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Abstract
The interaction between vegetation, sediment, and water flow creates various fluvial landscapes. Hydrological conditions 
and flood disturbances, as well as the habitat preference of vegetation, regulate its spatial distribution. To describe the spatial 
distribution of vegetation cover, here, we focus on vegetation distributions along river transverse transects that define vertical 
and horizontal distances from water areas during low flow periods. As one of the most dynamic river types, braided rivers 
can be significantly influenced by vegetation encroachment. However, the effects of vegetation distributions along river tran-
sects on braided river morphology remain unknown. To study the potential influence of vegetation distribution along river 
transects, a depth-averaged, hydro-morphodynamic model was employed. Using the model, we investigated a medium-sized, 
braided river with a gravel bed affected by riparian vegetation. The following scenarios of vegetation transect distributions 
were examined: (1) vegetation established near or covering the low water channel, and (2) vegetation established on bar tops 
and kept at a distance from the low water channel. The model successfully reproduced a reduction in the braiding index for 
a vegetated braided river. Depending on the transect distribution scenarios employed, significantly different effects for river 
morphology were obtained. For example, compared to vegetation on bar tops, vegetation located near the low water channel 
played a more critical role for changing river morphology, redirecting water flow, and changing the statistical characteristics 
of the riverbed elevation distribution. Vegetation near the low water channel not only concentrated water flow to low water 
channels but also redirected flow to the high elevation area by reducing low water channel flow capacity. The revealed effects 
of the vegetation transect distribution on river morphology development helped to determine effective management protocols 
for reducing the negative impact of vegetation encroachment.
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List of symbols
A  The coefficient used to account for the secondary 

flow effect (–)
as  The vegetation density, which is the product of 

stem number per unit area and the vegetation 
representative diameter  (m–1)

C  The Chezy’s coefficient  (m1/2  s–1)
CD  The drag coefficient (−)
d  The sediment diameter (m)
t  Time (s)

g  Gravitational acceleration (m  s–2)
H  The water surface elevation (m)
h  Water depth (m)
hv  The submerged vegetation height (m)
f  The coefficient used to account for the bed slope 

effect on the bedload transport direction (–)
Fx, Fy  The drag force acting on vegetation in the x and y 

directions, respectively (N)
R  The radius of streamline curvature (m)
u, v  The depth-averaged velocity components for the x 

and y directions, respectively (m  s–1)
V  The horizontal eddy viscosity  (m2 s)
X, Y  Horizontal coordinates for the longitudinal and 

transverse directions, respectively (m);
zb  The bed elevation (m)
α, β  The coefficients used in the model to account 

for the bed slope effect on the bedload transport 
direction (–)
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θ  The Shields number (–)
κ  The von Kármán's constant (–)
ρ  The density of water (kg  m–3)
ρs  The density of sediment (kg  m–3)
τ  The bed shear stress (N  m−2)
Φτ  The angle between bedload transport and the 

depth-averaged velocity accounting for the sec-
ondary flow effect (radian)

Φs  The angle between bedload transport on a sloped 
bed and the depth-averaged velocity (radian)

Introduction

Since the interaction between hydrology, sediment transport, 
and vegetation creates diverse river morphology and land-
forms (Millar 2000; Tsujimoto 1999), riparian vegetation 
plays an important role in river morphology (Gurnell 2014). 
Riparian vegetation changes river morphology because it 
decreases flow velocity within vegetation patches and pro-
motes sediment deposition (Kim et al. 2015; Tsujimoto 
1999; Zong and Nepf 2011). Vegetation patches also deflect 
water flow and induce morphological change at the area dis-
tant from vegetation (Bywater-Reyes et al. 2018). By stabi-
lizing bar tops and blocking side channels, uniformly and 
widely distributed vegetation has the potential to transform 
a braided river into a single-thread river (Gran and Paola 
2001; Tal and Paola 2007). In nature, the spatial distribu-
tion of vegetation differs depending on vegetation species 
and the environment (e.g., flow disturbance and water avail-
ability). The vegetation distribution within a river transverse 
transect has different patterns. For example, some pioneer 
species prefer habitat near the water’s edge during low dis-
charge periods. Meanwhile, others prefer bar tops where the 
flow disturbance is relatively minor. Due to the keen scale 
effect, reproducing such vegetation distribution patterns in 
laboratory experiments is difficult. Although many previous 
studies have investigated the effect of the vegetation distri-
bution in single-thread rivers, the effects of the vegetation 
distribution on braided rivers are rarely investigated. Along 
a braided river transverse transect, vegetation, depending 
on its vertical location relative to the water’s surface, may 
interact, at different degrees, with river morphology (Gur-
nell 2014). Nevertheless, how differences in the vegetation 
distribution affect river morphology development remains 
unclear. In this study, we examined the effect of the vegeta-
tion distribution in a river transverse transect on braided 
river morphology.

The vegetation spatial distribution is determined by sev-
eral factors, such as vegetation species, hydrological con-
ditions, and climate conditions (Camporeale and Ridolfi 
2006; Gurnell 2014; Vargas-Luna et al. 2019). Vegetation 
may colonize a stable river bed where the underground 

water stage enables its growth (Mahoney and Rood 1998). 
Discharge variability, which induces flood disturbances 
and changes water availability during low flow periods, is 
an important factor that impacts the vegetation distribu-
tion within transects (Camporeale and Ridolfi 2006). The 
distribution of vegetation along a transect direction is also 
affected by the process of vegetation seed dispersal (Van 
Dijk et al. 2013). Furthermore, artificial impacts on rivers 
(e.g., dam construction) may also lead to a change in the 
spatial distribution of vegetation (van Oorschot et al. 2018). 
Depending on propagule stress, alien vegetation invasion 
can significantly change the spatial distribution of vegetation 
(van Oorschot et al. 2017). Climate change may also induce 
vegetation belt shifting and changes in species richness; and 
depending on changes in hydrological conditions and the 
vegetation distribution, the vegetation belt may shrink or 
expand (Martínez-Fernández et al. 2018; Mosner et al. 2015; 
Ström et al. 2012).

The vegetation spatial distribution makes river morphol-
ogy distinct from areas without riparian vegetation. An 
early numerical study indicated that the non-uniform veg-
etation distribution on a floodplain influenced the planform 
of meandering rivers (Camporeale et al. 2013). The distri-
bution of vegetation in the transverse direction also has an 
impact on rivers with alternate bars (Bertoldi et al. 2014). 
In single-thread rivers, vegetation surrounding water edges 
and vegetation on bar surfaces have different effects on river 
morphological change (Vargas-Luna et al. 2019). Vegetation 
surrounding water edges makes the riverbank more stable, 
while vegetation on a bar surface alters the river flow direc-
tion and induces local bank erosion. A river with vegetation 
whose seeds are transported by water flow tends to have a 
larger braiding intensity as compared to a river with vegeta-
tion whose seeds are transported by wind (Van Dijk et al. 
2013). In a field study performed within the Tagliamento 
River in Italy, researchers found that the statistical properties 
(i.e., the variance, skewness, and kurtosis of the river bed 
elevation distribution) of an island braiding river are related 
to the median elevation of the vegetation patch (Bertoldi 
et al. 2011), suggesting that river morphology development 
may be related to the vegetation distribution. The bed eleva-
tion distribution was also found to be negatively skewed, 
and skewness was positively related to the vegetation area 
ratio increase. However, in a flume experiment performed by 
Mao et al. (2020), skewness of the bed elevation distribution 
decreased with vegetation encroachment on bar surfaces.

Due to the difficulty in controlling vegetation distribu-
tions while keeping the physical properties of vegetation 
constant, studying the effects of different vegetation distribu-
tions along transects on river morphology development via 
laboratory experiments is difficult. Recently, sophisticated, 
depth-averaged, two-dimensional numerical models have 
been shown to reproduce the morphological development 
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of rivers with vegetation (Jourdain et al. 2020; van Oorschot 
et al. 2016; Weisscher et al. 2019). In our study, numeri-
cal simulations based on Delft3D were performed in order 
to study the effect of differences in the vegetation distribu-
tion along transects on braided river morphological devel-
opment and the statistical properties of river morphology. 
We investigated two different vegetation colonization types 
within a gravel bed, braided river. The first colonization type 
accounted for vegetation colonizing near water edges during 
the low discharge period. For the second type of coloniza-
tion, vegetation colonized from a higher elevation where 
flow disturbances were relatively weak. We also compared 
morphology property changes due to two vegetation colo-
nization types. Our river was inspired by the Satsunai River 
and the Otofuke River, two rivers which flow in Hokkaido, 
Japan that have been heavily influenced, over the past dec-
ade, by vegetation (Iwasaki et al. 2016a; Weisscher et al. 
2019). For our study, river configurations were typically 
gravel bed rivers sensitive to vegetation expansion (Millar 
2005).

Methods

In our study, hydro-morphology and vegetation models were 
alternately performed. The simulation strategy is shown in 
Fig. 1. The results obtained from the hydro-morphologi-
cal model were used to update the vegetation model, and 
results of the vegetation model were transferred to the hydro-
morphological model. This process has been successfully 
applied in early numerical simulations (van Oorschot et al. 
2016).

The hydro‑morphological model

Hydro-morphological development was simulated using the 
hydro-morphological model Delft3D. Details regarding the 
numerical method can be found in Lesser et al. (2004). The 
model solves a set of depth-averaged, shallow water equations 

using the Alternating Direction Implicit (ADI) method dis-
cretized into a boundary fitting grid, and then updates bed 
topography by solving the Exner equation.

Vegetation effects on flow are accounted for by adding 
source terms representing the drag force exerted on water 
flow, based on the following momentum equations (Jang and 
Shimizu 2007):

and

where x is the longitudinal coordinate, y is the transverse 
coordinate, u is velocity along the x direction, v is velocity 
along the y direction, CD is the drag coefficient, as is the 
vegetation density that is the product of stem number per 
unit area and the vegetation representative diameter, and hv 
is the submerged vegetation height, where the smallest value 
for water depth and total vegetation height is utilized.

The momentum equations are, as follows:

and

where H is the water surface elevation, h is water depth, g 
is gravitational acceleration, C is the Chezy coefficient, V is 
the horizontal eddy viscosity, and, as defined in Equations 
and, respectively, Fx and Fy are the flow resistance induced 
by vegetation.

Bedload flux is estimated using the Meyer-Peter and Muel-
ler formula with a uniform grain size assumption (Colombini 
et al. 1987). The direction of bedload flux relative to the mean 
flow direction is corrected by considering the secondary flow 
effect and the 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 bedload transport and the mean flow direc-
tion was calculated using:

and
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Fig. 1  Framework of the simulation model
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where R is the radius of the streamline curvature and � is the 
von Kármán's constant that is equal to 0.4.

The effect of bed slope on bedload transport is accounted 
for using the following formulas:

and

and

where �s is the angle between bedload flux and the mean 
flow direction accounting for the bed slope effect, θ is the 
Shields number, � is the bed shear stress, �s is the sediment 
density, � is the water density, and d is the sediment diame-
ter. The bed slope effect is critical for braided river morphol-
ogy simulations. The selection of parameter α significantly 
affects braiding morphology; a physically validated value 
of 0.7 was used in our study (Baar et al. 2019; Schuurman 
et al. 2018, 2013).

The vegetation model

The vegetation model was performed after the hydro-mor-
phological model (Fig. 1). In general, the vegetation model 
consists of the recruitment, growth, and mortality of vegeta-
tion (Camporeale et al. 2013; Solari et al. 2016; van Oors-
chot et al. 2016). Recruitment occurs during the vegetation 
seed dispersal period and converts bare grids that meet cer-
tain criteria to vegetated grids. Vegetation growth indicates 
the change of vegetation characteristics (e.g., stem density, 
height and root depth), with time, and can be described using 
different functions. The mortality of vegetation included in 
the model represents two processes: vegetation washout 
induced by erosion and its burial induced by sedimentation.

For our study, we considered a simplified hydrograph, 
which consisted of a series of floods connected by the low 
discharge period. We assumed that vegetation disperses 
its seeds during the low discharge period. During the seed 
dispersal period, vegetation establishes its community on a 
bare bed, where the water depth is smaller than a threshold 
value (e.g., the dry–wet criteria of the Delft3d model). Once 
vegetation is established within a grid, the grid is regarded 
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as vegetated and cannot be recolonized until vegetation is 
destroyed by flood disturbances (i.e., through washout or 
burial). We considered vegetation characteristics including 
vegetation height, density, and root depth.

The model tracks the cumulative bed elevation change in 
vegetated grids. When the cumulative scour depth within 
a vegetation grid becomes deeper than root depth during 
a flood, vegetation is assumed to be washed out (Edmaier 
et al. 2015). Vegetation burial occurs when the cumulative 
bed elevation aggradation surpasses vegetation height. The 
model resets and stops tracking the cumulative bed elevation 
change in grids where flood disturbance destroys vegetation 
and resumes when vegetation recolonizes. In bare grids, the 
additional drag induced by vegetation is zero.

In this study, the stem number per area of vegetation 
was 40  m−2 and the stem diameter was 0.005 m. The root 
depth was 0.3 m. Although vegetation characteristics were 
based on a reed grass plant, Phragmites japonica, we did 
not seek to reproduce a prototype in the field or to study 
the influence of specific vegetation. Vegetation parameters 
were configured based on the range of physical vegetation 
properties (Crosato and Saleh 2011; Sumi et al. 2003; van 
Oorschot et al. 2017; Vargas-Luna et al. 2016). Due to the 
relative high growth rate of grass plants (Kang et al. 2002), 
the growth process of vegetation during the low discharge 
period was neglected (i.e., vegetation was mature once it 
was established on riverbeds). Accordingly, the height of 
vegetation was set at 2.5 m during each recruitment and 
growth period. The parameters are summarized in Table 1.

Simulation scenarios and parameters

The target river was a medium-sized, gravel bed river with a 
braided morphology. The river did not represent a real river 
in nature, but settings for the simulated river had similar 
characteristics, including for slope and peak discharge, to the 
Satsunai River in Japan, a typical gravel bed river. The width 
of the river in our study was 250 m, and the channel length 
was 4000 m. There were 50 and 400 grids in the transverse 
and longitudinal direction, respectively. The river slope was 
set to 1/130. The gravel size was 25 mm. The Chezy rough-
ness of the bare bed was set to 30  m1/2  s−1. The equilibrium 
condition was used for the sediment inlet. The initial bed 

Table 1  Vegetation parameters

Item Unit Value

Stem number per unit area, d m–2 40
Stem diameter m 0.005
Stem height m 2.5
Root depth m 0.3
Drag coefficient, CD – 1.0
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was flat, with random elevation disturbances equal to the 
sediment diameter.

The entire simulation contained 220 cycles of floods and 
low flow. A schematic is provided in Fig. 2. A flood was 
assumed to occur once per year. Due to relatively minor 
morphological changes, the low discharge period was short-
ened. During the first 20 flood cycles, to develop an initial 
braided river morphology, the domain kept no vegetation. 
Once initial braiding developed, vegetation began to colo-
nize and was recruited onto the riverbed during low flow 
periods (in Fig. 2 the recruitment period is marked green). 
Each cycle of flooding contained a 12-h rising phase and a 
24-h falling phase. Before and after a flood, there were 2 h of 
a low discharge period. The total simulation duration of 220 
cycles of floods was enough for the morphology to reach a 
dynamic equilibrium state where the change of bed elevation 
became gentle. Each flood had a typical duration for a moun-
tainous region. Maximum discharge was 300  m3/s, which 
matched the average peak of the Satsunai River in Japan 
(Nagata et al. 2016). Related parameters for the numerical 
simulation are summarized in Table 2.

Two scenarios of vegetation distribution along the trans-
verse cross section of the river were investigated. Figure 3a 

and b compares the vegetation distribution of two scenar-
ios, along the averaged cross section of a braided river, for 
simplicity, schematically illustrated as a single channel. In 
Scenario 1 (Fig. 3a), vegetation established from the water’s 
edge to a specific upper limit of relative height, RUL, during 
the low water period, represented vegetation species prefer-
ring moist soil (e.g., Phragmites japonica). In Scenario 2 ( 
Fig. 3b), vegetation was established from the bar top to the 
lower limit of colonization, RLL, representing vegetation that 
prefers a relatively dry area and avoids water edges where 
they are the subject of frequent flow disturbances. Several 
ecological processes (e.g., alien vegetation invasion, veg-
etation expansion, or vegetation succession) can induce a 
change in the upper limit RUL (or the lower limit RLL). A 
change in the upper limit (or lower limit) of the vegetation 
belt changes the vegetation cover area, and river morphol-
ogy accordingly adjusts. For each scenario, several cases 
having a different RUL or RLL were simulated in order to 
investigate the sensitivity of river morphology to a change 
in the vegetation cover area. Table 3 presents the RUL and 
RLL values used in this study. Since our focus was on the 
implication of the vegetation distribution on morphological 
changes, and since why and how vegetation distributions 

Fig. 2  A schematic of a simula-
tion hydrograph. During the 
period marked by the green 
color, vegetation recruitment 
and growth were applied. 
During the period marked by a 
blue color, vegetation mortality 
induced by washout and burial 
were applied

Table 2  Settings for the numerical simulation

Item Unit Value Reference

Channel width m 250 An estimation based on the field
Channel length m 4,000 More than 10 times the channel width
Channel slope – 1/130 Nagata et al. (2016)
Bed gravel size, d m 0.025 Iwasaki et al. (2016a)
Maximum discharge m3/s 300 Nagata et al. (2016)
Mean annual low flow (vegeta-

tion recruitment)
m3/s 30 Nagata et al. (2016)

Chezy roughness m1/2  s−1 30 –
Sediment inlet – Equilibrium condi-

tion
–

Sediment transport – Bedload Determined by the Shields stress and the sediment diameter
Bed slope effect,� – 0.7 Based on Baar et al. (2019) and Schuurman and Kleinhans (2015)
Grid size m2 5 × 10 A balance between precision and computational resources
Time step s 0.6 Kept the simulation stable
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change was not our focus, the transitional process was not 
further investigated. In addition to these two scenarios, two 
reference cases, including a case where vegetation covered 
all dry areas (referred to as the “full” case) and a case with-
out vegetation (referred to as the “bare” case), were also 
simulated. The full cover case corresponded to a situation 
where RUL was equal to the highest elevation of each cross 
section or where RLL was equal to the lowest elevation at 
each cross section. Similarly, the bare case corresponded 
to a situation where RUL was equal to the lowest elevation 
of each cross section or where RLL was equal to the highest 
elevation at each cross section.

Figure 3a and b explains the situation for an averaged cross 
section. However, the braided river consisted of multiple chan-
nels and careful consideration of such factors was required in 
order to model vegetation cover. To determine relative height, 
the water surface elevation of the main channel during the 
vegetation recruitment period was used as datum. A channel 
with a water depth larger than the average water depth during 
a low flow period was regarded as the main channel. Flume 
experiments indicate that vegetation in braiding branches and 
near water edges play an important role in changing river 
morphology (Tal and Paola 2010). As shown in Fig. 3c, in 
Scenario 1, vegetation was capable of growing in low places 
when vegetation covered a dry area that had a relative height 
lower than 0 m.

Data analysis

By subtracting the mean longitudinal slope from the bed eleva-
tion, the effect of slope was excluded and the detrended bed 
elevation was obtained. Data employed for further analysis 
included results obtained once the simulation reached a state 
of dynamic equilibrium. Here, the dynamic equilibrium state 
was determined once the 5th (P5) and 95th (P95) percentile 
values of the detrended bed elevation stopped continuously 
decreasing or increasing (i.e., the riverbed was in a relatively 
stable state). In our study, the bed elevation of the low dis-
charge period for the last 100 cycles of flooding was used for 
the analysis. To ascertain the effect of vegetation distribution 
along river transects, the following quantities were calcu-
lated using extracted data. For the simulation, the wet area 
indicated an area with a water depth larger than 0.1 m. Aver-
aged water depth and width were estimated based on this wet 
area. The braiding index (BI) is the average channel number 
within a river cross section, and channels with a lower eleva-
tion than the averaged elevation were counted at each cross 
section (Schuurman and Kleinhans 2015). The interval of 
each cross section was 10 m. The active channel width indi-
cates the width of channels with bedload transport. The active 
braiding index (ABI) is the number of channels with bedload 
transport when the hydrograph reaches maximum discharge. 
Statistical characteristics of the bed elevation distribution (i.e., 
variance, skewness, and kurtosis) were calculated using the 
slope-detrended bed elevation. The vegetation area ratio in the 
following figures indicates the ratio of vegetation cover area 
relative to the entire domain at the time just after vegetation 
colonization. A simulation with three slightly different initial 
bed disturbances was performed, and, to mitigate the depend-
ence of initial conditions on the obtained results, the average 
of three implementations are indicated.

RUL

RLL

Main 
channel

a

b

c

Fig. 3  Schematics of two scenarios for the vegetation distribution 
along averaged river transects (the brown lines) of a braided river 
during the low flow period (water level is indicated with blue lines) 
represented, for simplicity, as a single channel ((a) and (b) for Sce-
nario 1 and Scenario 2, respectively); and the vegetation distribu-
tion along a river transect with a main channel and smaller channels 
(cover of the dry area below the water level of the main channel dur-
ing low flow (c))

Table 3  The values of RUL and RLL studied in the simulation

Item Values (m)

Upper limit of Scenario 1 RUL 0, 0.2, 0.5, 1.0, and 1.5
Lower limit of Scenario 2 RLL 0, 0.2, 0.5, 0.7, and 1.0



1103Acta Geophysica (2024) 72:1097–1112 

1 3

Results

River morphology

Figure 4 provides the river morphology and vegetation 
distribution of four representative cases. For the bare case 
(shown at the top of Fig. 4), the river displayed a braided 
feature. In Scenario 1, with RUL = 0.2 m (the second row of 
Fig. 4), the main channel deepened and vegetation covered 
water edges and low areas on the riverbed. In Scenario 2, 
with RLL = 0.2 m (the third row of Fig. 4), the main channel 
was eroded more than the main channel in Scenario 1, and 
vegetation covered bar tops. Compared to Scenario 1, the 
main channel of Scenario 2 was less affected by vegetation. 
For the full cover case (shown at the bottom of Fig. 4), one 
main channel formed and the remaining areas were veg-
etated bars. Compared to other cases, the patch persistence 
period of vegetation for the fully covered case was the high-
est, indicating that vegetation habitat was stable.

The P5 and P95 values for detrended bed elevation rela-
tive to the vegetation area ratio are provided in Fig. 5. Here, 
P5 corresponds to the bed elevation of the main channel 
and P95 corresponds to elevation of the bar top. Vegetation 
area ratio changes depended on the value of RUL and RLL 
(the values are listed in Table 3) As shown in Fig. 3, with an 
increase of RUL and a decrease of RLL, the vegetation area 
ratio increased. To compare the P5 and P95 of a similar 
vegetation area for two scenarios, the vegetation area ratio 
was selected for the horizontal axis of Fig. 5. For Scenarios 

1 (red circles) and 2 (blue circles), since the sediment was 
gravel and since the simulated flood discharge was not large 
enough to heighten the elevation of bar tops, the P95 eleva-
tion (upper circles) did not significantly change when the 
vegetation area ratio increased. However, in Scenario 1 
(lower red circles), the P5 value significantly decreased with 
an increase in the vegetation area ratio. In Scenario 2, the P5 
elevation (lower blue circles) did not substantially change 
with an increase in the vegetation area ratio. However, if 
vegetation is capable of expanding near the main channel, 
the P5 value may rapidly decrease to approach P5 for the full 
cover case (the right bottom filled circle). The result for P5 
in Scenario 2 indicates that vegetation located within higher 
elevations does not deepen the main channel.

Fig. 4  River morphology and 
the vegetation distribution 
for different cases. The patch 
persistent time indicates the 
year vegetation keeps its cover 
at each grid
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Fig. 5  P5 and P95 values for the detrended bed elevation and vegeta-
tion area ratio
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The braiding index (BI) and the active braiding index 
(ABI) relative to the vegetation area ratio are provided in 

Fig. 6. The BI and the ABI were higher for the bare case 
and lower for the full cover case. In Scenario 1, BI rap-
idly decreased with a vegetation area ratio increase and 
approached an equilibrium value until it reached the value 
of the full cover case. The ABI of Scenario 1 decreased 
once the vegetation cover ratio was larger than 0.2. With an 
increase in the vegetation cover ratio, the ABI kept decreas-
ing and there was not an equilibrium value. For Scenario 2, 
both the BI and the ABI slightly decreased with an increase 
in vegetation cover, until the vegetation cover ratio was 
approximately 0.7. If vegetation covered a lower area in 
Scenario 2 (i.e., a smaller value of RLL), BI and the ABI 
values rapidly decreased, implying the importance of vegeta-
tion growing on a riverbed with lower elevations (the blue 
arrows in Fig. 6). Compared to Scenario 1, ABI declines 
more gently for Scenario 2 until the vegetation area ratio 
reaches approximately 0.7.

Water flow

Wet width, active channel width, and mean water depth 
(see Sect. “Data analysis” for the definitions) are provided 
in Fig. 7. Both the wet width and the active channel width 
decreased with an increase in the vegetation area ratio 
(Fig. 7a and b). In Scenario 1, the wet width and the active 
channel width decreased more rapidly than for Scenario 2. 
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With a narrowing of channel width due to an increase in the 
vegetation area ratio, water depth became deeper (Fig. 7c). 
Similar to channel width, depth increased faster than for Sce-
nario 1 and achieved an equilibrium value at a vegetation 
area ratio larger than 0.6. For both scenarios, the width of 
the water surface decreased and the water depth increased 
with an increase in vegetation area. However, since the P5 
elevation did not significantly decrease (Fig. 5), the change 
in water depth and width in Scenario 2 may have, for the 
majority of events, resulted from an increase in flow resist-
ance. In Scenario 1, both erosion within the main channel 
and an increase of flow resistance contributed to an increase 
of water depth and a decrease in water width.

Flow redirection induced by vegetation

Vegetation in rivers blocks and redirects water flow. The 
joint histogram of unit discharge and elevation is used to 
show the effect of vegetation in redirecting water flow. 
Since it provided a pattern where vegetation blocked small 
channels and did not cover a large proportion of bar tops 
(Fig. 8a), the case RUL = 0.2 m was selected as the refer-
ence case. We compared the bare case to show how vegeta-
tion near the water edge affects flow redirection (Fig. 8b). 
The case RUL = 1.0 and the full cover case were compared 
in order to show the redirecting effect of vegetation in a 
situation where vegetation covers higher places (Fig. 8c 
and d). The difference was shown by extracting the joint 
histogram of the compared cases (Fig. 8b, c and d) from 
the reference cases (Fig. 8a). The results are, respectively, 
shown in Fig. 8e, f and g.

Fig. 8  A joint histogram of discharge per width and elevation. 
a Scenario 1 with  RUL = 0.2  m. b The bare case. c Scenario 1 with 
RUL = 1.0 m. d The full cover case. e, f and g were obtained by sub-

tracting b, c and d from a, respectively. In the histograms, grid num-
ber equal to zero is not colored
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Figure. 8e indicates that water flow was redirected to 
low channels and bar tops as compared to the bare case. 
Since vegetation covered higher places, flow was further 
redirected to low channels and bar tops (Fig. 8f). When 
vegetation cover ranged from bar tops to the water’s edge, 
flow was largely concentrated in low channels. The results 

reveal that vegetation not only redirects flow to low chan-
nels, but also to the bar top.

Statistical characteristics of the bed elevation 
distribution

The frequency distribution of bed elevation is provided in 
Fig. 9. Compared to the bare case, vegetation cover damped 
the peak of the bed elevation distribution. The peak value 
of the Full cover case was the smallest. Compared to the 
case with vegetation cover in high areas (RLL = 0.2 m, the 
green line), vegetation cover near the water’s edge induced 
more erosion and made the distribution more asymmetrical 
(RUL = 0.2 m, the orange color line). Vegetation within a 
high area mainly induces deposition rather than erosion.

The relationship between the statistical characteristics 
of the bed elevation distribution (i.e., variance, skewness, 
and kurtosis) and the vegetation area ratio are provided in 
Fig. 10. The symbol and error bar provide the mean and 
the standard deviation of the time series for each statistical 
value. Bed variance increased with an increase in the veg-
etation area ratio for both scenarios (Fig. 10a). However, 
the influence of vegetation differed. In Scenario 1, the vari-
ance became large for the small vegetation area ratio and Fig. 9  The distribution of bed elevation for selected cases

Fig. 10  The relationship between elevation statistical characteristics, 
a elevation variance, b elevation skewness, and c elevation kurtosis, 
and the vegetation cover ratio. Error bars represent the standard error 

of the time series. The arrow indicates a case with RUL = 0.2 m and 
RLL = 0.2 m. The dashed line in (c) indicates a zero value
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achieved an equilibrium value for a cover ratio larger than 
0.4. In Scenario 2, variance remained almost constant when 
vegetation cover was less than 0.6 and began to increase 
with an increase in the vegetation cover ratio when the cover 
ratio was larger than 0.6. The skewness of bed elevation 
monotonously increased with vegetation cover in Scenario 
2. In Scenario 1, bed skewness for the small vegetation area 
ratio decreased, and increased for the large vegetation area 
ratio (Fig. 10b).

The trend for bed kurtosis in Scenario 1 was also not 
monotonous. Bed kurtosis increased for the small vegetation 
area ratio and decreased for the large vegetation area ratio 
(Fig. 10c). In both scenarios, bed elevation displayed a nega-
tive skewness and a positive kurtosis for the small vegetation 
area ratio, and a larger skewness and a negative kurtosis for 
the large vegetation area ratio.

For Scenario 1, the variance of bed elevation statistical 
characteristics were larger than for Scenario 2. The results 
indicate that with a different vegetation distribution, the sta-
tistical characteristics of bed elevation in areas subjected to 
vegetation even varied for the same vegetation cover ratio. 
Vegetation covering lower areas induced a bed elevation 
distribution for a larger proportion of the riverbed, with an 
elevation higher than the cross-sectional mean elevation.

Discussion

A comparison to previous studies

As we mentioned in the Introduction, the change of bed ele-
vation skewness within the Tagliamento River (Bertoldi et al 
2011) and the flume experiment (Mao et al. 2020) are differ-
ent from each other. Mao et al. (2020) attributed the differ-
ence between field observations and their flume experiment 
to a lack of fine sediment within the laboratory experiment. 
However, as observed for the Tagliamento River, our results 
for Scenario 2 imply that skewness may increase due to veg-
etation cover, without the need for fine sediment. Therefore, 
other factors possibly affected the change of skewness in 
flume experiments.

For the Tagliamento River study, similar to our Scenario 
2, vegetation cover was largely limited to areas with a higher 
bed elevation. Also, in the Tagliamento River study, bed 
elevation with less vegetation cover area was more skewed 
and displayed a positive kurtosis. Skewness became closer to 
zero and kurtosis became negative with increases in vegeta-
tion area. The results obtained for the relationship between 
skewness, kurtosis, and the vegetation area ratio in Sce-
nario 2 are consistent with field observations. A negatively 
skewed distribution for cases without vegetation cover was 
observed in the laboratory experiment performed by Gar-
cia Lugo et al. (2015). However, the change in skewness 

and kurtosis, together with the vegetation area ratio, was 
more rapid within the Tagliamento River than within our 
numerical simulation. A possible reason was that the root 
reinforcement effect of vegetation was not accounted for in 
our numerical simulation. With a river bed reinforced by 
vegetation roots, the bar top was protected; hence, the pro-
portion of higher area relatively increased. Suspended load 
could be another factor. Since fine sediment can deposit on 
bar tops, the proportion of low area to high area decreased, 
which led to an increase in skewness. Other factor effects 
on the statistical characteristics of the riverbed elevation 
distribution, such as the reach scale sediment balance and 
the discharge variability, still require further investigation.

Murray and Paola (2003) proved that with uniformly 
distributed vegetation a braided river can transform into a 
single-thread river. Such a tendency was also observed in 
the laboratory experiment performed by Gran and Paola 
(2001). The full cover case of our simulation found a con-
sistent tendency with the cellular model and the laboratory 
experiment. The braiding index (ABI and BI) was larger for 
Scenario 1 than for the fully covered case. In an early flume 
experiment (van Dijk et al. 2013), hydrochory vegetation, 
whose seeds were transported by water flow and the riverbed 
near water flow, was observed to induce a larger braiding 
index in river morphology compared to vegetation that was 
uniformly distributed on the river bed. Thus, Scenario 1 also 
displayed consistency with the flume experiment. Consist-
ency between the numerical simulation, and the field obser-
vations or flume experiments discussed above, supports the 
view that the numerical model has the potential to reflect 
morphological changes for braiding rivers with vegetation 
cover in the field.

Vegetation impacts differ depending on location 
along a river transect

For both scenarios, the variance of bed elevation is posi-
tively related to the vegetation area. Vegetation in low areas 
has a stronger influence on bed variance than vegetation in 
high areas (i.e., a relatively small vegetation area can lead 
to a significant bed variance increase). A large river bed 
variance indicates that a river has bar tops with relatively 
high elevations and deep channels. The stronger effect is 
attributed to the flow concentration induced by vegetation. 
Since flow was more concentrated by vegetation in Scenario 
1, more erosion was induced (e.g., P5 elevation significantly 
decreased in Scenario 1 (Fig. 5)).

Skewness shows the asymmetry of the bed elevation dis-
tribution. A negative skewness indicates that a river has a 
relatively larger proportion of high area. In Scenario 1 (see 
the black and red plots in Fig. 10b), since vegetation grew 
near the water’s edge, it induced more erosion in channels 
rather than deposition on bars when the upper limit of the 
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habitat was relatively low. The proportion of relatively high 
area became larger because the mean elevation decreased. 
Thus, skewness decreased from − 0.52 to − 0.75 with the 
vegetation area ratio changed from 0 to 0.27. However, the 
decreasing trend of skewness in Scenario 1 disappeared once 
the upper limit of the vegetation belt became larger than a 
critical value (RUL > 0.2 m, with a vegetation area ratio larger 
than 0.27), because vegetation-induced deposition increased 
the mean elevation and reduced the relative proportion of 
the high area. In Scenario 2 (see the black and blue plots in 
Fig. 10b), since deposition on bar tops reduced the relative 
proportion of a high area, skewness monotonously increased 
with the vegetation cover ratio. The effect of vegetation in a 
high area also explains the increasing trend of skewness in 
Scenario 1. When vegetation covered all of a dry riverbed 
(the full cover case), the bed elevation distribution was more 
symmetrical than the bare case. The results suggest that a 
deep and narrow channel was not a sufficient condition for 
a skewness reduction.

Bed kurtosis measures the tailedness of a bed elevation 
distribution. Large kurtosis corresponds to a distribution 
concentrated at peak and wider tails (the tailedness) as 
compared with the normal distribution, and a small kurto-
sis indicates a distribution with a lower peak and narrower 

tails relative to the normal distribution. Compared to veg-
etation within the high area, vegetation within the low area 
induces more erosion, and, therefore, increases the propor-
tion of lower elevation and contributes to an increase in kur-
tosis. For example, the orange color line in Fig. 9 shows an 
increased proportion at the lower elevation that contributes 
to the increased kurtosis of Scenario 1, a small vegetation 
area ratio (0.2–0.27) can be confirmed in Fig. 10c.

The change in elevation of the river cross sections 
described in the above paragraphs is depicted within an aver-
age cross section using the schematic provided in Fig. 11. 
The relationship between elevation change and bed statisti-
cal properties is indicated in Fig. 11, and the change in bed 
statistical properties with an increase in the vegetation area 
ratio is summarized in Table 4.

We also noticed that the full cover case has a larger vari-
ance, which cannot simply be explained by adding the effect 
of vegetation, growing on lower places and on bar tops, on 
bed variance (e.g., cases indicated by the arrow in Fig. 10a). 
The results suggest that the combined effect of vegetation 
on lower places and on bar tops strengthens the influence of 
vegetation on river morphology. The combined effect can 
be explained by the flow redirection induced by vegetation. 
In Scenario 1, although vegetation-induced erosion within 

Fig. 11  A schematic showing 
a change in the averaged river 
cross section

Scenario 1

Averaged ele.

P95

P5

P95

Averaged ele.

P5

Scenario 2

Riverbed before 
vegetation invasion

Erosion after 
vegetation invasion

Deposition after 
vegetation invasion

Variance +
Skewness –

Kurtosis +
Contribute 

to

Contribute 
to

Variance +
Skewness +

Kurtosis –

Table 4  The relationship between bed statistical properties and an increase in the vegetation area ratio

The ‘ + ’ indicates that the metrics are positively related to the vegetation area increase, and ‘–’ indicates that the metrics are negatively related to 
the vegetation area increase

The location of vegetation Schematic Bed variance Bed skewness Bed kurtosis

Vegetation near the water’s edge (Scenario 1)

 

 + (strong) –  + 

Vegetation on bar tops (Scenario 2)

 

 + (weak)  + −
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the main channel, it also blocked parts of the channels and 
increased discharge within higher elevations (Fig. 8e and f). 
If vegetation covered the entire dry bed (e.g., the full cover 
case), discharge was only concentrated within the main 
channel without vegetation cover, and more erosion was 
induced since the width of the main channel was reduced 
by vegetation.

Discharge deflected by lower elevation vegetation may 
impact sediment deposition. Deposition that was not pro-
portional to vegetation density (i.e., a less dense vegetation 
patch with higher sedimentation) was observed in the field. 
For example, within the Tech River, vegetation located along 
a transect was found to have different effects on sediment 
accretion (Corenblit et al. 2009). For the Tech River, neither 
trees on the bar top nor dense herbs (grass plants) near the 
low water channel had the largest impact on sediment accre-
tion. However, shrubs between the bar top and the low water 
channel trapped a larger amount of sediment, and shrub 
type vegetation displayed a disproportionate importance 
compared to its abundance (Corenblit et al. 2009, 2020). 
According to our study, herbs near the low water channel 
can redirect incoming flow; hence, sediment brought by the 
flow may contribute to sedimentation in shrubs.

River management focusing on the vegetation 
transverse distribution

Braided rivers are one of the most dynamic river patterns 
and support highly dynamic fluvial ecosystems (Tockner 
et al. 2006). A global trend for a reduction in braided rivers 

has been reported, and one important reason for this reduc-
tion is the expansion of riparian vegetation (Stecca et al. 
2019). With conversions from braided rivers to single-thread 
rivers, the vertical distance between the top of bars and the 
main channel increases (i.e., an increase in elevation vari-
ance), and opportunities for the bar top to be disturbed by 
flooding are reduced. Under such scenarios, biodiversity 
may also be reduced since certain species prefer dynamic 
environments and since these species disappear in stable 
environments.

One management strategy for recovering morphology and 
habitat is artificially removing vegetation cover (e.g., tree-
cutting (Leu et al. 2008)). Depending on management objec-
tives, different removal methods currently exist. For exam-
ple, artificially released flushing floods were used to clear 
vegetation near low water channels (Sumitomo et al. 2018, 
2016). The cutting of vegetation on the top of bars may also 
improve flow capacity during large floods (Toshimori and 
Miyamoto 2014). Our study indicated that vegetation at dif-
ferent locations along river transects have distinct effects 
on river morphological development. Therefore, different 
removal methods for riparian vegetation may lead to dif-
ferent river morphological responses in a vegetated braided 
river (Fig. 12). Since river morphology is less sensitive to 
vegetation on high areas, removing vegetation on high areas 
could be ineffective in recovering a vegetated braided river. 
Hence, for the originally braided but currently widely veg-
etated river, removing vegetation near the low water channel 
or inside a blocked braiding branch is the best strategy for 
recovery. Since the combined effect between vegetation at 

Fig. 12  A schematic figure of 
two vegetation removal meth-
ods and the response of river 
morphology in an originally 
braided, but currently vegetated, 
channel. The horizontal axis 
provides the vegetation cover 
ratio. Arrows show the increas-
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different elevations plays an important role in increasing bed 
variance, removing vegetation between the bar top and the 
lower channel may also increase the flow capacity of chan-
nels and reduce channel erosion.

In a real river, fine sediment can be deposited within 
vegetated channels and block channels. Therefore, only 
removing vegetation may be insufficient for recovering river 
morphology. Removing vegetation and artificially recover-
ing blocked channels may be a potentially effective man-
agement strategy. Such procedures have been used in the 
past for the Satsunai River in Japan (Sumitomo et al. 2016). 
However, to date, the long-term effects of such procedures 
remain unclear. Our study indicates that, from a long-term 
perspective, such procedures will be effective.

Limits of our results

In our study, we investigated the effects of vegetation dis-
tributions along a river transverse on river morphological 
development. No specific vegetation type was investigated. 
However, the major parameters of vegetation (density, root 
depth, and vegetation height) fell within a physical, real 
range (Jourdain et al. 2020; van Oorschot et al. 2017, 2016; 
Vargas-Luna et al. 2016). Suspended load was not accounted 
for in our model. Therefore, our results are more appropriate 
for a gravel bed river. Vegetation preferences for habitats 
were not explicitly controlled by physical and ecological 
processes, and only one type of vegetation was considered. 
Studying the effects of neglected factors, such as root rein-
forcement and fine sediment, will be an interesting advance-
ment in our future research.

Our study relied on numerical simulations, which are 
significantly affected by grid size. Although the large-scale 
statistics of bar patterns were independent of grid size, the 
grid resolution in our study may not be fine enough to cap-
ture small morphological features on bars (Schuurman and 
Kleinhans 2011). Numerical studies of the Satsunai River 
also demonstrated that a grid size of 5 m in the transverse 
direction can produce results that agree well with field meas-
urements (Sumitomo et al. 2016). Similarly, Iwasaki et al. 
(2016a, b) used a grid size of 5 m and generated satisfac-
tory results in a river with characteristics comparable to 
the Satsunai River. Hence, the employed grid resolution is 
acceptable. However, the impact of such small features on 
statistical characteristics of the bed elevation distribution is 
unknown and still requires further investigation.

Conclusions

Using a numerical simulation, we investigated the influence 
of the transverse vegetation distribution on river morphol-
ogy development within a braided, gravel bed river. The 

following scenarios for the transverse vegetation distribution 
were investigated: (1) vegetation established on the riverbed 
near the lower channel and (2) vegetation established on 
the bar top. The numerical model successfully reproduced a 
reduction in the braiding index within a braided river under-
going vegetation influence. The results indicate that the 
transverse distribution of vegetation has significantly differ-
ent effects on river morphology. Vegetation near the water’s 
edge more effectively changes river morphology characteris-
tics, including erosion and the braiding index, and statistical 
characteristics, as compared to vegetation covering relatively 
high places. Vegetation near the water’s edge not only con-
centrates flow to major channels within a braided river but 
also increases discharge on bars by reducing the flow capac-
ity of channels. Based on the different effects of vegetation 
distribution on river morphology, vegetation management 
measures in vegetated braided channels can be improved.
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