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Abstract Natural rivers often function as compound channels, comprising main channel and floodplain.
Flow dynamics in these systems, particularly during floods, are influenced by factors such as vegetation, and
flood intensity. Floodplain vegetation significantly modifies flow structures, affecting hydraulic conveyance
and ecological functions. As floodplain forests develop through succession, their composition and hydraulic
characteristics evolve, altering the flow in compound channels. This study examines the impact of forest
succession, forest management and flood intensity on compound channel hydrodynamics. The forest
composition was based on a forest in the Upper Rhine, and was heterogeneously distributed through the
experimental flume. Our results revealed that forest aging reduces, due to the reduction in the leaf area index
(LAD), velocity differences and shear, narrowing the mixing layer. Consequently, lateral mass exchanges
decreased and a hydraulically smoother and more uniform flow was created in the floodplain, with implications
for hydraulic modeling. Forest management practices, such as selective vegetation removal, can significantly
alter flow hydrodynamics, particularly water depth. Flood intensity influences the peak mean transverse
velocity, backwater effect, and lateral discharge distribution. Solute dispersion remains mainly advective in the
main channel, with flood intensity exerting limited influence. In contrast, vegetation enhances tracer dispersion
within the floodplain and at the channel-floodplain interface. The study highlights the limitations of traditional
analytical models and emphasizes the need for approaches that incorporate natural vegetation distribution, such
as the one developed here. These findings underscore the importance of integrating forest succession into river
management to maintain flood protection and navigability.

Plain Language Summary Rivers are often divided in two parts: a main channel where water flows
most of the year and a floodplain that is covered with water during floods. Vegetation in these floodplains plays
a crucial role in river flow patterns and ecosystem health. As forests in the floodplains age, their structure
changes, affecting how water flows through the river system. This study investigated how forest growth, forest
management, and flood intensity impact water flow. In our study, the forest composition was inspired by a
floodplain forest in the Upper Rhine. We found that as floodplain forests age, the differences in water flow
velocity between the main channel and the floodplain become smaller. These changes affect how water and
materials mix and move between the two areas. Altogether, this influences how river flow is represented in
hydraulic models. Managing these forests, for instance by selectively removing some trees, can help control
these effects and protect river dwellers against floods. This type of management can reduce the height of
floodwaters upstream and make the river safer for nearby communities. Understanding these changes is
important for maintaining the river's health and ensuring it can continue to support both human and ecological
needs.

1. Introduction

Rivers are often classified as compound channels, characterized by a vertically segregated main channel (MC),
which carries more frequent discharges, and floodplain (FP), inundated during flood events. During floods, the
flow extension into both regions leads to crucial mixing processes that play a significant role in shaping the
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riverine ecosystem. The overbank flow in compound channels (CC) depends on various geometric and dynamic
characteristics that affect the interactions between floodplain and main channel (Dupuis et al., 2017a, 2023; Juez
et al., 2019; Nezu et al., 1999; Proust & Nikora, 2020; Stocchino & Brocchini, 2010; Vastild & Jilbert, 2025).

Vegetation significantly impacts the flow structure and conveyance in compound channels (Azevedo et al., 2012;
Dupuis et al., 2017a, 2017b; Fernandes et al., 2018; Nagy et al., 2018). For deep flows, vegetation wakes induce
three-dimensional vortices that differ the classic quasi-2D behavior in compound channel flows (Azevedo
et al., 2012). These authors indicate that the vegetation wake influences both the free surface and near bottom
regions in terms of integral length scale, which may have implications for the stresses. For shallow flows, meadow
vegetation reduces the conveyed water and the discharge portion in the floodplain Fernandes et al. (2018); Nagy
et al. (2018). Furthermore, increased roughness due to the change of vegetation type leads to an increase in water
depth, changes in the turbulent structure, and induces mean transverse flow velocities (uy) (Dupuis et al., 2017a,
2017b; Rominger & Nepf, 2011). The increase in vegetation density has a positive feedback on floodplain
roughness and consequently reduces flow conveyance (Nagy et al., 2018), increasing the lateral mass exchange
between floodplain and main channel while the flow readjusts (Dupuis et al., 2017a). Additionally, vegetation
positioning affects the flow; for instance, in simple channels, randomized vegetation exhibits higher local velocity
gradients (Ricardo et al., 2016), promotes the generation of background turbulence (Ricardo et al., 2018) and
disrupts the balance between the production and dissipation rates of turbulent kinetic energy (TKE), even though
TKE remains smoothly distributed (Ricardo et al., 2014). Moreover, the increase in vegetation density reduces, in
heterogeneous spatial vegetation distributions, the bulk drag coefficient in a faster rate than in staggered spatial
distributions (Nepf, 1999). In the vertical direction, a heterogeneous submergence distribution increases both
turbulent intensities and TKE in the main channel compared to single-layered floodplain vegetation (Barman &
Kumar, 2022). Vegetation composition changes with time (Wittmann et al., 2010), affecting hydraulic relevant
characteristics such as stiffness, submergence and distribution in the field. Despite recent efforts to characterize
vegetated flow in compound channels, the distribution and densities are often arbitrary or based on a uniform grid,
conditions not found in natural floodplain forests.

Vegetation in floodplains provides several ecosystem services, including promoting sedimentation and influ-
encing sediment transport (Juez et al., 2019; Lightbody et al., 2019; Vistild & Jilbert, 2025; Villada Arroyave &
Crosato, 2010), protecting riverbanks and facilitating the formation of natural levees (Branf et al., 2022;
Rominger et al., 2010), and influencing river morphology by encouraging meandering over braiding (Crosato &
Saleh, 2011; Rominger et al., 2010). Additionally, floodplain vegetation contributes to soil conservation and
enhances the storage of carbon, nitrogen, and phosphorus (Vistild & Jilbert, 2025; Wohl, 2021). Despite these
ecological functions, rivers have been altered over the past century to promote inland navigation, resulting in the
disconnection of floodplain and main channel. For instance, the Rhine River has been heavily modified over the
past two centuries to reduce flood risk and improve navigation, with interventions also addressing public health
and geopolitical concerns (Bernhardt, 2000; Ochs et al., 2020).

Those river alterations suppress flow disturbances, disrupting connectivity and ecotones (transition zones be-
tween vegetation formations and the non-vegetated environments) between forest patches, consequently reducing
habitat heterogeneity and biodiversity (Johnson & Miyanishi, 2007; Nakashizuka, 2001; Ward et al., 1999). This
disconnection can also degrade groundwater quality by diminishing the floodplain's ability to filter and store
carbon, nitrogen, and phosphorus, leading to higher concentrations of these elements in the water (Trémolieres
et al., 1997). Restoration projects often aim to restore main channel-floodplain connectivity to enhance habitat
abundance and diversity (Wohl, 2021). Among various restoration techniques, managing or reforesting floodplain
helps to attenuate peak flows, decrease downstream flood risk, retain dissolved and particulate nutrients and
organic matter, and increase floodplain resilience to natural and anthropogenic disturbances (Johnson et al., 2007;
Phillips, 2009; Wohl, 2021). However, restoration projects often overlook the impact of forest succession on
compound channel systems. Forest aging might also be relevant, particularly in the Upper Rhine, where there are
forests that still did not complete secondary succession (Dister et al., 1990), indicating that its characteristics will
change as the forest ages. Forest succession and community changes involve vegetation undergoing sequential
development from bare surfaces to mature structures (Burrows, 1991; Johnson & Miyanishi, 2007; Naka-
shizuka, 2001; Ward et al., 1999). There are two successions: (a) primary, which refers to the first colonization of
plants and animals, in places where no vegetation was settled before (i.e., new volcanic soils and new deposited
sediments) and (b) the secondary succession, in which after a major disturbance event (i.e., intense flood, fire and/
or anthropogenic action) there is a reestablishment of organisms (Wittmann et al., 2010).
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Figure 1. Sketch of the four moments in the life of a forest undergoing a secondary succession, after a disruptive event. The forest succession is not shown as a
unidirectional process but allows cycles of succession and regression.

A simple summary of secondary succession in a forest is provided here, with the common structures. Initially, a
pioneer community forms from new plants and remnants of previous communities after ecological disturbances
(e.g., floods, fires, anthropogenic actions) (Bose et al., 2014; Burrows, 1991). The early stage of forest devel-
opment is primarily constituted by pioneer tree species (young successional species), which are adapted to pioneer
conditions such as full sunlight, high floods, and high levels of disturbance. These species often have a high
reproduction rate, short life-cycles, and flexible stems with comparatively low wood specific gravity (softwood)
(Wittmann et al., 2022). At this age, flexibility and submergence are the dominant vegetation characteristics,
which, in hydraulic terms, result in variable flow resistance as the vegetation undergoes flow-induced reconfi-
guration (Box et al., 2022). As the forest develops, older successional species appear. These species are adapted to
persist even in shaded environments and are characterized by a slower rate of reproduction and rigid stems
(hardwood). The mid age forest consists of a mixed distribution of pioneer and older successional species
(Burrows, 1991; Egler, 1954). This coexistence creates a double-layered configuration that affects hydraulic
roughness, as the drag contribution from leaves (flexible, submerged vegetation) differs from that of stems (rigid,
emergent vegetation) (Aberle & Jirveld, 2013; Zhang et al., 2024). As the environment undergoes successional
development, there is a progressive dominance of the older successional species over the decades due to
competition and changes in the availability of resources such as water, nutrients, and sunlight. Finally, a late or
mature stage is achieved, where the forest is mainly composed of older successional species, with higher diameter
and basal area, in a dynamic equilibrium (Burrows, 1991; Christensen & Peet, 1984). The stem diameter is
directly proportional to the turbulence length scale and turbulence intensity, as stem diameter and spacing
together serve as the primary drivers of turbulence in emergent vegetation (Nepf, 2012). Throughout the forest
succession, young and adult species coexist, and their presence varies over time and space due to local
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disturbances (Nakashizuka, 2001), in a bidirectional process (i.e., succession and regressions) (Burrows, 1991).
Figure 1 illustrates the four moments in the life of a forest undergoing a secondary succession.

The relative water depth H, = Hg/H,,,. (ratio of the flow depth in the floodplain Hg, to that in the main channel
H, ) is perhaps the most defining characteristics of the flow structure, being inversely related to the degree of
interaction between the floodplain and main channel in compound channels (Ackers, 1993; Nezu et al., 1999;
Stocchino & Brocchini, 2010; Tominaga & Nezu, 1991). For sufficiently shallow flows (H, < 0.50), the flow is
characterized by the presence of macro-vortices at the interface between the main channel and the floodplain
Stocchino and Brocchini (2010) and a monotonic velocity profile across the river section (Dupuis et al., 2017b;
Juez et al., 2019; Proust et al., 2017). For deep flows (H, > 0.50), the shear in the transition region is weak, with
lower Reynolds shear stresses when compared to shallower conditions (Stocchino & Brocchini, 2010). This shear,
defined in terms of the dimensionless shear, A = (uXD’/I?1C - uE’?p)/(uEgc + u]]?’/f‘p) (where M?A is the time- and depth-
averaged streamwise velocity, and the subscripts mc and fp refer to the main channel and floodplain, respec-
tively), is related to the presence of coherent structures (Proust et al., 2017). The dimensionless shear significantly
impacts the width and structure of the mixing layer (ML) formed between the floodplain and main channel, as
well as the maximum values of Reynolds shear stress (Dupuis et al., 2023; Proust et al., 2017, 2022). The
introduction of vegetation into the compound channel system increases both H, and A due to changes in water
depth and velocity (Caroppi et al., 2021; Dupuis et al., 2017b). The transition slope angle reduction has a negative
feedback on the intensity and size of secondary velocity components (transverse velocity u, and vertical velocity
u,) (Xiao et al., 2018), which is also observed in vegetated conditions (Barman & Kumar, 2023). This reduction
might impose challenges in the detection or formation of secondary currents, specifically for intermediate flow
conditions near to the deep flow limit and deep flows as the reduced topographical influence might lead the
secondary currents to negligible magnitudes.

The intensity and direction of the mean transverse flow velocity (u'y)A) influence the discharge distribution be-
tween the main channel and floodplain, as well as the mixing layer width, and the dimensionless shear (Dupuis
et al., 2017a; Proust et al., 2013, 2017, 2022; Proust & Nikora, 2020). For mean transverse flow directed toward
the floodplain, the mixing layer width increases, while the contributions to momentum exchange from mean

: : —T\PA
transverse flow (—puPAuP* | where p [kg/m’] is the water density), turbulent shear stresses (—p (i} ;) where

u’ [m/s] is the velocity fluctuation), and the secondary currents (—p[u, (1, — u;?A)]DA) have similar magnitudes
(Proust et al., 2013, 2017; Proust & Nikora, 2020). Conversely, when the mean transverse flow is directed toward
the main channel, it becomes the primary mechanism for momentum exchange, as both shear stress and secondary
currents intensity decrease, reduces the mixing layer width and limits its longitudinal growth (Proust et al., 2013,
2017; Proust & Nikora, 2020), and induces flow tridimensionality (Mera et al., 2015). Altogether, the presence of
mean transverse flow affects the lateral exchanges of mass and momentum.

Solute transport is influenced by relative flow depth, vegetation (Farzadkhoo et al., 2019; Hamidifar et al., 2015;
Nepf, 1999), and mean transverse flow (Shiono et al., 2003). Under non-vegetated conditions, solute transversal
spread is greater in the main channel than in the floodplain Shiono et al. (2003). With vegetation present in the
floodplain, flow velocity is reduced, which enhances pollutant dilution in the floodplain and affects longitudinal
dispersion in the main channel as the flow accelerates in this region (Farzadkhoo et al., 2019; Hamidifar
et al.,, 2015). Changes in vegetation characteristics, such as density, also affect solute spread. In emergent
vegetation, sparse densities favor turbulent transport (aka. turbulent diffusion), whereas under dense conditions
the contribution of mechanical dispersion becomes significant (Nepf, 1999). Additional factors, including the
spatial distribution of vegetation and variations in discharge, may further influence solute tracer transport.

Natural forests exhibit horizontal and vertical distribution heterogeneity, with different species forming a mosaic
of plants (Burrows, 1991). This heterogeneity in the horizontal distribution causes local flow effects in the
floodplain region, as flow accelerates or decelerates due to the vegetation. Traditional analytical models for
depth-averaged streamwise velocity profiles assume uniform vegetation arrays or non-vegetated conditions
(Fernandes et al., 2014; Hu & Zhang, 2022; Shiono & Knight, 1991), in which, often a high data resolution is
required in zones of high gradients. This imposes limitations as uniform plant distribution is uncommon in natural
forests and the acquisition of high data densities can be costly at larger scales. Therefore, a model is needed to
describe the transverse profile with sparse data and heterogenous vegetation distributions, which allows the
representation of conditions closer to the ones found in nature. The model should, also, account for flow
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Figure 2. (a) Field photo of the surveyed area [Rastatt, Germany (48°51'09.0"N 8°07'11.0”"E WGS 84)] and (b) satellite photo (extracted from Google Earth, image from

17 September 2018).

asymmetry in the mixing layer formed between floodplain and main channel (Dupuis et al., 2017a, 2017b; Proust
& Nikora, 2020; Truong & Uijttewaal, 2019; van Prooijen et al., 2005).

Despite its importance, the effects of forest succession on the hydrodynamics of compound channels have not
been studied. Furthermore, existing studies on vegetated compound channels often rely on idealized conditions
that do not accurately represent natural forests. As a result, forest density and spatial distribution heterogeneity
may be misrepresented, potentially skewing the assessment of floodplain forest's impact on compound channel
flow. Additionally, these idealized conditions fail to evaluate the effects of forest management practices or
provide alternatives for describing the mean flow under the influence of localized vegetation effects.

In this study, we experimentally investigate the hydrodynamics of a natural floodplain forest, focusing on the
impacts of its successional development at four distinct life stages, as well as forest management effects. The
forest composition and flood depth under investigation were based on a natural floodplain forest in the Upper
Rhine. Our analysis considers variables describing both vegetation coverage and hydrodynamics, including forest
age, forest management, and relative water depth. We aim to relate these characteristics to their impacts on flow
structure, flood risk, navigability, and hydraulic modeling. Furthermore, we highlight the implications for tur-
bulence, the mixing layer as well as mass and momentum exchanges. Additionally, we developed a model to
describe the mean streamwise velocity profile under conditions of heterogeneous vegetation positioning. Finally,
the effects of vegetation-induced flow readjustments on hydrodynamics and mixing are summarized in a con-
ceptual model that highlights the distinct flow zones introduced by the forest.

2. Field Survey and Vegetation Scaling
2.1. Field Survey

The present experimental research floodplain forest composition and floodplain flow depth are based on a
segment of the Upper Rhine River. The reference river reach lies within the floodplain downstream of the
Iffezheim dam (Rhine km 334, coordinates 48°51'09.0"N 8°07'11.0"E, WGS 84) in Rastatt, Germany, the most
downstream large barrage in the river Rhine (Figure 2). This area is a part of the “Rastatter Rheinaue” natural
reserve. The studied reach exhibits high discharge levels during the early summer months, primarily attributable
to the seasonal snowmelt occurring in the Alps (Dister et al., 1990). This river reach, and overall the Rhine, has
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Table 1 suffered substantial alteration throughout the 19th and 20th centuries, char-
Surveyed Characteristics of the Floodplain Forest acterized by extensive rectification efforts and the construction of dikes and
Tree age N, [-] D, [m] H [m] D,,[m] H,,[m] P;[%] barrages (Ochs et al., 2(?20)_, and thus, distinct geOI’I‘-lOI‘phOIOgl-Cfil types

g . developed. The segment is situated in the pre-channelized transition area
Adult 467 0.26-0.55  12.7-17.3 0364 14.82 87.3 between the braided zone (Basel-Rastatt) and the meandering zone (Diaz-
Young 68  0.016-0.045 3.0-5.3 0.029 1.85 12.7 Redondo et al., 2017; Dister et al., 1990). In the closest measuring station

Note. N, is the number of individuals, P, = N,/(N, + N,) is the adult/
young trees proportion, N, is the number of adult trees, N, is the number of
young trees. The subscript m represents the weighted averaged values of both
quantities, among all sub areas.

(Hauenstein, Germany), the average flow discharge was 950 m?/s, from 1924
to 2024 (LUBW, 2024). Additionally, the minimum observed flow discharge
was 404 m’/s and the maximum 3,451 m’/s. In the surveyed area, the
observed averaged flood level was 2.60 m in the floodplain, which corre-
sponds to a flood event with a return period between 15 and 20 years.

The forest survey, conducted by Hutter (2018), covered an area of 1 ha, demarcated into 16 plots measuring
25 m X 25 m each (Figure 2). Within this area, a total of 535 trees were recorded, and their stems measured in trunk

diameter at breast height (D,), tree height (H,), and basal area (B). Upon aggregation of data from individual plots,

mean values were computed for the total surveyed area, and trees were categorized into two distinct groups: adult
trees, characterized by D, > 0.10 m, and young trees, with D, ranging from 0.01 to 0.10 m (Table S1 in Supporting
Information S1). A synopsis of the weighted mean characteristics for both tree groups is presented in Table 1. The
surveyed forest ecosystem predominantly comprises Salix alba (90% of the population), Populus canadensis,

Crataegus laevigata, Prunus spinosa, Ulmus laevis, and Viburnum lantana. The observed characteristics align
with those expected in an area undergoing a secondary succession process, indicative of a forest ecosystem in the

mid age, observed by the dominance of Salix alba in the tree layer (Dister, 1980; Ochs et al., 2020).

2.2. Vegetation Scaling

In the laboratory scale flume, adult trees were represented by employing rigid PVC cylinders with a diameter
D, =2 cm and a smooth surface, while young trees were represented by flexible silicone elements. The flexible

vegetative elements had a height of 6 cm and featured 16 flexible flags, each measuring 4.4 cm in length, 1 cm in

width, and 0.1 cm in thickness, arranged along four axes. An additional 2 cm of height constituted the base of the
element, facilitating its secure fixation onto a grid positioned at the channel bottom. Furthermore, the elements

were made of two-component silicone rubber with a Shore hardness of 40 ShA and a density of 1.1 g/cm®. For

comprehensive description of the development and characteristics of the flexible elements cf. Folke (2023) and

Folke and Aberle (2024).

The hydrodynamic density (mD, Equation 1) was used to scale the adult trees (Straatsma, 2008). With an average
diameter D, ,, = 0.364 m, the hydrodynamic density of adult trees in the study area is 0.017 1/m. In laboratory

conditions, at a scale of 1:30, the hydrodynamic density was mD ,.q = 0.51 1/m, which was then utilized to

determine the requisite number of adult trees. Employing Equation 1 with the known parameters D,, the resultant

rigid vegetation density was of 26 cylinders per square meter in the laboratory scale. Conversely, the quantity of

flexible elements was directly scaled maintaining the similar proportions of adult and young trees found in the

field, as the resistance force exerted by silicone elements (F = 0.265 - u%0%) solely relies on the scaled velocity,
u,,, as delineated by Folke (2023) and Folke and Aberle (2024). The scaled density of flexible elements was 6
trees per square meter. The scaled forest was classified as the Mid age forest. Both the field forest and the
laboratory vegetation exhibited similar proportions of vegetation elements, as detailed in Table 1. Figure 3 shows
the vegetation patch at the laboratory scale.

(1

mD=n-

>0

where, n [—] is the number of elements per square meter, A [m?] is the surveyed area.

3. Experimental Setup and Instrumentation

3.1. Channel and Flow Conditions Description and Mixing Layer Identification

The experiments were conducted at the Federal Waterways Engineering and Research Institute (BAW, Karlsruhe,
Germany), in a 30 m long and 5 m wide asymmetric compound channel (i.e., the floodplain is present only at one
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Figure 3. (a) Upstream view of the experimental open channel at BAW and (b) channel top-view sketch with vegetation
positioning, planar coordinate system, water level and ADV measuring positions. The occupation of the floodplain in (a, b)
corresponds to the Mid age forest.

side of the channel) with a longitudinal bed slope of 0.05% (Figure 3). The cross-sectional layout of the channel
comprises three distinct zones, including the floodplain (W, = 3 m), an inclined transition (with a lateral slope of
1:10, characterized by W,, = 1 m width and H,, = 0.1 m height), and the main channel (W, = 1 m), as depicted in
Figures 3 and 4. The channel bottom was constructed in a smooth concrete surface, covered with galvanized steel
grids placed on top. Each grid, measuring 1 m x 1 m x 0.25 m, featured 45 subdivisions along the horizontal axis,
with holes measuring 0.02 m X 0.02 m, in which the vegetation elements were secured. Both the main channel and
floodplain side walls were made of glass.

Discharge was measured at the inlet position utilizing an electromagnetic flow meter (Endress + Hauser—Proline
Promag 53 W, with 0.2% of uncertainty). The water level was controlled by two downstream adjustable flap weirs
at the end of the channel. No difference between weir one and weir two was set. Experimental trials were con-
ducted under conditions of uniform flow, ensuring consistency and reproducibility of results. To mitigate flow
irregularities at the inlet section, a combination of pipes and a honeycomb grid was employed to homogenize the
incoming flow.

The flow was kept under subcritical and turbulent conditions in the entire channel. Two flow discharges were
investigated Q; = 173.2 /s, based on the average floodplain water depth in the reference reach in the past
20 years, and Q, = 249.3 I/s. These correspond to bulk flow velocities of U = 0.24 m/s for intermediate flow and
U = 0.32 m/s for deep flow conditions, respectively. The flow was classified according to its relative depth ratio:
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Figure 4. (a) Sketch of the mixing layer and channel division, the g stands for geometrical division, and (b) channel cross-section and ADV velocity measuring grid. The
ADV measuring grid is different for the two flow cases.

H, = 0.46 and 0.52 for Q, and Q,, corresponding respectively to intermediate and deep flow conditions (Nezu
et al., 1999). The Reynolds number (Re; = u;H;/v, where i = fp or mc, and v is the kinematic viscosity) and
Froude number (Fr; = u;/ \/g_H, , where g is the gravitational acceleration) were calculated for the floodplain and
main channel and, together with the values of flow depth, mean velocities and flow rate, are listed in Table 2. The
cross-sectional channel division was made based on the mixing layer (ML, Figure 4a), which is a region of high
velocity gradient between the floodplain and main channel. In our study, the floodplain and main channel regions
are defined outside the mixing layer, as the lateral gradient of the streamwise velocity is lower (Figure 6). The
mixing layer was identified with the adjustment of the Unified-Richards function (Tjgrve & Tjgrve, 2010, 2017)
to the lateral profile of the depth-averaged streamwise velocity:

L V(1-d)
u)]?A(y) =Au-(1+(d—1)~exp<w>> + ug,

Au-y 2

y= dd/(d—])
where, Au = u}?ﬁc - u)]?’?p [m/s] is the depth-averaged velocity difference between the main channel and
floodplain (i, is the maximum depth averaged streamwise velocity in the main channel and ulf is the

mean depth averaged streamwise velocity in the floodplain), k [1/s] is the maximum value of the transversal
depth-averaged velocity gradient (0uP*/dy,.,), Y. [m] is the coordinate where k value occurs, which co-
incides with the inflection point, d >0 [—] is the parameter that controls the asymmetry. All curve parameters
were adjusted with a weighted least squares method, in which the weights (W = 1/uP*) account for a non-
uniform variance.

The mixing layer was then determined as the region where the velocities are 5% higher than the sub-section
DA
x,fp

ity in the main channel (ugs, = uP2 . — 0.05uPA ) (Truong & Uijttewaal, 2019; van Prooijen et al., 2005). The

X,mc X,mc

averaged streamwise velocity in the floodplain (usq, = ug‘f*}, + 0.054P%) and 5% below the maximum veloc-

threshold of 5% was chosen to account for regression errors, which are in the same order of magnitude as the mass

Table 2
Flow Conditions
Flow Ql/s]  Hy[mm] H,[-] U [m/s] u?’fnc [m/s] uﬁ‘?p [m/s]  Fr[-] Fryp. =1 Frg [-] Re[-]  Re,.[-] Reg[-]
Intermediate 173 84 0.46 0.24 0.38 0.20 0.22 0.28 0.22 26,548 69,707 17,375
Deep 249 110 0.52 0.32 043 0.28 0.25 0.30 0.27 41,859 90,972 31,185
Note. The subscripts i = {—, fp, mc} refer to the whole cross-section, floodplain and main channel, respectively.
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Figure 5. Transversal depth-averaged velocity profile fitted with the Unified-Richards function at X/L = 1.00, for all forest
ages in the intermediate flow (H, = 0.46) (a) Fitted curve and measured streamwise velocity (u?A) profile and (b) transversal
velocity gradient (0uPA/9y,,,..) with indication of its maximum value.

conservation difference between the cross-sections. The mixing layer center position is defined as the inflection
point, which coincides with ¥,. The depth-averaged velocity at mixing layer center (u?*) can be determined as:

u?A = Au-d"0-9 4 uXD’?p 3)

3.2. Water Level and Velocity Measurements

Water level was measured using ultrasonic sensors, with a standard measurement error of approximately 0.1 mm
and an interrogation wave of 220 kHz. The measurement positions were spaced 2 m apart in the streamwise
direction. In the transverse direction, three positions were measured, Y/W, . = —1.75, —0.25 and 1.25 (blue
circles, Figure 3b). Each depth series was measured for 20 min at a rate of 1 Hz, and a total of five series were
measured for each forest age and three series for the Bare scenarios.

Velocity measurements have been conducted using single-point ADV using an automated transversing system.
The three-dimensional ADV, Nortek Vectrino+, had a side-looking configuration, with a sampling volume
located 5 cm away from the probe. To determine the time required for statistical convergence, 600 s of data were
acquired, and a cumulative time-averaging procedure was used to verify the minimum required duration of 150 s.
Each measuring point was recorded at 200 Hz for 180 s (36,000 samples) and three instantaneous velocity
components were captured (u,, 4, and u,). The flow was seeded with polyamide particles (KVS Vestosint) with a
median diameter of 40 pm to increase the ADV signal correlation (>70%) and signal-to-noise ratio
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Table 3

Vegetation and Flow Characteristics of the Test Scenarios

Case Hp, [mm] H,[-] Flow Age n,[-1 n,[=1 P,[%] mD m™'] LAI[-] @ [%]
1 84 0.46  Intermediate Bare - - - - - -
2 84 0.46  Intermediate Early 18 8 69.2 0.16 0.6 0.4
3 84 0.46  Intermediate Mid 6 26 18.8 0.52 0.2 0.9
4 84 0.46  Intermediate Late 2 10* 16.7 0.45 0.1 1.6
5 84 046  Intermediate Mid-Only-Young 6 - 100 - 0.2 0.1
6 84 046  Intermediate Mid-Only-Adult - 26 - 0.52 - 0.8
7 110 0.52  Deep Bare-High - - - - - -
8 110 0.52  Deep Mid-High 6 26 18.8 0.52 0.2 1.1

Note. *Adult vegetation diameter is increased from D, = 2 cm to D, = 4.5 cm.

(SNR > 15 dB). Data quality and time-averaging procedures were assessed using the VIPER code (Sokoray-
Varga, 2022), which applies the phase-space thresholding despiking technique (Goring & Nikora, 2002). After
point quality control, if more than 30% of a measured velocity time series was removed, the point was remeasured
until all quality criteria were satisfied. The ADV measurements were carried out at two spatial densities of
166 points/m* and 202 points/m?, for the intermediate and deep flows respectively (Figure 4). At each cross-
section, measurement points were spaced at intervals of 0.30 m on parts of the floodplain (Y/W,,, < —0.70)
and 0.20 m in other regions. In the vertical direction on the floodplain, four measurement points were taken for
intermediate flow conditions, with an additional two points captured for deep flow conditions. Along the lon-
gitudinal axis, velocity measurements were obtained at five cross-sections with uniform spacing of 1.75 m for the
vegetated conditions and at two cross-sections (X/L = 0 and 1) for Bare conditions (Figure 3).

The transverse velocities (4, and u,) had a relatively smaller magnitude compared to the streamwise velocity (u,).
Hence, the misalignment of the ADV probe can introduce significant errors, on the order of O(10?), in those
components (Peltier, Riviere, et al., 2013). The angle correction was performed with the channel under non-
vegetated conditions for both flow conditions (Cases 1 and 7, cf. Table 3). During the angle correction, it was
assumed that the spatial-averaged velocity u, was zero at the geometrical main channel (Y/W,,,. > 0), while the
vertical component . approached zero near the channel bottom, following the approach from Proust and
Nikora (2020). This procedure resulted in the correction angles of @, ; = —3.42° vertical-axed, f,,,; = —1.13°
(spanwise-axed) and y,,; = —1.65° (streamwise-axed) in the first measurements (before October/2023) and
Qorn = 0.06°, By » = —1.36° and y,,., = 0.40°, in the second measurements (after December/2023).

3.3. Floodplain Vegetation Design

In this study, four moments in the life of a forested floodplain were investigated: Bare (not vegetated), Early, Mid,
and Late ages. Furthermore, we investigated the influence of the relative depth (Bare-High and Mid-High) and the
isolated effect of flexible and rigid vegetation on the Mid age forest (Mid-Only-Young and Mid-Only-Adult)
(Table 3).

The forest spanned along the entire floodplain width and, in the streamwise direction, it had a length of L =7 m
(Figure 3). The forest composition at various stages of development was designed on a scaled-down represen-
tation of the natural forest described in § 2.2, hereinafter called Mid age forest. The Early and Late succession
stage scenarios were derived from the Mid age forest, based on the values of mD, the leaf area index (LAI,
Equation 4) and the proportion between adult and young trees (P, = n,/(n, + n,)). At the Early age, the forest
was mainly composed of young trees and few adult individuals, while at the Late age the forest had adult trees
with an increased diameter (attachment of 4 rigid elements, comprising a diameter D, = 4.4 cm) which were
predominant over the young trees. The stem diameter is inversely proportional to the hydrodynamic density
(Folke, 2023). This criterion was adopted to determine the number of adult trees in the Late age, where mD values
were lower than in the Mid age. For the Late age, the forest density decreases (in terms of LAI) as the adult trees
suppresses the growth of new plants, however the bigger diameter conserves the values of mD and increase the
solid volume fraction (¢, Equation 5), as shown in Table 3.
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Table 4
Summary of the Sub Section-Averaged Flow Characteristics at X/L = 1.00
Case H,[-] Age uphe [m/s]  ulh [mis] A [=] k[Us] Fryo[=] Fry[=] Reyp.[=] Reg [-]
1 046  Bare 0.38 020 030 023 028 0.22 69,707 17,375
2 046  Early 0.46 0.14 055 043 034 0.15 85739 11,543
3 046  Mid 0.47 0.14 053 046 035 0.16 87,029 12,253
4 046 Late 0.46 016 049 043 034 0.17 85445 13375
5 046  Mid-Only-Young ~ 0.41 019 035 027 030 0.21 75,004 16,558
6 046  Mid-Only-Adult 0.46 015 050 044 034 0.17 84,226 13,026
7 0.52  Bare-High 043 028 021 022 030 0.27 90,972 31,185
8 0.52  Mid-High 0.56 020 048 057 039 019 118339 21,587
LAL = A, /Ap 4)
b= Ma-Vatny-Vy (5)
L- Wy, - Hy,

where, A, [mz] is the one-sided leaf area and Ag [m2] is the ground area, V; [m3] is the single element volume.

The vegetation positioning was randomized independently in blocks of 1 m?, with a few constraints for both
practical and biological competition considerations. The constraints ensured a minimum distance of D, between
adjacent tree elements and avoided the placement of elements along the borders of the grid for practical con-
siderations. Figure 3 illustrates the arrangement of vegetation at the Mid age, while the placements for all other
forest ages are presented in Figure S1 of Supporting Information S1 (c.f. Supporting Information S1).

Four floodplain forest ages were investigated, to represent the development from Bare (non-vegetated, reference
case) to a Late forest age (Figure 1), investigated in cases 1 through 4. Moreover, the isolated impact of each tree
type on the Mid age was explored in cases 5 and 6, in which based on the Mid age there was a removal of all adult
or young trees. Finally, the impact of flood depth was investigated comparing cases 1, 3, 7 and 8. The specifics of
the corresponding investigated flood depths, vegetation compositions, adult hydrodynamic density (mD), young
leaf area index (LAI) and solid volume fractions are listed in Table 3.

4. Results

The flow description and main hydrodynamic results are presented in this section, with corresponding plots
provided in Supporting Information S1.

4.1. Streamwise Velocity

For the Bare and Bare-High scenarios, the depth-averaged streamwise velocity (uP?), for the different forest ages
at X/L = 1.00 had a monotonic velocity profile (Figure S2 in Supporting Information S1). This finding aligns with
Juez et al. (2019) and Proust et al. (2017), both of whom studied asymmetrical channel configurations. However,
the non-monotonic behavior of intermediate flows observed by Stocchino and Brocchini (2010) and Nezu
etal. (1999) was not observed in our data, most attributable to transversal inclination angle in the transition region,
that in their cases were 90°. Due to the randomized vegetation positioning, local velocity effects are visible,
characterized by flow deceleration in the presence of vegetation and flow acceleration in its absence, as observed
in the Mid and Mid-High cases. The forest reduced the flow velocities in the floodplain and increased them in the
main channel, due to the increased hydraulic roughness in the floodplain. Compared to the Bare conditions, the
forest effect was more pronounced under the deep flow for the main channel regions (Table 4).

The forest induced a stronger shear at the interface zone, as observed in the velocity slope at the transition region.
The increase in lateral velocity across all ages was confirmed by the maximum values of the transversal velocity
gradient (9uP?/dy,,,,) and the dimensionless shear, also known as the velocity ratio A (cf. Table 4). These findings
are consistent with Truong and Uijttewaal (2019) and Truong et al. (2019), and this phenomenon is associated with
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the increased drag in the floodplain region. Furthermore, the shear was inversely proportional to H,, confirming the
findings by Proust et al. (2017). Table 4 summarizes the averaged velocities at the floodplain and main channel, the
dimensionless shear (1), and the maximum transversal velocity gradient (k = duP*/dy,...).

The lateral profile of the depth-averaged streamwise velocity was fitted to a Unified-Richards function (Equa-
tion 2). This function was chosen for three main reasons: (a) it allows for the calculation of an averaged velocity in
both the floodplain and main channel regions, minimizing the local effects produced by non-uniform vegetation
placement, (b) it can describe the profile asymmetry at the mixing layer region and (c) it requires few parameters
to fit. Regarding (a), the averaged profile that the model provides is in accordance with lateral profiles with and
without vegetation (Juez et al., 2019; Truong et al., 2019; Truong & Uijttewaal, 2019). Regarding point (b),
traditional fittings of shear flow lateral velocity profiles using the hyperbolic tangent, as applied in lateral cavities
(Sukhodolov et al., 2017) or sheared flows (Sukhodolov et al., 2010), cannot be directly implemented for
compound channels, as the internal part of the mixing layer is typically smaller than the outer part (Dupuis
et al., 2017a, 2017b; Proust & Nikora, 2020; Truong & Uijttewaal, 2019; van Prooijen et al., 2005). Compound
channel models based on the momentum equation, such as the SKM (Shiono & Knight, 1991) and the improved
Lateral Distribution Method (LDM) (Fernandes et al., 2014), were fitted to our data. For the Bare and Bare-High
scenarios, both the LDM and SKM models had an RMSE/U = 8%. For all vegetated conditions, both models
could not be fit to the experimental data. This lack of fitting was attributed to the lateral distance between the
vertical profiles, the high gradients introduced by the vegetation local effects due to the natural vegetation dis-
tribution, and the presence of a mean transverse flow. Regarding point (c), the Unified-Richards function requires
only the velocity and the total width of the channel, using physical parameters to fit the data. This approach is
advantageous in conditions of data scarcity and with the presence of mean transverse flow, as it allows for the
direct interpretation of crucial flow information, such as the maximum transversal gradient of the streamwise

velocity (9uPA/0Yp00)-

Figure 5 shows the Unified-Richards function applied to the four moments of the forest with intermediate flow. In
addition to enabling the fitting of sparser and heterogeneous data, our model allowed for the direct calculation of
the maximum lateral velocity gradient and the inflection position, parameters that can be used to determine
mixing layer (ML, Figure 4a) properties and to divide the channel between the floodplain and main channel. The
model's asymmetric sigmoid shape facilitated the description of the homogeneous flow profile in the main
channel and transition region while simultaneously capturing bulk information from the heterogeneous flow in the
floodplain. The model effectively described the mean flow behavior across all measured cross-sections. In terms
of mass conservation, we observed differences ranging from —4.1% to +1.8%, when comparing the most up-
stream with the most downstream cross-sections of each scenario. Overall, the model provided a good fit to the
data, with a R* = 0.85-0.99 and RMSE/U = 2.5%—14.4%. Finally, the model provided adequate flow description
for situations with and without vegetation presence.

Based on the Unified-Richards approach, the sub-section averaged streamwise velocities (it,) were calculated,
with each sub-section defined in regions outside the mixing layer. This division isolates the effect of each sub-
section, thereby minimizing the influence of regions with high lateral gradients in the streamwise velocity
(Figure 5). Under Bare conditions, the velocity remained relatively constant across both cross-sections in the
absence of mean transverse flow (Figure S4 in Supporting Information S1), indicating that the flow is fully
readjusted. In contrast, the presence of forest vegetation introduced a longitudinal evolution of the flow in both
regions, primarily due to adjustments triggered by changes in roughness (Dupuis et al., 2017a; Rominger &
Nepf, 2011). In the floodplain, the most pronounced evolution occurred during the Early age, followed by the Mid
and Late ages (Figure S3 in Supporting Information S1), in accordance with the dimensionless shear (Table 4). In
the forest management cases, the Mid-Only-Young scenario exhibited smaller change in both sub-sections when
compared to the Mid-Only-Adult case. This was attributed to the lower flow blockage observed in the Mid-Only-
Young scenario (Table 3). Additionally, an increase in the relative water depth H, led to higher velocities in the
Bare-High and Mid-High scenarios, attributable to the reduced hydraulic roughness in the floodplain (cf. Table 5).
This decreased roughness is associated with an extension layer above the young trees, where only the adult trees
contribute to flow resistance in the Mid-High scenario, and with the reduced bottom roughness observed in both
cases. In the main channel, the evolution of velocity remained quasi-linear across all forest ages. Under non-
vegetated conditions, the value ii,/U was higher in deep flow due to a reduced topographical influence. This
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position in the cross-section. The dotted lines (a—c) represent the limits of the vegetation patch of length L = 7 m.

= —0.25), (c) the main channel (Y/W_,

. = 1.25). Finally, (d) represents the measuring

reduced influence, combined with faster flow, yielded conditions that are closer to uniformity compared to those
observed in intermediate flows. Further details on uniformity are discussed in §5.4.

4.2. Mean Transverse Flow

A mean transverse flow appeared as the flow readjusted to the introduction of vegetation in the floodplains, as a

consequence, in both Bare conditions, no mean transverse flow was observed. The introduction of the forest

created a current from the floodplain into the main channel, which is associated with the increased downstream

hydraulic roughness in the floodplain and the consequent flow adjustment. At the center of the mixing layer Y, a

consistent maximum in the time- and depth-averaged transverse velocity M?A was measured at X/L = 0.25 (Figure

Table 5

Main Characteristics of the Mixing Layer: Total (6), Inner (5,

in

) and Outer (5,,,,) Widths, Position of the Center Normalized by

the Width of the Main Channel (Y /W,,.), Penetration Into the Floodplain (5,,/5), Determined for the Cross-Section

X/L =1.00

Case H,[-] Age uPAm/s]  S[m] S, [m] &, [m] &8,/6[%] Y/W, [-] 35p/5 [%]
1 0.46 Bare 0.28 0.88 0.50 0.38 432 3.41 0.0

2 0.46 Early 0.28 1.15 0.59 0.56 48.5 3.32 24.0

3 0.46 Mid 0.28 1.02 0.60 0.42 40.9 3.32 9.4

4 0.46 Late 0.27 1.01 0.67 0.34 33.8 3.27 7.2

5 0.46 Mid-Only-Young 0.27 0.99 0.67 0.33 329 3.30 3.0

6 0.46 Mid-Only-Adult 0.28 0.98 0.58 0.40 40.4 3.32 73

7 0.52 Bare-High 0.34 0.68 0.41 0.27 39.5 3.36 0.0

8 0.52 Mid-High 0.33 0.90 0.60 0.30 33.7 3.26 4.1
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S4 in Supporting Information S1). This peak was associated with overall vegetation density and LAI, as young

trees produce higher lateral flow blockage. In the sparsest case, Mid-Only-Young, the peak was absent, while it

was reduced in the Early age case, which had the highest proportion of young trees. At the last cross-section
DA

uy =0, which is associated with the flow readjustment within the vegetation. The Mid and Late ages had

similar magnitudes, being the highest M?A, after X/L > 0, the Early age decelerated at a lower rate maintaining
higher values than the other ages. The conservation of a faster mean transverse flow in the Early age can be
associated with the hydraulic roughness, which was higher for this age, especially in the transverse direction as the
blockage of young trees was higher than adult ones. As a result, the flow readjusted in a shorter length in the Mid
age, as there was a higher number of adult trees. In the Mid-Only-Young scenario, the transverse flow remained
low compared to the other scenarios, however, M?A did not become zero at the end of the forest, as the devel-
opment region is longer for sparse vegetation with wide patch (Rominger & Nepf, 2011). The increase in relative
water depth H, led to an increase in u;?A for the vegetated scenario, while in the Bare case it remained zero. In the

Mid-High case, the increased uIyDA when compared to the Mid scenario, was attributed to the reduced topo-

graphical influence and the growth of the flow layer above the young trees.

4.3. Water Depth

Longitudinal profiles of water depth change at three transverse coordinates are plotted in Figure 6. The water
depth change is expressed as AH = H,, — H,,,,. where H, is the water depth at each age and H,,,,. is the water depth
for the Bare case, which is used as reference case. Since the flow is subcritical throughout the entire domain, the
water level is overall controlled by the downstream weirs, being influenced by the roughness of the floodplain. In
all forest ages, the depth increased in the region upstream of the forested floodplain in all three transverse Y/W,,,.
coordinates. Inside the forest, the water depth changes decreased longitudinally, until negative values were
achieved. Past the forest, the water depth gradually recovered to the observed in the Bare scenarios. This behavior
is connected to the downstream roughness, that impacts the water depth changes. Similar findings were observed
in Dupuis et al. (2017a); see Figure 3, where, in the flow transition from a low (meadow) to a high (wood)
roughness, it also inverted the water depth trend. It is arguable that the depth changes reflect the vegetation effect
on the dimensionless shear 4, as even in subcritical conditions, it increases the oscillations in water depth (Proust
et al., 2022). Although we concur with the depth changes shown by Proust et al. (2022), our results indicate that
the effect of duf‘A/ 0Y,max S€EMS to be predominant over the 4, when comparing Mid and Mid-High cases, in which
the maximum A occurs in the former and the maximum 0uP*/9y,,,,. in the latter.

The increase in flow rate led to an approximate 2% increase in the maximum flood depth between the intermediate
and deep flows, across all transversal regions, followed by a smaller reduction in the flow depth at the end of the
forest (X/L = 1.00, Figure 6). Moreover, in the deep flow, the downstream vegetation effect was weaker than in
the intermediate flow. However, in the intermediate flow, all the ages exhibited a similar magnitude and length
required to recover into the H,,,.. Notably, the depth at the position Y/W,,. = 1.25 experienced the smallest change
due to the flow acceleration occurring in the main channel region.

4.4. Section-Averaged Turbulent Flow Characterization

DA DA \2
u.x,mc - ux,fp ’

In both Bare conditions, the depth-averaged Reynolds stress in the horizontal plane, —p(M)DA/ (
at X/L = 1.00 were close to zero (Figure S5 in Supporting Information S1). In the Bare and Bare-High scenarios, a
small peak was observed near the center of the mixing layer, with magnitudes lower than those reported for
compound channels with a vertical transition (Dupuis et al., 2017a, 2017b). The same peak was not observed in
vegetated floodplain conditions. The increase in the relative water depth H, slightly increased the stress peak in the
Bare-High case in contradiction with Stocchino and Brocchini (2010). The forest introduced local effects inside the
floodplain, associated with the heterogeneous vegetation positioning. The Reynolds stress peak in the transition
region commonly found in the literature (Dupuis et al., 2017a, 2017b; Truong et al., 2019; Truong & Uijtte-
waal, 2019) was absent. This absence was attributed to the presence of a mean transverse flow toward the main
channel (Proust et al., 2013, 2017, 2022) and the sloped transition (Xiao et al., 2018), which both reduce the

Reynolds stress magnitudes in compound channels.
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The turbulence intensities, defined as TI, = (W)O'S/U and TI, = (W)O'S/U, were higher in the main channel
at X/L = 1.00. Overall, no significant changes were found between the intermediate flow depth scenarios in the
main channel, ranging from TI,,. = 20.8% to 22.7%, and TI, ,,. = 11.0% to 11.8%. Vegetation reduced the
turbulence intensities in the x-direction (TL,) in the floodplain and increased in the main channel, when compared
to Bare conditions. For the y-direction, the main channel values were quasi-constant while in the floodplain it
increased for the Early and Late scenarios, while it decreased in the Mid age. In the floodplain, the turbulence
intensities ranged from TL, g, = 12.1% to 16.6%, and Tl, 3, = 6.5% to 8.6%. The increase in the relative flow
depth (H,) showed negative feedback in the turbulence intensity in all directions, which is associated with a
reduction in the dimensionless shear A (Dupuis et al., 2017a, 2017b; Proust et al., 2022). Similar trends were

observed in the normalized turbulent kinetic energy, defined as TKE/U = (0.5- tr(u,-uj))o'5 . The pattern of
reduction in the floodplain appears to follow the magnitude of the mean transverse flow, which transports mo-
mentum toward the main channel (Proust et al., 2017). In summary, our observations indicate that turbulence
levels and turbulent kinetic energy in the flow are modulated by three primary factors: (a) mean transverse flow
(inversely proportional, and the dominant effect), (b) vegetation characteristics (directly proportional), and (c)
relative water depth H, (inversely proportional).

4.5. Mixing Layer Width

The width of the mixing layer defined in § 3.1 can be analytically calculated with the lateral profile of the depth-
averaged streamwise velocity. The mixing layer width was divided into two components: the inner, d;, (Equa-
tion 6). and outer, J,,, (Equation 7). The total mixing layer width is given by 6 = &;, + Joy-

Au-In (M)

ugy ™ 208uw) -1
6pn =Y. — vk (6)
, (d=1) exp[(y-k-¥,)/Au]
Au-In ((19.4mc —20u, )™ (20404 — 1)
Sout = Y ™

y-k e

Figure 7 shows the longitudinal evolution of the total mixing layer width ¢. The introduction of the forest widened
the total mixing layer width (6) due to the increased dimensionless shear A (Figure S6 in Supporting Informa-
tion S1), in agreement with Brown and Roshko (1974). For X/L < 0.25, a high growth rate was observed, while for
X/L > 0.25, the mixing layer width growth rate decreased achieving a quasi-constant width for the rest of the
channel in contrast to the Bare conditions that continued to grow. The relative flow depth (H,) was inversely
proportional to the total mixing layer width (§), due to the reduction in the dimensionless shear 1. This observation
is consistent with Dupuis et al. (2023) and Proust et al. (2017, 2022).

Table 5 presents the total, inner and outer mixing layer widths, its center position and velocity, and the penetration
into the floodplain at X/L = 1.00. In all scenarios, the outer part of the mixing layer was wider than the inner part in
all cases (Table 5), in agreement with Dupuis et al. (2017a, 2017b) and Proust and Nikora (2020). The proportion
of the inner mixing layer over the total (J;,/6) was proportional to the dimensionless shear 4, as the Early age had

the highest proportion between the successional ages and the Mid-Only-Adult in the management scenarios,

DA
¢

following the dimensionless shear (1) trend. The velocity in the mixing layer center u.”* was not significantly
affected by vegetation. The mixing layer center Y, was displaced toward the floodplain, with shifts ranging from
—15 to 6 cm between cross-sections at X/L = 0.00 and 1.00. Past an initial displacement toward the floodplain, due
to the asymmetrical growth and increase of the dimensionless shear 4, the center slightly shifted toward the main
channel in the same direction as the mean transverse flow, in agreement with Dupuis et al. (2017a), and in contrast
with Peltier et al. (2013), Proust et al. (2013) and Proust and Nikora (2020), in which the center exclusively moved
in the direction of the transverse flow under non-vegetated conditions. Overall, the forest led to an increase in the
total mixing layer width § and a displacement of the mixing layer center toward the floodplain when compared to
Bare conditions. Combined, these conditions led to a penetration of the mixing layer in the floodplain (4,/5), not
observed in the Bare case (Table 5). The increase in the relative water depth reduced the mixing layer penetration

in the floodplain, as the total mixing layer width was narrower than in intermediate flow conditions.
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Figure 7. Longitudinal evolution of the normalized total mixing layer width (6/ Wy,).

4.6. Transverse Exchange of Mass

The flow discharge (Q) was calculated in each subsection individually, using a geometrical division at
Y/Wy,. = 0.00. In each cross-section, the flow discharge was calculated as Q; = u ;- Ay;, where i ,; [m/s] is the
geometrical subsection averaged measured velocity and Ay ; [m?] is the flow area in each subsection, the subscript
i refers to the floodplain and main channel. The total flow discharge was calculated as the sum of both subsections,
O = O + O, The calculated total flow discharge did not correspond to the channel inlet discharge, as the
velocity measuring points did not cover the entire channel cross-section and flow depth (Figure 4). The differ-
ences imposed by vegetation in the transverse exchange of mass were investigated by calculating the relative
difference in the flow discharge of the vegetated cases compared to Bare conditions, AQy, = O, — O pare-

The longitudinal evolution of the floodplain flow discharge change (AQy,/QOp,,) compared to the Bare case was
negative in all cross-sections, as the flow diverted toward the main channel (Figure 8). The flow diversion
promoted an advective mass flux toward the main channel region, as consequence of the flow readjustment to a
longitudinal roughness change (Dupuis et al., 2017a; Rominger & Nepf, 2011). The flow imbalance was not
linear, as the discharge followed the same tendency as the mean transverse flow u2*, which implies a peak in the

discharge at X/L = 0.25. Past this peak, the flow imbalance had a spatial offset, as the effect of the mean transverse

D
y

porting Information S1), in agreement with Dupuis et al. (2017a), Naghavi et al. (2022) and Peltier, Proust,
etal. (2013). Compared to the intermediate flow conditions, the forest effect was more pronounced under the deep
flow conditions.

flow uPA on the flow discharge was noticeable one cross-section downstream (Figure 8 and Figure S4 in Sup-

4.7. Transverse Exchange of Streamwise Momentum

The transversal exchange of the total depth-averaged streamwise momentum flux, across the XY-plane (z,,), is
defined as follows (Proust et al., 2013).
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According to Equation 8, the transversal flux z,, is split into three main components of: (a) transverse Reynolds

DA)]DA)~

——— DA
stresses (—p(u; u; ); (b) mean transverse flows (—pu)]?A u?A) and (c) secondary currents (—p[ux (uy — Uy

Figure 9 shows the longitudinal evolution of the fluxes of total momentum and its components, between the main
channel and the floodplain at the mixing layer center Y,.. In the Bare and Bare-High scenarios, the total momentum
flux (z,,) was low due to the absence of mean transverse flow, as a consequence the Reynolds stresses and
secondary currents became the main contributors. For compound channels with an inclined cross-section, the
secondary flow magnitude is reduced compared to 90° (Barman & Kumar, 2023; Xiao et al., 2018), this combined
with the Reynolds shear stress reduction of high relative water depth H, (Proust et al., 2017; Stocchino &
Brocchini, 2010) contributed to the low values of momentum flux. The forest introduction increased the total
momentum flux by one order of magnitude when compared to Bare conditions. This increase was a consequence
of the mean transverse flow M}PA, which became the main contributor, representing more than 95% of the total
momentum, in agreement with Proust et al. (2013, 2017) and Proust and Nikora (2020). Once the flow readjusted,
the contribution of the turbulence and secondary currents increased. In the last cross-section, the change in the
mean transverse flow direction in the Early, Mid and Late scenarios, led to a momentum flux from the main
channel toward the floodplain. The relative water depth H, intensity led to higher values of momentum, due to a
D

faster flow in both directions (u}?A, u; A), which directly affected the mean transverse flows (—/)uEA u;.)A), the main

contributor for momentum exchange.

4.8. Solute Tracer Dispersion

Figure 10 shows the time-averaged tracer concentration for the experiments with the Mid age forest under in-
termediate flow conditions. Similar observations regarding tracer cloud width and dispersion were made under
both intermediate and deep flow conditions. The tracer cloud width (W) was determined from the time-
averaged tracer concentration using a color threshold to delineate the extent of the tracer cloud (Table 6). For
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injection points located in the floodplain at Y/W, . = —2.50, the forest expanded the tracer cloud width. This
expansion results from the combined effects of vegetation-induced diffusion and turbulence (Farzadkhoo
et al., 2019; Nepf, 1999), and was more pronounced within the forest patch. In the transition region, the tracer
cloud was advected laterally by the mean transverse flow. Flow acceleration in both the transition zone and the
main channel led to narrower tracer clouds, consistent with Shiono et al. (2003), Hamidifar et al. (2015), and
Farzadkhoo et al. (2019). Longitudinally, the tracer cloud widened in the floodplain and near the geometrical
interface (Y/W,,. = 0.00), while showing no significant growth at the mixing layer center (Y,) or in the main
channel (Y/W,,. = 1.48). This pattern reflects vegetation-induced dissipation that enhances mixing within the
forested region but is absent in the transition and main channel zones, resulting in a wider tracer cloud in the
floodplain and a narrower one in the main channel. The flood intensity increase did not affect tracer cloud width in
the main channel, as the fast flow limited lateral dispersion in both cases. In contrast, the effects of flood intensity
were evident in the floodplain, where higher discharge accelerated the flow and reduced the time available for
dispersion. In the Mid-High scenario, the faster floodplain flow produced a slightly narrower tracer cloud
compared to the Mid scenario, consistent with Hamidifar et al. (2015), and Farzadkhoo et al. (2019).

5. Discussion and Practical Implications
5.1. Forest Age, Management and Hydrodynamics

We conducted experiments in a laboratory scale compound channel to investigate the effects of (a) vegetation
aging, (b) forest management, and (c) the flow-depth ratio between the water depth in the floodplain (FP) and the
main channel (MC), in the hydrodynamics of compound channels under flooding conditions. Overall, the Mid age
forest had the highest deviation from the Bare conditions in terms of velocity, depth, and hydraulic parameters.
This is attributed to the Mid age forest having the highest hydrodynamic density (mD, related to adult trees) value
(Table 3), which proved to be dominant over the leaf area index (LAI, related to young trees) and solid volume
fraction (¢, total density) metrics. Additionally, the Mid age forest had more elements (young and adult trees) than
the other forest ages.
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Figure 10. Time-averaged tracer concentration for the experiments representing the Mid age floodplain forest and for the relative flow depth, H, = 0.46 at X/L = 0.00 and
0.75. The red line indicates the velocity measuring cross-sectional position which is located one m from the injection point, and the blue line indicates the geometrical
interface at Y/W,_ . = 0.

The velocity patterns inside the floodplain were affected by the placement of vegetation, producing local effects
due to its presence or absence. These local effects impose challenges to the channel division proposed by Truong
and Uijttewaal (2019) and the fit of analytical solutions (Fernandes et al., 2014; Shiono & Knight, 1991).
Therefore, a simplified model based on the Unified-Richards function is proposed to describe the mean flow
inside the vegetated zone and allow the division of the channel, while accounting for the shear asymmetry at the
interface between floodplain and main channel (Figure 5). Overall, forest aging decreased the dimensionless shear
A; however, its value remained higher than that observed under Bare conditions. Similarly, the dimensionless
shear decreased in forest management scenarios, due to lower vegetation density, and in flood intensity scenarios,
which are associated with an increase in the relative water depth H,.

The floodplain forest generated a mean transverse flow as the flow adjusted to the change in roughness. Forest
aging affected both the peak magnitude of this transverse flow and the rate at which it decelerated as the flow

Table 6
Summary of the Tracer Cloud Dispersion at X/L = 0.00 and 0.75
Case H, [-] Age YW, [=] Wiacer at X/L = 0.00 [—] Wiacer at X/L = 0.75 [—]
3 0.46 Mid —2.50 0.17 0.25
3 0.46 Mid 0.00 0.12 0.19
3 0.46 Mid Y, 0.12 0.10
3 0.46 Mid 1.48 0.07 0.07
8 0.52 Mid-High —2.50 0.14 0.22
8 0.52 Mid-High 0.00 0.13 0.15
8 0.52 Mid-High Y, 0.12 0.11
8 0.52 Mid-High 1.48 0.07 0.08
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readjusted. In the Mid and Late forest ages, higher peaks were observed, which can be associated with a higher
hydrodynamic density (mD) values. Additionally, forest aging shortened the flow readjustment length, in line
with an increase in total forest density, expressed by the solid volume fraction (¢), consistent with Rominger and
Nepf (2011). This effect dominated over the change in adult tree density, expressed by the hydrodynamic density
(mD), which initially increased and later decreased, as well as the decrease in young tree density indicated by the
leaf area index (LAI). Forest management results indicated that adult trees contributed most significantly to the
mean transverse flow due to their higher proportion and blockage (¢). Furthermore, higher flood intensity
increased the mean transverse flow peak by 22% compared to intermediate flow conditions.

The water depth was affected by the forest in all regions of the flow (floodplain, main channel, and transition),
with an increase in the upstream followed by a gradual decrease to values below Bare conditions. Forest aging led
to changes of approximately 1.3% in flow depth within both measurement positions in the floodplain, with the
maximum at Mid age. This highlights the importance of forest management as the increased water depth upstream
lead to slower velocities and thus sedimentation and the acceleration downstream lead the bed propense to erosion
(Havinga et al., 2009). Forest management practices, such as the removal of young trees, could reduce upstream
flood risk, without significantly affecting downstream risk (Figure 8). However, a similar benefit could likely be
achieved by removing shrubs that also occupy the submerged layer, without affecting the economic value of
young trees associated with timber production. Furthermore, for a higher relative flow depth H, the downstream
effect and the length required for water depth recovery reduced. Lastly, forest aging should be considered when
planning the installation of forest patches for downstream flood protection, determining the length of the reduced
water depths and the increase of upstream depths.

The effects on the mixing layer were varied. Although its center position and center velocity remained largely
unchanged, both its total width and the extent of its penetration into the floodplain were affected. Overall, forest
vegetation widened the mixing layer, causing a portion of it to extend over the floodplain, not observed under
Bare conditions, where the mixing layer was narrower. The mixing layer extent over the floodplain might have
implications on sediment transport, as it affects the turbulent induced sediment transport, associated with macro-
vortices in the mixing layer (Branf et al., 2022). Forest aging narrowed the mixing layer and reduced its pro-
portional coverage over the floodplain, which was attributed to the reduction in the leaf area index (LAI).
Furthermore, although both forest management scenarios yielded similar overall widths, their internal distribu-
tions differed: the inner mixing layer was wider in the Mid-Only-Adult scenario, whereas the outer layer was
broader in the Mid-Only-Young scenario. The increase in flood intensity narrowed the mixing layer width due to a
decrease in the dimensionless shear, which led to smaller floodplain penetration in the Mid-High case compared to
the Mid age.

The forest induced an advective mass flux toward the main channel during flow readjustment, affecting sectional
discharge and, consequently, mass transport. Forest aging reduced the forest's effect on mass exchange from 42%
to 28%, and forest management further diminished this effect. The Mid-Only-Adult and Late scenarios exhibited
similar discharge distributions, suggesting that the removal of young trees may reduce lateral mass exchange.
This Mid-Only-Adult mass exchange reduction could affect floodplain soil conservation and the remobilization of
heavy metals associated with sediments (Ciszewski & Grygar, 2016). Nonetheless, forest aging and soil's hy-
draulic conductivity are directly related due to the higher proportion and connectivity of macropores (Archer
et al., 2016), which may increase aquifer recharge rates. This should be accounted for in river management.
Furthermore, increasing flood intensity did not affect mass exchange, as similar values of floodplain flow
discharge change (AQy,/Qy,,.) were observed in both the Mid and Mid-High scenarios.

Momentum exchange was primarily influenced by the mean transverse flow. Consequently, the introduction of
forest vegetation resulted in an order-of-magnitude increase compared to Bare conditions. Moreover, momentum
exchange was directly proportional to the relative water depth, as this parameter directly affects the mean
transverse flows (—pu?A u;,)A), which serve as the main contributor to momentum exchange.

Tracer dispersion was strongly influenced by vegetation and discharge conditions. Injections within the flood-
plain (Y/W,_,. = —2.50) produced wider tracer clouds due to vegetation-induced diffusion and turbulence (Far-
zadkhoo et al., 2019; Nepf, 1999), while at the floodplain—main channel interface (Y/W,,. = 0.00) the effect was
weaker but still noticeable. In contrast, dispersion at the mixing layer center (Y,.) and in the main channel
(Y/W,,. = 1.48) remained nearly unchanged, reflecting advection-dominated transport in faster flows, consistent
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with observations by Shiono et al. (2003), Hamidifar et al. (2015), and Farzadkhoo et al. (2019). In these regions,
the tracer cloud was advected laterally following the direction of the mean transverse flow. Increasing discharge
from Mid to Mid-High conditions did not affect the main channel but reduced cloud width in the floodplain, as
higher velocities shorten the residence time available for mixing and thus limits dispersion (Farzadkhoo
et al., 2019; Hamidifar et al., 2015). These findings suggest that flood intensity, together with vegetation, reg-
ulates solute diffusion and longitudinal transport in the floodplain.

The results and conclusions presented here are only valid for flows in straight compound channels under steady
flow conditions. These findings were derived from experiments conducted at high relative water depths, which
may differ under shallower conditions. Additionally, only one vegetation patch length was used in the channel, as
opposed to vegetation covering the entire floodplain longitudinally or using different patch lengths.

5.2. Flood Risk Mitigation and Navigability

Flood risk and navigation are intrinsically interconnected (Middelkoop et al., 2004), as rivers must continue to
fulfill their social, ecological and economic functions. Therefore, river interventions should aim to mitigate flood
risk while preserving main channel navigability, biodiversity, and the associated ecosystem services. On flood
risk, the forest increased the upstream water depth up to +8% when compared to Bare conditions. For downstream
the forest, the flood risk decreased up to —2%. Forest aging produced changes in water depth of up to 1.3% both
upstream and downstream in the floodplain. In the main channel, forest aging did not result in significant changes.
In terms of forest management, the Mid-Only-Young scenario was most effective in reducing upstream risk by 4%,
although it increased downstream risk. This implies that vegetation removal might be beneficial when the forest is
located downstream of an urban area, yet such management could increase risk if the forest is upstream. However,
under natural conditions, forests enhance water infiltration, rainfall interception, and transpiration (Bentley &
Coomes, 2020; Wittmann et al., 2022), which in turn influence flood risk but could not be represented in our
experiments.

From a navigational perspective, water depth changes induced by the forest in the main channel were lower than
those in the floodplain, ranging from —0.5% downstream to 2% upstream. The longitudinal water depth effect was
similar across all forest age cases, particularly in the downstream section, where water depth recovery extended
for approximately 1.5 times the forest length, directly impacting bridge clearance. The presence of floodplain
forest, compared to Bare conditions, enhanced flow cross-sectional heterogeneity during flood events. This
increased heterogeneity may reduce the risk of main channel shoal formation, as floodplains, among other
ecosystem services, retain sediments (Juez et al., 2019; Vistild & Jilbert, 2025). Combined, these observations
should inform river managers in the design of floodplain interventions and the placement of floodplain reac-
tivation projects, potentially reducing river stakeholder conflicts.

5.3. Hydraulic Modeling

Numerical models are important tools for assessing flood risk and its management, as well as for investigating
mass and momentum exchanges. In this section, we show the impact of forest aging on hydraulic modeling, where
the division between the main channel and floodplain was geometrically set at ¥/W, . = 0. This division was
adopted to facilitate the application of the section in numerical models, as the mixing layer center is not a fixed
position. Throughout the forest ages, the value of the hydraulic radius (R, = A;;/P,, ;, where P, ; is the wetted
perimeter) was constant, with R, = 0.11 m (intermediate flow) and R;, = 0.13 m (deep flow). The effects on the
hydraulic roughness were investigated with the Strickler coefficient, k,, (Equation 9).

U

a R;ﬁ -4/ sin Sy

kst ©)

where, S, [—] is the longitudinal channel bed slope.

The effect of flow non-uniformity across the section was investigated using the velocity correction coefficients:
the energy (Coriolis) coefficient a (Equation 10) and the momentum (Boussinesq) coefficient § (Equation 11).
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Table 7
Summary of the Depth and Transversal Averaged Hydraulic Modeling Parameters for the Measuring Section at X/L = 1.00
Case H, [-] Age ko M”57 kg M7 s7'] 0 ko m'sT al=] ag -] ag =] L=l B =] Bpl-] 7, [N/m?]
1 0.46 Bare 479 52.1 48.2 2.93 1.24 1.30 1.66 1.10 1.13 0.13
2 0.46 Early 40.7 62.0 27.8 4.62 1.28 1.68 2.02 1.11 1.27 0.15
3 0.46 Mid 43.6 62.3 32.8 427 1.29 1.40 1.94 1.12 1.16 0.16
4 0.46 Late 44.5 62.0 34.7 4.07 1.27 1.42 1.90 1.11 1.17 —0.17
5 0.46 Mid-Only-Young 474 55.6 45.0 3.17 1.24 1.35 1.71 1.10 1.15 0.39
6 0.46 Mid-Only-Adult 44.6 60.8 35.7 3.96 1.28 1.33 1.87 1.11 1.14 0.24
7 0.52 Bare-High 55.2 57.5 56.5 2.18 1.19 1.19 1.44 1.08 1.08 0.27
8 0.52 Mid-High 49.4 69.9 38.2 3.34 1.24 1.23 1.70 1.10 1.10 0.42
Note. The data in this table was scaled into field conditions and measured at ¥ = 0.
3
w -dA
o = it (10)
Ui-Api
2
u:-dA
petis et (11
Ui Api

The apparent shear stress between the main channel and floodplain was calculated with Equation 12, which
provides a partition of the apparent shear stress into the Reynolds shear stress and the transverse flow stress
(Fernandes, 2021; Shiono & Knight, 1991).

7, =—p-m+p-u?Au]y3A (12)
The influence of the floodplain forests on the cross-sectional averaged values of the Strickler coefficients, ve-
locity corrector coefficients, and apparent shear stress are shown in Table 7. Overall, vegetated scenarios
exhibited increased hydraulic roughness and greater flow non-uniformity compared to Bare conditions.
Consistent with Keshavarzi and Hamidifar (2018) and Hamidifar et al. (2016), the energy coefficient was higher
than the momentum coefficient. Forest aging reduced hydraulic roughness by 9%, the energy correction coef-
ficient by 11%, and the momentum correction coefficient by 6%, when comparing the Early and Late stages.
Moreover, forest management reduced hydraulic roughness and both velocity correction coefficients, as a result
of decreased blockage. In the Mid-Only-Adult scenario, hydraulic roughness was similar to that of the Late stage,
despite the latter exhibiting a twofold higher solid volume fraction and a two-layered vegetation configuration.
Additionally, increased flood intensity reduced both roughness and flow non-uniformity, exerting a greater in-
fluence than either forest aging or forest management.

The sub-sectionally averaged values of the Strickler coefficients and velocity corrector coefficients were analyzed
(Table 7). Overall, the floodplain exhibited higher roughness compared to the main channel, while the velocity
correction coefficients were higher in the floodplain. The floodplain forest further increased floodplain rough-
ness, which in turn led to a smoother main channel as more flow was conveyed in this region. Conversely, while
the floodplain exhibited a more non-uniform flow, the flow in the main channel the velocity corrector coefficients
were less affected and kept a similar magnitude as in the Bare scenarios. Forest aging did not significantly alter the
hydraulic conditions in the main channel, but the floodplain became 25% hydraulically smoother, and with a more
uniform flow when comparing the Early and Late ages. Forest management generally mitigated the effects
observed in the Mid age; however, unlike cross-sectional averaged hydraulic roughness values, the Mid-Only-
Adult case did not resemble the Late age. Finally, increased flood intensity reduced both overall roughness
and flow non-uniformity, an observation that is consistent with the main channel smoothing reported by Naghavi
et al. (2022), in a meandering compound channel.
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The apparent shear stress typically required in coupled (1D-1D or 1D-2D) models and for discharge calculations
is shown in Table 7. Discharge estimation cannot be performed directly using the hydraulic radius R;,, the fluid-
fluid interface between regions cannot be captured; thus, an apparent shear stress (z,,) is needed to represent this
interface (Fernandes, 2021; Moreta & Martin-Vide, 2010; Myers, 1978; Shiono & Knight, 1991). The primary
contribution was from the mean transverse flow (—p - uEA u]v)A), when compared to the Reynolds stresses. The
presence of floodplain forest increased the magnitude of the apparent shear stress compared to the Bare scenario.
While forest aging did not significantly change the apparent shear stress magnitude overall, an inverted sign was
observed in the Late age, which was attributed to the inversion of the mean transverse flow velocity (Figure S4 in
Supporting Information S1). Additionally, forest management further increased the apparent shear stress, with the
Mid-Only-Young scenario exhibiting higher values due to the longer persistence of non-zero mean transverse flow
velocities. Flood intensity led to an 111% increase in the apparent shear stress in the Bare-High scenario and a
159% increase in the Mid-High scenario.

Our data were also compared to literature models, such as the apparent shear stress model (Moreta & Martin-
Vide, 2010), and the discharge model based on apparent shear stress (Fernandes, 2021). We found that the
apparent shear stress model was unable to accurately predict the apparent shear stress, a shortcoming attributed to
the flow heterogeneity over the floodplain and the presence of a mean transverse flow. Under Bare conditions, the
model exhibited a relative difference of —186% for intermediate flows, which decreased to 6% for deep flows
where the channel was hydraulically smoother (Table 5). For the discharge model based on apparent shear stress,
the discharge was calculated as:

Ty Hf
Q _Afmc Rhmc . stmc Sl/z\/ </) g A p) (13)
m(,

- H,
_ 2/3 12 Ta fp
Op =Arsp Ruiy” - kasp S T+ (/"g‘Afp'So) (14

where, Ny, [—] is the number of floodplains.

The performance of the discharge model was directly linked to the presence of a mean transverse flow. Under
Bare conditions at the most downstream cross-section, the model was accurate with an error between 5% and 6%.
However, in cross-sections with significant mean transverse flow, the model failed to accurately estimate
discharge—underestimating it in the main channel while overestimating it in the floodplain. This discrepancy is
attributable to the directional influence of the mean transverse flow and is likely to be reversed when the mean
transverse flow is directed toward the floodplain.

In this paper, we presented forest-scale bulk values for parameters relevant to hydraulic modeling and examined
how these parameters vary in response to floodplain forest succession, with vegetation effects being implicitly
accounted for. The observed effects of floodplain forest succession on hydraulic roughness, velocity correction
coefficients, and apparent shear stress could be usefully applied for 1D, 2D, and coupled 1D-1D or 1D-2D
hydraulic modeling. However, it is recommended to employ models that explicitly incorporate vegetation ef-
fects, where vegetation roughness is decomposed and varies in response to the flow (Box et al., 2022; Folke
et al., 2019).

5.4. Flow Zones and Lateral Connectivity

The forest induced a mean transverse flow that strongly influenced the hydrodynamics of the compound channel,
as demonstrated in previous sections. Within the floodplain, this transverse flow was not uniform but instead
divided into two distinct zones: one near the transition area exhibiting faster transverse flow, and another farther
from the main channel where lateral flow was negligible. These contrasting regions created an energy deficit that
affects mass and momentum exchanges as well as the development of the mixing layer. The low-energy area,
referred to as the steady zone (orange area, Figure 11), is likely prone to higher sedimentation levels due to
vegetation drag (Juez et al., 2019), potentially acting as a depositional zone. In contrast, the high-energy region
with faster transverse flow, the divergence zone (blue area, Figure 11), tends to experience lower sedimentation
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Figure 11. Sketch of the flow development in the transition of a non-vegetated to a vegetated floodplain in compound channel flow: identification of flow regions and the
influence of the forest induced mean transverse flow on the flow development, mixing layer characteristics and position, and the lateral exchanges of mass and

momentum.

rates since most of the water is diverted into the main channel. This flow divergence enhances mass and mo-
mentum exchange rates from the floodplain toward the main channel (Figures 8 and 9) and disrupts the quasi-

uni

form development of the mixing layer width typically observed under uniform conditions. The interplay

between these zones may increase topographic complexity (White et al., 2023) and soil composition heteroge-
neities; as for instance, in the Upper Rhine River, floods serve as the primary source of phosphorus and nitrogen
(Olde Venterink et al., 2006; Trémolieres et al., 1998).

6.

Conclusions

In this study, we conducted experiments on an asymmetric compound channel with varying floodplain forest ages

and flow-depth ratios between the main channel (MC) and floodplain (FP). The forest characteristics, in this
study, were based on a natural forest in the Upper Rhine, at a scale of 1:30. The main findings are listed below:

The effect of floodplain forest:

Its spatial heterogeneity creates local velocity effects within the floodplain that challenge the usage of
traditional analytical models. A regression model was developed to describe the depth-averaged cross-
sectional profile of the streamwise velocity. The model allows for the analytical calculation of the internal and
external mixing layer widths independently, the maximum lateral gradient of the streamwise velocity and its
position. Our proposed model had a good performance, under uniform and non-uniform conditions, with a fit
of R? = 0.85-0.99 and RMSE/U = 2.5%—14.4%.

Vegetation enhanced tracer dispersion in the floodplain and at the channel-floodplain interface, while
dispersion in the main channel remained limited under advection-dominated conditions.
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The effect of forest aging is threefold:

o Forest aging decreases, due to a reduction in the reduction in the leaf area index (LAI), the velocity difference
between the floodplain and main channel, as the main channel observed similar velocities, while the floodplain
flow accelerated. This leads to a decrease in the dimensionless shear and a narrowing of the mixing layer.

o For hydraulic modeling, forest aging does not affect the main channel's hydrodynamic roughness or velocity
correction coefficients. However, it smooths both the floodplain and cross-sectional regions, leading to more
uniform flow conditions.

o Forest aging also reduces lateral mass exchange between the main channel and floodplain and alters lateral
momentum exchange, which was primarily governed by the mean transverse flow.

On the forest management effect:

o Selective tree removal can reduce the upstream backwater effect, without significantly changing the down-
stream water depth reduction.

¢ The young trees removal, in the Mid-Only-Adult scenario, showed similar discharge and hydraulic roughness
conditions as the Late age. Showing an artificial aging effect on hydrodynamics.

Flood intensity effects on vegetated compound channels:

¢ Flood intensity governs the magnitude of lateral flow readjustment, exerting a positive feedback on the peak
mean transverse velocity, peak backwater effect, and lateral discharge distribution, while exerting a negative
feedback on the dimensionless shear and mixing layer width.

o From a hydraulic modeling perspective, increasing flood intensity amplifies apparent shear stress, reduces
velocity correction coefficients, and results in hydraulically smoother conditions.

« For intermediate and deep flow conditions, flood intensity increase did not affect tracer cloud width in the
main channel but reduced dispersion in the floodplain, resulting in a narrower cloud.

The findings presented here can assist managers and engineers in anticipating challenges due to forest aging and
maintaining designed functions, by providing the effects to hydraulic models, forest patch effects on water depth
aiding the positioning of floodplain reactivation projects and the development of a model to describe the flow
profile under uniform and non-uniform conditions. Further research should consider flow unsteadiness, which is
correlated with changes in dimensionless shear, lateral exchanges, stresses, velocity distributions, and hyporheic
flow (Kaddi et al., 2024; Liu et al., 2024a, 2024b; Xiao et al., 2022). Variations in forest length may also impact
the flow readjustment length (Rominger & Nepf, 2011), while vegetation randomization influences background
turbulence and turbulent kinetic energy (Ricardo et al., 2014, 2016, 2018) and must be further explored. Lastly,
the influence of a mobile bed should be investigated, as its omission may lead to an overestimation of vegetation
effects (Branf3 & Aberle, 2022).

Notations
it Sub-section time- and spatially averaged streamwise velocity
A Surveyed forest area
Ap Ground area of the silicon element representing the young trees
Affor Afme Flow area in the floodplain, and main channel
Ap One-sided leaf area
B Tree basal area in the surveyed forest
Parameter that controls the asymmetry in the Unified-Richards equation
D, Cylinder diameter representing an adult tree
D, Trunk diameter at breast height
Fr Froude number
g Gravitational acceleration
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Hy,, Hpye Flow depth in the floodplain, and main channel
H, Relative flow depth
H, Tree height
H, Geometrical transition height
k Maximum value of the transversal depth-averaged velocity gradient
ky Strickler hydraulic roughness coefficient
L Forest patch length
LAI Leaf area index
mD Hydrodynamic density
n, ng, Ny Number of trees per square meter of total, adult, and young trees
Ny, Number of floodplains used in the discharge method based on the apparent shear stress
N;, N, N, Number of total, adult and young trees
P; The proportion of trees in the field
P,; Wetted perimeter
0, Omes Opp Total, main channel and floodplain flow discharges
R, Hydraulic radius
Re Reynolds number
So Longitudinal channel bed slope
TKE Turbulent kinetic energy
U Bulk flow velocity
ug‘?p Mean depth averaged streamwise velocity in the floodplain
E’QC Maximum depth averaged streamwise velocity in the main channel
Usg;, Ugsg, Inner and outer mixing layer depth-averaged boundary velocities
ubA Depth-averaged velocity at the center of the mixing layer
if; Geometrical subsection averaged velocity
U, Scaled velocity used to calculate the silicon elements reactive force
Uy, Uy, U, Streamwise, transversal and vertical instantaneous velocity
Uy, Uy, U, Streamwise, transversal and vertical time-averaged velocity
Uy, Uy, U Streamwise, transverse and vertical velocity time fluctuation

Wips Wnes W
Wiracer

X, Y, Z

Y,

c

Time- and depth-averaged streamwise, transverse and vertical velocities
Single element volume

Floodplain, main channel and transition widths

Tracer cloud width

Longitudinal, transverse and vertical coordinates

Inflection point in the transversal depth-averaged streamwise velocity profile (mixing layer
center)
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a Energy (Coriolis) velocity corrector
Qrots Prot> Vrot Vertical-axed, spanwise-axed and streamwise-axed adv rotation angles
p Momentum (Boussinesq) velocity corrector

0, 6ins Oout Total, inner and outer mixing layer widths

AH Water depth change (difference between vegetated and bare conditions)
Au Depth-averaged velocity difference between main channel and floodplain
A Dimensionless shear

v Kinematic viscosity

p Water density

T, Apparent shear stress

Ty Total depth-averaged streamwise momentum flux in the xy-plane

¢ Solid volume fraction
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