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Abstract

Vegetation notably influences transport and mixing processes and can thus be used
for controlling the fate of substances in the hydro-environment. Whilst most work
covers fully vegetated conditions, the novelty of this paper is to focus on flows with
real-scale flexible willow patches. We aimed to investigate how longitudinal disper-
sion varies according to the spatial distribution, density and coverage of the patches
and to evaluate the explanatory power of predictors that consider the hydraulics,
vegetation and channel geometry. Salt tracer experiments were performed in a trape-
zoidal channel where we established 3-4 m long and 1-1.6 m wide patches of artifi-
cial foliated willows that reproduced the shapes and plant densities observed on
woody-vegetated floodplains. We examined sparsely distributed patches with low
areal/volumetric coverage of 6-11%, and non-vegetated conditions for reference.
Flow depths and surface widths were 0.7-0.9 and 6-7 m, respectively, and the mean
flow velocities ranged at 0.3-0.6 m/s. The emergent patches generated from a negli-
gible to over a four-fold increase in the longitudinal dispersion when compared with
non-vegetated conditions. The patches with a preferential location in low-velocity
areas, such as near banks, or with a high plant density and a blockage of the cross-
sectional flow area 0.4, led to the largest dispersion and residence times. Patches
under such configurations enhanced the normalized differential velocity defined as
the difference between the highest (90th percentile) and lowest (10th percentile)
cross-sectional flow velocities divided by the mean velocity, thus increasing shear
dispersion. As existing analytical predictors failed to estimate the effect of different
patch configurations, we proposed the change in the normalized differential velocity
between vegetated and corresponding non-vegetated conditions as a basic predictor
of the reach-scale longitudinal dispersion coefficient under patchy vegetation. In con-
trast, we observed no clear relationship between flow resistance and dispersion.
Thus, our findings indicated that bankside vegetation may allow for reduced peak
concentrations and lengthened residence times, supporting pollutant management,
while ensuring good flow conveyance. Such rare field-scale analyses improve the

estimation of solute transport in real vegetated flows.
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1 | INTRODUCTION

Vegetation significantly controls the mixing, transport and retention
of soluble and particulate substances in the hydro-environment,
influencing the fate of nutrients, suspended sediment and contami-
nants (e.g. Rowinski et al., 2018). Vegetated areas slow the flow and
create regions with low or no flow, termed dead zones, which increase
the transient storage and residence times in rivers, floodplains and
wetlands (Murphy et al., 2007). By increasing the spread of sub-
stances, that is longitudinal dispersion, floodplain plants can reduce
riverine peak concentrations during high flows or pollutant accidents
(Hamidifar et al., 2015; Perucca et al., 2009). Once the substances
have entered vegetated areas, they can be trapped within the sedi-
ment, taken up into the plant biomass or broken down, improving
water quality (e.g. Vastild et al., 2021). Vegetation is thus a central part
of nature-based solutions used in multifunctional river management
(e.g. Jakubinsky et al., 2021), but optimizing their performance
requires an improved understanding of the underlying transport and
mixing processes (Rowinski et al., 2021).

Vegetative effects on mixing have typically been quantified and
modelled based on small-scale laboratory experiments with plants
covering the entire channel bed (e.g. De Serio et al., 2018;
Ghisalberti & Nepf, 2005; Sonnenwald et al., 2017). In reality, plants
often do not grow as continuous stands but as distinct patches with
marked edge effects (Figure 1; Larsen, 2019; Marion et al., 2014).
Herein, we define the spatial plant arrangement with the patch matrix
model describing the patchy vegetated reach as a mosaic of discretely
(Hitchman
et al., 2018; Lausch et al., 2015). Careful patch definition is particularly

delineated environmentally homogenous subunits
important in measuring and modelling, as different delineations are
associated with different functions of the patches (Schoelynck

et al., 2018). Vegetation patches can have areal coverages of 0-1

10100 200 Meters

FIGURE 1 Typical patch geometries of vegetation bars in
Naesung stream of Korea: Sang-wol area located at 10 km upstream
of the confluence with Nakdong River. Non-flood water level shown
in light blue colour, vegetation patches formed of a mixture of willows
and herbaceous plants in light yellow colour, dense and sparse
herbaceous vegetation in green colour with dots and without dots,
respectively, and sands in light grey colour

(Biggs et al., 2021; Verschoren et al., 2017; Yamasaki et al., 2019). A
coverage of O represents an area devoid of vegetation, for example
after hydraulic engineering works, vegetation maintenance or geo-
morphological events uprooting plants or burying vegetation
(Wilcox & Shafroth, 2013). A coverage of 1 represents fully vegetated
conditions. Herein, we consider vegetation coverages <0.2 as low and
>0.5 as high.

The configuration and temporal dynamics of patches provide a
useful template for a spatially explicit framework for river manage-
ment (Erés & Lowe, 2019). In particular, plant patches could be
favourable in human-impacted rivers requiring environmental
improvements but disallowing natural recovery or full restoration
because of flood management, irrigation and drainage, hydropower,
recreational activities or disease control (Gonzidlez del Tanago
et al., 2021; Thiemer et al., 2021). To support these human purposes,
vegetation is currently widely removed from river and floodplain areas
as part of routine maintenance, with the ecologically harmful com-
plete removal through cutting still common (Rasmussen et al., 2021).
As an alternative, maintaining patchy vegetation presents an interme-
diate solution between naturally vegetated and fully cut conditions
and potentially allows optimizing between flow conveyance and water
quality targets by influencing the flow resistance, dispersion, resi-
dence times and retention of soluble and particulate matter as
analysed by Bal et al. (2011) and Verschoren et al. (2017) regarding
aquatic plants. In addition, vegetation patches have been proposed as
a mitigation measure against hydropeaking as they provide shelter for
fish species during the rapid discharge changes generated by the
operation of hydropower plants (Baladrén et al., 2021). Even relatively
small patches can improve the ecological functioning of rivers and
trigger further positive feedbacks, as found for aquatic vegetation
(Licci et al., 2019).

Currently, there is a lack of validated predictors for estimating the
influence of patchy vegetation on dispersion and residence times, and
we are not aware of previous studies at real-scale focusing on the
woody shrubs commonly found along rivers and floodplains. Of the
few experiments with patchy vegetation, aquatic plants at high aereal
coverages (>0.5) decreased dispersion (Verschoren et al., 2017)
whereas patches of rigid cylinders at lower coverages increased dis-
(Park &
Hwang, 2019). In addition, there are notable differences in the scaling

persion compared with non-vegetated conditions
of dispersion between patchy and fully vegetated conditions (Park &
Hwang, 2019).

The most common approaches to modelling the transport and the
associated temporal concentration distributions of solutes are the
one-dimensional (1D) Advection-Diffusion Equation (ADE) based on

the longitudinal dispersion coefficient D, and the Aggregated Dead
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Zone Model (ADZ, e.g. Rutherford, 1994). The ADZ can describe the
long recession tail of the temporal concentration distribution gener-
ated by transient storage, and yields the dispersive fraction Dy, charac-
terizing the ratio of volume contributing to dispersion to total reach
volume. In non-vegetated flows, D, is commonly predicted based on
channel width, depth, mean velocity and boundary shear velocity
(e.g. Fischer, 1975; Wang & Huai, 2016). In fully vegetated flows, D, is
controlled by plant properties such as the density and drag coefficient,
instead of the channel geometry (Lightbody & Nepf, 2006;
Sonnenwald et al., 2019a).

Compared with non-vegetated and fully vegetated flows, the
transport of solutes is more difficult to model under conditions where
vegetation does not cover the entire flow area. Longitudinal disper-
sion is the bulk outcome of the shear dispersion generated by the spa-
tial non-uniformity of the velocity distribution, turbulent diffusion
facilitated by local turbulent velocity fluctuations, and transient stor-
age (e.g. Boxall & Guymer, 2007), which are all influenced at several
scales by plants (Marion et al., 2014; Shucksmith et al., 2011). For
instance, patches modify the cross-sectional velocity distributions
(Caroppi et al., 2022; Yamasaki et al., 2019) and generate turbulent
fluctuations through the vortices at the lateral shear layers between
each patch and open water and in the patch wake regions (e.g. Vastila
et al., 2019). Smaller-scale turbulent fluctuations are caused by wake
flows associated with stems and branches, dynamic movements of
flexible leaves, and coherent motions of flexible interfaces (Caroppi &
Jarvels, 2022).

For partly vegetated flows represented by rigid submerged vege-
tation (Murphy et al., 2007) or a compound channel with a fully vege-
tated floodplain (Huai et al., 2018), the mixing between vegetated and
non-vegetated zones importantly controls the dispersion. Longitudinal
dispersion in these scenarios can be calculated from the transverse
variations  of longitudinal  velocity and eddy viscosity
(Chikwendu, 1986). For patchy vegetation, the longitudinal dispersion
is likely linked to several patch properties that modify the flow field,
such as the plant density and flexibility (De Serio et al., 2018;
Przyborowski et al., 2019) and the size and distribution of the patches
(Barcelona et al., 2021; Luhar & Nepf, 2013). For clusters of cylinders,
Park and Hwang (2019) proposed the clumpiness as a predictor of D,
but stated that future experiments are required to validate the find-
ings to real-world conditions including complex flexible vegetation.
Estimates based on direct concentration data are desirable as predic-
tions based on hydrodynamic data only may substantially underesti-
mate dispersion (Shin et al., 2020).

This contribution aims to 1) determine the variation in the longi-
tudinal dispersion coefficient and dispersive fraction in a reach with
real-scale flexible woody vegetation patches at different configura-
tions, compared with non-vegetated conditions, 2) investigate how
the plant density, coverage and spatial distribution of the patches con-
trol the flow field and thus the mechanisms contributing to dispersion
and 3) evaluate the explanatory power of predictors that consider the
hydraulic, vegetative and geometrical properties of the channel in
estimating the influence of vegetation patches on reach-scale longitu-

dinal dispersion. The scope of this paper is on sparsely distributed

patches (6%-11% areal and volumetric coverage) and medium flow

velocities typical for floodplains and channel margins (0.3-0.6 m/s).

2 | SITEAND METHODOLOGY
21 | Experimental channel with real-scale willow
patches

An outdoor experiment channel at Korea Institute of Civil Engineering
and Building Technology-River Experiment Center (KICT-REC) was
used for controlled experiments with foliated vegetation patches.
Experiments were conducted in a 78.8-m-long straight test section of
a trapezoidal channel with a bottom width of 3 m, banks sloped at 1:2
and a bed slope of about 1/800 (Figure 2a). The banks were bare soil
with scarce areas of low grasses and the bottom was movable sand.

Vegetation was introduced in the channel bottom by installing
artificial foliated willows (details in Section 2.3) in eight equally spaced
and sized patches in three different layouts aiming at reproducing the
shapes of natural foliated floodplain willow patches (Figures 2b and
3). Based on the investigation of aerial photos for Naesung Stream, a
tributary of Nakdong River near KICT-REC, most vegetation patches
have a width-to-length ratio between 1:3 and 1:4 for single patches,
with 2-3 patches clustered together (Figure 1). Such elongated patch
shapes are typical across different hydro-environments
(e.g. Larsen, 2019; Yamasaki et al., 2019). The sizes of the established
patches fall to the lower range of values observed for riparian shrubs
and low trees (Fernandes et al., 2011; Tagwireyi & Sullivan, 2015).

The experiments were conducted during campaigns in 2 years,
both of which included four test cases with salt tracing (Table 1). In
the labeling of the test cases, the first letter indicates the patch layout
(A = alternating patches, B = bankside patches, C = centreline pat-
ches, NV = non-vegetated condition) and the second letter indicates
the vegetation density measured through the patch leaf area index
(see Section 2.3; D = dense, S = sparse). The last two letters distin-
guish the hydraulic boundary condition based on the cross-sectional
mean flow velocity (LQ = low flow, MQ = medium flow,
HQ = high flow).

The discharge was controlled by pumps and the downstream
water level was regulated by a gate. The stability of the flow condi-
tions was ensured with 2-3 ultrasonic sensors (HRXL-MaxSonar-WR,
error 1%) installed both at the downstream bridge and in the upstream
reservoir. Water depths were obtained from seven pressure sensors
(OTT-PLS, error 0.05%) installed along the test section. The sensors
were calibrated first under the same atmospheric pressure and second
under the same hydrostatic pressure by temporally connecting them
with piping. Water surface slope was calculated based on the sensors
at cross-sections D2 and D14 (Figure 2a). Flow was close to uniform
along the test section (Table 1). The cross-sectional geometry of sec-
tions DO, D2 and D14 was determined from total station surveys.
Despite the establishment of bed forms during the experiments, the
mean width and depth of the study reach remained reasonably con-

stant for all examined cases.



47 | WILEY.

VASTILA ET AL

(a) Monitoring cross-sections
— — e+ Traces 1 and 2 and flow field of 2020 runs
Traces 3 and 4 of 2020 runs

<z, Willow patches
& Pressure sensors

Tracer injection

at 5 transverse
positions

< A |

<--» 2019 runs

FIGURE 2 (a) Planform map
of the experimental channel with
the 8 willow patches and the

Downstream bridge - .
/ measurement locations with

Flow 5.-"="":3mIiA A T . T

respect to the 3-m-wide channel

| —>
Y5 m l
DO DI D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D

T |
s —
y 1 5mo\ 2-3
1

2 D13 D14 D15 D16

bed, and (b) the detailed patch

Ultrasonic layouts with the approximate

88 m

52-53 m distance between tracer monitoring

cross-sections

(b) Layout A D1 D2

edges of the foliated patches
delineated while the circles
denote the positions of the main
stems of individual plants

sensors

50m

1.6 m

Flow — ¢
1.6 m

Layout B

1.0m l

20m

Layout C

Flow Jom

SV
)

"I’ 0/ v"

22 |

Determination of the discharge and flow
velocity distribution

Flow velocities were measured using an acoustic doppler current
profiler (ADCP, RiverSurveyor M9 by SonTek) at the DO cross-sec-
tion, 3.3 m upstream of the first patch, and in the 2020 cases
additionally at D2 and D14 in the vegetated reach (Figure 2a). We
applied the moving-boat method (Mueller et al., 2013), which

D2 D3

&

FIGURE 3 (a) Artificial
willows installed in patches for
the layout A, and

(b) representative plants of the
2019 cases (sparse plant) and
2020 cases (dense plant)

v
Channel bed level

measures slowly across from one side bank to another side bank
several times. The data were collected and post-processed
through the RiverSurveyor Live (RSL) by SonTek, and discharge
was determined by averaging repeat measurement data. The
methodology was validated in the same test channel by comparing
to discharge over a wide-rectangular weir installed at the
upstream reservoir, and the difference was approximately 4%
(Bae & Ji, 2019).
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TABLE 1 Hydraulic properties of the test cases
Mean
Test identifier Label of the Vegetation Discharge velocity Water depth Surface Dry mass of  Number of
(case no/year) test case layout (m®/s) Up, (M/s) H (m) width (m) salt (kg) EC sensors
01/2019 AS-HQ A 2.81 0.62 0.94 (0.90-0.96) 6.44 1.0 2
02/2019 AS-MQ A 1.95 0.51 0.83(0.78-0.85) 6.08 35 2
03/2019 AS-LQ A 1.49 0.44 0.75(0.71-0.78)  5.82 5.0 2
07/2019 Cs-LQ C 1.47 0.44 0.73 (0.69-0.78) 5.76 3.4 2
01/2020 AD-LQ A 1.44 0.34 0.82(0.80-0.85) 6.46 35 6
05/2020 CD-LQ C 1.49 0.34 0.83(0.82-0.83) 6.58 35 6
09/2020 BD-LQ B 1.47 0.33 0.84 (0.81-0.87) 6.71 35 6
13/2020 NV-LQ NV 1.47 0.33 0.84 (0.83-0.84) 6.61 35 6
Notes: The vegetation layouts are illustrated in Figure 2b. For H, values are shown as the mean with the observed range in brackets.
TABLE 2 Vegetative properties for the different test cases
Label of the A /Ag, AL/Ag, As/Ag, As/Ag, A/ As/ Ve/ By
test case p(=) r(-) p(-) r(=) Vp (1/m) Ve (1/m) dp (=) or(-) Vw (=) (=) Ip (=)
AS-HQ 2.6 0.39 0.38 0.058 2.7 041 0.0036 0.00054 0.10 0.40 0.15
AS-MQ 2.2 0.32 0.36 0.054 2.6 0.43 0.0038 0.00057 0.10 0.42 0.15
AS-LQ 1.9 0.28 0.32 0.049 2.5 043 0.0038 0.00038 0.10 043 0.15
Cs-LQ 1.8 0.18 0.32 0.031 2.5 0.43 0.0038 0.00025 0.06 0.28 0.18
AD-LQ 4.9 091 0.34 0.064 6.0 0.42 0.0019 0.00021 0.11 0.40 0.15
CD-LQ 4.9 0.60 0.34 0.042 59 0.41 0.0019 0.00013 0.07 0.28 0.30
BD-LQ 4.2 0.61 0.30 0.043 51 0.35 0.0015 0.00013 0.08 0.30 0.30
NV-LQ 0 0 0 0 0 0 0 0 0 0 NA

Notes: Subscripts P and R refer to patch and reach scales, respectively, and subscripts L and S to properties for the foliage and stem, respectively.

To analyse the cross-sectional velocity distributions at D2 and
D14, the local variability was reduced by spatially averaging the mea-
sured velocities using the velocity mapping toolbox (VMT by USGS,
Parsons et al., 2013). To reduce the uncertainties due to the potential
slight mis-orientation of the sensors, we adopted the velocity magni-
tude U= vuZ+vZ+w2, where u, v and w are the flow velocities in the
streamwise, lateral and vertical direction. The U values were manually
extrapolated to the blank regions (Text S1), and the resulting dis-
charges were within 10% of the discharges derived with the RSL, indi-
cating that the manual extrapolation provided reasonable estimates of
the near-boundary and near-surface velocities. We computed area-
weighted cumulative probability distributions of U that were normal-
ized by the cross-sectionally averaged U to remove the influence of
the 10%

(Figure S1). The flow fields upstream of the vegetated area (cross-

uncertainty between the cases and cross-sections

section DO) were comparable for similar discharges and water levels,
as evidenced by the low between-cases differences in U (Figure S1)
and in the cumulative probability distributions of the normalized
U (Figure S2). Thus, the spatial variation in the velocities at D2 and
D14 between the cases was ascribed to the changes in the vegetation

properties.

2.3 | Properties of the artificial willow patches

The willows consisted of natural-growth willow stems with branches
to which 0.30-0.40m long foliated twigs made of plastic were
attached so that the leaf area distribution in the foliage layer was
approximately constant. We used similar branched stems in the 2019
and 2020 cases, but more foliated twigs were attached in the 2020
cases to mimic dense plants (Figure 3b). The main stem was cast in a
concrete cylinder to anchor each willow securely in the channel bot-
tom, and the stem was buried 30 cm below the channel bed level.
Mean diameters of the main stem and branches were 23 and 15 mm,
respectively, with the length-weighted mean diameter of the woody
stems being 19 mm. The leaves were 75-90 mm long and 17-21 mm
wide. The appearance of the artificial plants resembled Salix subfragilis,
which is a native species to Korea, Japan, Russian Far East and north-
ern China. The willows were emergent in all cases.

The key vegetative properties controlling the flow hydraulics
were computed for the patch and reach scales based on a sample of
8-25 individual plants, considering the submerged plant parts only
(Table 2). The patch scale considers the horizontal projection area of

the canopy (Agp) obtained from terrestrial laser scanning (TLS) point
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clouds. The reach-scale values take into account the total bed area in
the investigated reach (Agr). Following the characterization of Vastila
and Jarveld (2018), the foliage was described through the total one-
sided leaf area (A,) based on the area of individual leaves obtained
through image analysis and the total number of leaves for the sample
specimens. A /Agp and A /Agr refer to the patch-scale and reach-
scale leaf area index (LAI), respectively. The total frontal stem area Ag
consisting of the main stem, branches and twigs was calculated by
multiplying the diameter of each element by its length. The LAl values
are representative of natural woody vegetation (Antonarakis &
Milan, 2020).

The volumetric foliage and stem densities were computed as A,/
Vp and As/Vp where Vp is the water volume occupied by the patch
(Vp = AgpH, H = water depth). The stem solid volume fractions (neg-
lecting twigs) at the patch (¢p) and reach scales (¢r) were computed
as the stem volume divided by Vp and Vi, respectively, where V\y is
the total water volume in the reach. As the areal coverage is ambigu-
ous to define in our channel due to the substantial gound area of the
banks, we obtained the coverage as Vp/V\y, neglecting vertical varia-
tion in plant properties. The cross-sectional blockage factor B,
(Green, 2005; Vastila & Jarveld, 2018) was determined as the fraction
of the wetted cross-section covered by the patch. To characterize the
patchiness of the vegetation, we computed the standardized Morisita
index Ip (Park & Hwang, 2019; Smith-Gill, 1975) using A, as a measure
of the vegetation density (see details in Text S2). Ip ranges from —1 to
1, with the higher values indicating a more spatially variable, or

clumpier, vegetation cover.

24 | Salttracing

For the present experiments, near-instantaneous injections of a salt
tracer solution were applied following the concepts presented in
Moore (2005). The tracer was poured from a bridge simultaneously at
five positions across the channel (Figure 2) to attain complete vertical
and horizontal mixing before the upstream monitoring cross-section
located 88-98 m downstream from the injection point. For the water
depth H 1 m, complete vertical mixing was expected at around a 50
m distance based on the rough predictor 50H (Kalinowska, 2019). The
tracer solution was prepared by diluting a known amount of Korean
sea salt (~85% NaCl) into channel water in a canister in a ratio of 1 kg
to about 6 L, leading to the concentration of ~170 g/L. To evaluate
the uncertainty of the measurements, four repeat traces were con-
ducted for the 2020 cases.

The electric conductivity (EC) was measured at an upstream and
downstream cross-section located at a constant 52-53 m longitudinal
distance from each other, with six vegetation patches between them.
The exact positions of the cross-sections were slightly different
between the 2019 and 2020 cases (Figure 2). For the 2019 cases, we
monitored EC at mid-depth at the centreline of the non-vegetated
cross-sections DO and D12. For the 2020 cases, we monitored the
non-vegetated cross-sections D2 and D14 for the repeat traces 1 and

2, and the vegetated cross-sections D3 and D15 for the repeat traces

3 and 4. In 2020, three EC sensors were located transversely at 0.25,
0.50 and 0.75 percentiles of the channel width at the mid-depth to
improve the description of the cross-section.

For the 2019 cases, we used Omega CDH-SD1 EC sensors
equipped with dataloggers sampling at 1 Hz. The sensors were set to
auto-range for best accuracy. For 2020 cases, we used HOBO
U24-001 Fresh Water Conductivity Data Logger recording at 1 Hz.
The internal clocks of the sensors were automatically synchronized to
the computer time before each run. The sensors were calibrated at
different concentrations of the applied sea salt diluted into channel
water in the 2019 runs and into distilled water in the 2020 runs. The
sensors were rinsed in distilled water to remove any residual salt
before taking each calibration reading. The sensors exhibited a very
high linearity under all the calibration conditions, and the readings
were within a 2.7% and 2.5% error range for the 2019 runs and 2020
runs, respectively (Figures S3 and S4).

The non-calibrated EC sensor data measured as electric conduc-
tivity (uS/cm) or concentration (ppm). Either was used for the analyses
as the sensors had a linear response to concentration in mg/l. The
sensor-measured background concentration was subtracted from the
readings for the analyses. Data were mass-balanced (mass recovery
ranged at 94%-105%, averaging 99%) as the ADE and ADZ analyses
assume mass conservation and it improves the optimization. Data
from 2020 runs at each of the three lateral downstream measurement
positions were aligned by the t;o of the corresponding lateral location
at the upstream cross-section, where t,q indicates the time at which
10% of the tracer mass has passed the sensor. The aligning removed
the bias caused by the systematically faster arrival of the tracer at the
right side of the upstream cross-section compared with the left side,
which was presumably caused by a bend generating cross-sectional
differences in flow upstream from the injection. The cross-sectional
mean concentration was obtained through area-weighting of the data

of the three lateral measurements.

2.5 | Estimating the parameters of Advection-
Dispersion Equation and aggregate dead zone model

The parameters of the Advection-Dispersion Equation (ADE) and
Aggregated Dead Zone Model (ADZ) were obtained by least-squares
optimization of the prediction to the measured downstream concen-
tration using MATLAB. The longitudinal dispersion coefficient D, was
derived from the ADE routing:

. - 2
Stxat) = [ SEp)m [_ n®(E—t7)") 1)

)= /4Dyt 4D,t

where S(x4,t) is the observed upstream temporal concentration profile
at time instant t, S(x,,t) is the observed downstream temporal concen-
tration profile, un, is the mean longitudinal velocity, t is the mean
travel time and y is a
(Rutherford, 1994).

dummy variable of integration
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The cell time constant a and the cell time delay = were derived
from the ADZ routing:

5" —exp(—aAt)S™ !+ (1 — exp(—aAt))S" O (2)

where S™ and S™! are concentrations at times mAt and (m - 1)At,
and 5§ = floor(z/At) with the floor function giving as output the
greatest integer less than or equal to z/At (Rutherford, 1994). We
additionally calculated the travel time tapz =74 1/a and the disper-
sive fraction Ds = 1/(afADz), which is the ratio of volume contributing
to dispersion to total reach volume.

The goodness-of-fit R.? was evaluated as:

B S (gk —Sk)2

3
S5 ®

RY(5.8) =1

where §k is the predicted and S, the measured kth concentration
(Young et al., 1980).

We scaled the D, and Ds values of the 2019 cases to ensure they
are comparable to the spatially averaged 2020 values based on the
three lateral measurement locations in two cross-sections (see
Section 2.4). The scaling factors for each layout were determined from
the 2020 data as the ratio between the spatially averaged value and
the value obtained based on only the mid-channel sensors in the non-
vegetated cross-section, the latter representing the measurement set-
ting of the 2019 cases. The scaling factors were 1.19 for D, (ratio of
0.71+0.03 to 0.59 +£0.15; mean u +standard deviation o), and 1.03
for Df (0.61 £ 0.03/0.59 £0.15) for Layout A, and 0.70 for D, (0.35 %
0.02/0.50 +0.07) and 0.83 for Ds (0.36 +0.02/0.44 + 0.04) for Layout
C. The comparison between the mid-channel values in the non-
vegetated cross-section and the spatially averaged values based on
the measured (2020 cases) or the scaled (2019 cases) data (Figure S5)
indicates that the scaling maintained the overall differences between
the 2019 and 2020 cases and did not substantially alter the mean
values of the different years.

2.6 | Predictors of D, for non-vegetated, fully
vegetated and patchy vegetated channels

Whilst a method for predicting dispersion in a reach with vegetation
patches is lacking, we first compared the experimentally derived D, with
the methods proposed for non-vegetated and fully vegetated channels.
Most of the models for non-vegetated channels are similar in formula-
tion and accuracy, so we selected two widely applied models
(Fischer, 1975; Wang & Huai, 2016). The experimental channel with
limited bends and reasonably uniform cross-sections resembles the con-
ditions under which these models were derived. Fischer (1975) gives:

0.011un2B?
Dy :TT (4)

where u,, is mean flow velocity, B is channel width, H is water depth
and u* is the boundary shear velocity. Wang and Huai (2016) give

B\O62 4 \2
Dx:o.o798(ﬁ> (u) Hu (5)

The determination method of the basic variables u* and B has a large
influence on the predicted D, in small vegetated channels with cross-
sectionally non-uniform flow and banks forming a significant portion
of the cross-section considering that there are uncertainties in the
evaluation of u* even in less complex conditions (Mrokowska &
Rowinski, 2017). Therefore, we used two different definitions of u*
and B to understand their influence on the predictions under the pat-
chy vegetated cases. First, we estimated u* from u* =+/gHSy, which
assumes uniform flow in a wide unobstructed channel, where g is the
acceleration due to gravity and S, is channel bed slope, and second
from u* =um/+/8/f (Wang & Huai, 2016) which takes into consider-
ation the total flow resistance relating Manning's n to the Darcy-
Weisbach friction factor (f) determined as f==8gRS,,/um? with the
water surface slope S,, and hydraulic radius R. For B, we used the bed
width, surface width and the mean width at the mid-depth.

D, under fully vegetated flows with emergent plants of vertically
uniform density can be predicted by Equation (6) (Lightbody &
Nepf, 2006) and Equation (7) (Sonnenwald et al., 2019a):

Dy =0.5Cj3umd (6)
Dy =0.6umSsop (7)

where d is the mean diameter of the stems. Cp s is the drag coefficient
of the stem, and Cps = 1 was assumed representative under the
examined velocities (Sonnenwald et al., 2019b) as the exact value of
Cps does not significantly impact the predicted D, (Sonnenwald
et al., 2018). ss5qp is the patch-scale median stem spacing, which was
estimated from ¢p and d according to Sonnenwald et al. (2019a).
Herein, we extend Equation (7) to the reach scale by considering the

reach-averaged median stem spacing sso g

DX :O.6Um55oyR (8)

Equations (6)-(8) have been developed with d<2.54cm and ¢p <
0.05, which conditions hold for the present dataset, and have been
validated for rigid cylinders and herbaceous vegetation at u,, <0.1 m/s
(Lightbody & Nepf, 2006; Sonnenwald et al., 2019a). We acknowledge
that the stem parameters neglect the influence of foliage (Aberle &
Jarveld, 2013) but are not aware of formulas explicitly targeted for
foliated vegetation, and thus Equations (6)-(8) are used to allow a
rough comparison between fully and patchy vegetated flows.

In addition to Equations (4)-(8), we evaluated basic predictors
that characterize the hydrodynamics and the main mechanisms
expected to contribute to longitudinal dispersion in patchy vegetated

flows. We considered the water surface slope, the standardized
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Morisita index, f, and f/LAl, the latter representing well the specific
flow resistance of foliated plants (e.g. Vastila & Jarveld, 2018). We
propose U,o to describe the dead zone trapping effect, and the nor-
malized differential velocity Uy = (Usg — U10)/un, in analogy to shear
layer theory (e.g. Ho & Huerre, 1984) to characterize the differential
advection and the associated shear dispersion, where U;g and Uyg are
the 10th and 90th percentile velocities of the area-weighted cumula-
tive probability distributions of U (Section 2.2). Approximate estimates
of Uy were derived for the 2019 cases lacking flow field data through
scaling based on plant density and u,, (Text S3). We used cross-
sections D2 and D14 to compare the cases; the reach-scale influence
of patches was expected to be better captured at D14 with seven pat-
ches upstream, in comparison with D2 having only one patch

upstream.
3 | RESULTS
3.1 | Influence of vegetation patches on velocity

distributions

Comparison of the data downstream of the first (cross-section D2)
and seventh (D14) of the eight patches indicated that the flow moder-
ately developed in the downstream direction. This effect was greatest
for the case with bankside patches (BD-LQ), whereas the cases with
centreline patches (CD-LQ) and alternating patches (AD-LQ) showed
less flow development (Figure 4; Figure S1). Hereafter, we will base
our analyses on the data at D14, which is considered more represen-
tative of the conditions in the study reach.

Under the non-vegetated case, the central half of the wetted
cross-section exhibited a constant U ~ 0.4 m/s, with lower values near
the bed and on the banks (Figure 5). In the vegetated cases, U was
reduced by ~50%-70% at the transverse locations downstream of the

patches and increased at adjacent non-vegetated regions, with the

fastest local flow velocities of ~0.5m/s observed for the alternating
patches. The alternating (AD-LQ) and bankside (BD-LQ) patches
reduced the lowest velocities, Uy, by 10%-14%, compared with the
non-vegetated (NV-LQ) case, and increased the highest velocities,
Ugo, and the normalized differential velocity Uy by 20%-21% and
33%-36%, respectively (Table 3; Figure 4). In comparison, the cen-
treline patches (CD-LQ) resulted in an approximately similar cumula-
tive distribution of flow velocity as the non-vegetated case, increasing
Ugo and Uy by only 3%-4%.

3.2 | Optimized ADE and ADZ models

Both the ADE and ADZ approaches were satisfactorily fitted to all the
runs, with each individual run showing R;? >0.96 for the ADE and
R 2 0.91 for the ADZ. The variability between the repeat runs was
low, with a coefficient of variability ¢, <0.03 for Um,ape: tapes Rt> ADEs
UmADz tapz, and th,ADZ~ D, and Dy exhibited c, <0.11 (averaging 0.07)
for the vegetated cases, but higher values of ¢, =0.12-0.22 for the
non-vegetated NV-LQ case. Subsequently, we use the mathematical
means of the repeat runs for the 2020 cases (Table 4).

Across the investigated cases, the ADE predicted an early arrival
of the plume and a late peak concentration (Figure 6). The ADE typi-
cally under-predicted concentrations during the latter half of the fall-
ing limb, except for the NV-LQ and CD-LQ cases, which had less
skewed concentration distributions. The weakest ADE fit (R¢2 = 0.93)
was found for the BD-LQ case showing the most skewed downstream
concentration profile, for which the ADE predicted a notably too early
arrival of the plume and underestimated the long recession tail
(Figure 6).

Predictions with the optimized parameters (Table 4) and a syn-
thetic upstream concentration profile (a Gaussian distribution with
t=90s and ¢ = 255) indicated that the presence of vegetation pat-

ches decreased the downstream peak concentration compared with
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TABLE 3 Characteristic velocities (at D14) under the different
cases

Case Ujo (m/s) Ugo (m/s) Uq (m/s)
AS-HQ NA NA 0.87
AS-MQ NA NA 0.88
AS-LQ NA NA 0.89
Cs-LQ NA NA 0.82
AD-LQ 0.13 0.50 1.09
CD-LQ 0.15 0.43 0.83
BD-LQ 0.12 0.49 1.11
NV-LQ 0.15 0.41 0.81

non-vegetated conditions, with the alternating and bankside patches
leading to the largest decrease of ~40% (Figure 7). The patches
increased the residence times as shown by the longer recession tails
(Figure 7).

3.3 | Influence of the density and distribution of
vegetation patches on longitudinal dispersion

To compare the test cases differing in upstream and downstream
hydraulic boundary conditions, we used the commonly applied nor-
malization D,/(unH) which satisfies the dimensionality (Wang &
Huai, 2016). The normalization by u,,H was able to explain approxi-
mately half of the variation in D, generated by the changing hydraulic
forcing. This is shown by the data for the cases AS-HQ, AS-MQ and
AS-LQ with equal patch geometry and density for which D, increased
by up to 74% with increasing u,, and H, while D,/(u,H) decreased
by 39%.

Figure 8 shows that all the three investigated vegetative
characteristics—the density, coverage expressed as the ratio of the

patch volume to total water volume (Vp/V\y), and spatial distribution

- Jpstream vegetated region

of the patches—influenced the dispersion, with very similar patterns
observed for D,/(unH) and D:. The alternating (layout A) and cen-
treline (layout C) patches are grouped as centre patches for ease of
interpretation, with Vp/V\y = 0.06-0.07 referring to layout C and Vp/
Vw =0.10-0.11 to layout A, and A exhibiting the higher D,/(u,H)
values. The largest effect was found for the spatial distribution of the
patches, as demonstrated by the 2.4 units or 2.9 times higher D,/
(unH) for the dense bankside patches (BD-LQ) than for the centreline
patches with equal plant density and patch geometry (CD-LQ; purple
non-filled arrow in Figure 8a). The dense patches resulted in a maxi-
mum of 2.8 units or 4.3 times higher D,/(u,,H) than the non-vegetated
case (Figure 8a) whereas the influence of the sparse patches was
notably lower, with a —0.2 to 0.3 units or —19% to 37% change in D,/
(umH). D,/(unH) increased with increasing vegetation coverage, at a
substantially greater rate for the denser patches (blue filled arrows in
Figure 8a). As Vp/V\y was related to the cross-sectional blockage fac-
tor B, by a multiplication factor of ~4 (Table 2), having B, on the x axis
of Figure 8 as B, would lead to comparable trends. Finally, the ratio of
volume contributing to dispersion to total reach volume (D) was ~3-9
times larger than the ratio of the patch volume to total water volume
(Vp/V\w, Table 2, Figure 8b).

3.4 | Potential of selected hydrodynamic variables
for predicting dispersion in a reach with vegetation
patches

Equations (4) and (5) using mean width and u* derived from the fric-
tion factor, as well as Equation (8), predicted a correct order of magni-
tude for D, (Figures S6 and S7). However, none of these models were
able to predict the increase in D, generated by the dense vegetation
patches, or the approximately threefold differences in D, between the
centreline and bankside patches of the same density and coverage.
Similar predictive incapabilites were observed for the different defini-
tions of B and u*. The predictions with Equations (6) and (7) based on
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TABLE 4 The optimized parameters and coefficients of determination for the ADE (Equation (1), subscript ADE) and the ADZ (Equation (2),

subscript ADZ)
Case UrnsapE (M/S) taok (s) D, (m?/s) th,ADE
AS-HQ 0.467 109 0.49 0.990
AS-MQ 0.416 128 0.49 0.989
AS-LQ 0.348 153 0.28 0.989
Cs-LQ 0.385 138 0.22 0.974
AD-LQ 0.307 168 0.71 0.988
CDh-LQ 0.312 165 0.35 0.989
BD-LQ 0.336 154 1.02 0.930
NV-LQ 0.356 145 0.23 0.980

Um,apz (M/s)
0.443
0.381
0.327
0.354
0.275
0.291
0.288
0.338

tapz (s)
115
139
163
149
188
177
179
153

7apz (3)
89

102
128
113
117
130
103
120

Ds (-)
0.24
0.28
0.22
0.20
0.61
0.36
0.74
0.27

R apz
0.985
0.967
0.985
0.978
0.979
0.996
0.986
0.991

Notes: The values for the 2020 cases are averages between four repeat runs. Standard deviations are shown in Figure 8 for D, and Ds while the other

variables had appreciably lower 6/p.

a
@74 : ‘ ' ‘
60 V//\AW —1°
50+ ——Obs, upstream 1-20 g
E —— Obs, downstream 5
% 40 | — Pred, ADE, Rt2=091 3
0]
5130 Pred, ADZ, Rf=098 |1 40 &
9 —— ADE difference @
20 ADZ difference =
o
1-60
10
A,
0 S M o o -80
400 500 600

b
( ) 70 w ; :
N e AN
60 | IR r——— O
- 50 —— Obs, upstream 120 (\EJ
£ — Obs, downstream %)
=407 < Pred, ADE, R2=0.99 =
3 )
530 N Pred, ADZ, R?=1.00 | { .40 &
O \ [
1T} —— ADE difference o
20 ADZ difference =
f - a
N 1-60
10 N
: -80
300 400 500 600

FIGURE 6 Observed and predicted concentrations for (a) the BD-LQ repeat run with the weakest ADE fit and (b) the CD-LQ repeat run with
the overall best fits. The R,? values of these particular runs differ slightly from the averaged values in Table 4

patch-scale vegetation properties were 1-2 orders of magnitude
lower than the optimized values.

Of the examined predictors for patchy vegetation (see
Section 2.6), neither the water surface slope (Figure 9a) nor the fric-
tion factor (Figure 9b) had a clear relationship with D,/(u,H). Con-
cerning the predictors applicable only to vegetated conditions,
dispersion showed a weak negative relationship with the specific veg-
etative flow resistance (f/LAl) and a very weak dependence on the
standardized Morisita index (Figure S8). Instead, a strong approxi-
mately linear regression was found between D,/(u,,H) and the normal-
ized differential velocity Uy (Figure 9c), so that D, under patchy

vegetation could be estimated as

Dx _ Dx,NV
UmH  UmnvHNY

+e(Ug—Ugny) 9)

where the subscript NV represents the values in non-vegetated condi-
tions and ¢ is a scaling factor for the influence of Uy, with

Uanv = 0.81 and ¢ = 6.83 under the presently examined conditions.
The model predictions were substantially more accurate when using
the tracer data for determining D, nv (root mean squared errors RMSE
of 0.91, Figure S9a) compared with estimating Dy nv from Equation (5)
with the best-performing determination methods for u* and B for the
non-vegetated conditions (u* =/gHS,, B taken as bed width, RMSE
of 0.50, Figure S9b).

4 | DISCUSSION

This work is novel in providing estimates of longitudinal dispersion in
reaches with woody vegetation patches and linking those to the influ-
ence of the key patch properties on the hydrodynamics. Our tracer-
based dispersion coefficients integrate the different contributing
mechanisms, whereas many previous studies in vegetated flows use
velocity-based D,, which can be only one fourth or sixth of the
concentration-based D, (Shin et al., 2020). The skewed concentration
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distributions (Figure 6) indicated that the experiments covered non-
equilibrium  conditions with non-complete horizontal mixing
(e.g. Shucksmith et al., 2007), under which the 1D ADE model is not
fully valid. However, the 1D model is commonly applied despite such
violations in the assumptions as estimates of the four components of
the 2D typically

(e.g. Kalinowska, 2019). In fact, complete mixing cannot be realistically

dispersion  tensor  are unavailable
expected for the bankside patches. Nevertheless, the obtained D,
values may be used for comparing the different cases, which was the

primary focus of this study.

4.1 | Potential implications of vegetation patches
on riverine transport processes

The present results can help in using patchy vegetation to control the
transport and fate of harmful substances (e.g. Rowinski et al., 2021).
Sparsely distributed patches with a coverage (Vp/Vi) of 6%-11% can
cause from a negligible to 4.3-fold increase in dispersion compared
with non-vegetated conditions (Figure 8). As Vp/Vw was linearly

Patch coverage (-)

related to the cross-sectional blockage factor (B,, Table 2), Figure 8
suggests that allowing or establishing dense woody patches in low-
velocity areas or so that they cover 240% of the flow area in the
cross-section increases the residence times, enhancing the potential
for substances to be retained or processed into less harmful com-
pounds. The results implied that even relatively small woody patches,
in our case of 3-4 m length and 1-2 m width, are sufficient to reach
such effects while a threshold length of 0.3-1 m for sediment accu-
mulation has been reported for aquatic patches (Licci et al., 2019). For
water quality benefits, woody patches with a typically several times
lower volumetric plant density (A, /Vp ~ 2.5-6, Table 2) likely need to
be larger than aquatic patches with A /Vp up to ~100 (Luhar &
Nepf, 2013).

Regarding multifunctional management of rivers optimizing
between flow conveyance and environmental targets, we did not
observe a general relationship between reach-scale flow resistance
and dispersion (Figure 9b). In fact, patches located near to the banks
created notably longer residence times than channel centre patches
and non-vegetated conditions, while their flow resistance was sub-

stantially lower than for the centre patches and only slightly higher
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FIGURE 9 Normalized dispersion as a function of (a) water surface slope, (b) friction factor and (c) normalized differential velocity, with the

line showing the prediction according to Equation (9)

than for the non-vegetated conditions. Thus, leaving vegetation on
channel margins while cutting it from the channel centre, as also pro-
posed by Errico et al. (2019), provides a potential scenario for environ-
mentally preferable vegetation management as an alternative to the
common complete vegetation cut to ensure flow conveyance (Baczyk
et al., 2018; Biggs et al., 2021). These implications cannot be directly
extended to mean velocities other than the examined range of ~0.3-
0.4 m/s as the influence of u,, on the modification of flow resistance
and hydrodynamics at the patch mosaic scale is not fully clear (see
also Barcelona et al., 2021, Licci et al., 2019).

4.2 | Theinfluence of plant patches on dispersion
differs from non-vegetated and fully vegetated
conditions

The low-coverage patches resulted in a maximum of three times larger
impact on reach-scale dispersion than homogeneous vegetation on
floodplains, which can increase D, of compound channels by 1.5-fold
(Perucca et al., 2009). In addition, the highest dispersive fractions of
our patchy vegetation were larger than reported for randomly distrib-
uted woody stems at notably lower flow velocities (Df =0.2-0.5;
Carling et al., 2020).

Our results demonstrate that patchy vegetation influences disper-
sion markedly differently than uniformly distributed vegetation. The
comparison of the methods for non-vegetated (Equations (4) and (5))
and fully vegetated (Equations (6) and (7)) flows indicates that full veg-
etation coverage reduces D, by 1-2 orders of magnitude, whereas
patchy vegetation increases dispersion (Figure Sé). This finding agrees
with the laboratory experiments of Park and Hwang (2019) under
comparable low coverages who observed that D, in vegetated condi-

tions is larger than in the non-vegetated case and increases steeply as

vegetation is organized into more distinct groups. While Equations (4),
(5), (8) yielded a correct order of magnitude for D,, they did not cap-
ture the tendency of the vegetation patches to increase D,. Equa-
tions (4) and (5) assume that D, is inversely proportional to u* but
both D, and u* derived from the friction factor rose in the presence of
patches. In addition, Equations (4) and (5) as well as Rutherford (1994,
figure 4.8 on p. 200) and Zeng and Huai (2014) suggest that D,
declines with decreasing width-to-depth ratio (B/H). In contrast, con-
sidering only the non-vegetated areas, patchy vegetation decreased
B/H while augmenting D,. We expect these changes in the geometry
of the unobstructed flow area due to vegetation to have some effect
on D,, but additional data are required for more detailed analyses.

Of the other examined predictors, the friction factor normalized
by the leaf area index (f/LAl, Figure S8) provided weaker explanatory
power than a comparable measure of the specific vegetative drag,
drag coefficient, for patches of rigid cylinders (Park & Hwang, 2019).
For our highly clumpy vegetation (Ip of 0.15-0.30, Table 2), the stan-
dardized Morisita index Ip had a noticeably poorer predictive power
than under the less clumped conditions of Park and Hwang (2019)
with 1-3 orders of magnitude lower Ip, indicating that the plant den-
sity and the patch location in the cross-section importantly control

dispersion in addition to the clumpiness.

4.3 | Differential velocity allows estimating
longitudinal dispersion in a reach with vegetation
patches

Longitudinal dispersion in a reach with emergent vegetation patches
was most reliably explained by the strength of the cross-sectional var-
iability of the flow velocity, expressed through the normalized differ-
ential velocity Uy =(Usg — Uio)/um (Figure 9c). The mixture of
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vegetated regions with low velocities and non-vegetated regions with
high velocities significantly increases the non-uniformity of velocity
and thus D, compared with fully vegetated channels (e.g. Yamasaki
et al., 2019, Figure Sé). Even changes of ~10%-20% in the highest
and lowest cross-sectional velocities (Table 3) significantly increased
D,, reinforcing that reach-averaged bulk hydraulic parameters cannot
predict how different patch configurations, such as plant density, cov-
erage and spatial distribution of the patches, influence the reach-scale
dispersion (Figure 9a,b, Figures S6-S8). The influence of Uy was incor-
porated into Equation (9), which Figure 9c showed to allow estimating
D, under patchy vegetation at low coverages while further validation
is required to define the upper limit of vegetation coverage.

The mean velocities and water depths under non-vegetated and
patchy vegetated conditions (Unnv, Um, Hny and H) required by
Equation (9) can be obtained from measurements of the cross-
sectional flow area and discharge, or from standard 1D hydraulic
modelling. As an alternative to modelling of the vegetated conditions,
a rough estimate for low-coverage woody patches can be obtained
based on Table 1: the mean velocities can be assumed to be slightly
decreased and water depths slightly increased compared to the non-
vegetated conditions with similar discharge and downstream water
level. The most reliable estimates of Dy Ny can be obtained from tracer
tests if vegetation is cut, for example from a short reference reach
(see also Figure S9). Alternatively, Dy nv can be obtained, for example
based on Equations (4) and (5) or some of the other numerous predic-
tors for unobstructed channels (e.g. Wang & Huai, 2016; Zeng &
Huai, 2014) although further work focusing on optimizing predictors
of Dy nv for small channels is recommended. In our small channel with
a low width-to-depth ratio of <8, Equation (5) provided more reliable
D, nv estimate than Equation (4) (Figure S7), which agrees with the
reported under-estimation of Equation 4 for natural channels with B/
H <20 (Zeng & Huai, 2014). If a reliable estimate of D,y cannot be
feasibly obtained, Equation 9 can be used to estimate the relative
influence of the patches, that is for comparing the normalized disper-
sion under non-vegetated (D, nv/(UmnvHNy)) and patchy vegetated
(Dy/(umH)) flows.

Accurate estimates of Ugny and Ug, require measurements or
models of the mean velocity distribution. For emergent vegetation
under field conditions where a 3D spatial distribution of the flow is
unfeasible to obtain, we recommend focusing on the transverse vari-
ability in flow velocity, for example through depth-averaged numerical
or analytical models which are readily available (e.g. Dalledonne
et al., 2019; Tang & Knight, 2009). The vertical variability in velocity is
generally low even within complex vegetation (Figure 5, Xu &
Nepf, 2020). In addition, most species prefer certain flow velocity and
water depth ranges (e.g. O'Hare et al., 2016), and such non-random
positioning in the cross-section limits the longitudinal flow variability.
For example, patch widths as low as 1-2 m create wake flows exten-
ding up to tens of meters, so that the velocity does not fully recover
between the patches (e.g. Caroppi et al., 2022; Marjoribanks
et al., 2019). The uncertainty in modelling the mean velocity distribu-
tions in partly vegetated flows (e.g. Kiczko et al., 2020) is expected to

improve in the future as more advanced parameterizations of

vegetation are being incorporated into numerical models (Box
et al., 2021). Finally, further investigations are recommended under
different patch configurations and channel boundary conditions to

evaluate ¢.

44 | Mechanisms contributing to dispersion under
different patch configurations

Dead zone trapping generated by the patches was modest in most
cases, with concentrations rapidly decreasing to the background level
(Figure 6) and even the dense patches having a limited effect on the
lowest velocities (Table 3). By contrast, the larger increases in Ugg and
particularly Uy indicated that shear dispersion was the main mecha-
nism contributing to higher D, in the presence of patches. While all
riverine patches generally reduce the local streamwise velocities
(Figure 5; Vastila et al., 2019), sparse or low blockage (B« 5 0.3) pat-
ches situated in the central part of the cross-sections increased veloci-
ties close to banks, thus generating only slightly higher differential
advection compared with non-vegetated conditions. By contrast, pat-
ches located particularly in low-velocity regions, such as near the
banks, accentuated the cross-sectional velocity variability, hence
enhancing dispersion. Our case with the bankside patches leaving the
upper part of the bank unvegetated (layout B) likely slightly increased
dispersion compared to the more commonly observed case of vegeta-
tion extending over the entire bank. However, the bank region had
nearly uniform and notably lower velocities than in the non-vegetated
case (Figure 5), contributing comparatively little to the shear disper-
sion as opposed to the substantial additional shear over the channel
centre and other bank.

The increase in D; of 0.3-0.5 for the alternating and bankside pat-
ches with coverages of 6%-11% indicated that not only the vegetated
areas but also the areas between longitudinally subsequent patches,
characterized by wake flows, contributed to dispersion. For the bank-
side patches, dispersion and trapping were likely augmented by the
slow flow area extending down to the channel bed (Figure 5) and by
the consistent lateral positioning of the patches, both expected to
decrease the cross-sectional mixing. In contrast, the alternating patches
diverting the flow towards the downstream non-vegetated bank likely
enhanced mixing, which presumably moderated their influence on D,.

The sparse or low-coverage central patches with had a less impor-
tant influence on the dispersion compared to the channel boundaries,
bedforms, and sparse patches of low grasses on the banks (Figure 3a),
as indicated by the only slightly larger D, and Dz values compared with
non-vegetated condition (Figure 8). The dominance of boundary
effects is typical in such small channels with a large wetted perimeter
in relation to the flow area (e.g. Ensign & Doyle, 2006). Ds of the non-
vegetated condition was deemed representative of natural rivers, with
over 90% of UK rivers having D; = 0-0.35 (Guymer, 2002), but was
higher than the UK average of D =0.15-0.2 likely because of the
substantial-sized bedforms observed on the sandy bed in comparison
with UK rivers exhibiting typically finer substrates and lower flow

velocities.
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4.5 | Benefits and limitations of the experimental
methodology

The acceptable uncertainty (Figure 8) indicated that the 2020 mea-
surement design based on three laterally distributed mid-depth sen-
sors was well suited for such small channels (width<10m) with
emergent plant patches. The mean ¢ was 76% lower when measuring
at three lateral locations (¢ = 0.05) compared with measuring only at
the centre of the cross-section (¢ = 0.22). The average values were
fairly similar with —20% to 30% differences. Thus, the reliability of
concentration and D, values in channels with plant patches can be
notably improved by simultaneous measurements at several locations
in the cross-section characterized by different flow velocities, or by
averaging the results over multiple runs if few sensors are available.
We recognize that our 2019 data have more uncertainty compared
with the 2020 data as the 2019 values were based on only mid-
channel sensors with no repeated measurements (Section 2.4).
Despite scaling the 2019 data to be comparable with the 2020 data
(Section 2.5), there is a higher uncertainty in comparing the cases
between the different years as opposed to analysing the between-
cases differences separately for the 2019 and 2020 datasets. If reg-
arded independently, both datasets show the same trends and
approximately similar regression slopes (Figure 9c), supporting the
main finding that Uy is the key controlling factor on dispersion under
patchy vegetation.

We acknowledge that our data covers a limited range of condi-
tions but expect that the results can be extended to slightly outside
the studied ranges of flow velocity, plant density and coverage. The
study setting lacking grassy understory likely under-estimates D, for
the commonly observed case with grasses growing below the foliage
zone of woody shrubs (Berends et al., 2020; Carling et al., 2020). It
would be beneficial to complement the dataset with mean velocities
<0.3 m/s typical for lowland channels and floodplains with more pro-
nounced transient storage, and with rarely investigated patch cover-
ages of ~20%-50%. Experiments focusing on the mixing between
open water and woody patches would enhance understanding of the
processes impacting the reach-scale bulk dispersion and retention.

5 | CONCLUSIONS

Our field-scale investigations with realistic artificial vegetation have
improved understanding of how plant patches control the transport of
solutes in river and floodplain flows. Specifically, our work is novel in
determining concentration-based estimates of the longitudinal disper-
sion coefficient (D,) and the dispersive fraction (Dy) for flexible woody
vegetation at the patch mosaic scale. The sparsely distributed emer-
gent patches with areal/volumetric coverages of 6%-11% were found
to create from a negligible to over fourfold increase in reach-scale dis-
persion compared to non-vegetated conditions. Thus, patchy vegeta-
tion was shown to have an opposite influence on D, than the

commonly investigated case of full vegetation coverage, which

decreases dispersion. The highest dispersion was found for the dense
patches having a cross-sectional blockage 240% or located in low-
velocity areas, such as preferentially along the bankside. The results
indicate that shear dispersion through enhanced differential advection
is the main mechanism increasing the reach-scale D, and D¢ under pat-
chy vegetation. The most pronounced transient storage was exhibited
by the bankside vegetation. The influence of patch density, coverage
and spatial distribution on reach-scale dispersion cannot be reliably
predicted using the widely applied analytical models for open channel
flows (e.g. Equations (4) and (5)), because they do not describe the
changes in the differential advection. Thus, we proposed Equation (9)
with the normalized differential velocity Uy = (Ugg — Uq0)/uy, as a
basic estimator for D, under patchy vegetated flows. From the river
management viewpoint, bank vegetation was found to provide nota-
bly lower flow resistance but higher dispersion and longer residence
times than channel centre vegetation of the same density and cover-
age. Thus, maintaining vegetation in channel margins may enable the
trapping and processing of nutrients and harmful substances while
ensuring acceptable water levels during high flows, but further valida-

tion is needed outside of the presently examined velocity range.
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