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Abstract
Reed Canarygrass (RCG) is an aggressive invader in aquatic ecosystems that swiftly modifies the environment, resulting in biodiversity loss and reduced flood conveyance. However, because so little research has been conducted on RCG along riverbanks and islands,
the mechanism by which it so rapidly colonizes rivers is not well understood. This study
examined how colonization of RCG, via the expansion of an individual patch through
wake deposition, may be driven by differences in flow depths. A set of mobile-bed experiments were conducted in a physical model to examine the influence of submergence depth
on wake characteristics and deposition around a mid-channel, emergent patch of flexible
RCG. At low submergence (31%) depths, low wake velocities promoted streamlined deposition behind the patch that is associated with longitudinal patch expansion. At deeper
submergence (75%) depths, the introduction of vertical shear over a portion of deflected
stems produced less overall deposition dispersed across the channel. Thus, it was found
that, as submergence increased, positive feedbacks for longitudinal expansion of patches
decreased. These results indicate that, from a management perspective, targeting removal
of RCG patches at shallower submergence depths, and/or modifying the hydroperiod for
deeper submergence of the plant, is likely to be more effective than targeting plants subjected to deeper flows.
Keywords Reed Canarygrass · Patch vegetation · Invasive species · Vegetation hydraulics

1 Introduction
Biogeomorphic feedbacks of invasive vegetation promote its expansion [1], leading to
severe impacts to fluvial systems that include aquatic habitat loss and reduced flood conveyance. While previous research has identified detailed vegetation-induced feedbacks
within a natural channel [2–5], few studies have focused specifically on the feedbacks
between wake hydraulics, sediment transport, and the potential for expanding colonization
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of invasive vegetation [6, 7]. To effectively manage invasive species in river systems, it is
important to identify the particular biogeomorphic feedbacks that drive the expansion of
individual species. Reed Canarygrass (RCG), Phalaris arundinacea, is one example of a
non-native grass species that thrives in aquatic ecosystems. RCG has dramatically modified the landscape throughout North America [7, 8]. RCG can occur in a wide range of
wet soil conditions, including wetlands, wet meadows, floodplains, river banks and islands.
In each of these settings, the plants can occupy a range of configurations, from floating
mats to individual patches that spread into a monotypic stand of RCG [7]. The plant’s high
architectural plasticity and large annual seed yield allow the grass to withstand high flow
velocities, use the river as a seed dispersal corridor, and colonize with a greater success
rate than most native species [7, 8]. RCG’s highest germination rates have been found in
water-saturated soils [9, 10] while anoxia tolerant rhizome shoots also continue to survive
during prolonged flooding events [8]. Conversely, RCG can also survive during periods
of drought and through large seasonal temperature fluctuations [7]. As a result of these
biological characteristics, RCG often forms an extensive monoculture by aggressively outcompeting other species [11–13].
In rivers, RCG thrives along streambanks and can spread into the wetted channel [11,
14]. The plant meets the definition of an invasive geomorphological ecosystem engineer
[15] due to its ability to negatively alter the flow regime through, for example, channel narrowing and incision. The organism also facilitates niche construction whereby long-term
impacts of environmental modifications change other species niches [16]. For instance, by
expanding into a river channel and constricting flow, RCG degrades aquatic habitat and
diminishes overall biodiversity [12]. Greenhouse and mesocosm studies by botanists have
demonstrated that RCG establishment and spreading is favored under cyclic or short-term
flooding [17, 18], as opposed to long-term flooding [19]. However, mechanisms for the
success of RCG under different water depths have not been directly investigated, particularly in natural and fluvial conditions, though they are critically needed to understand how
and if manipulation of the hydroperiod can prevent establishment and spread of RCG [7].
However, because so little research has been conducted on RCG along riverbanks and
islands [11], the mechanism by which it so rapidly colonizes rivers is not well understood.
This study examined one particular mechanism of colonization associated with the expansion of an individual patch via wake deposition.
Previous flume and field studies have identified the spatial distribution of deposition
and erosion around vegetation patches, the hydrodynamics of the flow field surrounding
these patches, and the influence of vegetation’s biomechanical structure on hydraulics and
deposition [3, 5, 20–25]. The wake zone length (L), defined as the distance from the downstream edge of the patch to the location where velocities resume upstream conditions, has
been studied for rigid, emergent vegetation patches [26–30]. The wake region is created as
upstream flow encounters the vegetation patch, which deflects flow laterally and reduces
velocities through the patch. As a result, a low velocity region is created along the patch
centerline within the wake downstream of the patch, while two high-velocity shear layers
develop adjacent to the patch. The wake zone has been further discretized into two longitudinal regions [26]. The length of the steady wake zone (LST) extends from the downstream
edge of the patch until velocity downstream of the patch begins to increase. The length of
the wake recovery region (LRE) extends from the end of the steady wake zone until velocity
returns to the value of the upstream velocity. The full wake zone length is thus the steady
wake zone length ( LST) plus the wake recovery region length (LRE). At the patch edge, the
two shear layers merge some distance downstream and induce a region of elevated turbulence. Previous studies have documented the distance each shear layer traveled without
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mixing with the wake region velocity [26], documenting wake region turbulence scales for
emergent and submerged vegetation patches [27, 31–33]. Turbulent kinetic energy (TKE)
diminishes in the low velocity wake region and begins to increase as the shear layers converge. The wake’s turbulent length scale ( LTKE) is the region starting where TKE increases
behind the patch and ending at the peak TKE value.
In previous studies, deposition occurred within the wake of emergent vegetation
patches, where mean velocities and turbulent kinetic energy were smaller than the open
channel [28, 30]. Positive feedbacks for patch expansion occur as sediment, nutrients, and
seedlings accumulate in the low velocity wake region [25, 31]. However, higher velocities
in the open channel can also restrict lateral expansion, as is observed in island formation
[31] and behind rigid emergent vegetation patches [27, 29]. The peak in TKE has also been
associated with the development of coherent flow structures that enhance resuspension
[28, 34]. Vertical velocity over the submerged vegetation has also been attributed to the
increase in turbulent velocity behind the patch which, in turn, discourages deposition [28].
Of particular relevance to RCG, the degree of submergence, and resulting stem deflection in flexible vegetation patches, produces a dominant control on wake flow dynamics [35]. As submergence increases, it is expected that flexible plants bend into the wake
region and interfere with turbulence generated from lateral velocity shear layers alone. As
plants, or individual stems of plants, become fully deflected under the surface of the water,
a velocity shear layer over the canopy is created [21, 29]. This shear layer initiates canopy
scale turbulence at the top of the deflected vegetation, introducing a new source of turbulence and a vertical recirculation zone in the wake region, often closer to the patch than the
turbulence generated from the converging lateral shear layers. The addition of this turbulence into the wake zone may inhibit patch expansion as the increased turbulence has been
found to reduce wake deposition [28]. However, deflected vegetation has also been found
to shield the bed of the wake zone from lateral velocities, causing a decrease in velocity
near the bed [36]. Furthermore, the presence of foliage in the upper half of the deflected
vegetation, as found in RCG plants, may prevent the turbulent mixing between the canopy
layer and the flow over the bed [22], further protecting the velocities found closer to the
bed. Thus, competing mechanisms for inhibiting or promoting wake deposition exist for the
RCG morphology.
Cumulatively, this previous work has highlighted three key feedbacks between plants,
hydraulics, and sediment transport that are relevant to RCG expansion: (1) vegetation
patches create wake zones and influence sediment and nutrient transmission that further
influences vegetation expansion, (2) the location of high turbulent kinetic energy influences
sediment transport, and (3) the vegetation’s density and degree of submergence are dominant controls of wake hydraulics and sediment dynamics.
These biogeomorphic feedbacks of vegetation in channels have been identified in previous studies, but not studied for specific invasive species [6]. While multiple studies have
been conducted using flexible vegetation [21, 28, 37, 38], none have investigated and used
live RCG plants. Little is known about the impact of RCG [7] on geomorphological processes despite their known ability to spread more aggressively than native species [6].
Research using the specific RCG plant, given its unique morphology, is thus valuable in
reducing the spread of this invasive plant. This study investigated the feedbacks between
a mid-channel patch of RCG, wake hydraulics, and wake deposition with increasing level
of submergence and plant deflection. To examine the influence of submergence depth on
wake characteristics and deposition, we conducted a set of mobile-bed experiments in
which discharge was varied to produce differences in submergence depth. Varying submergence depths were considered as the independent variable to reflect the different locations
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in which RCG can occur in the channel, allowing managers to anticipate areas of most
rapid expansion and to target treatments. It was hypothesized that RCG would behave similarly to rigid, emergent vegetation during low submergence, leading to greater wake deposition and better conditions for patch expansion than during higher submergence depths.
As submergence depth increases and flexible vegetation becomes partially deflected, it was
expected that vertical shear over deflected stems would increase turbulence in the wake
zone and reduce wake zone length and deposition, thus reducing the potential streamlined
expansion.

2 Material and methods
2.1 Experimental set‑up
Physical modeling was conducted in a 10-m-long by 0.46-m-wide flume that recirculated
water but not sediment. The flume bed slope was 0.0007. Sediment was isolated within a
0.1-m-deep and 3.2-m-long sediment pit and a 0.05-m-deep and 3.0-m-long sediment runway (Fig. 1).
Two experimental trials were performed: low submergence depth (14 cm, 31% submergence) and medium submergence depth (34 cm, 75% submergence) (Table 1), with velocities measured at two depths for the medium submergence trial (See Sect. 2.3). Deflection
was greater for the medium submergence trial (Fig. 2).

2.2 Vegetation patch
The patch geometry was designed based on field observations of RCG and upon producing
intended hydraulic conditions in the flume. A circular RCG patch with a 10 cm diameter
(D) was fixed in the center of the cross section located 4.6 m downstream from the head of
the flume (Fig. 3). The patch diameter was chosen based on the percentage of total flume
width (22% of the total 46 cm width). Previous experiments found minimal influence of the
walls with patch percentages of total width ranging from 18% [27] to 35% [26, 28] of the
width of the flume.

Flow diffusion system

Approximate LiDAR collection positions
Weir
RCG patch

Flow direction
Wake zone
Sediment runway

Sediment pit

~1 meter

Fig. 1  Flume model diagram. Flow is from left to right. Sediment, shown in brown, is placed in the sediment runway and sediment pit. The experimental zone is located within the sediment pit area surrounding
the RCG patch and extending downstream of predicted wake zone area. Flow diffusion system location is
pictured at the head of the flume. Flow was diffused through large cobbles, screens and 30-cm-long diffusion tubes. Flow diffusion was required to ensure a uniform upstream velocity, U
 0, entering the experimental zone
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Fig. 2  Profile images of patch in low (a) and medium (b) submergence trials. Observed deflection is shown
in solid black lines for selected stems within the patch. In the low submergence trial, minimal stem deflection occurred. In the medium submergence trial, approximately 75% of the patch deflected to below the
surface of the water
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Fig. 3  Experimental set-up diagram. Velocity data were collected at the patch centerline (22 cm from right
wall), at the patch edge (15 cm from right wall) and near wall (5 cm from right wall). Black dots indicate
locations where velocity data were collected. Patch diameter was fixed at 10 cm. Stems are shown in a random array similar to placement during experimental trials. The gray box illustrates the LiDAR data extents.
This area is the experimental zone, defined from x = − 0.20 m to 1.40 m, or from 0.20 m upstream of the
vegetation patch to the end of the sediment pit

The stem density of the patch was kept constant in all trials. Stem density and vegetation height were based on field observations of RCG in the Sprague River near Chiloquin,
Oregon. A stem density of 0.25 stems-cm−2 was chosen from Martinez and McDowell’s
[39] upper range (0.01–0.26 stems-cm−2) to maximize the effect of the patch on wake deposition, and because it was expected that this patch density would be most effective at colonizing via wake deposition in the field.
To preserve the plant’s flexural rigidity and biomechanical properties, real plant stems
and leaves were used in flume trials, thus resulting in a 1:1 geometric scale to surveyed
vegetation in the field. A vegetation height of 45 cm was chosen to fit within the flume and
allow for near, but not complete (75%) submergence during medium depth trials. While
shorter than the mean height of surveyed plants (99 cm), the modeled height fell within
the 95% confidence range for heights of surveyed plants. The bottom portion of live plants
were cut to include more foliage and for uniformity in plant shape across the trials. By
trimming plants from the bottom, the trials emphasized the more flexible part of the plants.
The resulting projected area of the patch was thus based on the field observations of
stem density and plant morphology, as well as a patch width intended to avoid wall effects.
The resulting plant density was compared with values in the literature to help classify the
patch as dense versus sparse. The literature has clearly demonstrated the density of a vegetated patch to be a driving factor in the degree to which a patch modifies the flow field
[26, 27, 29], though the measure of the patch density needs to represent all elements of
the plant’s morphology. The frontal projected stem area ( as) is one common measure, calculated as the product of the plant density, defined as the number of stems per bed area
(n = 20 stems per 78.5 cm2 = 0.25 stems-cm−2) and the stem diameter (d = 0. 26 cm). Based
on stems alone, the frontal projected stem area (as = 0.06 cm−1) was consistent with a
sparse [26, 40] to moderately dense [28] vegetated patch. However, flexible vegetation with
foliage can produce very different hydraulic conditions than rigid cylinders. For canopy
(with foliage) densities, the frontal projected foliage area (af) was calculated, assuming the
blade is oriented normal to the flow, as the product of the blade width and the stem density.
Using the mean blade width (1.3 cm) of the study plants and the plant density (0.25 stemscm−2, shown above), the af for the experimental patch (af = 0.33 cm−1) was high relative
to values reported in experiments of vegetation patches comprised of a single blade [41].
Finally, the flow blockage factor (CDafD), which drives the length of the steady wake and
deposition within it [42, 43], for this site (CDafD = 3.3) indicates that the patch hydraulics
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should be consistent with porous patches where bleed flow dominates. Under these condition, flow largely moves slowly through the vegetation, rather than strongly diverted around
it as with bluff bodies, reducing the likelihood of von Kármán vortices developing. The
large leaf-area-to-stem-area ratio [44] for an individual RCG plant ( aL/as = 13) emphasizes
the potential importance of the plant foliage in modifying the mean and turbulent flow field
in this study.

2.3 Hydraulic and sediment scaling
Within the plots on the Sprague River, RCG was found along the riverbanks and islands at
locations that experience a range of depths from fully submerged to outside of the wetted
channel [39]. Thus, scaling of the hydraulics was conducted to create hydraulic conditions
that (a) represent the hydraulic conditions likely to drive sediment transport in the field and
(b) demonstrate the effect of different locations in the channel by varying submergence
depths. Flow rate was doubled between the two trials (Table 1) to increase the submergence depth from 31 to 75% while keeping velocity relatively constant. Three velocities,
measured along the centerline using the ADV upstream of the influence of the patch at
x = − 80, − 60, and − 40 cm, were used to confirm uniform flow and averaged to calculate
U0 (19.8 and 20.9 cm/s, respectively) to normalize velocity and TKE values for the low and
medium submergence trials. This range of U0 velocities is comparable to the estimates of
velocity for the margin of the channel on the Sprague River (UREF = 20 cm/s), defined as
the bank adjacent 20% of cross-section width, at the 1-year event (QREF = 9.9 cms) [45].
With these velocities and depths, flow conditions in the flume (Table 1) were consistent
with fully turbulent, subcritical field conditions in the Sprague River.
Sediment was modeled using a plastic composite material with a specific gravity of
1.5 g/cm3 and a d 50 of 1.4 mm. This density falls within a typical range for materials commonly used in physical geomorphology models [39]. The lighter material was chosen to
produce sediment movement at the low bed slope of the flume.
By increasing the submergence depth, the shear stress applied to the bed also increased
across the trials (Table 1). However, the ratio of critical shear stress (τ = 0.085) for the
polyblast sand material used in the experiments to the applied shear stress was large (7)
between both trials. Given the high applied shear stress relative to the critical shear stress,
it was expected that transport conditions would not be substantially different between the
trials. For both trials, the Reynolds and Shields numbers plot within the region of mixed
suspended and bedload transport in Church’s [46] relationship, which confirms visual
observation of both modes of transport.

2.4 Velocity measurements
Experimental velocities were measured using three Sontek 16-MHz Acoustic Doppler
Velocimeters (ADVs) in a downward-facing position. The instruments were fixed to a
movable cart such that velocities were measured 5 cm above the bed for the low submergence depth trial and both 5 cm and 10 cm above the bed for the medium submergence
trial. The 5 cm depth was selected to measure velocities within the patch wake that was as
near to the bed as possible while still producing high quality velocity measurements unaffected by the moving sediment. The second depth of velocity measurements was added at
10 cm for the medium submergence trial, which was not feasible for the low submergence
trial, to examine the vertical flow over the deflected vegetation. Given that the distance of
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the nearest measurements from the bed was nearly fifty times the grain roughness height
(Ф = 1.2 mm), the velocities do not represent near-bed (< 1 cm) flow [47]. Instead, these
values represent the hydraulics in the steady wake region, where the coherent flow structures would be driven by canopy and patch scale turbulence, rather than on boundary layer
turbulence.
Velocity data were collected every 10 cm in the longitudinal direction from − 20 cm
to 160 cm at three lateral positions: patch centerline, edge of patch and near-wall (Fig. 3).
However, in the near-patch region (x = 15 cm to 25 cm), velocity data were collected in a
higher concentration at 5 cm apart in the longitudinal direction. Upstream of the patch,
x = − 20 to − 80 cm, velocity data were collected every 20 cm to confirm uniform flow.
Velocity was recorded at each location at a sampling rate of 25 Hz for 240 s. Velocity
time series were processed to derive summary statistics over the entire time period for
each location using WinADV post-processing software [48]. Individual values within each
time series with less than a 70% correlation and a signal-to-noise ratio less than 5 dB were
removed. Phase-space threshold despiking and acceleration spike filter were used to filter out spikes in the velocity time series [49]. All velocities presented are the time averaged value after filtering for each location. The median of the percent of values passing
the filters for the locations for each trial ranged from 97.7% (medium submergence trial)
to 98.4% (low submergence trial). In addition, locations with vegetation interference (leaf
blades moving within the ADV probe sampling volume) were noted during data collection
and were removed from the analysis.
Turbulent kinetic energy, TKE, per unit mass was calculated using [37]
(1)
TKE = 0.5 ∗ (u�2 + v�2 + w�2 )
Due to time limitations for use of the flume facility, ADV measurements were made
during the experiments as bed adjustments (e.g., scour, deposition) around the patch were
occurring. Velocity measurements began soon after the flow reached the targeted depth and
continued throughout the duration of the experiments. Experiments were run until topographic changes around the vegetated patch became visibly stable, which took approximately 4.5 h. However, since ADV measurements were collected prior to draining the
flume the duration of flows for the medium submergence trial was closer to 6 h to enable
sampling velocity at both depths.

2.5 Bed surface measurements
Erosional and depositional patterns, and the change in the height of sediment on the bed
were measured using pre and post experiment LiDAR scans. A Faro 3D Focus laser scanner was inverted from the instrument platform to scan the bed surface with a distance
between points ranging from 1 to 7 mm for all scans. Before each experiment, vegetation
was secured in foam and covered with 4–6 cm of sediment. The surrounding sediment was
then leveled by eye. Four scans (pre experiment scans), positioned approximately 1 m apart
along the length of the flume, were collected before water was introduced to the flume
(Figs. 1, 3). The scans were positioned around the sediment pit to maximize coverage and
minimize shadowed regions within the experiment zone. After each experiment was completed, the flume was slowly drained overnight to minimize disturbance to the topography.
Once fully drained, vegetation was cut as close to the bed as possible without disturbing
the bed and four post scans were collected. A Nikon DTM 352 total station (5″ angle accuracy, ± 3 mm + 2 ppm × distance) was used to survey in the centers of four reference targets
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along four walls of the inside of the flume to provide relative coordinates for the targets.
Each set of four pre and post scans were combined using target and cloud-to-cloud registration in Leica Geosystems Cyclone software [50], resulting in a single pre and single
post scan for each of the two submergence experimental trials. The area of the bed thought
to be impacted by the patch, called the experimental zone (Fig. 3), was isolated from the
total scan and used for further analysis. Vegetation points were manually removed from
the scans by picking individual points from the point cloud. Due to the high density of
points, the bedform was visible between stems and the removal of vegetation points is not
believed to have impacted bedform elevation. The combined vertical error of the pre and
post LiDAR scans associated with scan registration for both trials was 0.001 m, and the
combined horizontal error was 0.002 m [51].
LiDAR point clouds were imported into ArcGIS and converted to raster format with the
default output cell size (~ 0.0025 m) using the Natural Neighbor tool in the Spatial Analyst
toolbox [52]. The pre rasters were smoothed using aggregate tool (mean technique, cell
factor 30) and resampled using bilinear interpolation to the initial cell size. The smoothing
was performed to mimic the initial smoothing that occurred with the first wave of water
entering the flume, which diminished any landforms created from the manually flattening
of the bed prior to filling the flume. The resulting digital elevation models (DEMs) were
differenced to create a digital elevation model of difference (DEMoD) for each trial by
subtracting the pre DEM from the post DEM for each trial. Laterally-averaged deposition
values were calculated for each of 125 cross sections longitudinally. Cross sections were
spaced approximately 1.3 cm apart from the upstream to the downstream end of the experimental zone.

3 Results
3.1 Velocity patterns
The streamwise velocities (u) of the flow approaching the RCG were similar in magnitude and pattern at 5 cm above the bed between the low and medium submergence trials (Fig. 4a, b). Flow passing through and around the patch, resulted in accelerations of
streamwise velocities adjacent to the patch (Fig. 4, x = 30–50 cm), with flow accelerating
more around the patch at low submergence, as seen in the elevated velocity values in the
near-wall position (y = 5 cm), U
 ADJ, (Fig. 5). In fact, normalized velocities at the nearwall (y = 5 cm) throughout the entire experimental zone were higher for the low submergence trial than for the medium trial (Fig. 5), despite the slightly lower upstream velocity
(Table 1), likely associated with the reduced drag from the deflected plants than at the
higher submergence as described below.
Downstream of the centerline of the patch, differences in the distribution of u at 5 cm
above the bed illustrate a stronger dampening of downstream velocities for the lower submergence trial (Fig. 4a) than the medium submergence trial (Fig. 4b). In addition, in the
medium submergence trial the magnitude of velocities at the patch edge (y = 15 cm) in the
downstream direction persisted without obvious interaction with the patch wake (Fig. 4b),
whereas the reduced velocities downstream of the patch were spread across the channel
width starting at x = 55 cm in the lower submergence trial. Taken together, these streamwise velocities at 5 cm from the bed suggest the patch produced a stronger and larger wake
for the lower submergence trial.
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Fig. 4  Streamwise velocity (u) contours for low (a 5 cm above bed) and medium (b 5 cm above bed, c
10 cm above bed) submergence depths within the experimental zone. Gray boxes show approximate position of patch. White zones indicate areas where vegetation interfered with ADV probe: 15 cm < x < 25 cm
for y > 5 cm for low submergence, and 15 cm < x < 25 cm for y > 15 cm for medium submergence
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Fig. 5  Normalized velocity at the 5 cm above the bed for the near-wall location (y = 5 cm), U
 ADJ, in the
streamwise direction for low and medium submergence trials. Grey box shows patch location

Vertical velocities downstream of the patch (Fig. 6, x > 10 cm) further illustrate the
greater coherence of the wake for the low submergence trial and the greater variability of
velocities for the wake under deeper submergence. In the low submergence trial (Fig. 6a),
vertical velocities are low, mostly uniform, and surface oriented throughout the wake and
across the channel downstream of the patch. For the medium submergence trial (Fig. 6b),
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Fig. 6  Vertical velocity (w) contours for low (a 5 cm above the bed) and medium (b 5 cm above the
bed, c 10 cm above the bed) submergence depths within the experimental zone. Gray boxes show
approximate position of patch. White zones indicate areas where vegetation interfered with ADV probe:
15 cm < x < 25 cm for y > 5 cm for low submergence, and 15 cm < x < 25 cm for y > 15 cm for medium submergence

vertical velocities vary across the channel, with downward oriented velocities (− w) along
the margin of the patch where deflecting stems were observed. Vertical velocities measured
10 cm from the bed (Fig. 6c) reflect even stronger downwelling adjacent to the patch higher
in the water column.

3.2 Low submergence trial
The flexible vegetation patch in the low submergence depth trial produced wake length
scales, turbulence length scales, and patterns of sediment transport that were similar to
what has been found in previous studies with a rigid, emergent vegetation patch (Fig. 7)
[28–30]. The low submergence trial showed a clear transition 55 cm downstream of the
patch from the steady wake zone (LST), where the velocity values in the centerline behind
the patch dropped, to the wake recovery region (LRE) (Fig. 7), where the velocity values
began to rise again. This dip in velocity in the steady wake zone resulted from reduced
velocity flowing through the patch, which decreased velocity downstream of patch. In the
wake recovery region downstream of the patch, velocity increased where the lateral shear
velocity layers join. Also in the wake recovery region, TKE reached a maximum at 85 cm
downstream of the patch (Fig. 7). The wake recovery region (LRE) extended to 105 cm
downstream of the patch where the velocity returned to U
 0.
Laterally-averaged deposition (Fig. 8) occurred primarily within the wake region
between x = 29 cm and x = 95 cm. At the downstream extent of the steady wake zone,
x = 55 cm, deposition began to decrease, and decreased more rapidly after L
TKE at
x = 85 cm.
The DEMoD for the low trial (Fig. 9a) showed two regions of lateral scour on either
side of the patch that extended to approximately x = 28–33 cm. Deposition downstream of
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and TKE values are normalized by U20. The patch location at x = 0 cm to x = 10 cm is shown with a gray
box. Steady wake length, L
 ST, wake recovery region length, LRE, and the turbulence length scale, LTKE, are
shown with arrows. Dotted vertical lines show the lengths along the streamwise direction, x. The U and
TKE data are not presented between x = 0 and x = 35 cm due to vegetation interference with the ADV probe

the patch was organized as a ridgeline along the centerline of the patch. At x = 64 cm, the
downstream deposition split into two ridgelines that moved away from the centerline.

3.3 Medium submergence trial
At 5 cm above the bed, the medium submergence trial produced similar patterns of wake
length scales (Fig. 10a) to those observed in the low submergence trial (Fig. 7), but the
turbulent length scale was longer with deeper submergence. A drop in the velocities at the
patch centerline (Fig. 10a) was observed prior to x = 55 cm where the transition between
the steady wake region and the wake recovery region occurred. L
 ST was the same length,
 RE for 5 cm above the bed for the medium
55 cm, as the low submergence trial. L
 TKE and L
submergence trial extended to x = 95 cm: 10 cm farther downstream than L
 TKE and 10 cm
closer downstream than LRE for the low submergence trial.
New patterns of turbulence and velocity were observed for velocity measurements
located 10 cm above the bed (Fig. 10b). The steady wake region L
 ST was 65 cm long,
which was 10 cm longer than LST at 5 cm above the bed for both the low and medium
submergence trials (Figs. 7, 10b). Other notable differences between the two measurement depths were the turbulence length scale, LTKE, and wake recovery region, LRE. For
the velocities measured 10 cm above the bed during the medium submergence trial, the
LTKE was 20 cm shorter than LST, but for the velocities 5 cm above the bed, LTKE was
40 cm longer than LST. The stronger vertical velocities at this higher elevation in the channel (Fig. 6c) may have been responsible for the shorter LTKE at 10 cm above the bed, with
turbulence introduced from the mixing of vertical flow over the fully deflected stems. In
contrast to velocities measured 5 cm above the bed, velocities measured at 10 cm above
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Fig. 8  Laterally-averaged deposition across experimental area for low and medium submergence depth trials. Patch location shown with gray box. Black dotted horizontal line represents mean upstream deposition
for the low trial (y = 0 cm) and black dashed horizontal line is mean upstream deposition for the medium
trial (approximately y = 0.2 cm). Steady wake lengths, wake recovery lengths, and turbulent kinetic energy
length scales at 5 cm above the bed are denoted by a solid circle, a gray square outline, and solid black
square for both trials. Plus signs denote length scales for 10 cm above the bed. Wake recovery region at
10 cm above the bed extended beyond the experimental area

the bed did not return to the upstream velocity ( U0), indicating that the length of the wake
recovery region was greater than the experimental zone in the flume (> 160 cm).
Though the medium submergence depth did not crest over the dry height of the entire
vegetation patch, approximately 75% of the RCG stems became submerged due to deflection (Fig. 2), particularly for the individual plants along the edge of the patch. Stem deflection in the low trial was not observed and natural plant position was maintained.
Deposition and erosion patterns for the medium submergence trial diverged to some
degree from the low submergence trial. First, laterally-averaged deposition was observed
upstream of the patch under medium submergence (Figs. 8, 9), unlike the low submergence trial, which produced a slight scouring upstream of the patch. In addition, maximum
depths of deposition and erosion were much higher for the low submergence trial (Fig. 9).
Second, the deposition downstream of the RCG patch in the medium submergence trial
was less organized than the singular, ridgeline pattern of deposition behind the patch in the
low submergence trial (Fig. 8). The laterally-averaged deposition for the medium submergence trial contained two peaks (Fig. 8). The first region of laterally-averaged deposition
was organized into a mound in the center of the channel extending from approximately
x = 16 cm to x = 30 cm. This single mound was 13 cm closer to the lee side of the patch
than the single mound of deposition in the low submergence trial at x = 29 cm. A second
peak in laterally-averaged deposition was observed in the medium trial, though the deposition was more diffuse laterally across the channel when compared to the mound closer to
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measurements taken at 10 cm above the bed, LTKE, LST, and LRE, are also shown. All length scales measured along the centerline. Patch location shown as a circle
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Fig. 10  Medium submergence depth trial velocities and TKE at the patch centerline for a 5 cm and b
10 cm above the bed. In both a, b velocities are normalized by U
 0, average of centerline velocities between
x = − 80 and − 40 cm, and TKE values are normalized by U20. Steady wake length scale LST, wake recovery
length scale LRE, and turbulent kinetic energy length scale LTKE are shown with arrows. Dotted vertical
lines show the streamwise location, x, of each length scale. The patch location at x = 0 cm to x = 10 cm is
shown in both plots with a gray box. The U and TKE data are not presented between x = 0 and x = 35 cm
due to vegetation interference with the ADV probe’s sampling volume. While LTKE is interpreted on the
basis of the peak at an individual point, the filters for data quality indicated that the velocities at this location are reliable, with 99% good, mean covariance of 96, and an SNR of 35 db

the patch (Fig. 9a). Finally, greater streamlined plant deflection was observed on the left
side of the patch compared to the right side (Fig. 2) and may have altered the scour patterns
along the left side of the patch (Fig. 10b).
Wake region lengths measured at both 5 cm and 10 cm above the bed in the medium
submergence depth trial did not follow expected relationships between wake characteristics
and deposition (Fig. 8). At 5 cm above the bed, the steady wake length, L
 ST (x = 55 cm),
occurred beyond the first peak in the laterally-averaged deposition in a region of decreasing
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deposition, rather than at the point where deposition began to decrease (~ x = 30 cm). Laterally-averaged deposition then increased again downstream of the steady wake region at
5 cm elevation. Also at 5 cm above the bed, the peak in TKE that marked the turbulent
length scale, L
 TKE (x = 95 cm), occurred 20 cm downstream of the second peak where as it
was expected that a peak in TKE would occur between the two peaks at x = 65 cm. Downstream of the peak TKE, deposition generally continues to decrease with the exception of
a small increase around x = 110 cm. It was expected that TKE would be associated with a
decrease in deposition given the role of turbulence in maintaining particle transport.
At 10 cm above the bed, the peak in TKE, LTKE, occurred at a location (x = 45 cm)
where deposition behind the patch plateaued slightly then continued to decrease. The
end of the steady wake region length, LST (x = 65 cm) at this height in the water column
occurred in the trough of the two peaks in deposition behind the patch, 20 cm downstream
of LTKE. Between the end of LST and the end of the experimental zone, velocities did not
recover to U
 0 (Fig. 10b).

4 Discussion
Results illustrated how increasing submergence depth, and the associated deflection of
individual stems, produced variations in patterns of wake hydraulics and deposition. While
the upstream velocities, U0, between the two trials were very similar, the degree of deflection of the stems did vary. The differences in wake region length scales and depositional
patterns between the submergence depths were interpreted below by the interactions
between wake hydraulics and vegetation deflection.

4.1 Wake region hydraulics with varying submergence of flexible vegetation
The key difference in wake hydraulics between the two submergence depths included a
stronger and larger wake behind the patch during low submergence, with more variable
flow velocities and more dispersed deposition within the wake downstream at medium submergence depth. The formation of a von Kármán vortex street, which can form downstream
of non-porous cylinders [53], bluff bodies [54, 55] and some porous but rigid patches [32,
42], was likely not a potential mechanism for the differences in wake hydraulics between
submergence depths. The lack of peaks in the turbulent spectra at all downstream locations
indicated a lack of periodic shedding of vortices from the patch (Fig. 11). However, it is
possible that the point of vortex shedding was missed in the 10 cm spacing of velocity collection locations. Instead, we expect that the contrast of weaker vertical velocities oriented
towards the surface for the low submergence trial and stronger vertical velocities oriented
towards the bed for the medium submergence trial suggests that flow over deflected vegetation was the likely the mechanism associated with the less extreme deposition in the
patch wake. This pattern is consistent with Ortiz et al. (2013), where elevated TKE, associated with vertical circulation over a deflected canopy, was explained as the mechanism
for the limited depositional pattern in the patch wake. Slightly higher TKE values for the
medium submergence trial (Fig. 10) than for the low submergence trial (Fig. 7) suggest that
stronger, positively-oriented vertical velocities (Fig. 6) may also have hindered deposition
for the medium submergence trial in these experiments.
For the medium submergence trial, wake zone characteristics for the 5 cm and 10 cm
(above the bed) measurements reflected a greater influence of the deflected vegetation
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in impacting velocities, TKE, and wake length. For the wake characteristics measured at
10 cm above the bed, velocity did not return to upstream levels and the wake recovery
region extended beyond the experimental zone (Fig. 10). The higher foliage at the top of
the vegetation patch likely kept velocities lower within the wake than the upstream velocity, U0 (Fig. 4).

4.2 Erosional and depositional patterns across submergence depths
Scour was observed to occur inside the patch and was of greater intensity for the low submergence trial. While deposition within patches is reported (e.g., [30]) as a result of deceleration of mean velocities with a patch, scour, as observed herein, within a patch is not
uncommon due to stem turbulence (e.g., [27, 56]).
Depositional patterns for the low submergence depth trial consisted of a zone of deposition in the form of a single ridgeline mound in the center of the wake region, which served
as a positive feedback for streamlined patch expansion (Fig. 9a). Deposition occurred on
the lee of the patch due to the presence of a wake region of diminished velocity, higher
velocities adjacent to the patch, and no canopy shear turbulence. Deposition then decreased
after the steady wake region due to an increase in velocity. Depositional patterns reflecting wake structure in the low submergence trial are consistent with Chen et al. [29], who
reported enhanced deposition within the steady wake region behind an emergent patch of
rigid vegetation, as well as regions of diminished deposition where velocities and turbulence increased. Ortiz et al. [28] also found that deposition decreased in regions of elevated turbulence despite having lower velocities, as was observed between LTKE and LRE in
this study. Therefore, at low submergence levels, RCG patches can likely expand successfully in the downstream direction where deposition occurs in the wake of patches, which
also corresponds to a location of enhanced nutrient concentrations that is ideal for seedling growth [27, 31, 33]. River managers can use these results to predict the direction of
RCG spread within the channel depending upon the flow regime. Downstream expansion
of RCG within the wetted channel may occur if the hydroperiod does not allow for full
submersion of the plant. Managers could prioritize removal efforts accordingly for these
particular patches to help curb a quicker invasion.
The differences in depositional patterns for the two submergence depths were likely
associated with vertical flows over the deflected stems that produced increases in turbulence (Fig. 6). This result is consistent with Ortiz et al. [28], who found, for fully submerged flexible vegetation, that no wake zone deposition or evidence of a von Kármán
vortex street downstream occurred. They attributed the lack of deposition and vortex shedding to a fully three-dimensional flow adjustment around the patch, despite formation of
lateral velocity layers and slower wake zone flow. While the patch was not fully submerged
and not all stems were fully deflected, we believe the hydraulic mechanisms are similar,
suggesting that the base of the RCG stems provided some velocity shelter in a shortened
wake [30, 36, 57] before vertical velocities over the deflected patch disrupted that wake.
The velocity sheltering and vertical flow over the canopy may explain the smaller mound
of deposition found behind the patch in the medium submergence trial.
The generation of canopy shear over deflected stems creates additional turbulence in
the wake region that breaks up wake coherence, inhibits deposition, and serves as a negative feedback for streamlined patch expansion [21, 29]. In previous submerged, flexible
vegetation studies, the wake zone deposition diminished to zero as the canopy became fully
submerged [28], supporting the finding that the degree of submergence exerts a dominant
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control on wake flow dynamics [35]. In the medium submergence trial, a portion of the
patch remained emergent (approximately 25% of the stems) and thus the degree of submergence remained lower than a fully deflected plant, maintaining diminished velocity
closer to the bed that led to a small amount of deposition in the wake region (Fig. 8b). Further research may elucidate whether the streamlined deposition would disappear entirely
if the entire patch was fully submerged or if the biomechanical structure would continue
to shelter the bedform. Based on the results presented herein, river managers can expect a
decrease in the downstream expansion of RCG patches as submergence increases.

4.3 Inhibition of lateral patch expansion
Velocities adjacent to the RCG patch (Fig. 4a) were higher for the low submergence depths
than in the medium submergence trials, initiating a negative feedback for lateral patch
expansion. At medium submergence depth, flow passed over the deflected RCG stems,
resulting in lower off-centerline velocities than those measured in the low submergence
trial. As a result, less scour was observed within and adjacent to the patch (Fig. 8) for the
medium submergence trial, likely associated with lower levels of stem turbulence [27]. The
deflected stems, may have also shielded the bed against lateral velocities that would otherwise induce scour [36].
The inhibited lateral expansion that can result from increased scour restricts vegetation
growth to streamlined propagation behind the patch as is observed at islands in rivers [31]
and rigid, emergent vegetation patches [27–29]. RCG patches at low submergence may
propagate quickly downstream but not laterally where scour may occur. Managers could
use this finding to prevent expansion in the lateral direction if the hydroperiod can be controlled to ensure low submergence conditions.

5 Conclusions
A physical model was constructed to investigate the hydraulic and depositional patterns in
the wake of a mid-channel Reed Canarygrass patch under low and medium submergence
conditions. At low submergence depths, positive feedbacks for streamlined patch expansion
included deposition behind the patch and high lateral velocities. At medium submergence,
the introduction of vertical shear over a portion of deflected stems produced less overall
and more dispersed deposition across the channel. Thus, it was found that, as submergence
increased, positive feedbacks for longitudinal expansion of patches decreased.
This study was intended to provide a starting point for further investigation of feedbacks contributing to the promotion and inhibition of RCG invasions in the wetted channel.
A more comprehensive analysis of the progression from low to high submergence levels
would provide more robust understanding of the topographic changes, particularly under
unsteady flow conditions. While the goal of the study was to examine the impacts of submergence depth as the independent variable, an evaluation of the effects of varying velocity, and thus bed shear stress, would be compelling. In addition, it is proposed that the root
structure of RCG may exert an important influence on sediment movement in and around
vegetation patches and should be incorporated into future studies.
These data contribute to a relatively unstudied aspect of the spread of this invasive species within stream ecosystems that has practical implications for RCG management. For
instance, managers concerned with RCG expansion in rivers where depth will not increase
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over the height of the plants should expect potential streamlined patch expansion and limited lateral expansion. Removal of these RCG vegetation stands may prevent further spread
downstream within the channel. Results also suggest that streamlined patch expansion is
less likely in medium submergence conditions than in shallower submergence. Therefore,
managers may see less of an aggressive invasion if water levels are at medium submergence. This information could help managers prioritize which patches of RCG to remove
first, and which patches may not spread as quickly due to feedbacks induced by hydraulics
and deposition. Finally, by understanding the morphological and hydraulic feedbacks of
RCG patches in the wetted channel as submergence level changes, it may be possible to
predict the impacts that a changing hydrological regime may have upon expansion of the
species.
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