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ABSTRACT: Aquatic vegetation has been used to restore streams, stabilize riverbanks, and
improve water quality. Field studies show that aquatic vegetation increases the in-stream tran-
sient storage in the hyporheic zone. However, the impact of vegetation on hyporheic exchange
has not been quantified due to a lack of direct visualization of the three-dimensional (3D)
pathway of hyporheic exchange in channels with vegetation. The goal of this study is to quan-
tify hyporheic exchange induced by emergent vegetation through visualization in a laboratory
flume. We proposed three probable mechanisms by which emergent vegetation impacts hypor-
heic exchange. To validate our hypotheses, we developed a refractive index match-based
method to directly image the trajectories of fluorescent dye in a channel filled with transparent
gravel sediment made from hydrogel beads and translucent acrylic vegetation dowels.

1 INTRODUCTION

Hyporheic zone is commonly referred to as the sediment layer near the surface water-
groundwater interface in rivers and streams (Boano et al. 2014, Boulton et al. 1998, Gooseff
2010). The pore fluid in the hyporheic zone and the surface water are constantly exchanging
dissolved gases, solutes, nutrients, and pollutants, which controls the biogeochemical cycles
and biodiversity of the benthic habitats (Battin et al. 2008, Jones Jr & Holmes 1996, Tonina &
Buffington 2009, Wohl 2016) and determines the retention and degradation of contaminants
in the streams (Grant et al. 2014, Lewandowski et al. 2011, McCallum et al. 2020). To increase
our ability to manage the biogeochemical cycle and fate of contaminants as well as preserve
biodiversity in aquatic environments, a fundamental understanding of hyporheic exchange is
desired.

Most studies of hyporheic exchange focus on quantifying hyporheic exchange driven by
bedforms (Buffington & Tonina 2009, Dudunake et al. 2020, Marion et al. 2002, Packman
et al. 2004, Tonina & Buffington 2007), river sinuosity (Boano et al. 2006, Cardenas 2009),
and turbulence (Roche et al. 2018, Roche et al. 2019, Rousseau & Ancey 2020, Voermans
et al. 2017, Voermans et al. 2018b). Recent field investigations and numerical studies show
that the presence of in-channel vegetation increases in-stream transient storage (Ensign &
Doyle 2005, Salehin et al. 2003) and induces hyporheic exchange near the vegetation stems
(Yuan et al. 2021). However, the impacts of in-channel vegetation on hyporheic exchange
have not been systematically characterized.

Here, we hypothesize that vegetation can induce hyporheic exchange within a canopy
through three mechanisms. To test these hypotheses, we designed hyporheic visualization
experiments in a recirculating flume with refractive index-matched sediment and translucent
acrylic dowels.
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2 THEORY

We hypothesize that within an emergent vegetation canopy, i.e., with vegetation dowels pro-
truding through the water surface, vegetation impacts hyporheic exchange through the follow-
ing three mechanisms.

First, we hypothesize that stem-scale pressure gradient generated by vegetation drag (Nepf
& Koch 1999) can drive stem-scale hyporheic exchange (Figure 1). This hypothesis is con-
firmed by a recent Reynolds-averaged Navier-Stoke simulation (Yuan et al. 2021), which
shows that stem-scale pressure gradient generated by vegetation can indeed induce hyporheic
exchange.

The drag exerted by the vegetation F), on the surface flow has been expressed as a function
of flow velocity and vegetation characteristics (Cheng & Nguyen 2011, Nepf 2012):

1
FD = EaI/UI,VCDpw UZ (1)

Here a is the vegetation frontal area per unit canopy volume (m™) which can be estimated
as a = nd, for cylindrical vegetation (Yang & Nepf 2018); n is the stem density (stem/m?); d, is
the diameter of model vegetation stem (m); Cp, is the drag coefficient of the vegetation; V,;, is
the volume of the surface water within vegetation canopy (m?); p,, is fluid density (kg/m?), and
U is the spatially-averaged velocity of the surface flow (m/s).

Second, we anticipate that vegetation can increase hyporheic exchange by increasing the
total near-bed turbulent kinetic energy. Turbulence has been shown to increase mixing
between surface water and the hyporheic zone (Nagaoka & Ohgaki 1990, Vollmer et al. 2002,
O’Connor & Hondzo 2008, Voermans et al. 2018b). In an emergent vegetation canopy, the
energy extracted from the mean flow due to the vegetation drag can be used to estimate vege-
tation-generated spatial-averaged turbulent kinetic energy k,, (Tanino & Nepf 2008, Yang
et al. 2016):

B b, 2/3 5
k’V*I'z{CDi(l_qsv)n/z} U (2)

Here ¢, is the solid fraction of the vegetation. For cylindrical dowels, ¢, = wad, /4 (Yang &
Nepf 2018). One can approximate the total near-bed turbulent kinetic energy k, as the sum of
bed-generated k,, and vegetation-generated k,, that k, = k,;, + k,, (Yang et al. 2016, Yang &
Nepf 2018, 2019).

Third, we conjecture that vegetation impacts hyporheic exchange by increasing horizontal
velocity of pore fluid within the sediment, because under the same mean flow velocity, vegeta-
tion increases the water surface slope and as such increases the streamwise pressure gradient
in the sediment. The surface slope S can be calculated from vegetation characteristics and
flow velocity based on force balance, i.e., the streamwise pressure gradient driven by surface
slope balances the bed friction and vegetation drag:

1
pngS = CfpwU2 + zapwHCD U2 (3)

Here g is gravitational acceleration (m/s®); H is the water depth (m); S is the water surface
slopes; Cy is bed drag coefficient; The bed drag coefficient C; can be estimated as
Cr=(575 10g(12.1H/k§))72 in a rough channel with the grain roughness height &’y = 6.8dsp
for gravels, i.e., sediment diameter d; > 2 mm (Julien 2010). The streamwise pressure gradient
due to surface slope is dP/dx = p,gS with x denoting streamwise distance. Accordingly, the
horizontal pore fluid velocity, V;,(m/s), within the sediment can be estimated based on Darcy’s
law: V), = —k/u¢p, x dP/dx, with ¢, denoting sediment porosity, k denoting the permeability
of the sediment bed (m?), d, denoting the sediment diameter (m), and x denoting the dynamic
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viscosity (Pa - s). k can be estimated from the Karman-Cozeny relationship:
k = ¢3d?/180(1 — ¢,)* (Voermans et al. 2018a).

In summary, we hypothesize that emergent vegetation may induce hyporheic exchange by
increasing stem-scale pressure gradient, near-bed turbulence, and water surface slope within
the vegetation canopy. The three mechanisms mentioned above are summarized in Figure 1.

In this study, we first demonstrate that the presence of vegetation increases the hyporheic
exchange using dye visualization experiment. Second, we discuss how vegetation impacts the
horizontal velocity of pore fluid within the sediment. Note that the exact contribution of each
of the above three mechanisms on hyporheic exchange cannot be separated in our current
experimental setup.
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Figure 1. We propose three mechanisms by which emergent vegetation impacts hyporheic exchange
within a canopy.

3 METHODOLOGY

A 14 m-long, 0.6 m-wide horizontal race-track flume at the University of Minnesota’s
St. Anthony Falls Laboratory was used to conduct the dye visualization experiments. The
measurements of the experiments were taken on a 150-cm-long by 60-cm-wide straight test
section. To model a permeable gravel bed, the transparent hydrogel beads (5.6 £ 0.6 mm in
diameter) were filled into the space underneath the test section. The sediment porosity
¢s = 0.3. The characteristic length scale of the pore space A = dx/Zm(qﬁ;’” — 1) = 0.4 mm.
Here m is the grain shape parameter. For perfect spherical grains, m = 1.5 (Revil 2002, Revil
& Cathles 1T 1999). We covered the hydrogel beads with a black polyester mesh (4 mm pore
size) to keep the beads in place and the sediment bed flat. The method proposed by Ma et al.
(2019) was used to make the hydrogel beads.

The translucent and cylindrical acrylic dowels with diameter d, = 6.4 + 0.1 mm were used to
simulate a rigid vegetation canopy. The dowels were arranged in a staggered array of stem dens-
ity n = 1514 stem/m? and with spanwise center-to-center distance 2ds = 2.6 cm on a perforated
PVC board placed under the hydrogel beads. The vegetation frontal area per unit canopy
volume a is 9.8 m™. The vegetation solid volume fraction ¢, = 0.05 is in the range of typical
conditions in marches (Nepf 2012, Yang et al. 2016). Note that the dowels filled the whole sedi-
ment depth and protruded through the water surface.
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We added fluorescein sodium salt (Sigma-Aldrich F6377) to DI water at 0.002%. weight
ratio to prepare dye solution. In the experiment, the fluorescent dye in the sediment was
stimulated by the blue light of a square lamp (30 cm X 30 cm) with blue LED arrays
(Figure 2) and emitted green light. The fluorescence was monitored by a downward-looking
industrial camera (BFS-U3-16S2C-CS; FLIR Systems, Wilsonville) with a 6 mm focal
length lens (ArduCAM, China) and a side-looking Nikon camera (D7500; Nikon, Japan).
The intensity of background blue light was reduced by green light filters (FGV9S; Thorlabs,
Newton). The fluorescence intensity was linearly proportional to the dye concentration
according to calibration tests (Huang & Yang 2022). The experimental setup is shown in
Figure 2.

Two types of dye visualization experiments were conducted: dye release experiment and
point-injection experiment. For dye release experiment, 1200 mL of fluorescent dye was
injected uniformly into a 44 cm X 43 cm sediment area up to 5 cm from the sediment-water
interface at quiescent condition. Afterwards, flow was started by a propeller. The time evo-
lution of the fluorescent intensity of the dye in the sediment bed was captured by
a downward-looking camera over 17 hours. For point-injection experiments, 5 mL of the
dye was injected into the sediment during the flow condition. The migration of the dye
plume in the sediment was captured by a downward-looking camera as well as a side-
looking camera.

The flow velocities in the test section at various vertical and spanwise locations were meas-
ured using a side-looking Acoustic Doppler Velocimeter (Nortek Vectrino, Norway). The
water depth in all experiments was 20.0 + 0.1 cm, and the spatially and temporally-averaged
flow velocity was 4 cm/s.

Blue light lamp

Green light filter
<+— Camera

Acrylic vegetation dowels
Hydrogel beads

Figure 2. Schematic diagram of the setup of hyporheic exchange visualization experiments.
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4 RESULTS AND DISCUSSIONS

First, we investigate the overall effect of the above proposed three mechanism (Figure 1)
through dye release experiments with and without vegetation. We tracked the decrease in the
average fluorescence intensity of the dye in the sediment over a 22 cm X 17 cm area, which
contains several repeated patterns of vegetation dowels (47 dowels in the area) for the case
with vegetation. At the same spatially and temporally-averaged flow velocity U = 4 cm/s, the
decrease in fluorescence intensity was faster in the channel with vegetation than in the non-
vegetated channel (Figure 3), indicating that the presence of emergent vegetation increased the
rate of hyporheic exchange.
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Figure 3. Average fluorescence intensity, which indicates the amount of dye in the sediment, decreased
over time due to hyporheic exchange. The spatially-averaged velocity of surface water for both cases is
the same, i.e., U =4 cm/s.

Second, we evaluate the impacts of vegetation on the streamwise migration of the dye
plume in the sediment (i.e., mechanism 3 in Figure 1) by tracking the trajectories of dye
during the point-injection experiments (Figure 4). At the same mean flow velocity of surface
water U = 4 cm/s, the velocities of the center of dye plume with and without vegetation are
(2.0 = 1.0) x 102 and (2.5 = 0.5) x 10* cm/s, respectively, suggesting that vegetation
increased streamwise flow velocity within the sediment by almost two orders of magnitude.
The Reynolds number of the surface flow Re = UR,/v is 4800. Here R, = WH/(2H+W) is
hydraulic radius (m); W is channel width (m), and v is kinematic viscosity (m?/s). To calcu-
late the Reynolds number in the sediment Re,, one should replace R;, with A-parameter
(Crespy et al. 2007). For cases with and without vegetation, Re, are 0.07 and 0.001,
respectively.

Based on the water surface slope equation (Eq. 3) and Darcy’s law, we estimated that at
U = 4 cm/s the horizontal migration velocities of the pore fluid are 2.5 x 102 and 2.3 x 10™*
cm/s for vegetated and non-vegetated channels, respectively. The agreement of our theory and
experimental results confirms that vegetation can indeed increase the horizontal velocity of
pore fluid in the sediment by orders of magnitude by increasing water surface slope.

Due to the intrinsic complexity of vegetation-flow-sediment interactions, our study cannot
distinguish the exact contribution of each mechanism (Figure 1) to the overall hyporheic
exchange. Nevertheless, the quantitative measurements here provide quantitative evaluation
of the overall impacts of vegetation on hyporheic change and the underlying mechanisms.
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Figure 4. The streamwise migration of dye plume in the sediment bed of a vegetated channel. The dye
was injected 8 cm below the sediment-water interface. The region circled by the solid curve indicates the
initial location of the injected dye plume. The region circled by the dashed line illustrates the location of
the dye plume at ¢ = 120 s.

5 CONCLUSIONS

Here we propose three mechanisms by which emergent vegetation impacts hyporheic exchange
within a vegetation canopy, including increasing (1) stem-scale pressure gradient, (2) near-bed
turbulence, and (3) water surface slope within the vegetation canopy. We designed dye visual-
ization experiments using transparent hydrogel beads and fluorescent dye to visualize the 3D
pathway of hyporheic exchange within the sediment. We show that the presence of the emer-
gent vegetation increases the exchange of fluorescent dye between surface and subsurface
flow. We also show that the horizontal migration velocity of the dye plume in the sediment
bed is consistent with the fluid velocity driven by the canopy-induced hydraulic gradient. The
refractive index match-based method we propose here will enable more thorough investiga-
tions of the impacts of aquatic vegetation on hyporheic exchange.
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NOTATION

The symbols used in this paper are as follows:
a = vegetation frontal area per unit canopy volume;
Cp = drag coefficient of the vegetation;
Cr = bed drag coefficient;
d; = sediment diameter;
ds = half of spanwise center-to-center distance;
d, = diameter of model vegetation stem;
dso = median sediment diameter;
Fp = drag exerted by the vegetation;
g = gravitational acceleration;
H = water depth;
k = permeability of the sediment bed;
k'y = grain roughness height;
k, = total near-bed turbulent kinetic energy;
k., = bed-generated turbulent kinetic energy;
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k., = vegetation-generated turbulent kinetic energy;

m = grain shape parameter;

n = stem density;

Re = Reynolds number;

Reg = Reynolds number is the sediment;

Rj, = hydraulic radius;

S = water surface slope;

U = the spatially-averaged velocity of the surface flow;
V;, = horizontal pore fluid velocity;

V,iv = the volume of the surface water within vegetation canopy;
W = channel width;

A = characteristic length scale of the pore space;

i = dynamic viscosity;

v = kinematic viscosity;

p,, = fluid density;

¢, = sediment porosity; and

¢, = solid fraction of the vegetation.
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