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Abstract: Predicting morphological adjustments in alluvial meandering streams remains a challenging
task due to the complex nature of the governing inter-related dynamic flow and sediment transport
processes. This difficulty is increased in streams with irregular single-channel planform geometries,
such as skewed meanders, where the meander apex is shifted in either the up-valley or down-valley
direction relative to the meander centroid. Research in confined bank flume experiments has shown
that the geometry difference affects flow characteristics and streambed development. The present
study extends upon these findings by being the first to investigate the effects of skewness orientation
in a wide-channel flume with a fully unconfined bed and banks. Three experiments were completed
with an up-valley skewed, a down-valley skewed, and a non-skewed symmetrical channel, using
well-sorted coarse sand and no sediment feed. The results had some variabilities in erosion and
magnitude of morphological developments due to initial experimental conditions, but our analysis
of the bedform positioning showed notable similarities and differences between the geometries.
Bedforms typically formed upstream of the apex, with differences in their stream-wise direction
extents. This research highlights how channel width-to-depth ratio and bank erodibility significantly
impact river evolution, offering new insights into the dynamics of skewed meandering river channels.
This study is a novel step towards a better understanding of skewed meandering rivers in unconfined
alluvial channels and highlights opportunities for further research.

Keywords: meandering rivers; sediment transport; river morphology; skewed Kinoshita channel

1. Introduction

Morphological and sediment transport processes in fluvial systems play important
roles in the sustainable management of riverine ecosystems, hydraulic structures, and other
infrastructure in the riverine environment. With a better understanding of channel-forming
processes and patterns, improved decisions can be made surrounding the management
of river systems through better consideration of their morphological evolution over time.
Laboratory flumes are commonly used to study various aspects of river development
under controlled conditions. Many studies also simplify the river channel with a confined
(or fixed) bed, bank, or both to investigate flow conditions, sediment transport processes,
temporal development, or armoring effects in gravel-bed channels [1–4] and in sand-bed
channels [5–8]. Confined bank flumes have also been used to investigate the effects of river
sinuosity on flow patterns [9].

With advancements in the understanding of fluvial processes, increasingly complex
experiments have been conducted in unconfined bed and bank conditions, allowing the
simulated river channel to deform vertically and laterally. Studies in these types of flumes
have investigated topics such as requirements to sustain river meandering [10]; effects of
perturbations in sustaining meanders or developing cutoffs [11,12]; and effects of sinuosity,
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channel width, and flow rate on morphological development [13]. Some studies have
also focused on braided river channel development [14,15], but limited knowledge is
available on the effect of irregular single-channel planform geometries on flow patterns
and morphological processes in alluvial streams.

One type of irregular single-channel planform geometry is the skewed meandering
channel, in which the meander apex is shifted either up- or down-valley from the meander
centroid. Lanzoni and Seminara [16] suggested that the width-to-depth ratio of a river
channel relative to the resonant condition given by Blondeaux and Seminara [17] affected
the direction of migration for planform changes, which would translate to dominantly
up-valley skewed bends in sub-resonant conditions (width-to-depth ratio smaller than
resonant) and dominantly down-valley skewed bends in super-resonant conditions.

However, many river channels show both directions of skewness, which may be from
the effects of vegetation [18]. Abad and Garcia [19,20] investigated the effects of bend
orientation in a skewed meandering channel on flow dynamics and bedform developments
using a narrow, confined bank flume. The authors found that the down-valley skew
scenario had more developed secondary flow patterns and more energy dissipation when
compared to the up-valley skew direction.

When sediment was introduced, the down-valley skewed geometry had more devel-
oped and stable bedforms with a more apparent progression over time. The down-valley
skewed case also had a deeper scour region (located downstream of the apex) when com-
pared to the up-valley skewed case. The same flume has since been further used to study
alluvial cover and bedrock erosion in skewed meanders [21].

To date, no experiments have investigated whether the patterns seen in the work
performed by Abad and Garcia [19,20] would appear in a fully unconfined flume system
where the banks also deform, not just the bed. The channel used in those experiments was
also narrow but had a deeper flow; thus, a wider river channel with a relatively shallower
flow may show different results due to differences in how secondary currents form.

In this research, a new flume system was constructed to investigate how skewness
orientation impacts an unconfined alluvial stream that is considered to be relatively wide
in comparison to flow depth. The results from this research will give new insights into the
morphological processes in alluvial streams and provide engineers and hydrologists with
better tools to assess stream erosion risks and to plan effective mitigation measures.

2. Materials and Methods
2.1. Laboratory Facility

Experiments were conducted in a 5.56 m long by 1.98 m wide laboratory river basin
flume. Figure 1 presents the flume layout and major dimensions. A centrifugal pump
moved water from the in-floor reservoir to the flume. Eroded sediments were collected
in a sediment trap at the outlet before water was recirculated back to the reservoir. Ball
valves were used to control the flow rate, measured using a Dynasonics TFXL ultrasonic
transit-time flow meter (Racine Federated Inc., Racine, Wisconsin, USA). The sediment in
the river basin flume (i.e., the stream bed and bank material) consisted of a poorly sorted
medium sand containing minimal fines with a median particle diameter of D50 = 0.75 mm
(σ = 0.34 mm) and a particle density of 2500 kg/m3 (obtained from Lafarge Aggregates,
Guelph, Ontario, Canada). The sediment was selected to ensure sufficient transport of
non-cohesive sediment during the laboratory runs (i.e., to ensure the sediment would be
transported under the prescribed laboratory conditions).



Water 2024, 16, 851 3 of 13
Water 2024, 16, x FOR PEER REVIEW 3 of 13 
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Figure 1. Flume schematic and dimensions (up-valley skewed geometry shown).

2.2. Experimental Setup

To represent the meandering geometry of a river, the sine-generated curve was first
proposed by Langbein and Leopold [22]. A modified form of that curve was developed
by Parker et al. [23] and named the Kinoshita curve to represent skewed meandering
rivers, with added coefficients corresponding to the level of skewing and flattening in the
meandering pattern. The Kinoshita curve equation is defined as follows:

θ(s) = θ0sin
(

2πs
λ

)
+ θ0

3
[

Jscos
(

6πs
λ

)
− Jfsin

(
6πs
λ

)]
(1)

where θ is the deflection angle of the channel centerline at a given stream-wise distance
coordinate, s; the maximum deflection is θ0; and the meander wavelength along the stream
is λ. The skewness and flatness coefficients are represented by Js and Jf, respectively.

Three experiments were performed with differing skewness coefficients while main-
taining the same flow rate conditions and initial cross-sectional geometry. The skewness
and flatness coefficients used for defining the curve matched those used by Abad and
Garcia [19]. The three values for Js were +1/32, 0, and −1/32 where Js = 0 represented
a planform geometry with no skew (i.e., a regular sine-generated meandering planform
geometry). For the skewed channels, Jf was set to 1/192, while Jf = 0 was used for the
non-skewed geometry. All experiments had a maximum deflection angle, θo = 100◦. Ob-
servations by da Silva and Yalin [24] showed the ratio of wavelength measured along the
valley direction to channel width B can be approximated as equal to 2π. As such, the valley
meander wavelength was designed to be about 1.26 m (the corresponding stream-wise
wavelength is λ = 3.38 m). In each experiment, the initial carved channel had a rectangular
cross-section with channel width B = 0.20 m, a channel slope of S = 1/150, and five meander
bends. A straight section was present at both the inlet and outlet sections, leading into
and out of the meandering region of the flume. Flow rates were set at Q = 0.5 L/s, and a
summary of hydraulic conditions observed in each experiment can be found in Table 1.

To achieve the desired channel slope, the total elevation drop over the channel was
controlled with metal cutouts at the inlet and outlet of the channel, which were designed to
be flush with the channel cross-section (made a valley slope of about 1/59). The flume was
slowly filled with water, and the valley slope was precisely graded. Submerging the bed
ensured a consistent compaction level across the entire sand bed. After slowly draining the
flume, the channel was carved using a purpose-built channel-cutting tool to carve along
the valley slope with uniform bank heights. Carving the planform geometry was guided
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by hardboard templates placed on top of the sand. Local irregularities in the channel
slope from using the valley slope as an initial starting point to carve were addressed by
measuring elevations at meander apexes and re-carving sections to match the desired
elevations for a correct meander slope.

Table 1. Hydraulic conditions of experiments.

Experiment Q (L/s) S h (m) u (m/s) η* Re u* (m/s) Fr B/h σsin

Up-valley skew 0.498 1/150 0.021 0.154 1.73 10502 0.037 0.344 9.7 2.6

Down-valley skew 0.498 1/150 0.020 0.151 1.66 9926 0.036 0.343 10.1 2.6

No skew 0.492 1/150 0.020 0.150 1.64 9742 0.036 0.343 10.3 2.5

Note(s): Q is measured flow rate; S is channel slope, h is reach-averaged measured flow depth; u is reach-averaged
mean flow velocity, calculated as u = 1

n Rh
2/3S1/2, assuming n = 0.035 and Rh is hydraulic radius, using the

target channel width B = 0.20 m; η* is relative flow intensity based on modified Shields parameters described
by da Silva and Yalin [24]; Re is Reynolds number (Re = uRh

ν ); u* is friction velocity (u∗ =
√

gSh); Fr is Froude
number (F = u√

gh
); B/h is width-to-depth ratio; and σsin is dimensionless sinuosity (ratio of streamwise to valley

meander wavelengths).

2.3. Experimental Procedure

Each experiment consisted of six-time steps lasting 10 min each, followed by two-time
steps of 30 min in duration, for a total runtime of 120 min. The flow was stopped following
each time step to collect information on the temporal evolution of the channel throughout
the experimental run. Stopping and starting flow in this manner was previously found to
not significantly affect morphological development in a confined bank flume, with flow
conditions rapidly returning to their previous state when flow resumed [5]. The shorter
initial time steps were chosen to capture better the expected faster rates of development
in the early stages of the experiment. Prior to restarting the flow for the next time step,
a fine water mist was sprayed over the flume to ensure that the sand bed was saturated
with water.

Each time step began with an empty head tank, allowing for time to adjust the inflow
rate to the desired value. This procedure meant that water levels slowly rose and fell at the
beginning and end of each step, preventing a large flood wave that would excessively and
unrealistically mobilize sediment at the beginning of each step. The time step duration was
considered to start when water reached the channel outlet. Flow depths were monitored
by measuring at each apex two minutes (and ten minutes for longer time steps) into a
time step and before the end of a time step. Flow rates were taken from the flow meter at
one-minute intervals throughout the experiments. No sediment feed was used in these
experiments. Between each time step, topographic data of the dry channel were captured
using a camera for Structure-from-Motion (SfM) photogrammetry, while sediment captured
in the sedimentation basin and sediment trap was removed for the drying and grain size
sieve analysis.

The procedure for SfM photogrammetry was adapted from Morgan et al. [25]. Image
capture targeted an ideal angle of 60◦ above the horizontal, with at least 15 images per
point of interest to obtain an image overlap of 80%. Approximately 200 images were used
to generate each digital elevation model (DEM) spread over 16 stations around the flume
(5 on each side along the length and 3 on each side along the width). Photos were captured
using a 24-megapixel Canon Rebel T6i DSLR with a 24 mm prime lens and processed
into DEMs, using Agisoft PhotoScan (version 1.5.2 build 7838). To georeference the point
cloud, six ground control points were placed on the flume walls, which were specifically
built for use as a reference datum. Further analyses of the DEMs were completed in
ArcGIS 10.3.1.
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3. Results
3.1. Erosion Rates and Amounts

In all experiments, stable and steady bedforms and planform geometries formed
within the experiment runtime. Morphological changes occurred quickly within the first
few time steps of each run and stabilized as armoring effects took place. Sediment con-
tinued to be transported throughout all time steps, but the rates declined until only a few
individual sediment grains could be observed being moved. Initially, two methods of as-
sessing sediment transport were used: the mass of sediment collected in the sedimentation
basin and sediment trap and the calculated volume of eroded sediment between DEMs.
However, the mass of collected sediment was determined to be strongly influenced by
material eroded from the inlet and outlet regions and was thus not used for further analysis.
The calculated volume method was not prone to this influence since those regions could be
excluded from the calculations.

The volume of eroded sediment only had significant erosion rates in the first 10 min
(the first time step), with further changes approaching the equilibrium point of zero erosion
(since there was no sediment feed). Some time steps had higher-than-desired flow rates, up
to 20% higher in time step #7 of the up-valley experiment and up to 42% and 54% higher
in time steps #5 and #8 of the non-skewed experiment, but no significant corresponding
increase in sediment erosion was observed. The lack of calculated erosion in response to the
fluctuations in flow rate suggests that they did not significantly affect overall morphological
development. Further, the analyses focus on overall changes to the channel rather than
rates of change between time steps, helping to mute the effects of short-term fluctuations
in flow rates. The up-valley skewed experiment had the largest amount of total eroded
sediment, while the down-valley skewed experiment had the least. However, this result
was partially attributed to differences in initial slope conditions between the experiments,
and a more significant conclusion could not be drawn based on these data alone.

3.2. Bank Erosion and Effects of Initial Slope

Rapid erosion in the first few minutes of each experiment matched with the observed
morphological development, which also primarily occurred in the first 10 min of each
experiment. Elevation differences between the initial and final topographies of each ex-
periment are shown in Figure 2, with labels for each meander, from M1 through to M5.
Meanders were defined to start at the upstream inflection point and end at the downstream
inflection. Red areas correspond to regions of erosion, while blue areas indicate regions
of net sediment deposition. The first meander (M1) of each experimental channel had
more pronounced morphological development, especially in the up-valley skewed and
non-skewed experiments. The increased development in M1 was attributed to inlet effects
of flow accelerating through the straight inlet section, with effects diminishing in later
meanders. Outlet effects were also noticeable, especially in the non-skewed experiment, but
were considered to minimally affect the meandering region of interest and primarily only
impacted the collected sediment data. Elevation differences showed erosion on both sides
of the channel due to the initially vertical banks slumping into the channel. The slumping
of the banks likely contributed to more rapid development in morphological features and a
larger initial rate of sediment erosion.

Aside from the increased bank erosion in M1, differing levels of erosion are also
present in other meanders. In the up-valley skewed experiment, increased erosion was
observed in M2, M4, and M5. In the down-valley skewed experiment, minimal bank
erosion occurred in most meanders, although M5 had slightly increased erosion. Lastly,
the non-skewed experiment had increased bank erosion in M4 and M5. In all experiments,
erosion primarily occurred along the outer bank, as expected, where flow was expected to
exert the most force against the banks. Differences in the extent of bank erosion between
meanders were attributed to minor inconsistencies in the initially carved channel slope.

Comparisons were made between channel widths (B) in each meander to both initial
and final meander slopes in Figure 3 to assess the effects of slope inconsistencies on the
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results. Channel width was measured by generating perpendicular cross-sections along
the initial centerline at 0.05 m intervals and clipping them to the extent of the banks. Each
cross-section in a meander was averaged for the representative width of that meander.
Slope was measured using the elevation drop between inflection points and the streamwise
meander length. Elevation at the point of inflection was determined using the nearest
cross-section, sampling elevations at 0.01 m intervals, and averaging for a representative
value. Overall, the up-valley skewed channel had the steepest overall slope at S = 1/131,
while the down-valley skewed channel had S = 1/147, and the non-skewed channel had
the shallowest slope at S = 1/159.
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The comparison between channel width and slope showed correlations between them,
as expected, indicating that slope affected the magnitude of development in each meander.
Meanders with greater slopes generally had greater widening from bank erosion. The
greater overall slope in the up-valley skewed experiment likely also contributed to its
faster approach to equilibrium in sediment transport rates, as well as the greater overall
volume of eroded sediment. The non-skewed experiment had the smallest overall slope but
showed greater development than the down-valley skewed experiment. This result was
likely due to greater local variabilities in meander slope, leading to larger developments
in individual meanders despite a shallower average slope across the entire channel. The
relative contributions from those meanders likely overshadowed the shallower overall
average slope of the entire channel.
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3.3. Normalized Morphological Development

To suppress the effects of initial channel slopes and isolate the impacts of skewness
orientation on morphological development, the digital elevation models were detrended
and normalized. Detrending was achieved by subtracting out an artificial DEM created by
extrapolating the initial channel bed elevations to cover the required width extents in the
final channel. The detrended DEM could then be normalized between 0 and −1, where
0 corresponded to the initial bankfull flow elevation (assumed at the theoretical bankfull
flow depth at 0.05 m, the size of the carving tool), and −1 corresponded to the initial bed
elevation. The resulting detrended and normalized DEMs are shown in Figure 4.
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The method was successful in suppressing differences in channel slope between
individual meanders, allowing for easier comparisons between them and highlighting the
locations of bars and pools. Bar formations appear in the yellow and orange color ranges,
while pools appear in the dark green and blue color ranges. The magnitudes of these bed
features were still affected by the initial slopes, but interesting patterns emerged in the
locations of the bedforms. In the up-valley skewed experiment, bars formed upstream
of the meander apex and extended along the inner bank until the downstream inflection
point. In M2 through to M5, a pool formed upstream of the apex next to the bar. In the
down-valley skewed experiment, features were less visible due to the smaller amount of
morphological development, but a bar can still be observed forming upstream of the apex
and extending slightly past the apex, especially in M1 and M2.

Pools are more difficult to observe, but two can be identified in each meander: one
upstream of the apex and one downstream of the apex. In the non-skewed experiment,
bars form upstream of the apex points and end near the apex, especially in M1, M4, and
M5. Where a pronounced bar is formed, a corresponding pool is also formed next to it,
upstream of the apex. Deeper regions were present in M2, but those were attributed to
insufficient morphological development to fully eliminate initial conditions (where that
section was deeper, to begin with), especially since slopes through M2 and M3 were milder
than intended. The greater slopes in M1, M4, and M5 indicate that the features present
there were more likely to be formed by flow structure.

4. Discussion

While the absolute magnitudes and development rates were influenced by the initial
slope conditions of the carved channel, the locations of bedform formation and patterns in
the erosion–deposition zones were considered to be minimally affected. In the up-valley
skewed channel, the development patterns were comparable to those observed by Abad
and Garcia [20], with a similar bar forming upstream of the apex and extending up to or
just past the downstream inflection point.

However, in their fixed bank flume, the pool did not form; instead, the deepest point
in the channel bed was scouring at the outer bank. In these experiments, a pool formed
instead, albeit at the same location. The down-valley skewed experiment also showed
similar bar formation locations; however, they are harder to discern due to the lower
magnitude of development. Once again, the deeper pool regions form in similar locations
to the results of Abad and Garcia [20] upstream and downstream of the apex. However,
one key difference was that the downstream pool location was not noticeably deeper
than the upstream. In the non-skewed channel, the results were most comparable to the
up-valley skewed experiment, where the bar formed upstream of the apex with a single
corresponding pool.

Another key difference in results was that these experiments all formed stable morpho-
logical features, while the Abad and Garcia [20] experiments continued to have fluctuations
over time (particularly in the up-valley skewed experiment). The difference is likely at-
tributable to those experiments having a sediment supply and a fixed-bank narrow channel,
which would likely have stronger turbulence and secondary currents. The current exper-
iments did not have a sediment supply to support ongoing changes, and with erodible
banks, the channel widened and led to greater stability in morphological features.

At the end of each experiment run (i.e., after time step #8), an extra 10 min time step
was completed at an elevated flow rate to see if the morphological development patterns
would change under a larger flow regime. The data from this time step were not included
with the main results due to less controlled flow conditions leading to larger variances in
the flow rate throughout this time step. The average flow rate for the up-valley skewed
channel was Q = 0.953 L/s, that of the down-valley skewed channel was Q = 0.973 L/s,
and that of the non-skewed channel was Q = 0.967 L/s. The detrended and normalized
DEMs from this time step are shown in Figure 5.
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Similar to the low flow conditions, the initially carved slope conditions continued
to affect magnitudes of development in each meander bend, but the same patterns of
morphological development occurred in comparison to the lower flow rate results. Even
meander bends that previously had too mild a slope to have meaningful development began
to exhibit the same developmental patterns, suggesting that slope and flow rate mainly
influenced magnitudes of development in these experiments, while the morphological
development patterns were driven by the channel geometry and sediment substrate.

However, it should be noted that conditions did not meet a new equilibrium point yet,
and the channel would have likely developed further if the flow was sustained for a longer
time. Despite that limitation, it is believed that the underlying flow structures would have
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already developed, and the bedforms here still provide information on the final, stable
morphological state.

Interestingly, under the larger flow rate, the deepest pool always formed in all channel
planform geometries upstream of the apex, contrasting the deeper scour region noted by
Abad and Garcia [20] in the down-valley skewed condition. This result also contrasted
expectations that greater erosion would occur at the location of greatest change in velocity
direction (i.e., the tightest radius of curvature), where flow would most directly impact the
banks. This expectation only held true in the up-valley skewed channel, where the tightest
portion of the meander bend occurred upstream of the apex. Furthermore, the scour region
in Abad and Garcia [20] was near the bank, as opposed to the pools nearer to the centerline
in these experiments, which is attributed to the mobile banks being able to adjust during
the early stages of the experiments, allowing for channel widening. These differences
in morphological development location suggest that the stable morphological state and
geometry of a skewed meandering river channel may also depend on the width-to-depth
ratio and having erodible banks.

Influences from bank erodibility affecting how the channel forms in the lab would
align with the noted potential effects of vegetation [18] and bank erodibility [26–28] on
planform geometry changes. However, quantifying these influences from these experiments
is difficult due to additional differences in the flume system setup and the sediment-starved
conditions used. The sizes of the flume systems were different, with necessary changes
in scaling for a smaller river channel. The lack of sediment supply likely meant that
the bedforms did not grow to their largest extent. Any migrating features or ongoing
changes would not be possible without a sustained sediment supply. However, many of
the results seen in these experiments were comparable to those of the Abad and Garcia [20]
experiments, where recirculating sediment was used.

Overall, the experiments completed were limited in providing data on rates of change
and magnitude of morphological developments due to initial conditions in bank slope and
channel slope, but useful insights were gained when examining the locations of bedforms in
the final, stable channel. The results contrasted with the expectations from past experiments
for the location of the deepest scour (in the form of a pool at the riverbed) and suggested
that the relative width-to-depth ratio and the ability for banks to erode will impact how the
river channel evolves.

Future research in this flume should improve upon the methodologies used to ensure
more consistent slopes and mitigate the initial slumping of the banks. Further work should
also explore isolating and quantifying the effects of having an erodible bank as well as
having a relatively shallower flow depth that is more representative of naturally occurring
streams. Quantifying the effects will be a strong basis to validate future modelling efforts to
predict the morphological evolution and hydraulic conditions within these types of skewed
meandering river channels.

5. Conclusions

To date, this study has been the first to perform experiments on skewed meandering
channels in an unconfined alluvial laboratory flume. Issues with initial slope conditions
and initial bank stability led to more rapid development and differing magnitudes of
development across different meander bends. Still, the overall patterns produced in the
final, stable morphological state were not considered to be impacted.

The results showed that skewness orientation influenced the positioning of where
the bar formed in meander bends, with some effect on pools, but the deepest pool always
formed upstream of the apex regardless of skewness orientation. The qualitative analysis
of a brief higher flow rate showed that the same morphological features formed but with
larger magnitudes, suggesting a reduced slope and flow rate impact on bedform locations,
with larger impacts from the channel geometry and sediment type.

The location of the deepest pool contrasted with past studies showing deeper scours
should occur downstream of the apex, but the bar formation locations were more compa-
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rable. The findings suggest that skewed meandering planform geometries can produce
different morphological features depending on the relative width of a river channel to its
flow depth and whether the channel banks are erodible or not.

Further research should seek to isolate these factors and quantify the specific effect of
each on the resulting morphological development of a river system. In addition, the results
from this research suggest that further investigation into the morphological adjustments of
skewed meandering streams in response to discharge events having larger magnitude and
longer duration, as well as the role of vegetation in protecting streambanks from erosion,
is necessary. Quantifying these effects can yield further insights into river morphological
behaviors and be applicable in predicting their future geometries and their implications for
sediment transport and river engineering projects.
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