
1. Introduction
Landform evolution of river systems is governed mainly by the interaction of flowing water with sediment and vege-
tation (Gurnell, 2014; Larsen, 2019). The vegetation drag leads to complex flow patterns both at the patch (Luhar 
& Nepf, 2013; Schnauder & Moggridge, 2009) and reach scales (Yagci and Strom, 2022; Yamasaki et al., 2019) 
with direct implications to sediment entrainment and deposition (Follett & Nepf, 2012; Ortiz et al., 2013). The 
mosaic of bed material in vegetated rivers is rich in organic matter and nutrient content (Jones  et al., 2012), and 
its redistribution across the river system leads to biogeomorphic mechanisms (Camporeale et al., 2013; Solari 
et al., 2016) that may promote or impede the establishment and proliferation of new vegetation.

The accurate foreseen of the evolution of vegetation coverage is also needed for the development of sustainable 
river management/restoration strategies (Palmer et  al.,  2005). The increase of vegetation biomass was tradi-
tionally regarded as a source of increase in roughness, and assumed that it reduces the conveyance capacity of 
the river (Bal et al., 2011; Yuksel, 2018). Yet, the study by Cornacchia et al. (2022) pointed out evidences that 
submerged aquatic plants maintain required water levels for the aquatic ecological system at low discharges. 

Abstract Flume experiments were conducted to comprehend the impact of different patterns of an 
emergent vegetation patch on the flow field and the scour process in natural rivers. Velocity measurements, 
flow visualization, and scour tests were undertaken around different vegetation patch patterns, which were 
simulated inspired by the expansion process of a typical instream vegetation. The patch expansion process 
was idealized with an initially circular patch of rigid emergent stems becoming elongated due to positive and 
negative feedbacks. The expansion of the vegetation patch was considered to occur in three stages, in which the 
density of the patch from the previous stage was increased while the patch was also elongated by connecting 
at its downstream side with another sparser vegetation patch. These stages were replicated succesively by 
increasing the density and elongating the patch. In this way, two processes (i.e., elongation and decrease in 
permeability), which usually have hydrodynamically opposite effects on flow fields, were simulated at the 
same obstruction. Despite generally elongated obstacles being streamlined bodies, the morphometric analysis 
obtained by laser scanner revealed that streamlined elongation of permeable patches amplifies global scour 
and enhances localization of the local scour hole. This situation implies that as the patch expands, in the 
wake region, the steady-wake region becomes shorter, turbulence diminishes, lateral shear stress enhances, 
and deposition cannot occur far from the patch. Consequently, as the patch expands, the hydrodynamic 
consequences may restrict further patch expansion after a certain length/density.

Plain Language Summary What effect does enlarging a single patch have on the local flow field 
and scour pattern? This research question was examined experimentally. Despite the fact that streamlined 
patches are hydrodynamically favorable formations, morphometric scour measurements show that the 
streamlined extension of permeable patches increases global scour and promotes local scour hole localization. 
As the patch develops, the steady-wake zone of low velocity and suppressed turbulence that favors sediment 
entrapment decreases restricting its expansion.
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hydrodynamically favorable bodies. 
Yet, tests showed that the elongation 
of patches increases scour and 
localization

•  The steady-wake zone becomes 
shorter as the patch elongated, hence 
restricting the patch's expansion
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Likewise, the reach-scale experiments conducted by Yagci and Strom (2022) revealed that instream vegetation 
acts like a natural weir, produces a backwater effect and augments the residence time. Hence, the presence 
of vegetation can be sought as it constitutes an integral component of sustainable river and estuarine ecosys-
tems. The presence of vegetation in river systems and shoreline areas is widely acknowledged as a substantial 
and ever-changing element of the ecosystem (Heidelman & Vural, 2023; Turker et al., 2019). The experiment 
conducted by Holzenthal et al. (2022) demonstrated the interplay among waves, sediment, and flexible vegeta-
tion. A shoreward depositional mound was observed even when the plant blades were flexed to approximately 
one-third or less of their maximum height. This flexibility occurred as a result of a decrease in velocity caused by 
the presence of the plant obstruction. The findings of this study are of considerable importance, as they illustrate 
the substantial impact of vegetation on the formation of sediment bedforms, not only within river systems but 
also within coastal regions.

These self-organized instream plant communities and islands provide flow variability in the active channel 
(Heidari et al., 2021; Schwarz et al., 2018), enhance the ecosystem resilience under repeated cycle of discharge 
fluctuations (Cornacchia et al., 2022), enrich the riverine biodiversity (Stein et al., 2014; Wharton et al., 2006). 
Gurnell  (2014) highlighted the role of vegetation as an ecosystem engineer, and recognized that the complex 
intertwined relationship between flow, sediment and vegetation that affects the biogeomorphic processes at the 
patch scale, can have a distinct large-scale geomorphologic impact. The interplay between biotic (vegetation 
patch and seedlings) and abiotic (water and sediment) factors leads to an expansion of vegetation patches in the 
streamwise direction (Jones et al., 2012; Sand-Jensen & Pedersen, 2008; Yamasaki et al., 2019), with the driving 
mechanism for this evolution being a combination of negative and positive feedbacks (Bouma et al., 2009).

The current flood control measures increasingly focus on enlargement of floodplains to mitigate the devastation 
caused by high- intensity-low-frequency floods in which prone to be more frequently observed due to climate 
change (Bardossy & Caspary,  1990). In this context, woody vegetation such as Ulmus species (Vreugdenhil 
et al., 2006; Ward et al., 2002), and tree-like species like Salix, Populus (Wilson, Yagci, Rauch, & Olsen, 2006), 
and Alnus (Vreugdenhil et al., 2006), that form on the river active zones and on midchannel islands, would be 
subjected to flooding more often than it used to be. A more comprehensive understanding of the intricate recip-
rocal relationship between flow, vegetation, and sediment is necessary in this case. The formation of process of 
instream patches was discussed in detail below.

1.1. Flow Kinematics Around an Isolated Patch

To estimate the anticipated elongation of a vegetation patch, the extent of the deposition zone in the wake of the 
patch is needed to be determined based on the induced hydrodynamic pattern. The velocity difference between the 
contracted flow at the sides of an isolated patch and the slow-moving fluid immediately downstream of the patch 
leads to the development of a shear layer at each side of the patch. These two shear layers grow linearly (Zong 
& Nepf, 2012) and eventually they meet along the patch centerline. The interaction of these two shear layers 
enhances turbulent mixing and may lead to the formation of a von Karman vortex street (Zong & Nepf, 2012), 
with some similarities to what is observed in the wake of a solid cylinder (Kitsikoudis et al., 2017), but with the 
notable difference that the von Karman vortex street is formed further downstream (Chen et al., 2012; Kitsikoudis 
et al., 2016). Huai et al.  (2021) state that the streamwise momentum that passes through the permeable body 
limits the interaction between the two shear layers that form on both sides of the patch. This stops the von Karman 
vortex street from forming on the scale of the patch. The mean velocities and turbulence intensities from the rear 
edge of the patch until the point where the two shear layers meet remain relatively low, and they rise steeply after-
ward due to the intense turbulent mixing (Chen et al., 2012; Kitsikoudis et al., 2020). This area of low velocity 
and turbulence is known as the steady-wake region and its length indicates the potential area where suspended 
sediment can deposit (Chen et al., 2012; Ortiz et al., 2013). This length depends largely on the density of the 
patch and the flow that penetrates in the patch, that is, with sparse patches delaying the interaction of the shear 
layers and dense patches exhibiting a wake that resembles the wake of a solid cylinder (Chen et al., 2012; Lima 
et al., 2015; Zong & Nepf, 2012). In their study, Liu et al. (2021) conducted numerical simulations to examine 
the flow characteristics through a submerged patch. The velocities of the bleed flow, which refers to the flow that 
permeates through the body, were quantified by Liu et al. (2021) at the array's exit points. The data presented 
in their study demonstrated a logarithmic decrease in bleeding velocities as canopy density increased. Kingora 
and Sadat (2022) investigated the flow through a group of cylinders at the stem scale numerically. Their findings 
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demonstrated a monotonic decrease in drag force exerted on individual members as the solid fraction increased. 
Moreover, it was seen that when the solid fractions are low, the wakes generated behind stems located in the 
upstream part of the patch exhibit quasi-periodic characteristics, while the wakes formed behind stems in the 
downstream part demonstrate aperiodic behavior. At an intermediate solid fraction, the flow pattern in the wake 
behind each stem member remains steady. However, for members with a high solid fraction, the flow exhibits 
creeping behavior.

1.2. Formation/Expansion Stages of Vegetation Patches

In natural rivers, the entrainment of bedload overwhelmingly takes place during rising stage of high flows (Song 
& Graf, 1996). Yet, suspended sediment input exhibits a more complex character compared to bedload during 
the passage of infrequent flows. According to Klein (1984) a clockwise hysteresis occurs (where abscissa refers 
to water discharge, ordinate denotes sediment discharge) when sediment is derived from the bed and banks of the 
channel or areas neighboring to it, whereas an anti-clockwise hysteresis arises when the upper part of the slopes 
is the sediment source area. However, in spite of this complicated relationship between suspended sediment and 
discharge, it can be hypothesized that the suspended sediment concentration correlates well with the peak of the 
direct surface runoff in main channel. This situation is valid not only for the suspended sediment transport (Silva 
et al., 2023; Wang et al., 2021), but also the bedload (Wu et al., 2021), and pollutant transport (Stride et al., 2023) 
in natural vegetated rivers.

Particularly during the recession stage of a direct runoff hydrograph, the transportation ability of flow is less 
compared to that of the rising stage. The localized sediment mounds, which constitute a good basis for the sprout 
of vegetative fragments and propagules, forms during the falling stage of the direct runoff hydrograph on the 
river bed (Kuhnle, 1992; Reid et al., 1985) due to hysteresis in hydrograph (Kohandal-Gargari et al., 2021) as 
is picturized/referenced in Figure 1 and Table 1. Likewise, hydrochory (i.e., the process of propagule transport 
under the influence of direct runoff; Danvind & Nilsson, 1997), also affects the spatial expansion of instream 
plants in the channel.

Areas of low velocity and turbulence support the establishment of vegetation, while zones where the flow gets 
accelerated and turbulence increases lead to less favorable conditions (Jones et al., 2012; Schoelynck et al., 2012; 
Yager and Schmeeckle, 2013). Isolated instream plant elements sprout and grow during base flow, following the 
recession stage, if vegetative fragments are buried in the deposited sediment mounds (Gurnell et al., 2012). These 
sprouting and growing individual plant elements control coherent flow structures in their vicinity (Kitsikoudis 
et al., 2016) and provide suitable flow conditions (drop in velocity and shear stress) in their wake (Kitsikoudis 
et  al.,  2020) for the reproduction of other vegetation elements. The contraction-induced acceleration around 
the patch (Kitsikoudis et al., 2016) constitutes a negative feedback, which does not allow sediment to settle and 
inhibits the lateral expansion of the patch (Temmerman et al., 2007). Conversely, positive feedback, that is, the 
low velocity and suppressed turbulence within the wake region of the vegetation patch, promotes the deposition 
of the incoming suspended sediment and organic matter (Ortiz et al., 2013).

1.3. Scope of the Study

In vegetated rivers, the patch expansion is a gradually occurring continuous process. In this study, for the sake 
of simplicity, this expansion process was discretized and represented by three consecutive characteristic stages 
of the patches. Patches with different patterns and densities (Figure 1 and Table 1) were used during the experi-
mentation. In this way, the influence of patch expansion on flow kinematics was investigated experimentally for 
these stages on rigid bed conditions with Eulerian (point measurements by ADV, i.e., acoustic Doppler velocim-
eter) and Lagrangian (flow visualization) measurements. This is followed by morphometric tests, which aim to 
observe the influence of the patch expansion on the scour.

Zong and Nepf (2012) showed that for a given permeable circular patch, the increased solid volume fraction, (i.e., 
decreased porosity) causes a decrease in the strength of the bleed flow, and the length of steady wake region. 
Decreased permeability also leads to an increase in the recovery distance of flow. On the other hand, as shown by 
Kitsikoudis et al. (2017), the elongation of an obstacle's cross-section leads to a reduction in the strength of the 
lee-wake vortices. This suggests that when the pile's cross-section is elongated, the body acquires a more hydro-
dynamic form. In other words, despite enhanced skin friction, the obstacle gains a favorable (i.e., less resistant 
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against flow) hydrodynamic form with the elongation of the body exposed to flow. In their experiments, they have 
also witnessed that the recovery zone is shorter for a cylinder with an elongated cross-section. While the patch 
evolves to a more streamlined form, the patch expansion process contains two mutually exclusive hydrodynamic 
factors. These are:

1.  Shortening of recovery zone due to an increase in the density of the patch.
2.  Elongation of the recovery zone due to the streamlined shape of the body.

Figure 1. The consecutive stages of the expansion process of instream vegetation. The numbers in square brackets point out 
the reference studies (Table 1) which were used during the compilation of the figure.
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These two factors may affect the flow-patch interaction at different weights. In order to examine the role of 
the patch expansion process on flow and sedimentary processes, three patch cases were experimentally exam-
ined from a kinematic and morphologic perspective. Specifically, the experiments were designed to address the 
following research questions:

1.  In the wake zone, how does the patch expansion process alter the mean flow and turbulence characteristics?
2.  How does the patch expansion influence the flow recovery in the wake region?
3.  How does the expansion process of the patch change the formation of vortices?
4.  Under clear water circumstances, how does patch expansion affect the morphometric pattern of the scour/

deposition zone?

As evident from the summary of the given above, the literature encompasses numerous studies that aim to iden-
tify the reciprocal interplay among flow, vegetation, and sediment at the patch scale. However, the existing 
literature lacks any studies that specifically investigate the relationship between a streamlined vegetation patch 
and its influence on flow patterns, as well as the subsequent effects on scour and deposition processes within 
river systems. Hence, the primary objective of this study was to experimentally examine the effects of different 
configurations of streamlined emergent vegetation patches on the flow field and the occurrence of local and 
global scour. The Methods section defines the conceptualizations utilized in representing streamlined vegetation 

Reference 
# in 
Figure 1 References Remarks (quotations)

Relevance in 
Figure 1

[1] Chow (1959) “For a given stage, the discharge is higher on the rising limp of flood hydrograph.” Figure 1a2

[2] Bayazit (2001) “Water surface slope is steeper during rising stage” Figures 1a2–1a3

[3] Song and Graf (1996) “During the passage of a hydrograph, the turbulence intensities and the Reynolds stress in the rising 
branch are larger than in the falling branch.”

Figures 1a2–1a3

[4] Reid et al. (1985) “When flood's follow each other closely, the bed material is comparatively loose and offers less resistance 
to entrainment. In this case, substantial amounts of bedload are generated on the rising limb.”

Figures 1a2–1a3

[5] Kuhnle (1992) “…significant differences in mean bed load transport rates were found at nearly all flow strengths. At 
higher flow strengths, mean bed load transport rates were greater during rising stages than during 
falling stages.”

Figures 1a2–1a3

[6] Gurnell and Petts (2002) “The initial rise in water levels at the commencement of the high flow season can pick up and disperse 
numerous seeds and vegetative propagules”

Figures 1b1–1b3

[7] Yagci and Strom (2022) “During the recession stage, depending on the existing secondary flow pattern in the channel, which 
emerges as a response to the planform view and geometry of the channel, sediment begins to 
accumulate, particularly on the margins or in the middle of the channel”

Figures 1b1–1b3

[8] Yagci and Strom (2022) “…remarkable localized deposition zones were recorded within the wake region, at approximately 2–3 
D distance to the downstream edge of the patch.”“Vegetative fragments/propagules buried in these 
deposited sediments sprout, grow, and produce favorable flow conditions in their wake regions for the 
other plants.”

Figures 1c1–1c3

[9] Chen et al. (2012) “The flow exiting the patch is laterally uniform and slower than the flow that passes around the patch. 
The streamwise velocity at the centerline remains at a constant value over the majority of the steady 
wake region.”

Figures 1b1–1b3

[10] Cornacchia et al. (2022) “The steady wake represents a rather large, sheltered zone in the middle of a running-water environment, 
which plays a significant role in habitat creation, growth, and establishment of other organisms.”

Figures 1d1–1d3

[11] Schoelynck et al. (2012) “It was proven that the conditions within the patches favored the survival and growth of transplants (i.e., 
short-range positive feedback), while the conditions just next to patches led to decreased survival and 
growth (i.e. long-range negative feedback)”

Figures 1e1–1e3

[12] Gurnell et al. (2012) “At the same time, certain aquatic and riparian plant species (including the dead wood they produce), are 
particularly important for initiating the trapping and stabilization of fluvially-transported sediments, 
constructing distinct pioneer landforms, and accelerating the development of larger landforms such as 
river banks, vegetated islands and floodplains”

Figures 1e1–1e3

Note. The expressions were directly quoted from the references to give the storyline of the examined process more accurately.

Table 1 
Basic Findings in the Pertinent Literature Regarding the Successive Stages of Instream Patch Expansion Illustrated in Figure 1
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patches during the experiments, based on the examination of pertinent litera-
ture and biomechanical measurements that we have made within the scope of 
this study. The key findings of this study are presented in the Results section, 
followed by the Discussion section, where an interpretation of the findings 
is presented within the context of river morphology, drawing upon existing 
literature. The major findings drawn from the experimental data are high-
lighted in the Conclusion section.

2. Methodology
2.1. Flume

The experiments were conducted at the Hydraulics Laboratory of Istanbul 
Technical University. The experimental facility comprised a recirculating 
flume, with a length of 26 m and a width of 0.98 m, with the flow being regu-
lated by two pumps and a tailgate weir at the downstream end. The flume had 
a prismatic cross-section with a bed and sidewalls made of smooth concrete 
and Plexiglas, respectively. The bed of the flume was horizontal. At the inlet 
of the flume, the cross-section was filled with small tubes aligned with the 
flow direction to straighten the incoming flow and eliminate large swirls 
from the flow recirculation. The flow was kept steady with a water depth of 
0.31 m for all experiments.

2.2. Characterization of Patch Expansion Process

For a vegetative patch, plant size distribution along the islands is quite typi-
cal. The height of the plant located at upstream is higher since it is established 
earlier compared to ones located at downstream (Gurnell & Petts,  2002) 
during the formation period. The plant first established on the riverbed 
creates favorable flow conditions in its wake region for the establishment of 
the new plants. Vegetation propagules are deposited and buried by sediments 

(Ward et al., 1999) in the wake region of this first established vegetation. As demonstrated previously based on 
riparian plant measurements (i.e., Salix fragilis, commonly known as crack willow) by Wilson, Yagci, Rauch, 
and Steosser (2006; Figure 4), with the increase of the isolated plant height, cumulative volume of the plants 
increases. Thus, it can be deduced that the vegetative elements located upstream have higher volume compared 
to one located at downstream. The view in Figure 2a confirms this assertion qualitatively as well. Furthermore, 
Wilson, Yagci, Rauch, and Steosser (2006) also found that the cumulative plant volume increases linearly with 
the basal diameter. Besides, the flexural rigidity measurements that we carried out in Cardiff University, Mechan-
ical Engineering Laboratory, clearly revealed that flexural rigidity of Salix fragilis increases linearly (i.e., higher 
resistance by vegetation against bending) with respect to trunk/branch diameter (Figure 2b), which is relevant 
to vegetation age. In summary, it is plausible to expect that the vegetation elements located at the upstream part 
of the patch generate more hydraulic resistance against the flow compared to the ones located downstream, due 
to the fact that the pioneer plants located at the upstream part of an expanded patch have higher volume, basal 
diameter, and flexural rigidity.

The vegetation patches in this study were represented by circular arrays of 
emergent solid cylinders in a staggered arrangement. The circular arrays had 
a diameter, D, equal to 0.09 m, while all internal cylinders had a diameter, d, 
equal to 0.005 m. The internal cylinders were made of steel and were covered 
with a very thin layer of anti-rust paint. Three different arrays were assem-
bled, with the number of internal cylinders being 61, 37, and 19 (Table 2), for 
a dense, medium, and sparse patch, respectively. The density of each patch is 
quantified by the frontal area per unit volume, α = nd, and the solid volume 
fraction (SVF), ϕ = nπd 2/4, where n is the number of cylinders per unit bed 
area. In other terms, the solid volume fraction is the ratio between the entire 

Figure 2. (a) A view of a midchannel island and the distribution of vegetative 
elements in Maritsa River, the flow direction is from right to left, (b) the 
variation of flexural rigidity of Salix fragilis (commonly known as crack 
willow) with respect to diameter.

Patch D (cm) Number of stems d (cm) α (m −1) αD (−) ϕ (−)

Dense 9 61 0.5 47.9 4.3 0.188

Medium 9 37 0.5 29.1 2.6 0.114

Sparse 9 19 0.5 14.9 1.3 0.059

Table 2 
Characteristics of Vegetation Patches
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area of all stems inside the colony area/to the colony area limited by circumambient diameter. These density 
char acteristics are presented in Table 2, which classifies the three patches as dense, medium, and sparse, respec-
tively, to facilitate their discussion in the paper.

As explained in the Introduction section, based on previous studies, a patch entraps suspended sediment and 
propagules in its wake, leading to establishment of new vegetation. It is assumed that once new vegetation stems 
are established and grown in the wake of the initial patch, the patch will become elongated in the streamwise 
direction, with the aboveground biomass being reduced in the streamwise direction. By aligning the vegeta-
tion patches in a row, the natural progression of this pattern is simulated in the experiments. Specifically, the 
following three setups are studied to express different growing stages of a vegetation patch: (a) flow through 
an isolated sparse patch: stage 1 (Figure 3a), (b) flow through a medium patch followed by a sparse patch: two 
patches, stage 2 (Figure 3b), and (c) flow through a dense patch followed by a medium and a sparse patch: stage 
3 (Figure 3c). This idealized experimental setup simplifies what has been observed in natural rivers, where the 
width at the upstream side of the elongated patch is greater than the width at the downstream end (Sand-Jensen & 
Pedersen, 2008). The upstream side of the patch is bigger because the vegetative element placed most upstream 
developed first (Figure 1) and had more time to expand than the others. The medium and dense patches are also 
studied individually but solely as reference cases since flow around an isolated vegetation patch is well docu-
mented in the literature (Chen et al., 2012; Zong and Nepf, 2012). All vegetation patches studied herein were 
placed in the middle of the flume width and sufficiently downstream from the flume inlet where the flow is fully 
developed.

2.3. Flow Visualization, Velocity Measurements and Data Processing

Flow velocities were measured with a Nortek Vectrino Profiler with a down-looking probe at selected points 
along the centerline of the patch, and across the horizontal plane mid-depth, similar to Chen et al. (2012) and 
Zong & Nepf (2012). The measurements grid consisted of measurement points around and in the wake of the 
patches, with the measurement points being denser close to the patches to reproduce the expected steep veloc-
ity gradient around them (Figure  4). The Vectrino was mounted on a rolling platform above the flume that 
allowed its accurate relocation. The sampling frequency of the Vectrino was set to 100 Hz. The sampling duration 
at each measurement point was 100 s. To determine the required sampling duration to obtain unbiased turbu-
lence statistics, preliminary experiments were conducted similar to Yagci and Kabdasli  (2008). The obtained 
three-dimensional velocity components are denoted by u, v, and w for the longitudinal (x), transverse (y), and 
vertical (z) directions, respectively.

The water that was used for the flume experiments was extracted from a neighboring lake and had a relatively high 
concentration of suspended particles that provided seeding for the Vectrino measurements. The sampling volume 
was located 0.05 m below the probe of the Vectrino, which is the point that provides the most accurate measure-
ments (Thomas et al., 2017). As a result, the signal-to-noise ratio and the correlation of the Vectrino measure-
ments were sufficiently high to secure high-quality data. Nevertheless, high quality statistics of measurements 

Figure 3. Planview sketches of the arrays of cylinders used in this study to simulate (a) initial, (b) development, and (c) 
mature stages. The diameter, D, of each array of cylinders is 9 cm and the diameter, d, of each cylinder is 0.5 cm.
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do not always secure that there will be no outliers in the data (Mori et al., 2007). Thus, the obtained data were 
despiked with the phase-space thresholding method of Goring and Nikora (2002) as amended by Wahl (2003). 
The outliers were replaced with cubic polynomial interpolation. The incoming depth-averaged mean velocity, 
U0, was equal to 0.29 m/s for all experiments. U0 was measured sufficiently upstream from the obstacles to be 
considered undisturbed and at a location where the flow was fully developed.

In addition to velocity measurements, flow visualization experiments were also conducted. The major idea behind 
these experiments was to gain a better insight into the role of patch expansion (i.e., development of midstream 
vegetation) on pairs of vortices observed in the wake region. To attain this aim, flow visualization experiments 
were conducted for the three characteristics cases with patch expansion (Figure 3). A traverser system, which 
has a 1.85 m distance to the water surface, was constructed onto the flume frame, to mount the camera on it. In 
this manner, the flow visualization records can be taken with a wide-angle. Food dye with a specific weight of 
10.06 kN/m 3 was utilized during the tests. The dye was released in a synchronized manner from two separate 
openings with 5 mm diameter. Two openings were placed just between the center of the patch and the side-edges. 
Two different colors were employed to observe the mixing of the pairs of vortices from both sides in the wake 
region clearly.

2.4. Scour Experiments and Laser-Scanning of the Bed

The scour experiments were conducted by installing a false bed with metal 
sheets on top of the flume bed (Figure 5). The total length of the false bed 
was 14.5 m and covered the whole flume width. The height of the false bed 
was 0.205 m with a gentle slope (≈1V/5H) transitioning the flow from the 
flume bed elevation to the false bed elevation. A sand pit with 3.5 m length 
was placed into the middle of the false bed, which was filled up to the false 
bed height with coarse sand having a median diameter of d50 = 0.52 mm and 
a standard geometric deviation of 𝐴𝐴 𝐴𝐴𝑔𝑔 =

√

𝑑𝑑84∕𝑑𝑑16 = 1.85 . Before each scour 

Figure 5. Description of the false bed that was constructed in the flume for 
the scour experiments. The brown area indicates the sand-pit, while the black, 
dark gray, and light gray cylinders indicate the dense, medium, and sparse 
vegetation patch, respectively. All dimensions are in meter.

Figure 4. Measurements grid at the (a) vertical plane along the patch centerline and (b) horizontal plane in the middle of the 
water depth. Red dots indicate the locations of the points, where Joint Frequency Distribution (JFD) analysis was performed.
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experiment, the sand-bed in the pit was carefully leveled, and the flume was gradually filled with water until the 
desired water depth was reached. Subsequently, the pumps were turned on, the flow was maintained steady for 
precisely 8 hours without interruption. After 8 hours, the pumps were turned off and the flume was slowly drained 
without disturbing the scour pattern. The same approach and configuration for scour experiments was also used 
by Kitsikoudis et al. (2017) and Yagci et al. (2017).

A Leica ScanStation C10 laser scanner was utilized to obtain the 3D point cloud of the scoured bed. This device 
has the capability of measuring the coordinates of all the points in the region of interest in the horizontal and 
vertical directions. The sediment pit was scanned by this pulse-based laser-scanner before and after each experi-
ment from approximately 1 m distance. The scanning process was conducted from six different locations around 
the pit to provide data integrity and high-resolution 3D point clouds. Data integrity was achieved, by registering 
the 3D point clouds from each of these six different stations, and as such, a merged high-resolution 3D point 
cloud with no data gaps was obtained. All the scanning tests were realized in medium resolution, which implies 
the instrument scans the surface with 1 mm grid from 1 m distance. Further details about the flume, sediment 
characteristics, sediment pit, and laser scanner measurement can be found in Kitsikoudis et al. (2017). Based on 
laser scanner measurements, the morphometric characteristics of scour patterns were acquired. These morpho-
metrics characteristics were, maximum observed scour depth, width, and volume of local scour hole; local scour 
area in planview; deposition area (global deposition); maximum deposition height; upstream and downstream 
slope belonging to scour hole. Furthermore, the form factor, which is equal to scour volume divided by the cube 
of scouring width (Yagci et al., 2016), was also used in morphometric assessments. This parameter quantifies the 
locality of the scoured volume efficiently.

3. Analysis of the Experimental Results
3.1. Flow Kinematics

The isolated sparse patch exhibits a long steady-wake region with low velocity (Figures 6 and 7) and suppressed 
turbulent kinetic energy (TKE) (Figure  8) in agreement with previous studies (e.g., Chen et  al.,  2012). The 
elongation of the vegetation patch is accompanied by an increase in the upstream patch density (Section 3.2), 
the combination of which modifies significantly the near-patch flow field and shortens the steady-wake region 
(Figures 6 and 7). When the upstream part of the elongated patch becomes denser (i.e., stage 2), it diverts laterally 
a larger portion of the flow (Figure 6), with the rest of the flow penetrating the patch as bleed flow, leading to the 
development of a lateral shear layer with a steeper velocity gradient. As a result, the turbulent mixing downstream 

Figure 6. Contour plots of the normalized mean streamwise velocity, 𝐴𝐴 𝑢𝑢∕𝑈𝑈0 , for (a) an isolated sparse patch, (b) a composite 
patch that consists of a medium and a sparse patch at the upstream and downstream side, respectively, and (c) a composite 
patch that consists of a dense, a medium, and a sparse patch, from the upstream to the downstream side, respectively. The 
flow is from left to right.
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of the patch due to lateral momentum transfer becomes more intense (Figure 9) and accelerates the flow recovery 
process. As the upstream part of the vegetation patch becomes denser (i.e., stage 3), the flow structure resem-
bles the classical picture of the flow around a rigid pile (Sumer & Fredsøe, 2002, p. 151). The mean streamwise 
velocity in the wake of the isolated sparse patch does not start to considerably increase before a distance of 6D 
from the downstream edge of the patch, while as the vegetation patch expands and becomes denser, the mean 
streamwise velocity starts to increase after 3D and 1D downstream of the patch edge for the medium-sparse and 
dense-medium-sparse case, respectively (Figure 7).

It is worth mentioning that both the lateral turbulence intensity (Figure 9) and TKE (Figure 8) at the immediate 
downstream of the single sparse patch (stage 1) are reduced when the medium sparse patch is placed (represent-
ing the development stage) although turbulence intensity at further downstream (4–5D) is remarkably increased. 
Furthermore, the formation of a distinct steady-wake region in the case of stage 1 also contributes to the hindering 
of the turbulence at the immediate downstream of the patch.

The point at which the streamwise flow velocity begins to increase along the centerline in the wake of the 
patch (Figure 7) is the point at which the two lateral shear layers begin to interact. In isolated circular patches 
of sufficient density, this interaction forms a von Karman vortex street with a steep increase of velocity and 
TKE (Zong & Nepf,  2012). Despite composite patches of vegetation having spatially complex shape and 
density, there is a well-defined oscillatory pattern in transverse flow velocities of the development and mature 
stages of the patches (Figure 9). This can be regarded as the clear manifestation of von Karman vortex street 
due to vortex shedding. This characteristic oscillatory pattern in these two cases is also represented by a 
distinct peak in the power spectral densities of the transverse velocities (Figure 10). The slope of the power 
spectral densities follows the −5/3 law in the inertial subrange before becoming affected by the noise floor of 
the ADV at the higher sampling frequencies. It should be noted that even in the case of single sparse patch, 

Figure 8. Longitudinal profiles of normalized TKE, 𝐴𝐴 𝐴𝐴∕𝑈𝑈 2
0
 , along the patch centerline at z/D = 1.8 for vegetation patches at 

different idealized growing stages.

Figure 7. Longitudinal profiles of normalized mean flow velocity, 𝐴𝐴 𝑢𝑢∕𝑈𝑈0 , along the patch centerline at z/D = 1.8 for 
vegetation patches at different idealized growing stages.
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poorly periodic oscillations matching with the vortex-shedding frequency of the patch are seen at 12D down-
stream which is not presented here for reasons of space. Still, the increasing trend of TKE toward downstream 
in the wake of the single sparse patch can be seen from Figure 8. This observation indicates that, although 
very weakly established, a long steady-wake region can be formed at the downstream of even such a sparse 
patch of vegetation.

The turbulence pattern downstream of the vegetation patches can be also analyzed by means of joint frequency 
distributions (JFDs), as previously done by Kitsikoudis et al. (2016, 2017), which shows the joint probabilities of 
the turbulent fluctuations of two different velocity components. Figure 11 shows the joint frequency distributions 
of the instantaneous longitudinal and transverse velocities normalized by the respective turbulence intensities for 
the three examined stages given in Figure 3. The JFDs were presented at three different distances from the down-
stream edge of the examined three stages. The von Karman vortex street downstream of stage 2 and downstream 
of stage 3 exhibited a bimodal distribution of the instantaneous transverse velocities. The detected two modes have 
symmetric character around the horizontal axis, that is, the instantaneous streamwise velocities (Figure 11). In the 
third stage, the proximity of bimodal distribution to the patch gets closer to the patch compared to the second stage. 
This is essentially due to the fact that when density increases, the point where the von Karman vortex street begins 
to form moves closer to the patch. The wake of the isolated sparse patch does not present a clear von Karman 
vortex street, as can be inferred by the lack of a distinct peak in the power spectral densities (Figure 10) and the 
weakly-correlated relationship between the instantaneous streamwise and transverse velocities (Figure 11).

Figure 12 presents the streamwise velocity profiles along the centerline of the flume for the three investi-
gated stages. As seen from Figure 12, the velocity profile is much less affected by the presence of the patch 
in the single patch case of stage 1 compared to the other cases due to the stronger bleed flow. For the cases 
of stages 2 and 3, it is clearly seen that in the wake region the near-bed flow recovers earlier compared to the 
main body of the flow, due to the bed-generated turbulence. More specifically, bed generated turbulence near 
the bed pushes the boundary layer separation point around the patch toward downstream, and accelerates the 
recovery process. The implication of the formation of a von Karman vortex street near the downstream edge 
of the denser vegetation patch is that the deposition zone of the incoming suspended sediment downstream 
of the patch will become shorter due to the earlier increase in the turbulence (i.e., enhanced lateral mixing) 
within the wake.

Figure 9. Contour plots of the normalized transverse turbulence intensity, 𝐴𝐴

√

𝑣𝑣′2∕𝑈𝑈0 , for (a) an isolated sparse patch, (b) 
a composite patch that consists of a medium and a sparse patch at the upstream and downstream side, respectively, and 
(c) a composite patch that consists of a dense, a medium, and a sparse patch, from the upstream to the downstream side, 
respectively. The flow is from left to right.
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3.2. Flow Visualization

Flow visualization records obtained for the three characteristic cases of 
the patch, which simulate three different stages of the streamlined vegeta-
tion patch, are presented in Figure 13. The photos given in Figure 13 were 
obtained from Movies S1, S2, and S3 which are the records taken during 
flow visualization tests conducted for three characteristic patch cases. The 
phenomenon of separation around a body is essentially a consequence of the 
combined impact of geometry induced adverse pressure gradient, as well as 
the retardance of the flow in the boundary layer (Afzalimehr et  al.,  2016; 
Schlichting,  1968,  p.  121). The scale of the eddies generated in the wake 
region is greatly controlled by the velocity deficit between the wake region 
and the contraction zone. Hence, the patterns of vortices observed in the 
wake regions of the three characteristic patch cases can be sought as the clear 
manifestation of strength of the shear layer (Sumer & Fredsøe, 2002, 2006). 
It should be also noted that when flow passes through/around a permeable 
body, the presence of bleed flow lessens the strength of shear layer, and 
brings about a delay in the formation of von Karman vortex street in the wake 
region (Chen et al., 2012; Zong & Nepf, 2012). Thus, the dye released from 
both sides of the patch moves for a while in the streamwise direction without 
lateral mixing as observed from Figure 13a.

Based on this background, it is evident from Figure 13 that the length of the 
steady-wake region decreases with the additional patches and finally is mini-
mized in stage 3 (Figure 13c). Two shear layers, which are not converged yet 
are observed in stage 1, whereas in stage 3 (Figure 13c) a von-Karman vortex 
street is highly distinct and there is a clear convergence point where the von 
Karman vortices start, about 1-2D downstream of the patch, which seems to 
agree with Figures 5–7. With the expansion of the patch from stage 1-to-stage 
3, both the SVF of the patch and the length of the vegetated zone increases.

Because it has a greater potential to build a more developed boundary layer, 
any elongated obstacle has a more streamlined form than a non-elongated 
obstacle with the same projection area. While the elongation of the obstruc-
tion is likely to delay lateral mixing, increased SVF is expected to cause 
earlier lateral mixing. The experiments revealed that, of these two factors 
(elongation and patch densification, both of which have opposing impacts on 
vorticities), densification prevails over patch expansion/elongation.

These findings can be interpreted such that the patch expansion process alters 
not only the length of the steady-wake region but also the scale of the pairs 
of vortices generated at both sides of the body. It is known that the gener-
ated vortices typically scale with the dimension of the cylinder. Due to the 
kinematic reasons discussed above (i.e., decreased bleed flow and increased 
contraction effect owing to the plant growth), the patch tends to respond 
to the flow like a solid cylinder as a consequence of the patch's expansion. 
Consequently, both the size and the frequency of the vortices increase. While 
the sparse case does not generate a secondary flow pattern that would indi-

cate an intensive vorticity, in the dense case vorticity is pronounced and vortex induced lateral mixing emerges 
immediately after the obstacle. While due to pronounced bleed flow passage through the obstacle no circular 
pairs of vortices were monitored for the sparse case, for the dense case they are obvious. In the next sub-section, 
further discussion on the effect of flow alteration on scour/deposition processes is presented.

3.3. Morphometric Analysis of the Scour Pattern

Observed scoured bed patterns present key clues about the secondary flow structures, which are generated as 
a consequence of the interaction between flow and vegetation. These patterns reflect the ability of the flow 

Figure 10. Power spectral densities of normalized flow velocities for (a) an 
isolated sparse patch, (b) a composite patch that consists of a medium and 
a sparse patch at the upstream and downstream side, respectively, and (c) a 
composite patch that consists of a dense, a medium, and a sparse patch, from 
the upstream to the downstream side, respectively.
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in terms of transporting/depositing the sediment at different locations. The surface plots of the scour patterns 
examined for 5 different cases of vegetation patch are presented in Figure 14. Based on the scans given in 
Figure  14, the morphometric characteristics of the scoured/deposited patterns were obtained, and they are 
presented in Table 3.

Figure 11. Joint frequency distributions (JFD) of instantaneous longitudinal velocities normalized with the longitudinal turbulence intensity, 𝐴𝐴 𝐴𝐴′∕

√

𝐴𝐴′2 , and 

instantaneous transverse velocities normalized with the transverse turbulence intensity, 𝐴𝐴 𝐴𝐴′∕

√

𝐴𝐴′2 . The location of the JFDs are x/D = 2.5, 5, and 12, respectively. These 
points were denoted in measurement grid as red dots in Figure 2.

Figure 12. Profiles of the normalized mean streamwise velocities along the patch centerline. The location of each profile is indicated at the top of each subfigure.
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The scour patterns presented in Figure 14 demonstrate that with the expan-
sion of the representative vegetative patch (i.e., decreased permeability and 
increased blockage volume), the width and depth of the scour increase. In 
line with this situation, the deposition height and volume around the patch 
increase as well. According to Kitsikoudis et al. (2016), for a typical isolated 
permeable obstacle, the strength of downflow, which is the major contributor 
of prominent coherent structures near the bottom, increases with the decrease 
in permeability and increase in blockage (i.e., or SVF). Likewise, the incre-
ment in scour observed for representative patch expansion in Figure 14 can 
be explained by the fact that the strength of the downflow increases due to the 
patch expansion-induced decrease in permeability. Consequently, as a clear 
manifestation of the increased strength of separation at the upstream base of 
the body (Majd et al., 2016) and the horseshoe vortex (Graf & Istiarto, 2002; 
Unger & Hager, 2007), the observed scour depth and width increases.

Another result that can be drawn from Figure 14 is that, without exception, 
all the permeable patch cases generate a sharp-crested elongated ridge in the 
streamwise direction. A recent study by Aksel et al. (2021) showed that with 
the development of the scour hole around a solid cylinder, lee-wake vortices, 
which control the wake region in the rigid bottom case, evolves to large-scale 
counter-rotating streamwise vortices (LSCSVs). Despite this study was 
performed for a solid cylinder, the presence of LSCSVs shown by Aksel 
et al. (2021) seems reasonable to explain the ridge in Figure 14. Thus, the 
sharp-crested ridge can be considered as the footprint of this scour-induced 
secondary flow pattern. However, further studies are needed to clarify this 
process.

In addition to the qualitative assessments given in the previous paragraph, a 
quantitative-based analysis is presented in Figure 15 to gain a better insight 
into the impact of patch expansion on the bed processes. The cross-sections 
of scoured bed taken from the centerlines of the consecutive permeable vege-
tation models are given in Figures 15a and 15b, respectively, for stages 2 and 
3. Comparative analysis of these cross-sections reveals that while the scour 
depth decreases in the streamwise direction within the scour hole, the side 
slopes of the scour hole, which scale with the angle of repose of the bed  sedi-
ment, remain unchanged.

In Figure 15c, the scour cross-sections of isolated patches are given, whereas 
Figure 15d presents the scour cross-sections of the three stages taken from 
the upstream patch. As can be seen from Figure 15c, the vegetation patches 
with different SVF produce very similar (almost identical) forms in terms of 
morphometric ratios (e.g., width-to-depth ratio or slope of the scour hole). 
Direct comparison between the scour cross-sections of isolated patch cases 
(Figure 15c) and the upstream patch in growth stages (Figure 15d) shows that 

the process of representative patch expansion renders the morphometry of scour holes different from the case of 
the isolated patches. The patch expansion process does not affect only the morphometrical ratios belonging to the 
local scour. It dramatically amplifies the global scour as well.

The process of patch expansion and its direct consequences on flow pattern and river bed morphology demon-
strate itself not only in the wake region but also in the contraction zone. As explained in Section 3.1, the stages of 
representative patch expansion or the cases of increase in density of isolated patch cause a remarkable augmenta-
tion in lateral momentum flux between the wake and the contraction region. This situation leads to a shortening 
in the steady-wake region. Furthermore, another significant impact of the representative expansion process on the 
flow field is that the contraction effect becomes more prominent as the patch expands (Figure 6). As a result of 
this process, significant increase in erosion in the contraction zone, that is, amplified global scour, was detected 
(Figures 15a–15c). This effect becomes even more pronounced for stage 3 given in Figure 15a.

Figure 13. Instantaneous views belonging to: (a) Stage 1, (b) Stage 1 and (c) 
Stage 3 from flow visualization experiments. The videos in which this figure 
is extracted from are presented as Supporting Information S1.
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In Figure  16, the longitudinal scour profiles along the flume centerline 
belonging to the examined cases are presented. Ripple developments are 
observed at the end of the deposited mound in all the cases, but the case 
of stage 1. The ripples tend to scale with the size of the deposited mound 
behind which they emerge, that is, the greater the mound, the larger the size 
of the ripples. Also, it is seen that differing from the side slopes of the scour 
hole, the downstream slopes of the holes exhibit different character from each 
other. This is the manifestation that the downstream part of the scour hole is 
sensitive to existing coherent flow structures, which are directly controlled 
by the imposed patch configuration. Also, the study by Yagci et al. (2016) 
revealed that with the decreasing porosity of the patch, the distance between 
the deposition region and the obstacle becomes shorter as a consequence of 
decreased steady-wake region. All the cases tested but single-sparse patch 
case confirm this assertion.

In Figure 17, the morphometric scour characteristics are plotted to make a 
quantitative analysis. It is evident from Figure 17 that the expansion process 
of the patch enhances the scour depth, width, and volume both in local and 
global scale. During the representative patch expansion, the projection area 
against the flow, which is regarded as a primary hydrodynamic factor  accord-
ing to the drag-force equation, remains unchanged. Despite this fact, the 
difference between scour characteristics belonging to the cases of stage 2–3, 
and the corresponding isolated reference cases is considerably distinct. As 
discussed above, increase of drag due to patch expansion strengthens the 
coherent structures near the bottom. In line with this fact, both Figures 14 
and 16 show that during the growing process of the patch, with the effect 
of the decreasing porosity, the deposition zone becomes localized and scour 
hole gains a more elongated form. The variation of form factors, Pf, with 
respect to patch configurations are given in Figure 16d. The variation of form 
factors also verify that the localization of scour hole increases during the 
representative patch expansion.

4. Discussion, Recommendations, and Limitations
Establishment and self-organization processes of patchy vegetation are 
controlled by the flow pattern (temporal flow variability in discharges), 
sediment regime (size, quantity, sorting, and distribution of transported sedi-
ment), basin conditions (e.g., density of vegetation on the hill slopes,  soil 
properties, basin morphometry), biological, and chemical factors. The devel-
opment of the river vegetation is governed overwhelmingly by flow and sedi-
ment regimes rather than other secondary factors mentioned above (Baattrup 
et al., 2006; Riis & Biggs, 2003). Nilsson and Svedmark (2002) assert that 
the development and spatial distribution of plants in active channels are 
predominantly influenced by the prevailing flow and sediment regimes, 
whereas biological and chemical variables assume a subordinate role in this 
intricate phenomenon. In view of this fact, the present study focused only on 
the physical interactions between instream vegetation, flow and sediment. 
The less influential components of the process (i.e., biological and chemical 
variables) were ignored.

The aim of this research was to examine the effect of patch enlargement on 
flow kinematics and morphological processes in its proximity. It is impor-

tant to note that throughout the scour experiments, each step of the patch growth process was addressed inde-
pendently. There was no realistic temporal transition between stages 1 and 2 or between stages 2 and 3. Instead, 
each step was individually reproduced in flume experiments by modifying the patch design (intensifying the 

Figure 14. The scour patterns observed around (a) initial (b) development 
(c) mature stages of patch expansion process. The isolated (d) medium, (e) 
dense obstacles are given as reference cases. White, gray and black cylinders 
represent the sparse, medium and dense arrays of cylinders. All the units are in 
mm and flow direction is from right-to-left.
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density and elongating the patch). After setting up each independent patch configuration in the flume, identical 
initial conditions (horizontal intact bed condition and steady discharge) were applied to the vegetative obstruc-
tion in order to examine the effect of actual patch features on the scour pattern. The obtained findings should be 
interpreted from this perspective.

In this study, we have conducted experiments, aiming at improving our understanding of the hydrodynamic 
outcomes of patch expansion process. Combined impact of two basic physical processes were accounted for 
in patch expansion, namely lengthening of patch and increasing stem density. As aforementioned, these two 
mutually excluding hydrodynamic factors may have different weights on flow kinematics around the patch for 
different instream species. The primary research questions were centered around the influence of these mutually 
excluding two hydrodynamic factors. Furthermore, the experiments presented here were conducted under ideal-
ized conditions.

Aquatic, and intertidal species (e.g., Salix, Populus, Alnus and Spartina Anglica) in which the flow structure 
around them previously examined by Vandenbruwaene et al. (2011) and Cornacchia et al. (2022), usually have 
a complex distribution of the volume in vertical. This specie-specific volume distribution adds further compli-
cation to the flow structure (Kitsikoudis et al., 2016; Wilson, Yagci, Rauch, & Steosser, 2006). In spite of this 
fact, the utilization of the rigid stem analogy, which has been employed in numerous prior investigations (Chang 
& Constantinescu, 2015; Chang et al., 2017; Yamasaki et al., 2019; Zong and Nepf, 2012), was chosen as the 
approach for this study in order to maintain simplicity in addressing the problem. However, in reality, depending 
on their moisture retention ability, plants display different flexibility against drag force. While this flexibility 
is even more pronounced for the vegetation in perennial streams, the instream plants observed in ephemeral 
streams have relatively higher flexural rigidity due to lower moisture availability. The flexibility induced bending 
in trunk (Kitsikoudis et al., 2017; Majd et al., 2016) and streamlining/reconfiguration at a leaf scale (Albayrak 
et al., 2012) of vegetative obstructions intensely affects the coherent flow structures, drag force (Fathi-Maghadam 
& Kouwen, 1997; Wilson, Yagci, Rauch, & Olsen, 2006), scour around the vegetation (Yagci et al., 2016) at the 
individual-scale, and hydraulic resistance (Carollo et al., 2005; Freeman et al., 2000; Wu et al., 1999) at the reach 
scale. During the experimental study, these factors (i.e., bending, streamlining, complex volumetric distribution 
of plant) were ignored to identify the influence of the patch expansion process on kinematic characteristics and 
scouring more directly. In other words, these factors were excluded considering it would not be rational to tackle 
all the relevant questions within a single study. After gaining a comprehensive understanding of the idealized 
scenario (i.e., the rigid stem analogy), it is plausible to systematically incorporate additional variables into exper-
imental or numerical cases in future research. Future research is expected to include the examination of specific 
species, the influence of plants' intricate volumetric organization on flow and morphological processes, and the 
effects of bending, streamlining, foliage, and water depth. It is possible to identify the underlying correlation 
between each factor and the observed outcomes using a systematic and sequential approach.

While hydrodynamics plays a key role on the patch size and density through propagule deposition, other 
factors such as oxygen and nutrient availability affect the survival and growth of seedlings within the vegeta-
tion patch. As a result, there is an expected upper limit of the patch density, which cannot be exceeded, thus 
securing the existence of a steady-wake flow region and favorable flow conditions for the continuous exten-
sion of the patch. Indeed, such long vegetation patches in nature were detected and presented by Larsen and 
Harvey (2011). The solid volume fraction values of the tested patches vary within the range of 0.188 and 0.059 

Exp No Experiment Sd (cm) Sw (cm) Sv (cm 3) Sa (cm 2) Da (cm 2) Dh (cm) U-S (%) D-S (%)

1 Isolated sparse: Stage 1 2.8 22.7 563 399 486 2.5 −52 +38

2 Sparse + Medium: Stage 2 5.2 29.0 1,696 855 2,144 2.6 −55 +12

3 Sparse + Medium + Dense: Stage 3 8.6 41.8 5,783 1,614 2,773 5.1 −64 +22

4 Isolated dense 7.6 37.9 3,409 1,130 1,881 3.9 −60 +20

5 Isolated medium 5.5 30.7 1,331 807 942 1.9 −59 +22

 aSd is the maximum observed scour depth, Sw is the scour width of local scour hole, Sv is the scour volume of local scour hole, Sa is the local scour area in plan view, 
Da is the deposition area (global deposition), Dh is the maximum observed deposition height, U-S is the upstream slope, D-S is the downstream slope.

Table 3 
Summary of Morphometric Characteristics Belonging to Scour and Deposition a
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in this study. Yagci and Kabdasli (2008) measured the SVF of Pinus Pinea, Thuja Orientalis, and Cupressus 
Macrocarpa and found that SVF values of these species were 0.005, 0.004, and 0.005 for 0.25 m water depth. 
In their study, Wilson, Yagci, Rauch, and Steosser  (2006) checked the variation of volume with respect to 
height of an individual Salix fragilis, which is commonly observed in river corridors. As can be seen from 
Figure 4 given in Wilson, Yagci, Rauch, and Steosser (2006), for the height of 0.301 m (i.e., the water depth 
in our experiments) of the plant, the volume corresponds to approximately 0.08–0.1 dm 3. In this study, the 
submerged volumes of the plants were 0.112, 0.218, and 0.360 L for the height of 0.301 m. Viewed this way, 
it can be stated that the SVF of the patches in this study were slightly higher compared to actual plants. On the 
other hand, SVF values in present study are in harmony with the SVFs values (0.1–0.04) tested in the study of 
Zong and Nepf (2012) and the values (0.028–0.51) examined by Chen et al. (2012). From the hydrodynamic 
perspective, the patch with higher density causes weaker bleed flow, shorter steady wake region, stronger 

Figure 15. The scoured cross-sections located (a–b) at the centerline of the consecutive permeable vegetation patches for 
mature and developing stages respectively (the legends shows the actual location of the cross-section), (c) at the centerline 
of the isolated patches (the legends shows the actual location of the cross-section for isolated patches), (d) at the centerline 
of the upstream patches belonging to initial, developing and mature stages. The ordinate values are given based on the local 
coordinate values created by the laser scanner measurement during the measurement. The center of the obstacle is Y/D = 0.
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lateral shear layer, and more distinct pairs of vortices (Yagci et al., 2021a) in the wake region compared to 
natural patches with lower SVF. The benefit of this situation is that the flow recovery region becomes shorter 
due to intensive lateral momentum transfer. As this is not a scaled laboratory study, and the main objective is 
to understand how patch expansion affects bed morphology and the flow field, the chosen SVFs serve well to 
achieve this objective.

In natural rivers, the spatial distribution of vegetation exhibits different characteristics for ephemeral and perennial 
rivers. The mosaic of the species emerges as superimposed impacts of the basin geology, climate, flow regime, 
sedimentary process, biological and chemical factors inside the river corridor. The weights of these components 
that control the distribution of vegetation communities along the river corridors are basin-specific. However, 
among these, the flow and sediment regimes have always had a particular significance in terms of governing the 
development of river plants. The propagules, which are transported under the effect of flow, are deposited on the 
river bed during the recession stages of high flows (Danvind & Nilsson, 1997; Ward et al., 1999). Later on, these 
propagules buried into the incoming sediment mixtures develop and initiate the formation of pioneer-islands 
as described in detail in Introduction section. These pioneer islands are highly influential in terms of capturing 
sediment (Ashworth et al., 2000; Schoelynck et al., 2012), stabilizing the fluvial regime (Bertoldi et al., 2014) 
producing well-functioning deeper and narrower cross-sections (Ikeda & Izumi, 1990; Millar & Quick, 1993; 
Montgomery, 2011; Valyrakis et al., 2021), and improving habitat diversity (Gurnell & Petts, 2002). Within this 
perspective, in this study, the continuous growth process of the instream vegetation patch, which arises as an 
output of complex reciprocal interaction between plant-flow-sediment in a river, was discretized and represented 
with three consecutive stages in an idealized manner. These discretized patch expansion stages were exposed to 
flow in flume experiments.

In the scour experiments, uniform-like bed material was used differing from natural river beds, which means that 
the armoring effect is ignored. It is also known that for the experiments conducted under clear water conditions, 
which is the case in the present study, the equilibrium depth of scouring may be overly conservative (Melville 
& Chiew, 1999). Besides, throughout the tests, the Reynolds number was kept constant. It should be noted that 
different kinematic characteristics and scour patterns can be obtained under different Reynolds numbers. There-
fore, the obtained results should be interpreted within this vision.

Figure 16. Longitudinal scour profiles along the flume centerline (a) for growing stages of patches (i.e., initial stage: sparse, 
development stage: medium-sparse, mature stage: dense-medium-sparse), and (b) isolated patches. The direction of the flow 
is from left to right (→). The center of the obstacle is X/D = 0.
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In light of the arguments presented above, for future studies, it is recommended to investigate the role of bending, 
streamlining, and complex volumetric distribution of plants on flow and scour characteristics. Despite the inclu-
sion of these factors may make the analysis of the problem more difficult, it can greatly aid in building knowledge 
that is essential for developing sustainable river management strategies. While doing this, it should be noted that 
these temporally varying plant features display different characteristics during the growth process.

5. Conclusions
In this study, three growth stages of an instream vegetation patch, with respect to the longitudinal (streamwise) 
expansion of the patch, were simulated independently from each other by means of idealized/simplified porous 
cylinders with different porosities. Velocity and turbulence measurements as well as flow visualization tests were 
conducted in rigid-bed experiments, which were followed by scour experiments conducted on loose bed condi-
tions. In addition to the three stages of the elongated vegetation patch, reference scour tests with single medium 
and dense patches were also conducted. The following major conclusions were drawn from this study.

According to the measurements, the spatial growth of deposition behind the isolated sparse vegetation patch is 
prone to be elongated in the early phases (e.g., stages 1–2). This is because a prominent steady wake zone induces 
a weak lateral velocity profile (i.e., a weak lateral shear layer), which delays the onset of large-scale von Karman 

Figure 17. The variation of (a) scour depth (Sd), (b) local scour width (Sw), (c) local scour volume (Sv), and (d) fom factor (Pf) with respect to different patch 
configurations.
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vortex street. This condition leads suspended sediment to deposit in an elongated form rear the patch. The exper-
iments also demonstrated that as the patch lengthened and the density increased, scour volume and height of the 
mound increased. In this case, the deposited mound emerges more locally due to the mitigated bleed flow and 
enhanced lateral mixing (i.e., early formation of von-Karman vortex street). Therefore, for the dense and long 
form of the patch, early recovery of flow in the wake zone inhibits deposition at a longer distance (i.e., stage 3) 
and ultimately limits the spread of the deposited mound in the wake zone. This aids in explaining why vegetative 
patches in streams have restricted longitudinal growth.

The streamlined extension of the vegetative obstacle is a key hydrodynamic element that plays a critical role in 
deposition processes. It was also seen that the scouring geometry is dictated not just by the densest portion of 
the patch, but also by the entire patch. Although streamlined elongation is a hydrodynamically favorable form for 
impermeable materials (e.g., extended bridge piers), it has been witnessed that this kind of vegetative blockage 
dramatically magnifies global scour. In addition, streamlined elongated patch increases the localization (i.e., the 
hole becomes deeper and narrower) of the local scour.

Measurements of velocity revealed that the patch expansion alters not only the coherent flow patterns in plan 
view, but also the vertical velocity distribution in the wake zone. The vertical velocity profile in the wake dramat-
ically deviates from the logarithmic profile as the patch expands and becomes denser. Compared to the upper 
part of the flow, the velocity profile close to the bed region recovers relatively sooner. This rapid recovery of 
velocity close to the bed can be explained by the increased turbulence detected close to the bottom as a result of 
the influence of enhanced contraction.

Lastly, laser scanner measurements revealed that the ripples developed behind the deposited mound tend to scale 
with the size of the mound, which is regulated considerably by the patch's physical characteristics and the strength 
of the lateral momentum transfer.

Data Availability Statement
The presented data in this study was obtained in the Hydraulics Laboratory of Istanbul Technical University. The 
data set is available in Yagci et al. (2021b).
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