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1 ABSTRACT 

The interaction between vegetation, water flow and geomorphology has created diverse 

fluvial landforms on the Earth. Investigating the interaction between these elements also has 

significant engineering value. The interaction has been studied extensively in last decades. By 

using numerical model that developed rapidly in the last decade, vegetation effects, i.e., 

vegetation distribution and flexibility, on the transitional and equilibrium river morphology are 

discussed in this study. The effects of vegetation transect distribution on braided river 

morphology, and effect of flexibility on reach-scale river morphology has been firstly 

demonstrated. The problems are investigated through simplified scenarios aiming to understand 

the fundamental interaction between vegetation and river morphology. The results have 

compensated the bio-hydro-geomorphology interaction triangle and deepened the understanding 

of the interaction. 

Firstly, a numerical experiment is performed to investigate the effects of floodplain vegetation 

combined with various initial low water channel planforms on the meandering development in 

a gravel-bedded river. Three different low water channels, whose wavelengths are determined 

by an empirical criterion of the mobility of alternate bars through river bends, are studied. Two 

different floodplain covers are considered: a bare floodplain and a vegetated floodplain. The 

simulation configurations are based on the Otofuke River at Hokkaido. Results show that with 

suitable initial low water channel planform and floodplain vegetation, meandering develops in a 

gravel-bed river without periodic vegetation establishment on bare bars. The sinuosity in the 

simulation is close to the river in the field. Meandering develops from two processes in gravel-

bed rivers, (1) alternate bar growth with an erodible bank and (2) growth from the initial low 

water channel bend. The wavelength and amplitude of developed meandering are similar. The 

results suggest that appropriate initial low water channel and floodplain vegetation is sufficient 

condition for meandering initiation in a gravel-bed river. Furthermore, vegetation establishment 
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on the floodplain is not a necessary condition for meandering development in short-term river 

morphology development. This chapter demonstrated vegetation on the floodplain can bring 

serious damage to river embankment in a vegetated river, and implies the important role of water 

edge vegetation in the formation of channel meandering.  

Since the combination effect of floodplain vegetation and channel planform may induce 

serious embankment failure, countermeasures are necessary for the management of a vegetated 

river. In the Satsunai River in Hokkaido, reopening of a closed channel on floodplain is used as 

a measure to reduce embankment failure risks and remove vegetation coverage. To evaluate the 

performance of the reopened side channel, the morphological change of river reach (between 

31.0 km and 28.8 km from the downstream confluence) during the 2019 flushing flood is 

simulated by the hydro-morphological model, iRIC Nays2DH. Results show that numerical 

simulation can capture the trend of river morphological change around the bifurcation introduced 

by the reopening, but the erosion in the reopened side channel is overestimated compared to 

field-measured data. The morphology of the side channel is quite stable to the flushing flood 

based on the field measurement after both 2019 and 2020 flushing floods. The inactive 

morphological response of the reopened side channel to the flushing flood is inefficient in 

reactivating the river bed. By narrowing the inlet of another side channel near the bifurcation, 

more discharge has entered the bifurcation and increased the efficiency of the reopened side 

channel according to the simulation. The results suggest that by artificially changing the low 

water channel planform and redirecting the flow, short-term morphological responses can be 

modified to meet river management requirements. Combined with previous chapter, 

appropriately modifying the floodplain, e.g., artificially creating a new watercourse on the 

floodplain, can reduce the risks brought by vegetation expansion. 

Second, the effect of vegetation distribution on river morphology in a braided river is studied. 

Vegetation distribution along river transects is controlled by hydrological conditions and flow 

disturbance. It can also be influenced by human activities. As one of the most dynamic river 
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patterns, braided river can be significantly influenced by vegetation encroachment, while the 

effect of vegetation distribution along river transects on braided river characteristics is still 

unknown. A depth-averaged hydro-morphodynamic model is employed to study the influence 

of vegetation transect distribution as the development of numerical model in the last decade has 

proved its efficiency in studying the interaction between vegetation and river morphology. 

Rather than discussing specific reason that induces different vegetation distribution and their 

effects on river morphology, the problem is generalized and studied by varying the vegetation 

habitat extension. Two patterns of transect distribution of vegetation have been investigated: (1) 

Vegetation establishment near the low water channel; and (2) Vegetation establishment on bar 

tops and keeps distance from the low water channel. The model has successfully reproduced the 

reduction in braiding index of a vegetated braided river. The results show that transect 

distribution of vegetation has a significant influence on the statistical properties of braiding river 

bed elevation. Bed variance increases with the increase of vegetation habitat area in both 

distribution patterns. Skewness and kurtosis decrease and increase with the increase of 

vegetation habitat area in case of type (1) distribution, respectively. With a distribution type (2), 

the relationships between skewness, kurtosis, and vegetation habitat area are opposite. These 

results have provided an extra explanation for the discrepancy in the skewness between field 

observation and laboratory experiment and show implications for managing vegetated braided 

rivers with a gravel bed. For restoration project in a vegetated braided river, vegetation near 

water edge should be removed rather than vegetation on bar top. This chapter shows that only 

with a vegetation belt that is close to the water edge, the river morphology can be significantly 

influenced. The results further prove the importance of water edge vegetation in the fluvial 

system.  

Finally, the effect of vegetation flexibility on river morphology is investigated. The flexibility 

of riparian vegetation affects the flow around vegetation patches and alters bed shear stress 

below and surrounding the patches. To investigate the effects of vegetation flexibility in a fluvial 
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bio-hydro-morphodynamic simulation, a model to predict flexible vegetation reconfiguration is 

incorporated to a bio-hydro-morphodynamic model based on Delft3D. The effects of vegetation 

flexibility in a gravel bed river with alternate bars have been studied. Phragmites japonica, 

which is an extensively existing reedy grass in riparian environment is the target vegetation. 

Results show that vegetation flexibility impacts river hydrodynamics and morphology 

development processes. With flexibility accounted for, the water depth decreases, averaged 

Shields stress in vegetation patch increases, and active channel width widens. Erosion and 

deposition in the channel are reduced. The significance of flexibility depends on multiple factors, 

i.e., stem density growth rate, rigidity, and sediment size. With a fast stem density growth rate 

or large gravel size, the difference between flexible and rigid cases can be neglected. Compared 

to previous chapters, the effect of flexible water edge vegetation is demonstrated in this chapter. 

With flexibility considered, the floodplain formation rate can be better estimated. 

In this thesis, the effects of riparian vegetation on transitional and equilibrium river 

morphology have been studied. The results demonstrate the significant influence of vegetation, 

i.e., its distribution and flexibility, on river morphology. The results emphasize the necessity to 

understand the geomorphological influence of water edge vegetation, including its spatial 

distribution and mechanical properties.  
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1 Introduction 

 

1.1 Research background 

The interaction between vegetation, river flow and morphology is complicated. Conceptual 

models have been proposed to explain the interaction (Castro and Thorne, 2019; Tsujimoto, 

1999). An example of the conceptual models is depicted in Figure 1.1. The interaction between 

vegetation, flow, and geomorphology is called the bio-hydro-geomorphology triangle. However, 

it has various names in different literature, e.g., eco-morphodynamic (D’Alpaos et al., 2016). In 

this thesis, the effect of vegetation on geomorphology is the main focus. 

 

Figure 1.1 A conceptual model showing the interaction between vegetation, river flow, and 

geomorphology (Tsujimoto, 1999). 

1.1.1 Fluvial process: Interaction between hydrodynamic and river morphology 

The interaction between river hydraulics and river morphology has created a diverse pattern 

of river planform. River planforms can be classified to several patterns, while a threshold 
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between patterns does not exist (Carson, 1984; Leopold and Wolman, 1957; Nanson and 

Knighton, 1996). River morphology can transform from single-thread river to multi-thread river 

continuously. A classification of channel patterns is depicted in Figure 1.2. Channel pattern is 

related to multiple factors, such as bankfull discharge, water depth, and channel width or bed 

slope. Several predictors, empirical or physically based, have been proposed to predict the 

channel pattern with certain parameters. 

A predictor related the bankfull discharge and a critical bed slope is shown as follows 

(Leopold and Wolman, 1957): 

Sc=0.013Q
bf

-0.44
 

where Sc is the channel slope, 𝑄𝑏𝑓 is the bank-full discharge. However, it is realized that this 

predictor can distinguish the meandering and braiding is because the channel slope is partly 

related to channel sinuosity. Therefore, the predictor is not used anymore.  

A better predictor relies on an independent value from the river morphology is developed by 

van den Berg (1995). The predictor is expressed as the following formula: 

ω=900D50
0.42 

where ω is the transitional stream power and D50 is the median river bed grain size.  

Crosato and Mosselman (2009) proposed a simple predictor based on forced bar theory. The 

predictor is expressed as the following formula: 

m2=
0.17g(b-3)

√
ρ

s
-ρ

ρ
D50

B3i

CQ
 

where the m is the bar mode that represents bar numbers in one cross-section, b is the nonlinearity 

of the sediment transport (b is 10 in a gravel bed river, and 5 in a sandy bed river), 𝜌𝑠 and 𝜌 is 

sediment density and water density respectively, 𝐷50 is the median bed grain size, B is the 

channel width, i is the longitudinal bed slope, C is the Chezy roughness and Q is the bankfull 

discharge. The river tends to be braiding if the river is wide, steep and bedload transport is 

dominated.  
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Figure 1.2 River pattern classifications based on river stability, sediment load and other paraameters 

(Schumm, 1985). 

 

1.1.2 Vegetation effects 

1.1.2.1 On hydrodynamics 

Vegetation in the fluvial environment exerts drag force on the water flow (Luhar and Nepf, 

2013). Thus, the roughness of the river bed increases due to the occurrence of aquatic vegetation. 

Velocity within the vegetation patch is found to decrease due to the increase of bed roughness 

(Nepf et al., 1997). Due to the reduced velocity, the bed shear stress decreases. For emergent 

vegetation, the depth-averaged flow velocity is reduced. While for submerged vegetation, the 

water is deflected to the area without vegetation; thus, the distribution of the velocity profile is 

changed: between the lower vegetated part and upper part, there is a shear stress layer. It is found 

turbulence stress drives the water flow in the vegetation canopy. Meanwhile, the bed slope plays 
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an important role (Raupach et al., 1991). The relative importance of turbulent stress or bed slope 

is determined by water depth and vegetation height (Nepf and Vivoni, 2000).  

The effects of vegetation on flow velocity are mainly determined by the parameter ah, where 

a is the front area per square meter and h is the vegetation height (Nepf, 2011). If the vegetation 

is sparse (ah<<0.1), the velocity profile along the vertical direction is close to the turbulent 

boundary-layer profile. With dense vegetation, the velocity profile can be described by a two-

layer model (Baptist et al., 2007; Nepf, 2011). The criteria for dense vegetation is that ah>0.1.  

In an open channel partially covered by vegetation, the flow is deflected to water course 

without vegetation cover. Such flow may influence the flow field that is far from the vegetation 

patch. The effect is called the far-field effect (Bywater-Reyes, 2015). Experiments and 

simulations have investigated flow field around vegetation patch that has simple geometry. Z. 

Chen et al. (2012) has confirmed the wake structure behind a porous obstruction and its 

implications for aquatic vegetation. The flow velocity around the patch increases due to reduced 

cross-section area, and behind the patch, the velocity reduces in the wake area. The occurrence 

of wake structure is also confirmed by numerical simulation (Kim et al., 2018). The wake 

structure also has an influence on sediment deposition patterns. However, in natural conditions, 

multiple vegetation patches exist in the same river reach; thus, they may interact with each other 

(Ghani et al., 2019; Meire et al., 2014). Velocity between patches is found to be enhanced, and 

the area with an increased velocity reduces its longitudinal size with a decrease in the gap 

between patches (Meire et al., 2014).  

 

1.1.2.2 On sediment transport 

As vegetation influences the velocity around vegetation patches and within the vegetation, it 

affects sediment transport. Since shear stress within the vegetation patch is reduced, vegetation 

is regarded that favors the capture of fine sediment in the patch (López and García, 1998). Flume 

experiments find suspended load also deposits behind vegetation patch in the wake region and 

recirculation zone due to reduced shear stress (Kim et al., 2018). However, since the vegetation 
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patch diverts the incoming flow and increases the flow velocity around the patch, erosion also 

happens around the vegetation patch (Rominger et al., 2010). Follett and Nepf (2012) 

investigated the sediment patterns around a limited reedy vegetation patch and found sediment 

is redistributed around the patch. Erosion around the lateral edge increased with dense stem 

density. An interesting discovery is that they did not observe net deposition in the reach scale. 

The experiment also suggests that sediment redistribution around vegetation patches depends on 

the sediment supply condition upstream. Kim et al. (2015) has demonstrated by laboratory 

experiment that sediment pattern is highly related to upstream sediment supply condition. 

Without enough sediment transported from the upstream, erosion occurred around the patch and 

on the leading edge. With Shields stress higher than the transport criteria, deposition happens in 

the vegetation patch. Vegetation also prevents bank sediment from entering the river corridor by 

increasing bank stability. Vegetation stabilize the river bank and reduces bank erosion by 

combing the sediment particles with its root system, as shown in Figure 1.3 (Tal and Paola, 

2010; Van Dijk et al., 2013). 

 

Figure 1.3 Photo shows a sediment grain attaches to vegetation root (Tal and Paola, 2010). 
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1.1.2.3 On river morphology 

Vegetation is shown to affect sediment transport; thus, it also influences river morphology 

(Gurnell, 2014). Riparian vegetation reduces channel width by strengthening the channel bank 

and its expansion (Zen and Perona, 2020). Vegetation on floodplain and point bars reduces the 

occurrence of chute cutoff (Dijk et al., 2014). In braided river, vegetation expansion and growth 

may lead to a reduction in the braiding intensity and finally transform the river pattern from 

braiding to dynamic meandering (Bertoldi et al., 2015; Gran and Paola, 2001; Tal and Paola, 

2010, 2007). The transformation is demonstrated by flume experiment (Figure 1.4). Researchers 

suggest the occurrence of vegetation on the Earth has changed the landform (Gibling and Davies, 

2012). Vegetation on the floodplain maintains the channel width and keeps river meandering 

(Asahi et al., 2013). Vegetation in braided river creates habitat and forms, and such process has 

formed the island-braided river pattern (Edwards et al., 1999; Gurnell et al., 2001). Vegetation’s 

role in creating various river morphological patterns is dynamic rather than static (Camporeale 

et al., 2013; Solari et al., 2016). River morphology response differently to vegetation life stage 

due to different frontal area and flood resistance (Kyuka et al., 2021; A. Vargas-Luna et al., 

2016). Interestingly, the distribution approach of vegetation seeds during seeds dispersal period 

has a different influence on river morphology development (Van Dijk et al., 2013). With seed 

dispersed by water flow (hydrochory), vegetation can increase the braiding intensity. Not only 

can alive vegetation change the river morphology, vegetation debris generated by floods or other 

reasons can also impact morphological development. Woody debris is found to reduce river 

braiding intensity, channel width, and bed elevation skewness (Mao et al., 2020). Debris of 

invasive grassy vegetation may increase the risks of vegetation expansion and change the river 

morphology (van Oorschot et al., 2017).  
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Figure 1.4 Transformation from braiding to dynamic meandering due to the expansion of vegetation 

(Bertoldi et al., 2015). 

The relationship between vegetation characteristics and river pattern can be described the 

following formula (Millar, 2005, 2000): 

S
*
=0.0002D50

0.61ϕ
'1.75

Q
-0.25

 

where S* is a critical slope, D50 is the bed grain size, ϕ' is the angle of repose affected by 

vegetation, Q is bank-full discharge. If the river bed slope is larger than the critical slope, the 

river tends to be braiding; otherwise, it tends to be single-thread.  
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1.1.3 Vegetation dynamic 

Vegetation dynamic is classified into five processes: seed dispersal, recruitment, growth, 

succession, and mortality (Solari et al., 2016). In river channels, seeds are mainly distributed by 

water flow and wind. Seed transported by water flow is named as hydrochory. Hydrochory has 

various forms, and two forms are related to long-distance transport: seeds transported by surface 

flow and seeds transported on the river bed (Parolin, 2006). Hydrochory is influenced by three 

factors: hydrological regime, geomorphology units and phenology (Merritt and Wohl, 2006, 

2002). Water flow velocity is described as the major driver of seed floating or deposition. With 

a small increase in water flow velocity, the distance of seed transport increases significantly 

(Johansson and Nilsson, 1993). Increased shear stress with the increase of flow velocity reduces 

the ability of seed to settle on the river bed (Hyslop and Trowsdale, 2012). For vegetation 

recruitment, a good conceptual model is the recruitment box model (Mahoney and Rood, 1998). 

In the recruitment box model, the seed dispersal period is related to the annual water elevation 

change and recruitment zone (Figure 1.5). Vegetation growth is related to the temporary change 

of vegetation stem density, diameter, root depth and etc. The growth of vegetation is related to 

multiple factors, e.g., sunlight conditions (Sakai et al., 2013). Models describing vegetation 

growth is few. Perucca et al. (2007) employed a process-based logistic model to describe the 

growth of vegetation. The model is described as the following: 

𝜕𝐵

𝜕𝑡
= 𝛾𝐵(1 − 𝐵/𝐵𝑠𝑡) 

where B is the vegetation biomass, 𝐵𝑠𝑡 is the biomass carry capacity of the local environment, 

and γ is a parameter that is related to vegetation growth time scale. Similar growth model has 

been widely used, e.g., Camporeale and Ridolfi (2006).  

Sakai (2013) has employed a more realistic model describing the change of vegetation 

biomass. This model considers the effects of several biological processes on vegetation biomass 

change. The model is described by the following equation: 
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𝜕𝐵

𝜕𝑡
= 𝑃 − 𝑅 +

𝜕

𝜕𝑥
(𝑘𝑥

𝜕𝐵

𝜕𝑡
) +

𝜕

𝜕𝑡
(𝑘𝑦

𝜕𝐵

𝜕𝑡
) 

Where P is the biomass generated by photosynthesis, R is the biomass consumed by respiration, 

𝑘𝑥 and 𝑘𝑦 is diffusion coefficient describing the spatial diffusion of vegetation biomass. This 

model is a mixture of process-based model and physic-based model. The process of 

photosynthesis is estimated by the following formula: 

𝑃 =
𝐼

𝐼 + 𝐼𝑐𝑖
𝑃𝑚𝑎𝑥 

Where I is light intensity in the vegetation patch, 𝐼𝑐𝑖 is the saturation constant for light intensity. 

The process of respiration is described by the following formula: 

𝑅 = 𝛾𝑃 + 𝜇𝐵 

Where 𝛾 and 𝜇 are parameters.  

Pearlstine et al. (1985) proposed a model that describes the increase of tree diameter. 

𝜕𝐷

𝜕𝑡
=

1 − 𝐷𝐻/𝐷𝑚𝑎𝑥𝐻𝑚𝑎𝑥

274 + 3𝑏2𝐷 − 4𝑏3𝐷2
 

Where D is the tree diameter at breast height, H is the tree height, 𝐷𝑚𝑎𝑥 and 𝐻𝑚𝑎𝑥 are the 

maximum diameter and height, 𝑏2 and 𝑏3 are parameters that are determined by vegetation 

species.  

Vegetation mortality can be attributed to multiple reasons. Johnson (2000) indicated that drought 

is a major reason for seedlings. Seedlings on the bare ground cannot survive without suitable 

moisture conditions and water surface declining rate (Amlin and Rood, 2002). A fast decline 

rate of water table may induce vegetation mortality. While a best declining rate exist which is 

about 1 cm per day (González et al., 2010).  

Vegetation is also destructed due to uprooting by erosion and water flow. Erosion-induced 

destruction of riparian vegetation may account for half of vegetation destruction during a large 

flood (Cooper et al., 1999). Two types of uprooting mechanisms are determined by Edmaier et 

al. (2011), namely Type I and Type II (Figure 1.6). Type I uproot is purely induced by flow drag 

force acting on the above-ground part of the vegetation. Type II uproot is a combination of 
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substrate erosion and drag force. With bed eroded the anchoring force induced by root system 

decreases. When the anchoring force is smaller than the drag force, the vegetation is uprooted. 

Since erosion occurs in the Type II uproot, a time delay exists, while in Type I uproot there is 

not time delay. A method to calculate the critical erosion depth for Type II uproot is proposed 

by Calvani et al. (2019). The depth Le could be solved by the following equation: 

𝑎𝐿𝑒
2 + 𝑏𝐿𝑒 + 𝑐 = 0 

𝑎 = 1 

𝑏 = −2 (
1

𝑁𝑅
∑ 𝐿𝑟,𝑖 +

𝜏𝑏𝑒𝑑 + 𝑐′

(𝛾𝑠𝑎𝑡 − 𝛾𝑤)𝑓 𝑡𝑎𝑛 (𝜙′)

𝑁𝑅

𝑖=1

) 

𝑐 =
1

𝑁𝑅
∑ 𝐿𝑟,𝑖 − 2

𝜏𝑏𝑒𝑑(𝜋𝐻𝑝𝐷𝑝 + 𝐴𝑙) + 𝐵

(𝛾𝑠𝑎𝑡 − 𝛾𝑤)𝜋𝑁𝑅𝐷𝑟𝑓 𝑡𝑎𝑛(𝜙′)
+

2𝑐′

(𝛾𝑠𝑎𝑡 − 𝛾𝑤)𝑓 𝑡𝑎𝑛(𝜙′)

1

𝑁𝑅
∑ 𝐿𝑟,𝑖

𝑁𝑅

𝑖=1

𝑁𝑅

𝑖=1

 

where 𝑐′ is the cohesion of bed soil, 𝜙′ is the shear stress angle of soil, 𝐿𝑟 is the length of 

root depth, 𝐷𝑟 is the diameter of root, 𝐻𝑝 is the height of vegetation, 𝐷𝑝 is the diameter of 

stem above ground, 𝐴𝑙 is the leaf area, 𝜏𝑏𝑒𝑑 is bed shear stress, 𝑁𝑅 is the number of roots, 

𝛾𝑤 and 𝛾𝑠 are unit weight of water and soil, respectively. For non-cohesive river bed, 𝑐′ is 

zero.  

In addition to erosion, vegetation can also be destroyed by burial. Experiment in a meandering 

channel has confirmed that under certain flow conditions, burial-induced destruction is much 

riskier to the vegetation than the erosion-induced destruction (Kui et al., 2014). Kui et al. (2014) 

show that burial is related to vegetation density and vegetation height. Dense vegetation is found 

to have a higher risk of being buried in the experiment. It is explained by the higher drag force 

exerted on water flow when the vegetation patch is dense.  
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Figure 1.5 Recruitment box model. Seed dispersal is related to water elevation. From C. Camporeale et 

al. (2013).  
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Figure 1.6 Two types of uproot mechanisms of riparian vegetation (Edmaier et al., 2011). 

1.1.4 Representing vegetation in numerical model and flume experiment 

The interaction between vegetation and fluvial geomorphology can be investigated through 

multiple methods, including field survey (Bertoldi et al., 2011), analytical analysis (D’Alpaos et 

al., 2016), flume experiment (Tal and Paola, 2010), and numerical simulation (van Oorschot et 

al., 2016). In this section, representing vegetation in numerical simulations and flume experiment 

are the focus since both methods provide highly controllable conditions but simplified vegetation 

conditions. 

There are multiple approaches to account for the effect of vegetation in a numerical 

geomorphological simulation. As a pioneering work, Murray and Paola (2003) built a cellular 

automaton model to investigate the effect of vegetation on a braiding river morphology. In their 

model, the vegetation effect was accounted for by reducing sediment flux in vegetated places 

and strengthening river banks by reducing lateral sediment transport.  
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However, the most frequently employed approaches of account for vegetation effect in 

numerical simulation are changing bed roughness or adding a source term representing drag 

force to the momentum equations. The drag force is calculated by the following formula: 

𝐹𝐷 =
1

2
𝜌𝐶𝐷𝑎ℎ𝑣𝑢𝑣

2 

Where 𝜌 is the water density, 𝐶𝐷 is the drag coefficient, 𝑢𝑣 is the mean flow velocity, ℎ𝑣 is 

vegetation height and a is projected plant area per volume which is the product of stem diameter 

and stem numbers per square meter. 

Multiple models have been proposed to account for the vegetation effect by changing bed 

roughness. By analytical analysis and employing generic programming, Baptist et al. (2007) 

proposed the following formula to calculate Chezy roughness coefficient in a vegetated channel 

with submerged vegetation: 

𝐶𝑏
′ = 𝐶𝑏 +

√𝑔

𝜅
𝑙𝑛 (

ℎ

ℎ𝑣
) √1 +

𝐶𝐷𝑎ℎ𝑣𝐶𝑏
2

2𝑔
 

where 𝐶𝑏
′  is the Chezy coefficient with the vegetation effect, 𝐶𝑏 is the Chezy coefficient of 

bare bed, h is the water depth, g is the gravitational acceleration. For emergent vegetation, the 

Chezy coefficient is calculated as follows: 

𝐶𝑏
′ =

√

1

1
𝐶𝑏

2 +
𝐶𝐷𝑎ℎ

2𝑔

 

Barfield et al. (1979) proposed a formula to account for vegetation effect based on hydraulic 

radius. The hydraulic radius RBF is determined by: 

𝑅𝐵𝐹 = ℎ − ℎ𝑣 +
𝑠ℎ𝑣

2ℎ𝑣 + 𝑠
 

Where s is the distance of stems within vegetation patch. The bed shear stress then is calculated 

by: 

𝜏 = 𝜌𝑔𝑅𝐵𝐹𝑖 

where i is the channel bed slope. 
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By comparing with field results and flume experiment results (including roughness and sediment 

transport rate), the Baptist formula shows the best agreement (Vargas-Luna et al., 2015). 

However, the accuracy for sparse vegetation worsens since Baptist formula is based on two-

layer model that does not appropriate for sparse vegetation patches.  

 

Figure 1.7 Single thread channel forms undergoing vegetation expansion in a braided river (Murray and 

Paola, 2003).  

1.1.5 Advances in modelling bio-geomorphology interaction by depth-averaged 

model 

With the fast increase of computational resources, the simulation of the bio-geomorphology 

by depth-averaged shallow water model combined with the Exner equation has developed 

rapidly in the last decades. Although numerical models have not been a standard solution for 

such problems, it has been applied to solve several interesting problems (Stecca et al., 2019). 

Crosato and Saleh  (2011) investigated the effects of floodplain vegetation in a braided river 

with a fine gravel bed. They demonstrated that floodplain vegetation could concentrate flow to 

the main channel during an overbank flood, and prevent the river morphology from being 

braiding. They also found that Baptist formula overestimated the vegetation effect when 

vegetation is sparse. Sakai et al. (2013) simulated the effects of vegetation on alternate bars and 



 

29 

mid-channel bars, accounting for the competence between trees and grassy vegetation. Bertoldi 

et al. (2014) demonstrated that two distinct vegetation distribution patterns exist when varying 

the river stream power, and rapid change of river bed statistical properties can be observed. 

Oorschot et al. (2016) has developed a bio-morphology model based on Delft3D. The simulation 

results based on this model show that river morphology response quite differently to dynamic 

vegetation than static vegetation. The model has been applied to various problems, including the 

effect of climate change and alien vegetation invasion (van Oorschot et al., 2018, 2017). Jourdain 

et al. (2020) investigated the effects of vegetation on alternate bar characteristics by numerical 

model and obtained results that quantitatively agreed with theoretical predictions.  

1.2 Research problems and objectives 

Early research compared different vegetation cutting methods and their influence on water 

depth and velocity (Leu et al., 2008). The results suggest different locations of vegetation patches 

left by the vegetation cutting processes have different influences on river hydrodynamics, and 

water edge vegetation may have the largest influence (Figure 1.8b). However, its influence on 

river morphology has not been studied. Water edge vegetation is assumed to play an important 

role in vegetation habitat expansion by promoting fine sediment deposition (Corenblit et al., 

2009). During this process, flexibility cannot be neglected. With the development of numerical 

simulation techniques, investigating the effects of vegetation on river morphology in a highly 

controllable way is becoming possible. In this study, vegetation influence on river morphology 

in gravel bed rivers is going to be examined, and possible river management measures and their 

influences are discussed. Gravel bed rivers are considered since they may experience river 

morphology change, e.g., the transformation from braiding to dynamic meandering, undergoing 

the influence of vegetation. Moreover, gravel bed river generally has relatively high stream 

energy and less stable river morphology; thus, it provides various habitat for the fluvial 

ecological system.  
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Following are the specific problems that will be tackled in the thesis. The topic that is 

discussed in this thesis and their position in the interaction are depicted in the red box in Figure 

1.9. The schematic of research topics are shown in Table 1. By investigating such problems, not 

only the understanding of riparian vegetation can be advanced, but also the understanding of the 

role played by water edge vegetation can be improved. 

 

Figure 1.8 Different vegetation cutting methods (Leu et al., 2008). Arrows represent flow direction.  

 

Figure 1.9 Schematic figure showing the position of this thesis in the bio-hydro-geomorphology 

interaction triangle. The black box shows the processes that influence the elements in the triangle. The 

red box shows the focuses and research focuses in this thesis.  
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Table 1 Research focuses and schematic figures. 

Research focuses Schematic 

1. Effects of Uniformly distributed vegetation 

on floodplain and initial channel planform 

 

2. Effects of vegetation distribution along river 

transect on river morphology 

 

3. Effects of vegetation flexibility on river 

morphology 

 

 

 

1.2.1 Combined effect of floodplain vegetation and low water channel planform on the 

transitional development of river morphology  

This problem is going to tackle the effect of uniformly distributed vegetation on floodplain, 

as shown in the red box of Figure 1.9. With human impact on river hydrology increases, e.g., 

dam operation, vegetation is expanding in fluvial environment and induces serious management 
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risks. With vegetation expansion, the river is going to be a single thread. In a river encountering 

vegetation expansion problem, floodplain and low water channel both affected water flow. 

Hence they can influence the river morphology development. The floodplain vegetation can 

reduce the sediment entering the river flow; thus, it can affect the river morphology development. 

For a long-term study, which is generally investigated in early research, the river equilibrium 

state is not affected by the initial river morphology (Baar et al., 2019). However, transitional 

development may differ depending on the initial morphology. Clarifying the role played by 

floodplain vegetation and the low water channel planform on the transitional morphological 

development would be valuable for river management.  

1.2.2 Morphological effects of vegetation distribution along river transect in a braided 

gravel river  

This problem is going to tackle the effect of vegetation distribution along river transects on 

the dynamic equilibrium state of river morphology, as shown in the red box of Figure 1.9. In a 

real river, vegetation distribution along river transect is determined by several factors: 

hydrological conditions, morphological change and vegetation species. Vegetation transect 

distribution is tightly related to flow variability (stochastic properties, as shown in the dash blue 

box in Figure 1.9), which is difficult to simulate in a 2-dimensional model due to its high 

randomness. The distribution of vegetation can also be modified by human activities, such as 

vegetation removal. To investigate different factors that induce various vegetation distribution 

is difficult; thus, the problems can be generalized and investigated by varying the vegetation 

habitat extension. Different habitat extension implicitly reflects the factors that induces the 

variability of vegetation distribution. With a deeper understanding of the effect of vegetation 

transect distribution, better vegetation control measures can be designed. 

1.2.3 Effects of vegetation flexibility on river morphology development in a gravel bed 
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river 

This problem is going to tackle the effect of vegetation flexibility on the dynamic equilibrium 

state of river morphology, as shown in the red box of Figure 1.9. However, numerical model 

regarding bio-geomorphology interaction has developed rapidly in the last decade. The 

flexibility of certain type of vegetation is generally neglected, e.g., reedy grass. However, field 

survey has shown that reedy grass is flexible. Thus, investigating the effects of considering 

vegetation flexibility on river morphology development is important. The question is, what is 

the influence of neglecting vegetation flexibility, and in what situation the flexibility can be 

neglected. With a better understanding of modeling flexibility in a bio-geomorphology model, 

better measures to prevent vegetation expansion might be designed. 

1.3 Contents of the thesis 

The structure of the thesis is shown in Figure 1.10. 

Chapter 1 includes the research background and the research problems. The effect of 

vegetation on the bio-hydro-geomorphology interaction is introduced in this chapter. Three 

problems that are neglected are identified in this chapter. 

In Chapter 2, the effects of the uniformly distributed vegetation on floodplain with various 

low water channel on the transitional response of channel morphological development is 

investigated.  

In Chapter 3, the effects of the reopened and closed channel on the transitional morphological 

response are investigated. This chapter depends on a real vegetated braided river. Short term 

morphological response of the initial channel is used as a river management measure. Both 

Chapter 2 and Chapter 3 focus on the transitional response of river morphology. 

In Chapter 4, the effects of vegetation distribution along river transect on braided river 

morphology are investigated. In this chapter, the extension of vegetation habitat is the metric to 
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be studies since it implicitly reflects the influence of stochastic properties of hydrology 

conditions.  

In Chapter 5, the effects of vegetation flexibility on river morphology and water flow are 

investigated. The study shows that flexibility has an influence when stem density and bed grain 

size fall in a certain range. 

In Chapter 6, conclusions and further research are described. 

 

 

Figure 1.10 The structure of the thesis. Research problems correspond to the problems in Figure 1.9. 
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2 Effects of the floodplain vegetation and low water 

channel planform on meandering development in 

a gravel-bed river 

2.1 Introduction 

During a flood event in 2011, a meandering has developed from the low water channel in the 

Otofuke River in Hokkaido and induced disastrous failure of embankment in Figure 2.1 

(Kawamura and Watanabe, 2015). A similar disaster occurred in 2016 in the same river (Okabe 

et al., 2018). Laboratory experiments and numerical simulations have indicated that meandering 

development in the Otofuke River could be induced by initial river topography, i.e., alternate 

bars (Nagata et al., 2013). Yamaguchi and Ito (2014) have shown that the river can still be 

meandering without initially developed alternate bars, but the meandering cannot be maintained 

for a long time. The bank erosion accompanying the meandering development is also related to 

floodplain vegetation cover. Obtaining a better understanding of meandering development in 

gravel bed river would be helpful to prevent similar disasters, while the process is quite 

complicated.  

Meandering initiation and formation have long attracted attention from both 

geomorphologists and river engineers. By linearizing the shallow water equations, incipient 

meandering is attributed to the alternate bar formation and channel curvature (Seminara and 

Tubino, 1989). A movable bed experiment with a fixed wall has shown that the low water 

channel curved with a certain wavenumber could introduce steady perturbation in the river bend 

and amplify the meandering (Garcia and Niño, 1993). Numerical simulation has shown single 

upstream bend can trigger meandering that can migrate to the downstream in the Otofuke River 

(Nagata et al., 2014). However, a study about the influence of initial low water channel geometry 

is lacking.  
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Figure 2.1 River meandering developed during the 2011 flood in the Otofuke River (Kawamura and 

Watanabe, 2015). 

 

Figure 2.2 The cross-sectional configuration of the initial channel. 

Another important factor influencing meandering in a gravel-bed river is vegetation. Without 

floodplain vegetation, gravel-bed river tends to be braided (Iwasaki et al., 2016a). Studies 

suggest vegetation establishment on bars is a key factor for sustaining dynamic meandering from 

a long-term point of view (Braudrick et al., 2009; Weisscher et al., 2019): With vegetation 

establishment on bare bars, shear stress is reduced, and chute-cutoff is difficult to occur (Dijk et 

al., 2014). Without vegetation recruitment on bare bars, floodplain vegetation alone is found 

enough to enhance bank erosion in a braided flume channel (Kyuka and Yamaguchi, 2018). Thus, 

a reasonable assumption is that vegetation alone can trigger meandering in a gravel bed river. 
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Previous studies have shown both initial planform of low water channel and vegetation can 

be triggers of river meandering. However, whether vegetation or planform alone can trigger the 

meandering has not been clearly studies. This study aims to investigate the influence of initial 

low water channel planform and vegetation effect on meandering initiation in a gravel-bed river. 

The study is performed by non-linear numerical simulation since the model can capture non-

linear effects, e.g., chute-cutoff (Dijk et al., 2014), that influence meandering development. 

Different initial low water channels are designed with referring to an empirical criterion that 

determines the mobility of free alternate bars through river bends.  

2.2 Methods 

2.2.1 Numerical model 

Nays2DH is employed to solve the shallow water equations and to predict the morphological 

change by the sediment mass conservation equation (Shimizu et al., 2020). The effect of 

vegetation on flow is accounted for by adding a source term in the momentum equations: 

𝐹𝐷(𝑠, 𝑛) =
1

2
𝐶𝐷𝜌𝑎𝑠𝑈(𝑠, 𝑛)2 (1) 

where 𝐹𝐷(𝑠, 𝑛) is the drag force in the streamwise direction 𝑠 and transverse direction 𝑛 

directions, 𝐶𝐷  is the drag coefficient, 𝜌 is the water density, 𝑎𝑠  is the vegetation density, 

which is the product of vegetation stem number per area and representative diameter, 𝑈(𝑠, 𝑛) 

is the depth-averaged velocity. Vegetation effect in strengthening the bank stability through 

combining the sediment particles is not accounted for in this study. The effect of vegetation in 

protecting the river bank is represented by reducing shear stress within the vegetation patch. 

In Nays 2DH, the transverse bedload transport is calculated by: 

𝑞𝑛 = 𝑞𝑏 [
𝑣

√𝑢2 + 𝑣2

ℎ

𝑟
𝑁 − 𝛾

𝜕𝑧𝑏

𝜕𝑛
] (2) 

where 𝑞𝑛  is the transverse bedload transport rate, 𝑞𝑏  is the total bedload transport rate 

calculated by bedload transport formula, 𝑢 and 𝑣 are the near-bed velocity components along 
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with the streamwise and transverse directions, ℎ is the water depth, r is the streamline radius, 

N (= 7) is a calibration parameter for secondary flow, 𝛾 is a positive calibration parameter 

depending on the Shields number, 𝑧𝑏 is the bed elevation. The transverse bedload transport in 

the vegetated near-bank region could be reduced due to a decreased 𝑞𝑏. 

An angle of repose 𝜃𝑐 is used to determine the occurrence of a bank collapse. If the bed slope 

exceeds 𝜃𝑐, the elevation is adjusted to be bed slope smaller than 𝜃𝑐.  

2.2.2 Initial low water channel planforms 

In this study, compound channels are used as the initial bed (Figure 2.2). The configuration 

of the low water channel and parameters are based on the Otofuke River. The Otofuke River is 

chosen as an example of a gravel bedded river with a vegetated floodplain. In addition, the river 

morphology is braiding if there is no vegetation cover in the Otofuke River (Iwasaki et al., 

2016a); therefore, this configuration is suited to investigate the impact of vegetation. 

The width and depth of the low channel are 60 m and 1.5 m, respectively. The width of the 

initial bed is 54 m due to a sloped channel bank. The total width of the channel is 350 m (Figure 

2.2). The total length of the simulation domain is 6,200 m. The channel slope is 1/130. The grid 

resolution in the lateral direction and longitudinal direction is 3 m and 5 m, respectively.  

The centerlines of the low water channel meandering follow sine-generated curves. Three 

wavelengths, 200 m, 600 m, and 1200 m, are used, whereas the meandering angle is kept to 15°. 

The sinuosity of the initial low water channel is about 1.02, which is a typical value for the rivers 

in Japan (Fukuoka et al., 1997). Three wavelengths of the initial low water channel are selected 

to cover two regimes based on an empirical criterion that determines the mobility of alternate 

bars through river bend (Whiting and Dietrich, 1993). In Whiting and Dietrich (1993), vegetation 

is not accounted for. The regimes are shown in Figure 2.3 by the solid line. The bar migration 

regime predicted by the approximated relation is read as: 

𝑀

𝐵
= (𝑐𝑜𝑠 𝜔 𝑠𝑖𝑛 𝜔)−1 + 2 (3) 
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Figure 2.3 The bar migration regime predicted by formula (3). 

 

Figure 2.4 River morphology classification (Kuroki and Kishi, 1984). The black circle represents the 

initial low water channel of wl-200. 

where 𝑀 is the wavelength of the meandering channel, 𝐵 is the channel width, and 𝜔 is 

the meandering angle. If the left-hand side of formula (3) is smaller than its right-hand side, 

alternate bars can migrate through the river bend, and meandering is difficult to develop. If the 
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left-hand side of formula (3) is greater than its right-hand side, the alternate bars do not migrate 

in the bend, and the bend tends to amplify.  

The parameter space is divided into two regimes by the curve predicted by the approximated 

relation. Above the curve is the no-migration regime, and below the curve is the migration 

regime. The case wl-200 is located in the migration regime predicted by formula (3). The case 

wl-600 is located in the no migration regime. The case wl-1200 is also located in the no-

migration regime, while experimental results indicated alternate bars could migrate through 

bends when M/W is large.  

2.2.3 Simulation conditions 

The total simulation time is 122 hours: the first 22 hours are used for vegetation colonization 

and discharge increase. Hence, the total duration time for the flood is 100 hours. Vegetation 

grows on dry grids where the water depth is smaller than the criterion that is set to 0.1 m in this 

study. The representative sediment diameter is set to 55 mm (Iwasaki et al., 2016a). Ashida-

Michiue formula is used for bedload flux calculation. Manning’s roughness coefficient is 0.028, 

which is calculated by the Manning-Strickler formula. Fine sediment on the floodplain is 

neglected in this study for following reasons: 1. The discharge is close to bankfull discharge; 

thus, fine sediment covering the floodplain has less significant influence on the morphological 

change; 2. The major morphological change occurs near the interface of floodplain and main 

channel, where the shear stress is relatively high, so the fine sediment can be easily washed out; 

3. The 55 mm grain size has been proved by multiple numerical simulations that can reproduce 

morphological change in the field in a short time perspective (e.g. one flood event), which also 

suggests that fine sediment on the floodplain can be ignored. 4. To keep the model simple.  

Vegetation density and erosion criterion for the vegetation, which depends on mature willow, 

are set to 0.1 m–1 and 0.5 m, respectively (Iwasaki et al., 2016a). A modification of the original 

Nays2DH model is made to account for the erosion-induced vegetation destruction: If the 
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erosion in a vegetated grid is deeper than the erosion criterion, the grid is regarded as a bare grid. 

The bank height in the Otofuke River is about 1.5 m; therefore, the critical angle of repose is set 

to 0.56 (Iwasaki et al., 2016a). Input sediment at the inlet is calculated based on the equilibrium 

condition. 

Since this study focuses on the interaction between the initial low water channel and the 

migration of free alternate bars, the discharge for simulation is designed to form alternate bars 

in the low water channel. According to the river morphology regime theory (Kuroki and Kishi, 

1984), alternate bars will form in the initial low water channel (Figure 2.4). Since the sinuosity 

of the initial low water channels is small, the difference in slope between the three cases is minor, 

and only one dot is visible in Figure 2.4. In the Otofuke River during the 2011 flood event, the 

bankfull discharge is between 300 and 400 m3/s, and a larger discharge keeps meandering 

migration (Yamaguchi and Ito, 2014). Therefore, in this study, the discharge is set to 400 m3/s 

to ensure the morphological change occurrence and the formation of the alternate bars. 

2.3 Results 

2.3.1 River morphology without vegetation 

Morphological development with a floodplain without vegetation cover is firstly tested. The 

results are shown in Figure 2.5. The time at the right-upper corner represents the duration time 

after the discharge has achieved 400 m3/s. 

In the wl-200 case (Figure 2.5a), the low water channel becomes straight first, and then 

alternate bars develop from the upstream after 20 hours. The alternate bars development and 

river meandering coexist until the 60th hour. After the 60th hour, chute cut-off happens, and the 

channel soon becomes braiding.  

In wl-600 case (Figure 2.5b), no migrating alternate bars have been found in the low water 

channel, while the bends amplify until about the 20th hour. After the 20th hour, chute cut-off 

occurs and transforms the morphology into braiding.  



 

42 

In the wl-1200 case (Figure 2.5c), similar to wl-200 case, alternate bars are generated and are 

able to migrate through the bend, and the river becomes braided after the occurrence of chute 

cut-offs after about 40 hours.  

The thalwegs in wl-200 and wl-600 before the channel becomes braided through chute-cutoff 

are depicted in Figure 2.6. The averaged amplitude in wl-200 is 161 m and is 167 m in wl-600. 

Since the determining factor of chute-cutoff is gradient difference between chute channel and 

main channel (Dijk et al., 2014), the thalwegs are similar in wavelength and amplitude, although 

the phase of the amplitude differs in the two cases,. The duration needed for the channel 

becoming braiding is different in wl-200 and wl-600 since in wl-600 the migrating alternate bar 

does not occur, and the meandering starts to grow earlier.  

2.3.2  River morphology development with floodplain vegetation 

The morphology developments in rivers with vegetated floodplains with different initial low 

water channel geometries are depicted in Figure 2.7. The river morphological development is 

clearly different depending on the initial geometry by comparing Figure 2.7 to Figure 2.5. 

Meandering has developed and kept for a longer duration due to the existence of vegetation on 

the floodplain. 

In the wl-200 case (Figure 2.7a), the planform of the initial low water channel has disappeared 

after 20 hours. Alternate bars are formed after 30 hours, and then the low water channel starts to 

widen. After 40 hours, the alternate bars along the channel have started to erode the low water 

channel bank. By comparing the bar location in 40th hours and 60th hours, the alternate bars have 

stopped migrating, and their amplitude starts to grow. A thalweg with a typical meandering shape 

has formed. Between 60 hours and 100 hours, the bars keep growing. The development is similar 

to straight channel, except braiding has not yet started (Yamaguchi and Ito, 2014). The migrating 

alternate bars before the 20th hour is consistent with the prediction of formula (3). 
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Similar to case wl-200, the initial meander amplifies in case wl-600 (Figure 2.7b). After 20 

hours, the concave banks are eroded, and the convex banks start to grow. Alternate bars have 

not developed in the main channel, and the river bends do not migrate. The alternate bars have 

been suppressed by the initial predominant channel bend. After 100 hours, the major 

morphological change is still the growth of the river bends. The river morphology keeps 

meandering, except several chute-cutoff happen at around 2 km. The morphological 

development follows the prediction of the formula (3); namely, the results suggest that river 

bends enable the meandering to develop from this regime, where no alternate bars are generated. 

 

(a) wl-200 without vegetation. 
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(b) wl-600 without vegetation. 

 

 

(c) wl-1200 without vegetation. 



 

45 

Figure 2.5 River morphology development without vegetation on the floodplain. Contour shows the 

velocity magnitude. 

 

Figure 2.6 Thalwegs in wl-200 and wl-600 before chute-cutoff occurrence. 

   

(a) wl-200 with vegetated floodplain. 
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(b) wl-600 with vegetated floodplain. 

 

 

(c) wl-1200 with vegetated floodplain. 

Figure 2.7 River morphology development with floodplain vegetation. Contour shows the velocity 
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magnitude, and white parts represent vegetation cover area. 

 

With a longer wavelength of the initial low water channel in wl-1200, alternate bars occur 

again in the river bends after 20 hours (Figure 2.7c). Alternate bars grow with a longer 

wavelength, and deflected main flow starts to erode the river bank. Unlike case wl-600, convex 

banks in the wl-1200 can be eroded either, e.g., at around 2 km and 4 km. Chute-cutoff frequently 

happens in the channel. After 100 hours, the river morphology is more braided than wl-200 and 

wl-600. Since migrating alternate bars are observed at the beginning of the simulation, the results 

are inconsistent with the formula (3), which predicts the bar is unable to migrate through the 

bend. Similar bar migration has been observed by Whiting and Dietrich (1993) in an 

experimental flume with a fixed bank. 

2.4 Discussions 

2.4.1 Comparison with bifurcation instability theory 

According to Dijk et al. (2014), when chute-cutoff happens, inlet step differences between the 

main channel and chute channel decrease, and a plug bar will block the main channel. Elevation 

development of one chute-cutoff event is shown in Figure 2.8. The elevation of the main channel 

and chute channel are shown in Figure 2.9. Before the chute-cutoff, a gradient advantage existed 

in the chute channel since it has a shorter length. At the inlet of the main channel, the elevation 

was higher after the chute-cutoff since a plug bar formed at the inlet. The inlet elevation of the 

chute channel became lower. During the formation of chute-cutoff, the inlet step difference 

becomes smaller. The development of the chute cutoff is qualitatively consistent with the chute 

development in field.  

After the occurrence of chute channel on the point bar, a bifurcation has formed between the 

main channel and the chute channel. Thus, the development of the chute-cutoff event should 
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follow the prediction of bifurcation instability theory. The relation of sediment transport and 

discharge can be described by the nodal point relation (Wang et al., 1995): 

Qschute

𝑄𝑠𝑚𝑎𝑖𝑛
=

𝑄𝑐ℎ𝑢𝑡𝑒
𝑘

𝑄𝑚𝑎𝑖𝑛

 𝑊𝑐ℎ𝑢𝑡𝑒
1−𝑘

𝑊𝑚𝑎𝑖𝑛
 

Qs is the sediment transport rate, Q is the discharge and W is the width. For k<n/3, where n 

is determined by the bedload transport formula, the bifurcation will be unstable. Bedload 

transport is proportional to vn (v is the velocity magnitude). Since Ashida-Michiue formula is 

used in the simulation, n is about 3.8 (obtained by fitting the bedload-velocity curve). Figure 

2.10 shows the discharge ratio and sediment transport ratio during the chute-cutoff event. The 

slope was smaller than the stability criteria predicted by the theory in the right region of the 

dashed line, which means the chute-channel would be the dominant channel. Thus, the 

development was consistent with the theoretical prediction. Based on these results, the numerical 

model of this research can reproduce the chute cutoff qualitatively and quantitatively. 
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Figure 2.8 One chute-cutoff event in wl-600 with vegetated floodplain. 

 

 

Figure 2.9 Elevation of main channel and chute channel before and after the chute cutoff event. 
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Figure 2.10 Discharge ration and sediment transport ratio during the chute cutoff event. Black line is 

the stability criteria of bifurcation predicted by theory. 

 

2.4.2 Vegetation effect in alternate bar growth 

Figure 2.11 compares the distribution of water depth and bedload transport in a typical 

meander in wl-200 with (upper) and without vegetation (lower). The area where the water depth 

is less than 0.5 m, corresponding to the floodplain, is represented by the white in the figure. 

Without vegetation cover, active bedload flux is observed around the bank (black box in Figure 

2.11a). Due to sediment entrainment, the outer bank migrates to the downstream (red line in 

Figure 2.11a), and leads to the bar tail limb elongation and channel widening (solid red line in 

Figure 2.11a). With vegetation cover (Figure 2.11b), the sediment entrainment from the bank 

reduces because the effective bed shear stress near the bank is reduced (black box with a solid 

line in Figure 2.11b); thus, the outer bank hardly moves downstream. With a limited 

downstream migration, the location with the highest Shields number moves to upstream 

gradually, and the location keeps in phase with the bend apex (Figure 2.12 and the orange 

triangles in Figure 2.11). Therefore, the outer bank migration is restricted in the lateral direction, 

and the bend gradually becomes tighter. The tighter bend increases the angle between the 
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incoming flow and the potential chute channel on the bar (Figure 2.11, black arrows), which 

makes the chute-cutoff difficult to occur. 

Vegetation on the point bar was found to delay chute-cutoff in previous research by reducing 

shear stress within the vegetation patch (Iwasaki et al., 2016a), and bar-floodplain conversion 

by vegetation establishment is necessary for modeling meandering (Weisscher et al., 2019). In 

this study, vegetation does not grow on the newly deposited bars, but the sinuosity of the 

developed meandering channel is about 1.52, which was close to the sinuosity of real meandered 

gravel bed river (Braudrick et al., 2009). Bank erosion is enhanced by uniform vegetation cover, 

which is consistent with the results in a braided river (Kyuka and Yamaguchi, 2018). The results 

show that vegetation can still play an important role in triggering the meandering in a gravel bed 

river without vegetation recruitment on point bars. 

 

(a) Floodplain without vegetation cover. 
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(b) Floodplain with vegetation cover. 

Figure 2.11 Water depth and bedload transport in a typical meander in wl-200. 

 

Figure 2.12 Thalweg and Shields number in wl-200 case with floodplain vegetation. 
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2.4.3 Meandering development from the initial low water channel 

The results of morphological development in vegetated cases show two types of meandering 

development. The first type (found in case wl-200) is meandering development from alternate 

bars. Alternate bars firstly develop in the low water channel, and the bank eroded by the alternate 

bars induces and amplifies meandering. The second type (found in case wl-600) is the 

meandering developed from channel bend. The initial channel bend suppresses the formation of 

alternate bars, and curvature flow in the bend amplifies the meandering. The meandering in wl-

200 is developed by the resonance between alternate bars and bank curvature (Seminara and 

Tubino, 1989). 

 

 

Figure 2.13 Thalwegs at the 100th hour in wl-200 and wl-600 with floodplain vegetation. 

Figure 2.13 depicts the thalwegs, determined by the lowest elevation of each section, in wl-

200 and wl-600 at 100 hours. Although the phases of the meandering are different between the 

two cases, the wavelength and meandering amplitude are similar between wl-600 and wl-200. 

The results imply that with different meandering development types, the developed meandering 

geometry is similar.  



 

54 

2.5 Conclusions 

A numerical experiment is performed to investigate the influence of uniformly distributed 

floodplain vegetation and low water channel planform on meandering development. Three initial 

low water channels are prepared, and vegetated and bare floodplains are compared. Initial 

channel morphology affects the duration before braiding occurrence without floodplain 

vegetation. Low water channel planform can influence the transitional process for a relatively 

short period without floodplain vegetation cover. With vegetation coverage on floodplain, the 

bank erosion is enhanced in the outer bank of point bars, and meandering with sinuosity close to 

gravel rivers in the field can develop from both initial channels in the migration regime and no-

migration regime. It is concluded that vegetation recruitment on bare bars is not a necessary 

condition for meandering initiation in vegetated gravel rivers, and vegetated floodplain 

combined with a suitable initial channel is one sufficient condition. The bar growth is restricted 

to the lateral direction because its downstream migration is limited by vegetation, and the phase 

lag between the bend apex and high shear zone becomes small. The results demonstrate that 

vegetation on floodplain plays a more important role than the initial low water channel planform.  
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3 Morphological response of bifurcated channel 

with reopened and narrowed side channel inlets to 

artificial flush flood 

 

3.1 Introduction 

As the results shown in the Chapter 2, vegetation on the floodplain may induce significant 

bank erosion during short-term flood impact. To reduce such risk, artificial modification of the 

initial planform is performed in some rivers in Japan. Such modifications do not only aim to 

reduce the bank failure possibilities but also have ecological objectives. The multiple targets of 

artificial modification to the river planform require the measure to reduce bank failure risks and 

activate morphological change at the same time.  

The Satsunai River is a tributary of the Tokachi River in Hokkaido, Japan. Due to a decreased 

annual peak discharges, the river morphology has become relatively stable, and the flood plain 

has been covered with stable vegetation. However, riparian vegetation species Salix arbutifolia 

has reduced its habitat because this species prefers bare gravel bars but the bars in the river has 

covered by other vegetation adapted to a more stable environment. To destabilize the bed form 

of Satsunai River for keeping the area of bare gravel bars, the river morphology manipulation 

including the reopening of closed side channels on vegetated floodplain had been implemented. 

Such measures, i.e., artificially modifying the initial river morphology, have been found 

effective in reactivating the river bed while reducing the risk of embankment failure (Sumitomo 

et al., 2016). A side channel was reopened its inlet in Feb. 2019 is depicted by the purple line in 

Figure 3.1 and focused in this study.  

River flow has bifurcated after the reopening of the side channel (Figure 3.1). The bifurcation 

may have the potential to be closed again during floods(Bolla Pittaluga et al., 2003; Kleinhans 
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et al., 2013). The morphological change of the side channel may influence its efficiency in the 

destabilization of the river morphology. The morphological change around the bifurcation 

depends on the budget of sediment transported into and outgo from the bifurcation (Wang et al., 

1995). However, the quantitative prediction of the morphological change around the bifurcation 

from a long-term perspective is a challenging task, and factors influence the morphological 

evolution are still unclear. 

To predict and evaluate the effects of the side channel reopening, the numerical simulation 

would be an effective approach. However, the accuracy of the numerical simulation depends on 

several factors and the predictive ability of numerical simulation for such a complicated process 

is not well understood. The uniform grain size assumption has been widely used in engineering 

and research and this study also uses this assumption. Another reason for using a uniform grain 

size model is that grain size distribution is quite inhomogeneous in both horizontal and vertical 

directions in the field, and the number of data points of grain size distribution measurement was 

insufficient to prepare the simulation grid covering the domain. 

In June 2019, a flushing flood was discharged at Satsunai River. The flood provided a precious 

opportunity to verify the simulation model and observe the evolution of the reopened side 

channel. In this paper, the applicability of numerical simulation with uniform sediment 

assumption in predicting the river morphological change is discussed, and then a measure is 

proposed to improve the performance of the reopened side channel in destabilizing the river 

morphology by narrowing the inlet of another side channel around the bifurcation. With careful 

design of the measure to change the initial planform, the short-term response of river 

morphology can be modified to meet the requirements on reducing embankment failure risks 

and creating habitat for certain vegetation species.  
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Figure 3.1 Simulation domain and photos of the field. 

 

Figure 3.2 Hydrograph of flushing flood in June, 2019. 
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3.2 Simulation 

 

The simulation was performed by the iRIC Nays2DH model (Shimizu et al., 2020). Figure 

3.2 shows the hydrograph of the flushing flood which was based on the record at the dam and 

there was no major tributary among the dam and the site. The maximum discharge was around 

110 m3/s. The flood lasted for 35 hours. The river morphology did not change during the low 

discharge, hence in the simulation, only the flood duration had represented aiming to reduce the 

simulation time. The initial topography was obtained from DEM data with a resolution of 2.5 m 

x 2.5 m. The simulation domain is as shown in Figure 3.1, which is between KP31.0 and KP28.8 

from the confluence with the Tokachi River. The result of a case whose grid size was equal to 

1.2 m x 1.2 m showed a minor difference with a case whose grid size equal to 2.5 m x 2.5 m, 

and the erosion and deposition pattern were the same (Figure 3.3). Thus, the 2.5 m x 2.5 m grid 

was used. Because the floodplain was hardly submerged during the flushing flood, the domain 

does not cover whole the river width to increase the computational efficiency with keeping the 

grid density in the channel. The total grids number was 112941, with 801 grids in the stream-

wise direction and 141 grids in the transverse direction. 

In the field survey, the sediment diameter D60 as a representative diameter had increased after 

the 2019 flushing flood. Between KP31 and S1 sections, the D60 was 77.5 mm after the flushing 

flood. Between S1 and S6, the sediment diameter D60 was from 62.5 mm to 68.5 mm after the 

flushing flood. 

In the simulation, a uniform grain model is used and single grain size can be specified in the 

simulation. The uniform grain size of 35 mm, 53.5 mm, 60 mm and 73.5 mm had been tested 

and the run with 73.5 mm diameter provided the bedform after the 2019 flushing flood 

corresponded well to the field data and this grain size had been used for the following analysis. 

Ashida-Michiue formula was chosen to calculate the bedload rate. Manning’s roughness 

coefficient was set as 0.027 based on the Manning-Strickler equation. The morphological factor 
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was used to speed up the simulation: in one time-step, the morphological change was multiplied 

by the factor thus the total simulation time can be divided by the factor. In the simulation, the 

morphological factor was set to 2 thus the time of the original hydrograph was divided by the 

factor. The results were same with the morphological factor equal to 1, and larger value induced 

some differences. The equilibrium sediment transport rate was used at the inlet. The tangent 

value of the repose angle of bank collapse was increased from the default value 0.3 to 0.7 since 

significant bank collapse in the field was not observed in the field. The time step was set to 0.12 

s to keep the simulation stable. 

 

Figure 3.3 Comparison of elevation change between current grid and a finer grid. 
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3.3 Reproducibility of water surface elevation 

The water surface is compared with field data to verify the simulation results. Since the data 

in the field is extremely limited, only water surface at the reopened channel at section S6 is 

compared. The water surface at peak discharge is shown in the Figure 3.4. The simulated result 

(blue line) has a relatively good agreement with the field data (green line) at the reopened side 

channel. In the main channel, the water surface elevation is inclined due to the centrifugal force.  

 

Figure 3.4 Water surface elevation and bed elevation at S6 section. 

3.4 Predicting the morphological change around the bifurcation 

Before and after the 2019 flushing flood, river cross-sectional profiles were measured by the 

river office. In addition, on June 22, 2020, the elevation of the centerline of the secondary 

channel was measured by RTK-GPS. Because no large flood happened after the flushing flood 

in 2019, the bed profiles measured on June 22, 2020 was considered to represent the topography 

after the flushing flood in 2019. The location of representative river sections surveyed is shown 

with the green lines in Figure 3.1.  

Reopened channel 
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Except measurement of the elevation, velocity in the reopened side channel was also measured 

by an image-based stream surface observation system. To obtain the discharge in the channel, 

the water depth was measure by a pressure sensor.  

The results of simulated and surveyed cross-sectional change are compared in Figure 3.5 and 

discussed below.  

3.4.1 At the vicinity of the bifurcation 

In section S2, deposition occurred in the channel (the purple ellipse in Figure 3.5a). In the 

simulation, the deposition can be observed although the amount of the deposited sediment is less, 

which can be attributed to the uniform grain size assumption used in the simulation. Since the 

sediment diameter is larger than the field (43.5 mm before the flood, and 63.5 mm after the 

flood), less amount of sediment could be transported (the purple ellipse in Fig. Figure 3.5b). In 

section S3, the deposition in the red box is presented by simulation but an erosion in the yellow 

rectangle is not represented.  

3.4.2 In the main channel 

The morphological change at the main channel is not simulated correctly. In the field 

measurement (Figure 3.5a), sediment deposited in the main channel at this cross-section S4 (the 

green filled-circle), and a middle bar (indicated with the green arrow in Figure 3.5) between the 

reopened side channel and the main channel was eroded. In the simulation, the river bed and the 

middle bar does not change during the flushing flood in the main channel at section S4 (the green 

filled-circle in Figure 3.5b). The difference in sediment diameter between the field and the 

simulation can be considered as the reason for the deposition in the main channel, and a lack of 

bank erosion model can be ascribed to the less erosion of the middle bar. In the field, sediment 

diameter was about 42.5 mm before the flushing flood, while in the simulation sediment diameter 

was 73.5 mm. Larger sediment in the simulation could hardly be transported in the main channel. 
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The location indicated with the black rectangle (Figure 3.5) is the left-hand side channel (which 

will be discussed later in Section 4), and the side channel was eroded in the field.  

In section S5, bank erosion and deposition in the main channel (the red ellipses in Figure 3.5) 

can be observed in the field measurement, while in the simulation, bank erosion is at opposite 

side although deposition occurred at the same location. Overestimated erosion at the right bank 

of the main channel (indicated with the blue filled-circle) can be observed in the simulation, 

however, the armor effect may have happened in the field, and the large surface sediment 

prevented the bed from erosion. 

In section S6, main channel erosion is observed in both field survey and simulation. The 

erosion is considered to be induced by the flow curvature (see the intersection of the black line 

showing the main channel and the S6 cross-section in Figure 3.1). 

3.4.3 In the reopened side channel 

In section S4, the erosion at the reopened side channel (indicated with the green triangle in 

Figure 3.5b) is overestimated in the simulation. At section S5 (Figure 3.5), a similar height of 

deposition can be observed in both simulation and field data (the blue triangles). In section S6, 

the erosion is not observed in the simulation, the possible reason is that in the field the 

morphological change is disturbed by a groin.  

Longitudinal profiles of the side channel along the centerline are depicted in Figure 3.6. 

Ridge-trough sequences are observed in the field (the sky-blue and purple lines) and in the 

simulation (the green line). The depth of trough 1 in the simulation is similar to the trough 1 in 

the field survey. The D60 of trough 1 in the field is 90 mm which is larger compared with the D60 

of the neighboring places including ridges 1 and 2, this implies the armoring effect prevented 

the erosion of the trough 1 in the field, while in the simulation the depth is limited. The stable 

topography around ridge 1 and the depth of trough 1 are well represented in the simulation, this 
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suggests the result can be applied to predict the discharge division since the discharge is mainly 

controlled by the morphology at the inlet. 

The topography changes of simulated and measured profiles between 70 m to 120 m from the 

inlet do not correspond well (Figure 3.6). The trough 2 is observed in 130 m at the field data but 

the second trough is represented at 80 m in the simulation. Erosion occurs in the simulation while 

deposition in the field. The direct reason for the erosion can be ascribed to the overestimated 

sediment washout during the rising phase of the flushing flood, and the erosion is difficult to be 

backfilled during the falling phase.  

The velocity and water depth estimated from the field survey are depicted in Figure 3.7. The 

discharge is about 17.2 m3/s at the peak of the flushing flood. The discharge calculated from the 

numerical model in the reopened side channel is about 30 m3/s at the peak. By comparing the 

discharge obtained by the field survey and numerical simulation, it can be concluded that the 

discharge is overestimated in the side channel. The exact reason for the overestimated discharge 

is not clear yet, but it is possibly attributed to the vegetation cover. The vegetation within the 

channel is not accounted for in the simulation; thus, the discharge distribution in the braiding 

network changes which may result in a larger portion of discharge that enters the side channel. 
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Figure 3.5 Cross-sectional profiles of sections S2 to S6 of (a) field measurement and (b) simulation. 

 

Figure 3.6 Bed elevation and Froude number along the reopened side channel. The start point of 

centerline was the cross point of the centerline of main channel and the reopened side channel. 
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Figure 3.7 Mean water surface velocity and water depth measured by pressure sensor and an image-

based stream surface observation system. Different makers of black lines show the velocity estimated 

by different method.  

 

3.5 Morphological change and discharge division after narrowing the inlet 

of left-hand side channel 

 

The targets of the reopened side channel include to mitigating the main channel meandering 

to the river embankments and to create the bare gravel bed (Sumitomo et al., 2018)s. To prevent 

the bank failure due to the main channel meandering, flow rate diversion to the reopened side 

channel is essential, and to increase the area of bare gravel bars requires active morphological 

change. After the flushing flood on June 24, 2020, the elevation of the centerline of the artificial 

channel is measured, and the change is quite limited (less than 0.1 m). The less flow capacity in 

the reopened side channel may bring limited morphological change during frequent small floods. 

To increase the efficiency of the reopened secondary channel to achieve its targets, it is important 

to increase the discharge flowing into the reopened side channel.  
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As illustrated in Figure 3.8, at the vicinity of the X node which is just located at the upstream 

of the bifurcation, a side channel (hereinafter referred to as left-hand side channel to distinguish 

from the reopened side channel) has reduced discharge entering the bifurcation. The water 

entered the left-hand side channel finally flows into the main channel (the yellow line) of the 

bifurcation. Thus, the discharge in the reopened side channel (the purple line) is reduced, and 

the discharge in the main channel increases relatively, which possibly leads to an increase in the 

risk of embankment erosion in the main channel due to the flow curvature.  

Aiming to reduce the discharge entering the left-hand side channel, the following method is 

proposed: depositing sediment at the entrance of the left-hand side channel where is shown in 

the red rectangle of Figure 3.8 to elevate its height to form an artificial mound and narrow its 

inlet. The elevation is elevated from 0.4 m to 1 m around the area to represent the mound. The 

discharges entering two channels diverted from the bifurcation are shown in Figure 3.10 (the 

main channel is indicated by the yellow line in Figure 3.8 and Figure 3.9, and the reopened side 

channel is indicated by the purple line in Figure 3.8). Without the artificial mound, the maximum 

total discharge entering the bifurcation during the flushing flood was 90 m3/s, while with the 

artificial mound the maximum total discharge entering the bifurcation increased to 95 m3/s. 

Because the maximum discharge is 110 m3/s during the flushing flood, there is still space to 

increase the discharge entering the bifurcation. Compared to the discharge entering the reopened 

side channel, the change of discharge in the main channel changes relatively small. The 

discharge in the reopened side channel (dashed-lines in Figure 3.10) doubles at the end of the 

falling phase, and its value is larger than which in the main channel thus, an alternative 

mainstream change happens which is supposed to be effective in reactivating the morphological 

change (Hasegawa et al., 2003; Sumitomo et al., 2016). However, the alternative mainstream 

change is not observed without the artificial mound: the main channel always had a higher 

discharge. 



 

67 

The cross-sectional profiles at S4, S5 and S6 cross-sections with and without the artificial 

mound are as shown in Figure 3.11, respectively. In section S4, the reopened side secondary 

channel is eroded and deposition can be seen in the main channel. In section S5, the erosion of 

the main channel (indicated with the green filled-circle) is reduced. However, in the reopened 

side channel (the green triangle), the same deposition is still observed. This deposition occurrs 

due to the locally expanded width of the reopened side channel. In section S6, the erosion at the 

outer side of the bend of the main channel (the blue filled-circle) is slightly mitigated after the 

installation of the artificial mound. Because the eroded sediment from the main channel is 

transported downstream (depicted in Figure 3.9) where the reduced erosion is beneficial for the 

opening of downstream channels (the green line in Figure 3.8 and 3.8). 

 

 

Figure 3.8 Aerial photo taken at Oct 28, 2019 around the bifurcation. 
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Figure 3.9 Bedload vector at the main channel and reopened side channel. 

 

Figure 3.10 Discharge in the main channel and the reopened side channel. 
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Figure 3.11 Profile at S4, S5 and S6 sections with and without artificial mound. 

3.6 Conclusions 

In this paper, numerical simulation is conducted for predicting the short-term morphological 

change around the bifurcation introduced by the reopening of the side channel to discuss how to 

activate the morphological change caused by the flushing flow. The simulated results have been 

compared with the field survey data and reasonable agreement has been confirmed in the 

morphological changes around the bifurcation. However, the morphological change at the 

reopened side channel is not reproduced well. The limited accuracy in the reopened side channel 

may be attributed to the overestimated discharge. The results imply the difficulties in 

reproducing the discharge distribution in a braiding river.  

Based on field survey data, the reopened side channel is almost stable in the channel form 

after the flushing floods. By elevating the inlet of the left-hand side channel around the X node 

to form a mound and narrow the inlet, the discharge at the bifurcation can be increased and 

benefits the reopened side channel morphological change. Also, by reducing the discharge in the 
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main channel, the erosion and the risk of embankment failure are reduced. With the narrowed 

inlet of left-hand side channel, the alternative mainstream change is observed which is supposed 

to benefit the morphological change. The effects of the channel narrowing or closing suggest 

that not only the geometry of the reopened side channel should be carefully designed, but also 

the morphology around the bifurcation should be modified to increase the efficiency of the 

reopened side channel. 
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4 Effects of vegetation distribution along river 

transects on topographic characteristics in a 

braided river with gravel bed 

4.1 Introduction 

The interaction between hydrology, sediment transport, and vegetation creates diverse river 

morphology and landform (Millar, 2000; Tsujimoto, 1999). The role of vegetation is ineligible 

(Gurnell, 2014). Riparian vegetation decreases flow velocity within vegetation patch and can 

promote sediment deposition (Kim et al., 2015; Tsujimoto, 1999; Zong and Nepf, 2011). 

Vegetation patch in river also deflect water flow; thus, it also has far-field effect (Bywater-Reyes 

et al., 2018). Recent laboratory experiment has shown the effect of vegetation on single thread 

channel (Kyuka et al., 2021). By establishing stable floodplain, vegetation has the potential to 

transform a braided river into a single thread river(Gran and Paola, 2001; Tal and Paola, 2007).  

Vegetation could colonize stabilized river bed if the water stage enables its growth (Mahoney 

and Rood, 1998). The spatial vegetation distribution depends on vegetation species, hydrological 

conditions and climate conditions (Camporeale and Ridolfi, 2006; Gurnell, 2014; Vargas-Luna 

et al., 2019). The discharge variability induced water flow disturbance and the water availability 

are important restriction factors that affect the transect distribution of vegetation (Camporeale 

and Ridolfi, 2006). Distribution along a river transect frequently has a peaked shape and the 

habitat extension depends on vegetation species (Johnson et al., 1995; Lytle and Merritt, 2004). 

The distribution of vegetation along the transect direction also results from the vegetation seed 

distribution method (Van Dijk et al., 2013). Artificial impact, e.g., dam construction, could also 

lead to the spatial change of vegetation (van Oorschot et al., 2018). Vegetation invasion could 

significantly change the vegetation spatial distribution depending on the propagule stress (van 

Oorschot et al., 2017). Climate change may induce the vegetation belt shifting and change the 
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species richness: vegetation belt may shrink or expand depending on the change of hydrological 

conditions and location of vegetation (Martínez-Fernández et al., 2018; Mosner et al., 2015; 

Ström et al., 2012). 

Vegetation spatial distribution generates distinct river morphology. An early numerical study 

showed that non-uniform vegetation distribution on floodplains influenced the planform of 

meandering rivers (Camporeale et al., 2013; Perucca et al., 2007). The spatial distribution in the 

transverse direction has an impact on river with alternate bars (Bertoldi et al., 2014). Floodplain 

vegetation and vegetation on bar surfaces have different effect on river morphological change in 

a single thread river (Vargas-Luna et al., 2019). With vegetation establishment on floodplain, 

the river bank is more stable, while with vegetation on bar surface, river flow is deflected and 

induces local bank erosion. River with vegetation whose seeds are transported by water flow has 

a larger braiding intensity than river with vegetation whose seeds are transported by wind (Van 

Dijk et al., 2013).  

Although studies have investigated the effect of vegetation distribution in wandering or single-

thread rivers, the effect of vegetation distribution on braided river is rarely investigated. Along 

a braided river transection, vegetation may have different morphological effects depending on 

its location (Gurnell, 2014). Vegetation importance may reduce near mid-channel bars and on 

floodplains, since the disturbance from water flow is strong and submergence opportunity is low, 

respectively. Through numerical simulation and laboratory experiments, studies show that 

uniformly distributed vegetation transformed a braided river into a dynamic single-thread river 

(Murray and Paola, 2003; Tal and Paola, 2010, 2007). Vegetation could prevent a single-thread 

river from braiding and promote meandering during a large flood (Iwasaki et al., 2016a). Field 

observation has confirmed that the statistical properties of an island braiding river are related to 

the median elevation of vegetation patch (Bertoldi et al., 2011).  

Studying the effects of different vegetation distribution along a transect on river morphology 

could be difficult in a laboratory experiment. With the development of depth-averaged two-
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dimensional numerical models, it is possible to study such effects by simulation (Jourdain et al., 

2020; van Oorschot et al., 2016; Weisscher et al., 2019). In this study, numerical simulations 

based on Delft3D were performed to study the effect of different vegetation distribution along 

transection on braided river morphology and its statistical properties.  

Two different colonization patterns in a gravel-bed braided river are studied. The first pattern 

accounted for vegetation colonization near low water channel during normal flow condition 

where flow disturbance is relatively strong, and in the second pattern, the vegetation colonizes 

higher elevation where flow disturbance was relatively weak. By varying the colonization area, 

the morphology is quantitatively compared. The river is inspired by the Satsunai River and the 

Otofuke River in Hokkaido, Japan, which is heavily influenced by vegetation in the last decade 

(Iwasaki et al., 2016a; Weisscher et al., 2019), and the river configuration is also an typical 

gravel bed river that sensitive to vegetation expansion (Millar, 2005). The results have shown 

that two patterns have distinct influences on braiding river morphology.  

4.1.1 Hydro-morphology model 

Flow field and morphological development are obtained using the hydro-morphology model 

Delft3D. Details about the numerical method can be found in Lesser et al. (2004). The model 

solves the depth-averaged shallow water equation systems by the ADI method on boundary 

fitting grids and update the bed topography by solving the Exner equation. Bed load flux is 

estimated by the Meyer-Peter and Müller formula (Meyer-Peter and Muller, 1948). 

Vegetation effects on the flow velocity is accounted for by adding a momentum source term 

representing the drag force exerting on the water flow (Jang and Shimizu, 2007): 

 (1) 

 (2) 

where x is the longitudinal coordinate, y is the transverse coordinate, u is the velocity along the 

x direction, v is the velocity along the y direction, CD is the drag coefficient, 𝜌 is the water 
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density, as is the vegetation density that is the product of stem number per unit area and 

vegetation representative diameter, hv is the smaller value in water depth and vegetation height. 

The bedload flux direction is corrected by considering the secondary flow effect and bed slope 

effect. The secondary flow effect is induced by flow curvature and is critical for the formation 

of channel bars (Iwasaki et al., 2016b; Schuurman et al., 2013). The angle between the bedload 

transport and the downstream direction is calculated as: 

 (3) 

 (4) 

where R is the radius of the streamline curvature, 𝜅 is constant value equal to 0.4, C is the Chezy 

roughness coefficient.  

The effect of bed slope is accounted for by the following formulas: 

 (5) 

 (6) 

where 𝜙𝑠 is corrected angle between bedload flux and downstream direction accounting for 

the bed slope effect, 𝜃 is the Shields number. Bed slope effect is critical for the simulation of 

braided river morphology. The selection of the parameter 𝛼 significantly affects the braiding 

morphology, and a large value of α may lead to overestimated erosion (Baar et al., 2019; 

Schuurman et al., 2018, 2013). 

 

4.1.2 Vegetation model 

Vegetation dynamic includes the recruitment, growth, and mortality of vegetation 

(Camporeale et al., 2013; Solari et al., 2016; van Oorschot et al., 2016). In this study, vegetation 

disperses its seeds during a specified period. During the seed dispersal period, vegetation 
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establishes their community on the bare bed where water depth is smaller than a criteria value 

and the carrying capacity is larger than zero. When vegetation establishes in a grid, the grid is 

regarded as vegetated and cannot be colonized again until the vegetation is destructed by an 

external force.  

Vegetation characteristics considered in this study include vegetation height, density, and root 

depth. Here, the density of vegetation represents the production of vegetation stem density and 

diameter.  

Two mechanisms in the model can destroy the vegetation when certain conditions are satisfied. 

First, when cumulative scour depth in a grid becomes deeper than the root depth, the vegetation 

is destroyed (Edmaier et al., 2015). Second, when deposition in a grid is higher than the 

vegetation height in the grid, the vegetation is destroyed.  

 

4.1.3 Simulation settings 

Three groups of simulations are performed. The first group aims to investigate the influence 

of channel width, the second group aims to investigate the influence of sinuosity, and the third 

group aims to study the influence of meander bend length. Thus, the river is straight in the first 

group, and the width keeps constant in the second and the third group. The river does not 

represent a real river in nature, but the river with a width equal to 250 m has similar 

characteristics, including slope and peak discharge, with the Satsunai River, Japan, which is a 

braided river with a gravel bed. The river slope is 1/130, and the gravel size is 25 mm. Relating 

parameters of the numerical simulation are shown in Table 2. The initial bed developed from a 

compound channel and is fully braided. All simulation starts from this initial topography.  

The whole simulation contains 200 cycles of floods, and between each cycle of flood 

vegetation can colonize on the river bed. Each cycle of flood contains a 12 hours rising phase 

and 24 hours of falling phase. The total time is enough for the morphology to reach an 
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equilibrium state. The magnitude of the flood is 300 m3/s which is given by the average peak 

discharge in the Satsunai River (Nagata et al., 2016). The duration of the flood is typical in a 

mountainous region. 

Two scenarios of vegetation distribution along the river transverse section, which is shown in 

Figure 4.1, are investigated: (1) In Scenario 1, vegetation establishes near the lower water 

channel and the upper limit of the colonization area varies from 0.2 m to 2.5 m (relative elevation, 

marked as RE_U) representing vegetation that sensitive to moisture availability (e.g., 

Phragmites japonica); (2) In Scenario 2, vegetation establishes on the bar top and the lower limit 

of the colonization area varies from 0.2 m to 1.5 m (relative elevation, marked as RE_L) 

representing vegetation that not sensitive to underground water table but flood disturbance.  

The physical parameters of the vegetation being studied are shown in Table 3. Vegetation 

type C1 is similar to reedy grass in the riparian environment. However, reproducing a prototype 

in the field or studying the influence of specific vegetation are not the aims; hence, the root depth, 

density and time scale of vegetation being mature are modified to study the effects of different 

types of vegetation on the morphological characteristics. The parameters of vegetation are 

estimated in a physically real range (Crosato and Saleh, 2011; Tetsuya et al., 2003; van Oorschot 

et al., 2017; Andrés Vargas-Luna et al., 2016). The height of the vegetation is 2.5 m. For 

vegetation with a long growth time scale, the vegetation properties change linearly. Vegetation 

type D1 has the weakest resistance to flood impact in this study, while vegetation types A1 and 

A2 are the strongest. Simulation cases are provided in Table 4.  
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Figure 4.1 Schematic figure of two scenarios of vegetation distribution along river transverse sections. 

Dashed line shows the peaked pattern of distribution in the field (Camporeale and Ridolfi, 2006; Johnson 

et al., 1995), and solid line shows the simplified distribution in the numerical simulation. 
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Table 2. Settings of the numerical simulation 

Item Unit Value Reference 

Channel width m 250 Estimation based on field 

Channel length m 4,000 
More than ten times of the channel 

width 

Channel slope - 1/130 Nagata et al. (2016) 

Bed gravel size mm 25 Iwasaki et al. (2016a) 

Maximum discharge m3/s 300 Nagata et al. (2016) 

Mean annual normal 

flow (vegetation 

recruitment) 

m3/s 30 Nagata et al. (2016) 

Chezy roughness m0.5/s 30 - 

Sediment inlet - 
equilibrium 

condition 
- 

Sediment transport - Bedload 
Determined by Shields stress and 

sediment diameter 

Bed slope effect α - 0.7 
Physically real value based on Baar 

et al. (2019) 

Grid size m2 5x10 
Balance between precision and 

computational resources 

Time step s 0.6 Keep simulation stable 

 

Table 3. Parameters of different types of vegetation. Density and root depth are the values 

of a mature state. A linear growth is employed. 
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Table 4. Simulated cases 

 
Habitat Extension 

(Vertical distance from low water surface) 

Vegetation 

type 
Case name 

Scenario 1 

Lower limit (RE_L): 0 

Upper limit (RE_U): 0.2, 0.5, 1.0, 1.5, 2.0, 

2.5 m 

A S1-A 

B S1-B 

C S1-C 

D S1-D 

Scenario 2 
Lower limit (RE_L): 0.2, 0.5, 1.0, 1.5 m 

Upper limit: No upper limit 

A S1-A 

B S1-B 

C S1-C 

D S1-D 

Full cover 
Vegetation can cover all bare bed during the 

normal flow period 

A Ref-F-A 

B Ref-F-B 

C Ref-F-C 

D Ref-F-D 

Bare Without vegetation cover - Ref-Bare 
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4.2 Results 

4.2.1 General river morphology 

The river morphology at the end of the simulation in the reference cases are shown in Figure 

4.2. The green contour represents the age of vegetation patch rather than the age of vegetation. 

The river morphology is a single thread river when vegetation cover is Type A since it has the 

strongest resistance to flood. While in other cases, the river morphology shows a higher braiding 

intensity (e.g., Ref-F-C). The vegetation patch age is significantly older in Ref-F-A case than in 

the Ref-F-D case, showing a lower floodplain turnover rate with strong vegetation cover.  

 

Figure 4.2 River morphology and vegetation cover in the reference cases. The green contour represents 

the age of vegetation patch. Flow direction is from the left. 

The channel wet width and active width are depicted in Figure 4.3. The active width is the 

channel with bedload transport. In general, the width and active width are wider in Scenario 2 

than which in Scenario 2. The width and active width decrease with the increase of habitat area 

since the bed roughness increases and flow are deflected to the main channel. Regarding the 
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active width, it decreases slowly when the vegetation area is small and faster when the habitat 

area ratio is larger than 0.6. It is attributed to that the higher place is inactive in the braided river; 

thus, vegetation on the bar top does not significantly influence the active width.  

 

Figure 4.3 Wet width and active width (A and B, respectively) in each case during the peak discharge 

(300 m3/s). 

4.2.2 Statistical characteristics of bed elevation 

The relationship between the statistical characteristics of bed elevation and vegetation cover 

is shown in Figure 4.4. Regarding the bed variance (Figure 4.4A), it increases with the increase 

of vegetation cover ratio in both scenarios. In Scenario 1, the variance increases rapidly and 

achieves a steady value when the cover ratio is about 0.4. In Scenario B, the variance value 

grows slowly before 0.6 and starts to grow rapidly with the vegetation cover ratio when the cover 
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ratio is larger than 0.6. The skewness of bed elevation increases monotonously with vegetation 

cover in Scenario 2, while in Scenario A, bed skewness first decreases and then increases 

(Figure 4.4B). The trend of bed kurtosis in Scenario 1 is also not monotonous: it increases first 

and then decreases (Figure 4.4C). In Scenario 2, the bed elevation has a negative skewness and 

positive kurtosis when the vegetation cover is low, and it has a larger skewness and a positive 

kurtosis when vegetation cover ratio becomes larger. In Scenario 1, bed elevation distribution 

always has a negative skewness and positive kurtosis. The results show that with different 

habitats, bed elevation subject to vegetation varies even with a same vegetation cover ratio. 

 

Figure 4.4 Relationship between bed statistical characteristics (A) bed variance, (B) bed 

skewness, and (C) bed kurtosis, and vegetation cover ratio. 
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Figure 4.5 Distribution of elevation in case S1-A (A) and S2-A (B). The solid line shows the 

distribution of all grids, and the dashed line shows the distribution of vegetated grids. 

 

The distribution of elevation is shown in Figure 4.5. Since the change of statistical properties 

has a similar trend in all cases, only vegetation type A is selected as an example. In Scenario 1 

(Figure 4.5A), with the increase of the habitat upper limit, the peak value decreases, and the 

peak moves toward to the positive direction. The peak of the vegetated area moves from the 

negative to the positive. While in Scenario 2 (Figure 4.5B), the peak of vegetated area moves 

toward the negative direction. Compared to Scenario 2, the area with negative elevation and 

positive elevation both increase significantly with the increase of vegetated area in Scenario 1. 

In both cases, the peak value decreases with the increase of vegetated area. 

4.2.3 Vegetation cover 

Vegetation cover in case S1-C, S2-C and corresponding reference cases are shown in Figure 

4.6A and B, respectively. Compared to the reference case without vegetation cover (Ref-Bare), 

the area of vegetated area in S1-C is smaller than the habitat area provided by the bare river, e.g., 

the area with a relative elevation smaller than 1 m is smaller in S1-C than in Ref-Bare Figure 

4.6A). This result suggests the elevation with higher relative elevation has been created by the 
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vegetation. The vegetated area in S2-C is larger than the habitat area provided by the bare bed 

(Figure 4.6B). The larger river bed area with higher relative elevation shows vegetation induces 

accretion and creates habitat that has a higher relative elevation regardless of the location of 

vegetation. Compared to Scenario 1, in the fully covered case, vegetation cover ratio between 

same relative elevation is higher (Figure 4.4A). While comparing the case of S1-C, S2-C and 

Ref-F-C, vegetation habitat area with a higher relative elevation is less and habitat area with a 

lower relative elevation is larger (Figure 4.6A and B). The results show that the relationship 

between vegetation with lower relative elevation and vegetation with higher relative elevation is 

non-linear. The interaction between vegetation with a different relative elevation in the Ref-F-C 

case leads to a larger habitat area that has a smaller relative elevation.  
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Figure 4.6 Vegetation cover ratio in S1-C, S2-C and corresponding reference cases. 

 

4.2.4 Discussions 

In this study, the effects of vegetation distribution along river transections on a braiding river 

morphology have been investigated. The reduction of braiding intensity with the influence of 

vegetation in the numerical model is well reproduced. The transformation is consistent with 

laboratory experiments and an early numerical simulation by cellular model (Bertoldi et al., 

2015; Murray and Paola, 2003; Tal and Paola, 2010). The statistical characteristics of bed 

elevation and vegetation cover ratio are compared, and the results show that the change of 

statistical properties has two different relationships with the change of the vegetation cover ratio 
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depending on the vegetation transect distribution. The influence of vegetation transect 

distribution on bed statistical properties are summarized in   
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Table 5. Both distributions are positively related to habitat area ratio in term of bed variance 

and have opposite effects on bed skewness and bed kurtosis. The effects also explain the non-

monotonous change in skewness and kurtosis with the increase of vegetation habitat area. For 

example, the decreasing trend of skewness in Scenario 2 when habitat area is larger than a critical 

value since the vegetation in lower place has an effect of reducing the bed skewness. In Scenario 

1, the skewness decreases (i.e., more asymmetrical) with the increase of habitat upper limit until 

the upper limit reaches a critical value. In Scenario 1, since the vegetated area is around the local 

average elevation (0 m in Figure 4.5A) and vegetation induces both deposition and erosion, the 

distribution is more skewed. While in Scenario 2, vegetated area is mainly above the local 

average elevation (0 m in Figure 4.5B). Given the vegetation in higher place induces less erosion 

and still increase deposition (Figure 4.6B), the peak of the distribution will move toward the 

local mean elevation with the downward expansion of vegetation; therefore, the distribution 

becomes more symmetrical (i.e., an increasing skewness when starts from a negative skewness). 

In both scenarios, decreased peak hight can be observed, while the bed kurtosis increases in 

Scenario 1 and decreases in Scenario 2. The increase of kurtosis in Scenario 1 appears to be 

conflicting with the decreasing trend of the peak value, while it is attributed to that kurtosis is 

better to be described as a measure of tailedness rather than peakedness (Westfall, 2014). 

Suspended load is not considered in this study. Fine sediment can deposit on the top of the bar 

and it can fill the low place (Braudrick et al., 2009). Thus, with the consideration of fine sediment, 

the decrease of skewness in Scenario 1 may be mitigated.   
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Table 5. Relationship between bed statistical properties and the increase of habitat area 

ratio. The ‘+’ represents the two values that are positively connected, and the ‘--’ 

represents the two values that are negatively connected. 

Distribution along 

transect 
Bed variance Bed skewness Bed kurtosis 

 
+ (strong) -- + 

 
+ (weak) + -- 

 

In a field observation performed in the Tagliamento River in Italy, the skewness was found to 

be positively related to vegetation cover ratio, and the kurtosis was negatively related to 

vegetation cover ratio (Bertoldi et al., 2011), while in a flume experiment performed by Mao et 

al. (2020) the skewness decreased with the vegetation encroachment on bar surfaces. Mao et al. 

(2020) attributed the possible reason for the difference between the field observation in the 

Tagliamento River and their flume experiment to a lack of fine sediment in the laboratory 

experiment. However, the results imply that different pattern of vegetation distribution along 

river transect is another possible reason. In the flume experiment, vegetation expands its habitat 

from the bar top to a lower place, which can be confirmed in the Fig. 1 of Bertoldi et al. (2015). 

Such a situation is similar to Scenario 2 with a large habitat area in this study, and the study 

shows that the skewness decreases with the increase of vegetation cover when the habitat area 

ratio is larger than a critical value. In the Tagliamento River, the vegetation cover was mainly 

on locations with higher bed elevation, which was similar to Scenario 2 with a small habitat area 

ratio in this study. In addition, in the Tagliamento River, bed elevation with less vegetation cover 

was negatively skewed and had positive kurtosis, and the skewness became negligible and the 

kurtosis became negative with the increase of vegetation cover. The results of the relationship 

between skewness, kurtosis and vegetation cover ratio is consistent with the field observation. 
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In the field, the bed standard deviation is positively related with the vegetation cover, which also 

has an agreement with the results in this chapter. The negatively skewed distribution of cases 

without vegetation cover is observed in the laboratory experiment performed by Garcia Lugo et 

al. (2015). The change of the skewness and kurtosis with the vegetation cover ratio was more 

rapid in the field than in the simulation. A possible reason is that the root reinforcement effect 

of vegetation is not accounted for in the numerical simulation. The consistency between the 

numerical simulation and field observation shows that the numerical model has the potential to 

reflect the morphological change of braiding river with vegetation cover in the field 

quantitatively, although improvements are still needed.  

Braided river is one of the most dynamic river patterns and provides support for fluvial 

ecosystem (Tockner et al., 2006). A global trend of reducing braided river was reported and one 

important factor is riparian vegetation expansion (Stecca et al., 2019). With the transformation 

from braided river to single thread river, the diversity of ecosystem may reduce. One recovery 

management strategy is removing the vegetation cover artificially (Leu et al., 2008). However, 

different removal methods exist depending on management objectives. Artificially released 

flushing flood is used to clear vegetation near the low water channel (Sumitomo et al., 2018, 

2016). Cutting of vegetation on floodplain can improve the flow capacity during large flood 

(Toshimori and Miyamoto, 2014). This study shows that vegetation at different locations along 

river transections has distinct effects on river morphological development; thus, different 

removal methods of riparian vegetation may lead to different river morphological responses 

(Figure 4.7). In an originally braided but currently single-thread river, by removing vegetation 

near the low water channel, river morphology can recover rapidly and linearly to a status without 

or with less vegetation cover. By just removing vegetation from the floodplain, the effectiveness 

of the vegetation is lower and may generate a quite different river morphology considering the 

change of skewness and kurtosis. However, various vegetation removal methods can be applied 

to river management. The two methods discussed here are simplified. Vegetation removal should 



 

90 

also consider vegetation species and its ecological characteristics, such as growth and expansion. 

The methods discussed here can be applied to river where single vegetation species is in 

dominant.  

 

Figure 4.7 Schematic figure of two vegetation removing methods and response of river morphology in 

an originally braided but currently single-thread channel.  

In the River Tech, vegetation location along transverse geomorphic gradient was found that 

have different effects on sediment accretion (Corenblit et al., 2009). Neither trees on the 

floodplain nor the herbs near the low water channel have the largest effect on sediment accretion, 

but the shrubs between the floodplain and low water channel affect the sediment deposition most. 

The vegetation near the low water channel captures sediment and maintains stable habitat for 

other species (Corenblit et al., 2020, 2009). The result in this thesis has confirmed the ability of 

vegetation to create habitat regardless of its distribution along the transect. However, by 

comparing the vegetation cover between partial coverage and full coverage (Figure 4.6), it is 
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found that the vegetated area with higher relative elevation is reduced in the full coverage 

situation, and the vegetated area with lower relative elevation has increased. The reduced area 

of vegetation with higher relative elevation is attributed to the sediment supply from the lower 

part of river. Sediment supply is a critical factor that influences the interaction between 

vegetation and braided river morphology, which has been confirmed both by numerical 

simulation and field observation (Gran et al., 2015; Murray and Paola, 2003). In an environment 

without enough sediment supply from the upstream, erosion rather than deposition may happen 

in the vegetation patch (Diehl et al., 2017; Kim et al., 2015). In the fully covered situation, the 

vegetation in the lower place may prevent the sediment from being transported to the higher 

place; thus, the vegetated area with higher relative elevation reduces.  

In this study, the effects of different distribution of vegetation along river transverse gradient 

on braided river morphology are investigated. No specific vegetation type is discussed in this 

study. However, the major parameters of vegetation (density, root depth, and vegetation height) 

fall in a physically real range (Jourdain et al., 2020; van Oorschot et al., 2017, 2016; Andrés 

Vargas-Luna et al., 2016). Suspended load is not accounted for in the model. Thus, the results 

are more appropriate for gravel bed river. Vegetation preference on the habitat is explicitly 

controlled rather than modelling by physical process. The results show that a more sophisticated 

numerical model that accounts for the interaction between underground water and vegetation is 

necessary. It will also be interesting to study the effects of neglected factors, i.e., root 

reinforcement and fine sediment, in future research.  

4.3 Conclusions 

In this study, the influence of transverse vegetation distribution on braided river morphology 

development is investigated by numerical simulation. Two patterns of transverse distribution of 

vegetation have been investigated: (1) vegetation establishment on river bed near the lower 

channel; (2) vegetation establishment on the bar top. The numerical model has successfully 
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reproduced the reduction in the braiding index of the braided river undergoing the vegetation 

influence. Regardless of its distribution along river transect, vegetation can create a habitat with 

a higher relative elevation. However, such an effect is weakened if the vegetation can colonize 

the whole river bed. The results show that the transverse distribution of vegetation significantly 

influences the statistical characteristics of braided river. The bed elevation statistical 

characteristics show distinct relationship with the increase of vegetation habitat ratio. The 

variance positively relates to the increase of vegetation habitat area. The skewness and the 

kurtosis are negatively and positively related to the increase of vegetation habitat area, 

respectively, when the vegetation establishes habitat near the low channel. The skewness and 

the kurtosis have an opposite relationship with the increase of vegetation habitat area when the 

vegetation establishes habitat on the bar top. The influence of the vegetation transection 

distribution provides an explanation for the discrepancy in the bed skewness between field 

observation and laboratory experiments. The results also have implications for the recovery 

management of braided river with vegetation expansion problems.  
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5 Role of Riparian Vegetation Flexibility in a Bio-

Hydro-Morphology Simulation 

5.1 Introduction 

 

Riparian vegetation's critical role in river morphology development has been widely 

recognized amongst river morphologists (Gurnell, 2014; Murray et al., 2008; Solari et al., 2016). 

Fluvial landscapes would be different from those we see today if vegetation had not participated 

(Gibling and Davies, 2012). Riparian and aquatic vegetation is an important part of fluvial 

systems (Tsujimoto, 1999; Vesipa et al., 2017). The expansion of vegetation within a river 

corridor may increase flooding risks and reduce bio-diversity (Erskine et al., 1999; Javernick et 

al., 2018). Thus, understanding vegetation's role within the fluvial system is of great significance 

in both a scientific and engineering context. Numerous studies have been performed for 

investigating the interaction between riparian vegetation and river morphology (Bertoldi et al., 

2014; Crosato and Saleh, 2011; Tal and Paola, 2010, 2007; van Dijk et al., 2013). As such, 

noticeable progress has been made in quantitative research (Jourdain et al., 2020; Martínez-

Fernández et al., 2018; van Oorschot et al., 2016).  

Physical modelling and numerical simulations are two major ways of understanding the 

interaction between riparian vegetation and river morphology. Although a number of physical 

experiments have been performed, yielding fruitful results (e.g., Van Dijk et al. (2013) and Tal 

and Paola (2007)), several limitations are known (e.g., limited experimental duration and the 

scale effect on both sediment transport and vegetation dynamics (Lokhorst et al., 2019)). Given 

limitations for the experimental approach, numerical simulations could prove to be a promising 

way for clarifying processes related to vegetation-morphology interaction. Numerical 

simulations have several advantages, including: (1) controllable simulation conditions and (2) a 
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relatively short calculation time for long-term predictions as compared to physical modelling. 

Numerical models considering interactions between vegetation and river morphology can be 

referred to as bio-hydro-morphodynamic models. In previous studies, numerical investigations 

have been performed using bio-hydro-morphodynamic models and have revealed the effects of 

vegetation on meandering dynamics (Perucca et al., 2007; Schuurman et al., 2016) and the 

transformation of a river from a braided channel to a single-thread channel with floodplain 

vegetation (Crosato and Saleh, 2011; Weisscher et al., 2019). In past models, vegetation was 

considered static, not dynamic. Therefore, the characteristics of vegetation did not change with 

time evolution and important process such as vegetation growth were not accounted for in these 

models. Based on field observations and physical modelling, vegetation dynamics have been 

found to influence interactions amongst vegetation and morphological development. For 

example, seasonal changes in vegetation characteristics have been found to impact developed 

river morphology (Vargas-Luna et al., 2018). Laboratory experiments have revealed the 

influence of seed dispersal methods on river morphology (van Dijk et al., 2013). To investigate 

the effects of vegetation dynamics in numerical simulations, models incorporating vegetation 

dynamics, including growth, germination, and mortality, have emerged over the past decade 

(Bertoldi et al., 2014; Jourdain et al., 2020; Solari et al., 2016). A model accounting for 

competence and collaboration between species has also been developed (Sakai et al., 2013). 

Such numerical simulations have confirmed the influence of vegetation dynamics on river 

morphology and have presented its potential in quantitative research (Jourdain et al., 2019; van 

Oorschot et al., 2016).  

Due to the complicated interaction between riparian vegetation and other elements in fluvial 

systems, several assumptions have been adopted in bio-hydro-morphodynamic models. In bio-

hydro-morphodynamic models, the influence of vegetation is normally considered by adding a 

source term that represents the drag force exerted on water flow into the momentum equations 

or by changing bed roughness (Baptist et al., 2007; Bertoldi et al., 2014; Jang and Shimizu, 2007; 
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Vargas-Luna et al., 2015). When accounting for the drag force, vegetation stems are typically 

regarded as cylinders and uniformly distributed in simulation grids (Boothroyd et al., 2016; 

Ricardo et al., 2018; Andrés Vargas-Luna et al., 2016). This type of assumption neglects the 

complicated morphology of vegetation, such as leaves and canopies. Researchers have already 

shown that vegetation morphology changes surrounding flow structures and, thus, sediment 

transport rate (Boothroyd et al., 2017, 2016). Additionally, uniformly distributed vegetation 

within simulation grids may overestimate vegetation's influence when stem density is low 

(Crosato and Saleh, 2011; Andrés Vargas-Luna et al., 2016). Regarding biomechanical 

properties, for simplicity, the flexibility of vegetation is generally neglected.  

Representing vegetation by assuming they are rigid is appropriate for tree-type vegetation, 

while for grass-type vegetation, the flexibility can hardly be neglected (Tsujimoto and Kitamura, 

1998). As compared to rigid vegetation, flexible vegetation may lead to a smaller flow resistance 

due to a reduction of the area projected to flow since their posture is adjusted to water flow 

(Dijkstra and Uittenbogaard, 2010; Järvelä, 2005; Luhar and Nepf, 2011). By flume experiments 

and numerical investigations, the flexibility of vegetation was found to impact both flow 

structure and sediment transport (Dijkstra and Uittenbogaard, 2010; Marjoribanks et al., 2019; 

Nepf and Vivoni, 2000). However, the scale of the simulation and experiment was limited and 

mainly focused on the local flow field and sediment transport. Regarding the influence of 

flexible vegetation on bedform change, Chen et al. (2012) tested a flexible vegetation patch 

(represented by porous material) within a flume with a movable bed and found that channels 

with flexible vegetation have a smaller scouring depth between vegetation patches and the 

channel wall. Sediment deposition was found higher behind the flexible vegetation patch. 

Although flume experiments regarding reach scale river morphological evolution have been 

performed, and some experiments employed real vegetation (Braudrick et al., 2009; Kyuka et 

al., 2021; Tal and Paola, 2007), due to the scale effects, the vegetation should be regarded as 

trees rather than grass (Kyuka et al., 2021). Hitherto, a study investigating the effect of vegetation 
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flexibility on reach scale hydrodynamic and morphological change in a river is still lacking. 

Since grass-type vegetation could play an important role in fluvial vegetation communities, e.g., 

affecting river morphology or playing important role in vegetation succession (Corenblit et al., 

2009; van Oorschot et al., 2017), investigating the possible effects of neglecting their flexibility 

in a morphological modelling (numerical or physical) is necessary. 

However, to investigate the effects of vegetation flexibility in a flume experiment would be 

difficult since the Cauchy number must be the same between prototype and experiment, and very 

flexible material must be used in the experiment. Vargas-Luna et al. (2016) used woody sticks 

with a diameter equal to 2 mm in their laboratory experiment. The diameter of alfalfa was about 

1 mm (Tal and Paola, 2010). To use flexible cylinders which has a diameter with similar order 

(e.g., 1 mm) to investigate the effects of flexibility in a 1:10 scale flume experiment, the Young's 

modulus of the material should be 0.1 GPa. A suitable material with similar Young's modulus is 

low-density polyethylene (LDPE). For a much smaller experiment, e.g., a 1:100 scale 

experiment, materials with much lower Young's modulus are needed, which is difficult to find. 

Thus, the numerical model could be a potential tool to simulate a more realistic environment. 

Vegetation reduces velocity in the vegetation patch by increasing the drag force exerted on 

water flow. In addition to the increased flow resistance, vegetation patch also changes the flow 

structure and turbulent characteristics in the vegetation patch (Akahori et al., 2018; Nepf, 2011). 

The shear layer between the vegetation patch and water above the patch generates turbulence 

that can penetrate into vegetation patch. The turbulence generated by shear stress can possibly 

change the bed shear stress depending on the density of vegetation patch. However, since the 

velocity near bed is reduced by the vegetation resistance, the magnitude of turbulence near bed 

reduces. Thus, the effect of turbulence generated at the top of the vegetation patch onto the bed 

shear stress may be limited (Nepf, 1999; Zong and Nepf, 2011). However, the turbulence in both 

mixing-layer zone and wake zone (Akahori et al., 2018) may have major impact on suspended 

load. With flexible stem, vegetation stem may deflect during flood; thus, the frontal area reduces 
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(Aberle and Järvelä, 2015). The drag force exerted on water flow by the vegetation stem 

decreases due to the deflected vegetation. Reduced drag force leads to a reduced flow resistance. 

The turbulence generated by flexible vegetation patch and its effect on sediment transport is still 

under investigation. A three-dimensional simulation is difficult to apply to a reach-scale study 

since it requires extremely large computational resources (Tschisgale et al., 2021). Using 

resistance formula to investigate the effect of flexibility on reach-scale morphology is a 

reasonable solution. Vargas-Luna et al. (2015) compared the accuracy of different resistance 

formulas that accounted for vegetation effects in hydrodynamic and sediment simulation and 

found that certain formulas reasonably fit with flume experiment results. Experiment also shows 

certain resistance formulas can be applied to flexible vegetation and reproduce reasonable depth-

averaged velocity (Verschoren et al., 2016). Hence, in this study, the effect of flexibility was 

accounted for by changing bed resistance. 

In this study, a modification is made to the classical Baptist method to account for the 

vegetation flexibility and a bio-hydro-morphodynamic simulation is performed in a gravel bed 

river with alternate bars to discuss the effects of flexibility in such scenarios. Following two 

questions are going to be answered: (1) What is the effect of neglecting vegetation flexibility in 

a numerical bio-geomorphology simulation; (2) In which situations the flexibility of vegetation 

can be neglected.  

5.2 Method 

The bio-hydro-morphodynamic model consisted of two sub-models: vegetation sub-model 

and hydro-morphodynamic sub-model. Two models were performed alternately. The vegetation 

sub-model employed the results from the hydro-morphodynamic sub-model, e.g., water depth, 

to simulate vegetation recruitment, destruction, and posture update. The simulation was based 

on the model proposed by van Oorschot et al. (2016). Delft3D was employed in the hydro-

morphodynamic sub-model. 
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5.2.1 Vegetation sub-model 

The following three processes are adopted in the vegetation sub-model: 1) recruitment of 

vegetation; 2) destruction of vegetation due to uprooting and burial, and 3) update of vegetation 

posture based on local flow conditions.  

In the vegetation sub-model, vegetation seeds are assumed to be sufficiently supplied, and 

vegetation is recruited on bare grids that had a relative elevation (defined as vertical distance 

from normal flow condition) falls in a specified range. The condition aims to reflect the influence 

of flood disturbance and water availability (Camporeale and Ridolfi, 2006).  

In the simulation, when sediment deposition is higher than the initial vegetation height, 

vegetation is regarded as buried and is numerically treated as a lack of vegetation within the grid. 

Similar to burial, when the cumulative erosion depth is deeper than the vegetation root depth, 

vegetation is regarded as uprooted and not to exist within the grid (Calvani et al., 2019; Edmaier 

et al., 2015).  

Vegetation height determines the drag force and the submergence ratio (i.e., the ratio of 

vegetation height to water depth), which is essential in the resistance calculation (Baptist et al., 

2007; Vargas-Luna et al., 2015; Wilson, 2007). The method proposed by Luhar and Nepf (2011, 

2013) is adopted to calculate the flexible vegetation height that is subjected to water flow in this 

article. In their method, the incoming flow is assumed to be uniform over water depth, and form 

drag is the dominant hydrodynamic force. A buoyancy force is also included if the density of 

vegetative tissue is small. The drag coefficient is constant, and the vegetation is entirely 

submerged.  
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Figure 5.1 Upper: The curvilinear coordinate system and forces acting on a stem (Luhar & Nepf, 2011). 

Lower: A schematic of deflected height and effective length. 

 

A curvilinear coordinate system is used to describe the posture of a vegetation stem. The 

coordinate system is shown in Figure 5.1. The coordinate of a point on the stem is denoted as s, 

and s* represents an arbitrary point on a cylinder. The total length of the stem is l, and the stem 
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diameter is d. The local bending angle at s is denoted as θ. The normal component of the drag 

force exerted on a unit length of a vegetation blade is: 

 (7) 

The restoring force caused by stiffness is: 

 (8) 

where E is Young’s modulus and I is the second moment of the area. 

The buoyancy force exerted on a unit length of a blade can be described as: 

 (9) 

where ρ is water density and ρv is the density of the vegetation stem.  

The governing equation of the force for a stem beginning from a specific point s* (Figure 

5.1, the left) is:  

  (10) 

where V* is the stem-normal restoring force due to stiffness at s = s*, and θ
*
 is the blending 

angle at s*. 

The non-dimensional form of the governing equation is: 

 (11) 

here, ŝ  is the non-dimensional stem coordinate and is defined as ŝ = s/l . The non-

dimensional parameters used in Equation (5) are defined as:  

 (12) 

and: 

 (13) 

where B is defined as the ratio of the buoyancy force to the restoring force and Ca is the 

Cauchy number that represents the relationship between the drag force and restoring force.  
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To describe drag force reduction induced by vegetation reconfiguration in a manner 

compatible with the rigid vegetation model, Luhar and Nepf (2011) introduced a concept named 

effective length, le, that is the equivalent height of rigid vegetation suffering the same drag force 

acting on a flexible stem (Figure 5.1, right). The effective length is shorter than the stem length, 

l, and can be calculated as: 

 (14) 

Another variable needed for bed roughness and vegetation drag force calculations is the 

deflected height, hd (Figure 5.1, right in the lower panel). The variable is defined as the vertical 

distance between the free end of a stem and the river bed. The deflected height of a flexible stem 

can be calculated as: 

 (15) 

For the sake of reducing the simulation time for calculating Equations (5) to (8), an 

approximation formula from the article of Luhar and Nepf (2011) is adopted for evaluating the 

effective length, shown as follows: 

 (16) 

The deflected height can be calculated as (Luhar and Nepf, 2013): 

 (17) 

An iteration process is adopted for estimating velocity within a flexible vegetation patch and 

corresponding Cauchy number Ca (Luhar and Nepf, 2013). If the flow velocity is not large 

enough to bend the flexible vegetation so that it is fully submerged, reconfiguration of the stem 

is neglected. 

 



 

102 

5.2.2 Hydro-morphodynamic sub-model 

The unsteady flow field is simulated in the hydro-morphodynamic sub-model by solving the 

depth-averaged shallow water equations. Sediment transport is calculated by bedload transport 

formula, and the river bed form is updated by solving the Exner equation. Since the bed slope 

effect model strongly affects the bed erosion and calibrating the model parameter depending on 

the situation is difficult, a physically reasonable value based on early research is used (Baar et 

al., 2019; Schuurman, 2015). Details can be found in the Delft3D manuscript and several relating 

papers (Crosato and Saleh, 2011; van Oorschot et al., 2016).  

Within the simulation, the method proposed by Baptist et al. (2007) is used to account for the 

effects of vegetation on flow resistance. The approach consists of two parts: changing the bed 

roughness and adding a source term representing the vegetation-induced drag force to the 

momentum equations. River bed roughness accounting for vegetation drag, as well as actual bed 

roughness, is represented by the Chezy coefficient, C, as follows: 

 (18) 

In Equation (18), Cb is the bare bed roughness, and m is the vegetation stem density that 

represents the number of stems per unit area. In this research, parameter d represents the diameter 

of the vegetation stem. Variable h is the local water depth, and hv is the height of rigid vegetation 

that is equivalent to the length, l, for rigid vegetation. Parameter κ is the von Kármán constant, 

and g is the gravitational acceleration. 

The source term added to the momentum equations is –λu2/2, where the coefficient λ is 

calculated as: 

 (19) 

Although the original method proposed by Baptist (2007) assumed that vegetation is rigid, it 

works reasonably well as long as the deflected vegetation height is known when flexibility is 

accounted for in the model (Vargas-Luna et al., 2015; Verschoren et al., 2016). In this work, the 
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deflected height of flexible vegetation is calculated using Equation (16) and (17). Although 

vegetation height, hv, in Equation (18), can be replaced by the deflected height, hd, it is more 

reasonable to replace it by the effective length, le, since the square root portion in Equation (18) 

represents resistance induced by the river bed and the vegetation drag force (Verschoren et al., 

2016). The deflected height is kept to simulate the relative submergence h/hd  since the 

inflection point of velocity profile is near the top of the deflected vegetation stem (Luhar and 

Nepf, 2011). In a similar manner, the hv is replaced in Equation (19) by le. Therefore, by 

modifying Equations (18) and (19), following formulars are obtained: 

 (20) 

 (21) 

Equation (21) is used for calculating the bed shear stress, and Equation (20) is accounted for 

in the momentum equations in order to calculate the drag force exerted by vegetation. 

5.3 Simulation scenario 

The simulated river reach is generalized from a downstream reach of the Kizu River in Japan. 

The rectangular simulation domain is 250 m in width with a length of 10,000 m. The river reach 

had a constant longitudinal slope of 1/1140. Sediment diameter within the river reach is set to 4 

mm (Takebayashi & Egashira, 2001) and finer (down to 1 mm) and larger (up to 10 mm) 

simulations are also conducted to see the effect of the grain size. The domain is discretized by 

10 x 25 m2 structural grids. The upstream boundary condition is given by discharge, and an 

unsteady water level is used as the downstream boundary condition. The mean bed shear stress 

and sediment diameter determined that the bedload transport is dominant (Dade and Friend, 

1998). Bedload entering the domain is calculated using the equilibrium condition, and bedload 

flux is calculated by the M.P.M formula. 

The initial topography is a channel with developed alternate bars (Figure 5.2). The alternate 

bar has a similar wavelength to the alternate bars in the Kizu River. Two hydrographs, one with 
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a weak flood impact and the other with relatively strong flood impact, are used in the simulation. 

One year-cycle of the hydrograph is shown in Figure 5.3, and 80 year-cycles of the floods are 

performed to ensure the morphology reached a dynamic steady state. The maximum discharge 

is set to 2,000 m3/s, and the lowest discharge is set to 100 m3/s, depending on the flood in the 

Kizu River. Vegetation is recruited at the beginning of each year-cycle. It is noteworthy that 

reproducing the morphological development in the Kizu River is not the target of this research 

and this study aims to compare the difference introduced by neglecting vegetation flexibility. 

Due to the limited simulation resources, updating the vegetation posture in a short time interval 

is difficult. Considering the relatively steady discharge and slow morphological change during 

floods, the posture of vegetation is updated every 1 hour. 

The target vegetation considered in this study is a type of reedy grass, namely Phragmites 

japonica. Cases containing a consideration of flexibility and those neglecting flexibility are 

tested in this research (referred to as the flexible and rigid cases, respectively). The geometry of 

the vegetation and stem rigidity are based on field surveys (Hattori, 2005; Nakagawa et al., 1995). 

The same geometric parameters were used for both flexible and rigid vegetation, with the 

exception of Young's modulus. The drag coefficient of the blade, CD, is set to one (Jang and 

Shimizu, 2007). Root depth is set to 0.3 m. Vegetation is washed out when the scouring depth 

reaches the root depth (Calvani et al., 2019). The buoyancy force of the stems is neglected. The 

carrying capacity is set to 40 m-2 in the simulation, and vegetation stem density grows linearly 

after the recruitment on the bare bed to reflect the expansion and recruitment of reedy grass in 

the real environment (Aoki et al., 2007; Nakagawa et al., 1995). The growth rate of stem density 

is given by Δm. Since there is limited data regarding the growth rate of stem density, multiple 

Δm values ranging from 5 to 40 m-2 per year are tested. The value Δm could be understood as 

a measure of the changing rate of vegetation stem density from sparse to dense cover. Two 

recruitment conditions are considered. One is that the vegetation could be recruited on bare bed 

with a relative height between 0.3 and 2 m (Tetsuya et al., 2003), and the other is that vegetation 
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could be recruited above 0.3 m without the upper limit. Parameters regarding the vegetation used 

in this study are provided in Table 6. Cases name and simulation conditions are listed in Table 

7. 

 

 

Figure 5.2 A plan view of the initial bed.  

 

Figure 5.3 Hydrograph used in the simulation. 
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Table 6 Vegetation parameters 

Items Values Reference 

Vegetation height, l 1.5 m Nakagawa et al. (1995) 

Stem diameter 0.005 m Vargas-Luna et al. (2016) 

Root depth, rd 0.3 m Tetsuya et al. (2003) 

Drag coefficient, CD 1.0 Jang and Shimizu (2007) 

Rigidity, EI 0.2 Nm2 Hattori (2005) 

Colonization water depth, hc 0.1 m 
Depending on the dry-wet criteria of the 

numerical model 
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Table 7 Case name and related parameters. D stands for sediment diameter. G stands for the growth rate of stem density. F and R stands for 

flexible and rigid case, respectively. 

Scena-rio 

Flow 

conditio

n 

Growth 

rate (G) 

Bed sediment diameter (D) 

Rigidity 

Recruit

ment 

area 1 mm 2 mm 4 mm 6 mm 8 mm 10 mm 

A 

Weak 

flood 

impact 

(W) 

5 m-2y-1   AW-G5-D4-F/R AW-G5-D6-F/R   

0.2 Nm2 
0.3 ~ 2 

m 

10 m-2y-1 AW-G10-D1-F/R AW-G10-D2-F/R AW-G10-D4-F/R AW-G10-D6-F/R AW-G10-D8-F/R AW-G10-D10-F/R 

14 m-2y-1   AW-G14-D4-F/R    

20 m-2y-1 AW-G20-D1-F/R AW-G20-D2-F/R AW-G20-D4-F/R AW-G20-D6-F/R AW-G20-D8-F/R AW-G20-D10-F/R 

40 m-2y-1   AW-G40-D4-F/R AW-G40-D6-F/R   

B 

Strong 

flood 

impact 

(S) 

5 m-2y-1   BS-G5-D4-F/R BS-G5-D6-F/R   

10 m-2y-1 BS-G10-D1-F/R BS-G10-D2-F/R BS-G10-D4-F/R BS-G10-D6-F/R BS-G10-D8-F/R BS-G10-D10-F/R 

14 m-2y-1   BS-G14-D4-F/R    
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Scena-rio 

Flow 

conditio

n 

Growth 

rate (G) 

Bed sediment diameter (D) 

Rigidity 

Recruit

ment 

area 1 mm 2 mm 4 mm 6 mm 8 mm 10 mm 

20 m-2y-1 BS-G20-D1-F/R BS-G20-D2-F/R BS-G20-D4-F/R BS-G20-D6-F/R BS-G20-D8-F/R BS-G20-D10-F/R 

40 m-2y-1   BS-G40-D4-F/R BS-G40-D6-F/R   

C 

Strong 

flood 

impact 

(S) 

10 m-2y-1   CS-G10-D4-F/R     

0.2 Nm2 > 0.3 m 14 m-2y-1   CS-G14-D4-F/R     

20 m-2y-1   CS-G40-D4-F/R    

Rigidity 

sensitivity 

analysis 

(RS) 

Weak 

flood 

impact 

(W) 

10 m-2y-1   RSW-G10-F/R-1    0.1 Nm2 

0.3 ~ 2 

m 
10 m-2y-1   RSW-G10-F/R-2    0.5 Nm2 

10 m-2y-1   RSW-G10-F/R-3    0.8 Nm2 
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5.4 Results  

5.4.1 General geomorphology 

River morphology at the end of the simulation of cases AW-G10-D4 and BS-G10-D4 are 

shown in Figure 5.4. In both cases, alternate bars had kept and are colonized by vegetation. In 

the AW-G10-D4 case, the pools induced by the alternate bars are shallower in the flexible case 

than which in the rigid case. With a weak flood impact (the lower panel of Figure 5.4), the 

vegetation covered bar top, while with strong flood impacts, the bar top is not covered by 

vegetation. In general, the flexibility does not significantly influence the bar geometry. 

 

 

 

Figure 5.4 River morphology and vegetation cover at the end of the simulation in cases AW-G10-D4 
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and BS-G10-D4. The upper panel in each case shows the detrended bed elevation, and the lower panel 

shows the vegetation cover and stem density.  

Figure 5.5 shows the time histories of relative height evolution of selected cases. The time 

histories have shown that the river morphology achieved a dynamic equilibrium state. The mean 

value of the relative height is similar between rigid and flexible cases, while the 95th percentile 

value is higher, and the 5th percentile value is smaller in the rigid case than the flexible case. 

The results show that the flexibility makes the distribution of relative height more concentrated. 

The results also show that the difference between flexible and rigid cases did not only occur after 

long-term evolution but appeared at almost the beginning of the simulation. The impact of 

floodplain has less influence on 5 percentile value when the stem growth rate is 20 m-2y-1. While 

the 5 percentile value is smaller in the case with strong flood impact when the stem growth rate 

equals to 10 m-2y-1. 

 

Figure 5.5 Time histories of 95th percentile, mean and 5th percentile value of the relative height. Case 

name is on the left-upper corner of each panel. The upper row shows the case with weak flood impact, 

and the lower row shows the case with strong flood impact. The left column shows the case has a slow 

growth rate, and the right column shows the case with a relatively faster growth rate. 
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The difference between flexible cases and rigid cases is shown by the distribution of relative 

height during the low discharge period in Figure 5.6. The mean value of the distribution is 

calculated from the last 30 years of each simulation. With the flexibility of vegetation considered, 

the erosion and deposition are reduced in the channel, and the area with a relative height between 

-2 and 0 m is larger than the rigid case. Regardless of the recruitment area (comparing the middle 

and the bottom row in Figure 5.6), the decreased deposition leads to a reduced habitat area in 

the flexible cases, showing a disadvantage brought by the flexibility. In the rigid case, the erosion 

increases more significantly with the increase of the growth rate than in the flexible case (e.g., 

the first row in Figure 5.6). Bi-modal distribution is observed in all rigid cases, while in the 

flexible case, the right peak of the bi-modal distribution is damped. With the increase of 

vegetation stem growth rate, the maximum peak value of the distribution reduces gradually. 

Compared to the reduced erosion, the reduced deposition appeared to be more significant in 

flexible cases when the stem density growth rate is higher (e.g., case AW-G20-D4). 
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Figure 5.6 Distribution of relative height during the period of low discharge (Q=100 m3/s). Each column 

has the same growth rate of the stem density. The first and the second row show cases undergoing 

different flood impact, and the third row shows cases without the upper limit of the recruitment zone. 

 

Figure 5.7 Mean value of vegetation cover before and after each year cycle of floods. Upper panel 

shows the cases with weak flood impact and the lower panel shows the cases with strong flood impact. 
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5.4.2 Vegetation cover 

The vegetation cover before and after each year-cycle is shown in Figure 5.7. With a weak 

flood impact(the upper plot in Figure 5.7), the vegetation cover before each year-cycle is higher 

in the rigid case except when the growth rate equals to 5 m-2y-1. The vegetation area destroyed 

during the flood is similar between cases. Therefore, the vegetation area left after floods were 

smaller in the flexible cases than the rigid cases, which implies that the difference between 

flexible and rigid cases is mainly induced by reduced roughness. With a greater flood impact 

(the bottom plot in Figure 5.7), the vegetation cover before each year is similar between the 

flexible and rigid cases. However, the vegetation destroyed by the floods is more if the flexibility 

is accounted for. Thus, the vegetation cover after the flood is less in the flexible case. In cases 

with strong flood impacts, the difference brought by considering flexibility could come from the 

larger vegetation cover and reduced roughness. The results show that flexibility could be a 

disadvantage, i.e., smaller habitat area and higher vulnerability, for the vegetation. With the 

increase of stem density growth rate, the vegetation cover ratio before each year cycle decreases. 

The vegetation cover reduces because deposition in dense vegetation is less compared to sparse 

vegetation (Zong and Nepf, 2011). 

5.4.3 Hydrodynamic during flood 

Water depth during the floods is shown in Figure 5.8. With flexible vegetation, the water 

depth is shallower than the rigid cases. With the increase of growth rate, water depth increased 

in both flexible and rigid cases. Compared to total water depth, the reduced water depth is 

insignificant. Figure 5.9 shows the relation between Shields stress in vegetation patches and 

stem density growth rate. Shields stress is higher in the flexible cases due to reduced roughness. 

The difference of the Shields stress between flexible and rigid cases decreased with the increase 

of the growth rate.  
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Figure 5.8 Averaged water depth in vegetation patch during floods (Q=2,000 m3/s). Upper panel shows 

the cases with weak flood impact and the lower panel shows the cases with strong flood impact. 
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Figure 5.9 Shields stress in vegetation patch during floods (Q=2,000 m3/s). Upper panel shows the cases 

with weak flood impact and the lower panel shows the cases with strong flood impact. 

The change of active width, which is the channel width with bedload transport during floods 

(during the larger flood if the scenario is weak flood impact), with the varying growth rate of 

stem density is shown in Figure 5.10. When the growth rate was 5 m-2y-1, the active width in 

different cases is similar. With the increase of growth rate, the active width became narrower, 

and the difference between the rigid and flexible case become greater. The maximum difference 

is close to 20 m, which is about 10% of active width in the rigid case when the growth rate is 20 

and 40 m-2y-1  
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Figure 5.10 Active width with the varying growth rate of stem density.  

 

Figure 5.11 (A) Sensitivity to the growth rate of stem density with flexible vegetation. (B) Sensitivity 

to stem growth rate with rigid vegetation. (C) Sensitivity to rigidity. (D) Sensitivity to sediment diameter 

(solid lines represent flexible cases and dashed lines represent the rigid cases.). 
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5.4.4 Sensitivity analysis 

The sensitivity of the relative height distribution to different parameters is shown in Figure 

5.11. Figure 5.11(A) and (B) shows the sensitivity to various of growth rate of the flexible and 

rigid cases, respectively. With an increasing stem density growth rate, the erosion in the main 

channels and the deposition in the floodplains increase. In the rigid cases (Figure 5.11 (B)), the 

change of distribution is relatively small between 20 m-2y-1 and 40 m-2 y-1 cases. While in the 

flexible case (Figure 5.11(A)), erosion and deposition keep increasing when the growth rate 

increase from 20 m-2y-1 and 40 m-2 y-1. The results suggest that the influence of vegetation has 

reached an upper limit in the rigid cases. In addition, the distribution has a similar shape between 

40 m-2 y-1 case in Figure 5.11(A) and 10 m-2 y-1 case in Figure 5.11(B). Figure 5.11(C) shows 

the sensitivity of the distribution to varying rigidity. With increase in rigidity, the difference in 

the distribution between flexible and rigid cases become smaller: the effect of damping the right 

peak of the distribution reduces in the flexible case. Figure 5.11(D) shows the sensitivity of the 

distribution to sediment diameter. The results show that with finer (1 mm) and coarser (10 mm) 

sediment, the effect of neglecting flexibility could be small.  

To quantitatively compare the differences in the relative height distributions between the rigid 

and flexible cases, the Euclidean distances between the relative height distribution of rigid and 

flexible cases is calculated and are shown in Figure 5.12. The Euclidean distance is frequently 

used as a metric to measure similarity in many fields, e.g., image recognition (Malkauthekar, 

2013). If the Euclidean distance equals to 0, the two distributions are same. The difference 

between flexible and rigid cases reduces monotonously with the increase of the stem rigidity 

(Figure 5.12A), while a peak value exists with varying growth rate and sediment diameter 

(Figure 5.12B and C). Interestingly, the maximum difference only occurs when the bed material 

is fine or medium pebble (4 to 8 mm in the diamater, Blair and McPherson, 1999), which implies 

the flexibility can be neglected in a river with a coarse gravel bed (e.g., d > 8 mm in this study). 

Since the suspended load transport is dominant when the sediment diameter equal to 1 mm and 
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the sediment transport cannot be well predicted by the M.P.M. formula, the difference in the 

river with fine sediment still needs more investigation.  

 

Figure 5.12 Euclidean distance of relative height distribution between rigid and flexible cases in 

scenarios A (weak flood) and B (strong flood) with varying (A) stem rigidity, (B) growth rate of stem 

density, and (C) the sediment diameter. 
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5.5 Discussions 

A morphological simulation is employed combined with the vegetation model to investigate 

the effect of flexibility in the morphological simulation. The target river is a fine gravel-bed river 

with alternate bars. Although reproducing the real morphology is beyond the scope, the 

simulation shows some key features that are observed in earlier studies. For example, without 

the flexibility, the distribution of relative height is bi-modal (Figure 5.11B), which has been 

observed in an earlier numerical simulation aiming to study the effects of poplar on alternate 

bars (Jourdain et al., 2020) and also in the field study (Bertoldi et al., 2011). The erosion in the 

river is reduced due to the flexibility, which is consistent with flume experiment results (S. C. 

Chen et al., 2012). With increasing rigidity of the flexible stem, the influence of flexibility 

becomes smaller (Figure 5.12A), which agrees qualitatively with early numerical and flume 

experiments (Dijkstra and Uittenbogaard, 2010). 

In the simulation, the major differences induced by flexibility are reducing erosion in the main 

channel and deposition on the floodplain. The reason is attributed to reduced bed roughness 

(Figure 5.9) and vegetation cover (Figure 5.7). The reduced deposition is partly attributed to 

the higher shields stress within the vegetation patch. Since higher Shields stress provides greater 

sediment carrying capacity, less deposition occurs in the vegetation patch. In addition, the 

vegetation cover in the flexible cases is less; hence the effect of vegetation in stabilizing the bars 

is mitigated. The effect of accounting the flexibility depends on the growth rate of stem density, 

stem rigidity, and bed material size. Based on the results, the flexibility should be considered if 

the bed material and vegetation growth rate fell in a specific range: the growth rate is between 

10 to 20 m-2y-1 or the grain size is between 4 to 6 mm in this study. The flexibility effects can be 

neglected when the bed material is large gravel. With a vegetation that is more flexible than P. 

Japonica, the range of conditions (grain size and growth rate) within which the flexibility needs 

to be considered may change. The effect of flexibility needs further studies when the suspended 

load is dominant since currently the model is not designated to account for the suspended load. 
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A study regarding the suspended load effect performed by Box et al. (2019) that has shown net 

deposition in flexible foliage vegetation is higher than rigid leafless vegetation when considering 

suspended load deposition, but the increased deposition may also be induced by the vegetation 

foliage rather than flexibility. 

In this study, the target vegetation is a kind of reedy grass, i.e., P. Japonica. The major effect 

of flexibility considered is its influence on bed resistance. The flexibility of P. Japonica. is not 

high compared to very flexible vegetation, e.g., eelgrass. With high flexibility, the vegetation 

stem may be prone to the flow and cover the river bed behind the vegetation stem, and deposition 

can be found (Sezaki et al., 2000). In such a situation, sedimentation may occur behind 

vegetation and erosion may be prevented. Such a phenomenon is not accounted for in the current 

model. The influence and significance of such phenomenon still need further investigation.  

5.6 Conclusions 

For this work, a simple bio-hydro-morphodynamic model accounting for the flexibility of 

vegetation is developed. The vegetation investigated in this study is a type of reedy vegetation 

that widely existed in the riparian environment, i.e., Phragmites japonica. The hydrodynamic 

and morphological evolution with and without considering the flexibility of the vegetation in a 

channel under the alternate bar regime is compared.  

The consideration of flexibility in the simulation reduces the flow resistance induced by 

vegetation due to the posture reconfiguration. Thus, with flexibility, the water surface elevation 

is found to be lower, but the averaged Shields stress in the flexible vegetation patch is larger than 

rigid cases. River bed width with sediment transport has increased with flexible vegetation cover. 

Flexibility can be a disadvantage for vegetation habitat expansion. With flexibility considered, 

vegetation has less coverage than the corresponding rigid case. If the flexibility is neglected, the 

vegetation cover after floods will be overestimated. 
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The consideration of flexibility alters not only the river morphology in a long-term future but 

also the transitional process. The effect of accounting for vegetation flexibility depends on the 

growth rate of stem density, stem rigidity, and bed materials. With the consideration of flexibility, 

the distribution of elevation is concentrated due to reduced erosion and deposition. Without 

flexibility considered, the elevation shows a bi-modal distribution, while flexibility damps the 

right peak of the bi-modal distribution. The difference without considering flexibility maximizes 

when the growth rate and bed material diameter were in specific ranges (around 20 m-2 y-1 in the 

growth rate of and around 6 mm in diameter), and the difference monotonously decreases with 

the increase of the stem rigidity. The results suggest that the influence of flexibility could be 

neglected except in a narrow range that is mainly determined by vegetation stem density and bed 

material.
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6 Conclusions and future research 

6.1 Conclusions 

In this thesis, the effects of vegetation, i.e., vegetation distribution and vegetation flexibility, 

on the transitional process and equilibrium state of gravel bed river morphology development 

are discussed. The motivation of this research is to compensate the bio-hydro-geomorphology 

interaction triangle and deepen the understanding of the vegetation’s role in the interaction. 

Gravel bed rivers are considered due to the sensitivity of river morphology to vegetation 

expansion. Fine sediment effect is neglected since uniform sediment model is considered enough 

to predict the interaction between vegetation and river morphology (Millar, 2005). Three 

problems, (1) the effects of uniformly distributed vegetation on floodplain, (2) the effects of 

vegetation distribution on river morphology development, and (3) the effects of vegetation 

flexibility are studied. The problems are investigated by depth-averaged shallow water model 

and field survey. Vegetation effects in the numerical model is accounted for by changing bed 

roughness or adding a source term to the momentum equations. The results have shown that 

vegetated floodplain has significant influence on transitional process of river morphological 

change; thus, it is valuable to modify the low water channel shape to control its transitional 

morphological response. The effects of vegetation transect distribution and the effect of 

vegetation flexibility on reach-scale river morphology has been firstly demonstrated. The major 

conclusions are shortly summarized as follows: 

(1) Influence of uniformly distributed floodplain vegetation on transitional river 

morphological development 

In Chapter 2, the role of initial low water channel planform and floodplain vegetation is 

compared. It is demonstrated that floodplain vegetation could play a more important role than 

the initial low water channel planform. It is found that without floodplain vegetation, braiding 
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can easily develop from initial low water channel. With vegetation coverage on floodplain, the 

bank erosion is enhanced at the outer bank, and meandering with sinuosity close to gravel rivers 

in the field can develop from both initial channels in the migration regime and no-migration 

regime. Vegetation recruitment on bare bars is not a necessary condition for meandering 

initiation in vegetated gravel rivers, and vegetated floodplain combined with a suitable initial 

channel is one sufficient condition. Suitable initial channel is not restricted to the channel in the 

no-migration regime: channel that forms alternate bar is also possible for meandering initiation. 

The meandering can be initiated is because the bar growth is restricted to the lateral direction 

and its downstream migration is limited by vegetation. 

Given the results in Chapter 2, it is known that the low water channel combined with a 

vegetated floodplain has important influence on the transitional response of river morphology to 

flood impact, artificial modification of the planform can be employed to achieve certain 

engineering targets, i.e., reduce embankment failure risks and remove vegetation cover by 

activate morphological change. In Chapter 3, effects of different planform modification 

measures have been studied. In a vegetated braided river, channel reopening and closing can be 

applied as modification measures. However, channel reopening is not always effective in 

activate morphological change. In this study, it is demonstrated that by combining channel 

reopening and channel closing in the braiding network, flow can be concentrated in the reopened 

channel and improve its efficiency.  

(2) Influence of vegetation distribution along river transect on river morphology 

Vegetation distribution along river transect is a result of stochastic hydrological conditions, 

morphological change and vegetation species. The distribution of vegetation along river transect 

can also be resulted from artificial impact, e.g., vegetation removal. The problem regarding the 

effect of vegetation distribution is generalized and studied by varying the habitat extension in 

Chapter 4. The reason that induces various vegetation distribution is not specifically discusses. 

Two patterns of distribution are investigated in this study. The results show that transverse 
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distribution of vegetation significantly influences statistical characteristics of braided river. The 

bed elevation statistical characteristics show distinct relationship with the increase of vegetation 

habitat ratio. The variance positively relates to the increase of vegetation habitat area. The 

skewness and the kurtosis are negatively and positively related to the increase of vegetation 

habitat area, respectively, when the vegetation establishes habitat near the low channel. The 

skewness and the kurtosis have opposite relationship with the increase of vegetation habitat area 

when the vegetation establishes habitat on the bar top. The difference can be explained by the 

difference in the location where major morphological change happens. The results suggest that 

river management measures that changes the vegetation distribution along river transect should 

take into account that different measures may lead to different river morphological change. 

(3) Influence of vegetation flexibility on river morphology 

In Chapter 5, the effect of vegetation flexibility on river morphology is investigated in a fine 

gravel bed river with alternate bars. The role of flexibility in reach-scale river morphology 

simulation has been neglected for a long time. The target vegetation is a type of reedy grass. The 

results show that with the consideration of flexibility, erosion and deposition both reduce in the 

river. In addition, the bi-modal distribution of the river relative elevation distribution is damped 

by accounting for the vegetation flexibility. The influence of flexibility is related to several 

parameters, that is vegetation stem growth rate, stem rigidity and the bed material size. The 

influence of flexibility decreases with the increase of stem rigidity. The influence achieves a 

maximum value when the grain size or the stem growth rate falls in a certain range. The influence 

of flexibility can be neglected if the bed grain size is large or the vegetation stem density is 

sparse. For river managers, considering the flexibility of grass type vegetation can give a better 

estimation about floodplain and vegetation habitat formation rate, and improve the efficiency in 

vegetation management.  

(4) Influence of water edge vegetation and its implications for vegetation management 
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In Chapter 2, the floodplain vegetation is shown to have significant influence on the 

transitional river morphology due to it affects the sediment transport in the interface between 

floodplain and main channel. In Chapter 4, vegetation near the water edge is also proved to affect 

the equilibrium morphology in a braided river. Smaller cover of water edge vegetation may 

induce relatively significant morphological change compared to vegetation on bar tops. The 

results of Chapter 2 and Chapter 4 suggest that river management regarding riparian vegetation 

should better focus on the vegetation near water edge. Vegetation clearance on location with 

high relative elevation (e.g., floodplain or bar top), may be less efficient. Early research has 

implied the water edge vegetation plays an important role in vegetation recruitment by 

promoting fine sediment deposition. In Chapter 5, the results suggest the deposition induced by 

water edge vegetation is highly related to its stem density growth rate and flexibility. Sparse and 

flexibility vegetation may be less efficient in creating habitat by promoting deposition. The 

results also imply that it is necessary to study other factors, e.g., fine sediment and vegetation 

morphology, for understanding the vegetation recruitment and expansion near water edge.  

6.2 Future work 

In this study, several factors in the bio-hydro-geomorphology triangle are studied. The 

investigation is mainly based on numerical simulations. There are still more works that needs to 

be done. 

In Chapter 2, short-term river morphology development is investigated with different 

floodplain vegetation cover. In the numerical model, the effect of root system on stabilizing river 

bank is not accounted for explicitly. The sediment in the model is uniform and classified as 

gravel, while in the field sediment on the floodplain is finer. A sophisticated numerical model is 

needed to investigate such factors.  

In Chapter 3, channel reopening and closing is proved to be potential modification measure 

of the initial river planform to reduce bank failure and activate morphological change. The 
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results have shown modification of the braiding river network can be a possible way to influence 

the short-term morphological response of braiding river. Studies have shown that network 

concept can be applied in braiding rivers (Marra et al., 2014). However, such concept has not 

been used in river management yet. By studying the relationship between network characteristics 

and river morphological response, it is possible to use network concept as a convenient and 

cheap approach to perform river management in a large scale rather than employing time-

consuming numerical simulations.  

In Chapter 4, influence of vegetation distribution along river transect is studied. However, the 

study does not take into account the stochastic properties of hydrological condition explicitly. 

Although several numerical simulation has considered a real discharge time series, e.g., Oorschot 

et al. (2018), it is not enough to predict long term distribution of vegetation. Gurnell et al. (2012) 

has demonstrated by a one dimensional model that flood with same stochastic properties can 

generate different vegetation distribution. To predict long term morphological change 

undergoing vegetation effects, the consideration of variability of hydrological condition is 

necessary. However, such goal is difficult to achieve since expensive computational resources 

are necessary and current model must be coupled with underground water model. More novel 

works are still needed. 

In Chapter 5, the effect of flexibility has been studied. Since flexible vegetation may play an 

important role in vegetation expansion process by promoting fine sediment accretion, it is 

necessary to study the effect of non-uniform sediment influence when considering flexible 

vegetation. When studying the effect of flexibility on fine sediment deposition, different posture 

of flexible vegetation should be considered, since the posture of flexible vegetation influences 

the turbulence, which is related to fine sediment transport in vegetation patch. 
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