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Vegetation creates a complicated system of feedbacks and linkages across the fluvial system that is real-
ized through river planform shape. Interactions occur among flow hydraulics, sediment deposition and
erosion, and plant morphology, density, and biomechanics. Interest in the interactions and feedback loops
between vegetation and the fluvial system has grown extensively in the past few years. This interest is
partially driven by the popularity of stream restoration activities worldwide that include re-vegetation
of stream banks and formation of an ecosystem that is intended to encourage the growth of aquatic
macrophytes. We present a review of the research into the interactions and dependencies between
vegetation and the fluvial system to identify hydraulic and sediment dynamics that are consistent around
vegetation located in the channel, on channel banks, and over the floodplain. We illustrate process
commonalities operating across spatial locations within the fluvial system and highlight some of the cur-
rent research opportunities and challenges to encourage research collaborations between those working
in areas of the fluvial system traditionally viewed as disparate.
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1. Introduction

Research into the linkages and interdependencies between veg-
etation and fluvial geomorphology attracts a great deal of interest
due in part to the growing recognition of the role vegetation can
play in ecological engineering and the potential for application in
river and stream restoration projects (e.g. Bennett and Simon,
2004; Hession et al., 2010; N.R.C., 2002, 2007). Vegetated channel
areas can alter fluvial morphology through feedback with hydrau-
lics and sediment mechanics over planform, reach and local scales.
Evidence for the increased complexity in the flow paths through
vegetated reaches comes from field estimates of the dispersion
coefficient, which provides a measure of fluid mixing. The coeffi-
cient was 70–100% higher in a vegetated river reach when com-
pared to an unvegetated reach (Perucca et al., 2009). Vegetation
has been traditionally either managed or removed to reduce
roughness and flooding nuisance (Bal and Meire, 2009; Darby
and Thorne, 1995; Jarvela, 2004). However, a recent general trend
worldwide is to encourage the growth of channel area vegetation.
Control of in-channel vegetation growth, its influence on stream
flows, and the restoration of riparian or streamside forests to aid
in bank stabilization are major foci of many stream restoration
activities worldwide (Bernhardt et al., 2005; N.R.C., 1992; U.S.
E.P.A., 1999). The Federal Conservation Reserve Enhancement
Program (N.R.C., 2002) and a recently-launched initiative of the
Conservation Reserve Program have set a goal to reforest
2025 km2 of river floodplains across the US (Johnson, 2004). In
addition to planned projects, natural reforestation is occurring
where floodplains are reverting from crop and pasture (often aban-
doned) to woodland (Trimble, 2004). The impacts of activities such
as riparian reforestation, the conversion from agricultural to for-
ested floodplains, and manipulation of in-channel vegetation will
have significant impacts on the morphology of streams, particu-
larly in response to changes in roughness within a river corridor.

There is no standard, universal definition of where a stream
ends and the actual streambank begins, much less a simple
technique to delineate between the streambank and floodplain.
Alluvial surface definitions and a block diagram showing their
positions visually organizes the fluvial system for this paper
(Fig. 1, Osterkamp and Hupp, 1984; Osterkamp and Hupp, 2010).
Streambank vegetation is defined as those plants that are between
the channel bank (AB) and shelf (AS), including the floodplain bank
(FB). In-channel vegetation are those plants within the channel bed
(CB) and on depositional bars in the channel (DB), rooted below the
normal water surface and partially or fully submerged. Floodplains
can be identified based on frequency of inundation (Moody et al.,
Fig. 1. Block diagram showing geomorphic features (Osterkamp and Hupp, 1984). Ch
depositional bars in the channel (DB).
1999), morphology (Leopold, 1994; Rosgen, 1996), or change in
vegetation type (Richard et al., 2005), and are dynamic by nature
(Hughes et al., 2008; Leopold et al., 1964). In this paper, we utilize
Leopold’s (1994) definition that the floodplain coincides with the
elevation of bankfull stage and is ‘‘a level area near a river channel,
constructed by the river in the present climate and overflowed
during moderate flow events.’’ Referring to Fig. 1, we extend our
review only to the floodplain (FP) and do not include terraces (T)
in our discussion. There are obvious uncertainties around these
boundaries and they are referred to throughout the paper only to
help organize the discussion.

The purpose of this paper is to identify commonalities in how
vegetation in a fluvial system affects hydraulic and sediment trans-
port processes over local and reach scales, which are then reflected
in the channel form, and to identify areas for future research and
collaboration. We focus on the interactions and dependencies
between vegetation and the fluvial system to identify vegetative
impacts that are consistent across areas traditionally viewed as
disparate, namely within the channel area (CB, DB), on channel
banks (AB, AS, FB), and on the floodplain (FP).

We seek to complement the existing literature reviews that de-
tail the mean and turbulent flow fields over and through extended
patches of aquatic vegetation (Nepf, 2012), the abiotic factors
influencing plant species dynamics, aquatic habitat, and plant
communities (Bornette and Puijalon, 2011), detailed dynamics
operating in marshes (Andrea, 2011; Larsen and Harvey, 2011),
and physical-biological feedbacks in ecogeomorphology (Darby,
2011; Reinhardt et al., 2010; Wheaton et al., 2011). Feedback
between woody debris accumulations, sediment storage, and chan-
nel hydraulics at the reach scale has been documented for steep and
low sloped channels (Abbe and Montgomery, 1996; Bennett et al.,
2008), and recent research has quantified and correlated the distri-
bution and transport of individual wood pieces and wood jams with
channel planform morphology (Curran, 2010; Moulin et al., 2011).
Thus, we do not include the influence of large woody debris in this
paper choosing to focus instead on live and rooted vegetation.

There are a number of possible frameworks for organizing and
presenting the research related to vegetative impact on a fluvial
system. The primary functions of a river are the transport of flow
and sediment, and we separate this discussion first into broad
sections based on the fundamental hydraulic and sediment
processes. Within these broad areas we divide the discussion into
research focused on the channel planform, reach, and local scales.
Each section ends with a summary focused on highlighting where
similar processes are occurring at the different spatial scales. We
chose not to organize sections based on physical location within
annel bank (AB), channel shelf (AS), floodplain bank (FB), channel bed (CB) and
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the fluvial system because our goal is to illustrate the similarity of
process around vegetation across the system so that future
research may be collaborative and apply findings from floodplain
studies to channel bank studies, for example. There are overlaps
in any organizational scheme, and it is the overlaps that we hope
will become more common in the future. Modeling, which has
the potential to extend across spatial scales, is included as a
separate section. We close with a discussion of continuing research
needs and directions.
2. Vegetative impacts on fluvial system hydraulics

The influence of vegetation over hydraulic processes within a
fluvial system has often been evaluated through its contribution
to roughness or overall flow resistance. Roughness is a critical
characteristic influencing water-surface elevations and flow
(Defra/EA, 2003), sediment transport (Cotton et al., 2006; Sand-Jensen,
1998), channel morphology (Hession et al., 2010; Millar, 2000; Tal
and Paola, 2007), aquatic habitat (Downes et al., 1998; Muhar,
1996) and biodiversity (Beisel et al., 2000; Klaar et al., 2009;
Sullivan et al., 2006). In general engineering practice flow resistance
is most often parameterized by a Manning’s n coefficient (1890)
calculated using measurements of velocity, depth, and slope from
gaging stations (Leopold et al., 1964; Limerinos, 1970). Although
total roughness can be partitioned to determine the relative contri-
butions due to surface material, vegetation type, spatial distribu-
tion of vegetation, and morphology (Arcement and Schneider,
1989; Cowen, 1956; Jordanova and James, 2003), these factors are
often combined into a single parameter which also includes the
impacts of vegetation density, flexibility, and morphology
(Anderson et al., 2007; Diaz, 2005; Jarvela, 2002; Jin et al., 2001;
Wilson, 2007; Wu et al., 1999). The use of a single parameter has
led to a wide range in the estimated flow resistance where vegetation
is present, with some estimates indicating as much as a 500% increase
in the roughness parameter due to vegetation alone (Cowen, 1956).

Feedback between vegetation and channel hydraulics depends
on numerous variables, including: type and physical characteristics
of the vegetation (Antonarakis and Richards, 2010; Freeman et al.,
2000); time of year or seasonal changes (Coon, 1998); vegetation
succession (Geerling et al., 2007); density of vegetation (Wang
and Wang, 2007); depth of flow (Anderson, 2006; Fischenich,
2000); geomorphic setting (Darby, 1999), and bank sediment char-
acteristics (Darby et al., 2010; Parker et al., 2008). The acknowl-
edged complexities of parameterizing how vegetation affects
flow structure, flow resistance, and turbulent intensities has led
to the recent development of additive approaches to quantify the
separate vegetative influences creating roughness (Yang et al.,
2007). In equation form, Yen (2002, eqn 32) defined a symbolic
flow resistance parameter, f, as follows:

f ¼ FðRe; Fr;Sw; So;K; Lv ; J;D;MÞ ð1Þ

where Re is Reynolds number, Fr is Froude number, Sw is the water
surface slope, So is the channel bed slope, K is relative roughness, Lv

is a nondimensional vegetation parameter representing geometry, J
represents plant flexibility, D is relative submergence of the vegeta-
tion, and M is the density of vegetation. Three of these parameters are
a function of the species while two represent the interaction of the
plants with the flow and four describe the channel hydraulics. This
equation illustrates the large number of variables needed to describe
how vegetation and hydraulics interact to define the channel form.

2.1. Planform scale

The significance of the interplay between vegetation and fluvial
system hydraulics is observed through the influence of riparian
and floodplain vegetation on channel planform morphology.
Vegetation on channel floodplains and banks (FP, FB, AS, AB in
Fig. 1) add stability to single-thread channels (Tal and Paola,
2007) and help maintain channel meanders (Braudrick et al.,
2009). Upon re-vegetation of banks and floodplains, braided
channels have been shown to narrow and return to a previous
meandering state (Millar, 2000). Where floodplain and bank
vegetation was removed from an ephemeral channel, the result
was extensive bank erosion and channel widening during an ex-
treme event. The eroded sediment deposited on the downstream
channel bed and floodplain where vegetation had remained intact
(Perignon et al., 2013). Field studies measuring high flows before
and after removing rough vegetation from a bend show vegetation
to be responsible for inducing a backwater effect that shifted the
maximum velocity downstream and closer to the center of the
channel while displacing higher velocity flow toward the outer
bank (Thorne and Furbish, 1995). These results have led to
speculation that natural variability in bank vegetation density
and distribution may contribute to asymmetrical bend migration
as hydraulics vary both around the bend and near vegetation.

2.2. Reach scale

The influence of vegetation morphology, flexibility, and density
have been researched more fully at the reach scale as these exper-
iments can often be carried out in laboratory flumes. Planting
across a flume width simulates interaction between vegetation
and flow hydraulics acting either within a channel or on a channel
floodplain (DB, CB, FP in Fig. 1). Spatial density and rigidity of the
plants (J, M in Eq. (1)) exert a significant influence over friction fac-
tor, as does the presence or absence of leaves on willows (Lv). In an
experiment where sedges and willows were planted in a flume and
the effects of plant flexibility and spatial distribution over the
reach-averaged friction factor measured, a heightened impact on
reach scale hydraulics was quantified when growth occurred in
discrete patches (Jarvela, 2002; Wilson, 2007). When the density
of willow plantings was doubled, the friction factor also doubled,
and when leaves were present on the willows, changing the species
specific morphology, the friction factor tripled.

Field studies have confirmed the influence of spatial patterns of
vegetation on flow resistance and expanded the research to include
a temporal component. During spring and summer, when vegeta-
tion was abundant in a channel, flow resistance and depth were
increased (Gurnell et al., 2006, 2010). Changes in vegetative rough-
ness impacted seasonal overbank flooding as flows were elevated
when in-channel plants were fully grown (Asaeda et al., 2010).
As vegetation density and spatial coverage across the channel
increased during the summer months, distinct meso-habitats
formed where the local flow rate was reduced and sediment
accumulated (Champion and Tanner, 2000; Wharton et al., 2006).
During the subsequent die-back during fall and winter, flow depth
lowered. The feedback between seasonal vegetation growth and
channel morphology is further complicated by the changing
mechanical properties of aquatic vegetation change over a life cycle
(J in Eq. (1)). As plants grew and aged, the mechanical properties were
altered such that plants became more flexible (Shucksmith et al.,
2011b). Thus, for the same flow rate the older plants bent further
during lab experiments, becoming more streamlined with the flow.

Much of the research over the reach scale has been to inform
selection of a single relative roughness (K in Eq. (1)) or Manning’s
n value for use in hydraulic engineering, planning channel con-
struction, and flood modeling (Anderson and Rutherfurd, 2006;
Fathi-Moghadam et al., 2011). However, frequent disturbance by
flooding develops diverse vegetation communities on floodplains
and channel banks (Gregory, 1992; Osterkamp and Hupp, 2010).
This diversity has led to spatially heterogeneous roughness,
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complicating attempts to estimate a single roughness value for the
vegetated reach (Forzieri et al., 2010; Freeman et al., 2000; Geer-
ling et al., 2007; Girard et al., 2010). Several researchers have
applied airborne laser scanning altimetry or airborne LIght Detec-
tion And Ranging (LiDAR, Coby et al., 2002; Forzieri et al., 2010;
Perignon et al., 2013), as well as Terrestrial Laser Scanning (TLS,
Antonarakis and Richards, 2010) to define an average area rough-
ness height, but these tools remain cost prohibitive for broad
application.

2.3. Local scale

The interaction between vegetation and hydraulics acting at a
local patch or stem scale has been measured through changes in
velocity profiles, turbulent mixing patterns, and Reynolds stresses
around vegetation (Fig. 2). Much of this research has been con-
ducted in laboratory flumes, where experimental conditions can
be somewhat controlled and the complex flow dynamics around
individual and patches of vegetation can be measured. The plants
used in flume experiments range from simulated plant stems using
cylindrical objects like wooden dowels (Bennett et al., 2002) to
natural grasses and willows (Jarvela, 2002). Simulated vegetation
remains popular in flume experiments because it has the advan-
tage of control over spatial density and does not require a natural
substrate (Bennett et al., 2002).

Flume experiments using hot wire anemometers (Sand-Jensen
and Pedersen, 1999), electric current meters (Green, 2005), Acous-
tic Doppler Velocimeters (ADV, Jarvela, 2005), Particle Image
Velocimetry (PIV, Nepf et al., 1997; Nepf, 1999; Serra et al., 2004;
Shucksmith et al., 2011a) and Planar Laser Induced Fluorescence
(PLIF) have measured velocities in detail in vegetated channels.
Visualization and quantification of flow hydraulics immediately
around plants has become a burgeoning area of research with
the growth of the application of PIV and PLIF in flume studies. In
PIV high speed photography is used to capture laser illuminated
tracer particles in the flow. Image analysis allows the user to mea-
sure the direction and speed of individual seed particles, which
enables calculation of turbulent flow properties. The reader is
referred to works by Hart (1998), Fox and Belcher (2009), and
Hurther et al. (2009) for a complete description of the principles
and application of PIV. During PLIF studies, a dye is mixed into
the flow that absorbs laser light at a single frequency and emits
Fig. 2. Conceptual model of velocity flow profile through sparsely and de
fluorescent light at a different frequency and with brightness pro-
portional to its concentration. Images record the path of the dye as
it passes through the laser illuminated area, capturing the mixing
and diffusion processes. A full description of PLIF is provided by
Reidenbach et al. (2010).

Local scale experiments seek to identify coherent flow struc-
tures generated around vegetation that may be responsible for
the larger changes manifested over channel reach or planform
morphologies. Visualization studies have shown the extent of
change in the velocity profile to be a function of vegetation density,
type, channel flow (Jarvela, 2002; Nepf and Ghisalberti, 2008; Pet-
ryk, 1969), and location either within a vegetated area or at the
interface between the vegetation and the open flow.

2.3.1. Hydraulics within vegetation
Vegetated areas are considered dense or sparsely planted

according to the frontal area of plants for a given bed area and
where this value is over �10% the vegetation is considered dense
(Nepf, 2012). The measured turbulent flow velocity profile within
a channel with a densely vegetated patch shows reduced flow rates
and turbulence below the vegetation canopy (Fig. 2, Souliotis and
Prinos, 2008). Where flow had a low Reynolds Number, mixing
processes were dominated by diffusion. At higher Reynolds Num-
ber flows (�103) the inertial-viscous flow regime was dominated
by wake effects generated around individual stems, and diffusion
coefficients were increased. Significant shear stresses developed
only in the near bed region, indicating the turbulent exchange of
fluid and momentum was limited to this area (Liu et al., 2008; Nepf
and Vivoni, 2000). Reynolds stress profiles measured within
patches of artificial plants have shown regions of turbulent energy
movement were localized and energy transfer to the mean flow
occurred on a limited basis within the vegetated area (Siniscalchi
et al., 2012). A horseshoe vortex formed around the base of each
dowel due to the velocity gradient between the slower flow in line
behind the dowel and the higher velocity flow on either side of the
dowel. This vortex moved high-velocity flows into the region at the
dowel base, creating a localized area of increased turbulence and a
counterclockwise mixing pattern. Flow velocities and turbulence
lessened immediately above this area, marking the transition to
near bed flow as an inflection point in the velocity profile. Fluid
exchange within the vegetation occurred primarily through longi-
tudinal advection driven by turbulent wakes generated by these
nsely planted submerged vegetation (from Shucksmith et al., 2011a).
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horseshoe vortices that formed around plant stems (Nepf and
Vivoni, 2000).

2.3.2. Hydraulics at the vegetated interface
Flow adjacent to vegetation is characterized as free-flowing but

influenced by the characteristics of the submerged plants. An
example of interface flow hydraulics comes from the transition
between channel area and floodplain (Fig. 3), and many of the
observed hydraulic patterns are similar where open channel flow
interfaces with vegetation. Significant lateral flow hydraulics and
vortices form at the interface between vegetated and non-vege-
tated channel areas (Fig. 3), regardless of whether the interface is
across submerged vegetation in the channel (CD, DB in Fig. 1),
around vegetation on the floodplain (FP in Fig. 1) and riparian area
(Shiono and Knight, 1991), or within a partially vegetated channel
(AB, AS, FB in Eq. (1), Shiono and Knight, 1991; Tsujimoto, 1999). A
full description of this flow requires incorporating parameters for
plant deflection, density, and morphology into the logarithmic pro-
file equation, and various forms of the logarithmic profile equation
have been developed (Baptist, 2003; Champion and Tanner, 2000;
Chen et al., 2011; Green, 2005; Jarvela, 2005; Nepf and Ghisalberti,
2008; Stephan and Gutknecht, 2002). Laboratory experiments
were used to visualize two-dimensional flows and quantify the in-
crease in the complexity of Reynolds stresses at the vegetated
interface, and results have been used to expand modeling efforts
to include secondary flow patterns (White and Nepf, 2008; Zong
and Nepf, 2010). Mixing across the interface was limited where
simulated vegetation was dense and the velocity profile above
the submerged vegetation was logarithmic (Kouwen et al., 1969).
Coherent vortices developed into a shear layer and enabled turbu-
lent momentum exchange across the interface (refer to Figs. 2 and
3). Ejections of slow moving fluid parcels from the vegetated area
and into the adjacent flow enhanced mixing, and a measured
Fig. 3. Hydraulic parameters associated with overbank
increase in Turbulent Kinetic Energy (TKE) illustrated an increase
in the energy per unit mass within the turbulent eddies in this
layer (Siniscalchi et al., 2012; Wang et al., 2009). Research using
real plants has focused on how changes to species morphology
affects flow profiles. Vegetation type exerted a measurable
influence over the amount of TKE generated at the transition,
and the longer bladed species increased turbulence magnitudes
and retarded flows (McBride et al., 2007; McBride et al., 2008; Yang
et al., 2007). The general velocity profile across the vegetation tran-
sition has been fit to a hyperbolic tangent, reproducing the sharp
decline in flow velocity with distance into the vegetated region.
An inflection point is formed in the turbulent flow profile at the
transition between the vegetated and non-vegetated flow areas,
characterized by a sharp spike in Reynolds stresses similar to that
measured near the base of a plant stem (Fig. 2). A slip velocity has
been defined at the transition to connect the flow velocity profile
across the channel depth and account for momentum exchange
across the vegetated interface (White and Nepf, 2008).

The extent to which the vortices and mixing fluid extends into
the vegetated area depends on plant density (Sand-Jensen and
Pedersen, 1999; Souliotis and Prinos, 2008). Flows measured
through a patch with low plant density were spatially variable,
and Reynolds stresses were similar to those in areas without veg-
etation (Hopkinson and Wynn, 2009; Lacy and Wyllie-Echeverria,
2011). Both the logarithmic velocity profile and the mixing layer
were able to extend to the bed (Shucksmith et al., 2010). In
contrast, vortices formed along a dense vegetative interface had a
limited penetration distance into the vegetation which led to a
reduction in shear dispersion, and hence longitudinal mixing,
and a greater importance of diffusivity in mass transfer (Fig. 2,
Shucksmith et al., 2011a). For both sparse and dense patches,
lateral flow velocities were reduced not only within the vegetated
region but also over a distance upstream of the plants. Flows began
flow in a channel (from Shiono and Knight, 1991).
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to slow at a distance upstream equal to the effective width of the
vegetated region, and once within the vegetation, flow velocity de-
creased rapidly. Plant density influenced the magnitude of this ef-
fect, as velocity reduction occurred closer to sparse patches and
decreased less within sparse patches (Zong and Nepf, 2010).

Plant biomechanics, previously discussed for the effect on plan-
form morphology, have complicated attempts to define a single
velocity profile for flows in a vegetated area. Plant flexibility
(Ghisalberti and Nepf, 2005) and age (Shucksmith et al., 2011b)
affected the extent to which vortices extended into vegetation.
Highly flexible plants were able to pronate during high flows,
reducing the overall drag force on the plant, the drag coefficient,
and the ability of flow vortices to penetrate into the vegetation
patch (Armanini et al., 2005). The drag coefficient became depen-
dent on Reynolds number and thus also on plant biometrics and
density. Flume studies have established a correlation between drag
coefficient and the percent flow area filled with plant stems, illus-
trating the importance of plant density to the contribution of veg-
etation to roughness (Green, 2006, Helmio, 2002, 2004). A number
of calibrated roughness coefficients have been developed for use in
modeling velocity profiles through specific types of vegetation but
these remain species specific and empirical (Fathi-Moghadam
et al., 2011; James et al., 2004; Jordanova and James, 2003;
Kouwen, 1988; Petryk and Bosmajian, 1975; Righetti and
Armanini, 2002; Shucksmith et al., 2011b).
2.4. Hydraulics summary

These experiments and field observations show that the feed-
back between hydraulics and vegetation helps maintain channel
morphology by creating a spatially and temporally variable flow
pattern and flow resistance. Details of the hydraulic processes ac-
tive around vegetation are manifested by the channel form.
Although the hydrodynamic effect of a vegetated patch or corridor
has often been parameterized through a single friction factor or
drag coefficient acting over the length of vegetated channel, recent
research has explored the interaction between plant features and
flows responsible for generating the flow resistance. Vegetative
drag in river reaches and over river corridors can change on a sea-
sonal time scale, depending on the particular morphology, density,
and life cycle of the plant species. These field observations have led
to experiments measuring or re-creating plant specific properties
to quantify how changes in species specific characteristics alter
hydraulic patterns and mixing. The similarity in results between
the flume experiments with simulated vegetation, flume experi-
ments with real vegetation, and field studies illustrates common
processes occurring at the vegetation interface, regardless of loca-
tion within a channel, at the channel bank, or on the floodplain.
Vegetative roughness related to plant biomechanics and density af-
fect flow velocity profiles and turbulent mixing processes similarly
across the fluvial system which is observed by change in reach and
planform morphology.
3. Vegetative impacts on fluvial system sediments

Sediment feedbacks within vegetated areas of the fluvial system
have not been as well-studied to date as hydraulics, despite recog-
nition of the importance of sediment feedback processes. Riparian
or floodplain forests are considered efficient traps for sediments
and other pollutants, but few studies have quantified storage or
the associated impact on channel form and processes (Noe and
Hupp, 2009). Vegetation can create transient storage for channel
sediment, and can also increase erosion outside of vegetated areas
(Champion and Tanner, 2000; Jones et al., 2011). Sediment
transport and river morphology are known to be impacted by
streambank vegetation (Afzalimehr and Dey, 2009; Li and Millar,
2010; Wang et al., 2009), and much research related to streambank
vegetation and sediment has been focused on either streambank
retreat and stability (e.g. Lawler, 2008; Pollen-Bankhead and
Simon, 2010; Wynn and Mostaghimi, 2006a) or the contribution
of sediment loads from eroding banks at the watershed level
(Lawler, 2008).

3.1. Planform scale

A feedback develops between vegetation and sediment across
channel bank and floodplain areas (AS, AB, FB, FP in Fig. 1). Field
observations have shown that thick vegetative growth in near-
bank areas can act as a very effective sediment trap (Gurnell
et al., 2006), and floodplains are well known locations of sediment
storage (Phillips, 1989; Steiger et al., 2003). The sediment trapping
ability of the vegetation allows for more growth and in turn, fur-
ther deposition. In the absence of external influences, an excavated
floodplain has been shown to undergo plant succession and sedi-
ment deposition until softwood forest establishment (Geerling
et al., 2007). A recent field study connected the sediment eroded
from a channel bed and banks to that deposited on a vegetated
floodplain. Sediment deposition was spatially uneven with larger
accumulations where plants reached 60–70% density and also
more variable within species with widely spaced stems (Perignon
et al., 2013). Nutrient deposition and storage on floodplains has
been shown to occur concurrent with sedimentation, making the
ability to increase sediment storage of increasing interest as part
of effort to reduce nutrient loading to waterways (Osterkamp
et al., 2012). Estimates of sediment storage and retention rates rely
on site specific measurements which may then be scaled to provide
relative nutrient retention rates over a watershed (Noe and Hupp,
2009). Given the importance of sediment retention to reduce nutri-
ent transport, there is a need for a large number of site specific
measurements of sediment retention to build a database from
which the broader trends connecting sediment retention rates to
geographic area.

3.2. Reach scale

Attempts to connect riparian vegetation to channel width with-
in a reach have produced apparently contradictory results. Several
studies have shown that North American temperate streams with
secondary growth riparian forests are wider than those with ripar-
ian grasses (Hession et al., 2003; McBride et al., 2010; Zimmerman
et al., 1967). Other studies suggest that grassland streams are gen-
erally wider than forested channels (Bledsoe et al., 2011; Gregory
and Gurnell, 1988; Hey and Thorne, 1986; Rosgen, 1996). This con-
tradiction was hypothesized to be the result of a scale-dependency,
such that streams with watersheds greater than 10–100 km2

would be narrower when thick woody vegetation was present
while in smaller watersheds the opposite would occur (Anderson
et al., 2004). However, three-dimensional Computational Fluid
Dynamics (CFD) modeling has not been able to reproduce the ob-
served scale-dependent feedback (Bledsoe et al., 2011). Other
researchers have focused on a mechanistic explanation for differ-
ences in channel widths between forested and non-forested
reaches in which grasses continually trapping sediments would
constrict channels in non-forested meadows over time (Davies-
Colley, 1997; Hession et al., 2003; Trimble, 2004). In support of this
hypothesis, rates of sediment deposition and lateral migration
were shown to be higher in non-forested reaches than in adjacent
forested reaches of the same channel (Allmendinger et al., 2005).
Flume experiments have demonstrated an increase in near-bank
turbulence during overbank flows in forested streams indicating
a sequence of stream incision, widening, and recovery as the
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riparian vegetation transitions from grasses to forest (McBride
et al., 2007; McBride et al., 2008; McBride et al., 2010).

Seasonal vegetative growth and species specific parameters
affect not only channel hydraulics as already discussed but also
sediment transport and deposition rates. The influence of seasonal
vegetation growth on fine-sediment deposition is manifested
through the effect of changing physical plant properties, as demon-
strated by field studies measuring over channel reaches (Asaeda
et al., 2010; Champion and Tanner, 2000). When plants first
emerged in the channel area in spring (CD, DB in Fig. 1), deposition
rates around the plants were high, but as the plants grew to full
size in the summer, the sediment accumulated in the vegetated
patch eroded. This occurred despite a significant reduction in flow
velocity through the plants. Sediments accumulated again during
the shoot collapse phase when flow resistance in the channel in-
creased and did not erode until the plants had fully decomposed.
This cycle was observed to repeat showing that the range in plant
morphologies exerted a greater influence over sediment transport,
deposition, and erosion rates in the reach than did the flow rate
(Asaeda et al., 2010). Species specific mechanics (J in Eq. (1)) also
affected sediment deposition volumes. The longer and more
flexible plants bent forward onto the channel bed, which reduced
sediment deposition in those areas. Where sediment deposited
on the bed before the plant protonated it was protected from
erosion by the plant stems (Abt et al., 1994).

Sediment transport rates are often predicted using an excess
shear stress equation, whereby the shear stress in excess of that
required to mobilize a sediment bed contributes to the overall
transport rate. A number of sediment transport formulae are based
on this hypothesis, applying modifying coefficients to fit the
equation to specific bed characteristics (e.g. Meyer-Peter and
Mueller, 1948; Wilcock and Crowe, 2003; Wong and Parker,
2006). Excess shear stress transport equations have been adjusted
for the presence of in-channel emergent vegetation using the
results of flume experiments where uniform sediment was fed into
a field of rigid, fixed rods arranged in a pre-determined spatial
pattern and density until an equilibrium transport rate was
reached (Jordanova and James, 2003). Rod density and flow depth
were shown to affect transport rates but attempts to apply excess
shear stress transport equations were mixed as the complex effects
of vegetation on flow hydraulics and sediment transport rate were
condensed into a single roughness parameter.

3.3. Local scale

Hydraulic variable control over sediment deposition rates, sizes,
and volumes at the localized scale within a vegetated patch has
been hypothesized from field observations in salt marshes (Mudd
et al., 2010), tidal flats (Bouma et al., 2007), and small streams
channels (Sand-Jensen and Madsen, 1992). Flow velocities have a
direct control over the amount of suspended sediment that entered
and deposited within a patch of marsh vegetation. Low density
emergent vegetation patches experienced a net loss of fine sedi-
ment and organic matter within the patch (van Katwijk et al.,
2010) while suspended sediment transported through the patch
and deposited in the steady wake area behind the patch (Chen
et al., 2012; Follett and Nepf, 2012; Zong and Nepf, 2012). The loss
of sediment from within a low density plant patch area indicated
the elevated levels of turbulence within the vegetation resulted
in sediment erosion. The horseshoe vortex known to form around
the plant stems (and discussed in the previous section) created
an increase in bed shear stresses, localized bed erosion, and
induced localized scour (Liu et al., 2008; Nepf, 1999; Nepf and
Vivoni, 2000). A similar situation was observed around the patch
as a whole where the change in flow hydraulics was manifested
through a spatially variable sediment texture, as the finer grain
sizes and organic matter preferentially accumulated within the
patch area and coarser sediments dominated between patches
(Kleeberg et al., 2010; Sand-Jensen and Madsen, 1992). The selec-
tive trapping of fine sediment by vegetative patches can lead to
an alteration in the grain size distribution of surface sediments
over time. Many aquatic plants prefer a gravel substrate, and the
continued trapping and storage of fine sediments can alter the
bed composition over time and eventually lead to species succes-
sion (Heppell et al., 2009; Regina, 1992; Sand-Jensen, 1998).

Spatial plant distributions, already shown to impact the local
and reach scale hydraulics, have a similar effect on local scale
sediment deposition patterns across the fluvial system. Deposi-
tional patterns within and around vegetated patches, whether in
the channel, on the banks, or on the floodplain, are a function of
the stem density within the patch, the total projected frontal sur-
face area of the plants, and the ability to dampen turbulent flows
(Bos et al., 2007; Gacia et al., 1999; Mudd et al., 2010; Sharpe
and James, 2006). Both within channels and on floodplains, large
grain sizes preferentially deposit near vegetation edges while finer
sediments transport further into vegetation before depositing.
Dowel density had a similar effect on deposition volumes, with
larger sediment volumes near the patch edge when stem density
was high. Around patch edges, where flow was diverted away from
the vegetation, erosion occurred due to locally accelerated flows
(Bouma et al., 2007; Rominger et al., 2010).

3.4. Summary

Research at the reach scale and planform scale has focused on
linking channel width and morphology to sediment transport
and storage processes around vegetation. Contradictory research
results and difficulties creating representative process-based
models at the reach and corridor scales indicates an incomplete
understanding of the feedback between riparian vegetation and
channel form and illustrates the need for further studies from a
range of geomorphic settings. Existing studies come from a limited
range of physiographic regions, which may have contributed to the
disparate interpretations of vegetation effects on the channel
planform.
4. Modeling

Modeling presents a potential means for linking vegetative
influences and feedbacks across spatial systems. Because of the ad-
vances possible through modeling, we include a brief review.
Although most models are currently applied at a single spatial
scale, insights gained from models can be applied broadly, allowing
researchers to work across spatial scales.

4.1. Planform scale

At the planform scale, many models of channel morphology
have been expanded to include bank and floodplain vegetation
(e.g. Crosato and Saleh, 2011; Kwan, 2009; Mosselman, 1998).
For example, Li and Millar (2011) modified an existing two-
dimensional morphodynamic model of a gravel-bed river to
include floodplain vegetation in order to predict changes in
bedload transport and channel morphology that may occur upon
vegetating a floodplain. This model was able to reproduce a reduc-
tion in near-bank and floodplain velocities around vegetation,
stabilized bank sediments, and showed the influence of vegetation
on bedload transport and channel morphology. The University of
British Columbia Regime Model (UBCRM) applies the regime
theory that an equilibrium river channel adjusts over time to a
width and bed slope that allows for maximum sediment transport
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efficiency (Millar and Eaton, 2011). UBCRM is a numerical model
which predicts changes in channel planform morphology in re-
sponse to alteration of riparian vegetation as well as the response
of vegetated banks to changes in channel flows (Eaton, 2003). Both
models can be applied to analyze long-term historic changes in a
river system or as a planning tool when designing restoration pro-
jects within a river corridor. Current application of river corridor
models during restoration planning remains the exception rather
than the rule, but these models are encouraging more quantitative
planning and understanding of how and when riverbank plantings
can enhance bank stability.

4.2. Reach scale

A primary influence of bank vegetation at the reach scale is
bank stabilization which in turn acts to reduce streambank retreat
rates (Gregory and Gurnell, 1988; Pizzuto et al., 2010). Streambank
vegetation alters soil moisture and bank temperature (Wynn and
Mostaghimi, 2006a), provides mechanical reinforcement of the
bank through the root structure (Simon et al., 2004; Wynn and
Mostaghimi, 2006b), absorbs momentum from the flow, and low-
ers Reynolds stresses (Dehsorkhi et al., 2011). As a consequence,
streambank vegetation is nearly always included in stream resto-
ration designs (Jennings et al., 1999; Shields et al., 1995). It is nec-
essary to parameterize the roughness of a vegetated channel bank
in modeling, and this has been approached by balancing the grav-
itational forces driving flow through a vegetated channel against
the drag forces acting on vegetation within the channel and the
surface friction acting on the bed and banks. Vegetation is charac-
terized by kAL, where k is the vegetal area coefficient defined by
the area fraction per unit length of channel and dependent on veg-
etation type, density, and configuration which correspond to vari-
ables Lv, J, K, and M in Eq. (1); A is area; and L is channel reach
length (Petryk and Bosmajian, 1975; Wu et al., 1999). When the
type of vegetation is specified, kAL is converted to a Manning’s n
value that can be applied over the reach and used in river restora-
tion modeling. This work represents a step toward increased
representation of vegetation-specific variables in the modeling of
reach-scale roughness.

A popular model for predicting river bank stability is the Bank
Stability and Toe Erosion Model (BSTEM), which predicts the factor
of safety for a river bank under different limit equilibrium
scenarios (Simon et al., 2000; Simon and Collison, 2002). BSTEM
quantifies the separate hydrologic and mechanical contributions
to overall bank stability by plant roots and canopy cover
(Pollen-Bankhead and Simon, 2009; Simon and Collison, 2002),
and has been applied to predict bank stability over a range of flow
scenarios in a number of different geographic settings (Simon et al.,
2011). The limited spatial scale of model application makes BSTEM
well suited to application in the stream restoration industry during
the planning of riparian restoration over localized river reaches.
Longer spatial and temporal scales of bank mechanics and channel
evolution have been successfully modeled through the 1D
Conservational Channel Evolution and Pollutant Transport System
(CONCEPTS) model which simulates the effects of channel hydrau-
lics and sediment transport processes on channel morphology
(Langendoen et al., 2001). CONCEPTS incorporates interaction
between the flow, streambank mechanics, and bank vegetation,
and has successfully reproduced streambank erosion around
channel bends (Langendoen et al., 2009; Langendoen, 2011).

4.3. Local scale

Two basic types of turbulent flow models had evolved by 2005
and continue to be popular for modeling turbulent flows around
plant stems and through vegetated patches. One considers the flow
profile as a single layer and vegetation is modeled by modifying the
j–e turbulence model. The other is distinct to submerged vegeta-
tion and flow is separated into layers: flow within the vegetated
area, flow above the canopy, and often also a third layer for flow
in the mixing zone at the canopy’s edge (Defina and Bixio, 2005;
Nepf, 2012; Shucksmith et al., 2011a). Both types of models have
reproduced the experimentally measured velocity profile shape,
shear stress, and eddy viscosity within the vegetation, but neither
reproduced the velocity profile in the region immediately adjacent
to the bed. When compared to measured values, quantitative tur-
bulent values predicted for the vegetated region of a floodplain
had only 10% agreement when using a two-layer model, and the
agreement was worse with a j–e model. The vegetated interface
has been difficult to reproduce numerically regardless of location
in the fluvial system as a consequence of the drag generated by
velocity gradients, eddies formed around vegetation during inun-
dation flows, and the resultant momentum losses (Fischenich,
2000; Kadlec, 1990; Thornton et al., 2000). When the results of
dye studies through a vegetated flume were compared to predic-
tions obtained using a multilayer model of flow through sub-
merged vegetation, it was shown that the most difficult part of
the system to model and also the source of most model error were
processes occurring at the vegetative interface, particularly the size
of the mixing layer which is dependent on channel flow and vege-
tative properties, as already discussed (Shucksmith et al., 2011b).
The shear layer and associated vortex shedding created by the
velocity differential at the interface (Shiono and Knight, 1991;
Wormleaton, 1998) has been modeled as an imaginary vertical
wall by several researchers (Naot et al., 1996; Pasche and Rouve,
1985). Detailed numerical models have also been developed to
model flows over floodplains, but like the other models discussed,
parameterization of vegetation induced drag remains difficult
(Fathi-Moghadam et al., 2011). In a test of turbulent closure
schemes for which the detailed turbulent hydraulics around vege-
tation were modeled using Reynolds Averaged Navier–Stokes
(RANS) equations (Souliotis and Prinos, 2008), the turbulent trans-
port parameters defining the mixing area around the vegetation
interface were identified as in need of validation.

RANS models have been limited in their application to model
the details of turbulent flows around and within vegetation due
to the large amount of computing power required. Large Eddy Sim-
ulation (LES) modeling was recently shown to be a computation-
ally efficient alternative to RANS models (Kim and Stoesser,
2011). Using LES modeling, the stem spacing at which vortices
shed from individual plant stems begins to interact and effect the
overall vegetative influence on the flow through the a patch was
found to be 2.5 times the stem diameter (Kim and Stoesser,
2011; Stoesser et al., 2010).

Recognizing turbulent flow as a hydraulic condition common to
fluvial ecology, in channel hydraulics, and the response of vegeta-
tion to channel flows, Nikora (2010) proposed the use of the Dou-
ble Averaging Method (DAM) as a means of linking these
disciplines. DAM is a procedure for spatial and temporal averaging
of the continuity, momentum, advection–diffusion, and energy
equations and provides a means of quantifying the turbulent flow
through a vegetated reach at a scale larger than that of the individ-
ual plant stem or blade (Nikora et al., 2007a,b). The individual
equations retain the details of flow through the different regions
of the fluvial system. For example, within a patch of submerged
vegetation, the momentum equation incorporates terms for the
turbulent and dispersive forces, as well as the hydrostatic pressure
gradient. When applying the DAM, spatial averaging removes ele-
ment-scale heterogeneity and allows the user to apply the scale of
interest (Nikora, 2010). Modeling using LES, RANS, DAM, and other
numerical schemes will continue to improve in the future, provid-
ing further insights to the feedback between turbulent hydraulics,



372 J.C. Curran, W.C. Hession / Journal of Hydrology 505 (2013) 364–376
sediment, and vegetation acting within a patch and eventually
across the fluvial system.
4.4. Summary

These models are promising advances toward reproducing the
complexities across the fluvial system and show the potential for
empirical and numerical modeling to reproduce the observed
hydraulic and sediment processes around vegetation. At all scales,
the complexities introduced by species specific variables such as
flexibility, morphology, and life cycle have presented challenges
to accurate replication of measured results over a wide range of
vegetation. Modeling efforts have included a number of methods
for incorporating species specific variables, and as further informa-
tion is gained from field and laboratory experiments about the role
of these variables in defining channel hydraulics and sediment
movement, the ability of models to replicate the feedback between
vegetation and channel processes will advance.

Current modeling efforts are generally focused at a single spa-
tial scale. local, reach, and planform scales. As process similarities
are identified across different areas of the fluvial system, modeling
has the opportunity to further an understanding of how the inter-
action of plants, hydraulics, and channel sediments at the local and
reach scales influences channel planform morphology.
5. Summary and future research needs

This review has highlighted the trends and recent research ad-
vances in the complexities caused by vegetation in and near chan-
nels. As described in Tsujimoto (1999), vegetated channels are an
inter-connected system of feedbacks acting between the flow,
sediment transport, geomorphology, and vegetation. Research
has begun to show how the impacts of vegetation on hydraulics
and sediment transport processes across the fluvial system are re-
flected in the channel form. Advances will be made both through
individual research and from the gathering and exchanges of ideas
between those working at the various research scales and meth-
ods. Cause and effect relationships are rarely clear, necessitating
the need for multiple research methods across disciplines to begin
to understand the effects and impact of vegetation across complex
fluvial systems. However, research has traditionally followed two
basic approaches. One approach focuses on a single aspect of the
vegetated channel system, working to explain processes occurring
at a specific part of the fluvial system. The second approach studies
over a large spatial scale, working to establish the general feed-
backs operating broadly. Both approaches are necessary but pro-
gress will occur when recognizing the similarities across spatial
scales and working jointly to develop a full understanding of
how vegetation influences a channel system.

We have tried to highlight where sediment and hydraulic pro-
cesses act similarly around vegetation within the channel, across
the streambank, and on the floodplain. Flow profile characteriza-
tion studies have formed a consensus on the general shape of the
velocity profile through vegetation. Profiles are uniform within
submerged plants, pass through an inflection point at the flow
interface, and transition to logarithmic in the open channel. While
this profile description applies in general, accurate representation
of the detailed mixing processes and turbulence generated along
the interface between vegetated and non-vegetated areas remains
a source of error in models and a location where future work is
needed. Mixing processes are complicated by plant biomechanics,
which can change with plant species, density, and age to affect
local hydraulics, channel stresses, and the transport or storage of
channel sediments. These complications highlight a need for future
research documenting plant biomechanics across the fluvial
system and linking differences in specific plant properties to the
formation and strength of the hydraulic mixing layer at the inter-
face of vegetation and open flow and the accumulation or erosion
of sediment within and around a plant patch. Understanding the
degree to which these processes depend on species specific factors
will improve estimates of how the feedback between vegetation,
hydraulics, and sediment processes can affect channel form over
the life cycle of the plants. This will require further research on
the local scale accomplished in both flumes and field situations.

Frictional resistance due to vegetation has been parameterized
generally, but complications have prevented accurate representa-
tion of vegetative roughness over a large spatial and temporal
scale. The influence of plant density, seasonality, and flexibility
on local flow hydraulics has a direct link to reach scale estimates
of roughness factors, making species specific information a neces-
sary part of any predictive modeling efforts. Vegetation specific
variables can be incorporated into the calculation of a roughness
parameter, but much more research is needed to expand the base
of knowledge over a broad range of vegetative morphologies and
fully establish the functional relationships. Field and flume investi-
gations are needed to build these databases, while numerical mod-
eling advances continues to incorporate processes acting on local
and reach scales, building towards full morphodynamics models
of fluvial systems. Further modeling will become predictive as a
general understanding of the feedback processes is gained from
field and laboratory research.

Floodplains are re-vegetating at a high rate in the US, illustrat-
ing a need for more research to develop and improved methods for
predicting the impact of altered hydraulics and sediment storage
and transport dynamics sediment on surrounding communities
(Bernhardt et al., 2005; Hassett et al., 2005; Hession et al., 2008).
River restoration projects rely on accurate modeling of the flow
resistance generated around vegetation. A process based under-
standing of how flow and sediment move through a vegetated river
corridor is necessary for developing large scale interventions that
will be successful in designing successful river restoration projects
and reducing nutrient and sediment transport rates from fluvial
systems.
Acknowledgements

We are grateful to Gordon Grant, the anonymous reviewers, and
the associate editor for their comments which have helped to
improve the manuscript.
References

Abbe, T.B., Montgomery, D.R., 1996. Large woody debris jams, channel hydraulics
and habitat formation in large rivers. Regulated Rivers: Research and
Management 12 (2–3), 201–221.

Abt, S.R., Clary, W.P., Thornton, C.I., 1994. Sediment deposition and entrapment in
vegetated streambeds. Journal of Irrigation and Drainage Engineering 120 (6),
1098–1111.

Afzalimehr, H., Dey, S., 2009. Influence of bank vegetation and gravel bed on
velocity and Reynolds stress distributions. International Journal of Sediment
Research 24 (2), 236–246. http://dx.doi.org/10.1016/S1001-6279(09)60030-5.

Allmendinger, N.E., Pizzuto, J., Potter Jr., N., Johnson, T.E., Hession, W.C., 2005. The
influence of riparian vegetation on stream width, eastern Pennsylvania, USA.
GSA Bulletin 117 (1/2), 229–243.

Anderson, B.G., 2006. Quantifying the Interaction Between Riparian Vegetation and
Flooding: From Cross-Section to Catchment Scale. School of Anthropology,
Geography and Environmental Studies, University of Melbourne, Melbourne,
Australia.

Anderson, B.G., Andersen, S., Bishop, W.A., editors, 2007. Hydraulic Analysis Report.
Report by Water Technology to Price Merrett Consulting for the North Central
CMA. Huntly, Victoria, pp. 1–39.

Anderson, B.G., Rutherfurd, I.D., 2006. An analysis of the influence of riparian
vegetation on the propagation of flood waves. Environmental Modelling and
Software 21 (9), 1290–1296.

http://refhub.elsevier.com/S0022-1694(13)00732-4/h0005
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0005
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0005
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0010
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0010
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0010
http://dx.doi.org/10.1016/S1001-6279(09)60030-5
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0020
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0020
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0020
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0025
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0025
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0025
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0025
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0030
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0030
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0030


J.C. Curran, W.C. Hession / Journal of Hydrology 505 (2013) 364–376 373
Anderson, R.J., Bledsoe, B.P., Hession, W.C., 2004. Width of streams and rivers in
response to vegetation, bank material, and other factors. Journal of the AWRA
40, 1159–1172.

Andrea, D., 2011. The mutual influence of biotic and abiotic components on the
long-term ecomorphodynamic evolution of salt-marsh ecosystems.
Geomorphology 126 (3–4), 269–278. http://dx.doi.org/10.1016/
j.geomorph.2010.04.027.

Antonarakis, A.S., Richards, K.S., 2010. Determining leaf area index and leafy tree
roughness using terrestrial laser scanning. Water Resources Research 46 (6),
W06510.

Arcement Jr., G.J., Schneider, V.R., 1989. Guide for selecting Manning’s roughness
coefficients for natural channels and floodplains. USGS Water Supply Paper
2339, 1–67.

Armanini, A., Righetti, M., Grisenti, P., 2005. Direct measurement of vegetation
resistance in prototype scale. Journal of Hydraulic Research 43 (5), 481–487.
http://dx.doi.org/10.1080/00221680509500146.

Asaeda, T., Rajapakse, L., Kanoh, M., 2010. Fine sediment retention as affected by
annual shoot collapse: Sparganium erectum as an ecosystem engineer in a
lowland stream. River Research and Applications 26 (9), 1153–1169. http://
dx.doi.org/10.1002/rra.1322.

Bal, K.D., Meire, P., 2009. The influence of macrophyte cutting on the
hydraulic resistance of lowland rivers. Journal of Aquatic Plant Management
47, 65–68.

Baptist M.J., 2003. A flume experiment on sediment transport with flexible,
submerged vegetation. International workshop on Riparin Forest vegetated
channels: hydraulic, morphological, and ecological aspects. 20–22 February,
2003.

Beisel, J., Usseglio-Polatera, P., Moreteau, J., 2000. The spatial heterogeneity of a
river bottom: a key factor determining macroinvertebrate communities.
Hydrobiologia 422, 163–171.

Bennett, S.J., Pirim, T., Barkdoll, B.D., 2002. Using simulated emergent vegetation to
alter stream flow direction within a straight experimental channel.
Geomorphology 44, 115–126.

Bennett, S.J., Simon, A. (Eds.), 2004. Riparian Vegetation and Fluvial
Geomorphology. American Geophysical Union, Washington, DC.

Bennett, S.J., Wu, W., Alonso, C.V., Wang, S.S.Y., 2008. Modeling fluvial response to
in-stream woody vegetation: implications for stream corridor restoration. Earth
Surface Processes Landforms 33 (6), 890–909. http://dx.doi.org/10.1002/
esp.1581.

Bernhardt, E.S., Palmer, M.A., Allan, J.D., Alexander, G., Barnas, K., Brooks, S., Carr, J.,
Clayton, S., Dahm, C., Follstad-Shah, J., Galat, D., Gloss, S., Goodwin, P., Hart, D.,
Hassett, B., Jenkinson, R., Katz, S., Kondolf, G.M., Lake, P.S., Lave, R., Meyer, J.L.,
O’Donnell, T.K., Pagano, L., Powell, B., Sudduth, E., 2005. Synthesizing US river
restoration efforts. Science 308, 636–637.

Bledsoe B.P., Carney S.K., Anderson R.J., 2011. Scale-dependent effects of bank
vegetation on channel processes: field data, computational fluid dynamics
modeling, and restoration design, In: Simon A., Bennett S.J., Castro J.M. (Eds.),
Stream Restoration in Dynamic Fluvial Systems: Scientific Approaches,
Analyses, and Tools. American Geophysical Union, Washington, DC.

Bornette, G., Puijalon, S., 2011. Response of aquatic plants to abiotic factors: a
review. Aquatic Sciences – Research Across Boundaries 73 (1), 1–14. http://
dx.doi.org/10.1007/s00027-010-0162-7.

Bos, A., Bouma, T., de Kort, G., van Katwijk, M., 2007. Ecosystem engineering by
annual intertidal seagrass beds: sediment accretion and modification.
Estuarine, Coastal and Shelf Science 74, 344–348.

Bouma, T.J., van Duren, L.A., Temmerman, S., Claverie, T., Blanco-Garcia, A., Ysebaert,
T., Herman, P.M.J., 2007. Spatial flow and sedimentation patterns within
patches of epibenthic structures: combining field, flume and modelling
experiments. Continental Shelf Research 27 (8), 1020–1045. http://dx.doi.org/
10.1016/j.csr.2005.12.019.

Braudrick, C.A., Dietrich, W.E., Leverich, G.T., Sklar, L.S., 2009. Experimental
evidence for the conditions necessary to sustain meandering in coarse-
bedded rivers. Proceedings of the National Academies of Science 106 (40),
16936–16941.

Champion, P.D., Tanner, C.C., 2000. Seasonality of macrophytes and interaction with
flow in a New Zealand lowland stream. Hydrobiologia 441 (1), 1–12.

Chen, Z., Ortiz, A., Zong, L., Nepf, H.M., 2012. The wake structure behind a porous
obstruction and its implications for deposition near a finite patch of emergent
vegetation. Water Resources Research 48, W09517. http://dx.doi.org/10.1029/
2012WR012224.

Chen, S., Kuo, Y., Li, Y., 2011. Flow characteristics within different configurations of
submerged flexible vegetation. Journal of Hydrology 398 (1–2), 124–134. http://
dx.doi.org/10.1016/j.jhydrol.2010.12.018.

Coby, D.M., Mason, D.C., Horritt, M.S., Bates, P.D., 2002. Two dimensional hydraulic
flood modeling using a finite element mesh decomposed according to
vegetation and topographic features derived from airborne scanning laser
altimetry. Hydrological Processes 17 (10), 1977–2000.

Coon, W.F., 1998. Estimation of Roughness Coefficients for Natural Stream Channels
with Vegetated Banks. United States Geological Survey, Washington, DC, p. 145.

Cotton, J.A., Wharton, G., Bass, J.A.B., Heppell, C.M., Wotton, R.S., 2006. The effects of
seasonal changes to in-stream vegetation cover on patterns of flow and
accumulation of sediment. Geomorphology 77 (3–4), 320–334. http://
dx.doi.org/10.1016/j.geomorph.2006.01.010.

Cowen, W.L., 1956. Estimating hydraulic roughness coefficients. Agricultural
Engineering 37, 473–475.
Crosato, A., Saleh, M.S., 2011. Numerical study on the effects of floodplain
vegetation on river planform style. Earth Surface Processes and Landforms 36
(6), 711–720. http://dx.doi.org/10.1002/esp.2088.

Curran, J.C., 2010. Mobility of large woody debris (LWD) jams in a low gradient
channel. Geomorphology 116 (3–4), 320–329. http://dx.doi.org/10.1016/
j.geomorph.2009.11.027.

Darby, S.E., 2011. Reappraising the geomorphology–ecology link. Earth Surface
Processes and Landforms 35 (3), 368–371.

Darby, S.E., 1999. Effect of riparian vegetation on flow resistance and flood
potential. Journal of Hydraulic Engineering 125 (5), 443–454.

Darby, S.E., Thorne, C.R., 1995. Fluvial maintenance operations in managed alluvial
rivers. Aquatic Conservation: Marine and Freshwater Ecosystems 5 (1), 37–54.

Darby, S.E., Trieu, H.Q., Carling, P.A., Sarkkula, J., Koponen, J., Kummu, M., Conlan, I.,
Leyland, J., 2010. A physically based model to predict hydraulic erosion of fine-
grained riverbanks: the role of form roughness in limiting erosion. Journal of
Geophysical Research 115, (F04003), 1–20. doi: http://dx.doi.org/10.1029/
2010JF001708.

Davies-Colley, R.J., 1997. Stream channels are narrower in pasture than forest. New
Zealand Journal of Marine and Freshwater Research 31, 599–608.

Defina, A., Bixio, A.C., 2005. Mean flow and turbulence in vegetated open channel
flow. Water resources research 41, (W07006), doi: http://dx.doi.org/10.1029/
2004WR003475.

Defra/EA (Ed.), 2003. Uncertainty in River Flood Conveyance, Phase 2: Conveyance
Manual. Defra/Environment Agency, Wallingford, UK.

Dehsorkhi, E.N., Afzalimehr, H., Singh, V.P., 2011. Effect of bed forms and vegetated
banks on velocity distributions and turbulent flow structure. Journal
Hydrological Engineering 16 (6), 495–507.

Diaz, R.G., 2005. Analysis of manning coefficient for small-depth flows on vegetated
beds. Hydrological Processes 19 (16), 3221–3233.

Downes, B.J., Lake, P.S., Glaister, A., Webb, J.A., 1998. Scales and frequencies of
disturbances: rock size, bed packing and variation among upland streams.
Freshwater Biology 40, 625–639.

Eaton, B. editor, 2007. The University of British Columbia Regime Model (UBCRM)
Draft User’s Manual. University of British Columbia. Vancouver, Canada, pp. 1–
35.

Fathi-Moghadam, M., Kashefipour, M., Ebrahimi, N., Emamgholizadeh, S., 2011.
Physical and numerical modeling of submerged vegetation roughness in rivers
and flood plains. Journal Hydrological Engineering 16 (11), 858–864.

Fischenich, C. editor, 2000. Resistance due to vegetation. ERDC TN-EMRRP-SR-07.
US Army Engineer Research and Development Center. Vicksburg, MS.

Follett, E.M., Nepf, H.M., 2012. Sediment patterns near a model patch of reedy
emergent vegetation. Geomorphology 179, 141–151. http://dx.doi.org/10.1016/
j.geomorph.2012.08.006.

Forzieri, G., Moser, G., Vivoni, E.R., Castelli, F., Canovaro, F., 2010. Riparian
vegetation mapping for hydraulic roughness estimation using very high
resolution remote sensing data fusion. Journal Hydrological Engineering 136
(11), 855–867.

Fox, J.F., Belcher, B.J., 2009. Comparison of LSPIV, ADV, and PIV data that is
decomposed to measure the structure of turbulence over a gravel-bed. 33rd
IAHR Congress: Water Engineering for a Sustainable Environment. Vancouver,
BC, August 9–14, 2009.

Freeman,G.E., Rahmeyer,W.H., Copeland,R.R. editors, 2000. Determination of
resistance due to shrubs and woody vegetation. US Army Corps of Engineers.
Washington, DC, p.p. 1–63.

Gacia, E., Granata, T.C., Duarte, C.M., 1999. An approach to measurement of particle
flux and sediment retention within seagrass (Posidonia oceanica) meadows.
Aquatic Botany 65 (1–4), 255–268. http://dx.doi.org/10.1016/S0304-
3770(99)00044-3.

Geerling, G.W., Labrador-Garcia, M., Clevers, J.G.P.W., Ragas, A.M.J., Smits, A.J.M.,
2007. Classification of floodplain vegetation by data fusion of spectral (CASI)
and LiDAR data. International Journal of Remote Sensing 28 (19), 4263–4284.

Ghisalberti, M., Nepf, H., 2005. Mass transport in vegetated shear flows.
Environmental Fluid Mechanics 5 (6), 527–551.

Girard, P., Fantin-Cruz, I., Loverde de Oliveira, S.M., Hamilton, S.K., 2010. Small-scale
spatial variation of inundation dynamics in a floodplain of the Pantanal (Brazil).
Hydrobiologia 638 (1), 223–233.

Green, J.C., 2006. Effect of macrophyte spatial variability on channel resistance.
Advances in Water Resources 29 (3), 426–438. http://dx.doi.org/10.1016/
j.advwatres.2005.05.010.

Green, J.C., 2005. Velocity and turbulence distribution around lotic macrophytes.
Aquatic Ecology 39 (1), 1–10.

Gregory, K.J., 1992. Vegetation and river channel processes, In: Boon P.J., Calow P.,
Petts G.E., (Eds.), River Conservation and Management. Wiley, Chichester, pp.
255–269.

Gregory, K.J., Gurnell, A.M., 1988. Vegetation and river channel form and process, In:
Viles H.A., (Eds.), Biogeomorphology. Basil Blackwell, Oxford, UK, p. 11–42.

Gurnell, A.M., van Oosterhout, M.P., de Vlieger, B., Goodson, J.M., 2006. Reach-scale
interactions between aquatic plants and physical habitat: River Frome, Dorset.
River Research and Applications 22 (6), 1535.

Gurnell, A.M., O’Hare, J.M., O’Hare, M.T., Dunbar, M.J., Scarlett, P.M., 2010. An
exploration of associations between assemblages of aquatic plant morphotypes
and channel geomorphological properties within British rivers. Geomorphology
116 (1–2), 135–144. http://dx.doi.org/10.1016/j.geomorph.2009.10.014.

Hart, D.P., 1998. High-speed PIV analysis using compressed image correlation.
Journal of Fluids Engineering 120, 463–470.

http://refhub.elsevier.com/S0022-1694(13)00732-4/h0035
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0035
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0035
http://dx.doi.org/10.1016/j.geomorph.2010.04.027
http://dx.doi.org/10.1016/j.geomorph.2010.04.027
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0045
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0045
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0045
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0050
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0050
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0050
http://dx.doi.org/10.1080/00221680509500146
http://dx.doi.org/10.1002/rra.1322
http://dx.doi.org/10.1002/rra.1322
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0065
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0065
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0065
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0070
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0070
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0070
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0075
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0075
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0075
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0080
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0080
http://dx.doi.org/10.1002/esp.1581
http://dx.doi.org/10.1002/esp.1581
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0090
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0090
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0090
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0090
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0090
http://dx.doi.org/10.1007/s00027-010-0162-7
http://dx.doi.org/10.1007/s00027-010-0162-7
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0100
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0100
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0100
http://dx.doi.org/10.1016/j.csr.2005.12.019
http://dx.doi.org/10.1016/j.csr.2005.12.019
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0110
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0110
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0110
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0110
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0115
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0115
http://dx.doi.org/10.1029/2012WR012224
http://dx.doi.org/10.1029/2012WR012224
http://dx.doi.org/10.1016/j.jhydrol.2010.12.018
http://dx.doi.org/10.1016/j.jhydrol.2010.12.018
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0130
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0130
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0130
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0130
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0135
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0135
http://dx.doi.org/10.1016/j.geomorph.2006.01.010
http://dx.doi.org/10.1016/j.geomorph.2006.01.010
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0145
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0145
http://dx.doi.org/10.1002/esp.2088
http://dx.doi.org/10.1016/j.geomorph.2009.11.027
http://dx.doi.org/10.1016/j.geomorph.2009.11.027
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0160
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0160
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0165
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0165
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0170
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0170
http://dx.doi.org/10.1029/2010JF001708
http://dx.doi.org/10.1029/2010JF001708
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0175
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0175
http://dx.doi.org/10.1029/2004WR003475
http://dx.doi.org/10.1029/2004WR003475
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0180
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0180
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0185
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0185
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0185
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0190
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0190
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0195
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0195
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0195
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0205
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0205
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0205
http://dx.doi.org/10.1016/j.geomorph.2012.08.006
http://dx.doi.org/10.1016/j.geomorph.2012.08.006
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0215
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0215
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0215
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0215
http://dx.doi.org/10.1016/S0304-3770(99)00044-3
http://dx.doi.org/10.1016/S0304-3770(99)00044-3
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0230
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0230
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0230
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0235
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0235
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0240
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0240
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0240
http://dx.doi.org/10.1016/j.advwatres.2005.05.010
http://dx.doi.org/10.1016/j.advwatres.2005.05.010
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0250
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0250
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0255
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0255
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0255
http://dx.doi.org/10.1016/j.geomorph.2009.10.014
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0265
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0265


374 J.C. Curran, W.C. Hession / Journal of Hydrology 505 (2013) 364–376
Hassett, B., Palmer, M., Bernhardt, E., Smith, S., Carr, J., Hart, D., 2005. Restoring
watersheds project by project: trends in Chesapeake Bay tributary restoration.
Frontiers in Ecology and the Environment 3 (5), 259–267.

Helmio, T., 2004. Flow resistance due to lateral momentum transfer in partially
vegetated rivers. Water Resources Research 40, (W05206), 1–10. doi: http://
dx.doi.org/10.1029/2004WR003058.

Helmio, T., 2002. Unsteady 1D flow model of compound channel with vegetated
floodplains. Journal of Hydrology 269 (1–2), 89–99.

Heppell, C.M., Wharton, G., Cotton, J.A.C., Bass, J.A.B., Roberts, S.E., 2009. Sediment
storage in the shallow hyporheic of lowland vegetated river reaches.
Hydrological Processes 23 (15), 2239–2251. http://dx.doi.org/10.1002/
hyp.7283.

Hession, W.C., McBride, M., Pizzuto, J.E., 2008. Riparian vegetation influence on
channel morphology. AWRA Summer Specialty Conference, Riparian
Ecosystems and Buffers: Working at the Water’s Edge. Virginia Beach, VA, 2008.

Hession, W.C., Pizzuto, J.E., Johnson, T.E., Horwitz, R.J., 2003. Influence of bank
vegetation on channel morphology in rural and urban watersheds. Geology 31,
147–150.

Hession, W.C., Curran, J.C., Resler, L.M., Wynn, T.M., 2010. Preface: geomorphology
and vegetation: interactions, dependencies, and feedback loops.
Geomorphology 116 (3–4), 203–205. http://dx.doi.org/10.1016/
j.geomorph.2009.12.004.

Hey, R.D., Thorne, C.R., 1986. Stable channels with mobile gravel beds. ASCE Journal
of Hydraulic Engineering 112 (8), 671–689.

Hopkinson, L.C., Wynn, T.M., 2009. Vegetation impacts on near bank flow.
Ecohydrology 2, 404–418.

Hughes, F.M.R., Moss, T.M., Richards, K.S., 2008. Uncertainty in riparian and
floodplain restoration, In: Darby, S.E., Sear D.A., (Eds.), River Restoration –
Managing the Uncertainty in Restoring Physical Habitat. John Wiley & Sons Ltd.,
West Sussex, England, pp. 79–104.

Hurther, D., Mignot, E., Barthelemy, E., 2009. On the structure of turbulent and
dispersive shear and associated Turbulent Kinetic Energy (TKE) flux across the
roughness sublayer of a gravel-bed open-channel flow. 33rd IAHR Congress:
Water engineering for a sustainable environment. Vancouver, BC, August 9–14,
2009.

James, C.S., Birkhead, A.L., Jordanova, A.A., O’Sullivan, J.J., 2004. Flow resistance of
emergent vegetation. Journal of Hydraulic Research 42, (4), 390–8. doi: http://
dx.doi.org/10.1080/00221686.2004.9641206.

Jarvela, J., 2005. Effect of submerged flexible vegetation on flow structure and
resistance. Journal of Hydrology 307 (1–4), 233–241.

Jarvela, J., 2004. Flow Resistance in Environmental Channels: Focus on Vegetation.
Helsinki University of Technology, Espoo, Finland.

Jarvela, J., 2002. Flow resistance of flexible and stiff vegetation: a flume study with
natural plants. Journal of Hydrology 269, 44–54.

Jennings, G.D., Harman, W.A., Clinton, D.R., Patterson, J.L. editors, 1999. Stream
restoration design experiences in North Carolina. ASAE Paper 99-2022.
American Society of Agricultural Engineers. St. Joseph, MI.

Jin, C.X., Romkens, M.J.M., Griffioen, F., 2001. Estimating Manning’s roughness
coefficient for shallow overland flow in non-submerged vegetative filter strips.
Transactions of the ASAE 43 (6), 1459–1466.

Johnson, S.L., 2004. Factors influencing stream temperatures in small streams:
substrate effects and a shading experiment. Canadian Journal of Fisheries and
Aquatic Sciences 61, 913–923.

Jones, J.I., Collins, A.L., Naden, P.S., Sear, D.A., 2011. The relationship between fine
sediment and macrophytes in rivers. River Research and Applications 1–13.
http://dx.doi.org/10.1002/rra.1486.

Jordanova, A.A., James, C.S., 2003. Experimental study of bed load transport through
emergent vegetation. Journal of Hydraulic Engineering 129 (6), 474–478.

Kadlec, R.H., 1990. Overland flow in wetlands: vegetation resistance. Journal of
Hydraulic Engineering 116 (5), 691–706.

Kim, S.J., Stoesser, T., 2011. Closure modeling and direct simulation of vegetation
drag in flow through emergent vegetation. Water Resources Research 47,
(W10511), 1–15. 10.1029/2011WR010561.

Klaar, M.J., Maddock, I., Milner, A.M., 2009. The development of hydraulic and
geomorphic complexity in recently formed streams in Glacier Bay National
Park, Alaska. River Research and Applications 25, (10), 1331–8. doi: http://
dx.doi.org/10.1002/rra.1235.

Kleeberg, A., Kohler, J., Sukhodolova, T., Sukhodolov, A., 2010. Effects of aquatic
macrophytes on organic matter deposition, resuspension and phosphorus
entrainment in a lowland river. Freshwater Biology 55 (2), 326–345. http://
dx.doi.org/10.1111/j.1365-2427.2009.02277.x.

Kouwen, N., Unny, T.E., Hill, H.M., 1969. Flow retardance in vegetated channels.
Journal of the Irrigation and Drainage Division 95, (IR2 Proceedings Paper 6633),
329–42.

Kouwen, N., 1988. Field estimation of the biomechanical properties of grass.
Journal of Hydraulic Research 26 (5), 559–568. http://dx.doi.org/10.1080/
00221688809499193.

Kwan, S., 2009. A Two Dimensional Hydrodynamic River Morphology and Gravel
Transport Model. The University of British Columbia, Vancouver, BC.

Lacy, J.R., Wyllie-Echeverria, S., 2011. The influence of current speed and vegetation
density on flow structure in two macrotidal eelgrass canopies. Limnology and
Oceanography 1, 38–55.

Langendoen, E.J., 2011. Application of the CONCEPTS channel evolution model in
stream restoration strategies, In: Simon A., Bennett S.J., Castro J.M., (Eds.),
Stream Restoration in Dynamic Fluvial Systems: Scientific Approaches,
Analyses, and Tools. Geophysical Monograph Series 194 ed. American
Geophysical Union, Washington, DC, pp. 487–502.

Langendoen, E.J., Simon, A., Thomas, R.E., 2001. CONCEPTS – a process based
modeling tool to evaluate stream-corridor restoration designs. Wetlands
Engineering and River Restoration: Designing successful stream and wetland
restoration projects. Reno, NV, August 27–31, 2001.

Langendoen, E.J., Wells, R.R., Thomas, R.E., Simon, A., Bingner, R.L., 2009. Modeling
the evolution of incised streams III: Model application. Journal of Hydraulic
Engineering 135 (6), 476–486. http://dx.doi.org/10.1061/(ASCE)HY.1943-
7900.0000029.

Larsen, L.G., Harvey, J.W., 2011. Modeling of hydroecological feedbacks predicts
distinct classes of landscape pattern, process, and restoration potential in
shallow aquatic ecosystems. Geomorphology 126 (3–4), 279–296.

Lawler, D.M., 2008. Advances in the continuous monitoring of erosion and
deposition dynamics: developments and applications of the new PEEP-3T
system. Geomorphology 93 (1–2), 17–39. http://dx.doi.org/10.1016/
j.geomorph.2006.12.016.

Leopold, L.B., 1994. A View of the River. Harvard University Press, Cambridge, MA.
Leopold, L.B., Wolman, M.G., Miller, J.P., 1964. Fluvial Processes in Geomorphology.

W.H. Freeman, New York, p. 522.
Li, S.S., Millar, R.G., 2010. A two-dimensional morphodynamic model of gravel-bed

river with floodplain vegetation. Earth Surf. Proc. Landforms n/a, n/a. http://
dx.doi.org/10.1002/esp.2033.

Li, S.S., Millar, R.G., 2011. A two-dimensional morphodynamic model of gravel-bed
river with floodplain vegetation. Earth Surface Processes and Landforms 36 (2),
190–202. http://dx.doi.org/10.1002/esp.2033.

Limerinos, J.T., 1970. Determination of the Manning Coefficient from Measrued Bed
Roughness in Natural Channels. United States Geological Survey, Washington,
DC, p. 53.

Liu, D., Diplas, P., Faribanks, J.D., Hodges, C.C., 2008. An experimental study of flow
through rigid vegetation. JGR Earth Surface 113, (F04015), http://dx.doi.org/
10.1029/2008JF001042.

Manning, R., 1890. On the flow of water in open channels and pipes. Transactions of
the Institute of Civil Engineers of Ireland, 161–207.

McBride, M., Hession, W.C., Rizzo, D.M., Thompson, D.M., 2007. The influence of
riparian vegetation on near-bank turbulence: a flume experiment. Earth Surface
Processes and Landforms 32, (13), 2019–37. http://dx.doi.org/10.1002/
esp.1513.

McBride, M., Hession, W.C., Rizzo, D.M., 2010. Riparian reforestation and channel
change: how long does it take? Geomorphology 116 (3–4), 330–340. http://
dx.doi.org/10.1016/j.geomorph.2009.11.014.

McBride, M., Hession, W.C., Rizzo, D.M., 2008. Riparian reforestation and channel
change: a case study of two small tributaries to Sleepers River, northeastern
Vermont, USA. Geomorphology 102 (3–4), 445–459.

Meyer-Peter, E., Mueller, R., 1948. Formulation for bed load transport. 2nd Congress,
International Association of Hydraulic Research.

Millar, R.G., 2000. Influence of bank vegetation on alluvial channel patterns. Water
Resources Research 36 (4), 1109–1118.

Millar, R.G., Eaton, B.C., 2011. Bank vegetation, bank strength, and application
of the University of British Columbia regime model to stream restoration, In:
Simon A., Bennett S.J., Castro J.M., (Eds.), Stream Restoration in Dynamic
Fluvial Systems: Scientific Approaches, Analyses, and Tools. Geophysical
Monograph Series 194 ed. American Geophysical Union, Washington, DC, pp.
475–485.

Moody, J.A., Pizzuto, J.E., Meade, R.H., 1999. Ontology of a floodplain. GSA Bulletin
111, 291–303.

Mosselman, E., 1998. Morphological modelling of rivers with erodible banks.
Journal Hydrological Processes 12, 1357–1370.

Moulin, B., Schenk, E.R., Hupp, C.R., 2011. Distribution and characterization of in-
channel large wood in relation to geomorphic patterns on a low-gradient river.
Earth Surface Processes and Landforms 36 (9), 1137–1151. http://dx.doi.org/
10.1002/esp.2135.

Mudd, S.M., D’Alpaos, A., Morris, J.T., 2010. How does vegetation affect
sedimentation on tidal marshes? Investigating particle capture and
hydrodynamic controls on biologically mediated sedimentation. Journal of
Geophysical Research 110, (F03029), 14. 10.1029/2009JF001566.

Muhar, S., 1996. Habitat improvement of Austrian rivers with regard to different
scales. Regulated Rivers: Research & Management 12, (4–5), 471–82. 10.1002/
(SICI)1099-1646(199607)12:4/5<471::AID-RRR403>3.0.CO;2-F.

N.R.C., 2007. River Science at the US Geological Survey, National Academy Press,
Washington, DC.

N.R.C., 2002. Riparian Areas: Functions and Strategies for Management.
N.R.C., 1992. Restoration of Aquatic Ecosystems: Science, Technology and Public

Policy. National Academy Press, Washington, DC.
Naot, D., Nezu, I., Nakagawa, H., 1996. Naot, D., Nezu, I., et al. (1996). Hydrodynamic

behavior of partly vegetated open channels. Journal of Hydraulic Engineering
122: 625–633. Journal of Hydraulic Engineering 122, 625–633.

Nepf, H.M., 1999. Drag, turbulence, and diffusion in flow through emergent
vegetation. Water Resources Research 35 (2), 479–489.

Nepf, H.M., Ghisalberti, M., 2008. Flow and transport in channels with submerged
vegetation. Acta Geophysica 56 (3), 753–777.

Nepf, H.M., Sullivan, J.A., Zavistoski, R.A., 1997. A model for diffusion within
emergent vegetation. Limnology and Oceanography 42 (8), 1735–1745.

Nepf, H.M., Vivoni, E.R., 2000. Flow structure in depth-limited, vegetated flow.
Journal of Geophysical Research 105, (C12), 28547–57.

http://refhub.elsevier.com/S0022-1694(13)00732-4/h0270
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0270
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0270
http://dx.doi.org/10.1029/2004WR003058
http://dx.doi.org/10.1029/2004WR003058
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0275
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0275
http://dx.doi.org/10.1002/hyp.7283
http://dx.doi.org/10.1002/hyp.7283
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0285
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0285
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0285
http://dx.doi.org/10.1016/j.geomorph.2009.12.004
http://dx.doi.org/10.1016/j.geomorph.2009.12.004
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0295
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0295
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0300
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0300
http://dx.doi.org/10.1080/00221686.2004.9641206
http://dx.doi.org/10.1080/00221686.2004.9641206
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0305
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0305
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0310
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0310
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0315
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0315
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0320
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0320
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0320
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0325
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0325
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0325
http://dx.doi.org/10.1002/rra.1486
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0335
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0335
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0340
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0340
http://dx.doi.org/10.1002/rra.1235
http://dx.doi.org/10.1002/rra.1235
http://dx.doi.org/10.1111/j.1365-2427.2009.02277.x
http://dx.doi.org/10.1111/j.1365-2427.2009.02277.x
http://dx.doi.org/10.1080/00221688809499193
http://dx.doi.org/10.1080/00221688809499193
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0355
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0355
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0360
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0360
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0360
http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0000029
http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0000029
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0370
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0370
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0370
http://dx.doi.org/10.1016/j.geomorph.2006.12.016
http://dx.doi.org/10.1016/j.geomorph.2006.12.016
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0380
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0385
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0385
http://dx.doi.org/10.1002/esp.2033
http://dx.doi.org/10.1002/esp.2033
http://dx.doi.org/10.1002/esp.2033
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0395
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0395
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0395
http://dx.doi.org/10.1029/2008JF001042
http://dx.doi.org/10.1029/2008JF001042
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0400
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0400
http://dx.doi.org/10.1002/esp.1513
http://dx.doi.org/10.1002/esp.1513
http://dx.doi.org/10.1016/j.geomorph.2009.11.014
http://dx.doi.org/10.1016/j.geomorph.2009.11.014
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0410
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0410
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0410
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0415
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0415
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0420
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0420
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0425
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0425
http://dx.doi.org/10.1002/esp.2135
http://dx.doi.org/10.1002/esp.2135
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0435
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0435
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0445
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0445
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0450
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0450
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0455
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0455


J.C. Curran, W.C. Hession / Journal of Hydrology 505 (2013) 364–376 375
Nepf, H.M., 2012. Flow and transport in regions with aquatic vegetation. Annual
Review of Fluid Mechanics 44 (1), 123–142. http://dx.doi.org/10.1146/annurev-
fluid-120710-101048.

Nikora, V.I., McEwan, I., McLean, S., Coleman, S., Pokrajac, D., Walters, R., 2007a.
Double-averaging concept for rough bed open channel and overland flows:
theoretical background. Journal of Hydraulic Engineering 133 (8), 873–883.

Nikora, V.I., McLean, S., Coleman, S., Pokrajac, D., McEwan, I., Campbell, L., Aberle, J.,
Clunie, D., Koll, K., 2007b. Double averaging concept for rough bed open channel
and overland flows: applications. Journal of Hydraulic Engineering 133 (8),
884–895.

Nikora, V., 2010. Hydrodynamics of aquatic ecosystems: an interface between
ecology, biomechanics and environmental fluid mechanics. River Research and
Applications 26 (4), 367–384. http://dx.doi.org/10.1002/rra.1291.

Noe, G.B., Hupp, C.R., 2009. Retention of riverine sediment and nutrient loads by
coastal plain floodplains. Ecosystems 12, 728–746.

Osterkamp, W.R., Hupp, C.R., 1984. Geomorphic and vegetative characteristics along
three northern Virgina streams. GSA Bulletin 95, 1093–1101.

Osterkamp, W.R., Hupp, C.R., 2010. Fluvial processes and vegetation — glimpses of
the past, the present, and perhaps the future. Geomorphology 116 (3–4), 274–
285. http://dx.doi.org/10.1016/j.geomorph.2009.11.018.

Osterkamp, W.R., Hupp, C.R., Stoffel, M., 2012. The interactions between vegetation
and erosion: new directions for research at the interface of ecology and
geomorphology. Earth Surface Processes Landforms 37 (1), 23–36. http://
dx.doi.org/10.1002/esp.2173.

Parker, C., Simon, A., Thorne, C.R., 2008. The effects of variability in bank material
properties on riverbank stability: Goodwin Creek, v. Geomorphology 101 (4),
533–543.

Pasche, E., Rouve, G., 1985. Overbank flow with vegetatively roughened flood plains.
Journal of Hydraulic Engineering 111 (9), 1262–1278.

Perignon, M.C., Tucker, G.E., Griffin, E.R., Friedman, J.M., 2013. Effects of riparian
vegetation on topographic change during a large flood event, Rio Puerco, New
Mexico, USA. Journal of Geophysical Research: Earth Surface n/a, n/a. http://
dx.doi.org/10.1002/jgrf.20073.

Perucca, E., Camporeale, C., Ridolfi, L., 2009. Estimation of the dispersion coefficient
in rivers with riparian vegetation. Advances in Water Resources 32 (1), 78–87.
http://dx.doi.org/10.1016/j.advwatres.2008.10.007.

Petryk, S., 1969. Drag on Cylinders in Open Channel Flow. Colorado State University,
Fort Collins, CO.

Petryk, S., Bosmajian, G., 1975. Analysis of flow through vegetation. J. Hydraulics
Division 101, (HY7), 871–884.

Phillips, J.D., 1989. Fluvial sediment storage in wetlands. Water Resources Bulletin
25, 867–873.

Pizzuto, J., O’Neal, M., Stotts, S., 2010. On the retreat of forested, cohesive
riverbanks. Geomorphology 116 (3–4), 341–352. http://dx.doi.org/10.1016/
j.geomorph.2009.11.008.

Pollen-Bankhead, N., Simon, A., 2010. Hydrologic and hydraulic effects of riparian
root networks on streambank stability: is mechanical root-reinforcement the
whole story? Geomorphology 116 (3–4), 353–362. http://dx.doi.org/10.1016/
j.geomorph.2009.11.013.

Pollen-Bankhead, N., Simon, A., 2009. Enhanced application of root-reinforcement
algorithms for bank-stability modeling. Earth Surface Processes and Landforms
34 (4), 471–480. http://dx.doi.org/10.1002/esp.1690.

Regina T., B., 1992. The influence of substratum and water velocity on growth of
Ranunculus aquatilis L. (Ranunculaceae). Aquatic Botany 42, (4), 351–9. http://
dx.doi.org/10.1016/0304-3770(92)90054-M.

Reidenbach, M. A., Limm, M., Hondzo, M., & Stacey, M. T., 2010. Effects of bed
roughness on boundary layer mixing and mass flux across the sediment-water
interface. Water Resources Research, 46(W07530), http://dx.doi.org/10.1029/
2009WR008248.

Reinhardt, L., Jerolmack, D., Cardinale, B.J., Vanacker, V., Wright, J., 2010. Dynamic
interactions of life and its landscape: feedbacks at the interface of
geomorphology and ecology. Earth Surface Processes and Landforms 35, 78–101.

Richard, G.A., Julien, P.Y., Baird, D.C., 2005. Statistical analysis of lateral migration of
the Rio Grande, New Mexico. Geomorphology 71, 139–155.

Righetti, M., Armanini, A., 2002. Flow resistance in open channel flows with sparsely
distributed bushes. Journal of Hydrology 269 (1–2), 55–64. http://dx.doi.org/
10.1016/S0022-1694(02), 00194-4.

Rominger, J.T., Lightbody, A.F., Nepf, H.M., 2010. Effects of added vegetation on sand
bar stability and stream hydrodynamics. Journal of Hydraulic Engineering 136
(12), 997–1002.

Rosgen, D., 1996. Applied River Morphology. Wildland Hydrology, Pagosa Springs CO.
Sand-Jensen, K., 1998. Influence of submerged macrophytes on sediment

composition and near-bed flow in lowland streams. Freshwater Biology 39,
663–667.

Sand-Jensen, K., Madsen, T., 1992. Patch dynamics of the stream macrophyte,
Callitriche cophocarpa. Freshwater Biology 27, 277–282.

Sand-Jensen, K., Pedersen, O., 1999. Velocity gradients and turbulence around
macrophyte stands in streams. Freshwater Biology 42 (2), 315–328. http://
dx.doi.org/10.1046/j.1365-2427.1999.444495.x.

Serra, T., Fernando, H.J.S., Rodriguez, R.V., 2004. Effects of emergent vegetation on
lateral diffusion in wetlands. Water Research 38, 139–147.

Sharpe, R.G., James, C.S., 2006. Deposition of sediment from suspension in emergent
vegetation. Water SA 32 (2), 211–218.

Shields, F.D., Bowie, A.J., Cooper, C.M., 1995. Control of stream bank erosion due to
bed degradation with vegetation and structure. JAWRA 31, (3), 475–89. http://
dx.doi.org/10.1111/j.1752-1688.1995.tb04035.x.
Shiono, K., Knight, D.W., 1991. Turbulent open-channel flows with variable depth
across the channel. Journal of Fluid Mechanics 222, 617–646.

Shucksmith, J.D., Boxall, J.B., Guymer, I., 2011a. Determining longitudinal dispersion
coefficients for submerged vegetated flow. Water Resources Research 47,
(W10516), 1–13. 10.1029/2011WR010547.

Shucksmith, J.D., Boxall, J.B., Guymer, I., 2010. Effects of emergent and submerged
natural vegetation on longitudinal mixing in open channel flow. Water
Resources Research 46, (W04504), 10.1029/2008WR007657.

Shucksmith, J.D., Boxall, J.B., Guymer, I., 2011b. Bulk flow resistance in vegetated
channels: analysis of momentum balance approaches based on data obtained in
aging live vegetation. Journal of Hydraulic Engineering Division of the American
Society of Civil Engineers 137 (12), 1624–1635.

Simon, A., Collison, A.J.C., 2002. Quantifying the mechanical and hydrologic effects
of riparian vegetation on streambank stability. Earth Surface Processes and
Landforms 27, 527–546.

Simon, A., Curini, A., Darby, S.E., Langendoen, E.J., 2000. Bank and near-bank
processes in an incised channel. Geomorphology 35 (3–4), 193–217. http://
dx.doi.org/10.1016/S0169-555X(00), 00036-2.

Simon, A., Dickerson, W., Heins, A., 2004. Suspended-sediment transport rates at the
1.5-year recurrence interval for ecoregionson the United States: transport
coniditons at the bankfull and effective discharge? Geomorphology 58, 243–
262.

Simon, A., Pollen-Bankhead, N., Thomas, R.E., 2011. Development and application of
a deterministic bank stability and toe erosion model for stream restoration, In:
Simon A., Bennett S.J., Castro J.M., (Eds.), Stream Restoration in Dynamic Fluvial
Systems: Scientific Approaches, Analyses, and Tools. Geophysical Monograph
Series 194 ed. American Geophysical Union, Washington, DC, pp. 453–474.

Siniscalchi, F., Nikora, V.I., Aberle, J., 2012. Plant patch hydrodynamics in streams:
mean flow, turbulence, and drag forces. Water Resources Research 48 (1),
W01513. http://dx.doi.org/10.1029/2011WR011050.

Souliotis, D., Prinos, P., 2008. Turbulence in vegetated flows: volume-averaging
analysis and modelling aspects. Acta Geophysica 56 (3), 894–917.

Steiger, J., Gurnell, A.M., Goodson, J.M., 2003. Quantifying and characterizing
contemporary riparian sedimentation. River Research and Applications 19,
335–352.

Stephan, U., Gutknecht, D., 2002. Hydraulic resistance of submerged flexible
vegetation. Journal of Hydrology 269, 27–43.

Stoesser, T., Kim, S.J., Diplas, P., 2010. Turbulent flow through idealized emergent
vegetation. Journal of Hydraulic Engineering 136 (12), 1003–1017.

Sullivan, S.M.P., Watzin, M.C., Hession, W.C., 2006. Influence of stream geomorphic
condition on fish communities in Vermont, USA. Freshwater Biology 51 (10),
1811–1826.

Tal, M., Paola, C., 2007. Dynamic single-thread channels maintained by the
interaction of flow and vegetation. Geology 35 (4), 347–350.

Thorne, S.D., Furbish, D.J., 1995. Influences of coarse bank roughness on flow within
a sharply curved river bend. Geomorphology 12 (3), 241–257. http://dx.doi.org/
10.1016/0169-555X(95)00007-R.

Thornton, C.I., Abt, S.R., Morris, C.E., Fischenich, J.C., 2000. Calculating shear stress at
channel-overbank interfaces in straight channels with vegetated floodplains.
Journal of Hydraulic Engineering 126 (12), 99–936.

Trimble, S.W., 2004. Effects of riparian vegetation on stream channel stability and
sediment budgets, In: Bennett S.J., Simon A. (Eds.), Riparian Vegetation and Fluvial
Geomorphology. American Geophysical Union, Washington, DC, pp. 153–169.

Tsujimoto, T., 1999. Fluvial processes in streams with vegetation. Journal of
Hydraulic Research 37 (6), 789–803.

U.S. E.P.A. (Ed.), 1999. Riparian Forest Buffers: Linking Land and Water. Chesapeake
Bay Program. US Environmental Protection Agency. Annapolis, MD, p. 16.

van Katwijk, M., Bos, A., Hermus, D., Suykerbuyk, W., 2010. Sediment modification
by seagrass beds: muddification and sandification induced by plant cover and
environmental conditions. Estuarine, Coastal and Shelf Sciences 89, 175–181.

Wang, C., Wang, P., 2007. Hydraulic resistance characteristics of riparian reed zone
in river. Journal of Hydrologic Engineering 12 (3), 267–272.

Wang, C., Yu, J., Wang, P., Guo, P., 2009. Flow structure of partly vegetated open-
channel flows with eelgrass. Journal of Hydrodynamics, Ser. B 21, (3), 301–7.
doi: http://dx.doi.org/10.1016/S1001-6058(08)60150-X.

Wharton, G., Cotton, J.A., Wotton, R.S., Bass, J.A.B., Heppell, C.M., Trimmer, M.,
Sanders, I.A., Warren, L.L., 2006. Macrophytes and suspension-feeding
invertebrates modify flows and fine sediments in the Frome and Piddle
catchments, Dorset (UK). Journal of Hydrology 330 (1–2), 171–184. http://
dx.doi.org/10.1016/j.jhydrol.2006.04.034.

Wheaton, J.M., Gibbins, C., Wainwright, J., Larsen, L., McElroy, B., 2011. Preface:
multiscale feedbacks in ecogeomorphology. Geomorphology 126 (3–4), 265–268.

White, B.L., Nepf, H.M., 2008. A vortex-based model of velocity and shear stress in a
partially vegetated shallow channel. Water Resources Research 44, (W10412),
10.1029/2006WR005651.

Wilcock, P.R., Crowe, J.C., 2003. Surface-based transport model for mixed-size
sediment. ASCE Journal of Hydraulic Engineering 129 (2), 120–128.

Wilson, C.A.M.E., 2007. Flow resistance models for flexible submerged vegetation.
Journal of Hydrology 342, 213–222.

Wong, M., Parker, G., 2006. Reanalysis and correction of bed-load relation of Meyer-
Peter and Muller using their own database. Journal of Hydraulic Engineering
132 (11), 1159–1169.

Wormleaton, P.R., 1998. Floodplain secondary circulations a mechanism for flow
and shear stress redistribution in straight and compound channels, In:
Ashworth P., Bennett S., Best J.L., McLelland S. (Eds.), Coherent Flow
Structures in Open Channels. Wiley, pp. 581–608.

http://dx.doi.org/10.1146/annurev-fluid-120710-101048
http://dx.doi.org/10.1146/annurev-fluid-120710-101048
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0465
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0465
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0465
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0470
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0470
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0470
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0470
http://dx.doi.org/10.1002/rra.1291
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0480
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0480
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0485
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0485
http://dx.doi.org/10.1016/j.geomorph.2009.11.018
http://dx.doi.org/10.1002/esp.2173
http://dx.doi.org/10.1002/esp.2173
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0500
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0500
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0500
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0505
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0505
http://dx.doi.org/10.1002/jgrf.20073
http://dx.doi.org/10.1002/jgrf.20073
http://dx.doi.org/10.1016/j.advwatres.2008.10.007
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0515
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0515
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0520
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0520
http://dx.doi.org/10.1016/j.geomorph.2009.11.008
http://dx.doi.org/10.1016/j.geomorph.2009.11.008
http://dx.doi.org/10.1016/j.geomorph.2009.11.013
http://dx.doi.org/10.1016/j.geomorph.2009.11.013
http://dx.doi.org/10.1002/esp.1690
http://dx.doi.org/10.1016/0304-3770(92)90054-M
http://dx.doi.org/10.1016/0304-3770(92)90054-M
http://dx.doi.org/10.1029/2009WR008248
http://dx.doi.org/10.1029/2009WR008248
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0540
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0540
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0540
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0545
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0545
http://dx.doi.org/10.1016/S0022-1694(02),00194-4
http://dx.doi.org/10.1016/S0022-1694(02),00194-4
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0555
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0555
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0555
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0560
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0565
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0565
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0565
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0570
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0570
http://dx.doi.org/10.1046/j.1365-2427.1999.444495.x
http://dx.doi.org/10.1046/j.1365-2427.1999.444495.x
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0580
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0580
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0585
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0585
http://dx.doi.org/10.1111/j.1752-1688.1995.tb04035.x
http://dx.doi.org/10.1111/j.1752-1688.1995.tb04035.x
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0590
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0590
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0595
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0595
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0595
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0595
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0600
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0600
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0600
http://dx.doi.org/10.1016/S0169-555X(00),00036-2
http://dx.doi.org/10.1016/S0169-555X(00),00036-2
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0610
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0610
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0610
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0610
http://dx.doi.org/10.1029/2011WR011050
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0620
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0620
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0625
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0625
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0625
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0630
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0630
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0635
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0635
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0640
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0640
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0640
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0645
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0645
http://dx.doi.org/10.1016/0169-555X(95)00007-R
http://dx.doi.org/10.1016/0169-555X(95)00007-R
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0655
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0655
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0655
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0660
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0660
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0665
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0665
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0670
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0670
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0670
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0675
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0675
http://dx.doi.org/10.1016/S1001-6058(08)60150-X
http://dx.doi.org/10.1016/j.jhydrol.2006.04.034
http://dx.doi.org/10.1016/j.jhydrol.2006.04.034
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0685
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0685
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0690
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0690
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0695
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0695
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0700
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0700
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0700


376 J.C. Curran, W.C. Hession / Journal of Hydrology 505 (2013) 364–376
Wu, F., Shen, H.W., Chou, Y., 1999. Variation of roughness coefficients for
unsubmerged and submerged vegetation. Journal of Hydraulic Engineering
125 (9), 934–942.

Wynn, T.M., Mostaghimi, S., 2006a. Effects of riparian vegetation on stream bank
subaerial processes in southwestern Virginia, USA. Earth Surface Processes and
Landforms 31, 399–413.

Wynn, T.S., Mostaghimi, S., 2006b. The effects of vegetation and soil type on
streambank erosion, southwestern Virginia, USA. Journal of AWRA 42 (1), 69–
82.

Yang, K., Cao, S., Knight, D.W., 2007. Flow patterns in compound channels with
vegetated floodplains. Journal of Hydraulic Engineering 133, 148–159.
Yen, B.C., 2002. Open channel flow resistance. Journal of Hydraulic Engineering 128
(1), 20–39.

Zimmerman, R.C., Goodlett, J.C., Comer, G.H., 1967. The Influence of Vegetation on
Channel Form of Small Streams. International Association of Scientific
Hydrology, Gentbrugge, Belgium, p. 21.

Zong, L., Nepf, H.M., 2010. Flow and deposition in and around a finite patch of
vegetation. Geomorphology 116 (3–4), 363–372. http://dx.doi.org/10.1016/
j.geomorph.2009.11.020.

Zong, L., Nepf, H., 2012. Vortex development behind a finite porous obstruction in a
channel. Journal of Fluid Mechanics 691, 368. http://dx.doi.org/10.1017/
jfm.2011.479.

http://refhub.elsevier.com/S0022-1694(13)00732-4/h0705
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0705
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0705
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0710
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0710
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0710
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0715
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0715
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0715
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0720
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0720
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0725
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0725
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0730
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0730
http://refhub.elsevier.com/S0022-1694(13)00732-4/h0730
http://dx.doi.org/10.1016/j.geomorph.2009.11.020
http://dx.doi.org/10.1016/j.geomorph.2009.11.020
http://dx.doi.org/10.1017/jfm.2011.479
http://dx.doi.org/10.1017/jfm.2011.479

	Vegetative impacts on hydraulics and sediment processes across  the fluvial system
	1 Introduction
	2 Vegetative impacts on fluvial system hydraulics
	2.1 Planform scale
	2.2 Reach scale
	2.3 Local scale
	2.3.1 Hydraulics within vegetation
	2.3.2 Hydraulics at the vegetated interface

	2.4 Hydraulics summary

	3 Vegetative impacts on fluvial system sediments
	3.1 Planform scale
	3.2 Reach scale
	3.3 Local scale
	3.4 Summary

	4 Modeling
	4.1 Planform scale
	4.2 Reach scale
	4.3 Local scale
	4.4 Summary

	5 Summary and future research needs
	Acknowledgements
	References


