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Abstract
Suitable implementation of sustainable river management strategies and Nature-Based Solutions
requires detailed understanding of the impacts of riverine vegetation on ﬂ ow characteristics,
sediment transport, water quality, river health and ecology. Modelling of the ﬂ ow resistance of
ﬂ oodplain vegetation has received substantial attention, as many research and engineering
purposes require reliable estimates. Existing drag force and ﬂ ow resistance models are based on
highly simpliﬁ ed representation of vegetation. In particular, there remains a lack of adequate
description of the effects of reconﬁguration and relative submergence. Subsequently, many models
are used outside their developed domain, resulting in poor predictions.
This thesis extends current knowledge on ﬂ ow resistance of ﬂ exible ﬂ ood-plain vegetation
mixtures as well as on sediment transport processes under vegetated settings. The speciﬁ c
objectives were to 1) quantify vegetative drag and measure ﬂ ow resistance of vegetation mixtures
o f w o o d y p l a n t s a n d a h e rb a c e o u s u n d e rs t o ry t o e va l u a t e e x i s t i n g re s i s t a n c e e qu a t i o n s ; 2) d e ve l o p
leaf area index (LAI)-based ﬂ ow resistance models suitable for both emergent and submerged
conditions, and 3) advance knowledge on transport and net deposition of ﬁne sediments under the
effect of seasonal variability in plant properties.
The LAI-based models developed in this thesis provide for accurate predictions of vegetative
ﬂow resistance of mixtures of ﬂexible ﬂoodplain vegetation also at low relative submergences. Most
accurate predictions are obtained when a reliable estimate of the deﬂ ected vegetation height hd is
available and the newly introduced von Kármán scaling factor α is used. A workﬂ ow for
implementation of the proposed LAI-based approaches was developed for modelers and
practitioners.
The newly introduced LAI-based drag ratio approach can be used for estimating the inﬂ uence
of seasonal variation in foliage on sediment transport. The presence of foliage increased the net
deposition in the vegetated areas and enhanced deposition near the main channel-ﬂ oodplain
interface by¬ two to ﬁ ve times. The new insights allow for improvements in future predictions of
suspended sediment transport and deposition in partly vegetated, main channel-ﬂ oodplain or
bank/riparian ve g e tation se ttings. The pote ntial ap plications range from ﬂ ood inundation studie s
to river restoration, ﬂ oodplain reforestation, channel design and management of riverine
environments.
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1. Introduction

1.1

Background

Riparian zones such as river floodplains (as illustrated in Figure 1) typically
grow woody trees, bushes and shrubs consisting of a wide variety of types
(Richardson et al. 2007). Traditionally, vegetation along rivers and streams and
on the floodplain is removed to prevent flooding, as vegetation decreases the
conveyance and raise water levels (Errico et al. 2018, 2019; Gurnell 2013;
Rowiński et al. 2022; Stone et al. 2013). To improve sustainable management
the impacts of floodplain vegetation on the flood characteristics (i.e., flow velocities and water depths) and sediment transport processes in natural river systems need to be understood better. This is important when models are used to
assess flood risks in areas, where people’s lives and property may be damaged
as result of inaccurate predictions.

Floodplain
Aquatic
vegetation

Floodplain
vegetation

Settling and
net deposition
Main channelfloodplain interface

Sediment
transport

Figure 1. Schematization of vegetative features and sediment transport processes in a
river with the main channel and riparian areas. Adapted and modified from Caroppi et
al. (2022).

There is an increasing interest in and shift towards to sustainable flood risk
management and awareness of the benefits of floodplain vegetation (Rowiński
et al. 2018; Solari et al. 2016; Vargas-Luna et al. 2018; Weissteiner et al. 2015).
Vegetation plays a key role in river restoration and provides ecological, societal
and economic benefits, increased biodiversity, improved water quality and stabilization of river banks (Bączyk et al. 2018; Merritt et al. 2010; Rowiński et al.
2018; Vargas-Luna et al. 2018; De Vriend et al. 2015). Riparian vegetation provides preferable environments for ecology and biota (Gurnell 2013; Gurnell and
1

Petts 2006; Naiman and Décamps 1997) and has an intrinsic esthetical value
(Merritt et al. 2010). Riparian and aquatic vegetation creates shelter, breeding
areas, and nourishment for biological communities including macroinvertebrates, (Demars et al. 2012; Naiman and Décamps 1997) and fish (Boavida et al.
2020; Ismail et al. 2018).
Nature-Based Solutions (NBS) are increasingly being implemented with the
use of natural vegetation for their benefits (such as ecological, stabilization and
risk reduction) to traditional so-called ‘hard’ engineered solutions (Pugliese et
al. 2022; van Wesenbeeck et al. 2017, 2022; Whittaker et al. 2015). Furthermore, NBS can be implemented to solve environmental issues such as sediment
and pollutant transport (Keesstra et al. 2018; Kothyari et al. 2009; Västilä and
Järvelä 2018). New knowledge on vegetation-flow-sediment interactions helps
to implement NBS with reduced risks, good efficiency and in a sustainable manner. The hydraulics of vegetated flows have been investigated by many researchers, water managers and engineers because of the inherent complexity of hydrodynamics and sediment transport (Aberle and Järvelä 2015; Nepf 2012a). The
truly interdisciplinary approach of hydraulics, ecology and hydrodynamics reveals numerous unanswered questions, mostly related to the relationship between water flow, sediment, vegetation, nutrients, and pollutants in the hydroenvironment (Rowiński et al. 2022).
Many research and engineering purposes require reliable estimates of the drag
forces and flow resistance of the vegetation, such as in aerodynamic studies
(Bekkers et al. 2022; Tanaka et al. 2011). Drag studies with rigid cylinders have
led to advances in the modeling of flows within and above vegetation (Huthoff
et al. 2007; Kim et al. 2018; Luhar and Nepf 2013; Nepf 2012a, 1999; Nepf and
Ghisalberti 2008). However, accurate description of the hydraulic resistance remains a challenge. This particularly for vegetated flows with flexible riparian
vegetation because of the hydraulic effects of density and reconfiguration (i.e.,
flexibility such as bending and streamlining of the different plant parts including foliage and stems) (Aberle and Järvelä 2013; Abu-Aly et al. 2014a; Jalonen
and Järvelä 2014). For complex shaped flexible woody vegetation, idealized or
rigid cylinder-based simplifications are inadequate, as vegetation and its foliage
reconfigures under flow (Aberle and Järvelä 2013; Flora et al. 2021; Jalonen and
Järvelä 2014; Marjoribanks and Paul 2021; Västilä et al. 2013). Vegetation mixtures, effects of seasonality such as growth and shedding of leaves and flow-vegetation-sediment interaction under partly vegetated conditions remain less researched despite the recent advances (Caroppi et al. 2019, 2020; Jalonen 2015;
Jalonen and Järvelä 2014; Västilä and Järvelä 2014).
The channel flow resistance is a product of multiple factors including the 1)
bed roughness, 2) variations in channel geometery, 3) obstructions, 4) meandering of the channel and 5) vegetation (Chow 1959; Cowan 1956; Yen 2002).
Vegetation is a key factor in determining flow resistance and water levels in rivers and on floodplains. The vegetative drag forces increase the flow resistance,
thus decreasing mean flow velocities and raising water levels (Aberle and
Järvelä 2013; Nepf 2012b; Nikora et al. 2008). The vegetative resistance of flexible vegetation is dependent on the relative submergence H/hc where H is the
2

waterdepth and hc the characteristic vegetation height and is considered a key
property in vegetated flows (Aberle and Järvelä 2015; Nepf 2012a). Emergent
vegetation with H/hc < 1 protrudes through the water surface while submerged
vegetation with H/hc > 1 remains completely below the surface. Existing
knowledge on the behavior of flow resistance should be extended to a wide range
of mean flow velocities, vegetation densities and relative submergences, H/hc.
Most of the current research is focused on the intermediate vegetation densities
and velocity ranges (Huai et al. 2014; Rubol et al. 2018; Wang and Zhang 2019).
For instance, parameterizations developed for woody vegetation have been validated only at a limited range of vegetation densities and at emergent (i.e. major
plant parts above the water surface) or just (i.e. plant tips and some leaves sticking out of the water surface) and submerged conditions (i.e., all plant parts well
below the water surface) (Västilä and Järvelä 2014, 2018). The flow resistance
is among many other factors dependent on the resistance caused by irregularity
of the channel bed such as river bed forms (Julien et al. 2002; Rijn 1984;
Warmink et al. 2013). Morphological changes in the cross-section or channel
reach may cause large deviations in the roughness due to variations in depth or
cross-sectional area (Julien et al. 2002) as well as due to changes in hydraulic
roughness of the channel surfaces (Abu-Aly et al. 2014b; Al-Asadi and Duan
2017). Model predictions on river flows in both hydrologic and hydraulic contexts need to reliably reflect changes in the environment such as riverbed forms
and vegetation growth due to altered flow regimes, changes in climatic conditions, and increased sediment and nutrient loads. Improvements on existing
model descriptions of natural floodplain vegetation are necessary to improve
predictions of existing hydraulic models because large uncertainties remain
(Dalledonne et al. 2019; Shields et al. 2017; Wang and Zhang 2019). This requires additional high-quality experimental data which allow the investigation
of conditions not adequately researched before but relevant for natural vegetated floodplains, such as low velocity flows and high vegetation density at the
range of low relative submergence, H/hc ≈ 1–3. For example, Nepf (2012b) distinguishes three hydraulic regimes with differing vegetation densities. The
boundary layer analogy applies to very sparse plant stands with the drag–area
parameter CDaH<<0.1, while the mixing layer analogy applies to transitional
(~0.1<CDaH<~0.23) and dense (CDaH>~0.23) stands.
Leaf area index (LAI – i.e., total one-sided leaf area per bed area) is increasingly used as a measure for vegetation density in flow resistance estimates
(Mewis 2021; Västilä and Järvelä 2018; Wang and Zhang 2019). In this thesis,
LAI is the main parameter used, and is applied in a broad range of models in
earth sciences though not yet fully exploited in fluvial hydrologic and hydraulic
analyses (Aberle and Järvelä 2013; Jalonen et al. 2013). LAI relates to the Normalised Vegetation Index (NDVI), as many remote sensing products such as laser scanning, satellite imagery and drone-based structure from motion SfM
techniques are developed to obtain estimates of NDVI or LAI (Boothroyd et al.
2021b; Prior et al. 2021). LAI-based parameterizations have been implemented
in hydraulic models, but further validation is required when applied to real rivers (Dalledonne et al., 2019; Folke et al. 2019b; Kiczko et al., 2020; Politti 2017;
3

Wang and Zhang, 2019). LAI-based models of vegetative flow resistance have
been developed and validated only under a limited range of conditions, and
most LAI-based models are not yet readily available for end-users. There are
needs to improve existing LAI-based models and both their and provides guidance on their use. Particular attention should be directed to conditions of low
relative submergences. The relative easiness, low estimation costs, and suitability of LAI in describing vegetation density endorse its use in comparison to
many other approaches. For example, other approaches may require estimates
of spatial stem density, which is based on extensive manual counting techniques
or rough estimates of environmental factors such as location or growth stage.
The presence of vegetation on the floodplain in a compound (two-stage) channel (as illustrated in Figure 1) generally increases the streamwise flow velocity
in the main channel and decreases the velocity on the floodplain (Caroppi et al.
2019, 2020; Yang and Lee 2007). As a result, floodplain vegetation increases
the apparent shear stress and the turbulence intensity relative to the cross-sectional mean flow velocity at the interface region (Figure 1). Vegetation notably
influences the bed shear stress as well as the near-bed velocity and turbulence
within the plant stands (Ortiz et al. 2013; Yang and Lee 2007). Vegetation decreases the near-bed turbulence and boundary shear stress on the floodplain,
but increases the shear stress at the interface and in the main channel (Caroppi
et al. 2019, 2020; McBride et al. 2007). It is well known that the flow velocity,
turbulence and shear stress control energy, momentum, transport, mixing and
deposition of various solid and dissolved compounds (e.g., sediments, plastics,
nutrients, pollutants and dissolved organic carbon) (Caroppi et al. 2019;
Ghisalberti and Nepf 2005; White and Nepf 2008). Investigations with sparse
(CDaH < 0.1) and dense vegetation (CDaH > 0.23) indicate that turbulence can
also be predicted from the CDa parameter for flexible aquatic plants
(Sukhodolova and Sukhodolov 2012). This motivates collecting data on CDaH
and the associated net erosion and deposition in vegetated channels. The
transport theory of Luhar et al. (2008) and Nepf (2012a) allow testing of suspended sediment transport and net deposition patterns for natural vegetation.
Vegetation-induced effects on sediment transport processes modify the morphodynamics and morphology of channels at different spatial scales
(Camporeale et al. 2013; Curran and Hession 2013). Vegetation traps sediments
and affects the spatial patterns of deposition, transport and erosion (Huai et al.
2019; Manners et al. 2015; Västilä and Järvelä 2018). Fine sandy sediments are
transported as bed load and in suspension depending on the flow conditions
and structure of the vegetation (Hu et al. 2010a). The bed-load component can
be quantified by using, for example, bed-load trappers, bed-load samplers, or
image-based particle tracking methods (Gaudet et al. 1994; Yager and
Schmeeckle 2013). The amount and timing of fine sediment transport could potentially be managed by making use of the controls of vegetation (Västilä and
Järvelä 2018). Current knowledge on sediment transport and deposition in vegetated settings remains limited due to the inherent complexity. Commonly, theory and equations based on bare bed conditions are being applied to vegetated
settings while ignoring vegetation-flow-sediment interactions, which can lead
4

to erroneous estimates of suspended sediment concentration, SSC profiles,
transport and net deposition (Vargas-Luna et al. 2015). Few example studies
exist of modeling vegetated flow settings where sediment transport and flowvegetation-sediment interactions, including morphological evolution have been
incorporated. For example, Fischer-Antze (2008) performed CFD modelling of
morphological bed changes of a river with both bed froms and vegetation. Armanini and Cavedon (2019) adapted the probabilistic sediment transport model
to account for changes in the flow field by vegetation. This was done by redefining the dimensionless flow intensity parameter, Ψ, and sediment transport rate,
qs*, so that they are a function of the vegetation characteristics instead of modifying the bed-load transport formula. Despite these advantages, the predictions
on SSC profiles, sediment transport and net deposition in vegetated settings require further improvements by incorporating flow-vegetation-sediment interactions and processes.

1.2

Motivation

The main motivation for this thesis was the need to improve the current
knowledge and approaches to predict vegetative flow resistance for flexible
woody vegetation. Scientific progress is hindered by inadequate description of
the behaviour of flow resistance and flow-vegetation-sediment interactions. Detailed description is needed to accurately predict flow resistance and sediment
transport. Further investigations require novel experiments with mixtures of
natural-like floodplain vegetation. Existing models to predict vegetative flow resistance remain prone to uncertainties and require improvements, testing and
implementation in existing hydrodynamic models. For example, Vagras-Luna
et al. (2015) reported higher errors for woody vegetation than for other types.
The main goal is to develop approaches for reliable estimating of the vegetive
flow resistance and associated water levels, flood risks and flow velocities. This
requires the development of experimental designs and data collection on vegetation-flow interactions. Current knowledge on flow resistance is limited to rigid
and aquatic vegetation under low flow velocities at emergent or just-submerged
conditions. There is also a need for more advanced understanding of sediment
transport and net deposition processes in vegetated channel settings. Currently,
many approaches originally developed for unvegetated channels are applied to
vegetated settings, but these are considered inadequate and lead to biases in
model parameterisations when models are applied outside their developed conditions. The thesis therefore provides new insights and guidance on the use of
existing approaches to estimate flow resistance and sediment transport for improved accuracy.

1.3

Objectives

The aim of this thesis is to investigate the flow resistance and flow-sediment
interactions for flexible mixtures of floodplain vegetation at emergent and submerged conditions.
5

The objectives are:
1) To quantify vegetative drag of mixtures of flexible floodplain vegetation
and understory grasses, and to evaluate existing resistance equations
outside of their originally developed domains of density and mean flow
velocity (Paper I).
2) To develop LAI-based flow resistance models suitable for emergent to
submerged flexible vegetation, and to collect a dataset for testing the
models and provide guidance on their use (Paper I, II).
3) To advance knowledge on transport and net deposition of non-cohesive
fine sediments in partly vegetated channels, and to explore the effects of
seasonal variability of plant properties on vegetation-sediment interactions (Paper III).
To address these questions, experimental flume research and new developments of models to predict flow resistance and sediment transport were conducted in three peer-reviewed papers.

1.4

Scope and context

This thesis focuses on the resistance and flow-vegetation-sediment interactions
of mixtures of floodplain vegetation with flexible woody plants and an herbaceous understory. The scope and limitations considered in this thesis are described and justified below.
Natural floodplain vegetation is subject to growth, and seasonal changes affect
the vegetation properties such as flexibility, geometry and stem-to-leaf areas
(Caroppi et al. 2022; Jalonen and Järvelä 2014; Tinoco et al. 2020). The annual
and seasonal variability is addressed by direct comparisons between leafless and
foliated conditions (Paper III) and by considering a wide range of vegetation
densities, ranging from sparse to dense vegetation (one-sided leaf area per unit
volume, al = 5–70 cm-1 and LAI = 1–5). Higher densities (LAI > 5) were not
investigated during the experiments of this thesis as they are rare for natural
floodplain conditions. Floodplain flows are subject to a wide range of flow conditions depending on catchment size, climate and local hydrology, which cause
a wide variety of water depths and mean flow velocities. In this thesis, mean flow
velocities are investigated from the range of 0.05 to 1.2 m/s, which is typically
observed for lowland river, stream, and floodplain flows (Stern et al. 2001).
In natural river and floodplain settings, floodplain vegetation is either emergent (i.e., normal flow conditions) or submerged (i.e., flood conditions). This
thesis particularly investigates the low relative submergences (H/hd ≈ 1-3,
where hd is the deflected vegetation height), whereas emergent and deeply submerged conditions have been previously addressed in more detail (Dalledonne
et al. 2019; Jalonen and Järvelä 2014). The range of low relative submergence
is the most relevant for flow resistance estimates, but also the most complex due
to the structure of the vegetation, reconfiguration, and formation of a shear
layer on top of the vegetation layer (Caroppi et al. 2021; Ghisalberti 2002;
Ghisalberti and Nepf 2006, 2004).
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Vegetative drag and flow resistance are considered at different spatial scales
(Aberle and Järvelä 2015; Luhar and Nepf 2013; Nepf 2012b; Nikora et al.
2012), ranging from the leaf scale (Albayrak et al. 2012; Vogel 1989) to foliage
(Wilson et al. 2008; Xavier 2009), plant (e.g., Vollsinger et al. 2005; Butler et
al. 2012), patch(Siniscalchi and Nikora 2012; Sukhodolova and Sukhodolov
2012), stand (Järvelä 2002), and reach scales (Green 2006; Järvelä 2004;
Nikora et al. 2008). This thesis addresses the flow resistance from plant to reach
scales, while the underlying theory of drag forces acting on vegetation is used in
the derivation of the reach-scale LAI-based approaches. In this study, the investigations are conducted with fine sandy sediments with a uniform size distribution and shape. A wide variety of sediment types, sizes, shapes and densities
exists in nature associated with complex sediment transport mechanisms and
processes (Cotton et al. 2006).

1.5

Dissertation structure

This thesis summarises results from three articles and is structured to five sections: Section 1 introduces the thesis topic and identifies the research gaps. Section 2 lays out the methods and theoretical background. Section 3 summarises
the key results from the articles and conference contributions. Section 4 discusses the new insights from a wider viewpoint and their practical applicability.
Section 5 summarises the research and synthesises the conclusions. Figure 2
shows the main measurements, analyses and modeling conducted in this thesis
and the appended Papers I–III. Box et al. (2020) provided the grounds and
methodology (drag and water surface slope measurements) for papers I and II.
The flume setup and investigation part of Paper III led to additional analyses on
sediment transport published in Box et al. (2019b).

Topi c

Veget at i ve
drag
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res i s t an c e
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Sedi m en t Tran s port
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with drag force
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sensors

An al ys es

Determination
of drag and
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parameters

Computations
of DarcyWeissbach
friction factors
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profiles, transport
and net deposition

O u t c om es
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modelling and
drag force
estimates

LAI based
modelling
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(2020)

I

II
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Box et al.,
(2019)

Figure 2. The methodology adopted in this thesis. Topic, main measurements, analyses, associated outcomes, and publications are outlined.
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2. Methods

This section contains a summary of the theoretical background on flow resistance of flexible woody vegetation (Section 2.1) and sediment transport in
vegetated areas (Section 2.2). Research developments of the past and present
are summarised, and the status of existing knowledge is elaborated.

2.1
2.1.1

Vegetative flow resistance
Vegetative drag and flow resistance

Flow resistance of flexible woody plants and floodplain vegetation is often estimated through the Chezy coefficient C, Manning’s n, or Darcy-Weisbach friction
factor f estimates. The Chezy approach is based on the relationship of flow resistance for vegetated streams (Chow 1959; Rouse 1980). Literature values of
Manning’s n are not easily transferable to hydraulic models, as different processes contribute to the Manning’s n value depending on the spatial dimension
of the models (Horritt and Bates 2002). The Manning’s n and Chezy C are dimensional, whereas the Darcy-Weisbach friction factor f is dimensionless.
Therefore, f is preferred in many studies (Fathi-Maghadam and Kouwen 1997;
Järvelä 2004).
Total flow resistance is commonly considered as a sum of multiple factors such
as the bed roughness, the irregularity of the channel bed, the change in shape
and size of the cross-section, obstructions, the meandering of the channel, and
the vegetation. Kouwen and Unny (1973) showed that resistance is a function of
the relative roughness, defined as the ratio of the flow depth to deflected plant
height, H/hd. Kouwen and Li (1981) later developed a grass roughness equation
that explicitly incorporated grass biomechanical properties such as flexibility,
elasticity and grass deflection in relation to the drag force. Drag studies with
rigid cylinders led to improvements in modeling of the effects of rigid cylindrical
vegetation on mean flow, sediment transport, erosion and deposition processes
(Kim et al. 2018; Luhar and Nepf 2013; Marjoribanks et al. 2014; Nepf and
Ghisalberti 2008). For a stand of rigid cylinders characterized by a complex
wake flow structure, the bulk drag coefficient is also affected by the spacing
(Kothyari et al. 2009; Tanino and Nepf 2008) and the pattern of the elements
(Dittrich et al. 2012; Schoneboom et al. 2011). Complex branched plants are expected to reduce the influence of the spacing effects compared to cylinders, particularly when considering bulk flow resistance at reach scale (Caroppi et al.
2019). However, the spacing may be important also for natural cases depending
8

on the type of analyses (turbulence, sediment transport processes, spatial and
temporal scales) (Caroppi and Järvelä 2022).
Several approaches to predict flow resistance of woody vegetation have been
developed to account for vegetation structure and flexibility considering many
types of vegetation such as grasses, woody plants and bushes (Järvelä 2004;
Shields et al. 2017; Vargas-Luna et al. 2015; Västilä and Järvelä 2018). The interaction between flow and reconfiguration of flexible woody vegetation was described and introduced by Vogel (1994) and further studied by Langre (2008),
but often neglected in flow resistance predictions until recently. The frontal projected area, AP was used to describe the density of the vegetation which is typically used in conventional drag equations (Jalonen et al. 2015; Kalloe et al.
2022; Västilä et al. 2013; Västilä and Järvelä 2014). AP was obtained from combined measurements of the frontal stem and one-sided leaf areas of the plants
used in the experiments at zero flow conditions. AP is reduced as the flow velocity increases because the leaves and leaf clusters obtain a more streamlined orientation to the main flow direction (Vogel 1989; Vollsinger et al. 2005). AP is
further reduced as the main stem and branches bend into the main flow direction (Stone et al. 2013; Xavier 2009). The reconfiguration typically reduces the
drag forces (Vogel 1994), which is important for preventing potential damage
on plants, and further reduces the flow resistance by the vegetation (Paper I).
Järvelä (2004) used LAI to account for the density of the foliated woody vegetation, while the species-specific drag and reconfiguration coefficients were introduced into the equation to account for the drag under different mean flow
velocities. Västilä et al. (2018) divided the resistance of flexible woody vegetation into roughness by the stems and leaves, which allows to predict the flow
resistances for both leafless and foliated conditions. However, studies focusing
on the patch to reach scales with a combination of vegetation species (e.g., herbaceous, and woody foliated plants) remain rare.
2.1.2

Drag forces of flexible woody plants

The drag force equation expresses the total drag exerted on an object as 𝐹𝐹𝐷𝐷 =
0.5𝜌𝜌𝐴𝐴𝐶𝐶 𝐶𝐶𝐷𝐷 𝑢𝑢𝑚𝑚 2, where CD is the drag coefficient, ρ the fluid density, AC is the characteristic reference area, and um the mean flow velocity (Chow 1959). Commonly, the frontal projected plant area Ap perpendicular to the flow is used as
the reference area. For rigid cylinders and plants such as reeds, the drag force is
proportional to the mean velocity squared for constant water depth and the drag
coefficient (Jalonen et al. 2015). For flexible foliated plants, the FD-um relationship is closer to a linear than quadratic relationship (Fathi-Maghadam and
Kouwen 1997; Järvelä 2004; Schoneboom et al. 2011). However, the frontal projected plant area under flowing water depends on the flexural rigidity of the
main stem, branches and leaves, as well as in-situ estimates are difficult due to
measurement and visibility constraints (Dittrich et al. 2012; Siniscalchi and
Nikora 2012). To account for the non-quadratic relationship with the velocity as
a result of plant streamlining and reconfiguration (Langre 2008; Vogel 1994),
the equation for the total drag force on the plant, Ftot can be modified to:
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𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡 = 0.5𝜌𝜌𝐴𝐴𝐶𝐶 𝐶𝐶𝐷𝐷𝐷𝐷 𝑢𝑢𝑚𝑚 2+𝜒𝜒

1

where CDχ is a species-specific drag coefficient and χ the reconfiguration parameter (Jalonen et al. 2013; Jalonen and Järvelä 2014; Västilä et al. 2013). Ftot
scales with the velocity as 𝑢𝑢𝑚𝑚 2+𝜒𝜒 with the reconfiguration parameter χ describing the relationship between the drag force and flow velocity and typically varying between -0.2 and -1.2 (Jalonen and Järvelä, 2014; Västilä and Järvelä,
2014). The drag force on the stem FS and the foliage FF can be computed as
(Västilä and Järvelä 2014, 2018):
𝑢𝑢𝑚𝑚
1
𝐹𝐹𝑆𝑆 = 𝜌𝜌𝐶𝐶𝐷𝐷𝐷𝐷,𝑆𝑆 �
�
𝑢𝑢𝜒𝜒,𝑆𝑆
2

𝜒𝜒,𝑆𝑆

𝑢𝑢𝑚𝑚
1
𝐹𝐹𝐹𝐹 = 𝜌𝜌𝐶𝐶𝐷𝐷𝐷𝐷,𝐹𝐹 �
�
𝑢𝑢𝜒𝜒,𝐹𝐹
2

𝜒𝜒,𝐹𝐹

𝐴𝐴𝑆𝑆 𝑢𝑢𝑚𝑚 2

2

𝐴𝐴𝐿𝐿 𝑢𝑢𝑚𝑚 2

3

where CD𝜒𝜒,S and CD𝜒𝜒,F are the drag coefficients of the stem and leaves, respectively, u𝜒𝜒,S and u𝜒𝜒,F are the reference velocities for the stem and foliage, respectively, AS is the frontal stem area and AL is the one-sided leaf area.
The total drag force Ftot of a single plant on a plant with leaves and stems or
mixtures of multiple plants and other vegetation becomes (Västilä and Järvelä
2014, 2018):
1
2

𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜌𝜌 �𝐶𝐶𝐷𝐷𝐷𝐷,𝐹𝐹 �
2.1.3

𝜒𝜒𝐹𝐹
𝑢𝑢𝑚𝑚
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Flow resistance of flexible woody vegetation

The vegetative friction factor of woody vegetation (f’’) can be derived from the
spatially averaged drag force per unit ground area as (Aberle and Järvelä 2013;
Jalonen and Järvelä 2014):
𝑓𝑓 ′′ = 8 𝐴𝐴

〈𝐹𝐹〉

5

𝐵𝐵 𝜌𝜌𝑢𝑢𝑚𝑚

where 〈𝐹𝐹〉 is the total force averaged over the vegetation, and and <> denotes
the spatial average, AB the is the bed area, ρ is the density of the water and um is
the mean flow velocity.
Järvelä (2004) quantified the resistance from the one-sided leaf area per
ground area AL/AB expressed as LAI, the species-specific CDχ, and the reconfiguration parameter χ. The approach by Järvelä (2004), referred to as JAR, was
developed for just submerged woody foliated vegetation with the DarcyWeisbach friction factor f”JAR defined as:
′′
𝑓𝑓JAR
= 4𝐶𝐶𝐷𝐷𝐷𝐷 LAI �

𝑢𝑢𝑚𝑚
�
𝑢𝑢𝜒𝜒

𝜒𝜒
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where uχ is the reference velocity for dimensional homogeneity defined as the
lowest flow velocity used in determining χ (usually uχ = 0.1–0.2 m/s).
Västilä and Järvelä (2014) modified the Järvelä (2004) approach to take into
account seasonal changes in foliage and the differences in flexibility between
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woody plant parts and leaves. The developed approach, referred to as VAS, is
applicable for emergent and just-submerged woody vegetation. The total vegetative friction f’’VAS by woody vegetation is often expressed as a sum of the friction due to the foliage and stem, following the linear superposition principle
(Yen 2002) as 𝑓𝑓 ′′ = 𝑓𝑓𝐹𝐹′′ + 𝑓𝑓𝑆𝑆′′ :
′′
𝑓𝑓VAS
=

4
�𝐴𝐴𝐿𝐿 𝐶𝐶𝐷𝐷𝐷𝐷,𝐹𝐹
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𝜒𝜒𝐹𝐹
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�
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+ 𝐴𝐴𝑆𝑆 𝐶𝐶𝐷𝐷𝐷𝐷,𝑆𝑆 �

𝜒𝜒𝑆𝑆
𝑢𝑢𝑚𝑚
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𝑢𝑢𝜒𝜒,𝑆𝑆
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where AL is the one-sided leaf area, AS is the frontal stem area, and AB is the
corresponding bed area. The subscript F denotes the foliage and S refers to the
stem – i.e., the branches and the trunk.
Linear superposition of the resistance from different factors fi is common (e.g.,
Aberle and Järvelä 2013; Västilä and Järvelä 2014). The linear superposition
approach was first introduced for bed roughness by Meyer-Peter and Muller
(1948) and Einstein (1951). Based on the momentum concept it is assumed that
the shear from the bed, the reference plane-bed shear and additional bed shear
can be separated linearly. However, in the linear superposition approach, caution must be taken if there are more than one resistance factors to be added to
the reference f. Values of fi are determined by separating each fi individually
from the reference without considering the effects of other factors. Since the relationship among the various factors is nonlinear, a linear combination using fi
values usually overestimates the combined value of f (Yen 2002).
2.1.4

Simplified rigid cylinder model approach

The original Baptist equations (Baptist et al. 2007) predict the vegetative resistance of woody vegetation at the reach scale of emergent and just submerged
conditions as:
𝑓𝑓BAP =

8𝑔𝑔

2
𝐶𝐶 𝑚𝑚𝑚𝑚ℎ −0.5
� 2 +� 𝐷𝐷 2𝑔𝑔 𝑣𝑣 �
�
𝐶𝐶𝑏𝑏
1

, for H ≤ hv
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where m is the number of cylinders per bed area, D is the cylinder diameter,
hv is theundeflected vegetation height or cylinder height, Cb the bed friction, and
𝑓𝑓 = 8𝑔𝑔/𝐶𝐶 2 accounts for the conversion of Chezy to Darcy-Weisbach friction factor. The method by Baptist (2007), which was originally developed for rigid cylinder analogy, can be modified for flexible foliated vegetation substituting the
CDamD term with CDχ LAI (Paper I). The drag-density term mDhv is converted
to LAI with the assumption 𝑚𝑚𝑚𝑚ℎ𝑣𝑣 = 𝐷𝐷ℎ𝑣𝑣 /∆2 = LAI, where Dhv is the one-sided
area of a cylinder and ∆ is the bed surface area. It is assumed that LAI increases
linearly with the vegetation height. In earlier studies, LAI has been multiplied
with ½ (Paper I) (Dalledonne et al. 2019; Niewerth et al. 2019), based on assumptions made in the literature (Raupach 1991, 1994; Shields et al. 2017).
These earlier relationships assume that leaves and stems are isotropically oriented, whereas such assumption is not necessary in the new equations (Paper
II), and thus the one-sided LAI definition is used directly without any multiplier.
Usually, it can be assumed that canopies have a uniform distribution of LAI over
11

the height of vegetation (Kouwen and Fathi-Moghadam 2000), although an adjustment accounting for possible nonlinearity in the relationship may be necessary for certain vegetation types. For mixtures of flexible vegetation as used in
this thesis, total LAI is estimated without multiplication of ½ (Paper II).
The density of the vegetation and its spatial variability, the ratio of foliage area
in comparison to the stem area AL/AS, seasonal changes (e.g., in density, geometry, flexibility), rigidity and reconfiguration under flow have significant impacts on drag force (Aberle and Järvelä 2013; Västilä 2015). The plant area is
often assumed to be uniformly distributed over the height in predictions of the
drag force and flow resistance (Aberle and Järvelä 2013). The vertical distribution of woody vegetation differs considerably from a uniform distribution
(Weissteiner et al. 2015), causing the flow to accelerate in the zones of lower
plant area (Jalonen et al. 2013).
2.1.5

LAI-based modeling at emergent and submerged conditions

In this thesis, the approach to account for the effects of relative submergence on
the total flow resistance, first introduced by Baptist (2007) (BAPmod-LAI), has
been applied to the LAI-based approaches by Järvelä (2004) (JAR) and Västilä
and Järvelä (2018) (VAS) (Paper II). The three selected approaches (BAPmodLAI, JAR and VAS) are outlined below.
The BAPmod-LAI approach can be used for relatively stiff woody vegetation
only, and it is not reliable at emergent and low-submergence conditions (H/hc
≤ ~1.5). The JAR and VAS approaches can be used for both emergent and submerged conditions with velocity-dependent reconfiguration (bending and
streamlining of vegetation) explicitly addressed. The JAR approach deals with
bulk vegetative flow resistance with leaves and stems lumped together. The VAS
approach is preferable for vegetation with stems forming a significant part of
the flow resistance, i.e., when the leaf-area-to-stem-area ratio is low
(AL/AS<20). The VAS approach is also preferred in analyses of seasonal or annual variability in AL/AS due to growth and shedding of leaves, and it can also
be applied under leafless conditions, as the woody parts are explicitly considered. In comparison to VAS, the JAR approach is easier to apply, as it requires
fewer parameters and does not need separate information on the stem parameters.
BAPmod-LAI. The modified Baptist equation (Baptist et al. 2007) (Paper I)
predicts the vegetative resistance of woody vegetation at the reach scale of emergent and just submerged conditions (Eq. 9). The drag-density parameter, CDmD
and the undeflected height, hv used in rigid cylinder analogy (Eq. 8) was substituted with LAI and the characteristic vegetation height, hc. Preferably for hc the
deflected vegetation height, hd is used. The Darcy-Weisbach friction factor, fBAPmodLAI can be predicted by the modified Baptist equation for emergent and justsubmerged vegetation as:
𝑓𝑓BAP−modLAI =

��
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+
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where H is the water depth, hc is the characteristic vegetation height, g is the
gravitational acceleration, and CD is the drag coefficient, according to the rigid
cylinder analogy. The CD value ranges between 0.5 and 1.5 in the literature
(Baptist 2005; Baptist et al. 2007; Wang and Zhang 2019). Usually, CD = 1 for
rigid cylinders. A logarithmic term �𝑔𝑔/𝜅𝜅 ln(𝐻𝐻/ℎ𝑐𝑐 ) is incorporated into the equations for submerged conditions to account for the effects of relative submergence on the total flow resistance (Eq. 10). In this thesis, the Von Kármán scaling
factor α was introduced (Paper II) in the logarithmic term to account for the
effects of deviation from a logarithmic velocity profile within and above the vegetation. The von Kármán scaling factor α is ~1.5 for woody foliated flexible vegetation (Paper II) and is expected to vary for different types of vegetation mixtures and flow conditions. The Darcy-Weisbach friction factor, fBAP-modLAI for
submerged vegetation can be written as:
𝑓𝑓BAP−modLAI =

8𝑔𝑔

𝐶𝐶 LAI −0.5 �𝑔𝑔
𝐻𝐻
+ ln� ��
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𝛼𝛼𝛼𝛼
ℎ𝑐𝑐
𝐶𝐶𝑏𝑏
1

, for H > hc
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where κ is the von Kármán constant (κ = 0.4) and α is the von Kármán scaling
factor (Paper II). Using the deflected height, hd, in Eq. 10 improved the predictions, because it corrected for the effects of vegetation deflection on the velocity
profile and flow resistance (Paper II).
JAR. For the JAR approach, the vegetative resistance of foliated woody vegetation at the reach scale of emergent and just-submerged conditions is written
as:
𝑓𝑓JAR =

8𝑔𝑔

𝜒𝜒

−0.5 2

𝑢𝑢
𝐻𝐻
⎡
𝐶𝐶𝐷𝐷𝐷𝐷 LAI� 𝑐𝑐 � � �
𝑢𝑢𝜒𝜒
ℎ𝑐𝑐
⎢⎛ 1
⎞
+
⎢ 𝐶𝐶 2
2𝑔𝑔
⎢ 𝑏𝑏
⎠
⎣⎝

⎤
⎥
⎥
⎥
⎦

, for H ≤ hc

11

where CD𝜒𝜒 is the drag parameter, 𝜒𝜒 is the reconfiguration parameter, uc is the
mean flow velocity, and u𝜒𝜒 is the reference velocity. Incorporating the logarith𝑔𝑔

𝐻𝐻
ℎ𝑣𝑣

mic term √ ln � � and the von Kármán scaling factor a in Eq. 11 to account for
𝜅𝜅
the effects of relative submergence on the total flow resistance results in:
𝑓𝑓JAR =
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VAS. VAS provides means to estimate the resistance accounting for the drag
exerted by both the foliage and stems. The vegetative resistance of foliated
woody vegetation at the reach scale of emergent and just submerged conditions
is:
𝑓𝑓VAS =

𝑢𝑢𝐶𝐶
⎡
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where AS is the frontal stem area, CD𝜒𝜒,F and CD𝜒𝜒,S are the foliage and stem drag
parameters respectively, 𝜒𝜒,F and 𝜒𝜒,S are the foliage and stem reconfiguration parameters, and u𝜒𝜒,F and u𝜒𝜒,S are the reference velocities. Incorporating the loga𝑔𝑔

𝐻𝐻
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rithmic term √ ln � � into Eq. 13 to account for the effects of relative submerg𝛼𝛼𝛼𝛼
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⎠
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For JAR and VAS, an iterative approach is needed to determine uc accurately,
as CDa changes due to reconfiguration and therefore uc changes (Paper II, Section 2.4.3). The vegetative drag-area density parameter, CDahc can be computed
when the drag and reconfiguration parameters and LAI are known from Västilä
and Järvelä (2018):
𝐶𝐶𝐷𝐷 𝑎𝑎ℎ𝑐𝑐 = 𝐶𝐶𝐷𝐷𝐷𝐷 �

𝑢𝑢𝑐𝑐
�
𝑢𝑢𝜒𝜒

𝜒𝜒
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LAI

When the information about both the leaf area and the stem area is available,
CDahc can be computed as:
𝑢𝑢

𝐶𝐶𝐷𝐷 𝑎𝑎ℎ𝑐𝑐 = 𝐶𝐶𝐷𝐷𝐷𝐷,𝐹𝐹 �𝑢𝑢 𝑐𝑐 �
𝜒𝜒,𝐹𝐹

2.2
2.2.1

𝜒𝜒𝐹𝐹

𝐴𝐴𝐿𝐿
𝐴𝐴𝐵𝐵

𝑢𝑢

+ 𝐶𝐶𝐷𝐷𝐷𝐷,𝑆𝑆 �𝑢𝑢 𝑐𝑐 �
𝜒𝜒,𝑆𝑆

𝜒𝜒𝑆𝑆

𝐴𝐴𝑆𝑆
𝐴𝐴𝐵𝐵
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Sediment transport and deposition in vegetated flows
Sediment transport and net deposition

Vegetation significantly affects the rate of transport of fine sediment in vegetated open channels (Plew et al. 2008; Västilä and Järvelä 2018; Wu and He
2009). Many formulae have been designed for the assessment of sediment
transport capacity in non-vegetated streams (Engelund and Hansen 1967;
Meyer-Peter and Müller 1948; Rijn 1984), but only a few formulae have been
derived for vegetated channels. Their use is often limited to a certain flow regime, vegetation characteristics, or relative submergence (Ishikawa et al. 2003;
Jordanova and James 2003; Kothyari et al. 2009; Lopez and Garcia 1998). It is
not clear how well transport formulas based on mean bed shear stress perform
for vegetated flows, where turbulence is not related to the bed shear stress but
rather to the vegetative drag (Paper III) Bonilla-Porras et al. 2021; Xu and Nepf
2021). Yager and Schmeeckle (2013) measured bed load transport of fine sediments in a setting with emergent plants, and showed that the transport of fine
sediments is affected not only by the vegetation density and properties but also
by the way how the presence of vegetation alters the flow conditions. The presence of vegetation decreases the local sediment transport rates substantially
(Ishikawa et al. 2003; Prosser et al. 1995) (Paper III). This reduction is associated with a decrease of flow velocity and shear stress at the bed, due to a local
increase of the hydraulic resistance (Bennet et al. 2008) and the momentum
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absorbed by dense vegetation. This results in decreased turbulence and sediment entrainment (Lopez and Garcia 1998; Neary et al. 2012; White and Nepf
2008). Though the velocity of mean flow is likely to be reduced with an increase
in vegetation density, turbulence intensities may remain equal or increase
(Luhar et al. 2008; Plew et al. 2008). The contribution of dispersive fluxes to
momentum transport decreases with stronger reconfiguration of the vegetation
(Caroppi and Järvelä 2022). Caroppi and Järvelä (2022) found that the relative
importance of dispersive momentum fluxes was high in the canopy bottom region where both Reynolds and dispersive stresses were small. The rate of sediment exchange may significantly decrease within the vegetation in the streamwise direction while the rate increases in the lateral direction due to increased
turbulence and Reynolds stresses (Folkard 2005; Zong and Nepf 2010). Lateral
transport of suspended sediment is generally driven by mechanical dispersion,
turbulent diffusion, and molecular diffusion in the absence of lateral advection
(Nepf 2012a; White and Nepf 2007; Zong and Nepf 2010). Molecular diffusion
can be neglected in conditions with a strong shear layer, where mixing by mechanical dispersion and turbulent diffusion dominates. In partly vegetated flows
with a strong shear layer, lateral mixing depends on the magnitude, size, and
frequency of the horizontal moving vortices (White and Nepf 2007).
2.2.2

Bed load and suspended transport

Vegetation reduces bed load transport by decreasing the bed shear stress depending on its distribution, type and density (James et al. 2004; Jordanova and
James 2003). Until this day, it is common that sediment transport formulas developed for unvegetated flows are applied to vegetated flows by determining the
mean bed shear stress from the vegetative and total stresses (Armanini and
Cavedon 2019; Garcia 2008; Hu et al. 2010b). The mean bed shear stress has
been found to control the bed-load transport within emergent rigid cylindrical
stems (Jordanova and James 2003; Kothyari et al. 2009). Einstein (1951) introduced the dimensionless bed-load transport formula:
𝑞𝑞𝑠𝑠∗ = 𝜌𝜌

𝑞𝑞𝑠𝑠

𝑠𝑠 𝑤𝑤0 𝑑𝑑𝑠𝑠
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where qs* is the bed-load transport, 𝜌𝜌s, is the grain density, w0 is the fall velocity,
and ds is the grain size. Many other empirical relationships exist to predict bed
load transport based on sediment parameters and flow characteristics, such as
the formulae by (Meyer-Peter and Müller 1948) and (Engelund and Hansen
1967). Van Rijn (1984) proposed an empirical relationship using dimensionless
particle diameter 𝐷𝐷∗ and transport stage parameter T. D* can be derived by eliminating the shear velocity from the particle mobility parameter and the particle
Reynold’s number. The T-parameter expresses the mobility of the particles in
terms of the stage movement relative to the critical stage for initiation of motion.
The unit bed load transport qs (in m2/s) for fine sand grains (particles in the
range of 0.2–2 mm) can be estimated by van Rijn (1984) as:
𝑞𝑞𝑠𝑠
0.053 𝑇𝑇 2.1
=
1.5
0.5
𝐷𝐷∗0.3
[𝑠𝑠 − 1𝑔𝑔] 𝑑𝑑50
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where 𝐷𝐷∗ is the dimensionless particle diameter, d50 is the median particle
size, and s is the specific density (𝜌𝜌s/𝜌𝜌).

For predictions of bed load in areas of emergent vegetation, Armanini and
Cavedon (2019) found it is not necessary to modify the existing transport formulae, but rather to extend the dimensionless sediment transport rate qs* and
flow intensity parameter Ψ, defined as:
𝑞𝑞𝑠𝑠∗ = 𝑑𝑑
Ψ=

𝑞𝑞𝑠𝑠
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50 �𝑔𝑔∆𝑑𝑑𝑝𝑝

𝑔𝑔∆𝑑𝑑𝑝𝑝

20

𝑢𝑢∗ 2

where dp is the median grain size, u* is the shear velocity (𝑢𝑢∗ = �𝜏𝜏∗ /𝜌𝜌) and τ*
is the reach-averaged bed shear stress. Generally, when the flow intensity Ψ increases, qs* increases as larger sized particles are transported.

In bare bed channels with a hydraulically smooth surface, the highest SSC occurs at the bed and is associated with bed-generated turbulence and bed-shear
stress (Xu and Nepf 2021). Turbulent diffusion carries the sediment upwards
until an equilibrium is reached between the upward diffusive flux and downward settling velocity. This equilibrium is described by the Rouse profile, which
has a maximum SSC at the bed (Rouse 1937; Xu and Nepf 2020, 2021). The
Rouse equation (Li et al. 2020; Rouse 1937) expresses the sediment concentration C as a function of depth z as:
𝐶𝐶
𝐶𝐶𝑎𝑎

= ��

𝑅𝑅𝑅𝑅
ℎ−𝑧𝑧
𝑧𝑧𝑎𝑎
� �ℎ−𝑧𝑧
��
𝑧𝑧
𝑎𝑎
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where Ca is the sediment concentration at the reference elevation za and Ro is
the Rouse number, defined as Ro = ws/κ𝑢𝑢∗ . For the upper region of the flow
depth z/h ≥ 0.5, van Rijn (1984) proposed a modified form of the Rouse equation:
𝐶𝐶
𝐶𝐶𝑎𝑎

= ��

𝑅𝑅𝑅𝑅
ℎ−𝑧𝑧
𝑧𝑧𝑎𝑎
𝑧𝑧
� �ℎ−𝑧𝑧
�� exp �−4𝑅𝑅𝑅𝑅 �ℎ
𝑧𝑧
𝑎𝑎

− 0.5��
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In the presence of flexible vegetation, the vertical profiles are strongly altered,
and Eqs. (22–25) are considered unsuitable (Paper III) (Hu et al. 2010b). Xu
and Nepf (2020, 2021) presented how the concentration profiles can be based
on the vegetation and turbulence characteristics of the flow.
2.2.3

Deposition and resuspension

Deposition of fine sediment within and near vegetated areas is dependent on
sediment supply, flow, and vegetation characteristics. Deposition is limited by
both lateral and longitudinal supply (Sharpe and James 2006; Zong and Nepf
2011) (Paper III). In densely vegetated areas such as wide floodplains, longitudinal advection is the main control of sediment supply. Deposition reduces the
suspended sediment concentration (SSC,) in the downstream direction as the
distance from the suspended sediment (SS) replenishment point increases
(Zong and Nepf 2011). SS is supplied via longitudinal advection parallel to the
main flow direction (Zong and Nepf 2010, 2011), vertical diffusion from the
overflow (Luhar et al. 2008; White and Nepf 2007), lateral turbulent diffusion
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normal to the main flow direction (Sharpe and James 2006), and via lateral advection (Asselman and Van Wijngaarden 2002). The interactions between vegetated areas and the adjacent main channel (Figure 1) largely affect the flow
structure and influence the lateral exchange of mass and momentum across the
lateral interface (Meftah et al. 2014; Rowinski et al. 2018; White and Nepf
2008). The lateral exchange controls the efficiency of cross-sectional mixing
(Box et al. 2019; White and Nepf 2008) (Paper III), governing the fate of sediments and pollutants.
Deposition in dense patches of vegetation and plant stands starts to occur
shortly downstream of the leading edge, and is at its highest at the end of the
diverging flow region where the flow within the stand is fully developed (Bouma
et al. 2007; Zong and Nepf 2010). Deposition can continue some distance downstream depending on the flow conditions and the density of the vegetated patch
(Bennet et al. 2008; Bouma et al. 2007; Kim et al. 2018). This happens particularly when the vegetation is emergent and the overflow can transport sediments
far within the vegetated areas (Ortiz et al. 2013). Erosion is typically observed
at the sides of the patches due to interactions with the flow in the undisturbed
main flow (Bennet et al. 2008; Bouma et al. 2007). In the fluvial environment,
net deposition has been observed to increase with the increasing vegetation density (Corenblit et al. 2009; Thornton et al. 1997) Paper III).
The relative submergence of the vegetation determines the magnitude, size
and location of the shear layer relative to the bed. When vegetation is submerged, turbulent flow structures are generated by the shear layer at the canopy
top and produce vertical vortices that penetrate into the canopy (Caroppi 2018;
Caroppi and Järvelä 2022; Ghisalberti 2002; Ghisalberti and Nepf 2006, 2009).
The resulting unsteady hydraulic forces can mobilize bed sediments and maintain sediment suspension within the vegetation (Neary et al. 2012; Plew et al.
2008). The thickness and penetration distance of the coherent vortices is limited by energy dissipation in the canopy (Ghisalberti and Nepf 2004), which is
controlled by canopy density. For sparse stands, turbulence levels are elevated
near the bed, which can cause erosion or re-suspension of sediment or cause
sediment to be transported further downstream, as illustrated in Figure 3
(Luhar et al. 2008). In the presence of a dense understory, re-suspension is minimal, as flow velocities and turbulence intensities within the understory are
close to zero (Paper III) and the hydraulic forces acting on the understory are
small.
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Figure 3. Key hydrodynamics and dominant sediment processes within sparse plant stands (on
the left) and dense plant stands (on the right) within a compound (two-stage) channel and vegetated floodplains. um(Z) refers to the vertical profile of the streamwise mean flow velocity. The
patterns #1–#3 relate to turbulence generated by depth-scale shear (#1), individual plants (#2),
and stand-scale shear layers (#3).

Due to low turbulence, the rate of deposition within dense stands has been
linked to mean flow velocity (Zong and Nepf 2010). However, deposition is not
linearly related to the mean flow velocity and mean bed shear stress. The theory
of Luhar et al. (2008) implies that plant stands with CDaH>~0.23 can promote
settling and deposition (see Figure 3). The near-bed turbulence is low in dense
stands because the momentum transferred into the vegetation by the shearlayer vortices is dissipated by the high vegetative drag. The lower velocity and
the reduced turbulent kinetic in the wake of the patch can enhance deposition
of sediments and fine particles. Ortiz et al. (2013) observed that deposition occurred downstream of a vegetation patch only if the local turbulent kinetic energy was low enough. Further downstream turbulent kinetic energy is generally
higher and limits sediment deposition (Kim et al. 2018; Marjoribanks et al.
2019).
The importance of turbulent transport on lateral mixing is often expressed as
the ratio τxy/k (White and Nepf 2007), where k is the turbulent kinetic energy.
In this thesis, the differential SSC, λc, is used as an indicator of the integrated
effect of lateral mixing and net deposition on the lateral SSC distribution across
the mixing layer. λc is a more direct measure of lateral mixing of SSC, which
incorporates the effects of the flow field and sediment transport processes. Analogous to the characteristic properties of flow in mixing layers (Caroppi et al.
2019, 2020), the differential SSC was calculated as:
λc = [CUP − CVP]/[CUP + CVP]
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where CUP and CVP are the spatially averaged concentrations 〈𝐶𝐶̅ 〉 of the unvegetated and vegetated parts at a relative depth of 0.6 H, respectively. In this thesis, the drag ratio (Paper III), λd, between the unvegetated and vegetated channel parts was defined similarly to the differential velocity of the shear layer, considering the areas outside of the region where shear stresses are large:
λd = [𝐶𝐶𝐷𝐷 𝑎𝑎𝑎𝑎 − 𝐶𝐶𝑓𝑓 ]/[𝐶𝐶𝐷𝐷 𝑎𝑎𝑎𝑎 + 𝐶𝐶𝑓𝑓 ]

24

where Cf is the bed drag coefficient of the channel.
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2.3

Hydraulic flume investigations

To validate and parameterize the models and quantify the influence of vegetation on the flow and sediment transport, ten sets of experiments were designed
(Table 1)(Papers I–III). Experiments were conducted in the Environmental Hydraulics Lab (EHL) of Aalto University.
Table 1 shows the experimental conditions for the ten series of experiments
(A–J). Investigations were conducted in partly and fully vegetated conditions.
The experiments with full-width vegetation (A–F) consisted of foliated conditions, whereas the experiments with the partly vegetated channel (G–J) investigated both leafless and foliated settings. Experiments A–D were conducted to
quantify the drag forces on mixtures of vegetation and to investigate the behavior of flow resistance at just-submerged conditions (Paper I, Objective 1). Experiments E and F were conducted to investigate the effects of low relative submergence and to develop LAI-based models (Paper II, Objective 2). Experiments G–J were conducted to advance knowledge on transport and net deposition of fine sediments in partly vegetated channels affected by vegetation (Paper
III, objective 3).
Table 1. Experimental conditions in the flume: ranges of mean flow velocity um (m/s), relative
submergence H/hd (-), leaf area index LAI (AL/AB), spatial plant density m (#/m2), total leaf
area per unit volume al (m-1), total stem area per unit volume as (m-1), total plant area per unit
volume a (m-1) and the grass area per unit volume ag (m-1). Experimental runs from paper I (A–
D), II (E–F) and III (G–J).
Experiments (total no.)

um

H/hd

LAI

m

al

as

a

ag

(m/s)

(-)

(AL/AB)

(#/m2)

(m-1)

(m-1)

(m-1)

(m-1)

A (20)

0.05-1.2

1-3.4

1.4

75

6.5

0.31

6.5

73.3

B (20)

0.05-1.2

1-3.4

3.8

150

17.3

0.55

17.3

73.3

C (20)

0.05-1.2

1-3.4

5.2

225

24.8

0.82

24.8

73.3

D (grasses only) (20)

0.05-1.2

1-3.4

-

4000

-

-

-

73.3

E (18)

0.1-0.4

1-3

1.2

50

5.62

0.18

5.8

78.2

F (18)

0.1-0.4

1-3

2.4

100

11.1

0.37

11.5

78.2

G (MQ-L) (1)

0.4-0.67

1

0.0

50

0

0.13

0.13

56

H (MQ-F) (1)

0.22-0.79

1

0.9

50

4.1

0.13

4.23

56

I (HQ-L) (1)

0.67-1.13

1

0.0

50

0

0.13

0.13

56

J (HQ-F) (1)

0.53-1.67

1

0.9

50

4.1

0.13

4.23

56

Natural-like flexible floodplain vegetation with multiple stems and highly flexible leaves was installed in the flume which consisted of dense understory
grasses and 19–23 cm tall woody foliated plants. The woody plants were placed
in a staggered pattern with longitudinal spacing of 12.5 cm and lateral spacing
of 25 cm (Figure 4). Even though the staggered pattern does not comply with
irregular placing of natural vegetation, the staggered pattern was used to allow
for uniform changes in density and for undisturbed velocity measurements
within the vegetation that are representative for the entire patch. Järvelä (2002)
investigated the effect of plant spacing of foliated plants on the flow resistance
and found that the plant spacing did not significantly affect the flow resistance.
The plants contained one to three flexible stems with a diameter of 4 mm, and
19

16 to 32 uniformly distributed leaves of 12.5 cm2 each. The leaves were uniformly distributed over the height of the vegetation. The density was changed
by adding an additional stem with leaves to the existing plants so that the spacing of the plants remained the same throughout all setups. The frontal stem area
per bed area, referred to as the stem area index AS/AB (Västilä and Järvelä 2018),
was obtained from manual measurements of the stems. The plant area per unit
volume a (m-1) was obtained as the sum of AL/AB and AS/AB divided by the height
of the vegetation. The deflected vegetation height, hd, was measured by a ruler
placed on the glass sidewall of the flume and was taken as the length from the
top of the bent plant to the flume bed.

Figure 4. Plant pattern with the longitudinal (x) and lateral (y) spacing between the foliated
woody plants. The inserts depict the plant appearance at um ≈ 0.5 m/s for the three different
vegetation densities defined by LAI. All dimensions are in mm unless otherwise indicated. (Paper I)

Water discharge was measured by an electromagnetic flow meter (0.5% accuracy fs.). The water depth was controlled by a downstream weir. Experimental
runs were conducted under both uniform and non-uniform flow conditions. All
hydraulic parameters including the discharge, water depth and bed slope were
recorded with a 20 Hz frequency by two National Instruments data acquisition
systems, integrated and processed into an in-house developed LabVIEW program.
2.3.1

Drag forces of leafless and foliated plants

Experiments with single plants (both leafless and foliated) were conducted to
measure the drag forces (Paper I). Drag forces Ftot (N) were measured by a 3 N
force sensor (0.025% accuracy fs.) for single plants of different thicket structure.
The force measurements were conducted under just submerged conditions over
a wide range of mean flow velocities (um = 0.1–0.8 m/s). This allowed for determining the drag and reconfiguration parameters (Papers I and II). The voltage
(V) output of the force sensor was scaled following a linear relationship obtained
from a calibration curve specifically prepared for this case (r2 = 0.99). The signal
was integrated and processed in the LabVIEW program.
Leafless and foliated plants with different stem and leaf areas (Table 1) were
tested under just submerged conditions (Figure 5). The measured drag forces
were used to compute the drag and reconfiguration parameters of the naturallike plants used similar to Jalonen and Järvelä (2014) and Box et al., (2020).
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The averaged drag CDχ and reconfiguration parameters χ were obtained from
drag force measurements at just submerged conditions.
H/hv =1
Flow

H = hv
Ftot

False floor

Connection plug
Cabling

Load cell

Figure 5. The setup to measure the drag forces Ftot on the plants at just submerged conditions.
The connection plug allowed for installing different plants with one to four stems and a wide range
of foliage. (Box et al. 2020).

2.3.2

Vegetative bulk flow resistance measurements

A setup of ten pressure sensors was used to measure the water levels along the
streamwise direction of the vegetated reach (Figure 6), allowing for the computation of friction losses by the vegetation. Vegetative friction factors were derived for steady uniform (Paper I; Box et al. 2020) and non-uniform flow conditions (Paper II). The flume bed slope was measured by a strain force sensor.
The water surface slope was measured by a differential pressure sensor (0.1%
accuracy) and two high-resolution and accurate absolute pressure sensors (0.1%
accuracy fs.). Ten additional pressure sensors (1% accuracy fs.) were used to
monitor the linearity of the water surface slope. Water level measurements of a
two-minute period were taken after steady conditions were reached. For cases
of steady uniform flow, the bulk vegetative Darcy-Weisbach friction factors were
2
computed as 𝑓𝑓 = 8𝑔𝑔𝑔𝑔𝑔𝑔/𝑢𝑢𝑚𝑚
where S is the water surface slope and um the crosssectional mean flow velocity. For non-uniform or quasi-uniform flow conditions, f was computed using Bernoulli’s equation, which reads:
𝐻𝐻𝑓𝑓 = 𝑧𝑧𝑈𝑈𝑈𝑈 + 𝐻𝐻𝑈𝑈𝑈𝑈 +

2 ,
𝑢𝑢𝑚𝑚
𝑈𝑈𝑈𝑈

2𝑔𝑔

− 𝑧𝑧𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐻𝐻𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 −

2 ,
𝑢𝑢𝑚𝑚
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
2𝑔𝑔
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where Hup and Hdown are the water depths, zUp and zDown are the flume bed
elevations for the upstream and downstream locations respectively, and g is the
gravitational acceleration. The bulk vegetative friction factors, f, of the mixture
of vegetation were calculated as:
2
∙ 𝐻𝐻𝑓𝑓 /𝑑𝑑𝑑𝑑
𝑓𝑓 = 8𝑔𝑔𝑔𝑔/𝑢𝑢𝑚𝑚
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where H is the average water depth and dx is the longitudinal distance between the upstream and downstream measured cross-sections.
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Upstream

Downstream

Um,UP2/2g

Hf

Flow

HUp

Um,Down2/2g
v

HDown
zDown

zUp
P1

P2

PUp

P3

P4

P5

P6

PDown

P7

P8

3.45 m

Figure 6. Head loss/water surface slope measurement setup showing the upstream and downstream cross-sections used to determine the friction loss using Eq. 25. The placement of the pressure sensors are indicated by P1,…,P8. The differential pressure sensor and two high-resolution
pressure sensors were connected at PUp and PDown. The non-uniformity of the flow is exaggerated
for illustrative purposes. (Box et al. 2020).

The setup illustrated in Figure 6 allowed for determining the friction factor for
a wide range of patterns, vegetation types, and mixtures. The friction by the understory grasses f’ was determined from separate friction tests with grasses only.
The operating range and accuracy of the pressure sensors (0.1–1% of fs.) and
the length of the vegetated patch, which was limited due to material and time
constraints, controlled the accuracy of the friction measurements. Measurements of lower accuracy were obtained especially at low friction – for example,
at low vegetation densities and at conditions of high relative submergence. Despite these limitations, most of the friction measurements (Table 1) were collected with high accuracy and measurements with high uncertainty were removed from further analyses.
2.3.3

Flow field measurements

Velocity measurements were collected by side and down looking acoustic doppler velocimetry (ADV), Nortek Vectrino+. Each ADV measurement was conducted at a frequency of 200 Hz for a duration of 90 to 120 seconds. The Velocity
Signal Analyser software (Jesson et al. 2013) was used to filter the data from
records with a signal-to-noise ratio <17 and to de-spike the dataset using the
modified phase-space threshold method (Parsheh et al. 2010). Vertical profiles
were taken in the unvegetated part (at y = −150 mm), the interface region (at y
= 0 mm), and in the vegetated part of the channel (at 130 mm). Lateral transects
at the relative depth of 0.6 h (z = 95 mm) were taken to characterize the lateral
shear layer formed between the unvegetated and the vegetated part of the channel.
To characterize mean and turbulent flow, the point mean streamwise velocity
𝑢𝑢�, cross-sectional averaged streamwise velocity U, turbulent kinetic energy k,
turbulence intensity I, and lateral Reynold’s stress τxy were computed. The point
1
time-averaged streamwise velocity 𝑢𝑢�, was calculated as: 𝑢𝑢� = ∑𝑛𝑛 𝑢𝑢 (𝑛𝑛), where n
𝑛𝑛

is the number of measured instantaneous streamwise velocities 𝑢𝑢. The turbulent
′2 + ����
′2 )/2, where 𝑢𝑢’, 𝑣𝑣’, and 𝑤𝑤’
����
�����
kinetic energy, k was computed as: 𝑘𝑘 = (𝑢𝑢
𝑣𝑣 ′2 + 𝑤𝑤
are the instantaneous deviations from the mean horizontal u, lateral v, and vertical w velocities, respectively. The total turbulence intensity I, was computed
as: 𝐼𝐼 = �(2/3 𝑘𝑘)/(𝑢𝑢2 + 𝑣𝑣 2 + 𝑤𝑤 2 ).
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2.3.4

Sediment transport and net deposition

Natural silica quartz with a narrow particle size distribution (PSD) was selected
to ensure that the sediment was transported as individual particles not exhibiting cohesive behavior, to ensure uniform grain size distribution in all experiments (G–J, Table 1). The sediments had a solid density of 2.65 g/cm3 and a dry
bulk density of 1.4 g/cm3. The median diameter, d50 of the particles was 150 µm,
the d10, and the d90 were 110 and 160 µm, respectively. The sediments were fed
into the channel as a line source ~2 m upstream of the vegetation to allow lateral
and vertical mixing over the cross-section. The constant feeding rate of ~2.3 g/s
was controlled by an industrial feeder screw-rotation feeding system (Box et al.
2019). Sediments reaching the outlet were immediately recirculated back into
the inlet by use of a specifically designed sediment pump.
Suspended sediment concentrations (SSCs) were measured with optical
backscatter sensors (OBS). The OBS illuminates a water sample in front of the
sensor optics by emitting a light source, and photodetectors in the sensor convert the light scattered from the sample to photocurrent. The amount of photocurrent depends mainly on the illuminated area of the particles, and because
particle volume is proportional to area, the photocurrent provides an indirect
estimate of suspended-sediment concentration. The relationship between OBS
signal and sediment concentration is almost linear for many suspended sediments. However, many other factors influence the linearity, such as 1) particle
size, shape, composition, colour and flocculation; 2) dissolved light-absorbing
matter (i.e., chemicals); 3) air bubbles; 4) chemical and biological fouling of the
sensor optics; 5) protrusions from surrounding objects in the sampling volume
(i.e., leaves and other plant parts); and 6) light conditions (Downing 2006).
The OBSs were calibrated in the flume for five intervals of increasing concentration within the range of ~10–300 mg/l, while flow and light conditions were
kept constant. The sensors exhibited high linearity and correlation (r2 = 0.96)
between the sensor output in voltage (V) and SSC. The sensors were configured
to measure at a rate of 10 Hz, with a manufacturer-stated accuracy of 4% or 10
mg/l for sandy material. The sensors were placed with the optics facing the upstream flow direction, with sufficient distance between the sensor optics and
vegetation elements to avoid protrusions of the sample volume. The intensity of
SSC fluctuation, IC was calculated from the time series of instantaneous fluctuations of SSC:
1

����
’2 �2
�𝐶𝐶
𝐼𝐼𝐶𝐶 =
𝐶𝐶̅
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where C’ is fluctuation component of the concentration, overbar is denotion the
average and 𝐶𝐶̅ is the time-averaged concentration. The velocity and concentration measurements were combined to calculate the SS fluxes qm and unit sediment discharge qtm. The point sediment fluxes qm (mg s-1m-2) was calculated as:
𝑞𝑞𝑚𝑚 = 𝐶𝐶𝑖𝑖 𝑢𝑢𝑥𝑥,𝑖𝑖
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where Ci is the measured SSC concentration (mg/l) for each point measurement,
i, and ux,i is the corresponding average streamwise velocity. The sediment fluxes
have been integrated over depth to calculate the total unit sediment discharge
qtm (g m-s-1) as in (Shah-Fairbank and Julien, (2016):
𝑝𝑝

1
𝑞𝑞𝑡𝑡𝑡𝑡 = � �𝐶𝐶𝑖𝑖 𝑢𝑢𝑥𝑥,𝑖𝑖 + 𝐶𝐶𝑖𝑖+1 𝑢𝑢𝑥𝑥,𝑖𝑖+1 �(ℎ𝑖𝑖+1 − ℎ𝑖𝑖 )
2
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0

where p is the number of point samples over the vertical, ux,i and Ci are the
streamwise velocity and SSC, respectively, at given point i, and hi+1-hi is the vertical layer thickness between the point measurements.
Net deposition in the vegetative areas was measured by a weight-based sampling approach using removable rectangular grassed strips (4.5 by 2.5 cm2), with
a surface area of 0.11 m2 distributed over the vegetated area. The average net
deposition per unit area md was based on the three repeated runs. Spatially averaged values of net deposition 〈𝑚𝑚𝑑𝑑 〉 were calculated using spatial interpolation
considering the representative area of the measurement strips.
2.3.5

Model response to changes in the key input parameters

Tests were preformed on the effect of the variation of the key input parameters
on the prediction of the vegetative flow resistance and LAI-based model performance. Model simulations were conducted for ±10% changes of the input parameters (i.e., deflected vegetation height, LAI, drag coefficients and reconfiguration parameters). The performance of the models was assessed by several
“goodness of fit” statistics commonly used to express hydraulic model performance such as the coefficient of determination (R2), root mean square error
(RMSE), Nash-Sutcliffe efficiency (NSE), percentage difference (PD), mean absolute error (MAE), and mean absolute percentage error (MAPE). The methods
of computation are described in Appendix A, Paper II. The results of the LAIbased models (Eqs. 9–14) with carefully derived input parameters were used as
the base model for comparison.
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3. Results

3.1

Objective 1: Vegetative drag and flow resistance of mixtures
of woody vegetation (Paper I)

To investigate the behavior of the flow resistance outside of well-known ranges
of flow conditions flume experiment were conducted with mixtures of flexible
floodplain vegetation. The drag-velocity relationships for different plants (as described in Section 2.4.1) were created for leafless (FS, Figure 7a) and foliated
(Ftot, Figure 7b) conditions. The results allowed to investigate the drag on the
stem and foliage under different flow conditions and to determine the drag and
reconfiguration parameters of the foliage and stem. The focus was to point out
the observed general patterns of drag for increased velocity. The total measured
drag forces were normalized with the plant area of increasing density (see Section 2.31 for plant properties) and are shown in Figure 7 for a wide range of
mean flow velocities (um = 0.1–0.85 m/s) that are typical for wetland and floodplain
flows
(Folke
et
al.
2019;
Stern
et
al.
2001).

Figure 7. Drag forces FS and Ftot scaled with the frontal stem area AS and one-sided leaf area AL as
function of mean flow velocity um at just submerged conditions. Leafless plants containing one to
three stems (AS = 7.3 – 21.9 cm2) are shown in (a) and foliated plants with one to three stems and
12 to 56 leaves (AL = 150–700 cm2) in (b) (modified from Paper I).

Figure 7a shows force, Fs on leafless plants with increasing flow velocity. Fs increased non-linearly for low range flow velocities and about linearly for higher
range flow velocities due to effect of reconfiguration. The increase in FS with um
deviates largely from the quadratic drag force equation (i.e., 𝜒𝜒 =0, Eq. 1). For
the foliated plants in Figure 7b, the increase of Ftot with um showed a linear instead of a quadratic pattern at the low mean flow velocities and is explained by
the reconfiguration of the leaves also at low um.
The contribution of the drag by the leaves FF = 1-FS/Ftot to the total drag,
FF/Ftot, decreased with increasing flow velocity due to drag reduction through
reconfiguration of the foliage. FF/Ftot ranged between 97% and 63% considering
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the velocity range of um = 0.1–0.85 m/s. The large contribution of the drag by
the leaves to the total plant drag originates from the relatively large leaf to stem
area ratios used in the experiments (i.e., AL/AS ranged between 21–31). The
FF/Ftot depends strongly on um and complements existing experiments (Aberle
and Järvelä 2013; Västilä and Järvelä 2014). Commonly, plants with lower leaf
areas are more effective in comparison to those with high leaf area in terms of
resistance (Vogel 1994). However, the sheltering effect of other leaves is more
pronounced for plants of larger one-sided leaf area, which may compensate for
some of the increased leaf areas.
The drag force measurements (Papers I-II; Box et al. 2020) allowed for determining the averaged drag and reconfiguration parameters of both the leafless
and foliated plant surrogates. The averaged drag coefficient CDχ and reconfiguration parameter of all surrogates χ were 0.4 and -0.9 respectively. The foliage
and stem drag and reconfiguration parameters were CDχ,S = 1.5, CDχ,F = 0.4, χS =
-0.25, and χF = -1.2, respectively. CDχ,S and CDχ,F ranged between 1.2–1.8 and
0.38–0.5 respectively, for the studied plants. The variation in χS and χF was minimal and considered constant for the different plants. Overall, the values corresponded to values derived for natural species (Västilä and Järvelä 2014, 2018),
with the exception of CDχ,F, which was twice as high in comparison to its natural
counterpart. The relatively high CDχ and CDχ,F of the surrogates are likely a result
of the less streamlined shape of the leaves, more rigid leaves, and petiole (Paper
I–II; Jalonen and Järvelä 2014; Västilä et al. 2013; Västilä and Järvelä 2014).
The measurements of vegetative resistance in terms of the Darcy-Weisbach
friction factor allowed to investigate its dependency on the mean flow velocity,
density, and relative submergence (Paper I). The friction factors scaled with LAI
of the mixtures of vegetation are shown as a function of um in Figure 8. The vegetative friction decreased non-linearly with increasing um for all tested conditions. The decrease of f with um collapses together reasonably well for each examined relative submergence when normalized with LAI. The relative submergence strongly affected the flow resistance and decreased f by 35–90% when the
submergence H/hv increased from 1 to 2.

Figure 8. Darcy-Weisbach friction factors f of the mixture of the vegetation normalized with LAI
as a function of mean flow velocity um. (Paper I).

The spread in f/LAI between the different vegetation densities within each investigated relative submergence was largest at the low flow velocities (Figure 8,
um = 0.05–0.1 m/s). In cases of the vegetation mixtures with the submergence
of H/hv ≈ 2 the decrease of f with um was flattened and did not show a typical
power function relationship decrease but a closer to linear dependency.
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The experiments (Paper II) at the range of low relative submergence (H/hd =
1-3) investigated the effect of the relative submergence on the vegetative flow
resistance in more detail. The measured f scaled with LAI is plotted against relative submergence for three different bulk flow velocities (um = 0.1–0.4 m/s) in
Figure 9. The friction factor decreased with increasing relative submergence and
increasing mean flow velocity with larger decreases at low mean flow velocities.
The friction factor decreased logarithmically with increasing relative submergence up to H/hv ≈ 1.5, while at higher relative submergences a gentler decrease
was observed at up to H/hv ≈ 2.5. The observed f/LAI - H/hv patterns are independent of the vegetation density and confirm the earlier results of a decrease
in f with increasing H/hv (Kouwen and Fathi-Moghadam 2000; Wilson et al.
2003; Wilson and Horritt 2002; Wu et al. 1999).

Figure 9. Measured Darcy-Weisbach friction factors normalized with LAI (f/LAI) as function of
relative submergence H/hv for three different bulk flow velocities (um = 0.1, 0.25, and 0.4 m/s)
and two vegetation densities (Paper II).

The Darcy-Weisbach friction factor by the understory grasses ranged between
0.15 and 0.38 (n’ = 0.032–0.057) for the investigated combinations of mean
flow velocity and relative submergence (Paper I). The ratio of the friction by the
understory grasses to the total friction of the vegetation mixture, f’/f, is shown
in Figure 10. f’/f ranged between 2 and 28% and increased for increasing mean
flow velocity for all conditions, while the relative submergence primarily affected the observed relationships. The friction by the understory grasses f’ increased with um for both relative submergences, while the increase was larger
for lower relative submergence of the grasses, H/hg. Doubling the submergence
reduced the friction by the understory grasses, f’ to 38–55% depending on mean
flow velocity.

Figure 10. The ratio of the of the resistance by the understory grasses to the total resistance f’/f
as function of mean flow velocity up to um = 0.6 m/s for just submerged conditions H/hv ≈ 1
(black) and at just-submerged conditions (H/hv ≈ 2, light grey) (Paper I).
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For just-submerged conditions at low um, reconfiguration of the woody plants
was strong and resulted in higher shares of the resistance generated by the foliated plants (low f’/f in Figure 10). In comparison, at higher um the woody plants
showed significant reconfiguration with a larger share of the friction generated
by the understory grasses. The decrease in flow resistance with increasing H/hv
at low relative submergence (H/hv = 1-2) was more pronounced (see Figure 8
and Figure 10) for woody vegetation (i.e., 35–90%) in comparison to the grassy
type of vegetation, due to the strong reconfiguration of the woody plants and
their foliage. These results suggest that the flow resistance by the understory (up
to 28% of the total resistance in Paper I) needs to be acknowledged explicitly to
avoid significant errors in estimates of the bulk vegetative resistance.

3.2

Objective 2: LAI-based modeling of flow resistance of vegetation mixtures (Paper II)

To arrive at a generally applicable approach for woody vegetation from emergent to high relative submergence, the VAS and JAR models originally developed for non-submerged conditions were modified to include the H-hc dependency (see Section 2.2.4). Paper II extended existing LAI-based equations
(Baptist et al. 2007; Järvelä 2004; Västilä and Järvelä 2018) and introduced the
use of characteristic vegetation height, hc, and von Kármán scaling factor, a, to
provide models suited for prediction of the flow resistance of flexible foliated
vegetation at low relative submergences, H/hd = 1–3. The deflected vegetation
height, hd, provided the best model results and was used as hc. The von Kármán
scaling factor α was set to a value of 1.5 for woody foliated flexible vegetation
(Section 2.1.5). The analyses (Paper II) showed that a varied slightly from 1.4 to
1.6 for the woody foliated flexible vegetation used in the experiments.
The performance of JAR, VAS, BAP-modLAI models (for details, see Section
2.1.5) were compared for emergent and just-submerged vegetation conditions
(Paper I). The measured and modeled f’’ values with JAR and VAS clearly
showed better correspondence than BAP-modLAI (Figure 11). The JAR and VAS
approaches resulted in reliable estimates (NSE = 0.82-0.85) of the vegetative
drag from low-to-high woody LAI (1-5) and aL (6.5-24.8), particularly at medium-to-high flow velocities provided that the drag and reconfiguration parameters are available. The BAPmod-LAI approach resulted in poor predictions
(NSE = 0.48) for emergent conditions (Figure 11a). This is because the BAPmod-LAI approach does not consider reconfiguration of the vegetation. The results suggested that the LAI-based approaches are suitable for the prediction of
vegetative flow resistance also at low submergences in addition to emerged conditions and at H/hd>3 (Paper II, Table 2).
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Figure 11. Measured versus modeled vegetative friction factors f’’ (-) for the BAP-modLAI (circles), JAR (squares) and VAS (stars) approaches at just-submerged conditions H/hv ≈ 1 and the
relative differences between modeled and measured f’’ as (f’’mod - f’’meas )/f’’meas (Paper I).

Different LAI-based models were setup for the prediction of vegetative flow
resistance, f, at low relative submergences. The coefficient of determination
(R2), Nash-Sutcliffe Efficiency (NSE), root mean squared error (RSME), mean
absolute error (MAE), and the mean absolute percentage error (MAPE) between
modeled and measured f are shown in Table 2. The LAI-based models with hc
= hd and α = 1.5 showed the best performance with highest R2 and NSE, and
lowest RMSE, MAE and MAPE (Table 2) between measured and modeled f
when compared with the other models. The model performance was significantly improved by introducing hd as hc and the von Kármán scaling factor a,
with NSE increasing from 0.33–0.45 for the hc = hv and a = 1 model to 0.8–0.85
for the hc = hd and a = 1.5 model. Figure 12 summaries the best performing LAIbased models. The measured vegetative flow resistance in terms of friction factor f is plotted against the predicted f obtained from Eqs. 9–14 for the BAPmodLAI, JAR and VAS approaches at low relative submergences (H/hd = 1.25–3).
Table 2. Model performances at low relative submergences (JAR, VAS and BAPmod-LAI): coefficient of determination R2, Nash-Sutcliffe efficiency NSE, root mean squared error RSME, mean
absolute error MAE and the mean absolute percentage error MAPE between modeled and measured f. Statistic indicators are defined in Appendix A, Paper II.

Parameter
values
hc = hv
α=1
hc = hd
α=1
hc = hd
α = 1.5

Low relative submergence
(H/hd = 1.25–3)
Model
JAR (Eq. 12)
VAS (Eq. 14)
BAPmod-LAI (Eq. 10)
JAR (Eq. 12)
VAS (Eq. 14)
BAPmod-LAI (Eq. 10)
JAR (Eq. 12)
VAS (Eq. 14)
BAPmod-LAI (Eq. 10)

R2
0.31
0.30
0.19
0.57
0.58
0.52
0.65
0.68
0.57

NSE
0.45
0.33
0.33
0.71
0.76
0.73
0.82
0.85
0.80

RMSE
3.44
4.16
4.20
1.79
1.52
1.70
1.12
0.94
1.23

MAE
1.58
1.66
1.71
1.39
1.32
1.29
1.16
1.14
1.18

MAPE
47.0
49.9
58.0
45.0
41.4
49.3
35.4
35.5
42.9
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Figure 12. Measured against predicted vegetative flow resistance in terms of friction factor f for
the JAR, VAS and BAPmod-LAI equations. The solid line represents the one-to-one line. The relative submergence between H/hd = 1–3 and the mean flow velocity between um = 0.05–1.2 m/s
are divided five classes (blue to green colours as indicated in the legend). The density of the vegetation ranged between LAI = 1–5 (Paper II).

The results of the tests with changes in the key input parameter values (Table
4 in Paper II) showed that the flow resistance from the LAI-based approaches
responded similarly to the changes in input parameters such as LAI, hd, CD and
χ. The largest differences between the base model and model variants were observed for changes in the deflected vegetation height, hd. The averaged % differences in comparison to the base model and the NSE and RSME values for each
of the model variants are summarized in Table 4 in Paper II for just-submerged
and submerged conditions. A ±10% change in hd resulting in 15–32% differences
in the vegetative friction factors. At relative submergence close to one (i.e., justsubmerged conditions), a 10% decrease in the deflected vegetation height resulted on average in 27–32% lower friction factors, while a 10% increase in hd
resulted in 24–26% higher friction factors. At submerged conditions, a 10% decrease in the deflected vegetation height, hd resulted in, on average, 15–18%
lower friction factors, while a 10% increase in hd resulted in 16–19% higher f
values.
A workflow (Figure 13) and guidance on the use of the LAI-based approach
and derivation of the input parameters was compiled for engineers, modelers,
and managers or those who are involved in making decisions or provide solutions to flood and flow resistance issues. The workflow consists of the following
six steps:
1. Select the most suitable LAI-based approach – i.e., BAPmod-LAI, JAR
or VAS – considering the reconfiguration behavior of the vegetation,
the range of submergence and the data availability on the vegetation
parameters in particular. The BAPmod-LAI approach can only be used
for relatively stiff woody vegetation and is not reliable at emergent and
low-submergence conditions (H/hc ≤ ~1.5). The JAR and VAS approaches can be used for both emergent and submerged conditions
with velocity-dependent reconfiguration (bending and streamlining)
of vegetation explicitly addressed.
30

2. Determine the characteristic areas and heights of vegetation using remote sensing, field surveys, or reference literature. For BAPmod-LAI
and JAR, only the leaf area index LAI (AL/AB) is required, while VAS
also requires the stem area index (AS/AB).
3. Assign values to the drag coefficients and reconfiguration parameters
for JAR and VAS. Species-specific parameter values are available for
many riparian species in Paper II and in other literature (DWA 2020;
Jalonen and Järvelä 2014; Kiczko et al. 2020; Perret et al. 2021;
Sharpe et al. 2021; Västilä and Järvelä 2014).
4. Select a value for the von Kármán scaling factor, α in case of submerged flow conditions. For rigidly behaving leafless vegetation, there
is no need for the use of the von Kármán scaling factor (Baptist et al.,
2007; Kubrak et al., 2008). Typically, for flexible riparian vegetation,
use α = 1.5 to account for the dependency of the von Kármán constant
on the velocity profile, canopy roughness and relative submergence of
the flexible vegetation.
5. Determine the characteristic velocity, uc for the JAR and VAS approaches. As uc, use the depth-averaged mean flow velocity, um for the
emergent conditions and the mean flow velocity within the vegetation
uv for submerged conditions.
6. Use the derived estimate(s) of the vegetative friction factor as the input
in hydraulic, morphological, and ecological models for improved predictions of water depths and flow velocities in real scenarios of vegetated river and floodplain settings. For practical purposes, conversion
to Manning’s n with standard definition is: 𝑛𝑛 = �𝑓𝑓/8𝑔𝑔𝐻𝐻1/6.
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Workflow for estimating vegetative friction factors with LAI-based modeling
Step 1: Select the most suitable flow resistance model following the criteria below

Relatively stiff behavior of
vegetation assumed (minor
bending and streamlining)
• Constant velocity-independent
drag coefficient CD assumed
• Not applicable at emergent and
low-submergence conditions
(H/hc ⪅ 1.5)
•

Flexibility-dependent decrease
in flow resistance is significant
(typical condition)
• Both emergent and submerged
conditions considered

Seasonal changes in foliage
including leafless winter
conditions explicitly considered
• Large variability in leaf-area-tostem-area ratio (AL/AS)
• Both emergent and submerged
conditions considered

•

•

Step 2: Determine characteristic areas and heights for vegetation (remote sensing1, field
surveys2, literature3)
Leaf area index: LAI (AL/AB)

LAI (AL/AB)

Characteristic height: hc
(deflected height hd preferred over undeflected height, hv)

Stem area index: AS/AB
Characteristic height: hc

Step 3: Determine drag coefficients and reconfiguration parameters (literature4, experiments5,
inverse modeling6)
Drag coefficient:

CD (typically CD ≈ 1)

Species-specific drag coefficient:

Foliage and stem drag coefficients:

Reconfiguration parameter: χ

Foliage and stem reconfiguration
parameters: χF, χS

CDχ,F, CDχ,S

CDχ

Step 4: Select value for von Kármán scaling factor α (applicable for submerged flow conditions)
Typically for flexible riparian vegetation, use α = 1.5 (value may be adjusted for specific type of vegetation)

Step 5: Determine characteristic velocity (applicable for JAR and VAS)
Determine characteristic flow velocity uc: analytically (Eq. 8-11), hydraulic
modeling, field or laboratory experiments. Solve uc iteratively as flow
resistance and mean flow velocity are interconnected.
uc: Depth-averaged mean velocity (um) for emergent condition and mean
velocity (uv) within the vegetation for submerged conditions.

Step 6: Use the derived flow resistance estimate(s) as input in hydraulic, morphological, and
ecological models
1

2

3

4

Boothroyd et al, 2021a; Iersel et al., 2018, Jalonen et al., 2015, Asner et al., 2003, Jalonen and
5
Järvelä, 2014; Västilä and Järvelä, 2014; Västilä and Järvelä, 2018; DWA, 2020; Sharpe et al., 2021; Box et al., 2021,
6
Kiczko et al. 2020; Perret et al., 2021

Figure 13. Workflow for estimating vegetative flow resistance using the LAI-based approaches
(Eqs. 9–14).9-14). Species-specific drag coefficients and reconfiguration parameters for the JAR
and VAS models are compiled in Appendix C, Paper II.

3.3

Objective 3: Effect of vegetation and seasonality on suspended sediment transport and net deposition in partly vegetated conditions (Paper III)

In this section, the results on the effects of vegetation and seasonality on SS
transport and net deposition are summarized. Some of the key findings which
are highly relevant for transport in (partly) vegetated settings are then highlighted and explained in more detail.
The experiments with fine sediments and a mixture of leafless and foliated
floodplain vegetation provided insights on the cross-sectional variation of SSC
and longitudinal and lateral distributions of net deposition in a partly vegetated
channel (Paper III). The seasonal differences of the vegetation properties influ32

enced the relative share of the streamwise SS fluxes of the unvegetated and vegetated channel parts, along with the magnitude, and longitudinal and lateral
patterns of net deposition within the vegetated areas (Section 2.3.4). These factors affect the downstream movement of fine sediments, and thus the annual
sediment budget of a river or stream. The sedimentary budget of a main channel–vegetated floodplain setting is expected to be controlled by the flow velocity, sediment characteristics, and vegetation characteristics, with the most evident impacts occurring during high flows and late in the growing season due to
dense foliage (Västilä and Järvelä 2018).
Figure 14 shows the plan view conceptualization of the observed net deposition patterns in a partly vegetated channel with cross-sectional inserts for the
four runs with leafless (L) and foliated (F) woody plants and understory grasses
at intermediate (MQ) and high (HQ) flows (Table 1, G–J). Foliage increased the
reach-scale net deposition and enhanced deposition in the understory grasses
at the main channel-vegetation interface. The total net deposition is higher for
the leafless case in the region x < δlong compared to the foliated case, while the
longitudinal reduction of deposition (∂m/dx) is stronger in the foliated conditions.

δlat

δlat
δlong

δlong

δlat
δlong

δlat
δlong

Figure 14. Plan view conceptualization of the observed net deposition patterns in a partly vegetated channel with cross-sectional inserts for the four runs with leafless (L) and foliated (F) vegetation at intermediate (MQ) and high (HQ) flows (Table 1, G–J). The decreasing intensity of the
green shade denotes a reduction in net deposition between the leading edge (x = 0) of the vegetation and the longitudinal position δlong where deposition is 20% of mmax. The lateral reduction in
the net deposition is indicated by the decreasing intensity of the brown shade, with δlat indicating
the lateral position where deposition is 40% of mmax. The yellow arrows indicate the magnitude
of the SS load in the unvegetated (UP, white) and vegetated (VP, green/brown) channel parts.
(Paper III)

The vertical profiles of the mean time-averaged suspended sediment concen������
������ �����������
tration 𝐶𝐶
𝑎𝑎𝑎𝑎𝑎𝑎 normalized with the maximum concentration, 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 /𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚 are

shown in Figure 15, representing the unvegetated (UP), interface, and vegetated
parts (VP) of the channel, respectively. The vertical profile in the unvegetated
part of the channel resembles a logarithmic profile with increasing concentration for positions towards the bed. At the interface, SSC was more uniformly
distributed in the vertical because of effects from the vegetation. In the vegetated areas the profiles were more complex, which can be described by a higher
33

concentration at the top of the plants (around z/h > 0.75) and a dip in SSC in
the middle of the vegetation (at z/h = 0.5).
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Figure 15. Vertical profiles of the mean time-averaged concentration ������
𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 normalized with the
�����������
maximum concentration over the profile 𝐶𝐶
𝑎𝑎𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚 the unvegetated part (UP), at the interface and
in the vegetated part (VP) of the channel. The modeled concentrations using Eq. 21–22 are shown
for the unvegetated part (UP) of the channel. The lines represent the analytical model results
based on the near bed flow velocities 𝑢𝑢∗ , and calculated particle settling velocity ws50.

In Figure 15a, the modeled concentrations are shown for the unvegetated part
of the channel. The models were based on the particle settling velocity ws and
′ 𝑣𝑣 ′ ) at z = 5 mm. The fitted profiles based on the
������
bed shear velocity 𝑢𝑢∗ (𝑢𝑢∗ = −𝜌𝜌𝑢𝑢
modified Rouse equation (Eq. 22) were reasonable in explaining the vertical
variation of the concentration in the unvegetated part of the channel. In the region between mid-depth and the water surface (z/h > 0.5) predicted concentrations were 40 to 90% lower than measured. Equations 20–21 were found to be
inadequate in describing the vertical profiles at the main channel-vegetation interface and in the vegetated areas (Paper III). Deviations from the modified
Rouse-profile are likely to stem from the effects of turbulence generated by the
plant elements, such as the dynamic motions of the plant stems and leaves.
For the foliated partly vegetated channel, the difference in SSC, λc between the
unvegetated parts and vegetated parts was dependent on the drag ratio λd between the vegetated and unvegetated parts as: [𝐶𝐶𝐷𝐷 𝑎𝑎𝑎𝑎 − 𝐶𝐶𝑓𝑓 ]/[𝐶𝐶𝐷𝐷 𝑎𝑎𝑎𝑎 + 𝐶𝐶𝑓𝑓 ], where
Cf is the bed drag coefficient of the channel. Thus, in the vegetated part, the drag
caused by the vegetation dominated and bed friction was negligible, whereas in
the unvegetated areas, bed friction dominated, and vegetative drag was absent.
The differential concentration λc and laterally averaged fluctuating component
〈𝐼𝐼𝐶𝐶 〉 increased for an increasing ratio of the vegetation-induced drag differential
between the unvegetated and vegetated part of the channel (Figure 16). This
shows the potential of λc as an indicator for the integrated effect of lateral mixing
of SS between the unvegetated and vegetated channel parts and net deposition
within the vegetated areas. This provides the means for estimating the lateral
exchange rates based on the drag-ratio between the unvegetated and vegetated
parts of the channel.
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Figure 16. The dependency of the differential concentration λc (left black axis) on the drag differential λd ([CDaH - Cf] / [CDaH + Cf]) between the unvegetated and vegetated part of the, and the
dependency of the laterally averaged fluctuating component of the concentration 〈𝐼𝐼𝐶𝐶 〉 (right red
axis) (Paper III).

Figure 17 shows the longitudinal profiles of mean net deposition m over three
replicate runs for lateral positions of increasing distance dy = (y – yint) from the
main channel–vegetation interface. Net deposition within vegetation decreased
for increasing distance from the leading edge up to x/h ≈ 30 for all lateral positions. In the fully developed flow region (x > LT), where LT is the longitudinal
length of the diverging region of the flow, net deposition remained about equal
over the streamwise direction for most of the conditions. LT was defined to be at
about x/h = 18 based on cross-sectional flow field measurements taken over the
longitudinal direction, with 0.5 m intervals from the upstream part of the flume
(x = 0, Figure 4).
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Figure 17. Longitudinal profiles of mean net deposition m under high (HQ) and medium flows
(MQ) in the vegetated area consisting of foliated (F) and leafless (L) flexible plants normalized
with the maximum net deposition mmax for four lateral positions with increasing distance from
the interface at: a) dy = (y - yint) = 34 mm, b) dy = 90 mm, c) dy = 146 mm, and d) dy = 202 mm.
The dashed line indicates the leading edge of the vegetation at x/h = 0 (Paper III).

The longitudinal gradient 𝜕𝜕𝜕𝜕/𝑑𝑑x was largest in the diverging region of the flow
(x < LT), and decreased for locations further downstream because of decreasing
SSC, which was due to extensive net deposition (Figure 14). The bulk flow velocity had a large effect on the net deposition over the region x < LT, while being
less important in the fully developed flow region, where lateral mixing dominates. An increase in bulk flow velocity from 0.5 (MQ) to 0.83 m/s (HQ) caused
the ratio of net deposition between the leading edge and fully developed region
to halve for leafless conditions, while it doubled for the foliated conditions (Figure 14, Paper III). Deposition in the upstream parts of the patch was about 4–
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29 times higher than the downstream areas, which limited the sediment availability further downstream.
Net deposition decreased with increasing lateral distance (y) from the interface developed over the streamwise direction (Figure 13 in Paper III). Larger
variations in the gradient (𝜕𝜕𝜕𝜕/𝑑𝑑y) were observed up to x/h = 6 in the MQ-conditions compared to the HQ-conditions. As expected for HQ conditions, the longitudinal distance of large variations in 𝜕𝜕𝜕𝜕/𝑑𝑑y was larger, up to roughly x/h ≥
18 and is explained by the advection length scale and the length LT of the flow
development region (Zong and Nepf, 2010). In the fully developed region (x >
LT), starting roughly from x/h ≥ ~18, the data clearly showed the largest net
deposition near the interface, and the lowest deep within the vegetation.
Figure 18 shows the lateral pattern of net deposition m over the vegetated area
(yVP) normalized with the maximum net deposition mmax. These cross-sections
are in the fully developed flow region (x > LT). Net deposition near the interface
(at y-yint = 34 mm) was about two to five times higher compared to net deposition for positions of larger distance from the interface. The strongest lateral gradient of net deposition 𝜕𝜕𝜕𝜕/𝑑𝑑y was observed for the MQ-F run. For most locations along the streamwise direction, 𝜕𝜕𝜕𝜕/𝑑𝑑y was larger for the foliated conditions compared to the leafless condition. Figure 18 shows that the lateral patterns of net deposition was largely unchanged by the foliage.
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Figure 18. Lateral profiles of normalized net deposition per unit area m/mmax for two
longitudinal positions at a) x/h = 48, and b) x/h = 56 in the fully developed region of
the flow (x > LT) (Paper III).

The seasonal variation of vegetation properties (such as foliage) strongly increased lateral mixing of suspended sediments between the unvegetated and
vegetated parts of the channel. This is due to a strong shear layer whereby its
size and magnitude is determined by the foliage-density and mean flow velocity
(Caroppi et al. 2019, 2020; Caroppi and Järvelä 2022) Paper III). Lateral mixing
efficiencies increased for locations of longer distance from the leading edge as a
result of increasing size, strength and frequency of coherent structures (Dupuis
et al. 2017; White and Nepf 2008). Based on the results from this study, and the
literature, it is expected that for long continuous stretches (x/h >~ 30) of
riverbank vegetation, net deposition is driven by the size and strength of the
shear layer between the main channel and vegetated channel part, which is
dominated by the turbulent flow characteristics (Caroppi et al. 2020; White and
Nepf 2008). In the case of short patches (x/h <~ 30), sediment transport by
advection dominates deposition, while flow turbulence influences net deposition by altering particle flow paths and sediment resuspension rates (Follett and
Nepf 2017; Luhar et al. 2008).
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4. Discussion

The results of this thesis provide new knowledge on flow resistance and sediment transport in vegetated channels. The key advances are the improved understanding of the behavior of flow resistance for low to high vegetation densities and mean flow velocities at low relative submergences, and suspended sediment transport in vegetated areas strongly affected by flexible plants. The parameterization and terminology to describe flow resistance and sediment
transport in natural channels with flexible floodplain is illustrated in Figure 19.
Typical scenarios found in the nature with different vegetation densities and relative submergences
LAI > ~3

LAI < ~3

H > hc
H ≤ hc

Sediment
transport
Woody foliated
plants
Herbaceous
understory

Sediment
deposition

1) Vegetative drag and flow resistance
2) Effect of relative submergence
• Use of Leaf Area Index (LAI) as a
LAI-based models suitable for emergent
measure of vegetation density
to submerged conditions:
• Use of species-specific drag coefficients • Use of deflected vegetation height, hd
recommended as the characteristic
C Dχ , C D
, CD
χ,F
χ,S
vegetation height, hc
and reconfiguration parameters
• Introduction of von Kármán scaling
χ , χS , χF
factor, a for improved model accuracy
• Incorporation of flow resistance by

3) Sediment transport and (net)
deposition
• Introduction of drag ratio parameter,
λd between unvegetated and
vegetated channel parts
• Introduction of differential suspended
sediment concentration, λc

herbaceous understory, Cb

Figure 19. Key parameterization for channels with flexible woody vegetation for prediction of flow resistance and suspended sediment transport. The proposed equations
9-14 cover a large range of vegetation densities (LAI) and relative submergences.

4.1

Theoretical implications

The three key implications of the results related to 1) the behavior of the bulk
flow resistance under different densities and the impact of understory grasses;
2) the effect of relative submergence on the flow resistance; and 3) the interaction between suspended sediment transport and deposition in vegetated channels.
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The first key implication relates to the behavior of the flow resistance over a
wide range of densities (LAI = 1–5) and flow velocities (um = 0.05-1.2 m/s) for
mixtures of flexible vegetation with woody plants and herbaceous understory.
These results amend existing knowledge on the behavior of the flow resistance
(e.g., Järvelä 2004; Västilä and Järvelä 2018; Wang and Zhang 2019). These
earlier studies investigated the flow resistance for sparse to dense vegetation but
are mostly limited to intermediate velocities (um < ~0.45–0.65) and LAI densities lower than 3. The results in this thesis (Paper I) suggest that the relationship
between f-LAI and f-um can be extended to ranges not investigated before
(Jalonen and Järvelä 2014; Järvelä 2004; Västilä and Järvelä 2014). Also, at the
outer ranges of LAI and um, the flow resistance is largely dependent on the vegetation characteristics.
Based on underlying hydraulic phenomena and reconfiguration mechanisms,
a clear distinction can be made between the methods developed for rigid and
flexible vegetation. Modeling the flow resistance according to conventional approaches, i.e., Manning’s n, Chezy C and Baptist equation (Baptist et al. 2007;
Chow 1959), leads to incorrect estimates when applied to flexible woody floodplain vegetation. This thesis therefore recommends using approaches that account for flexibility of vegetation, such as Eqs. 9–14 and models from the supporting literature (Järvelä 2004; Västilä and Järvelä 2018).
The second key implication relates to the behavior of the flow resistance at
conditions of low relative submergence and to the need for the use of a characteristic vegetation height, hc, and modifications to existing LAI-based models.
Clear distinctions can be made between methods developed for emergent, justsubmerged (Järvelä 2004; Västilä and Järvelä 2018), and submerged conditions
(Baptist 2005; Baptist et al. 2007). Despite the common occurrence of vegetated
flows at the range of low relative submergence, the effects of relative submergence on flow resistance remain under-researched. Based on the results of Papers
I and II a workable solution (Eqs. 9–14) was outlined for the accurate modeling
of flow resistance of flexible woody vegetation at the range of low relative submergences. For example, modeling results significantly improved after incorporating the deflected vegetation height, hd and the reconfiguration parameters χ,
χS or χF in the drag force and flow resistance equations (Papers I and II). The
LAI-based models are most sensitive to changes in the characteristic vegetation
height, hc with a ±10% change in hc resulting in 15–32% differences in the vegetative friction factors (Table 4 in Paper II). Thus, reliably determining hc is critical in the prediction of the vegetative flow resistance. This requires accurate
description and determination of the deflected vegetation height hd. Paper II
provides guidance on how hd can be obtained reliably.
To address the effects of vegetation on the vertical velocity profile, and consequently on the flow resistance, a scaling factor for the logarithmic term (Eqs. 10,
12 and 14) was considered for submerged flexible vegetation. The effect of flexible foliated vegetation on the vertical velocity profile and momentum balance
has been discussed in the literature (Nepf and Ghisalberti 2008; Nikora et al.
2013; Xu and Nepf 2020) but not implemented in LAI-based models or flow
resistance equations. The von Kármán scaling factor, α, proposed in this thesis
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accounts for bending and streamlining of flexible vegetation, which causes the
vertical velocity profile to deviate from a typical logarithmic profile in the vegetated areas and shear layer on top of the vegetation (Paper II). α was about 1.5
for the foliated woody vegetation used in Paper II), which is expected to vary
slightly for different types of vegetation mixtures and flow conditions. In the
experiments, the most accurate model results were obtained with a value between 1.4–1.6, whereas a = 1 resulted in large deviations from measured friction
factors (Paper II, and Appendix B).
The third key implication relates to the experiments with flexible foliated vegetation that advance process understanding from existing experiments with
rigid type of vegetation and absence of a herbaceous understory (Sharpe and
James 2006; Zong and Nepf 2011). The results from Papers III and Box et al.
(2019) indicated that sediment transport is largely affected by the vegetation,
which should not be neglected in the sediment transport description. Accurate
transport predictions require detailed models needing information on vegetation characteristics and plant scale properties (Västilä et al. 2016; Västilä and
Järvelä 2018). However, data on these properties is difficult to obtain in the
field, especially in large-scale studies. As a novel approach, the introduced drag
ratio, λd (Eq. 24), between the unvegetated and vegetated channel parts can be
used to address sediment mixing efficiencies. New insights on the effects of flow
forcing and seasonal effects on sediment transport and mechanisms as presented in Paper III provide valuable information for future predictions.

4.2

Implications for engineering and management practices

The potential applications of the new BAPmodLAI (Eqs. 9–10), JAR (Eqs. 11–
12) and VAS models (Eqs. 13–14) range from flood inundation studies to river
restoration, floodplain reforestation, channel design, and management of riverine environments (Västilä, 2011; 2022; Aberle and Järvelä, 2015; 2018;
Rowinski et al., 2018). One of the most important tasks is the quantification of
hydrological processes and water/biota interactions, which should be the basis
for Nature-Based Solutions (NBS) (Rowiński et al. 2022). The tools and guidelines in this thesis support practical implementation and design of NBSs, as well
as the assessment of vegetated river and floodplain conditions. Insights on the
behavior of vegetative flow resistance at a wider range of densities, mean flow
velocity, and submergences are considered useful in river management and for
the development of vegetation maintenance schemes (Peters et al. 2021).
Uncertainty in hydraulic computations due to vegetation is a relevant issue to
address. Several studies exist where models with different description for vegetative resistance have been compared (i.e., Dalledonne et al. 2019; Kiczko et al.
2020; Wang and Zhang 2019). However, more studies should focus towards addressing the uncertainties resulting from spatial variability of the vegetation and
changes changes in the input parameters (i.e, density, vegetation height) such
as those investigated in this thesis (Paper II).
The investigations in Papers I-III with high vegetation densities represent
summer conditions of riverine floodplains. During spring and usually until early
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summer the vegetation densities rapidly increase to high densities of a combination of shrubs, woody plants and understory grasses (Asner et al. 2003; Biggs
et al. 2021; Boothroyd et al. 2021a; De Doncker et al. 2009). Therefore, removal
of vegetation may be necessary to increase flow conveyance and reduce flooding.
However, despite the decreased conveyance the allowance of unmaintained vegetation on the floodplains becomes increasingly popular in river rehabilitation
and restoration projects (Rijke et al. 2012). Vegetation is increasingly allowed
to grow on riverbanks and floodplain for ecological reasons. Therefore, the new
insights on the behavior of the flow resistance at the range of moderate to high
densities are valuable.
In winter the roughness values on the floodplains are significantly lower due
to shedding and absence of leaves of deciduous plant species. Therefore, during
winter conditions flow resistance is a function of the density of leafless plants
(i.e., stems and branches) and bed roughness (i.e., understory grasses and other
roughness elements such as rocks, stones, other objects and bed elevations) rather than the vegetation density in terms of LAI. The lower channel roughness
in winter conditions in combination with high discharges results in high flow
velocities both in the main channel and within the vegetated areas (Figure 14).
Similar discharges in summer conditions can result in higher floodplain water
levels and thus cause more damage compared to winter.
This thesis addresses the relationship between flow-vegetation-sediment interactions in the hydro-environment from a multidisciplinary perspective
(Nestler et al. 2016). The key findings on flow-vegetation-sediment processes
from plant to patch scales serve engineering, managerial, ecological, biological
applications. One of the key findings is that good flow conveyance is expected
with vegetation height maintained at about H/hv = 2 instead of applying a full
cut (Paper II). A shorter cut results in more stiff and dense vegetation with a
hydraulically rough surface, which can cause high flow resistances in comparison to smooth and flexible vegetation with a more streamlined shape because of
reconfiguration.
The newly proposed LAI-based models can be used for accurate predictions
on the vegetative flow resistance for a wide range of species, densities, and flow
conditions. The parameter values (AS , AL , CD𝜒𝜒 , CD𝜒𝜒,F , CD𝜒𝜒,S , 𝜒𝜒,F , 𝜒𝜒,S , u𝜒𝜒,F and
u𝜒𝜒,S) of the models are available for several typical riparian species, while the
species-averaged parameter values are recommended for a mixture of species
(Paper II). These vegetative drag parameterizations are physically solid and easy
to implement in numerical models in terms of FD, f’’, n, CDa or CDaH, as necessary. The results suggest that it is possible to apply parameter values derived
with single plants to reach scale with plant stand of varying density. Implementation of the proposed LAI-based approaches into existing hydraulic models allows applications to predict vegetative flow resistance and associated water levels for real case scenarios with complex mixtures of floodplain vegetation.
Commonly, hydraulic modelling makes use of simple roughness parameters
which are prone to uncertainties from various sources such as channel geometry, slope and vegetative resistance. To solve for those uncertainties the rough-
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ness parameters are typically calibrated. Calibration of the roughness parameters can result in the use of unrealistic values or in large deviations from the
truth. Sometimes the deviations are restricted by setting constrains using
known value ranges provided in the literature and based on modeler’s expertise.
For example, Straatsma and Baptist (2008) provided a method that restricts the
range of roughness values that can be assigned to vegetated parts of the floodplain to prevent the use of unrealistic values. Nonetheless, the use of simple
roughness parameters, often only calibrated for lower flows (Knight 2013) can
lead to misrepresentation of model results and lack of understanding of the behaviour of flow resistance, associated water levels and flow velocities. For example, the water levels in Warmink et al. (2013) were underpredicted for flood conditions at the floodplain areas due to misrepresentation of the vegetational
roughness.
A workflow (Figure 13) and guidance on the use of the LAI-based approach
and derivation of the input parameters were compiled (Paper II) for engineers,
modelers, and managers. So far, experiences have been gained mainly under
emergent conditions using HEC-RAS 1D (e.g., Wang and Zhang 2019), TELEMAC-2D (e.g., Dalledonne et al. 2019; Folke et al. 2019), Lisflood-FP 2D
(Politti 2017), and SRH-2DV (USBR 2014). Currently, Delft3D has incorporated
the effect of vegetation through adjusted bed roughness (Al-Asadi and Duan
2017; WL | Delft Hydraulics 2014). The theory of Klopstra et al. (1997) has been
incorporated to estimate the vegetative roughness for emergent vegetation. The
theory by Baptist (2005) has been incorporated to account for the effects of relative submergence of the vegetation.
Conceptualisation of flow-vegetation-sediment processes contributes to environmental hydraulics, which is a neighbouring research field to ecohydraulics,
hydrodynamics, hydrobiology and ecology (Nestler et al. 2016; Rowiński et al.
2022). The new insights on flow-vegetation-sediment interaction and the behavior of the flow resistance aid in the design and maintenance of vegetated
channels and floodplains dealing with flow conveyance and sediment transport
issues. A vegetated (two-stage) channel provides means to control sediment
transport and can be designed and maintained for both capturing sediment and
enhanced conveyance (Västilä and Järvelä 2011, 2018). Vegetation can be promoted as a control for the mean flow velocities, allowing the selection for capturing different sediment sizes. The construction of a (two-stage) vegetated
channel can greatly enhance downstream water quality when carefully designed
and strategically located (Västilä et al. 2021).
The flow-vegetation-sediment interaction analyses indicated that the whole
bank/riparian vegetation can function as a sediment trap. The drag ratio λd (Paper III) can be used as a quick and easy-to-use predictor for the sediment exchange rate between unvegetated and vegetated areas. The management of vegetation can have a significant impact on the mixing and capturing efficiencies.
For example, an intermediate density or taller cut (i.e., H/hv ≈ 2) results in significant increases in net deposition of fine sediments (Paper I). According to
tentative estimates, the deposited load was computed to increase with density
of the vegetation and the length of the two-stage reach under optimal supply
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conditions (Paper III). To maximise sediment exchange between the main channel and the vegetated floodplains bank vegetation is maintained at low to intermediate density (CDaH = 0.1–0.23). Very dense (CDaH > 0.23) bank vegetation
can act as a wall for sediment transport, and results in reduced exchanges and
diminished sediment capturing efficiencies (Caroppi et al. 2020; Nepf 2012b).
Maintenance can also be applied to maximise sediment exchange between the
unvegetated and vegetated part of the channel. The exchange rate depends on
the density of the suspended sediments and interaction with the mean and to
some extent with the turbulent flow field. For dissolved substances the interaction with the turbulent flow field is an important factor to consider (Caroppi et
al. 2019, 2020). Biota benefits from strong coherent flow structures and secondary currents generated by the vegetation–open channel interface with regions
of relatively low flow velocity and turbulence, which can act as resting or sheltering areas (Demars et al. 2012; Ismail et al. 2018).

4.3

Reliability and validity

The reliability and validity of the developed LAI-based models to predict the
vegetive resistance is discussed in this section. Three issues are discussed in
more detail: 1) the need for detailed investigations on natural-like vegetation
and plant surrogates; 2) the consideration of the herbaceous understory; and 3)
the advantages and limitations of the LAI-based modeling in comparison to traditional approaches.
Firstly, natural plants would ideally be used in laboratory experiments, but
practical considerations, for example, growth and decay and changing properties (flexibility, density, and leaf area) – limit the use of natural plants. In flume
studies where natural vegetation is used, (e.g., Järvelä 2002; Siniscalchi and
Nikora 2012), samples are difficult to maintain under laboratory conditions and
may not capture the variety of characteristics observed in vegetation (Tinoco et
al. 2020). This is because misrepresentation of artificial or real vegetation morphology would be translated into the flow field, and any simplification may
therefore compromise the representativeness of results, where alterations to the
velocity will have primary implications for the calculation of vegetative flow resistance (Boothroyd et al. 2016). Reproduction of these properties (i.e., density,
flexibility, and structure) is critical for adequate reprensentation of natural mixtures of floodplain vegetation. However, natural-like plant surrogates often selected can misrepresent natural plants or floodplain conditions. Therefore, in
this thesis natural-like surrogates were carefully selected based on their presentativeness (Boothroyd et al. 2016; Tinoco et al. 2020). Careful consideration
was given to the structure, density distribution of stem and leaves, flexibility,
and reconfiguration of the different plant parts (Paper I). Uncertainties due to
natural variations in plant spacing and density are inevitable. For example, in
nature spatial variation in density can be large (e.g., Boothroyd et al. 2021a;
Vermuyten et al. 2020). In addition to the experiments conducted in this thesis
(Table 1), more studies have recently been dedicated to ensure the realism and
practical value of surrogates used (Boothroyd et al. 2016; Caroppi et al. 2022;
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Sukhodolov et al. 2021). In this thesis, various artificial surrogates were used to
represent mixtures of woody flexible plants with a grassy understory.
Secondly, the literature results suggested the friction caused by understory
grasses and the flow resistance by woody vegetation is an important factor to
consider (Berends et al. 2020; Schoneboom et al. 2010; Vargas-Luna et al.
2018). Results in this thesis (Paper I) showed that the friction by the understory
can contribute up to 28% of the total friction. In the growing season, leaves on
plants are likely to dominate the total drag, and understory grasses may only be
a minor source of flow resistance. However, in winter (when the plants are leafless), the understory grasses may contribute more than the plant stems to the
total flow resistance (Paper I). For example, Berends et al. (2020) found that
the roughness was about 38% higher in the case with understory vegetation in
comparison to without understory. The relative submergence strongly affects
the relative share and is an important factor to be considered in estimates of the
flow resistance by the understory grasses. In practice, understory grasses can be
included in the estimate of bulk resistance as an additional resistance term or
can be incorporated by adjusting the LAI estimate (Paper I). Incorporating understory grasses as an explicit roughness term such as f’ or Cb into existing resistance equations requires consideration of the linear superposition assumption between the two vegetative terms (i.e., f’ and f’’). Linear superposition principle is generally assumed valid but the topic could be investigated with separate
tests of understory grasses and woody plants. Linear superposition of the friction factors was found valid for foliage and stem in Västilä and Järvelä (2014).
Thirdly, the proposed LAI-based approaches (Eqs. 9–14) extended the estimation of the flow resistance of flexible vegetation from emergent to submerged
conditions (Järvelä 2004; Västilä and Järvelä 2018). Despite these advances,
limitations remain in the use of the LAI-based approaches, and careful consideration is required when the approaches are applied outside the tested ranges
of density, mean flow velocity and vegetation types. Additionally, the current
LAI-based approaches should be tested for vegetation types and mixtures with
characteristics such as geometry and other important physical properties (i.e.,
flexibility and surface roughness) not investigated before. Despite the many vegetation types present in nature, the LAI-based method is considered suitable for
a wide range of types and mixtures as species-specific parameters are used to
describe the structure, flexibility, and reconfiguration. Relatively small differences in the vegetation properties such as the deflected height or density lead to
large variation in the modeled flow resistance, whereas small differences in the
vegetation parameters (i.e., CD𝜒𝜒, CD𝜒𝜒,F, CD𝜒𝜒,S, 𝜒𝜒,F, 𝜒𝜒,S) do not significantly affect
the modeled flow resistance (Paper II). The proposed LAI-based models are
considered robust and numerically reliable in the prediction of the vegetative
flow resistance.
Challenges remain in reliably determining the characteristic areas and heights
of the vegetation. A particular challenge is posed by mixtures of species with
different ages and growth stages (Green 2006; Straatsma and Huthoff 2011).
For such cases, data with high spatial and temporal resolution, obtainable by
remote sensing or drone-based approaches, is preferable for determining the
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spatially variable representative characteristic vegetation heights and LAI values (Abu-Aly et al. 2014a; van Iersel et al. 2018; Mewis 2021; Prior et al. 2021;
Straatsma and Baptist 2008). Furthermore, information and in-situ measurements on the deflected vegetation height remain scarce due to the difficulties in
measuring hd under flow forcing in natural settings.

4.4

Recommendations for future research

Model predictions on river flows in both hydrologic and hydraulic contexts
need to reflect reliably changes in the environment (e.g., vegetation growth due
to altered flow regimes, changes in climatic conditions, and increased sediment
and nutrient loads). To further test and develop the introduced LAI-based models (Papers I and II), future research is needed to extend the investigated range
of moderate-to-high densities for mixtures of different vegetation types and
structures. As a part of the solution, improved tools and parameterizations are
necessary to incorporate the effect of natural floodplain vegetation in investigating river and floodplain flows. LAI is widely used in a broad range of models
in earth sciences, though not yet fully exploited in fluvial hydrologic and hydraulic analyses. A wide range of LAI (1–5) were investigated in this thesis. However,
in nature an even wider range of vegetation densities exists, from almost nonexistent up to LAI values as high as 18 (Asner et al. 2003). Other researchers
and modelers are invited to apply and test the newly proposed LAI-based modeling for real case studies with natural vegetation mixtures of low to high densities (e.g., Dalledonne et al. 2019; Folke et al. 2019; Wang and Zhang 2019).
Future research should be targeted toward developing methods suitable to
measure or model the deflected vegetation height, hd under field conditions. The
deflected vegetation height, hd, improved the LAI-based model predictions compared to the use of the non-deflected height, hv, on the vegetative flow resistance
for submerged conditions. Numerous mechanistic flexural rigidity models that
account for reconfiguration exist in the literature (Jalonen and Järvelä 2014; Li
et al. 2018; Shields et al. 2017; Whittaker et al. 2015). However, these models
are not always suitable for biomechanically complex plants with leaves and petioles that reconfigure independent of the bending of the stem. Empirical methods exist to allow for estimates of the deflected vegetation height (Verschoren et
al., 2016; Wilson, 2007; Jalonen and Järvelä, 2014). Some examples have been
published about the modeling of flow-induced reconfiguration (Marjoribanks
and Paul 2021; Siniscalchi and Nikora 2013). Despite these available methods,
accurately determining the deflected vegetation height remains a difficult task,
as it depends on flow forcing, density and flexibility of the vegetation. Ideally,
hd should be estimated based on the expected mean flow velocity as the flow
forcing depends on the bending and reconfiguration of the vegetation. For example, the estimate can be produced with the use of the mean flow velocities
within the vegetation, Uv, and drag-area parameter, CDahd, similar to the approach of Luhar and Nepf (2013).
Future research should be directed towards developing a better understanding
of the contribution and interactions between the understory (e.g., as in Paper
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II) and different types of plants such as woody plants, bushes, and shrubs. The
complexity of the effect of vegetation structure and mixtures on the flow resistance remains poorly understood despite many efforts made with single type
rigid vegetation (Nepf and Ghisalberti 2008; Rahimi et al. 2020; White and
Nepf 2008) and mixtures of flexible vegetation (Caroppi et al. 2020; Caroppi
and Järvelä 2022). The structure and species with different morphology and
flexibility affect the flow field within and at the boundary of the vegetation
(Rubol et al. 2018). This has a strong influence on vertical velocity profiles and
the bulk flow resistance, and is furthermore dependent on the relative submergence (Caroppi and Järvelä 2022; Lightbody and Nepf 2006; Nepf et al. 2007).
Improvements are also needed in existing equations for predicting sediment
transport originally developed for bare bed conditions. For example, commonly
used equations (e.g., Eqs. 21–22) developed by van Rijn (1984) could be modified to allow for predictions in vegetated channel settings. Current modeling of
suspended sediment concentration SSC profiles and sediment transport lacks
adequate equations for accurate descriptions – especially in vegetated settings
(Hu et al. 2010a; Vargas-Luna et al. 2015) and Paper III. Developments should
focus on improving existing methods and analytical solutions for predicting
transport and deposition in vegetated areas, while incorporating the effects of
turbulence on sediment transport mechanisms, such as settling and pick-up
rates (Bonilla-Porras et al. 2021; Kim et al. 2018; Xu and Nepf 2021). Several
studies and models exist that incorporate the vegetative effects on sediment
transport (e.g., Armanini and Cavedon 2019; Bonilla-Porras et al. 2021; FischerAntze et al. 2008). However, future developments require detailed insights and
in-depth understanding of the flow-vegetation-sediment interactions and processes. The role of vegetation in morphological models considering large temporal scales is an important factor to consider. For example, long term (e.g., 100
years) river evolution models are often run without proper representation of
vegetation and its change (Camporeale et al. 2013; Coulthard et al. 2013). The
use of LAI-based or biology-based growth resistance models is expected to improve these results.
Common flume and field study arrangements with arrays of static, rigid cylinders and other surrogates were found to be inadequate for physical modeling of
net deposition on natural floodplains (Paper III), as the cylinders cannot reproduce vertical vegetation structure including a herbaceous understory layer
(Berends et al. 2020; Caroppi 2018; Caroppi et al. 2022). Experiments and
models on sediment transport and deposition would therefore benefit from a
more realistic representation of natural riparian vegetation that is typically
composed of highly variable plant types (Boothroyd et al. 2016; Caroppi et al.
2022; Sukhodolov et al. 2021).
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5. Conclusions

This thesis has demonstrated that flume investigations and models with physically based parameterization of plants can be used to accurately describe the
flow resistance of foliated floodplain vegetation for a broad range of flow conditions. Furthermore, it was demonstrated that the same drag-area-based parameterization can be successfully used to describe the effects of floodplain vegetation on sediment transport and net deposition. The following conclusions can
thus be drawn for the three main objectives of this thesis:
1) The thesis contributes to existing knowledge on the behavior of the

vegetative flow resistance to densities, velocities, and mixtures of
floodplain vegetation not investigated before. The flume setups with
mixtures of flexible vegetation types and an array of high-accuracy
pressure sensors allowed for the determination of the Darcy-Weisbach
friction factors, f, over a range of low to high densities (LAI = 1–5) and
a wide range of mean flow velocities (um = 0.1-1.2 m/s) at low relative
submergences (H/hc ≈ 1-3) (Papers I-II). The results suggest that the
friction by the understory, f’, should be incorporated in the estimates
of total vegetative friction, as the relative share of f’ can be high. Furthermore, the results provide new evidence that leaf area index (LAI)–
based resistance modeling is reliable for emergent vegetation and at
low relative submergences after substituting the drag density term
(CDamD) with leaf and stem areasas an estimate for the vegetation
density and a description of the reconfiguration in existing equations
(Eqs. 8, 9–14). Out of the three developed LAI-based models, the JAR
(Eq. 11) and VAS (Eq. 13) models performed notably better than BAPmodLAI (Eq. 9). This is because reconfiguration is considered in JAR
and VAS, whereas it is not considered in BAP-modLAI. The VAS and
JAR models performed favourably particularly at medium-to-high velocities typical for flood flows, where the influence of plant reconfiguration led to decreasing f’’ with increasing velocity.
2) The relative submergence strongly controls the flow resistance by flexible floodplain vegetation at the range of low relative submergences
(H/hd ≈ 1–3), which is highly relevant in hydraulic analyses of
riverbank and floodplains flows. The LAI-based flow resistance models
developed in this thesis (Eqs. 9–14) can be used for the full range, from
emergent to submerged conditions (Paper II). This improvement addresses one of the most critical limitations in the existing flow resistance models, which are typically suited for either emergent or
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deeply submerged conditions only. Proper definition of the characteristic vegetation height, hc is important, as the use of the deflected
height, hd, significantly improved the model predictions. The von Kármán scaling factor, α, was introduced to account for the dependency
of flow resistance on the velocity profile, canopy roughness and relative submergence of the flexible vegetation. The developed models are
the most sensitive to the definition of the characteristic vegetation
height and LAI. An easy-to-use workflow and guidance on the use of
the LAI-based models and input parameters were provided (Paper II,
which helps engineers, modelers, and managers to adopt these approaches in practice.
3) Suspended sediment transport is strongly influenced by vegetationflow interactions. Within and near the vegetated areas, the velocity
profiles and turbulence intensities are influenced by the vegetation,
which largely affects the vertical SSC distributions. The effects on the
SSC distributions are more pronounced in foliated conditions compared to the leafless vegetation, with significant implications on the
lateral exchange of suspended sediments between the unvegetated and
vegetated parts of the channel. The presence of foliage caused the net
deposition to increase up to 97%, and enhanced deposition near the
main channel-floodplain interface by two to five times (Paper III). The
newly introduced drag ratio approach (Eq. 24) can be used as a rough
estimate of the influence of foliage and seasonally variable vegetation
on the lateral SSC distributions. The new insights in this thesis allow
for improvements in future predictions of suspended sediment
transport and deposition in partly vegetated, main channel-floodplain
or bank/riparian vegetation settings.
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7. Appendices

7.1

Appendix A: Methods to compute the model performance indicators

The performance of the LAI-based models was assessed by the coefficient of
determination (R2), root mean squared error (RMSE), Nash Sutcliffe efficiency
(NSE), mean absolute error (MAE), mean absolute percentage error (MAPE)
and relative error (RE). The model-averaged R2, RMSE and NSE, MAE, MAPE
and RE were computed as:
2
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where n is the number of observations or number of experimental runs, Oi is
the i-th observed value, 𝑂𝑂� is the mean observed value, Pi is the i-th predicted
value and 𝑃𝑃� is the mean predicted value. To compare the base model with the
model scenarios for the sensitivity analyses, the percentage difference PD was
computed as:
PD =
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where Pi,SAmodel is the predicted value by the base model and Pi,SAmodel is the
predicted f value by a sensitivity scenarios.

7.2

Appendix B: LAI-based modeling developments

The model developments led to introducing the LAI-based models (Eqs. 9–
14). Table B1 shows the development of the original Baptist et al. (2007) equations to the friction factor-based BAPmod-LAI model with the von Kármán scaling factor α (Eq. 9).
The modeled Darcy-Weisbach friction factors with the use of the undeflected
vegetation height and α = 1, as well as the relative differences are plotted against
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the measured values in Figure B1. The measured f is plotted against the predicted f in Figure B2 with the use of the deflected vegetation height and α = 1.
Table B1. Equations for modeling flow resistance at submerged conditions.
Equation

Original form

Modified LAI-based form

Chèzy, C (m1/2/s)
B.1
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Eq 2 in Paper II
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Fig. B1. Modeling results with Eqs. B.1 using hc = hv and α = 1. Measured against predicted vegetative flow resistance (f) (a-f, the solid black line indicating the one-to-one line) and the relative
errors RE between modeled and measured values (Eq. A.6) (g-l) for the JAR, VAS and BAPmodLAI equations for different submergences H/hv = 1-3, mean flow velocities (um = 0.05–1.2 m/s)
and densities (LAI = 1–5).
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Fig. B2. Modeling results with Eqs. B.2 using hc = hd and α = 1. Measured against predicted vegetative flow resistance (f) (a-f, the solid black line indicating the one-to-one line) and the relative
errors RE between modeled and measured values (Eq. A.6) (g-l) for the JAR, VAS and BAPmodLAI equations for different submergences H/hv = 1-3, mean flow velocities (um = 0.05–1.2 m/s)
and densities (LAI = 1–5).
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8. Corrigendum

The authors regret that Fig. 9a and b in Paper I contained errors in the areas
used for scaling, while the forces were correct. The error was in the plots only
and does not concern further analyses. The revised figure appears below.

Figure 20. Drag forces FS and Ftot scaled with the frontal stem area AS and one-sided leaf area AL
as function of mean flow velocity um at just submerged conditions. Leafless plants containing one
to three stems (AS = 7.3 – 21.9 cm2) are shown in (a) and foliated plants with one to three stems
and 12 to 56 leaves (AL = 150–700 cm2) in (b) (Paper I).
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