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Abstract

:

Riverbank vegetation is of high importance both for preserving the form (morphology) and function (ecology) of natural river systems. Revegetation of riverbanks is commonly used as a means of stream rehabilitation and management of bank instability and erosion. In this experimental study, the effect of different riverbank vegetation densities on flow hydrodynamics across the channel, including the riparian zone, are reported and discussed. The configuration of vegetation elements follows either linear or staggered arrangements as vegetation density is progressively increased, within a representative range of vegetation densities found in nature. Hydrodynamic measurements including mean streamwise velocity and turbulent intensity flow profiles are recorded via acoustic Doppler velocimetry (ADV)—both at the main channel and within the riverbank. These results show that for the main channel and the toe of riverbank, turbulence intensity for the low densities (λ ≈ 0 to 0.12 m−1) can increase up to 40% compared the case of high densities (λ = 0.94 to 1.9 m−1). Further analysis of these data allowed the estimation of bed-shear stresses, demonstrating 84% and 23% increase at the main channel and near the toe region, for increasing densities (λ = 0 to 1.9 m−1). Quantifying these hydrodynamic effects is important for assessing the contribution of physically representative ranges of riparian vegetation densities on hydrogeomorphologic feedback.
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1. Introduction


More than six decades of research on the influence of riparian and aquatic vegetation on fluvial systems has demonstrated that both an important and complex interdependence in terms of river hydrodynamics, sediment transport and morphology exists [1]. This has a wide range of implications, such as managing hydraulic roughness for flood control, and maintaining stream bed and bank stability during extreme hydrologic events to prevent damage to property and critical infrastructure. In particular, riverbank erosion is a significant topic for fluvial geomorphology, engineering ecohydraulics and river management because it can cause loss of land, increase sediment flux to a river and subsequently reduce channel conveyance (see for example collapsed riverbank, more than 2 m high, in Figure 1a). Revegetation of streambanks is commonly used as a best practice for restoring riparian corridors and managing streambank erosion, according to leading environment protection agencies in the UK and USA (Figure 1b) [2,3,4]. Practice guidance emphasizes the need to predict and quantify how riparian vegetation may affect flow hydrodynamics, influencing riverbank erosion. Guidance also notes that a degree of bank erosion is natural and the emergence of gaps in vegetation cover, often caused by tree collapse, is essential for the natural renewal of bank vegetation. Indeed, natural river systems are highly complex due to their irregular geometry, unsteady flow and, different vegetation types and spatial patterns.



An increasing number of experimental studies on vegetation hydrodynamics have been carried out over the last three decades. For example, Zong and Nepf [5] conducted a series of flume experiments to assess the effect of a staggered array of circular cylinders on flow hydrodynamics. Their results clearly show that flow velocities are affected at both the nonvegetated region and the edge of the vegetation patch. A series of visualization experiments conducted by Valyrakis et al. [6], confirm that turbulence and large-scale vortices were generated at a certain distance after the vegetation elements. Similar studies have shown that a direct link exists between the size of eddies shed downstream from vegetation elements and their capacity to scour the bed surface [7].



Bed sediment rates and bed-load flux predictions are related to the vegetation type and patch location, bed grain size and sediment supply, but the effect of individual vegetation elements may be sometimes ignored [8]. In studies to investigate the influence of vegetation patch configuration on hydrodynamics and bed load transport, vegetation density can be adjusted in many ways, such as changing the vegetation type and increasing the number of the elements in the same region. For instance, Wilson et al. [9] studied arrays of submerged flexible vegetation in rivers, and they adjusted the vegetation density by adding fronds on the same array of rods. The addition of vegetation on a sand bar induced changes in the hydrodynamic field in and around that geomorphic feature, leading to scouring at its interface with the main channel (as reported from a field study in [10]).



Riverbank vegetation is an important component of riparian vegetation affecting erosional or depositional patterns, thus its morphological and by extension ecological features. It can be seen from a few studies that riparian vegetation can drastically reduce the mean velocity at the riverbank, while increasing it at the main channel. Enhanced momentum and energy transfer take place at the bottom of the interface of the vegetated riverbank and the main channel [11]. Further, the slope of riverbanks can be another parameter affecting bank stability. Steeper riverbanks can cause greater Reynolds stresses on the bank surface. However, bank slope may not influence the lateral momentum change [12]. Near-bed turbulence and Reynolds stresses may increase at the main channel, particularly at the bottom of the boundary region between the main channel and the riverbank, with increased riverbank vegetation density [12]. However, increasing bank stability may at the same time increase the potential for erosion at the main channel, having adverse effects. Riverbank vegetation may increase the mean streamwise velocity at a small distance away from the vegetated riverbank, resulting in characteristic S-shaped mean velocity profiles [13]. For a given discharge, the flow depth at section of a vegetated stream can be affected by the increased hydraulic roughness due to the riverbank vegetation, although this also depends on the exact features of the vegetation [14].



Riverbank erosion generally involves one of the following mechanisms or a combination of some of them: mass failure, hydraulic erosion and subaerial erosion [15,16]. Subaerial erosion involves changes in soil moisture, which effectively weakens the streambank leading to the collapse of slabs of soil [15,17]. Hydraulic erosion, including sediment transport due to turbulent flows, may be more pronounced following subaerial erosion [16]. In addition, hydraulic erosion at the toe region of the riverbank can decrease the stability of the bank, causing mass failures [18]. Many previous studies show that riparian vegetation can prevent bank failure due to root reinforcement of the soil [19]. This can also be beneficial for fluvial ecosystems [20]. Chen et al. [21] conducted a set of flume experiments, with submerged instream vegetation of different densities, to assess the change in flow hydrodynamics, including velocity and turbulence, and the impact on local scouring around vegetation elements. A series of controlled flume experiments at the St Anthony Falls Laboratory (SAFL) outdoor stream facility, identified that plants’ morphological characteristics, such as plant height and patch density, affect their probability of burial or uprooting and are important for their survival [22]. A numerical model developed by Schmeeckle [23] illustrates the significance of flow turbulence on sediment transport. Other numerical prediction and statistical models ([24,25] respectively) outline the importance of turbulent energetic flow structures, for promoting sediment transport processes.



Even though our understanding of the processes of bank stability has improved over the last decade, there still exists a knowledge gap on the impacts of riparian vegetation on streambank erosion [26]. Although vegetation hydrodynamics have been researched intensively, the ways by which riparian vegetation affects hydrodynamics both within the riverbank and the main channel, have not been investigated with a focus on streambank stability. To understand and comprehensively quantify how riparian vegetation affects bank stability, well controlled flume experiments covering a wide range of simulated riverbank vegetation densities, specifically designed to represent natural systems and associated hydrodynamics, are presented herein. Instantaneous three-dimensional velocity measurements are obtained using acoustic Doppler velocimetry (ADV) over a dense measurement grid across the whole channel. Analysis of the flow hydrodynamics, including mean velocity and turbulence intensity profiles across the whole channel cross section is presented, for a range of vegetation densities, and linear or staggered arrangements of the individual elements.



These results are further discussed in the context of bank erosion and implications for river management by means of re-vegetating streambanks. It is found that, both the mean and fluctuating velocity levels in the vegetated riverbank are reduced with increasing vegetation density. However, this is not the case for the main channel, up to the region near the toe of the riverbank. Specifically it is observed that the turbulence intensity near the bed surface for the low riverbank vegetation densities (λ ≈ 0 to 0.12 m−1) can increase up to 40% compared the case of high riverbank vegetation densities (λ = 0.94 to 1.9 m−1). In addition to the above analysis, the bed-shear stresses are estimated to significantly increase at the main channel with the riverbank vegetation densities.



The major findings of this paper is summarized as follows:




	
Flow hydrodynamics were measured across an open channel with a riverbank, for a range of riverbank vegetation densities, representative of natural systems.



	
At the main channel, bed-shear stresses increase nearly twofold with a change from no vegetation to the dense vegetation (λ = 1.9 m−1).



	
Near the riverbank toe, turbulence intensity reduces up to 40% for the cases of low to high vegetation densities (λ ≈ 0 to 1.9 m−1).



	
Recommendations are offered for improving the existing practices deploying riverbank revegetation as an environmentally sustainable method against riverbank destabilization.









2. Materials and Methods


A series of flume experiments were conducted at a 14 m long by 1.8 m wide glass-walled recirculating horizontal flume, at the Water Engineering Laboratory of the University of Glasgow. The streambank was modeled by a 0.8 m wide, inclined acrylic panel with an angle, θ = 17°, running a streamwise length of L = 8 m, a short distance downstream of the inlet section of the flume (Figure 2). Flow in and out of the modified channel geometry with the riverbank cross-section was smoothly streamlined using airfoil-wing shaped sections. From the beginning of the inclined riverbank and for 8 m, the main channel section (of width Wm = 1 m) was layered with coarse sand of nominal diameter ranging from 1.4–2.35 mm, with D50 = 2 mm, up to a height of 7.5 mm (Figure 2b). A filter layer of cobbles with 20–30 mm nominal diameter starting at 2 m downstream of the inlet section and running about 1.5 m long was designed to prevent loss of the bed material from the main channel, when the flume was drained. In addition, another similar filter layer was designed before the outlet section.



Flow uniformity was established by appropriately adjusting the flume’s tailgate height through a gear system. The flow rate controlled via two pump inverters remains fixed at all runs, as was also validated by the indications of the electromagnetic flow meters. The flow conditions were chosen appropriately and remain fixed, so that the bed surface remains unchanged during the experiments, as measured with the aid of two electronic height measurement gauges with sub-millimeter precision, mounted on the movable platform to ensure the gravel bed is leveled. The flow was uniform with a flow depth of 120 mm during the experiments. Mean flow velocity was estimated via two independent methods. Firstly, from the spatial average of the measured flow velocities across the channel. Secondly, from the mean flow discharge (Q) of about 8.5    ×   10   − 3      m3/s, calculated from the average measurements of electromagnetic flow meters attached to the inlet pipes via which water is circulated in the flume. The test area was located 0.5 m from the downstream end of the vegetated region, where the flow became fully developed.



A series of acrylic support panels were placed above the riverbank, supported by steel framework bolted to the sidewall of the flume. A large number of acrylic rods (of diameter, D = 6 mm) were placed on the support panel to model rigid emergent vegetation. The panels had a repeating pattern of drilled holes, which conveniently enabled placement of the rods at a certain location, having a distance     x i     from each other (Figure 3a), up to a maximum distance of Wv = 0.32 m. The bottom of each rod was cut at θ = 17°, to enable a perfect fit with the inclined bank surface. Six different vegetation densities were designed for this experiment (Figure 3b). Three of them were configured in linear arrangements, and the other three were configured in staggered arrangements (Figure 3b). With reference to previous studies, such as Nepf [27] and Tsujimoto et al. [28], the vegetation density of the array   λ   (per meter) can be defined as:


   λ =   t o t a l   p r o j e c t e d   r o d   a r e a   t o t a l   v o l u m e     =  D   x i    2      



(1)




where     x i     is the distance between each rod (Figure 3a), and D is the simulated vegetation element (rod) diameter. Table 1 summarizes the values of   λ   for each configuration. Kui et al. [22] conducted an experiment with 2 different densities of riparian vegetation, at 24 plants per m2 and 240 plants per m2, which is within the range of number of plants per m2 in this study (Table 1). Both the vegetation density and the arrangement type of individual vegetation elements, are shown in Table 1. Figure 2b also indicates the relative location of the hydrodynamic measurements to the simulated vegetation elements (rods).



Measurements were taken using a side-looking ADV across the channel cross section, at a longitudinal distance of 4.2 m downstream from the location where the riverbank vegetation starts. As shown in Figure 2b, ten vertical velocity profiles were obtained—six of them located in the main channel and the rest of these located within the vegetated riverbank. The profiles in the main channel consisted of nine measurement points, and the profiles in the bank region comprised of six to nine measurement points depending on the maximum water depth at each location. Table 2 shows the coordinates of all measurement points, with the vertical distance referring to the distance from the solid boundary. At least 4-min records of the three-dimensional velocity vector were recorded with the ADV, at a frequency of 25 Hz for each measurement point. This recording frequency is sufficient to capture the essential features of the flow, as it is of relatively low turbulence (Re is about 6 × 103 meaning that the turbulent fluctuations are not of high magnitude and turbulent mixing is not too vigorous, as happens in higher Re flows). More than 5000 raw data were obtained for each location recorded. During the experiments, the values of the ADV probe’s signal to noise ratio (SNR) and correlation were also checked to ensure they met the minimum requirements suggested by the ADV manufacturer (15 dB and 70% respectively, [29]).



Even though acoustic Doppler velocimeters (ADVs) are widely used in both laboratory studies and field studies to obtain point measurements of the three-dimensional flow velocity, these measurements may at times record erroneous data, which may show as spikes in time series. These errors are caused by intrinsic Doppler noise, aliasing of the Doppler signal and perhaps due to the velocity gradient in the sampling volume [30,31]. Specific post-processing methods have been developed to remove such spikes in the raw velocity signal, aiming at the removal of any outliers and filtering of the records, such as the algorithms of Goring and Nikora [30] and Khorsandi et al. [32]. Herein, the raw velocity data collected by the ADV were post-processed using the method developed by Goring and Nikora [30]. Through their method, the high frequency part of the signal is enhanced by differentiation.




3. Results


3.1. Streamwise Velocity


The mean velocity flow field can be represented either with the contour plots (Figure 4) showing the variation of flow hydrodynamics across the channel and the riverbank or with profile plots (Figure 5) enabling a more detailed comparison for a specific lateral location.



Observation of the mean streamwise velocity and its rate of change across the cross section of the channel can aid obtaining a better understanding for the strength of erosion processes at the riverbank in addition to the riverbed surface (Figure 4). From Figure 4, it is evident that the streamwise velocity in the vegetated riverbank dramatically decreases with increased riverbank vegetation density. This observation is in line with those reported in the literature. For example, the presence of vegetation on a sand bar likewise decreased the mean flow over the geomorphic feature but had the opposite effect across the rest of the main channel [10]. Herein, for   λ   = 1.88 m−1, the velocity in the riverbank is generally below 0.01 m/s, less than 6 times the average flow velocity in the main channel. The velocity in the riparian zone, particularly for the high vegetation densities, remains relatively constant across the water column following a rather suppressed logarithmic velocity profile, due to increased flow blockage (Figure 4).



The maximum flow velocity progressively increases with riparian vegetation density, also over a greater percentage of the cross-sectional area of the stream. The peak velocity for high vegetation density configurations (  λ   = 0.94 and 1.88 m−1) reaches 0.07 m/s, reflecting the fact that a greater part of the flow rate is routed through the main channel compared to the case with lower riparian vegetation densities. The mean velocity at the boundary of the riparian zone, between the riverbank and the main channel (e.g., for y = 895 mm and y = 945 mm) generally decreases with decreasing vegetation density. With increasing vegetation density at the riverbank, as the velocity at the main channel increases and the velocity at the riverbank reduces, a shear layer at the interface between the riverbank and main channel can be observed. The shear layer becomes more pronounced for high vegetation densities (see outlined sections for   λ   = 0.94 and 1.88 m−1, Figure 4).



The characteristic cases of mean velocity profiles at the centerline of the main channel (y = 445 mm) are shown in Figure 5. Specifically, the near bed surface and logarithmic region of the mean streamwise velocity profile are shown. It can be seen that near the top of the logarithmic region the flow velocity largely increases with vegetation density. So the smallest velocity is for the case of no vegetation at 0.050 m/s, increasing to about 0.052 m/s for low densities (  λ   = 0.06 and 0.12 m−1), then to 0.055 m/s for medium densities (  λ   = 0.23 and 0.47 m−1), up to 0.056 m/s for the high densities (  λ   = 0.94 and 1.88 m−1).



Near-bed flow velocities remain low due to the resistance of the solid boundary, regardless of the density of riparian vegetation. However, as the vegetation density increases and more of the flow rate is routed through the main channel, the flow velocity gradient, and subsequently Reynolds stresses, at the main channel will also increase. This means that even though the shear stresses are reduced at the riverbank, they increase at the main channel, along with the potential for eroding and deepening the main channel further. To substantiate this qualitative description, the bed-shear stresses at the main channel are estimated using the velocity profiles under the assumption of the log Law of the Wall. It needs to be emphasized that the mean streamwise velocity profiles inside the vegetated riverbank are not following the logarithmic profile, thus the log-Law approximation does not apply. This can be observed for all cases shown in Figure 4, where the streamwise flow velocity at the riverbank does not exhibit a consistent change across the flow depth. This is in accordance to the observations of past studies, reporting non-logarithmic shapes for the streamwise velocity profiles past vegetation patches [11,33].




3.2. Bed-Shear Stresses


The streamwise velocity profiles at the main channel generally follow the logarithmic law for turbulent flows over a solid boundary:


    u ¯  = A  U f  ln  (    30  (   z ′  −  z 1   )     k s     )    



(2)




where A is a constant (A = 2.5), Uf is the frictional velocity, z’ − z1 is the distance between the measurement location and the theoretical bed surface level,     k s     is Nikuradse’s equivalent sand grain roughness [34]. The average value of     k s    , representative of the average roughness across the main channel, increases from about 12 mm to 26 mm, for low to high vegetation density. This value is about 6 to 13 times the value of D50 at the surface of the sand bed for this study and is in agreement with past findings in the literature. For example, Cheng [35] reported that     k s     equals 5 to 12.9 times of the median diameter of bed material, while Madsen [36] reported that     k s     equals to 15 times of the median diameter of sand bed.



Under the assumption of a logarithmic profile at the turbulent boundary layer region, the representative special average of the bed-shear stresses at the centerline of the main channel are estimated to be τ = 0.019 Pa for the cases of no riverbank vegetation (λ = 0). This is seen to increase with riverbank vegetation, following an almost linear trend up to the value of τ = 0.037 Pa for the case of dense riverbank vegetation (λ = 1.9 m−1). This is a significant increase of up to 84% comparing the cases of no and dense vegetation. This corresponds to a value for Shields’ shear stress of     τ *  =    U f    2    g  (   ρ s  − ρ  )   D  50     = O  (    10   − 4    )    , which is much below the critical value (which is    O  (    10   − 2    )    ) for the transport of sediment.




3.3. Turbulence Intensity


Even though bed-shear stresses have been used as the standard criterion for assessing riverbed and riverbank erosion, recent criteria put strong emphasis on the role of flow turbulence and coherent flow structures [7,24,25]. Likewise, contemporary research on riparian vegetation hydrodynamics and their potential implications for sediment transport suggest that there is little certainty that shear stresses are the sole criterion to accurately describe these interactions and propose criteria based on turbulent fluctuations [37].



Turbulence intensity is an important flow hydrodynamics diagnostic measure, denoting the magnitude and variability of turbulent fluctuations, which may be important in understanding the potential for sediment transport. Herein, the turbulence intensity in the streamwise and lateral flow direction is analyzed. It is defined as the ratio of the standard deviation of the streamwise velocity over the bulk mean flow component:


          u i      ′   2   ¯     U  =      1 n    ∑   i = 1  n     (   u i  −  u ¯   )   2     U    



(3)






          v i      ′   2   ¯     V  =      1 n    ∑   i = 1  n     (   v i  −  v ¯   )   2     V    



(4)




where   U   and   V   are the spatially and temporally averaged streamwise and lateral flow velocity respectively, which here are kept constant to the value of   U   = 0.045 m/s and   V   = 0.003 m/s; ui and     v i     are the instantaneous (recorded) streamwise and lateral flow velocity respectively, and n is the number of measured velocity records over the time window of estimation.



As Figure 6 shows, turbulence intensity in the streamwise direction ranges from 0.05 to 0.24 across the water column for the various configurations. The shape of the turbulence intensity profiles at the main channel is typical of open channel flows (e.g., for y = 445 mm, Figure 6), showing an increase to its peak value at about 10–12 mm above the solid boundary and then rapidly decreasing with increasing flow depth. This is physically justified by the fact that most of the turbulence production happens near the solid boundary. This shape can also be seen at the boundary of the main channel and the vegetated riverbank (e.g., for y = 895 mm and y = 945 mm), although the shape is less standard.



For the higher vegetation densities at the riverbank, turbulence intensity reduces and obtains the smallest values for the denser configuration (e.g.,   λ   = 0.94 and 1.88 [m−1], see Figure 6 and Figure 7), due to the blockage to the flow. However, it is evident that turbulence levels at the main channel and near the riverbank slightly increase with riparian vegetation density (Figure 6 and Figure 7), possibly due to increased turbulence mixing induced by it. The comparison of the peak values of turbulence intensities at the main channel (for y = 445 mm) and the vicinity of the toe of the riverbank (for y = 945 mm), for each configuration, can be seen in Table 3. Similarly, for the rest of the locations at the main channel (for y = 895 and 945 mm), the lowest density configurations (  λ   = 0.06 and 0.12 m−1) correspond to greater turbulence levels (ranging from 0.20 to 0.22).



It is useful to quantify these changes by comparing the maximum streamwise turbulent intensity near the bed surface for the case of configurations with increasing vegetation density to the case of no bare riverbank (no vegetation). There appears to be a consistent trend for the ratio of streamwise turbulent intensities for each configuration to the bare riverbank, as shown in Figure 8. Specifically, this is shown to be largely reducing near the riverbank (profile y = 945 mm) by about 36% from the case of low vegetation densities (  λ   = 0.06 and 0.12 m−1) to the case of high densities (  λ   = 0.94 and 1.88 m−1). The same reduction is observed for the same ratio at the main channel centerline, but at a smaller magnitude of 15% (Figure 8).



These results demonstrate that within a densely vegetated riverbank, the flow slows down significantly, additionally resulting in a reduction of the strength of the macroscale flow structures advected along the riverbank and their impingement length, as has been also demonstrated by [37]. This is also consistent with the observations of reduced shear stress with increasing riverbank vegetation, overall leading to reduced riverbank destabilization potential for the higher vegetation densities (e.g., λ = 0.94 to 1.9 m−1). However, for the lower vegetation densities, the effect of individual vegetation elements on flow hydrodynamics is observed with increased turbulence levels due to the shedding of eddies past them (e.g., for λ ≈ 0 to 0.12 m−1). These effects are stronger at the riverbank toe region. In a natural setting, this would increase the potential for destabilizing the riverbank. Thus even though riparian vegetation is generally thought to generally stabilize soil with its root system [38], for low vegetation densities it may instead have adverse effects, leading to local scour (particularly near the riverbank’s toe region) and overall promoting bank erosion.





4. Discussion


4.1. Interactions between Riparian Vegetation and Hydrogeomorphology


Insight into how different riverbank vegetation densities influence flow hydrodynamics has practical implications for applied river management, including managing vegetation to convey flood flows and the design and adaptive management of river restoration schemes [39,40,41]. With respect to the latter, there is increased recognition that interactions and feedback between vegetation, water flow and sediment dynamics, control channel and floodplain form and dynamics [1,42]. If restoration schemes are to be successful in enhancing river process and form, scheme designs must account for how riparian and emergent aquatic vegetation will influence hydrogeomorphology. Gurnell [1] present a conceptual model of vegetation-hydrogeomorphological interactions that divides a river corridor into five zones depending upon their relation with magnitude and frequency of inundation, fine sediment deposition, and sediment erosion and deposition. The model provides a basis for framing the effect of riverbank vegetation densities on flow hydrodynamics and morphology.



With respect to the experimental results reported in this paper, two zones of the model are of greatest relevance since they are in the critical zone of vegetation-hydrogeomorphology interaction. Zone one of the river corridor, the river channel, which is permanently inundated; it is the zone with deepest water, highest velocities, and greatest bed-shear stresses across all flows. Sediment transport rates are thus at their greatest within this zone, resulting in a habitat that is hostile to vegetation growth and survival. Zone two, the immediate riverbank, is frequently inundated by high flows and is also characterized by sediment transport but riparian and emergent aquatic plants can survive in this zone, depending upon their tolerance to fluvial disturbance in the form of inundation, scour and burial [43,44]. The results presented in this research suggest that bed-shear stresses at the main channel (zone one) can have an up to twofold increase (comparing the bare riverbank and one with dense vegetation of λ ~ 2 m−1). This means that while it is beneficial to protect the riverbank (zone 2) with vegetation, the maximum riverbank density should be also controlled, so as to avoid reducing the flow through it to a level that can lead to deepening of the streambed. So there seems to be a compromise between low and high vegetation densities and offering a better understanding of the processes involved towards finding a “sweet spot” or optimal riverbank density for protecting both riverbed and riverbanks, and this has been the focus of this research. However, interactions between vegetation, flow, sediment transport and morphology in zones one and two of a river restoration scheme are likely to be longitudinally and laterally more complex, than what is shown in this controlled study, due to the irregular and patchy nature of vegetation colonization and survival, response to floods, and temporal shifts in hydrogeomorphological processes.




4.2. Case Studies and Best Practices: Examples from the UK


River restoration by channel realignment is currently being trialed across a number of upland rivers in the United Kingdom to enhance natural river processes and improve morphological diversity along previously straightened reaches. These realignment schemes are typically morphologically dynamic in their first year, as they adjust from their imposed design during the first sequence of high flow events that they are exposed to. This short-term morphological adjustment occurs at the same time as riverbank vegetation establishes, either through planting or natural colonization, and starts to influence flow, and sediment erosion and deposition.



Investigation of early vegetation-hydrogeomorphology feedbacks on a realignment scheme on the lowland River Cole, United Kingdom, indicates that feedbacks between naturally colonizing vegetation, hydro- and sediment-dynamics on the riverbank are significant within one year of realignment [45]. Figure 9 shows a sequence of photos that have been taken to record the evolution of the upland Whit Beck river restoration scheme, Cumbria. The true left bank (left of the images) is adjacent to a wooded area and, at decadal scales, trees are likely to develop along this river bank and exert influence on channel form. Rapid vegetation colonization, subsequent scour and burial during flooding in December 2015 [46], followed by further vegetation colonization in autumn 2016 and spring 2017 is evident on the right bank and bar. Vegetation colonization of the bar concentrates flow into a narrower and deeper channel, and may thus increase erosion on the outer bank. Such feedbacks have also been observed at point bars of sandy experimental rivers [10]. The arrangement of plastic tree sapling guards can be seen on both banks; whilst these saplings do not currently exert a significant influence on channel hydrodynamics, as the trees establish they are likely to.



The research proposed herein and the experiment results reported in this paper could be used to provide broad guidance on the spatial layout and density of planting, as well as for maintaining riverbank vegetation once fully established. For example, the arrangement of plastic tree sapling guards can be seen on both banks (e.g., Figure 9c); whilst these saplings do not on their own exert a significant influence on channel hydrodynamics, as the riparian vegetation establishes further, they are likely to. In the first case, the arrangement of tree sapling and planted vegetation was relatively sparse, with a representative density closer matching a scaled version of the second and third experimental configurations (Figure 8c,d, respectively). Even though the vegetation density has grown denser at specific locations, the high flow has eroded part of the riverbank with lower vegetation density. According to the results and hydrodynamic metrics presented herein, sparse riverbank vegetation is not able to significantly protect the bank slope from erosion during high flows (Figure 8e,f). Thus it is noted that planting riparian vegetation, which will at a sufficient density by the time of high flood events, may help to better protect against erosion at the riverbank.



For the example of a tributary at the Water of Girvan, in Scotland, presented earlier (Figure 1), the use of revegetation techniques, such as planting native vegetation species and placing willow fagots, offers a sustainable method that engineers and consultants use widely to prevent riverbank erosion. Figure 1b shows that a sandbar has formed about five months after the installation of willow fagot and shootings of native species planted at the earlier eroded part of the riverbank (see also [47]). This effectively reduces the flow and hydrodynamic forcing through the affected region, allowing for fine bed material and sand to deposit behind it, allowing for the riverbank to re-establish. This is the same region as the interface of the main channel and riverbank, which is shown to typically exhibit higher shear stresses, posing a risk for initiating local scour and subsequently full scale bank erosion. This method allows for the establishment of a flow regime similar to the densely vegetated riverbank in our experiments (  λ   = 0.94 and 1.88 m−1), with reduced hydrodynamic stresses (by more than 50% on average), at the same region (e.g., for y > 1000 mm). This method is more effective to planting shootings alone, as young plants may not have established at a sufficiently high density or have developed a strong root system to sustain the hydrodynamic action of turbulent flows [48,49].




4.3. Implications for Riverbank Stability


Overall, it can be seen from the velocity and turbulence intensity profiles (Figure 5 and Figure 6) that hydrodynamic stresses within the riverbank region evidently decrease with increasing riparian vegetation. In this study, the riverbank is designed as nonerodible bank (thus the effect of the root system is not evaluated) and the vegetation elements are rigid (not flexible) cylinders without canopy. Flexibility of the vegetation elements is perhaps most important for higher flows or smaller riverbank densities, potentially leading to overestimating the effect on hydrodynamics compared to naturally flexible vegetation. However, this effect is expected to be counterbalanced by the presence of leafy canopy that interacts with the flow as vegetation becomes submerged. These are features that can be modelled in a future flume studies.



In this series of experiments, the obtained results are demonstrative of the potential of using riverbank vegetation in reducing the hydraulic erosional capacity of high flows at the riverbank, compared to the bare bank or low riparian vegetation densities. As the research herein emphasizes, for increased vegetation densities, increases riverbank blockage and routing of the flow towards the main channel can erode and deepen the main channel. Monitoring the riverbank vegetation to avoid erosion at the riverbank or main channel respectively, by combining the observations from this study and river corridor restoration frameworks [50] or via embedding in appropriate deterministic or stochastic modelling approaches to ecosystem management [51], has the potential to comprehensively address this challenge.



Chen et al. [52] linked the erosional capacity of the flow to the enhanced bed-shear stresses near the exposed part of instream vegetation. In this study it is found that both bed-shear stress estimates and turbulence intensity results offer consistent trends for the increasing potential of destabilization of the main channel and toe of the riverbank, for high and low vegetation densities respectively. However, as this study has demonstrated, bed-shear stresses cannot be estimated with certainty assuming logarithmic velocity profiles, nor other ways of estimation offer consistent results [11]. This makes it of even greater utility and urgency to identify relevant criteria, which can be used and associated to riverbank stability. Further analysis using recently suggested event-based criteria for sediment transport, which appropriately accounts for the scales of coherent turbulent flow structures [53,54] and relevant modelling tools [24,25,55], would be also relevant to pursue in future studies. Such efforts should focus on investigating the potential of such criteria to better characterize the erosive capacity of flow turbulence on riverbanks, and find practical applications on vegetation flow hydrodynamics, engineering ecohydraulics and fluvial geomorphology.





5. Conclusions


A series of appropriately designed flume experiments with increasing riverbank vegetation density were conducted to study vegetation-hydrodynamic interactions with implications on hydro-geomorphologic feedbacks. In particular, hydrodynamic measurements were taken along the cross section of an open channel flow with a simulated nonerodible vegetated riverbank with different densities or riparian vegetation. The range of densities, sparse and dense, assessed in this study are representative of a range of natural systems, as suggested by the literature [56,57,58]. Turbulent flow measurements and hydrodynamic analysis comprising of mean velocity and turbulent intensity profiles and bed-shear stresses, offer consistent trends.



At the main channel, comparing the cases of no vegetation to the cases with dense vegetation (λ = 1.9 m−1), bed-shear stresses can significantly increase (up to about two times) and streamwise turbulent intensities can also increase by about 40%. This is due to a relative “flow blockage” effect of the densely vegetated riverbanks leading to the increased routing of the bulk of the flow to the main channel, potentially leading to destabilization of the main channel.



At the riverbank toe region, turbulence intensity reduces up to 40% for the cases of low-to-high vegetation densities (λ ≈ 0 to 1.9 m−1), implying that the potential for erosion decreases with increasing vegetation density. This is due to an increased “flow agitation” effect from the individual vegetation elements when located in a sparse arrangement. This mechanism is largely silenced by the “flow blockage” effect as the vegetation density increases.



Even though hydrodynamic measurements are obtained near and within the riverbank, existing criteria such as traditionally estimated bed-shear stresses, cannot assess comprehensively and with certainty the risk of destabilization. It is suggested that these will be comprehensively evaluated in a future study, potentially including estimation of flow impulses and energetic flow events due to coherent turbulent flow structures.



As the two mechanisms presented above can destabilize the main channel bed or toe of the riverbank for very high or very low vegetation densities, respectively, careful consideration needs be practiced so as to ensure that adverse effects are avoided. For practical case studies, it is suggested to undertake a thorough hydrodynamic monitoring campaign at the sections of interest (e.g., adjacent to critical infrastructure) of a rehabilitated river and aim to control riverbank vegetation density by following the framework and analysis similar to what is presented here, towards identifying the most appropriate range of vegetation densities (not too low, nor too high) weakening the effects of the above mechanisms (also largely dependent on the expected flow rates and bed surface topography, varying per case). Such recommendations can help amend existing best practices for river management and environmentally sustainable restoration, preventing riverbank destabilization.
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Figure 1. (a) Demonstration of successful riverbank stabilization efforts via revegetation of a streambank and (b) a visibly failed riverbank at a tributary of the Water of Girvan, Scotland. Bank-erosion protection work has been undertaken along this river by engineers and scientists of the Ayrshire River Trust (ART) using native plants and willow fagots to redirect the flow towards the main channel. Notice the height of the collapsed streambank (>2 m) relative to the size of ART’s engineers. 
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Figure 2. (a) Plan view of a subsection of the channel setup; (b) Cross-sectional layout of the channel setup with vegetation, simulated by an array of vegetation elements (rods) placed at a variable density along the floodplain. The acoustic Doppler velocimetry (ADV) measurement grid locations are shown with the symbols (x). A-A indicates the cross section along which measurements take place. 
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Figure 3. (a) Definition sketch for the vegetation density, where the spacing of the elements for a configuration i, is denoted with     x i    ; (b) Illustration of the configurations of simulated riverbank vegetation used in the experiments and the relative position of the flow measurements within the vegetated section. Increasing densities were achieved from one configuration to the next, by placing additional elements at the locations specified for this configuration (see corresponding shapes in the figure’s legend). Examples of elements’ spacing are shown for both linear (    x 1    ) and staggered (    x 2     and     x 6    ) configurations. With closed circles, the locations of the ADV measurement volume are indicated relative to the vegetation elements. Flow direction is along the x-axis. 
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Figure 4. Contour plots of the mean streamwise velocity for the bare bank and each configuration (see Table 2) corresponding to increasing densities of the riverbank vegetation. The measurement locations are shown. z and y axes are not plotted to scale. Dashed circles indicate the region near the boundary of the main channel and the riverbank, where the shear layer is developing. 
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Figure 5. Streamwise mean velocity profiles at the centerline of the main channel (y = 445 mm) for the bare streambank and various riparian density configurations (1–6; see Table 2 for details). 
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Figure 6. Plots of streamwise turbulence intensity profiles for characteristic transverse locations: at the main channel (for y = 445 mm); at the region between the main channel and the riverbank (for y = 895 and 945 mm); and within the sloping bank (for y > 1000 mm). 
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Figure 7. Plots of lateral turbulence intensity profiles for characteristic transverse locations: at the main channel (for y = 445 mm); at the region between the main channel and the riverbank (for y = 895 and 945 mm); and within the sloping bank (for y > 1000 mm). 
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Figure 8. Ratios of the highest streamwise turbulent intensity values of each different vegetation density           u i      ′   2   ¯      m a x      in the main channel to the highest turbulent intensity value for no riverbank vegetation           u i      ′   2   ¯      0 , m a x     . Results for two different locations are shown: at the centerline of the main channel (y = 445 mm) and at the vicinity of the toe of the riverbank (y = 945 mm). 
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Figure 9. Six fixed-point photos that were acquired at a fixed point on the Whit Beck River restoration scheme, Cumbria, United Kingdom, during a 21-month period. Images look in a downstream direction. (a) Newly realigned river, showing initial riverbank vegetation. (b) Bar formation on true right, following first storm event. (c) Colonization of riverbank grasses and tree planting. (d) Colonization of bar with grasses. (e) High flows and midchannel bar development, following the December 2015 Cumbrian floods [46]. (f) Further establishment of vegetation on true left; unvegetated bar on true right after reworking. (g–i) Vegetation establishment and growth on true right bar. 
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Table 1. Vegetation density,   λ  , for each configuration.
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	Configuration (Density)
	Rod Arrangement Type
	     x i      [m]
	   λ    [    ×   10   − 1     m   − 1      ]
	Number of Plants per m2





	1 (low)
	Linear
	0.320
	0.586
	10



	2 (low)
	Staggered
	0.226
	1.172
	20



	3 (medium)
	Linear
	0.160
	2.344
	39



	4 (medium)
	Staggered
	0.113
	4.688
	78



	5 (high)
	Linear
	0.080
	9.375
	156



	6 (high)
	Staggered
	0.057
	18.75
	308
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Table 2. Specific coordinates denoting the location of flow velocity measurement volumes (with ADV) across the channel. y indicates the horizontal distance from the vertical side wall, and z indicates the vertical distance from the bed/bank surface.






Table 2. Specific coordinates denoting the location of flow velocity measurement volumes (with ADV) across the channel. y indicates the horizontal distance from the vertical side wall, and z indicates the vertical distance from the bed/bank surface.





	
y [mm]

	
245

	
445

	
645

	
795

	
895

	
945

	
1010

	
1090

	
1170

	
1250




	
z [mm]

	
100

	
100

	
100

	
100

	
100

	
100

	
91

	
68

	
41

	
21




	
75

	
75

	
75

	
75

	
75

	
75

	
75

	
55

	
35

	
16




	
55

	
55

	
55

	
55

	
55

	
55

	
55

	
35

	
20

	
12




	
35

	
35

	
35

	
35

	
35

	
35

	
35

	
20

	
12

	
8




	
20

	
20

	
20

	
20

	
20

	
20

	
20

	
12

	
8

	
5




	
12

	
12

	
12

	
12

	
12

	
12

	
12

	
8

	
5

	
3




	
8

	
8

	
8

	
8

	
8

	
8

	
8

	
5

	
3

	
*




	
5

	
5

	
5

	
5

	
5

	
5

	
5

	
3

	
*

	
*




	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
*

	
*

	
*








Note: * for the riverbank profiles, less data points were taken due to reduced flow depth.
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Table 3. The maximum observed streamwise values at the main channel (profile y = 445 mm) and the toe of the riverbank (profile y = 945 mm), and the percentage increase compared to the case of bare riverbank (no riparian vegetation).
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λ [m−1]

	
0

	
0.06

	
0.12

	
0.23

	
0.47

	
0.94

	
1.88






	
y = 445 mm

	
            u i      ′   2   ¯     U    m a x     

	
0.16

	
0.23

	
0.21

	
0.18

	
0.18

	
0.19

	
0.18




	
Change compared to no vegetation

	
0%

	
42%

	
27%

	
12%

	
15%

	
17%

	
9%




	
y = 945 mm

	
            u i      ′   2   ¯     U    m a x     

	
0.20

	
0.20

	
0.22

	
0.21

	
0.18

	
0.15

	
0.14




	
Change compared to no vegetation

	
0%

	
−2%

	
12%

	
4%

	
−11%

	
−25%

	
−31%
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