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SUMMARY

HERE is rising awareness of the need to include the effects of vegetation in stud-
T ies dealing with the morphological response of rivers. By increasing the local hy-
draulic roughness and the soil resistance against erosion, riparian vegetation affects wa-
ter depth, flow velocity, sediment processes and soil erodibility. As a result, vegetation
growth on river banks and floodplains alters the river bed topography, reduces the bank
erosion rates and enhances the development of new floodplains through river bank ac-
cretion.

This thesis examines the role of riparian vegetation on river morphology, with partic-
ular attention to its effects on bank accretion, focusing on lowland streams in temperate
climates. The work is based on the combination of extensive literature review, laboratory
experiments, field observations and numerical simulations to overcome the shortcom-
ings of single approaches. A thorough quantitative analysis of state-of-the-art methods
assessing the effects of vegetation on flow resistance and sediment transport is carried
out in the initial phase of the work. This method review allowed: identifying the dom-
inant processes responsible for river bank accretion, determining the consequences of
using simplified methods to represent vegetation in experiments and models, selecting
the most promising method, establishing the recommendations for its proper use, and
defining its applicability ranges.

A series of laboratory investigations was performed to establish the effects of vege-
tation colonization on rivers with alternate bars. Considering the problems related to
the upscaling of experimental results to real rivers, the experiments were carried out in
a newly-constructed large flume. This allowed obtaining realistic flow conditions and
bank characteristics. Several small-scale experiments were also carried out in order to
set up the large-scale investigations, establishing, for instance, the differences on the be-
haviour of plants with contrasting characteristics and the performance of different types
of sediment.

Systematic field observations were conducted to study the accretion processes at the
real river scale. The selected case study is the Lunterse Beek, a small lowland stream
in the Netherlands. The field measurements covered a period of five years after river
restoration, which allowed studying the river dynamics with and without riparian veg-
etation and assessing the effects of seasonal variations. Numerical simulations allowed
quantitatively analysing the role of these different factors on the morphological evolu-
tion of the monitored stream.

The results of the unique large-scale laboratory experiments and the field observa-
tions demonstrated that vegetation is essential for the accretion of river banks in non-
clay-dominated environments. These results highlighted the role of colonization of new
deposits by plants, which is strongly influenced by the alternation of high and low flows,
and dominated by their intensity and duration. Vegetation establishment plays a key
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role on the stabilization of the channel-width and on the vertical accretion of both lev-
ees and floodplains. The vertical accretion and channel incision induced by colonizing
plants observed in the large-scale experiments showed that vegetation colonization in-
creases the amplitude and length of the bars in the main river channel, affecting the
final river planform. Lateral bank accretion was found to be strongly dependent on wa-
ter level variability. These outcomes highlight the relevance of considering the effects of
vegetation on the river management and on the designing, planning and maintenance
programs of restoration projects.

The field observations showed that the plant root system plays an important role
on the soil reinforcement in lowland streams. The simulations performed with Delft3D
for the field study case showed the potential of this model in reproducing the effects of
vegetation and the observed morphological changes. However, model limitations were
identified in the simplified description of bank erosion and the lack of a quantitative
estimation of the soil reinforcement by plants. The model investigation allowed to iden-
tify that including the seasonal variations of vegetation is only relevant for short-term
predictions, whereas, the assumption of a constant vegetation coverage dominated by
herbaceous plants can reflect the long-term behaviour of changing vegetation. These
aspects contribute in defining recommendations for modelling purposes of this type of
streams.

This work comprises the first attempt towards a physics-based description of river
bank accretion by combining experimental and field observations with numerical simu-
lations. However, more efforts in establishing the role of root systems and fine sediments
on the reinforcement and consolidation processes of soils are required to advance in the
understanding of the dynamics of river banks.



SAMENVATTING

R is een toenemend bewustzijn dat in studies betreffende de morfologische respons
E van rivieren de effecten van vegetatie moeten worden meegenomen. Oevervegeta-
tie beinvloedt waterdiepte en stroomsnelheid als ook de erodeerbaarheid van de bodem
doordat het de lokale hydraulische weerstand verhoogt en de bodem minder erodeer-
baar maakt. Het resultaat hiervan is dat begroeiing op de oevers en in de uiterwaarden
de ligging van de rivierbodem verandert, oever erosie vermindert en bijdraagt aan vor-
ming van nieuwe uiterwaarden door aangroei van de rivieroever.

Dit proefschrift beschrijft een studie naar de rol van oevervegetatie bij riviermorfolo-
gische processen, met speciale aandacht voor de effecten op oeveraangroei bij laagland-
rivieren in gematigd klimaat. Het onderzoek is gebaseerd op de combinatie van uitge-
breide analyse van bestaande literatuur, laboratorium experimenten, veldwaarnemin-
gen en numerieke simulaties, dit om de beperkingen van een enkele benadering te om-
zeilen. Een grondige kwantitatieve analyse van ‘state of the art’ methoden om de effecten
van vegetatie op stromingsweerstand en sediment transport vast te stellen, uitgevoerd in
het beginstadium van het onderzoek, heeft de mogelijkheid geboden om: de dominante
processen die verantwoordelijk zijn voor oeveraangroei te identificeren, de consequen-
ties in te schatten van het gebruik van versimpelde methoden waarmee vegetatie in ex-
perimenten en rekenmodellen wordt weergegeven, de meest veelbelovende methode te
selecteren en de toepasbaarheid ervan te bepalen. De resultaten laten duidelijk de rol
zien van de kolonisatie door planten van nieuw-afgezet sediment, wat sterk beinvioed
wordt door de afwisseling van sterke en zwakke stromingen en gedomineerd wordt door
intensiteit en duur ervan.

Een reeks laboratoriumexperimenten is uitgevoerd om de effecten van kolonisatie
door vegetatie van rivieren met alternerende banken vast te stellen. Met inachtneming
van de moeilijkheid om experimentele resultaten verkregen op kleine schaal te vertalen
naar de werkelijke schaal van laagland rivieren, zijn de experimenten uitgevoerd in een
nieuw-gebouwde grote stroomgoot. Hiermee kon een realistische stroming en dito oe-
verkarakteristieken verkregen worden. Voorafgaand hieraan is een aantal experimenten
op kleinere schaal uitgevoerd, bijvoorbeeld om vast te stellen welke kunstmatige planten
en welke verschillende soorten van sediment goed werkten.

Er zijn systematisch veldwaarnemingen gedaan om oeveraangroei-processen op de
schaal van een echte rivier te bestuderen. De geselecteerde casus betreft de Lunterse
Beek, een klein laagland riviertje in Nederland. De veldwaarnemingen besloegen een
periode van 5 jaren volgend op een rivierrestauratie, zodat de dynamica van de rivier met
en zonder vegetatie bestudeerd kon worden, als ook de effecten van de seizoenen. Nu-
merieke modellering maakte het mogelijk de gevolgen van verschillende factoren voor
de morfologische veranderingen in de gemonitorde beek kwantitatief te analyseren.

17
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De resultaten van de unieke grootschalige laboratoriumexperiment en de veldwaar-
nemingen hebben het belang aangetoond van begroeiing voor de stabilisatie van de
breedte van de stroomgeul en voor de verticale aangroei van oevers en uiterwaarden.
De aangroei van oevers in dwarsrichting bleek sterk samen te hangen met de variabi-
liteit van het waterniveau. De stabilisatie van de geulbreedte en aanzanding als gevolg
van kolonisatie door vegetatie zoals waargenomen in de grootschalige goot- experimen-
ten lieten zien dat de planten de karakteristieken van zandbanken beinvloeden en daar-
mee o0k het patroon van de rivier. Deze resultaten tonen aan dat het van belang is de
invloed van vegetatie mee te nemen in het rivierbeheer en bij ontwerp, planning en on-
derhouds—programma’s van rivier-restauratie-projecten.

De waarnemingen in het veld lieten zien dat de wortelstelsels van planten een be-
langrijke rol spelen bij het versterken van grond en oevers in een laagland rivier. De
simulaties van de veldstudie met behulp van het rekenprogramma Delft3D, hebben de
potentie van dit model aangetoond voor het reproduceren van de effecten van vegetatie
en de geobserveerde morfologische veranderingen. Er zijn echter beperkingen van het
model geidentificeerd die vooral betrekking hebben op de gesimplificeerde beschrijving
van oevererosie en het gebrek aan een kwantitatieve schatting van de bodemversterking
door planten. De studie met het rekenmodel liet zien dat het meenemen van seizoensva-
riaties alleen relevant is voor korte-termijn voorspellingen, terwijl de aanname van een
constante bedekking door vegetatie die gedomineerd wordt door kruidachtige planten
het lange-termijn gedrag van veranderende vegetatie weer kan geven. Deze aspecten
dragen bij aan het definiéren van aanbevelingen voor het modelleren van dergelijke ri-
vieren.

Dit werk omvat een eerste poging richting een op de fysica gebaseerde beschrijving
van rivier-oever-aangroei, door middel van het combineren van waarnemingen in het
laboratorium en het veld met numerieke simulaties. Om beter begrip te krijgen van de
dynamica van rivieroevers is er meer inspanning nodig ter vaststelling van de rol van
wortels en fijn sediment in het consolidatieproces en het versterken van bodem en oever.



RESUMEN

XISTE un aumento en la conciencia de la necesidad de incluir los efectos de la veg-
E etacion en estudios relacionados con la respuesta morfolégica de los rios. Por medio
del incremento de la rugosidad hydraulica local y de la resistencia del suelo ante la
erosion, la vegetacion riparia afecta la profundidad hidrdulica, la velocidad del flujo, los
processos de sedimentos y la erodibilidad del suelo. Como resultado, el crecimiento de la
vegetacion en las bancas de los rios y en las planicies de inundacién altera la topografia
del lecho del cauce, reduce las tasas de erosién de las bancas y favorece el desarrollo de
nuevas planicies de inundacién a través de la acrecién de las bancas de rio.

Esta tesis examina el rol de la vegetacion riparia en la morfologia fluvial, con interés
particular en los efectos de ésta en la acrecién de bancas, enfocado en corrientes de tier-
ras bajas localizadas en climas templados. El trabajo estd basado en la combinacién
de una extensa revision de literatura, experimentos de laboratorio, observaciones de
campo y simulaciones numéricas con el fin de superar las deficiencias del empleo de
metodologias tnicas. Un exhaustivo andlisis cuantitativo de métodos modernos que
consideran los efectos de la vegetacion en la resistencia al flujo y en el transporte de sed-
imentos se lleva a cabo en la fase inicial del trabajo. Esta revisién de métodos permitié:
identificar los procesos dominantes que son responsables de la acrecién de bancas de
rio, determinar las consecuencias de utilizar métodos simplificados para representar la
vegetacion en experimentos y modelos, seleccionar el método més promisorio, estable-
cer las recomendaciones para su uso apropiado y definir sus rangos de aplicacién.

Una serie de investigaciones de laboratorio se desarroll6 para establecer los efectos
de la colonizacién de la vegetacién en rios con barras de sedimento alternadas. Con-
siderando los problemas relacionados con la amplificacién de la escala de los resultados
de laboratorio a la escala de rio real, los experimentos fueron realizados en un canal de
laboratorio de gran escala recientemente construido. Esto permiti6 obtener condiciones
de flujo y caracteristicas de las bancas maés reales. Varios experimentos de pequefa es-
cala fueron también realizados para preparar las investigaciones de gran escala, estable-
ciendo, por ejemplo, los diferentes comportamientos de plantas con caractersticas con-
trastantes y el desempefio de diferentes tipos de sedimento.

Observaciones de campo fueron realizadas de manera sistemaética para estudiar los
procesos de acrecion a la escala de rio real. El caso de estudio seleccionado es el del
Lunterse Beek, una pequefia corriente de tierra baja localizada en los paises bajos. Las
mediciones de campo cubrieron un periodo de cinco afios después de la restauraciéon
del rio, lo cual permiti6 el estudio de la dindmica del cauce sin y con la presencia de
vegetacion riparia y la evaluacion de los efectos de las variaciones estacionales. La mod-
elacién numérica permitié analizar el rol de estos diferentes factores en la evolucién
morfolégica de ésta corriente.
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Los resultados de los experimentos a gran escala (tinicos en su tipo) y de las obser-
vaciones de campo demostraron que la vegetacion es esencial para la acrecién de ban-
cas de rio en ambientes que no estdn dominados por suelos arcillosos. Estos resulta-
dos destacan el rol de la colonizacién de las plantas en nuevos depésitos, la cual esta
fuertemente influenciada por la alternacién de caudales altos y bajos, y donimado por
la intensidad y duracién de los mismos. El establecimiento de la vegetacion desempefa
un importante papel en la estabilizacién del ancho del cauce y en la acrecién vertical
observada en las planicies de inundacién y en los diques naturales que se forman en las
margenes. La acrecion vertical y la incisién del canal inducidas por la colonizacién de
las plantas observada en los experimentos de laboratorio de gran escala mostré que la
colonizacién de la vegetacién incrementa la amplitud y longitud de las barras de sedi-
mento en el cauce principal del rio, afectando su forma final en planta. Se encontré que
la acrecion lateral de bancas depende fuertemente de la variabilidad de los niveles de
agua. Estos resultados resaltan la relevancia de considerar los efectos de la vegetacion
tanto en el manejo de rios como en el disefo, planeacién y programas de mantenimiento
de proyectos de restauracion.

Las observaciones de campo mostraron que el sistema de raices de las plantas de-
sempefia un importante rol en el refuerzo del suelo de las corrientes de tierras bajas. Las
simulaciones realizadas con Delft3D para el caso de estudio mostraron el potencial de
este modelo en la reproduccién de los efectos de la vegetacién y de los cambios mor-
fol6gicos observados. Sin embargo, limitaciones en el modelo fueron encontradas en la
descripcién simplificada de la erosién de bancas y en la inexistencia de una estimacién
cuantitativa del refuerzo del suelo debido a las plantas. La investigacién numérica per-
miti6 identificar que la inclusién de las variaciones estacionales de la vegetacion solo es
relevante para las predicciones a corto plazo, mientras que asumir una cobertura vegetal
constante dominada por plantas de tipo herbaceo puede reflejar el comportamiento a
largo plazo de la vegetacién cambiante. Estos aspectos contribuyen en la definicién de
recomendaciones ttiles en la modelacién de este tipo de corrientes.

Este trabajo consiste en el primer intento hacia la descripcién basada en la fisica de
la acrecién de bancas por medio de la combinacién de observaciones de campo y ex-
perimentales con simulaciones numéricas. Sin embargo, més esfuerzos en el establec-
imiento del rol de los sistemas de raices y sedimentos finos en los procesos de refuerzo y
consolidacién de suelos son requeridos para avanzar en el entendimiento de la dindmica
de bancas de rio.



INTRODUCTION

"A good river is nature’s life work in song."

Mark Helprin, Freddy and Fredericka

Figure 1.1: Casanare River. Photo taken in Hato Corozal, Casanare, Colombia. Source: Claudia Jara.

In this first chapter the background, aim and approach of this PhD dissertation are ex-
plained. General comments about the structure of the document are also included here.
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22 1. INTRODUCTION

1.1. BACKGROUND OF THE STUDY

REDICTING the response of rivers to natural and anthropic changes has been a chal-

lenging task for researchers from several disciplines during the last decades (Church
and Ferguson, 2015). The morphology of an alluvial river is the result of the interac-
tion between vegetation, flow discharge and sediment dynamics, through entrainment,
transport and deposition of bed material. Morphological changes include bed-shape
evolution, river-width adjustment and lateral channel migration arising from a combi-
nation of erosion and accretion processes which, in turn, modify the flow characteristics.

Width adjustment and lateral channel migration are the result of the joint action
of opposite river banks (Blench, 1969; Parker, 1978a; Mosselman, 1992). In particular,
banks can retreat (bank erosion) from the river channel or advance (bank accretion) into
the river channel, resulting in width adaptation and transverse channel shift, see Figure
1.2. Only by studying separately the phenomena of bank accretion and opposite bank
erosion it is possible to predict river width adjustment and lateral channel migration
(Allmendinger et al., 2005; Crosato, 2008; Parker et al., 2011).

Bank Bank (T
erosion accretion

Figure 1.2: (a) Aerial view of the Yopal river, Colombia. Source: Claudia Jara; (b) Schematic representation of
the bank erosion and accretion sequences in the bend shown in (a).

River planforms are the result of the interaction among several environmental agents
related to hydrology, sediment and vegetation, which are dependent on geology and cli-
mate. The interplay between bank dynamics and channel bed dynamics becomes visible
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in the varied channel patterns of fluvial systems, see Figure 1.3. In braiding systems the
equilibrium width and depth are driven by the dominant influence of bank and bed ero-
sion. Widening and deepening processes stop when erosion stops, see Figure 1.3a. In
meandering rivers, instead, the equilibrium channel is the result of the combined influ-
ence of erosion and accretion. Erosion occurs near the outer bank of bends generated by
near-bank flow entrainment and bank failure, while accretion occurs close to the inner
bank due to the low-flow velocities and shallow water depths characterizing this area,
see Figure 1.3b. Anabranched rivers (Figure 1.3c) are generally associated with high wa-
ter discharges and low gradients. Their planform results from the combination of ero-
sion and accretion processes as well, but operating on multiple channels (Latrubesse,
2008; Lewin and Ashworth, 2014).

Figure 1.3: Examples of river planform styles: a) Braided system (Waimakariri river, New Zealand); b) Mean-
dering river (Agan river, Russia); and c¢) Anabranched river (Negro river, Brazil). Source: Google Earth.

Changes of climate, alterations of floodplain vegetation (often related to land use)
and human interventions, such as damming, water withdrawal and sediment extrac-
tion, result in morphological adaptation of river channels. These alterations can lead to
significant morphological changes as the evolution of a braided system into a meander-
ing river and vice-versa. State-of-the-art morphodynamic models are able to simulate
meandering and braiding processes, but only few of them are able to simulate the evo-
lution from one planform to another. One-dimensional models have been successful in
describing the planimetric changes of meandering rivers assuming equilibrium between
the migration rates of opposite banks, relating it to bank erosion, and assuming constant
width (e.g. Ikeda et al., 1981; Crosato, 1989; Odgaard, 1989a; Chen and Duan, 2006). Most
two-dimensional morphodynamic models including bank erosion can reproduce chan-
nel widening until an equilibrium width is achieved (e.g. Spruyt et al., 2011; Canestrelli
etal., 2016). Only few 2D morphological models can simulate river-width variations and
the evolution of a braided system into a meandering river and vice-versa, because they
treat bank erosion and accretion separately, but their representation of river bank accre-
tion is still very simplified (e.g. Asahi et al., 2013; Bertoldi et al., 2014).
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A process-based description of river bank accretion includes sediment deposit for-
mation and bar development, as well as bar stabilization by several processes, mainly the
establishment of vegetation and soil reinforcement and vertical growth of the deposit. In
particular, the physics-based estimation of river bank accretion requires the definition
of:

1. The evolution of 2D bed topography (bar and point bar development, scour and
deposits forming).

2. The effects of vegetation on water flow and sediment processes.
3. Vegetation processes (colonization, growth, succession, etc.).
4. Soil compaction and reinforcement.

5. Vertical accretion.

For this, the proper identification of the spatiotemporal scales involved in the phe-
nomena is a key aspect. Previous studies showed that riparian vegetation and soil com-
paction depend on discharge variability and climate (e.g. Nanson, 1980; Provansal et al.,
2010; Hooke, 2006). In particular, vegetation colonization and soil dewatering occur dur-
ing low-flow stages, whereas bar formation, plant eradication and bed erosion occur dur-
ing high-flow stages. Seasonal variations of temperature, water discharge and vegetation
characteristics interact with the sub-surface flow resulting in bank erosion or accretion.
To address these points, more research is needed on the spatiotemporal upscaling of
the processes observed in small-scales to the real river scale including seasonal, inter-
annual and long-term variations of the flow regime, soil structure and vegetation prop-
erties.

This research studies the role of vegetation on the river morphology with particular
attention to bank accretion, focusing on lowland streams in temperate climates. The
results of this study are relevant for river restoration projects to design successful strate-
gies and interventions and for the prediction of the effects of their implementation.
An accurate prediction of the morphological processes in restoration projects is cru-
cial to improve the traditional landscape-oriented design strategies. Restoration projects
based on this approach have caused in the USA, for instance, undesired morphological
changes (e.g. Kondolf et al., 2001; Simon et al., 2007; Kondolf, 2011).

1.2. RESEARCH AIMS

T HE main objective of this research is to establish the role of vegetation on the river
morphology focusing on bank accretion in lowland streams in temperate climates.

The research questions are:

What is the role of vegetation in river bank accretion?
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The dynamics of opposite banks is a key aspect in establishing the formation of
channel-width and planform style of a river. However, physics-based descriptions of
the bank accretion processes are still at their infancy. Establishing the role of vegetation
on bank accretion is important for the understanding of the river adaptation to changes
in climate. Improvements in the prediction of the morphological changes of rivers are
also necessary to predict the response of these systems to river training and other human
altering flow field, sediment transport and riparian vegetation.

Which method should be used to estimate the effects
of vegetation on river morphology?

Physical and numerical models need representing vegetation in a schematic easily-
quantifiable way, despite the variety of sizes, shapes and flexibility of real plants. Com-
mon approaches represent plants as rigid cylinders, however, comparative studies and
validation of these methods on extensive data sets are lacking. Moreover, the ability of
this rigid-cylinder schematization to reproduce the effects of vegetation on morpho-
dynamic processes has never been analysed and compared systematically. The rigid-
cylinder schematization of plants is practical and promising for applications in numeri-
cal models. Nevertheless, it is not clear how to characterize different types of vegetation
in terms of arrays of cylinders, considering plant flexibility, foliage, vertical variations
and the large ranges of plant density present in nature, covering from high density grass
to isolated stems (trees).

What effects does vegetation growth have on the
morphological evolution of lowland streams?

Understanding the effects of vegetation on the morphological evolution of lowland
rivers in which vegetation on banks and floodplain plays a major role is key to the restor-
ing and maintaining of these ecosystems. Field observations provide valuable informa-
tion of both morphological evolution and vegetation development. However, following
up studies are scarce and therefore evaluating the effects of plants is not always possible.
Complementary information about these processes is obtained by performing experi-
ments and conducting numerical exercises. Laboratory experiments provide a consider-
able amount of data under controlled conditions, whereas numerical models are useful
tools for scenario analysis and upscaling processes. It is rather important to combine dif-
ferent types of information, scales and analytical tools to reveal the effects of vegetation
growth on the streams morphology.

What is the role of seasonal variations of vegetation and
can they be included in modelling bank accretion?
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Common practices in morphodynamic modelling accounting for the effects of vege-
tation only consider plants in a simplified way, maintaining their characteristics invari-
ant in time. This simplification overlooks the effects of the seasonal variations of veg-
etation that are relevant especially in temperate climates. Establishing the relevance of
including the seasonal variability of vegetation characteristics is therefore relevant for
modelling purposes and in general for the prediction of the morphological adaptation
of river channels after interventions affecting riparian vegetation.

1.3. GENERAL APPROACH

HE work is carried out by combining field observations, extensive laboratory exper-
T iments, and numerical simulations, starting from a thorough literature review. This
allows establishing the state of the art, selecting the most promising tools and the ac-
quisition of a broader view by observing the processes in varied set-ups and at different
spatiotemporal scales and resolutions.

The work starts with an extensive study of state-of-the-art methods and the assess-
ment of their performance on experimental data. This part of the work allows for: identi-
fying the dominant processes responsible for river bank accretion; establishing the most
promising method for representing the effects of vegetation on the river morphology;
defining the applicability ranges of the selected method; and determining the conse-
quences of using simplified methods to represent vegetation in models.

Field observations provide information about the processes at the real river scale,
identifying particularities and complexities of the bank accretion process. This part of
the work is important to keep a strong link with reality and to observe the result of the
multiple factors existent in lowland streams acting simultaneously.

Experiments in the laboratory are relevant because they are carried out under con-
trolled conditions allowing for the measurement of a considerable amount of data. This
is important to analyse in detail specific aspects of the processes of interest for this re-
search. For this work, laboratory experiments are necessary for establishing the appli-
cability of the rigid-cylinder schematization of plants and for understanding the role of
vegetation on bank accretion. The following facilities are available at the Environmental
Fluid Mechanics Laboratory of Delft University of Technology (see Figure 1.4):

* Two tilting flumes of L=14.0 m x W=0.4 m (Figure 1.4a).

* Two small-scale mobile-bed flumes of L=2.5 mx W=1.2 m (Figure 1.4b), and L=5.0
mxW=1.2 m (Figure 1.4c).

* One large-scale mobile-bed flume of L=45.0 mx W=5.0 m (Figure 1.4d).

Thelast one (Figure 1.4d) is large enough to perform flow velocity measurements and
to reduce the scaling issues that are common for small flume experiments.
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Figure 1.4: Facilities at the Environmental Fluid Mechanics Laboratory of Delft University of Technology.

The effects of vegetation on the river morphodynamics include the influence of plants
on global flow resistance, sediment transport and soil erodibility. This influence is stud-
ied by analysing and comparing channel bed topographies, vertical velocity profiles, ver-
tical mixing, water levels, bed-shear stresses and soil strength with and without plants.

Numerical simulations enable freedom to study scenarios that are impossible to find
in the field and difficult to obtain in the laboratory. For instance, numerical simulations
can provide important information on the relevance of seasonal variations of vegetation
for the river morphology, which can be obtained by studying and comparing different
scenarios of vegetation dynamics. The Delft3D code appears to be the most suitable one
for this type of studies (http://oss.deltares.nl/web/delft3d/source-code) be-
cause the model includes the effects of vegetation and estimates bank erosion, although
in a simplified way.

The combination of literature review, field work, laboratory experiments and model
runs is the only way to overcome the shortcomings of the single approaches, covering
a wide range of scales that are useful for varied purposes in the fields of ecohydraulics,
morphodynamics and biogeomorphology.

1.4. STRUCTURE OF THE THESIS

HAPTER 2 presents a literature review about river bank accretion as well as the state
C of the art of its modelling. Chapter 3 presents a description of the interaction be-
tween vegetation and river dynamics, whereas Chapter 4 includes a description of ri-
parian vegetation dynamics and the inclusion of these processes in morphodynamic
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models. The selection of the best method to represent the effects of vegetation available
for morphological modelling purposes is presented in Chapter 5. Chapter 6 discusses
the implications of representing plants as rigid cylinders in laboratory experiments and
numerical modelling, including the results of new experimental tests on the applica-
bility of the rigid-cylinder schematization. The field observations performed to study
the morphological effects of vegetation growth are presented and analysed in Chapter 7.
Chapter 7 also includes the simulations executed with a numerical model constructed
with the Delft3D code analysing the applicability of this numerical tool on predicting the
morphodynamic evolution observed in the Lunterse beek and assessing the relevance of
considering the seasonal variations of vegetation to study this type of streams. Chapter 8
comprises the description of the laboratory experiments carried out to study the effects
of plant establishment on new sediment deposits on the river morphology. Lastly, the
main findings and relevant recommendations of the study are given in Chapter 9.
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“Men argue; nature acts.”

Voltaire

Overbank (vertical)
accretion

~ Oblique accretion
Point-bar accretion
Substrate

channel
migration

Figure 2.1: Schematic distribution of accretionary deposits on meandering floodplain formation (source: Page
etal., 2003).

In this chapter the key aspects of river bank accretion are presented as well as the state of
the art of its modelling.

Parts of this chapter have been published by the author in River Research and Applications 32(2): 164-
178, doi:10.1002/rra.2910 (Solari et al.,, 2015) and in the REFORM project (Gurnell et al., 2014), Influence
of natural hydromorphological dynamics on biota and ecosystem function. Deliverable 2.2, Part 1 (http:
//www.reformrivers.eu/results/deliverables).
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2.1. GENERAL DESCRIPTION

HE morphological response of rivers results from a combination of changes of bed

material, bed level variations, as well as erosion and accretion of river banks. River
migration and planform configurations are established by the combined action of se-
quences of bank erosion and accretion, processes that actively interact establishing the
channel-width. Accretion processes regard to the formation of new landforms at river-
banks, a fundamental process for the river width adjustment. However, research con-
ducted so far has paid little attention to this process (Solari et al., 2015). These accre-
tional processes result from the interaction of several factors, such as near-bank flow
regime, sediment transport and morphological changes, riparian vegetation dynamics
and compaction of near-bank deposits.

The interaction between hydrodynamics and the different fractions of the transported
sediment defines several types of accretionary deposits, which might result in in stratifi-
cations, as in the cross-section shown in Figure 2.1. The distribution and relative contri-
bution of different accretionary deposits have been widely discussed in the geomorpho-
logical literature (Nanson, 1980; Diaz-Molina, 2009; Page et al., 2003, among others). On
the basis of field data Wolman and Leopold (1957) showed the dominance of point bar
formation (lateral accretion) with respect to sediment deposition due to over-bank flows
(vertical accretion) for the bank accretion processes observed in rivers. The oblique ac-
cretion described by Page et al. (2003) for Australian rivers, shows the influence of the
bed-load grain size distribution and the relevance of scroll bar formation in this kind of
deposits. By combining ground-penetrating radar and core samples Bridge et al. (1995)
showed how accretion of sediment together with bar growth processes lead to floodplain
construction.

However, these preliminary descriptions do not consider the influence of riparian
vegetation and fine sediment processes, which play a key role in the formation and sta-
bilization of new landforms (e.g. Brierley and Hickin, 1992; Hupp and Osterkamp, 1996).
Starting with the formation of sediment deposits, such as bars, subsequent vegetation
growth and soil compaction cause soil stabilization, which is a prerequisite for the river
bank accretion (Wintenberger et al., 2015). These processes are governed by the alterna-
tion of low and high flows, through hydrologic regime and climate. Figure 2.2 provides
an example of vegetation growth on a point bar leading to the bank accretion in a river
bend.

Predicting bar and point bar formation is, therefore, central to studies dealing with
the river-width adjustment and river-planform changes (Crosato, 2008). The hydrolog-
ical regime variability, in terms of magnitude, frequency, and duration of water flows
influences soil compaction and vegetation development (Poff et al., 1997). The stability
and permanence of the deposited sediment is also influenced by the presence of cohe-
sive material, because consolidation increases the soil resistance to erosive processes.

A common approach in meander migration modelling and river engineering appli-
cations is to impose a constant channel width, which is typical of meandering rivers con-
sidering equal the long-term rates of bank advance and bank retreat focusing on bank
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Figure 2.2: Point bar stabilized in the Nakashibetsu River, Hokkaido (Japan) by vegetation growth and fine
sediment capture, a) November 2003, b) August 2006 (adapted from: Parker et al., 2011).

erosion (Ikeda et al., 1981; Crosato, 1989; Odgaard, 1989b,a; Parker and Johanneson,
1989). Nevertheless, this assumption wrongly implies that both processes are governed
by the same factors. Contrastingly, field observations have shown that erosion and ac-
cretion processes in rivers vary from reach to reach, operating at different rates and that
important temporal lags exist between them which indicates that different factors gov-
ern the two processes (e.g. Li et al., 2007; Kummu et al., 2008; Hobo et al., 2010; Yao et al.,
2011; Hossain et al., 2013). These differences can be seen, for instance, in Figure 2.3
showing planimetric and width changes attributable to the bank erosion and accretion
of the Ningxia-Inner Mongolia reach of China’s Yellow River over a 50-year period.

The combination of bank erosion and accretion, leads to both width changes and
planform style evolution. Bank processes also promote and maintain river ecosystems.
River bank accretion form new sites for vegetation colonization and further succession
(Kalliola et al., 1991; Alexander and Marriott, 1999) facilitating, at the same time, habitat
development for other species.

2.2. ROLE OF DISCHARGE REGIME
LLUVIAL rivers are characterized by wide ranges of discharges that are able to erode
bed and banks, affecting the fluvial morphology in different ways (Lane et al., 1996).
Thus, in morphodynamic studies, it might be unrealistic to assume that a single value of
the discharge can reproduce the effects of the full river flow regime. However, a constant
discharge is often used to represent the variable river flow. In the majority of meander
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Figure 2.3: Bank erosion and accretion in the Ningxia-Inner Mongolia reach. Flow is from left to right. Dis-
placements observed in a) Left bank, and b) Right bank (source: Yao et al., 2011).

migration models, for instance, it is commonly accepted that a constant discharge (usu-
ally taken as the bank-full discharge) is sufficient to describe the effects of the hydro-
logical variability on the river planimetric changes. However, the influence of variable
discharge on channel-width adjustments and on changes in erosion and accretion rates
in meandering rivers has been identified from field data (e.g. Nanson, 1980; Provansal
etal., 2010; Hooke, 2006) and numerical modelling (e.g. Asahi et al., 2013).

The hydrological regime governs the discharge characteristics, such as magnitude,
frequency and duration. At the same time, the water flow, together with sediment pro-
cesses, drives the morphological changes and the ecological development of river chan-
nels. The flow strength defines the sediment transport rates and the processes of sedi-
ment entrainment and deposition, which shape the bed topography, including the for-
mation of bars and point bars. Vegetation development and survival together with soil
consolidation trough compaction and de-watering (Section 2.7) are governed by the al-
ternation of high and low flows. Vegetation, in turn, modifies the flow patterns and fur-
ther stabilizes sediment deposits. Moreover, the spatial distribution and variety of veg-
etation species on floodplains, in the form of shrubs and trees, is strongly controlled
by flood duration and intensity, as well as the sequences of inundations and droughts
(Johnson, 2000). The hydrological regime also influences riverbank stability, because
the flow variation governs the process of wetting and drying of banks, affecting their
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geotechnical response (Thorne, 1982). Thus, water level variability associated with the
hydrological regime is strongly related to the river bank accretion processes and the mor-
phodynamic evolution of rivers.

2.3. ROLE OF SEDIMENT TRANSPORT

sriver bank accretion starts as a depositional phenomenon, sufficient sediment sup-
A ply is a prerequisite. In accordance to its origin, the sediment that is transported by
rivers can be assigned to two sources: “bed material load” and “wash load”. The bed ma-
terial load is the coarse component and its transport rate is defined by the flow strength,
which means that it is (flow) capacity-limited. Wash load is the fine fraction that is orig-
inated through erosive processes at the basin scale. It’s rate of transport does not have
a relevant dependency on flow strength, but rather on supply, so wash load is supply-
limited. Cohesive sediments transported as wash load are important for the creation of
accretional structures due to the nutrients they carry (enhancing vegetation growth) and
their role in consolidation processes, which will be discussed in Section 2.7.

2.4. ROLE OF RIPARIAN VEGETATION

EGETATION facilitates the development of new floodplain modifying the morpholog-
Vical environment in a way that favours the establishment of new vegetation, which
in turn acts as an ecosystem engineer (Jones et al., 1994; van de Koppel et al., 2001; Gur-
nell, 2014). By producing hydrodynamic drag vegetation alters the flow pattern and in-
creases the flow resistance, thereby reducing the local flow velocity and the local bed-
shear stress and favouring the trapping and deposition of sediment within the plants
(Zong and Nepf, 2011). Field experiences (Sand-Jensen and Mebus, 1996; van de Kop-
pel et al., 2005; Cotton et al., 2006; Meier et al., 2013) and laboratory experiments (Zong
and Nepf, 2011, 2012) show that vegetation is also effective in trapping and retaining fine
sediment. Fine sediments promote vegetation growth due to the presence of nutrients
(McBride and Strahan, 1984; Schulz et al., 2003; Meier et al., 2013) and facilitate the de-
velopment of other species by creating new habitats (Gurnell et al., 2012).

The presence of vegetation favours the stability of recently formed deposits by in-
creasing soil strength due to the mechanical reinforcement derived from root networks
including binding, adding of tensile strength, and redistributing stresses (Ott, 2000; Pollen-
Bankhead and Simon, 2010). Vegetation furthermore decreases erosion by covering and
therefore protecting the bare soil and reduces the pore-water pressure by decreasing the
soil moisture content via interception and evapotranspiration (Terwilliger, 1990). How-
ever, the hydrological effects of vegetation may also decrease bank stability, because of
the increased infiltration rates during rainfall events (Collison and Anderson, 1996; Si-
mon and Collison, 2002) and the additional weight on banks (Abernethy and Ruther-
furd, 2000), for instance derived from trees. Numerical exercises have shown that vege-
tation growth strongly affects morphodynamic processes and that model responses are
highly sensitive to the temporal scales of vegetation development (Murray and Paola,
1994, 1997; Perucca et al., 2007; Crosato and Samir Saleh, 2011).
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2.5. ROLE OF OPPOSITE BANK DYNAMICS

ESEARCH conducted in meandering rivers has also shown that bank erosion pro-
R cesses play an important role in river bank accretion, and eventually the advance
of river banks (Crosato, 2008). Moreover, it has also been shown that the accretional de-
posits deflect the main flow towards the opposite bank promoting erosion (Dietrich and
Smith, 1983). It is actually the direct communication and permanent feedback between
erosional and depositional processes at opposite banks that determine the river-width
dynamics in these systems. However, it is still unclear if the equilibrium river-width
found in meandering rivers is governed by the newly formed banks (bar push) or the
eroding banks (bank pull) (van de Lageweg et al., 2014; Eke et al., 2014a).

2.6. ROLE OF CLIMATE

LIMATE affects the hydrologic cycle, altering also the stability and composition of
C soils, and vegetation processes. Therefore, climate modifies the morphodynamic
response of river systems. Changes in temperature and precipitation regimes might
therefore lead to substantial variations in the water balance of catchments (Parmet et al.,
1995). These variations may then induce changes in land use, altering soil organic car-
bon content as well as evapotranspiration rates and runoff processes. These modifica-
tions affect also flow discharges, which in turn cause an immediate alteration of sedi-
ment transport rates (Asselman, 1995).

Changes of local climate may directly (by changes in temperature) or indirectly (by
land use changes) affect also soil properties by modifying the organic matter status. Con-
sidering that soil particles and aggregates are adhered by binding forces that are con-
trolled by organic matter, changes in climate can therefore alter the soil structure stabil-
ity and degradation (van der Drift, 1995) and therefore the sediment supply to the river.
Furthermore, climate change can affect the availability of loose material at the catch-
ment scale, altering fine sediment supply as wash load. On the basis of field data, sig-
nificant impacts of climate change on soil erosion, transport and deposition have been
reported at the catchment scale (e.g. Asselman et al., 2003).

Climate alterations involving the intensity and frequency of events (drought or flood
episodes) can cause also enormous impacts on vegetation processes, diversity, and spa-
tial distribution. In forest ecosystems, for instance, climate-related vegetation mortal-
ity events have been observed with increasing frequency during the last decades (Allen
et al,, 2010). These events are commonly associated with droughts and have been ob-
served in temperate systems (e.g. van Mantgem et al., 2009; Carnicer et al., 2011), and in
tropical rainforests (Phillips et al., 2009). Summarising, climate affects the discharge and
sediment regimes as well as riparian vegetation and soil compaction processes, which
in turn can substantially affect the morphological evolution of river systems. As a result,
bed-level changes and bank erosion and accretion along river systems may be altered by
climate changes.
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2.7. ROLE OF SOIL CONSOLIDATION

ONSOLIDATION processes increase the soil resistance to fluvial disturbances and hence

facilitates the creation of new landforms. Soil consolidation occurs during low flows
due to the presence of cohesive material trapped in vegetation patches. This process
starts with the loss of water from the pores which is not replaced by water or air, and is re-
inforced by the presence of plants because they reduce the water content (Allmendinger
et al., 2005). The resistance to erosion of the newly formed deposits due to soil consoli-
dation gives the possibility to resist against subsequent floods, creating new structures in
alluvial rivers. Harvey and Watson (1986), for instance, found evidences of bank advance
enhancement in incised rivers in Mississippi related to the deposition of wash-load with
clay content in recently-established shrubs. Moreover, the presence of fine sediment
favours the growth of plants, which increases local sediment deposition (van de Koppel
etal., 2001; Meier et al., 2013) and stability.

2.8. SPATIOTEMPORAL SCALES

HE morphodynamic response of river systems is characterized by different length
T and time scales (Church, 2007). For modelling purposes it is therefore important
to identify the dominant processes acting at the different spatial and temporal scales
(Wright and Crosato, 2011). Special considerations should also be taken into account to
provide the linkage between temporal and spatial scales when including vegetation pro-
cesses (Phillips, 1995). River bank accretion operates at a wide range of spatiotemporal
scales which are discussed below and summarized in Table 2.1.

The smallest spatial scale at which the accretional structures can be distinguished is
the scale of the water depth, for which sediment deposits formation and vegetation pro-
cesses can be established with variations on the vertical. Flow and sediment transport
interact locally with the vegetation elements. At this spatial scale, a single flood event
has a correspondent temporal scale of hours to days and weeks (according to the size
of the drainage area). At the cross-sectional scale and larger spatial scales, the accretion
and erosion rates are defined by the horizontal cross-stream shift of the river margins,
displacements named as bank advance and retreat, respectively. The combined effect
of the bank retreat and opposite bank advance defines the channel width at each loca-
tion of the river. The sediment deposits and vegetation patches distribution can be spa-
tially identified at this spatial scale and flow-sediment-vegetation interactions set flow
patterns, bar formation and vegetation survival. The related temporal scale is that of
months to years, including a series of flood events. Considering a river reach, changes
in geomorphological forms and the vegetation distribution establish the river planform
style which can be additionally described by channel sinuosity, braiding index and the
longitudinal slope. Reach-averaged properties of channel and floodplains control vege-
tation development, see Table 2.1. At the reach scale, the typical temporal scale is that of
years to tens of years.
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2.9. MODELLING ATTEMPTS

CIENTIFIC contribution to river bank accretion within the field of river morphody-
S namics mainly deals with observations and strongly simplified numerical modelling,
but research describing its evolution in a physics-based, quantitative way is still lacking
(Crosato, 2008). The aim of this section is to describe the present state of the art and the
knowledge gaps that still impede a physics-based description of river bank accretion.
One of the first contributions to river bank accretion modelling was provided by Parker
(1978a,b). He assumed that there was a transverse sediment balance between accretion
and erosion, including an accretion submodel caused by near-bank settling of fine sed-
iments. With the help of a depth-averaged numerical model, Tsujimoto (1999) studied
the effects of vegetation invasion on a river bank at the cross-sectional scale. Tsujimoto’s
model combined variable discharge and the colonization of vegetation. Bed level degra-
dation occurs above a certain critical velocity, and then degraded areas are colonized by
plants during low flows (see Figure 2.4). Nevertheless, this model does not include bank
erosion which would take place in most real cases at the opposite side and it is presumed
that plant properties are static in time, thus resulting in an incising river.

Only a few models consider the migration of a river as a coupled action of the erod-
ing and depositing processes occurring on opposite banks. The first of them, proposed
by Mosselman et al. (2000), was formulated to analyse the effects of bank stabilization
on anabranches of a braided river. The authors described channel migration as a com-
bination of retreat and advance along the Brahmaputra-Jamuna River in Bangladesh. A
submodel based on the bed shear-stress excess of an analogous shape of the equation
proposed by Osman and Thorne (1988), as shown in Figure 2.5, was used to simulate
bank erosion and accretion. For the purposes of the case study, they obtained good qual-
itative results showing the importance of treating the erosion and accretion processes
independently, however quantitative estimations deviated from the observations.

Most meander migration models assume that the rate of bank advance is equal to
the rate of bank retreat at the opposite side of the channel (Ikeda et al., 1981; Crosato,
1989; Odgaard, 1989b,a; Chen and Duan, 2006). This assumption is a basic long-term
characteristic of meandering rivers, but it wrongly implies that both processes of ero-
sion and accretion depend on the same factors (Crosato, 2008). In the case of meander-
ing rivers, some of the most recent approaches have attempted to overcome the limi-
tations of Tkeda et al.’s (1981) model, such as the simplified relationship that allows in-
teraction between eroding and depositing banks defining both migration and evolution
of the channel width, proposed by (Parker et al., 2011). The latter model also includes
the effects of slump blocks on bank protection against erosion and sediment trapping
by vegetation on vertical bank accretion.

On the basis of Parker et al.’s (2011) model, two approaches have been developed.
In the first attempt, Asahi et al. (2013) included the combined effects of vegetation colo-
nization, recruitment and establishment in a land accretion module, see Figure 2.6. New
land forms when cells remain dry for a period longer than a certain user-defined time,
which means that all the vegetation processes are encapsulated in a time-dependent
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Figure 2.4: Schematic representation of Tsujimoto’s model (source: Tsujimoto, 1999).

parameter. Channel cut-offs and other morphological phenomena are also included
in this approach, forming the model Nays2D (see Asahi et al., 2013; Schuurman et al.,
2016). However, the influence and development stages of vegetation and soil consolida-
tion processes among other relevant factors governing the river bank accretion processes
are neglected. Additionally, comparisons between estimations and experimental or field
data are lacking. For the second approach, based on bed-shear stress forcing and in-
cluding the effects of vegetation in a simplified way, Eke et al. (2014a,b) proposed a bank
deposition model, allowing for the river channel-width evolution (See Figure 2.7).



2.9. MODELLING ATTEMPTS 39

Bank Migration Rate

ong
ae
(m/yr) §
i
Stable
0 e 1., Bank Shear Stress

7 (N/m?)

Bank Accretion

ong Ty
a—t'E-(f 1)

Point bar

24 AR S

Figure 2.6: Land accreting process in Asahi et al. (2013)’s model (source: Asahi et al., 2013).



40 2. RIVER BANK ACCRETION

—
Convergence
( line
1 \
3y
- —-> .\
—> Both banks
erode S~
n
re 0 ™
Inner Both bapks
migration deposit
- -7 <4 -~
-
0 1

LB

Figure 2.7: Bank migration phases proposed in Eke et al. (2014)’s model (source: Eke et al., 2014a).

The first attempt to include vegetation dynamics on bars in a morphodynamic model
is recently presented by Bertoldi et al. (2014). In the the two-dimensional morphody-
namic model BASEMENT (www.basement . ethz. ch), the authors include the possibility
of vegetation development on sediment deposits. Vegetation properties and dynamics
are described in terms of the dimensionless biomass density, which distribution is de-
scribed as a function of elevation. Simple rules considering vegetation growth and plant
removal are also included. The scenarios presented by Bertoldi et al. show the potential
of including vegetation dynamics for river management and restoration. In Figure 2.8
an application of this model to a case with similar characteristics to those of the Magra
river in Italy is shown. After four flooding events the biomass distribution is shown in
Figure 2.8(e). A similar numerical exercise was used by Zen et al. (2016) by using a quasi
1D model to study the bank advance of migrating meander bends.

2.10. DISCUSSION

OME of the processes influencing river bank accretion have been already included
S in morphological models. However, bank accretion cannot be fully modelled yet,
because the models should include the effects of the presence of plants, incorporating
their dynamics (colonization, survival, growth, succession, etc.) which are influenced
by flow-plant interactions and changes over time. Including these aspects implies in-
corporating seasonal variations and geographical considerations, such as climate and
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Figure 2.8: Results obtained with Bertoldi et al.’s (2014) model for the case of the Magra river (Italy) (source:
Bertoldi et al., 2014).

geology. Moreover, the effects of these processes on groundwater distribution and on
the soil properties (composition, consolidation and resistance) should be taken into ac-
count as well. Finally, river bank accretion should be described at different scales, start-
ing from the sediment deposition that generate vertical variations on a cross section (at
the depth scale) to the bank advance observed in shifting bank lines that eventually leads
to channel migration (at the river width scale). This should be addressed by up-scaling
processes from the short to the long term in order to reach a temporal scale covering sev-
eral years or decades. Timescales in river bank accretion are highly relevant, in view of
their implications for vegetation development as well as for the physical and mechanical
transformations of soils due to the effects of roots and consolidation processes.







INTERACTION BETWEEN
VEGETATION AND RIVER DYNAMICS

“Water is the driving force of all nature.”

Leonardo da Vinci

Figure 3.1: Artificial plants used in flume experiments to test the effects of different types of vegetation on flow
resistance.

In this chapter the feedback between hydro-morphodynamics and vegetation in riparian
areas is addressed.

43
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3.1. THE NEED FOR A BIO-GEOMORPHOLOGICAL APPROACH TO

DESCRIBE RIVER DYNAMICS

EGETATION increases the hydrodynamic resistance (see Figure 3.1), decreasing flow
Vvelocities and sediment transport and increasing water depths, at the same time
strengthening the soil through its root system. As a result, vegetation can influence the
river-width adjustment (Charlton et al., 1978; Andrews, 1984; Allmendinger et al., 2005;
Gleason, 2015) and the river-planform changes (Millar, 2000; Murray and Paola, 2003;
Tal and Paola, 2010; Crosato and Samir Saleh, 2011). Therefore, it is important to include
the effects of vegetation in river studies (Curran and Hession, 2013).

Considering that the highly-active interactions between the river and its floodplains
observed in the headwaters decrease as valleys widen more downstream (Brierley and
Fryirs, 2013), several floodplain classifications have been proposed on the basis of en-
ergy level of the river flow and availability of sediment, among other factors. Nanson
and Croke (1992), for instance, based their classification on the specific stream power on
which they identify the river processes involved in floodplain genesis, not explicitly con-
sidering the role of riparian vegetation. However, riparian vegetation is a strong control
for fluvial geomorphology through several types of interactions which determine mor-
phodynamic evolution and landforms (Simon et al., 2004; Corenblit et al., 2007, 2009;
Gurnell et al., 2012). Riparian vegetation varies along rivers and its development is vig-
orously controlled by the hydrological and geomorphologic settings. At the same time,
vegetation modifies flow patterns and acts as an ecosystem engineer, controlling sedi-
ment and organic matter dynamics, creating the conditions that favour the survival and
establishment of new plants and the succession of pioneer plants (Bertoldi et al., 2011;
Gurnell, 2014). Once established, vegetation facilitates the reinforcement and develop-
ment of new landforms modifying the morphological environment. Nevertheless, the
influence of vegetation is commonly ignored, or treated merely descriptively, in studies
regarding floodplain processes (Hickin, 1984; Osterkamp and Hupp, 2010), with only a
few exceptions (e.g. Jeffries et al., 2003; Geerling et al., 2008).

Floodplain vegetation is also key to the river ecosystem considering that biodiversity
increases productivity (van Ruijven and Berendse, 2005), stabilizes biomass at the com-
munity level (Gross et al,, 2014) and reduces plant invasion (van Ruijven et al., 2003).
Species richness also influences bank stability (Berendse et al., 2015), sediment trap-
ping and deposition (Owens et al., 2005) and flood control (Mooney et al., 2009; Bullock
et al, 2011). Considering these arguments, river management should consider multi-
targeted interventions by including the river floodplains with more diverse ecosystems
that are also able to cope with floods in the long term. New trends in hydraulic engi-
neering are now considering the paradigm shift from building in nature to building with
nature, which has been applied in the Netherlands through several projects such as the
Room for the River project (Rijke et al., 2012; Zevenbergen et al., 2013, 2015).

According to Nanson and Croke (1992), new floodplains in lowland rivers are mainly
formed by a combination oflateral (Figure 3.2a) and vertical (Figure 3.2b and 3.2¢) accre-
tion mechanisms that are governed by vegetation and fine sediment processes, which in
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turn depend on the season (in temperate systems). These factors have been thoroughly
discussed in Chapter 2.
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Figure 3.2: Floodplain forming processes according to Nanson and Croke (1992): (a) lateral accretion, (b) ver-
tical accretion in a partly confined valley, and (c) vertical accretion across a wide plain. Adapted from Brierley
and Fryirs (2013).

In this chapter, the feedback between hydro-morphodynamics and riparian vegeta-
tion is presented, addressing also the state of the art on modelling the effects of vegeta-
tion on river flow and morphological changes. The description of these processes pave
the way to describe vegetation dynamics and its inclusion in morphodynamic models in
Chapter 4.

3.2. EFFECTS OF VEGETATION ON RIVER DYNAMICS
T HE main effects of vegetation on river dynamics can be listed as follows:

1. The increase of effective (local) hydraulic roughness (Cowan, 1956), altering flow
patterns and increasing the local flow resistance (Bakry et al., 1992; Tsujimoto,
1999). This reduces velocities and bed shear stresses, as well as sediment transport
in vegetated areas (Prosser et al., 1995; Ishikawa et al., 2003), promoting sediment
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retention between plants (Sand-Jensen and Mebus, 1996; Cotton et al., 2006; Meier
et al., 2013).

2. The protection of local soil from erosion directly by covering and indirectly by the
reduction of flow velocities (e.g. Gurnell, 2014).

3. Theincrease of soil strength by roots through binding, addition of tensile strength,
and stresses redistribution (Waldron and Dakessian, 1981; Gyssels et al., 2005; Pollen-
Bankhead and Simon, 2010; Li and Li, 2011).

4. The drainage of river banks, reducing the effects of waterlogging processes (e.g.
Terwilliger, 1990).

5. The damping of turbulence, reducing sediment and plant detachment and en-
trainment (e.g. Yager and Schmeeckle, 2013).

6. The damping of waves (e.g. Ma et al., 2013; Hu et al., 2014).

The intensity of these effects is highly context-dependent, since several factors play
arole, such as the spatial and temporal scales of vegetation development (e.g. Perucca
etal., 2007), the type of plants and their seasonality and growth rates (Nadler and Schumm,
1981; Johnson, 1994; Geerling et al., 2008), the riverbank materials (e.g. Labbe et al,,
2011), the relative size of vegetation compared with channel size (e.g. Zimmerman et al.,
1967; Allmendinger et al., 2005) and climate (e.g. Sandercock et al., 2007), among others.

3.2.1. EFFECTS ON FLOW RESISTANCE

HE hydrodynamic resistance in open-channel flow results in friction at the bound-
T aries due to the characteristics of the channel. For un-vegetated channels, the flow
resistance is normally expressed as a combination of factors, such as the hydraulic regime
(usually expressed in terms of the Reynolds number and/or Froude number), the rela-
tive roughness of the bottom (k/Ry,, where k; is the bed surface roughness and Ry, is the
hydraulic radius), the geometrical shape, and the degree of flow unsteadiness (Rouse,
1965). Since the work of Saint-Venant in the 19™ century, it has long been suspected that
the hydrodynamic resistance has been related to fluid properties and velocity gradients.
Consequently, any alteration of the flow field will have effects on flow resistance. The
presence of vegetation on the river bed, banks and floodplains alters the local flow field
and therefore the flow resistance and sediment transport of the river at the different flow
stages.

After the work of Prandtl, who introduced the mixing-length concept, it is regularly
accepted that the vertical distribution of flow velocity in a channel can be divided in two
layers: the viscous sublayer and the turbulent layer, see Figure 3.3. The viscous sublayer,
6, is a thin layer above the bottom in which the viscous shear stress, 7,, is dominant
(hence the flow is laminar) and the flow velocity has a linear distribution. The turbulent
layer lies above the viscous sublayer and covers the major part of the flow depth, where
the turbulent shear stress dominates and the flow velocity exhibits a “logarithmic” pro-
file. Near the bed, the logarithmic velocity profile in this layer is obtained based on the
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Prandtl mixing-length theory and on the assumption of a constant total shear stress.
Further away from the wall in the outer layer, the total shear stress, 7, increases linearly
with depth, still supporting a logarithmic profile with a wake correction, see Figure 3.3.
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Figure 3.3: Schematic vertical profiles of flow velocity (left) and shear stress (right) for the flow in un-vegetated
channels.

These layers and the vertical flow velocity distribution are affected by the bed rough-
ness, an aspect that was first studied in pipe flows (Nikuradse, 1933). If the bed rough-
ness height is much smaller than the viscous sublayer thickness, the bed roughness does
not affect the velocity distribution and the flow is considered hydraulically smooth. The
flow is considered hydraulically rough when the bed roughness is so large that it pro-
duces turbulence close to the bottom. In this case, the flow velocity is independent of
viscosity and the viscous sublayer does not exist. A hydraulically transitional flow is then
considered when the velocity distribution is affected by both bed roughness and viscos-

ity.

The geometry of plants influences the turbulence characteristics and affects consid-
erably the flow resistance of vegetated beds. Significant research has been performed
mainly at the laboratory scale during the last decades providing some understanding on
the interaction between flow dynamics and plants (see Green, 2005; Folkard, 2011; Nepf,
2012a; Marjoribanks et al., 2014, for a review), and on the implications for morphody-
namic systems (Tal and Paola, 2010). However, the applicability of the obtained results
is limited to a few plant species (or plant surrogates in most cases) under controlled flow
conditions, which might be far from real conditions (Vargas-Luna et al., 2016b). One
of the key problems that limits the understanding of the hydrodynamics of vegetated
channels lies in the complexity and variety that riparian vegetation exhibits along river
corridors. This diversity combines species, densities and developmental stages in al-
most each fluvial reach, which are controlled by the hydrologic regime and climate of
the area. As the flow field changes considerably when the flow depth exceeds the vegeta-
tion height, the study of flow conditions on vegetated beds is here separated in the two
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cases of emergent and submerged vegetation. Moreover, for sake of simplicity, vegeta-
tion is treated as either rigid or flexible uniform elements.

EMERGENT VEGETATION

IGURE 3.4 shows the schematized vertical profiles of flow velocity and Reynolds shear
F stresses for the flow through rigid and flexible emergent plants. The largest vertical
variation is attained close to the bottom of the channel, whereas low variation is ob-
served above this level (e.g. Choi and Kang, 2004; Kubrak et al., 2008; Stoesser et al., 2010).
This results in low variability of the Reynolds shear stress. On the basis of this behaviour,
the flow velocity is commonly assumed to be uniform and the vertical momentum ex-
change negligible if the vegetation has high density, see Figure 3.4. For sparse vegetation,
the vertical velocity profile show less deviation and can be compared to the un-vegetated
case (Nepf, 2012a).

(a) A A

(b)z“ A

Figure 3.4: Schematic vertical profiles of flow velocity and Reynolds shear stress for channels with emergent:
(a) Rigid plants, and (b) Flexible plants.
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SUBMERGED VEGETATION

HE schematic vertical profiles of flow velocity and Reynolds shear stresses for the

flow on vegetated channels with rigid and flexible submerged plants are shown in
Figures 3.5a and 3.5b, respectively. In this case, the flow field is rather complex and the
interface between the vegetation layer and the surface layer strongly alters the flow ve-
locity and Reynolds shear stress profiles, creating a strong shear layer, which dominates
the transport of mass and momentum between these two layers. Therefore, the main
processes are commonly studied by dividing the water depth in three different areas:
the lower vegetation zone, the upper vegetation zone, and the non-vegetated zone (sur-
face layer). In the lower vegetation zone, the main forces acting on the water body are
gravity and vegetation drag. Since the turbulent shear is relatively small, Reynolds shear
stresses are usually ignored (Hu et al., 2013). This area, with negligible shear and more
limited water renewal, is named after Ghisalberti and Nepf (2006) as the wake zone. For
highly-dense configurations the vegetation drag force generates a shear layer across the
vegetation—-water interface, along with vortex structures (red cyclic arrows in Figure 3.5),
called the upper vegetation zone (or exchange zone according to Ghisalberti and Nepf,
2006). For sparse vegetation the drag force is small compared with bed roughness, thus
there is no upper vegetation zone and the flow velocity follows a turbulent boundary-
layer profile that is only slightly disturbed (Nepf, 2012a). Based on laboratory investi-
gations several researchers have proposed thresholds to define the transition between
sparse to dense configurations (e.g. Belcher et al.,, 2003; Coceal and Belcher, 2004) and
the magnitude of the vortex penetration, d,, (Nepf, 2012a). In the surface layer (the non-
vegetated zone) there is no vegetation drag force, compared with the upper vegetation
zone, and a turbulent boundary-layer profile is normally assumed.

The behaviour of submerged plants can also be divided in different regimes on the
basis of the feedback between the hydrodynamic action of the flow and the plant flexibil-
ity (Okamoto and Nezu, 2010b). If the plants are not deflected (so their effective height
is hy, see Figure 3.5a) and behave like “rigid elements”, the vortices formed at the shear
layer are large, but their penetration (6, in Figure 3.5) into the vegetation layer is rel-
atively small. If stems deflect (so their effective height is k4, see Figure 3.5b) and vi-
brate exhibiting independent waving, the vortices formed at the shear layer are smaller
than in the case of rigid elements, but penetrate more in the vegetation layer. For this
case, the Reynolds shear stress distribution has a sharp peak near the vegetation edge
(Okamoto and Nezu, 2010b). At higher flow rates, the stems are deflected more signifi-
cantly and the waving motion becomes coherent (see the left panel of Figure 3.5¢) and
the Reynolds shear stress distribution has a milder peak structure (Ghisalberti and Nepf,
2006; Okamoto and Nezu, 2010b). When the flow is even stronger or the plants are highly
flexible (or both), the stems become bent smoothing the bed surface (right panel of Fig-
ure 3.5¢). The strong shear layer formed near the vegetation edge of stiffer vegetation
generates large-scale coherent structures enhancing momentum transport towards the
vegetation layer (Nezu and Sanjou, 2008). Whereas, the reconfiguration exhibited by
flexible vegetation increase the momentum absorption near the vegetation canopy de-
creasing drag (Luhar and Nepf, 2011; de Langre et al,, 2012) and creating weaker and
smaller vortices (Okamoto and Nezu, 2010b).
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INFLUENCE OF FOLIAGE

HE quantification of the contribution of the foliage to the flow resistance is a com-
T plexissue that remains unsolved mainly due to the high spatial variability of the veg-
etation geometrical characteristics. Plants with foliage exhibit higher drag than leafless
specimens (Jarveld, 2002; Armanini et al., 2005; James et al., 2008; Wilson et al., 2008).
The foliage surface area significantly increases the momentum absorbed by the plants,
resulting in a decreased mean flow velocity within the vegetation layer (Vistild et al.,
2013). However, when plant submergence increases in foliated plants the turbulence
magnitude within the vegetation layer remains almost unaltered in comparison to the
high variations observed in non-foliated plants. Thus, while the foliage induces larger
drag forces, the shear-generated turbulence is reduced due to the inhibition of momen-
tum exchange (Wilson et al., 2003). Additionally, plant foliage shifts the Reynolds shear
stress peak to a level above the canopy. It has been found that, at smaller scales, the leaf
shape is the most important factor determining hydrodynamic interactions, whereas the
flexibility of leaves is the most influential parameter for vegetation reconfiguration (Al-
bayrak et al., 2012).

3.2.2. EFFECTS ON SEDIMENT TRANSPORT

HE presence of vegetation decreases the local sediment transport rates substantially

(Prosser et al., 1995; Ishikawa et al., 2003). This reduction is associated with: the
decrease of flow velocity and shear stress near the bed (see Figures 3.4 and 3.5) due
to the local increase of the hydraulic resistance (Bennett et al., 2008) and the momen-
tum absorbed by vegetation. This results also in decreased turbulence and sediment
entrainment (Lopez and Garcia, 1998; Nezu and Sanjou, 2008; Liu et al., 2008). Instead,
sediment resuspension occurs within sparse vegetation (Yager and Schmeeckle, 2013).
Studies dealing with both bed-shear stress and vegetation drag are scarce and only a few
global flow resistance predictors estimate the bed-shear stress for both emergent and
submerged vegetation (Vargas-Luna et al., 2015b).

Only a few experimental studies carried out direct sediment transport measurements
in vegetated channels and field data are scarce (with a few exceptions: e.g. Temmer-
man et al., 2003; Lightbody and Nepf, 2006). Li and Shen (1973) described the effects of
the spatial distribution of emergent vegetation on flow velocity and sediment transport.
Other studies linked bed-material load measurements to numerical modelling (e.g. Ok-
abeetal., 1997; Watanabe et al., 2002) and to estimations by sediment transport capacity
formulae (Jordanova and James, 2003; Wu and He, 2009; Kothyari et al., 2009a). For sub-
merged vegetation, Lopez and Garcia (1998) included measurements and modelling of
suspended sediment transport.

Many formulae have been designed for the assessment of the sediment transport
capacity in non-vegetated streams (e.g. Meyer-Peter and Miiller, 1948; Engelund and
Hansen, 1967; van Rijn, 1984b; Huang, 2010), but only a few formulae were derived for
vegetated channels and most of them are only applicable within a certain flow regime,
degree of submergence and canopy properties (Ashida and Michiue, 1972; Li and Shen,
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1973; Ishikawa et al., 2003; Jordanova and James, 2003; Kothyari et al., 2009a; Armanini
and Cavedon). Direct measurements from a laboratory study with emergent plants have
shown that the bed load transport is affected not only by vegetation characteristics,
but also by the way that its presence alters the flow conditions (Yager and Schmeeckle,
2013). Consequently, including the effects of vegetation on the sediment transport pro-
cess might be essential to simulate the morphological changes of alluvial rivers.

3.2.3. EFFECTS ON BANK DYNAMICS

HE river width depends on the joint action between erosion and accretion processes
T occurring at the opposite river banks resulting in bank retreat and bank advance,
respectively (ASCE Task Committee on Hydraulics, Bank Mechanics, and Modelling of
River Width Adjustment, 1998). Vegetation plays a key role in bank dynamics, affecting
both processes of bank erosion and bank accretion by modifying the local near-bank
fluvial processes and affecting the configuration of banks in various ways (Hickin, 1984;
Thorne, 1990). However, it has been shown that these effects are highly scale-dependent
(Anderson et al., 2004). Vegetation also affects other processes that are relevant for the
bank dynamics such as overbank deposition and levee formation (Nanson and Croke,
1992). These effects have been studied by using laboratory experiments (e.g. Pasche and
Rouvé, 1985) and field data in temperate rivers (e.g. Pizzuto, 1987; Lecce, 1997; Walling
and He, 1997; Owens et al., 1999; Klasz et al., 2014).

Changes in bank stability due to vegetation are mainly related to mechanical and hy-
drological effects (Rinaldi and Darby, 2007). The most important mechanical effect of
vegetation for bank stability is on the soil strength induced by the root system (Pollen-
Bankhead and Simon, 2010). Nevertheless, the net effect of the additional weight of veg-
etation on the bank surface on bank stability can be either beneficial or detrimental,
depending on site-specific factors such as the position of the vegetation on the bank,
the slope of the shear surface and the friction angle of the soil (Greenway, 1987; Thorne,
1990; Simon and Collison, 2002). In terms of the influence of riparian vegetation on
local scale river bank hydrology, three main effects can be distinguished: vegetation
water interception, evapotranspiration and infiltration induced by root pathways. Al-
though these effects are well understood at a conceptual level (Greenway, 1987; Thorne,
1990), they are in practice extremely difficult to quantify. Vegetated banks also decrease
the near-bank flow field, altering shear stress distributions and sediment transport pro-
cesses in these areas and, therefore, reducing bank erosion processes (e.g. McBride et al.,
2007). Vegetation is also a key factor on river-bank accretion processes, effects that have
been thoroughly discussed in Chapter 2.

3.2.4. EFFECTS ON RIVER BED DYNAMICS

HE river-bed dynamics has an important effect on the morphological evolution of
T river systems. This important geometrical boundary of the river channel provides
the major contribution of flow resistance (Yen, 2002), directly affecting the conveyance
of water and sediment fluxes. Therefore, the presence of vegetation on the river-bed may
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alter the flow and sediment transport of the system, leading to morphological changes
and conveyance losses (Wu and He, 2009).

The river-bed also plays a relevant role on temporary storing of fine sediments (e.g.
Collins et al., 2005; Collins and Walling, 2007), which can be remobilized during high
flows to be deposited more downstream on river banks and/or floodplains. Addition-
ally, macrophytes have been found fundamental in affecting the nutrient cycles in river
systems (e.g. Clarke, 2002).

Bed-level fluctuations contribute in the river-width adjustment as well. In the Plum
Creek, Colorado (USA), for instance, the damping of bed-level fluctuations due to vege-
tation establishment on sediment deposits was found of high importance on the channel
narrowing processes observed after high floods (Friedman et al., 1996b,a).

3.3. EFFECTS OF RIVER AND SEDIMENT FLUXES ON VEGETATION
T HE major effects of river flow and sediment dynamics on riparian vegetation are:

1. Flow-governed restrictions on the spatial distribution of plants (e.g. Biggs, 1996;
Large and Prach, 1999).

2. Plant burial (e.g. Johnson, 2000; Shaw et al., 2013) or uprooting (e.g. Edmaier et al.,
2011, 2015) caused by local sedimentation or erosion during high flows.

3. The death or damage of plants during submerged periods (e.g. Blom and Voe-
senek, 1996; Banach et al., 2009).

4. Groundwater—governed restrictions on plant growth rates and spatial distribution
(e.g. Butcher, 1933; Large and Prach, 1999).

5. Vegetation mortality caused by desiccation and nutrients scarcity due to extended
droughts (e.g. McDowell et al., 2008).

6. Deposition of fine material fertilizing the soil (e.g. Schulz et al., 2003).

Riparian vegetation mortality is mainly controlled by the environmental setting and
climate constrains in temperate river systems, aspects that define the presence of vege-
tation during the occurrence of hydrodynamic events (e.g. Large and Prach, 1999; Cham-
pion and Tanner, 2000). At the reach scale, this process is therefore governed by the flow
regime (Gurnell, 2014), which establishes the periods of floods and droughts, both affect-
ing the survival of plants. In fact, it is possible to observe different mortality processes
in the same river system according to the season as reported by Johnson (2000) for the
Platte River, USA.
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3.3.1. EFFECTS OF WATER FLOW

ATER flow can affect vegetation both directly, due to mechanical effects such as
Wexcavation, uprooting or burial; and indirectly, due to changes in the transported
sediment characteristics (Madsen et al., 2001). The interaction between plants and flow
and sediment fluxes can cause their burial Johnson, 2000) or uprooting (Tanaka and
Yagisawa, 2009; Edmaier et al., 2011, 2015). Burial of vegetation leads to death by as-
phyxia, whereas uprooting causes the direct loss of single elements or complete vegeta-
tion specimens (Madsen et al., 2001; Edmaier et al., 2011). Bed erosion and sedimenta-
tion can also affect the presence of vegetation, especially related to near-bank stability
processes (Simon et al., 2000).

3.3.2. EFFECTS OF FLOODS

XTENDED inundation periods alter plants development possibly leading to serious
E physiological damage, affecting larger areas. When riparian vegetation is partially
submerged, inundated conditions suppress shoot and root growth, delay leaf formation
and accelerate senescence; whereas complete submergence also inhibits photosynthe-
sis and hinders internal oxygen transport (Blom and Voesenek, 1996; Kozlowski, 2002).
The severity of the physiological effects depends on the inundation depth and duration,
the developmental age of the plant and water temperature (Auchincloss et al., 2012). Ad-
ditional physiological effects can occur to riparian plants during the post-inundation pe-
riod due to the re-exposure to light that may cause foliage damage by oxidation (Parolin,
2009). Although research on flood-related tolerance and mortality have been carried out
in riparian forests (e.g. Friedman and Auble, 1999; Kozlowski, 2002; Auchincloss et al.,
2012), woodlands (e.g. Amlin and Rood, 2001) and other riparian ecosystems (e.g. Blom
et al,, 1990; Blom and Voesenek, 1996; Banach et al., 2009), quantitative estimations are
scarce. The results reported by Auchincloss et al. (2012) show that, for instance, the mor-
tality percentage by drowning of Freemont cottonwood varies linearly with the inunda-
tion duration.

3.3.3. EFFECTS OF RIVER BED DYNAMICS

HE river-bed is continuously being adapted to the excesses of sediment coming from
T upstream, supplied mainly during high-flow stages. By creating new sediment de-
posits, these bed-level fluctuations define the areas that during low flows will be colo-
nized and stabilized by plants (Friedman et al., 1996b,a).

3.4. MODELLING THE EFFECTS OF VEGETATION ON RIVER DY-

NAMICS

HE main effect of plants on reducing the bed and near-bank shear stresses in river
T channels and floodplains is usually modelled in terms of increased flow resistance
(Vargas-Luna et al., 2015b), whereas other specific effects such as localized erosion or
deposition are more difficult to account for (Solari et al., 2015). By using laboratory and
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field data, a review on the methods to estimate the global flow resistance due to the pres-
ence of vegetation is presented in Chapter 5. The consequences of representing plants as
rigid elements in experiments and models is further analysed and described in Chapter
6.

Regarding the soil reinforcement by the root system, recent research (Pollen and Si-
mon, 2005; Pollen-Bankhead and Simon, 2010) has shown that the previously developed
model of Wu et al. (1979) tends to overestimate the additional shear strength of the roots
because of the assumption that the full tensile strength of each root is mobilized during
soil shearing, and that all the roots break simultaneously. Therefore, a new root rein-
forcement model (RipRoot) was developed based on fibre bundle theory to account for
progressive root breaking during shearing (Pollen and Simon, 2005; Pollen-Bankhead
and Simon, 2010).

The mechanical effects of vegetation on bank stability are included in mass failure
models for banks composed by non-cohesive (Millar and Quick, 1993), cohesive (Millar
and Quick, 1998), and composite materials (Eaton, 2006). Some successful attempts to
combine these mass failure models with regime theory models have been made to anal-
yse changes in channel patterns (Millar, 2000) and river restoration (Millar and Eaton,
2013). Other efforts on demonstrating the effects of vegetation in reducing bank insta-
bility have been made by using cellular automata models (e.g. Murray and Paola, 2003).
Nevertheless, the effects of vegetation on riverbank failure are still not incorporated in
morphodynamic models.

In contrast to the advances in modelling the effects of vegetation on bank erosion,
bank accretion modelling is still in its infancy. Some of the processes influencing the
bank accretion have been included in models, but there is no general physics-based
model that describes this phenomenon. Most recent morphological models that include
vegetation on bank accretion consider their properties invariant in time (Nicholas, 2013;
Asahietal., 2013; Eke et al., 2014a,b) or by assuming vegetation dynamics in very simpli-
fied way (Bertoldi et al., 2014; Zen et al., 2016). In fact, it is this simplified description of
the vegetation dynamics and interactions that limits the upscaling process from numer-
ical modelling exercises to real-river applications.

3.5. DISCUSSION

EGETATION alters flow velocity fields, affecting bed-shear stresses and turbulent struc-

tures, driving the modification of sediment transport processes and therefore lead-
ing ultimately to morphological changes. Understanding these effects is a key step in
revealing the interaction between plants and river systems. However, more research is
still needed to link the laboratory-based findings observed at the process scale to the
effects observed at the cross-sectional and reach scale of real rivers. To improve model
estimations it is also important to couple the hydro-morphodynamic forcing to the veg-
etation dynamics in order to complete the description of the feedbacks present in bio-
morphodynamic systems.
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“Vegetation is the basic instrument the creator uses to set all of nature in motion.”

Antoine Lavoisier
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Figure 4.1: Schematic representation of different stages of vegetation development (Source: www.pinterest.
com).

This chapter describes the dynamics of floodplain vegetation and the state of the art of its
modelling.

Parts of this chapter have been published by the author in the REFORM project (Gurnell et al.,, 2014), Influence
of natural hydromorphological dynamics on biota and ecosystem function. Deliverable 2.2, Part 1 (http:
//www.reformrivers.eu/results/deliverables).
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4.1. VEGETATION DYNAMICS

IPARIAN vegetation dynamics refers to the processes that are commonly defined as

the adaptive strategies (i.e. dispersal, colonization, recruitment, growth, succession
and death) exhibited by plants on river banks and floodplains (e.g. juvenile or mature),
see Figure 4.1. These processes are influenced by soil moisture, light, wind, biotic factors
(e.g. competition and facilitation),as well as by hydro-morphodynamic forcing (Gurnell
et al,, 2014). In riverine systems, vegetation appears to be dominated by floods (Bor-
nette et al., 2008) and, therefore, riparian plants have high dispersal rates and are com-
monly adapted to resist flow (Camporeale et al., 2013). Disturbances caused by floods
decline from the main channel towards the floodplains, where competition with other
species prevails (Corenblit et al., 2007; Gurnell, 2014). Vegetation is commonly consid-
ered in ecological studies in terms of populations. Its dynamics consists in how species
change in time in terms of number of individuals or kilograms of biomass of individuals
(Volterra, 1926; Lotka, 1956). Jorgensen and Fath (2011) define a population, P;, as a “col-
lective group of organisms of the same species” that has several characteristic properties,
such as density, natality and mortality rates, growth forms and so forth. It is therefore im-
portant to study how populations change in time, analysing their rate of change per unit
time, dP;/dt, or the rate of change per unit time per individual, dP;/(P;dt), at a particular
instant.

4.1.1. SEED DISPERSAL

LANTS are adapted to have their seeds dispersed by means of animals, wind (anemo-
P chory) and water flow (hydrochory); the last adaptation being the most important
one in riparian areas (Schneider and Sharitz, 1988; Gurnell, 2014). Hydrochory depends
on the synchronization of hydrological regimes with reproduction (Hupp, 1992), increas-
ing its intensity as flood frequency increases (Bornette et al., 2008) and during overbank
flows (Nilsson and Svedmark, 2002; Boedeltje et al., 2004). Therefore, along stream chan-
nels, the hydrodynamic processes are highly effective as seed dispersal drivers in both
longitudinal and lateral directions (Johansson et al., 1996; Merritt and Wohl, 2002).

Several attempts to describe the spatial patterns of seed dispersal and deposition
have been made for temperate river systems by using field data (e.g. Gurnell et al., 2008),
empirical (e.g. Campbell et al., 2002; Levine, 2003; Steiger et al., 2005), semi-empirical
(e.g. Groves et al., 2009), experimental (e.g. Merritt and Wohl, 2002) and physics-based
(e.g. Tealdi et al., 2010) approaches. However, there are still many questions that remain
unsolved about this process due to its complexity. Moreover, methods to quantify seed
dispersal processes in morphological models are still not available.

4.1.2. COLONIZATION
HE colonization process refers to the propensity displayed by vegetation to expand
within their ecological range (Grime, 2006). Pioneer plants conquer new areas on al-
luvial surfaces resulting from sedimentation processes that become exposed during low
flows. In temperate regions, the survival of pioneer plants is mainly affected by seasonal
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variations of water levels, water-table depths and moisture controlling water availabil-
ity during establishment stages (Bendix and Stella, 2013). Thus, the plant colonization
observed at a specific location is highly dependent on the flow regime and seasonality
of the stream (Large and Prach, 1999), inter-annual variations of the amount of vegeta-
tion biomass (Dawson et al., 1979; Sand-Jensen et al., 1989, 1999). Water availability has
shown to limit population dynamics in snowmelt-dominated rivers (e.g. Lytle and Mer-
ritt, 2004) and to be critical in arid and semi-arid regions (e.g. Horton and Clark, 2001;
Rood et al., 2003).

The existence of thresholds in plant growth, identifying relevant bio-geomorphological
feedbacks between flow and vegetation dynamics, were highlighted in the recent ex-
perimental work of (Wang et al., 2016), who studied the vegetation establishment of
alfalfa sprouts on bare substrates under different flow regimes. On real rivers, Bradley
and Smith (1986) found that, along the Milk River in Canada, pioneer plants develop
preferably in horizontal bands that are related with the optimum elevation for seed ger-
mination, see Figure 4.2. Relations between water level variability, i.e. flooding, and
colonization by plants were observed in pioneer tree communities in USA along the up-
per Missouri River Auble and Scott (1998), see Figure 4.3, and along the middle Zambezi
(Khan et al., 2014).

Colonization of river banks and channels by plants depends on water level variabil-
ity (Figure 4.3a). Channel narrowing at low-flow periods can lead to the recruitment of
plants on the former channel bed (Figure 4.3b). (Auble and Scott, 1998) observed that
due to overbank flows, high areas are colonized by pioneer trees on deposit surfaces, see
Figure 4.3d. On meandering rivers, vegetation recruitment on point bars promotes bank
accretion (Figure 4.3c), which is also described by Mahoney and Rood (1998), see Figure
4.4.

4.1.3. PLANT GROWTH AND VEGETATION SUCCESSION

HE expansion of leaf and root volumes of plants depend on soil moisture, light, and

temperature conditions that vary annually and inter-annually (Grime, 2006). The
timing, duration and rate of rise and fall of floods affect vegetation growth (Ward, 1989;
FISRWG, 1998; Large and Prach, 1999) as well as other vegetation processes (e.g. Puck-
ridge et al., 1998; Boedeltje et al.,, 2004). Plant growth therefore depends on the flow
regime variability trough the effects of plant recruitment and survival (Hicks et al., 2007).
The temporal scales of plant growth and decay have shown to play a key role on the
morphological evolution of rivers (Perucca et al,, 2007). This has been addressed, for
instance, by relating riparian vegetation development to flood pulses (Junk et al., 1989).
Schematic representations of sequences of floods and vegetation growth are shown in
Figures 4.5 and 4.6.

Through time and the variability of the hydrological regime, most types of plant pop-
ulations are exposed to progressive alterations in structure and composition, changes

known as succession (Grime, 2006). Ecological succession encompasses structural changes
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Bradley and Smith (1986). Adapted from Camporeale et al. (2013).
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ranging from the establishment of pioneer species to the alteration of shrub communi-
ties into woody species that in time will develop in new forest areas. As plants grow,
the competition for resources such as light, water, and nutrients increases. When this
competence intensifies, some plants die, which results in reduced plant density; and
can be seen in the long term as a succession mechanism. In temperate floodplain en-
vironments, the plant population is spatially distributed as a mosaic of riparian vege-
tation patches encompassing a wide range of developmental stages (Ward et al., 2002)
due to the interruption of ecological succession by flow disturbances (Large and Prach,
1999; Madsen et al., 2001). Considering this difficulty in achieving a stable equilibrium
state, new approaches have migrated from the concept of “climax” communities to the
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analysis of riparian vegetation as a collection of numerous patches with varied geomet-
rical characteristics and at different stages of successional development. These com-
plex structures of the riparian vegetation mosaics complicate the distinction between
vegetation growth and succession for modelling purposes, especially when the succes-
sion of vegetation has been found to be highly sensitive to human interventions (e.g.
Egger et al., 2015) and hydrological disturbances (Cline and McAllister, 2012). Bendix
and Hupp (2000), for instance, showed how the spatial distribution of vegetation species
in temperate floodplains of southern California (USA) is associated with their tolerance
to resist different soil moisture, inundation, and shear stress conditions, see Figure 4.7.
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4.2. VEGETATION DYNAMICS MODELLING

ONSIDERING the interaction between riparian vegetation and river morphodynam-
C ics, as described in Chapter 3, plants are often included in river morphodynamic
models. A common approach to account for vegetation in morphodynamic models is
based on a rigid-cylinder representation (Vargas-Luna et al., 2015b, reported in Chapter
5). Although this approach is useful for practical purposes, it was found to be realistic
only for restricted flow regimes, whereas at the same time it is difficult to define the real
plants that the cylinders represent (Vargas-Luna et al., 2016b, , reported in Chapter 6).
If plants are described as rigid cylinders in arrays, the dynamics of their population is
described in terms of temporal changes of number of cylinders per unit area, their di-
ameter and height..

4.2.1. COLONIZATION MODELLING

HE quantitative estimation of colonization rates and patterns in models is usually

based on conceptual models as, for instance, the “recruitment box model” proposed
by Mahoney and Rood (1998). Built upon the key role of soil moisture in the coloniza-
tion process, this model links the seasonal decline of water levels to the release of seeds.
Figure 4.8 shows that the seedling success is directly related to the rate of water table
decline in this model. A germination module was recently included by (Ye et al., 2013) in
a cellular automata model.

Currently, only a few morphodynamic models include colonization processes, and
in a simplified way. Phillips (1995) related vegetation development to flooding recur-
rence intervals, assuming similarity in temporal scales. After channel bed degradation,
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Tsujimoto (1999) assumed the immediate vegetation colonization of the bank areas that
become exposed. With the aim of testing the effects of vegetation on river planforms,
Crosato and Samir Saleh (2011) used a physics-based numerical model, based on the
Delft3D code, and, assuming that vegetation colonizes every year the areas that become
exposed during the low-flow period, showed the relevance of vegetation in obtaining
single-thread channels. van Oorschot et al. (2016) proposed an off-line tree coloniza-
tion module on the basis of mechanisms described by (Corenblit et al., 2009; Gurnell,
2014) and linked it to a morphodynamic model based on the Delft3D code, see section
4.2.2. Different planforms were also obtained with the HSTAR model (Hydrodynamics
and Sediment Transport in Alluvial Rivers) by Nicholas (2013), in which channel cells are
transformed into vegetated (floodplain) cells by pioneer plant colonization as a function
of inundation depth and duration. On the basis of the numerical framework developed
by Parker et al. (2011), Asahi et al. (2013) included the combined effects of vegetation
colonization, recruitment and establishment in a land accretion module. Based on the
dimensionless biomass density of vegetation, varying as a function of elevation, Bertoldi
etal. (2014) included the possibility of vegetation colonization and development on sed-
iment deposits in the two-dimensional morphodynamic model BASEMENT. Kim et al.
(2014) defined the biomass of pioneer vegetation, M;, within an invasion area as the dif-
ferences in ordinary and averaged water levels of the seed dispersal season, see Figure
4.9 and Equation 4.1.
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in which zis the relative height from the ordinary water stage, zy is the relative height
of the water level of the seed dispersal season from the ordinary water stage, My is the
initial biomass at the water edge of the ordinary water stage and Mjpni, is the initial
biomass at z=zy, respectively.
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Figure 4.9: Vegetation colonization in Kim et al.(2014)’s model (source: Kim et al., 2014).

With the exception of few recent modelling exercises (Bertoldi et al. (2014) and van
Oorschot et al. (2016)), the approaches that have been included vegetation colonization
in morphological models have the limitation of assuming that the properties of the pio-
neer plants remain constant with time.

4.2.2. PLANT GROWTH MODELLING

EMPERATURE-DEPENDENT vegetation growth rates have been obtained from the de-
T velopment of certain crops and their relative changes during farming periods, leav-
ing these estimations only applicable to specific crops and seasons (Omanga et al., 1995,
1996; Craufurd et al., 1998; Yan et al., 1996; Yan and Wallace, 1998; Yin et al., 1995, 1996;
Yin and Kropff, 1996; Yan and Hunt, 1999; van der Heide et al., 2006), leaving these esti-
mations only applicable to specific crops and seasons. Without considering hydrological
fluxes, some models have been proposed to analyse the growth of trees in forests. One
of the first works related to tree growth is the model by Botkin et al. (1972), proposing
species-specific formulas for recruitment, growth, and mortality. The long-term growth
of even-aged forests has been modelled by considering self-thinning rules, normally
used to model vegetation succession (e.g. Smith and Hann, 1986; Tang et al., 1994; Meng
et al.,, 1997; Vanclay, 2009; Li et al.,, 2011), see section 4.2.3. Mangrove forests growth
and development have been related to ecological variables as salinity (Chen and Twilley,
1998) or light availability (Berger and Hildenbrandt, 2000).

Among the few models that include river disturbances on vegetation growth mod-
els, Pearlstine et al. (1985) combined flood duration and water level estimations from
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stage-discharge relationships with the ecological model FORFLO (Forest Floodplain Suc-
cession Model) Odum (1983) into a mathematical model estimating the change in trees
diameter as

dD _ 1-DH/ Doy Hinax
dr  274+3b,D—aby0? ¥

4.2)

where D is the tree diameter at breast, H is the tree height, D, and Hp,,, are the
maximum diameter and height (in cm), # is time (years), p is a site coefficient (that de-
pends on stand density, temperature, shading tolerance and the water table position),
and G, by, and b3 are species-specific growth rate parameters.

Attempting to account for the stochastic nature of plant growth, Lytle and Merritt
(2004) described cottonwood development considering drought and flooding seasons.
Perucca et al. (2006, 2007) modelled spatially-variable vegetation properties in terms of
biomass density by combining meander dynamics (using the shallow water equations
and erosion deposition processes) with the stochastic model of local riparian vegetation
developed by Camporeale and Ridolfi (2006a). This is based on vegetation cover vari-
ability in cross-sectional direction, assuming that vegetation properties remain constant
with time (see Figure 4.10). By means of a logistic law, the cellular-automata model by
Ye et al. (2013) considered vegetation growth and the response of growth rates to floods
and droughts. However, this model does not consider morphological evolution.

Figure 4.10: River planforms and corresponding vegetation patterns for three (a to c) biomass transversal dis-
tributions (Perucca et al.,, 2007) considering the Camporeale and Ridolfi’s (2006) model shown schematically
in (d).
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Only a few attempts to include vegetation growth in morphodynamic models are
available. Takebayashi et al. (2006) inserted a density-based plant growth rate (see Figure
4.11) in a morphodynamic model for a braided channel in order to analyse the effects of
unsteady flow conditions and the presence of vegetation on channel morphology. Ac-
cording to them, the vegetation density, 1,, is given by

t
Auz/lvmax(%) (4.3)

where A, 4, is the maximum vegetation density, #; is the accumulated time that the
bed is dry and T¢is the time wherein the relevant region is filled with vegetation.
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Figure 4.11: Vegetation model considering linear vegetation growth by Takebayashi et al. (2006)’s model
(source: Takebayashi et al., 2006).

Ye (2012) included a diffusive logistic growth (DLG) model in the Delft3D code, which
is a two dimensional extension of Fisher’s equation (Fisher, 1937; Holmes et al., 1994).
The DLG model has two components: logistic population growth and Brownian random
dispersal. The partial differential equation that describes the vegetation dynamics and
spatial spread is given by
dp; P; 0°P; #%P;
—_— = r,-Pi 1-— —_— t —
dt ( K; 0xz  9y? )
where 1 is the time; r; the growth/mortality rate, K; the carrying capacity and Dygg
the diffusion coefficient of the population, P, i; and x and y represent the spatial coor-
dinates. The properties obtained by the DLG model are linked in Ye’s (2012) approach
to a physics-based flow resistance estimator that calculates flow resistance and bed-
shear stresses for vegetated beds represented as rigid cylinders by Baptist (2005). This
method has shown good agreement with laboratory data for both emergent and sub-
merged plants (Vargas-Luna et al., 2015b, reported in Chapter 5). The results of re-
producing the spatial patterns of vegetation in a semi-closed artificial inland lake, Lake
Veluwe in the northeast side of Amsterdam, obtained with this model are presented in
Figure 4.12. van Oorschot et al. (2016) compared the differences between using static
vegetation properties and logarithmic growth functions to reproduce riparian tree de-
velopment. They highlighted the relevance of vegetation dynamics in reproducing the
vegetation patterns observed in the field, see Figure 4.13.

(4.4)
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Figure 4.12: Chara aspera population densities from 1993 to 1997: (a) measured, (b) simulated with a daily
coupling, and (c) simulated with a coupling of 6 hours. Population density is classified from low to high into
Class 0 to Class 7. Adapted from Ye (2012).

Figure 4.13: Differences in river planform obtained by using vegetation with (a) static characteristics, and (b)
dynamic characteristics. Adapted from: van Oorschot et al. (2016).

Kim et al. (2014) adopted an approach similar to Ye’s (2012) to analyse the effects
of a low-head dam removal on the downstream river vegetation and morphology. By
combining the balance between primary production and respiration with a diffusion
model they simulated the growth and expansion of riparian vegetation by:

o0M; oM; ) 0 o0M; )
(4.5)

—_— —_— k

ot ox ) dy ( Yoy
where M is the biomass per unit area, Pr is the primary production, R is the respira-

tion of the vegetation type i (grass or trees), and k,; and k,; are the diffusion coefficients

for horizontal vegetation expansion in x and y directions, respectively. In Figure 4.14, the
results obtained by Kim et al. for the Gongreung river are shown.

0
=Pr;—R; + a (kxi
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Figure 4.14: Vegetation spatial distribution modelled for the Gongreung river: (a) Initial condition, (b) 1 year
after dam removal, and (c) 5 years after dam removal. Adapted from Kim et al. (2014).

Recently, (Bertoldi et al., 2014) coupled the two-dimensional morphodynamic model
BASEMENT (www.basement . ethz. ch) with vegetation growth, which they described by
equations based on logistic approaches. Similar attempts have been carried out in order
to study spatially narrowing rivers (Perona et al., 2014) and the bank advance of mean-
dering rivers (e.g. Zen et al., 2016). However, the effects of vegetation such as increased
flow resistance and decreased bed-shear stresses were included only by considering triv-
ial relationships or by assigning fixed values according to user-defined thresholds.

4.,2.3. VEGETATION SUCCESSION MODELLING

PERATING at a the hydrological scale and neglecting the hydrodynamic forcing, veg-
O etation succession processes have been described by using the landscape mod-
elling approach, which are similar to cellular-automata models, since the work of (Baker,
1989). LANDIS, a stochastic individual species model (Mladenoff, 2004) and the transition-
matrix probability approach by Perry and Enright (2007), for instance, are based upon
probability theory. Whereas, among the rule-based models one can mention, for in-
stance, the Across Trophic Level System Simulation model (ATLSS) by Duke-Sylvester
(2006) and and the Everglades Landscape Vegetation Succession model (ELVeS) by Pearl-
stine et al. (2011). As the succession process in temperate floodplains widely varies ac-
cording to vegetation species and is strongly influenced by the environmental setting,
only observations-based descriptions (e.g. Dykaar and Wigington Jr., 2000; Cooper et al.,
2003) and conceptual models for specific river systems (e.g. Richter and Richter, 2000;
Corenblit et al., 2010; Cline and McAllister, 2012; Egger et al., 2015) are currently avail-
able. Thus, models that combine vegetation succession and river morphodynamics are
still at their infancy.

As new plant species grow, the competition for resources such as light, water, and
nutrients increases, leading to reductions in plant density. Based on a rigid-cylinder
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representation of vegetation, which is described by plant diameter and density, the si-
multaneous increase of diameter and the associated reduction in density due to compe-
tition have been addressed by studying “self-thinning” rules. The first description of the
self-thinning relationship was proposed by Reineke (1933), defining the tree density in
terms of average stand diameter as:

m; = ay D™ (4.6)

where m; is the number of trees per unit area, D; is the average diameter of the
trees, and a; and b; are constants. Reineke found that parameter a; is related to the
tree species and that the self-thinning rate, b;, is equal to -1.605 for the surveyed forests.
Based on the relationship between average total plant biomass / volume and number
of trees per unit area, Yoda et al. (1963) proposed another model to describe the self-
thinning trend:

V = aym, 4.7)

where V is the total plant volume per unit area, and a, and b, are constants. Nu-
merous studies have demonstrated that the exponent, by, can be assumed equal to -1.5
for many plants, whereas the parameter ay is species-dependent.Consequently, this re-
lation has been called, among other names, the “-3/2 power law”. However, as some
contributions have shown (Enquist et al., 1998; Niklas et al., 2003), this exponent may
be slightly different and, therefore, dynamic thinning trajectories (Ogawa, 2005) and
species-specific thinning formulations (e.g. Mohler et al., 1978; White, 1981; Weller, 1987a,b;
Newton and Smith, 1990; Ogawa, 2009) have been proposed to correct it. Figure 4.15
shows the mean plant volume and the average tree diameter as a function of tree den-
sity constructed by using Equations 4.6 and 4.7. Newton (1997) presents a review about
obtaining and using these diagrams for management purposes, and Reynolds and Ford
(2005) discuss about the fragility of the self-thinning generalizations.

On the basis of the self-thinning rules calibrated empirically, time varying expres-
sions have been obtained to estimate the long-term growth of even-aged forests (e.g.
Smith and Hann, 1986; Tang et al., 1994; Meng et al., 1997; Vanclay, 2009; Li et al., 2011).

4.3. INTERACTION BETWEEN PLANT POPULATIONS

IFFERENT species of plants, cohabiting in the same area, present active interactions
D competing for the same resources (e.g. nutrients, space, light, etc.) and supporting
one another, i.e. facilitation. Facilitation can be either beneficial for both parties (mutu-
alism) or one species creates favourable conditions for another species indirectly (Gur-
nell et al., 2014). Competition and facilitation are, therefore the main processes driving
vegetation succession (Tabacchi et al., 1998; Brooker et al., 2008). So, realistic vegetation
dynamics models should contain the interacting plant species as state variables. How-
ever, a constant influence between plants is implicitly assumed when the parameters of
population growth models are held invariant in time.
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Figure 4.15: Stand-density management diagrams for pines based on Reineke’s relation (Left) and on the -3/2
power law (Right) (Modified from Newton, 1997)

Only a few models including competition and facilitation are applied in riparian
zones. The stochastic hydrodynamic model with long-term vegetation dynamics pro-
posed by Tealdi et al. (2013), for instance, compared two vegetation species with dif-
ferent growth rates, showing the relevance of the facilitation process on plants biomass
spatial distribution. At a larger scale, a cellular automate containing ten different herba-
ceous species competing for the available resources was applied by Ye et al. (2013) along
the Lijiang river in China. Their results show how competition can reduce vegetation
growth.

The only attempt to include vegetation competition in a morphodynamic model was
carried out by Ye (2012), assuming the interaction between two populations (i and j) to
be represented by

ap;

dr

where P; and P; are the populations density, and K; and K; the carrying capacities for
both species i and j; and p..j is a probabilistic coefficient that needs calibration.

= Pe(ij) [(Pi= K + (P - K;)] (48

4.4, SPATIOTEMPORAL SCALES

T EMPORAL and spatial aspects of vegetation dynamics are complex settings that play
an important role in the biogeomorphological evolution of river systems. However,

the unclear relation between time and space in vegetation development, the difficulty in




72 4. RIPARIAN VEGETATION DYNAMICS AND ITS MODELLING

generalizing the observed processes, and the subjectivity in defining the units of mea-
suring complicates a general consensus. In relation to the temporal aspects, ecological
studies dealing with vegetation dynamics have commonly adopted, although arbitrarily,
time scales looking at vegetation changes in the: 1) short, 2) intermediate and 3) long
term (Glenn-Lewin and van der Maarel, 1992). In the short-term time-scale, vegetation
processes, such as colonization and plant growth, affect the relative abundance of vege-
tation (quantitative change). These ‘fluctuations’ take place at the single plant level over
very short time periods, causing a sensitive response to seasonal changes and climatic
fluctuation (e.g. van der Maarel, 1981). Conversely, the long-term time-scales cover the
domain of vegetation history, reaching periods of the order of centuries.

Vegetation succession is related to changes in species composition (qualitative change),
operating at an intermediate time-scale, which becomes evident over decades to a cen-
tury (Pidwirny, 2006). Although the segments of this global time-scale are clear, due to
the arbitrary criteria considered in their definition it is difficult to distinguish the bound-
aries between vegetation processes, such as plant growth and succession, and their as-
sociated spatial-scales (Miles, 1979; Austin, 1981; van der Maarel et al., 1985). This can be
observed for instance in the need to couple self-thinning rules with plant growth models
(see section 4.2.2). Arbitrary distinctions can lead to different conclusions considering
that an episode catalogued as vegetation succession for some researchers can be seen
as a strong fluctuation that occurred during certain duration. The same difficulty can
be found when defining the thresholds between vegetation succession and long-term
changes. These limitations on defining time scales impose high uncertainties on impor-
tant aspects of vegetation dynamics as, for example, calculating rates of change.

It is common to find estimations of time scales for the sequences of succession of
different vegetation species in the literature. The values reported in these studies differ
widely between each other, not only for the aspects mentioned here, but also because
the succession process is highly-dependent on climate (Puhakka et al., 1992). An exam-
ple gathered from literature is shown in Figure 4.16, providing only qualitative indica-
tions because it has been proven that the use of chronological analyses (replacing space
for time) in order to study the sequences of succession can be inadequate, as is well doc-
umented by Johnson and Miyanishi (2008) and Walker et al. (2010) for instance.

Bare field 'y
L
| Graqs Iarfd Grass-shrub Pine forest | Qak-hickory forest climax
1 2 3-20 25-100 150+
Age (years)

Figure 4.16: Example of the use of chronosequences for establishing succession time scales on North Carolina
Piedmont, after: Goudie (1989) (modified from Johnson and Miyanishi, 2008)
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Regarding the spatial aspects of vegetation dynamics, the range of scales is also wide
and varied. This is especially important as currently vegetation communities are consid-
ered as a changing mosaic composed by patches of different characteristics in terms of
size, age, structure, and composition, among others (Austin, 1981; Ward et al., 2002).
Therefore, vegetation can be analysed at the single plant or at the community level.
Moreover, vegetation dynamics can be also conceived as a regional process in which
only the global landscape changes are studied. The size of the vegetation unit to con-
sider depends on the degree of isolation of that unit towards its environment and on the
level-of-integration required for the specific study (van der Maarel, 1988). Following the
approach of van der Maarel (1988), spatial and temporal scales of vegetation dynamics
can be integrated in the two-dimensional scheme presented in Figure 4.17.
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Figure 4.17: Two-dimensional scheme of spatiotemporal scales of vegetation dynamics

Due to the overlaps between plant growth and the succession processes, which in-
creases the complexity of distinguishing their spatiotemporal scales, boundaries and
thresholds, it is difficult to include vegetation dynamics in morphodynamic models.
Therefore, it is important to understand and describe the mechanisms behind these in-
teractions and their feedbacks to start filling the current knowledge gaps in this matter.

4.5. DISCUSSION

LTHOUGH there is an increasing recognition of the multiple interactions between
A vegetation dynamics and river processes, much research is still needed in this topic.
The linkages are well recognized, but, as presented in this chapter, the quantification of
the feedbacks between flow and sediment fluxes and vegetation dynamics is still poorly
understood. In addition to this, the effects of the interaction between the different spa-
tiotemporal time scales of the biotic and abiotic processes are still unclear. Therefore,
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multidisciplinary approaches are necessary to reveal the functioning of the complex pro-
cesses occurring at fluvial systems, and to build up models encapsulating the main ef-
fects at the appropriate spatial and temporal scales.

Improvements in predicting the morphological evolution or river systems require in-
cluding in morphodynamic models process-based descriptions of vegetation dynamics,
such as dispersal, adaptation, establishment, growth and succession, among others. Un-
derstanding the effect of species interactions and their functional traits for prediction of
invasion are important processes that also require the attention of researchers in bio-
geomorphological approaches.

It is also of high importance to understand better the influence of seasonal varia-
tions and the possible response to changes in climate, reducing the uncertainties and
associated risks to people and the existent infrastructure.



MODELS PREDICTING THE EFFECTS
OF VEGETATION ON FLOW AND
SEDIMENT FLUXES

“In nature, nothing is perfect and everything is perfect.
Trees can be contorted, bent in weird ways, and they’re still beautiful.”

Alice Walker
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Figure 5.1: Scheme of the geometric properties for real vegetation (left) rigid-cylinder analogy (right).

The performance of a large number of models on flow resistance, vegetation drag, vertical
velocity profiles and bed-shear stresses in vegetated channels is analysed.

This chapter has been published by the author in Earth Surf. Proc. Land. 40(2): 157-176, doi:10.1002/esp.3633
(Vargas-Luna et al., 2015b). Only minor changes have been performed for formatting purposes.
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5.1. INTRODUCTION

5.1.1. OUTLINE

OLONISATION and growth of vegetation on river banks and floodplains is controlled

by the ecological, hydrological and geomorphological settings of these areas. Once
established, by increasing the local hydraulic roughness, vegetation reduces the flow ve-
locity and the bed-shear stress (e.g. Tsujimoto, 1999; Bennett et al., 2008), promoting
local sedimentation (Wu and He, 2009; Nepf, 2012b,a). Moreover, vegetation cover pro-
tects the soil and roots increase the soil strength against erosion. As a result, plants act as
ecosystem engineers, since they create the conditions that favour the survival and estab-
lishment of new vegetation (Bertoldi et al., 2011; Gurnell et al., 2006; Gurnell, 2012); this
makes vegetation processes an important component of the dynamics of river channels.
For instance, vegetation growth on bars is the key factor for the creation of new flood-
plain (Parker et al., 2011; Asahi et al., 2013). This process, known as "bank accretion",
is of basic importance for the morphological changes of river channels, in particular for
the tendency of rivers towards braiding or meandering. The role of vegetation in reduc-
ing the braiding degree of rivers has been observed in laboratory experiments (e.g. Gran
and Paola, 2001; Braudrick et al., 2009; Tal and Paola, 2007, 2010), numerical modelling
(Murray and Paola, 2003; Camporeale and Ridolfi, 2006b; Perucca et al., 2007; Perona
etal., 2009; Crosato and Samir Saleh, 2011) and real rivers (e.g. Ward et al., 2000; Beschta
and Ripple, 2006; Hooke, 2007). It is therefore important to consider the effects of veg-
etation in numerical models simulating the morphological changes of alluvial rivers. In
particular, including the effects of vegetation might be essential to simulate the river
planimetric changes (e.g. Villada Arroyave and Crosato, 2010; Camporeale et al., 2013)
and to fully understand past river conditions (e.g. Montes Arboleda et al., 2010).

This paper provides an overview of the state of the art in modelling the effects of
vegetation on water flow and bed material load (capacity-limited sediment transport)
and identifies the most important knowledge gaps in this field. The work focuses on
the assessment of performance and applicability ranges of several existing models. This
procedure is done by comparing their predictions with a vast dataset. The data, gath-
ered from the literature, comprise 743 laboratory tests for artificial vegetation and 279
(including field investigations) for real vegetation. The sources are listed in Table 5.1
(artificial plants) and Table 5.2 (real plants).

A number of previous studies already compared formulae describing the flow in veg-
etated channels using data from the literature (e.g. Huthoff and Augustijn, 2006; Au-
gustijn et al., 2008, 2011; Galema, 2009; Poggi et al., 2009; Cheng, 2011). However, these
compilations combined artificial and real plants, considered only submerged vegetation
and did not include sediment transport. Instead, we distinguish artificial from real vege-
tation and consider both submerged and emergent conditions. For artificial vegetation,
we also distinguish flexible from rigid plants. We classify real plants according to type
and foliage: aquatic plants, grass and shrubs. Aquatic plants correspond to species per-
manently under water that are found in river channels. Grass and shrubs are found on
river banks and floodplains and are not always submerged. Grass commonly exhibits
high densities and is generally composed by single leafless, rigid and flexible, stems.
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Shrubs comprise bushy species with many stems and leaves and are distinguished based
on their foliage density (see Table 5.2).

Table 5.1: Summary of experiments and their vegetation configuration considering artificial vegetation gath-
ered for the present study.

Authors ® ﬁ?::sbt? ™ cc  pd a®(m) Dfmm)  hy8 (mm) sit;;]elsh
Kouwen et al. (1969) 27 F S S 25.0 5.0 100-2460 FS
Murota et al. (1984) 1 8 F S L 0.96 0.24 47.5-60 C
Shimizu et al. (1991) 3 28 R S L 3.75; 10.0 1.0;1.5 41; 46 C
Tsujimoto et al. (1991) 2* 8 F S L 3.75 1.5 23.8-41.9 C
Tsujimoto et al. (1993) 1 12 F S L 6.20 0.62 61-65 C
Dunn et al. (1996) 6 F S S 0.27-2.46 6.35 120 C
12 R S S 0.27-2.46 6.35 70-170 C
Ikeda and Kanazawa (1996) 7 F S L 4.8 0.24 40-45 C
Meijer (1998a) 1 7 F S L 1.45 5.7 1550-1650 C
Meijer (1998b) 1 48 R S L 0.51; 2.05 8.0 450-1500 C
Stone and Shen (2002) 3* 128 R S S 1.10-8.84  3.18-12.7 124 C
Ishikawa et al. (2003) 31 R E S 1.00-6.41 4.0;6.4 200 C
Jordanova and James (2003) 9 R E S 6.24 5.0 21-111 C
Thompson et al. (2004) 16 R E S 0.10-1.58 9.5-36.1 22-58 CGRT
Sharpe and James (2007) 17 R E S 1.04-3.12 10 62-234 C
Murphy et al. (2007) * 28 R S R 2.50-8.0 6.4 70-139 C
Kubrak et al. (2008) : 25 F S L 2.06-8.25 0.825 131-164 C
Velasco et al. (2008) 4 F S L 0.51 2.5 102-112 FS
Liu et al. (2008) 9 R S L;S 0.62-3.15 6.35 76 C
9 R E LS 0.62-3.15 6.35 55-74 C
Nezu and Sanjou (2008) 9 R S L 7.6-29.4 8.0 50 ES
Yan (2008) 3 12 R S L 3.0-12.0 6.0 60 C
Yang (2008) 3 2 R S S 2.8 2.0 35 C
5 F S S 2.8 2.0 23-34 FS
Kothyari et al. (2009a) 55 R E S 1.08-3.06 2.0-5.0 28-61 C
Okamoto and Nezu (2010a) 28 F S L 7.61 8.0 30-96 FS
Cheng (2011) 23 R S S 1.78-18.43 3.2-8.3 100 C
Cheng and Nguyen (2011) 142 R E S 1.71-18.24 3.2-83 20-100 C
King et al. (2012) 2 R E R 4.0 3.1;25.3 194 C
26 R S R 1.0-4.0 3.1-25.3 194 C

a Datasets indicated with a number, were taken from a secondary reference: 1: from Baptist (2005); Z: from Galema (2009);
and 3: from (Cheng, 2011). Datasets indicated with * were used to compare the mean flow velocity in the vegetation layer.
b Vegetation Type= F: Flexible; R: Rigid.

¢ Condition= E: Emergent; S: Submerged.

d pattern= L: Linear; R: Random; S: Staggered.

€ Plant area per unit of volume.

fFor rectangular, trapezoidal and flat strips, D is taken as stem width.

& For flexible vegetation hy is taken as deflected height.

he: Cylindrical; FS: Flat strip; R: Rectangular; T: Trapezoidal.

The work considers the effects of vegetation on flow resistance, flow velocity and
bed-shear stress. It also includes the analysis of model performance in describing the
vertical velocity profile with vegetated beds and comprises a trend analysis of the (appar-
ent) drag coefficient under different hydraulic conditions and for several types of vegeta-
tion. The work ends with the assessment of the performance of the sediment transport
capacity formulae by Engelund and Hansen (1967) and van Rijn (1984b) in view of ex-
tending their application to vegetated beds.

The results of this work can also be applied to tidal environments, where salt marshes
and sea-grass beds significantly contribute in shaping estuarine channels and intertidal



785. MODELS PREDICTING THE EFFECTS OF VEGETATION ON FLOW AND SEDIMENT FLUXES

flats (e.g. Temmerman et al., 2005, 2007; Van der Wal et al., 2008). Particularly relevant for
tidal areas are the parts dealing with flow resistance, flow velocity and bed-shear stress,
as well as the estimates of apparent drag coefficient, since the performed analyses deal
with the effects of both emergent and submerged vegetation on water flows. In tidal
systems, however, vegetated beds may be composed by fine, cohesive material and sedi-
ment is mainly transported in suspension (Temmerman et al., 2003; Lightbody and Nepf,
2006). Focusing on capacity-limited sediment transport, the results of the other part of
the work are therefore applicable only to the sandy areas of these systems. Moreover,
mangrove swamps (e.g. Bird, 1986; Furukawa et al., 1997; Wu et al., 2001; Anthony, 2004)
and waves are not considered (e.g. Massel et al., 1999). These might become relevant for
the morphodynamic behaviour of tropical and wide estuaries, respectively.

Table 5.2: Summary of measurements using real vegetation gathered for the present study.

Number

Authors 2 of tests Type of vegetation Foliage b Location © Condition 4
Ree and Crow (1977) T 24 Grass, Shrubs NL; LL F E
31 S
Turner and Chanmeesri (1984) 17 Wheat NL L E
Hall and Freeman (1994) 12 Bulrush NL L E
Meijer and van Velzen (1999) 2 Reeds NL L E
Freeman et al. (2000) 37 Shrubs NL; HL L E
50 S
Wilson and Horritt (2002) * 20 Grass NL L S
Jarveld (2003) 12 Wheat and Sedges NL L S
James et al. (2004) 8 Reeds NL L E
Armanini et al. (2005) * 4 Willows NL L E
16 LL L E S
Velasco et al. (2008) 9 Barley NL L S
Nikora et al. (2008) 1 Aquatic - F E
24 S
Righetti (2008) 2 Willows LL L E
4 S
King et al. (2012) 2 Aquatic - L E
4 S

aT. Only the experiments that include a clear definition of vegetation density from this study are considered
(series J, K and L); Datasets indicated with * were used only for the drag coefficient analysis.

b NL: No leaves; LL: Low concentration of leaves, and HL: High concentration of leaves.

€ F: Field; L: Laboratory.

dE: Emergent; S: Submerged.

5.1.2. THEORETICAL BACKGROUND

LANTS have different size and shape according to species, growth stage and envi-
P ronmental conditions. Moreover, each plant has an almost unique combination of
height, stem diameter and stiffness, foliage and other properties. Nevertheless, it is com-
monly accepted to represent vegetation as a collection of uniformly distributed identical
stems, assumed as cylindrical (Figure 5.1).

Plants are generally described by a characteristic diameter, D, and height, h,, with
an average distance between elements, s (Figure 5.2). The surface density of stems, m,
is defined as the number of stems, N, per unit bed surface area. The surface density of
vegetation is often represented by the following parameter:
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mmD?
A= (5.1)
4
as well as by the projected plant area per volume (Nepf, 2012b,a):
a=mD (5.2)
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Figure 5.2: Main characteristics of rigid and flexible vegetation in open channels. Left: side view of emergent
vegetation (above) and submerged vegetation (below) [Adapted from: Wu and He (2009)]. Right: plan view of
staggered and parallel patterns.

The hydraulic resistance of vegetated beds is described by empirical equations or
by either (semi-)empirical or physics-based models (Galema, 2009). The physical back-
ground of these models is based on specific conditions for vegetation that range from
rigid to flexible stems, and from submerged to emergent (see Figures 5.2a and 5.2b).
The parameters used have been mostly obtained from laboratory experiments for spe-
cific hydrodynamic conditions and types of vegetation (from artificial to real), leaving
questions on their applicability ranges. For instance, in the laboratory, artificial and real
canopies are often spatially distributed with parallel (called linear by some authors) or
staggered patterns (Figure 5.2c), which are not easily found in nature.

Most existing models are based on the rigid-cylinder analogy, whereas only a few ad-
dress flexible plants (e.g. Dijkstra and Uittenbogaard, 2010). The models predicting the
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flow resistance (resistance predictors) based on the rigid-cylinder analogy consider ei-
ther submerged or emergent vegetation or both. Petryk and Bosmajian (1975), Ishikawa
et al. (2003), James et al. (2004) and Hoffmann (2004) consider only emergent vegeta-
tion. Klopstra et al. (1997), Van Velzen et al. (2003), Huthoff (2007) and Yang and Choi
(2010), among others, consider only submerged vegetation. Stone and Shen (2002), Bap-
tist (2005) and Cheng (2011) consider both emergent and submerged vegetation (models
described in Appendix A).

In-stream vegetation, composed mainly by macrophytes, is submerged most of the
time, whereas emergent vegetation is the most common in floodplain areas. Instead,
vegetation on tidal marshes and recently-formed sediment deposits, such as river bars,
frequently change from emergent to submerged. In such cases, the model used to es-
timate the flow resistance should consider both conditions. This situation means that
only a limited number of models are available for the description of the bank accretion
process and estuarine morphodynamics. After the pioneer work performed by Schlicht-
ing (1936), acommon way to analyse the flow resistance in vegetated channels splits the
total shear stress into bed-shear stress, 74, and shear stress due to vegetation (or vege-
tation drag), 7,, by assuming a linear superposition:

T=pgRpip=Tpy+ 7y (5.3)

where p is the fluid density, g is the acceleration due to gravity, Ry, is the hydraulic
radius, and i is the channel slope.

Raupach (1992) proposed an analytical approach to assess the ratio between the bed-
shear stress and the total shear stress, 74,/r. Originally designed for aeolian processes,
the method has been applied to vegetated channels by, for example, Thompson et al.
(2004) and Baptist (2005).

For the assessment of the bed-shear stress, 7, the methods by Barfield et al. (1979),
Stone and Shen (2002) and Baptist (2005) consider both emergent and submerged vege-
tation. Other methods are only applicable to emergent plants (e.g. Ishikawa et al., 2003;
Kothyari et al., 2009a).

For the assessment of the vegetation drag, 7,, Jarveld (2004) expresses the drag ex-
erted by emergent plants as a friction factor using the leaf area index (LAI), defined as the
ratio of the one-sided leaf area to the ground area. Applications showed that this formu-
lation provides good estimates (Jalonen et al., 2013; Vistild et al., 2013), but more efforts
in parametrizing the species-dependent coefficients of this methodology are needed.

The drag exerted by vegetation has been commonly included in flow resistance pre-
dictors by means of the drag force approach, in which the drag force per unit bed area
due to vegetation is expressed as:

1
Ty= EpCDah,,u,,2 (5.4)
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where Cp is the apparent drag coefficient and u,, the mean flow velocity in the vegeta-
tion layer. Note that for emergent vegetation u, =i, see Figure 5.2a. Cp is here defined as
"apparent drag coefficient" because it is derived for a set of hydraulic parameters which
may not represent the physics of the flow around plant stems (Hygelund and Manga,
2003).

The flexibility of real plants and the presence of foliage considerably affect the ap-
parent drag coefficient and hence the assessment of the flow resistance (Freeman et al.,
2000; Jarveld, 2004; Jordanova et al., 2006; Folkard, 2011; Wunder et al., 2011; Aberle
and Jarveld, 2013; Vastild et al., 2013). Selecting the value of the apparent drag coeffi-
cient from the literature is complicated even further by a number of factors (Cheng and
Nguyen, 2011). The most important one is that the measured values are not comparable;
this is due to the different experimental set-ups, techniques and equipment used. Ad-
ditionally, only a few studies considered real plants, so the application of the results to
real cases is difficult. Finally, there is no agreement in the way the results are presented.
For instance Wu et al. (1999), Armanini et al. (2005) and Wilson (2007), among others,
provide the parameter aCp instead of Cp. Sand-Jensen (2003), O’'Hare et al. (2007) and
Wunder et al. (2011) present the apparent drag coefficient as a function of flow velocity,
others as a function of the Reynolds number. But, more importantly, the definition of the
Reynolds number is not unique. For instance, some authors compute it using the inun-
dated depth of vegetation and the mean flow velocity (e.g. Wu et al., 1999; Wilson, 2007),
whereas others consider other vegetation-related length scales, such as steam thickness
or diameter, together with the mean velocity through vegetation (e.g. Tanino and Nepf,
2008; Kothyari et al., 2009b; Cheng and Nguyen, 2011) or the mean flow velocity (e.g.
Wilson and Horritt, 2002; Armanini et al., 2005). Although previous studies have shown
that the apparent drag coefficient is a function of the Reynolds number, in practical ap-
plications this coefficient is normally assumed as constant. Considering the importance
of an overview, we have put together the measured values of vegetation drag coefficients
reported in the literature, showing its trends according to the type of vegetation.

The vertical velocity profile is significantly affected by the presence of vegetation. A
precise description is necessary for the understanding of the flow-sediment interaction
(Hu et al., 2013). For emergent vegetation, the shape of the vertical velocity profile is re-
lated to the density and the vertical distribution of foliage (Aberle and Jarveld, 2013). For
submerged vegetation, the vertical velocity profile mainly depends on the density and
flexibility of the plants and on their degree of submergence, represented by the relation
between water depth and vegetation height, h/h, (Nepf, 2012b,a). According to vege-
tation and flow properties, the vertical velocity profile presents several vertical zones
that for convenience are usually treated separately. However, most of them require a
layer-thickness pre-definition or a calibration of length-scale related parameters (e.g.
Huai et al., 2009; Hu et al., 2013).

The presence of vegetation decreases the local sediment transport rates substantially
(Prosser et al., 1995; Ishikawa et al., 2003). This reduction is associated with: the decrease
of flow velocity and shear stress at the bed due to the local increase of the hydraulic resis-
tance (Bennett et al., 2008) and the momentum absorbed by dense vegetation, resulting
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in decreased turbulence and sediment entrainment (Lopez and Garcia, 1998; Liu et al.,
2008; Nezu and Sanjou, 2008; Neary et al., 2012). Instead, resuspension occurs within
sparse vegetation (Yager and Schmeeckle, 2013). Only a few experimental studies carried
out direct sediment transport measurements in vegetated channels and field data are
scarce (with a few exceptions: e.g. Temmerman et al., 2003; Lightbody and Nepf, 2006).
Li and Shen (1973) described the effects of the spatial distribution of emergent vege-
tation on flow velocity and sediment transport. Other studies linked bed-material load
measurements to numerical modelling (e.g. Okabe et al., 1997; Watanabe et al., 2002) and
to estimations by sediment transport capacity formulae (Jordanova and James, 2003; Wu
and He, 2009; Kothyari et al., 2009a). For submerged vegetation, Lopez and Garcia (1998)
included measurements and modelling of suspended sediment transport. However, due
to scarcity of data on the effects of vegetation on suspended sediment transport, this
work examines only bed-material load.

Many formulae have been designed for the assessment of the sediment transport
capacity in non-vegetated streams (e.g. Meyer-Peter and Miiller, 1948; Engelund and
Hansen, 1967; van Rijn, 1984a; Huang, 2010), but only a few formulae were derived for
vegetated channels and most of them are only applicable within a certain flow regime,
degree of submergence and canopy properties (Ashida and Michiue, 1972; Li and Shen,
1973; Ishikawa et al., 2003; Jordanova and James, 2003; Kothyari et al., 2009a). Direct
measurements from a laboratory study with emergent plants have shown that the bed
load transport is affected not only by the vegetation density and properties, but also by
the way that its presence alters the flow conditions (Yager and Schmeeckle, 2013).

Using a general sediment transport capacity formula in vegetated beds would allow
estimating the morphological changes of natural rivers, including the combined effect
of sediment movement on bare soil and through vegetation. With this aspect in mind,
we have assessed the performance of two well-known sediment transport capacity for-
mulae, Engelund and Hansen (1967) and van Rijn (1984b) derived for alluvial channels
without vegetation, on vegetated channels.

5.2. MATERIALS AND METHODS

5.2.1. ACCURACY

0 estimate and quantitatively compare the accuracy of the analysed models, we used
T the Root Mean Square Error (RMSE), and the coefficient of determination (R?) given
by Egs. 5.5 and 5.6, respectively.

1 n
RMSE =1/~ 3" (xo, Xe;)? (5.5)

R2= ! (5.6)
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where x,, and x,, represent the observed and estimated values, respectively; X, and
X, are their corresponding averages and n is the sample size.

5.2.2. GLOBAL FLOW RESISTANCE
E assessed the performance of the models calculating the global flow resistance
(resistance predictors) of vegetated channels by comparing their assessments with
the measured data. This analysis was performed considering the Chézy equation for
uniform flow:

i=Cr\hip (5.7)

where, h is the water depth and C; is the global flow resistance coefficient for the
vegetated channel, expressed as a Chézy coefficient. The global resistance predictors are
listed in Table 5.3, and their mathematical description is given in the Appendix A. The
models were selected based on the availability of data fulfilling the conditions for which
they were designed.

Table 5.3: Summary of methods considered in the analysis carried out.

Global flow Number Profile Bed-shear
Model . .

resistance of layers equation stress
Emergent vegetation
Petryk and Bosmajian (1975) Yes One No No
Raupach (1992) No - - Yes
Ishikawa et al. (2003) Yes One No Yes
James et al. (2004) Yes One No No
Hoffmann (2004) Yes One No No
Kothyari et al. (2009a) No - - Yes
Submerged vegetation
Klopstra et al. (1997) Yes Two Yes No
Van Velzen et al. (2003) Yes Two No No
Huthoff (2007) Yes Two No No
Yang and Choi (2010) Yes Two Yes No
Emergent and Submerged vegetation
Barfield et al. (1979) No - - Yes
Stone and Shen (2002) Yes Two No Yes
Baptist (2005) Yes One No Yes
Cheng (2011) Yes Two No No

5.2.3. VERTICAL VELOCITY PROFILES

HE vertical velocity profile and the mean velocity in the vegetated layer were anal-
T ysed for the case of submerged vegetation. The assessment of model performance
was carried out for the formulations which do not need any calibration of length-scale
parameters: Klopstra et al. (1997) and Yang and Choi (2010), see Table 5.3. The mathe-
matical description of these models is given in the Appendix A. Six datasets of point ve-
locity measurements, of which characteristics are shown in Table 5.4, were used for the
analysis. The models of Petryk and Bosmajian (1975), Stone and Shen (2002), Van Velzen
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et al. (2003), James et al. (2004), Hoffmann (2004), Baptist (2005), Yang and Choi (2010)
and Cheng (2011) allow computing the mean velocity in the vegetation layer. The accu-
racy of their results is compared using the statistical methods described in section 5.2.1.

Table 5.4: Experiments used for the analysis of vertical velocity profiles.

Authors Test Type? (Z) (mnfz) (?1'1}) h/hy, Cp ip, (m/m)
Velasco et al. (2008) T3-3 F 0.0025 205 0.110 1.87 1.20 4.00E-04
Shimizu et al. (1991) A31 R 0.0015 2500 0.046 2.03 1.00 3.00E-03
Ghisalberti and Nepf (2004) H R 0.0064 1250 0.138 3.38 0.61 1.00 E-04
Nezu and Sanjou (2008) A-10 R 0.0080 3676 0.050 3.00 2.25 7.77 E-04
Carollo et al. (2002) 1 Re 0.0440 31000 0.048 2.48 1.00 1.00 E-02
Tinoco Lopez (2011) M4 Re 0.0043 500 0.250 1.48 5.88 2.00 E-05

5.2.4. BED-SHEAR STRESS

NLY the methods by Stone and Shen (2002) and Baptist (2005) allow estimating

the global flow resistance and the bed-shear stress of a vegetated channel for both
emergent and submerged plants. Barfield et al. (1979) and Raupach (1992) models esti-
mate the bed-shear stress without calculating the global flow resistance. Ishikawa et al.
(2003) and Kothyari et al. (2009a) models are only applicable to emergent plants. The
mathematical description of these models is given in the Appendix A. To compare the
performance of all these models, the analysis considered only the data relative to artifi-
cial emergent vegetation. These are provided by four independent studies counting 111
configurations, see Table 5.5.

Table 5.5: Summary of bed-shear stress and sediment transport measurements gathered for the present study.

Vegetation Flow Sediment
No. D
-1 50 2

Authors of D (mm) a(m?’) u (mfs) (mm) (mm) qr (m/s)

tests
Ishikawa et al. (2003) 31 4.0;6.4 1.00-6.41 0.23-1.14 25-114 1.8 -
Jordanova and James (2003) 9 5.0 6.24 0.15-0.18 21-111 0.45 1.89E-06-6.94E-06
Thompson et al. (2004) 16 9.5-36.1 0.10-1.58 0.39-0.78 22-58 - -
Kothyari et al. (2009a) 55 2;4;5 1.08-3.06 0.34-0.94 28-61 0.60-5.90 5.00E-07-3.97E-03

5.2.5. APPARENT DRAG COEFFICIENT

ROM the gathered dataset (Tables 5.1 and 5.2), it is possible to observe that some
F studies included the measurement of the drag force for the assessment of the drag
coefficient, Cp. These experimentally-derived values were analysed to assess the rela-
tion between (apparent) drag coefficient and type of vegetation and the variation of drag
coefficient as a function of the element Reynolds number, Rep:

ReD: _— (5.8)
4
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where i is the mean flow velocity, v is the kinematic viscosity, and D the character-
istic plant diameter. As reported in the literature, Cp decreases as Rep increases (e.g.
Tanino and Nepf, 2008; Kothyari et al., 2009b).

5.2.6. SEDIMENT TRANSPORT

EDIMENT transport was measured in the framework of two studies using emergent

metal rods as artificial vegetation (64 tests), see Table 5.5. For this reason, it was
analysed only for the emergent condition. For the prediction of sediment transport with
vegetated beds, we compared the performance of the models by Barfield et al. (1979),
Stone and Shen (2002) and Baptist (2005), which apply also to the case of submerged veg-
etation, coupled to the sediment transport capacity formulae by Engelund and Hansen
(1967) and van Rijn (1984b). We estimated the global flow resistance coefficient, the
mean flow velocity, and the bed-shear stress with either the models of Barfield et al.,
Stone and Shen or Baptist and then computed the sediment transport rate using the for-
mulae of Engelund and Hansen and van Rijn. Finally, these estimations were compared
with the measured values.

5.3. RESULTS

5.3.1. GLOBAL FLOW RESISTANCE
ARTIFICIAL VEGETATION

OR artificial submerged vegetation, the computed values of global flow resistance, in

terms of Chézy coefficient, are plotted against the measured ones in Figures 5.3a-
5.3g. Table 6 lists the values of (RMSE) and (R?) relative to the considered models, show-
ing the degree of accuracy of the results. The model of Stone and Shen exhibits the low-
est performance. The model by Huthoff has a low performance too, and in addition it is
highly dependent on the degree of submergence, see Appendix A. The models of Klopstra
et al. (1997), Van Velzen et al. (2003) and Baptist (2005) present a similar behaviour for
rigid and flexible vegetation, whereas the methods proposed by Yang and Choi (2010)
and Cheng (2011) have higher performance for the type of vegetation on which they
based the derivation of their formulation. Thus, the method by Yang and Choi fits better
the measurements relative to flexible vegetation, whereas the method of Cheng exhibits
the best results for the rigid case. Despite the fact that most of considered models are
based on the rigid-cylinder analogy, they work reasonably well for flexible vegetation as
well, as long as the vegetation height used in the equations corresponds to its deflected
height. This conclusion is in accordance to observations previously made by Baptist
(2005), and Galema (2009), among others.

For artificial emergent vegetation, the computed and the measured values of global
flow resistance are plotted together in Figures 5.4a-5.4g. Table 5.7 lists the values of
(RMSE) and (R2) relative to the considered models, showing the degree of accuracy of the
results. The results show that there is no noticeable difference between the estimations
made by using the models of Stone and Shen (2002), James et al. (2004), Cheng (2011)
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Figure 5.3: Submerged artificial vegetation: measured against estimated global flow resistance for: (a) Klopstra
et al. (1997), (b) Stone and Shen (2002), (c) Van Velzen et al. (2003), (d) Baptist (2005), (e) Huthoff (2007), (f)
Yang and Choi (2010), and (g) Cheng (2011)

and Petryk and Bosmajian (1975), whereas the models of Ishikawa et al. (2003) and Bap-
tist (2005) provide a substantial improvement (Figure 5.4). This aspect is especially true
for the data measured by Ishikawa et al. (2003), Thompson et al. (2004) and Cheng and
Nguyen (2011). The summary presented in Table 5.7 shows that the best fit is accom-
plished by the model by Baptist (2005), whereas the model by Hoffmann (2004) has the
lowest performance. According to the results presented in Figures 5.3 and 5.4, the meth-
ods of Klopstra et al. (1997), Van Velzen et al. (2003) and Baptist (2005) are the best-fitting
formulations for submerged vegetation, whereas the models of Ishikawa et al. (2003) and
Baptist (2005) present the best fit for the emergent case.
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Table 5.6: Submerged artificial vegetation: statistical estimators obtained by comparing measurements with
estimations.

RMSE (m172/5) R?
Models Rigid Flexible Rigid Flexible
Klopstra et al. (1997) 6.49 6.93 0.71 0.85
Stone and Shen (2002) 12.21 23.89 0.59 0.66
Van Velzen et al. (2003) 6.38 5.56 0.69 0.80
Baptist (2005) 9.73 7.09 0.68 0.88
Huthoff (2007) 8.15 20.08 0.66 0.52
Yang and Choi (2010) 9.47 7.80 0.65 0.79
Cheng (2011) 6.39 9.17 0.69 0.70

Table 5.7: Emergent artificial vegetation: statistical estimators obtained by comparing measurements with
estimations.

Models (I:nﬂlll}ﬂzi) R?
Petryk and Bosmajian (1975) 33.92 0.82
Stone and Shen (2002) 25.75 0.81
Ishikawa et al. (2003) 13.55 0.79
James et al. (2004) 33.59 0.82
Hoffmann (2004) 92.76 0.81
Baptist (2005) 9.17 0.85
Cheng (2011) 52.79 0.80

REAL VEGETATION

OR real vegetation, we analysed the performance of the models by Stone and Shen

(2002) and Baptist (2005) for both submerged and emergent conditions, considering
that these methods also allow bed-shear stress estimations. Measured and estimated
values are shown in Figure 5.5. The results show that Baptist model reproduces reason-
ably well the global flow resistance and performs similarly for submerged and emergent
conditions (Figure 5.5a), whereas the Stone and Shen method tends to overestimate the
global flow resistance. In Figure 5.5, ellipses encircle some specific groups of data. Group
A encloses data from experimental set-ups for which the global flow resistance is under-
estimated by Baptist (2005). This group mainly consists of submerged shrubs with high
density of leaves (values of parameter a between 1.45 and 3.25 m1). Tt also includes one
case corresponding to low density of leaves and relatively high degree of submergence
(a=0.04 m™!,h/h,=2.1). Group B includes data obtained from a set of experiments (Series
J — Grass type) performed by Freeman et al. (2000), for which the Baptist model overesti-
mates the global flow resistance. Group C encloses two experimental set-ups for which
the Stone and Shen model underestimates the global flow resistance (higher estimated
Chézy coefficients), both with high degrees of submergence, one with low and one with
high density of leaves (a=1.20 m!,h/h,=7.9). Group D encloses data from experimental
set-ups characterized by high values of aD, to which the Stone and Shen model is ex-
tremely sensitive. Based on these observations, it is clear that vegetation density and
degree of submergence play a key role for the ranges of applicability of the selected flow
resistance models. An analysis that includes these parameters is performed in the next
subsection.
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Figure 5.4: Emergent artificial vegetation: measured against estimated global flow resistance for: (a) Petryk and
Bosmajian (1975), (b) Stone and Shen (2002), (c) Ishikawa et al. (2003), (d) James et al. (2004), (e) Hoffmann
(2004), (f) Baptist (2005), and (g) Cheng (2011).

ROLE OF THE DEGREE OF SUBMERGENCE ON GLOBAL FLOW RESISTANCE ESTIMATIONS

HE response of the methodologies of Stone and Shen (2002) and Baptist (2005) was
T analysed as a function of submergence degree. For this analysis, we considered a
vegetated channel with bed roughness, Cj, equal to 50 m!/?/s, vegetation patch with drag
coefficient, Cp, equal to 1.0, and characteristic diameter, D, equal to 0.004 m. Assuming
two different vegetation densities (250 and 750 m 2, which correspond to a plant area per
unit of volume, a, of 1.0 and 3.0 m™!) and two vegetation heights (0.05 and 0.25 m), we
varied the water levels obtaining degrees of submergence fluctuating between 0.04 and
17.0. The results of this analysis are shown in Figure 5.6. In this figure, it is possible to
observe the influence of the canopy density and the vegetation height on the obtained
global flow resistance values. For the less dense canopy (Figure 5.6a), there are no large
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Figure 5.5: Real vegetation: measured against estimated global flow resistance for: (a) Baptist (2005), and (b)
Stone and Shen (2002). The conditions considered were: E= Emergent; S= Submerged; NL= No leaves; LL=
Low concentration of leaves; and HL= High concentration of leaves. The ellipses define groups with different
characteristics with respect to vegetation properties, see the text.

differences between the estimations of the two models for tall vegetation, whereas sub-
stantial deviations are observed for the shorter plants. These deviations lead to unrealis-
tic estimations of the global flow resistance coefficient with the Stone and Shen method
(i.e. Chézy coefficient higher than the one representing the bed roughness). For denser
canopies, lower deviations between the two methods are observed in case of emergent
plants. The method by Stone and Shen shows high sensitivity to water level variations
in case of submerged plants (see Figure 5.6b). In general, it is more sensitive to water
depth variations than the Baptist method, which leads to some discrepancies in the es-
timations.

5.3.2. VERTICAL FLOW VELOCITY PROFILE WITH SUBMERGED VEGETATION
HE vertical velocity profiles estimated with the selected formulations and the point
T velocity measurements are plotted together in Figure 5.7. This figure shows that
predicted velocity profiles have a good agreement with measurements only for certain
combinations of vegetation properties and flow conditions. The Yang and Choi model
predicts the velocity in the vegetation layer reasonable well, but not the velocity in the
upper layer. This formulation performs best for the dataset of Velasco et al. (2008) (see
Figure 5.7a). For the other datasets (Figures 5.7e and 5.7f), the model by Yang and Choi
overestimates the flow velocity in the upper layer for dense canopies and underestimates
it for the sparse ones. The higher the values of the projected plant area per volume; the
higher are the deviations from the measured values (see Table 5.5 and Figure 5.7. This
tendency is attributed to the parameter C,, defined by Yang and Choi (see Appendix).
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Figure 5.6: Global flow resistance coefficient as a function of the degree of submergence according to Stone
and Shen (2002) and Baptist (2005) for a plant area per unit of volume, , of (a) 1.0 m™ and (b) 3.0 m™!. Two
heights of the vegetated layer were considered: 0.05 m and 0.25 m.

The model developed by Klopstra et al. (1997) provides good assessments for some
combinations of flow and vegetation properties (see Figs. 5.7c and 5.7d), whereas in
other cases the predicted upper-layer velocity is lower than the vegetation-layer veloc-
ity (see Figs. 5.7a, 5.7b and 5.7f). This result disagrees with both theory and laboratory
observations (e.g. Dunn et al., 1996; Murphy et al., 2007; Velasco et al., 2008). Klopstra
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Figure 5.7: Submerged vegetation: measured against estimated vertical velocity profiles according to Klopstra
etal. (1997) and Yang and Choi (2010). Datasets: (a) Velasco et al. (2008) (Test T3-3), (b) Shimizu et al. (1991)
(Test A31), (c) Ghisalberti and Nepf (2004) (Test H), (d) Nezu and Sanjou (2008) (Test A-10), (e) Carollo et al.
(2002) (Test 1), and (f) Tinoco Lopez (2011) (Test M4). Degree of discontinuity, ¢, defined in Egs. 5.9, 5.10 and
the Appendix A
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et al. used two different equations, one for the vegetation layer and one for the upper
layer, meeting at the vegetation top. However, the procedure does not guarantee that the
velocity estimated at this point is the same for both equations and in fact it is possible
to obtain two different values. When the difference between the two velocities is small,
the velocity profile does not present irregularities, but when this difference increases the
irregularities are noticeable. Based on the equations proposed by Klopstra et al. (1997),
given in the appendix, is possible to formulate an equation for this degree of discontinu-
ity, ¢, expressed as

u(hy) i
£ =|1- vJK[Equation(A13)] .100 (5.9)
u(hv) k[Equation(A18)]
where the relation between the velocities is represented by
_2 .
ulhy)k[Equation(a13)] K\/”P&B +2C,Sinh(Ahy) (5.10)
u(hv)k[Equation(A18)] e In (Z_;) .

The degree of discontinuity, £ (%), represents the deviation between the velocity esti-
mated at the top of the vegetation layer from the velocity estimated at the same position
for the upper layer. Mathematical definition of each term in Equation 5.10 is given in the
Appendix. Calculated values of the discontinuity degree ¢ (%) are indicated in Figure 5.7.

Based on the results, the model by Klopstra et al. performs well for values of degree
of discontinuity, ¢, lower than 10% for sparse canopies, and lower than 15% for dense
canopies (Figure 5.7). The degree of discontinuity proposed here and the values ob-
tained for sparse and dense canopies could be used as a criterion of the applicability of
this method. Considering that the method proposed by Van Velzen et al. (2003) for the
global flow resistance derives from the velocity profile by Klopstra et al. (1997), the same
considerations could be applied to the van Velzen et al. method.

Regarding the mean flow velocity in the vegetation layer, Table 5.8 lists the values of
RMSE and R? describing the level of agreement between measured and values estimated
by several models. It is possible to observe that the mean flow velocity prediction in this
layer can be obtained equally well with formulations that assumed emergent conditions
(except from the model by Hoffmann) as with the model by Cheng for the submerged
case.

5.3.3. BED-SHEAR STRESS

N Figure 5.8 computed values of the bed-shear stresses are plotted against the corre-
I sponding measured values. The model by Raupach exhibits the lowest performance
(see Figure 5.8b), whereas the models of Stone and Shen (2002) and Baptist (2005) pro-
vide slightly better estimations, however, these models have the tendency to underesti-
mate the bed-shear stress, see Figures 5.8c and 5.8e. The models by Ishikawa et al. (2003)
and Kothyari et al. (2009a), applicable only to emergent vegetation, predict the measured
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values quite well. The simple analogy proposed by Barfield et al. (1979) presents a good
agreement with the measurements, see Figure 5.8a. All models present higher disper-
sion for the lowest values of the bed-shear stress; this could be related to variations in
the mobility thresholds for vegetated beds (Larsen et al., 2009).

Table 5.8: Velocity in the vegetation layer: statistical estimators obtained by comparing measurements with
estimations.

-4
RMSEx 10 R2

Model (mls)

Submerged conditions

Stone and Shen (2002) 11.93 0.91
Van Velzen et al. (2003) 22.83 0.94
Baptist (2005) 24.18 0.94
Yang and Choi (2010) 25.93 0.94
Cheng (2011) 7.49 0.94
Emergent conditions

Petryk and Bosmajian (1975) 8.67 0.92
Stone and Shen (2002) 6.32 0.91
James et al. (2004) 8.18 0.92
Hoffmann (2004) 55.68 0.89
Baptist (2005) 8.07 0.92
Cheng (2011) 10.04 0.94

Ishikawa et al. (2003) and Baptist (2005) allow computing also the ratio between bed-
shear stress and total shear stress, f, which is shown as a function of the non-dimensional
product, ah,, in Figure 5.9. These two models provide similar results and responds better
to high values of ah, (dense canopies). They should be used for ah, higher than 0.01.

The dependency of the considered methodologies on length scales (water depth or
vegetation height) was analysed in Figure 5.10. In this figure, the behaviour of the ratio
between the bed-shear stress and the total shear stress, is shown as a function of the
degree of submergence for the values of the vegetation canopies considered in Figure
5.5. The models by Barfield et al. (1979) and Baptist (2005) have similar trends for both
submerged and emergent conditions, whereas the Stone and Shen model exhibits an
opposite behaviour for the submerged case. The method by Baptist shows low values of
f for denser canopies and higher vegetation heights, and has a wider range of variation
compared with the model of Barfield et al. (1979) for the submerged condition.

5.3.4. APPARENT DRAG COEFFICIENT

IGURE 5.11 shows the values of the apparent drag coefficient obtained for different

types of artificial and real vegetation as a function of the element Reynolds num-
ber. This figure confirms the results of previous studies. It reveals also the difficulty in
obtaining general formulations describing the trends of this coefficient, which is due
to the substantial difference among the different types of vegetation under similar flow
conditions. As a starting point, we would like to draw the reader’s attention to the val-
ues close to unity obtained with rigid artificial vegetation for both submerged Murphy
etal. (2007) and emergent conditions Kothyari et al. (2009b). About the results obtained
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by Wilson and Horritt (2002) for real grass, we can observe how the apparent drag co-
efficient rapidly decreases (from a value close to 1 to almost 0.05) for relatively small
variations of element Reynolds number. Higher values of the apparent drag coefficient
are observed for reeds and bulrushes under emergent conditions derived from the data
of Jordanova et al. (2006), which is in agreement with other studies. For instance, Hall
and Freeman (1994) observed values of the apparent drag coefficient up to 15 (see James
etal., 2004).

Datasets:
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Figure 5.8: Emergent artificial vegetation: Comparison between the bed-shear stresses measured in vegetated
flumes and the estimated values by (a) Barfield et al. (1979), (b) Raupach (1992), (c) Stone and Shen (2002), (d)
Ishikawa et al. (2003), (e) Baptist (2005), and (f) Kothyari et al. (2009a).
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Figure 5.9: Emergent artificial vegetation: ratio between bed-shear stress and total shear stress for vegetated
beds as a function of ah;,. Measured values against estimated by Baptist (2005) (Continuous line), and Ishikawa
et al. (2003) (Dashed line).

From the dataset of Armanini et al. (2005), it is possible to see how foliage affects the
drag coefficient (emergent vegetation). Armanini et al. show that if plants are defoliated
the drag coefficient decreases and becomes similar to the drag coefficient of artificial
vegetation. This behaviour was also observed by James et al. (2004) and Jordanova et al.
(2006).

Regarding submerged bulrushes, two behaviours are observed: for low values of the
element Reynolds number (lower than 10 000) the apparent drag coefficient varies be-
tween 1 and 3 (data from Armanini et al., 2005), whilst for larger element Reynolds num-
bers its values are found smaller than 0.30 (data from Freeman et al., 2000). Similar val-
ues were also reported by Sand-Jensen (2003); this shows the high reduction in the drag
exerted by foliage due to reconfiguration effects for the case of real vegetation (Statzner
etal., 2006; Aberle and Jarveld, 2013). This reconfiguration is related to streamlining and
bending exerted by real plants under flow action which decreases the projected area and
drag forces (Gosselin et al., 2010; de Langre et al., 2012; Dittrich et al., 2012; Siniscalchi
and Nikora, 2013; Albayrak et al., 2014).
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Figure 5.10: Ratio between bed-shear stress and total shear stress for vegetated beds as a function of the degree
of submergence for: (a) Barfield et al. (1979), (b) Stone and Shen (2002), and (c) Baptist (2005).
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Figure 5.11: Apparent drag coefficient as a function of the element Reynolds number reported in previous
studies. Vegetation condition: S= Submerged, E= Emergent, F=Foliated, and D= Defoliated.

5.3.5. SEDIMENT TRANSPORT

IGURE 5.12 allows comparison of the measured sediment transport rates with the
F predicted ones. The model proposed by Barfield could be coupled to van Rijn (1984a)
sediment transport formula only, because the Barfield method does not allow estimating
the global flow resistance coefficient. In some cases, the models by Stone and Shen, and
Baptist estimated bed-shear stresses that were lower than the critical shear stress in van
Rijn (1984a) formula. In these cases, the sediment transport formula of van Rijn predicts
zero sediment transport.

The results show that the two sediment transport capacity formulae provide similar
results for high sediment transport rates (above 4x107° m?/s). For low sediment trans-
port rates, the Engelund and Hansen (1967) formula provides better results; this out-
come might be due to the different applicability ranges of the two formulae. The high
dispersion in the lower sediment transport rates could be related to modifications in the
bed-shear stress thresholds for vegetated beds or to the possibility that the sediment and
flow characteristics did not fall within the applicability ranges of the two formulae any-
more. Additionally, Figure 5.12 shows also that both flow resistance predictors (Stone
and Shen and Baptist) can be used with the same accuracy, at least for emergent condi-
tions.
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Datasets: Triangles: Jordanova and James (2003)
Circles: Kothyari et al. (2009)
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Figure 5.12: Comparison between measured and predicted sediment transport rates per unit width using the

estimations of (a) Barfield et al. (1979), (b) Stone and Shen (2002), and (c) Baptist (2005). Markers in black:
computed by applying Engelund and Hansen (1967). Markers in white: computed by applying van Rijn (1984a).
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5.4. DISCUSSION AND CONCLUSIONS

5.4.1. MODEL EVALUATION

HE extensive dataset gathered from the literature allowed analysing the performance
T of existing models for the assessment of the global flow resistance for different vege-
tation types and under several degrees of submergence. We distinguished artificial veg-
etation with rigid or flexible stems, under emergent or submerged conditions, from real
vegetation. The results show that for submerged vegetation the degree of submergence is
a key parameter for the global flow resistance. The discrepancies between model results
and measurements may reflect not only the variety of vegetation types and laboratory
techniques used in each experiment, but also the differing data formats. Although no
model can represent equally well both emergent and submerged conditions, the Baptist
(2005) model provided the best fitting with the measurements, for both artificial and real
vegetation. To apply this model to flexible plants, it is recommended to use the deflected
vegetation height with a parameter ah, larger than 0.01.

Formulations that allow estimating the vertical velocity profiles based on the proper-
ties of the vegetation canopy perform well only for certain cases. The major discrepan-
cies are observed for the case of real vegetation, since the influence of foliage and plant
flexibility is usually not included in the estimators. The model by Klopstra et al. (1997)
showed the best performance, but its application should fulfil the criterion of low degree
of discontinuity (Equations 5.9, 5.10 and Appendix). Mean flow velocity prediction in
the vegetation layer could be performed equally well using the other formulations that
apply to emergent conditions (except from the model by Hoffmann) and the model by
Cheng for the submerged case.

The additional drag exerted by vegetation diminishes the flow velocity in the vege-
tation layer leading to a reduction of the bed-shear stress. Since this variable directly
influences sediment entrainment from the bed, its accurate estimation is of high rele-
vance for the assessment of sediment transport rates and bed level changes. However,
studies dealing with both bed-shear stress and vegetation drag are scarce. From the anal-
ysed global flow resistance predictors only the Stone and Shen (2002) and Baptist (2005)
methods estimate the bed-shear stress for both emergent and submerged conditions.
Nevertheless, for submerged vegetation, the Stone and Shen model results in a decrease
of the ratio between bed-shear stress and total shear stress if the submergence degree in-
creases, which is against expectations. The model proposed by Barfield et al. (1979) and
the models by Ishikawa et al. (2003) and Kothyari et al. (2009a), which are only applicable
to emergent conditions, performed also well.

Even though the data used in this analysis refer to emergent vegetation and bed ma-
terial load, the results show that the sediment transport capacity formulae of van Rijn
(1984a) and Engelund and Hansen (1967) derived for non-vegetated channels can be
applied to vegetated channels. However, the performance of these formulae was not sat-
isfactory for low sediment transport rates, which is here attributed to possible variations
in the mobility thresholds for vegetated beds or to the possibility that the sediment and
flow characteristics did not fall within the applicability ranges of these formulations. The
possibility of using general sediment transport capacity formulas on vegetated channels
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allows estimating the morphological changes in rivers including the combined effect of
the sediment moving on bare soil and through plants.

5.4.2. RESEARCH NEEDS
DDITIONAL research is needed to accurately reproduce the effects of natural vegeta-
tion on water flow and sediment transport, notwithstanding the great progress made
in the last decades. The effects of vegetation on both bed-material and suspended loads
have received little attention so far. Proper parametrisation of these effects for studies at
larger spatial scales will be the following necessary step to reproduce and study the mor-
phodynamic behaviour of rivers and estuaries at different spatial and temporal scales.

The additional drag exerted by vegetation diminishes the flow velocity in the vege-
tation layer leading to a reduction of the bed-shear stress. Since this variable directly
influences sediment entrainment, its accurate estimation is of high relevance for sed-
iment transport calculations. Nonetheless, studies dealing with both bed-shear stress
and vegetation drag are scarce, which means that more research in this field is required.

The (apparent) drag coefficient is a key parameter for the assessment of vegetation
drag. Research performed during the last decades allowed progress in this field, but the
value of this coefficient to be applied for different plant species and wide ranges of the
element Reynolds number is still only partly known. Additionally, it is difficult to cor-
relate the results of different studies to assess the apparent drag coefficient for different
vegetation types and hydraulic conditions. Although the study of the drag coefficient of
vegetation mixtures is relevant when dealing with real plants, this aspect remains almost
unexplored.

Flow resistance estimators applicable for both emergent and submerged vegetation
and dealing with the complex geometry and flexibility of real plants are still lacking.
These estimators are necessary for sediment transport computations, and in particular
for applications on tidal areas where the submergence degree of vegetation continuously
varies with time.

Regarding the study of the flow field through and above vegetation, it is not yet un-
derstood how the turbulent coherent structures identified in hydrodynamic applications
with fixed geometries (e.g. Uijttewaal, 2014) are modified by vegetation and how these
structures affect sediment entrainment.

More research on sediment transport through and above vegetated beds is also needed
(Camporeale et al., 2013). The formulation of sediment transport formulae incorporat-
ing the properties and effects of vegetation requires further attention. Sediment trans-
port measurements, especially for the submerged conditions, are also a subject for fu-
ture work. More laboratory set-ups are needed to investigate a wider range of sediment
transport rates with varied vegetation and flow characteristics, and to analyse the be-
haviour of the different methodologies in estimating the sediment transport rates un-
der submerged conditions. Field measurements are not available, thus, intensive field
campaigns including different climatic conditions, vegetation species, flow regimes, hy-
draulic conditions and environmental set-ups (riverine and tidal) are also recommended.
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Finally, assessing the long-term effects of vegetation on the river morphology re-
quires new approaches incorporating the seasonal variations of vegetation character-
istics (on yearly basis) and vegetation dynamics (colonization, survival, growth, succes-
sion, etc.) on new deposits and floodplains operating at a larger time scale (decades).







REPRESENTING PLANTS AS RIGID
CYLINDERS IN EXPERIMENTS AND
MODELS

“Uniformity is not nature’s way; diversity is nature’s way.”

Vandana Shiva

Figure 6.1: Comparison of geometric characteristics of plants: (a) Uniform, cylindrical and leafless; and (b)
Irregular, with high variability in density and foliage. Photo taken at Plitvice, Croatia.

The consequences of representing plants as rigid cylinders by comparing the effects of real
plants to those of rigid cylinders in a large number of laboratory tests and numerical sim-
ulations are analysed, focusing on different morphodynamic processes.

This chapter has been published by the author in Advances in Water Resources 93, Part B: 205-222,
doi:10.1016/j.advwatres.2015.10.004 (Vargas-Luna et al.,, 2016b). Only minor changes have been performed
for formatting purposes.
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6.1. INTRODUCTION

HERE is increasing awareness of the need to include the effects of vegetation in stud-
T ies dealing with the morphological response of rivers and estuaries (e.g. Hickin, 1984;
Nepf, 2012a). Numerical models and laboratory experiments (e.g. Tal and Paola, 2007)
have recently shown that riparian vegetation can reduce river braiding and vegetation
growth on point bars has been recognized as one of the major factors governing river
meandering (e.g. Parker et al., 2011; Asahi et al., 2013; Eke et al., 2014a; Bertoldi et al.,
2014).

Plants increase the local hydraulic roughness, reducing flow velocity and bed-shear
stress (e.g. Tsujimoto, 1999; Bennett et al., 2002) and promoting sedimentation (Wu and
He, 2009; Zong and Nepf, 2011). Vegetation cover protects the soil, and root systems in-
crease the soil strength against erosion. In the end, plants act as ecosystem engineers
since they create the conditions that favour the survival and establishment of new veg-
etation (Bertoldi et al., 2011; Gurnell, 2014; Gurnell et al., 2006; Gurnell, 2012). The rel-
evance of vegetation processes for the morphological response of rivers and estuaries
has resulted in an increased amount of research from several disciplines based on field
investigations, laboratory experiments, and numerical models (e.g. Murray and Paola,
2003; Camporeale and Ridolfi, 2006a; Perucca et al., 2007; Perona et al., 2009; Crosato
and Samir Saleh, 2011; Villada Arroyave and Crosato, 2010; Camporeale et al., 2013; So-
lari et al., 2015).

Considering the relevance of vegetation for flow resistance, much research focused
on calculating the hydraulic roughness of vegetated beds (e.g. Stone and Shen, 2002;
Baptist, 2005; Baptist et al., 2007), and on the drag imposed by arrays of cylinders under
submerged (Nepf, 1999; Tang et al.,, 2014) and emergent conditions (Tanino and Nepf,
2008; Kothyari et al., 2009b; Cheng, 2011).

A number of mobile-bed laboratory experiments used alfalfa sprouts to analyse the
morphological changes caused by the presence of vegetation (Tal and Paola, 2007; Gran
and Paola, 2001; Braudrick et al.,, 2009; Tal and Paola, 2010), the influence of riparian
vegetation on bank erosion (Jang and Shimizu, 2007), and the morphological effects of
its spatial distribution (van Dijk et al., 2013), among other aspects (e.g. Paola et al., 2009;
Kleinhans et al., 2014). More recently, the use of alfalfa sprouts has been combined with
the supply of wooden dowels in order to reproduce the combined effects of living vege-
tation and floating logs (Bertoldi et al., 2015). These works showed important aspects of
the effects of vegetation on the morphology of river systems, but provided mere qualita-
tive results due to the difficulty of translating the laboratory results to the real river scale
(upscaling).

The study of the flow around isolated cylindrical elements started in the early 1950’s
(e.g. Finn, 1953; Tritton, 1959), but it was only twenty years later that arrays of cylin-
ders were considered in laboratory experiments to simulate vegetation (e.g. Li and Shen,
1973; Petryk and Bosmajian, 1975; Tollner et al., 1977). These studies helped identify-
ing the relevance of the stems density and spatial distribution on flow resistance, flow
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field and sediment processes. Other studies showed that the representation of plants as
rigid cylinders neglects the reconfiguration of plant foliage under flowing water (Statzner
etal., 2006; Aberle and Jdrveld, 2013) which decreases the projected area and drag forces
(Gosselin et al., 2010; de Langre et al., 2012; Dittrich et al., 2012; Siniscalchi and Nikora,
2013; Albayrak et al., 2014). Several research contributions have advanced our under-
standing of how an array of cylinders modifies vertical velocity profiles (Kubrak et al.,
2008; Huai et al., 2009; Liu et al., 2008) and turbulent structures (Nepf, 1999; Ghisalberti
and Nepf, 2006; Stoesser et al., 2009), affecting bed load (Jordanova and James, 2003;
Kothyari et al., 2009a) and suspended load (Lopez and Garcia, 1998; Sharpe and James,
2007), as well as depositional processes (Zong and Nepf, 2011; Yager and Schmeeckle,
2013).

Rigid cylinders have been used in laboratory experiments also to analyse the flow-
vegetation interaction in vegetated patches and on floodplains. Regarding vegetated
floodplains, a considerable amount of experimental work has been carried out to study
the effects of vegetation on overbank flow (Pasche and Rouvé, 1985), shear-stresses at
cross-sectional interfaces (Thornton et al., 2000), hydraulic conveyance (Oldham and
Sturman, 2001), stream-bank erosion (Wynn and Mostaghimi, 2006), near-bank turbu-
lence (McBride et al., 2007), turbulent coherent structures (White and Nepf, 2008; Sanjou
et al.,, 2010), and flow field alterations (Jahra et al., 2011). A few studies have considered
wake structures and flow field alterations on finite vegetation patches in channels with
fixed beds (Takemura and Tanaka, 2007; Nicolle and Eames, 2011; Zong and Nepf, 2012)
and even fewer studies have considered bed level changes around vegetation patches
(Kim et al., 2015).

From the available modelling approaches that have been proposed to describe plants
in a schematic easily-quantifiable way, the most common one represents vegetation as a
set of rigid cylinders with given height, diameter, stem distribution and density (a review
can be found in Vargas-Luna et al., 2015b). However, linking the settings of rigid cylin-
ders to real vegetation is an important unsolved issue. In nature it is possible to find
plants that can be well represented by cylindrical rigid stems (Figure 6.1a), but in most
cases it is simply impossible to represent the variability of their geometrical and physical
characteristics by this basic approach (Figure 6.1b). Plant flexibility is considered only
by a few models (e.g. Dijkstra and Uittenbogaard, 2010), but these models are not suit-
able for practical applications, which reinforces the common practice of using simpler
approaches.

Experiments with rigid cylinders have the advantage of using the approach adopted
by a number of numerical models (e.g. Stone and Shen, 2002; Baptist, 2005; Wu et al.,
2005; Cheng, 2013). This allows using the numerical models to interpret the laboratory
results for real systems, since upscaling is a known problem for all experiments dealing
with vegetation and sediment. However, it is still unclear whether numerical models
based on the rigid cylinder representation of vegetation provide realistic results at the
scale of real rivers and estuaries.

This work explores the implications of representing plants as rigid cylinders by means
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of new laboratory experiments and by reviewing the results of published model simula-
tions. The first set of experiments, carried out in a straight flume with glass walls (Flume
No. 1), studies the correspondence between the effects of real and artificial vegetation
and those of rigid cylinders on water flows. This aspect is addressed by comparing the
hydraulic roughness of channel beds covered either with plants or with rigid cylinders
under the same flow regimes. The second set of experiments analyses the evolution of
a channel with erodible bed and banks (Flume No. 2) to explore the feasibility of using
rigid cylinders to simulate the effects of floodplain vegetation on the channel width for-
mation. A third set of experiments, carried out in a similar, but larger, flume (Flume No.
3), explores the feasibility of using rigid cylinders to simulate vegetated bank dynamics.

The work is complemented by a thorough review of the results obtained by two-
dimensional (2D) morphodynamic models adopting Baptist’s method (Baptist, 2005) to
evaluate the consequences of using a rigid-cylinder schematization for the simulation
of the morphological developments of real rivers. To substantiate the analysis of model
results, the predictive capacity of the method developed by Baptist (2005) in estimat-
ing water depth and mean flow velocity is assessed by comparing the results to the data
obtained from the first set of experiments.

This paper represents a first step in assessing the effects of representing real vegeta-
tion with rigid cylinders in laboratory experiments and numerical models. The results
allow identifying the limitations of the approach and provide some preliminary guide-
lines on its application.

6.2. THEORETICAL BACKGROUND: BAPTIST’S MODEL

HE flow resistance estimator for vegetated beds considered in this study was devel-
T oped by Baptist in 2005 (Baptist, 2005). It is based on a rigid-cylinder representa-
tion of vegetation and can be considered as representative of the models adopting this
approach. Baptist’s method (Baptist, 2005) predicts the total flow resistance of a river
bed covered by vegetation, which forms the base for water depth predictions. Sediment
transport and bed level changes predictions, instead, are derived by considering the bed
shear stress, which is reduced by the presence of vegetation, resulting in more realistic
bed level changes in the vegetated areas (Baptist et al., 2003). The method is imple-
mented in the open-source Delft3D software (www.deltares.nl), computing the mor-
phological changes of rivers, estuaries and coasts in two and three dimensions. Delft3D
was used in the simulations reviewed in Section 6.5. Baptist’s method (Baptist, 2005) per-
formance was analysed and compared to the performance of a number of other models
(Vargas-Luna et al., 2015b), where it proved to be one of the most complete vegetation
models, since it is valid for both submerged and emergent plants, and it is the most ac-
curate one with respect to predictions of laboratory data.

Baptist described plants as sets of rigid cylinders with a characteristic diameter, D,
height, h,, and stem surface density, m, defined as the number of stems, N, per bed
surface area (Figure 6.2). The basic assumption is that vegetation has high density so
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that the vertical velocity profile of the flow within the plants can be assumed uniform
and constant in vertical direction. It is important to note that the approach does not
allow for combinations of different vegetation types, such as grass and trees, at the same
location.
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Figure 6.2: Main characteristics of rigid and flexible vegetation in open channels. Left: side view of emergent
vegetation (above) and submerged vegetation (below), Adapted from: Wu and He [10]. Right: plan view of
staggered and parallel patterns. Variables and units shown in the notation section.

Baptist derived an expression for the hydraulic resistance to a flow over (submerged)
and through (emergent) vegetation from the momentum balance, based on the follow-
ing assumption:

pghip=Tpy+Ty (6.1)

where p is the mass density of water (kg/m®); g is the acceleration due to gravity
(m/s2); his the water depth (m); iy, is the longitudinal water surface slope (-); 7j, is the
bed shear stress (N/m?) and 1, is the extra shear stress caused by vegetation (N/m?).

According to Baptist, the bed shear stress, 75, in case of emergent vegetation (wet
vegetation height is equal to water depth h), is given by

Tpy = pg u? (6.2)

CZ
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and the extra shear stress exerted by the plants is expressed as

1
Ty = EpCDahug (6.3)

where C, is the Chézy coefficient of the bare soil (m'?/s); Cp is the drag coefficient
of the plants (-) (Baptist suggests using Cp = 1); a is the projected cylinders area per unit
of volume (m™!) (Nepf, 2012a): (m being the number of stems, N, per bed surface area in
m? and D the reference cylinder diameter in m). Typical ranges for natural vegetation
are0.1to 1.0 m™! for open herbaceous and marsh types of vegetation (Baptist, 2005), and
10 to 15 m™! for natural grasslands. The depth averaged flow velocity through vegetation,
uc (mifs), is given by:

uc = C\/hip, (6.4)

where C; represents the total friction coefficient expressed in terms of Chézy coeffi-
cient (m'?/s), given by the expression

1
Cr=|————— (6.5)
"\ 1Ct+Cpahizg

It is important to note that a larger value of the canopy density leads to a smaller
value of C; corresponding to a larger bed roughness.

For submerged vegetation, it is assumed that the water depth is much larger than the
plant height and that the flow velocity is uniform between the plants, but has a logarith-
mic profile above them, starting from the value u,, obtained by substituting the water
depth & (m) with the plant height h, (m) in Equation 6.3. The bed shear stress becomes

Tp = p—iuz
Cb

(6.6)

where C'j, represents the flow resistance of the bed between the plants in case of
submerged vegetation, given by the expression

Vg

Cb:Cb+T 1

Cp ahUCi h
v —m( ) 6.7

28 hy
in which x (=0.41) is the Von Kdrmén constant. It is important to note that Equation

6.7 results in a reduction of the bed shear stress with respect to bare soil and emergent
vegetation, since Cy, is larger than Cp,.

Considering the total water flow, including the flow between and above vegetation,
the depth averaged flow velocity results

u=C,\/hip 6.8)

in which C', is the total friction coefficient expressed in terms of the Chézy coefficient
(m'?/s), given by:
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, 1 h
c = . + @m(—) 6.9)
1/1C2+Cpah,i2g "« \hy

It is important to observe that higher canopy density g, and plant height h,, result in
asmaller value of C, and therefore larger bed roughness. The first term of Equation 6.9 is
equivalent to C, (Equation 6.5) with the water depth substituted by the plant height. The
logarithmic term appears only for & > h, and in such case it increases the value of C/,
decreasing the average resistance, for larger submergence (water-depth to plant-height)
ratios. The submergence ratio (h/h,) has also shown to be of relevance for the study
of turbulent structures (e.g. Nepf and Vivoni, 2000; Neary et al., 2012; Luhar and Nepf,
2013) and longitudinal mixing processes (Murphy et al., 2007; Shucksmith et al., 2011) in
vegetated channels.

6.3. MATERIALS AND METHODS: LABORATORY EXPERIMENTS
6.3.1. REPRESENTATION OF VEGETATED FLOWS USING RIGID CYLINDERS

0 assess the capability of representing the effects of real and artificial vegetation

by using uniformly distributed arrays of rigid cylinders, we used the tilting glass-
walled flume 14 mlong and 0.40 m wide available at the Environmental Fluid Mechanics
Laboratory of Delft University of Technology (Figure 6.3a). We compared the effects of
four types of vegetation on hydraulic resistance considering several densities and plant
heights.

To represent plants, we used rigid cylinders (wooden sticks with diameter, D, equal to
2x1073 m and total height, H, equal to 0.20 m, Figure 6.3b), two flexible artificial plants,
composed by either plastic grass (Figure 6.3c) or by leafy plastic plants (Egeria densa,
Figure 6.3d) and real plants belonging to the Piperaceae family (Peperomia rotundifolia,
Figure 6.3e). The plants were inserted in a 0.15 m layer of sand with median diameter,
D5, equal to 5x107* mand sorting index, I=0.5(Dsp/ D;6 + Dg4/ D5p), equal to 1.23 (Figure
6.4) in staggered patterns (Figure 6.2¢c). The characteristic diameter for the real and arti-
ficial plants was derived by dividing the frontal area of the plant by its height. Vegetation
properties are summarized in Table 6.1.

Water and sediment were recirculated. Water level and bed surface profiles were
measured with lasers located in a movable carriage above the flume. The mean water
depth was calculated as the difference between the water level and bed surface profiles.
The discharge was measured in the supply system with an ultrasonic flowmeter. Mean
flow velocities were derived by dividing the discharge by the total cross-sectional area.

Bed slopes in the flume were set to 0.002 or 0.004 m/m, but these did not coincide
with the slope of the water surface. The flow resistance in terms of the friction coeffi-
cient, Cp, of the vegetated bed was obtained by using the one-dimensional steady flow
momentum equation per unit width, valid for gradually varying flow:

u@+ ﬁ+ @+Cfu2—0
dx gdx gdx R,

(6.10)
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Figure 6.3: Experimental set-up for Flume No. 1. (a) and vegetation arrays used: (b) Rigid (Wooden) sticks
[Test W11], (c) Artificial Grass [Test G2], (d) Artificial with Leaves (Egeria densa) [Test ED3], (e) Real (Peperomia
rotundifolia) [Test R2]. Vegetation properties are presented in Table 6.1.

where zis the bed level elevation (m) in the longitudinal direction x (m), Cris the fric-
tion coefficient (-), and Ry, is the hydraulic radius (m), expressed as the cross-sectional
area over the wetted perimeter. The friction coefficient can straightforwardly be linked
to the Chézy coefficient by the expression Cy = g/C2. As a glass-sided flume was used,
sidewall corrections were applied by using the method proposed by Vanoni and Brooks
(1957).

The flow velocity in the experiments was imposed below the condition for sediment
motion to avoid important hydrodynamic effects of excessive bed scouring and deposi-
tion. However, some additional trials were performed at the end of each test with higher
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Figure 6.4: Sediments used in the laboratory experiments.

flows to observe the influence of vegetation on sediment transport and bed develop-
ment. The changes in bed surface were recorded by a video camera from the lateral
glass wall at specific locations. The differences between the initial and final bed surface
profiles extracted from the measurements were used to roughly analyse the erosion and
deposition patterns.

6.3.2. REPRESENTATION OF THE CHANNEL-WIDTH FORMATION USING RIGID
CYLINDERS

NOTHER set of experiments was carried out to qualitatively study the effects of rigid
A cylinders on floodplains on the main channel-width formation, the major question
being whether rigid cylinders (wooden sticks) inserted in the banks of an excavated
channel would decrease bank erosion as real vegetation in similar experimental tests
(e.g. Tal and Paola, 2010). The tests were carried out in a 2.25 m long, 1.2 m wide and
0.20 m deep mobile-bed flume (Flume No. 2, see Figure 6.5) with fixed inlet and outlet.
A pump placed in a tank beneath the flume outlet provided the flow discharge by recir-
culating the water to a basin located behind the inlet, where waves were dissipated by
a set of vanes. The pump was connected to a power-regulated supply system enabling
flow discharge variation. The flume was filled with sand having median diameter, D5y,
equal to 9.5x10™* m and sorting index, I, equal to 2.32 (Figure 4). A straight 0.09 m wide
channel was excavated in the centre of the flume with an initial bed slope of 0.01 m/m.
Vegetation was represented by arrays of toothpicks with diameter, D, of 2x10"3 m and a
total height of 0.08 m, considering several combinations of patterns and densities (Fig-
ure 6.5b). The toothpicks were inserted in the sand, leaving just 0.02 m above the surface
(i.e. H;=0.08, and penetration depth H»=0.06 in Figure 6.5c). The characteristics of the
parallel and staggered vegetation arrays are listed in Table 6.2.
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Table 6.1: Vegetation arrays considered in the experiments in Flume No. 1.

Test 2 hy (m) m(m2) D (m) amT)
W1 0.025 761 0.0020 1.5
w2 0.025 1294 0.0020 2.6
W3 0.025 2755 0.0020 5.5
w4 0.025 10280 0.0020 20.6
W5 0.050 761 0.0020 1.5
W6 0.050 1294 0.0020 2.6
W7 0.050 2755 0.0020 5.5
W8 0.050 10280 0.0020 20.6
w9 0.075 761 0.0020 1.5
W10 0.075 1294 0.0020 2.6
W11 0.075 2755 0.0020 5.5
W12 0.075 10280 0.0020 20.6
DG1 0.025 208 0.0100 2.1
DG2 0.025 656 0.0100 6.6
DG3 0.025 1296 0.0100 13.0
ED1 0.025 761 0.0088 6.7
ED2 0.025 2755 0.0088 24.2
ED3 0.050 761 0.0097 74
ED4 0.050 2755 0.0097 26.7
R1 0.060 761 0.0150 11.4
R2 0.060 2755 0.0150 41.3

4'W: Rigid (Wooden) sticks; DG: Artificial Grass; ED: Artificial with Leaves
(Egeria densa); R: Real (Peperomia rotundifolia). See Figures 6.2 and 6.3
for graphical description.

Three discharge hydrographs, including constant and variable flows, having the same
averaged value, were applied to each of the seven configurations described in Table 6.2.
The hydrographs were selected on the basis of the intensive laboratory experiments per-
formed by Byishimo (2014) (Figure 6.5d). The width changes with time were tracked
by recording the evolution of the channel with a video camera located at the top of the
flume with the help of a squared grid (0.05x0.05 m) placed above the flume. By analysing
the central part of the channel at three locations far from the inlet and outlet, the average
channel width was measured each 5 minutes from the recorded videos.

Table 6.2: Vegetation arrays considered in the experiments in Flume No. 2 (for the spatial distribution see
Figure 6.5).

TestID s, (m)  sp(m) ‘;g:t’;::o" mm?  am?)
W-NV - - - - -
W-V1 0.02 0.02 Parallel 2500 5
W-V2 0.01 0.02 Staggered 2500 5
W-V3 0.01 0.02 Parallel 5000 10
W-V4 0.02 0.01 Parallel 5000 10
W-V5 0.01 0.01 Staggered 5000 10

W-V6 0.01 0.01 Staggered 10000 20
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Figure 6.5: Experimental set-up for Flume No. 2. (a) Plan view, (b) Vegetation distribution on the floodplains,
(c) Typical cross-section, and (d) Hydrographs used in the experiments. Initial bed slope = 0.01 m/m.

6.3.3. REPRESENTATION OF BANK DYNAMICS USING RIGID CYLINDERS

third laboratory set-up, Flume No. 3, was used to analyse the effects of vegetation
Aand flow variability on channel planform formation, see Figure 6.6a. The mobile-
bed flume was 5.0 m long, 1.2 m wide and 0.25 m deep. An initial 0.08 m wide channel
was excavated in the centre of the flume, filled with the same sand used in Flume No 2
(Figure 6.4). The initial bed slope was 0.010 m/m. For this set of experiments a curved
bend made from a PVC elbow was used as a geometrical perturbation at the inlet of the
flume, see Figure 6.6. This time, only the 0.20 m wide inlet was fixed, whereas the outlet
was let free to allow lateral channel migration.
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Figure 6.6: Experimental set-up for Flume No. 3. (a) Plan view, (b) Typical cross-section, and (c) Hydrographs
used in the experiments. Initial bed slope = 0.01 m/m.

The same type of wooden toothpicks of the previous set-up was used, this time con-
sidering only parallel arrays, but including different heights, H;, and penetration depths,
H> (see Table 6.3 and Figure 6.6b). The flow was regulated as in Flume No 2. The con-
stant and variable discharges, having the same averaged value, are given in Figure 6.6c.
The planform changes in time were tracked by recording the evolution of the channel
with a video camera.
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Table 6.3: Vegetation arrays considered in the experiments in Flume No. 3 (for the spatial distribution see
Figures 6.5 and 6.6).

Test ID s1 (m) sp (m) Hj (m) Ho(m) mm?® am)
P-NV y N y B B B
P-V1 0.04 0.02 0.08 0.06 1250 2.5
P-v2 0.04 0.02 0.08 0.01 1250 2.5
P-v3 0.04 0.02 0.04 0.01 1250 2.5
P-v4 0.02 0.02 0.08 0.06 2500 5.0

6.4. RESULTS OF LABORATORY EXPERIMENTS

6.4.1. REPRESENTATION OF VEGETATED FLOWS USING RIGID CYLINDERS
ONSIDERING that the flow resistance of a vegetated bed depends on the combina-
tion of flow and vegetation properties, the results are presented as a function of the

element Reynolds number, with the uniform diameter of plants as characteristic length,

given as

uD
Rep=— (6.11)
v

where v is the cinematic viscosity of the fluid (m?/s). The results are presented in Fig-
ure 6.7. The first observation is that for all vegetation types the flow resistance decreases
as the element Reynolds number increases. The trend is more evident for real plants
and plastic grass (Figures 6.7a and 6.7b), as well as for low density plastic Egeria Densa
(Figure 6.7c), for which the points appear clearly aligned on a curve. Only for wooden
sticks, the friction coefficient increases as the density increases (Figure 6.7d). Our re-
sults show that the friction coefficients obtained with wooden sticks (Figure 6.7d) have
the same order of magnitude as the ones obtained with real and plastic plants, with only
a few exceptions. The wooden sticks, however, present the smallest element Reynolds
numbers, which is due to their small diameter (2 mm). Other experiments found in the
literature (Cheng, 2011) show that rigid cylindrical rods with larger diameters have fric-
tion coefficients and element Reynolds numbers similar to those observed for real and
artificial plants in our experiments, see Figure 6.7d. As they offer more realistic results,
it might be better to use rigid stems or wooden sticks with larger diameters (of about 8
mm). Experiments reported in (Cheng, 2011) have comparable flow velocities (0.077 -
0.342 m/s) and submergence ratios (1.3 — 2.0) with the experiments reported here. For
Egeria Densa, the highest density results in more scattered points (Figure 6.7c), whereas
for the other vegetation types low and high densities result in similar friction coefficients
(Figures 6.7a and 6.7b).

The possible effects of foliage and flexibility can be analysed by comparing the results
provided by the two types of plants with leaves: real vegetation and plastic Egeria Densa.
Both plant types have similar leaf volumes, but the leaves of the real plants have lower
stiffness than the plastic ones, see Figures 6.3d and 6.3e. With 2755 plants/m? (high den-
sity), the leaves of the more rigid Egeria Densa act as obstacles to the flow and result in
higher roughness than the more flexible leaves of real plants (compare Figures 6.7c and
6.7a). This means that for plants with foliage the flow resistance is not only affected by
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vegetation density (expressed as number of plants per unit area), but also by foliage and
plant flexibility. Therefore, another definition of plant geometry and density should be
adopted when describing foliated plants in order to include the effect of these proper-
ties on the flow resistance. Contrary to what previously found by other researchers (e.g.
Nepf and Vivoni, 2000), the submergence ratio, h/h,, does not appear to affect the flow
resistance coefficients in our experiments.
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Figure 6.7: Friction coefficient (Cp as a function of the element Reynolds number (Rep) for: (a) Real plants
[h/hy: 2.0 - 3.6], (b) Plastic grass [h/hy: 4.7 - 8.7], (c) Plastic Egeria Densa [h/hy: 1.8 - 8.8], and (d) Wooden sticks
[h/hy: 1.5 - 7.8] and cylindrical rods by Cheng (2011) [h/hy: 1.3 - 2.0]. Vegetation properties are listed in Table
6.1.
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About the additional trials with flow velocities higher than the conditions for sedi-
ment motion, bedforms formed downstream and upstream of the vegetation patch for
all vegetation types and densities, with different erosional and depositional patterns.
With low and medium density artificial grass (DG1 and DG2) local erosion and depo-
sition patterns formed within the vegetation patch. In some cases the plants were com-
pletely covered by sediment in certain areas. High density grass (DG3) produced local
erosion at the upstream end of the vegetation patch, but in this case much less sedi-
ment was deposited more downstream inside the vegetation patch. Erosion occurred
at end of the flume. High density vegetation with leafs (real plants and artificial Egeria
Densa) produced local erosion at the upstream end of the vegetated patch, but the sedi-
ment settled just downstream of the patch and not within vegetation. With low density,
erosion and deposition patterns resembled those obtained with low density grass. With
wooden sticks, much less sediment was trapped within the elements. At the highest flow
velocities local scour occurred around each rigid cylinder.

The results show the relevance of vegetation foliage and high density in general in
reducing flow velocities within the plants, affecting sediment transport processes as well
as erosional and depositional patterns.

6.4.2. REPRESENTATION OF THE CHANNEL-WIDTH FORMATION USING RIGID m
CYLINDERS

IGURE 6.8 shows the channel-width evolution as a function of time for the three
F considered discharge conditions. As expected, most changes occurred in the first
20 minutes of the experiments. The equilibrium width as well as the time required to
achieve it decrease as vegetation density increases. This figure also shows that the re-
sponse in time of the channel-width and the equilibrium width reached at the end of
each experiment are substantially different for each discharge regime. This behaviour
shows that the frequency and magnitude of high and low flow sequences have a major
impact on the channel formation. The response of the channel-width to the bank ero-
sion pulses driven by the peak flows is more noticeable in the variable regime with less
frequent but higher flow peaks (Hydrograph 2). In all cases, the bank erosion rates de-
crease with time until the equilibrium width is reached, which is clearly attributed to the
decrease of water depth caused by channel widening.

The values of the equilibrium width of the channels are shown in Figure 6.9. The ex-
periments with vegetated banks lead to smaller widths compared to the cases without
vegetation for the same flow conditions. Larger width reductions occurred with dense
vegetation. Regarding the influence of the vegetation pattern, both the separation be-
tween elements (along the parallel and perpendicular direction of the flow) and the ar-
rangement (staggered or parallel) were found relevant for the final channel width. Exper-
iments with the same density and parallel pattern but different interchanged separation
distances S1 and S2 in Figure 6.5b (tests W-V3 and W-V4) showed similar behaviour for
the variable discharge tests. However, a shorter interchanged separation of the elements
in the perpendicular direction, S2, reduces the initial bank erosion rates and the equi-
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librium widths with constant discharge. According to our observations parallel config-
urations appear to be more effective on reducing bank erosion than the staggered ones,
when comparing the equilibrium width obtained in experiments with the same density.
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Figure 6.8: Channel-width (B) variation with time in the experiments carried out in Flume No. 2 for: (a) Con-
stant discharge, (b) Hydrograph 1, and (c) Hydrograph 2. The vegetation properties are summarized in Table
6.2 and the hydrographs are shown in Figure 6.5d.
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Figure 6.9: Equilibrium channel width (Be) for the experiments carried out in Flume No. 2 for: (a) Constant
discharge, (b) Hydrograph 1, and (c) Hydrograph 2. The vegetation properties used are summarized in Table
6.2 and the hydrographs are shown in Figure 6.5d.

6.4.3. REPRESENTATION OF BANK DYNAMICS USING RIGID CYLINDERS

HE tests allowed observing several typical processes of real rivers with vegetated
floodplains: sinuosity formation, braiding index evolution, bank failure, scroll bar
formation, and floating vegetation. Since no substantial difference between constant
and variable discharge was found for the un-vegetated cases, the tests including vegeta-
tion were performed only under variable flow regimes. In general, narrower and more
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stable channels were obtained for the experiments with vegetated banks, as in the previ-
ous section. The planform evolution for the tests performed in this section is given as
supplementary material at: http://dx.doi.org/10.1016/j.advwatres.2015.10.
004.

CHANNEL SINUOSITY

IGURE 6.10 shows the evolution of channel sinuosity as a function of time. Varia-

tions in sinuosity appear related to discharge variability and vegetation density. In
the experiments without vegetation the overall sinuosity of the channel was relatively
similar for constant (P-NV(C)) and variable discharges (P-NV), even if the bank erosion
pulses driven by the high flows can be easily identified. In general, discharge variability
provided a more stable channel. This can be attributed to channel incision during low
flows. Comparing the results of tests shown in Figure 6.10, it is possible to observe that
the sinuosity is lower with denser vegetation, demonstrating the effectiveness of the rigid
cylinders in increasing the bank strength. Figure 6.10 shows also that a smaller penetra-
tion depth increases sinuosity significantly (compare P-V1 with P-V2 and P-V3, having
the same vegetation density). Nevertheless, in the experiment P-V3 a significant reduc-
tion of the channel sinuosity was observed after the peak discharge at 240 minutes. This
change in sinuosity occurred because the wooden sticks that were deposited on bars
were suddenly transported downstream by the peak flow, reducing bank protection.
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| & P-NV
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Figure 6.10: Channel sinuosity (Ig) variation with time for the experiments carried out in Flume No. 3. The
letter C indicates the experiment that was performed with constant discharge. The vegetation properties used
are summarized in Table 6.3 and the hydrographs are shown in Figure 6.6c.
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BRAIDING DEGREE
F IGURE 6.11 shows the planform obtained at the end of each experimental test, and
emphasizes the difference between the tests without vegetation (P-NV) and the tests
with vegetation (P-V1 to P-V4). Un-vegetated channels eventually evolve in wide braided
systems (Figures 6.11b and 6.11c). Moreover, it is relevant to highlight the large differ-
ence among tests P-V1, P-V2, and P-V3 differing in penetration depth and vegetation
length, see Table 6.3 and Figures 6.11d, 6.11e, and 6.11f. A higher penetration depth
results in a drastically more stable channel (Figure 6.11d); larger plants with the same
penetration depth (PV-2 and PV-3) result in larger eradication rates and a wider channel
(compare Figs 6.11e and 6.11f).

Figure 6.11: Common initial configuration (a) and channel planform after 240 minutes for the experiments in
Flume No. 3: (b) Test P-NV (constant discharge); (c) Test P-NV (variable discharge); (d) Test P-V1; (e) Test P-V2;
(f) Test P-V3; (g) Test P-V4. Vegetation properties are listed in Table 6.3.
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The results show that the reduction of the braiding degree in channels found in for-
mer laboratory experiments with the addition of real vegetation, (Tal and Paola, 2007;
Gran and Paola, 2001; Braudrick et al., 2009; Tal and Paola, 2010) can be also obtained
with rigid sticks.

BANK FAILURE AND LARGE FLOATING DEBRIS

ANK failure occurred due to toe erosion, as shown in Figure 6.12a. Subsequently, the
B material fallen in the channel acted as bank protection, retarding the next failure
episode. This process has been identified also at the outer bends of real meandering
rivers (e.g. Dulal et al., 2010). Figure 6.12b shows how the eradicated sticks were later
deposited on the bars more downstream, particularly at the bar edge, stabilizing and
retaining sediment, deflecting the water flow and promoting erosion near the opposite
bank, thus increasing channel sinuosity. Moreover, the sticks on bars increased chan-
nel stability in such a way that only one main channel was observed for a longer period,
contrary to observations in tests with fixed vegetation or with un-vegetated banks. As-
suming that the rigid elements used in these experiments have comparable relative size
and properties to woody debris, it is possible to state that the observed processes resem-
ble those occurring in real rivers in U.S.A. (Abbe and Montgomery, 2003; Brummer et al.,
2006; Collins et al., 2012) and Europe (e.g. Gurnell et al., 2001; O’Connor et al., 2003; Gur-
nell et al.,, 2006; Corenblit et al., 2010). Results shown in Figure 6.12b also agree with the
recent findings of the experimental work carried out by Bertoldi et al. (2015).

SCROLL BARS

HE formation of scroll bars along the channel is recognizable due to sediment sort-
T ing. Figure 6.12c shows that fine sediment is deposited at the edge of a bar, whereas
the coarser fraction settled more downstream as described in most meandering rivers
(e.g. Nanson, 1980).

6.5. REPRESENTATION OF RIVERS PROCESSES ADOPTING BAP-
TIST’S METHOD

HE performance of numerical models adopting Baptist’s method (Baptist, 2005) is

here assessed based on additional analysis based on our experimental findings and
the comparative review of a number of published numerical tests. The numerical sim-
ulations were all carried out with similar, and therefore comparable, two-dimensional
(2D) models developed from the open-source physics-based morphodynamic software
Delft3D solving the Reynolds equations for incompressible fluid and shallow water.

The computations were carried out using a depth-averaged model provided with a
parametrization of the 3D effects that become relevant for curved flow (Struiksma et al.,
1985) and accounting for the effects of gravity on bed load direction (Bagnold, 1966;
Ikeda, 1982). The effects of vegetation on bed roughness and sediment transport were
accounted for according to Baptist’s method (Baptist, 2005), described in Section 6.2,
computing the sediment transport rate as a function of 7, (Equation 6.2 or 6.6) and the
water depth as a function of the total bed shear stress, 7j, + 7, (Equations 6.1 to 6.9). Bed
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load was computed using Meyer-Peter and Muller’s sediment transport capacity formula
(Meyer-Peter and Miiller, 1948). Suspended load was computed adopting the method
developed by Galappatti and Vreugdenhil (1985).

Figure 6.12: Processes observed in the experiments carried out in Flume No. 3: (a) bank failure (view from
upstream); (b) large wood deposition (view from above), and (c) Scroll bars formation (view from above).
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Delft3D computes the local bed level changes by means of sediment balance equa-
tions, resulting in temporal bed level changes in case of spatial imbalance of the sedi-
ment transport. Two different approaches are adopted: Exner’s approach, valid for im-
mediate adaptation of sediment transport to flow velocity, for bed load; and 2D advection-
diffusion equations with sediment entrainment and deposition appearing as forcing terms,
for suspended load. Bank erosion is computed relating bank retreat to bed degradation
at the toe of the bank (van der Wegen and Roelvink, 2008).

The characteristics of all underlying mathematical equations and their numerical
representation are described more in detail in the manuals, which can be downloaded
from http://oss.deltares.nl/web/delft3d/manuals. The software can be down-
loaded from http://oss.deltares.nl/web/delft3d/source-code.

6.5.1. REPRODUCTION OF THE MORPHOLOGICAL EFFECTS OF VEGETATION

OBSERVED IN EXPERIMENTS BY BAPTIST'S METHOD

0 study how well Baptist’s method (Baptist, 2005) predicts the global flow resistance
T and mean flow velocity over vegetated beds we compared the values measured in the
experiments carried out in Flume No 1 with model predictions. Measured Chézy coeffi-
cients were derived from the friction coefficients, C by using the relation Cr;\/leasure q=
\/m. Predictions for the wooden sticks were calculated with the properties of each
tested array of cylinders. For the case of real and artificial plants, predictions were ob-
tained by representative arrays of rigid cylinders with the vegetation height of each type
of plant, but the characteristics of the highest-density wooden-stick configurations (see
Section 6.4.1). The drag coefficient, Cp, was here assumed equal to unity and the Chézy
coefficient for the bare soil, Cp, was obtained from the results of the experiments for the
un-vegetated conditions.

The comparison between measured and estimated Chézy coefficients and mean flow
velocities for the real and artificial plants, and rigid cylinders is shown in Figs 6.13 and
6.14, respectively. The most consistent predictions for the wooden sticks are obtained for
the highest density configurations, which is in accordance with the assumptions of the
method. The results show that Baptist’s method (Baptist, 2005) leads to an overestima-
tion of Chézy coefficients and mean flow velocities, for real and artificial plants as well
as for rigid cylinders, producing the underestimation of water depths. This is attributed
here to: 1) the uncertainty in the value of the Chézy coefficient for the bare soil, which
was here assigned on the basis of the un-vegetated cases, and 2) excessive reduction of
global flow resistance as a function of the submergence ratio (see Equation 6.9), con-
sidering the small values of the Chézy coefficient that were derived for the experiments.
A similar function of the submergence ratio appears also in equation 6.7, used for the
computation of sediment transport in vegetated areas. Overestimation of the effects of
the submergence ratio on the reduction of flow resistance explains both the reduction
of morphological changes (Equation 6.9) and the overestimation of mean flow velocity
(Equation 6.9). The term including the submergence ratio is related to a logarithmic ve-
locity profile above vegetation, but corrections accounting for turbulence effects are not
included. Baptist et al. (2007) identified that the method performs better in cases with
high values of the Chézy coefficient, but without providing explanations.


http://oss.deltares.nl/web/delft3d/manuals
http://oss.deltares.nl/web/delft3d/source-code
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Figure 6.13: Measured and estimated Chézy coefficient and mean flow velocity for real and artificial plants at
submerged conditions: (a) Chézy coefficient, and (b) mean flow velocity. Vegetation properties are listed in
Table 6.1.

Figure 6.13 also shows that the estimated Chézy coefficients exhibit a noticeable vari-
ation only for the highest density configurations of rigid cylinders, whereas very simi-
lar values are obtained for each vegetation height in the other configurations. This be-
haviour results from the increase of the hydraulic roughness due to vegetation in Bap-
tist's method (Baptist, 2005) which also depends on the magnitude of the Chézy coeffi-
cient for the bare soil, Cp,. This can be seen if C, is extracted from the squared root of the
first term of Equation 6.9, obtaining the expression

/ 1 h
C, =Cp —2+@1n(—) (6.12)
1+Cpah,Cyl2g  « hy

The first term of equation 6.12 shows that noticeable reductions of C, are obtained
with high values of CDah,,ClZJ/ 2g, which are not only reached with high densities, but
also with relatively high values of Cj,. However, values of Cj, over 20 m'?/slead to similar
estimations of this first term for a wide range of densities. This fact is especially impor-
tant in mobile bed laboratory experiments in which low values of the Chézy coefficient
for the bare soil are normally observed, pointing out relevant issues for upscaling pro-
cesses as well.

6.5.2. REPRODUCTION OF THE EFFECTS OF FLOODPLAIN VEGETATION ON

RIVER MORPHOLOGY WITH BAPTIST'S METHOD

HIS part of the study reviews the numerical investigations performed by Baptist and

de Jong (2005) and by Crosato and Samir Saleh (2011) on the Allier River upstream
of Moulins, France. In the study area, the Allier is a highly-dynamic gravel-bed river
at the transition between meandering and braided (e.g. Crosato and Mosselman, 2009),
forming large meanders with side channels and central bars. Floodplain vegetation is
characterized by pioneer species and grass on the lowest and highest parts of point bars,
as well as by softwood forest in the highest and oldest parts of the floodplains.
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Figure 6.14: Measured and estimated Chézy coefficient and mean flow velocity for submerged rigid cylinders
with different densities. Left panels: Chézy coefficient; right panels: mean flow velocity. Larger marker sizes
indicate larger submergence ratios.
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The simulations of Baptist and de Jong (2005) regarded the prediction of the mor-
phological changes during one year characterized by a major flood event. Crosato and
Samir Saleh (2011) simulated the effects of floodplain vegetation on the river planform
formation. The model by Crosato and Samir Saleh was set up to represent a river hav-
ing the characteristics of the Allier near Moulins, starting from a straight channel. Sev-
eral cases were analysed, including bare floodplains and floodplains uniformly covered
by either pioneer vegetation or grass, with constant or variable discharge. For variable
discharge and vegetated floodplains, the sediment deposits that became dry during low-
flows were colonized by plants having the same characteristics as floodplain vegetation
(either pioneer vegetation or grass). The sediment was assumed uniform with particle
diameter equal to 5x10°% m with the same characteristics in the entire model domain,
including channel and floodplains.

Both studies adopted a Chézy value of 50 m'*?/s to represent bare-bed roughness and
considered only bed load transport. Coherently with the rigid-cylinder representation,
assuming turbulent flow (Baptist, 2005), both studies imposed Cp = 1 for all vegetation
types. The values used for plant height, h,, stem diameter, D, and density, m, are listed
in Table 6.4.

By comparing model results to measurements, Baptist and de Jong (2005) show the
importance of including floodplain vegetation to simulate the effects of floods on the Al-
lier River morphology. Their model generally underestimated the morphological changes
in both cases, with and without floodplain vegetation. In particular, the model un-
der predicted the erosion rates and did not simulate the observed sedimentation in the
higher floodplain parts covered by forest (trees), as well as the filling of the oxbow lake.
Without vegetation, the model strongly under predicted bed erosion in the main channel
bed, but led to more realistic bed erosion in the floodplain area.

Considering that in the study area sediment varies from sand to coarse gravel, the un-
der prediction of the morphological changes can be partly attributed to not accounting
for sediment grading. Finer sediment is more mobile: it is more easily eroded and more
easily transported to the upper parts of the floodplains. Accounting for sand could have
allowed simulating the filling up of the oxbow lake and the sedimentation in the higher
parts of the floodplains. Moreover, the model did not include bank erosion, which was
one of the major causes of erosion.

As bed erosion within trees is not reproduced by the model with floodplain vegeta-
tion, but is observable in the model without vegetation, we can conclude that the prob-
lem is due to the representation of vegetated flows in the model. Moreover, the water
flow within trees is not uniform and presents accelerations and decelerations leading to
bed erosion and sedimentation, respectively. Assuming uniform flow between the plants
is therefore a clear shortcoming of the model in case of sparse vegetation, with the result
of neglecting important morphological changes.
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Starting from a straight channel having the characteristics of the Allier River, by Crosato
and Samir Saleh (2011) obtained a strongly braided channel without floodplain vegeta-
tion, a channel with drastically lower braiding intensity with low-density pioneer veg-
etation, and a channel at incipient meandering conditions with low-density grass on
floodplains.

A number of laboratory experiments show similar results (e.g. Tal and Paola, 2007),
whereas similar effects of vegetation are observable also in real rivers (e.g. Gibling and
Davies, 2012). However, it seems not realistic to assume that pioneer vegetation with the
very low density of 4.5 elements per square meter has such a strong effect on real rivers.
The results therefore indicate that the vegetation model most probably over predicts the
stabilizing effects of low-density vegetation, which can be due to overprediction of bed
roughness reduction within the plants, as presented in Section 6.5.1.

6.5.3. REPRODUCTION OF SEDIMENTATION RATES ON VEGETATED FLOOD-

PLAINS WITH BAPTIST’S METHOD
HIS part of the study reviews the results of the investigations carried out by Facchini
(2009); Facchini et al. (2009); Montes Arboleda et al. (2010) to investigate the capa-
bility of the model in representing the effects of floodplain vegetation on local sedimen-
tation rates.

Facchini (2009) and Facchini et al. (2009) simulated the short-term sedimentation
rates on the Ewijkse Plaat, a floodplain of the Waal River, near Nijmegen, the Netherlands
for the period 1990-1997 for which measured bed topographies, erosion and sedimenta-
tion maps and averaged sedimentation rates in the study areas as well as the temporal
evolution of vegetation were available (Bouwman, 1999; Geerling et al., 2008). The model
used daily measured discharges and included both bed load and suspended load. Three
sediment fractions were considered: coarse sand, medium sand and silt. Sediment in-
puts were derived by Asselman (1997). Vegetation was represented as in Table 6.4.

Montes Arboleda et al. (2010) simulated the floodplain sedimentation rates along the
Waal River on the long term and compared the model results with the average sedimen-
tation rates derived from the analysis of coring data carried out by Middelkoop (2002).
The study site is the floodplain of the Waal River between the cities of Nijmegen and Tiel
including the Ewijkse Plaat. The major difference between the two studies lies in the
time period, since Montes et al. studied the river in 1800 A.D.

The daily discharges were derived from the water levels measured at Arnhem and
the discharges measured at Cologne using the Q-h relationships derived by van Vuuren
(2005). Montes at al. considered two sediment types: sand and silt. Assuming that the
incoming sediment concentrations were the same as at present, the same rating curve
developed by Asselman (1997) was used as upstream boundary condition. Vegetation
data were derived from the ecotope maps reconstructed by Maas et al. (1997), showing
that also at that time the dominant floodplain vegetation was herbaceous or grass. Three
vegetation types were considered: natural grass, reed and softwood forest (Table 6.4).
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The results of Facchini et al. (2009) show that the model reproduces the averaged
short-term bed level rises quite well (period 1994-1995: computed 0.081 m, measured
0.080 m; period 1994-1997: computed 0.101 m, measured 0.090 m).

The results of Montes Arboleda et al. (2010) show that the model reproduces well also
the long-term floodplain sedimentation rates. The averaged historical sedimentation
rates derived from coring of the floodplain soil for the period around 1800 AD ranges be-
tween 5 and 16 mm/year, whereas the computed sedimentation rates ranged between 6.3
and 13.5 mm/year. Moreover, the results show that vegetation results in higher sedimen-
tation rates in the areas close to the main river channel and lower sedimentation rates in
the farther areas of the floodplain, confirming the observations by Pizzuto (1987). The
increased flow resistance exerted by vegetation leads to flow concentration in the main
channel and reduces flow velocity, as well as suspended solids concentration over the
floodplains, as reported also by Villada Arroyave and Crosato (2010). Even though flow
velocity reduction enhances sediment deposition, the reduction of sediment concentra-
tion over the floodplain results in lower sedimentation rates, especially in the areas that
are far from the channel.

6.6. CONCLUSIONS

N this chapter we have managed to combine experimental work from three experi-
I mental settings, ranging from flow interaction with vegetation to vegetation induced
bank migration. The first laboratory set-up shows that the hydraulic roughness of veg-
etated beds decreases for increasing element Reynolds numbers, which is according to
expectations. Rigid cylinders show the same trends and have friction coefficients of the
same order of magnitude, but are characterized by element Reynolds numbers which are
significantly smaller than the ones of real and plastic plants. Diameters of 8.3 mm used
by Cheng (2011) offer the best resemblance with the results of our real and plastic plants.
Plant flexibility was detected to be relevant for the flow resistance particularly for plants
with foliage. Surprisingly, the submergence ratio (h/h,) was not found to affect the flow
resistance in our laboratory experiments.

Laboratory set-ups two and three allowed establishing the applicability of rigid cylin-
ders to qualitatively represent the morphodynamic processes of channels with vegetated
floodplains. Results obtained in Flume No. 2 showed the potential of using rigid cylin-
ders to study the influence of vegetation on the channel-width formation. Parallel con-
figurations of rigid cylinders were found more effective in reducing the channel-width
than staggered configurations. The results of the experiments carried out in Flume No. 3
show that it is possible to qualitatively reproduce bank dynamics-related processes and
reduce the river braiding degree by placing rigid cylinders on the floodplains. The height
of the rigid cylinders above the bed and the penetration depth into the bed were found
of relevance for the channel planform formation.

Numerical models adopting Baptist’s method (Baptist, 2005) to reproduce the effects
of plants provide satisfactory results for high-density grass and herbaceous vegetation.
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Particularly satisfactory are the predictions of sedimentation rates on vegetated flood-
plains. The method performed well also for the reproduction of the effects of floodplain
vegetation on the river planform formation, although the results are only qualitative.
However, in general Baptist’s method (Baptist, 2005) leads to overestimation of the bed
protection effects of low-density vegetation, in particular for trees and pioneer plants.
This overestimation is mainly due to the basic assumption that the flow velocity is uni-
form among the plants, which is not true for low-density vegetation. In some cases,
trees are found to enhance rather than prevent bed erosion, since they act as isolated
roughness elements (e.g. Coulthard, 2005). Therefore Baptist’s method does not appear
suitable to reproduce the effects of trees and isolated plants nor of patchy vegetation
distributions (e.g. Temmerman et al., 2007).

Representation of the effects of vegetation in the model is based on three parame-
ters: the vegetation density, g, the plant height, h,, and the drag coefficient, Cp. These
parameters are multiplied to each-other to form a bulk parameter weighing the effects
of plants on the bed shear stress in Equations 6.5, 6.7 and 6.9. The plant height appears
again in the submergence ratio in Equations 6.7 and 6.9, in which higher values of the
ratio result in smoother channels beds.

Comparison between data measured in the laboratory and predictions show that
Baptist’s method (Baptist, 2005) overpredicts mean flow velocities, underpredicting wa-
ter depths. This can be attributed to an excessive reduction of global flow resistance re-
lated to the submergence ratio of vegetation, especially for low Chézy coefficients (rough
beds). This leads also to overestimations of the effects of submerged vegetation in reduc-
ing local morphological changes (erosion and deposition).

Baptist (2005) assigns a value between 1 and 2 to the drag coefficient, whereas a num-
ber of researchers (e.g. Fischer-Antze et al., 2001; Helmi6, 2002; Stoesser et al., 2003) sug-
gest using Cp = 1 for multiple cylinders and high Reynolds numbers (turbulent flows).
We argue that a coherent representation of plants as rigid cylinders requires adopting
always the same value for the drag coefficient, this being the value derived for cylinders.
We therefore suggest imposing Cp equal to unity in numerical models. In this case, veg-
etation is basically distinguished by canopy density, a, and plant height, &,. This simpler
characterization would allow for a clearer interpretation of the morphodynamic effects
of different types of vegetation.







MORPHOLOGICAL EFFECTS OF
RIPARIAN VEGETATION GROWTH
AFTER STREAM RESTORATION

“Nature did all things well.”

Michelangelo

Figure 7.1: The Lunterse Beek stream, Renswoude, The Netherlands.

Based on the field campaigns carried out in a lowland restored stream in the Netherlands,
the Lunterse Beek, the morphodynamic effects of riparian vegetation growth are presented
by combining several information types and sources. A numerical model is used in order
to test its capability in predicting the evolution of the field observations and to identify the
relevance of including seasonal variations of vegetation.

This chapter has been submitted to Earth Surface Processes and Landforms and is currently under peer review.
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7.1. INTRODUCTION

large number of lowland rivers has been severely altered by humans to lower flood

levels, reduce natural channel migration, increase land drainage and improve navi-
gation (Brookes, 1988; Gleick, 2003). Channelization is one of the most common inter-
ventions, leading to a considerable number of unnatural rivers around the world. Chan-
nelized rivers are often also straightened, with long-term consequences that include:
increased flood risk downstream, channel incision, decreased communication between
main channel and floodplains, lowered groundwater tables and reduction or elimination
of bars and point bars. The result is a general loss of morphological complexity, as well
as biodiversity and productivity in both main channel and floodplains (Goodwin et al.,
1997; van Ruijven and Berendse, 2005; Richardson et al., 2007; Gross et al., 2014).

Considering the importance of preserving riverine ecosystems (Brachet et al., 2015),
there has been an increasing awareness of the need to halt degradation and rehabilitate
rivers through restoration programs since the early 1980s (e.g. Buijse et al., 2002; Bern-
hardt and Palmer, 2007). Currently, most river restoration projects are found in U.S.A.
and Europe (River Restoration Organization, http://www.riverrestoration.org/;
European Centre for River Restoration, www.ecrr.org; the River Restoration Centre,
http://www.therrc.co.uk/), particularly in the most populated areas, characterized
by temperate climates. Here, vegetation shows a clear seasonal cycle (Peel et al., 2007)
with larger plant coverage in summer and lower in winter and spring when hydrody-
namic forcing is at maximum.

River restoration projects can be divided in two categories (Parker, 2004): landscape-
design-based and process-based. The first category includes the projects aiming at in-
creasing the aesthetical value of the riverine area, restricting or impeding any morpho-
logical adaptation. Projects of this type are often carried out in urban contexts to create
recreational areas (PUB, 2014, e.g.). The second category comprehends all projects aim-
ing at restoring a certain degree of natural river dynamics, including some morphody-
namic processes (e.g. Beechie et al.,, 2010). A large part of these projects include channel
re-meandering (Kondolf, 2006, e.g.), but in most cases the freedom of the river to mi-
grate laterally remains limited to avoid damages to agricultural land and private prop-
erty (Piégay et al., 2005, e.g.). This means that some morphological processes, such as
bank erosion, bank accretion and channel widening, are often seen as undesirable (e.g.
Kondolf et al.,, 2001). Moreover, in many cases floodplain vegetation is regularly cut to
limit flood levels (Nienhuis and Leuven, 2001). In general, the quantification of the ef-
fects of restoration projects remains a difficult task for practitioners, scientists and man-
agers (Walker et al., 2007; Schirmer et al., 2014; Gonzdlez et al., 2015) and, despite their
increasingly large number, only few projects include post-restoration monitoring activ-
ities (Kondolf and Micheli, 1995; Bernhardt et al., 2005, 2007). In addition, there is no
consensus on the criteria to be adopted to evaluate the effectiveness of restoration mea-
sures (Palmer et al., 2005). The experience gained from the past has always been impor-
tant for future projects (Kondolf and Micheli, 1995). Learning from others’ experience
enables professionals in river restoration to set more realistic goals and improve design
procedures and standards, as well as reduce maintenance costs (Kondolf and Micheli,
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1995; van Breen et al.,, 2003; Dufour and Piégay, 2009). The proper setting of achiev-
able and measurable goals in stream restoration programs is, therefore, an important
activity, which in turn requires a clear understanding of the morphodynamic processes
of these systems (Hobbs, 2005; Kondolf, 2011). Such knowledge would allow assess-
ing the geomorphological and ecological conditions that can be obtained after restora-
tion measures, avoiding unwanted morphodynamic responses. However, only few post-
restoration studies analysed the river eco-geomorphological response (Gonzalez et al.,
2015) and even less analysed the effects of floodplain vegetation growth and mainte-
nance to establish whether the initial goals have been achieved.

There are two-way interactions between riparian vegetation and fluvial geomorphol-
ogy. Plants alter water flow, soil resistance and sediment processes, which in turn deter-
mine plant settlement, establishment and survival (Simon et al., 2004; Corenblit et al.,
2007; Gurnell, 2012). In particular, riparian vegetation decreases soil and bank ero-
sion and increases sediment deposition by locally reducing flow velocity (e.g. Owens
et al., 2005; Facchini et al., 2009; Montes Arboleda et al., 2010; Vistild et al., 2016) and
through the additional soil-binding action of roots, riparian vegetation also increases
bank stability (Hickin, 1984; Thorne, 1990; Gyssels et al., 2005; Berendse et al., 2015;
Pollen-Bankhead and Simon, 2010).

Considering the importance of these feedbacks, morphodynamic models including
vegetation dynamics are being considered as a valuable tool to predict the evolution of
river systems (Solari et al., 2015). However, current state-of-the-art models only consider
plants in a strongly simplified way, disregarding seasonal variations (Camporeale et al.,
2013; Vargas-Luna et al., 2016b), an aspect of special relevance in temperate climates,
not yet quantitatively addressed (e.g. Champion and Tanner, 2000; Cotton et al., 2006;
Jankowska et al., 2014).

This study analyses the morphological evolution of a small lowland river located in
the Netherlands, the Lunterse Beek (see Figure 7.1). Re-meandered in 2011, this stream
is assumed to be a representative of small restored rivers in temperate climates, as many
in U.S.A. (e.g. Kondolf et al,, 2013, http://www.riverrestoration.org/) and Europe
(Mohl, 2004; Madsen and Debois, 2006, www . ecrr.org;http://www.therrc.co.uk/).

The goal is to obtain data and insight on the morphodynamic effects of riparian veg-
etation, and in particular its seasonality, on the morphological developments of small
water courses. The work is made possible by the availability of detailed data covering
the first 5 years of development after restoration, in which the river floodplains evolved
from completely bare to richly vegetated.

To study the applicability of state-of-the art numerical tools for predicting the evo-
lution of restored streams, a 2D morphodynamic model (Delft3D) is setup and applied
to reproduce the observed behaviours. The model is also used as a tool to assess the rel-
evance of considering the seasonal variations of vegetation to study the morphological
evolution of this type of streams.
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7.2. STUDY AREA DESCRIPTION

HE Lunterse Beek is a lowland stream located in the central part of the Netherlands,
T see Figure 7.2a. The stream has a catchment area of 63.6 km?, of which 80 % is used
for agriculture, and a mean daily discharge of 0.36 m3/s. The relevant catchment charac-
teristics are listed in Table 7.1. In October 2011, a restoration project was conducted on
this stream over a reach of 1.6 km, located to the north of Renswoude, a municipality of
the province of Utrecht. A bare soil channel (6.5 m wide and 0.4 m deep) with a longi-
tudinal slope of 0.96 m/km, lowered floodplains and a sinuous planform was excavated
to replace the former straightened channel, see Figure 7.2a. The overall restoration goal
was meant to improve the ecological conditions of the riverine area while maintaining
flood safety and appropriate groundwater levels for agriculture. The study area is a 200
m long reach where detailed field work has been undertaken since restoration. A se-
ries of weirs, and a bridge and a gauging station are located upstream and downstream
of the study area, respectively, defining well marked boundary conditions (Figure 7.2a).
The river bed material is composed by medium to fine sand with median diameter, D5,
equal to 258 um, with the exception of a 20m-long reach in which the channel bed is
excavated in a peat deposit (Figure 7.2b). Previous studies have shown that there are
no noticeable temporal variations in the bed material composition (Eekhout et al., 2014;
Eekhout and Hoitink, 2015).

[ S—]
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Legend: mmm Reconstructed channel
O Weir Channel after the cut-off
@ Gauging station (GS) == \Vkehicular bridge
O Water level measurement ===z Pedestrian bridge
mmm Cross-sections Morphological monitoring
mm= Former straightened channel +___1 Numerical model domain

Figure 7.2: Study area. (a) Localization and boundary conditions of the reconstructed channel, and (b) Sketch
of the stream employed in this study
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Table 7.1: Catchment characteristics in the study area for the Lunterse Beek.

Attribute Value
Latitude 52° 4’ 46" N
Longitude 5°32'37"E
Altitude (m.a.s.]) 5.2
Catchment area (kmz) 63.6
Annual average rainfall (mm) ? 820.4
Annual average temperature (°C) 2 9.8
Mean daily discharge (m3/s) b 0.36
Maximum daily discharge (m3 /s) b 4.26
Sediment size (x 106 m) © 258

4 Calculated from data recorded at Wageningen-Veenkampen in 1971-2015.
b Calculated from data recorded at Barneveldsestraat between January 2011 and April 2016.
€ As reported by Eekhout et al. (2014).

A cutoff, triggered by the formation of a bar, occurred a very short time after channel
re-meandering when vegetation was still absent.

7.3. MATERIALS AND METHODS
T HIS study combines the analysis of detailed field observations and 2D morphody-
namic modelling, based on the Delft3D code, covering the first 5 years after restora-
tion. Field data include hydrological time-series, high-resolution bathymetric data, pho-
tos acquired with an unmanned aerial vehicle and standard aerial photographs. The
analysis of field data allows describing the processes that occurred in the study area.
The comparison between modelled and observed evolution allows establishing whether
a state-of-the-art numerical tool including the effects of vegetation can be used to op-
timize stream restoration projects by predicting the channel response beforehand. The
comparison of different modelled scenarios, in which vegetation properties are either
kept constant or changed over time and space according to observations, allows assess-
ing the importance of including seasonality and/or other vegetation dynamics for this
type of investigations.

7.3.1. DATA SOURCES, DATA COLLECTION AND PROCESSING

IME-SERIES of discharges and water levels, measured at Barneveldsestraat, down-
T stream of the study reach (GS in Figure 7.2a), were provided by the Water board
(Waterschap Vallei en Veluwe) who provided also water level time series at two other
locations along the study reach (WL1 and WL2 in Figure 7.2a). Daily precipitation and
mean air temperature time-series were provided by the Royal Netherlands Meteorologi-
cal Institute (KNMI) (Klein Tank et al., 2002). The station Wageningen-Veenkampen (ID
8555) is the nearest to the study reach (51° 58’ 53" N, 5° 37’ 18" E).

The bed topography, including channel and floodplains, was measured in the frame-
work of this study over a length of almost 200 m every two months on average. The in-
formation about the surveys is listed in Table 7.2 and the monitored area is indicated in
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light grey in Figure 7.2b. Real Time Kinematic (RTK) GPS equipment (Leica 1200+ for sur-
veys 1 to 13 and Leica Viva GS10 for surveys 14 to 26, see Table 7.2) was used to measure
channel-bed and floodplain surface elevations with an accuracy of 1-2 cm. Longitudinal
water surface profiles were measured during the surveys with the RTK-GPS equipment,
following the method proposed by Milan et al. (2011).

Table 7.2: Summary of the field campaigns carried out.

Point

Date Days after .

No. Qum®sy (Y-M-D) rest)(’)ration de‘nsny 9
(points/m<)

1 1.19 2011-10-12 0 0.16
2 0.48 2012-01-13 93 0.32
3 0.40 2012-02-22 133 0.27
4 0.16 2012-04-20 191 0.20
5 0.10 2012-05-30 231 0.31
6 0.11 2012-07-26 288 0.35
7 0.03 2012-09-17 341 0.33
8 0.24 2012-10-23 377 0.43
9 0.77 2012-12-11 426 0.39
10 0.46 2013-01-08 454 0.37
11 0.44 2013-02-12 489 0.35
12 0.28 2013-03-20 525 0.38
13 0.11 2013-04-22 558 0.31
14 0.01 2013-06-19 616 0.34
15 0.02 2013-08-14 672 0.45
16 0.05 2013-10-09 728 0.43
17 0.26 2013-11-27 777 0.43
18 0.57 2014-01-29 840 0.28
19 0.16 2014-04-09 910 0.39
20 0.19 2014-07-09 1001 0.32
21 0.17 2014-11-12 1127 0.34
22 0.26 2015-02-12 1219 0.45
23 0.23 2015-04-09 1275 0.49
24 0.02 2015-06-09 1336 0.45
25 0.06 2015-08-12 1400 0.39
26 0.29 2015-10-22 1471 0.45
27 0.28 2015-12-29 1539 0.40
28 0.23 2016-04-05 1637 0.38

Digital Elevation Models (DEMs) were constructed using the data set obtained with
the RTK-GPS equipment, as described by Eekhout et al. (2014). The DEMS were then
used to study the morphological evolution of the stream. DEMs of difference (DoDs)
were produced for the analyses of seasonal changes (see Table 7.3) (Lane et al., 2003).

Vegetation coverage was monitored with several approaches, at different scales and
from different information. Dominant vegetation species were identified for the first
two years after restoration during two independent field campaigns (September 2012
and July 2013) by Eekhout et al. (2014). In this study, the seasonal changes and colo-
nization processes were tracked with oblique and in-stream terrestrial photographs that
were correlated with the riparian vegetation patterns obtained from aerial photographs.
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Table 7.3: Summary of the constructed DODs.

Identifier in Difference considered Selected
Figure 7.7 between seasons campaigns ?

a Spring 2012 — Winter 2011 4-2

b Summer 2012 - Spring 2012 6-4

[¢ Autumn 2012 — Summer 2012 8-6

d Winter 2012 — Autumn 2012 11-8

e Spring 2013 — Winter 2012 13-11

f Summer 2013 - Spring 2013 15-13
g Autumn 2013 — Summer 2013 16-15
h Winter 2013 — Autumn 2013 18-16
i Spring 2014 — Winter 2013 19-18

j Summer 2014 - Spring 2014 20-19
k Autumn 2014 - Summer 2014 21-20

1 Winter 2014 — Autumn 2014 22-21
m Spring 2015 — Winter 2014 23-22
n Summer 2015 - Spring 2015 25-23
o Autumn 2015 — Summer 2015 26-25
P Winter 2015 — Autumn 2015 27-26
q Spring 2016 — Winter 2015 28-27

4 Detailed information about campaigns is presented in Table 7.2.

Table 7.4 lists the characteristics of the aerial photographs that were used to establish
the vegetation development and its spatial distribution over a length of 300 m.

Table 7.4: Summary of the aerial photographs used in the study.

No Date Days after Source Pixel size Season
(Y-M-D) restoration (cm)
1 2012-01-17 97 Slagboom & Peters 10x10 Winter
2 2012-07-26 288 Summer
3 2013-02-02 479 Cyclomedia 23x23 Winter
4 2013-07-09 636 Slagboom & Peters 10x10 Summer
5 2014-02-25 867 Cyclomedia 23x23 Winter
6 2014-07-04 996 Dutch cadastre office 60x60 Summer
7 2015-05-11 1307 WUR-UARSF @ 2x2 Spring
8 2015-06-16 1343 Summer
9 2015-09-09 1428 Autumn
10 2016-01-21 1562 Winter

4 The Unmanned Aerial Remote Sensing Facility of the Wageningen University.

In order to record the development of vegetation after restoration, two types of aerial
photographs were used: standard (spatial resolution higher than 10 c¢m) and detailed
(spatial resolution smaller than 10 cm). The standard aerial photographs were collected
from different sources, whereas the detailed ones were taken during the execution of this
study, see Table 7.4.

Land cover maps were created from the aerial photographs acquired in 2015 (May 11,
June 16 and September 9) and in 2016 (January 21) using an unmanned MAVinci fixed-
wing aircraft with an on-board Panasonic Lumix GX1 camera. The raw images were pro-
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cessed with Structure-from-Motion photogrammetry (Westoby et al., 2012) using Agisoft
Photoscan Professional to create Digital Surface Models (DSM) and orthophotos. The
DSM and orthophotos were subsequently used as input for a stratified object-based im-
age classification procedure (Anders et al.,, 2011) in the software eCognition Developer
9. Here, objects were formed on the basis of clustering DSM and orthophoto image pix-
els using the multi-resolution image segmentation algorithm (MRS, Baatz and Schipe,
2000) to distinguish ‘water’, ‘trees’, ‘bare ground’, ‘low vegetation’ and ‘high vegetation’
(see Table 7.5). Obvious errors of land cover classifications were corrected manually.
Lastly, the same vegetation classes were manually identified in the standard aerial pho-
tographs (Photos 1 to 6 in Table 7.4) by using a Geographical Information System (GIS).

Table 7.5: Classification rules for the extraction of vegetation classes from the UAV imagery.

Class Classifier 5/11 6/16 9/9
Trees Mean DSM >5.8 >5.8 >5.8
Mean DSM <3.8 <4.6 <4.6
Mean Blue 55-90 85-120
Mean Red 60-130  60-140  60-140
Stdev Red <10
Bare ground Mean Blue >53 >53 >53
Stdev Red >8.5 >8.5 >8.5
OR
Mean Blue >95
Low vegetation Mean Blue >40 >40 45-75
Mean Green <120 <120 <120

High vegetation All remaining unclassified objects

7.3.2. MORPHODYNAMIC MODELLING

HE objectives of the numerical investigation were to identify the level of performance
T of a state-of-the-art 2D morphodynamic model in reproducing the morphological
evolution of a small restored stream and to assess the importance of including vegeta-
tion and its seasonal cycle in this type of studies. To achieve this, a model was con-
structed and used to simulate the morphological developments of the Lunterse Beek is
the 4-year-long period between Campaign 5 and Campaign 28 (Table 7.2). Four differ-
ent scenarios were considered: 1) complete absence of vegetation; 2) with short grass,
uniformly distributed on colonized banks and floodplains; 3) with herbaceous vegeta-
tion uniformly distributed; 4) with the observed seasonal variations of vegetation (type,
properties and spatial distribution). Two vegetation types were considered: grass and
herbaceous. Although some trees were present in the field, these were not included in
the model.

The numerical tool used for this investigation was constructed using the open-source
Delft3D software package (http://oss.deltares.nl/web/delft3d/source-code).
The Delft3D code allows simulating flow, sediment transport and bed level changes in
vegetated streams with a simplified representation of bank erosion. The hydrodynamic
equations are based on the Reynolds equations for incompressible fluid and shallow wa-
ter (Lesser et al., 2004) with a parametrization of the 3D effects that become relevant for
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curved flow (Struiksma et al., 1985). The effects of transverse flow convection causing a
redistribution of the main flow velocity are accounted for by a correction in the bed fric-
tion term. The direction of the sediment transport is corrected by a modification in the
direction of the bed shear stress. The model includes the effects of gravity on bed load
direction (Bagnold, 1966; Ikeda, 1982). The adopted turbulence closure scheme is a x-¢
model, in which « is the turbulent kinetic energy and € is the turbulent dissipation.

The local bed level changes are derived by means of sediment balance equations.
Two approaches are adopted: Exner’s approach, valid for immediate adaptation of sed-
iment transport to flow velocity (bed-load) and 2D advection-diffusion equations with
sediment entrainment and deposition appearing as forcing terms (suspended load). The
mathematical equations and their numerical representation are described more in de-
tail in the manuals, which can be downloaded from http://oss.deltares.nl/web/
delft3d/manuals.

In Delft3D, bank erosion is currently computed in a strongly simplified way relating
bank retreat to bed degradation at the toe of the bank. In practice, the shift of the river
bank is obtained by assigning a part of the bed erosion occurring inside the wet cells at
the margin of the wet area to their adjacent dry cells, which are then converted in wet
cells and become a part of the conveying river channel (van der Wegen and Roelvink,
2008). The effects of vegetation on bed roughness and sediment transport are accounted
for according to Baptist’s method (2005) which is one of the most complete vegetation
models (see Vargas-Luna et al., 2015b, 2016b, for an analysis about the applicability of
this method).

7.3.3. MODEL SET-UP AND CALIBRATION

curvilinear grid following the alignment of the main channel was constructed cov-
Aering an area 430 m long and 45 m wide, see Figure 1b. To minimize the influence
of the boundary the model domain covered an area that is larger than the area of inter-
est (Figure 7.2). The mean grid cell size was 1.5 m with an average aspect ratio of 2.7.
The initial bed topography was generated from the elevations measured on 22/02/2012
(campaign 2, Table 7.2), just after the initial cut-off. Daily flow discharge and water level
series constituted the upstream and downstream boundary conditions, respectively. The
sediment was assumed as uniform, with grain size of 258 um as observed in the field
(Eekhout et al., 2014). The area with the peat bed was not distinguished from the rest.

The morphological evolution and the water level series of the period between Cam-
paign 3 and 5 (see Table 7.2), in which vegetation was not present, were used to calibrate
the bare bed roughness, to select the sediment transport formula and to optimize the
value of the coefficients weighing the effects of transverse slope. The outcomes of this
calibration procedure were: a Chézy coefficient, C = 45 m!*/s for the areas not covered
by vegetation; the Engelund and Hansen (1967) sediment transport formula; and the ap-
plication of the Koch and Flokstra (1980) approach, extended by Talmon et al. (1995), for
the adjustment of the bed-load transport direction on sloping beds.
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The adopted density and diameter of the cylinder arrays used in the Baptist method
to represent vegetation were derived from calibrated values on real river applications
from the literature (Van Velzen et al., 2003; de Jong, 2005; Baptist, 2005). The height of
the vegetation was assigned according to the conditions observed in the field during the
morphological campaigns, imposing a drag coefficient of 1.0, as suggested by Vargas-
Luna et al. (2016b).

7.4. RESULTS OF DATA ANALYSIS

7.4.1. SEASONAL VARIATIONS

HE seasonal variations of climate were identified by analysing the annual and intra-
T annual variability in precipitation, mean air temperature and flow discharge. Sea-
sonal variations of vegetation characteristics were identified by the data collected in the
field.

Figure 7.3 shows the box and whisker plots of the hydrological variables recorded at
Wageningen-Veenkampen in the period 1971-2015. The mean air temperature clearly
exhibits periods of high (June-August), mean (March-May and September-November)
and low (December-February) values, with small intra-annual variability (Figure 7.3a).
The monthly total precipitation presents little seasonal variation, but with relatively high
intra-annual variability (Figure 7.3b). The water supply to the vegetation remains al-
most constant throughout the year, which means that seasonal changes in vegetation
are mainly driven by temperature variation and flow disturbances. Figure 7.3 shows that
most of the outliers recorded within the period of analysis occurred between August
and December, defining a period in which the climatic conditions are more unstable.
As in most temperate streams, the seasonal variation of vegetation observed along the
Lunterse Beek comprises increasing vegetation coverage starting in spring and reaching
maximum density in late summer, whilst foliage and root biomass reduction is observed
from autumn through winter.

Figure 7.4 shows air temperature and discharge time series indicating also the dates
when the aerial photographs were taken and the morphological campaigns were carried
out. The highest discharges occur in winter, when the air temperature is at its minimum.
It is important to mention that the natural variability of discharge and water levels have
been drastically reduced in the study area by the weirs located upstream and the down-
stream gauging station, controlling the flow and therefore affecting some of the vegeta-
tion processes, such as colonization and growth.

7.4.2. MORPHOLOGICAL EVOLUTION

HE DEMs are given as supplementary material A. The first high-flow period that oc-
T curred immediately after restoration changed substantially the planform of the Lun-
terse Beek. No other substantial planform changes were observed in the study period.
Figure 7.5 shows the changes between January 2012 and September 2015 (three and a
half years). Differences in bed level (Figure 7.5¢) emphasize the processes of channel
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Figure 7.3: Box and whisker plot of the monthly hydrological variables recorded at the Veenkampen station for
the period 1971-2015 of: (a) Mean air temperature (°C), and (b) Precipitation (mm).

deepening and floodplain rising. Some floodplain soil erosion (lower than 5 cm) oc-
curred far from the channel.

Figure 7.6 shows the temporal evolution of the reach-averaged values of: channel
slope, width and bed elevation, floodplain elevation and bankfull water depth, to be
compared to the daily discharge time-series. In the study period, the channel slope os-
cillated between the values of 0.04 and 0.12 (Figure 7.6a) to stabilize around the lowest
value. It suddenly decreased in 2011 due to the initial cutoff and later reacted dynami-
cally to deposition and erosion processes as a response to pool migration in the down-
stream part of the monitored reach. Figure 7.6b shows that the channel-width increased
as a retarded response to high flows occurring in autumn and winter, due to bank ero-
sion, and decreased in spring and summer, due to vegetation growth, leading to bank
accretion. It is important to note that even though the flow disturbances remained of
the same order of magnitude in the study period (Figure 7.6e), the channel-width pre-
sented lower variations after the establishment of vegetation, which occurred in the sec-
ond spring after restoration (2013). The analysis of the channel width evolution indicates
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Figure 7.4: Time series of the information available after stream restoration: discharge (m3/s), mean air tem-
perature (°C), morphological campaigns and aerial photos. Information about the morphological campaigns
and aerial photos can be found in Tables 7.3 and 7.4, respectively.

that the root system plays the major role on bank stabilization. This is deduced from the
progressive decrease of channel widening even if high flows systematically occurred in
winter when the plant foliage was drastically reduced.

The bankfull water depth, difference between mean floodplain and channel bed el-
evations (Figure 7.6c), progressively increased as a result of channel incision and sedi-
ment deposition on the floodplains. The decrease of reach-averaged floodplain eleva-
tion in Summer 2013 is a result of dewatering due to the maintained low flows; its subse-
quent increase reflects the re-watering and sedimentation processes caused by the high
flows that occurred later in autumn, see Figure 7.6e. In Figure 7.6¢, C3 and C4 show two
episodes of slight decrease of floodplain elevation. These were caused by vegetation cut
conducted by the Water Board as a flood-safety measure, see also Figure 7.4.

Erosion and deposition processes can be analysed by using the constructed DEMs of
difference (DoD), described in Table 7.4 and shown in Figure 7.7. Bed erosion and verti-
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Figure 7.5: Evolution of the Lunterse Beek from (a) January 2012 to (b) September 2015. Left panel: Aerial
pictures, Right panel: DEMs with legend indicating the bed level (masl), the initially reconstructed channel is
shown in dashed lines. (c) Difference between the two campaigns, erosion is indicated in blue and sedimenta-
tion in red. The cross-section is indicated in (c) is used further analyses. Monitoring area enclosed with a black
contour.

cal accretion rates are also calculated from three selected cross-sections and presented
in Table 7.6. As expected, the relatively high-rate erosion and deposition processes ob-
served in the first three DoDs (Figure 7.7a to 7.7c) are related to the initial cutoff. Af-
ter this initial channel adaptation, erosion and deposition processes occurred at lower
rates, probably associated with vegetation growth and establishment. During the first
year (Figure 7.7a to 7.7d), the sediment that settled during the high-flow season on the
edges of the banks, forming levees, was washed away during the next winter (Figure 7.7¢
and 7.7f), because the plants that colonized these areas could not establish. This can
also be seen in the negative rates of vertical accretion reported in Table 7.6 for cross-
sections A and C during the first year. However, after the high-flow period of the second
year, vegetation established on levees (Figure 7.7h), reinforcing them and increasing sed-
iment capture. Consequently, vertical accretion on these areas started to occur after the
second year (see Figures 7.7i, 7.7j and Table 7.6).

Levee-formation enhanced channel bed erosion, due to flow concentration (Figures
7.7k and 7.71). These DoDs and the values reported on Table 7.6 allow identifying that
both main channel incision and floodplain rising occurred in the study period. Figures
7.7k and 7.70 show two important episodes of floodplain erosion which were most prob-
ably caused by the cutting of vegetation carried out by the Water Board, as a flood-risk
reduction measure, in 2014 and 2015. This is also shown by the negative values of vertical
accretion reported in Table 7.6 for the last period (Year 4-5).
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Figure 7.6: Temporal evolution of reach averaged: (a) channel slope (%), (b) channel width (m), (c) elevation
of bed channel and floodplains (masl), and (d) bankfull water depth (m), as well as (e) discharge (rn3 /s) in the
Lunterse Beek after restoration (Day 0).

Table 7.6: Measured erosion and accretion rates between spring seasons. The localization of the selected cross-
sections can be seen in Figure 7.2.

Cross Year 1-2 Year 2-3 Year 3-4 Year 4-5
Section BE? VAP VAR BE? vA,P VAR BE?  vA,P VARLS BE? VAP VARS
A 5.1 -0.3 -1.5 3.0 2.2 5.6 5.5 -1.3 7.9 4.2 4.1 -4.7
C 13.0 -6.5 -1.3 256 2.7 5.5 -8.7 6.6 0.9 0.8 -6.2 7.3
F 254 6.2 0.5 14.9 1.2 4.8 9.6 2.1 -2.0 9.4 3.3 8.6

4 BE = Mean bed erosion rate, in centimetres per year.
b VA;p = Mean vertical accretion rate on the right bank, in centimetres per year.
€ VA}, = Mean vertical accretion rate on the left bank, in centimetres per year.
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Figure 7.7: DEMs of difference (DoDs) in bed topography occurred in: (a) Spring 2012, (b) Summer 2012, (c)
Autumn 2012, (d) Winter 2012, (e) Spring 2013, (f) Summer 2013, (g) Autumn 2013, (h) Winter 2013, (i) Spring
2014, (j) Summer 2014, (k) Autumn 2014 (After vegetation cut on left floodplain), (1) Winter 2014, (m) Spring
2015, (n) Summer 2015, (o) Autumn 2015 (After vegetation cut on right floodplain), (p) Winter 2015, and (q)
Spring 2016. The solid black line indicates the monitored area (See Figure 7.2b). Erosion is indicated in blue
and deposition in red.

The seasonal variation of the 6 selected cross-sections (see Figure 7.2b) during the
study period is given as supplementary material B. The evolution of these cross-sections
shows the initial morphological adaptation (cutoff), progressive bed incision, levee for-
mation and the effects of vegetation described in the previous sections (Figures 7.8 and
7.9). Figure 7.9 shows the morphological evolution of cross-section E in the area in which
the initial cutoff occurred.
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Figure 7.8: Seasonal variation observed on cross-section C, see Figure 7.2.
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Figure 7.9: Seasonal variation observed on cross-section E, see Figure 7.2.
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7.4.3. EVOLUTION OF VEGETATION

HE almost 5-year monitoring activities performed in this study have allowed study-
T ing the dynamics and development of vegetation along the Lunterse Beek after re-
meandering. The aerial photos and the spatial distribution of vegetation are presented
in Figures 7.10 and 7.11 for the summer and winter seasons, respectively. Figure 7.12
shows the evolution of vegetation in the period 2015-2016. Additionally, the seasonal
evolution of vegetation has been documented through the photographic annex given as
supplementary material C.
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Figure 7.10: (a-d) Aerial photographs and vegetation classification maps of the Lunterse Beek in the summers
and (e) spatial distribution in percentage. Information about the aerial photos is presented in Table 7.4.

Riparian vegetation started to appear in this stream during the first spring after restora-
tion. However, the shoots that emerged in the lower areas did not survive the winter due
to flow disturbance: the lower areas covered by vegetation in Figure 9a (first summer af-
ter restoration) become bare ground in Figure 7.11b (second winter after restoration). A
higher coverage was observed in the lower areas of the floodplains in the second annual
growth cycle, see Figures 7.10b and 7.11c. By comparing the photos and vegetation clas-
sification maps in winter presented in Figure 7.11, it is possible to observe that this time
the areas close to the stream are successfully colonized, showing the effectiveness of the
re-colonization process and the quick adaptation of pioneer plants. Little organic resid-
uals were observed to remain in these sediment deposits. These are believed to enhance
the establishment of new vegetation during the next colonization cycle.
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Figure 7.11: (a-d) Aerial photographs and vegetation classification maps of the Lunterse Beek in the winters
and (e) spatial distribution in percentage. Information about the aerial photos is presented in Table 7.4.

The amount of grassy and bushy species steadily increased, as did the first phases of
softwood trees. Species variety increased every year. Spontaneous regeneration of soft-
wood species in restored streams was found also in previous investigations (e.g. Fried-
man et al., 1995; Geerling et al., 2008).

The first stages of ecological succession from grass to shrubs and from grass to woody
vegetation (Salix Alba) could be observed already in the first 5 years after restoration. In
Figure 7.13, two locations (see Figure 7.13a) have been selected to show this process.
Figure 7.13b shows the establishment of grassy vegetation on the highest areas, the ones
that were first colonized. Figures 7.13c and 7.13d emphasize further developments, i.e.:
succession of the first colonized patches and vegetation growth in other areas after only
4 months. Figure 7.13g shows a patch of Willows (Salix Alba), which succeeded to the
plants that first colonized this area (showed in Figure 7.13f). The first well-developed
tree stands with low-dense foliage were observed after 3.5 years, approximately, on the
fourth summer after restoration. These young trees started to develop more intensively
during the last year, reaching a height of more than 2 m and a mean diameter of the
main branch of 2.0 cm. The described areal expansion of these trees and the location
of other patches of smaller Willows that were developed during the same period can be
identified in Figures 7.12a to 7.12c. Figure 7.12e shows that the area covered by trees
increased considerably during a period of four months. The dynamics described in the
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Figure 7.12: (a-d) Aerial photographs and vegetation classification maps of the Lunterse Beek for the vegetation
growth and decay observed in 2015 and (e) spatial distribution in percentage. Information about the aerial
photos is presented in Table 7.4.

examples presented in Figure 7.13 was observed also in other high floodplain areas. The
condition of vegetation and trees showed in Figure 7.13 drastically changed at the end of
the monitoring campaigns, because of vegetation removal by the Water Board.

7.5. RESULTS OF NUMERICAL MODELLING

HE DEMs of difference obtained between the bed levels calculated with the model
T and the ones measured during Campaign 28 are presented in Figure 7.14 for the four
scenarios. Positive values in red indicate model overestimation whereas negative values
in blue indicate model sub-estimation. A cross-section (see Figure 7.5) used to show the
cross-sectional developments, is indicated in this figure by a continuous black line. The
comparison between the bed levels obtained with the model for the different scenarios
and the ones observed in the field at this cross-section are presented in Figure 7.15. This
cross-section was chosen because of the high dynamics observed in this bend and the
lower accuracy of the model.

From the four simulated scenarios, two different trends can be identified: the first
one obtained for the scenarios without plants or low-density vegetation (scenarios 1 and
2, respectively) and the second one obtained for the scenarios including larger plants
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Figure 7.13: Terrestrial photographs highlighting vegetation succession. (a) Scheme indicating the position
and direction of the photographs, Vegetation stages from (b) to (g) explained in the text.

(scenarios 3 and 4). When vegetation is not included in the model (scenario 1), a wider
and shallower channel than the one observed in the field is obtained. For scenario 2, with
uniformly distributed grass, there is little contribution from the increased roughness due
to the plants, resulting in a situation similar to the one obtained for scenario 1.
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Figure 7.14: DEMs of difference (DoDs) in bed topography at the end of the study between the estimations
with the model and the observations for: (a) Scenario 1, (b) Scenario 2, (c) Scenario 3, and (d) Scenario 4.

With herbaceous plants on the floodplains, due to increased flow concentration in
the main channel the model better reproduced channel incision. However, the channel-
width reproduced by the model is always larger than the one observed in the field and
there are some areas in which considerable sedimentation is observed, see Figures 7.14
and 7.15. This is due to not including the effects of the plant roots on the stability of
the banks so that the bank accretion process is not well represented and bank erosion
is overestimated. Another shortcoming arises from the strongly simplified bank erosion
formulation, assigning part of the bed erosion occurring in the wet cells at the channel
margin to the adjacent dry cell, in the same way in the entire model domain.

The scenario that leads to (slightly) better results is scenario 4, in which the sea-
sonal variations of vegetation are included. In this scenario, the model estimates well
the floodplain levels, confirming the ability of Baptist’s method of reproducing the ef-
fects of vegetation on local sedimentation (e.g. Montes Arboleda et al., 2010). However,
the model does not completely capture the flow concentration and the levee formation
processes and, therefore, excessive sedimentation is obtained in the main channel.

Regarding the relevance of considering the seasonal variations of vegetation in this
type of streams, the results of the model show that the seasonal variations might be im-
portant for the evolution of small streams in temperate climates, like the Lunterse Beek.
However, maintaining the properties of (an average type) of vegetation constant with
time, as done in scenario 3, provides only slightly worse results.

7.6. CONCLUSIONS
HIS investigation is based on the combination of hydrological time series, high reso-
lution bathymetric data, observations of vegetation, aerial photographs and numer-
ical modelling to study the effects of vegetation on a lowland restored temperate-climate
stream, the Lunterse Beek. From the morphodynamic changes and the vegetation cover
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Figure 7.15: Comparison between the initial conditions, and the observed and modelled bed levels at the end
of the study for the cross-section indicated in Figure 7.4 for: a) Scenario 1, b) Scenario 2, c¢) Scenario 3, and d)
Scenario 4.

evolution observed in the first five years after channel re-meandering, it was possible to
identify the relevance of vegetation establishment on the stabilization of channel width
and on the vertical accretion of both levees and floodplains. Without vegetation, the lev-
ees that formed during overbank flows were later washed away. After soil stabilization
by vegetation, the formed levees remained for later stages inducing channel incision.

The root system of the plants was found to play a key role in counteracting the effects
of flow perturbations. Plants were found to protect the bank from erosion even during
the winters, when the high flows encounter a substantially reduced vegetation biomass,
due to lack of foliage, but an effective root network.

A state-of-the-art 2D morphodynamic model including the effects of vegetation in
reproducing the observed morphological floodplain evolution was used to study differ-
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ent scenarios, characterized by absence of vegetation, uniform and constant floodplain
coverage by grass or herbaceous vegetation, and vegetation following the observed sea-
sonal and inter-annual dynamics. The model reproduced most features observed in the
floodplains. However, it could not fully reproduce the bank dynamics because the ef-
fects of roots were not included impeding a good representation of bank accretion and
because of the strongly simplified bank erosion formulation. The results emphasize the
relevance of including vegetation in morphodynamic calculations, demonstrating the
relevance of considering the seasonal variability of vegetation, in particular for short-
term simulations of small streams in temperate climates.

Quantifying the effects of the plant root system on soil reinforcement and its role on
bank accretion is an important issue that should be addressed in future investigations to
predict accurately the morphological evolution of river systems. Considering the limita-
tions exhibited by the available estimators on reproducing the effects of isolated vegeta-
tion elements, more research is also required on estimating the biomorphological effects
of trees on the morphodynamic evolution of lowland streams, taking into account their
relative size when compared to the size of these type of rivers.



MORPHOLOGICAL EFFECTS OF
PLANT COLONIZATION AND BANK

ACCRETION

“All life is an experiment. The more experiments you make the better.”

Ralph Waldo Emerson

Figure 8.1: Large-scale laboratory flume for studying bank accretion at Delft University of Technology.

In this chapter the large-scale experimental activities carried out in this research are pre-
sented as well as the obtained results.

This chapter is on preparation for future publication in Journal of Geophysical Research: Biogeosciences.

157



158 8. MORPHOLOGICAL EFFECTS OF PLANT COLONIZATION AND BANK ACCRETION

8.1. INTRODUCTION

ABORATORY-BASED research is included in this project in order to clarify the mecha-
L nisms underlying the effects of vegetation on accretional processes in rivers, see Fig-
ure 8.1. The main purpose of these experiments is to quantify the interaction between
vegetation and bank dynamics and in particular the role of vegetation colonization of
new deposits, at controlled but realistic conditions, minimizing the scale problems ob-
served in previous experiments. The analysis of the results obtained from the laboratory
observations performed during this research are presented here.

Considering that the formation and attachment of new sediment deposits to flood-
plains start with the development of bars, the bar formation process plays a key role
in this part of the study. Subsequent colonization by vegetation of emerging areas is
what then transforms bars in new islands or floodplain. The experiments are therefore
focused on the effects of vegetation colonization in the presence of bars on channel for-
mation. Three typical situations are considered and compared: rivers with un-vegetated
banks and floodplains; rivers with vegetation only on the floodplains; and rivers with
vegetation on floodplains and on the areas emerging during low flow stages. These three
cases can be encountered in nature as a result of interactions between vegetation dy-
namics and climate. In environments found in arid and cold climates, for instance, col-
onization by vegetation is slow with respect to the duration of low-flow periods. Whereas
in tropical and humid climates the vegetation growth occurs quickly, establishing a fast
dynamics.

This chapter includes a short review of the bar formation process as well as previ-
ous attempts conducted in the laboratory to reproduce meandering channels and the
effects of plants on river planform styles. Single-thread channels with some sinuosity
are selected considering that it is in meandering rivers where bank accretion processes
can be observed more clearly.

8.2. LITERATURE REVIEW
8.2.1. BAR FORMATION
OR the sake of clarity, the terminology proposed by Dur6 et al. (2016) is adopted here.
They basically defined three types of bars: free, forced and hybrid. Free bars are
formed due to morphodynamic instability. Forced bars are formed locally due to the
presence of a geometrical forcing, such as a natural bend or a groyne. Hybrid bars, as free
bars, arise from morphodynamic instability, but they are steady and their permanence
depends on the existence of forcing.

The major efforts in the research regarding bar formation in river channels focused
on the conditions for their formation and on their characteristics, such as length, am-
plitude, growth rate and migration celerity. Theoretical explanations of bar formation
came from the mathematical stability analyses performed on straight channels with non
erodible banks by, among others, Hansen (1967), Callander (1969), Engelund (1970), En-
gelund and Skovgaard (1973), Engelund (1975), Parker (1976) and Fredsee (1978). These
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analyses explained the conditions at which bars (alternate or multiple) form due to in-
herent instability of the morphodynamic system, named “bar instability” and showed
the importance of the channel width-to-depth ratio for bars. Regarding meandering
rivers, the first question that intrigued researchers over the years was why a water course
tends to become sinuous. Initially, the first way to answer this question was by associ-
ating the presence of migrating alternate bars in the river channel with the initiation of
meandering. The mathematical stability analysis performed by Ikeda et al. (1981) relat-
ing bank retreat to near-bank flow velocity in a mildly-sinuous channel demonstrated
that only bends with a meander wavelength within a certain range tend to grow with
time (bend theory). They showed the existence of another kind of instability, called
“bend instability”, suggesting that this instability originates river meanders. They also
found that the typical wavelengths of free migrating bars are not long enough to fall
in the growing range of river bends and for this, migrating bars cannot be the direct
cause of meandering. Considering that migrating bars are too fast to lead to localized
bank erosion, Olesen (1984) related initiation of meandering to the formation of hybrid
bars. This phenomenon was first called “overshooting” (after Struiksma et al., 1985) or
“overdeepening” (after Parker and Johanneson, 1989). In the same period, Blondeaux
and Seminara (1985) demonstrated the existence of a resonance phenomenon, which
occurs when alternate bars have the same wavelength as growing bends and linked the
“bar theory” to the “bend theory”. Free bar formation under resonant conditions occurs
at a specific width-to-depth ratio and wavelength. These bars are characterized by celer-
ity equal zero and constant amplitude in longitudinal direction (no growth nor decay).
Considering the resonant condition (critical width-to-depth ratio and wavelength) chan-
nels with larger width-to-depth ratios are called “super-resonant”, those with smaller
width-to-depth ratios “sub-resonant”. Resonance was initially considered the condition
for initiation of meandering. Struiksma and Crosato (1989) showed independently that
only steady bars can lead to meandering and found that (non-migrating) hybrid bar for-
mation occurs within a range of width-to-depth ratios and not only at an specific state
(resonant condition). One year later, Tubino and Seminara (1990) showed that if a river
channel widens the celerity of free migrating bars tends to reduce until becoming zero.
This finding led to the idea that only through channel widening free migrating bars could
eventually lead to growing bends, so the bar and bend instability theories were con-
nected and the relevance of steady alternate bars in the initiation of meandering was
exposed. However, Friedkin (1945) obtained in his experiments initiation of meander-
ing at conditions that were not resonant, showing that resonant conditions cannot be
the only cause of meandering (Crosato et al., 2011), which supports the findings by Stru-
iksma et al. (1985) and Struiksma and Crosato (1989).

8.2.2. LABORATORY INVESTIGATIONS WITHOUT VEGETATION

BTAINING a meandering channel in the laboratory has proven to be highly challeng-
O ing which in many cases reflects the scaling problems and the lack of understand-
ing of the actual causes and processes leading to meandering (Kleinhans, 2010; van Dijk
et al,, 2012). Considering meandering rivers, after the pioneer work of Friedkin (1945),
several laboratory studies in mobile-bed flumes have been performed including some
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of the processes present in this type of rivers. Figure 8.2 shows some of the meandering
planforms obtained in laboratory experiments without vegetation.

Figure 8.2: Meandering planforms obtained in laboratory experiments without vegetation. Flow direction as
indicated. (a) Friedkin (1945), (b) Schumm and Khan (1972), (c¢) Smith (1998), (d) Peakall et al. (2007), (e) van
Dijk et al. (2012).

Although the work by Friedkin (1945) was conducted almost 70 years ago, some of
his assumptions are still valid so that his work has been considered as starting point for
many laboratory studies. In particular, Friedkin (1945) obtained a meandering system
with a mixture of silt and sand (see Figure 8.2a) resulting in some apparent cohesive-
ness which was enough to obtain vertical eroding banks and large meander amplitudes.
There are a few other successful experiences in the production of low-sinuosity channels
with some characteristics of meandering using sand as bed material, such as Schumm
and Khan (1972), Jin and Schumm (1987), Peakall et al. (2007), and van Dijk et al. (2012),
see Figure 8.2. However, after running for a long-enough period the channels widen
transforming the meandering river in a braided system. Smith (1998) showed the rel-
evance of cohesive sediment for river meandering in the laboratory and the key role
that plays the strength of the river banks, see Figure 8.2c. In the work of Peakall et al.
(2007), see Figure 8.2d, the evolution of point bars was studied by analysing their depo-
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sitional architecture. These laboratory experiments showed the relevance of bank accre-
tion and the necessity to include a variable discharge in the maintenance of long-term
meandering. More recently, Dulal and Shimizu (2010) analysed the influence of layered
floodplains in the planform evolution using sediment cohesiveness as a main parame-
ter. van Dijk et al. (2012) produced a meandering bend with scroll and chute bars (see
Figure 8.2e) showing the necessity of a dynamic upstream perturbation for maintaining
meandering. Despite all these efforts, not even the laboratory experiments conducted
on larger flumes with successful representation of some characteristics of meandering
rivers have been able to overcome the difficulties of upscaling the findings in the labora-
tory to real river cases (e.g. Fujita and Muramoto, 1982). Table 8.1 summarizes the main
characteristics of previous laboratory experiments on meandering planform formation
without vegetation.

In one of his multiple configurations with erodible banks, Friedkin (1945) included
a test initiating from a sinuous channel pattern and uniform cross-sections. More re-
cently, Song et al. (2016) analysed the planform development of initially constructed
sine-generated meandering channels varying the sinuosity, the channel width and the
discharge. Although these experiments can be recognized as interesting exercises for
analysing the cross-sectional evolution of meandering channels, it is difficult to corre-
late the imposed channel gradient with the sinuous pattern, in particular considering
their short duration.

8.2.3. LABORATORY INVESTIGATIONS WITH VEGETATION

HE influence of vegetation on river patterns has been studied in the laboratory by

Gran and Paola (2001), Braudrick et al. (2009), Tal and Paola (2007, 2010), among
others. The experiments focused on incrementing the strength of channel banks and on
the addition of plants (alfalfa in most cases). Some of the patterns obtained are shown
in Figure 8.3. Gran and Paola (2001) and Tal and Paola (2007, 2010) reproduced a single-
thread channel trough the seeding of alfalfa sprouts during low flow stages (see Figures
8.3a and 8.3b) starting from a braided system. Coulthard (2005) showed that vegetation
density is a key factor on river planform evolution since a low-density vegetation cover
tends to increase the channel braiding index instead of promoting meandering. This fact
is also related with the scaling issues regarding the importance of the relative size of the
vegetation compared with the size of the river reach (see Figure 8.3c). Braudrick et al.
(2009) obtained some characteristics of meandering starting from a straight channel by
seeding alfalfa and blocking small troughs with fine sediment, maintaining a constant
discharge (see Figure 8.3d). More recently, Bertoldi et al. (2015) combined the use of
alfalfa sprouts with the supply of wooden dowels in order to reproduce the combined
effects of living and death vegetation. All these experiments have shown how vegetation
increases the hydraulic resistance of bank and in general the local soil strength, stabiliz-
ing the floodplain and deflecting the flow towards the centre of the main river channel.
Several aspects influencing the accretional processes observed in rivers have been iden-
tified from those experiences, such as: discharge variability, fine sediment deposition
and the presence of vegetation. However, it is clear as well that it is not possible yet to
scale the observed responses to the real river scale.
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Figure 8.3: Laboratory experiments with vegetation. Flow from top to bottom. (a) Gran and Paola (2001), (b)
Tal and Paola (2007), (c) Coulthard (2005), (d) Braudrick et al. (2009).

8.3. EXPERIMENTAL SET-UP

8.3.1. DESIGN

ONSIDERING the importance of the bar formation process on the establishment of
C channel patterns (Engelund, 1970), the experimental design of these tests was based
on the theory developed by Struiksma et al. (1985) allowing predicting the expected size
(wavelengths) of hybrid bars. These bars were selected because they are steady and tend
to form always at the same place if a permanent perturbation exists (Duro et al., 2016),
aspect that ensures obtaining similar configurations for all scenarios even if starting with
a flat bed.

8.3.2. FLUME

HE set of experiments was meant to study the effects of vegetation colonization on

the channel formation by following the evolution of a zero-slope initially-constructed
straight channel with erodible bed and banks. The experimental flume was 5 m wide and
45 mlong, but due to the inlet and outlet structures, the effective length became 36 m,
see Figure 8.4a. A rectangular channel 80 cm wide and 15 cm deep with floodplains of
1 m at both sides was excavated in the sediment creating as well, see Figure 8.4b. As an
example, initial and final planforms of one of the tests is depicted in Figures 8.4c and
8.4d, respectively.
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Figure 8.4: Experimental set-up of the mobile-bed flume: (a) Planview, (b) Initial cross-section A-A (Vertically
distorted 1V:2H); and Initial (c) and final (d) planforms obtained for Test 3. All dimensions in metres.

The sand used in the experiments had a mean diameter, D5y, of 1 mm and was se-
lected after the intense experimental work carried out by Byishimo (2014) and Byishimo
etal. (2014). Figure 8.5 shows the grain size distribution of this material.
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Figure 8.5: Grain size distribution of the sediment used in the laboratory experiments.

An empirical expression for the Chézy coefficient for this sediment, Cp, was proposed
conditions by Vargas-Luna et al. (2015a) based on some preliminary tests as:

Cp = 1.313Re%2097j; 02243 (8.1)

where Re=uh/v is the Reynolds number, u is the mean flow velocity (m/s), h is the
water depth (m), v is the kinematic viscosity (m?/s), and iy, is the energy gradient (m/m).
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Equation 8.1 is valid for the considered sediment under Reynolds numbers, Re, between
2.4x10% and 2.11 x 10° and energy gradients, i}, between 0.0005 and 0.002 (m/m), ranges
accomplished by our experiments.

The facility was equipped with a reservoir located at the downstream end of the
flume in order to control water levels during the tests. From this reservoir water and
sediment were recirculated, see Figure 8.4a. A net placed between the mobile bed and
the reservoir was used to collect the particles released upstream for flow velocity mea-
surements (see section 8.3.2) and the uprooted pseudo-plants transported by the flow
during the experiment. A special sieve was designed and placed in the inlet structure
to collect sediment samples and to dissipate the excess of energy of the incoming wa-
ter. The inlet structure included a 40 cm long transversal plate (half of the initial channel
width) as a flow perturbation to induce the formation and permanence of the first sedi-
ment bar (permanent forcing), see Figure 8.4a.

8.3.3. VEGETATION CHARACTERISTICS

HE same plastic plants of grassy type were used in the experiments to both repre-
T sent the vegetation on the floodplains and the plants colonizing the emerging de-
posits. Vegetation selection was performed during some preliminary experimental ac-
tivities (Vargas-Luna et al., 2015a, 2016b). The medium plant density (112 plants/mz)
was selected among the 3 densities considered in the preliminary tests. Wooden sticks
were used as roots considering that they were found to be effective in reinforcing and
protecting bare sediment banks and deposits from erosion in a way comparable to real
roots (see for instance, Vargas-Luna et al.,, 2016b). Plants were manually inserted in the
sand at the selected density over the area of interest (see Section 8.3.4) following a light
pattern projected on the sand surface, as shown in Figure 8.6a. An example of the plant
units (root and foliage) used in these experiments is shown in Figure 8.6b, whereas a view
of the vegetation pattern seeded on a floodplain can be seen in Figure 8.6c.

8.3.4. TESTS

S the accretional processes of rivers start after the colonization of vegetation on sed-
A iment bars, these experiments were carried out including: variable discharge, vege-
tation and the formation of alternate hybrid bars. The discharge regime included alter-
nating low and high flows. The low flow consisted of 22 I/s and was maintained constant
during 9 hours, whereas 45 I/s during 2 hours were imposed as high discharge condition,
see Figure 8.7. Additionally, a difference of 5 cm in the water level of the downstream
reservoir was defined between high and low flow conditions.

The procedure that is described here was repeated carefully for all the considered
scenarios in terms of duration and flow discharges as well as initial and boundary con-
ditions. Considering that measuring the bed topography evolution in mobile-bed lab-
oratory channels with the presence of water is not yet successfully implemented (see
Vargas-Luna et al., 2016a), the experiment was stopped at the end of each day and re-
started on the next one after scanning the bed surface of the flume.
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Figure 8.6: Vegetation used in the laboratory experiments: (a) Seeding process, (b) A plant unit, (c) Seeded
floodplain.
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Figure 8.7: Discharge hydrograph indicating the vegetation colonization moments.

The initial conditions of each experiment were obtained as follows. Starting from
the straight excavated channel, described in Section 8.3.2, a sequence of low and high
discharges as upstream inflow was maintained until bars formed. The first part of the
experiment ran during 5 days (31 hours of water flow) until the hybrid bars were fully
formed, defining the starting point of all scenarios.
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Three tests were carried out. These tests represent three different scenarios, repre-
senting: 1) rivers with no vegetation on floodplains and no vegetation colonization of
new deposits, 2) rivers vegetated floodplains but no colonization of new deposits; 3)
rivers with vegetation on floodplains and colonization of new deposits emerging during
low-flow stages.

The first test is here considered as the base case, without vegetation. After the first
31 hours leading to initial bar formation, as described above, the same discharge regime
was maintained until the end of the test. This moment was defined when one of the
banks reached the end of the floodplain, which occurred after a total duration of 86
hours. In the second test plants were put on the floodplains after the first 31 hours,
and then the experiment restarted. The vegetation on the floodplains was put without
flow, as shown in Figure 8.6a. The third experiment started as the second one, but after
having placed the plants on the floodplains and allowing the bars to adapt to this new
condition with an extra cycle of high and low flow, more plants were placed on the areas
of the bars emerging during low flow. By repeating this procedure during the subsequent
cycles, plant “colonization” was simulated. The “seeding” moments elongated the time
of the experiment but this period did not change the bed topography, so this time does
not count for for the morphological evolution, see Figure 8.7.

An intense data collection campaign accompanied the execution of these experi-
ments. As explained in Section 8.3.4 the bed surface was scanned daily before re-starting
the tests. A FARO Focus 3D laser scanner was used to execute this task. This scanner uses
ared laser Class 1, has a range up to 130 m and a field of view of 305° vertical and 360°
horizontal, shooting up to 976.000 points/second, allowing for accurate measurements
with a range error of +/- 2 mm. More specifications about this equipment can be found
at: http://www.faro.com/. The obtained point clouds were post-processed by using
the Cloud Compare software (http://www.cloudcompare.org).

High resolution photos of floating particles were taken hourly from the ceiling of the
laboratory in order to obtain the superficial flow velocity field in localized areas of the
channel. Flow velocity patterns were later reconstructed by using the time-resolved dig-
ital Particle Tracking Velocimetry (PTV) tool for Matlab, developed by Brevis et al. (2011)
(seealsohttp://ptvlab.blogspot.com/). This technique was selected on the basis of
preliminary work on this flume, which demonstrated that for the range of water depths
present in these experiments, the immersion of any element in the water to measure ver-
tical flow velocities, as and ADV (Acoustic Doppler Velocimeter) for example, will create
considerable local scour altering the channel bed.

Oblique high resolution photos of the entire flume were taken each five minutes in
order to record the width adaptation and the planform evolution of the channel. Correc-
tions were applied to this photos to reduce the distortion due to the angle of capture by
using the ShiftN software (http://www.shiftn.de/). The corrected photos were used
to obtain the evolution of the mean channel width and the channel planform during the
experiment.
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The flow discharge was measured in the recirculation supplying pipe with an acous-
tic flowmeter, whereas sediment samples were taken hourly by using the special sieve
described in Section 8.3.2 at the outlet of this conduct. The collected sediment samples
were dried and weighted to estimate the sediment transport rates. Hourly water level
profiles were measured with a point gauge installed on the carriage of the flume.

8.4. RESULTS
N order to prove that the three scenarios started from the same topographic condi-
tions, Figure 8.8 shows the bed-levels after 31 hours of starting the flow when bars
formed for the three different tests. Figure 8.9 shows that similar cross sections were ob-
tained. This result confirms previous theoretical and numerical works (Struiksma et al.,
1985; Dur6 et al., 2016) by showing that hybrid bars would always develop at the same
location if the flow and sediment conditions as well as forcing are the same.

b)

e sy e P .

40 Flow 41 42 43
—— — e S —

Bed level in metres
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Figure 8.8: Measured bed-levels and planview of the channel for: (a) Initial condition for all the scenarios; and
bar pattern after 31 hours for: (b) Scenario 1, (c) Scenario 2, and (d) Scenario 3. Indicated cross-sections are
shown in Figure 8.9. Flow from left to right.

8.4.1. EFFECTS OF VEGETATION COLONIZATION ON FLOODPLAINS

OINT clouds highlighting the differences between initial and final bed topographies
P are shown in Figure 8.10. The wooden sticks used as plants’ roots were found highly
efficient in increasing the resistance of channel banks, as previously noted in small-scale
mobile-bed experiments (e.g. Vargas-Luna et al., 2016b).

Figure 8.11 shows the evolution in time of the wet channel width during the experi-
ments obtained for the three considered scenarios. The values of the wet channel width
reported in this figure correspond to the averaged value of the free-surface width calcu-
lated by means of imagery analysis for the high-flow conditions in the central 20 m of the
flume. The upstream and downstream parts of the flume were excluded from the anal-
ysis in order to limit the effects of the boundaries, which were particularly pronounced
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Figure 8.9: Cross-sections comparison between the starting condition and the bar development after 31 hours
for the considered scenarios. Localization of the cross-sections shown in Figure 8.8.

Figure 8.10: Rendered point clouds of the mobile-bed flume. Bed topography of: (a) Initial condition for all the
scenarios (0 hours), and after 86 hours for (b) Scenario 1, (c) Scenario 2, (d) Scenario 3.

especially near the upstream end. As expected, the averaged channel width varies as a
function of the discharge. Scenario 1 (without plants) shows a similar widening rate dur-
ing the entire experiment, whereas widening is moderately reduced in scenarios 2 and 3
after the vegetation colonization of floodplains. This can also be noticed from the final
planforms shown in Figure 8.12. Figure 8.11 shows also that the final averaged width is
reduced in approximately 10 % for the scenarios with vegetation.

Table 8.2 summarizes the characteristics of the main channel (calculated along the
thalweg) obtained at the end of each test for the considered scenarios. Narrower chan-
nels, as those obtained in scenarios 2 and 3, have shown to have a direct impact on the
channel final planform. Vegetation affects also the bar length, as already observed by
Jang and Shimizu (2005) using a numerical model. Figure 8.12 shows that the obtained
planview exhibits four main bars in scenarios 2 and 3, whereas only three bars were
present in scenario 1. This means that the experiments confirm their findings. Crosato
(2008) showed that the wavelength of hybrid bars decreases if the width-to-depth ratio
decreases.
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Figure 8.11: Temporal evolution of reach averaged: (a) Water depth, h, and (b) Wet channel width, B, during

the experimental tests

Table 8.2: Reach-averaged channel characteristics for the considered scenarios at different times.

Scenario Wet channel Water depth Slope iy, Sinuosity
width B (m) h (cm) (m/m) Ig (-)

1 - After 88 hours 2.44 4.4 0.0020 1.028

2 - After 88 hours 2.11 5.5 0.0015 1.042

3 - After 88 hours 2.08 6.3 0.0021 1.039

2 - After 99 hours 2.23 5.2 0.0016 1.045

3 - After 99 hours 2.18 6.2 0.0023 1.066

3 - After 110 hours 2.32 5.6 0.0024 1.089

8.4.2. EFFECTS OF VEGETATION COLONIZATION ON BARS

IGURE 8.12 shows the bed level evolution for the considered scenarios. The bed-

levels measured at the end of each scenario (Figures 8.12a to 8.12c) show that bank
erosion is substantially reduced in scenario 2 due to the vegetated floodplains. This
figure also emphasizes the main effects of vegetation colonization on sediment bars.
Higher sediment bars and deeper channels are obtained in scenario 3 as well as in-
creased bank erosion due to the sediment trapped by the plants and the flow concen-
tration in the main channel. As a result, the obtained channel sinuosity is much higher
than in the other two cases, see Table 8.2. This is here attributed to the flow deflection
caused by the vegetation elements and by the sediment trapped by the plants. Figure
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8.13 shows typical cross-sections for the considered scenarios taken in regions where
bars formed after 86 hours.
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Figure 8.12: Measured bed-levels and planview of the channel for: (a) Initial condition for all the scenarios;
after 86 hours for: (b) scenario 1, (c) scenario 2, and (d) scenario 3; after 97 hours for: (e) scenario 2, (f) scenario
3. Indicated cross-sections are shown in Figure 8.13. Flow from left to right.
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Figure 8.13: Cross-sections comparison between the starting condition and the final configuration of a bar
(after 86 hours) for the considered scenarios. Localization of the cross-sections shown in Figure 8.12.

By comparing the results presented in Table 8.2 and Figure 8.12 for scenarios 2 and
3 is evident that these scenarios present similar channel width, sinuosity and longitudi-
nal bed slope. However, in Scenario 3 a deeper channel and higher sediment deposits
were obtained in comparison with Scenario 2. This emphasizes the incision by the flow
concentration and the sediment deposition induced by the colonizing plants.
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The plant units used in our experiments exhibited high resistance to the flow when
placed on emerging sediment deposits, avoiding to be uprooted in most cases. So, the
collapsed floodplains due to bank erosion (failure) were the primarily source of plants
transported downstream by the flow. These highly-resistant new sediment deposits trig-
gered the formation of a side channel and the quick formation of new sediment deposits,
see Figure 8.12g. When the main structure of the bars was established, an important frac-
tion of the sediment transported by the flow was captured on bar tops resulting on raise
of local bed which often led to the complete submersion of the plants by deposited sed-
iment. In some areas of the flume plants were re-seeded up to 3 layers above the initial
one.

8.5. DISCUSSION AND CONCLUSIONS

HE scenarios considered in this experimental work allow observing the effects of veg-
T etation colonization on the strength of the colonized deposits and on the accretional
processes in channels. The combined effects of vegetation colonization on the flood-
plains were found highly affecting the channel width, sinuosity and longitudinal bed
slope, leading to noticeable changes in planform configuration.

Although the test with colonization of emerging deposits, scenario 3, exhibits higher
bars and lower bed levels, high similarity was found in channel properties with the re-
sults obtained for scenario 2, which emphasizes that the main effects of plant coloniza-
tion are the accretion of sediment deposits (due to sediment trapping and retention) and
channel incision (due to the deflection of the flow to the main channel).

Vegetation colonization on bars substantially enhanced opposite bank erosion (bar
push effect). However, the resistance of the banks was relatively low considering that
non-cohesive material was used in the experiments. It would be important to study the
push effect on banks having different resistance against erosion.

The results of these experiments confirm the accretional processes observed in some
small streams, such as in the Widden Brook in the Hunter Valley, Australia (see Erskine
etal, 2012) and other large-scale experiments executed in sandy-bed sinuous channels
(see Rominger et al., 2010). The opposite bank erosion observed in the experiments car-
ried out in this work was also observed in the experimental work performed by Rominger
etal. (2010) at the Outdoor StreamLab (OSL) of the University of Minnesota’s St. Anthony
Falls Laboratory. Rominger et al. (2010) also studied the effects of plants colonizing a
point bar on altering the secondary circulation observed in river bends.
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“Research is formalized curiosity. It is poking and prying with a purpose.”

Zora Neale Hurston
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Figure 9.1: PhD project word cloud (Created with Wordle: http://www.wordle.net/)

The main findings and conclusions and recommendations of this PhD project are included
in this chapter.
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9.1. MAIN CONCLUSIONS
T HE results of the study provided the following answers to the research questions:

What is the role of vegetation in river bank accretion?

HIS research addressed this topic by performing an analysis of field observations in
T a restored lowland stream, the Lunterse Beek (Chapter 7), and by conducting labo-
ratory experiments carried out in a large-scale mobile-bed flume at Delft University of
Technology (Chapter 8). The morphological changes and the vegetation cover evolu-
tion observed during the five years following the restoration of the lowland stream made
it possible to determine how relevant the establishment of vegetation is for the stabi-
lization of the channel width and to see how extensive is the vertical accretion both on
levees and floodplains. The levees that formed during overbank flows were only stable if
soil was reinforced by vegetation (Section 7.4.2). These findings were confirmed by the
experimental tests linked to the evolution of a small straight channel with variable dis-
charge. All tests showed initial channel widening and alternate bar formation which in-
fluenced bank erosion and channel evolution. Three scenarios were studied: 1) absence
of vegetation, 2) vegetated floodplains and 3) vegetated floodplains and the colonization
of deposits emerging during low-flow conditions, namely the bar tops. The scenario that
includes the colonization of vegetation, scenario 3, showed a degree of sediment depo-
sition and stabilization (accretion) of colonized deposits as well as general channel inci-
sion as observed in the Lunterse Beek after the vegetation had been established (Section
8.4.2).

In the first five years after restoration, the Lunterse Beek presented only limited bank
accretion. Apart from an initial cutoff, the channel alignment remained stable. In the
laboratory experiments, colonization by plants induced both vertical and lateral accre-
tion, thereby enhancing opposite bank erosion (the bar push effect). Here the different
response between field and laboratory observations regarding lateral accretion may be
attributed to the relatively high water levels that are artificially maintained during any
low-flow stages in the Lunterse Beek, whilst there was no such restriction in the labora-
tory experiments. High low-flow water levels did not allow top area deposits to emerge,
impeding vegetation colonization. This condition shows that low-flow stages are rel-
evant to river bank accretion, since it is during this period that vegetation colonizes
emerging new deposits. However, the resistance of the banks in the laboratory exper-
iments was relatively low because banks consisted of sand, in contrast to the conditions
present in the Lunterse Beek, where banks tend to be composed of cohesive material.
Laboratory studies including variations in the resistance to erosion would therefore be
important for studying the push effect in future experimental activities.

The conclusion is that vegetation is an essential component of river bank accretion.
Nevertheless, it is important to mention that the results presented in this research ex-
clude incised rivers and rivers formed in clay-dominant environments. Incised rivers
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present progressive channel deepening and outer bank erosion, so causing the displace-
ment of the main channel and a corresponding exposure of sediment deposits on the
opposite bank which can in fact be seen as bank accretion. Sediment deposits in river
systems with banks composed of clay result in lateral bank accretion due to soil stabiliza-
tion caused by compaction processes which increases the local soil resistance to erosion
leading to opposite bank erosion and lateral channel shift.

Which method should be used to estimate the effects
of vegetation on river morphology?

HE work carried out to address this issue included two facets: 1) selecting the best
T methods to estimate the effects of vegetation on flow resistance and sediment trans-
port and the calculation of vertical velocity profiles in vegetated flows, and 2) defining
the applicability ranges of the selected methods for the purposes of this research. The
work included a literature review, model assessment based on data published in the liter-
ature, as well as new experiments carried out in the tilting flumes and in the small-scale
mobile-bed facilities at Delft University of Technology that are designed to assess the ap-
plicability ranges, and the analysis of the results of 2D numerical simulations presented
in previous works. The parts of the study that deal with these aspects are presented in
Chapters 5 and 6.

The literature review and the method comparison allowed the main characteristics
to be defined that an optimal method describing the effects of vegetation on flow resis-
tance and sediment transport should fulfil if it is to be applied to river morphodynamic
modelling. In view of the wide range of water levels to which vegetation in a river sys-
tem can be exposed, the method should be able to represent the effects of plants under
emergent and submerged conditions. In this connection, the results showed that only
a few methods are applicable to both situations. For submerged vegetation, the degree
of submergence (h/h,) is a key parameter for estimating the flow resistance exerted by
plants (Section 5.3.1). It is also important that the method includes an estimation of the
bed-shear stress, since sediment transport depends on this parameter. Although none of
the analysed methods can represent both emergent and submerged conditions equally
well, the Baptist (2005) method provides the best fitting with respect to the experimental
data gathered from the literature, for both artificial and real vegetation (Section 5.3.1).
Baptist’s method performed well, also regarding the assessment of bed-shear stresses,
however, due to limitations in the availability of data for submerged conditions, this as-
pect was only examined for emergent vegetation and bed-load sediment transport (Sec-
tion 5.3.3). The bed-shear stress calculation allowed testing the Baptist (2005) method on
the assessment of the sediment transport capacity in vegetated channels. This was esti-
mated by combining Baptist’s method with the sediment transport capacity formulae of
van Rijn (1984a) and Engelund and Hansen (1967) derived for non-vegetated channels.
A good correspondence was generally observed. However, poor performance was ob-
tained for low sediment transport rates (conditions close to initiation of motion). This
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aspect is attributed to possible variations in the mobility thresholds for vegetated beds
or to the possibility that the sediment and flow characteristics did not fall within the
applicability ranges of these formulae (Section 5.3.5).

Based on the analysis of the results of numerical simulations obtained from the lit-
erature, Baptist’s method was found to produce satisfactory estimates of the sedimenta-
tion rates on vegetated floodplains. Therefore, the method can be applied to study the
effects of floodplain vegetation on river planform development. However, the method
overestimates bed protection exerted by low-density vegetation (Sections 6.5.2 and 6.5.3).
Itis the assumption that there is dense vegetation that lies at the basis of Baptist’s method.
The tests performed show that applying the method to areas with sparse vegetation
results in an underestimation of bed erosion by flowing water. Comparisons between
Baptist’s method predictions and data obtained from the small-scale experiments per-
formed in this part of the work, proved the method to be suitable for use in this research
and was then applied to the numerical simulations performed to analyse the field obser-
vations.

After having selected the method proposed by Baptist (2005), the work focused on
establishing the applicability ranges. This method schematizes plants as arrays of rigid
cylinders with uniform distribution (density), diameter and height. The results obtained
(Sections 5.3.3 and 6.5) showed that for numerical modelling purposes the Baptist method:

* Provides better results for high-density grass and herbaceous vegetation.

* Can be used by imposing a drag coefficient, Cp, equal to unity, and establishing
the plant characteristics to be described only by two parameters: projected plant
area per unit volume including the effects of foliage, g, and plant height, h,,.

 Performs better in vegetation arrays for ah, larger than 0.01.

* Can be applied to flexible plants and plants with foliage, though it is advisable to
use the deflected vegetation height and to calibrate the characteristics of the array
of cylinders used to describe the vegetation type considered.

 Is not suitable to reproduce the effects of isolated plants, such as trees.

Regarding the aspect of the work that dealt with velocity profile estimation, it was
found that the method proposed by Klopstra et al. (1997) performs best when estimat-
ing the vertical velocity profile for the vegetated flows considered. However, as velocity
profiles among plants are greatly affected by foliage, the performance of these types of
methods is very dependent on the combination of flow characteristics and vegetation
properties (Section 5.3.2).

The results obtained from the new small-scale laboratory experiments conducted in
the tilting flumes showed that rigid cylinders exhibit the same trends and have friction
coefficients of the same order of magnitude as real and plastic plants. However, rigid
cylinders have smaller element Reynolds numbers, an aspect that shows the importance
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of carefully selecting the diameter of the cylindrical rods (Section 6.4.1). To consider the
relevance of the different element Reynolds numbers exhibited by cylinders and plants,
one of the tested vegetation types (artificial grass) was selected for the large-scale exper-
iments and the Baptist’s method was used for hydrodynamic characterization.

The small-scale laboratory experiments carried out in the mobile-bed flumes also
allowed the establishment of the applicability of rigid cylinders to qualitatively represent
the morphological processes of channels with vegetated floodplains, such as channel-
width development (Section 6.4.2) and bank dynamics (Section 6.4.3) in the laboratory.

What effects does vegetation growth have on the
morphological evolution of lowland streams?

HIs part of the study consisted of the combined analysis of the morphological evo-

lution of a lowland stream in the Netherlands, the Lunterse Beek, and the results of
a 2D morphological modelling exercise (with Delft3D) using Baptist’s method to study
different vegetation dynamics scenarios. Experiments done in the large-scale facility at
Delft University of Technology that were carried out between December 2015 and March
2016, also contributed to an understanding of the effects of plants on the morphology of
small lowland streams.

The results of the field data analysis showed that vegetation processes (colonization,
establishment and growth) play a major role in the morphological evolution of lowland
streams in temperate climates, such as the Lunterse Beek in the Netherlands. Vegetation
contributes to the stabilization of the channel width and enhances the vertical accre-
tion both of levees and floodplains. It is the combination of these processes that leads
to channel incision and bed adaptation (Section 7.4.2). The results of field observations
showed that the root system of plants plays a key role in reinforcing the soil and counter-
acting the effects of flow perturbations. This was found to occur even during high-flow
periods in winter, when vegetation biomass (foliage) is substantially reduced (Section
7.4.2). Tt is therefore relevant to include the effects of roots in methods that take into ac-
count the morphodynamic effects of vegetation and in models that estimate bank ero-
sion and accretion.

The 2D morphodynamic model reproduced the observed morphological changes
rather well. However, the model was not able to completely reproduce the bank dynam-
ics observed in the stream. This limitation was attributed to the simplified description
of bank erosion and to the lack of soil reinforcement estimators (Section 7.5).

The results of the experiments showed that there are important differences in bed
topography (bar pattern) and final planform between scenarios differing in terms of
vegetation cover (Section 8.4). These experiments showed that plant colonization on
sediment deposits emerging during low flows induces vertical accretion and channel
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incision. These were aspects that were also observed in the Lunterse Beek. Moreover,
vegetation colonization increased the amplitude and length of the bars in the main river
channel, thus affecting the final river planform. In view of the similarity of scales, the
experimental results can be assumed to represent small lowland streams in temperate
climates, which clearly demonstrates the major part that vegetation colonization plays
on bank resistance and on the accretional processes of these systems.

What is the role of seasonal variations of vegetation and
can they be included in modelling bank accretion?

HE role of seasonal variations in vegetation was studied by combining the analysis
T of field observations with the results of a morphodynamic model (Delft3D) thereby
simulating the evolution of the Lunterse Beek in the first five years after restoration for
different vegetation scenarios. Seasonal variations included modifications in vegetation
characteristics (height, density, etc.) and water flow. Higher discharges characterised the
winter seasons, whereas low discharges characterised the summer seasons. Seasonality
is typical of temperate climates. The model was found to clearly reproduce the short-
term adaptation of the stream morphology to seasonal variations, demonstrating the
relevance of seasonal plant variability to short-term predictions. This can, for instance,
be relevant to studies dealing with ecological processes. In the long term, however, the
establishment of high and dense herbaceous vegetation resulted in negligible effects in
terms of seasonal variations. This was attributed to the dominance of the effects of roots,
which did not show much seasonal variation, since they remained strong and vital dur-
ing the winter. Once established, roots had major influence when it came to stabilizing
floodplain soil and banks. This explains the minor differences obtained between the re-
sults produced by scenarios 3 and 4 (with and without seasonal variation) at the end of
the period analysed (Section 7.5).

Quantifying the effects of seasonal variations of plant root systems on soil reinforce-
ment and the role that this has in the stability of soil and banks is an important issue
that should be addressed in future investigations in order to more accurately predict the
morphological evolution of small river systems.

9.2. GENERAL CONCLUSIONS

T HE execution of this research made it possible to identify some general aspects that
are relevant to morphodynamic studies.

The first important observation is that the combination of different approaches pro-
vides a more complete overview of the problem, which is fundamental to understand-
ing complex physical processes. The importance of analysing observations at different
spatial and temporal scales arose during the experimental work. The experiments per-
formed in the small-scale flumes, such as the tilting flume, were relevant to the detailed
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study of small-scale processes. This increased the understanding of the fundamental
processes to be used later in the designing of large-scale experiments. A large-scale
mobile-bed flume is important for creating conditions that are comparable to those ob-
served in real small streams, such as the hydraulic regime (i.e. subcritical) and the pres-
ence of sand bars and other bed forms. The size of the large facility available at Delft
University of Technology (45 m long x 5 m wide) has allowed for experimental investiga-
tions to minimize scale issues. The experiments carried out in small-scale flumes con-
structed ad hoc were determinant in selecting the materials for large-scale experiments,
such as the plant density and the sediment type. The versatility of the small-scale facil-
ities was key to time and cost reduction, because not all the combinations of sediment
and plants produced the desired conditions. Therefore, the selection of the appropriate
materials was found to be an important part of the planning and preparation in these
types of experiments.

The conclusion is that the proper design of experiments in a large facility requires
the use of quick and numerous tests carried out in small facilities.

9.3. RECOMMENDATIONS

EVERAL aspects require further investigation. The upscaling of the effects of vege-

tation on sediment dynamics for applications in large spatial scales requires more
attention. The bed-shear stress, decreased by the presence of vegetation, for instance,
affects sediment transport between plants. This and its effects on local morphodynam-
ics has been analysed only for specific situations and needs more extensive studies. In
particular, only a few efforts have been made to design sediment transport formulae for
vegetated beds. New formulae should be valid for different vegetation densities, ranging
from bare to vegetated beds. Therefore, more effort needs to be put into incorporating
the properties and effects of plants in new sediment transport capacity formulae de-
signed both for vegetated and non-vegetated streams relevant to morphodynamic pre-
dictions and simulations. Approaches combining bed-shear stress and vegetation drag
are scarce and most assume that there is a linear distribution between these variables.
Therefore more research is required to clarify their relative contribution to the total flow
resistance of vegetated beds. Sediment transport measurements among and above sub-
merged plants are lacking, so in this regard laboratory experiments are also needed.

During this research, considerable effort was put into the testing of optical tech-
niques (Terrestrial Laser Scanning and Structured Light) to measure the bed-level evo-
lution in mobile-bed flumes through flowing water. Despite the advances made through
this activity, low accuracy was obtained in the procedure required to correct the refrac-
tion effects of water. Therefore more research also needs to be done in this area.

The inclusion of vegetation dynamics (colonization, survival, growth, succession,
etc.) in morphodynamic models was not a part of this research. Efforts to couple these
processes with water and sediment flows are highly recommended. This important step



180 9. CONCLUSIONS AND RECOMMENDATIONS

will contribute to the modelling of the long-term effects of vegetation in river morphol-
ogy.

Field measurements combining vegetation development and morphological evolu-
tion are few and far between. Thus, more field campaigns under different climatic con-
ditions and river sizes should be performed. This aspect is especially important for the
quantification of the effects of river restoration and training projects and for the valida-
tion of new approaches.
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A.1. MODELS APPLICABLE TO EMERGENT CONDITIONS
A.1.1. PETRYK AND BOSMAJIAN (1975) [P&B]
Based on a force balance, Petryk and Bosmajian derived the mean flow velocity as

2gip

aCp (A.1)

lUpgB =

which implies that the global flow resistance coefficient is expressed as

28
CrpaB= anCp (A.2)

A.1.2. RAUPACH (1992) [R]

The work by Raupach expressed the bed shear stress as a fraction of the total shear stress
as

1
fr= T (A.3)
1+ah, (C—ﬁ)
where Cp is the drag coefficient for a single element, and Cp is the particle drag co-
efficient without elements. The particle drag coefficient is estimated by applying the

equation proposed by Thompson et al. (2004) given as

Cp = 0.0016Q~0-2266 (A.4)

where Qis the discharge in m3/s.

A.1.3. ISHIKAWA ET AL. (2003) [I]

Based on flume experiments, Ishikawa et al. (2003) provide the following global flow re-
sistance predictor

7!

c”:\/g(u’#) for: hihy <1 (A5)

where

7!
- =1.28(ahy +0.02)70 (A.6)

The ratio between the bed-shear stress and total-shear stress is expressed as

fr =0.0709(ah, +0.02) %57 A.7)
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A.1.4.JAMES ET AL. (2004) []J]

James et al. expressed the global flow resistance coefficient as

2g(1-AQ)
Crj=V1-ACypgp= gah—CD (A.8)

A.1.5. HOFFMANN (2004) [HOF]

Based on a space-time porous media averaged model, Hoffmann derived the following
global flow resistance coefficient

nD? 2g nD?
C =1/h- C = h- A9
r Hof 25t10r rP&B \/ahCD ( ZSHof) (A.9)

where the separation between cylinders, Syyy, is given as

1
SHof = —— (A.10)

N

A.1.6. KOTHYARI ET AL. (2009) [KO]

From a momentum balance, Kothyari et al. derived a bed-shear stress given as

_ 1 pit?ahCp
Thy ko = §hSinb — EPIT

where 0 is the channel bed angle in radians. The ratio between bed-shear stress and
total shear stress is given by

(A.11)

2g(1-21)Sind — aCpii?

250D (A.12)

fKo =

A.2. MODELS APPLICABLE TO SUBMERGED CONDITIONS

A.2.1. KLOPSTRA ET AL. (1997) [K]

The Klopstra et al. model subdivide the vertical velocity profile in two layers: vegeta-
tion and upper layer. The vertical velocity profile in the vegetation layer is obtained as a
solution of the momentum equation

ek =\ @ y+ CreA2+Coeds for: 0<zs<hy (A.13)




186 A. LIST OF MODELS PREDICTING THE EFFECTS OF VEGETATION

where iipgp corresponds to the velocity in the vegetation layer proposed by Petryk
and Bosmajian (eqA. A.1) ; z is the vertical position; C;, C,, and A are variables, defined
as

gib (h— hv)

C = A14
LT rA(eA 4 e Am) (14
C=-C (A.15)

C
A= “_éD (A.16)

in which ¢ is the characteristic length scale given by van Van Velzen et al. (2003),
tested by Galema (2009):

¢=0.0227h,%7 (A.17)

The vertical velocity profile in the upper layer is derived from a modified form of
the logarithmic law for turbulent flows. Including the integration constant in the length
scale for the bed roughness and assuming a raised zero plane for the logarithmic profile,
the velocity profile in this layer becomes

u(z)x = ek ln(—z_ 7y = hs]

kp
where u« is the shear velocity, k¥ (=0.41) is Von Kadrmdn’s constant, kp is the length

scale for bed roughness of the upper layer, and #; is the distance between the top of the
vegetation and the virtual bed of the upper layer defined as follows

)forhyszsh (A.18)

tax =\/glh—(hy = ol i (A.19)
kp=hge F (A.20)
141/14 QEQ(h=hy)
g
hs = A21
=8 2(Ex)? 2D
with the help variables
CgeAh"

E=—— (A.22)

2B;

C:
C3=2 (A23)

Ip

KBl
F= (A.24)

V &B3
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Bi =1/ CzefA + 12, (A.25)
By =1\/C3+ 12, (A.26)

Bs =[h—(h, — hy)] (A.27)

=— (A.28)
Vip
The global flow resistance coefficient is obtained with the integral of the vertical ve-
locity profile defined by eqAs. A.13 and A.18, which can be expressed as
2(B1—Bz)  upo, | (Bi—uyo)(Ba+ o)
—_—+ In

3 A A (B1 + uyo) (B2 — uyo)

‘/@[331 ( ) hsln hs)—(h h,,)]

kp

(A.29)

A.2.2. VAN VELZEN ET AL. (2003) [VV]

Based on the Klopstra et al. model, this method estimates the global flow resistance co-
efficient from the mean flow velocity. This velocity is obtained from the average velocity
in the vegetated layer, u, ,v, and in the upper layer, u; v, as follows

1 (B1 — uyo) (B2 + Uyo) }
u =——192(B1—B) +uyln (A.30)
" An, { PR By + uv0) (B2 — o)
Bs hs
u —— |B ln( ) h ln(—)—(h—h )] (A.31)
v s (h hy) [ ke S kp Y
where
hyi
o= | Ty (A32)
c T
and Cy, is the bed roughness, expressed as
12h
Cp= 1810g( ) (A.33)
ks

where k; is the characteristic roughness of the bed, and the variables A, B;, By, Bs,
u=x, hs, and kp are as defined for the Klopstra et al. model.

The global flow resistance becomes

Covp = hyuypy + (h=hy) uspv (A.34)

h+/ hiy
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A.2.3. HUTHOFF ET AL. (2007) [H]

This model expresses the global flow resistance coefficient as

5
25 [ [n, B\ (1= o\ 3]
Cryg= ahCp 74—(1—7)( it ) (A.35)

where Sy is the separation between cylinders given by

SH= \/—m -D (A36)

A.2.4. YANG AND CHOI (2010) [Y&C]
Based on a two-layer schematization and assuming a constant velocity in the vegetation

layer, Yang and Choi suggest deriving the flow velocity in the vegetation layer from

2ghiy
CDah,,

Uy yac= for: 0<z<h, (A.37)

They assume the vertical velocity profile in the upper layer as logarithmic

u*Y&Cln(hi) for: hy,<z<h (A.38)

v

u@ygc=uyyac+Cy

with C,=1 for a < 5.0 m™!, C,=2 for a > 5.0 m’}, x (=0.41) is Von Karmdn’s constant,

and
usygc=1/gh-hy)ip (A.39)

They obtained the global flow resistance coefficient by integrating the vertical veloc-
ity profile defined by eqAs. A.37 and A.39 and is expressed as

Vet e G-
Cryac= ah,,CD+1< g(l Y in e 1 Y (A.40)

A.3. MODELS APPLICABLE TO BOTH EMERGENT AND SUBMERGED

CONDITIONS
A.3.1. BARFIELD ET AL. (1979) [BF]

In this model the general shear stress equation includes a “spacing hydraulic radius”, Rpp,
defined for the submerged condition as

shy
2h,+s

Rpp=h—hy,+ (A.41)
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where s is the spacing of the elements in the vegetation canopy. The bed-shear stress
is calculated as follows

ThwBf =YRprip (A.42)

Barfield et al. method expresses the ratio between bed-shear stress and total-shear
stress as

2
fBf=1-—F——~—— (A.43)
o) 3%
v) " hy
For the emergent conditions, h,=h, thus eqAs. A.41 and A.43 are reduced to

Rpr= sh (A.44)

Bf = oh+s )
fop=— (A.45)

Bf = on+s ’

A.3.2. STONE AND SHEN (2002) [S&S]

The Stone and Shen model predicts the flow resistance from the assessment of an appar-
ent velocity derived from the area concentration of the vegetation stems, A. The global
flow resistance coefficient over submerged vegetation is

h
crs&s=1.385(——D\/m),/i for: hihy >1 (A.46)
hy ah
The bed-shear stress is given as
-
Tbus&s—c—bzuu (1-A) (A.47)

where the apparent velocity in the vegetation layer, u,, is estimated from

u —a\/h” (A.48)
v — h .

For emergent canopies this method also assumes h,=h, so u,=i from eqA. A.48, and
the eqA. A.46 takes the form

Crs&3=1.385(1—D\/E),/a% for: hih, <1 (A.49)

This method expresses the ratio between the bed-shear stress and the total shear
stress as

Tprsas _[Crses Z(hu)z
= = 2l a- A.
fsas - ( Cy ) Y 1-1 (A.50)
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A.3.3. BAPTIST (2005) [B]

From a momentum balance Baptist proposed a resistance coefficient for flow over sub-
merged vegetation defined as
1 h
V& ln(

CrB = m + 7 h_v) for : h/hy >1 (A5]-)

2
C; 28

where x (=0.41) is Von Karmaén’s constant. The bed-shear stress is estimated as fol-
lows

_ P8 _»
TpyB = C’hzu (A.52)

with

h Cpah,C?
V8, (_) 142270 for: Rihy >1 (A.53)

C'h=Cp+—=
b=™b Knhv 2g

Emergent canopies are described by assuming h,=h, so for this condition C;,=Cj and
egA. A.51 takes the form

1
1 _ Cpah
c; T2

Crp= for: hih, <1 (A.54)

If the bed roughness is neglected in eqA. A.54, the averaged velocity is reduced to the
model proposed by Petryk and Bosmajian for emergent vegetation, eqA. A.1. The ratio
between the bed-shear stress and the total-shear stress, is given by

:U’_”Bz(%)z (A.55)

T C’p

/s

A.3.4. CHENG (2011) [CH]

Based on a two-layer description of the flow, Cheng (2011) derived equations for the
calculation of flow velocities in each layer. The mean velocity in the vegetation layer is
described with the model proposed by Cheng and Nguyen (2011) as

2gryip

Uych = - (A.56)
CD
where
130 Fou
== 408[1—exp[- ] A57
D™ 085 p( 400) (A.57)

with
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. 1/3
Fow = r,,(g—lz”) (A.58)
%
y, = PL-MD (A.59)
v 4A .

The mean velocity in the upper layer is given as

1
1 h—hy,\] "1 :
usc,,=4.54[(1—1)( 5 ”)] \/ g (h—hy) i (A.60)

Finally, by calculating the mean flow velocity in the entire section, the global flow
resistance coefficient takes the form

3 1 3
=(1- — 4.54 —=1 1-— A.61
Cron=(1-A) hch(h 45485 = d (A61)
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LIST OF MAIN SYMBOLS

Symbol Unit 2 Description

a L] Projected plant area per unit volume = mD

B [L] Channel width

Be [L] Equilibrium channel width

C L2t Chézy coefficient obtained from the measurements

Cr [-] Friction coefficient obtained from the measurements = g/C?
Cp L2t Chézy coefficient of the bare soil for vegetated beds

Cp’ L2t Chézy coefficient of the bed for submerged plants

Cr L2t Chézy coefficient for the global resistance of emergent plants
(o7 L2t Chézy coefficient for the global resistance of submerged plants
Cp [-] Mean drag coefficient of the vegetation

D [L] Plants characteristic diameter

Dso [L] Mean sediment diameter

g [LT2] gravity acceleration

h [L] Water depth

hy [L] Vegetation height

1 [-] Sorting index

Is [-] Channel sinuosity

m L2 Number of stems per unit bed surface

Q m3Th Flow discharge

Ry, [L] Hydraulic radius = A/Py,

A [L2] Cross-sectional area

Py [L] Wet perimeter

Rep [-] Element Reynolds number

S (L] Diagonal separation between vegetation elements

S1 [L] Separation between elements in parallel direction to the flow
$2 [L] Separation between elements in perpendicular direction to the flow
u(z) T4 Vertical velocity profile

u LT Mean flow velocity

Uc (LT Mean flow velocity in the vegetation layer

ip [-] Channel slope

A [-] Surface density of stems = mnzD?/4

& [-] Degree of discontinuity

I 2T Cinematic viscosity of the fluid

o IML3] Mass density of water

Ds ML3] Mass density of sediment

K [-] Von Kdarmén'’s constant = 0.41

T IML1T2 Total bed shear stress

Thy IML1T2] Bed shear stress in a vegetated bed

Ty ML T2 Shear stress caused by vegetation

4 M = mass; L = length; T = time; - = dimensionless
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