W) Check for updates

Received: 1 July 2025 Revised: 12 February 2026 Accepted: 24 February 2026

DOI: 10.1002/esp.70271

RESEARCH ARTICLE WILEY

Flexible patchy vegetation in a meandering bend: Effect on
main flow and dispersion processes

Donatella Termini | Nina Benistati

Department of Engineering, University of
Palermo, Italy

Abstract

The presence of submerged vegetated islands on riverbeds influences hydrodynamics
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in aquatic ecosystems. A better understanding of interactions between the vegetated
islands and the neighboring flow is crucial, especially in river restoration. While most
studies in this field refer to straight channels—which are relatively rare in nature—

Funding information and to emergent rigid vegetation, in this study we focus on river bends with finite

No funding was received for this study. vegetation patches, particularly flexible and submerged. The analysis is performed
with the aid of data collected in a high-sinuosity meandering flume with squared pat-
ches (percentage of coverage of 10%) of fully submerged flexible vegetation (Cauchy
number Ca = 14.5) on the bed. Attention is focused on the bend-apex area of the
flume. Results indicate the formation of a reduced-velocity region downstream of
each patch’s exit edge, along with a reverse flow on the vertical plane. In contrast to
what is observed in straight channels, the extension of this region decreases as the
local radius of curvature decreases. High values of the Reynolds stress and the turbu-
lent kinetic energy clearly occur especially close to the lateral edges of the patches,
where the vegetation becomes a sink of turbulent motion. The presence of vegetated
patches alters the typical curvature-induced circulation motion and the streamwise
velocity distribution at the apex section. Two cores of high velocity form in the cen-
tral part of the water depth and accelerated streamwise flow velocities are clearly
visible between the two patches. This pattern influences the exchange and disper-
sion processes not only within the vegetated areas but also in the lateral patch-

adjacent area.
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1 | INTRODUCTION

Vegetation exerts a strong influence on the aquatic ecosystem, inter-
acting with flow at different spatial scales (Nepf, 2012; Nikora, 2010)
and exerting multiple services (Schulz et al., 2003). In a context of cli-
mate change, understanding flow-vegetation interaction processes is
especially important in river restoration and for defining nature-based
strategies (Termini, 2015a).

On one hand, by modifying the mean and turbulent flow fields,
vegetation increases flow resistance and reduces the conveyance
capacity (Biggs et al., 2019; Wu et al., 1999), influences the sediment
transport processes (Gacia & Duarte, 2001; Schulz et al., 2003;

Vargas-Luna et al., 2015), and alters the deposition/erosion processes
along the channel (Follett & Nepf, 2012; Fonseca et al, 1983;
Rominger & Nepf, 2011), playing a fundamental role in river’s evolu-
tion. On the other hand, by influencing the mixing and exchange pro-
cesses, vegetation affects the distribution of nutrients and oxygen
(Tseng & Tinoco, 2024), modifies the residence time of pollutants and
sediment (Liu et al., 2020; Lozovik et al.,, 2019), and consequently
influences the quality conditions of the aquatic environment (Cotton
et al., 2006; Mars et al., 1999; Pan et al., 2023; Schulz et al., 2003;
Widdows et al., 2008; Wilcock et al., 1999; Windham et al., 2003;
You & Zhang, 2017; Zhu et al., 2016). Vegetation also reduces the
stressful conditions of the habitat and increases biodiversity
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(Cornacchia et al., 2018), providing food and shelter for other organ-
isms (Barsu et al., 2016; Figueiredo et al., 2015; Franklin et al., 2008;
Liu & Wang, 2024), limiting the colonization by large organisms in the
water column (Biggs, 1996), promoting the deposition of nutrient-rich
fine sediment (Cotton et al., 2006; Sand-Jensen, 1998; Wharton
et al., 2006), influencing macroinvertebrates living in velocity gradient
areas (Bahmanpouri et al., 2022; Statzner et al., 1988), and supporting
microbial activity (Caffrey & Kemp, 1992). Thus, understanding flow
velocity patterns, transport and diffusion processes in the presence of
vegetation is crucial for evaluating the status of the aquatic
ecosystem.

In the past decades the analysis of flow-vegetation interactions in
rivers has attracted a lot of attention from the scientific community.
Several experimental studies performed in laboratory vegetated
flumes have led significant advances in flow characteristics and trans-
port processes (e.g., De Serio et al., 2018; Liu et al., 2018; Nepf, 1999;
Poggi et al., 2004; Stone & Shen, 2002; Tanino & Nepf, 2008; Tseng &
Tinoco, 2024; Wang et al., 2024; Zhao & Nepf, 2024). Most studies
consider rigid vegetation, modeled by circular cylinders regularly or
randomly distributed on the entire flume, in emergent condition
(among others Rowi'nski & Kubrak, 2002; White & Nepf, 2007; Tan
et al., 2019) and, in a lower number of cases, in submerged condition
(e.g., Chen et al., 2011; Luhar & Nepf, 2011; Nepf & Vivoni, 2000;
Zhao & Nepf, 2024). These studies indicate that, while in the emer-
gent condition the primary source of turbulence comes from the stem
wakes (Nepf & Vivoni, 2000), in the submergent condition a shear
layer forms at the top of vegetation, the Kelvin-Helmholtz instability
(among others Carollo et al., 2002, 2007; Ghisalberti & Nepf, 2006;
Huai et al., 2009; Okamoto & Nezu, 2013; Termini, 2019) leads to the
formation of large-scale turbulent coherent motion which enhances
the vertical mixing and transport of nutrients and sediments
(Ghisalberti & Nepf, 2006; Nezu & Sanjou, 2008; Termini, 2015b;
Tseng & Tinoco, 2021). If the submerged vegetation is flexible, as the
herbaceous one, a waving motion, called “monami” (Ackerman &
Okubo, 1993), is associated with the passage of the turbulent coher-
ent structures (Ghisalberti & Nepf, 2002; Nepf, 2012; Jarveld, 2002;
Carollo et al., 2002, 2008; Termini, 2016). According to recent studies
conducted by Cornacchia et al. (2018), such waving motion could
inhibit vegetation growth by influencing the blade-to-blade interac-
tions and hereby exerting an important role in ecosystem structure
and function and habitat conditions (Bornette et al, 1998;
Nikora, 2010).

In natural rivers, submerged herbaceous vegetation often grows
in relatively well-defined areas (patches) of limited width and length
rather than uniformly distributed on the bed (Forman, 1995; Sand-
Jensen & Pedersen, 2008; Sand-Jensen & Vindboek Madsen, 1992;
Schoelynck et al., 2012; Schoelynck et al., 2018; Biggs et al., 2019).
The interactions between vegetated patches and the neighboring flow
directly influence transport and exchange processes (Medjnoun
et al., 2020), whose characteristics and magnitude are strongly con-
trolled by the patches’ dimensions (i.e., width and length) and their
overall coverage percentage (Afzalimehr et al, 2021; Follet and
Nepf, 2012; Huai et al., 2021; Kazem et al., 2021; Okamoto &
Nezu, 2013). As an example, Kazem et al. (2021) established that a
vegetation coverage of 10-40% (i.e., an intermediate coverage) may
promote high species richness due to the conditions provided for
fauna habitat (Killgore et al., 1993; Looby et al., 2021).

Despite their importance in nature, researchers devoted more
attention to partly vegetated conditions only in the last decade
(among others Zong & Nepf, 2012, Ortiz et al., 2013; Manners et al.,
2015; Bywater-Reyes et al, 2018; Devi et al, 2019; Biggs
et al, 2019; Przyborowski & toboda, 2021; Tranmer et al., 2024,
Park & Nepf, 2025) so that the flow-vegetation interaction at the
patch scale is not yet well known. While the major part of these stud-
ies consider channels partially covered with rigid emergent vegetation
(e.g., Devi et al., 2019; Zong & Nepf, 2010) or distributed within finite
patches (e.g., Tranmer et al., 2024; Zong & Nepf, 2012), few studies
consider submerged vegetated patches and even less flexible vegeta-
tion, either arranged with a staggered pattern (Manners et al., 2015;
Siniscalchi et al., 2012) or combined in groups (Devi & Kumar, 2016;
Kazem et al., 2021; Przyborowski & toboda, 2021; Park & Nepf,
2025). In the presence of submerged vegetated patches, a compli-
cated 3D flow structure generates between regions above and within
vegetation (Siniscalchi et al., 2012), extending downstream of the
patch for a length that depends on the patch’s dimensions (Kazem
et al., 2021; Cornacchia et al., 2022). A vortex forms in the vertical
plane, determining a recirculation zone of finite length downstream of
the patch (Folkard, 2005); in addition, a von Karman vortex street
occurs in the horizontal plane (Chen et al., 2013; Sukhodolova &
Sukhodolov, 2012) but tends to disappear as the relative submer-
gence increases.

An important aspect awaiting clarification is related to the role of
the turbulent structures in the transport and exchange processes,
especially in the transition between vegetated and non-vegetated
areas where the effects of flow gradients and heterogeneities prevail
(Folkard, 2011; Siniscalchi et al, 2012; Sukhodolov &
Sukhodolova, 2006, 2010; Zong & Nepf, 2010). A heterogeneous dis-
tribution of vegetation on the bed creates abrupt roughness varia-
tions, which can lead to shear-induced vortices in both horizontal and
vertical planes as well as to secondary circulations, with momentum
exchange of comparable magnitude (Anderson et al., 2015; Vermaas
etal, 2011).

Moreover, all the above-mentioned studies refer to straight chan-
nels, which are relatively rare in nature. More often, rivers exhibit
curved or sinuous configurations, where nonlinear interactions
between the curvature-induced cross-stream flow and the streamwise
velocity distribution become as significant as the ratio R/B (R = local
radius of curvature, B = channel width) decreases (e.g., Dietrich &
Smith, 1983; Yalin, 1992; Blanckaert & Graf, 2001; Termini, 2015b;
White et al, 2023, 2025), affecting hydrodynamics and sediment
transport processes. The momentum transport by curvature-induced
cross-stream flow motion plays a fundamental role in the downstream
velocity and bed shear stress redistributions, especially in sharp bends
(e.g., Blanckaert & Graf, 2001; Termini & Piraino, 2011).

Although several studies have been conducted to enhance our
understanding of flow and turbulence characteristics in curved chan-
nels, the effect determined by the presence of aquatic vegetation is
not still well known. Very few investigations exploring flow features
in curved vegetated channels can be found in the literature. Zhang
et al. (2013) numerically analyzed flow hydrodynamics in a bend partly
covered by rigid vegetation and highlighted the formation of a large
velocity gradient in the transition between the vegetated and non-
vegetation zones. Termini (2016, 2017) examined flow characteristics

and dispersion processes (Termini & Di Leonardo, 2018) in a
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high-curvature meandering bend with submerged herbaceous (flexi-
ble) vegetation uniformly distributed on the bed, verifying that vege-
tation strongly modifies the feedback between cross-stream flow and
streamwise velocity (Termini, 2016, 2017) and the turbulent flow
structure (Termini & Di Leonardo, 2018). Li et al. (2013) combined
numerical model and experimental measures to analyze the effect of
vegetation in the outer area of a 180°curved open channel, verifying
that vegetation can protect the bank from erosion. Liu et al. (2016)
experimentally investigated the effect of floodplain flexible artificial
grass on the main flow pattern and conveyance capability of a small
amplitude meandering compound channel. Yang et al. (2022) exam-
ined the influence of different emergent and rigid vegetation distribu-
tions on hydrodynamic characteristics in a 180° curved open channel.
Other researchers focused on the effects of riparian vegetation on
flow characteristics in the floodplain (White et al., 2023, 2025) and
on the stabilization or metamorphosis of the meandering bends
(Finotello et al., 2024; lelpi et al., 2022).

To the authors’ best knowledge, no experimental studies have
been performed in curved channels partially covered by submerged
flexible vegetation. Thus, despite its extensive presence in natural
environments (see Figure 1, for example), little is known about the
mechanisms that dominate mass and momentum exchange.
The three-dimensional nature of flow in bends—especially in
high-curvature ones—makes further complex the analysis of hydrody-
namics and dispersion processes, particularly when influenced by het-
erogeneously distributed, flexible, and fully submerged vegetation.
However, this knowledge is crucial for applications involving river
morphodynamics and ecosystem evolution.

To contribute to addressing these knowledge gaps, the present
study investigates flow patterns in a high-sinuosity meander bend
with submerged, flexible vegetation patchily distributed. The analysis
is conducted with the aid of data collected in a laboratory flume,
designed to mimic the shape and characteristics of real high-sinuosity
meanders (Da Silva et al., 2006; Parker et al., 1983; Yalin, 1992).
Attention is restricted to the bend-apex area where curvature effects
are significant. A key advantage of using a laboratory flume is the abil-
ity to control variables and to reproduce processes. This work comple-

ments previous studies (e.g., Termini, 2009; Termini & Di
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FIGURE 1 Example of submerged patches of flexible vegetation
along a bend of Bullin River (UK).
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Leonardo, 2018; Termini & Piraino, 2011) conducted in the same
flume, which examined the cases of absence of vegetation
(i.e., isolating the channel's curvature effect) and uniformly distributed
flexible vegetation (i.e., neglecting the impact of its heterogeneity).
Their results demonstrated that vegetation can strongly alter the
curvature-induced motion and the directionality of turbulent struc-
tures. This study extends these findings by investigating the effects of
finite-size patches of submerged, flexible vegetation on flow. Thus,
the specific aim of the present paper is to gain some insight into how
the patchy vegetation configuration impacts: i) the curvature-induced
flow pattern; ii) the turbulence characteristics and the dispersion and
exchange processes.

This paper is organized as follows. Section 2 describes the experi-
mental apparatus and summarizes the results of previous works con-
ducted in the same channel but with different bed conditions; the
results are presented in section 3; discussion is reported in section 4

and, finally, concluding remarks in section 5.

2 | MATERIAL AND METHODS

21 | Experimental apparatus

Laboratory experiments were conducted in a recirculating flume, con-
structed at Department of Engineering - University of Palermo (ltaly),
of constant width B = 0.50 m and following the sine-generated curve,
a shape that, as reported in previous literature works (e.g., Whiting &
Dietrich, 1993; Da Silva et al., 2006; Termini, 2009; Termini &
Piraino, 2011), effectively approximates real river meanders. The
deflection angle at the inflection section was 110°, which is character-
istic of a meander bend of high sinuosity (Parker et al, 1983;
Yalin, 1992). At the apex section, the control parameter accounting
for high-curvature effects, represented by the ratio R/B
(Blanckaert, 2011), reaches a value of 1.94. This value falls within the
range observed in natural rivers with sharp curvature (Hickin, 1977).
The vertical side walls were made of 3 mm thick transparent plexiglass
and 0.60 m height. The flow rate, measured through a Doppler instru-
ment Mainstream EH 7000 (by Endress+Hauser s.r.l), can be set
through a valve allocated in the recirculating pipe and the water depth
can be controlled through an adjusting weir at the downstream
section of the flume. The bed, with longitudinal slope at the channel
axis of 0.2%, was covered by aligned squared patches (length of
patch’s edge Lp = 11.5 cm; Lp/Li = ratio of patch size to interpatch
distance = 1.15) of artificial grass-like flexible vegetation (see
Figure 2), with a percentage of coverage of 10%. In order to consider
realistic patch’'s characteristics, its aspect ratio Bp/Lp =1 (with
Bp = patch’s width) was defined within the range (i.e., 0.18 < Bp/
Lp < 1.25) found for real species of flexible vegetation, as reported in
the literature (e.g. P. crispus, M. spicatum,—see in Przyborowski et al.,
2019; G. densa, C. platycarpa, V.spiralis - see in Cornacchia et al.,
2022) and the patches’ location corresponds to the minimum cover-
age value allowing an alternance of vegetated/non-vegetated areas
promoting the species richness, as indicated by Looby et al. (2021). In
the present work, analyses focus on the apex region of the central
meander bend (Figure 2), which includes two aligned vegetated pat-
ches (P1 and P2 in Figure 2a-c). The run considered in the present

work was conducted with flow discharge Q = 0.124 m®/s (H = overall
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FIGURE 2 a)Plan view of the meandering flume with the local reference system; b) photo of the vegetated channel; c) particular of the two

vegetated patches crossed by the apex section; d) measurement sections.

average water depth = 10.3 cm; U = Q/[B x H] = mean
velocity = 0.24 m/s; B/H=48, K,=vegetation's undeflected
height = 3.9 cm; k, = bent height of the vegetated patch = 3.0 cm;
H/k, = overall average submergence = 3.43). This value of flow dis-
charge was similar to values measured in natural rivers (e.g., Nikora
et al., 2008) and used in previous works conducted both in the same
flume as that of the present work (e.g. Termini, 2017; Termini & Di
Leonardo, 2018) and in other laboratory flumes found in the literature
(e.g., Blanckaert, 2011).

In natural rivers, width-to-depth ratio (B/H) varies greatly.
However, it constitutes a crucial factor affecting streamwise and
cross-sectional flow patterns (Whiting & Dietrich, 1993; Da Silva
et al.,, 2006; Blanckaert, 2011). The B/H ratio considered in this work
(B/H < 10) is characteristic of a narrow channel, where momentum
transport by cross-sectional flow is significant—a behavior particularly
important in sharp bends (Termini & Piraino, 2011).

During the experimental run, the instantaneous longitudinal,
transversal and vertical flow velocities (vst, Vit, Vi¢) Were measured
along 33 cross-sections, each spaced 9 mm apart, using a DOP 2000
(Signal Processing S.A.) with an accuracy of 0.09 cm/s and a sampling
frequency of 2 MHz (Figure 2d). The first measurement section was
half patch-width distant upstream to the entrance edge of the vege-
tated patches; the last measurement section was one patch-width dis-
tant from the exit edge of the patches for the longitudinal and vertical
components and half patch-width for the transversal one. The width
of the individual stems, d, was of 1.35 mm, the Reynolds number was
Rey = Ud/v = 325 (with v = kinematic viscosity), and the porosity per
unit bed area ¢=Vy/V; (V;=fluid volume within the representative
total volume and V; = total volume) was 0.952. This value of porosity
is comparable to that of most aquatic plants (Nepf, 2012; Nikora
et al,, 2013). Tension tests were conducted using a Zwick/Roell ten-
sion machine (maximum load cell of 5 kN and resolution of load force
of 107?) to define the mechanical properties of the vegetation. These

tests were performed until the stems, randomly selected within the

patches, reached the breakage; the testing machine software
(“textExpert 1) in real time estimated the values of the stress o7 and
strain e. Thus, by evaluating the Young modulus, E (E=1.33 N/mm?),
and the horizontal second-order moments (i.e., I;=4.1 x 102 mm*
,=9.0 x 10~* mm*, with I=the stem’s thickness), it was possible to
estimate the stems’ flexural rigidities J; =Ely=5.45 x 1072 Nmm?,
and J; =El,=1.42 x 10~3 Nmm?. These values were comparable to
those of the Festuca arundinacea (at the “young stage”), which is a
species of monocotyledonous angiosperms belonging to the Poaceae
family (or Gramineae), used in previous works (Termini, 2017;
Termini & Di Leonardo, 2018). The Cauchy number, estimated
according to the expression proposed by Whittaker et al. (2015)
accounting for the possible reconfiguration of the flexible vegetation,
was Ca:&iﬁ)f},"—'(3 =14.5 (with A,o=projected area in still air). This
value of Ca is of same order of magnitude of real flexible vegetation
(5<Ca<100) (Whittaker et al., 2015).

2.2 | Pertinent aspects and previous results
obtained in the same channel

Before proceeding further, it is important to summarize here the key
findings on the main flow and dispersion processes reported in previous
studies conducted in the same meandering flume, and with almost
equal flow discharge, both in the absence of vegetation and in the pres-
ence of submerged flexible vegetation uniformly distributed on the bed.

The experiments conducted without vegetation on the bed

(e.g., isolating the curvature-induced flow pattern) indicated that:

i. as effect of the continuously changing curvature, the core of high
streamwise velocities tends to shift along the meandering bend
passing from the inner bank of the inflection section upstream to
the outer bank of the inflection section downstream

(Termini, 2009). At the apex section, the core of high streamwise
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velocities is found in the outer bank region, but at a certain dis-
tance from the bank because of the presence of a counter-
rotating circulation cell (Termini & Piraino, 2011);

ii. the curvature-induced cross-sectional motion, considered com-
posed of circulation and convective motions, varies along the bend,
playing a significant role in redistributing streamwise velocity and
bed shear stress (Termini and Piraino, 2011; Termini, 2015b). At the
apex section, the convective motion prevails over the circulation
motion in the inner-bank region, the main circulation cell occurs in
the central region (i.e., for 0.25 < r/B < 0.75) and a counter-rotating
circulation cell forms in the outer-bank region (i.e., for
0.75 < r/B < 1) near the free surface (Termini & Piraino, 2011);

iii. the turbulent kinetic energy assumes a peak value at about the
eye of the above-mentioned circulation cells. At the apex section,
high values of the lateral dispersion occur especially in the central
area of the water depth of the central region. In outer-bank
region, the lateral dispersion assumes a slight peak just below
the free surface (Termini & Benistati, 2022).

The experiments conducted with uniformly distributed sub-
merged flexible vegetation (e.g. neglecting the heterogeneity of vege-
tation) on the bed indicated that:

iv. the core of high streamwise velocity, which assumes values around
one order of magnitude lower than that obtained in the absence
of vegetation, also tends to move along the bend from the inner
bank toward the outer bank but, contrary to what is observed in
the absence of vegetation, it never reaches the outer region so
that at the apex section the core of highest velocity is found in the
central region. Consequently, the streamwise velocity assumes
always low values near the outer bank (Termini, 2016, 2017).

v. the central-region curvature-induced circulation cell is
suppressed, but small and thin circulation cells form at the top of
the vegetated layer. Thus, the presence of the vegetated stems
alters the directionality of turbulent structures that develop
within and between the vegetated elements (Termini, 2016). The
outer-bank counter-rotating cell also forms in the outer-bank
region, but it is weaker and wider than that obtained in the
absence of vegetation (Termini, 2017);

vi. the importance of the lateral dispersion significantly varies through
the apex-section with the value of the relative submergence h/kv
(with h = local water depth) (Termini & Di Leonardo, 2018). Three
behavioral regions were identified (Termini & Di Leonardo, 2018):
region 1 (h/k, > 5), where the counter-rotating circulation cell
inhibits the lateral dispersion; region 2 (5 > h/k, > 2) where the lat-
eral dispersion becomes important just over the top of vegetation;
region 3 (h/k, < 2) where the lateral dispersion becomes more sig-
nificant inside vegetation (Termini & Benistati, 2022; Termini & Di
Leonardo, 2018).

3 | RESULTS
3.1 | Water depth and time-averaged velocity

As is well known, when flow enters a bend, the centrifugal force

determines an outward flow pattern which causes water surface
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FIGURE 3 Contour map of the water depth, h, in the area
including the vegetated patches.

elevation at the outer bank. Cross-circulation is produced from the
interaction of the forces associated with centrifugal acceleration,
transverse water surface slope and bed shear stress (Chang, 1988;
Whiting & Dietrich, 1993; Yalin, 1992). Along the bend, the water sur-
face exhibits variable elevation so that, as the radius of curvature
decreases from the bend entrance toward the apex, it increases near
the outer bank and decreases near the inner bank. This causes the
water surface slope to be steeper near the inner bank and flatter near
the outer bank, resulting in a cross-stream surface slope at the apex
section that tilts toward the inner bank (Termini, 2009).

On the contrary, the presence of vegetated patches at apex
section A (Figure 3) results in a water depth that lacks the characteristic
cross-stream slope toward the inner bank. The water depth is highest
at the outer bank and shows a slightly decreasing trend moving toward
the inner bank, but after reaching the channel axis, it increases again
until it reaches the inner bank. This means that, because of the
additional resistance due to the vegetated patches, similar values of
patch-averaged water depth, h,, and, consequently, similar values of the
relative submergence h,/kv, are obtained in the vegetated areas [i.e.
ho/kv = 3.3 and h,/kv = 3.1 over patch P1 and P2, respectively - values
within the range identifying the behavioral region 2 observed by
Termini & Di Leonardo, 2018 in fully vegetated condition].
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Contour maps of the time-averaged velocity components
(streamwise, vertical, and transversal) are presented in Figure 4. These
maps correspond to four horizontal planes located at relative water
depths z/H = 0.3, 0.44, 0.61, and 0.81. Close to the top of vegetation
(i.e, at z/H =kv/H = 0.3), the vegetated patches obstruct flow,
decreasing velocity behind and—most significantly—downstream of
them. Thus, in line with previous works in straight channels (e.g., Zong
and Nepf, 2011) a wake zone is visible especially downstream of the
patches. Above the vegetation, moving toward the free surface, all
the velocity components increase in value. The streamwise compo-
nent (Figure 4a), at z/H = kv/H, assumes negative low values around
the patches, increasing gradually in value and changing the sign mov-
ing away from them. The extension of the region of reverse
streamwise velocity is especially evident downstream of the patch P1.

A region of accelerated streamwise velocity is clearly visible in
the centerline non-vegetated area, i.e. between the two patches. This
indicates that the interpatch distance (Lp/L; = 1.15) allows individual
wakes to form behind the patches. This is consistent with
Vandenbruwaene et al.” (2011) findings, analyzing interactions of

2
.

[cm/s]

vegetated patches growing in an initially bare landscape. They
observed accelerated flow between the patches for interpatch dis-
tances greater than 0.43, until that the patches acted as a single unit
as Lp/L; exceeded approximately 6.67.

To better visualize the variation of the streamwise velocity in lon-
gitudinal direction, Figure 5 compares the profiles the patch-averaged
streamwise velocity, [the symbol indicates the spatial average of time-
average quantity; the spacing average has been applied in addition to
the time average to limit the high level of heterogeneity], normalized
by the mean velocity U, over the two patches (P1 and P2) and in the
non-vegetated centerline area. Three zones can be distinguished in
the longitudinal direction: zone 1 (at the left-hand side of the vege-
tated patches), zone 2 (in the patchy vegetated area), and zone
3 (at the right-hand side of the patchy vegetated area). In zone 1, the
streamwise velocity is characterized by a decreasing trend of small
negative values upstream of P1 and high positive values upstream of
P2. On the contrary, in the centerline non-vegetated area, the
streamwise velocity assumes increasing positive values, and this trend
is also maintained in zone 2, that is, in the patchy vegetated area.

(b)

2o
o =

|
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©

B UPNALLLORPNWALNON®®

[cm/s]

FIGURE 4 Contour maps of time-averaged velocity components: a) longitudinal component, vg; b) vertical component, v,; c) transversal

component, v,.
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FIGURE 5 Longitudinal profiles
of the normalized patch-averaged
streamwise velocity, (vs)/U, (at z/

H = kv/H) over the two patches

(P1 and P2) and in the non-vegetated
centerline area.

(v YU zone 1
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zone 2 zone 3 ——P2

centerline

—r1

FIGURE 6 Transversal profiles of )

. . - - — experimental .
vs at z/H =kv/H in the interpatch area 2
of the apex section A. — Hyperbolic function

Here (zone 2), within each patch, the streamwise velocity first
increases to a positive peak approximately at the center of the patch,
then decreases again. In zone 3, the streamwise velocity exhibits dif-
ferent patterns depending on the location: downstream of patch P1,
the streamwise velocity assumes small negative values in a region
extending for approximately 0.8Lp, after which it starts to increase;
downstream of patch P2, the streamwise velocity maintains small pos-
itive values for a length extending around 0.25Lp, with an increasing
trend until reaching a value greater than that downstream of patch
P1. In the centerline, the streamwise velocity assumes a slightly
decreasing trend. Thus, Figure 5 indicates that the wake zone forming
directly downstream of the vegetated patch extends for a length that
increases as the local channel's curvature increases, that is, passing
from patch P2 (near the inner bank) to patch P1 (near the outer bank).

Figures 4 and 5 also illustrate the effect determined by the pres-
ence of the vegetated patches on the flow velocity pattern. In contrast
to what is observed in the absence of vegetation—where the core of
high streamwise velocities was found near the outer bank of the apex
section (e.g., Termini, 2009; Whiting & Dietrich, 1993)—in these figures,
the core of high positive streamwise velocities shifts toward the inner

bank, while small negative values are found near the outer bank.

5 10 15 20 25 30
v, (c/s)

To analyze the variation of the streamwise velocity in the patch-
adjacent lateral area, Figure 6 reports the profiles of the streamwise
velocity along the apex section A, which crosses the center of the
vegetated patches. A clear positive velocity gradient is observed close
to the lateral edge of each vegetated patch: the streamwise velocity
suddenly increases moving away from the patch and the experimental
profile, which extends from the lateral patch’s edge toward the chan-
nel’s axis, shows a changing concavity, with the formation of an inflec-
tion point before reaching its maximum velocity at the axis. A lateral
shear layer forms close to each vegetated patch. In line with previous
works on vegetated channels (e.g., Ghisalberti & Nepft, 2002; Carollo
et al,, 2008), the presence of the inflection point suggests a mixing
layer scheme, so that the velocity profile can be considered composed
of two layers of constant velocity separated by an intermediate mixing
layer containing the inflection point. Accordingly, the experimental
profile extending from the lateral patch’s edge toward the channel’s
axis (Figure 6) has been considered composed of two layers character-
ized by the lowest, vs1, and the highest,vs,, velocity values, respec-
tively, and the intermediate mixing layer. The spatial extent of the
lateral shear layer has been defined by the thickness of the mixing

layer. The hyperbolic tangent function (e.g., Ghisalberti & Nepft,
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2002; Carollo et al., 2008) has been used to fit the experimental pro-

file as:
__ Av -y
vS:v5+75tanh (%) (1)

with

0| f: [1 - ("SA‘VS"_S> 2} dy )

where y is the generic transversal distance from the lateral patch’s
edge (Figure 6), Vs =(vs1+Vs2)/2, ¥ is the distance from the bed
where v;=V; and Avi=v;, —Vs1; 6 is the momentum thickness
(Ghisalberti & Nepf, 2002) which also quantifies the reduced momen-
tum flux determined by the vegetation drag.

Thus, the mixing layer thickness has been defined as the trans-
verse distance between the points where vs =v,1 and vs =v;2, mea-
sured from the lateral patch edge. Based on this definition, the shear
layer extent was approximately 0.76Lp near patch P1 and 0.92Lp near
patch P2. This indicates that the shear layer slightly increases as the
local radius of curvature decreases. Shear-induced vortices form in
the horizontal plane close to the lateral edge of each patch, driving
momentum exchange in the central area of the channel. The value of
momentum thickness 6 was around 0.04Lp, indicating the vegetation
drag action in the lateral patch-adjacent area.

Reduced vertical velocity values (Figure 4b) are also observed
downstream of the patches, at z/H = kv/H = 0.3, with negative values
occurring in the wake zone, especially downstream of patch P2. Mov-
ing from the bed toward the free surface, the region of negative verti-
cal velocity becomes more pronounced downstream of patch P1,
gradually diminishing in extent. The transversal velocity (Figure 4c), at
z/H = kv/H = 0.3, shows alternating small positive and negative
values behind and downstream of the patches. Moving upward from
the bed toward the free surface, negative transverse velocity regions

appear near the two patches, decreasing in extent toward the free
surface. Thus, while confined areas of negative transversal and verti-
cal velocity components form downstream of the vegetated patches,
positive values persist in the lateral area between the patches. This
suggests the formation of complex three-dimensional flow structures
around and downstream of the vegetated patches, which influence
not only the streamwise velocity distribution but also the cross-
sectional flow pattern.

To better visualize this influence, Figure 7 shows the contour
maps of the streamwise velocity and the cross-sectional velocity
(vi=+/vZ+Vv2), in the apex section A and in section B, which is
located approximately at half patch-width downstream from the exit
edge of the patches. Figure 7b also reports the vectorial distribution
of v;. In section A, the streamwise velocity (Figure 7a) assumes small
values close to the bed, decreasing and changing the sign around the
top of the vegetated layer, where evident regions of negative velocity
values form, especially over patch P1. The cross-sectional velocity dis-
tribution (Figure 7b) indicates that: i) the typical curvature-induced
central-region circulation cell—observed in absence of vegetation by
Termini and Piraino (2011)—appears to be divided into two smaller
circulation cells developing in the central area of the water depth and
a counter-rotating circulation motion also tends to form in the outer
bank region; ii) circulation cells of size proportional to the vegetated
stem’s width form at the top of the vegetated layer; iii) additional cir-
culation cells appears at the lateral edges of the patches. In section B,
the distribution of the streamwise velocity (Figure 7a) is similar to that
observed in section A, but the regions of negative values—which also
occur in this section around the level kv/h—correspond to thinner fluid
areas. Two curvature-induced circulation cells also form downstream
of the vegetated patches (Figure 7b), but they are larger than those in
section A. Additionally, a counter-rotating circulation motion tends to
develop in the outer-bank region, encompassing a smaller fluid area
than in section A. Thus, from Figure 7, it is clear that, because of the
heterogeneous distribution of vegetation, velocity gradients are gen-
erated near the lateral edges of the patches, and shear-generated cir-
culation cells are produced beyond the stem-generated cells.

Section A [cm/s]

G Iy Y B 0 W Ty

o6 2 2 6

'

Section B

Section A [em/s]

2% 9 & 2685 923220

Section B

FIGURE 7 a)Contour map of the streamwise velocity in sections A and B; b) contour map and vectorial distribution of the cross-sectional

velocity v¢ = 1/v2 +Vv2 in sections A and B.
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FIGURE 8 Contour maps of the normalized turbulent kinetic energy k'/(U?/2)
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FIGURE 9 Contour maps of the normalized turbulent shear stress —viv; /U2

3.2 | Turbulent kinetic energy and Reynolds stress

The energy associated with turbulence is analyzed by the turbulent

N . AR A A _
kinetic energy per unit of mass k' = Yt/ +¥ <2) v (with vL,v),V} = tur-

bulent velocity components in longitudinal, transversal and vertical
directions). Figure 8 reports the contour maps of k’, normalized by
U?/2, in sections A and B.

In section A, localized high peaks of k’/(U?/2) are obtained over
the vegetated patches near their lateral edge, in the transition
between the non-vegetated and the vegetated areas. Two regions of
high values of k’/(U?/2) are also observed in the central area of the
water depth with a peak at about the eye of the two curvature-
induced circulation cells shown in Figure 4b. These regions can also
be observed in section B, where localized high peaks of k’/(U?/2)
occur approximately at the water level corresponding to the top of
vegetation. Thus, Figure 8 suggests that in section A, shear-
generated turbulent kinetic energy prevails over that from cross-
sectional circulation, while this behavior is not as pronounced in
section B.

The streamwise turbulent flux in sections A and B can be ana-
lyzed from the distribution of turbulent shear stress z5,/p=—V.V.,
normalized by U? (Figure 9). In section A, high values of normalized
turbulent shear stress occur in the central area of the water depth, in
the correspondence of the two curvature-induced small circulation
cells; small peaks occur especially over the vegetated patch P1 and
close to the lateral edge of the patch.

In section B, lower values of normalized turbulent shear stress are
found downstream of the patches. Furthermore, localized low peaks
are present at the water level corresponding to the top of vegetation,

providing additional evidence of the vegetation’s influence. Figure 9

confirms that the patchy vegetation configuration influences the tur-
bulent momentum transfer in the bend-apex area. In section A, the
stem-generated and the shear-generated turbulent momentum trans-
fer prevail over that related to the curvature-induced cells. In
section B—that is, downstream of the patchy area—this last effect
becomes again more significant, although the influence of stem oscil-
lations persists so that localized low-magnitude peaks z,/p occur
around the water level corresponding to the top of the vegetation.
Thus, vegetation acts as a source of turbulence and momentum trans-
fer also in the patch-adjacent area.

3.3 | Lateral dispersion
The influence of the vegetated patches on the lateral dispersion has
been investigated through the transversal dispersion coefficient, K,,.
According with previous works on vegetated flows (Nepf, 2012;
Nepf & Vivoni, 2000; Tanino & Nepf, 2008), K, has been defined as a
function of the product of the root square of the turbulent kinetic
energy,x/?, representing the velocity scale, and the average stem'’s
blade width, d, representing the average turbulent length associated
with mixing due to turbulent eddies. The spatial-averaged transversal
dispersion coefficient, (K.), has been also estimated, by averaging the
time-averaged values along the same elevation over three measure-
ments verticals, as: (Ky) = <\/I7>d

The vertical profiles of the normalized local and spatial-averaged
lateral dispersion coefficients, K,m,(K,m>:%,<%>:@,<@>, in
five representative locations (L1-L5) of sections A and B are reported
in Figure 10. In section A, within the patches (i.e., locations L2 and

L4), (Kir,n) assumes small values inside the vegetated layer, with a
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FIGURE 10 Local and spatial-averaged normalized lateral dispersion coefficient, K, v/ (Kiryn) = < T

peak close to the vegetation top, then an increasing trend can be
observed moving toward the free surface, with a slight decrease close
to the free surface. In non-vegetated areas (i.e., locations L1, L3, L5),
(Kir,n) shows an increasing trend passing from the bed to the free
surface, with a slight peak value just below the free surface. This
increasing trend is especially evident in L3 and L5 (i.e., in the center-
line and in the inner bank region), being less evident in the outer-bank
region (location L1) because of the adjunctive effect of the
counter-rotating circulation motion developing in this region. This
is consistent with what observed in the outer-bank region of the

same channel in the absence of vegetation on the bed (Termini &

7

U’

Benistati, 2022). In section B, the vertical profiles of (K, ) exhibit
a trend similar to those in non-vegetated areas of section A at all con-
sidered locations. However, a discontinuity—particularly pronounced
in profiles L2 and L4—appears around the water level corresponding
to kv/h.

Thus, Figure 10 indicates that, in line with what observed in fully
vegetated channel (Termini & Di Leonardo, 2018), within the vege-
tated patches the lateral dispersion plays an important role just over
the top of vegetation; in the lateral patch-adjacent areas the lateral
dispersion is more significant in the central part of the water depth, a

behavior consistent to that observed in the same channel in the
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FIGURE 11 Profiles of Dv;, and Dv,, in the selected locations

absence of vegetation (Termini & Benistati, 2022). This last trend has
been also observed downstream of the patchy-vegetated area
(section B), although a discontinuity in the (K, ) profiles occurs at
the level corresponding to the top of vegetation, indicating still the

influence of vegetation in the wake zone.

3.4 | Higher order moments and vertical and
streamwise turbulent diffusion

. —— ——33/2
Higher order moments, Dv;, = vi(t)"/vi(t) and
Dv,, :vg(t)zv;(t)/vg(t)v’z(t)wz, have been estimated to investigate
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the streamwise transport of turbulent kinetic energy and the turbulent

diffusion in the vertical direction, respectively.

Figure 11 reports the profiles of Dv;, and Dv,,, in the locations
L1+L5 of sections A and B. Dv;, and Dv,, have generally opposite
peaks at the same relative depth, with Dv;,, always larger than Dv; .
In section A, within the vegetated patches (i.e., locations L2 and L4),
large negative values of Dv;, and small positive values of Dv,, are
found just above the vegetation, while the opposite behavior is
observed inside it. This indicates slow fluid motion upward from the
patch (i.e., ejection-like motion) and the formation of coherent vorti-
ces close to the vegetation. In locations without vegetation
(i.e., locations L1, L3 and L5), Dv; , is generally positive and Dv;, nega-
tive. This trend indicates a streamwise fluid motion downwards due
to reverse flow. Notably, the highest values of Dv;, are found near
the outer bank (i.e. in L1). However, this pattern is accompanied by a
discontinuity at the relative depth kv/h, which is particularly pro-
nounced in L3 and L5. In section B, Dv;, and Dv;, generally tend to
assume a behavior similar to that obtained in section A in the loca-
tions (L1, L3, L5) without vegetation. However, in L2 and in L4 alter-
nating peaks of opposite sign for Dv;, and Dv,, is observed at the
relative depth level corresponding to kv/h, indicating the influence

determined by the vegetated stems oscillation in the wake zone.

4 | DISCUSSION

The analyses presented in this work provide a description of the
effects of the patchy distribution of submerged flexible vegetation on
flow pattern and dispersion processes in the apex area of a
meandering bend.

Results principally highlight that the presence of patchy vegeta-
tion distribution determines a complex three-dimensional flow struc-
ture and alters the curvature-induced flow velocity pattern typically
observed in sharp river bends (Blanckaert, 2010; Chang, 1988;
Termini, 2009; Whiting & Dietrich, 1993; Yalin, 1992). The additional
resistance offered by the patchy distribution of vegetation along the
bend limits the outward flow pattern at the bend entrance and, conse-
quently, the superelevation at the outer bank. This determines at the
apex section almost equal values of the water depth over the patches
and, therefore, almost equal values of the relative submergence. Con-
sequently, in the bend-apex area, the water surface does not exhibit
the typical cross-stream slope tilting toward the inner bank—a feature
observed both in the absence of vegetation (Termini, 2009) and in the
presence of uniformly distributed vegetation (Termini & Di
Leonardo, 2018) —and the streamwise water surface slope (oh/0s)
assumes the same sign close to the banks, being positive until the exit
edge of the patches and then becoming negative.

Furthermore, because of the additional drag force exerted by the
vegetated elements, wake regions of reduced velocities form not only
within but also behind the vegetated patches. According to literature
studies (Bouma et al, 2007; Schoelynck et al., 2012; Schulz
et al., 2003), this region of reduced velocities could promote sediment
deposition around the vegetated patches.

Negative low values of the streamwise and vertical velocity com-
ponents occur in the wake zone, indicating the presence of a reverse
flow on the vertical plane determined by the stems’ oscillation. The

vertical reverse flow zone extends downstream of the exit edge of

the vegetated patches. Although this is line with previous studies con-
ducted in straight flumes with submerged finite vegetated patches
(e.g., Siniscalchi et al., 2012; Li et al., 2014; Devi & Kumar, 2016; Liu
et al., 2018; Kazem et al., 2021; Cornacchia et al., 2022), in the exam-
ined case the extent of this region is not equal for the two patches
but it varies with the local channel’s curvature—extending slightly less
than one patch-width downstream of the patch closer to the outer
bank (P1) and approximately a quarter patch-width downstream of
the patch closer to the inner bank (P2). The difference in extension
may be also attributed to the closer spacing of vegetated patches in
the longitudinal direction as the radius of curvature decreases passing
from the outer to the inner bank. The presence of a region of acceler-
ated streamwise velocity between the two patches confirms that a
distinct wake zone is generated for each vegetated patch, a behavior
consistent with the so-called wake interference flow regime observed
in patchy vegetated straight channels (e.g., Vandenbruwaene
et al,, 2011; Zhang & Nepf, 2025).

In fact, the abrupt variation in bed roughness results in a signifi-
cant streamwise velocity gradient in the patch-adjacent lateral area. A
shear layer forms close to the lateral edge of each vegetated patch,
with the development of shear-induced vortices that drive momentum
exchange in the central area of the channel.

The transversal velocity shows at the top of vegetation an
alternance of positive/negative low values over and downstream of
the vegetated patches, indicating the formation of very small turbu-
lent structures. But, moving from the bed toward the free surface,
larger confined areas of negative transversal and vertical velocities are
found downstream of the vegetated patches while positive values
are maintained in non-vegetated areas between the two patches, indi-
cating the development of larger three-dimensional flow structures
which could exert an important role in the sediment and mass distri-
bution along the vertical direction (Przyborowski & toboda, 2021;
Biggs et al., 2019). This behavior agrees with other literature studies
(Chang & Constantinescu, 2015; Liu et al., 2008; Liu et al., 2018)
highlighting that the interaction of the small vortices forming over the
vegetated patches tends to merge a larger turbulent structure around
the edge of the patch.

The analysis of cross-sectional flow in the apex section A revealed
the formation of three key features: i) shear-generated vortices at the
lateral interface of the patches; ii) stem-generated vortices at the top
of the vegetation; iii) two curvature-induced circulation cells in the
central part of the water depth.

This further confirms that the presence of the two vegetated pat-
ches on the bed alters the curvature-induced circulation motion typi-
cally seen in the bend-apex area of meandering bends (Termini &
Piraino, 2011). In particular, the central-region curvature-induced cir-
culation cell, observed at the apex section in the absence of vegeta-
tion on the bed (Termini & Piraino, 2011), is thereby split into two
smaller circulation cells that enlarge as they propagate into the down-
stream non-vegetated area. We hypothesize that in the absence of
vegetation in the entire channel reach downstream, these cells would
eventually merge to re-form a single, dominant circulation cell in the
central region. In contrast, findings reported by Termini (2017, 2018)
for the same bend-apex area indicate that the presence of vegetation
uniformly distributed on the bed would suppress the central-region
curvature-induced circulation cell, resulting in only stem-generated

vortices developing at the top of the vegetated layer.
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Thus, the comparison of the cross-sectional flow pattern over veg-
etated patches (present work) with those over uniformly distributed
bed vegetation (Termini, 2017, 2018) and over unvegetated conditions
(Termini & Piraino, 2011) suggests that the presence of submerged flex-
ible vegetation islands in natural river bends may modify the typical
curvature-induced motion through three primary mechanisms: i) frag-
mentation of the main central-region curvature-induced circulation cell
into smaller cells, which decrease in size as vegetation cover increases
until being completely suppressed under uniform vegetation cover; ii)
generation of stem-scale vortices above the vegetated layer; iii) devel-
opment of shear-generated vortices at the vegetated-non-vegetated
interface regions. This result aligns with the findings of Sukhodolov &
Sukhodolova (2010) in a lowland river, which demonstrated that vege-
tation islands transform the flow structure over a non-vegetated river-
bed, creating a highly fragmented, complex flow pattern spatially
arranged according to the distribution of patches.

The fragmentation of the flow pattern modifies the feedback
between the momentum transport by cross circulation and the
streamwise velocity distribution. Unlike previous observations with-
out vegetation (Termini, 2009) or with uniform vegetation (Termini &
Di Leonardo, 2018) at the bend-apex area, the present case shows at
the apex section two high-velocity cores in the central water depth
and accelerated flow between the two patches.

Based on the above-mentioned results, it can be summarized that
the presence of the vegetated islands in meandering river bends could
limit the erosive action of flow and, hereby, the sediments movement
from the outer to the inner regions.

Results also indicate that the interfacial region of the patch is the
region of highest shear and turbulent kinetic energy. This agrees with
findings obtained from Zhang et al. (2013) in a curved channel partly
covered by rigid vegetation. The turbulent kinetic energy exhibits
localized peaks near the lateral patch’s edges and alternating high-low
values elsewhere in the patches. The distribution of the turbulent
shear stress 75, confirms the presence of regions of shear especially
close to the lateral patch’s edge. The positive streamwise velocity gra-
dient (Figures 4 and 6) and increase of shear stress (Figure 9) indicate
a positive shear production in the lateral patch-adjacent area. This is
associated with the increased lateral flow and momentum exchange in
the transition between the vegetated and the non-vegetated areas.
Over the patches, localized peaks of z,, occur, in agreement with what
is observed in fully vegetated configuration (Termini & Di
Leonardo, 2018). Additionally, high values of the turbulent kinetic
energy occur approximately near the centers of the two curvature-
induced circulation cells. This behavior differs from that observed in
the apex section in vegetation-free conditions, where turbulent
kinetic energy typically peaks at the eye of the central-region circula-
tion cell (Blanckaert, 2010; Termini & Piraino, 2011). Instead, in the
present case, the effects of stem-generated and shear-generated tur-
bulence appear more significant than those from curvature-induced
circulation cells. Conversely, in section B—that is, in the non-
vegetated area downstream of the patches—the influence of
curvature-induced cells once again becomes dominant.

The lateral dispersion and vertical exchange assume a different
trend inside and outside of the vegetated areas. While within the veg-
etated patches, the lateral dispersion plays an important role just over
the top of the vegetation, outside of the vegetated areas, the lateral

dispersion increases passing from the bed toward the free surface,
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assuming an important role in the central region of the water depth.

However, a discontinuity in the vertical profiles of (K, ) has been
observed at the water level corresponding to the top of the vegetated
layer, confirming the influence of stem fluctuations on the dispersion
process, even in the transition between vegetated and non-vegetated
areas. In the outer-bank (non-vegetated) area, because of the adjunc-
tive effect of a counter-rotating circulation motion, the lateral disper-
sion assumes small values almost uniformly along the water depth. On
the contrary, the turbulent diffusion in the vertical direction, Dv;‘n, is
more significant. This is consistent with what was observed in the
same channel in the absence of vegetation on the bed (Termini &
Benistati, 2022). Within the vegetated patches, a strong coherent tur-
bulent activity occurs just close to the top of vegetation, with high-
speed fluid movement toward the free surface (Dv;,<0, Dv,,>0)
above the vegetation and high-speed fluid movement toward the bed
(Dv;, >0, Dv,, <0) below the vegetation. This highlights the forma-
tion of coherent turbulent structures close to the vegetated layer,
confirming that the vegetation is a sink of turbulent motion (Nezu and
Sonjau, 2008; Tinoco and Coco, 2016; Termini & Di Leonardo, 2018).
The stem-scale vortices, generated on the vertical plane by the shear
flow at the top of the vegetation, determines vertical mixing across
the upper- and within-vegetation layers. In the non-vegetated areas,
the streamwise momentum transport prevails, but with a discontinuity
at the level corresponding to kv/h. This behavior, which is also
observed downstream of the vegetated patches (section B), further
confirms the influence determined by the vegetated stems oscillation

also in the non-vegetated areas.

5 | CONCLUDING REMARKS

In the present work, the flow characteristics in the bend-apex area of
a high-sinuosity meandering flume with squared patches of fully sub-
merged flexible on bed have been investigated to give insights appli-
cable to river management and ecological restoration.

The obtained results demonstrated that the presence of the vege-
tated patches alters the flow pattern in the bend-apex area, modifying
the curvature-induced circulation motion and the feedback between it
and the streamwise velocity. The main curvature-induced circulation
cell is divided into two smaller circulation cells, limiting its erosion
action, and two cores of high streamwise velocity have been found in
the central part of the water depth. Stem-scale vortices generate
above the vegetated layer, and shear-generated vortices develop at
the vegetated-non-vegetated interface regions. Here, accelerated
streamwise flow velocities are clearly visible.

A wake zone of reduced velocity forms downstream of the exit
edge of the vegetated patches. This is consistent with previous find-
ings obtained in straight channels (e.g., Schoelynck et al., 2012; Schulz
et al., 2003; Siniscalchi et al., 2012), but in the present case, the exten-
sion of this region is not constant along the bend, but it depends on
the local channel's curvature.

The interfacial region between the vegetated and the non-
vegetated areas is the region of the highest shear and turbulent kinetic
energy. Regions of alternating high-low values of turbulent kinetic
energy form over the patches.

The lateral dispersion and the mass exchanges are strongly

influenced by the presence of the vegetated patches and by the
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turbulent structures which form between the vegetated and the non-

vegetated areas. In particular, the presence of flexible vegetation
determines a reduction of the size of the turbulent structures and
limits the transport process in the vegetated areas, but it also exerts
an influence in the transition toward the non-vegetated ones. In the
vegetated areas, the lateral dispersion plays an important role just
over the top of vegetation, where stem-scale vortices occur. A strong
coherent turbulent activity occurs just below the top of vegetation
with high-speed fluid movement toward the free surface, which could
lead to resuspension of sediments. In the transition from the non-
vegetated to the vegetated areas, the lateral dispersion is more signifi-
cant in the central region of the water depth, although a low peak
occurs at kv/h, indicating the effect determined by shear-generated
vortices. The interaction of these eddies influences flow velocity in
the downstream region, having an important role in the mass
exchange in the central area of the channel and in the vertical
direction.

In summary, the presence of submerged vegetated islands in nat-
ural river bends modifies the typical curvature-induced circulation
motion and streamwise velocity distribution, determining a fragmen-
ted flow pattern according to the patches’ configuration. Bearing in
mind that in the examined two-patches case the main central-region
is divided into two smaller curvature-induced circulation cells, it is
expected that the size of these cells decreases as the patches mosaic
covering increases, until being suppressed in fully vegetated beds.
Consequently, the presence of vegetated islands in natural bends
could limit the erosive action of cross-circulation along the bend, and
this limiting effect increases with the amount of the vegetation cover.
Results also indicate that the patchy vegetation configuration exerts a
peculiar role on ecosystem functioning in natural bends. A region of
reduced velocity, which could serve as a shelter for different species,
forms downstream of the vegetated patches, but its extent varies
along the bend depending on the local radius of curvature. Moreover,
peculiar flow-vegetation interaction mechanisms occur in the lateral
interfacial regions. Here, the influence of oscillating vegetated stems
is still evident, generating high turbulent kinetic energy and enhancing
lateral dispersion at the water level corresponding to the top of the
vegetation.

It should be noted that, although this work has provided insight
into the effect of flexible, submerged vegetated patches on main flow
patterns and exchange processes in the apex-bend area, further work
is also being addressed to extend it by investigating the turbulence
structure in detail and modeling the variation of the drag coefficient,
caused by the shear structure developing around the patches, and
vegetation reconfiguration. The results, along with a detailed term-
by-term analysis of the governing equations, will be discussed in a

subsequent report.
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