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Abstract: The significance of riparian vegetation on river flow and material transport is not in dispute. Conveyance laws, sediment
erosion and deposition, and element cycling must all be adjusted from their canonical rough-wall boundary layer to accommodate the
presence of aquatic plants. In turn, the growth and colonization of riparian vegetation are affected by fluvial processes and river
morphology on longer time scales. These interactions and feedbacks at multiple time scales are now drawing significant attention
within the research community given their relevance to river restoration. For this reason, a review summarizing methods, general laws,
qualitative cognition, and quantitative models regarding the interplay between aquatic plants, flow dynamics, and sediment transport in
vegetated rivers is in order. Shortcomings, pitfalls, knowledge gaps, and daunting challenges to the current state of knowledge are also
covered. As a multidisciplinary research topic, a future research agenda and opportunities pertinent to river management and

enhancement of ecosystem services are also highlighted.
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Introduction

Rivers and streams are rightly labeled as the
“veins” of the hydrological cycle as they offer an
efficient passage of material and energy, and they
carry substantial biogeochemical information on
land-use legacies. After all, the fastest velocities
associated with hydrological processes are those of
flowing water in rivers and streams, at least when
compared to subsurface flow, interflow, overland flow,
evapotranspiration, or water flow within plants. The
terms river and stream are used interchangeably here
though rivers tend to be longer, larger, and deeper
than streams. Aquatic vegetation is vital to the
maintenance and restoration of rivers. Vegetation
affects the flow dynamics and sediment movement in
rivers, and thus affects their physical and ecological
function', which is the compass of this review. The
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presence of vegetation is conducive to slowing down
river erosion and stabilizing floodplain or riverbanks.
Aquatic plants not only directly absorb pollutants such
as nitrogen and phosphorus, but also promote oxida-
tion and decomposition of pollutants and improve the
self-purification ability of rivers by changing their
micro-environment. Vegetation also provides a
suitable habitat for aquatic animals that contribute to
the development of aquatic species diversity. The
sediment particles in water adsorb heavy metals,
nitrogen, phosphorus and other nutrients, thus acting
as the main carrier and medium of material migration
and transformation.

On short time scales, the presence of vegetation
increases flow resistance, changes the transverse and
vertical flow structure (measured by sizes of coherent
structures), and affects the balance of sediment
suspension and deposition. The sediment transport
capacity is also diminished in the so-called
“vegetation region” as the bed shear stress is reduced
through momentum absorption by aquatic plants. On
longer time scales, the dynamics of vegetation
biomass within rivers is closely related to sediment
deposition and erosion, which can impact organic
materials that then promote vegetation patch extension
within the river™™. Such feedbacks between vegetation
growth and sediment deposition and erosion are likely
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to remain the subject of active research and future

development™™), which will be partially covered in
this review.
River morphodynamics investigates natural

patterns observed in the sedimentary environments of
river ecosystems, which invariably arise from the
mechanical interaction between sediments and the
flow'. As an active part of the river ecosystems, the
presence of aquatic vegetation significantly affects
river morphology operationally divided into three
types: braided, meandering and straight'”’. In turn, the
colonization and growth of aquatic vegetation requires
water, sediments, nutrients and seeds to be transported
within rivers™®!.

The interaction between vegetation, flow and
sediment draws on a number of traditional and
emerging fields including turbulence, ecological
hydraulics, sediment transport, hydro-geomorphology
among others. With advancements in theory, experi-
ments, and simulations, the scope of geomorphology
and river reaches has gradually developed to consider
local scale and plant scales” in ways not possible few
decades ago. With such fine-scaled processes directly
considered, the interplay between water conveyance
laws and material migration laws has been obtained in
the presence of vegetation. The purpose of this review
is to feature research progress related to the role of
vegetation on flow dynamics and sediment movement,
highlight current research opportunities and
challenges, and put forward the corresponding
prospects for the problems to be solved.

1. Hydrodynamics of vegetated channels

1.1 Definitions and review of key concepts in open

channel flow

It is convenient to commence the discussion with
a simplified setup comprising a rectangular open
channel with a constant slope S, channel width W,
and length L. The flow is assumed to be steady and
uniform with a constant flow rate @ and water depth
H (Fig. 1). In the absence of any plants, the
continuity (or conservation of water mass) equation
leads to a bulk velocity defined as U, =Q/(WH).
The shear stresses arising from water movement are
assumed to be uniformly distributed and acting along
the channel sides and bed (z,). Along the direction of
the flow (designated by x), uniform flow requires a
balance between the gravitational forces driving
movement and frictional stresses resisting its motion.
For small slope angles, this force balance leads to
u’=t,/p=gRS, where g is the gravitational

acceleration, R, =H(1+2H /W)™ is the hydraulic
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radius, p is the water density (assumed constant
throughout), and u, is the friction or shear velocity.
Additionally, for wide channels (H /W <« 1 and thus
R,/ H =1), the shear stress distribution 7(z) must
decrease linearly from a maximum 7z, to its value at

the free water surface, which is assumed to be zero
when neglecting any air-water interactions. Hence,
7(z)/r,=1-z/H , where z is the normal distance

from the channel bed.

S =tan(®)
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Fig. 1 (Color online) (a) Representation of idealized open
channel flow in a rectangular channel, where r is
the mean protrusion height. (b) Relation between

(n, ~g ") and  the

momentum roughness height z, assumed to scale

Manning  roughness

with the mean protrusion height. The data include
sand grains, random roughness elements!'®'"), and
submerged rods where the rod height is much smaller
than the water depth

The main water conveyance equation, the
so-called Chezy-equation, arises when linking u.” to

U; using a bulk drag coefficient C,, =u’/U;
resulting in U, =(C,, )"2/gR,S . Much of the early

research in hydraulics was focused on linking C,,
(or a related property — the Darcy-Weisbach friction
factor) to R, , the geometric properties of the

roughness elements distributed along the bed and
channel sides (e.g., r ), and the bulk Reynolds
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number Re, =U,R, /v, where v is the kinematic
viscosity. It was found that when Re, >500 (high
Reynolds number), C,, ~(r/R,)"” and is no longer

impacted by Re, (the so called Strickler scaling),
where 7 is the mean protrusion height of the
roughness elements provided r/Re, < 1. Through-

[ 2]

out, the symbol implies scale as. For
C,, ~(r/Re,)"™, the U, ~R>*\S, which is the

well-known Manning formula. Its associated Manning

-1/2_1/6
roughness n, ~g °r

thereby establishing a direct
link between roughness protrusion r and resistance
The n, ~r"° has
experimental support but a number of issues remain to
be resolved regarding the range of applicability and its
theoretical justiﬁcation[lz'm Likewise,  when
Re, <10, C,, ~1/Re, resulting in U, ~v"'R,’gS,
which is analogous to Darcy’s law upon noting that

=—dH /dx inuniform flow, U, is a flux of water,

to flow. received broad

and gv'R’ is a hydraulic conductivity. More

broadly, the conveyance laws for open channel flow in
the absence of vegetation can be summarized by a

single relation of the form Fr’=U,/(gR,S)=
(C,,)"' = f(Re,,r/R,), where Fr is a Froude

number and f(-) signifies a function of (in this case

two dimensionless quantities—bulk Reynolds number
and relative roughness) as discussed elsewhere!'> ',

Non-rectangular cross-sections lead to different f(})

but the two key dimensionless quantities remain
unaltered. For this reason, the primary focus here is on
rectangular sections.

From the flow energetics perspective, the work
needed per unit mass per unit time to move clear
water at a rate O is gSU, . In steady-uniform flow,

this work is supplied by the gravitational force but
dissipated (or converted to heat) by frictional forces
allowing an estimate of the bulk dissipation rate as

&, = gSU, = (u.” /Rh)u*(cd,b)il/z or
& =C,,(U, /R,). This normalized R,&, /U, =C,,
has received experimental support and establishes link
between C,, and maximum entropy production
principles!"’.

We now ask how the presence of aquatic plants
alter these key results? Are plants simply acting as tall
roughness elements (i.e., /R, is no longer <«1)?

alternatively

Given that plants exert an additional drag force, can
this drag force be represented as an equivalent bed or

side shear stress (i.e., simply increasing z, or r

under some conditions (e.g., for submerged plants
where H is much larger than the canopy height as
suggested by Fig. 1)? How is the linearity in the stress
distribution (i.e., 7(z)/7, =1—z/H ) altered by the
presence of aquatic vegetation and what are its
consequences on a plethora of applications such as
sediment transport? How are the energetics of the
flow, including ¢,, altered by the presence of stems

due to wake generation and other vortical motion?

1.2 Aquatic vegetation and its representation

Aquatic plants are divided into three types:
emergent, submerged, and floating vegetation.
Defining the plant height as /4, the submergence
parameter H /h dictates whether plants are emergent
(i.e., H/h<1), submerged or floating (H/h>1).

Aquatic plants can be further divided into rigid and
flexible based on whether they have obvious bending
deformation when subjected to water flow. Flexible
vegetation does have the capacity to reduce local drag
forces by deformation (bending or waving) though the
current review is primarily focused on rigid vegetation.
Given the complex geometry of real plants, the
representation of aquatic vegetation is usually
simplified to a rigid circular cylinder array with
uniform diameter, which is a reasonable generaliza-
tion for plants with fewer branches and leaves below
the water surface!” ' The distribution charac-
teristics of vegetation can be parameterized by the
number of stem roots per unit bed area. Assuming that
the mean diameter of plant stem is d and the
number of stems per unit bed area is n, the
vegetation density can be characterized by the solid
volume fraction occupied by the vegetation elements
and given as

_ nnd?
4

A

(1)

For the purposes of drag force representation, it is
more convenient to use the projected frontal area
orthogonal to the flow per vegetation volume and is
given by

a=nd (2)

For submerged and floating vegetation, it is usually
more reasonable to utilize the dimensionless para-
meter ah to characterize the vegetation density,
which represents the frontal area per bed area and is
known as the roughness density'"”.

1.3 Flow resistance

Compared with an open channel characterized by
a bare bed, the presence of aquatic vegetation induces
significant flow resistance, which slows down the
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flow and raises the water level, thus reducing the
flood carrying capacity of a river. Undoubtedly,
vegetation drag is a necessary factor for describing the
hydrodynamics of vegetated channels. The vegetation
resistance is linked to the drag force wusually
parameterized by a quadratic drag law and is given as

1
F, = EC" pdhU, 3)

where p is the density of water, C, is a local drag

coefficient (that differs from C,,) to be discussed,

U, is the double averaged (time-averaged and

space-averaged) “pore velocity” within the vegetation
area and is givenby U, =Q/[WH(1-1)].

The plant drag coefficient, C,, varies with the
flow conditions and vegetation distribution. In
analogy to C,,, a stem Reynolds number is needed
and is defined as Re,=U,d /v . For an isolated
cylinder, the C,, first decreases with the increases in
Re, . With further increases in Re,, the C, remains
roughly constant independent of Re, except at very
high Re, .
suddenly and then gradually recovers via a
phenomenon known as the “drag crisis”®”. A similar
dependency has also been observed for the vegetation
drag coefficient”™ >, When Re, is relatively low,

At such very high Re,, C, drops

C, decreases sharply with increases in Re , while

P>

C, remains of order unity when Re, >300. At the

same time, C, also increases with vegetation density,

due to the accompanying decreased flow area and
enhanced stem-wake and wake-wake interaction''”).
Based on experiments and numerical calculations and
with the help of various data-driven methods, a large
number of C, prediction models have been estab-

lished, which were reviewed by D' Ippolito et al.”** and
Liu et al.”?!. In addition to the Reynolds number and
vegetation density, the distribution pattern of vegeta-

Table 1 Summary of key models for flow resistance
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tion elements also affect the drag force™*°!. Generally,

the C, value of square configuration appears to be

smaller than that of random and staggered
configuration. When vegetation elements are square
arranged, the downstream stems are directly located in
the wake of the upstream stems, causing the
downstream stems to suffer a lower approach velocity
and thus low stagnation pressure. Also, the turbulence
provided by the wake of upstream stem could delay the
boundary layer separation of the downstream one, thus
resulting in a low pressure difference between the
frontal and rear surfaces of the downstream stem'>”’

At the “reach” scale, the flow resistance induced
by aquatic vegetation is determined by the ratios of
average height (%) of vegetation community to H

and average width (w) of vegetation community to
channel width (W) 27291 "and it can be parameterized
by a blockage ratio w =wh/(WH). At this scale, the
geometry of plant stems is not significant and flow
resistance is usually expressed by a Manning
roughness n,. Thus, for emergent vegetation, the n,

increases with flow depth H whereas for submerged

vegetation, n, decreases nonlinearly with increases

393U n rough-wall turbulent

6

in submergence H /h [

open channel flow without vegetation, n, ~r"% and

does not dependent on H that is presumed to be
much larger than "' To summarize, Table 1 shows
how the presence of rigid vegetation alters (or adds)
key variables to the conveyance laws for water
movement depending on the submergence ratio.

1.4 Flow in emergent vegetation

Emergent vegetation refers to aquatic plants that
fill the entire flow depth and even penetrates above
the water surface. The existence of vegetation ele-
ments breaks large-scale vortices into small-scale
vortices, especially those larger than the stem
diameter, d , and the space between vegetation

elements, s . When Re,>120 , the stem wake
becomes turbulent and the stem vortex at the scale of

d is generated”. This stem wake provides
additional turbulent kinetic energy. When vegetation

Open channel flows

Conveyance law

Key parameters

(r
Without vegetation Fr=f (—,Rebj (32-34] L , Re,
R R
With emergent vegetation Fr=f(C,,,Re,) (21,22, 35-30] Cip» Re,
A0 h h
With submerged vegetation Fr=f| —=—=-,C,,,— 7% 4,06, Cppy, ==
24 4 f[H—hv d.b HJ e db> pp
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density is very high, d >s, the dominant turbulence
length scale is s, however, when vegetation is sparse,
d <s, the dominant turbulence length scale is d.
That is to say, in vegetated flow, the turbulence length
scale that is most restrictive is /= min(d,s), rather

than H ** in the absence of vegetation. Even in very
sparse vegetation, the turbulence generated by stem
wakes is at least equivalent to that produced by bed
shear. Consequently, in vegetated flow, the turbulent
kinetic energy and its dissipation rate cannot be
estimated from bed shear stress but should depend on

vegetation  resistance. Recall  that & =

(.’ /R ,)u.(C,,)" and thus is entirely driven by

surface shear stress or u, =./7, / p in non-vegetated

open channel flow. The generation of stem scale
vortices transfers energy from the mean flow to the
turbulence, which is mainly achieved by the work
done by the flow overcoming vegetation resistance'*’".

Regardless of energy loss, the turbulent kinetic energy
(TKE) in vegetation can be related to C,al and

increases with increasing A '*). However, when the
driving force is fixed, there is a non-monotonic
relation between TKE and vegetation densitym].
Specifically, the turbulent kinetic energy increases
with 4 when vegetation is relatively sparse; how-
ever, it decreases with the increasing A when
vegetation density reaches a certain value. This
non-monotonic behavior was confirmed in numerical
studies'*.

As mentioned above, due to the presence of stem
elements, the flow in vegetated region becomes
spatially heterogeneous at the stem scale. Therefore, it
is necessary to average such variability out when

deriving conve?/ance laws. To remove such spatial
43

heterogeneity'*”, the double averaging method is used.

This method introduces a spatial averaging operator
over stem scales above and beyond the common
temporal averaging. The Cartesian coordinates x
and y are defined as streamwise and lateral direc-

tion, respectively, while z is normal to the bed
surface as before. Correspondingly, the instantaneous
velocity components in three directions are u, v
and w, respectively. Applying the double averaging
method to the streamwise momentum equation and
considering steady uniform flow yields

s Lop) 2w ) aa
p Ox oz oz oz

Sl = @

where p is the instantaneous pressure, overbar and
angle bracket represent time and spatial averages,
respectively; the single and double prime represent the
deviations from the time average and the spatial
average, respectively. On the right hand side of Eq.
(4), the first term is the streamwise component of
gravity, the second term is the mean pressure gradient,
which can be approximated from hydrostatic condi-
tions, &(p)/ox=pgdH /&x=0 in uniform flow, the
third term is the viscous stress, which can be ignored
compared with the vegetation resistance except for the
region very close to bed surface, the fourth term is the
spatial averaged Reynolds stress, and the fifth term is
the dispersive stress originating from spatial averaging.
Within vegetated area, since the vortex length scale is
dominated by the smaller of d and s, which is far
less than the flow depth H , the turbulent momentum
flux is significantly limited. Also, the dispersive flux
is negligible when ah>0.1 " That is, the
fourth and fifth terms of Eq. (4) can be ignored
yielding[47]

_\_ [2gs0-2)
(@)= [fE=A ®

Based on Eq. (5), the flow velocity in emergent
vegetation can be estimated provided C, can be
externally supplied. Furthermore, it can be seen from
Eq. (5) that the double averaged velocity (ﬁ) along
the vertical direction is related to C,a, that is, the
For the

idealized emergent aquatic vegetation modeled as a
rigid cylinder array, C,a is constant along the water

larger the C,a , the smaller the <L_l>

depth, so the average velocity is also almost constant
along the vertical direction'", an assertion supported
by experiments and model runs"*”’. However, near the
bed surface, the velocity distribution has a local
maximum, which is mainly attributed to the horseshoe
vortex system formed at t}41864 gunction of vegetation

elements and bed surface!*® !

1.5 Flow in submerged and floating vegetation

For submerged vegetation, due to the discon-
tinuity of flow resistance at the vegetation interface,
the velocity of the free flow region above vegetation is
higher than that of the vegetation region, resulting in
the generation of the vegetation shear layer at the top
of the vegetation area. The vegetation shear layer is
similar to the free shear layer, and the velocity
distribution at the top of the vegetation region is
analogous to a “mixing layer” characterized by an
inflection point[SO'Sl]. This induces flow instability and
leads to the generation and development of
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Kelvin-Helmholtz (K-H) vortices™", an analogy first
put forth in terrestrial vegetation turbulence studies.
At the vegetation interface, the transport of
momentum and mass is mainly dominated by the
vegetation-scale vortices'™ **"l which can be
visualized utilizing the Liutex vortex identification
method™ ™. Due to the presence of a vegetation
shear layer, the Reynolds stress and mean velocity
reach a maximum at the top of the vegetation, and
gradually decrease towards the water surface and the

bed, as shown in Fig. 2(a).
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(b) Flow in floating vegetation
Fig. 2 (Color online) Schematic view of the flow

In the free shear layer, the K-H vortices can
continuously grow downstream'®”. However, in the
vegetation shear layer, subjected to vegetation
resistance, the growth of K-H vortices will be arrested
when reaching a certain scale, which occurs when the
energy extracted by mean shear is in balance with the
dissipation of vegetation resistance”* "), At this time,

the distance of K-H vortices penetrating into
vegetation area is o, (i.e., the inner layer of the

mixing layer), which is inversely proportional to the
drag parameter of vegetation'

+

5 = 0.23+0.06 ©)
C,a

In experiments, this so-called “penetrating depth” o,

is usually defined as the distance between the vege-
tation interface and the vertical position where
Reynolds stress decreases to 10% of its maximum
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towards the bed®. In addition to vegetation
resistance and vegetation density, the submergence
also affects the penetrating depth. When vegetation is
shallow submerged, H /h<2, the development of
K-H vortices will be inhibited by the free water surface
(mainly by limiting the growth of its outer layer)!****.
As mentioned above, the K-H vortices dominate the
turbulence intensity near the vegetation interface,
while the turbulence level in the lower vegetation layer,
z<h-J,, is dominated by the stem-scale vortices. It
should be noted that the vegetation shear layer vortices

only occur when C,ah>0.1 (01, %351 "a condition also

investigated in flume studies'”. In particular, at

0.1<C,ah<0.23, Eq. (6) shows that the K-H vortices

penetrate the entire vegetation height all the way to the
bed, which significantly elevate the turbulence
intensity near the bed and benefits the resuspension of
sediment (discussed later). However, at C,ah <0.1,

that is, the vegetation resistance is less important than
bed friction, the velocity distribution follows a classical
logarithmic distribution of turbulent boundary layer,
and the vegetation elements just behave as bed
roughness but displaced by a so-called zero-plane
displacement. An estimate of the zero-plane
displacement height is the centroid of the drag force.

Different from emergent vegetation, the vertical
distribution of longitudinal velocity of submerged
vegetation exhibits obvious zonal characteristics. In
the lower vegetation layer (z<h-0,), the flow is

similar to that of emergent vegetation and mainly
driven by gravity and pressure potential. In the upper
vegetation layer (h—9, <z <h), besides the gravity
and pressure potential, the Reynolds stress is also an
important driving force. The overlying flow above the
vegetation region is similar to the open channel flow.
Based on the momentum balance and turbulence
theory in each layer, various # -layers models have
been developed to represent the full variation of the
mean  velocity distribution'®®.  The general
approaches were summarized by Nepf’”. In these
models, the drag coefficient C, is a necessary
parameter that needs to be measured or estimated in
advance. Generally, C, =1 is reasonable over a

large Reynolds number range (800 < Re, <8 000) [*°.

For the estimation of the bulk velocity of the entire
flow section, the Chézy formula can be used in which
the Chézy coefficient of submerged vegetation

depends on C,, H/h, and 1 P™* as reviewed

elsewhere?.

Floating vegetation refers to aquatic plants that
are suspended along the free water surface, forming a
floating treatment wetlands. This new artificial
infrastructure was introduced in recent years for
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watstewater treatment””, which has been shown
capable of enhancing the contaminants removal
efficiencies’””"). The aquatic plants extend downward
while maintaining a gap with the bed surface (Fig.
2(b)). In floating vegetation, when the vegetation
density is sufficiently large so as to provide enough
resistance to induce an inflection point in the mean
velocity profile at the vegetation interface, the
vegetation-scale vortices would form and dominate
the turbulence transport between the vegetation area
and the gap region below floating vegetation'*”".
Different from the common submerged vegetation
described above, the growth of the outer layer of the
floating vegetation is significantly inhibited by the bed
boundary layer. Meanwhile, these shear vortices
enhance the turbulence near the bed. The velocity
distribution also has obvious divisions, which can be
generally divided into bottom boundary layer,
vegetation shear layer, and upper vegetation layer, and
can be modeled using various analytical
approaches’*®"). In the bottom boundary layer,
turbulence is supplied by bed shear, while in the
vegetation shear layer, the K-H vortices dominate the
turbulent flux! **. Finally, in the upper vegetation
layer, the turbulence is characterized by stem-scale
vortices analogous to the emergent vegetation case.

1.6 Flow through and around finite vegetation patches

The contents described above are for vegetated
flow in fully covered channels. However, in rivers and
shallow lakes, aquatic plants often exist in patches
with limited size and appear to be approximately
circular® ¥, Compared with the flow in fully
vegetated channels, the flow through and around
limited vegetation patches is more complicated™ *"!
and has been the subject of detailed experiments
recently™. As the incoming flow approaches the
vegetation patch, the flow deflects laterally to both
sides, and more importantly, a portion of the incoming
flow passes through the vegetation patch, known as
“bleeding flow”. After entering the patch, and due to
the resistance induced by vegetation elements within
the patch, part of the flow continues to deflect
laterally and exits the patch, and the other part of the
flow exits the patch streamwise. Downstream of the
vegetation array, a steady wake region is formed in
which the flow is approximately laminar and constant
along the streamwise direction. At the end of the steady
wake region, the longitudinal velocity gradually
recovers to the incoming flow level. The lengths of the
steady wake region and the recovery region decrease
with the increasing vegetation density[gz]. The
streamwise momentum entering the steady wake
region inhibits the interaction of the two shear layers
formed on both sides of the patch, thus suppressing the
generation of the patch-scale Karman vortex streets

just as an isolated cylinder as shown in Fig. 3(a).
Depending on A, three regions were identified: (1) at
A <0.05, the vegetation stems inside the array behave
as isolated cylinders (2) at 0.05<A<0.15, the
collective behavior of the patch appears and two shear
layers are formed at the shoulders of the patch and
interact with each other at the end of the steady wake
region and generate wake billow vortices, and (3) at
A>0.15, the vegetation patch behaves as a solid
cylinder with the same diameter and produces a
Karman vortex street at the patch scale™.

Stem-scale
vortices

(oS-

Karman vortex

Horizontal
shear layer

(a) Top view

v

Vertical shear

Vertical
vortex

=V

Stem-scale
vortices

(b) Side view

Fig. 3 (Color online) Schematic of the flow structure through
and around a submerged vegetation patch

Aquatic vegetation is usually submerged during
the early growth stage and flood period. Compared
with an emergent patch, when the incoming flow
approaches the submerged array, in addition to
deflecting towards both sides, the flow is also diverted
over the top of the patch, and vertical bleeding flow
occurs whose strength also depends on A4 [89, 94-96]
There is a strong downflow downstream of the patch,
similar to a solid cylinder, which further suppresses
interaction of horizontal shear layers. When the aspect
ratio of the vegetation patch is greater than a certain
threshold, vertical vortices will form downstream of
the patch (Fig. 3(b)), which makes the wake structure
of submerged vegetation patch three-dimensional”*.
Upstream of the patch, if the vegetation can produce
enough adverse pressure gradient, horseshoe vortex
systems will be generated at the root of the vegetation
patch, which will cause significant erosion”” ™.
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2. Incipient sediment motion in the vegetated flow
The estimation of incipient sediment motion in
vegetated open channel flow plays a significant role in
protecting riverbed from erosion and sediment
transport as well as restoring ecological function.
However, only a few studies have investigated the
incipient sediment motion in flows with vegeta-

. [24,80-85
tion** ]

2.1 Effects of vegetation on the incipient sediment

motion

The incipience of sediment motion is controlled
by flow conditions. When the flow intensity exceeds a
certain value, sediment particles initiate motion™.
Vegetation has a significant impact on the flow field,
which affects the incipient sediment motion and
makes it much more difficult to predict when
compared with open channel flow over the bare river
bed. To be specific, on the one hand, the additional
vegetation drag reduces the mean flow and the bed
shear stress within vegetated regions compared with
the non-vegetated open-channel regions™ %% ',
This effect dampens the motion of sediment particles,
thus helping to reduce bed erosion. On the other hand,
the vegetation also influences the intensity of turbu-
lence. The introduction of sparse vegetation can
augment the turbulence intensity due to the additional
production of turbulence by stem wakes™). This
indicates that vegetation can contribute positively to
the incipient sediment motion. In addition, the bed
shear stress and flow field become spatially
heterogeneous while the flow is forced to move
around each vegetated stem>”!, which may lead to the
incipient motion of sediment particles varying with its
position and controlled by the local flow

.. [102] . .
conditions" . Actually, previous experiments note
that sediment particles around vegetated stems initiate
motion as the local velocity increases'' !, Then, local
scour holes are formed at the root of the stems.
Subsequently, the sediment particles washed away
from the scour holes are transported downstream,
which leads to the formation of sand waves. The sand
waves develop in size until a steady-state is
reached! ™%,

2.2 Criterion of incipient sediment motion in vegeta-

ted open channel flow

In non-vegetated open channels, the shear stress
and the critical flow velocity are usually used as the
hydraulic parameters to describe incipient sediment
motion"””), Early studies of sediment transport in flow
with vegetation were mainly concerned with the effect
of vegetation resistance on bed shear stress. In fact,
the total shear stress defined at the top of the
vegetated canopy could be decomposed into a bed
shear stress and a vegetation drag force™” 'L Thus,
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the bed shear stress can be obtained by subtracting the
vegetation drag force from the total flow stress (a
form of partition method), the latter determined from
overall momentum considerations. Using this method,
the bed load transport to calculate the bed shear stress
in vegetated open channel flow have been
proposed!" ") In these calculations, the critical bed
shear stress of incipient sediment motion is naively
regarded as the same as that in non-vegetated open
channels. However, studies on bed load transport for
flow with emergent vegetation found that the critical
bed shear stress of incipient sediment motion was
higher than that of non-vegetated open channel
flow!'® In addition, the critical bed shear stress
appeared higher in flows with smaller stem diameter
under similar vegetation density. Experiments that
explore the incipient motion of sediment with a
submerged flexible vegetation patch have already
been undertaken!""”). These experiments reported that
the average of the Shields parameter in the patch
section is much larger than that reported for open
channels without vegetation. Those studies revealed
that the critical bed shear stress of incipient sediment
motion under the impact of vegetation must be
different from the one in non-vegetated open channel
flow and it is influenced by the characteristics of
vegetation. However, in much of these studies, the bed
shear stress is relatively small since vegetation
resistance generally accounts for the vast majority of
the total flow resistance. Naturally, inferring such a
small stress from the partition method can be “plagued”
by large errors. Practically and pragmatically, the bed
shear stress may be deemed unsuitable for a threshold
condition to describe incipient sediment motion in
vegetated open channel flow.

From experiments, Tang et al.'%! concluded that
the status of the incipient motion of sediment in
vegetated open channel flow could be classified into
one of three stages. The first stage is a no sediment
movement over the whole bed. In the second stage,
the sediment particles around vegetation stems
commence their motion and the sand waves reached
an equilibrium state as mentioned above, but the
velocity was not high enough to transport the
sediment out of the vegetated zone. Tang et al.'®!
stated that in the above stages no net bed load
transport occurred. With the flow velocity continuing
to increase to a certain threshold value, noticeable
sediment particles begun to be transported out of the
vegetation zone, which was defined as the third stage.
Therefore, the critical spatially averaged flow velocity
in the third stage was adopted as the criterion for
defining incipient sediment motion in vegetated open
channel flow. This criterion was also used to
investigate the incipient sediment motion in vegetated

open channel flow in other studies!*>"'%",
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2.3 Predictive model for the incipient sediment motion
The above analysis reveals that the rule of
incipient sediment motion in vegetated open channel
flow is remarkably different from that in non-
vegetated open channel flow and requires a separate
treatment. Considering the difficulty in using bed
shear stress to judge incipient sediment motion in ve-
getated open channel flow, the critical flow velocity is
. . . [24, 80-83; 85]
more convenient and is routinely employed .
The experimental conditions and proposed models are
summarized in Table 2.

From ex?eriments conducted by Tang et a1,
Yang et al.l""*! considered incipient sediment motion
in the flow with rigid emergent vegetation while
Wang et al.l') Xue et al.l'% explored the influence

g > p
of submerged vegetation on the incipient motion of
sediment. Unlike the other experiments, the vegetation
was composed of thin rubber cylinders with a stiffness
similar to that of flexible natural plants of the
experiments by Wang et al.l'%], Moreover, they
proposed to bridge the predictive model so that it can
be applied to both rigid emergent and flexible
submerged vegetation by considering the factors
reflecting the winding level and submergence ratios of

) [104]
vegetation based on Tang et al. " . However, the
model proposed by Wang et all' did not
satisfactorily described the data for submerged flexi-

ble vegetation. Furthermore, the model for incipient
sediment motion in the flow with emergent rigid
vegetation proposed by Tang et al."® must be treated
as an empirical summary of their experiments. Xue et
al.l'% focused on the incipient sediment motion in
flow with rigid submerged vegetation. Through a
series of experiments, they developed an empirical
model to predict the critical flow velocity of incipient
sediment motion with rigid submerged vegetation.
The predicted critical velocities described well the
experiments. However, the model may not be
convenient in practice because it was based on
averaged flow velocity below the vegetation height
rather than the whole water depth (or bulk velocity).

It is widely accepted that the incipient motion of
the sediments is due to the intense interactions
between sediment grains and near-bed flow structure
and turbulence statistics. Recent studies have shown
that the spectral properties of turbulence dominate the
local entertainment of sediment grains[113'114]. Similar
mechanisms were also discussed in vegetated
channels. Yang et all'? proposed a turbulent kinetic
energy (TKE) model to predict the incipient sediment
motion in vegetated open channel flow by assuming
that the near-bed TKE sets the threshold of incipient
sediment motion. Subsequently, the near-bed TKE
was considered as the sum of the TKE generated by

Table 2 Summary of the predicting models for incipient sediment motion

. Particle
Vegetation parameters properties
Investigators d Predicting model
A Pattern Submergence d, /mm
/mm
0.319
T — " 6| d L_l
eﬁ%ﬁt 0.0047-0.014 6 Linear Emergent  0.58,0.67 U, =036|L"Lga || | LA
al. 7 d, Hd,
0319
H 6| d Lfl A 35 i 0.18

Wanget 0005700189 6 Linear 211306 058,067 U, =036 Lgq 1| | 22| L) |2

. ! y d, JHd, A
Yang et 0.006-0.05 6.3 Staggered Emergent 1.85,0.73 U .1 0967

112 B -0. . .05, 0. >
al 121 U, \1+ca*® G
dh 0.04 d 0.29 0.53
U, =0463|| —| |1 U,
Xue et Hd, 4L,
o 0.011-0.031 8 Lincar 1.2-2.03 05,1
. 0.14 1/2
- +
U, = 1.34{£J {u ed. +0.00000033722 izl }
d 7

Cheng et 0.0047-0.014 6 Linear N 0.58,0.67 - [= 7 g aes. g

al.l1% 0.006-0.05 6.3 Staggered g 0.73,1.85 R T 7 ’
Wane of 0.011-0.031 8 Linear 1.2-2.03 05,1 oV

a?ﬁ%ﬂe 0.0047-0.014 6 Linear 12903 0.58, 0.67 U, :1_34(_J [1—0.55(C,jah,,)°2‘] 2 o

: 0.006-0.05 63 Staggered e 0.73,1.85 d, 7

Note: Cheng et al.l'"! did not conduct experiments here and their data were taken from Tang et al." and Yang et al."'?. The A is vegetation density. The
d and d, are the vegetation stem diameter and the median diameter of particle, respectively. The U, is the critical double averaged pore flow velocities
for the incipient sediment motion with vegetation, U, is the critical averaged flow velocities for the incipient sediment motion without vegetation. The 4
and A, are the original height of vegetation and the height under the flow force respectively, and L  is the distances between the centers of adjacent

vegetation stems in the flow directions. The C, is the bed roughness coefficient. The value of y, /y is 2.65 for all researches listed in this table.
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both river bed and vegetation. Finally, a prediction for
the critical flow velocity of the incipient sediment
motion was given by their model. Although their
model was only applicable to sparse emergent
vegetation, it unified the incipient sediment motion
over the bare bed and in the vegetated channel. By
integrating the influence of mean flow and turbulence
on sediment motion and applying the spatiotemporal
average to the force balance e%uatlon of the incipient
sediment motion, Cheng et all developed a formula
for the critical flow velocity in vegetated open channel
flow. Although the determination of the drag
coefficient of vegetation was avoided, two coefficients
in the formula were calibrated by best fit to
Benments reported by Yang1 1est al.l"" and Tang et
Recently, Wang et all developed another
relatlon that accounted for vegetation drag in the
incipient sediment motion formulation. The relation
was shown to be in acceptable agreement with
experiments. It was later extended to the case of
submer ed vegetation and successfully predicted Xue
et al.l'% g experiments on sediment incipient motion.

3. Sediment transport in vegetated channels

The spatial template for vegetation distribution in
rivers usually follows riverbed elevation and
decreases in suspended sediment concentration''*''*,
The latter is an indication of the effect of vegetation
on sediment retention and water purification.
Sediment transport, mainly including bed-load
transport and suspended-load transport, is another
focus given its significance to ecological function and
is covered in this section

Table 3 Summary of different expressions of the turbulent diffusion coefficient ¢,

distribution in previous studies
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3.1 Suspended-load transport
The suspended-load transport rate is commonly
derived by multiplying sediment transport velocity
and suspended sediment concentration (SSC). It also
can be obtained by directly determining the cross-
sectional averaged value of SSC!"). For rivers whose
bed is covered by vegetation, the suspended transport
velocity is approximated by the flow velocity given
the small inertia of suspended ]particles (i.e., Stokes
number much less than umty ). A logical first step
to explore suspended-load transport rate is then the
vertical distribution of SSC.

Sediment diffusion coefficient ¢, that indicates

the effect of turbulent intensity induced by vegetation
wake vortices in sediment-load flow was considered
as a significant factor in suspended sediment transport.
As for the determination of sediment diffusion
coefficient, it is usually linked to the turbulent
momentum diffusion coefficient ¢, via a turbulent

Schmidt number St, e =g, /8t
written as =1/St,

diffusion coefficients were mainly derived by fittin
the vertical distribution of SSC to experiments!'*'"'*
and deviations of 7 from unity linked to sediment or

given as also

g, =ne, , where 7 Sediment

m 2

flow properties. The main results are listed in Table 3.

The variations in 7 are appreciable across
experiments. Lvt'*"! conducted experiments with rigid
cylinders to mimic natural vegetation in a laboratory
flume. The sediment diffusion coefficient in vegetated
channel flows was assumed similar to ¢, in

non-vegetation channels. This assumption enabled an

the analytical solution of SSC vertical

References £, n C
e
Lyt w22 can 0.77-1.65 c=c, H z_4 L i<H
H z H-aq
— @, /K [(H~h)/H)(@,/xu,)
ZKM.[H Zj,zzh 71 -z h zxh
[122] Cu H-h z H-h
Yang et al. 1
Ku, m .
Fo st 71 ,z<h
S (=222 2 C w1 Gz )H-B)
[123] g @, C/, ngS x H-z, (H-z)h-z,)
Lietall 1+1.56| —
M (@I 2 < u, Ch @, u, —u, [l—e‘ﬂ”’"’“:””] <h
Bl =w) C ) ngs p- al H—h :
(@, Ipxu)[((H-h)/(H—d)]
Li et al.[124] /cu*(z—d)H_z, z>h 1.25 c=c, H-za-d L z>h
H-h '\z-d H-q
z 4 Brewh @, /(~Anxu,)
Li et al.l'™ Ku*h[A7+B), z>h 1 c=c, —AKu.z — bru,h L z>h
h '\ —Axu,a, — Bxu,h
Note: C, C, and C, are the SSC and SSC at the referenced height (@) and the top of the vegetation, respectively, @, is the settling velocity of

sediment, z, is the displacement heightand z,=h-0,/2,

C

u

vegetated region, respectively, parameter S issetto u,/u,, o,

[ is the mixing length, u, and u, are the velocity at the top of the vegetation and within the

A and B areconstant, d iszero-plane-dispacement.
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estimate of 7 by fitting an analytical solution of

SSC to the data. Yang et al.l'"? also derived vertical
distribution of SSC with the same method as Lv!'*!!
but used experiments from Yuuki and Okabe!'**. The
main critique to this aforementioned approach is that
the ¢, profile in vegetated channels is different from

its non-vegetated counterpart[m] prompting alternative
formulations. Huai et al."*” and Li et al."*! both
proposed such alternative. They first optimized the
expression for &, using prior studies for turbulent

flow within vegetated systems and then fitted 7 to

different experiments. Li et al.''** conducted flume

experiments on the vertical distribution of SSC in a
channel with flexible vegetation. The flexible
vegetation is more likely to represent the natural
vegetation in rivers compared to rigid cylinders.
However, they only interrogated the SSC profile over
the vegetated section. Further studies on SSC and
sediment diffusion characteristics were conducted in a
channel covered by flexible vegetation with foliage.
To explain these measured SSC profile shapes, they

assumed 7 =1"%) which may be valid for fine

sediments!'”® in the limit of very small Stokes

numbers. In the experiments of Li et al.l'"*”), the SSC
was small near the water surface and large near the
riverbed. For within the vegetated region, the SSC
profile decreased as a result that is different from the
common profile patterns of suspended sediment over
bare channels. The study of Huai et al.l'* emphasized
that the dispersion effect of spatial heterogeneity
reduced by the existence of vegetation played an
important role in the suspended sediment transport.
They generalized the dispersion coefficient formula in
the region of vegetation while ignoring it in the
non-vegetated region. They proposed an analytical
solution to the SSC profile by integrating the sediment
advection-  diffusion equation with such a
representation for dispersion. To what degree this
approach or other generalizations can be successful
awaits future experiments in which both velocity and
sediments are simultaneously measured at high
frequency to enable the estimation of turbulent fluxes
and mean concentrations.

3.2 Bed-load transport

As noted earlier, bed-load transport capacity is
diminished within the vegetated region because the
bed shear stress is reduced. The bed-load transport
rate models mainly depend on two theories: bed shear
stress theory and TKE theory. Several representative
equations for the bed-load transport rate based on
these two theories are listed in Table 4.

In flow over bare bed, the sediment transport rate
is calculated according to the bed shear stress'"
because the stress is considered as the criterion
responsible for sediment onset movement (i.e., the

Shields number). Most studies followed the bare-bed
flow and extended applications to channels covered
with vegetation by partitioning the total shear stress
into three parts: the bed shear stress, the shear stress
induced by vegetation"'™ ! and the grain-related
stress inducing sediment particles transport**!. From
the summary of bed-load transport rate in the Table 4,
the key problem in these models is how to determine
the bed shear stress in vegetated channel flow.
Although these studies provide a direction for the
study of bed-load transport rate in vegetated channels,
there is an obvious deficiency. These empirical
formulae are derived from limited data sets and thus
offer a summary for the conditions interrogated by the
experiments. Briefly, Wu el al!®' obtained a
sediment transport rate equation by verifying a
formula derived in rough river with experiments in a
channel with vegetation. The formula of Jordanova
and James!"'” was derived from experiments on
sediment transport rate with unchanged sediment size,
stem diameter, and stem spacing, which restricts its
general applicability.

Table 4 The formulae for bed-load transport rate based on
different key parameters in channels with vege-

tation
Theory Study Bed-load transport rate
2.15¢"" 7. <0.18
Einstein!"" o = ’
407,%,0.18 <7, <0.52
Bed shear i 22
stress n') T
Wu el al.['*! .=0.0053|| 2| -1
theory O n, 7.

Jordanova and

James!''%! 0, =0.017(z, - 7,)"”
| 2157 [k, <0.95
TKE Yang snd %= {0.27k,~"1, 0.95<k, <2.74"
theory Nepfl'*4 dimensionless TKE:
ek
© (p,/ p-Nigd,

Note: O, is the bed-load transport rate, z. is the dimensionless shear
stress, Q. is the dimensionless bed-load transport rate, 7z, is the bed

shear stress, 7, is the critical bed shear stress, n, is the Manning

roughness coefficient of the channel bed, n," is the Manning roughness

coefficient to the grain roughness, k, is the turbulent kinetic energy, p,

:
represents the density of sediment, and d_ is the diameter of the sediment
grain.

Recent studies indicated that turbulent kinetic
energy may be a better criterion for onset of sediment
motion when compared to bed shear stress''> 'L
Unsurprisingly, studies on bed-load transport capacity
in vegetated channels predicted by TKE
followed**"**!. The exploration of the effect of TKE
on bed-load transport rate stimulated more experimen-
tal studies concerned with (1) sediment onset motion
and (2) variation of TKE in vegetated channels.
However, the knowledge gaps in elementary relations
such as the relation between TKE and vegetation
characteristics (density, structure, flexibility and
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submergence) still persist. Clearly, barriers to progress
on this front are due to (1) experimental difficulties in
simultaneous measurements of flow and sediment
concentration within vegetation and (2) a lack of
general theories for flow and SSC within vegetated
sections.

4. Sediment deposition and erosion in vegetated
channels

The bed-load transport capacity can be dimini-
shed within the vegetation region as the bed shear
stress is reduced by the absorption of momentum by
drag on stem. Besides, sediment deposition and
erosion impacts vegetation growth and spread in rivers
by carrying organic materials attached to sediment
particles'”). Some studies clarified the feedback of
vegetation growth with sediment deposition and
erosion” ™ prompting renewed interest in sediment
deposition and erosion for river management.

In previous studies, two methods were mainly
adopted to explore sediment deposition and erosion in
laboratory experiments. One is feeding sediments at
the upstream end of the flume and the other is paving
a thick layer of sediments at the bottom of the flume.
Discussions about erosion are less relevant in the for-
mer. For the latter, features of deposition and erosion
can be studied though the experimental setup can
impose constraints on the conclusions to be drawn.

For the condition of a thick layer of sediment
positioned at the channel bottom, the profile of
sediment will adjust according to the flow structure.
The erosion occurs at the leading edge of the
vegetation area because of the combined effect of
vegetation blocking and updrafts, while the obvious
deposition is observed in the latter half of Ve etatlon
patch!"* ®! or behind a patch, ie., dune™”. The
vegetation density significantly impacts the deposition
or erosion in the vegetated channel flow. The
deposition within the latter half of a patch grows with
the increase in vegetation density (see Fig. 7 in the
article of Tinoco and Coco'**)). The study of Chen et
al.[3¢! specifically showed that both the length and
depth of scour decrease with increases in vegetation
density. The dune height rises first and then is reduced
with vegetation density increasing from sparse to
dense.

The experiments conducted by feeding sediments
in the upstream of cyclic flume are concerned with
two aspects of sediment movement: the profile charac-
ter of sediment deposition, and the influence of
deposition patterns. In the following section, a
discussion on the evolution and limitations of
sediment deposition in vegetated channel flows is
presented. In addition, we also discuss some research
progress on bed-load transport rate in vegetated
channels.
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4.1 Profile shape of sediment deposition

The sediment deposition in vegetated channels
varies with different kinds of vegetation such as finite
vegetation patches and infinite vegetation. In fact, the
infinite vegetation implies that the patch size is orders
of magnitude longer in the direction of the flow than
the adjustment distance as the flow encounters the
vegetation patch (and thus all flow statistics are a
function of z).

For the infinite vegetation approximation, experi-
ments on sediment transport where sediments are fed
upstream agree that in channels with submerged
meadows, sediment deposition increases from the
leading edge of vegetation and peaks near the position
~(Cda)71
a sharp decline in the transition region follows but
then stabilizes at a small deposition in the developed
region!*”"** Although erosion did not occur as
sediments were fed upstream of the channel, relative
erosion occurred near the leading edge of the
vegetation region compared with channels without
vegetation (see Fig. 5 in article of Zhang et al./"*").

When vegetation covers the half width of the
river, not only the profile of deposition along the
streamwise but also along the cross-section must be
considered** "\, In these studies, some controversy
appeared. For example, sediment deposition in the
vegetation region is twice or trlﬁale as large as that in
the region without vegetation''*”: however, in another
experiment[l4o], the sediment deposition in the
vegetated region is nearly the same as the
non-vegetated region. One of the probable factors is
the different types of vegetation used. Rigid c;/hnders
were used in the study of Zong and Nepfl'* while
flexible foliated vegetation were used by Box et al./"*"!,
The explicit reason for these differing experimental
results is not clear and further elaboration still awaits.

of the adjustment length . Beyond this point,

4.2 The primary controls on deposition patterns

In a channel with an isolated vegetation patch,
the sediment deposition and erosion are more
complicated because of the variable flow velocity,
vegetation densities and vegetation with or without
foliage. In this section, a summary of the charac-
teristic parameters impacting deposition and erosion
in such channels is offered.

Firstly, the pattern of net sediment deposition in
or near an isolated patch is closely related to the flow
velocity!' . The stem-scale turbulence, which domi-
nates the sediment movement within the patch, is
observed when the stem Reynolds number,

Re, > 200 [42. 144 As the stem Reynolds number
depends on the flow velocity and stem diameter,

sediment transport within the patch based on these
two factors is briefly reviewed. According to
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experiments by Liu and Nepf*' a non-uniform
spatial distribution of net deposition was observed
around and within the vegetation patch and the
resuspension occurred in the bare channel when the
flow velocity and the stem Reynolds number are high.

Vegetation density is another significant
parameter controlling the deposition pattern in
channels with isolated vegetation patches. Follett and
Nepf{gg] measured sediment patterns formed in a sand
bed around circular patches of rigid cylinders with
two patch densities (solid volume fraction 3% and
10%). Under the condition of sparse patch, sediment
scoured from within the patch was mostly deposited
within the distance of one patch diameter behind the
patch. In the dense patch, sediment scoured from
within the vegetation patch was deposited farther
downstream because of the greater flow diversion (see
Fig. 5 of Follett and Nepf®). The low density
vegetation patch experienced a net deposition loss of
fine sediment and organic materials within the
patch!"*!, which indicated that the enhanced tur-
bulence in the stem-scale led to the erosion of fine
sediment in the patch. According to the characteristics
of the sediment deposition and erosion within
different density patches, the deposition of fine
sediment was mainly observed behind the vegetation
patch not inside the patch!'*'*7],

The sediment deposition characteristics show
obvious differences between rigid emergent vegeta-
tion and flexible submerged vegetation. Sediment
transport in channels with emergent vegetation
patch[41’98’ 81 and submerged Vegetation[gl’ 1491501 g
their contrasts are now considered. In emergent
vegetated channels, the strong updraft flow diminishes
the deposition and even generates erosion in the
leading edge of vegetation patch. The velocity and
turbulence intensity are reduced in the wake region,
and thus the enhanced deposition could be observed
behind emergent vegetation patches, which results in a
positive feedback promoting patch growth!*"**]. How-
ever, the same feedback was reduced or completely
absent in flexible submerged vegetated channels since
the mean velocity and turbulence are almost not
diminished™. This difference indicates that it may be
much harder for flexible submerged vegetation
patches to expand in space because the negative
feedback inhibits patch growth. The implications of
these results to river management are still being
explored.

5. Interactions between vegetation dynamics and
river morphodynamics
In the past, the influence of aquatic vegetation on
river morphodynamics has usually been neglected.
However, the temporal scales of river and vegetation

evolution are not widely separated. This lack of time
scale separation implies that river morphodynamics
and vegetation dynamics cannot be modeled
separately'”'.  Although some qualitative and
quantitative views have been proposed in recent years,
the complex interactions between aquatic vegetation
and river morphodynamics have not been unpacked.
In this section, previous findings on the interaction
between riparian vegetation and river morphodyna-
mics are reviewed. Findings from numerical
simulations that also describe such interactions are
then presented.

5.1 Influence of vegetation on river morphology

In fact, each basic element of a river morphodgf—
namics system is affected by riparian vegetation[15 ],
including the flow field, turbulent structure, sediment
transport and river bed evolution!’® ¥ 12 133134
Moreover, riparian vegetation has a significant
influence on river bank strength, which may lead to
river bank collapse or increased bank stabilization.
Actually, the adjustment of the overall river
morphology is caused by the combined effect of all of
these factors!'”>"*") This review explains the impact
of vegetation on river morphology from three
perspectives: bank, floodplain and river channel.

For river banks, erosion is mainly caused by
three mechanisms: mass failure, fluvial scour and
subaerial scour. The bank stability can be impacted by
vegetation because of its positive and negative
influence on geotechnical and hydrologic processes'..
In terms of positive effects, the roots of vegetation can
withstand high tensile stresses so that the bank
material strength is increased to bear stronger shear
resistance, which decreases the probability of mass
failure!™™. Yu et al!™ confirmed the effective
reinforcement provided by riparian plant roots to
unconsolidated banks by conducting in situ measure-
ments in the Tarim River of China and using bank
stability and toe erosion model to quantify the bank
strength. However, strength gains are affected by
different rooting conditions (length, density, and the
soil medium). Reduction in flow velocity induced by
vegetation also lowers scour rates, resulting in a
decrease in erosion. Flexible vegetation, such as
grasses or shrubs, have similar effects in reducing
flow velocity to protect river banks from erosion!'®".
As for negative effects, the existence of root
strengthening near bank surfaces may lead to
displacement of the failure surface and thus induce a
larger pulse of sediment input into the river. Besides,
root macropores do increase infiltration or add
surcharge, which may cause reduction in bank
stability!'®!,

It is widely known that deposition and erosion on
floodplains are affected by overbank flow. However,
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how riparian vegetation modifies sediment transport
on floodplains is still not fully resolved in magnitude
. 1162-163] ) ;

and sign . Experiments and numerical model
results suggest the sedimentation rates are higher
when a floodplain is covered with vegetation!'®'%!,
Formulae to estimate rates of sediment deposition and
erosion induced by vegetation have been proposed
separately! ®'®* and often treated in a disjointed
manner. In terms of suspended sediment transport, it
is usually modeled by adopting a simplified
convection-diffusion equation when the flow is steady
and longitudinally uniform. A depth-averaged vertical
diffusivity and a depth-averaged transverse diffusivity
are used to account for the effects of turbulencel
Formulae to predict vertical and transverse diffusivity
have already been proposed that account for the
effects of vegetation on the flow!” """,

How river channel shape (width and depth)
evolves in response to the presence of vegetation has
been a research focus for a long time!'”*""*!. Zen and
Perona''™ found that interactions between riparian
plants and water flow could control the evolution of
river channel width and the adjustment of river
channel trajectories. The influence of riparian
vegetation on channel shapes has also been considered
in some detail. Leopold and Wolman!” related

channel width (W) and depth (D) to the discharge
(Q) using power-law relations of the form

W=mQ", H=m,0" (7

where m,, m,, n, and n, are empirical coeffi-

cients. Taking various vegetation types and density
into account, different values of these four coefficients
were proposed[m'lm. It was found that with a certain
range of vegetation density, channel width decreases
and channel depth increases while vegetation density
increases!'”®. However, in terms of W, Hey and
Thorne!'™® indicated that bed vegetation can widen a
river channel because of increases in roughness
causing a deflection of river flow onto the banks.
Therefore, the effects of riparian vegetation on
channel width needs further investigation. There are
in-situ observations and data that reveal riparian
vegetation plays an important role in changing river
morphology into other types!*® '*"*3 For instance,
Mackin!"® observed that the Wood River changes
from braided to meandering while the bank vegetation
changes from grasses to forest. The crucial role of
riparian vegetation in river planform evolution could
also be highlighted by the change of marked channel
size, shape and pattern with vegetation removed!'*’.. A
river channel can be progressively straightening and
enlarging with river bed incision over decades after
riparian and hillslope vegetation has been cleared!'*".

169-170]
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5.2 Influence of river morphodynamics on vegetation
development

River morphodynamics has influence on the
growth and colonization of riparian vegetation.
However, harsh and disturbed riparian environments
in terms of inundation and susceptibility to drought,
put higher demands on plants growing in such systems.
As a result, plants that successfully colonize the
riparian zone have the following characteristics: (1)
producing a mass of seeds that can be easily spread, (2)
resprouting after breakage or burial, and (3) tolerating
extremely harsh conditions!'*.

Riparian vegetation reproduction and coloniza-
tion are dependent on a river’s flow regime and flow
structure, which facilitates transport of seeds and
vegetative fragments to other reaches. It is widely
known that the water level and flow regime are
affected by seasons because of the amount of rainfall
while seeds released by vegetation are also restricted
by their growth cycle. Therefore, the area that riparian
plants colonization is affected by fluvial processes' .

Moving beyond flow regimes, channel form and
the properties of bank soil are essential for aquatic
vegetation spatial distribution and biomass dynamics
since different plants have their own adaptability to
river water level, bank soil moisture and nutrient
conditions, inundation duration and frequency!® "*,
Thus, the horizontal distribution of vegetation in the
riparian zone shows obvious community distribution
difference such as species diversity, quantity and age
structure!”* "%, For example, seedlings of vegetation
tend to preferentially grow in horizontal bands on the
inside of meander bends while younger plants choose
specific locations where the surfaces of braided bars

are relatively high to grow on braided rivers'' %%,

5.3 Models

In the past few decades, a number of quantitative
models were proposed to elucidate the interaction
between vegetation and river morphodynamics''”>.
Millar'** modified the criterion that is used to judge
the transition between meandering and braided river
by introducing the influence of aquatic vegetation.

At present, numerical models for the interaction
between river flow and vegetation in multi-thread
channels are not abundant'>” '] Most of these
models proposed improvements in one aspect-
introducing the dynamic growth of vegetation or the
influence of vegetation roots on bank erosion. Both
are logical starting points but do not offer any finality
to them or all the remaining issues. Some models do
not consider the floodplain morphodynamics dynamic
so that they are not updated with riparian plants
change. In terms of single-thread channels, several
quantitative models are developed to represent river
morphology changes and Ve%etation evolution,
especially for meandering rivers' > ~*2. In fact, the
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proposed models can be divided into three types: (1)
only considering the influence of riparian plants on
. [203] . . .

river morphology ™", (2) only considering the impact
of river flow on vegetation®™?*), (3) taking the
interaction between river morphology and vegetation
into account®*2%!, Furthermore, there are also
minimalist models that consider the key factors or
dynamics to obtain insightful analytical or semi-
analytical solutions that could elaborate the
quantitative relations among main variables’®. The
minimalist models are widely used in vegetation
pattern formation, eco-hydrology and plant physio-
logy. Recently, some minimalist models have also
been developed to elucidate the influence of riparian
vegetation ecosystems”” ', By comparing model
outputs with data, such models could correctly
identify the main processes in real rivers despite their
simplicity, which is a promising first step.

6. Conclusions and future research challenges

This review summarized recent research results
and highlighted how vegetation impacts river flow and
sediment transport (on short-time scales) and river
morphology (on long time scales). The effects of
vegetation on flow and transport are discussed
according to different criterion: emergent or sub-
merged, rigid or flexible, sparse or dense, and finite or
infinite vegetation patches. These classifications were
introduced so as to modify established models and
amend them for channels covered with plants. A
single theory that accommodates all these criterion
still awaits development, though experiments,
simulations, and phenomenological understanding is
rapidly progressing on this front. Different from non-
vegetated channels, bed shear stress is no longer a
suitable criterion for incipient sediment motion in
channels covered with plants. The critical flow
velocity and turbulent kinetic energy are both
receiving more attention in this context. In terms of
the interaction between vegetation and river
morphology, there are both positive and negative
feedbacks between them. Vegetation could indeed
alter the river channel shape. Besides, in the past few
decades, a large number of models were proposed to
represent such interplay.

Quantitative models that describe vegetation
influence on flow dynamics and sediment transport
remain in their infancy. The plethora of physical
mechanisms describing the interaction between
vegetation and river morphology are also not fully
understood and completely modeled synchronously.
Clearly, any future research agenda on this topic must
address the challenges highlighted below:

(1) Rigid cylinders are widely wused in
experiments to model vegetation, which could not
represent all the characteristics of real vegetation in

nature. Real plants have their distinct characteristics
that differ across species. Thus, the model vegetation
used in flume experiments must become more
“realistic” so as to begin unpacking conveyance laws
for real river systems that are urgently needed to
support river restoration.

(2) Although there are large numbers of proposed
formulae for sediment transport, most of them are
empirical or semi-empirical. This level of empiricism
is not surprising given that experiments reporting
simultaneously velocity, sediment concentration, and
sediment fluxes are scarce—especially inside vegeta-
tion. Clearly innovation in experimental techniques
will be a priority to progress on new theories for
sediment transport within vegetation.

(3) Future research should also focus on the
relation between laboratory flume-scale flow and
natural river-scale. In the absence of vegetation,
matching the Froude number, the Reynolds number,
and relative roughness (for high Reynolds numbers)
allow scaling up from laboratory to natural conditions.
Such clarity in the choice of dimensionless numbers
that enables upscaling from “lab to river” remains
lagging for rivers covered by vegetation.

(4) Much of the current understanding on the
interaction between aquatic vegetation and flow is for
flat or uniformly sloping terrain. The combined role of
topography and vegetation on flow dynamics and
sediment transport is also urgently needed. Only a
handful of experiments considered flow over complex
terrain covered by vegetation—and those have been
restricted to a train of cosine shaped surfaces*'*2'".

(5) To represent the interaction between vegeta-
tion and river morphology, present models have
introduced a large number of (ad-hoc) parameters
suffering from the much discussed equifinality
problem™®. How to by-pass the equifinality “curse”
remains a challenge for the future, where undoubtedly
hydro meteorological processes and human activities
must be included.

Legend has it that Albert Einstein discouraged his
son Hans Albert from exploring sediment transport
because of the daunting challenges associated with
turbulent phenomenon. Hans ignored this advice and
went on to become a prominent scientist and engineer
that shaped modern sediment-transport theory and its
practice®'”. Research on flow dynamics and sediment
transport in vegetated channels expands the path Hans
charted by offering a multidisciplinary and fascinating
topic for academicians and practitioners alike. As this
review illustrates, it remains a fertile area for graduate
student dissertations concerned with developing
fundamentals, welding vast knowledge from distinct
disciplines, and innovating experiments (lab and field
or direct numerical simulations) in a manner that
maintains high societal impact.
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