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This study conducted laboratory experiments to investigate the bedload transport within a patchy submerged canopy across a range of patch area densities and spatial configurations. The patch area densities ( ), defined as the bed area fraction covered by patches, ranged from 0 to 0.56, while the spatial configurations varied from channel-spanning patches to laterally unconfined patches. At low area density ( 0.3), as   increased, more flow passed over the top of the canopy, decreasing the near-bed velocity. However, the formation of turbulent wakes around individual patches increased the near-bed turbulent kinetic energy (TKE). These opposing trends led to a mild decrease in the bedload transport rate with increasing  . In contrast, at high area density ( 0.3), both near-bed velocity and TKE decreased with increasing  , resulting in a sharp decrease in bedload transport rate. Furthermore, at the same  , channel-spanning patches were associated with lower bedload transport, compared to laterally unconfined patches. A predictive model for bedload transport rate that incorporated both near-bed mean velocity and TKE provided more accurate predictions than models based only on time-averaged velocity (bed stress) or TKE.
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1 Introduction

The restoration of vegetated habitats is increasingly recognized as a key strategy for developing sustainable ecosystems. As an alternative to grey infrastructure, vegetated terrain not only mitigates flood risk by enhancing hydraulic roughness (e.g., Bennett and Simon, 2004; Schnauder and Sukhodolov, 2012; Tal and Paola, 2010) but also improves water quality (e.g., Dosskey et al., 2010) and provides essential habitat for fisheries (e.g., Ismail et al., 2018; Massicotte et al., 2015). For successful restoration projects, understanding the morphodynamic response to vegetation re-establishment is crucial. This need has led to numerous studies on hydrodynamic interactions among flow, vegetation, and sediment (e.g., Czarnomski et al., 2012; Le Bouteiller and Venditti, 2014; Neary et al., 2012; Armanini and Cavedon, 2019; Yang et al., 2016; Yager and Schmeeckle, 2013; Wang et al., 2022). Recent research has highlighted that vegetation-generated turbulence can drive sediment transport, as turbulence within the canopy promotes sediment mobilization (e.g., Tinoco and Coco, 2014; 2016, Yang et al., 2016; Yang and Nepf, 2018).

In river channels, aquatic vegetation often grows in submerged patches of finite width and length (e.g., Biggs et al., 2019; Cameron et al., 2013; Cornacchia et al., 2018), hereafter referred to as three-dimensional (3D) submerged patches. Patch size is determined by scale-dependent feedbacks associated with hydrodynamic stress, morphodynamics, and nutrient availability (Kondziolka and Nepf, 2014; Larsen and Harvey, 2011; Rietkerk and Van de Koppel, 2008). In natural streams, 3D submerged patches are distributed in diverse spatial patterns with different spacing (e.g., Cornacchia et al., 2023; Schoelynck et al., 2018). When a current encounters a patchy submerged canopy, flow adjustment occurs in both the horizontal and vertical planes around individual patches, generating 3D turbulent wakes (e.g., Liu et al., 2018). These turbulent wakes interact differently depending on the spatial configuration of the patches within the canopy, thereby influencing the hydrodynamic characteristics within the canopy (e.g., Chembolu et al., 2019; Cornacchia et al., 2019; Park and Nepf, 2025; Savio et al., 2023).

Several previous studies have correlated sediment transport within and around individual vegetation patches and patchy canopies with mean and turbulent flow characteristics (e.g., Holzenthal et al., 2022; Hu et al., 2018; Ortiz et al., 2013; Shan et al., 2020). For example, at the patch scale, reduced mean and turbulent velocity directly downstream of individual patches can promote sediment deposition in this region (Hu et al., 2018; Ortiz et al., 2013). At the canopy scale, patchy distributions of emergent vegetation generate lower turbulence near the bed compared to homogeneous distributions, resulting in a lower bedload transport rate (Shan et al., 2020). While these studies have provided valuable physical insight, they were limited to either a single submerged patch or emergent canopy conditions, failing to capture the full range of vegetation found in natural channels. The present study builds on previous research by investigating the impact of a canopy consisting of 3D submerged patches on bedload transport. Laboratory experiments were conducted using patches of model plants (Rotala indica) in a noncohesive sand bed. This study varied the patch area density, defined as the bed area fraction occupied by patches, between 0 and 0.56. It also considered different spatial distributions, from 2D (channel-spanning patches) to 3D (laterally unconfined patches). The bedload transport rate varied with spatial configuration and was influenced by both mean and turbulent flow characteristics near the bed, such that a predictive model integrating both velocity and turbulence performed better than predictions based on velocity (bed stress) or turbulence magnitude alone.




2 Bedload transport model

In open channel conditions, bedload transport occurs when the shear stress acting on the sediment exceeds the critical resistive force holding grains in place. Based on this, Meyer-Peter and Müller (1948) proposed a model to predict bedload transport rate ( ), defined as the dry mass of the sediment passing a unit cross-sectional width per time, using the time-averaged bed shear stress ( ) and the critical shear stress required to initiate motion, defined by the nondimensional Shields parameter ( ),

 

in which   is the dimensionless bedload transport rate ( ),   is an empirical coefficient ( 12.0  0.5, Deal et al., 2023), and   is the nondimensional bed shear stress,

 

Here,   and   are the sediment and fluid densities, respectively,   is the median grain diameter,   is the gravitational acceleration, and   is the grain fall velocity, which can be estimated using Rubey’s (1933) equation: 

in which   is the kinematic viscosity of the fluid.

The time-averaged bed shear stress can be estimated as:  , in which   is the near-bed time-mean velocity, and   is the bed drag coefficient, approximated from the near-bed Reynolds stress ( ) over a bare bed   (e.g., Yang and Nepf, 2018). The critical Shields parameter   depends on particle characteristics (Julien, 2010):

 

with the angle of repose   and the dimensionless particle diameter,  .

Bedload transport is also affected by turbulence (Ancey, 2020; Nelson et al., 1995; Park and Hwang, 2023). Turbulence produces instantaneous enhancement of bed stress, which can dislodge particles, and also generates pressure fluctuations that lift sediment from the bed (Celik et al., 2010; Vollmer and Kleinhans, 2007; Zanke, 2003). Reflecting the contribution of turbulence, Zhao and Nepf (2021) proposed a new model based on turbulent kinetic energy (TKE),

 

in which   ( ) is the nondimensional TKE, with   the near-bed TKE,   (  over the bare bed) is a scale coefficient that relates bed-generated turbulence with bed-shear stress, and   ( ) is the nondimensional critical near-bed TKE inferred from the critical bed stress over bare bed.

For uniform, emergent canopies, the TKE-based model in Equation 4 improved the prediction of bedload transport compared to Equation 1. However, it performed poorly for the submerged patchy canopies considered in this study and the submerged cylinder arrays examined by Zhao and Nepf (2024). For submerged canopies, both mean flow and turbulence influence bedload transport (see Zhao and Nepf, 2024, and Section 4). To reflect the influence of both time-mean bed stress and turbulence, Yang and Nepf (2019) proposed a hybrid flow parameter:

 

This parameter predicts bedload transport as:

 

Here,   and   4.5) are the parameters obtained from data in Yang and Nepf (2019); Shan et al. (2020), and Zhao and Nepf (2024). The parameter   was determined as the value that minimized the relative error ( ) between the observed ( ) and predicted bedload transport rate ( ).




3 Experimental setup

Laboratory experiments were conducted in a 1-m-wide (W) and 10.4-m-long recirculating flume equipped with two recirculation pipes: one for water (navy arrow in Figure 1A) and one for sediment (brown arrow in Figure 1A). An ejector pump continuously drew sediment from the collection area at the downstream end of the test section and returned it to the upstream end, ensuring a constant sediment feed. To minimize water surface fluctuations caused by the sediment return flow, a 0.7-m-long damping zone was installed using wooden dowels with a diameter of 2.5 cm. The test section length (Ltest) ranged from 2.5 to 4.0 m, depending on the experimental case (Table 1). The flow rate ( ), depth, and channel-averaged velocity   were fixed, with H= 0.27  0.01 m and  0.34  0.01 m/s.




Figure 1 | (A) Schematic of the recirculating flume (not to scale). Patches were fixed in a 7.5-cm-thick sand bed. Brown and navy arrows indicate the recirculation paths of sediment and water, respectively. (B) Definition of patch geometry and spacing. (C) Side view of the measurement point. (D) Top views of case 1 (bare bed), case 3 ( 0.30), case 5 ( 0.30), and case 9 ( 0.56).




Table 1 | Experimental conditions and near-bed flow characteristics (2D pattern and 3D pattern indicate spatial configuration with channel-spanning patches and laterally unconfined patches, respectively.



Vegetation patches were constructed by attaching 24 flexible plastic plants (Rotala indica) to a 5-mm-thick PVC plate with an area of 0.12 m × 0.12 m. The plates were anchored to the channel bed using wooden cylinders (brown vertical stick in Figure 1A). To mimic reconfiguration, the plants were artificially deflected in the streamwise direction using a 1-mm-diameter steel wire, resulting in patch height of  =10.6 cm  0.7 cm, a patch width of  =11.2 cm  0.8 cm, and a patch length of  =26.0 cm  0.9 cm. These patch dimensions were chosen based on the reconfigured geometry of patches observed in natural streams (Cornacchia et al., 2023). A 7.5-cm-thick layer of sand with a median grain size of  0.35 mm and a density of  2,650 kg/m3 was manually flattened before starting each experiment. For medium sand (0.25 mm   0.5 mm),   30  in Equation 3 (see Table 7.1 in Julien, 2010). The formation and movement of ripples were observed in digital video recordings and quantified by measuring the bed elevation every 10 min using the distance check mode of ADV (Vectrino, Nortek) at two positions within the canopy: between (point A) and behind (point B) individual patches (Figure 2A). The change in bed elevation ( ) was calculated by subtracting the initial bed elevation ( 7.5 cm) from the measured bed elevation at time   ( ).




Figure 2 | (A) The change in bed elevation (Δ ) for case2 at positions A and B, shown in the inset photo. (B) Bedload transport rate as a function of patch area density,  . The red markers indicate 2D channel-spanning patches (e.g., 2D pattern in Figure 1C, case 5, and case 8 in Table 1). The orange markers indicate laterally unconfined 3D patches (e.g., the inset above and the 3D pattern in Figure 1C). The numbers on the markers correspond to the case numbers listed in Table 1.



Nine spatial configurations, including both bare and vegetated channels, were considered (Table 1). The patch area density   ranged from 0 to 0.56:   is the number of patches per bed area and   (= 0.028   0.001 m2) is the horizontal area occupied by a single patch. A previous study showed that for the same  , near-bed velocity and turbulence varied with the spatial configuration (Park and Nepf, 2025). To capture this effect, we considered three different configurations for the patch densities of  0.3 and 0.4 by varying both the longitudinal gaps ( ) and the lateral gaps ( ) between individual patches (Figure 1B). For channel-spanning patches (2D pattern), patches were arranged in lines across the channel, spaced closely enough that flow between patches was inhibited. For laterally unconfined patches (3D pattern), patches were placed in a roughly staggered arrangement with some randomization, such that flow between adjacent patches was not inhibited (top view in Figure 1D).

During an experiment, both the bedload transport rate ( ) and the near-bed velocity were measured. The bedload transport rate was measured by diverting sediment from the recirculation pipe using a T-valve. A mesh bag was connected to the end of the diversion to collect sediment for 5 to 15 min (  300 to 900 s), depending on how quickly the bag filled. The collected sediment was placed in a container with water, and the total volume ( ) and mass ( ) of the fluid and sediment in the container were measured by subtracting the mass of empty container. Since  , the volume of sediment ( ) collected could be estimated as   and the dry mass of sediment as  , and   is the water density ( 1,000 kg/m3). The bedload transport rate was then estimated as   (unit: g/m ). Every 4 h, four replicate measurements were conducted to estimate the mean and the standard error of   (Table 1). When   stabilized over three consecutive measurements (8 h), we assumed that the equilibrium state of bedload transport had been established and started velocity measurements.

Instantaneous velocities   and  , in the streamwise, lateral, and vertical directions, respectively, were measured using ADV. The ADV was mounted on a traverse system, allowing adjustment of the measurement positions in the x-y-z plane. Measurements were made 2 cm above the sand bed (Figure 1C a 7-cm distance between ADV and sand bed) with a 3-cm lateral interval (30 measurement points in the lateral direction). For the configuration with the highest density, velocity was also measured near the water surface ( 0.8) to identify the flow regime (see Section 4.2). Depending on the longitudinal gap size, velocity measurements were carried out at one to three different streamwise positions in the gap. At each point, velocity was measured for 2 min at 100 Hz, and spikes were removed using the despiking method introduced by Goring and Nikora (2002). A short recording time (2 min) was necessary to achieve the required spatial coverage for this study. Note that the measurement time was short compared to the ripple period of 80 min (Figure 2A). This was justified based on findings from a previous study with similar ripple sizes. Specifically, Yang and Nepf (2019) demonstrated that velocity and turbulent kinetic energy measurements taken at 2 cm above the bed exhibited less than 21% variation over the period of migrating ripples (see Supplementary Figure S2 in Yang and Nepf, 2019). This indicated that the 2-min record could represent long-time averages with relatively small uncertainty (20%). Furthermore, the effect of bedform migration within the 2-min velocity measurement could be neglected, as bedform variation over this period was less than 0.5 mm. The velocity records were used to compute two hydraulic parameters: (1) spatial- and temporal-averaged, near-bed stream-wise velocity ( ), and (2) the turbulent kinetic energy ( . The overbar and bracket indicate a temporal and spatial averaging, respectively, while a single prime denotes temporal fluctuations. The spatial average was performed over the horizontal plane and included 30 to 90 measurement points.




4 Result



4.1 Bed load transport

Ripples formed and migrated downstream in the gaps between patches. For example, point A in Figure 2A (red symbols) was located between patches. At this point, the bed elevation fluctuated irregularly over   0.4 cm for the first 3 h, then fluctuated periodically with an amplitude of 0.7 cm and a period of 80 min. In contrast, directly behind a patch (point B, blue symbols in Figure 2A), sediment was continuously deposited over time, resulting in a steady increase in bed elevation. This observation aligned with previous studies that also reported sediment deposition downstream of a vegetation patch (e.g., Ortiz et al., 2013; Hu et al., 2018).

The bedload transport rate was highest in the bare channel and decreased with increasing   (Figure 2B). Given the limited number of cases, a simple linear decrease would be a reasonable inference. However, when considering the 2D (red) and 3D (yellow) cases in isolation, the decrease in   was steeper for  0.3, suggesting a threshold behavior, which we explore further in the context of the velocity and turbulence trends. The trend of decreasing bedload transport with increasing vegetation coverage contrasts with emergent patchy canopies, where bedload transport rate increases as the bed area occupied by vegetation ( ) increases (Shan et al., 2020). In emergent canopies, flow is laterally deflected around the patches, causing velocity and turbulence to increase in the bare areas between vegetation, which in turn enhances the bedload transport. Conversely, in submerged canopies, as the bed area occupied by vegetation increases, more flow passes over the top of individual patches rather than around them, reducing the near-bed velocity (Figure 3C) and consequently diminishing  . Finally, for the same  , shifting from a distribution of finite patches (3D pattern, Figure 1C) to channel-spanning patches (2D pattern, Figure 1C) resulted in a lower bedload transport rate (compare red and orange dots at same   in Figure 2B). The variation in   was influenced by both mean and turbulent flow characteristics, which will be discussed in the next section.




Figure 3 | Lateral distribution of normalized (A) streamwise velocity and (B) turbulent kinetic energy for different experimental cases. The green and brown areas represent the regions behind and between the patches, respectively. The red dotted lines indicate horizontally averaged values. Variation in horizontally averaged near-bed (C) streamwise velocity and (D) turbulent kinetic energy with patch area density. Circle markers represent data from the present study with a mobile bed, while triangle markers correspond to Park and Nepf (2025), who used the same plant model but with a fixed bed. Vertical distribution of horizontally averaged (E) streamwise velocity and (F) turbulent transport obtained from Park and Nepf (2025). (G) Fractional contribution ( ) of terms in the turbulence budget evaluated at   0.2.






4.2 Mean and turbulent flow characteristics within the canopy

Near-bed flow characteristics differed between spatial configurations. First, consider case 3 with a patch area density of  0.3. With large lateral gaps between individual patches, near-bed flow primarily moved through the gaps, with significantly lower velocity (  0) and lower TKE ( 0.02) downstream of individual patches (green shading in Case 3 in Figure 3A (2), Figure 3B (2); Supplementary Figure S1) compared to the regions between the patches (brown shading in Figure 3A (2), Figure 3B (2); Supplementary Figure S1). The regions of low hydrodynamic intensity behind the patches facilitated sediment deposition (point B in Figure 2A). In the regions in between patches, higher mean velocity and TKE promoted ripple formation and sediment migration (point A in Figure 2A). As the lateral spacing between patches decreased, the velocity difference between the gaps and wakes also decreased (compare cases 3 and 5 in Figure 3A).

The spatially averaged near-bed velocity,  , was highest in the bare channel (blue marker, Figure 3C) and decreased with increasing patch area density  . Patch configuration also influenced velocity at the same  : the 2D channel-spanning configurations (red markers in Figure 3C) consistently exhibited lower mean velocity than 3D configurations (orange markers in Figure 3C) due to total blockage when patches spanned the channel width as a continuous group (2D pattern in Figure 1C). For   0.56 in a channel-spanning configuration, most of the flow skimmed over the canopy, reducing near-bed velocity to nearly zero (Figure 3A , Case 9). In this case, the ratio of surface velocity ( ) to near-bed velocity ( ) was 0.048, which met the criteria for skimming flow,  0.05, as defined in Folkard (2011).  0.56 also met the criteria  0.4 for skimming flow (Wolfe and Nickling, 1993).

In contrast to near-bed velocity, which monotonically decreased with increasing   (Figure 3C), near-bed turbulence exhibited a nonlinear trend with  , with a peak near   0.3 (circles in Figure 3D). Given the limited number of cases, it was possible that the peak was broad and spanned   0.3 and 0.4. Specifically, considering all cases at the same  , the average TKE for   0.3 and 0.4 were 0.045   0.028 and 0.033   0.005, respectively (  95% confidence level in a t-test), and the probability that the confidence intervals of these two groups overlap was approximately 32%. Figure 3D is supplemented with measurements from Park and Nepf (2025, triangles in Figure 3D), who conducted experiments with the same vegetation models but over a fixed bed. For similar canopy conditions, a lower TKE was observed over the mobile bed (circles), which likely reflected the loss of turbulent energy transferred to sediment movement. Despite the difference associated with bed mobility, both studies indicate a nonlinear influence of patch area density and near-bed TKE, with a maximum near   0.3 (Figure 3D).

For a bare bed (blue circle in Figure 3D), near-bed turbulence was solely derived from bed-shear production ( ). The introduction of patchy vegetation both changed the near-bed shear production and created new sources of turbulence, resulting in higher near-bed TKE (red and orange markers in Figure 3D) compared to the bare bed (blue circle). Specifically, wake production ( ) occurred in the canopy, and vertical turbulent transport ( ) and dispersive transport ( ) transferred turbulence generated in the shear-layer at the canopy top to the near-bed region (see details in Supplementary Data Sheet 1 - Section 2). A notable exception was the canopies classified as skimming flow (green markers in Figure 3D), for which near-bed turbulence was lower than the bare bed. The nonlinear response of near-bed TKE to patch area density can be understood through changes in the turbulence budget.

When   was low ( 0.13), near-bed velocity was high (Figure 3C), resulting in high wake production ( ), which contributed the most (38%) to the near-bed turbulence budget (red bar in Figure 3(G)-1 ). As patch density increased to  0.3, near-bed velocity diminished and became more laterally uniform, reducing the contributions from both bed-shear production and wake production (orange and red bars in Figure 3G (2)). At this density, turbulence produced at the top of the canopy and carried toward the bed by turbulent transport ( ) made the greatest contribution to near-bed TKE (Figures 3(G)-2 and 3(G)-3).

For the patch area density producing the peak TKE ( 0.30), the magnitude of near-bed turbulence depended on spatial configuration, with lower  0.03 for distributed 3D patches (orange markers in Figure 3D) compared to  0.06 for channel-spanning 2D patches (red marker in Figure 3D). The higher turbulence in the channel-spanning configuration was attributed to strong shear in the canopy shear layer, which contributed to the near-bed turbulence through a higher magnitude of vertical turbulent transport ( , blue bars in Figure 3G).

As patch area density increased to the point of skimming flow (  0.56), the shear at the top (green squares in Figure 3E) and thus the canopy-shear production reached its highest value. However, the turbulence produced at the canopy top did not penetrate to the bed, as indicated by the near-zero   below   0.4 (green square in Figure 3F). The high canopy drag inhibited turbulent transport toward the bed. In addition, under skimming flow conditions, the near-bed velocity was both small and uniform in both lateral and vertical directions (Figures 3(A)-4, 3E), resulting in minimal bed-shear and wake production. Consequently, the minimum near-bed TKE was observed among all cases (green marker in Figure 3D). Finally, dispersive transport did not make a significant contribution to near-bed turbulence in any of the cases, consistently remaining below 15% (green bars in Figure 3G).

The variation in velocity and TKE with   explained the variation of   with  . Recall from Figure 2B that   decreased as   increased, but the trend was milder for   0.3 and stronger for  0.3. For  0.3, as   increased, near-bed velocity decreased, but TKE increased (Figures 3C, D). These trends had opposing impacts on bedload transport, resulting in a mild decrease in   with increasing   (Figure 2B). However, for  0.3, both velocity and TKE decreased with increasing   (Figures 3C, D), causing a sharp decrease in   (Figure 2B). Under skimming flow conditions at the highest  , both mean velocity and TKE reached their lowest value across all experimental cases, resulting in the smallest  . This highlights the importance of considering both time-mean velocity and turbulence when interpreting bedload transport within submerged canopies.

The drop in bedload transport near  0.3 can be linked to a positive feedback mechanism known to influence the vegetated landscapes. Specifically, in seagrass meadows, which predominantly experience submerged conditions, a patch density around  0.4 is commonly observed in fragmented meadows (e.g., Luhar et al., 2008; Schaefer et al., 2025). According to percolation theory, when   0.4, bare regions can form channels associated with higher velocity, promoting sediment mobility and inhibiting vegetation re-establishment. This creates a positive feedback loop that sustains the channels and the patchy meadow landscape. For example, Schaefer et al. (2025) used satellite images to show that a patchy seagrass meadow persisted for over 50 years, with individual patches shifting position while maintaining   0.4. In contrast, when   0.4, continuous channels are less likely to form, and velocity in bare regions is not elevated, eliminating the positive feedback. Consequently, when   0.4, patches can expand into the bare regions and eventually form a continuous meadow ( 1).

Our results revealed a similar threshold between   0.3 and 0.4. Specifically, when   0.3, the bare regions between patches exhibited higher near-bed velocity and greater bedload transport, potentially inhibiting vegetation regrowth and maintaining the existing vegetation distribution. However, when   0.4, both mean velocity and TKE sharply decreased, causing bedload transport to approach zero as   increased (Figure 2B). The reduction in bedload transport would stabilize the channel bed, protecting the existing vegetation distribution and potentially facilitating vegetation expansion into the bare regions. Thus, our study aligns with previous studies suggesting that a threshold near  0.3 to 0.4 plays a key role in the evolution of vegetated landscapes.




4.3 Bedload transport prediction

The measured bedload transport was compared with the models introduced in Section 2, which were based on bed shear stress (Equation 1), near-bed TKE (Equation 4), and a combination of both (Equation 5). The bed drag coefficient  ( 0.005 0.001) and  ( 0.11) were computed from measurements over a bare bed, as described in Section 2. For the bare bed condition, both the   and   models provided good prediction (blue triangles in Figures 4A, B), but the   model significantly underestimated   in the vegetated channels, with errors reaching up to two orders of magnitude (Figure 4A). This was because the time-averaged bed shear stress ( ) did not account for vegetation-generated turbulence, which can play a critical role in bedload transport within vegetated channels (Tinoco and Coco, 2016, 2018; Zhao and Nepf, 2021). The   model provided a better prediction for emergent canopies, compared to the   model (see red markers in Figures 4A, B), but it performed poorly for submerged canopies (blue circles and triangle markers in Figure 4B). For submerged canopies, turbulence transported vertically from the top of the canopy contributed significantly to near-bed turbulence (Zhao and Nepf, 2024), leading to a weak correlation between near-bed velocity and TKE, with a correlation coefficient of just 0.03 (Supplementary Figure S2). In this case, neither the bed shear stress estimated from time-averaged velocity nor the TKE alone could adequately describe the flow characteristics influencing bedload transport.




Figure 4 | Nondimensional bedload transport rate ( ) versus (A) mean bed shear stress , (Equation 2) (B) turbulent kinetic energy  , (C) the hybrid parameter  , and (D) normalized near-bed TKE,  .



The hybrid model defined in Equations 5 and 6 provided a closer fit to observations for both bare and vegetated channels and, importantly, for both emergent and submerged canopies (Figure 4C). However, in this study, using patchy submerged vegetation models, the value of   in Equation 5 was found to be  7, which was lower than the previously reported  10 in studies using both emergent and submerged cylinder arrays. The lower   can be explained by the difference in canopy structure. Specifically, in patchy canopies, stronger and more pronounced regions of horizontal shear formed around individual patches compared to individual cylinders, which elevated turbulence levels and resulted in a higher   compared to the cylinder arrays in previous studies (Figure 4D). The lower   in the patchy canopy also implied that, under the same near-bed velocity and TKE conditions, the patchy canopy produced lower bedload transport compared to cylinder arrays. This could be attributed to the larger bedform development within the patchy canopy. While cylinder arrays generate localized scour holes around individual cylinders, the patchy canopy formed relatively large deposition regions downstream of individual patches (Figure 2A). These deposition zones did not contribute to channel-scale bedload transport, leading to a lower   compared to cylinder arrays.

The present study considered a single sediment size ( 0.35 mm), and the results would likely be influenced by sediment characteristics that affect their response to turbulence. For example, the response timescale for a sand grain with  0.35 mm is  0.018 s, where   is the dynamic viscosity. The near-bed turbulence timescale ( ), defined as the integral time scale, varied from 0.18 to 0.26 s across the experimental cases. These time scales resulted in Stokes numbers ( ) below 0.1, indicating that the sediment grains could respond to the turbulent fluctuations (Brandon and Aggarwal, 2001). However, for  1.3 mm, the sediment response time would be longer than near-bed turbulence time scales ( 1), meaning individual grains would not respond to turbulent fluctuations, and sediment mobility would be governed solely by the time-mean bed stress. A similar time-scale control has been observed in biocohesive sediment. Specifically, biofilms can bind individual sediment grains together, increasing their response time (Malarkey et al., 2015). As observed by Deitrick et al. (2023), when the time scale of the vegetation-generated turbulence is shorter than the time needed to break biocohesion between sediment grains, the turbulence has no impact on sediment transport, and transport is best described by the mean shear stress.





5 Conclusion

Bedload transport within a submerged patchy canopy was investigated under varying patch densities and configurations. The bedload transport rate decreased as patch area density   increased, with more significant reductions when   exceeded 0.3. For  0.3, an increase in   was associated with two opposing trends in near-bed flow characteristics: (1) reduction in near-bed velocity as more flow passed over the top of the canopy and (2) an increase in near-bed TKE due to both patch-generated turbulence and turbulence produced in the canopy-shear layer, which was transported toward the bed. These opposing trends resulted in a mild decrease in bedload transport as   increased. However, for  0.3, a further increase in   led to a decline in both velocity and turbulence, resulting in a sharp reduction in the bedload transport rate. At the same  , channel-spanning patches exhibited a lower bedload transport rate compared to 3D distributed patches, as vegetation distributed in channel-spanning bands resulted in lower velocity near the bed.
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