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Abstract

The effect of instream vegetation growth has largely been ignored by hydrological and geomor-
phological research in river environments, which focused instead on the function of riparian
vegetation as a regulator of bank stability or as a buffer for dissolved and particulate matter
entering the channel from the hillside. However, in many lowland streams, instream vegetation
can be very intensive, resulting in high biomass levels during the growing season. Instream
plants have a significant influence on the dynamics of flow, sediment, and nutrients. Plant
growth can cause increased frictional resistance to flow and can have a short-to medium-term
effects on the geomorphology of the channel. Additionally, plant development influences the
velocity of river flow, affects sedimentation dynamics and increases flood risk. To achieve
a balance between flooding and ecological management of rivers in the presence of vegeta-
tion, a reliable method is required to predict the resistance of channels. In the current study,
a two-dimensional hydrodynamic and morphodynamic model is developed and applied using
anew scaling expression of shear stress based on vegetation characteristics. These first attempts
at field simulations showed qualitatively acceptable results and demonstrated the effectiveness
of the model in predicting hydraulic parameters in the presence of vegetation. This model is
useful in predicting the effect of vegetation on stream flow and river morphology, as well as in
managing flood hazards and stream ecology.
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1. Introduction

Over recent decades, watercourses have been exposed to major threats due to human
activities that have modified their structure. Dikes were constructed to avoid flooding,
large dams were built, and large quantities of sediment were extracted. Such actions
caused certain problems, such as incision of the main channel and lower water levels.
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In its turn, the incision of the bed in some parts of the river and the lack of solids
transport led to the development of many vegetated islands (Rodrigues et al 2006).

The growth of vegetation on a narrow bed or in floodplains may have a major
impact on the river’s total discharge capacity. The development of vegetation in an
open channel usually interferes with the normal functioning of streams, decreases flow
velocity, and increases shear stress, thus increasing flood risks (Nepf 1999, Huthoft
et al 2007, Liu and Shen 2008, Samani and Mazaheri 2009, Wu and He 2009).

Many rivers, such as the Medjerda river in Tunisia, are affected by the problem
of vegetation growth. Vegetation development in this river was considered an impor-
tant factor in the proliferation of floods, which cause significant material damage and
pose a serious risk to the population, such as the floods of 1973 and 2003 (Zahar et
al 2008, Jaziri 2009, Hammami 2010). In France, the river Isere shows also rapid
colonization by woody vegetation (Allain Jégou 2002, Rodrigues et al 2006, Jourdain
2017). Consequently, some earlier studies centered on the effect of vegetation resis-
tance in river flows, and numerous simulations of flow through vegetation have been
produced to clarify the relationship between flow, vegetation, and sediment transport
(Tsujimoto et al 1993, Klopstra et al 1997, Nepf and Vivoni 2000, Lopez and Garcia
2002, Ghisalberti and Nepf 2002, Righetti and Armanini 2002, Carollo et al 2005,
Jarvela 2005, Baptist et al. 2007 Huthoff et al 2007, Augustijn et al 2008, Kubrak et
al 2008).

In the current study, a two-dimensional hydrodynamic and morphodynamic model
is developed using a new concept of shear stress scaling based on vegetation character-
istics. This model is applied to two stretches of rivers influenced by vegetation growth
to predict the impact of vegetation on stream behavior and river morphology.

2. Model Description

Nowadays, most natural disasters and economic damages are related to flood threats,
which are a fundamental part of river dynamics. Therefore, the controlling of floods
and the understanding of river dynamics are essential to reduce the disastrous conse-
quences of floods. Hydraulic models are commonly used for predicting risks related
to water levels and for identifying vulnerable areas to protect the population from
flood damage. The most common are one- or two-dimensional models (Horritta and
Batels 1999). One-dimensional models are widely used to describe the in-channel
flow without taking into account the wide horizontal distribution that occurs during
flooding events. To simulate flooding processes and investigate the hydrodynamics
of rivers, two-dimensional models have to be used instead (Villaret and Hervouet
2006). In this article, we use the Telemac-Mascaret modeling system to simulate
free-surface and sediment transport using the finite element method and an inter-
nal coupling between the hydrodynamic model Telemac 2D and the morphodynamic
model Sisyphe.
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2.1. Telemac 2D Hydraulic Model

Telemac 2D is a widely used software for open source engineering. It is particularly
well adapted to study water movements in shallow aquatic domains: coastal areas,
estuaries, rivers, and lakes. Telemac 2D uses a finite element approach to solve shallow
water flow equations in two horizontal space dimensions over non-structured grids
composed of triangles. Such equations describe the conservation of water mass (the
continuity equation) and momentum in both horizontal directions of space (dynamic
equations) in each computational domain node. The main results of the simulations
are the depth of water and the average velocity over depth for each mesh node (Villaret
and Hervouet 2006). It takes into account various physical phenomena, such as bed
friction, the intertidal wetting region, turbulence, and the influence of the Coriolis
force.

Telemac 2D is used in many fields of application. In the maritime field, it is used
in studies of the effect of submersible breakwaters or dredging works, dam breaks,
floods, transport of dissipating and non-dissipating tracers.

In Telemac 2D, the following equations are simultaneously defined:

e Continuity equation:

oh S
o + i V(h) + hdiv (d) = Sy, (D)
e Momentum equations:
— Momentum along x:
ou 52 0z 1 . =
o FAVW) = =g+ Sy + - div (v Vu), 2)
— Momentum along y:
ov 5 0Z 1 . -
5 +u V@) = _g{)_y +S, + 7 div (hv,Vv) , 3)
— Tracer conservation:
or 5 1 .. S
o +AV(0) = Sy + = div (hvrVT), (4)
where:
h — depth of water (m),
u,v — velocity components (m/s),
T — passive (non-buoyant) tracer (g/1),
g — gravity acceleration (m/s?),
v, vy — momentum and tracer diffusion coefficients (m?/s),
Z — free surface elevation (m),
t — time (s),
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X, y — horizontal space coordinates (m),

Sh — source or sink of fluid (m/s),

Sy, S, — source or sink terms in dynamic equations (m/s?),
St — source or sink of tracer (g/1/s).

T, h, u and v are the unknowns. S, and S, (m/sz) are source terms representing the
wind, the Coriolis force, bottom friction, and a source or a sink of momentum within
the domain.

The different terms of these equations are determined in one or more stages (in
the case of advection, by the properties method):

e Advection of h, u, vand T;
e Propagation, diffusion, and source terms of the dynamic equation;
e Diffusion and source terms of the tracer transport equation.

T, h, u and v may be advected separately, and then it is possible to solve the tracer
advection and diffusion equation using a fixed advection velocity field. The turbulent
viscosity may be given by the user or determined by a model simulating the transport
of turbulent quantities £ (turbulent kinetic energy) and Epsilon (turbulent dissipation).

Telemac 2D can be coupled with a sediment transport model and can take into
account different phenomena, such as friction on the bed, using the quadratic friction
coeflicient C,. It is possible to choose among several laws of friction, such as Chezy’s,
Stickler’s, Manning’s, and Nikuradse’s. Such classical relationships are derived to
define the bottom and side walls without taking into account the drag related to the
vegetation, and then a new model of roughness is required to incorporate vegetation
effects into hydrodynamic computations based on vegetation characteristics.

The vegetation parameters were incorporated into the Telemac 2D hydrodynamic
software by modeling a new roughness law based on the approach proposed by
Huthoff et al (2007). This model is based on a two-layer approach in which flow
characteristics are attributed to two separate layers and the vegetation is treated as
homogenous field of identical cylindrical stems This relationship is simple in form
and shows excellent agreement with experimental results (Morri et al 2016).

The following figure illustrates the velocity profile in the case of submerged shal-
low vegetation.

The average velocity in the vegetation layer (U ) is based on the momentum equa-
tion resolution.

The average velocity in the upper layer (U,) is calculated based on the assumption
of scaling and experimental calibration.

The average velocity of the whole bulk flow (U) is calculated by combining the
mean velocity in the layer of vegetation with that in the upper layer. For shallow veg-
etation, 1 < h/h, < 5, the mean velocity is given by the following equation:

[ \/E h—ny (h—np\ i) )
v= CpmD ?4- h ( s ) ’ )
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Fig. 1. Velocity profile in the case of shallow submerged vegetation

where:

— mean velocity (m/s),

water depth (m),

— vegetation height (m),

—  gravity acceleration (m/s?),

vegetation drag coeflicient,

— density of vegetation (m~2),

diameter of plant stems (m),

— separation between individual resistance elements (m),
— energy gradient.
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Based on (Eq. 5), we determine the quadratic friction coefficient Cy:

CpmD
Ca= > S 6)

\/E h—h, (h—h, (-(2))
7+ h ( s )

This relationship is incorporated into the TELEMAC 2D model using the FOR-
TRAN programming language, and thus complements the classical model with a new
roughness model which takes into account the impact of vegetation. This hydrody-
namic model can be combined with a morphodynamic model for predicting bed evo-
lution in the presence of vegetation and for calculating sediment transport rates, such
as the Sisyphe model.

2.2. Sisyphe 2D Sediment Transport Model

Sisyphe is a horizontal, two-dimensional model used to estimate sediment transport
and bed evolution. It can be used to model complex morphodynamic processes in
different settings, such as coastal areas, rivers, lakes, and estuaries, for different flow
levels, sediment size classes, and modes of sediment transport. The main hydrody-
namic variables calculated by Telemac 2D are input into Sisyphe to calculate the bed
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load sediment transport choosing among seven transport formulae, including those
by Meyer-Peter and Muller, Engelund-Hansen, Van Rijn and Einstein-Brown, and to
calculate the suspended load by solving the advection-diffusion equation. The bottom
evolution is calculated using the Exner equation (Villaret et al 2013).

The coupling between the Telemac 2D hydrodynamic model and the Sisyphe sedi-
mentary transport model at each time step constitutes the “hydro-sedimentary” calcu-
lation. In this case, the hydrodynamic calculation is continuous and uses bathymetry
modified by solids transport, whereas the sedimentary calculation is carried out using
adjusted hydraulic variables.

We chose Van Rijn’s method for estimating the transport of sediments for the
following reasons:

— Van Rijn’s relationship is valid for a wide range of particle diameters, from 0.1 to
2 mm.

— This relationship is based on the decomposition of the shear stress into two com-
ponents: a shear component determines the bed-load transport, and the other com-
ponent is used to calculate the suspension transport.

— Van Rijn’s relationship makes it possible to calculate the equilibrium suspensions
profile.

— The numerical setting of this formula results from a large data compilation.

Van Rijn’s bed load transport relationship is given by the following equation (Van
Rijn 1984, 1993):

Ps — P

0, =0.053 . g D3, T (@)™, @)

where:

Q, — bed-load transport per unit width (m?/s),

p — water density (kg/m?),
ps — sediment density (kg/m?),
Dsy — sediment particle size (m),
d* — dimensionless particle size (m),
T, - transport parameter calculated by:
0" — 6.
T, = o (8)

where 6, is the critical Shields parameter and 8’ is the non-dimensional
bottom friction Shields parameter.

For the suspended sediment rate, the following equation was proposed by Van Rijn
(Van Rijn 1984, 1993):

Dsy T,°
C,, =0.015— R
q hp (d*)0'3

€))

C.q is concentration at equilibrium.
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3. Model Prediction of the Vegetation Effect on Flow Resistance and Flood
Stage: The Case of the Medjerda River

3.1. Study Area Description

The Medjerda is a perennial river that extends from across the Algerian border to
the Utica Gulf in Tunisia. The river has a length of 484 km and is characterized by
a sub-humid to semi-arid climate with an average annual rainfall in the watershed of
480 mm/year (Zahar et al 2008). The Medjerda watershed covers a total area of 23700
km?, including 7600 km? in Algeria (Fig. 2). It is divided into the high, middle and
lower sub-watersheds.

Gahr El Melah

Sidi Salem Dam

e Dam
u Hydrometric station
* Pluviometric station

——y
L £ 3 50 Km

The Medjerda watershed

Fig. 2. The Medjerda river location

Many hydraulic projects have been constructed in this watershed since 1945 to
mitigate floods that caused significant material damage and posed a significant dan-
ger to the population. However, the construction of these reservoirs has led to the
natural deterioration of the Medjerda by limiting cross-sections as a result of sedi-
ment deposition and vegetation growth downstream of the dams (Zahar et al 2008,
Ben Mammou and Louati 2007, Fehri 2014).

In this study, we are interested in a 19 km section of the Medjerda located down-
stream of the Sidi Salem dam between Slouguia and Madjez El Bab. We are going
to simulate different hydraulic parameters during a flood and test the capacity of the
model to predict the hydrodynamic behavior of the river in the presence of vegeta-
tion.
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3.2. Implementation of the Hydraulic Model

To evaluate the capacity of the model to predict the hydrodynamic behavior of the
river in the presence of vegetation, we analyzed the flood of February 2012 (from 23
February 2012 to 3 March 2012). Then, we collected topographical and bathymetric
data required by the Telemac 2D hydrodynamic model to define river geometry. We
used topographic maps on a scale of 1 : 25000 and cross-sections measured during a
topographic campaign in 2003, since measured cross-sections for 2012 were not avail-
able. A one-dimensional model (HEC-RAS) was used to interpolate cross-sections
and to produce a detailed definition of the river bed (Fig. 3).
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Fig. 3. Location of the river section between Slouguia and Medjez El Bab

The area mesh was developed by the Blue Kenue model using the finite element
method. A difficulty in mesh construction is to select an optimal mesh number that
ensures the best representation of the study field. Different grids were obtained by
changing mesh density and the field of study to provide an accurate representation.

Variable mesh size was used to refine the mesh near the riverbed more than at the
edges of the study area. The grid shown in Fig. 4 consisted of 23762 nodes and 47200
elements.

The description of boundary conditions in the study area is based on hydraulic
data available for the flood of 2012. The observed flow hydrograph was used as the
upstream condition. On the downstream side, we used the rating curve h(Q) for the
flood of 2012.
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Slouguia

Fig. 4. Meshing and bathymetry of the Medjerda River between Slouguia and the Medjez El
Bab station

The calibration of the model was based on change in the vegetation drag coef-
ficient (Cp). This parameter has a significant impact on the variation of river water
levels. Several simulation experiments were performed by adjusting the vegetation
drag coefficient and comparing expected water depth profiles with those measured
during the flood of 2012 and using the Root-Mean Square Error (RMSE).

For a vegetation drag coeflicient Cp of 1, this model showed the smallest error
in estimating the water profile for the flood of 2012 with a Root-Mean Square Error
(RMSE) of 0.01 (Fig. 5). In estimating the hydrodynamic parameter in the presence
of vegetation, we retained this value to assess the effectiveness of this model.

3.3. Model Testing and Evaluation
3.3.1. Flow Discharge Prediction

The flow discharge measured during the flood of 2012 was used to validate the new
model’s ability to predict the flood hydrograph in the presence of vegetation. The
relation between hydrographs simulated and observed during the flood of February
2012 shows a reasonable agreement (Fig. 6).

The overall form of flooding is, in general, good. It is noted that the predicted
flood peaks occur on the same dates as the observed flood peaks, which shows that
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Fig. 5. Measured and simulated water levels at the Slouguia station during the flood of
February 2012 for vegetation drag coefficient Cp = 1
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Fig. 6. Comparison of flow hydrographs simulated and measured during the flood of
February 2012

the time error for propagation is almost negligible. The average flow rate observed is
about 192 m?/s, and the simulated flow rate is about 193 m3/s. The maximum flow
observed during the flood of 2012 is about 300 m?3/s, whereas the flow rate estimated
by the model is about 265 m?/s, which is smaller by about 9%. The discrepancy be-
tween calculated and observed results is determined using the criteria of deviation
(the coefficient of determination R?> and the NASH criterion). Fig. 7 shows a high
coefficient of determination R? value (about 96 percent), which indicates the success
of the model in predicting the flow rate during a flood. The estimation of the NASH
criterion also shows the usefulness of this model, with a value close to 1 of about 0.92.
The small disparity between the measured and simulated values may be explained by
the lack of measured cross-section data for the flood of February 2012.
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Fig. 7. Comparison of measured and simulated flow discharge during the flood of
February 2012

3.3.2. Water Level Prediction

The vegetation that develops on the river bed, on the banks of the river, and in sec-
ondary channels restricts the initial flow section and disrupts the natural functioning
of the watercourse. It decreases velocity, which increases the water level and flood
risk. By comparing two simulations, one from the new model and the other from
the one-dimensional model Mike 11 (Fig. 8), we try to determine the capacity of the
former model to estimate the water level during a flood in the presence of vegetation.
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Fig. 8. Predictions of water levels along the Medjerda river during the flood of February 2012
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There is very little variation in water levels simulated by the two models. A minor
downstream change occurs at the Medjez El Bab station. The results obtained by these
models also indicate that the overflowing section is located in Medjez El Bab. This
town was greatly affected during the flood of 2012.

This comparison demonstrates the potential of the present model for predicting the
water level and proves the validity of the model, which very useful in setting safety
standards for flood protection.

Below, we present a scenario of vegetation removal to explain its overflow effect
(Fig. 9). Vegetation growth in the river section between Slouguia and Medjez El Bab
causes the water level to rise. The maximum water level in the presence of vegeta-
tion is roughly 65 m, while the maximum water level after the removal of vegetation
reaches 64 m. Thus, the presence of vegetation raises the water level by around 1 me-
ter. This simulation shows the efficacy of removing vegetation from the bottom and
banks in mitigating flood risks and shows that the model can correctly predict the
effect of vegetation on the flow.

70 4 bathymetry
""""" water level in the presence of vegetation
65 = = = water level without vegetation
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Fig. 9. Comparison of simulated water level profiles along the Medjerda River with vegetation
and without vegetation between Slouguia and Medjez El Bab

4. Model Prediction of the Vegetation Effect on Sediment Transport
Processes: The Case of the Isere River

4.1. Study Area Description

The Isere, a river in the Northern Alps, is one of the Rhone’s main tributaries. Its
watershed covers a total area of 11800 km?. This river shows a rapid colonization
by woody vegetation which affects stream process and changes the river hydraulic
conditions, the morphology, as well as the local fine sediment deposition (Dumas
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2008, Allain Jégou 2010). The studied reach of the river, situated in the Grésivaudan
between station P295 and the Brignoud Bridge (Fig. 10), is 1 km long and 100 m wide.
The modeling data come from Allain Jegou’s experimental measurements during and
after the flood of October 2000. Sediment distribution and deposit granulometry were
determined on a vegetated island after each submersion. The diameter of deposit sed-
iments ranged from 260 um to 60 um, and the flow velocity was about 1 m/s.

211600 2120 12200 FE2400 212600 292000
I 1 1 1 | I

Brignoud
~ Bridge

335200

1
125000

Legend

|
J34800

Vegetated island

|
JF4600

I ! 1 1 1 1
211300 212000 223 212400 212660 212308

Fig. 10. The studied section in the Isere river

Before modeling, the structure of the region must be represented using various
mesh sizes, and boundary conditions must be identified. A hydrograph of the flood
in October 2000 was applied at the upstream limit, and the calculated rating curve
was set at the downstream limit. The purpose of this simulation was to evaluate the
model’s capacity to predict the effect of vegetation on hydraulic parameters and the
distribution of sediments in the examined section. Two scenarios were considered:
the first without a vegetated island and the second with a vegetated island in the Isere
channel.
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4.2. Prediction of Vegetation Effect on Flow Velocity

The vegetation effect on flow velocity can be estimated by comparing flow velocities
before and after the removal of vegetation (Fig. 11).

Velocity (m/s)

. 2.40 to 3.00

1.80 to 2.40
. 1.20 to 1.80
. 0.60 to 1.20
. 0.00 to 0.00

l The vegetated island

-
Before vegetation removal After vegetation removal

Fig. 11. Velocity fields before and after the removal of vegetation from the island and the main
bed of the Isere river between the Brignoud Bridge and station P295

Before the removal of vegetation, the flow velocity in the vegetated region is low,
ranging from O to 1.8 m/s, and it is close to the measured velocity. Nevertheless, the
flow velocity in the main bed of the studied section is greater than that velocity and
reaches a maximum of 3 m/s.

After vegetation removal, flow velocity in the vegetated area increases to 2.4 m/s,
while flow velocity in the main bed decreases. This comparison demonstrates the
capacity of the model to reproduce the actual situation and to predict the effect of
vegetation on velocity.

4.3. Prediction of Vegetation Effect on Sediment Distribution

The removal of riparian vegetation has an impact not only on the velocity of flow, but
also on the distribution of sediments. The following figure shows the distribution of
sediments before and after the removal of vegetation according to the new model.
Fine sediments, with a diameter ranging from 0.0001 m to 0.003 m, are deposited
in the vegetated area. These values are identical to those measured. The diameter of
sediment on the main bed is around 0.04 m. After the removal of vegetation, we note
a homogenization of the diameters. The diameter of sediment on the island drops to



Modeling the Impact of Riparian Vegetation on Flow Structure and Bed Sediment ... 73

Mean Diameter (m) ) I Vegetated island |

. 0.0466 to 0.0499

. 0.0433 to 0.0466
B 004000 0.0433
. 0.0366 to 0.0400

0.0333 to 0.0366

0.0300 to 0.0333
| 0.0267t00.0300
B 0023310 0.0267
B 0.0200t00.0233
B 001670 0.0200
B co134t00.0167
M 00101 00,0134
[l 00067 to0.0101
1) 00034 t0 0.0067

[l 00001 0 0.0034

Before vegetation removal After vegetation removal

Fig. 12. Sediment distribution before and after the removal of vegetation from the main bed
of the Isere river

around 0.02 m. The diameters on the main bed, decrease as well. The deposition of
sediments in the vegetated zone is associated with a decrease in the shear stress due
to the drag force of the vegetation. This scenario demonstrates the model’s success in
predicting the velocity effect on the distribution of sediment during a flood.

5. Conclusions

A depth-averaged two-dimensional numerical model was developed to simulate flow,
sediment transport, and morphological changes in the river channel in the presence of
vegetation. The hydraulic resistance produced by streamed vegetation is provided by
an adapted bottom friction coefficient based on vegetation characteristics and incor-
porated in the Telemac 2D hydrodynamic model using assumptions and a numerical
scheme necessary to make a formulation well adapted to the modeling of the flow
and sedimentary transport. This model was applied to specific cases of rivers affected
by vegetation growth: a 20 km section of the Medjerda river in Tunisia and a 1 km
stretch of the Isere in France. Using deviation criteria, the model was compared with
measured data. The flow discharge was predicted very accurately, with a high de-
termination coefficient R? (96%) and with a NASH criterion close to 1. The new
programmed roughness relationship was also successful in predicting the water level
and velocity. The present model, coupled with the sedimentary model Sisyphe, was
also tested in estimating the distribution of sediments and morphological changes in
the presence of vegetation, demonstrating its capacity to reproduce the real situation,
and this is very useful in setting safety standards for flood protection. Nevertheless,
further simulations have to be made with more accurate field measurements in order
to extend the applicability of the model.
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