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Abstract

1. Aquatic plants (macrophytes) are known to affect flow dynamics, contributing to
flow resistance. Most studies on flow-vegetation interactions are performed in
laboratory flumes and focus on the flow field around plants, with little research at
the level of vegetation patches in large aquatic ecosystems. In most hydrodynamic
models, increased drag due to plants is modelled by increasing the Manning's n
roughness coefficient.

2. The objectives of this study were to: (1) develop a three-dimensional hydrody-
namic model (Delft3D) applicable to large water bodies including a novel approach
to represent macrophyte resistance (modified k-¢ turbulence closure model); and
(2) compare the modelled flow with field measurements for different vegetation
configurations and patch arrangements. Work was carried out in Lake Saint-Pierre,
a large fluvial lake of the St Lawrence River in Québec, Canada.

3. Results showed a marked increase in residence time in the zone affected by mac-
rophytes when using the modified k-¢ turbulence closure model compared to the
Manning's n approach, particularly near the bed. An improved agreement with
field measured depth-averaged velocity is obtained with this novel approach (cor-
relation coefficient of 0.80 compared to 0.46 with Manning's n only). In addition,
a good fit was obtained between vertical velocity profiles modelled and measured
in the macrophyte zone. Sensitivity analysis revealed that the additional drag due
to plants was closely associated with plant height, but that plant density played
only a minor role in retarding velocities.

4. These findings indicate that it is possible to accurately quantify both the horizon-
tal and vertical flow modulations resulting from submerged vegetation in large
fluvial systems. Considering that the Delft3D model is capable of approximating
measured velocity magnitude, preserving the logarithmic shape throughout the
water column and reaching near-zero velocities without increasing the roughness
coefficient, we recommend this modelling approach for future research on the
impact of macrophytes on flow at the scale of vegetation patches in large water

bodies comparable to Lake Saint-Pierre.
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1 | INTRODUCTION

Submerged aquatic vegetation (SAV) is a vital component of
aquatic ecosystem and provides many critical ecosystem services
(Carpenter & Lodge, 1986; Jeppesen, Sondergaard, Sondergaard, &
Christofferson, 1997). Indeed, macrophyte patches create spawning
and rearing habitats and serve as a source of diversified food for fish
populations (Thomaz, Dibble, Evangelista, Higuti, & Bini, 2008), win-
tering waterbirds (Schmieder, Werner, & Bauer, 2006), and also pro-
vide protection from predators (Grenouillet, Pont, & Olivier, 2001;
Katayama, 2014). The presence of macrophytes fosters aquatic in-
vertebrates and zooplankton richness and biomass (Bolduc, Bertolo,
& Pinel-Alloul, 2016; Rennie & Jackson, 2005). Submerged aquatic
vegetation, however, may also markedly reduce water velocities
(Boudreau, Leclerc, & Fortin, 1994; Marjoribanks, Hardy, Lane, &
Parsons, 2014; Marjoribanks, Hardy, Lane, & Tancock, 2017; Morin,
Leclerc, Secretan, & Boudreau, 2000; Morin et al., 2003), which in
turn can influence major biogeochemical cycles (Bal et al., 2013).
By facilitating sedimentation and increasing water residence time,
SAV can enhance nutrient/metal processing and removal (e.g. Costa,
Tavares, Martinez, Colares, & Martins, 2018; Madsen, Chambers,
James, Koch, & Westlake, 2001; Maine, Sune, Hadad, Sanchez, &
Bonetto, 2006). Quantifying the impact of macrophytes on flow
dynamics is thus essential to estimate elemental fluxes and model
nutrient budgets in rivers and lakes (Billen, Garnier, Ficht, & Cun,
2001; Garnier, Némery, Billen, & Théry, 2005; Hudon & Carignan,
2008; Janse, 1997; Justi¢, Rabalais, & Turner, 2002; Tall, Caraco, &
Maranger, 2011).

In situ studies estimating the impact of vegetation on flow dy-
namics in aquatic ecosystems are rare, particularly at larger spa-
tial scales. Indeed, most laboratory studies have used a simplified
representation of plants using various types of materials to assess
their potential impact on hydrodynamics (Fischer-Antze, Stoesser,
Bates, & Olsen, 2001; Kubrak, Kubrak, & Rowinski, 2008; Murphy,
Ghisalberti, & Nepf, 2007; Sharpe & James, 2006). The use of rigid
cylinders to simulate plants is very common, with only a few stud-
ies representing plants as flexible strips (Dijkstra & Uittenbogaard,
2010; Kubrak et al., 2008) or as a complex three-dimensional (3D)
point cloud (Boothroyd, Hardy, Warburton, & Marjoribanks, 2017).
Some laboratory experiments have attempted to replicate the nat-
ural complexity of macrophytes by emulating different patterns
(linear, random, staggered arrays of cylinders) (Kubrak et al., 2008;
Murphy et al., 2007; Yang, 2008). Nevertheless, these laboratory ex-
periments remain simplistic as the patterns and materials used bear
little correspondence with natural settings (Vargas-Luna, Crosato, &
Uijttewaal, 2015). Although drag on live plants has been examined
in the laboratory (Sand-Jensen, 2003, 2008; Siniscalchi & Nikora,
2013; Statzner, Lamouroux, Nikora, & Sagnes, 2006), few studies

have focused on real vegetation in natural settings, particularly at
larger reach scale. For small streams, Nikora et al. (2008) found, by
comparing multiple vegetation parameters across study sites, that
the best roughness descriptors while assessing the effects of SAV
on hydraulic resistance were probably the ratios of average canopy/
plant height to average flow depth. Their study highlights that the
effect of SAV on flow could be assessed using site-averaged param-
eters. One such parameter is the blockage factor where flow resis-
tance is a function of plant patches formed by multiple stems and
leaves (Green, 2005). The obstruction to flow created by vegetation
results in large velocity variations inside and outside of the patch
(Kleeberg, Kohler, Sukhodolova, & Sukhodolov, 2010). The addi-
tional drag is represented in this case either through cross-sectional
or volumetric versions of the blockage factor.

Quantifying the hydrodynamic impacts of macrophytes for large
rivers or estuaries remains a challenge. The main difficulty lies in the
need for an adequate representation of the added drag caused by
vegetation through an apparent drag coefficient, C, (Vargas-Luna
et al., 2015). In turn, the apparent drag coefficient and flow resis-
tance have been shown to vary markedly with physical plant features
or traits such as differences in stem width and length, structural
plant rigidity or flexibility, plant posture (Boothroyd et al., 2017),
and the amount of foliage (Vargas-Luna et al., 2015). Differences in
experimental techniques, study design, and measurement methods/
equipment account for the wide range of C, reported in the litera-
ture (Statzner et al., 2006). Values of C, for plants have been esti-
mated as a function of: (1) velocity (O'Hare, Hutchinson, & Clarke,
2007; Sand-Jensen, 2003; Wunder, Lehmann, & Nestmann, 2011);
(2) Reynolds number (based on submerged depth of vegetation and
average velocity) (Wu, Shen, & Chou, 1999; Wilson, 2007); or (3)
through other dimensions pertinent to aquatic vegetation, such as
stem thickness or diameter. Stem thickness and diameter have also
been used in combination with either average flow through vege-
tation (Cheng & Nguyen, 2011; Kothyari, Hashimoto, & Hayashi,
2009; Tanino & Nepf, 2008) or average velocity (Armanini, Righetti,
& Grisenti, 2005; Wilson & Horritt, 2002). There is, however, insuf-
ficient attention paid to the influence of SAV on flow at the patch
scale directly within aquatic ecosystems as existent models for drag/
resistance are built on small-scale physically based empirical rela-
tionships using roughness parameters (e.g. C, and/or Manning's n)
and do not reflect the spatial variation within the flow field (Ayoub
et al., 2018; Marjoribanks et al., 2017).

Another limitation in quantifying hydrodynamic impacts of SAV
in numerical models at larger scales is that a numerical grid of high
resolution is required to represent individual plants. Higher-resolu-
tion numerical grids increase calculation time substantially and re-
quire powerful computers or clusters to deal with multiple equations

per time step. Brito, Fernandes, and Leal (2016) and Boothroyd et al.
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(2017) argue that, for small scale study sites (4-20 m?), SAV could be
represented as porous media, thus eliminating the need of a high-
resolution grid. However, it remains doubtful that such an approach
is applicable at larger scales.

Several two-dimensional (2D) numerical models that include the
impact of macrophytes for large waterbodies exist; for example,
Morin, Leclerc, et al. (2000) and Li and Millar (2011) have represented
the increased SAV in their models through elevated Manning's n val-
ues. Because most submerged plants are flexible and have different
growth forms where many do not occupy the entire water column, a
3D hydrodynamic approach may better represent their true impact
on the flow field. Moreover, while the effect of macrophytes on the
shape of vertical velocity profiles has been previously examined in
a laboratory setting (Aberle & Jarveld, 2013; Fischer-Antze et al.,
2001; Hu, Huai, & Han, 2013; Nikora et al., 2013), to the best of our
knowledge, no previous work has attempted to use a 3D numerical
model to characterise velocity profiles at a large-scale field site. The
objectives of our study are to: (1) develop a 3D hydrodynamic model
(Delft3D; D3D) applicable to a large-scale field site (Lake Saint-
Pierre [LSP], QC, Canada) including a novel approach to represent

macrophyte resistance (modified 3D k-¢ turbulence closure model);
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and (2) compare the modelled flow field with field measurements for

different vegetation configurations and patch arrangements.

2 | METHODS

2.1 | Study area

Lake Saint-Pierre, a freshwater widening of the St Lawrence River
(SLR) in Quebec, Canada (Figure 1), is a critical area for wildlife and
aquatic species (Hudon & Carignan, 2008) with significant macro-
phyte coverage during the summer (Vis, Cattaneo, & Hudon, 2008).
The surface of LSP covers about 300 km? and stretches for nearly
30 km in length (streamwise direction). The lake was chosen as a
Ramsar site in 1998 (Ramsar Sites Information Service n.d.) (https://
rsis.ramsar.org/ris/949), and in 2000 it was designated as UNESCO
Biosphere Reserve (Canadian Commission for UNESCO, 2017).
Several agricultural watersheds drain into LSP, mainly from the south
shore (e.g. Yamaska, Saint-Francois, and Richelieu Rivers) (Goyette
et al., 2016) and since it is located downstream from the greater
Montreal area, it is also affected by urban wastewater pollution
(Blaise, Gagné, Eullaffroy, & Férard, 2008; Marcogliese et al., 2015).
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FIGURE 1 Location and bathymetry of Lake Saint-Pierre including the study zone at the mouth of the Saint-Francois River. Lake Saint-
Pierre is located approximately 100 km north-east of Montreal (Quebec) [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Mean daily discharge calculated for field data
campaign dates for the St Lawrence River (SLR) at Sorel and the
Saint-Francois River (SFR) at its confluence with Lake Saint-Pierre
used in runs

SLR discharge at Sorel SFR discharge
Survey year (m®/s) (m®/s)
2012 7,450 40.6
2013 9,015 107.5
2014 9,955 94.5
2015 9,898 135.2
2017 11,305 71.5

Most of the lake is relatively shallow, with an average depth of 3-4 m
(Figure 1). A significant portion of the discharge is concentrated in
the man-made central navigation channel, with depths exceeding
11 m (Hudon & Carignan, 2008). During July/August, approximately
85% of the LSP bed area is covered by submerged aquatic plants
(Hudon & Carignan, 2008; Vis et al., 2008).

Starting in 2012 the strategic research cluster GRIL (Groupe de
recherche interuniversitaire en limnologie) initiated a macrophyte
and ecosystem service monitoring program of a c. 42 km? area of
LSP downstream from the mouth of the Saint-Francois River (SFR;
Figure 1). The established zone was selected due to characteristic
extensive plant colonisation with high spatial variability in abun-
dance (Vis et al., 2008; Hudon et al., 2012; de la Cheneliére, Brodeur,
& Mingelbier, 2014). The study zone includes approximately 60 mea-
surement stations (Figure 1) that were surveyed at maximum mac-
rophyte abundance (end of July, beginning of August) for a 6-year
period (2012 to 2017).

Currently, a 2D hydrodynamic model of the SLR is used by
Environment and Climate Change Canada (ECCC), which includes
LSP (Martin, Champoux, & Morin, 2016; Morin, Leclerc, et al. 2000).
This model characterises flow resistance due to SAV through a fric-
tion coefficient (Manning's n) (Boudreau et al., 1994; Talbot, 2006).
Although this approach models reduced velocities in macrophyte
zones, it does not represent near-zero velocity zones well, which are

observed in some parts of LSP.

2.2 | Field data

Field measurements included the spatial distribution of macrophyte
height and biomass as well as velocity measurements. Macrophyte
measurements were performed annually using echo-sounding
techniques, as well as direct sampling using the rake method (Yin,
Winkelman, & Langrehr, 2000). Acoustic surveys were conducted
on 250-m spaced transects perpendicular to the lake shore using a
downward-looking single beam BioSonics DTX system with a 6.6°
angle and a working frequency of 430 kH (pulse length of 0.1 ms,
ping rate 5 ping/s). Data were post-processed in Visual Habitat 1
(BioSonics) and averaged for cycles of 5 pings. Macrophytes were
also collected by raking the lake bed over a distance of about 1 m

(0.35 m2) at each station. Macrophyte biomass was estimated from

the mean of three replicate rake samples collected around the boat
and reported as g dry mass/m?. Velocity measurements were taken
with a propeller current meter (Swoffer 2100, accuracy within 1%)
at three (2012-2015) or four (2017) heights above the bed. In 2012-
2015, points were taken at 20, 40, and 80% of flow depth, and in
2017, an additional measurement was taken at 60% of the depth
above the bed. Since only 2017 measurements included four depth
points, for consistency purposes the observed depth-averaged ve-
locity (DAV) was calculated with the two-point approach, taking the
average values at 20% and 80% of the water depth (Julien, 1998).

Bed elevation data are particularly important for hydrodynamic
model mesh generation. For our study, we used a digital elevation
model (DEM) created in 2002 by ECCC. The DEM has a pixel resolu-
tion of 25 m and was created by combining LiDAR elevation and sonar
bathymetry data. Measured historical water-level data were obtained
from Fisheries and Oceans Canada for the following gauging stations:
Sorel (#15930, upstream section), LSP (#15975, mid-lake location)
and Port Saint-Francois (#3365, downstream section; Figure 1). The
water level used in the model at the outlet boundary was linearly ex-
trapolated using Sorel and Port Saint-Francois gauging stations. The
estimated daily historical discharge data for the SLR at Sorel near the
inlet (Figure 1) were provided by ECCC (Jean Morin, personal commu-
nication). The discharge data for the SFR were obtained from Hydro-
Québec Chutes Hemming station (located 48 km upstream from the
SFR mouth). A correction of 1.05, computed based on the ratio of
drainage areas, was applied to estimate the discharge at the inlet of
the SFR from the gauging station measurements (Inlet 2, Figure 1).
The Yamaska, Richelieu, and other tributaries flowing into the lake
were excluded from the model and considered insignificant (<10%) in
comparison with the discharge of the SLR. Flow conditions varied be-
tween years, with 2012 representing the year with lowest discharge
and flow stage for the SLR, and 2017 the highest (Table 1).

2.3 | Three-dimensional model: D3D

The model D3D, developed by Deltares, NL, was used in this study
(version 4.01.01.rc.03, 11 August 2015). Delft3D is open-source
software, that allows creating hydrodynamic models of fluvial, la-
custrine, and coastal/tidal environments. It is based on the Navier-
Stokes and continuity equations under the shallow water and the
Boussinesq assumptions. The software can model flow dynamics in
2D and 3D and has the capacity to include sediment, nutrient, and
pollutant transport. For 3D computation, vertical velocities are com-

puted from the continuity equation.

2.3.1 | Selection of macrophyte modelling approach

The latest versions of D3D (since May 2014) include additional func-
tionality to address the integration of drag due to the presence of
bedforms (e.g. dunes) and macrophytes. Depending on the required
type of modelling (2D or 3D), D3D offers application of two veg-
etation models: either trachytopes (from a Greek word meaning
roughness), or a modified 3D k- turbulence closure model (Deltares,
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2014). The modified 3D k-e turbulence model (modified k- model)
was successfully tested by Fischer-Antze et al. (2001) for labora-
tory conditions. Trachytope functionality defines resistance and bed
roughness on a sub-grid scale (having several values per cell) through
different resistance classes (referred to as trachytopes). In the modi-
fied k-¢ model, aquatic plants are represented as rigid cylinders. The
influence of the vegetation upon the momentum equations is given
by the vertical distribution of the friction force as caused by cylindri-
cal elements in oblique flow (Deltares, 2014). Effectively, to model
the additional flow resistance of submerged vegetation, the drag
force (Fp) on a rigid obstacle is introduced as a sink term into the
Navier-Stokes equations (Fischer-Antze et al., 2001):

Fo=p/2U%Cp A

where p is the water density, U is the horizontal velocity and A is a vege-
tative coefficient, which depends on the number of plants per unit area
and stem width (Deltares, 2014).

Both functionalities (trachytope and modified k-e model) were
preliminarily tested in a simple flume model (Bulat, 2018) whose ge-
ometry was similar to the experimental setup described in Murphy
et al. (2007) (their run H). The modelling results revealed negligible
variation in velocities (<1% difference) using the trachytope function.
Alternately, the modified k-¢ model resulted in large velocity varia-
tions within the flow field, both vertically and horizontally. Near the
bed, predicted velocities were 0.022 m/s, compared to 0.033 m/s
in Murphy et al. (2007), whereas near the surface, they were nearly
identical (0.11 m/s compared to 0.111 m/s in Murphy et al., 2007).
The predicted mean velocity profiles also compared well with the
flume measurements of Murphy et al. (2007). Based on these find-
ings (reported in Bulat, 2018) it was decided to apply the modified
k-¢ model to the main LSP model.
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2.3.2 | Model preparation

An initial model of LSP was built using the RGFGRID module in
D3D. To simplify the model, only the confluence of the SLR with
SFR was taken into account. The upstream boundary of the LSP
(the Sorel-Berthier Archipelago) has a complex geometry, compris-
ing of approximately 103 islands. Given this complexity, a Cartesian
rectangular grid was preferred to a curvilinear one to avoid conti-
nuity problems during model computation. In total, the grid con-
sisted of 796 x 260 cells out of which 140 133 (68%) were active
elements. Five vertical layers were used. The average cell size was
around 70 m. To focus on the area at the mouth of the SFR (study
zone, Figure 1), a connected sub-grid was required. The grids were
connected through domain decomposition where variables are
transferred through the connecting boundaries. To determine the
refinement factor of the sub-grid, a grid sensitivity analysis was
conducted with three grid resolutions (of 76 x 55 m, 25 x 20 m, and
15 x 12 m) in the study zone (keeping a coarser fixed LSP grid size in
all tests). Modelling results using the second grid refinement (factor
of 3) revealed a percentage difference in maximum velocity from
the finest resolution (refinement factor of 5) of <10%, which is con-
sidered a satisfactory threshold (Biron, Haltigin, Hardy, & Lapointe,
2007). The refinement factor of 3 was therefore used, resulting in
average cell size in the study zone of approximately 25 m (Figure 2).

Delft3D allows utilisation of different roughness coefficients
including Manning's n. Although the simplest approach was to use
a single roughness coefficient value for the entire domain, we pre-
ferred the use of a generalised roughness coefficient map, to better
represent the spatial variations in flow resistance, while considering
the scale of LSP. Accordingly, the initial Manning's n value for the
SLR (main navigational channel in the lake) and SFR in the model was
set to 0.016, and the rest of the lake was assigned a value of 0.018
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except for the study zone where n was equal to 0.038. These values
were later modified at the calibration and validation stages.
Macrophytes in the study zone were represented via four

scenarios:

1. Manning's n value;

2. Mannings's n and modified k- model applied assuming a homoge-
neous distribution of vegetation (0.75 m in height, single stem of
0.005-m diameter, and density of 500 rigid cylinders per m?);

3. Mannings's n and modified k-e model applied to large patches
(based on the field observations of macrophyte coverage over
5 years [height of 0.75 m in height, 0.005-m diameter, 500 and
1000 cylinders/m? density]);

4. Mannings's n and modified k-e model applied to small patches

100 x 100 m in area based on 2015 survey macrophyte data.

The background horizontal eddy viscosity was kept constant
throughout all simulation runs at 0.0001 m?/s, which is the recom-
mended value for lakes in D3D (Deltares, 2014). The eddy viscosity
term accounts for the added energy dissipation due to turbulence in
the flow. A single average eddy viscosity value is sufficient for uni-
form flow; however, for complex geometries, distributed calibrated
values of eddy viscosity are desirable (Papanicolaou, Elhakeem, &
Wardman, 2010). The calibration of background horizontal eddy
viscosity has been shown to play an important role in D3D model
performance (Parsapour-Moghaddam & Rennie, 2018). However,
such a calibration would have required very detailed velocity mea-
surements throughout the numerical domain, which are difficult to
obtain for large-scale studies such as LSP. Furthermore, a uniform
eddy viscosity value was desired in order to clearly test the effect
of the vegetation model on velocities. Sensitivity analyses were run
for macrophyte heights and densities, starting with an average value
for heights (0.35 m, based on field observations) and densities (500
cyIinders/mZ, based on sensitivity analyses). These values were then
progressively increased (0.65 and 1.00 m for heights, 750 and 1000
cylinders/m? for densities). For heights, a very high value of 1.35 m
was also tested, even if in some cases this exceeded water depth, to

better assess the impact of this variable on the numerical models.

2.4 | Model calibration and validation

The hydrodynamic model (without vegetation) was built and cali-

brated using 18 June 2012 discharge and water surface data. A low

Date Gauging station Measured, m Modelled, m
2012/08/19 Sorel 3.775 3.775
(low flow) Lake Saint-Pierre 3.427 3.444
Port Saint-Francois 3.251 3.25
2010/10/02 Sorel 5.482 5.539
iz o) Lake Saint-Pierre 5127 5.163
Port Saint-Francois 4.950 4,928

TABLE 2 Boundary conditions used for calibration and
validation

2012/06/18 2012/08/19 2010/10/02
Discharge, Qg 7,990 7,198 12,400
(m%/s)
Discharge, QSFR 51 33 1,151
(m%/s)
Water levelg . (m) 3.37 3.23 4.88

flow (19 August 2012) and high flow (2 October 2010) condition were
used for model validation by comparing modelled and measured
water levels at the three gauging stations. Table 2 summarises the
boundary conditions used for calibration and validation. All models
were run for 18 hr at steady-flow conditions and a 0.1-min time step.

The calibration was performed by uniformly adjusting Manning's
n values by small increments (0.0005) throughout the entire domain.
The final values used in LSP model were n = 0.0235 for the main
channel of the SLR (St Lawrence River) and the SFR (Saint-Francois
River), n = 0.0455 for the study zone and n = 0.0255 for the rest of
the lake. Validation results for low flow (19 August 2012) revealed
an average difference in elevation of 1 cm, whereas for the higher
flow conditions (10 October 2010), the average difference was 4 cm
for the three water level stations (Table 3). The model thus appeared
to adequately reproduce water levels of LSP under a wide range of
flow conditions.

3 | RESULTS

3.1 | Macrophyte distribution and parameterisation

The macrophyte field data reveal high inter-annual variability in both
the biomass and plant height, with higher values in 2013 and 2015
(Figure 3a,b). Consistent patterns of dense (30-150 g dry mass/m?)
and high (0.35-1.00 m) SAV were observed close to the confluence
with the SFR and along the right downstream bank of LSP, where
macrophytes occupied up to 70% of the total water column (i.e. flow
depth). Based on an average pattern of biomass for the 5-year study
period (Figure 3a), the large patches used in modelling scenario 3
were defined manually in a Geographical Information System with
dense (1,000 plants/m?) patches close to the right bank fringed by
two smaller, more scattered (500 plants/mz) vegetation patches lo-

cated farther from the bank (large patches scenario; Figure 4).

TABLE 3 Validation results based on
comparing water level at the gauging
0 station locations

0.02
0.01
0.06
0.04
0.02

Difference, m
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FIGURE 3 Spatial variation of total macrophyte biomass (g dry mass/m?) collected (a) and macrophyte height (m) (b) at the measurement
stations. Flow in Lake Saint-Pierre is from left to right (see arrow in upper left panel)

FIGURE 4 Location of the modelled
patches inside the study zone with either
500 or 1,000 plants/m? (large patches
scenario) [Colour figure can be viewed at
wileyonlinelibrary.com]

[ Study zone
Vegetation patches (plants/m?)
— 1,000

— 500

0 05 1 2
L1 1 1 Jkm

. . L. . ere Depth-averaged velocities are presented in Figure 5 and ranged be-

3.2 | Spatial distribution of velocities P & P & &
tween 0.06 and 0.11 m/s. Overall faster flow was observed farther
Measured velocity profiles in the study zone reached a maximum of from the bank towards the navigational channel. The flow slowed in

V =0.34-0.50 m/s near the water surface (80% depth from the bed). the mid-section of the zone and reached near-zero velocities near
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the shore. Comparisons between the plant biomass (Figure 3a) and
DAVs (Figure 5) show that the elevated biomass at the mouth of the
SFR coincided with markedly reduced velocities in the study zone
(Figure 5).

3.3 | Numerical modelling—impacts of macrophytes
on residence time

3.3.1 | Depth-averaged results

The spatial variability in modelled water velocity is best illustrated
using the depth-averaged results. The August 2017 flow condition
(Q=11,377 m®/s) is presented in Figure 6a and is representative of
all the surveyed years. In Figure 6a, marked differences in velocity
are observed between the main (navigation) channel of the SLR,
peaking at 1.2 m/s, and the markedly slower flow along the banks,
including the study zone, with velocity below 0.1 m/s. The model
results presented in Figure 6a,b are based on using Manning's n to
represent increased macrophyte roughness near the STF conflu-
ence. Overall, the modelled flow field corresponded well to field
measurements (Figure 6b), but there are a few stations closer to
the navigational channel where the velocity is underestimated (in
white in Figure 6b) and, most importantly, the velocity of 42.6%
of the stations, primarily near the bank, were overestimated by

2017

Velocity (m/s)
° 0.00-0.05 @ 021-0.30

® 0.06-0.10
0.31-0.40
@® 0.11-0.15 .

@ 0.16-0.20 . 0.41-0.50

FIGURE 5 Field measurements of depth-averaged velocity (m/s)
at measurement stations

the model (black circles in Figure 6b). This highlights the limita-
tions of a model solely based on Manning's n to predict very low
velocities associated with macrophytes as the assumption of a
logarithmic profile is unrealistic in a flow field affected by vegeta-
tion. Therefore, even with very high Manning's n values, the near-
zero velocities would not be adequately simulated. Introducing
additional drag due to macrophytes into the LSP model through
the modified k-e¢ model (homogeneous distribution of vegetation)
yielded a decrease in flow velocity with a better agreement (4.3%
of the stations with overestimated velocity) with the field meas-
urements near the right bank (Figure 6c).

The decrease in flow velocity resulting from the additional drag
due to macrophytes through the modified k-¢ model corresponds to
an increase in water retention time in the study zone. This was tested
for five different flow events from 2012 to 2017 by comparing the first
scenario (Manning's n only) with the models incorporating Manning's
n and additionally the modified k-¢ model to represent macrophytes
either as a homogeneous zone covering all sampling stations (0.75-m
plant height and 500 plants/m? density) or as large patches (Figure 4).

The DAV for each scenario averaged for different flow events
over the 5-year period reveals that the homogeneous distribu-
tion of macrophytes resulted in the largest increase of mean
residence time in comparison with predictions modelled using
Manning's n. The mean residence time was estimated by dividing
the longitudinal distance of the study zone, 9.7 km, by the DAV.
The homogeneous distribution is seen to increase the mean res-
idence time by 6.2 hr (Table 4). The inclusion of large vegetation
patches in the model (covering 15 km?) is seen to exert a lesser
impact on mean residence times than a homogeneous plant
cover, which assumes SAV over the entire zone of 42 km?. The

patches nevertheless increased mean residence time by 3.2 hr.

3.3.2 | Vertical differences in the water column

In 2015, a high density of macrophytes was measured at the
field site. This year was therefore used to compare velocities and
mean residence time predicted by the Manning's n and homoge-
neous models at three different relative heights above the river
bed (bottom (z/H = 0-0.2); middle (z/H = 0.4-0.6); surface layer
(z/H = 0.8-1.0), where z is the height above the bed and H was
the total depth at a specific location. Statistical analysis (t-test,
o = 0.05) showed that the mean velocity modelled using the ho-
mogeneous macrophyte distribution and modified k-e model were
significantly reduced near the river bed and in the middle of the
water column in comparison with the Manning's n only model
(Figure 7, Table 5). Accordingly, mean residence times for the ho-
mogeneous scenario were increased by 5.8 hr in the middle layer
and 22.8 hrin the bottom layer, assuming a parcel of fluid remains
at the same elevation as it advects downstream. No significant
difference in top-layer (near surface) mean velocity or residence
time between values predicted using the Manning's n only model
and that derived from the homogeneous macrophyte distribution
with the modified k-e model.
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FIGURE 6 Modelled depth-averaged velocity
for the August 2017 dataset: (a) whole domain
using Manning's n only; (b) study zone using
Manning's n only; and (c) study zone using
Manning's n and the modified k-¢ model. Velocity
comparison between the predicted and measured
velocity at measurement stations, showing

where the model underestimates (white circles),
overestimates (black circles), or approximates
field observations (grey circles, within = 0.05 m/s)

[Colour figure can be viewed at wileyonlinelibrary.

com|]
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TABLE 4 Comparison of mean 2012-2017 water residence time based on the spatial mean depth-averaged velocity (DAV), for the three
scenarios of macrophyte roughness modelled using the modified 3D k-¢ turbulence model

Mean DAV standard deviation,

Scenario Mean DAV, m/s m/s

Manning's n only 0.120 0.0089
Small patches (k- model) 0.120 0.0700
Large patches (k- model) 0.105 0.0050
Homogeneous (k-e model) 0.094 0.0089

0.20 q
= Manning’s n only
0.16 - = Modified k- model
<
E 0121
=
0~
o
o
£ 0.08-
0.04 1
0.078 0.047 0.13 0.10
0.00 -+

Bottom layer Middle layer

Mean difference in

Mean residence time, hr residence time, hr

224 -
22.4 =
25.6 3.2
28.6 6.2

FIGURE 7 Comparison of mean
velocity for the whole study zone derived
from values modelled using Manning's n
or homogeneous macrophyte distribution
scenarios (with the modified k- model).
Velocity values were modelled separately
for the bottom layer near the river

bed (z/H = 0-0.2), in the middle layer
(z/H = 0.4-0.6), and in the surface (top)
layer (z/H = 0.8-1.0) of the water column.
Significant differences in velocity are
indicated by the star symbol [Colour
figure can be viewed at wileyonlinelibrary.
com]

0.15

0.14

Top layer

TABLE 5 Comparison of mean longitudinal velocity and mean water residence time between the Manning's n only and homogeneous
submerged aquatic vegetation with modified k-e modelling methods for 3 vertical water layers located at increasing height above the river

bed
Mean velocity, m/s Standard deviation, m/s Residence Time, hr
Manning's n Homogeneous, Manning's Homogeneous, Manning's Homogeneous,
Layer z/H only k-¢ model n only k-e model nonly k-¢ model Difference, hr
Top (0.8-1.0) 0.15 0.14 0.08 0.01 17.9 19.2 1.3
Middle (0.4-0.6) 0.13 0.10 0.07 0.09 21.0 26.8 5.8
Bottom (0-0.2) 0.078 0.047 0.05 0.06 34.6 574 22.8

3.4 | Numerical modelling—comparison with field
observations

3.4.1 | Entire study zone

As presented in Section 3.4.2, we tested the effect of smaller vege-
tation patches of 100 x 100 m centred on each measurement station
with reported macrophytes during the 2015 survey, leaving the rest
of the zone free of SAV. The impact of these small patches on the
overall DAV was small with the mean velocity remaining at 0.12 m/s,
regardless of the parameter values used for plant densities (500,
750, or 1000 pIants/mZ) and plant heights (0.35, 0.65, and 1.00 m).
This was not surprising, since the relative area allocated to macro-
phytes remained very small, occupying only 0.76% of the study zone.

The direct comparison between measured and modelled veloc-
ity data (station by station, small patches scenario) is presented in
Figure 8. The regression slope can be seen to approach unity with the
modified k-e model. This is probably due to the model's ability to bet-
ter predict the low velocities found in the macrophyte zones. Local

comparisons of velocity using only Manning's n showed relatively low
correlations r = 0.461. When using the modified k-e model the cor-
relation increased, particularly for higher plant heights (Table 6). The
modelled macrophyte height thus appears as the main driver in the
increase of agreement between the measured and predicted veloc-
ities, while densification of macrophyte patches caused only minor
changes. This supports the conclusion of Vargas-Luna et al. (2015)
that the degree of submergence was the major factor driving flow re-
sistance estimation. The largest correlation value (0.804 for DAV) was
associated with plants (rigid cylinders) of 1.35 m. It is worth noting
that, at some sampling stations, this height exceeded the total water
depth, therefore resulting in a shift from fully submerged to surface
floating.

3.4.2 | Comparison of vertical velocity profiles at
specific stations

Velocity profiles modelled using the small-patch vegetation method
(modified k-e model) and the 2015 data were used to compare with
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FIGURE 8 Predicted versus measured 0.25
velocity for the 2015 models using

Manning's n only (red squares) and

modified k- model for depth-averaged 0.2
velocity (blue triangles) [Colour figure can
be viewed at wileyonlinelibrary.com]
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A Modified k-¢ model

®  Manning’s n only

— 1to 1 slope
----- Modified k- model
----- Manning’s n only

0.05 0.1 0.15 0.2 0.25
Measured velocity, m/s

TABLE 6 Pearson correlation (r) values for the comparison of modelled and measured velocities at different heights above the bottom as
well as depth-averaged velocity (DAV). All comparisons are based on 62 observations for the year 2015

Model scenarios

Correlation with measured velocities in each water layer/depth averaged velocity

Plant density,
Plant height, m plants/m? Bottom 0-20%
0.35 750 0.677
0.65 500 0.690
0.65 750 0.689
0.65 1,000 0.689
1.00 750 0.695
1.00 1,000 0.695
1.35 1,000 0.699

velocities generated from the Manning's n only model and with field
measurements. Figure 9a-d presents cases with a very good match
between field velocity measurements and predicted velocities when
using the modified k-¢ model at four measurement stations. In these
cases, the Manning's n only models (logarithmic profile) are clearly
overestimating velocity. It is interesting to note that the modified
k-e model is able to predict well both the cases with near-zero veloc-
ity (Figure 9a,b) and with a slow, but non-zero velocity (Figure 9c,d).
There are, however, also cases where neither the Manning's n nor
the modified k-¢ model has been able to model field observations
(Figure 9e,f). For the cases where no macrophytes are reported
(Figure 9g,h), the Manning's n only scenario results in a fairly good
agreement with the measured vertical profile.

4 | DISCUSSION

This study demonstrates the successful use of a 3D hydrodynamic
model to accurately assess the impact of SAV on the flow field and
mean residence time in the realistic setting of a large fluvial lake.
The results from this study were validated using a unique and exten-

sive field dataset in LSP of both macrophyte density and height, as

Middle 20-40% Top 80-100% DAV

0.693 0.490 0.682
0.771 0.633 0.744
0.769 0.616 0.741
0.769 0.602 0.738
0.785 0.742 0.790
0.784 0.739 0.789
0.789 0.783 0.804

well as velocity measurements for 5 different years. The data set has
allowed for the comparison of different modelling approaches that
were subsequently validated with field data.

To adequately represent macrophytes in the LSP fluvial sys-
tem, which if very large (47 x 13 km including the archipelago) and
in particular the study zone (approximately 42 km?), macrophytes
were represented as patches instead of individual plants—a scale
that currently suffers from a paucity of studies (Marjoribanks et al.,
2017; Nepf, 2012). Our results are consistent with findings from
previous studies, which observed a marked effect of macrophytes
on the flow field (Boudreau et al., 1994; Fischer-Antze et al., 2001;
Marjoribanks et al., 2014, 2017; Morin, Leclerc, et al.; 2000; Morin
et al., 2003), and showed how the introduction of the modified
k-¢ model improved the accuracy of the model. It is encouraging
that the relatively simple approach used in the D3D model of LSP,
based on rigid cylinders, resulted in a significant flow reduction at
the depths occupied by modelled macrophytes in comparison with
runs where macrophytes were represented through Manning's n
only. Velocity profiles and residence time near the riverbed pre-
dicted from the modified k-¢ model indicated an increase in drag
resulting from the presence of macrophytes. While many previ-

ous studies similarly compared velocity profiles at point locations,
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FIGURE 9 Comparison of modelled and measured velocity profiles at different measurement stations in 2015: (a-f) macrophytes
present; and (g) and (h) no reported macrophytes. Based on field measurements, macrophytes were characterised having 1-m height and 750
plants/m? density in (a-c, e and f); 0.65 m height and 500 plants/m? density in D [Colour figure can be viewed at wileyonlinelibrary.com]

this was done primarily in laboratory flumes or smaller reaches
(Murphy et al., 2007). The D3D LSP model successfully predicted
velocities at point locations throughout the very large study zone
(42 km?).

At a reach scale, the additional resistance due to vegetation can
be determined conventionally by the blockage factor (Green, 2005;
Nepf, 2012; Nikora et al., 2008), which corresponds to a ratio of the
cross-section occupied by a vegetation patch over the total cross

section. However, such an approach is challenging to implement in

a larger water body such as LSP, particularly when only a portion of
the lake is studied.

Knowing the predicted variation of the flow field vertically en-
ables an accurate estimate of residence time—a critical variable for
understanding and predicting phosphorous and nitrogen transfor-
mations (Saunders and Kalff 2001; Blanton et al., 2010; Hensley,
Cohen, & Korhnak, 2015). The modelled mean residence time based
on DAV did not change markedly between the different tested mac-
rophyte scenarios, reflecting the small changes in mean velocity
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between the runs. However, calculating mean residence time for
each depth layer revealed large vertical differences in water circu-
lation, with potential impacts on nutrient retention and absorption
rates. Since biogeochemical transformations largely occur at the
water-sediment interface due to strong redox gradients (Barko,
Gunnison, & Carpenter, 1991; Jaynes & Carpenter, 1986; Vila-Costa
et al., 2016), the presence of macrophytes is likely to increase bio-
logical retention of nutrients and contaminants through increased
particle settling and the enhanced residence time of near-bottom
waters. This is a main advantage of the 3D model used here, as it
has the ability to predict velocities at different depths due to its use
of the Navier-Stokes equations, compared to more conventionally
used 2D models (based on the St Venant equations) for study zones
as extensive as LSP. Indeed, results from our study could potentially
help to better understand the ecological services provided by mac-
rophytes with regards to various biogeochemical transformations,
both horizontally as well as vertically in the water column.

Although the modified k-¢ model produces hydraulically reason-
able predictions for both low and high flow stage conditions of LSP,
it is rather difficult to obtain a perfect fit between measured data
and predictions at certain sampling station locations. The errors in
predicting velocity could be attributed to several reasons, including
the numerical mesh for the study zone, which remains fairly coarse
(25 m). Marjoribanks et al. (2017) noted an improved agreement be-
tween predicted results and measured data as they increased their
model mesh resolution. In our mesh resolution sensitivity tests, we
concluded that the additional refinement of the study zone subdo-
main did not produce considerable changes in the mean velocity.
Realistically, considering the scale of LSP, increasing the model mesh
resolution further would have resulted in lengthy computational
times or model stability issues, greatly limiting our ability to run sen-
sitivity analysis on various macrophyte parameters. Given the scale
of the study zone, the LSP model calculates a velocity value (per
vertical layer) for a cell with an area of 625 m?; thus, it is not surpris-
ing that the predicted velocity differs from the observed measure-
ments at some measuring stations located in more dynamic zones.
Furthermore, the geolocation of the field data measurements does
not necessarily coincide spatially with the location of the centre of a
cell value in the D3D mesh.

Another explanation for the poor predictions at some sites is that
the DEM used to generate the numerical mesh has a pixel resolu-
tion of 25 m, which represents a coarse generalisation of the ac-
tual lake bed. Considering that the DEM was produced in 2002, it is
likely that changes in the actual lake bathymetry have occurred due
to aggradation or erosion, which has not been accounted for in the
model. The confluence of SFR and SLR could be characterised as a
deltaic depositional environment and there is a probability that the
presence of SAV enhances further deposition. Acquiring an updated
bathymetry would be valuable for future studies.

Our modelled macrophyte representation is somewhat simpli-
fied in comparison with real life conditions where there is large
variability in macrophyte height and stem width both within and

among different species of plants. Considering that the submerged

Freshwater Biology WY LEYM

plants are parameterised as rigid cylinders by the modified k-¢
model, the modelled plants are still far from the correct depiction
of the in situ aquatic plants. Since, in nature, most macrophytes
are flexible and bend in the direction of the flow, the height used
in the model actually represents bending height, which changes
with water depth and velocity. Furthermore, in our models, veg-
etation patches were represented as blocks static in time, which
would not react to changes in hydraulic parameters. Incorporating
the ability to represent plant reconfiguration in modelling would
benefit further studies on macrophyte-flow interactions by as-
sessing the impact of flexible SAV, and thus better approximate
the natural conditions in modelling (Marjoribanks et al., 2017;
Verschoren et al., 2016).

Despite these drawbacks, the modelling of macrophytes in
our large-scale application still produced realistic resistance to
flow, where the model was able to capture near-zero velocities as
measured in situ. This is a major contribution, as obtaining reliable
velocity measurements in large water bodies affected by macro-
phytes is notoriously difficult (Ayoub et al., 2018). Considering
that the D3D model is capable of approximating measured veloc-
ity magnitude, preserving the logarithmic shape throughout the
water column and reaching near-zero velocities without increas-
ing the roughness coefficient, we recommend this modelling ap-
proach for future research on the impact of macrophytes on flow
at the scale of vegetation patches in large water bodies compara-
ble to LSP.

5 | CONCLUSIONS

A 3D hydrodynamic model that represents macrophytes through
a modified 3D k-¢ turbulence closure model in D3D was success-
fully used to model the observed flow field in LSP, a large fluvial
lake in the SLR system. When compared to the more traditional
modelling approach using a resistance coefficient (Manning's n),
predicted velocities were in better agreement with field data.
Modelled residence time in an extensive zone with an area of
42 km? downstream from the confluence with the SFR was also
longer than that predicted from the Manning's n approach, par-
ticularly close to the bed. Sensitivity analysis revealed that the ad-
ditional resistance time is closely associated with plant height, and
that plant density only plays a minor role. These findings indicate
that it is possible to accurately quantify the impact of SAV on the
flow field in large fluvial systems. Such a 3D modelling approach
could be used in future studies to improve our understanding on
the role of macrophytes in nutrient and pollutant dynamics for a

wide range of scales.
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