photography provides the longest remotely sensed records, with coverage
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over the last 70+ years for many areas. The analysis of historical series
of air photographs has supported many analyses of river and riparian en-
vironment changes, which have benefited from the high spatial resolution
of photographic sources across large areas, although often with restricted
temporal resolution (e.g. Johnson, 1994; Shafroth et al., 2002; O’Connor
et al., 2003; Beechie et al., 2006; Zanoni et al., 2008; Garófano-Gómez
et al., 2013). Since the launch of NASA’s Landsat 4 satellite in 1982,
satellite data of reasonable spatial (minimum 30 m) and spectral (7 bands)
resolution at a potential temporal resolution of 16 days has been available
globally. Multi-spectral satellite data has been used to investigate the
dynamics of reasonably large rivers (e.g. Bertoldi et al., 2011a; Henshaw
et al., 2013) but higher spatial resolution is required for smaller rivers and
depends on the collection of relevant multi- and hyper-spectral data sets
from aircraft (e.g. Marcus et al., 2003; Whited et al., 2007; Marcus and
Fonstad, 2008). Recently, airborne Lidar data sets have become available,
providing an ability to investigate detailed three-dimensional properties of
rivers and their margins (e.g. Geerling et al., 2009; Bertoldi et al., 2011b,
2013).

In this chapter, two types of airborne historical data are investigated:
air photographs (panchromatic and colour), and Lidar. Information ex-
tracted from these sources is used to investigate (i) changes in channel po-
sition and riparian woodland extent (1966-2001); (ii) channel and riparian
morphology and vegetation structure (2001); (iii) relationships between
vegetation and morphology revealed by (i) and (ii) for the investigated
meanders of the Tagliamento River.

3.2 Study area

The study area (Figure 3.1) is located on the lower reaches of the Taglia-
mento River, Italy. The Tagliamento is a large gravel bed river in the
Friuli-Venezia Giulia region, northeastern Italy. From source to mouth,
the river traverses part of the Julian and Carnian Alps and then crosses
a wide coastal plain to reach the Adriatic sea, draining an area of 2580
km2. The upper catchment has an Alpine climate characterized by high
precipitation and low temperatures, whereas in the lower reaches the cli-
mate is more Mediterranean in character. As a result the flow regime is
governed by both snowmelt and rain and tends to show the highest peak
flows in spring and autumn, with high discharge variability throughout
the year. Moreover, the low human pressures along the river have allowed
a relatively natural riparian zone to be retained, reflecting the functional
characteristics of the system and its dynamism. The river corridor is char-
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acterized by different geomorphological styles of river planform, ranging
from multiple thread to single thread patterns (Tockner et al., 2003).

In the river’s lower reaches, which are the focus of the present research,
the riparian vegetation is dominated by Populus nigra (black poplar) (Kar-
renberg et al., 2003), which regenerates very freely from uprooted trees
and pieces of large wood. This is a key process in the regeneration of the
riparian woodland along the Tagliamento River and, in the river’s mean-
dering lower reaches, has been observed to be associated with scroll bar
development as the river migrates laterally (Gurnell et al., 2001; Gurnell
and Petts, 2006).

The study reach extends from 45°48’11”N, 12°58’39”E downstream to
45° 47’36”N, 12°58’42”E, through the villages of Ronchis and Latisanotta.
It is approximately 3km long and includes two meander bends. The river
channel is bordered by riparian forest, dominated by black poplar (Populus
nigra), and until the early twenty-first century the river in this reach was
able to migrate freely. Human activities within the active river corridor,
principally agriculture, have changed progressively the land use of the
floodplain. In particular, the natural riparian woodland has been cut and
new plantations have been introduced. Because of this, the study was
restricted to the areas near the main channel that are still covered by
natural vegetation (see the inset close up of Figure 3.1). Despite human
influence, the meanders in this study reach have been developing until
2002, since when protective engineering structures (i.e. groynes and rip-
rap) have been built to prevent river bank erosion, preserve the cultivated
areas and stop the river reaching the levees. Moreover the process of
meander migration in the study reach might not be considered completely
‘free’, because of documented channel adjustment occurring at the same
time within the whole single-thread reach of the Tagliamento (Ziliani and
Surian, 2012).

3.3 Methods

The methodology applied to quantitatively investigate the mutual feed-
backs between vegetation dynamics and river processes (Gurnell et al.,
2012) that take place in the inner bank of evolving meanders bend are
here reported. Because the research work is comprised of a combination
of two remote sensing techniques, we separate the two analysis involved
and provide a detailed step by step description of the method applied to
the two types of data.
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Figure 3.1: The study reach of the Taglaimento River in 2001 with (right) a close up
of the study area (thick line).

3.3.1 Historical Sources

To quantify riparian vegetation dynamics and their interactions with evo-
lution of the meandering river morphology, six sets of air photographs were
assembled for the period 1966-2001 (Figure 3.2 and Table 3.1). Although
more recent images were available, this period was selected because the
meanders in the study reach have been able to evolve and migrate during
this time and also a Lidar survey was conducted in early April 2001 (from
9 to 13 of April for the study area), providing topographic information
following the planform dynamics summarised in the aerial photographs.
This choice allowed us to compare spatial-temporal changes of riparian
vegetation patterns with the final canopy structure and river morphology
at the end of the 1966-2001 study period. The 2001 Lidar survey was con-
ducted by the Autorità di Bacino dell’Alto Adriatico and has an average
spacing between data points of approximately 1.6 m.

3.3.2 Data preparation

In order to compare results obtained from the analysis of the Lidar data
and the aerial photographs, it was necessary to register them to a common
geographical base. The aerial photographs were already geocorrected and
registered to the Gauss-Boaga Est datum Roma 1940 projection while the
Lidar data coordinates referred to the reference system UTM 33 datum
ED 1950. In order to directly compare the Lidar and air photograph data,
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Figure 3.2: Historical data set used in the analysis. Solid line delimitates the inves-
tigated area, covered by naturally-colonize vegetation.

Year Type Scale Resolution (dpi) Pixel size (m) Date

1966 A,B/W 12,492 800 0.40 30thNov-15thDec
1970 A,B/W 13,312 800 0.41 -
1983 A,B/W 18,045 800 0.55 -
1993 A,B/W 31,807 1200 0.80 May-June
1993 A,B/W 31,807 1200 0.80 May-June
2001 O,C - - 0.50 April

Table 3.1: Details of the aerial photograph surveys analysed in this study; A = aerial
photo, O = Ortho-photo, B/W = panchromatic, C = colour.
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the coordinates of the Lidar data were transformed using the software
Traspunto developed by the Italian Ministry for the Environment to match
those of the air photographs.

3.3.3 Analysis of Air Photograph Data

High-resolution aerial photographs for different dates (Table 3.1) were
used to estimate temporal changes in the spatial distribution of areas that
were under water, unvegetated and vegetated within the study area.

A first step was to define the area of naturally-colonised vegetation
along the river margin in each of the images. The margins of this area
were digitised for each image and then the polygons for each image date
were overlain to define the polygon which enclosed naturally-colonised
vegetation in all of the studied images (see Figure 3.2). The second step
was to classify the land cover within the defined polygon for each of the
images. Figure 3.3 summarises the steps involved in this process. The
aerial photographs were classified using a supervised pixel-based approach
into three classes: vegetation, bare ground and water, using a Maximum
Likelihood Classification (MLC) method (Mather and Koch, 2011), where
the pixel size conformed to that indicated in Table 3.1 for each image.
Most of the images were panchromatic, providing limited information on
which such a classification could be based and thus there was the potential
for significant misclassification of pixels to occur, although there was also
some misclassification associated with the colour (RGB) images.

Training data was carefully selected for each land cover class (water,
bare sediment, vegetation) using prior knowledge of the study area de-
picted in the photographs (Figure 3.2). The selection of training areas
for obtaining training data sets can affect the accuracy of the classifica-
tion (Hubert-Moy et al., 2001; Landgrebe, 2003), although the accuracy of
any classification is more influenced by the spatial resolution of the data
(Chen and Stow, 2002). Irregular polygons were used to select a large
number of pixels in order to give a good representation of each class from
which summary statistics could be extracted. Similarity in vegetation
and water colour intensity in the panchromatic images prevented good
discrimination between these classes, although this was less of a problem
with the colour images. However, there was consistently good discrimina-
tion of the bare sediment class (Table 3.2). Figure X.3 illustrates a typical
frequency distribution of colour intensity for the three cover classes and
Table 3.2 provides summary statistics for the colour intensity of the three
cover classes in one of the analysed panchromatic images. A maximum
likelihood approach was used to separate the cover classes based upon the
training data.
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Figure 3.3: Sketch showing the steps involved in the image classification process.

Min Max Mean Std. dev Covar
Vegetation 17.00 162.00 59.31 22.99 529.39
Ground 144.00 227.00 214.91 7.56 57.18
Water 96.00 177.00 140.94 10.76 115.70

Table 3.2: Example of the principal statistics computed for the frequency distribution
of the vegetation, bare ground and sediments training area extracted from the 1970
panchromatic image (Figure 3.4).
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Figure 3.4: Panchromatic photograph (top left), classified photograph (bottom left)
and close-ups (top right and bottom right) of the two areas indicated in red on the
classified photograph.

Following the initial classification of the photographs, the problem of
misclassification was carefully investigated. Two main problems were ap-
parent: the strong similarity in colour intensity between pixels belonging
to the classes water and vegetation and also some changes in colour in-
tensity across the area covered by the aerial photographs, particularly in
relation to the water areas. The misclassifications were almost entirely
confined to the water-covered areas and so the following procedures were
used to deal with this problem. The margins of the water-covered area in
each photograph were digitised to construct a mask to represent the water
area. In addition, a filter was applied to the classified image to sharpen
the class boundaries. As vegetated pixels had previously been assigned a
value of 1, and water a value of 2, a moveable square, 3x3 pixel, window
was passed across the classification and the maximum pixel value within
this window was extracted. Figure 3.4 shows a classified panchromatic
image following this operation. The close ups of two small areas in Figure
3.4 clearly show the effect of this procedure in identifying the vegetated
scroll bars that appear as linear features in the vegetation parallel to the
channel margins. For sake of brevity all the results of the classification
analysis conducted are reported in appendix A together with the related
historical image.

The thematic maps created by the above classification process were
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then combined to depict the temporal evolution of vegetation coverage
across the study area. The vegetated area varied greatly between images
(Figure 3.5) because of the different months in which the photographs were
taken (Table 3.1) and thus the different density of foliage that was present.
During winter or spring when the foliage is absent or less developed, the
area classified as vegetation is less than would be obtained for the same
pattern of vegetation in a summer image, because sparse and young veg-
etation is not easily identified when foliage is absent or under-developed.
Therefore, to gain an overall assessment of changes in vegetation pattern
through the period covered by the images, the number of times each pixel
was classified as vegetation was counted across the six images that were
analysed. In this way, pixels that were covered consistently by mature
vegetation were distinguished from those where vegetation varied from
young or sparse to mature, those where it varied from young or sparse
to unvegetated and those which remained unvegetated throughout the six
image dates. To achieve this, each classified map was reclassified to give
vegetated pixels a value of 1 and other (water or bare sediment) pixels a
value of zero. The six map layers were then overlain and summed pixel
by pixel to assign a number from 0 (never vegetated) to 6 (always vege-
tated) in an aggregated map layer which indicated the relative persistence
of vegetation through the 35 year period (1966 to 2001) covered by the six
images. Lastly, because the channel had migrated laterally for more than
the channel width over this period, the water-covered area in the 2001
image was used to mask those pixels whose vegetation cover reflected a
change in the position of the pixel from one bank to the other (i.e. they
were initially vegetated on one bank, then eroded).

3.3.4 Accuracy Analysis

Evaluation of classification results represents a fundamental step in the
classification procedure that can involve different criteria, ranging from
qualitative to quantitative approaches (Congalton, 1994). In this analysis
we assessed accuracy through two different techniques. In a first attempt,
the quality of the classification procedure applied was estimated based on
a visual appraisal of the derived map. Essentially, the classified map was
compared with the original image to see if the classification appeared to
represent the land cover patterns that were apparent on the original image
(i.e. comparison between the original and classified image in Figure 3.4).
The second stage involved a more objective method, which relates the
category assigned to a selected number of points (Figure 3.6) with ground
information extracted for the same points – 30 points were investigated for
each category giving a total number of 90. The main result of this process
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Figure 3.5: The total vegetated area within the classified images at different dates.
Oscillations are due to the different periods of the year in which the aerial photographs
were taken (see Table 3.1).

is a confusion matrix (or error matrix) that indicates the percentage of
cases (pixels) classified correctly (or incorrectly). This allows the accuracy
of the classification to be estimated quantitatively. Moreover, from this
matrix several parameters such as overall accuracy, user’s accuracy, pro-
ducer’s accuracy, omission error, commission error, and kappa coefficient,
can be derived in order to assess the goodness of fit between the derived
classes and the ground knowledge (Congalton, 1991; Foody, 2002). This
technique has been found reliable when applied to vegetation mapping,
especially at fine resolutions (Cingolani et al., 2004). In particular, for
this analysis, a confusion matrix was computed for both of the maps de-
rived by including or classifying separately the river area (by creating a
mask for the channel area) for each image of the historical data set, with
the aim of supporting the validity of the latter method (create a mask for
the channel area) in enhancing classification accuracy. Since the overall
accuracy and the kappa parameter summarize quite well the information
provided by the error matrix, these are reported for both processing meth-
ods (without and with a mask) for the different image dates considered
in this analysis (Table 3.4). The kappa parameter has the advantage that
it takes account of the probability of some of the agreements between the
original and classified data being due to chance (Mather and Koch, 2011).
The example error matrices for the 1966 image (Table 3.3) and the sum-
mary of error assessments for all images (Table3.4) show the improvement
in accuracy obtained by classifying separately the river channel area and
the river floodplain. For the kappa parameter a value of zero indicates
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Figure 3.6: Set of points (red diamond) used for computing the confusion matrix. In
this example the points lie on the 1966 aerial photograph.

complete lack of agreement between the classification and the test data,
while a value of 1 represents the perfect correspondence. According with
Montserud and Leamans (1992); Mather and Koch (2011) values of kappa
greater than 0.75 and less than 0.4 show, respectively, a ‘very good’ or a
‘poor’ classification performance. The entire set of matrixes produced for
the accuracy analysis, as well as further information on the computation of
the statistics related with the confusion matrix are presented in appendix
A.

3.3.5 Analysis of LiDAR data

Analysis of the Lidar data was conducted using the free software FUSION,
developed by the US Department of Agriculture, Forest Service, Remote
Sensing Applications Center. The analysis extracted properties of the
ground surface morphology and the riparian vegetation canopy.

The Lidar data cloud was filtered to detect the ground surface and
to generate a digital elevation model (DEM). Fusion uses a hierarchical
filtering algorithm proposed by Kraus and Pfeifer (1998) to classify the
Lidar points into vegetation and bare ground and then to construct the
DEM using the latter points. This technique has been found to be effective
where the ground topography is relatively subdued and the vegetation is
sufficiently sparse for at least 25% of the returns to reach the ground sur-
face (Kraus and Pfeifer, 1998). A decrease in penetration depth associated
with a more extensive vegetation cover and thus the widespread presence
of foliage, influences the accuracy of both DEM and canopy structure esti-
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(A) Veg(R) Sed(R) Water(R) Row total

Veg(CL) 29 2 0 31
Sed(CL) 1 27 0 28
Water (CL) 0 1 30 31
Column total 30 30 30 90

(B) Veg(R) Sed(R) Water(R) Row total

Veg(CL) 25 0 3 28
Sed(CL) 0 16 0 16
Water (CL) 5 14 27 46
Column total 30 30 30 90

Table 3.3: Example of confusion matrixes for the thematic maps derived A) by mask-
ing and B) withouth masking the river in the 1966 panchromatic aerial photograph
(Figure 3.4). The value proof that the application of the process A) improve the qual-
ity of the classification procedure. Veg = vegetation, Sed = bare sediments, R =
reference (ground truth) and CL = classified.

Overall (A) Overall (B) Kappa (A) Kappa (B)

1966 0.96 0.76 0.93 0.63
1970 1.00 0.97 1.00 0.95
1983 0.98 0.72 0.97 0.58
1993 0.96 0.61 0.97 0.42
1997 0.90 0.58 0.85 0.34
2001 0.92 0.92 0.88 0.87

Table 3.4: Overall accuracy and kappa coefficient evaluated to assess the accuracy of
the classification processes: A) masking the river channel area and B) including water
in the classification of the whole area. For the kappa parameter a value of 0 means
absence of agreement between the classification and the test data, 1 represents the
perfect correspondence , above 0.75 the procedure performed well and below 0.45 the
result should be rejected
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mation (Wasser et al., 2013). Both of the required conditions of subdued
topography and relatively sparse vegetation cover apply for the study area
given the relatively flat floodplain location and an early April survey date,
when foliage is absent from the deciduous trees of the riparian forest.

The filtered (i.e. ground surface) points were resampled to a regular
2m grid, by assigning the average value of the returns within each cell,
to produce the DEM. A 2 x 2 m resolution was chosen as a compromise
between a high map definition and a sufficient number of points within
each cell, since the filtered bare-earth points present an average return
density of 0.78 per square meter. In order to compare the morphology of
different sections of the reach, the longitudinal slope of the floodplain was
subtracted from the ground surface elevation. This operation is not trivial
when applied to river meanders. As a result of their sinuous course, these
rivers have a lower gradient than their floodplain and the gradient changes
as meanders evolve. This degree of freedom of meanders (Parker et al.,
2007) introduces some difficulties when computing the slope for a mean-
dering river. Moreover, due to their complex geometry, it is not possible to
compute the slope as a linear interpolation of the average of the height for
different horizontal transects within the active corridor. When the bends
migrate laterally they also turn on their axis. The high sinuosity shown
by the meander sections under analysis contribute to a reduction (about
2/10000) of the longitudinal slope of the active river corridor, which was
estimated around 6/10000. Because of the small longitudinal slope and
the short length of the reach, a constant elevation value can be assumed
as representative of the elevation of the active corridor. Therefore the me-
dian of the elevation frequency distribution for bare sediment (5.54 m) was
subtracted from the value of the DEM to generate a DEM of deviations
from the median.

The elevation frequency distribution for the study area (Figure 3.7)
also shows a bimodal pattern, were the peaks correspond, respectively, to
pixels of the DEM which fall into the channel (0 to 2 m range) and those
on the floodplain area (> 2 m). This pattern is not representative of the
morphology of the entire river corridor, because the Lidar does not pen-
etrate the water and so the true bed morphology of the inundated area
is not recorded. Moreover, due to the quite homogeneous colour of the
water in the air photographs associated with the 2001 survey, it was not
possible to use an optical remote sensed technique to extract the water
depth and reconstruct the river channel bathymetry (Marcus and Fonstad,
2008; Bertoldi et al., 2011b). Therefore, the tail of the elevation frequency
distribution below 2 m (-3 m when expressed as a relative elevation with
respect to the median) was treated with caution in further analyses be-
cause of the over-representation of the water surface elevation rather than
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3.3. Methods

Figure 3.7: Frequency distribution of the DEM within the study area.

that of the inundated river bed within this elevation range. The part of
the distribution that exceeds 2 m elevation is almost symmetrical and de-
scribes the morphology of the river margins and riparian woodland area.

Information on vegetation structure was extracted by using the points
of the raw Lidar data cloud that fell above the bare-earth surface DEM.
The vegetation height associated with each point was estimated as the
difference between the interpolated ground surface (DEM) and the raw
elevations recorded within the Lidar point cloud (see the sketch of Figure
3.8. Because of the low density of points (average horizontal distance be-
tween the returns was 0.46 m), these point estimates of vegetation height
were organized into a 6m regular grid for further analysis of vegetation
properties. The points within each 6 x 6 cell were then used to estimate
three properties of the vegetation canopy: height, biomass, and cover den-
sity. Vegetation density or cover was computed as the proportion of cloud
points within each cell of the 6m square grid that were more than 1.5
m above the estimated ground surface. Introducing this height threshold
removed noise from returns close to the ground, while a coarse resolution
(compared with the 2m of the DEM) was necessary to have a sufficient
number of points within each cell to compute the various vegetation prop-
erties with reasonable accuracy. Indicators of the vegetation canopy height
and biomass were estimated from the maximum and the average of the
point elevation estimates within each cell, respectively. Finally, using the
maximum height recorded within each grid cell, it was possible to inves-
tigate the distribution of cells with different canopy height ranges.
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Figure 3.8: Sketch showing the method used to estimate the vegetation height from
the raw LiDAR cloud points and the DEM.

The presence of quite steep and high river banks required a new filter
operation to avoid classifying ground points that were close to the chan-
nel’s steep banks as vegetation; since the water surface was well below
the bank tops at the date the survey was conducted. This was achieved
by estimating land surface gradients from the DEM and generating a new
ground surface, where areas showing local slopes greater than 20° were
interpreted as steep river banks and so were excluded from the vegetation
analysis. This threshold represents a minimum value for the presence of
distinct river banks and features exhibiting significantly higher slopes were
not met within the study area (Figure 3.9). The above-described thresh-
olds imposed on the surface elevation and on the local slope, allowed the
raw Lidar point cloud to be used to extract information on the vegetation
canopy structure.

Where it was necessary to compare the Lidar data with that extracted
from air photographs, the Lidar data was re-sampled to the same 0.5m
grid as the air photographs.

3.4 Results

Analysis of the airborne LiDAR data within the active river corridor high-
lights interesting properties of the floodplain morphology and vegetation
pattern. Having confined the analysis to the unmanaged riparian margin,
the information extracted from the Lidar and air photograph data sets can
be combined to investigate how vegetation and river processes are related
one to another in the planform evolution of meanders.
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Figure 3.9: Map showing the gradient of the local slopes for the bare ground elevation.
High values (> 20°) denote the presence of distinct river banks

3.4.1 Morphological structures around a migrating meandering
river

The DEM computed from the 2001 Lidar survey reveals a floodplain char-
acterized by a rather complex morphological structure within the study
area (Figure 3.10). The river channel is quite well defined by an almost
homogeneous grey tone which underlines, as mentioned above, the absence
of information on the submerged bed topography. Focusing on the flood-
plain area which extends from the convex banks, the DEM reveals how
the river floodplain is organized in parallel ridges of deposited sediments
running parallel to the edge of the convex bend. These ridges are the
typical pattern of scroll bars that evolve, with increasing age, into ridge
and swale topography (recognizable from the map because of the darker
area) as the meanders develop (an example of this structure can be found
in Rodnight et al., 2005). The sediment deposition processes that involve
the initiation of scroll bars also determine the increasing ground elevation
with distance from the river edge. The increase in elevation extends to
high elevated flat areas that are largely disconnected from the processes
that occur at the river banks and delineate the physical border of the cur-
rently active river corridor. These higher areas occur above an absolute
elevation of ca 8 m or a relative elevation with respect to the median of
ca + 2, 2.5 m.
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Figure 3.10: DEM detrended for the study area. The submerged channel area is not
masked and so the range in elevation represents the full elevation range expressed in
the frequency distribution of Figure 3.7. However, most of the topographic complexity
in areas where the surface elevation exceeds 2m.

3.4.2 Vegetation structures around a migrating meandering river

Riparian vegetation density within the study area is represented through
the spatial distribution of the raw Lidar returns, since this representation
indicates all Lidar returns from points above the ground surface described
by the DEM (Figure 3.11). An indication of vegetation density is obtained
from the spatial distribution of the individual Lidar returns that are above
the ground surface as described by the DEM (Figure 3.11). By analysing
the Lidar returns within the cells of a 6m x 6m grid, and classifying the
largest and average returns in each cell above the DEM surface, broad
spatial patterns in vegetation canopy height and biomass are revealed
(Figure 3.12 and 3.13, respectively), showing that the vegetation canopy
is organized in bands parallel to the edge of the convex river bank, and
the height and biomass of each band increases progressively with distance
from the river edge, such that the tallest and most mature woodland is
located far from the river channel.

The integrated temporal analysis conducted on the historical aerial
photographs is mapped in Figure 3.14. This shows a similar spatial pat-
tern in the riparian forest to the vegetation properties extracted from the
Lidar data, and indicates that the patterns observed within the riparian
forest are strictly related to their age and thus growth stage. Because of
the nature of the investigation conducted, the temporal analysis (Figure
3.14) presents riparian structure as a result of the interaction between
vegetation and river dynamics along the floodplain throughout the con-
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Figure 3.11: Spatial distribution of LiDAR returns (yellow) above the ground surface
(grey scale) for a bend of the study area. This allows a qualitative representation of
the density of vegetation coverage.

Figure 3.12: Spatial distribution of vegetation canopy height. The height classes
are generated from the maximum values of the Lidar returns above the DEM surface
within 6m x 6m grid cells.
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Figure 3.13: Spatial distribution of vegetation biomass, based upon the average values
of the Lidar returns above the DEM surface within 6m x 6m grid cells.

sidered period. Specific evidence for this includes dark red patches in the
temporal pattern that correspond to colonizing vegetation patches in the
historical photographs (e.g. Figure 3.15). The maps obtained for canopy
height (Figure 3.12) and temporal dynamics (Figure 3.14), show clearer
ridge patterns in the vegetation than the map of vegetation biomass (Fig-
ure 3.13) suggesting that the development of understorey vegetation masks
the underlying pattern of tree colonisation and growth.

3.4.3 Comparison between vegetation and river morphology

Focusing on natural vegetation and having restricted the study area ac-
cording to this, we can compare morphological and vegetation structure
in order to understand and quantify the role played by vegetation in gen-
erating river meander morphology. Moreover, because the river slope is
negligible and the height of the canopy was computed with respect to the
bare ground, trees and river topography for different sections (downstream
or upstream) can be directly compared.

Figure 3.16 illustrates the bed elevation frequency distribution coded
according to the elevation distribution of pixels occupied by bare sed-
iments or vegetation (vegetation is discretized according to the height
classes introduced in Figure 3.12. The stacked proportional bars (Figure
3.16a) indicate more clearly how the different cover classes are preferen-
tially associated with different elevation ranges than the raw data (Figure
3.16b) (Figure 3.16a). Further discussion on the frequency distribution
of different cover type – surface elevation associations will refer to the
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Figure 3.14: Vegetation frequency obtained by overlapping all the classified images
(vegetated and non-vegetated pixels): 0 stand for absence of vegetation in a pixel for
the whole period considered (1966-2001), on the contrary 6 imply presence of vegetation
in all the images analysed.

Figure 3.15: Close ups of the upper bend to show how the image analysis captures
the initiation and incorporation of scroll bars into the riparian forest. On the left the
temporal frequency map of Figure 3.14 and on the right the panchromatic photo for
the same area in 1966 (the earliest photographs in the analysis).
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portion of the floodplain which has been recently morphologically active
(relative elevation ranges from -3 to 2.5 m). The frequency distributions
shown in Figure 3.16b and repeated in Figure 3.17 indicate a widely vary-
ing proportion of the shortest vegetation height class (1.5 to 6 m). This
class has a high frequency relative to almost all other classes at the lowest
elevations, where young vegetation is colonising the bare sediment near
the low flow channel. However, this shortest class also shows the highest
proportions at the highest elevations, close to areas of human disturbance,
and also appears in very high frequencies (although lower frequencies than
other height classes) in areas of intermediate elevation. The other (taller)
vegetation classes, show more distinct trends in frequency with increasing
elevation. The second shortest vegetation class (6-10 m) dominates in the
zone of the graph where ground elevation is between –2.5 and -0.5 m. Be-
tween –1.5 and –1 m elevation, 10-20 m height vegetation shows the second
highest frequency, whereas between –1 and –0.5 m, all taller vegetation
classes show a high frequency. At elevations greater than –0.5 m, the
frequency of 6-10 m vegetation decreases rapidly, whereas all taller vege-
tation classes show similar frequency. The patterns exhibited by the 6-10
m and taller classes indicate a progressive increase in vegetation height
with elevation and the internal variability in vegetation height indicates
the complexity of the vegetation canopy, including the influence of the
original vegetated scrolls, and the variability in the ability of the Lidar to
capture the full vegetation height in early April when leaf cover is very
low (this is in agreement with the consideration made by Wasser et al.,
2013). However, in general, low estimates of vegetation height (< 6m) are
more or less uniformly distributed through most of the floodplain, inde-
pendently of the relative elevation of the ground, while the Lidar returns
from taller vegetation (6 to 30 m) show frequency distribution curves that
shift progressively to the right (higher elevation) across the graph shown
in Figure 3.17. This behaviour appears clearer when the vegetation classes
are merged into three classes (1.5-6m; 6-24m; >24 m) as reported in Fig-
ure 3.18. Indeed, this operation contributes, at least partially, to filtering
out the uncertainties on canopy height estimates due to the absence of
foliage, as already discussed above.

Values obtained from the analysis of vegetation cover temporal dy-
namics (Figure 3.14) were also associated with the present ground surface
(DEM of Figure 3.10) in order to identify any association between ripar-
ian vegetation development and the final river morphology. Figure 3.19
shows how the areas representing different stages of the evolution process
of the riparian forest (as described by the air photograph analysis) were
distributed differently according to elevation of the floodplain. The vege-
tation classes 0 to 6 represent increasing length/persistence of vegetation
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Figure 3.16: Frequency distribution of bed elevation for the study area. (a) with
each bar subdivided according to the proportion of pixels occupied by bare ground or
vegetation of different maximum height classes and (b) separated distribution curves
for bare sediment and each vegetation height class.
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Figure 3.17: Frequency distribution curves of bed elevation for the bare sediment
and each vegetation height class within the study area, excluding the area close to and
inundated by the river.
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Figure 3.18: Frequency distribution curves of bed elevation for the bare sediment
and tree new vegetation height classes with respect to Figure 3.17 within the study
area, excluding the area close to and inundated by the river.
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Figure 3.19: Frequency distribution curves of bed elevation for the bare sediments
(without the river channel) and vegetation frequency within the study area: 0 means
pixel which has never been vegetated and 6 represent a pixel vegetated for the whole
period considered. In this plot the channel’s area is discarded.

cover from no vegetation in any of the analysed photographs (0) to per-
sistent vegetation cover in all of the analysed photographs (6). The peak
of each of the curves for a cover class from 0 to 6 is located in a numerical
sequence from the left to the right of the plot, and the frequency of the pix-
els which did not support vegetation in any of the photographs (value 0)
decreases rapidly away from the channel edge as the ground surface eleva-
tion increases. In general, areas characterized by the presence of riparian
vegetation for most of the dates considered coincide with the highest area
of the floodplain, while, areas where vegetation was detected only for few
dates are at a relatively low elevation, close to the present river channel.
Nevertheless, pixels accounted as vegetated in each of the image analysed
(value 6) do not follow this trend, but show a quasi-normal distribution
characterized by a peak around the median of the elevation range.

3.5 Discussion

The presence, size and structure of unmanaged riparian vegetation within
the study area can be compared with floodplain topography in order to
understand how riparian vegetation and river morphology are related to
one another in the evolution of river meanders.
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Lidar analysis

Results obtained from the analysis of the lidar data show that riparian
forest tends to organize in a structure analogous to that observed in the
DEM. In particular, by comparing Figure 3.10 with Figure 3.12 a strong
relationship between the accretion of the inner bank of the downstream
bend and vegetation growth can be inferred, which is in qualitative agree-
ment with observations of the role of vegetation in modifying the flow
field and trapping sediments (McKenney et al., 1995; Gurnell et al., 2012;
Crosato and Saleh, 2011) and supports the idea that the final floodplain
morphology has to be interpreted as the result of a mutual interaction be-
tween hydrological conditions, sediments and presence of vegetation (Gur-
nell and Petts, 2006). However, in the inner bank of the upstream bend
the spatial distribution of vegetation shows a less clear pattern than that
identified in the downstream bend. Nevertheless, when considering only
the morphologically active floodplain within the upstream bend (exclud-
ing the stable floodplain/terraces) the vegetation is seen to be aligned in
bands parallel to the river edge and with the vegetation height within each
band increasing with distance from the current channel position. Overall
the vegetation bands are clearly evident and well developed in the down-
stream meander bend, while this phenomenon is less developed and only
clearly evident close to the current channel in the upstream bend. Be-
cause of the heterogeneity in tree morphology and age that characterize
the canopy of a natural forest (Figure 3.20, Figure 3.21 - Atonarakis et al.,
2008), a map obtained by averaging the height of the lidar returns within
grid cells may not show a strong spatial pattern (e.g. Figure 3.13). In the
present case, this is amplified by the date of the Lidar survey, which was
when foliage was absent or at a very early stage of development. Under
these circumstances, the Lidar may only rarely record points close to the
top of the canopy and the opportunity for the Lidar to penetrate through
all levels of the canopy is high.

Image Analysis

Results obtained from the historical analysis conducted using the aerial
photographs from different dates (ranging from 1966 to 2001) are consis-
tent with the outcome of the analysis of the Lidar data. In particular, the
structure of the present riparian forest and its spatial distribution (Figure
3.12) are reproduced in the map produced by a temporal overlay of clas-
sified air photograph images (Figure 3.14). This achievement represents
a quite interesting result since it links the existing floodplain morphology
and riparian woodland canopy structure with the dynamics of the land
coverage through time.
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Figure 3.20: Comparison between LiDAR data cloud points for a natural and planted
forest (Atonarakis et al., 2008).

Figure 3.21: Example of vegetated ridges and bare swales. Inner bank during the
early spring (March), meanders reach of the Taglaimento River, Italy.

50



3.5. Discussion

Bridging temporal dynamics with the present (2001) morphological
and canopy structures

The existence of a relationship between vegetation height and coverage and
ground elevation suggests that riparian vegetation influences the processes
of deposition of fine sediments, increasing the elevation of the local area
(vegetation peak distribution in correspondence of relative elevation higher
than -1 m).

Furthermore, the similar pattern shown by the vegetation distribu-
tion curves derived (both for canopy height and vegetation dynamics) and
the bare sediments (defined as non-vegetated area/pixel) within the inner
bank (-2 to 2.5 m) suggests that the morphological structures generated
from the interactions between sediments and river flow are organized in
a precise spatial pattern. Considering now the high penetration depth of
the Lidar return because of the absence of foliage and the high accuracy of
the classification performed, that allowed bare ground beneath the trees
to be well-detected (see the example of Figure 3.4), the morphological
behaviour and associated vegetation development seems to quantitatively
support field observations on meandering floodplain structures (Nanson,
1981; Hickin, 1984; Shankman, 1993) that have described the presence of
tree-cored ridges with intervening bare swales (as seen in the picture of
Figure 3.21).

Moreover, the apparently anomalous pattern that characterized the
distribution curve of pixels accounted as vegetated throughout all of the
dates considered is probably related with the presence of uprooted wood
or pioneer plants presented on the bare gravel of the point bar at the
earliest stage of the analysis (see Figure 3.15 and Figure 3.22).

Therefore, by combining the height distribution obtained from the Li-
DAR analysis with the patterns of vegetation persistence from the analysis
of the historical photographic images, it is possible to identify three zones
within the study area: the river channel area, the forested area and an
intermediate zone that bridges the other two through the initiation and
development of scroll bars (Figure 3.23). The three zones can be associ-
ated with the type of interactions that take place between sediment flow
and woody vegetation. The first (river channel) zone represents the area of
the floodplain close to the river channel where, because of consistent solid
transport, high tangential stress and frequent anoxic conditions, woody
vegetation is presented only as small bushes or is totally absent. The
second (forested) zone is characterized by stands of mature trees which
stabilize the terrain and interact with the flow field during flood events in-
creasing the deposition of sediment across the land surface in a reasonably
extensive way and inducing a general increase in land surface elevation.
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Figure 3.22: Evolution of woody debris and pioneer species through the time period
considered in the nalaysis (1966-2001).
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Figure 3.23: Frequency distribution for bare ground (bars) and canopy height (dashed
lines) from Lidar data for 2001, and vegetation persistence between 1966 to 2001 (solid
line) with respect to the relative elevation of the floodplain within the study area
in 2001. The figure is effective in convey the existence of different area of influence
characterized by different physical controls: flow (blue area) and vegetation (green
area) dynamics.

These two zones are connected through a highly dynamic buffer area,
where the mutual interaction between riparian tree species, river flow and
sediments is patchy, initiating scroll bar features that trigger accretion
processes of the convex bank. This interaction is initiated by the depo-
sition of entire uprooted trees and pieces of wood that become aligned
parallel to the river and then sprout to form ridges of shrubs that form
areas of high flow resistance and surface roughness (Gurnell et al., 2001).

Finally, it has to be remarked that this section of the Tagliamento
River underwent notable channel adjustments (i.e. narrowing and inci-
sion; see Ziliani and Surian, 2012). The observed interactions between
riparian vegetation and evolving meander morphology might reflect also
these processes of channel adjustments together with meander dynamics.
Therefore we argue that the quantitative expression of the observed flood-
plain vegetation and topography patterns may differ from those that might
be observed in the case of a freely evolving meandering stream. Neverthe-
less, the proposed analysis appears to clearly highlight the existence and
main features of the three different biophysical zones (river channel area,
forested area and an intermediate interaction zone) that characterize the
accretion process of meander bends.
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3.6 Conclusions

This work has applied remote sensing and image analysis techniques to
investigate the relationship between vegetation and river morphology in
the evolution of two river meanders. Analysis of Lidar data collected in
2001 has highlighted a strong correspondence between riparian canopy
structure and geomorphological features within the floodplain area. In
particular, vegetation cover has been found to be distributed in bands
according to a ridge and swale pattern, typically initiated by scroll bar
formation, which characterises the topography of the convex bank. More-
over, the analysis performed to investigate temporal changes in the extent
of vegetation related with river channel lateral migration has further sup-
ported the necessity to interpret the final river morphology as the result
of a two-way interaction between vegetation pattern dynamics and river
processes. The outcomes of the two analyses show that the influence of the
river diminishes while the effect due to the presence of trees increases with
distance from the contemporary channel edge and this behaviour encom-
passes a buffer zone where the accretion processes take place. With this
analysis we demonstrate how the combination of two different types of re-
motely sensed data: Lidar and and air photographs can provide important
information on the processes of accretion at the inner bank, when applied
to the scale of individual meander bends. The analysis can be extended
by including the relevant hydrological processes that drive the interaction
and associate them with the geometry of the structures observed within
the floodplain to investigate the scales of the physical phenomena that are
involved.

The present work constitutes a further step in understanding the still
not clear biophysical controls of the accretion processes in meander evo-
lution and provides information to support future research in developing
bio-morphodynamic models for meandering rivers able to investigate pro-
cesses of chute cut-off.
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Chapter 4

Riparian wood structure and floodplain to-

pography: field measurements in a freely evolv-

ing meander bend of the River Tagliamento

The present chapter presents the results of field measurements conducted
in a natural meander of the lower reaches of the River Tagliamento, Italy.
The aim of this work is to support the findings of the remote sensing
analysis (presented in Chapter 3) and to give evidence of the potential of
this analysis for providing information for bio-morphodynamics models.

4.1 Introduction

In the last 15 years, field observations have revealed the interactions be-
tween riparian vegetation and fluvial processes within the active river cor-
ridor, highlighting how these processes are rather complex when investi-
gated at the local scale. At a macro-scale, presence of vegetation along
the river edges influences river size and planform evolution essentially by
strengthening sediments and modifying river bank stability (Toledo and
Kauffman, 2001; Micheli et al., 2004; Allmendinger et al., 2005; Pizzuto
et al., 2010). Field work conducted at a smaller spatial scale, has suggested
that individual plants or vegetation patches, including wood debris, can
trap and stabilize sediments, initiating scroll bars and pioneer landforms
(Gurnell et al., 2001, 2005; Corenblit et al., 2009). Moreover, the reten-
tion of soil moisture together with organic matter facilitates plant growth
or new plant establishment leading to the formation of stable vegetated
landforms that determine bank development. In meandering river sys-
tems these feedback processes take place within the exposed sediments of
the emergent bar in the low flow channel where vegetation species may
colonize the exposed sediment (Gurnell and Petts, 2006). Moreover, a
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direct relationship between fluvial disturbances (flow events) and the per-
sistence of vegetated landforms exists, for which the longer the pioneer
landform evolves and the vegetation establishes the higher the magnitude
of the flood event required to remove it or to modify the advancing bank
morphology (Corenblit et al., 2007; Gurnell et al., 2012).

Furthermore, analysis of historical sources, particularly information
acquired by remote sensing techniques, has revealed temporal dynam-
ics that were previously inferred from field measurements (Zanoni et al.,
2008; Garófano-Gómez et al., 2013) and has allowed field analyses to be
extended across large areas (Bertoldi et al., 2011a). Conversely, field in-
vestigation may support interpretation of analyses of remotely-sensed in-
formation (Bertoldi et al., 2011b) and may provide information on physi-
cally based relationships involving vegetation dynamics that may then be
used to improve bio-morphodynamic models (Perucca et al., 2006, 2007;
Crosato and Saleh, 2011). We conducted a field measurement campaign
on an evolving natural meander bend of the lower reach of the Tagliamento
River (Italy), with the aim of investigating morphological structure and
its association with vegetation in order to quantify the linkages between
the spatial distribution of vegetation, river flows and the detailed local
floodplain morphology. The aims of the analysis are:

i) to detect and quantify the properties of riparian vegetation associ-
ated with the accretion process of the advancing bank of a natural
meander bend;

ii) to explore relations between flow, vegetation, and sediment transport
as potential controls on the observed topographic and vegetation
patterns in the advancing channel bank;

iii) to quantify the interlinked processes of opposing bank advance and
retreat (accretion and erosion) in an active meander bend over a
decadal time scale;

iv) to support the findings of the remote sensing analysis concerning veg-
etation/topographic structures along the accreting bank with ground
data.

4.2 Site choice and Description

Field measurements were conducted in an evolving bend of the lower
Tagliamento River, north-east of Italy. In particular, in order to collect
data that could be used to rigorously support the remote-sensing analysis
presented in the previous chapter, fieldwork should preferably have been
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located on the same two meander bends as were analysed in Chapter 3.
Unfortunately, there were several constraints that prevented the collection
of relevant field measurements at the same two bends utilised in the im-
age analysis. In particular, river engineering interventions implemented
in 2003 now protect the outer bank of the upstream bend from erosion,
and much of the natural forest within the study area has been replaced
with poplar plantations. For these reasons, a site for field measurements
was chosen that is located approximately 1km upstream of the original
study area, where considerable bend evolution has occurred since 2001.
Assuming that the original study area and the upstream site present anal-
ogous environmental conditions (Karrenberg et al., 2003) and comparable
morphodynamics behaviour, since they have similar planform and chan-
nel gradient, fieldwork was conducted on this upstream site to investigate,
at the local scale, floodplain and vegetation canopy structure in the in-
ner bank of an evolving meander. In this reach the interaction between
sediments and vegetation, particularly black poplar, leads to the forma-
tion of pioneer landforms (Gurnell et al., 2005), providing an appropriate
field location for investigating these interactions which have been found
to play an important role in the evolution of river morphology (Nanson,
1981; Gurnell and Petts, 2006).

The sinuosity of the surveyed bend is about 1.3, which would imply a
‘sinuous’, rather than ‘meandering’ channel pattern according to Church
(1992). Nevertheless, the expression ‘meander bend’ is used within the
present work for consistency with the wording often used within meander
modelling literature.

At the study site, interactions between river flows, sediment dynamics,
and colonisation and growth of vegetation, lead to the presence of three
distinct zones on the inner bends of freely-developing meanders: (i) a
lower zone on point bars, characterized by bare sediments, which often
shows extensive deposits of wood and uprooted trees; (ii) an upper zone
of mature riparian forest that extends across the floodplain; and (iii) an
intermediate and transitional zone that is mostly covered by shrubs and
young trees (Figure 4.1 and Figure 4.3).

The coexistence of alpine and mediterranean climate regimes within
the Tagliamento basin leads to a flashy pluvio-nival flow regime charac-
terized by very variable flow with rapid rising and falling phases (Gurnell
et al., 2001; Tockner et al., 2003). The daily peak oscillations in water
level recorded with a 30 minute frequency at the Madrisio gauging station
(reported in Figure 4.2 for the period 2001, 2004-2014) illustrate the flashy
character of water stage of the Tagliamento river near the study site. This
station is part of the river basin monitoring network of hydrometric sen-
sors and it is managed by the Protezione Civile and Ufficio Idrografico of
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Figure 4.1: The study area chosen for field investigations, depicted in the most recent
aerial photographs (2012).
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Figure 4.2: Water levels recorded at the Madrisio station (Figure 4.1) since 2001.
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Figure 4.3: Areas under different ages and densities of vegetation within the study
area: a) mature vegetation at the highest elevations of the inner bank; b) shrubs located
towards the upper part of the point bar; c) deposited wood and uprooted trees on the
middle to lower elevations of the point bar; d) exposed, bare sediment towards the
toe of the point bar with deposited wood and trees, and then developing woodland at
increasing elevations in the background.
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the Friuli Venezia Giulia region. Information on the water stage time se-
ries is used in the present work, because the complex morphology and the
high dynamicity of the river have prevented the development of a reliable
discharge rating curve.

4.3 Material and Methods

A combination of topographic surveys, measurements of tree dimensions
and age, and analysis of historical flow records allowed relations between
the landforms that characterize the accreting bank and flow disturbances
to be explored (e.g. Corenblit et al., 2009).

Topographic survey

Information on ground surface elevation was collected for transects per-
pendicular to the river edge within the inner bank, using a Leica differen-
tial GPS (model GPS1200+) and a Leica total station (model TCR705).
We applied the RTK (Real Time Kinematic) technique wherever the por-
tion of sky above the instrument was large enough to catch a consistent
number of satellites signals, and where these conditions were not met we
performed the measurements using the rapid static GPS method. There-
fore, the 3D positions of the points that lie on the bare sediments of the
point bar were collected using the differential technique (RTK), which
provides rapid and accurate (within 1-2 cm) measurements. In contrast,
the survey of the ground topography beneath the mature forestry was car-
ried out using the total station. In order to combine data from these two
sources, common control points were surveyed. Surveys of each of these
common points lasted between 5 and 10 minutes and the huge amount
of measurements collected during this time interval (order of 1000) were
then post-processed using the Bernese GNSS data processing software de-
veloped at the Astronomical Institute of the University of Bern, AIUB
(Dach et al., 2007) in order to enhance accuracy up to 10-15 cm. These
operations allowed extraction of a complete profile of the inner bank from
the river edge through the riparian forest and onto cultivated fields on
the floodplain. A preliminary operation was required to correct the raw
GPS elevation relative to the WGS84 ellipsoid and to obtain the distance
from the geoid (orthometric distance), which represents the mean sea level
surface.

The same inner bank profile (transect) was extracted from the DEM
estimated from the Lidar survey run in the early spring of 2001 (see Chap-
ter 3). Because bathymetry of the wet portion of the river channel was
unknown for both the cases considered (section of 2001 and 2014) the bed
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elevation was approximatively reconstructed considering that the typical
flow pattern of river meanders, inducing scour on the external bank of the
bend and deposit at the point bar, generates a nearly triangular shape of
the river channel cross-section (Leopold and Wolman, 1960) with outwards
increasing lateral slope. However, detailed measurements collected for the
point bar during low water stage were used to partly reconstruct the wet
portion of the cross section extracted form the Lidar survey of 2001, in-
ferring that the two sections may present a similar channel bed geometry.
Because field measurements were conducted only on the inner bank, the
outer bank was reconstructed from the elevation extracted from the 2001
Lidar survey, imposing an analogous slope for the cut bank for the two
dates (2001-2014). Considering that conditions in vegetation cover and
sediments that constitute the river banks have not changed during the
time period considered, the latter appears a reasonable assumption. A
more complete characterization of the point bar morphology was obtained
by surveying other inner bank profiles along the river bend at different
distances from the bend apex, each extending from the shoreline to the
beginning of the riparian woodland.

The topographic data were collected following the projection system
UTM33 datum ETRF2000 (known as RDN) and converted according to
the Italian reference system Gauss Boaga Roma 40, est (zone 2).

The entire set of points collected during the field measurements is
presented in Figure 4.4, where it is overlain on the aerial photographs
taken in 2012 The surveyed points only partly overlay the 2012 inner
bank as a result of the strong lateral migration that has occurred in the
last two years. However, this operation provides evidence that the survey
was geo-rectified properly. In particular, three features were chosen as
reference points: two points close to the outer bank of the downstream
meander and a small path that crosses the riparian woodland which was
used to survey the ground surface and that it is easily recognizable from
the aerial photograph (see Figure 4.1).

Estimation of vegetation canopy characteristics

Tree height and age, together with the vegetation density distribution
were estimated in order to provide three-dimensional information on the
vegetation canopy structure within the study area. In this operation we in-
cluded only Populus nigra (black poplar). Vegetation spatial distribution
was estimated in patches that were chosen along the surveyed transect for
their homogeneous vegetation characteristics. The plant density within
each patch was estimated by counting the total number of trees within a
rectangular quadrat whose dimensions were adjusted according to the size
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Figure 4.4: Points surveyed during the field workin 2014 superimposed on the most
recent aerial photographof the site (2012). L1 and L2 are the two GPS points collected
with the static technique used to geo-correct the survey conducted using the total
station.

of the trees to ensure a sufficient sample area. Vegetation density values
were scaled by the corresponding patch area to provide a density per unit
area. Within the area of each quadrat one or more trees, identified as the
most mature/tallest, were cored at 1 meter above the ground so that the
annual growth rings could be counted to estimate the tree’s age, following
(Francis and Gurnell, 2006; Moggridge and Gurnell, 2009). The height of
each of the cored trees was estimated using a clinometer and their diam-
eter was measured at 1 m above the ground to correspond to the height
at which the core was taken. The height, diameter and estimated age of
the trees were used to compute a growth curve for Populus nigra at the
study site, and to estimate a relationship between tree height and trunk
diameter that, together with the growth curve, would allow the height and
age of trees to be estimated once the diameter is known.

Analysis of historical hydrological records

Since fluctuations in water stage are fundamental in driving riparian vege-
tation processes (Mahoney and Rood, 1998; Camporeale and Ridolfi, 2006;
Pasquale et al., 2012) the oscillations of the local water level within the
period considered in the analysis (2001-2014) were estimated based on the
historical water stage records monitored at the Madrisio station, which is
located 4 km upstream of the field site (Figure 4.1). The values recorded
at this station were correlated with the water level measured at the same
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time in the study area during the topographic (4 June 2014) and Lidar
(9-13 April 2001) surveys to derive an approximate linear relation between
the water stage in the two sections. This approximate relationship allowed
a hypothetical water stage time series for the study area to be constructed.

The modes of historical water stage oscillations were also investigated
through a Continuous Wavelet Transform in order to explore potential cor-
relations between oscillations related to flow pulses of different intensities
and the rates of lateral channel migration observed through the analysis
of air photographs.

Simplified analysis of morphological activity

Once the cross section geometry is known and an approximate recon-
struction of the water stage time series has been achieved, it is possible
to translate the hydrological record into time series of biomorphodynamic
relevance. A simplified, quasi 1-D hydraulic modelling approach was used
for this, with similar assumptions to those already employed by Bertoldi
et al. (2010) to investigate morphological activity in a upstream braided
reach of the Tagliamento River. The modelling approach is based on En-
gelund (1964) and Lotter (1933) and allows the lateral variability of flow
parameters across one river transect to be estimated for a given value of
the water stage by partitioning the cross-section into vertical strips where
local uniform flow conditions are assumed. The above approach can be
justified if the following assumptions hold:

• the water level slope is vanishing across the transect (horizontal water
surface);

• the longitudinal riverbed slope is constant across the transect;

• the shear stress acting between adjacent vertical strips having dif-
ferent longitudinal flow velocities is negligible with respect to the
near-bed shear stress, i.e., with respect to the shear acting between
the fluid and a solid surface.

The above method allows the lateral variability of longitudinal flow ve-
locity and local water depth to be estimated across the whole transect
for every reconstructed water stage value. Though relying on a series of
simplifying assumptions, such information can be used for a first quanti-
tative investigation of the relevant time scales of the processes whereby
flow, sediment transport and riparian vegetation interact and give rise to
the observed biogeomorphic floodplain patterns.

In order to estimate the time scales of morphological activity, first, the
temporal and spatial (across the transect) variability of the water depth
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a) b) c)

Figure 4.5: Example of sediment grain size surveyed during the field measurements
campaign: a) 0.2mm, b) 0.4 cm and c) 2 cm

is computed (i.e., of the inundation dynamics of the different morpho-
logical units in which the transect can be conceptually divided - Surian
et al., 2009). Second, the lateral variability of the dimensionless Shields
parameter θ, which is a commonly used measure of sediment mobility, is
computed and can be used as a proxy for detecting thresholds of mor-
phological activity in the system (Surian et al., 2009; Mao and Surian,
2010). In this first analysis bedload is assumed to be the main mechanism
for sediment transport, neglecting the influence of riparian vegetation and
the role of suspended load. For this reason we set the mobility threshold
(θcr) at the standard value of 0.047 (Meyer-Peter and Müller, 1948). The
Shields parameter was computed as

θ =
SD∗

∆d∗s
(4.1)

where S represents the longitudinal slope of the reach evaluated along the
channel axis (S ' 0.0009 in this case), ∆ is the relative submerged sedi-
ment density (set to the conventional value of 1.65), while D∗ is the water
depth which was computed as the difference between the free water sur-
face elevation, estimated using the water stage recorded at the Madrisio
station, and the ground elevation for each point of the cross section col-
lected during the field work. The diameter representative of the sediment
size d∗s was chosen for the different zones of the cross section in accordance
with field observations as 2 cm, 0.4 cm and 0.2 mm (see images of Figure
4.5). The use of * indicates a dimensional parameter.

This analysis is based on three main simplifying hypothesis: (i) the
water level time series has been reconstructed through relation (4.3) that
is based on only two data points; (ii) the analysis refers to a fixed cross-
sectional topography, while the meander bend has been consistently mi-
grating within the considered time period; (iii) the quasi-1D hydraulic
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model cannot account for the whole complex hydrodynamic patterns that
characterize the flow in a meander bend. Nevertheless, the validity of this
simplified approach can be justified for the present analysis, where the aim
is to attempt a first quantification of the relevant time and space scales of
the process of bend accretion and floodplain pattern development, and not
to provide a quantitative detailed modelling of the hydro-morphodynamics
of that specific meander bend. The validity is supported by: (i) strong
nonlinearities in relation (4.3) should not be expected because of the rela-
tively small distance between the Madrisio gauging station and the study
area, and related small size of the additional contributing catchment to the
study area with respect to Madrisio; (ii) while the cross-section has been
evolving morphologically, it sounds reasonable to assume that its shape
and size should not have changed dramatically, with the main expected
differences between 2004 and 2014 being an extension of the accreting
vegetated floodplain region and an increase in the bed scour close to the
outer bend region because of increased channel curvature; (iii) the main
shortcoming of the adopted quasi 1D hydraulic model is the impossibil-
ity of accounting for transverse flows associated by centrifugal effects and
topographic steering that are known to be relevant in meander bends,
while the model is however able to describe the outward increase of the
streamwise velocity component at least at a first approximation.

Remote sensing

A set of aerial photographs (see Table 4.1), covering a time period from
1993 to 2012, was assembled in order to quantify river channel planform
dynamics at the study site. To this aim, river banklines were digitized
in each of the aerial photographs and the distance between river banks
(inner, outer) for two consecutive dates was used to provide an estimation
of the lateral migration rates which were computed as follows

MR =
Ai
Li
, (4.2)

where Ai and Li represent respectively the area included between the in-
ner or outer bank of two consecutive dates and the length of the shifting
bend. Because the most recent aerial photograph available for the analysis
referred to the 2012, the present convex and cutting banks were approxi-
mately detected on the basis of information gathered in the field and later
corrected by using a Landsat image from April 2014. In order to be able
to compare the different dates, as for the analysis reported in the previ-
ous chapter (Chapter 3), all the images were geo-corrected to a common
coordinate reference system: the Italian national projection system Gauss
Boaga Roma 40 for the zone 2 (est).
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Year Type Scale Resolution (dpi) Pixel size (m)

1993 A, B/W 31,807 1200 0.80
1997 A, C 28,119 800 0.70
2001 O,C - - 0.50
2006 A 18444 600 0.85
2007 A 18084 600 0.86
2009 A 17489 1800 0.26
2012 O,C - - 0.21

Table 4.1: Details of the dataset used for the historical analysis. O = Orthophoto, A
= aerial, B/W = black and white, C = coloured.

Moreover, evolution of deposited wood into vegetation patches was
tracked from the set of available images. In particular we identified pieces
of wood deposited in 2001 and followed their evolution through images
from different dates until 2012 (the most recent high resolution image
available for the area). Later the positions of these features were located
in the field and the diameter of the tallest tree within each feature was
measured. Furthermore, the DEM generated from the Lidar survey con-
ducted in 2001 was used to obtain information on the initial geometry (in
2001) of the same transect that was surveyed in the field campaign.

4.4 Results

This section presents the outcomes of the analyses in relation to the ob-
jectives of this Chapter. Data collected in the field is investigated to
quantitatively describing the inner bank structure, including both topo-
graphic pattern and riparian forestry characteristics. This is combined
with historical hydrological data and remotely sensed data to investigate
the temporal evolution of the river banks.

4.4.1 Field observations of topographical and vegetation pat-
terns

Figure 4.6 shows a comparison of the same transect in 2001 and in 2014.
Data from 2001 were extracted from the LIDAR survey, while data from
2014 were obtained from field work combining GPS- and total station-
surveyed points. As already reported for other meander bends (Nanson,
1980), the collected data for year 2014 revealed an inner bank character-
ized by a rather complex topographical pattern. The external portion of
the transect close to the eroding bank (i.e., approximately between the
lateral distances 0 and 120m) has the typical cross-sectional shape for an
active meandering channel bend, with a lateral slope that is increasing
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Figure 4.6: Comparison between the cross section obtained from the field measure-
ments (2014) and that extracted from the DEM (2001).

towards the cut bank (e.g. Seminara and Solari, 1998). Further inward,
the 2014 transect displays a series of overlapping bed oscillations at two
different spatial scales: two large scale oscillations occur at the scale of
the wetted channel width: smaller scale oscillations, in the form of a
ridge/swale sequence are superimposed and occur in the most inner vege-
tated region (230-330m) with wavelengths of tens of meters (Figure 4.6).
Figure 4.7 presents an enlarged snapshot of Figure 4.6 in order to better
highlight the ridge/swale sequence, denoted by R/S. The same features
cannot be detected in the 2001 cross-sectional profile, because the inner
bank was much less developed and the cultivated, managed land area was
much closer to the active river section compared to more recent years (see
also Figure 4.15 for an aerial view).

Figure 4.8a and Figure 4.8b show, respectively, the growth curve and
the regression relations between tree height and diameter computed using
the field measurements. An almost linear relation can be inferred between
plant height and diameter, while the growth curve can be used to convert
estimates of tree height derived from remote sensing analysis (e.g., from
the analysis of LIDAR data presented in the previous Chapter 3) into
estimates of vegetation age.

From field observations and the analysis of aerial photographs, ripar-
ian vegetation appears to be organized in a hierarchical structure which,
according to the tree evolution stage, reflects different spatial patterns
(see the qualitative illustration in Figure 4.9). Along the area close to the
wet river channel (approximate lateral distance between 120 and 230m)
vegetation is mainly composed of dead wood and uprooted trees, while
from 230m onwards the ground is essentially covered by riparian wood-
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Figure 4.7: Cross section topography of the portion of the study area covered by
mature vegetation.
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Figure 4.8: a) Growth curve and b) linear regression relationship between height and
diameter for the riparian vegetation (specifically P. nigra) within the study area.
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Figure 4.9: Riparian canopy spatial distribution. Vegetation organized in a hierar-
chical structure with tree height increasing with distance from the river edge.

Diameter Class Diameter [cm]

1 3
2 7.5
3 15
4 25
5 40

Table 4.2: Diameter of each class used for the estimation of vegetation biomass
(Figure 4.10).

land. In the intermediate region, the vegetation is dominated by patches
of bushes (trees in their early stage of growth). Moreover, the bushes and
trees within the woodland are organized according to their age in bands
parallel to the river edge, presenting a density distribution that is different
for each band. Figure 4.10 shows the frequency distribution of trees of dif-
ferent diameter (i.e. age) (the value of each class is reported in Table 4.2)
for the whole sequence of ridges and swales denoted as B to F in Figure
4.7. A clear difference is evident between ridges and swales, with ridges
characterized by a much higher density of larger (greater diameter) trees
compared to swales that appear as small channels that are relatively free
of vegetation.

Coupling the topographical and riparian vegetation measurements al-
lows quantification of vegetation properties within the meander bend cross
section inferred from the remote sensing analysis of the previous chapter
(Chapter 3). In particular, and with reference to Figure 4.6, three main
zones can be identified, characterized by distinct topographical and veg-
etation properties: (i) the non-vegetated river bed (lateral distances 0-
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Figure 4.10: Riparian canopy spatial distribution. Vegetation organized in a hierar-
chical structure with tree height increasing with distance from the river edge.
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120m), (ii) the point bar with pioneer plant species, (120-230m) and (iii)
the mature forest area (230-330m). The river bed shows a regular pro-
file with outward increasing lateral slope, while the point bar and mature
forest portion of the transect are characterized by overlapping bed topog-
raphy oscillations at two different scales, which are reflected by analogous
fluctuations in the age/height/diameter and density of the riparian trees
(specifically P. nigra). The point bar is mainly occupied by deposited up-
rooted trees and colonizing herbs and grasses, while the density of trees
in the mature riparian forest is characterized by small scale transverse os-
cillations that reflect the topographical patterns of ridge/swale sequences
(an example is reported in the pictures of Figure 4.3).

4.4.2 Quantitative analysis of the interplay among flow, vege-
tation and sediment transport

The linear relation derived between the water level hmadrisio recorded at
the Madrisio station with reference to a local datum and the water level
hbend (measured above the mean sea level) in the study area, based on the
data collected during the field work and extracted from the 2001 LIDAR-
derived DEM, reads:

hbend = 1.3756hmadrisio + 2.1756 . (4.3)

This relation was used to reconstruct an approximate time series of water
stage in the study area for the period 2004-2014, i.e. the period for which
a continuous record was available at Madrisio. The reconstructed water
stage time series is reported in Figure 4.14.

By associating the water levels on the graph of Figure 4.14 with the
elevation of the surveyed points on the cross section from the field investi-
gations (Figure 4.6), it was possible to obtain a first quantification of the
dynamics of inundation and of morphological activity at the study area.
Figure 4.11 displays the 2014 transect geometry (green line; the same as
that reported in Figure 4.6) together with the percentage of time, with
respect to the 2004 – 2014 period, during which each point of the transect
would have been submerged on the basis of the 1D hydraulic modelling
approach.

The three different zones previously detected display rather different
properties in terms of their inundation dynamics. Only the most external
portion of the non-vegetated river bed (roughly the first 25 m from the
eroding bank) is predicted to be wet for more than 50% of the considered
time period. The inundation duration of the whole region, including its
innermost part, is greater than 10% over the 2004-2014 decade. The
duration of inundation for the point bar region colonized by pioneer trees
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Figure 4.11: Time period (express as a percentage) for which a chosen point along
the cross section would have been submerged during the time interval covered by the
hydrological dataset.

ranges between 5% and 10% of the whole decade, which is considerably
lower than the unvegetated riverbed and shows some variability related
to the large scale topographic oscillation associated with this part of the
point bar. Finally, the inundation duration of the innermost portion of
the transect, the mature forest area, is much more regular compared to
the other two regions and spans less than 5% of the reference period used
for this analysis, corresponding to the largest flood events.

The difference in inundation dynamics among the three regions is even
clearer in the plot reported in Figure 4.12, which shows a duration curve of
the local water depth values predicted at three lateral locations representa-
tive of the three different biomorphodynamic regions of the transect. The
analysis shows how the three different areas have been submerged with a
temporal frequency that changes by an order of magnitude between each
area (see Figure 4.12).

Following the analysis of the period of time for which each area would
have been inundated, a similar analysis investigated the different dura-
tions of expected morphological activity for each of the three regions in
which the transect has been partitioned. The result is reported in Figure
4.13a,b. In Figure 4.13a the value of the surface sediment size surveyed
during the field campaign is used to compute the Shields mobility parame-
ter, while in Figure 4.13b the representative diameter of the gravel fraction
that characterizes the surface of the innermost part of the non-vegetated
bed region has been used. The two diagrams provide complementary in-
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Figure 4.12: Percentage duration of local flow depth values predicted over the con-
sidered time period (2004 – 2014) for each of the three lateral locations chosen as
representative of the three zones in which we subdivided the cross section: non vege-
tated river bed, point bar with pioneer species and mature forest area.

formation. Figure 4.13a indicates that at the representative location, the
representative surface sediment for the river bed, point bar and mature
forest can be locally transported for 2.2%, 1.2% and 0.6% of the time
period, respectively. These numbers show a rather different proportion if
compared with those related to the differences in inundation dynamics for
each region. This is related to the fining of the surface sediment towards
the accreting part of the transect. It also appears that the expected values
of the Shields parameter increase rapidly with water depth in the inner-
most region (mature forest) where typical values of suspended sediment
transport are achieved (θ > 0.2), while more limited values characterize
the unvegetated bed region, where local conditions mainly correspond to
bedload transport of the representative sediment size (θ < 0.15).

A much stronger difference, analogous to that characterizing the inun-
dation dynamics appears instead in Figure 4.13b, where the same sediment
size has been used (ds=0.02m). This indicates that in the innermost re-
gion (mature forest) conditions for gravel bedload transport are met only
for a duration of 0.12% of the whole period of analysis, i.e. for about
5 days over 11 years. Figure 4.14 reports the height threshold value for
water elevations able to transport sediment for the different zones within
the study area.

The analysis of vegetation dynamics in the evolving river transect was
carried out by locating the position of deposited trees detected on the 2001
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Figure 4.13: Percentage duration of expected morphological activity in the considered
time period (2004 – 2014) estimated using a) the value of sediment size surveyed during
the field campaign and b) imposing a constant value (0.02 m), for each of the three
lateral locations chosen as representative of the three zones in which we subdivided
the cross section: non vegetated river bed, point bar with pioneer species and mature
forest area.
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Figure 4.14: Threshold value of free water surface elevation for the three different
zones: channel bed (no vegetated area), point bar (pioneer landforms) and inner bank
(mature vegetation). Water levels exceeding the height threshold for a zone result in
morphological activity.
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point Coordinate East Coordinate North Diameter [cm]

P1 2363376.146 5075476.023 15
P2 2363359.365 5075489.862 19
P3 2363346.626 5075448.742 10
P4 2363290.626 5075463.721 24

Table 4.3: Coordinate in UTM ETRF 2000, 33, of the points tracked for different
dates and the correspondent tree diameter measured during the field campaign.

aerial image in the field, and by measuring the diameter of the largest tree
at the same location (as an indicator of patch age).

By tracking the evolution of deposited wood through time (position
reported in Table 4.3), it was possible to show that in general vegetation
farther from the river edge has grown faster than the vegetation that was
partially submerged in 2001 (see Figure 4.15 and Table 4.3 Coordinate in
UTM ETRF 2000, 33, of the points trucked for different dates and the
correspondent tree diameter measured during the field campaign). How-
ever, values reported in Table 4.3 for the different points show that trees
at position P4 have grown much more than the trees located at points
P2 and P1 although P4 is closer to the river edge and therefore exposed
to higher stress condition (a longer anoxia period and elevate shear stress
values) especially in the early phases of growth (see Figure 4.15). This
may indicate that the influence of river processes on the riparian vegeta-
tion does not depend only on the position of the tree along the transversal
transect (close or far from the non vegetated river bed) as it has been
typically assumed when modelling riparian vegetation dynamics (Perucca
et al., 2006; Camporeale and Ridolfi, 2006), but more specifically on the
relative location of the deposited tree with respect to the flow pattern
associated with the river bend. Indeed, as it is possible to observe from
the sequence of images in Figure 4.15, the point bar portion located up-
stream of the bend apex is mainly covered by bare sediments, while in
the point bar region downstream of the bend apex, vegetation is rather
homogeneously covering the ground. However, tree diameters reported in
Table 4.3 show that the trees surveyed at locations P3 and P4, even being
rather close (about 20m) one another, present a different rate of growth.
A possible interpretation is the streamline convergence that is expected
downstream of the bend apex (Zolezzi et al., 2012b; Frascati and Lanzoni,
2013), which dissipates flow energy, thus generating low velocity areas that
may protect the growth of trees at the downstream end of the point bar
at its innermost side.
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Figure 4.15: Position of the tracked points P1,P2,P3,P4 reported in Table 4.3 dur-
ing different phases of the evolution process. Aerial photographs from 2001 to 2012,
Landsat image from 2014.

76



4.4. Results

Figure 4.16: Area eroded and deposited estimated using the aerial photographs avail-
able from 1993 to 2009.

4.4.3 Temporal erosion and accretion dynamics in the evolving
meander bend

Images obtained by overlaying river channels from different dates (Figure
4.16) allow the estimation of the lateral migration rates for the cut bank,
when the images are overlain chronologically, and for the accreting bank,
when the inverse order is applied. Results expressed in m/year and are
reported on the water stage graph in relation to the time interval for which
the migration rates were computed (Figure 4.17), so that it is possible to
visually associate lateral migration rates with the water stage pattern of
that period. A clear difference emerges between both erosion and accretion
rates computed before and after 2008, with rates of migration of both
banks being much higher after 2008.

The comparison of the 2014 and 2001 transects reported in Figure 4.6
also provides evidence of the cumulative processes of outer bank erosion
and of inner bank accretion that took place at the outer and inner bank,
respectively. From this comparison, it emerges that the meander bend
evolution has eroded an estimate cumulative sediment volume of 1250
m3/m and deposited a cumulative sediment volume of 550 m3/m.

Results from the wavelet analysis, performed on the historical hydro-
logical dataset recorded at the Madrisio station, are reported in Figure
4.18. From the observation of the contour plot (b) and the Global spec-
trum (c) two main frequencies arise: one with period of around 30 days
and the other characterized by a period of 130 days. More interesting is the
Scale-Averaged Wavelet Power for the frequency interval that includes the
two detected, globally dominant water stage oscillation frequencies, i.e.,
30-150 days: Figure 4.18d shows quite clearly a marked increase in water
stage variability after 2008.
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Figure 4.17: Value of lateral migration rates computed for the cutting (red) and
convex (blue) bank. The migration rate is expressed in meters per year considering the
distance along the trajectory perpendicular to the bend apices. The external bank is
always eroded while for the inner bank positive/negative values corresponds to accre-
tion/erosion, respectively. Each couple of values is reported in correspondence of the
related time interval.

4.5 Discussion

Topographic and riparian vegetation patterns in accreting meander
banks

Field observations confirm that patterns in riparian vegetation and bed
topography have mutual relations, in qualitative agreement with the out-
comes of the remote sensing analysis of Chapter 3.

At a given time, the cross section profile changes according to the
properties (mainly the spatial pattern distribution) of the vegetation: a
sharp profile associated with bare ground (river bed, Figure 4.3d), pioneer
landforms associated with the presence of large woody debris (river point
bar Figure 4.3c,b) and more regular, small-scale oscillations within the
establishing vegetation cover (inner bank, Figure 4.3a). The mutual feed-
back between topography-vegetation giving rise to the observed patterns
is also supported by the analysis of vegetation density within the vege-
tated area, which quantifies the presence of vegetation on ridges, while
swales are characterized by the almost complete absence of vegetation
(Figure 4.10 and Figure 4.3a). These results are consistent with field ob-
servations of the influence of riparian structures on floodplain planform
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Figure 4.18: Wavelet analysis of the historical river stage record (2004-2014) at
Madrisio. (a) Normalized water stage time series; (b) contours of the wavelet power
spectrum of the normalized water stage. The area below the thin continuous line is
less significant because it is subject to the influence of boundary conditions; c) global
power spectrum that coincides with the Fourier Transform; d) variance variation for
the frequency ranges from 30 to200 days.
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Figure 4.19: Conceptual scheme of the inner bank showing morphological and ripar-
ian canopy structures.

(Hickin, 1974; Gurnell and Petts, 2006) and the conceptual models that
have been developed to investigate the interaction between vegetation and
river morphology (McKenney et al., 1995; Grenfell et al., 2011).

Such mutual interaction produces patterns, which are suggested to
be organized at two different spatial scales. Investigations of river cross
section geometry for two different dates (2001 and 2014) have indeed high-
lighted the presence of complex morphological associated with the accre-
tion processes (Figure 4.6). Two macro oscillations (point bar and old
bank) scale with the channel width can be detected and several random
variations characterized by a smaller spatial scale. However, these ap-
parently irregular oscillations display a quite regular pattern of alternate
ridges and swales typical of scroll formation in meandering rivers (Nanson,
1980). In particular, these features are related with the presence of ripar-
ian vegetation that, interacting with the flow and sediment, leads to the
formation of scours (swales) and deposits (ridges) around trees or dead
wood. The existence of these patterns was already well known from the
studies of Nanson (1981); Hickin (1984) but the quantification of the veg-
etation and topographic properties, as well as its spatial scales (micro and
macro) don’t seem to have been quantified in previous works. The spatial
scale of the macro-oscillation approximately coincides with the scale of the
streamwise vegetation age/ topographic bands detected from the remote
sensing analysis (about 80-100 m).

Figure 4.19 shows how the cross section can be partitioned in three
main zones characterized by interaction among flow, vegetation dynamics
and sediment transport occurring at different time scales and produc-
ing different type of patterns and where the dominant biophysical pro-
cesses are different. Vegetation growth and decay, for similar soil and
plant species conditions, is related to the temporal dynamics of water
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level oscillations within the flooded area (anoxic periods, shear stress or
low moisture for the roots), vegetation is organized spatially (along the
transversal coordinate) according to the water stage (Nanson and Croke,
1992; Décamps et al., 1994; Bendix and Hupp, 2000). Indeed, Figure 4.11
shows different time persistence of inundation periods for the different el-
evation zones of the inner bank profile (reference elevation associate to
the points reported in Figure 4.6). Moreover, the different time scales
presented in Figure 4.11 highlight a substantial differences between the
different areas which lead to a different spatial organization of the ripar-
ian trees along the transect. Evidence of this can be found by comparing
this latter graph with the growth curve reported in Figure 4.8a, consid-
ering that young vegetation (< 2 years) is less resilient to frequent stress
condition and needs dryer periods to grow. Evidence of interaction with
sediment transport is provided also by Figure 4.13.

It can be conjectured that micro-oscillations are related with complex
3D patterns (secondary flows, as hypothesized by Nanson and coworkers)
while macro-oscillations, scaling with the average wet channel width, may
be associated with larger scale flow patterns, with a less local, ‘bulk’ effect
of vegetation on the flow dynamics.

Finally, it must be noted that, as already observed by Ziliani and
Surian (2012), the surveyed reach has been subject to channel adjustment,
leading mainly to incision, as it appears in Figure 4.6, where there is a
surface in the outer bank (recent terrace) higher than the surface in inner
bank (floodplain). As discussed also in Chapter 3, such overall adjustment
is likely not to significantly affect the main outcomes of the present work,
at least qualitatively, though a quantitative inspection of its role certainly
deserves future investigations.

Implications for modelling the planform evolution of single-thread
channels

Increasing awareness of the need to develop planform evolution models
able to incorporate the different dynamics of the advancing and retreating
banks has highlighted a substantial knowledge gap on the interactions
between vegetation and fluvial processes that complicate the development
of physically-based models (see Chapter 2).

The quantitative characterization of the advancing bank dynamics in-
dicates several key ingredients for those model developments:

• need to incorporate flow unsteadiness as different time scales are
present in terms of inundation dynamics and morphological activity
of the wet channel, eroding and accreting bank. Besides highlighting
the major time scales of flow unsteadiness for a given river system,
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the variance plot of the constructed water level data (Figure 4.18d)
reveals that the river stage has been markedly increased in the last
decade, showing an earlier time period characterized by lower vari-
ance and another more recent period by increased oscillations. This
latter result can be related to the values estimated for the migration
rates for the two banks (see Figure 4.17);

• need to account that different processes may be more relevant in
different regions of a cross section;

• unsteadiness does not only refer to flow and inundation but also to
channel geometry (ex. observed oscillations of the width of the active
main channel). These are partially quantified through the analysis of
the aerial images. By comparing the decoupled analysis of the banks
migration rates with the changes in the degree of flow stage oscilla-
tions, a relation between the intensity of the erosion (high variance
fluctuation) and accretion (low variance fluctuation) migration rates
can be hypothesized. Nevertheless, according to the graph, the low
variance period that may correspond to the vegetation recruitment
phase is not enough for bank advance (e.g 50-1500 days, around 10
m/y), but it requires the low phase to be followed by variations in
water level (interaction between vegetation, river flow and sediments)
as has happened during the last 4 years (from 2000 to 3000 days).
This consideration is in agreement with other observations that have
been made on the interaction between sediments and vegetation in
generating river morphology (Hupp and Osterkamp, 1985; Francis,
2007; Hupp and Rinaldi, 2007).

4.6 Conclusions

Results obtained from the present analysis, together with the analysis of
Chapter 3, highlight how the combination of different techniques (field
investigation, remotely-sensed image processing and analysis of historical
time series data) may help in quantitatively investigating the biomor-
phodynamics of lateral migration of meander bends. Moreover, from the
investigation of the cross section topography and historical water stage we
identified some macro oscillations associated with different time periods
that in turn influence the vegetation spatial distribution. Two levels of
organization of the inner bank morphology arise: one (macro variation
and channel width) dependents on the water stage, the other determined
by the presence or absence of vegetation and its interaction with the water
flow (micro variation). Possible dynamic relations linking the patterns at
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the two scales still need further explorations.
Furthermore, the existence of three zones within the inner bank was

detected independently from three different analysis: from the analysis of
the historical hydrological data as difference water persistence time-length
above the ground and, more qualitatively, from the observation of the cross
section topography. Interestingly the same result was found previously
as result of a combination of analysis of Lidar data and historical aerial
photographs.

Moreover, the analysis shows how the information collected in the field
to characterize the riparian canopy structure complete the remote sensed
analysis conduced and reported in the previous chapter. For instance
the growth curve of the analysis on vegetation properties can be used to
convert maps showing the tree height distribution with tree age and, con-
versely, to interpret the values in the persistence map in order to estimate
the height of the riparian canopy. Therefore, from the analysis of aerial
photographs of an evolving vegetated meander where vegetation species
are known, it would be possible to characterize at each date the canopy
structure.

In this approach a first attempt to quantify lateral migration rates for
the convex and cutting bank in a actively evolving meander bend has also
been proposed. Although under hyper-simplified hypothesis, the founding
provides information on the evolution trend and, thanks to the analysis of
the signal of the river stage, allow to correlate the intensity of the lateral
migration with the temporal variation in water height level.

Analogously the findings of this analysis provide a solid base for future
research in developing bio-morphodynamic models that aim to reproduce
and investigating the accretion processes at the inner bank in meandering
river planform evolution.
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Chapter 5

Modelling vegetation feedbacks on river me-

anders evolution: an insight into the accre-

tion processes

In this chapter a simplified bio-morphodynamic model is proposed to in-
vestigate for the lateral migration of a meandering river bend. The main
novelty compared to previous works is twofold: i) the accreting and the
eroding banks evolve under the effect of different processes and ii) the in-
terplay between bank accretion and riparian vegetation dynamics is mod-
elled explicitly, albeit in a simplified way. The adopted strategy is explic-
itly based on the knowledge developed from the analysis presented in the
previous chapters. Data from field investigations and historical hydrology
records (already introduce on the previous chapter) was used as input in
a final application that allows a preliminary, qualitative validation of the
proposed model.

5.1 Introduction

Riparian vegetation within the active river corridor, interacting with river
processes, acts as a ‘river engineer’ in controlling river channel morphol-
ogy and planform evolution (McKenney et al., 1995; Gurnell and Petts,
2006; Bertoldi et al., 2011b). In particular, for the case of river meanders,
vegetation associated to point bar development and subsequent formation
of scrolls has been denoted as fundamental in river channel lateral migra-
tion (Nanson, 1981). At the same time, the reinforcing action operated
by the root system on bank sediments increases their resistance to the
erosion processes, and thus influence the migration rates of the inner and
outer banks of meander bends and induce morphological changes at both
local (cross-section) and reach scale (Allmendinger et al., 2005; Braudrick
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et al., 2009).
Most of the models that have been developed to describe lateral mean-

ders migration are based on the simplified bank erosion law proposed by
Hasegawa (1977) and Ikeda et al. (1981) - HIPS model, under the funda-
mental assumption of constant channel width in time, implying the same
migration rate for the two opposite banks. Uncertainty in the application
of these models, essentially especially related to the lack of physical bases
for the lateral migration coefficient E, has motivated recent research ef-
forts aimed at addressing the separate dynamics of each river bank, and
the interaction between the channel and its floodplain. These efforts, how-
ever have mainly focused on modelling bank erosion/failure mechanisms
(Motta et al., 2012b) and the effect of floodplain erosional heterogene-
ity on lateral migration (Güneralp and Rhoads, 2011). Only recently,
bio-morphodynamics models have associated river migration rates with
vegetation biomass lateral dynamics to investigate the interplay between
riparian vegetation and meanders planform evolution, and vice versa. (Pe-
rucca et al., 2006, 2007).

The novel framework proposed by Parker et al. (2011) introduced a
new perspective in modelling meandering rivers, by addressing the lateral
migration of inner and outer banks separately. This concept of separately
evolving banks underpins channel width adjustment as a dynamic bal-
ance between the accretion and erosion processes that occur at the inner
and outer bank, respectively. Following this approach,Eke et al. (2011,
2014) were able to model river meanders evolution introducing closure
relationships for both the migration of the advancing and cutting bank,
accounting for the sediment exchange between the two bank regions and
the channel region.

An intriguing issue emerging from the modelling work of Eke and
Parker (2011); Eke et al. (2014) and from the recent experimental work of
van Dijk et al. (2013) is the way channel width adjusts in time in response
to a dynamic ‘dialogue’ between the two banks. In this respect, both
analyses put forward arguments supporting a ‘bar push’ or a ‘bank pull ’
driven width adjustment. Despite these recent improvements, however,
existing modelling studies haven’t explicitly addressed yet the biophysi-
cal processes of flow-sediment-vegetation interaction likely controlling the
development of floodplain patterns and channel morphology within the
advancing bank region, with the majority of studies being biased towards
the bank erosion mechanism.

Due the complexity of the involved physical processes, an hybrid reduc-
tionist–holistic model to describe such patterns in relation to vegetation
dynamics could provide better understanding of the physical controls of
the meanders planform evolution (Seminara and Bolla Pittaluga, 2012).
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Following this idea a bio-morphodynamic model has been developed that
couples a minimalist approach for the interaction between riparian vegeta-
tion and river processes with a non linear analitical model for morphody-
namics of a meander bend. The model proposed is used to: i)investigate
the bio-physical controls of inner bank accretion, ii) quantitatively asses
the role of river- and vegetation-induced processes on the developing ri-
parian patterns and iii) quantify channel width temporal variation in a
free migrating meander.The model is applied to idealized cases and then
it is preliminarily validated by using the data collected during the field
measurements presented in Chapter 4.

5.2 Method

In order to achieve the objectives listed above, the bio-morphodynamic
model is kept at the lowest possible level of complexity and in its first
stage of development the interactions between ecological system and flow
dynamics have been investigated at the cross section scale.

It is useful to first broadly illustrate the adopted modelling strategy be-
fore providing a detailed description of the proposed bio-morphodynamic
model. Because river morphodynamic processes occur on a timescales usu-
ally larger than those of riparian vegetation evolution, biological dynamics
and river morphology are here modelled accounting for such timescale dif-
ference (Figure 5.1). Under this fundamental assumption, the temporal
evolution of the system is analyzed sequentially, and the input hydrograph
is suitably thresholded in order to distinguish between high flows, which
are related to channel bed morphodynamics, and low flows, when riparian
vegetation evolution occurs. The interaction between flow and vegetation
is modelled converting the water stage time series into a stepwise sequence
of steady states whereby a local uniform flow is assumed at each stage (see
paragraph 5.2.4). In turn, the presence of vegetation within the inner bank
affects sediment mobility, determining the width of the morphologically
active portion of the cross-section, and therefore creating a feedback effect
on river bed morphology. Under the hypothesis of local uniform flow condi-
tions, a simplified relation is used to describe the sedimentation processes
induced by the interaction between riparian plants and the flow field (see
paragraph 5.2.1). The transverse bed profile in the active river channel is
obtained by applying an analytical morphodynamic model of flow and bed
deformation in constantly curved channels (Seminara and Solari, 1998, see
paragraph 5.2.5). An estimate of the eroding bank retreat rate over one
flood event (see paragraph 5.2.2) is obtained through a first application of
the bend morphodynamic model (solid line in Figure 5.1): this allows to
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adjust the active channel width, which corresponds to the new hydraulic
conditions (dashed line in Figure 5.1). The morphodynamic bend model
is applied a second time under the assumption of equilibrium conditions
for the representative discharge value chose for each high flow event. The
final outcome therefore results from a reciprocal exchange of information
between these two models at the different time-steps (see Figure 5.1). It
is worth to notice that the model allows sediments at the inner bank to be
either eroded or deposited. The different components in which the model
is structured are detailed below. In particular, since the morphodynamic
models adopted in the analysis are derived from a common framework,
this will be first introduced and afterwards the specific solutions will be
described.

5.2.1 Modelling the mutual interaction between vegetation dy-
namics and river processes

River processes constitute fundamental controls on riparian vegetation
dynamics, including the provision of nutrients and water to support vege-
tation growth, the availability of exposed sediments for the colonization of
pioneer species and the erosion of vegetated area. River processes there-
fore affect in a variety of ways the dynamics of riparian vegetation. On
the other hand, the interaction of riparian species with the flow field and
the sediments affects river channel morphodynamic, altering erosion pro-
cesses and inducing sediment deposition (vegetation-induced processes).
Figure 5.2 illustrates a sketch of the modelling framework, along with
the definition of the most relevant geometric and hydraulic parameters.
The vegetation biomass is represented through the dimensionless param-
eter b, which measures the local biomass density and ranges from 0 to
1. Moreover in Figure 5.2 h∗ and η∗ denote the water free surface and
the ground surface elevation, respectively; while D∗ represents the chan-
nel water depth. The variables referred to an orthogonal reference system
(s∗, n∗, z∗), in which s∗ is the longitudinal (streamwise) coordinate, n∗ rep-
resents the transversal coordinate orthogonal to s∗ and z∗ is the vertical
axis orthogonal to the plane where the axis s∗ and n∗ lie, and pointing up-
wards. Hereafter a superscript asterisk will indicate dimensional variables.
The quantities introduced are used in the formulation of the meander bend
morphodynamic sub-model described in 5.2.5.

River controls on riparian vegetation dynamics

The effects of river-induced processes on riparian vegetation have been
summarized using the vertical distribution curve of the local maximum
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Figure 5.1: Flow chart of the bio-morphodynamic model developed. For the case of
formative flood (Q > Qc), a first application of the bend morphodynamic model (solid
line) estimate bank retreat and allow channel width adjusting (dashed line). The bend
morphodynamic model is recall, a second time, to compute the new channel bed. The
procedure is iterate at each time step.
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biomass density proposed by Marani et al. (2013):

beq(η
∗) = 2 [exp(λ1(η

∗ − z∗b0)) + exp(−λ2(η∗ − z∗b0))]
−1 , (5.1)

where η∗ is the ground elevation, and λ1, λ2 quantify the rates with which
fitness decays far from its maximum, which is reached in correspondence of
the optimal elevation z∗b0. This latter refers to ideal conditions of moisture
availability expressed as distance from the water table (assumed horizon-
tal along the section), and can be changed opportunely to model different
groundwater conditions or different types of vegetation. The value ob-
tained from the relation (5.1) is then rewritten as

beq(η
∗) =

beq(η
∗)

beq,max
, (5.2)

with beq,max the maximum value of beq, to obtain a normalized value of
biomass ranges from 0 to 1. Moreover, the introduction of the parameters
(λ1,2) allows to account for two hydrological mechanisms that affect vege-
tation: the destructive action of the river flow and the control of sediment
moisture due to the water table depth. Increasing in λ values denotes
more specialized vegetation, able to grow up to an optimum biomass only
in a narrow range of bed elevation. As a result, the curves that can be
obtained by varying the values of λ1, λ2 and z∗b0 are comparable with the
three type of curves proposed by Perucca et al. (2006) for the biomass den-
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Figure 5.3: Example of distribution curves for biomass density varying the coefficient
λ1,2 in equation (5.1): a) λ1 = 1.1, λ2 = 0.02; b) λ1 = 0.1, λ2 = 1.0; c) λ1 = 0.4, λ2 =
0.7; with z∗b0 = 0.7 m.

sity (see figure 5.3), showing that, despite defined for meanders in tidal
environment, the law (5.1) fits well also for the case of fluvial meanders.

In order to model the temporal evolution of the vegetation biomass over
the cross-section, we adopt the dichotomic model proposed by Camporeale
and Ridolfi (2006). Vegetation growth during the exposed period (h∗ < η∗)
is modelled as function of moisture availability through the equation (5.2);
vegetation decay during the wet period is related with the negative effects
induced on the riparian species by the flow (e.g. uprooting, anoxia, burial).
Influence of such hydrological forcings on the biomass temporal evolution
is therefore modelled through the following equations:

db

dt∗
= σ1b

m1(beq − b)m2 , h∗ < η∗ (5.3)

db

dt∗
= −kbm3(h∗ − z∗b ) h∗ >= η∗ (5.4)

where b is the vegetation biomass, t∗ is time, beq represents the maxi-
mum vegetation biomass (derived from the equation (5.1)), the so called
’carrying capacity’, h∗ is the water level, η∗ is the ground surface and
m1,m2,m3 are species-dependent coefficients, while σ1 and k represent, re-
spectively, the growth and decay rates. Since the two latter parameters
also depends on the characteristics of the species and on the environmen-
tal conditions field informations are fundamental for the correct set up
of the model. Although model parameters might simulate the behaviour
of different species, their effect have not been investigated in this work
(m1 = m2 = m3 = 1).
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Vegetation feedbacks on flow and sediment transport

As described in Chapter 2, the interaction between riparian vegetation
and over-bank flow associated with soil reinforcement operated by plant’s
root system represents a fundamental mechanisms in the evolution of the
floodplain and in the lateral migration of river banks. In particular, pi-
oneer plants that colonize the inner bank or the presence of deposited
dead wood along the river affects the depositional and erosional patterns
initiating pioneeristic landforms that, for the case of river meanders, can
evolve in scrolls formation (Nanson, 1981; Gurnell et al., 2001; Nakayama
et al., 2002).

In order to quantitatively reproduce these effects in the model, two
hyper-simplified equations have been proposed. The first accounts for the
active role played by riparian plants in inducing sedimentation, and it
reads

dη∗

dt∗
= λ∗sedbD

∗
0, (5.5)

where λsed is the deposition rate expressed in mm/day, b is the overall
biomass and D∗0 is the local water depth. In equation (5.5) the deposi-
tion rate, expressed through the coefficient λsed, can be estimated from
field/laboratory observations (e.g. Welling and He, 1998; van Dijk et al.,
2013).

The reduced sediment mobility due to root system development is ac-
counted for by modifying the threshold value for which sediments can be
transported accordingly with

θc = θcs + θcvb
αt , (5.6)

where θcs is the threshold value for the incipient movement of the grain
for the case of bare sediments (typically taken as 0.047), θcv represents the
increase of stability due to the presence of trees’ roots and αt is a coefficient
that depend on the roots properties of the species considered. In this work
αt has been set to 0.6 in order to obtain a sediment reinforcement effect
stronger during the initial stages of the evolution of the riparian biomass.
The relation (5.6) indicates that the soil resistance to erosion, measured
through the critical Shields parameter for sediment motion θc, increases
nonlinearly with increasing biomass b, with a faster increase for relatively
lower values of b. The parameter αt in equation (5.6) has been chosen in
the range 0.5 - 1 in accordance with Bertoldi et al. (2014) while a value of
0.3 has been assumed in this first model development for θcs, which would
imply a maximum increase of the critical Shields parameter for sediment
motion θc up to the theoretical value of 0.347 when b = 1. It is important
to note however that the condition b = 1 is almost purely theoretical and
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never reached, with typical peak b values around 0.4, with a correspondent
soil reinforcement characterized by θc = 0.19 which appears in accordance
with the values proposed by Bertoldi et al. (2014).

Furthermore, changes in roughness associated with the presence of veg-
etation were accounted by varying the Strickler coefficient according to the
following linear relation:

k∗s = k∗sg + (k∗sv − k∗sg)b (5.7)

where k∗sg (assumed about 35 m1/3s−1) and k∗sv are the Strickler coefficients
associated with the bare sediments and ground with fully developed veg-
etation, respectively. In the present analysis the latter value was assumed
about 20 m1/3s−1, which is higher than what suggested by Bertoldi et al.
(2014) in order to account for the reduce effect on flow resistance due
to the patchy distribution that characterizes colonizing vegetation within
the inner bank. Moreover, the roughness estimated according to equation
(5.7) was converted to the Chezy coefficient in order to be consistent with
the following analysis (see paragraph 5.2.5)

5.2.2 Bank erosion submodel

Outer banks in meandering rivers typically present a cohesive top layer
often related to the presence of vegetation and a non-cohesive bottom
layer (Lauer and Parker, 2008). The action of fluvial erosion on the lower
layer undermines the upper one leading to its failure. Presence of block
of cohesive sediments at the toe of the bank increases the resistance of
the bank to the erosion, reducing its retreating rate (Parker et al., 2011).
The whole process is often modelled using an erosion coefficient; the rate
of lateral erosion ζ∗ for the external bank is modelled, following the es-
tablished approach proposed by Motta et al. (2012b), through the excess
shear stress relation

ζ∗ = M∗(τ ∗ − τ ∗c ), (5.8)

where τ ∗ is the longitudinal shear stress computed at the toe of the ex-
ternal bank, τ ∗c represents the critical stress threshold for the sediment
transport and M∗ is the lateral migration coefficient that depends on the
physical characteristics of the river bank (sediments and presence of veg-
etation) and can be estimated through field measurements (Darby et al.,
2007; Constantine et al., 2009; O’Neal and Pizzuto, 2011). Including rela-
tion (5.8) in the model, it has been implicitly assumed that material eroded
at the outer bank is immediately transported out of the section. This as-
sumption allows to keep valid the hypothesis of non permeable conditions
at the external border used by most analytical morphodynamic models.
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5.2.3 Flow unsteadiness

Quantitative bio-morphodynamic models for the study of the mutual inter-
action between vegetation and river processes crucially need to account for
temporal variability of streamflow (Camporeale and Ridolfi, 2006, 2010).
On the other hand, analytical solutions for flow field in meandering rivers
have been almost always derived for an ideal channel fed with a ‘forma-
tive’ constant discharge. For a given streamflow time series, the proposed
modelling approach first identifies a discrete number of ‘formative events’.
This is achieved by thresholding the series with a value that is obtained
as a percentage (α) of the maximum discharge value Q̄∗ of the analyzed
record, such that

Q∗f = αQQ̄
∗. (5.9)

For each formative event a ‘representative’, constant discharge value was
chose. Having neglected the unsteady effect the morphodynamic sub-
model developed cannot presently account for differences in intensity and
duration of the event. Afterwards, the quasi 1D hydraulic submodel 5.2.4
is applied to determine the portion of the morphologically active cross-
section over which the bend morphodynamic submodel is applied.

5.2.4 Quasi 1-D hydraulic submodel

Fluctuation in streamflow, required for vegetation dynamics, was mod-
elled using a quasi 1-D hydraulic model over an assigned morphology. In
this phase (see Figure 5.1) channel bed morphodynamycs and lateral bank
migration are not modelled and changes in bed elevation are restricted to
the depositional processes induced by the interaction between vegetation
and flow during the submerged period (according with equation 5.5).River
channel flow field and water stage is estimated for each discharge value by
partitioning the cross-section into vertical strips where local uniform flow
conditions are assumed (Lotter, 1933; Engelund, 1964). This approach is
valid under the assumption of: i) horizontal water surface, ii) constant
longitudinal slope across the transect and iii) negligible shear stress be-
tween adjacent strips with respect to the shear force acting at the near-bed
surface (the same modelly tool is used also in Chapter 4).

Lateral variability of both longitudinal flow velocity and water depth,
estimated across the whole transect by applying this method, are used as
input for the biological model (5.3)-(5.7). Moreover, the portion of the
morphologically active cross-section which formative conditions (Qf ) is
established considering the local values of Shields parameter (see previous
chapter) that exceed the critical value estimated through relation (5.6).

The above model was first used, in absence of erosion processes (fixed
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initial bed), to check the validity of the physically-based relationships
proposed in section 5.2.1 to describe the mutual interaction between river
and biological processes. The case of a free river bar in a channel subject
to fluctuation in water discharge that, thanks to periods of low flow, allow
the colonization of the exposed sediments and vegetation growth, appears
suitable for our purpose. The latter case of study was informatively used
to investigate the impact of river flow disturbance, moisture supply and
other hydrological aspects on the lateral biomass distribution.

5.2.5 Meander bend submodel

For every ‘formative’ event in the analysed hydrological record, the mean-
der bend submodel is applied over the morphologically active portion of
the cross section, i.e. the region for which

θ(n) > θc(n); (5.10)

where θ(n) is computed through the quasi-1D submodel described in Sec-
tion 5.2.4 (see Figure 5.1) and θc(n) is obtained through (5.6) and accounts
for the effect of laterally variable soil resistance to erosion due to vege-
tation. Note also that the lateral variability of the Shields parameter
θ(n) also incorporates the role of vegetation through its effect on the flow
roughness (5.7). Equation 5.10 is therefore also used to determine the
value of the cross-sectional active width and its temporal variability.

The meander bend morphodynamic sub-model consists of a 3D nonlin-
ear model for the flow and bed deformation in a bend of constant curva-
ture, in close analogy to the one proposed by Seminara and Solari (1998),
which here is slightly adapted to account for the lateral roughness vari-
ability associated.

The meander bend sub-model considers the steady flow of a con-
stant discharge Q∗ in a curved channel characterized by an initial width
W ∗ = 2B∗0 , radius of curvature R∗ and cohesionless bed. The curvature
of the channel axis is defined as C∗ = R∗−1 and assumed constant along
the longitudinal coordinate. The variables that characterize the flow field
are referred to an orthogonal reference system (s∗, n∗, z∗), where s∗ is the
longitudinal (streamwise) coordinate, n∗ represents the transversal coor-
dinate orthogonal to s∗ and z∗ is the vertical axis orthogonal to the plane
where the axis s∗ and n∗ lie. In particular, U∗,V ∗,W ∗ denote, respectively,
the longitudinal, transverse and vertical components of the local velocity
vector U∗ averaged over turbulence, D∗ is the local flow depth, h∗ is the
free surface elevation (see Figure 5.2). Furthermore, following this refer-
ence system, we denote by U∗0 ,D∗0 and C0 the average speed, depth and
friction coefficient that characterize the uniform flow that would occur in
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a straight reach of longitudinal slope S0 with the same discharge, width
and sediment size of the bend under analysis. It is convenient to cast the
mathematical problem in a dimensionless form; therefore we introduce the
following dimensionless variables

(s∗, n∗) = B∗0(s, n) (5.11)

z∗ = D∗0z (5.12)

U∗ = (U∗, V ∗,W ∗) = U∗0 (U, V,W ) (5.13)

(h∗, D∗) = D∗0(h,D) (5.14)

P ∗ = ρU∗20 P (5.15)

ν∗T = (
√
C0U

∗
0D
∗
0)νT (5.16)

q∗ = (q∗s , q
∗
n) = (qs, qn)

√
g(ρs − ρ)/ρd∗3s (5.17)

where B∗0 represents the initial width of the channel, P ∗ is pressure, νT
represents the local value of the eddy viscosity, q∗s and q∗n are, respectively,
the longitudinal and transversal component of the unit sediment rate vec-
tor q∗, g is gravity acceleration, ρs and ρ are water and sediment density,
respectively, and d∗s is the sediment grain size (assumed uniform). The
notation reported above allow us to write the governing equation for the
longitudinal and transverse momentum along with the continuity for the
fluid and sediments in their dimensionless form as follows:

β
√
C0(νTU,z ),z = NP,s−NC0β + V U,n +βWU,z +νNCUV (5.18)

β
√
C0(νTV,z ),z = P,n−νNCU2 + V V,n +βWV,z (5.19)

V,n +νNCV + βW,z = 0 (5.20)

P,z = − 1

F 2
0

(5.21)

qn,n + νCNqn = 0 (5.22)

where a comma indicates the partial derivative. In equations (5.18)-(5.22)
C is the dimensionless channel axis curvature, ν is the curvature ratio
and N the longitudinal metric coefficient due to the curvilinear system
adopted; which are defined as

C =
R∗0
R∗
, ν =

B∗0
R∗0
, N =

1

1 + νnC
. (5.23)

Due to the hypothesis of constant curvature, longitudinal derivatives have
been neglected in transversal momentum equation (5.19), the continuity
equation for the liquid (5.21) and solid (5.22) phase, while C assumes an
unitary value. Furthermore, several dimensionless parameters have been
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introduced in the system of equation (5.18)-(5.22), namely, the half-width
to depth ratio β, the Froude number F0 and the friction coefficient C0.
They are defined as

β =
B∗0
D∗0

; (5.24)

F0 =
U∗0√
gD∗0

; (5.25)

C0 =

[
6 + 2.5ln

(
D∗0

2.5d∗s

)]−2
(5.26)

In this analysis we will assume the channel wide enough to ignore the
hydrodynamic influence of the near-bank regions on the central portion
of the channel and the flow and the bed topography patterns slightly
perturbed with respect to the flow an bed topography in the reference
straight channel; this is related to the typical shallow-water condition and
to the ‘weak curvature’ common in natural meandering rivers, quantified
by the relations

β >> 1 ν << 1. (5.27)

The governing equations (5.18)-(5.22) are associated with the following
boundary conditions:

U = V = W = 0 (z = z0) (5.28)

U,z = V,z = W − V

β

dh

dn
= 0 (z = h) (5.29)

V = qn = 0 (n = ±1). (5.30)

The first condition introduces the local value of the conventional reference
level z0 at which the no-slip condition is imposed; the second condition
imposes that the shear stress must vanish at the free surface and the
requirement that the latter has to be a ‘material’ surface (i.e. moving
with the fluid); the third condition requires that the side walls must be
impermeable to flow and sediments.

In order to close the mathematical problem, two further closure re-
lations are needed for νt and q. Following the approach proposed by
Seminara and Solari (1998), νt is defined as:

νt = U(n, ξ)D(n)N (ξ), (5.31)

where U is the longitudinal flow velocity, D(n) is the local depth , ξ is the
normalized vertical variable defined as ξ = (D(n) + z − h(n))/D(n) and
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N (ξ) is the vertical distribution of the eddy viscosity, which reads (Dean,
1974):

N (ξ) =
k(ξ)(1− ξ)

1 + 2Aξ2 + 3Bξ3
; (5.32)

in which k is the von Karman’s constant and A = 1.84, B = −1.56.
Sediment transport (bed load) is determined by local flow conditions

and its direction deviates from the direction of the average bed shear
stress because of gravity action associated with a laterally sloping bed.
Such effect is well known to play a crucial role on the definition of the
transversal bed slope. Therefore, assuming such deviation to be a small
number, the bed load rate vector (qs, qn) can be written as:

(qs, qn) = Φ(θ)

(
1,
τn
|τ |
− r

βθ
η,n

)
(5.33)

where r is an empirical constant ranging about 0.6 (Talmon et al., 1995),
η = h−D is the dimensionless bed elevation, Φ is the dimensionless bed
load function for which several semiempirical formulas are available in
literature and mainly depends on the local value of Shields stress θ for
bed load-dominated river channels: θ is defined as

θ =
|τ |∗

(ρs − ρ)gd∗s
(5.34)

The problem formulated above is subject to the integral constraints stipu-
lating that flow and sediment discharge must be constant along the entire
reach. In dimensionless form they read:∫ 1

−1
Ddn

∫ 1

ξ0

Udξ = 2,

∫ 1

−1
Φ(θ(n))dn = 2Φ0(θ0), (5.35)

where the subscript ’0’ refers to the reference condition in the straight
reach.

In order to find a solution for the above problem, the following general
perturbation approach can be employed (e.g. Seminara and Solari, 1998)

U = ǔ(n)F(ξ) (5.36)

V = v̌(n)F(ξ) + νV1(n, ξ) (5.37)

H = h(n) + νȟ(n) (5.38)

D = D0(n) + νD1(n) (5.39)

in which F is a function for the vertical profile of the streamwise flow veloc-
ity, and v̌ denotes the local distribution of the secondary flow induced by
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curvature, with vanishing vertical average. The solution is found through
a classical procedure for which only the essential steps are recalled here.

At the leading order, O(ν0), the structure of F is obtained by means
of an iterative procedure to solve the streamwise component of the mo-
mentum equation (5.18), rewritten in terms of the vertically re-scaled co-
ordinate system (s, n, ξ). Using (5.31) and (5.32), the function F presents
the classical logarithmic profile corrected by a ‘wake’ function (see Figure
5.4a) and reads:

F =

√
C0

k

[
ln

ξ

ξ0S(n)
+ Aξ2 +Bξ3

]
; (5.40)

where ξ0 is the normalized form of the conventional non-slip reference
level. By imposing that the function F integrated along the water depth
has to assume unitary value, ξ0 reads

ξ0S =
ξ0

D0(n)
(5.41)

ξ0 = exp

(
− k√

C0

− 0.777

)
(5.42)

The transverse component of the Reynolds equations (5.19), at the
order O(ν) suggests to set

dh1
dn

=
F 2
0 a1(n)D0(n)

β
√
C0

(5.43)

V1 =
ǔ(n)D0(n)

β
√
C0

G(ξ, n) (5.44)

where the function G represents the vertical structure of the secondary flow
related with the centrifugal effect under constant curvature (e.g. Rozovskij,
1957), and it can be obtained by solving the following differential system:

[N (ξ)G,ξ],ξ = a1(n)−F2(ξ, n); (5.45)

G|ξ=xi0 = G,ξ|ξ=1 = 0; (5.46)

where a1 describes the transverse inclination of the water free surface
which satisfies: ∫ 1

ξ0

G(ξ, n)dξ = 0. (5.47)

An example of the function G for a fixed position along the transect is
reported in Figure 5.4b.

The morphodynamic problem for a bend of constant curvature just
formulated can be solved at different levels of complexity. Zolezzi and
Seminara (2001) obtained a linearized solution, while Seminara and Solari
(1998) were able to derive a nonlinear solution.
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Figure 5.4: Example a) of the vertical distribution of the functions F(ξ) and b) of the
vertical distribution of the function G(ξ) that describes the secondary flow component,
for a fixed position along the transect. The value of the friction coefficient C0 is set
equal to 0.008.

Linear solution

Following Zolezzi and Seminara (2001) a linearized solution for the depth-
average form of the problem (5.18)-(5.22) is derived for the case of constant
curvature channel, by assuming that the perturbations of water depth and
velocity are ‘small’ quantities relative to the uniform reference flow. By
neglecting any variation along the channel axis, the solution proposed by
Zolezzi and Seminara (2001) can be written as:

(U, V,H,D) = (U0, 0, H0, D0) + ν(u, v, h, d) (5.48)

(u, v, h, d) =
[
0, 0,

(
h̄1C + h̄2C

′
+ h̄3C

′′
)
,
(
d̄1C + d̄2C

′
+ d̄3C

′′
)]
n+
(
û, v̂, ĥ, d̂

)
(5.49)

with

(û, ĥ, d̂) =
∑
m

(um, hmdm)sin(Mmn), v̂ =
∑
m

vmcos(Mmn) (5.50)

becomes for the case m = 1 (first transverse Fourier mode):

(u, v, h, d) =
(
0, 0, h̄1, d̄1

)
n+ (û, 0, 0, 0) (5.51)

with

û =
∑

umsin(Mmn) =
b1 + a2b4 − a2F 2

0 b2
a1

, (5.52)
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where Mm = 1/2(2m+1)π and the coefficient h̄1 and d̄1 of equation (5.51)
are

h̄1 = b2 h̄1 = F 2
0 b2 − b4 (5.53)

The coefficients ai and bi are the coefficient of the depth averaged linear
system derived for the solution and they depend on the parameters that
define the reference uniform flow (see Zolezzi and Seminara, 2001).

Non linear solution

The fundamental difference between the ‘classical’ linear meander solution
described in the previous Section and the nonlinear solution of Seminara
and Solari (1998) is that this latter work assumes that the lateral bed slope
is a small parameter, which does not necessarily imply that the amplitude
of the water depth and velocity perturbations are ‘small’, especially when
the channel is wide and shallow enough. The perturbation of the water
depth is therefore modified compared to the classical linear approach such
that the reference flow becomes a locally uniform flow in a straight channel
with slowly-varying unknown water depth D0(n).

Let us then briefly recall how to determine the function D0(n) that
describes the lateral variation of the water depth at the leading order.
We first expressed the different term above introduce as function of the
unknown term D0(n). At the leading order the streamwise component of
the Reynolds equations allows to determine the function ǔ(n) introduced
in equation (5.39), describing the slowly varying uniform flow velocity in
the straight reference channel as

U = D0(n)1/2F(ξ). (5.54)

Moreover, at the leading order, the continuity equation for the solid phase
(5.22) imposes that the transverse sediment rate must vanish for each
point of the cross section. Therefore, by substituting the structure in-
dividuated for V1 and U , equations (5.44) and (5.54), respectively, into
equation (5.33), the relation for the unknown function D0(n) proposed by
Seminara and Solari (1998) can be written in the form:

dD0(n)

dn
= − ν

√
θ0

r
√
C0

G(n),ξ
F(n),ξ

|,ξ0D
3/2
0 . (5.55)

having defined τ = (τs, 0 + τ ′n) with

τ ′n =
D0(n)

β
N (ξ0)ǔ

2G,ξ|ξ0 (5.56)

τs =
√
C0N (ξ0)ǔ

2F,ξ|ξ0 (5.57)
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The form of equation (5.55) denotes that the transverse bed variation
is characterized by an increasing outward slope and that its amplitude
increases linearly with channel curvature, through the parameter ν, and
the square root of the Shields parameter. Because the functions F and
G depend on the transverse coordinate n, the equation (5.55) can not be
solved analytically. Therefore, the solution can be found by numerically
integrating equation (5.55) using a trial by error method that assigns an
initial condition in terms of the unknown function D0. The final solution
is obtained by imposing that the lateral variability of the water depth
satisfies the integral constraint on the liquid flow discharge expressed in
equation (5.35).

Non linear solution with transverse roughness variation

The non linear model for the evolution of the channel bed was then mod-
ified in order to account for the change in flow resistance associated with
the presence of vegetation within the evolving inner bank. The local wa-
ter depth, obtained from the quasi 1-D hydraulic model (paragraph 5.2.4)
accounts for the vegetation effects through relation (5.7). It was used to
compute the value of the friction coefficient C0 (5.26) at each position of
the cross-section. The new equation for the vertical distribution of the
uniform flow component F(ξ) then reads

F =

√
C0(n)

k

[
ln

ξ

ξ0S(n)
+ Aξ2 +Bξ3

]
(5.58)

with the normalized form of the conventional non-slip reference level given
by

ξ0S =
ξ0

D0(n)
; (5.59)

ξ0 = exp

(
− k√

C0(n)
− 0.777

)
. (5.60)

In the light of this, also the longitudinal component of the bed shear stress
τs (5.57) varies along the transect according with the relation:

τs =
√
C0(n)N (ξ0)ǔ

2F,ξ|ξ0 (5.61)

Under such condition, the effects induced on the river bed morphology due
to channel curvature are associated, through a ‘bulk’ effect expressed by a
modified coefficient C0, with the modification of the flow field induced by
riparian vegetation. On the other hand, vegetation success and growth is
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conditioned by the secondary flows that, modifying the river channel bed,
allow bare sediments to be colonized during the low flow. Therefore, this
rather simple feedback mechanism built-in the developed model allows to
link biological dynamics with morphological processes.

5.3 Results

The Results Section is organized in four parts. Section 5.3.1 presents at
its beginning the four streamflow time series that have been used as input
data for all the analysis included in this Chapter, discusses their signifi-
cance, and afterwards presents a model application to the idealized case
of a straight channel (limit case of vanishing curvature) without introduc-
ing any specific channel bed morphodynamic submodel. In this way bed
evolution is purely depositional, through equation (5.5) and no possibility
of bed scouring is foreseen. Such oversimplified, even unrealistic test case
is chosen with the sole aim to investigate the sensitivity of the adopted
submodel for riparian vegetation dynamics (Section 5.2.1) to the choice of
the several model parameters on which it is dependent.

Section 5.3.2 then focuses on the meander bend morphodynamic sub-
model presented in Section 5.2.5: it reviews the main outcomes of the
linear and nonlinear solutions and compares the classical nonlinear solu-
tion with that obtained by allowing a lateral variability of the friction
coefficient. The lateral evolution of a meander bend cross-section with
constant curvature is then analysed in Section 5.3.3 under three of the
adopted flow hydrographs introduced in Section 5.3.1. The results of this
analysis allow several answers to the research questions posed in Chapter
2, particularly in relation to the bed topography and vegetation patterns
developing in the advancing bank and in the floodplain as well as to the
temporal dynamics of the morphologically active channel width.

Finally, the results of a qualitative comparison between the outcomes
of the proposed model with the field and remote sensing observations
performed on the meander bend of the Tagliamento River (Chapter 4) is
presented in Section 5.3.4.

5.3.1 Riparian vegetation dynamics in response to hydrological
forcings

Different hydrological patterns were used to assess and quantify the influ-
ence of the main hydrological forcings on river channel morphodynamics,
in a natural evolving meander. To this aim, first we investigated a case
in which river water discharge oscillates with regular frequency (time be-
tween two consecutive flood event about 1 year) and constant amplitude,
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as reported in Figure 5.5. For this case formative condition are associ-
ated with the maximum value of discharge (420 m3/s). Then we relaxed
the regularity of the events by assigning a random distribution (in magni-
tude and time) of floods that realize as instantaneous increment in water
discharge (Figure 5.5b), investigating the effect of each discharge value
above the 273 m3/s. The first and the latter data set allowed to inves-
tigate the effect of temporal variability in discharge formative value and
of formative discharge fluctuation (without raising/decreasing phases), re-
spectively. Therefore, once identify the influence of these two hydrological
flow properties, these characteristic were merged in a new hydrograph
reported in Figure 5.5c (formative discharge threshold imposed equal to
236 m3/s). Finally, the historical hydrological dataset used for the analy-
sis of the field data presented in the previous chapter(Chapter 4) was used
to provide a first validation of the model, accounting as ‘formative’ the
flood above 570 m3/s. For all the four tests, the discharge threshold used
to define formative conditions was computed by imposing the coefficient
αQ of the equation (5.9) about 0.4.

An example of the river cross-section morphology and biomass distribu-
tion resulting from simulating the mutual interactions between vegetation
and river hydrology using the quasi 1-D model presented in Section 5.2.4 is
reported, for the study case of a sinusoidal cross-section and selective veg-
etation (λ1 = 0.3,λ2 = 1 and zb0 = 0.7), in Figure 5.6a. The initial cross-
section transverse profile (black thick line) was approximated through a
sinusoidal shape which can be considered as loosely representative of the
hypsometric curve of a straight reach of a channelized river with alternate
bars (Colombini et al., 1987). In addition, Figure 5.6b shows the positive
trend showed by the average value of river bed vertical accretion (black
line) and vegetation biomass (red line) associated with the imposed water
surface fluctuation (blue line). Despite a net increase in biomass growth
with respect to the initial phase, there is a decrease in vegetation biomass
at each flood event. On the other hand, having neglected the presence
of erosional processes and as consequence of the sedimentation induced
by the action of the vegetation on the over-bank flow field, the channel
bed keeps increasing its average elevation. In the figures 5.6a and b, the
green line represents the maximum biomass density distribution, carrying
capacity (5.2), at the beginning (a) and along (b) the simulation respec-
tively. This value, depends only on the distance of teh ground surface
from the water table (see equation (5.1)). It shows a slight variation in
correspondence of the first and the fourth flood event, around the 200th
and 1300th day of the simulation. The transversal variation of the river
channel bed responsible of these small fluctuations is reported in Figure
5.6a with a black thin line together with the final lateral distribution of

104



5.3. Results

a) b)

0 2 4 6 8 10
0

100

200

300

400

500

Time [year]

D
is

ch
ar

ge
[m

3 /s
]

0 2 4 6 8 10
0

100

200

300

400

500

Time [year]

D
is

ch
ar

ge
[m

3 /s
]

c) d)

0 2 4 6 8 10
0

100

200

300

400

500

Time [year]

D
is

ch
ar

ge
[m

3 /s
]

0 2 4 6 8
0

500

1000

1500

Time [year]

D
is

ch
ar

ge
[m

3 /s
]

Figure 5.5: Flow discharge series used in the analysis (blue line) and associated
threshold value (red line) used to define formative conditions. For the case of a) regular
oscillation with constant amplitude the threshold value coincide with the formative
discharge, while for b) instantaneous discharge variation each event above the red line
is considered formative. For the mixed cases: c) oscillation with different peak values
and d) real historical hydrological dataset the pick of each flood above the threshold
value has been chosen as formative discharge (red circles).
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Figure 5.6: Example of the solution obtained by coupling the quasi 1D flow model
(Section 5.2.4) with the riparian vegetation submodel (Section 5.2.1) idealized as loosely
representative of the hypsometric curve of a straight reach of a channelized river with
alternate bars, initial η(t∗ = 0) and final η(t∗) bed profiles: a) evolution of the cross
section, b) temporal evolution of the normalized main quantities. In both panels, the
initial bed elevation η(t∗ = 0) is denoted with a thick black line, the free surface
elevation h with a blue line and biomass at the beginning of the simulation beq(t∗ = 0)
with a green line, (λ1 = 0.3, λ2 = 1.0 and zb0 = 0.7); the updated bed elevation (black
thin line) and overall biomass b (red line). Other parameters: λsed = 6× 10−3 m/day,
σ1 = 0.005 day−1, k = 0.017 day−1 and m1 = m2 = m3 = 1.

the overall biomass across the transect.
Because vegetation, by affecting flow resistance, induces sediments de-

position (Hickin, 1984; McKenney et al., 1995), we investigated changes in
vegetation biomass temporal dynamics associated with flow disturbance
capacity and moisture sediment availability by varying, the parameters σ1
and k of equation (5.3) and (5.4), as suggested by Gurnell et al. (2012).
Results of this operation are reported, in terms of biomass transverse av-
erage value, in Figures 5.7a,b. The sensitivity analysis was then extended
including other two important hydrological aspects, namely, the time in-
terval between two consecutive flood events (Figure 5.7c) and the water
base discharge value (Figure 5.7d).

Depending on the environmental conditions that affect plants growth
(Figure 5.7a), vegetation biomass can grow very fast and reach a nearly
equilibrium condition (σ1 = 0.008) or growth can be slower and slower
leading to reduce, progressively, the amount of overall biomass achievable.
In the case of hostile environment (σ1 = 0.001), ‘negative’ effects due to
river flow action are predominant and vegetation drastically reduce its
presence within the inner bank area. Similar results can be obtained by
increasing river flow disturbance capacity accounted through the k pa-
rameter in Figure 5.7b. This latter case highlights the strong influence
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of river-induced processes on vegetation during its early phase, which
decreases with increasing trees age. Good environmental conditions for
vegetation growth are represented by the slope of the ascending phase of
each curve (see figures 5.7a and b), with high slope values corresponding
to suitable environment for vegetation growth. Fixing the growth rate
during the simulation (constant slope in the graph of Figure 5.7c) im-
plies to consider stable environmental conditions for vegetation growth.
Curves obtained from changing floods frequency, with each event present-
ing analogous disturbance capacity and under the hypothesis of stable
environmental condition, show a constant small variability in final vege-
tation biomass production (Figure 5.7c).

Figure 5.7d summarizes the results proposed in Figures 5.7a,b. It shows
that minimum water level variation in the river channel promotes riparian
vegetation growth (higher moisture supply due to an increasing in water
table elevation) for base discharge value less than 50% of the maximum
discharge value considered in the analysis. Further increasing of the flow
discharge that feed the channel determines, first, anoxic condition of the
root system and, for even higher discharge values, the erosion of the veg-
etated area or trees uprooting, leading to an abrupt diminishing in the
presence of riparian vegetation. The extreme case for which the whole
cross-section result always submerged (dimensionless disharge value uni-
tary in Figure 5.7d) determines a channel entirely constituted of bare
sediments.

5.3.2 Comparison between the meander bend morphodynamic
submodels

A preliminary study was conduced to quantify the differences between
the solutions for the flow field and bed topography resulting from the
application of the three meander bed morphodynamic models described
in Section 5.2.5: namely one linear (Zolezzi and Seminara, 2001) and two
non linear models, which are based on Seminara and Solari (1998) and on
an extension of the latter, which was suitably modified to account for the
lateral variation of the friction coefficient within the cross-section area.
In particular, we focused on the prediction of the transversal distribution
of the water depth and of the longitudinal component of the shear stress,
being this what ultimately determines the lateral evolution of the external
bank (see Section 5.2.2). Figure 5.8 shows the variation of the water depth
along the transect, as predicted by the three moorphodynamic models
applied. The straight dashed line denotes the linear solution, while the
curved solid line represents the solution obtained by including the non
linear effects. The comparison between this two curves highlights the
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Figure 5.7: Influence of main model parameters on the overall biomass temporal
distribution in a channel with an initially sinusoidal cross-sectional shape. Default
parameters are as follows: the base discharge 100 m3/s and the hydrograph consists
of an identical sequence of identical floods with peak Q = 1600 m3s−1 occurring once
a year. Values of the other parameters are zb0 = 0.7, λ1 = 0.3, λ2 = 1.0, m1 = m2 =
m3 = 1, a) k = 0.017 day−1, b) σ1 = 0.005 day−1, c) and d) k = 0.017 day−1,
σ1 = 0.005 day−1 Panel a) examines the sensitivity of the cross-sectionally averaged
biomass growth to σ1; panel b) the sensitivity to k; in panel c) and d) what varies is,
respectively, the period between consecutive flood events and the base discharge values.
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well known effect whereby simplifications introduced in deriving the linear
solution lead to underestimate the water depth at the inner bank (n =
−1) and, to overestimate it at the outer bank (n = 1), with respect to
the predictions of the non linear theory. Moreover, the result obtained
accounting for a lateral variability of the friction coefficient C0 (red solid
line), due to the presence of laterally variable vegetation biomass within
the inner bank, slightly diverge from the non linear solution computed
assuming the same roughness along the entire cross-section. The reader
may have noticed that the y axis of figure 5.8 is reported with the values
inverted. This strategy allow to interpret the plot of the water depth
lateral variability as the transverse variation of the channel bed that results
to be in equilibrium with the flow conditions and the river geometry (i.e
curvature), because of the typically small value of the lateral slope of the
water free surface, for which η = H −D.

Comparing transverse variation of flow properties (namely, longitu-
dinal components of the flow velocity and of the near-bed shear stress)
allows to understand the role of the non linear effects on the flow velocity
(Figure 5.9a) and on the shear stress (Figure 5.9b). Of particular interest
is their behaviour at the lateral boundaries (n = ±1) of the transect. The
sinusoidal structure imposed to the velocity component to solve the flow
field in the linear model leads to an oscillation around a reference value,
occurring in the middle of the cross-section U(n = 0) = 1; Figure 5.9a.
Figure 5.9a shows a high difference in predicting flow velocity by using a
linear and non linear solution (dashed and solid line, respectively), with a
substantial overlapping of the solutions obtained by applying the two non
linear models, in analogy to what observed in the bed transverse profile
of Figure 5.8.

Results obtained from the analysis of the longitudinal shear stress com-
ponent (Figure 5.9b) presents a different trend from that observed in the
lateral distribution of the river bed and of flow velocity patterns. In this
case, indeed, the linear solution (dashed line) differ slightly from the non
linear one (solid blue line) far from the river banks, but the two solutions
strongly diverge while approaching the channel boundaries (n = ±1).
Moreover, differently from what happened for the longitudinal velocity
component U , the inclusion of the transverse variation of C0 reduces the
predicted value of shear stress (solid red line) at the inner bank (n = −1)
and increase it in proximity of the outer bank (n = +1). The transverse
location where the two nonlinear solutions intersect, as well as the gap be-
tween the values predicted at the banks, may vary subject to the reference
flow and to the curvature ratio.

For the sake of completeness, we reported in Figure 5.10 an example of
the transverse variation of the G (equation 5.46) in the non linear models,
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Figure 5.8: Comparison between the transverse variation of the water depth D0

predicted from the three different bend morphodynamic models: linear model (dashed
line), non linear model (solid line) and non linear model accounting for transverse
variability of the friction coefficient C0 (dotted line); β = 11, θ = 0.14,ds = 0.007,
ν = 0.5.

with constant (solid line) and variable (dashed line) friction coefficient C0.
The vertical structure of the secondary flows does not present significant
changes across the transect in agreement with Seminara and Solari (1998),
and the contribution given by a variable friction coefficient seems to be
almost imperceptible. In light of this latter consideration, and considering
that the predicted values of the water depth (Figure 5.8) and the longi-
tudinal component of the flow velocity U (function of D0 and F - Figure
5.9a) are pretty similar for the two non linear models, the differences in
shear stress value (Figure 5.9b) can be related with the variation of the
friction coefficient in the relation (5.61).

In the following we will use the non linear solution that accounts for
a variation of the friction coefficient value along the transect, in order to
model the biomorphodynamic processes associated with the lateral migra-
tion of the river banks of a constant curvature bend.

5.3.3 Biomorphodynamic of a laterally migrating meander bend

Figure 5.11a shows several stages of a thirty year simulation of the lateral
evolution of a constant curvature meander bend in presence of riparian
vegetation under periodical discharge variation (Figure 5.11b). At the
very beginning of the simulation the channel presents a rectangular cross
section included between the two banks (positioned at -50 an 50 m) and
characterized by a flat bottom (0 m elevation). After the first forma-
tive event (formative discharge assumed for this case coincident with the
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peak of each flood event), the flow field induced by channel curvature
(scour/deposit at the outer/inner bank) modifies the transverse inclina-
tion of the river bed, generating the classical cross-section of a meander
bend (see section t0 in Figure 5.11a). Since the latter represents the first
physically meaningful configuration of the evolution processes we prefer to
omit the starting, arbitrary rectangular geometry from the plot of Figure
5.11a. During low flow, following the first event, riparian vegetation colo-
nizes the exposed sediments of the channel bed and consolidate the ground
through its growth. The subsequent increase in water stage due to a new
flood event determines sediments deposition together with plants removal
in the vegetated area. When the formative discharge is reached (maxi-
mum discharge value), bank retreat is computed and the channel bed is
updated according to the new value of the morphologically active width
and the simulation procedure is repeated for all the events of the consid-
ered hydrograph (Figure 5.11b). Temporal oscillations in channel width
and in the longitudinal shear stress values at the toe of the external bank
during the simulation are reported in Figure 5.11b. Bank erosion, initially
increases channel width, which further promotes channel narrowing. The
model suggests that such temporal oscillation is intrinsically associated
with flow unsteadiness. This is how the mechanism generates: increasing
channel width due to erosion processes reduces the water depth, extending
the portion of cross section available for vegetation recruitment and brings
the water table to a suitable elevation for vegetation growth. Considering
the stabilizing role played by vegetation, this mechanism leads to progres-
sively reduce the morphologically active channel width under formative
conditions. This ‘dance’ (already argued by Nanson, 1981) between the
two river banks is well reproduced by the curve of Figure 5.11b, which con-
sists of a sequence of red and green segments. Active channel widening
due to the erosion of the outer bank during the event’s peak is reported
with an almost vertical segment (red line), while the accretion process is
associated with a loss of active area (green dashed line). The temporal
oscillations of the channel width are in turn associated with progressively
appearing spatial oscillations of the ground surface that characterizes the
accreting bank (Figure 5.11a), which is the result of these mutual inter-
actions, namely, active channel narrowing/widening and sedimentation
processes.

By observing the curve of Figure 5.11b the processes described above
seems to produce a channel width that oscillates around a steady state
after the third flood event. Moreover, the cross-section profile at the end
of the simulation (tEND) shows two distinct regions (length around 90 m)
that identify the new constituted inner bank and the active channel width
(see figure 5.11b). This qualitatively agrees with the field observations
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presented in chapter 4. Furthermore, the final cross-section presents a
transverse profile similar to that have been observed by Camporeale and
Ridolfi (2010) in their model.

Further analysis were conduced to assess the impact of different hy-
drological and biological forcings in order to identify the physical controls
of the morphological pattern observed in the field (see chapter 4). In light
of the results showed in Figure 5.7 two contrasting biological scenarios
were chosen to simulate the condition of suitable environment for ripar-
ian vegetation growth (k = 0.015) and the extreme case in which high
flow disturbance prevent vegetation biomass development (k = 0.7). In
the following, these two cases will be associated with the letter A and B,
respectively. It is acknowledged (Gurnell et al., 2001; Braudrick et al.,
2009; Perona et al., 2012) that two relevant parameters for the forma-
tion of morphological structures associated with the interplay between ri-
parian vegetation dynamics and river hydromorphodynamic processes are
flow magnitude and floods time frequency. However, it is important to
consider also that vegetation-induced river processes (i.e. sedimentation)
depends on the duration of the period in which trees are partially wet.
Therefore, we investigated separately the effect of such hydrological con-
trols by using the simplified hydrographs reported in Figure 5.5 a and b,
which are identified in the analysis as 1 and 2, respectively. In particular,
hydrolograph 1 (Figure 5.5a) shows a periodical oscillating pattern char-
acterized by constant peak value which was chosen as formative discharge
to update the river morphology. The rising and decreasing phase allow
to model river- and vegetation-induced processes. Figure 5.5b presents
hydrograph 2, where floods magnitude and temporal frequency are both
generated randomly. In this case the absence of a transitional phase be-
tween low flow and high discharge was designed on purpose to isolate the
flow influence on vegetation and vice versa. The two properties could be
analyzed together in the more complex hydrograph 3 (Figur 5.5c). Re-
sults obtained are reported in the composite Figure 5.12 and Figure 5.13
showing all the possible combinations of environmental conditions (A-B)
and forcing hydrograph (1-2-3), i.e., A1,.., B3. In particular, Figure 5.12
shows the cross-section profile (brown thick line) and the related vegeta-
tion biomass (green thin line) at the end of the simulation, after ten years
of bio-morphological changes. Figure 5.13 presents the time series mor-
phologically active width and of the predicted longitudinal shear stress at
the outer bank (n = 1) for each formative flood.

Simulations conduced for the case of vegetated channels, (column A
on Figure 5.12) have revealed the formation of two distinct zones within
the cross-section area: one higher elevated zone colonized by vegetation
(on the left) and the other characterized by bare sediments (on the right).
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Figure 5.11: Cross section temporal evolution: a) transverse channel bed elevation
and b) fluctuation of the morphologically active channel width due to the erosion
processes that occur at the outer bank (red line) at each flood event because of the
shear stress value (denoted with an asterisk) and the accretion of the inner bank (dashed
green line). Active channel width and longitudinal shear stress are made dimensionless
using their initial values, water discharge is denoted with a light blue line and it is
represented scaled by its maximum value.
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Considering the architecture of the model applied, the latter zone repre-
sents the portion of the morphologically active river cross-section during
the last flood and therefore the present channel, while the first identifies
the new constituted inner bank. This separation appears less marked on
figures B2 and B3 (column B) and it vanishes completely in the first case
(B1) where the role of vegetation is almost negligible. Moreover, in each
pair AB, vegetation success and growth is associated with a narrower ac-
tive channel with respect to the case of less developed vegetation biomass
(see different plots reported in Figure 5.13). This first comparison high-
light the strong influences of river- and vegetation-induced processes in
driving morphological changes.

The vertical comparison between the results presented in Figure 5.12
shows that different hydrological disturbances imply differences in the de-
velopment of the inner bank ground surfaces, providing evidence that
fluctuations in flood magnitude associated with a gradual variation of the
water stage are two fundamental ingredients for the formation of complex
morphological pattern within the advancing bank area (A3). The lack in
one of these two components, indeed, determines more simplified patterns
(A2,A1) or smoother ground surfaces when vegetation growth is strongly
inhibited (B1,B2 and B3). Moreover, panel A2 reveals that fluctuations
in flood magnitude controls the lateral oscillation of the ground surface
at the inner bank, while sedimentation induced by vegetation during the
over-bank flow increases inner bank elevation, separating it from the active
channel (panel A1).

Further analysis showed that the differences in channel cross-section
observed are associated with different temporal evolutionary path of the
active channel width and with the erosional power, as reported in Figure
5.13.

Figure 5.13, panel A1 shows channel narrowing phases (dashed green
line) alternated in time with widening phases (red line) in terms of both
width and near-bank shear stress value. According to the result presented
in figure 5.11b (which refers to the same simulation over a period of 30
years) this oscillation seems to occur around an equilibrium, steady state
value that corresponds with the formation of an inner bank surface scaling
with the active channel width. On the other hand, when vegetation re-
moval prevents the accretion of the inner bank, the channel keeps increas-
ing its active width, and progressively looses its erosional power (Figure
5.13, panel B1).

Variation in flood magnitude which characterizes panels A2, A3, B2,
B3 in Figure 5.13, is reflected in increasing the channel width (black thin
line) that is not directly related with the erosion of the outer bank during
a flood event (red line), like for the cases commented above. Consid-
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ered that in the model both the inner and outer bank can erode, this
behaviour can be explained with the lost of a portion of the inner bank
that is morphologically active under the flow conditions imposed by a cer-
tain flood event. This does not happen for the cases A1, B1 (periodical
floods with constant magnitude) because the discharge that generated the
inner bank (stable area) had never been overcome during the simulation.
Moreover, the erosion at the inner bank determines a less regular pattern
in both active channel width and near-bank shear stress temporal fluc-
tuations. Interestingly, a more regular oscillation is recovered in panels
A3, B3 (random oscillation of the hydrological pattern), where these three
mechanisms (outer bank erosion, inner accretion and erosion at the inner
bank) alternated in generating river morphology. In particular, in pres-
ence of less developed vegetation biomass (B3), the active width seems to
diverge, while for the other case (A3) the role of vegetation is to constrain
the evolution of the active channel width.

5.3.4 Application to a meander bend representative of the lower
Tagliamento River

A find scenario was built with the aim to explore the predictions of the
proposal model when applied to a real case. It must be stated that, be-
cause of the many adopted simplifications, a close correspondence with
the field observations could not be expected. The performed application
is therefore expected to be a ‘realistic’ one, rather than aiming at closely
reproducing the dynamics of a specific bend. The cross section, the hy-
drograph and vegetation processes have been chosen to match as much as
possible the conditions met in the bend of the Tagliamento River where
field observations took place (Chapter 4).

To this aim, we used the data collected during the field campaign
(see chapter 4). In particular, we assumed a selective vegetation biomass
(λ1 = 0.6; λ2 = 6) with optimum at zb0 = 4.8 m. Vegetation growth
rate was estimated from the growth curve extracted from biomass mea-
surements at a value of 9× 10−2 day−1, while the decay coefficient k was
reasonably set at 0.014 day−1. The grain size dimension used was that
of the active channel, estimated around 0.04 m and assumed constant.
The initial domain was set such that the river bank reached the eleva-
tion of 8 m as estimated from the topography measurement, the slope
for the river reach was estimated about 0.001 and as hydrological input
was chosen the historical hydrological data set (Figure 5.5d) already used
for the analysis presented in the previous chapter (chapter 4). The ero-
sion coefficient M was imposed equal to 1× 10−6 m3/s, the critical value
for the shear stress was set at 10 N and the coefficient accounting for
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Figure 5.12: Cross section temporal evolution for different hydro-biological scenarios:
A and B denote, respectively, suitable environment for riparian vegetation growth (k =
0.015) and the extreme case in which high flow disturbance prevent vegetation biomass
development (k = 0.7). Each case has been investigated using different hydrographs,
namely, 1 presents periodic oscillating pattern characterized by constant peak value, 2
where flow magnitude and temporal frequency are both generated randomly and 3 its
a more complex hydrograph that include characteristics of 1 and 2. The panels A1,...,
B3 show all the possible combinations of environmental conditions (A-B) and forcing
hydrograph (1,2,3).
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Figure 5.13: Fluctuation of the morphologically active channel width and correspon-
dence value of the near-bank shear stress for different hydro-biological scenarios: A and
B denote, respectively, suitable environment for riparian vegetation growth (k = 0.015)
and the extreme case in which high flow disturbance prevent vegetation biomass de-
velopment (k = 0.7). Each case has been investigated using different hydrographs,
namely, 1 presents periodic oscillating pattern characterized by constant peak value, 2
where flow magnitude and temporal frequency are both generated randomly and 3 its
a more complex hydrograph that include characteristics of 1 and 2. The panels A1,...,
B3 show all the possible combinations of environmental conditions (A-B) and forcing
hydrograph (1,2,3).
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vegetation-induced deposition at 5.8 × 10−3 m/day The result obtained
is reported in form of cross-section (brown line) and related vegetation
biomass transverse distribution (green line) in Figure 5.14a. Following the
same procedure applied above, the final cross-section is associated with a
graph showing channel width (red/green line for erosion/accretion) and
shear stress (asterisk) variation through out the simulation time and the
related flow disturb (blue line); see Figure 5.14b.

Figure 5.14b shows clearly a narrowing effect due to the low magnitude
of the events that occurred in the first four years, that allow the presence
of suitable conditions (water table depth and flow disturbance) for riparian
vegetation success and growth. On the other hand, after the sixth year,
frequent floods of increasing magnitude promote bank erosion (red line)
inducing channel widening.

Interestingly the model was able to describe overall bank accretion
similar to that observed in the field and to reproduce the three zones
such as determined from topography measurements (see Figure 5.15). In
particular, river channel area extends from -150 to -40 m, the area farer
from the river edge from -10 to 50 m an the area in between from -40 to
-10 m. Moreover, the area located far from the river edge presents several
oscillations of the ground surface, denoting a strong similarity with the
topographical signature of the study case of chapter 4 of the present thesis.

5.4 Discussion

Results obtained through the proposed simplistic biomorphodynamic model
show the validity of using an hybrid numerical and analytical model in
simulating bio-morphological interactions (Seminara and Bolla Pittaluga,
2012) in advancing meander bends. The proposed method indeed allows
to reproduce ground topography and riparian vegetation pattern similar,
at least qualitatively, to those observed in the field (see chapter 4 and also
Rodnight et al., 2005; Rozo et al., 2012) that can be argued to underpin
the further development of scroll bars (Figure 5.14).

It is worth discussing the results of the present Chapter in the light
of two main focuses: i) the possibility to reproduce spatial patterns of
ground topography and riparian vegetation along the inner, accreting me-
ander bank and ii) the properties and controlling factors of temporal width
variations associated with the dynamic evolution of a meander bend.
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Figure 5.14: Cross section temporal evolving: a) transverse channel bottom elevation
and b) fluctuation of the morphologically active channel width due to the erosion
processes that occur at the outer bank (red line) at each event (light blue line) because
of the shear stress value (asterisk) and the accretion of the inner bank (dashed green
line). Active channel width and longitudinal shear stress are made dimensionless using
their initial values, water discharge is represented scaled by its maximum value.
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a) Model simulation b) Tagliamento River
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Figure 5.15: Comparison between initial (red dashed line) and present (solid blue
line) geometry between a) model output and b) real cross-section of the Tagliamento
River. Input data for the simulation, as well as the cross-section profiles (b) were
estimated from the analysis conduced in chapter 4.

Morphological and vegetation patterns

Different combinations of the external hydrological and ecological forcing
effects are predicted to result into different morphological and vegetation
patterns at the inner bank. In particular, the different model runs point
out the existence of two accretion mechanisms that, by cooperating, gen-
erate complex landforms within the inner bank area: lateral and vertical
accretion. The transverse oscillation of the ground surface of the convex
bank is due to the oscillation in river discharge that, as commented above,
determines when the bank will extend or retreat. This variation leads to
a new configuration of the point bar that modifies the inner bank profile.
The other mechanism consists in vertical accretion due to the deposition
induced by the interaction between vegetation and the flow field during
over-bank flow. Presence of riparian trees or dead wood, modifying scour
and deposit pattern initiate complex landform that evolve in a ridge and
swales topography (Nakayama et al., 2002; Gurnell et al., 2012). However,
the assumption of a continuous transverse vegetation biomass distribution
prevented the possibility to catch this local flow field variation and, there-
fore, to describe the small-scale oscillations of the ground surface and of
vegetation biomass within the inner bank.

Figure 5.7d denotes that the persistence of high flow for long periods
of time determine the absence of vegetation. This is in agreement with
the definition of channel subarea given in the previous chapter that dis-
tinguishes the three regions within river cross-section according to their
time scale of inundation.

121



5.4. Discussion

Temporal oscillations of the active channel width

Analysis of width temporal variation shows that the presence of vegetation
within the inner bank prevents the occurrence of the ‘runaway widening’
mechanism, for which the eroding bank retreats much faster than the op-
posite bank can advance. This result is in agreement with laboratory
experiments in which the development of a stable meander have required
the use of cohesive material (van Dijk et al., 2013) or live alfalfa sprouts
(Braudrick et al., 2009; Tal and Paola, 2010) to limit channel widening.
Moreover, this represents an interesting achievement because in all the
analyzed cases, constraint in channel width was due to accretion pro-
cesses that occurred at the inner bank rather than in increasing erosion
resistance, as the erosion coefficient M was kept constant in the different
simulation runs.

Furthermore, results obtained shows that river channel width does not
only depend on the presence of vegetation but also by the characteristic of
the hydrological disturbance. This appear quite evident by observing the
case of vegetated floodplain under periodic floods characterized by same
magnitude. For this case, indeed, the erosion that occurs at the outer bank
during the flood event increases the channel width, and this decreases, in
turn, the river water stage. This allows vegetation to colonize the newly
exposed sediments and growth, thus stabilizing the ground. Therefore, in
absence of higher discharge the inner bank keeps advancing, thus reducing
the channel width until the occurrence of a new flood competent to pro-
duce channel widening through erosion of the outer bank. This process
is well recognizable in the oscillating pattern of figure 5.13A1 and it is in
agreement with the field observation (Nanson, 1981) for which the outer
bank move and the other tries to catch it up periodically. Moreover, the
channel undergoes widening via right (outer) bank pull that induce nar-
rowing processes toward bar push, as pointed out by Eke et al. (2014) who
applied a more simplified closure relation to describe inner bank advance.

The simulation carried out with varying flood magnitudes revealed a
less regular pattern of width oscillations (see Figure 5.132,3). In this cases,
indeed, an increase in water discharge may lead to portion of the inner
bank becoming morphologically active during the flood and therefore can
be eroded. Such morphological activity is related to sediment mobility,
which is influenced by the soil reinforcement provided by vegetation, the
higher the biomass value, the higher the magnitude of the flood event re-
quired to activate erosion processes at the inner bank. This latter result
is in accordance with the concept of ’fluvial biogeomorphic cycle’ indi-
viduated from field observation on the landforms created by vegetation
hotspots by Corenblit et al. (2007) and so, further supports the adequacy
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of the developed model to reproduce, at least qualitatively, observed bio-
physical dynamics.

Finally, it is worth noting that variation in active channel width seems
to be related not only with the maximum discharge value that flowed into
the channel, but also with the time interval with which this occurred (see
differences in Figure 5.12 and 5.5).

5.5 Conclusions

The present work, by separately modelling the evolution of the inner and
outer bank of a meander bank and explicitly accounting for the active
role of riparian vegetation in the advancing bank, constitutes a novel step
in understanding biophysical interactions controlling fluvial processes of
meander evolution.

The model is a first, biophysically based attempt to overcome the sim-
plifying hypothesis of constant channel width on which meander migra-
tion models have been traditionally based. Differently from the closure for
bank erosion and deposition proposed by Eke et al. (2014), which is based
on the framework for self evolving bank of Parker et al. (2011), in this
approach inner bank advancing is related with vegetation dynamic on the
point bar accounted for through physically-based relationships for vege-
tation biomass dynamics. Despite the simplified closure used to describe
vegetation-induced deposition and the continuous transversal distribution
of the vegetation biomass, results obtained are encouraging of the model
adequacy to reproduce observed processes.

The following main research needs can be formulated referring to the
main simplifying hypothesis of the present Chapter, both in relation to
the hydro-morphodynamic sub-models and to the vegetation dynamics
sub-models.

• Accounting for the non stationary term in the sediment continu-
ity equation (5.22) will relax the hypothesis that river channel bed
adjustment occurs under equilibrium formative conditions. Such im-
provement will allow to model river morphology at each time step
and for each discharge value, thus allowing to fully incorporate the
effect of flow unsteadiness in the model predictions.

• Besides flow unsteadiness, also morphological unsteadiness likely af-
fects the river bed response during formative events, like that related
with the temporal oscillations of the active width. A simplified ana-
lytical modeling of such effect on river bed response would allow to
build a more complete morphodynamic modeling approach.
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• Extension of the model from cross-section scale to the reach length
is required to include a more detailed description of spatially dis-
tributed meander dynamics under unsteady flow conditions. This
step crucially requires to account for a coherent sediment budget at
the reach scale, for instance through the sediment continuity criteria
present in the modeling approach of Parker et al. (2011).

• Vegetation induced processes, mainly, sediment strengthening and
deposition should be modelled accounting for variation of vegetation
properties within their age.

• The sensitivity analysis made on the effect of the different param-
eters that can be changed in the model highlight the need to gain
quantitative knowledge on vegetation properties when modelling bio-
morphological interaction in a specific case. Despite most of these
can be estimated through field measurements (i.e. growth rate,
transverse biomass distribution; see Chapter 4) several parameters
are difficult to be estimated in particular those related to sediment
deposition (λsed in equation 5.5), to the effect of trees roots on soil
reinforcement (equation 5.6) and to the vegetation decay rate during
the submerged period (k parameter in equation 5.4).

Results obtained in this phase of the analysis underline the necessity
of a multidisciplinary approach to investigate bio-morphological processes
(Camporeale et al., 2013) and further suggest that model application has
to be supported by field investigation. Overall, the model gave evidence of
the potential of hybrid models in deep understanding the physical controls
of the bio-morphological processes at the advancing bank that govern the
planform evolution of river meanders.

The next Chapter 6 addresses one of the required improvements to
the present modeling analysis. Namely it considers that temporal width
oscillations emerging from both the modeling (this Chapter) and empirical
analyses (Chapter 4) may induce changes in river bed instability and flow
pattern (Repetto et al., 2002; Luchi et al., 2011). This effect may be
particularly relevant when widening or narrowing phases occur at the same
time scale of that of bed level adjustments. For these reasons, Chapter 6
represents a first attempt to model the effect of width unsteadiness on the
curvature-induced flow and bed stability (free bars formation) by means
of an two-parameters analytical perturbation model.
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Chapter 6

A theoretical analysis of river bars stability

under changing channel width

The biomorphodynamic model developed in Chapter 6 is based on a rather
simplified morphodynamic modelling approach and has deliberately kept
at the lowest level of complexity especially being it a first modelling ap-
proach to investigate the interplay among flow, sediment transport and
riparian vegetation dynamics able to explicitly account for such dynamic
interaction within the advancing bank. Flow unsteadiness has been shown
to play a key role in the overall process, but its effect on the channel bed
morphodynamics, modelled through the sub-model described in Section
5.2.5, has been neglected so far. Actually most analytical models in river
morphodynamics suffer from this limitation, apart from few exception (e.g.
Tubino, 1991; Hall, 2004). A step forward in this direction is needed as
one of the most relevant improvements of the biomorphodynamic model
presented in Chapter 5, which clearly showed the tendency of a meander
bend to develop temporal oscillations of the active channel width during
its evolution. Such improvements also bears broader implications for a va-
riety of problems in theoretical morphodynamics, because of the paucity
of contributions in this direction so far more generally in relation to river
bars

The present Chapter aims to make a first attempt in this direction
by developing a novel theoretical model to investigate the influence of
temporal changes in channel width on river morphodynamics. The em-
phasis here is placed on the classical problem of free bar stability, but
the presented approach can be easily extended to investigate the effect of
temporal width oscillations to the temporal dynamics of a point bar in a
meander bend.
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6.1 Introduction

River bars have been extensively studied, analytically, as an instability
phenomenon of an incompressible flow over a flat mobile bed in a single-
thread river channels. Practical reasons of this interest lays in the need to
predict bars formation in channelized rivers and the related scour and de-
position processes that can affect navigation or damage engineering struc-
tures (e.g. bank protection).

Most of these bar theories have been developed under simplifying as-
sumptions of steady discharge and fully sediment transporting cross sec-
tion, therefore their application is strictly suitable mostly for single-thread
channels and alternate bar patterns. Despite many simplifying assump-
tions, bar theories have been effective in supporting quantitative under-
standing of bar processes (e.g. conditions of occurrence; lenght scales)
and have received quantitative support from laboratory experiments. De-
spite their simplifying assumptions, their application has been extended
to be used as physically-based predictors of alluvial channel pattern (e.g.
Parker, 1976; Crosato and Mosselman, 2009) with some degree of success.

Moreover evidence has been reported that rather simple and regular
bar dynamics can take place also in complex channel morphologies, as
wandering (Church and Rice, 2009) or braiding (Zolezzi et al., 2012a).
In this latter study the formation and downstream migration of alternate
and central bar patterns has been observed in a main individual branch of
a braided river during a bar-forming flood event below bankfull stage. In
such case, the channel transporting sediments expands its width during the
rising stage of the flood, and is afterwards contracted during the falling
limb. Application of the classical bar theory using constant discharge
and channel width values, averaged over the flood duration, yields several
discrepancies in bar wavelength and dominant transverse modes.

In principle, however, bar theory can be applied to laterally unconfined
channels, provided temporal variations of discharge and actively transport-
ing channel width are properly accounted for.

The aim of the present work is therefore to investigate, on a mod-
elling basis, the stability of river bars in channels where the active width
changes with time, thus possibly affecting bar morphodynamics. Because
the channel width-to-depth ratio plays a key role on bar development,
its temporal variations associated with the widening process can be ex-
pected to affect the dynamics of contemporarily developing bars. Existing
theoretical analyses (e.g. Repetto et al., 2002) have investigated the influ-
ence of spatial planform variability on bars formation showing how spatial
changes in channel width, influencing river bars, may produce planform
instability and a related tendency to braid. The role of width unsteadi-
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ness may become relevant especially in laterally unconfined channels with
non-cohesive banks, as it has been observed in laboratory experiments on
the initiation of braided and of ‘pseudo-meandering’ streams (Ashmore,
1982, 1991; Bertoldi and Tubino, 2005; Visconti et al., 2010). Evidence
of this dynamics has been provided, also, by field observation on an arti-
ficially re-shaped natural river consequentially to a series of flood events
(Lewin, 1976); this highlights the mutual influence between planform and
bar instability in streams where the evolution of bed and banks occur at
comparable time scales. Despite the fact that unsteadiness is ubiquitous
in natural river systems, only very few theoretical analyses have addressed
the role of flow unsteadiness on bars formation (Tubino, 1991; Hall, 2004)
while an analysis of the role of width unsteadiness is even lacking. Overall,
the present work is therefore expected to contribute a novel theoretical un-
derstanding about the applicability of analytical bar theories to real river
systems.

6.2 Methods

6.2.1 Conceptual approach

In order to understand the impact of width unsteadiness on bar stabil-
ity in a straight channel, we first need to characterize the processes that
lead to temporal changes in the active channel width. Their mathemat-
ical description will then be included in existing approaches for classical
bar stability analyses, allowing to build the desired model. Four main hy-
dromorphological configurations, based on different combinations of chan-
nel width and discharge variability, are examined (figure 6.1): a) ideal
channels with both constant width and discharge, like in most common
laboratory flume experiments on river bars; b) channelized rivers with con-
stant width subject to streamflow variability and often developing alter-
nate bars; c) constant discharge flowing in an initially overnarrow channel
with non cohesive banks, as typical of the initial experimental condition
of physical models of braided rivers; and d) laterally unconfined chan-
nels subject to floods, as it can be the case of the main active branches of
braided rivers. Configuration a) is representative of most of the conditions
to which classical bar theories strictly apply. Bar dynamics in configura-
tion b) has been investigated only by the theories of Tubino (1991), Hall
(2004) and by the field investigations by Welford (1994). The present
contribution specifically aims to investigate free bar stability referring to
configurations c) and d).

127



6.2. Methods

a) b) c) d)

Figure 6.1: Examples of channels belonging to the four reference configurations con-
sidered in the stability analysis. Each class presents different combinations of discharge
and width unsteadiness. More in detail: a) constant discharge and width (courtesy of
Grecia Garcia Lugo), b) variable discharge and fixed width, c) erodible channel with
unsteady width and constant discharge; d) natural, laterally unconfined channel with
unsteady width and discharge.

6.2.2 Quantification of width unsteadiness

In order to keep the mathematical problem suitable for analytical solu-
tions, simple relationships to express channel width variability are needed.
A first, simple attempt has been made by using classical regime formulaes
to relate bankfull discharge with channel width in single-thread channels.
Such relationships are strictly valid under long-term, equilibrium condi-
tions: therefore the present approach is based on the assumption of an
‘instantaneous’ validity of regime equations. Note that this assumption
should be less crude than it may appear, because we are interested here
more in a simple mathematical law describing the trends and order of
magnitude of width unsteadiness rather than in a predictive formnula
quantitatively valid for a specific case. To this aim we use the empir-
ical formula proposed by Ashmore (1982) to predict the width at river
equilibrium stage for anabranch channels in braided rivers:

W ∗ = αWQ
∗nW αW = 8.1019, nB = 0.4738 (6.1)

In equation (6.1) W ∗ represent the dimensional channel width and Q∗ the
related flow discharge in equilibrium conditions. According with the nota-
tion used in the previous Chapters, hereinafter a star (∗) indicate dimen-
sional quantities. According to our purposes relation (6.1) can be read
as the equilibrium width to which a laterally unconfined channel tends
asimptotically for a given discharge. A suitable dimensionless expression
for equation (6.1) has been derived to fit a dimensionless mathematical ap-
proach. Such expression is obtained by following the procedure proposed
by Parker et al. (2007). In the following relation the dimensionless channel
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half-width B is also introduced for formal consistency with existing bar
theories:

W = 2B = 2αnQ
nW (6.2)

αn = 0.5αWF
nW
0 β̄nW−1d̄s

−5/2nW+1
(6.3)

where the dimensionless parameters are defined as follows:

F0 =
U∗0√
gD∗0

β̄ =
B∗0
D∗0

d̄s =
d∗s
D∗0

(6.4)

with d∗s the median sediment grain size, B∗0 the reference half-channel
width value and U∗0 , D∗0 the components of the uniform flow chosen as
reference scales.

Two different time variables are considered when examining both cases.
The variable τ will vary on the externally imposed time scale of width
and discharge unsteadiness, while the variable t will be used to denote the
relevant ‘intrinsic’ time variable for the temporal morphodynamics of bars.
These two variables will be considered as mutually independent within
the present theoretical analysis, while for applications of the theory to
specific real cases the related time scales shall be quantified and possible
interactions assessed. In general, the externally imposed time scale is
quite ‘fast’, i.e. much shorter than that associated with temporal width
adjustments that occur in regulated rivers because of land-use changes,
gravel mining, dam construction (Surian and Rinaldi, 2003).

Constant discharge This is the case of an initially overnarrow channel
fed by constant discharge, for which the minimum width for bars formation
predicted by the bar theories is larger than the imposed initial width
(figure 6.1c; Bertoldi and Tubino, 2005). To describe the widening process,
we simply assume that the erosion occurs homogeneously at the banks
and that the channel tends, asimptotically, to achieve the equilibrium
width at a widening rate that linearly decreases with the distance from the
equilibrium conditions. This simplified law is based on the consideration
that the erosion process, increases the channel width and decreases the
sediment transport of the flow, reducing, in turn, its ability of entering
sediments from the banks and thus slowing down the widening process.
This process occurs faster while the initial geometry of the channel is far
from equilibrium and reduces its effect progressively approaching the final
conditions. Therefore, under this assumption, the relaxation relation (6.5)
is proposed whereby the value of channel width (2B∗E) at equilibrium with
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the specified discharge is evaluated through equation (6.2):
B∗(τ ∗),τ∗ =

(
U∗

B∗

)
E

(B∗E −B∗(τ ∗))

B∗(τ ∗ = 0) = B∗0
B∗(τ ∗ →∞) = B∗E.

(6.5)

The complete solution for this case reads:

B∗(τ ∗) = B∗E + (B∗E −B∗0)
(
−e−ατ∗

)
, (6.6)

which, scaled by the unperturbed half channel width B∗E, can be written
in its dimensionless form as:

B(τ) =
B∗E
B∗E

+
(B∗E −B∗0)

B∗E

(
−e−ατ

)
. (6.7)

In equation (6.7) τ is a dimensionless time variable defined as

τ = k
U∗E

(B∗E −B∗0)
τ ∗, (6.8)

where the parameter k accounts for the erodibility of both banks, assumed
to be uniform in space.

Unsteady discharge This configuration can be representative of a main
active branch of a braided river that laterally expands during a flood
event (Zolezzi et al., 2012a). To predict the temporal variability of the
active (i.e. sediment-transporting) channel width, we extend the validity
of equilibrium regime formulae to instantaneous discharge values during a
flood event. Despite being rather crude, this assumption can be justified
by the need to use a simple, physics-based relationship in a first theoretical
attempt of this type. In addition, better alternatives don’t seem to be
available at present, despite recent approaches to investigate planform
evolution of river channel with self evolving banks (Parker et al., 2011). We
therefore assume the channel width being instantaneously at equilibrium
with the imposed flow hydrograph and according to (6.2) we write this
relationship as:

B(τ) = αnQ(τ)nW τ = σ∗T τ
∗ (6.9)

where τ denotes dimensionless time, τ ∗ dimensional time and σT reciprocal
of the flood event duration. In this configuration, equation (6.9) has been
assumed to describe both channel narrowing and widening.
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6.2.3 Mathematical formulation

The analysis refers to a straight channel with erodible bed and banks made
of homogeneous non-cohesive sediment. The governing equations are the
2-D shallow water equation and the sediment continuity equation, which
can be written in the following dimensionless form:

∂U

∂t
+ U

∂U

∂s
+ V

∂U

∂n
+
∂H

∂s
+ β̄

τs
D

= 0; (6.10)

∂V

∂t
+ U

∂V

∂s
+ V

∂V

∂n
+
∂H

∂n
+ β̄

τn
D

= 0; (6.11)

∂D

∂t
+
∂UD

∂s
+
∂V D

∂n
= 0; (6.12)

∂

∂t
(F 2

0H −D) +Q0(
∂Qs

∂s
+
∂Qn

∂n
) = 0. (6.13)

In equations (6.10)-(6.13) classical scalings for theoretical river morpho-
dynamics are employed: the longitudinal and transversal variables s and n
are scaled by the half-channel width B̄∗0 , chosen as reference, the averaged
velocity components (U, V ), the water depth D, the free surface eleva-
tion H and the shear stress are scaled using the reference state quantities
(Ū0∗, D̄∗0). The reference, basic state is defined through three dimension-
less parameters: the mean width ratio β̄, the mean relative roughness d̄s
and the mean Shields parameter θ̄, which read:

β̄ =
B̄∗0
D̄0
∗ d̄s =

d∗s
D̄0
∗ θ̄ =

S

∆d̄s
(6.14)

where S is the longitudinal slope of the channel, ∆ = (ρs/ρ − 1) the
submerged sediment gravity and d∗s the sediment diameter.

Boundary conditions in the lateral direction impose vanishing water
and sediment flux orthogonal to the banks. When the active channel width
changes in time, either because of bank erosion (constant discharge, Figure
6.1c) or because of a combination of lateral inundation with erosional dy-
namics (variable discharge, Figure 6.1d), the banklines are laterally mov-
ing at the timescale imposed by the process of temporal width variation
(described through equation 6.20). Under those conditions, the vanishing
lateral flux condition is assumed to apply at the instantaneous (moving)
bank line position. Overall, the adopted approach results in neglecting the
effect of sediment supply to the channel associated with lateral erosion on
the process of bar stability. This seems reasonable given this first theoret-
ical attempt although investigation of the actual role played by that effect
will deserve attention in the future.
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6.2.4 Perturbation solution

We solve the governing differential problem through a nonlinear, two-
parameters perturbation approach. We then investigate under which con-
ditions the reference uniform basic flow is unstable with respect to in-
finitesimal and sinusoidal perturbations of the bed elevation and of the
other relevant flow quantities. The following two-parameters perturba-
tion expansion, say for the water depth D, is adopted:

D = 1 + ε[A(t)Smd10E1(s) + c.c.] + δd01(τ) + εδ[A(t)Smd11E1(s)d01(τ) + c.c.] +O(ε2, δ2)
(6.15)

where c.c. denotes the complex conjugate, ε and δ are small parameters
related to the amplitude of free bars and to the rate of width unsteadiness
respectively. Moreover:

Sm = sin
(π

2
mn
)

Cm = cos
(π

2
mn
)

m = 1, 2, ..... (6.16)

E1 = exp(iλs) (6.17)

where λ is the dimensionless bar wavenumber.
By substituting the structure of (6.15) into (6.10)-(6.13), the original

differential system is transformed into a series of linear homogeneous al-
gebraic systems, at each order of approximation comparing in (6.15). The
key property of this two-parameters perturbation expansion is that the
O(εδ) is the lowest at which the spatial pattern of free bars is reproduced,
because the solution at the order O(δ) is a perturbation of the reference
basic flow and thus it is spatially uniform. The details of the solution
procedure at the different orders of approximations are reported below.

O(ε): classical bar stability under conditions of constant width and

discharge By substituting equation (6.15) into (6.10)-(6.13) and collect-
ing all terms at the leading order ε, the classical linear free bar stability
is recovered. This requires solving the following linear system:

L10


u10
v10
h10
d10

 =


0
0
0
0

 (6.18)

where the linear differential operator L10 is reported, in its extended form,
in appendix B. Solution of (6.18) reveals that the amplitude of bars
behaves exponentially in time:

A(t) = exp(Ω10t) (6.19)
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with Ω10 = Ω10,R + iΩ10,I , Ω10,R bars growth rate and Ω10,I bars angular
frequency. Solution of (6.18) for the unknowns u10,v10,h10 and d10 with the
parameters Ω, λ, β̄, θ̄ and d̄s requires a solvability condition, which allows
calculation of the growth rate of bars and their angular frequency, for a
given combination of bar wavenumber λ, the unperturbed width ratio β̄,
Shields parameter θ̄ and relative roughness d̄s.

O(δ): linear correction to the basic flow related to width unsteadiness

If the length of the channel is much shorter than the typical length of a
flood wave, the temporal variability of channel width can be modelled as
a temporal sequence of instantaneously uniform flows. To fit within the
perturbation scheme, the adopted empirical relations for width unsteadi-
ness are expanded in power of the small parameter δ, which takes slightly
different meanings depending on the considered hydromorphological con-
figuration. In both the examined configurations c) and d) in figure 6.1 the
perturbed channel width is then written in the form:

B(τ) = 1 + δb01(τ) δ << 1 (6.20)

where b01 is described through different functional expressions in the two
cases, as it occurs for δ. More specifically, for initially overnarrow channels
subject to constant discharge and erodible banks:

b01(τ) = −e−τ δ =
B∗E −B∗0
B∗E

, (6.21)

while for the flood event over a laterally unconfined channels it holds:

b01(τ) = αnnBq01(τ) Q0(τ) = 1 + δq01(τ) δ =
Q∗max −Q∗0

Q∗0
. (6.22)

Here the unsteady discharge term q01 is assigned as input data and it
represents the functional shape of the given flow hydrograph.

According to the adopted perturbation approach, an analytical solu-
tion expressing the correction to the reference uniform flow due to width
unsteadiness is obtained for the two configurations, c) and d). Therefore
the unsteadiness-corrected basic flow reads:

U0 = 1 + δu01(τ) +O(δ2), (6.23)

D0 = 1 + δd01(τ) +O(δ2). (6.24)
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By feeding the expansion (6.23) into the governing equations (6.10)-(6.13)
we find for the unsteady discharge configuration (d):

d01(τ) = p(1− α)q01(τ), (6.25a)

u01(τ) = (1− p)(1− α)q01(τ); (6.25b)

and, for steady discharge configuration (c):

d01(τ) = −pb01(τ), (6.26a)

u01(τ) = −(1− p)b01(τ). (6.26b)

In the above expressions the parameters p and α take the value:

p =
2

3− CD
α = αnnB. (6.27)

O(εδ): effect of width variations on free bar stability By consider-
ing that the solution at the order δ is not dependent on the longitudinal
variable s, the smallest order at which the spatial dependence of the fun-
damental is reproduced is the order εδ (equation 6.15). At this order,
therefore, the solution accounts for the effect of the temporal width vari-
ation on free bar instability. Using the mathematical operator L10 intro-
duced in equation (6.18), at the order εδ the governing differential system
reads:

L10


u11
v11
h11
d11

 =


−a111u10 − a114d10
−a122v10

−a131u10 − a132v10 − a134d10
iΩ11K1 + (−iΩ10)K2 −Q0Φ0K3

 ; (6.28)

K1 = (F 2
0 h10 − d10), K2 = K1ΦT [2u01(τ) + cDd01(τ)],

K3 = a141u10 + a142v10 + a143h10 + a144d10;

where L10 is the same linear algebraic operator found at the leading O(ε)
and the coefficients a1i,j, Ki are related to the nonlinear, unsteady effect
arising from the interaction between the fundamental perturbation (ε) and
the unsteady correction to the basic flow due to width variability (δ). The
expression of a1i,j, Ki are reported in appendix B for the sake of brevity.

As for the leading order, since the determinant of L10 vanishes, a solv-
ability (eigenrelation) analogous to that occurring at the leading order
holds:

f(Ω11, λ; Ω10, β̄, θ̄, d̄s) = 0, (6.29)
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which allows to compute the correction Ω11 = Ω11,R+ iΩ11,I to bar growth
rate and angular frequency at the order εδ. As it can be easily seen from
(6.28) and (6.29), the solution of the system (6.28) depends on the solution
found at the previous order O(ε), so the problem is solved in cascade.
The solvability condition (6.29) leads to an amplitude relation of the type
(6.19) that includes a new term accounting for width unsteadiness. The
new relation therefore reads

A(t) = exp [(Ω10 + δΩ11(Ω10)b01(τ)) t] (6.30)

where Ω10 and Ω11 account respectively for the growth rate associated
to the fundamental perturbation and for the component related to the
unsteadiness due to channel width variability.

6.3 Results

Results obtained by performing the analysis described above are here re-
ported for the two analyzed morphological configurations: a laterally un-
confined channel during a flood event (unsteady discharge and width) and
widening of an initially overnarrow channel under constant discharge.

6.3.1 Unsteady discharge and variable width

Figure 6.2 refers to the case of a flood event that occurs in a laterally
unconfined channel. Figure 6.2a shows the dimensionless hydrograph of
the flood event Q0(τ) together with the linearized temporal variation of
channel width, expressed by equation (6.20). The reference flow (basic
state) has been assumed as the uniform flow with constant width occurring
for the value Q0 = 1. As already pointed out by Tubino (1991) free bars
under unsteady flow conditions are more stable during the rising and peak
stage of the hydrograph, because the aspect ratio β is decreasing and the
critical value for bar formation βc is increasing. In a channel with constant
width the decrease of β during the rising stage of the flood is related to
decrease in water depth, while the increase of βc is mainly associated with
the increase in the Shields stress. On the contrary, bars are more likely to
form during the decreasing phase where the value of β increases against a
decreasing βc value.

Figure 6.2b shows that accounting for temporal width variability re-
sults in damping the stabilizing effect associated with flow unsteadiness
in a channel where the width does not change in time. Namely, when dis-
charge exceeds the reference flow value (Q0(τ) > 1) the reduction in the
bar growth rate is less pronounced than in the case with constant width.
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Figure 6.2: Values of the total growth rate coefficient Ω(τ) for the flow event on the
left. The graph on the right shows how unsteady discharge affects bars growth rate in
laterally confined (dashed line) and unconfined (solid line) channels.s
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Figure 6.3: The linear growth rate of alternate bars (real part of Ω11) is plotted
versus the Shields stress θ̄ for different values of the roughness parameter d̄s for the
cases of variable (a), constant (b) discharge and variable width.
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6.3. Results

As the temporal behavior of the complete solution is fundamentally
controlled by the structure assigned to the temporal variable q01 or b01,
it is informative to focus on the contribution given by the unsteady term
Ω11,R, which is invariably negative, as reported in figure 6.3a.

6.3.2 Constant discharge and variable width

Application of the bar theory with reference flow parameters that instan-
taneously adapt to the evolving width value indicate that free bars tend
to form during the widening process because the value of the aspect ratio
β increases, while the critical value βc is decreasing, being βc a growing
function of the Shields stress, which decreases with widening. Moreover,
results obtained by applying the present theoretical analysis to an ini-
tially overnarrow channel, characterized by erodible banks and constant
discharge, reveals a net positive contribution of the width unsteadiness to
bar growth rate, Ω11,R > 0 (figure 6.3b). Channel widening is therefore
predicted to enhance bar instability compared to the configuration with
constant width. Moreover, as it can be recognized from equation (6.21),
this effect is stronger when the difference between the initially imposed
channel width and the equilibrium width is higher (figure 6.4a). Width
unsteadiness may therefore determine a complete reversal of bar stability
conditions compared to the constant width case. This behaviour is related
to the continuity equation for the fluid phase: in channels with constant
discharge, the widening process is associated with a decrease of the cross-
sectional averaged velocity and depth (equation 6.26), while in channels
with variable discharge the temporal width variability is driven by the
flood hydrograph: therefore widening during the rising stage is related
to a contemporary increase in both cross-sectional averaged velocity and
depth (equation 6.25). Such continuity effect mathematically determines
opposite signs of the term b01 in the two configurations, which are then
reflected in the opposite signs of Ω11,R (figures 6.3b and 6.3a).

More general results can be presented by examining the dependence
of the most unstable wavelength at the initial time on the Shields stress
θ and on the relative roughness ds (figure 6.4b). This was achieved by
assigning as reference state (equilibrium) a wide enough channel to guar-
antee bar-forming condition at the initial stage of the erosion process,
where, the width is smaller. Shorter bars are therefore promoted, as the
most unstable wavenumber is larger. Theoretical predictions of instability
enhancement of shorter bars are in qualitative agreement with the exper-
imental observations of Bertoldi and Tubino (2005).
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Figure 6.4: Comparison between values predicted by applying the theory here pre-
sented (solid line) and using the steady approach (dashed line); for the latter case
we are assuming the flow steady at each temporal step. a) shows difference in bars
maximum growth rate and b) the values of the most unstable bar wavenumber plotted
against the Shields parameter θ for different value of the roughness parameter ds at
the initial time of the process.

6.4 Discussion

A novel stability analysis for free bars in channels with temporally vari-
able channel width has been developed. Simple relationships describing
the variability of the active channel in time allow us to develop a two-
parameters perturbation expansion able to quantify the role of width un-
steadiness by the interaction of the fundamental bar perturbation with
the correction of the basic flow associated with the widening / narrow-
ing processes. Despite the adopted simplifying hypothesis to describe the
widening process in rivers channel, the method developed allows a first
quantitative investigation of bars dynamics in laterally unconfined chan-
nels. Considering that little has been done in literature to investigate the
effect of temporal width adjustments (see Parker et al., 2011), another
novel point of the work consists in the derivation of a physically-based re-
lationship for width variability under both steady and unsteady discharge
conditions. The suitability of the adopted approach finds qualitative sup-
port in the experiments of Bertoldi and Tubino (2005) and of Visconti
et al. (2010), who specifically mentioned that in the initial stage of a run,
bank erosion increases the channel width keeping the channel straight.
The assumption of width variation to be small (say initial stage of labo-
ratory experiment) seems to be reasonable in the light of this. Moreover,
data provided from laboratory experiments can be used to validate the re-
laxation relation here proposed as well as the related time scale adopted.
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Results obtained show, curiously, two formally opposite behaviours for
the unsteady term Ω11,R when considering channel width variability. The
sign of Ω11,R is controlled in a rather complex way by the variables defining
the basic flow: β, θ, ds and the growth rate computed for the fundamental
perturbation Ω10,R as reported in equation (6.29). Namely, in the case of
unsteady discharge this term is found to be negative, while in the other
case it gives a positive contribution to bars growth rate. Moreover, during
the rising and peak stage of a flood in a laterally unconfined channel,
bar stability is increased, thus suggesting a non-trivial effect of width
unsteadiness. In association to this destabilizing action, the most unstable
bars present a shorter length compared to that predicted by the same
theory developed for steady channel width.

Overall, theoretical predictions are in qualitative agreement with both
the field observations of Zolezzi et al. (2012a) and the experimental ob-
servation of (Bertoldi and Tubino, 2005). Further research is needed to
apply the present theory to real cases, both in the field and in the labo-
ratory, to assess to which extent the present theory can actually provide
a relevant step towards an increased applicability of bar theories to com-
plex channel geometries. Further research shall also concentrate to derive
physically-based relationships for channel width variability.

6.5 Conclusions

A theoretical morphodynamic model has been developed and solved through
a nonlinear perturbation technique to investigate the effect of temporal
width variation on river bed morphodynamics. The analysis is referred to
the classical problem of free bars in an indefinitely long straight channel,
but the same approach can be easily adapted to different morphodynamic
problems, such as the response of a point bar in a meander bend to tem-
poral oscillations of channel width, like those suggested in Chapter 5.

The model is solved by performing a nonlinear stability analysis, which
includes temporal width variations as a small-amplitude perturbation of
the basic flow. In order to quantify width variability, channel width is
related with the instantaneous discharge using existing empirical formu-
lae proposed for channels with cohesionless banks. Therefore, width can
vary (increase and/or decrease) either because it adapts to the temporally
varying discharge or, if discharge is constant, through a relaxation rela-
tion describing widening of an initially overnarrow channel towards the
equilibrium width. Unsteadiness related with changes in channel width
is found to directly affect the instantaneous bar growth rate, depending
on the conditions under which the widening process occurs. The govern-
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ing mathematical system is solved by means of a two-parameters (ε, δ)
perturbation expansion, where ε is related to bar amplitude and δ to the
temporal width variability. In general width unsteadiness is predicted
to play a destabilizing role on free bar stability, namely during the peak
stage of a flood event in a laterally unconfined channel and invariably
for overnarrow channels fed with steady discharge. In this latter case,
width unsteadiness tends to shorten the most unstable bar wavelength
compared to the case with constant width, in qualitative agreement with
existing experimental observations.
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Chapter 7

Conclusions

Interactions between fluvial processes and vegetation along river channel
margins have been shown to be fundamental in determining meander-
ing rivers development. Several bio-morphological dynamics have been
observed to direct control accretion and degradation rates of meander
bends.

Despite recent advances in field and laboratory techniques and mod-
elling development of the last decades, little is known about the quan-
titative relation between these floodplain patterns and their controlling
bio-morphological interactions that determine the bank accretion process.
This knowledge gap has so far limited the development of physically-based
models for the evolution of meandering rivers able to describe the lateral
migration of banklines separately. Most existing meander migration mod-
els are indeed based on the hypothesis of constant channel width.

The present doctoral research has aimed to provide more insight in the
mutual interactions among flow, sediment transport and riparian vegeta-
tion dynamics, with a special focus on the patterns that such relationships
generate within the advancing banks of meandering rivers. The research
has been designed as an integration of remote sensing and in-situ field ob-
servations with a mathematical modelling approach to elucidate the fun-
damental physical controls of the accretion processes that characterised
meanders convex bank.

In meandering rivers vegetation encroachments within the point bar
(i.e. colonizing species and stranded large wood), initiate pioneer land-
forms that, when evolving, determine the lateral shifting of the margin
that separates the active channel from the mature river floodplain and
thus inner bank aggradation (bar push). This diminishes the portion of
the morphologically active channel cross-section, influencing the erosion of
the cutting bank and promoting channel widening (bank pull). Moreover,
difference in migration rate between the two banks have been observed to
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induce local temporal variations in channel width that affect river channel
morphodynamics and its overall planform through their influence on the
local flow field and channel bed morphology. The bar push phenomenon
can be put in relation with the erosion processes at the outer bank (bank
pull). The cyclic occurrence of this process determines meander bend mi-
gration with the subsequent formation of typical patterns of meandering
rivers floodplain, such as benches, scrolls and chutes (see Chapter 2).

Because of the gaps related with quantitative, process-based knowledge
about these patterns and the interaction between flow, sediment transport
and riparian vegetation driving them during bank accretion processes,
the present research work has investigated such dynamics to i) provide a
quantitative description of vegetation and floodplain topography patterns
in advancing meander bends and ii) to explore the key control factors and
their role in generating the observed patterns.

To this aim the work has been structured as follows. Information
on the temporal evolution of the meander bend and of vegetation cover
extent, and on their influence on the present channel topography and ri-
parian vegetation structure has been obtained from the combined analysis
of historical aerial photographs and Lidar data for two meander bends of
the lower reach of the Tagliamento River, NE Italy (see Chapter 3). The
outcome of this analysis, together with the results of field investigations
(see Chapter 4), suggested the modelling approach to adopt, the physical
process to account for and the most appropriate physical-based relation-
ships to describe them (see Chapter 5). Moreover, flow regime and riparian
vegetation characteristics estimated from the field have been used, in asso-
ciation with the measured topography, to provide preliminarily validation
of the model.

Furthermore, results obtained from the application of the bio-morpho-
dynamic model proposed have revealed a tendency of the meander bend
to develop temporal oscillations of the active channel width during its
evolution, which role on the in-channel morphological processes has been
investigated, in a first attempt, in Chapter 6.

Main achievements of the present work

A strong correspondence between riparian canopy structure and geomor-
phological patterns within the floodplain area has been revealed from the
analysis of the two airborne historical data (air photographs and Lidar).
In particular riparian vegetation has been found to be organized according
to a ridge and swale pattern, which is typically associated to the develop-
ment of benches and scroll bars formation within the convex bank during
the meander evolution. Moreover, the performed analysis have shown that
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the influence of river hydromorphological processes diminishes while the
effect due to the presence of trees increases with the lateral distance from
the contemporary channel edge and this behaviour encompasses a buffer
zone where the accretion processes take place.

Similar conclusions have been obtained by investigating collected field
data on river bend cross section topography, historical water stage and
riparian vegetation properties. Results obtained from this analysis have
shown that inner bank morphology organizes in macro oscillations associ-
ated with different time periods that in turn influence the vegetation spa-
tial distribution, changing from dense woody to sparse vegetation reach-
ing the channel edge. Moreover, the analysis reveals a further complex
structure for the inner bank morphology characterized by two levels of
organization: one (macroscale variation) dependent on the water stage,
the other determined by the presence or absence of vegetation and its
interaction with the water flow (micro variation).

Understanding form the field and remote sensing analysis have sug-
gested to focus the modelling investigation on meander migration account-
ing for a vegetated river corridor at the cross-section scale.

The model developed in Chapter 5 is a first, biophysically based at-
tempt to overcome the simplifying hypothesis of constant channel width
on which meander migration models have been traditionally based. Dif-
ferently from the closure for bank erosion and deposition proposed by Eke
et al. (2014), which is based on the framework for self evolving bank of
Parker et al. (2011), in this approach inner bank advancing is related with
vegetation dynamic on the point bar accounted for through physically-
based relationships for vegetation biomass dynamics. Despite the simpli-
fied closure used to describe vegetation-induced deposition and the con-
tinuous transversal distribution of the vegetation biomass, the results ob-
tained are encouraging of the model adequacy to reproduce observed pro-
cesses. Discharge unsteadiness coupled with the active role of vegetation
has been found as crucial ingredients for the development of characteristic
ridge-swales patterns in ground topography and riparian vegetation most
often observed in advancing meandering floodplains.

A theoretical morphodynamic model has been developed and solved
through a nonlinear perturbation technique to investigate the effect of
temporal width variation on river bed morphodynamics, such as the re-
sponse of a point bar in a meander bend to temporal oscillations of channel
width, like those suggested in Chapter 5. In order to study the effect of
channel width variation on river bed instability, two case were investi-
gated: width can vary adapting to the temporally varying discharge or, if
discharge is constant, through a relaxation relation describing widening of
an initially overnarrow channel towards the equilibrium width. Unsteadi-
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ness related with changes in channel width was found to directly affect the
instantaneous bar growth rate, depending on the conditions under which
the widening process occurs.

Overall, results obtained are satisfactory and give evidence of the fact
that a cooperation between different scientific disciplines that involved
different investigations techniques is a fundamental conditions to develop
a comprehensive framework for investigating meandering rivers evolution
in vegetated floodplain.

General discussion and future developments

The analysis conduced highlights the potential of remotely sensed data,
such as Lidar and and air photographs, in providing important information
on the accretion process at the inner bank and lateral banks dynamics
(erosion and deposition) when applied to the scale of individual meander
bends.

It has been also demonstrated that analysis focused on the morpho-
logical and vegetation patterns can be extended by including the relevant
hydrological processes and associate them with the geometry of the struc-
tures observed within the inner bank to quantitatively investigate the
scales of the physical phenomena that are involved. Interestingly, the ex-
istence of three zones within the inner bank was detected independently
from three different analysis: from the analysis of the historical hydro-
logical data as difference water persistence time- length above the ground
and, more qualitatively, from the observation of the cross section topog-
raphy, as well as from the combination of Lidar data and historical aerial
photographs.

Moreover, the conducted analyses show how the information collected
in the field to characterize the riparian canopy structure are complemen-
tary to the remote sensed analysis. For instance the growth curve of
the analysis on vegetation properties can be used, for known riparian
species, to convert maps showing the tree height distribution with tree
age and, conversely, to interpret the values in the persistence map in
order to estimate the height of the riparian canopy; thus completely char-
acterizing riparian woody structure. On the other hand, remote sensing
techniques further support field investigations: Lidar data allows to inves-
tigate canopy and terrain structure at the reach length, while analysis of
historical photographs provide information on the dynamics of the bend.

The attempt to estimate meander bend migration rate from the aerial
images and related it with the historical water stage, could be improved,
when information are available, by using digital elevation model of the
active river corridor. In particular, the DEM of difference associated with
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relevant flood events, could provide information on the amount of sedi-
ments eroded or deposited (i.e negative or positive values, respectively).

In general width unsteadiness was predicted to play a destabilizing role
on free bar stability, namely during the peak stage of a flood event in a lat-
erally unconfined channel and invariably for overnarrow channels fed with
steady discharge. In this latter case, width unsteadiness tends to shorten
the most unstable bar wavelength compared to the case with constant
width, in qualitative agreement with existing experimental observations.
The analysis conduced can be extended to the case of width oscillation
induced by meandering migration as predicted from the application of the
bio-morphodynamic model proposed in Chapter 5.

The developed bio-morphodynamic model could be used to derive
physically-based relationships for describing channel widening (narrowing)
in a overnarrow (wide) channel, which represent one of the major issue in
introducing unsteadiness in the analytical theory of bend/bar stability, as
already pointed out in Chapter 6.

The present work also constitutes a further step in understanding the
still unsettled biophysical controls of the accretion processes in meander
evolution and provides information to support future research in develop-
ing bio-morpho-dynamic models for meandering rivers able to investigate
processes related to the analysed floodplain patterns, such as chute cut-
offs. Time-scale dependence of vegetation dynamics in relation with that
of the fluvial processes (i.e. high/low rapidity of vegetation colonization)
are associated with the formation of the observed riparian patterns. Un-
derstanding the controls of these patterns can provide and added value
in the long-lasting debate on river channel pattern selection, because in-
creased/reduced prevalence of chutes implies more or less pronounced ten-
dency from a single-thread to a multi-thread channel pattern.

Results obtained from the modelling analysis are encouraging and
constitute a first attempt towards the development of coupled channel-
floodplain biomorphodynamic models. Improvements are required to reach
this aim and in particular future research needs to:

• comprehensively incorporate include the unsteadiness effects induced
by channel width oscillation, here studied separately, in the bio-
morphodynamic model for meandering river evolution;

• extend this model to the more general case of a channel with longi-
tudinally variable channel centerline curvature;

• account for net sediment exchange between the main channel and the
lateral bank regions and for the possible unbalance between erosion
and accretion processes;
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• be based on targeted field investigations in order to provide insight
into the role of several vegetation characteristics that are described
through a simplified parameterization and include effects that are not
present so far, such as plant roots that can improve the extremely
simplified closure relationships used in this analysis.

Despite not being exhaustive, the above research developments will
generate a more comprehensive bio-morphodynamic model, providing a
useful tool to support river management and river restoration projects,
where the co-evolution of channel curvature, width and riparian vegetation
and topography patterns have specific ecological relevance.
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Notation

List of the most used symbols

A(t) bars amplitude;
B half channel width;
b, beq overall and maximum biomass;
C curvature of channel axis;
C0 friction coefficient;
D,D0 local and uniform depth;
ds sediment grain size;
F0 Froude number;
F logarithmic profile function;
G vertical structure of the secondary flow;
g gravity acceleration;
H water free surface elevation;
k biomass decay rate;
ksg,ksv,ks Strickler coeff. for bare sediments, vegetated area and mixed terrain;
M lateral migration coefficient;
N longitudinal metric coefficient;
P pressure;
Q water discharge;
q sediment rate vector;
Q̄, Qf maximum, formative discharge;
R radius of curvature;
r empirical constant in qn;
s, n, z longitudinal, transverse, vertical direction, respectively;
t time;
U, V,W longitudinal, transverse,vertical velocity component;
U0, V0,W0 longitudinal, transverse,vertical uniform flow velocity component;
Wc channel width;
zb0 ideal distance from water table ;
αt coeff. root properties;
αQ coeff. formative discharge;
β hal-width to depth ratio;
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δ perturbation parameter for the width;
∆ submerged sediment gravity;
ε perturbation parameter for bars;
ζ lateral erosion ;
η channel bed elevation;
θ Shields parameter;
θc, θcv critical value of Shields parameter for sediments, vegetation;
λ dimensionless bar wavenumber;
λ1,2 rate biomass decrease;
λsed deposition rate;
ν perturbation parameter for the curvature;
νT eddy viscosity;
ξ normalized vertical variable;
ρs, ρ sediment and water density;
σ1 biomass growth rate;
σT reciprocal of flood event duration;
τ ,τc shear stress value and its critical value;
τs,τn longitudinal and transverse shear stress component;
Ω bars growth rate ;
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Appendix A

Image classification analysis

In this section we present the outcomes of the classification process de-
scribed in chapter 3. For each of the panchromatic and colour air pho-
tographs (RGB) of the historical dataset we reported: the original image,
the main statistics of the colour intensity distribution of the training area
used for the supervised classification, the final thematic map produce (used
for the further analysis), the confusion matrix and the related statistics
used to assess the accuracy of the classification process. Information on
the distribution of the training samples, help in understanding the eventu-
ality of overlapping between two distributions (this occurred often between
water-covered area and vegetation category) that might lead to misclassi-
fication in the final result. Moreover, we coupled the error matrix related
to the final map with that obtained by classifying the whole image (no
masking operation) in order to provide evidence of the accuracy improve-
ment achieved by classifying separately the river channel from the river
floodplain.

Furthermore, a short explanation of the statistics associated with the
confusion matrix is here reported. According with the generic confusion
matrix reported in Figure A.1, the most common measures for assessing
accuracy are:

overall accuracy =

∑
nii
n

100; (A.1)

kappa coefficient =
n
∑
nii −

∑
n+ini+

n2
∑
n+ini+

; (A.2)

commission =
nij
ni+

; (A.3)

omission =
nij
n+i

; (A.4)
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Figure A.1: The confusion matrix use for assessing classification accuracy (Foody,
2002).

procedure′s accuracy =
nii
n+i

; (A.5)

user′s accuracy =
nii
ni+

; (A.6)

where i, j represent the category used for the discretization of the image,
while n is the total number of points used for the validation procedure (in
this case 90).

Lists of the panchromatic historical images:
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1966

1966 Min Max Mean Std. dev Covar
Vegetation 35.00 139.00 65.53 12.94 167.44
Ground 89.00 208.00 129.22 17.52 306.97
Water 64.00 182.00 100.99 10.26 105.37

Table A.1: Main statistics computed for the frequency distribution of the training
sample extracted from the 1966 panchromatic aerial photograph. Min = minimum,
Max = maximum, Std. dev = standard deviation, Covar = covariance.

(A) Veg(R) Sed(R) Water(R) Row total
Veg(CL) 29 2 0 31
Sed(CL) 1 27 0 28
Water (CL) 0 1 30 31
Column total 30 30 30 90

(B) Veg(R) Sed(R) Water(R) Row total
Veg(CL) 25 0 3 28
Sed(CL) 0 16 0 16
Water (CL) 5 14 27 46
Column total 30 30 30 90

Table A.2: Confusion matrixes computed for the thematic map obtained by A) mask-
ing the river area B) classifying the whole image.
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(A) Commission Omission Producers Users
Veg 6.45 3.33 96.67 93.54
Sed 3.57 10.0 90.00 96.43
Water 3.23 0.00 100.0 96.77

Overall 95.5
Kappa 0.93

(B) Commission Omission Producers Users
Veg 0.96 0.76 1 0.63
Sed 1.00 0.97 1.00 0.95
Water 0.98 0.72 0.97 0.58

Overall 0.42
Kappa 0.34

Table A.3: Statistics parameters computed from the value of the confusion matrix to
assess the accuracy of the classification method applied.

1970

1970 Min Max Mean Std. dev Covar
Vegetation 17.00 162.00 59.31 22.99 528.39
Ground 144.00 227.00 214.91 7.56 57.18
Water 96.00 177.00 140.94 10.76 115.70

Table A.4: Main statistics computed for the frequency distribution of the training
sample extracted from the 1970 panchromatic aerial photograph. Min = minimum,
Max = maximum, Std. dev = standard deviation, Covar = covariance.
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(A) Veg(R) Sed(R) Water(R) Row total
Veg(CL) 30 0 0 30
Sed(CL) 0 30 0 30
Water (CL) 0 0 30 30
Column total 30 30 30 90

(B) Veg(R) Sed(R) Water(R) Row total
Veg(CL) 30 0 0 30
Sed(CL) 0 27 0 27
Water (CL) 0 3 30 33
Column total 30 30 30 90

Table A.5: Confusion matrixes computed for the thematic map obtained by A) mask-
ing the river area B) classifying the whole image.

(A) Commission Omission Producers Users
Veg 0.00 0.00 100.00 100.00
Sed 0.00 0.00 100.00 100.00
Water 0.00 0.00 100.00 100.00

Overall 100.00
Kappa 1

(B) Commission Omission Producers Users
Veg 0.00 0.00 100.00 100.00
Sed 0.00 10.0 90.00 100.00
Water 9.09 0.00 100.00 90.91

Overall 96.7
Kappa 0.95

Table A.6: Statistics parameters computed from the value of the confusion matrix to
assess the accuracy of the classification method applied.

1983
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1983 Min Max Mean Std. dev Covar
Vegetation 42.00 183.00 77.52 9.56 91.35
Ground 85.00 204.00 95.03 8.95 80.05
Water 59.00 176.00 95.03 15.92 253.60

Table A.7: Main statistics computed for the frequency distribution of the training
sample extracted from the 1983 panchromatic aerial photograph. Min = minimum,
Max = maximum, Std. dev = standard deviation, Covar = covariance.

(A) Veg(R) Sed(R) Water(R) Row total
Veg(CL) 29 1 0 30
Sed(CL) 0 29 0 29
Water (CL) 1 0 30 31
Column total 30 30 30 90

(B) Veg(R) Sed(R) Water(R) Row total
Veg(CL) 15 0 9 24
Sed(CL) 0 29 0 29
Water (CL) 15 1 21 37
Column total 30 30 30 90

Table A.8: Confusion matrixes computed for the thematic map obtained by A) mask-
ing the river area B) classifying the whole image.

(A) Commission Omission Producers Users
Veg 3.33 3.33 96.67 96.67
Sed 0.00 3.33 96.67 100.00
Water 3.23 0.00 100.00 96.77

Overall 97.7
Kappa 0.97

(B) Commission Omission Producers Users
Veg 37.5 50.00 50.00 62.50
Sed 0.00 3.33 96.67 100.00
Water 43.24 30.00 70.00 56.76

Overall 72.2
Kappa 0.58

Table A.9: Statistics parameters computed from the value of the confusion matrix to
assess the accuracy of the classification method applied.
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1993

1993 Min Max Mean Std. dev Covar
Vegetation 38.00 232.00 61.46 17.76 315.29
Ground 67.00 255.00 147.89 45.03 2027.84
Water 45.00 155.00 64.89 11.60 134.51

Table A.10: Main statistics computed for the frequency distribution of the training
sample extracted from the 1993 panchromatic aerial photograph. Min = minimum,
Max = maximum, Std. dev = standard deviation, Covar = covariance.

(A) Veg(R) Sed(R) Water(R) Row total
Veg (CL) 29 0 1 30
Sed (CL) 1 30 0 31
Water (CL) 1 0 29 29
Column total 30 30 30 90

(B) Veg(R) Sed(R) Water(R) Row total
Veg(CL) 25 0 26 51
Sed(CL) 5 30 4 39
Water (CL) 0 0 0 0
Column total 30 30 30 90

Table A.11: Confusion matrixes computed for the thematic map obtained by A)
masking the river area B) classifying the whole image.
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(A) Commission Omission Producers Users
Veg 3.33 3.33 96.67 96.67
Sed 3.23 0.00 100.00 96.77
Water 0.00 3.33 96.67 100.00

Overall 97.7
Kappa 0.97

(B) Commission Omission Producers Users
Veg 50.98 16.67 83.33 49.02
Sed 23.08 0.00 100.00 76.92
Water – 100.00 0.00 –

Overall 61.1
Kappa 0.42

Table A.12: Statistics parameters computed from the value of the confusion matrix
to assess the accuracy of the classification method applied.

1997
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Vegetation Band1 Band2 Band3
Min 19.00 70.00 84.00
Max 199.00 173.00 189.00
Mean 78.04 110.06 115.17
St dev 18.98 14.34 8.13
Covariance
Band1 360.28 261.67 137.63
Band2 261.67 205.59 105.75
Band3 137.63 105.75 66.06

Ground Band1 Band2 Band3
Min 0.00 0.00 0.00
Max 254.00 241.00 213.00
Mean 240.10 220.82 183.49
St dev 44.36 40.90 34.19
Covariance
Band1 1968.18 1812.42 1507.80
Band2 1812.41 1672.83 1349.19
Band3 1507.80 1349.19 1168.88

Water Band1 Band2 Band3
Min 25.00 91.00 97.00
Max 170.00 163.00 162.00
Mean 86.53 122.43 124.11
St dev 30.03 16.86 7.47
Covariance
Band1 901.82 491.87 191.47
Band2 491.87 284.15 115.17
Band3 191.47 115.17 55.80

Table A.13: Main statistics computed for the frequency distribution of the training
sample extracted from the 1997 colour (RGB) aerial photograph. Min = minimum,
Max = maximum, Std. dev = standard deviation, Covar = covariance.
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(A) Veg(R) Sed(R) Water(R) Row total
Veg (CL) 27 1 0 28
Sed (CL) 3 24 0 27
Water (CL) 0 5 30 35
Column total 30 30 30 90

(B) Veg(R) Sed(R) Water(R) Row total
Veg(CL) 11 1 3 15
Sed(CL) 0 13 0 13
Water (CL) 13 16 21 50
Column total 24 30 30 78

Table A.14: Confusion matrixes computed for the thematic map obtained by A)
masking the river area B) classifying the whole image.

(A) Commission Omission Producers Users
Veg 3.57 10.00 90.00 96.43
Sed 11.11 20.00 80.00 88.88
Water 14.29 0.00 100.00 85.71

Overall 90.0
Kappa 0.85

(B) Commission Omission Producers Users
Veg 26.07 54.17 45.83 73.33
Sed 0.00 56.67 43.33 100.00
Water 58.00 12.50 87.50 42.00

Overall 57.7
Kappa 0.34

Table A.15: Statistics parameters computed from the value of the confusion matrix
to assess the accuracy of the classification method applied.

2001
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Vegetation Band1 Band2 Band3
Min 48.00 35.00 48.00
Max 178.00 157.00 153.00
Mean 99.28 87.95 100.25
St dev 12.43 14.12 10.15
Covariance
Band1 154.58 152.62 71.50
Band2 152.62 199.51 86.94
Band3 71.50 86.94 102.98

Ground Band1 Band2 Band3
Min 122.00 71.00 102.00
Max 233.00 212.00 208.00
Mean 174.35 137.48 147.85
St dev 16.04 14.50 13.71
Covariance
Band1 257.13 220.86 177.76
Band2 220.86 210.36 159.58
Band3 177.76 159.58 187.91

Water Band1 Band2 Band3
Min 120.00 134.00 133.00
Max 216.00 194.00 202.00
Mean 195.88 169.82 173.88
St dev 13.84 6.58 8.44
Covariance
Band1 191.44 67.58 55.52
Band2 67.58 43.27 20.35
Band3 55.52 20.35 71.28

Table A.16: Main statistics computed for the frequency distribution of the training
sample extracted from the 2001 colour (RGB) aerial photograph. Min = minimum,
Max = maximum, Std. dev = standard deviation, Covar = covariance.

(A) Veg(R) Sed(R) Water(R) Row total
Veg (CL) 30 1 0 31
Sed (CL) 0 23 0 23
Water (CL) 0 6 30 36
Column total 30 30 30 90

(B) Veg(R) Sed(R) Water(R) Row total
Veg(CL) 30 1 0 31
Sed(CL) 0 22 0 22
Water (CL) 0 6 30 36
Column total 30 29 30 89

Table A.17: Confusion matrixes computed for the thematic map obtained by A)
masking the river area B) classifying the whole image.
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(A) Commission Omission Producers Users
Veg 3.23 0.00 100.00 96.77
Sed 0.00 23.33 76.67 100.00
Water 16.67 0.00 100.00 83.33

Overall 92.2
Kappa 0.88

(B) Commission Omission Producers Users
Veg 3.23 0.00 100.00 96.77
Sed 0.00 24.14 75.86 100.00
Water 16.67 0.00 100.00 83.33

Overall 92.1
Kappa 0.86

Table A.18: Statistics parameters computed from the value of the confusion matrix
to assess the accuracy of the classification method applied.
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Appendix B

Coefficients of the linear system at the order

O(ε) and O(εδ)

Collecting the terms at the order (ε) and (εδ) in the system

ai1(t)u1 + ai2(t)v1 + ai3(t)h1 + ai4(t)d1 = 0, i = 1, 2, 3, 4 (B.1)

the coefficients ai,j(t) can be expaned as

ai,j(t) = a0i,j + a1i,j(t) i, j = 1, 2, 3, 4 (B.2)
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and for the specific case they read as follow:

a011 = iλ+ 2β0C0

a111(t) = a011u01(t) + [2β0C0(CD − 1)]d01(t);
a013 = iλ

a113(t) = 0;
a014 = β0C0(CD − 1)

a114(t) = [2β0C0(CD − 1)]u01(t) + [β0C0(P11 + CD(CD − 1) + 2]d01(t);
a022 = iλ+ β0C0

a122(t) = [iλ+ β0C0]u01(t) + β0C0(CD − 1)d01(t);
a023 = π

2
a123(t) = 0;

a031 = iλ
a131(t) = a031d01(t);

a032 = −π
2

a132(t) = a032d01(t);
a034 = iλ

a134(t) = a034u01(t);
a041 = 2iλΦT

a141(t) = [2iλ(P21F − ΦT )]u01(t) + 2iλP21Dd01(t);
a042 = −π

2
a142(t) = −a042u01(t);

a043 =
π2rF 2

0

4β0
√
θ0

a143(t) = −a043u01(t) +
[
−CD

2
a043
]
d01(t);

a044 = − π2rF 2
0

4β0
√
θ0

+ iλΦTCD

a144(t) =
[
a043
F 2
0

+ iλCDP21F

]
u01(t) +

[
CDa

0
43

2F 2
0

+ iλ (ΦTCDP11 + CDP21D)
]
d01(t),

(B.3)
having defined

P11 = CD

(
CD
2
− 1

)
, P21F = −2θcΦT , P21D = −CDθcΦT

(B.4a− c)
and

CD =
Cf,D|0
Cf0

, ΦT =
θ∗0
Φ0

Φ,θ∗|0, (B.5a− b)

where Cf denotes the friction coefficient, Φ the intensity of bedload trans-
port and the subscript 0 refers to the reference state.
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The system (6.18) for the order O(ε) is therefore written in the form
a011 0 a013 a014
0 a022 a023 0
a031 a032 0 a034

a041QoΦo a042QoΦ0 a043Q0ΦoF
2
0 (−iΩ10) a044Q0ΦoF

2
0 (iΩ10)




u10
v10
h10
d10

 =


0
0
0
0

 .

(B.6)

The matrix of the system (B.6) has been represented in the text through
the linear differential operator L10.
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