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In-channel vegetation is ubiquitous in aquatic environments and plays a critical role in the fate and
transport of solutes and particles in aquatic ecosystems. Recent studies have advanced our under-
standing of the role of vegetation in solute flow and particle transport in aquatic ecosystems. This review
summarizes these papers and discusses the impacts of emergent and rigid vegetation on the surface
flow, the advection and dispersion of solutes, suspended load transport, bedload transport, and hypo-
rheic exchange. The two competing effects of emergent vegetation on the above transport processes are
discussed. On the one hand, emergent vegetation reduces mean flow velocity at the same surface slope,
which reduces mass transport. On the other hand, at the same mean flow velocity, vegetation generates
turbulence, which enhances mass transport. Mechanistic understanding of these two competing effects
and predictive equations derived from laboratory experiments are discussed. Predictive equations for the
mean flow velocity and turbulent kinetic energy inside an emergent vegetation canopy are derived based
on force and energy balance. The impacts of emergent vegetation on the advection-dispersion process,
the suspended load and bedload transport, and the hyporheic exchange are summarized. The impacts of
other vegetation-related factors, such as vegetation morphology, submergence, and flexibility, are briefly
discussed. The role of vegetation in transporting other particles, such as micro- and macro-plastics, is
also briefly discussed. Finally, suggestions for future research directions are proposed to advance the
understanding of the dynamic interplays among natural vegetation, flow dynamics, and sedimentary
processes.
© 2024 The Author. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The transport of solutes and particles in water plays an essential
role in the health and stability of aquatic habitats, including rivers,
lakes, estuaries, and coasts. Soluble nutrients, such as essential ions
and dissolved organic matter, are crucial for the survival and pro-
liferation of aquatic organisms [1,2]. Although essential, excessive
nutrients like phosphate can lead to significant environmental is-
sues, such as harmful algal blooms [3]. Synthetic solutes such as
agricultural and pharmaceutical products have been found in many
aquatic environments, posing potential threats to aquatic organ-
isms and human health [4,5]. The concentration of these solutes,
which consequently determines their impacts on the metabolism
and health of aquatic environments, is regulated by their transport
in the surface water and the hyporheic zone [6,7], or the sediment
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region where mixing of surface and subsurface water occurs [7]. A
fundamental understanding of the fate and transport of solutes can
help ecologists design strategies to ensure sufficient but not excess
nutrients in aquatic habitats and prevent contamination.

In addition to solutes, sediment and particulate organic matter
are essential to aquatic environments. Sediment constitutes the
beds/bottoms and banks of aquatic environments. Moderate sedi-
ment erosion can create habitats for some animals, such as mac-
roinvertebrates requiring coarse sediment for oxygenation [8].
Excess erosion can demobilize habitats, adversely affecting inhibi-
ted biological organisms' abundance and diversity [9,10]. Fine
sediment particles can also suspend in the water column, reducing
visibility, smothering fishes, and irritating the digestive systems of
fishes and other aquatic animals [11—13]. Fine sediment, charac-
terized by electrochemically active surfaces [14], adsorbs abundant
nutrients [15,16], heavy metals [17,18], organic contaminants such
as pesticides [19,20], and pathogens [21,22]. Consequently, fine
sediment transport, a carrier of nutrients and contaminants,
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significantly impacts the biogeochemical cycle [23] and contami-
nant dispersion [24—26] in aquatic ecosystems. Furthermore, par-
ticulate organic matter and pollutant particles are widely present in
aquatic environments [27,28]. Particulate organic carbon transport
is crucial to the global carbon cycle [29]. The transport of pollutant
particles, such as microplastics (<5 mm) and macroplastics
(=5 mm), poses a threat to human health and biodiversity [30].
Understanding sediment and particle fate and transport is essential
for strategies to restore eroded habitats and prevent contamination
spread.

Vegetation, a common component of natural aquatic environ-
ments, impacts the transport of solutes and particles in surface
water and hyporheic exchange [31—35]. Vegetation can both slow
surface flow by creating drag, reducing mass transport [36—39],
and enhance solute dispersion and suspended and bedload trans-
port by generating turbulence [40—42]. The net impact of vegeta-
tion on mass transport results from the dominance of either drag
reduction or turbulence enhancement [42—45] (Fig. 1). In addition
to surface water, vegetation has been shown to impact the ex-
change of solutes and particles between surface water and sub-
surface water in the hyporheic zone [33,46—48]. Such impacts can
be attributed to the vegetation-induced pressure gradient at the
scale of vegetation stem size [48,49], the vegetation-generated
turbulence [33], and the vegetation-induced pressure gradient at
the patch scale. Understanding these mechanisms' roles in solute
and particle transport regulation is crucial for preserving and
restoring the stability and health of aquatic ecosystems with
vegetation.

This review explores how emergent and rigid vegetation im-
pacts the transport of solutes and particles in the surface water and
the hyporheic zone. Section two outlines vegetation-characterizing
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Fig. 1. Overview of the two competing effects of emergent and rigid vegetation (green
cylinders) on fluid flow and mass transport. On the one hand, at the same water
surface or energy slope, vegetation reduces the mean surface flow velocity U, reducing
solute transport, bedload transport, suspended load transport, and hyporheic ex-
change. On the other hand, at the same mean flow velocity U, vegetation generates
additional turbulence (the green eddies), leading to increases in solute transport,
bedload and suspended load transport, and hyporheic exchange. Both effects need to
be considered to quantify the net effect of emergent vegetation on mass transport.
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parameters. Section three discusses the impacts of vegetation on
the mean surface flow velocity, turbulent kinetic energy, and
dispersion of solutes. Section four addresses the impacts of vege-
tation on sediment transport, including suspended load and bed-
load. Section five delves into current insights into vegetation's role
in hyporheic exchange. Section six discusses the impacts of other
vegetation-related factors, such as vegetation morphology, sub-
mergence, and flexibility, on the flow and mass transport. This
section also proposes future research directions.

2. Characterization of vegetation

Aquatic vegetation, also called aquatic macrophytes and plants,
is widely present in freshwater and saltwater ecosystems
[31,50—52]. According to their relative size and position compared
to the water depth, vegetation can be categorized into three types
[53]: submerged, emergent, and floating. Submerged vegetation,
such as Zosteraceae (seagrass), has a height h, less than the water
depth h; emergent vegetation, such as Spartina alterniflora, pro-
trudes through the water surface and has a height h, larger than h;
floating vegetation, such as Lemnoideae (duckweeds), which does
not attach to the sediment and only occupy part of the water col-
umn, has an in-water height h, smaller than h. In addition to the
relationship between vegetation height and water depth, vegeta-
tion can be categorized based on its rigidity as flexible and rigid
[54]. Many salt marsh plants, such as Spartina alterniflora, have
limited bending in their regular flow environments and are
modeled as rigid vegetation [36,55]. A schematic diagram of the
emergent submerged and floating vegetation is shown in Fig. A1 (in
the Supplementary Materials). A glossary of key parameters dis-
cussed in this review is listed in Table Al.

In many mathematical models, vegetation stems are often
simplified as cylinders with diameter d, or thin blades with width I,
and thickness [, despite the vertical variation of the shape of
vegetation stems [31,36,56—60]. Vegetation stems form patches or
canopies of various shapes, including rectangular or circular shapes
[60—62]. The density of vegetation inside the canopy can be char-
acterized by the number of vegetation stems per unit bed area n
(m~2), vegetation volume fraction ¢ (unitless), and vegetation
frontal area per unit volume a (m~1). The vegetation volume frac-
tion is defined as the volume of vegetation divided by the total
volume of water and vegetation. For cylindrical and emergent
vegetation ¢ = gndﬁ; for blade-like emergent vegetation ¢ = nlgl},
[31]. The vegetation frontal area per unit volume a, which is often
referred to as vegetation density, is equal to the total frontal area of
vegetation stems (the area that is blocking the flow) divided by the
total volume (water + vegetation volume) [36]. For cylindrical and
rigid emergent vegetation, a =nd, and ¢ = Zad,. This review
summarizes results from laboratory studies using emergent and
rigid cylindrical vegetation [36,57—60,62,63], such as wood or
aluminum cylinders. This simplified vegetation model allows high-
resolution measurements of the flow and mass transport inside the
vegetation patch in a water-recirculating flume under systemati-
cally controlled flow conditions. Many important mechanistic un-
derstandings of the role of vegetation in the flow and mass
transport are derived from these studies [36,57—59,63]. To apply
the equations derived from these studies to the natural environ-
ment, other vegetation characteristics also need to be considered,
including vegetation morphology, flexibility, submergence, and
heterogeneous distribution. The impacts of those factors are dis-
cussed in Section 6.
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3. Impacts of vegetation on surface flow and solute transport

3.1. Vegetation-generated drag and its impact on the mean flow
velocity

When surface water runs through vegetation, it experiences a
drag force by the vegetation and slows its velocity. The vegetation-
induced drag per fluid mass fp (m s~2), increases with increasing
vegetation frontal area per unit volume a (m~') and the mean or
temporally-averaged flow velocity [36]. For channels without
vegetation, the mean bulk flow velocity equals the flow rate Q
divided by the cross-sectional area of the channel, which for rect-

angular channel is U = % with h and I,, denoting the water depth

and the channel width, respectively. In channels with emergent
vegetation, vegetation reduces the cross-sectional area of the flow
and, as such, increases the cross-sectionally-averaged flow velocity
at the same Q. To account for such an effect, the spatially-averaged,
or volumetrically-averaged, mean velocity is often calculated as
Up = ;5 with the subscript ‘p’ denoting pore [39]. In
most mathematical models, the vegetation-induced drag per
fluid volume is approximated by a quadratic drag law, namely pp =
1pCpaU3, with p denoting the fluid density and Cp (on the order of
one) denoting the spatially-averaged vegetation drag coefficient
[31]. The drag coefficient of an isolated single cylinder, Cp_gingle, has
been classically related to the wake structure of the flow and pre-

dicted by Rep, which is the Reynolds number based on the cylinder
diameter [64—66], namely Cp gngle = f(ReD = %ﬂ"), with u
denoting the dynamic viscosity of the fluid. For an array of vege-
tation, the wake regions of the cylinders interfere with each other
when the spacing between vegetation stems is smaller than the
length scale of the wake zone; thus, the spatially averaged drag
coefficient Cp is also controlled by the spatial arrangement or the
density of the vegetation [36].

Many semi-empirical equations have been proposed to predict
the spatially-averaged vegetation drag coefficient Cp based on flow
velocity and vegetation characteristics such as vegetation volume
fraction ¢ [37,39,67,68]. For example, Tanino and Nepf [39] calcu-
lated the Cp of randomly distributed arrays of emergent cylinders
based on a combination of velocity and water surface slope mea-
surements. They proposed a semi-empirical equation to predict Cp
based on Rep and vegetation volume fraction ¢. The vegetation
volume fraction and Reynolds number in their study are in the

range of ¢ = 0.091-0.35 and Re, = %”dv = 25—685, respectively.
Kothyari et al. [69] measured the force on a single cylinder inside a
staggered array. They developed another semi-empirical predictive
equation for Cp based on ¢, Rep, and Froude number F = Y= The

N

vegetation volume fraction and Reynolds number in their study
[67] are in the range of ¢ = 0.002—0.089 and Rep = %”d" =

608—2580, respectively. Cheng and Nguyen [68] calculated Cp from
velocity and water surface slope measurements for vegetation
volume fraction ¢ = 0.004—0.12. They defined a vegetation-related

hydraulic radius r,,:%%d,, and developed a semi-empirical

equation to predict Cp based on Re, = % and compared their
predictions with measurements from several other studies.
Etminan et al. [37] calculated Cp of staggered vegetation arrays
with ¢ =0.0016—0.25 and Rep = 200—1340 using Large Eddy
simulation. They defined a constricted cross-section velocity U, =

J;Z‘fmrup and showed that drag coefficient based on U, could be

predicted by the Reynolds number based on U.. Some details of the
above predictive models of Cp discussed in Refs. [37—39,68—78] are
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listed in Table 1.

Given the relationship for Cp, the spatially-averaged mean flow
velocity Up inside the vegetation channels can be predicted based
on the balance of the driven force due to the water surface slope s,
the vegetation drag, and the bed friction force [57], namely

CDG
1-9¢

1 2
pghs=5p hU; + pCrU2 (1-a)
The term on the left-hand side of the equation represents the
pressure gradient due to the water surface slope. The first and
second terms on the right-hand side of the equations represent the
vegetation drag and the bed friction, respectively. This equation can

be rearranged to:

2gs
Uy — (1-b)
P \J Coa/(1— ) +Cs /h

where Cr denotes the bed friction coefficient that can be estimated
from the sediment size and hydrodynamic properties such as water
depth, friction velocity, and Reynolds number [70]. Inside the
vegetation, the bed friction drag (pCfug) is often much smaller than

the vegetation drag (%p%hUﬁ) [57]. At the same water surface
slope s, the flow velocity U, in a vegetated channel can be several
times to several orders of magnitude smaller than that in a non-
vegetated channel. For most vegetated channels with emergent
vegetation, the bed friction can be ignored; thus, U, can be esti-
mated based on a balance of the pressure gradient and the vege-

285(1-9)

tation drag, namely U, = Ga -

In addition to altering the spatially-averaged velocity Up, vege-
tation alters the vertical distribution of the horizontally-averaged
mean flow velocity (u). The overbar denotes the time average,
and the bracket denotes the spatial average of velocity in each
horizontal plane. In open channels without vegetation, (i) can be
approximated as a linear or parabolic function of z (the distance
from the bed) in the boundary layer close to the bed and a loga-
rithmic function of z above the boundary layer, a distribution often
referred to as the law of the wall [70,79] (Fig. 2a, blue curves). In
channels with emergent and rigid cylindrical vegetation, the
vegetation-generated turbulence mixes fluid, which makes (@)
uniform in the upper water column [36,76]. The distribution of (1)
in the emergent vegetated channel has been approximated by a
two-layer model, assuming a parabolic distribution in the boundary
layer close to the bed and a uniform distribution above the
boundary layer [57,80] (Fig. 2a, green curves). Here the boundary
layer refers to the layer close to the bed below the logarithmic and
uniform velocity layers.

3.2. Vegetation-induced turbulence

As vegetation slows down the mean flow, its stems extract en-
ergy from the mean flow and convert it to turbulent kinetic energy
[31,36]. The turbulent kinetic energy represents the instantaneous
fluctuations of the flow velocity from the mean. It is defined as k; =

w with v/, v/, and w' denoting the instantaneous flow

fluctuations from the mean in streamwise, longitudinal, and ver-
tical directions, respectively. The overbar denotes the time average.
For turbulent flow (Rep > 200), the energy extracted from the mean
flow by the vegetation is mainly through vortex generation in the
vegetation wake, and the extracted energy per time, or the rate of
work, can be approximated as the vegetation drag times velocity
[31,63,81], namely Py, = 1CpaU3. The extracted energy is mainly
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Table 1
A list of several recently-developed equations to predict the spatially-averaged drag coefficient of emergent and rigid cylindrical vegetation array.
Predictive equations for Cp Reference Vegetation characteristics Range of Re Reference
Cp= 2(0‘—0 +oz1) with coefficients «g and «; determined by ¢ [39] (ﬂume Random array, ¢ = 0.1-0.4 Rep =5-9x 10% [39] (ﬂume
Rep experiments) experiments)
Cp = f(¢,Rep, &, F) with £ an order 1 coefficient depends [69] (flume Staggered array, ¢ = 0.002 - 0.09 Rep = 608—2646 [69] (flume
on the vegetation arrangement. experiments) experiments)
50 __Rey [68] (flume Staggered array, ¢ = 0.004 — 0.1 Re, — pUpry _ 52-56% 10° [68] (flume
Cp =oas+ 07[1 _ ¢ 15,000 experiments) i experiments)
Re})

Cpe = 1= +10Re; % with Cp . and Re based on Uk.

[37] (large eddy ¢ = 0.02—0.3

Rep = 200—1340 [37] (large eddy

simulation) simulation)
az bz vegetation-generated turbulent kinetic energy can be approxi-
With 3 2/3
emergent Without With mated as k;, = 1.12 {CDU%M} U3:0.9CD/ 9%/3U2. The vegetation-
vegetation vegetation emergent 2

vegetation

Without
vegetation

() k,
Fig. 2. Schematic diagram showing the impacts of emergent and rigid cylindrical
vegetation on the vertical profile of the horizontally-averaged mean flow velocity (u)
and turbulent kinetic energy k. The relative magnitude of these variables in the figure
does not reflect the actual ratios that vary with vegetation and sediment bed char-
acteristics. a, At the same water surface slope, vegetation slows the flow, reduces Uy,
and alters the vertical distribution of (). Without vegetation, the velocity profile (blue
curves) follows the law of the wall [70]; with vegetation, the velocity (green curves)
can be approximated as a two-layer distribution [57]. b, At the same Up, vegetation
generates additional turbulence and increases the total turbulent kinetic energy. The
horizontal dashed lines indicate the upper boundaries of the boundary layers.
Compared with the decrease in k; with increasing z above the boundary layer in the
channel without vegetation, the k; in the vegetated channel is relatively uniform at the
upper water column above the boundary layer. The total near-bed k; has been
approximated as the sum of vegetation-generated k; and the bed-generated k; [83].

dissipated through a viscous effect, which has a dissipation rate &

classically scaled with k?/z I[-1 with I denoting the turbulence

length scale [82]. Assuming that Py, = e, the scaling relationship

becomes 1CpaU3 ~ ki 71, suggesting that ‘a‘—‘ ~ (Cpal;)'/3. Inside
an emergent vegetation patch with a vegetation stem diameter
much smaller than water depth, the turbulent length scale I; was
shown to be set by the vegetation diameter d, or the smallest
distance between nearest-neighbor stems, whichever is smaller
[36,63]. Combining the above scaling relationship and velocity
measurements in a flume, Tanino and Nepf [63] proposed the
following semi-empirical relationship to predict the spatially-
averaged turbulent kinetic energy generated by emergent and
rigid cylindrical vegetation arrays with stem diameter smaller than
the average surface-to-surface-spacing-between-neighboring cyl-
inders (Sp)a:

1.1|C ¢ ]/BdS 0.56
o=t <

Vkey _

Up

Snda @ }1/3
dy 1-og)m/2]

0.88 [CD 0.57 < d/{Sn)a <1

(2)

For sparse vegetation (d/(Sp)4<0.56 and ¢<10%), the

generated ki, is uniformly distributed in the upper water column
[36] (Fig. 2b). Equation (2) can predict the vegetation-generated
horizontally-averaged k;, with varying depth over the whole wa-
ter column, except near the bed where the sediment bed also
generates turbulence [42,83]. When the upper water column size is
much larger than the size of the boundary layer, the volumetrically-
averaged turbulent kinetic energy can also be approximated by
equation (2). For natural non-cylindrical plants, such as Typha lat-
ifolia and Rotala indica, the horizontally-averaged k;, can vary
vertically due to the vertical variation of vegetation density,
necessitating a modification to equation (2) [84].

Near the sediment bed, the bed generates turbulence and con-
tributes to the total turbulent kinetic energy [42,83]. For sparse

cylindrical vegetation with Reynolds number (Rep = PUpdy

m
600—2500), Yang and Nepf [83] show that the total near-bed tur-
bulent kinetic energy can be approximated as the sum of the
vegetation-generated turbulent kinetic energy and the bed-
generated turbulent kinetic energy:

ke_tot = U2 +0.9C>9?U3 3)

where C;, represents the coefficient for bed-generated turbulence
and can be approximated from the bed friction coefficient, namely
Cp = 5.3C. Such approximation is based on the observation [84,85]
that the bed-generated near-bed turbulence k; can be approxi-
mated as 5.37/p. For vegetation with complex shapes, parameters
related to plant morphology also need to be considered [84]. As
shown in equations (2) and (3), to evaluate the overall effect of the
emergent vegetation on the spatially-averaged turbulent kinetic
energy, vegetation impacts on the mean flow velocity U, and
vegetation volume characteristics (¢) need to be considered.

It is worth noting that the above equations are developed for
regions within an emergent vegetation patch. At the edge of
vegetation patches, the difference in the flow velocity within and
outside the vegetation patch can induce shear vortices, generating
additional turbulent kinetic energy near the edge of the patches
[60,86]. For submerged vegetation, large coherent vortices can be
generated at the top of the canopy due to the velocity difference
within and above the vegetation; such vortices also generate
additional turbulent kinetic energy [81,87—89]. For flexible vege-
tation, the elasticity of the vegetation can further affect the flow
and the generation of turbulent kinetic energy [89,90]. Artificial
surrogates, such as plastic blades, have been used to study the effect
of flexible vegetation [91,92].
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3.3. Impact of vegetation on solute transport

The transport of solutes in water is often predicted by classic
advection-dispersion equations for non-reactive solutes. To char-
acterize their transport in vegetated channels, the concentration of
solute, C, is defined as the average of its instantaneous concentra-
tion over a time interval much longer than the turbulent fluctuation
time scale and over a thin volume that spans many vegetation
cylinders [63,93]. The concentration C varies with time and space
due to advection and dispersion and can be described by the
following simplified advection-dispersion equation:

aC aC aC aC e 9%C 92C
= 4 Vy—4+Wp— =Dy + Dy——r + Dy
ot ToPax Ty T Ve T Pk T g2 Tz

(4)
where Up, V), and W), denote the mean flow velocity averaged
within a thin volume defined above in the streamwise or longitu-
dinal (x), lateral (y), and vertical (z) directions, respectively; Dy, Dy,
and D, denote the net dispersion coefficients in each direction. The
second to fourth terms on the equation's left-hand side represent
the advection of the solute by the mean flow in each direction. The
terms on the right-hand side of the equation represent the net
dispersion of the solute in each direction, which is controlled by
molecular diffusion, turbulent diffusion, and mechanical dispersion
caused by a spatially-heterogeneous flow field [63,94,95]. If the
flow is unidirectional in the streamwise or x-direction, then V, =
W), = 0. Equation (4) can be simplified as:

aC aC 0°C _9°C _ 9°C
o Pox = xax—z—‘-Dyay—z-FDZ@ (5)

In a turbulent flow, the molecular diffusion is much smaller than
the turbulent diffusion, thus the dispersion coefficients are mainly
determined by eddy viscosity. In an open channel without vege-
tation, the turbulence is predominantly generated by the bed. As a
result, the dispersion coefficients scale with the bed friction ve-

locity up« = %’J, where 7, represents the mean bed shear stress,

defined as the friction force exerted by water at the sediment bed
per unit area.

Vegetation has been shown to play an important role in the
transport of solutes in natural aquatic ecosystems [93,96] because it
can alter advection by controlling the mean surface flow velocity
and the dispersion coefficients [38,63]. First, at the same water
surface slope s, vegetation slows down U, and decreases the
advection of solutes (see Section 3.1 for impacts of vegetation on
mean flow). On the other hand, under the same mean flow velocity
Uy, vegetation increases the dispersion of solutes by generating
turbulence that increases turbulent diffusion and induces me-
chanical diffusion by making the flow field spatially heterogeneous
[39,93]. As a result of the vegetation-generated turbulence and
mechanical dispersion, the effective dispersion coefficients in a
vegetated channel scale with vegetation density and stem diam-
eter, instead of the bed friction velocity. The dispersion coefficients
in vegetated channels are anisotropic as discussed below.

In the streamwise direction, White and Nepf [97] proposed
estimating the dispersion coefficient Dy as the sum of the diffusion
coefficient due to vortex tapping Dx_, and the coefficient due to
stem-wake Dy_s at moderate Reynolds number (Rep on the order of
10—1000). They further show that Dy_, can be predicted by vege-
tation density a, stem diameter d, flow velocity Up, and the fre-
quency of vortex shedding fs as [97]:
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K
DX*V :hadvUpdv (6)
St
where constants ( and «, are coefficients determined by the stem
Reynolds number Rep = %”d"; St :fi% represents the Strouhal

number and describes the effect of the oscillating vortex shredded
from the vegetation [78]. The dispersion coefficient due to sec-
ondary wake Dy_s has been approximated as [38,93,98]:

1
Dys=1 2
5ad,Updy, 9 >0.1

cPuyd 0.1
p Uplv,9< 7)

The total longitudinal dispersion coefficient is thus Dy = Dyx_, +
Dx_s. For real vegetation such as winter and summer Typha, flume
experiments show that the net longitudinal dispersion coefficient
is approximately Dy=3Upd, [93]. In contrast, for Carex, another
vegetation with a different morphology, it is approximated that
Dy=18Upd,, suggesting that the type and heterogeneous
morphology of stems also impact the dispersion coefficients [93].

In the lateral direction, the net dispersion coefficient D, has
been estimated as the sum of the turbulent diffusion and me-
chanical dispersion coefficients [36,63]. For cylindrical vegetation,
Nepf [36] suggests that the turbulent diffusion scales with the
square root of turbulent kinetic energy k; times the turbulent
length scale I;. She further suggests that the mechanical dispersion
coefficient scales with the vegetation density, flow velocity, and
stem size [36]. As a result, the net lateral dispersion coefficient can
be estimated as:

Dy ~ k}"* I + ad,Updy (8)

Tanino and Nepf [63] built on this scaling relationship and
developed another semi-empirical equation for Dy, taking into ac-
count the tortuosity of the flow path within the vegetation array.
Nepf[31] further suggests that D, can be empirically approximated
as 0.2U,d, for sparse vegetation (¢ <0.1) and as Upd,¢ for dense
vegetation (¢ >0.1). Based on experiments with cylindrical vege-
tation, these models have been shown to provide reasonable ap-
proximations for some natural vegetation, such as summer Typha
and Spartina. Yet, they underestimate other vegetation, such as
Phragmites and new winter Typha [93]. In the vertical direction,
Nepf [36,40] suggests that the dispersion coefficient D, due to

turbulence also scales with kg/ 2 l¢, similar to the lateral dispersion
coefficient. However, the scaling factors for the vertical and lateral
dispersion coefficients are different because the turbulent is not

isotropic [36,40]. Lightbody and Nepf[38] further suggest that D, =

a+/Cpad,upd, with the scaling parameter o = 0.1-0.2 for ad, <0.1.
Some key parameters and equations from the above studies are
listed in Table 2.

To evaluate the overall impact of vegetation on the transport of
solutes, the two competing effects, namely the reduction in
advection and dispersion due to the slowdown of the flow and
increase in dispersion due to vegetation-generated turbulence,
need to be considered together. Inside a vegetated channel or
vegetation patch away from the edge, flow velocity reduction
dominates, leading to observed increases in net deposition
[99,100]. In contrast, at the edges of vegetation patches, a reduction
in net deposition has been observed [101,102], suggesting enhanced
dispersion. This effect is attributed to the additional shear vortices
generated at the interface between the vegetated patch and the
open channel, further increasing solute dispersion [60,103].
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Table 2
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A list of some key parameters and equations in several recent studies on the dispersion coefficients inside vegetation canopies.

Dispersion coefficients

Reference Vegetation characteristics

Reynolds number  Reference

Dy = Dy_y + Dy_s [97]

Random cylinder arrays, ¢ = 0.01-0.05

Rep on the order of [97]

Dyy — %advupdv 10—1000
Dy—s = f(a,dy, Up,Dm,Cp, p, 1)
13,2 [38] Spartina alterniflora, ¢ = 0.001-0.012 Rep = 2—360 [38]
Dy-s = 5Cp/*Updy
D; = ay/Cpadyupdy; o = 0.1-0.2
Dx_s = 5adyUpdy [98] Random cylinder arrays, ¢ = 0.012—0.038 Rep = 20—580 [98]
Dy ~ k:/z le + adyUpdy [36] ];agggrr;)%ylinder arrays, Spartina alterniflora; ¢ = Rep = 200—600 [36]
. —0.055
D, ~ k2 1
Dy ~f(d (Swha) [63] Random cylinder arrays, ¢ = 0.010—0.035; Reynolds number [63]
Upd, ~ P/ based on pore size
Res > 250
Dy =0.2Upd, for ¢ <0.1 and Updy¢ for ¢ >0.1 [31] (a Cylinder arrays All Reynolds number [31] (a
review) review)
Dy =18Updy and 3 Upd, for Carex and both Typha latifolia, [93] Regular cylinder arrays; Random real vegetation (Carex Rep = 27-524 [93]

respectively; Dy = Upd, for Carex and winter Typha; Dy =
0.2Updy for summer Typha

acutiformis, winter Typha latifolia, and summer Typha
latifolia), » = 0.005—0.08

4. Impacts of vegetation on the transport of particles

Compared with the transport of solutes, the transport of parti-
cles, such as sediment, can occur as wash load, suspended load, or
bedload [104]. Wash load refers to the transport of ultra-fine par-
ticles, such as fine sediment with a size of <0.0625 mm, whose
gravitational effect is negligible [105]. Their transport is similar to
solutes and is often predicted by the advection-dispersion equation
described above [106]. Accordingly, the impact of vegetation on
wash load transport is expected to be similar to its impact on solute
transport, as discussed in Section 3.3. Suspended load refers to the
fine particles in suspension, and bedload refers to coarse particles
that move along the bed through rolling, sliding, and hopping [70].
Sediment is the most extensively studied particle, given its crucial
role in habitat stability, biogeochemical cycles, and pollutant
transport [9—20]. For low-density particles such as plastics, surface
transport or transport in the water-air interface also occurs due to
the buoyancy effect [107]. This section focuses on equations to
predict the sediment transport, including suspended load and
bedload transport, and the impacts of vegetation on such transport.
The application of these equations to other particles is briefly
discussed.

4.1. Impact of vegetation on suspended load transport

4.1.1. Classic equations for suspended sediment transport

Compared with solutes with negligible gravity, the transport of
suspended fine sediment is impacted by gravity. An important
parameter to characterize suspended load transport is the settling
velocity ws. Settling velocity is the equilibrium velocity when one
suspended particle falls through the water column, during which
its drag force induced by the settling motion balances its gravita-
tional force. For small non-cohesive spherical particles with
diameter ds < 0.1 mm, the flow around the particle is laminar. The

particle Reynolds number Re;; = ”‘";L—‘ds <1, thus the settling velocity
can be predicted by Stokes’ law [108,109]:

(ps — p)gd?
Ws = 7(‘1 M (9)

where p; is the density of the particle, g is the gravitational accel-
eration. The coefficient C; = 18 was derived theoretically based on
the balance of the drag force in a laminar flow and the gravitational

force [108]. When the particles are non-spherical or have non-
smooth surfaces, the coefficient C; is usually larger than 18
[110,111]. For particles with different sizes, shapes, and densities,
Ferguson and Church [112] proposed the following semi-empirical
equation to predict their settling velocity:

Rgd?

Ws = 10
" Cyv + (0.75C,Rgds)3 (10)

where R = % — 1 and the kinematic viscosity » = u/p. They further

suggest that C; =18 and G, =0.4 for smooth spheres, C; =24 and
Cy=1.2 for angular natural sediment grains, and C;=18 and
C,=1.0 for sediment grains with intermediate shapes [112].
Equation (10) only applies to dilute suspension, for which the im-
pacts of particle motion on the fluid flow are neglected. For highly
concentrated suspension, the suspended particles can interact with
each other, and form flocculates [113,114], which impact the fluid
properties (e.g., density and viscosity), the fluid flow field, and the
particle transport [115,116].

The transport of suspended sediment is classically called sus-
pended load/sediment transport [70]. An important parameter to
quantify such transport is the time-averaged concentration of
suspended sediment, Cs, defined as the mass of sediment per unit
total volume (including both sediment and water volume) [70]. For
fully-developed unidirectional flow at a steady state, i.e., the flow
and sediment concentration does not change with time, the sedi-
ment concentration is mainly a function of vertical distance from
the bed, namely C;(z). The vertical distribution (in z-direction) of Cg
can be predicted by the Rouse profile based on mass and mo-
mentum balance [117]. For open channel flow without vegetation,
Cs decreases with increasing vertical distance from the sediment
bed. At equilibrium, the mass of suspended sediment at any control
volume does not change with time; thus, the downward advective
flux due to sedimentation, Csws, is equal to the upward diffusive
flux due to sediment concentration gradient at any location z. The

upward diffusive flux is often caused by the turbulent mixing of
sediment. It can be approximated as sz% with e, denoting the
turbulent diffusion coefficient for suspended sediment. For the

total flux to be zero at any vertical location:

aC
C5W5+8267;20 (1])

If £, is a constant, the variation of sediment concentration in the
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vertical direction is approximately exponential; namely Cs =
Coe~Ws?/¢z, For open channel flow with a logarithmic velocity dis-
tribution (the law of the wall), the vertical mixing coefficient &, is
often approximated as a function of the bed shear velocity and the
distance from the bed [70]:
z

ez =Bokup . (h ~2) (12)
where ;=1 denotes the ratio of sediment diffusion coefficient to
turbulent diffusion coefficient, k=0.4 denotes the von Karman

constant, Uy« = \/% denotes the bed shear velocity, and h denotes

water depth [70]. The coefficient §, is equal to one over the more
commonly-used Schmidt's number Sc = ;- where the kinematic
viscosity » represents the momentum diffusivity and Dy, represents
the molecular diffusion rate of the solutes or ultrafine particles.
Discussions about Schmidt's number can be found in several papers
[118,119]. By substituting e; = Bskup«f (h — ) into the advection-
diffusion equation for suspended sediment transport (equation
(11)), an analytical solution often referred to as Rouse profile can be
derived:

Cs (h—z a \Fo=wmu
o= () .

where C, represents the sediment concentration at a reference

vertical location z = a, and Ro = ﬂs‘z’fzb- denotes the Rouse number

[117]. The Rouse number represents the ratio of the settling effect
(indicated by ws) to the dispersion or mixing of the sediment due to
the bed-generated turbulence, which is a function of the bed shear
velocity up«. As the Rouse number increases, gravitational sedi-
mentation plays a more dominant role, and as a result, more sus-
pended sediment accumulates near the sediment bed. In contrast,
as the Rouse number decreases, the gravitational effect will play a
lesser dominant role, and as such the sediment concentration tends
to become more uniform across the water column. More detailed
discussions about the vertical mixing coefficient &, and Rouse
profiles can be found in many papers and books [70,120—122]. The
suspended sediment transport rate can be estimated as the depth
integral of the suspended sediment concentration.

4.1.2. Impacts of vegetation on suspended sediment concentration
Vegetation has been shown to impact suspended sediment
transport by altering the mean flow velocity and turbulent kinetic
energy, which control the advection and vertical mixing coefficient,
respectively [36,58,84,123]. Many field studies show that vegeta-
tion can increase fine sediment deposition [100,124]. This can be
attributed to the reduction in mean flow velocity, which reduces
the overall mean flow velocity and turbulent kinetic energy.
However, in some circumstances, under the same mean flow ve-
locity, vegetation has been shown to increase the suspension of
sediment [41,58]. Such enhancement can be attributed to the
vegetation-generated turbulence, which alters the vertical mixing
coefficient and the suspended sediment concentration profile
[41,58]. For an open channel with the streamwise velocity following
the law of the wall (Fig. 2), the vertical mixing coefficient ¢, scales
with the bed friction velocity and follows a parabolic distribution
(equation (12)) [70]. In contrast, in channels with vegetation, the
velocity is no longer logarithmic [36,57,76], and vegetation gener-
ates additional turbulence [36,60]; thus, ¢, is no longer a parabolic
function of z, and the Rouse profile (equation (13)) is not applicable
[58,84,125]. The following paragraph describes the impact of
emergent vegetation on e, and recent turbulence-based models to
predict the vertical suspended sediment concentration profiles in a
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vegetated channel.

Flume experiments were conducted to characterize the impact
of vegetation-modified flow field and vegetation-generated tur-
bulence on the vertical dispersion of suspended sediment [58,126].
In an emergent cylindrical array, Tseng and Tinoco [58] modified
the Rouse profile based on the two-layer velocity distribution
proposed by Yang et al. [57] (Fig. 2a). Their model suggests that the
sediment concentration follows a two-layer distribution [58]
(Fig. 3), similar to the two-layer velocity distribution [57]. Specif-
ically, they propose that the sediment concentration profiles follow
a parabolic distribution similar to the velcoity distribution profile in
the bottom boundary layer and a uniform concentration layer
above this bottom boundary layer [58]:

h—z a |Row
C“{ z h—a} 2=y

C(z)= 14
s(2) ) hhy @ 1R (14)
a hb h—a

7Z>hb

where h;, denotes the thickness of the effective boundary layer, and

Roe = 7 denotes the effective Rouse number based on the

effective bed friction velocity upes. The effective bed friction ve-
locity is a function of vegetation-generated turbulence, incorpo-
rating the impacts of vegetation-generated turbulence [58]. The
effective boundary layer thickness is a function of bed roughness,
flow velocity, and vegetation drag coefficient [58]. For the real plant
Typha latifolia, Xu and Nepf [126] proposed a diffusivity model.
They estimated the dispersion coefficient of suspended sediment
based on turbulent kinetic energy and eddy size, similar to the
solute dispersion coefficient described in Section 3.3:

ez =av/kele (15)

where « is a scale constant on the order of 1 and determined by the
vegetation volume fraction and arrangement [84]. For real vege-
tation whose morphology changes vertically in the z-direction, k¢,
l¢, and « all vary with z; semi-empirical equations for these varia-
tions for Typha latifolia were derived by Xu and Nepf [84]. They
further incorporated &, into a random displacement model, which
simulates the movement of individual particles with particle mo-
tion per time step as a function of ¢, and validated their model
prediction using measurements in a flume [126].

4.1.3. Other factors that control suspended sediment transport
In addition to altering the flow field and generating turbulence,

With
emergent
vegetation

Without
vegetation

AN

C,

S

Fig. 3. A schematic diagram showing the impacts of emergent and cylindrical vege-
tation on the vertical profile of suspended sediment concentration Cs. In an open
channel without vegetation, Cs decreases with increasing vertical distance from the
sediment bed, following the Rouse profile [117]. In channels with emergent cylindrical
and rigid vegetation, Cs in the upper water column becomes uniform due to the mixing
of the vegetation-generated turbulence, and a two-layer model was proposed [58].
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vegetation surfaces can directly capture and retain fine sediment
that contacts the vegetation surfaces [127,128]. Specifically, when
suspended sediment moves sufficiently close to the vegetation
surfaces, a fraction of the sediment would adhere to the surface,
called sediment capture [127,128]. The efficiency of the sediment
capture is controlled by the vegetation Reynolds number Rep =

%"d", and the sediment-to-vegetation size ratio %. as well as the

presence of biofilms [127,128]. Furthermore, vegetation that is not
completely vertical can increase the settling of suspended sediment
by providing extra (horizontal) surfaces for the sediment to settle
[129]. The deposition on vegetation surface is expected to be more
significant on tilted and flat vegetation than on vertical and cylin-
drical vegetation [129].

In addition to sediment, vegetation impacts the suspended
transport of many other particles, such as particulate organic
matter [130], microplastics [131], contaminant-bound particles
[132], and plant seeds [133]. Compared with sediment (e.g., quartz
sand), which is often denser than water and settles due to gravity,
these particles can have a range of density. For high-density par-
ticles, the transport equations developed for sediment have been
adapted to predict their transport [107]. As a result, the impacts of
vegetation on suspended sediment transport described above
should also apply to these particles. For low-density particles, such
as buoyant microplastics [107,134], transport along the air-water
interface, referred to as surface transport, can be the dominant
mode of transport [107]. Vegetation can regulate the surface
transport of these particles by altering the flow field near the air-
water interface, which controls their advection and dispersion in
the wake zone [133]. In addition, vegetation can directly capture
the particles that come into contact with the surface [135], similar
to the capture of suspended sediment discussed above [127,128].
Furthermore, due to surface tension, the water surface around the
vegetation stems can rise and form a meniscus surface; such an
effect has been shown to trap floating particles close to the vege-
tation [133,136]. The transport of these non-sediment particles is
also impacted by many other factors, such as particle shape, in-
teractions with biofilms, and degradation [107].

4.2. Impacts of vegetation on bedload transport

4.2.1. Classic equations for bedload transport

Critical shear stress and bedload transport are the most
commonly used parameters to characterize bedload transport rate.
The critical shear stress, 7, refers to the mean bed shear stress
above which sediment starts to move. Above the critical shear
stress, coarse sediment grains roll, slide, or hop within a thin
bedload layer, which is about several grain sizes above the sedi-
ment bed [70,137]. The volume (or mass depending on the defini-
tion) of the sediment moving as bedload per unit channel width per
time is referred to as bedload transport rate Qs. 7 is classically
predicted from the flow condition and sediment properties [138],
and Qs is often expressed as a function of the flow condition,
particularly the mean bed shear stress 7, [70]. This section reviews
classic equations to predict the 7 and Qs for abiotic non-cohesive
sediment.

The critical shear stress 7, and its equivalent, the critical shear

velocity Ugpjpx = 4 /%_ are often predicted from the classic Shields or

modified Shields Diagram [138]. In the classic Shields diagram

[138], the non-dimensional critical shear stress 7t = @Z% is

plotted semi-empirically against the grain shear Reynolds number

based on the bed shear velocity, Rex = ”C“,;‘df. Note that the subscript

“*” in T4« mMeans non-dimensional parameter, while the same
subscript in u+ and Rex means the velocity is the friction velocity
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instead of the flow velocity. As 7 and its equivalent uc; -« are
involved in both axes of the Shields diagram, and an iteration is
needed to calculate 7 and ug;+ from the semi-empirical Shields
diagram based on the fluid properties (p, v) and the sediment
properties (pg,ds), as well as the gravitational acceleration constant
(g). To reduce the iterative process, several explicit formulas, or
modifications of the original Shields diagram, have been proposed
[139,140]. For example, some studies [141,142] modified Shields
Diagram and plotted 7« as a semi-empirical function of the grain

Reynolds number based on the grain size, Reg = @. For quartz
sand, a direct empirical relationship between the dimensional
critical shear stress 7. and sediment size ds has also been pro-
posed [143,144]. In addition to sediment size, the impacts of many
other factors on 7. have also been studied, including the
nonuniform distribution of sediment grain sizes [145—147],
channel-bed slope [148,149], sediment arrangement or compact-
ness [150,151], sediment cohesiveness [14], and the history of the
flow [152].

When the mean bed shear stress 7, is above 7, the movement
of the sediment in the bedload layer is often characterized by the
sediment transport rate Qs [70]. Many classic bedload transport
equations predict Qs based on the mean bed shear stress 7, such as
the DuBoys' equation [153], the Bagnold equation [154], the Meyer-
Peter Miiller's equation [ 155,156], and the Einstein-Brown equation
[157,158]. Most of these are semi-empirical equations based on
laboratory measurements in an open channel without obstacles,
and they often have uncertainties over one order of magnitude
[159], largely due to the intrinsic stochastic nature of turbulence
and bedload transport. One of the most widely used equations is
the Meyer-Peter Miiller's (MPM) equation [155,156], developed
especially for gravel beds. The MPM equation [155,156] suggests
that nondimensional bedload transport rate Qs = ﬁ is

5-1)gd;
proportional to the excess nondimensional shear stress raised to

the power of 1.5, specifically Q+ = a(7+ — Tmt*)% with 7+ = W

and the constant parameter « is about 5 [160]. The non-
dimensional critical shear stress 7.« is often approximated as
0.047, despite the large range of value predicted by the Shields
diagram [138]. Some other classic bedload equations do not
incorporate 7~ and predict Q« as a function of 7+ using other types
of equations [157,158]. For example, the Einstein-Brown equation
[157,158] suggests that Q« = 2.15e0-391/7+ 4073, and 157!> when
7+ <0.18, 0.18 < 7+ <0.52, and 0.52 < 7+, respectively. In recent de-
cades, more sophisticated stochastic equations have been proposed
to predict Qs based on parameters that describe particle movement,
such as average particle velocity, hop statistics, and activity
[161—165]. For cohesive sediment, Qs is also impacted by many
other parameters [14,69,166], such as the percentage of clay, the
types of clay, the plasticity of the sediment, the organic content of
the sediment, and the chemistry of the pore water. More discus-
sions about different equations to predict the bedload transport
rate of abiotic sediment can be found in many review papers and
books [70,166—169]. This section focuses on the transport of non-
cohesive sediment.

4.2.2. Impact of vegetation on bedload transport

Vegetation has been shown to impact bedload transport,
including the critical bed shear stress 7 and bedload transport
rate Qs, by altering the mean surface flow velocity and the turbulent
kinetic energy [41,42,44,59,83,170,171]. Flume experiments and
field investigations show that emergent vegetation can reduce 7
several times [83,172,173]. At the same water surface slope, vege-
tation has been shown to reduce bedload transport rate, and this
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can be attributed to the vegetation-induced decreases in the mean
flow velocity and the mean bed shear stress [170]. In contrast, at the
same mean flow velocity and mean bed shear stress, vegetation has
been shown to increase bedload transport rate by several orders of
magnitude [42,44,59]. The overall effect of vegetation on bedload
transport results from these two competing effects: the slowdown
of the mean flow velocity and the generation of turbulence by
vegetation. This section discusses theoretical equations to predict
the 74t and Qs in channels with emergent vegetation.

For open channel flows without vegetation, 7 is a function of
the sediment characteristics. It should remain a constant for the
same sediment bed, according to the original and modified Shields
diagrams [138,141,142]. Flume experiments with emergent vege-
tation show that 7 decreased by up to four folds with increasing
vegetation volume fraction [83,172] due to the vegetation-
generated turbulence [56,83]. Compared with the constant 7.
for the non-vegetated channel flow, Yang et al. [83] found that the
critical near-bed turbulent kinetic energy when the bedload started
to occur, ke, was the same for non-vegetated channels and
vegetated channels with different vegetation volume fraction ¢. For
the same sediment, k. for the non-vegetated channel is equal to
Cp Uczm_ o With Ugc o denoting the critical flow velocity to move the
sediment (see Section 3.2 for details); and k¢ for vegetated

channel  with  volume fraction @ is equal to
CoUZ , +0.9CH¢?/U2,  with Ug,_, denoting the critical flow

velocity to move the sediment in the vegetated channel (equation
(3), Section 3.2). By equating the above two k¢, Yang et al. [83]
derived the following equation to predict the critical mean flow
velocity for the sediment to move in channels with emergent
vegetation of volume fraction ¢:

Ucrit,zp _ 1

V1t Ca?3

where C = O.9C12)/3/Cb. The bed and vegetation drag coefficients C,
and Cp can be estimated from existing empirical equations
[39,68,70]. Following the turbulence-based model, Cheng et al.
[174] incorporated the turbulence effect into the drag force term
and proposed a theoretical model based on force balance; their
model suggests that the critical Froude number Frec = Ueric_,/

,/(%5 — 1)gd; based on vegetation volume fraction and two fitted

constants. Once Ugi; , was estimated from the above models, the
critical bed shear stress to move the sediment can be estimated
from U, and vegetation characteristics [57,80].

In addition to the critical condition for bedload transport,
vegetation is shown to modify the bedload transport rate by up to
three orders of magnitude [42,44,56,59]. As discussed in Section
4.2.1, for open channels without vegetation, Qs is a function of mean
bed shear stress 7, namely Qs = f(73,), according to classic bedload
transport equations [ 153—158]. However, under the same 7, the Qs
in vegetated channels increases with increasing vegetation volume
fraction ¢ by up to three orders of magnitude; thus, the r-based
bedload equations do not apply to vegetated channels [42,44,59].
The increase in Qs with increasing ¢ at the same 7, has been
attributed to the vegetation-generated turbulence [42,59], which
generates a lift force on the sediment and makes it easier to move
[42]. In contrast to the order-of-magnitude difference in Qs be-
tween non-vegetated and vegetated channels under the same 7,
flume experiments by Yang et al. [42] show that at the same total
near-bed turbulent kinetic energy k;_tot, the measured Qs is roughly
the same for both non-vegetated and vegetated channels, sug-
gesting that k;_to¢ is a better predictor of Qs than 7 for vegetated

16
Ucrit,o ( )
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channels. They further show that classic 7-based bedload transport
equations can be converted to k;-based equations, and the con-
verted equations apply to both non-vegetated and vegetated
channels [44]. Specifically, for the non-vegetated channels, the bed
generated near-bed turbulence k; can be approximated as % [85],

as a result Qs = f(73,) can be written as Qs = g(k¢). The converted
k¢-based models provide good estimation of Qs measured in labo-
ratory flumes with emergent vegetation with various diameters
and arrangements [42,44,56]. Building on the k;-based model, Wu
et al. [175] incorporated the vegetation-generated k; into a new
hydrodynamic parameter, and a bedload transport model was
proposed based on this parameter.

While at the same 7, vegetation-generated turbulence in-
creases bedload transport, and vegetation also reduces mean sur-
face flow velocity, which reduces bedload transport. The overall
effect of vegetation on bedload transport is the net result of these
two competing effects. At the same water surface slope s, for a
typical marsh with volume fraction ¢ = 0.001—-0.1, vegetation has
an overall tendency to reduce bedload transport (Fig. 4), due to its
reduction in Up. As equation 1-b suggests, at the same water surface
slope, U, decreases with increasing ¢ (Fig. 4a). As ¢ increases and
Up decreases, the bed shear stress 7, decreases because it scales

with UZ when Reynolds number Rep, >Ci, (equation (14) in Ref. [57]),
as shown in Fig. 4b. Similarly, as ¢ increases, the total turbulent
kinetic energy k; decreases, scaling with UIZ, as suggested as indi-
cated by equations (2) and (3) (Fig. 4b). However, the vegetation-
generated turbulence cause k; to increase with increasing ¢
(equation (3) and (4)). As a result, the decrease in k; with increasing
¢ is slower than the decrease in 7}, (Fig. 4b). Consequently, the
classical 7,-based bedload transport models, which disregard the
vegetation-generated turbulence, may underestimate the bedload
transport rate by several orders of magnitude [42,44,59], (Fig. 4d).
Similarly, the critical shear stress 7.4 predicted by the classic
Shields diagram [83,172] is ineffective for vegetated channels
because they do not consider the vegetation-generated turbulence.
For the same sediment bed, 7 inside the vegetated channel can

a b
1 1
klk,
Up/UpQ o
rb/rb)
¢ ¢
c d
Classic 7,-based theories Q
Tarit s
k-based models
k-based models
7,-based models

4 4

Fig. 4. A schematic diagram showing the impacts of emergent vegetation on the
surface flow and bedload transport under the same water surface or energy slope
within a vegetation patch. The subscript “0” denotes the value for cases without
vegetation, or ¢ = 0. a, At the same water surface slope, U, decreases with increasing
¢. b, Due to the vegetation-generated additional turbulence, with increasing vegetation
volume fraction ¢, the turbulent kinetic energy k; decreases much slower than the bed
shear stress 7. ¢, The classic 7,-based models overestimate the critical shear stress
Terie- d, The classic 7,-based models underestimate the bedload transport rate Qs. Note
that the lines in the figure show the general tendency instead of the actual relation-
ship, which is not linear.
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be several times smaller than the value inside a non-vegetated
channel (Fig. 4c). This tendency to reduce bedload transport at
the same water surface slope applies to regions within an emergent
vegetation patch. However, in other regions, such as near the edge
of the vegetation patch, the bedload transport may be higher than
in non-vegetated regions due to the shear vortices generated at the
edge of vegetation patches [60], further enhancing bedload
transport.

4.2.3. The transport of other particles and other bedload transport
models

Non-sediment particles, such as many non-buoyant plastics,
have been found in the bedload transport layer [176,177]. Many
studies proposed using classic bedload transport equations, such as
modified Shield diagrams, to predict the transport of these particles
[178,179]. Such predictions tend to have a larger uncertainty than
sediment due to the various shapes and densities of these particles
[175]. In addition, some particles would break and form smaller
pieces due to collision with sediment grains during bedload
transport [107]; the resultant changes in particle sizes could
introduce more uncertainties in bedload transport predictions.
Despite the uncertainties in predicting bedload transport of these
particles, the impacts of vegetation on bedload transport, resulting
from turbulence generation and mean flow deceleration, are ex-
pected to also apply to these non-sediment particles.

In addition to the turbulence-based sediment transport models,
modifications of classic 7-based models have been proposed to
predict sediment transport in vegetated channels [180,181]. These
modified 7-based models also show good agreement with experi-
mental data, likely due to the implicit incorporation of turbulent
effects in their parameters. For example, Lu et al. proposed a new
formula for bed shear stress that incorporates the effect of
vegetation-generated turbulence [181]. Some other studies esti-
mate bed shear stress by subtracting the vegetation drag from the
total stress [170,182], which may implicitly incorporate the
vegetation-turbulence effect in the vegetation drag term.

5. Impact of vegetation on hyporheic exchange

Besides altering the surface flow, vegetation can impact the fate
and transport of solutes and particles by altering hyporheic ex-
change, which involves the exchange of surface and subsurface
water and associated chemicals [33,46—48]. Hyporheic exchange
occurs when surface water infiltrates into the sediment bed and
subsequently returns to the surface water due to a spatial pressure
head gradient at the sediment-water interface [7,183]. In addition,
it can arise from dispersion, especially turbulent dispersion, at the
sediment-water interface [184—186]. Emergent vegetation can
impact hyporheic exchange through various mechanisms. First, as
vegetation decelerates flow around individual dowels, the flow and
pressure head at the sediment-water-interface become heteroge-
neous inside the vegetation patch [57,76]. In addition, the slow-
down of the flow at the upstream side of each vegetation stem can
induce a vertical pressure gradient that drives surface water into
the sediment bed at the upstream side of the stem and then back to
the surface water at the downstream side of the stem [49] (Fig. 5)
These stem-scale heterogeneity and vertical flux contribute to the
exchange between surface and subsurface water or hyporheic ex-
change [48,187]. Second, at the same mean flow velocity, vegetation
generates additional turbulence (see Section 3.2 for details), which
can increase dispersion at the sediment-water interface and thus
increase hyporheic exchange [33]. Third, at the same mean surface
flow velocity, the water surface slope in a vegetated channel is
larger than that in a non-vegetated channel due to the vegetation
drag, as shown in equation (1). As a result, the streamwise pressure
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Fig. 5. A schematic diagram showing the major mechanisms by which vegetation
impact hyporheic exchange. (1) Vegetation generates stem-scale heterogeneity and
vertical flux. (2) Vegetation generates additional turbulence, increasing the dispersion
across the sediment-water interface. (3) At the same spatially averaged velocity, the
water surface slope is much larger in vegetated channels than in non-vegetated
channels. The streamwise pressure gradient can induce a streamwise flow within
the sediment bed, increasing hyporheic exchange.

gradient at the sediment-water interface is greater in the vegetated
channel than non-vegetated channels. Such vegetation patch-scale
pressure gradient is likely to further enhance hyporheic exchange,
necessitating further investigation. Recent research shows that the
hyporheic exchange velocity between surface and subsurface water
scales with the turbulent kinetic energy [33]. Similarly, another
recent study suggests that the diffusion coefficient of gas transfer
across the sediment-water interface is a function of the near-bed
vegetation-generated turbulent kinetic energy [188]. The depen-
dence of the near-bed hyporheic change on the turbulent kinetic
energy is likely due to its reflection of both stem-scale heteroge-
neity and vegetation-generated turbulence.

In addition, similar to the surface flow, hyporheic exchange can
be generated near the edge of vegetation patches due to the ve-
locity difference between the vegetated and unvegetated regions
and the shear vortices generated at the edge [173,189,190]. The
velocity difference between the vegetated and non-vegetated re-
gions can induce a spatial gradient of pressure head, potentially
generating hyporheic exchange. In addition, the elevated near-bed
turbulence due to the shear vortices can further enhance the
dispersion at the sediment-water interface near the edge of the
vegetation patch. The impact of vegetation patches on hyporheic
exchange is still under-investigated. Similarly, for submerged
vegetation, the shear vortices generated at the interface between
the vegetation and the upper water layer are likely to generate
additional spatial gradients in pressure head and turbulence at the
sediment-water interface, further facilitating hyporheic exchange.
The impacts of vegetation submergence and other characteristics,
such as flexibility, on hyporheic exchange remain to be
investigated.

6. Other vegetation-related factors and future research
directions

In addition to emergent and rigid vegetation discussed above,
the flow and transport in aquatic ecosystems with vegetation are
impacted by many other vegetation-related factors, including
vegetation morphology, submergence, patchiness, flexibility, root
structures and exudates, biofilms, fine sediment accumulation, etc.
First, natural vegetation can have different morphology
[84,191,192], leading to a vertical variation in the vegetation frontal
area. As a result, the velocity may vary vertically and no longer
follow the uniform distribution across the water depth (Fig. 3).
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Second, if the vegetation is submerged, shear vortices are generated
near the interface between the vegetation and the upper water
layer [31,88]. These vortices can penetrate the vegetation layer and
play a critical role in mass transport [45,193—195]. Third, if the
vegetation forms patches, the velocity inside and outside will be
different, generating shear vortices at the edges of the patches
[78—80]. The difference in flow velocity between vegetated and
non-vegetated regions can alter dispersion and solute transport
[196]. The vortices at the edge of the patch can reduce sediment
deposition [60,103] and increase scours near the edge of the patch
[173,189,190]. Fourth, flexible vegetation will reshape with flow,
potentially influencing flow dynamics and transport processes
[89—91]. The wave movement (monami) of flexible vegetation has
been shown to affect the near-bed turbulent kinetic energy [31]
and bedload transport [197,198]. Fifth, vegetation roots can hold the
soil and produce root exudates, enhancing sediment stability
[199,200]. Furthermore, vegetation alters the bacterial community
and the formation of biofilms [201,202], affecting the fate and
transport of nutrients and sediment [203,204] and hyporheic ex-
change [205]. Moreover, vegetation can promote the accumulation
of fine cohesive sediment [206], leading to changes in chemical
transport due to adsorption and desorption [207,208], altering
sediment transport rate by several orders of magnitude [14,166],
and modifying hyporheic exchange [209].

To further understand how vegetation affects the fate and
transport of fluid and chemicals in aquatic environments, I
recommend the following research directions.

(1) The role of spatial heterogeneity in vegetation size,
morphology, flexibility, and patchiness on the flow and
transport of solutes and particles.

(2) The role of vegetation on the accumulation of fine cohesive
sediment and its impact on sediment transport and hypo-
rheic exchange.

(3) The role of vegetation on the accumulation of organic matter
and biofilms in sediment and their impacts on sediment
transport and hyporheic exchange.

(4) The mutual interactions between vegetation, flow, and
sediment, namely how flow and sediment accumulation
impact vegetation growth, which in turn impacts flow and
sediment transport.

(5) Incorporation of the laboratory-derived mechanisms in the
numerical simulation of transport processes at the field scale
and comparison of the results with field observations.

7. Conclusions

In-channel vegetation plays a critical role in the flow and mass
transport in aquatic environments. This review provides an over-
view of the impact of emergent and rigid cylindrical vegetation on
mean surface flow velocity, turbulent kinetic energy, advection and
diffusion of solutes, suspended load, bedload transport, and hypo-
rheic exchange. The review discusses predictive equations based on
laboratory flume experiments. Inside an emergent vegetation
patch, the mean flow velocity, turbulent kinetic energy, and the
dispersion coefficients of solutes can be predicted by the vegetation
characteristics, such as vegetation drag coefficient, density, and
stem diameter. The velocity and suspended sediment concentration
profiles deviate from logarithmic and Rouse distributions, respec-
tively. Instead, both profiles can be approximated using two-layer
distribution models. Classic bedload transport models relying on
bed shear stress are ineffective due to vegetation-generated tur-
bulence. Turbulence-based models have been proposed and suc-
cessfully predict the critical velocity and bedload transport rate.
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The exchange velocity between surface and subsurface water scales
with the total turbulent kinetic energy inside the vegetation patch.

The two competing effects of vegetation on the flow and mass
transport are discussed. On the one hand, vegetation slows down
the mean flow velocity under the same water surface slope,
reducing advection and dispersion of solutes, suspended load
transport, bedload transport, and hyporheic exchange. On the other
hand, at the same mean flow velocity, vegetation generates addi-
tional turbulence, which increases the dispersion of solutes, sus-
pended load transport, bedload transport, and hyporheic exchange.
At the same water surface slope, the reduction in the mean flow
velocity by emergent vegetation plays a more dominant role. As a
result, the transport of solutes, suspended load, bedload, and
hyporheic exchange are often reduced inside an emergent vege-
tation patch (away from the edge of the patch). While emergent
vegetation reduces mass transport at the same water surface slope,
classic transport models, such as the mean shear stress-based
bedload transport models, can underestimate mass transport rate
by several orders of magnitude because they do not account for the
vegetation-generated turbulence. This review proposes and dis-
cusses turbulence-based models and modifications to address this
phenomenon.

In addition to emergent and rigid vegetation, various other
vegetation-related factors influence flow dynamics and mass
transport. These factors include vegetation morphology, submer-
gence, patchiness, flexibility, organic matter, biofilms, and fine
sediment accumulation. Future research directions are suggested
further to understand flow and mass transport in regions with
vegetation.
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