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Abstract

Hyporheic exchange, or the exchange of water and solutes between surface and subsurface water at the sediment-water interface,

regulates water quality and biogeochemical cycles in aquatic ecosystems. Vegetation, which is ubiquitous in aquatic ecosystems,

is known to impact hyporheic exchange, yet how vegetation impacts hyporheic exchange remains to be characterized. Here, we

show that at the same spatially and temporally averaged flow velocity U, vegetation-generated turbulence increases the rate of

hyporheic exchange by a factor of four. By tracking the movement of fluorescent dye in a flume with index-matched sediment

and translucent vegetation dowels, we demonstrate that turbulence-induced hyporheic exchange at the sediment-water interface

can be characterized by a one-dimensional diffusion coefficient, DSWI. We further demonstrate that DSWI correlates with the

total near-bed turbulent kinetic energy kt rather than mean flow velocity U. A kt-based model was developed to characterize

the impacts of vegetation-generated turbulence on hyporheic exchange.
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● Vegetation-generated turbulence increases the exchange of solutes between surface and 9 
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effective diffusion coefficient. 12 

● The effective diffusion coefficient of turbulence-induced hyporheic exchange scales as 13 

total near-bed turbulent kinetic energy.  14 
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Abstract 16 

Hyporheic exchange, or the exchange of water and solutes between surface and subsurface water 17 

at the sediment-water interface, regulates water quality and biogeochemical cycles in aquatic 18 

ecosystems. Vegetation, which is ubiquitous in aquatic ecosystems, is known to impact hyporheic 19 

exchange, yet how vegetation impacts hyporheic exchange remains to be characterized. Here, we 20 

show that at the same spatially and temporally averaged flow velocity 𝑈, vegetation-generated 21 

turbulence increases the rate of hyporheic exchange by a factor of four. By tracking the movement 22 

of fluorescent dye in a flume with index-matched sediment and translucent vegetation dowels, we 23 

demonstrate that turbulence-induced hyporheic exchange at the sediment-water interface can be 24 

characterized by a one-dimensional diffusion coefficient, 𝐷𝑆𝑊𝐼 . We further demonstrate that 𝐷𝑆𝑊𝐼  25 

correlates with the total near-bed turbulent kinetic energy 𝑘𝑡 rather than mean flow velocity 𝑈. A 26 

𝑘𝑡-based model was developed to characterize the impacts of vegetation-generated turbulence on 27 

hyporheic exchange.  28 

 29 

Plain Language Summary 30 

The exchange of contaminants and nutrients between surface- and subsurface-water, in the 31 

hyporheic zone or sediment-water interface, controls the safety of our drinking water, as well as 32 

the metabolism of benthic microbes and the associated biogeochemical cycles. Vegetation, which 33 

is ubiquitous in aquatic ecosystems, has been found to affect the surface- and subsurface-exchange 34 

in the hyporheic zone and as such impact water quality and stream biogeochemical cycles. 35 

However, how vegetation impacts this exchange remains unclear, making it difficult to predict the 36 

spread of contaminants and biogeochemical cycles in streams, lakes, and coastal areas with 37 

vegetation. In this study, we directly visualized the release of fluorescent dye from transparent 38 

sediment into the surface water in a water-recirculating tank filled with translucent vegetation. We 39 

discovered that vegetation-generated turbulence can significantly increase the exchange in the 40 

hyporheic zone. Furthermore, we developed a semi-empirical equation that predict hyporheic 41 

exchange due to vegetation-generated turbulence. We believe this equation will help improve 42 

predictions of contaminant transport and biogeochemical cycles in streams and other aquatic 43 

ecosystems. The results of this study will also help ecologists design stream restoration projects 44 

that use vegetation to increase the retention and degradation of contaminants in sediment.  45 

1 Introduction 46 

Hyporheic zone refers to the region of sediment bed between surface stream and 47 

groundwater, where water, nutrients, and contaminants are consistently being exchanged (Boano 48 

et al., 2014; Boulton et al., 1998). The exchange between surface and subsurface water supplies 49 

nutrients and oxygen to underground microbes and as such controls the biogeochemical cycles and 50 

biodiversity and stability of stream bed (Battin et al., 2008; Jones Jr & Holmes, 1996; Tonina & 51 

Buffington, 2009; Wohl, 2016). The exchange in hyporheic zone also determines the retention and 52 

degradation of contaminants in stream, which controls the safety and quality of our recreation and 53 

drinking water (Grant et al., 2014; Lewandowski et al., 2011; McCallum et al., 2020). Fundamental 54 

understanding of the exchange in hyporheic zone is critical to predicting the biogeochemical 55 

cycles, biodiversity, and fate of contaminants in streams, yet such understanding is currently 56 

incomplete due to the complex multiscale characteristics of hyporheic exchange (Boano et al., 57 

2014; Böhlke et al., 2009; Li et al., 2017; Stonedahl et al., 2012).  58 
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The exchange in hyporheic zone occurs over a wide range of spatial scales, from pore- to 59 

channel-scale (Boano et al., 2014; Li et al., 2017). First, at the pore-scale, turbulence generated by 60 

the surface flow can penetrate the top layers of the sediment bed, enhancing the mixing between 61 

surface and subsurface water (Buffington & Tonina, 2009; Clark et al., 2019; Li et al., 2017; Roche 62 

et al., 2018; Roche et al., 2019). Second, meso-scale in-channel structures such as bedforms, log 63 

jams, and in-channel vegetation induce a spatial gradient in hydraulic head at the sediment-water 64 

interface, which drives a bidirectional flow between surface and subsurface, i.e., water first enters 65 

the sediment and then back to the surface stream (Drummond et al., 2018; Dudunake et al., 2020; 66 

Marion et al., 2002; Tonina & Buffington, 2007; Wilhelmsen et al., 2021). Third, channel 67 

geometries such as meanderings generate a reach-scale hydraulic head gradient, creating 68 

bidirectional flows at the reach scale (Boano et al., 2006; Buffington & Tonina, 2009; Cardenas, 69 

2009). Currently, extensive studies have been conducted to characterize the impacts of bedforms 70 

and channel geometries on hyporheic exchange (Boano et al., 2014; Marion et al., 2002; Packman 71 

et al., 2000; Salehin et al., 2004; Tonina & Buffington, 2007).  However, other important drivers 72 

of hyporheic exchange have not been quantitatively characterized, particularly near-bed turbulence 73 

and in-channel vegetation (Kim & Kang, 2020; Roche et al., 2018; Roche et al., 2019; Voermans 74 

et al., 2017). 75 

In this paper, we characterize the impacts of vegetation-generated turbulence on hyporheic 76 

exchange. We hypothesize that vegetation-generated turbulence can penetrate the sediment bed 77 

and increase the exchange between surface and subsurface water in the hyporheic zone. We 78 

propose using a one-dimensional (1D) effective diffusion coefficient, 𝐷𝑆𝑊𝐼 , to characterize the 79 

turbulence-induced hyporheic exchange at the sediment-water interface (SWI). In addition, we 80 

hypothesize that 𝐷𝑆𝑊𝐼  scales as the total near-bed turbulent kinetic energy 𝑘𝑡. Furthermore, we 81 

verify the 1D diffusion model and the scaling of 𝐷𝑆𝑊𝐼  with 𝑘𝑡 by conducting dye-visualization 82 

experiments in a water-recirculating flume filled with transparent hydrogel beads that simulate 83 

gravel bed and acrylic cylinders that simulate vegetation dowels.  84 

2 Theories 85 

2.1 1D diffusion model for hyporheic exchange at the sediment-water interface 86 

Many studies show that near-bed turbulence in the surface water can penetrate the sediment 87 

grains, increasing the mixing between surface and subsurface water (Clark et al., 2019; Li et al., 88 

2017; Packman et al., 2004; Roche et al., 2018; Roche et al., 2019). The turbulence-induced 89 

hyporheic exchange has been approximated as a vertical 1D diffusion process in channels with 90 

gravel beds (I. D. Chandler et al., 2016; Nagaoka & Ohgaki, 1990; Packman et al., 2004). Here we 91 

hypothesize that the turbulence-induced hyporheic exchange in vegetated channels with gravel flat 92 

beds is dominated by the vertical 1D diffusion process, which we further hypothesize can be 93 

characterized by a mixing coefficient 𝐷𝑆𝑊𝐼 . Note that here we focus on the vertical hyporheic 94 

exchange across the sediment-water interface between the surface water and the top sediment 95 

layers. The variation in diffusivity with depth within the sediment as discussed in (I. Chandler et 96 

al., 2016) and the longitudinal dispersion (Bottacin‐Busolin, 2017) are not the considered. Below 97 

we show an example of how we use 𝐷𝑆𝑊𝐼  and a 1D diffusion model to predict the release of solutes 98 

from the pore water of the top sediment layers to the surface water in a water recirculating flume. 99 

In section 3, we describe how we use flume experiments to validate the 1D diffusion model.  100 
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First, at the beginning of the experiment, a solute is uniformly distributed in the pore space 101 

of the top several layers of grains of the sediment bed with concentration 𝐶𝑠 and volume 𝑉𝑠. Due 102 

to turbulence-induced hyporheic mixing, the solute in the top sediment bed diffuses into the surface 103 

water, such that 𝐶𝑠 decreases with time 𝑡. Once solute is diffused into the surface water, it gets 104 

quickly mixed in the recirculating flume with a uniform concentration 𝐶𝑤 . For simplicity, we 105 

assume that the dye concentrations in the top sediment bed and in the surface water are both 106 

uniformly distributed, with volume 𝑉𝑠  and 𝑉𝑤 , respectively. We hypothesize that the exchange 107 

between surface and subsurface water at the sediment-water interface (SWI) can be characterized 108 

as a 1-D diffusion process with an effective hyporheic mixing coefficient 𝐷𝑆𝑊𝐼  (m2/s). Therefore, 109 

based on mass balance between the surface water and subsurface water:  110 

𝑑𝐶𝑠

𝑑𝑡
= −

𝐷𝑆𝑊𝐼

𝛿𝐷 
 
𝐴𝑆𝑊𝐼

𝜙𝑠𝑉𝑠

(𝐶𝑠 − 𝐶𝑤) (1) 

𝑑𝐶𝑤

𝑑𝑡
= −

𝐷𝑆𝑊𝐼

𝛿𝐷 

𝐴𝑆𝑊𝐼

𝑉𝑤

(𝐶𝑤 − 𝐶𝑠) (2) 

Here 𝜙𝑠 is the sediment porosity, 𝐴𝑆𝑊𝐼  is the horizontal area of the sediment-water interface (m2), 111 

and 𝛿𝐷 is the diffusion length scale (m, see Fig. S1 of the supplementary information document). 112 

For turbulence-induced hyporheic exchange, 𝛿𝐷 scales as the size of sediment diameter 𝑑. In this 113 

study, we set 𝛿𝐷 = 𝑑  and use 𝐷𝑆𝑊𝐼  to represent the effective hyporheic diffusion coefficient. 114 

Subtracting Eq. 1 by Eq. 2, we get 115 

𝑑(𝐶𝑠 − 𝐶𝑤)

𝑑𝑡
= −

𝐷𝑆𝑊𝐼

𝑑

𝐴𝑆𝑊𝐼

𝜙𝑠𝑉𝑠𝑉𝑤
  (𝑉𝑤 − 𝜙𝑠𝑉𝑠)(𝐶𝑠 − 𝐶𝑤) (3) 

Integrating Eq. 3 from time 𝑡 =  0 s and assume the initial solute concentration in the surface 116 

water is zero, then  117 

(𝐶𝑠 − 𝐶𝑤) = 𝐶𝑠0
𝑒−𝑘ℎ𝑡 (4) 

where 𝐶𝑠0
 is the initial dye concentration in the sediment bed and the decay coefficient 𝑘ℎ =118 

𝐷𝑆𝑊𝐼

𝑑

𝐴𝑆𝑊𝐼

𝜙𝑠𝑉𝑠𝑉𝑤
  (𝑉𝑤 − 𝜙𝑠𝑉𝑠) . Based on the proposed 1D hyporheic diffusion model (Eq. 4), we 119 

anticipate that the concentration difference between the surface and subsurface water decays 120 

exponentially with time. The schematic diagram of the proposed 1D hyporheic diffusion model 121 

can be found in Fig. S1 of the supplementary information document. 122 

2.2 Impacts of vegetation-generated turbulence on effective hyporheic diffusion coefficient  123 

We further hypothesize that the effective hyporheic diffusion coefficient, 𝐷𝑆𝑊𝐼 , scales as 124 

turbulent kinetic energy 𝑘𝑡  because previous studies show that the rate of hyporheic mixing 125 

increases with turbulent kinetic energy (Kim & Kang, 2020). In the present study, we examine 126 

how 𝐷𝑆𝑊𝐼  varies with the total near-bed 𝑘𝑡 , under similar flow velocity 𝑈 . Specifically, we 127 

compare 𝐷𝑆𝑊𝐼  in channels without and with vegetation and examine whether and how 𝐷𝑆𝑊𝐼  128 

increases with vegetation-generated turbulence. 129 

In bare or non-vegetated channels, the total near-bed 𝑘𝑡 is contributed by the bed generated 130 

turbulence 𝑘𝑡𝑏 , which scales as mean flow velocity squared 𝑈2  (Julien, 2010). In vegetated 131 

channel, vegetation generates additional turbulence 𝑘𝑡𝑣 , which is a function of flow velocity 𝑈 and 132 

vegetation characteristics including vegetation frontal area per unit volume 𝑎 and vegetation stem 133 

diameter 𝑑 (Heidi M. Nepf, 2012; Tanino & Nepf, 2008; Yang et al., 2016). Previous studies show 134 
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that the total near-bed turbulent kinetic energy in vegetated channels can be approximated as the 135 

sum of bed-generated 𝑘𝑡𝑏  and vegetation-generated 𝑘𝑡𝑣  (Yang et al., 2016; Yang & Nepf, 2018, 136 

2019), namely, 137 

𝑘𝑡 = 𝑘𝑡𝑏 + 𝑘𝑡𝑣 . (5) 

Therefore, at the same 𝑈 , the total near-bed turbulent kinetic energy in the vegetated 138 

channel is larger than the total near-bed 𝑘𝑡 in bare channels without vegetation. We anticipate that 139 

at the same 𝑈 , the increase in total near-bed 𝑘𝑡  due to vegetation will increase the effective 140 

hyporheic diffusion coefficient 𝐷𝑆𝑊𝐼 . Furthermore, we hypothesize that 𝐷𝑆𝑊𝐼  scales as the total 141 

near-bed 𝑘𝑡. In the following sections, we use flume experiments to examine this hypothesis. 142 

3 Materials and Methods 143 

3.1 Experimental set up  144 

Hyporheic exchange experiments were conducted in a race-track flume at the University 145 

of Minnesota’s St. Anthony Falls Laboratory. The flume is 14-m-long and 60-cm-wide and has a 146 

60-cm-wide by 150-cm-long straight test section (Fig. 1). The water depth in all experiments was 147 

20.0 ± 0.1 cm. The flow in the flume was driven by a propeller with cross-sectionally averaged 148 

flow velocity ranging between 0.7 to 15.4 cm/s.  149 

The bottom of the test section was removed, and the space underneath (18-cm-deep) was 150 

filled with transparent hydrogel beads (5.6 ± 0.6 mm  in diameter) to simulate a gravel bed. 151 

Method to make the hydrogel beads were developed by Ma et al. (2019) and described in the 152 

supplementary information document. To keep the hydrogel beads in place and the sediment bed 153 

flat, a black polyester mesh (4 mm pore size) was placed on top of the beads. Note that, during the 154 

experiments without vegetation, a small bed form with bedform height 1 cm was noticed. This 155 

may increase the near-bed turbulent kinetic energy. However, we anticipate that this small bed 156 

form will not affect our results, because we directly measured near-bed turbulent kinetic energy as 157 

described in the following paragraphs.  158 

Translucent acrylic dowels with 6.4±0.1 mm diameter were inserted in a staggered pattern 159 

(Fig. S4) on a perforated PVC boards placed below the transparent soil. The solid volume fraction 160 

of vegetation in this study is 0.05, in the range of typical values found in marshes (Heidi M Nepf, 161 

2012; Yang et al., 2016; Yang & Nepf, 2018). The vegetation fontal area per unit volume is 9.8 162 

m−1 and the stem density is 1547 stems/m2. 163 

Instantaneous flow velocity was measured using an Acoustic-Doppler Velocimeter (Nortek 164 

Vectrino, Norway) mounted on a 2-D moving system with 200 Hz sampling rate for 2.5 minutes. 165 

We tested that 2.5-minute duration is sufficient to obtain convergent mean flow velocity and 166 

turbulent kinetic energy. Solid glass beads with specific gravity 2.57 and mean diameter 35 167 

micrometers (3000 E-Spheriglass; Potters Industries Inc., Pennsylvania) were added to the water 168 

as seeding particles. Measurements with SNR below 15 dB were removed from data analysis. A 169 

bivariate kernel density function was used to remove noise signals from velocity measurements 170 

(Islam & Zhu, 2013). Four vertical velocity profiles were measured to capture spatial heterogeneity 171 

in velocity measurements (Yang et al., 2016). We tested that four profiles are enough to obtain 172 

convergent spatially averaged mean flow velocity and turbulent kinetic energy profiles. For non-173 

vegetated cases, the velocity profiles were measured at four horizontal locations 8-cm apart from 174 

each other. For vegetated cases, velocity measurements were taken between two rows of dowels. 175 
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The locations of the velocity measurements for the vegetated cases are shown in Fig. S4 of the 176 

supplementary information document.  177 

 178 

Figure 1. Experiments in a water recirculating flume to directly visualize the exchange of 179 

fluorescent dye between surface and subsurface water. Refractive-index-matched sediment and 180 

translucent vegetation dowels were used.  181 

3.2 Fluorescent dye release experiments  182 

Fluorescent dye was used as a tracer of the hyporheic exchange. The dye solution was 183 

prepared by adding fluorescein sodium salt (Sigma-Aldrich F6377) to DI water at 0.002‰ weight 184 

ratio. The dye, fluorescein sodium, emit green light at 520-nm wavelength, when excited by blue 185 

light at 490-nm wavelength (Osenbroch et al., 2005). One square lamp (30-cm-width by 30-cm-186 

length) with blue LED arrays were placed at the center of the channel and 33 cm above the water 187 

surface. The angle between lamp and ground is 40°. The camera was placed 120 cm above the 188 

sediment bed. The light emitted from the dye was passed through a green light filter (FGV9S; 189 

Thorlabs, Newton) and captured by an industrial camera (BFS-U3-16S2C-CS; FLIR Systems, 190 

Wilsonville) with a 6 mm focal length lens (ArduCAM, China).  191 

The fluorescent intensity of the fluorescein dye in the sediment were calibrated against the 192 

dye concentration in the sediment. First, we placed a box filled with beads and known 193 

concentrations of fluorescein dye under the mesh. Then, we illuminated the dye and hydrogel 194 

beads in the box with the blue LED lamp and measured the average intensity of the emitted green 195 

light using the downward-facing camera with a green light filter (as described in the above 196 

paragraph). Our measurements show that the emitted light intensity is linearly proportional to the 197 

accumulative dye concentration, or dye concentration times the depth of top sediment layers filled 198 

with dye. The calibration results are shown in Fig. S5 of the supplementary information document. 199 

The linear relationship indicates that the fluorescent intensity can be used to represent dye 200 

concentration in the sediment.  201 

Fluorescent dye release experiments were conducted to verify the proposed 1D diffusion 202 

model (Eqs. 1-4) and investigate the impacts of turbulence on the effective hyporheic diffusion 203 

coefficient. First, 0.002‰ fluorescein dye were injected into a 44×43 cm2 sediment area up to 5 204 

cm deep (accumulative dye concentration (1.286 ± 0.006) × 10−3 mg/cm2) using a peristaltic 205 

pump (L/S 7550-50; Masterflex, Germany). Afterwards, flows were recirculated in the flume using 206 
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a propeller. The decrease in the concentration of the dye in the sediment layer were captured by 207 

images taken every 5 minutes for a 16-hour duration using a downward facing camera. 208 

Experiments without and with vegetation were conducted at a range of flow velocities. The dye 209 

concentration in the sediment pore space was estimated by the intensity of pixels occupied by the 210 

pore space. Pixels occupied by vegetation and the mesh that hold sediment bed in place were 211 

removed (see the supplementary information document for the details of image processing). 212 

Note that once dye leaves the sediment, it is quickly diluted in the surface water. Our 213 

experiments show that the dye in the surface water, whose concentration is much smaller than the 214 

dye concentration in the sediment, does not affect the results, i.e., the light emitted captured by the 215 

camera above the water surface is mainly contributed by the dye in the sediment. 216 

4 Results 217 

4.1 Dye release experiments verify the proposed 1D hyporheic diffusion model  218 

First, we use dye release experiments described in section 3.2 to verify the proposed 1D 219 

hyporheic diffusion model (Eqs. 1-4). After fluorescent dye that emits green light was injected into 220 

the top sediment layer (5 cm), flow with controlled velocity was started at time 𝑡 = 0 h. As the dye 221 

diffuses into the surface water, it is quickly diluted to a negligible concentration. The intensity of 222 

the emitted green light, which represents the dye concentration in the sediment (Fig. S5), was 223 

captured by a downward looking camera. The snapshots of the dye at different times show that the 224 

dye concentration in the sediment bed decreases over time (Fig. 2), consistent with the fact that 225 

the dye in the sediment diffuses into the surface water due to hyporheic exchange or diffusion at 226 

the sediment-water interface.  227 

To capture the rate of dye diffusing into the surface water, the average intensity of the green 228 

light emitted by the fluorescent dye in the pore space was plotted over time. Fig. 3 shows two 229 

representative cases without and with vegetation at a similar spatially and temporally averaged 230 

flow velocity 𝑈. The decrease in dye concentrations in vegetated channels occurred much faster 231 

in a vegetated channel than in a bare channel, indicating that vegetation-generated turbulence 232 

indeed increased the diffusion or exchange of solute at the sediment-water interface. To capture 233 

the rate of diffusion, the measured average intensity of the fluorescent dye versus time was fitted 234 

to the proposed 1D hyporheic diffusion model (Eqs. 1-4), which is an exponential decay model 235 

with the decay coefficient determined by the effective hyporheic diffusion coefficient 𝐷𝑆𝑊𝐼 . The 236 

curves in Fig. 3 show that dye concentration in the sediment indeed decays exponentially, 237 

indicating that our proposed 1D hyporheic diffusion model (Eqs. 1-4) can be used to characterize 238 

the turbulence-induced mixing at the sediment-water interface. At a similar flow velocity around 239 

4 cm/s, the fitted effective hyporheic diffusion coefficient 𝐷𝑆𝑊𝐼  for the case without vegetation is 240 

1.9 × 10−10 m2 s⁄  , about four times smaller than the case with vegetation with 𝐷𝑆𝑊𝐼 =241 

7.3 × 10−10 m2 s⁄ , indicating that vegetation-generated turbulence can increase the rate of 242 

hyporheic diffusion by a factor of 4.  243 
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 244 

Figure 2. Images showing the decrease of the concentration of a fluorescent dye in the sediment 245 

over time during a dye release experiment. The dye fluorescein, illuminated by a blue light lamp, 246 

emitted green light. The intensity of the emitted green light scales with the accumulative dye 247 

concentration in the sediment (Fig. S5). Note that pixels occupied by the vegetation (the three rows 248 

of blue circles) and the black mesh were removed from images when the light intensity was 249 

calculated (see the supplementary information document for details). The vegetation volume 250 

fraction for this case is 0.05 and the mean flow velocity is 0.7 cm/s. Flow with controlled velocity 251 

was started at  𝑡 = 0 h.  252 

 253 

Figure 3. The concentration of the fluorescent dye in the sediment, represented by the intensity of 254 

the emitted fluorescent green light, decays exponentially over time, confirming the proposed 1D 255 

hyporheic diffusion model (Eqs. 1-4). The black and red symbols represent intensity measurements 256 

in channels without vegetation and with vegetation of volume fraction 𝜙 = 0.05, respectively, at 257 

a similar flow velocity 4 cm/s. The black and red solid curves represent the fit of the measurements 258 

to the 1D diffusion model (Eq. 1). The fitted effective hyporheic diffusion coefficients, 𝐷𝑆𝑊𝐼 , were 259 

1.9 × 10−10 and 7.3 × 10−10 m2 s⁄  for cases without vegetation (black) and with vegetation (red), 260 

respectively. The 𝑅2 of the model fit for the non-vegetated and vegetated cases are 0.996 and 261 

0.997, respectively. 262 
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4.2 The effective hyporheic diffusion coefficient scales with turbulent kinetic energy  263 

To test our hypothesis that the hyporheic diffusion rate at the sediment-water interface is 264 

controlled by the total near-bed turbulent kinetic energy 𝑘𝑡, we calculated the effective hyporheic 265 

diffusion coefficient 𝐷𝑆𝑊𝐼  for cases without vegetation and with vegetation of volume fraction 266 

𝜙 = 0.05 at different mean velocities U. For cases without vegetation, the total near-bed turbulent 267 

kinetic energy 𝑘𝑡 equals the bed-generated turbulent kinetic energy, which scales with 𝑈2. For 268 

cases with vegetation, at the same U, vegetation generates additional turbulence (Eq. 5) such that 269 

the total near-bed turbulent kinetic energy 𝑘𝑡 is larger in vegetated channel than in non-vegetated 270 

channels. By comparing 𝐷𝑆𝑊𝐼  versus U and 𝑘𝑡 for cases without and with vegetation, we exam 271 

whether the diffusion rate at the sediment-water interface is controlled by mean flow velocity or 272 

turbulent kinetic energy. The calculated 𝐷𝑆𝑊𝐼  were plotted against U and 𝑘𝑡  for cases without 273 

vegetation and with vegetation in Fig. 4. As shown in the figure, for cases without and with 274 

vegetation, 𝐷𝑆𝑊𝐼  increases with increasing U, consistent with the fact that flows increase diffusion 275 

or hyporheic exchange at the sediment-water interface. However, at the same U, vegetation 276 

generated turbulence increased effective hyporheic diffusion coefficient significantly, e.g., by 277 

about a factor of 4 at 𝑈 ≈ 0.04 m/s.  Compared with the distinct 𝐷𝑆𝑊𝐼  versus U curves for the non-278 

vegetated and vegetated cases, the 𝐷𝑆𝑊𝐼  versus 𝑘𝑡  measurements agreed within uncertainty for 279 

both non-vegetated and vegetated cases, suggesting that the effective hyporheic diffusion 280 

coefficient at sediment-water interface is controlled by the total near-bed turbulence intensity 𝑘𝑡, 281 

confirming our hypothesis that the effective hyporheic diffusion coefficient at the sediment-water 282 

interface, 𝐷𝑆𝑊𝐼 , scales with 𝑘𝑡.  283 

Note that here the vegetation solid volume fraction 𝑎 > 4.3 m−1  such that the spatial 284 

variations in near-bed flow velocity, bed shear stress, and turbulent kinetic energy are insignificant 285 

(Stoesser et al., 2010; Yang et al., 2015) and as such the spatially averaged turbulent kinetic energy 286 

𝑘𝑡 can be used to predict 𝐷𝑆𝑊𝐼 . We caution that for sparse vegetation with 𝑎 < 4.3 m−1, the spatial 287 

variation in near-bed turbulent kinetic energy may be significant, which could induce additional 288 

hyporheic exchange.   289 

 290 

Figure 4. (a) The fitted hyporheic diffusion coefficient 𝐷𝑆𝑊𝐼  versus mean flow velocity 𝑈 for 291 

cases without vegetation (black) and with vegetation of volume fraction 𝜙 = 0.05 (red). The black 292 

line (𝑦 = (4.2𝑥 − 0.06) × 10−7) and red line (𝑦 = (1.9𝑥 − 0.007) × 10−6) represent linear fits 293 
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to measurements without and with vegetation with 𝑅2 = 0.93 and 𝑅2 = 0.94, respectively. (b) 294 

The measured 𝐷𝑆𝑊𝐼  versus measured total near-bed turbulent kinetic energy 𝑘𝑡 for cases without 295 

vegetation (black) and with vegetation (red). The black line ( 𝑦 = (8.1𝑥 − 0.002) × 10−5 ) 296 

represents the linear fit to all the measurements with 𝑅2 = 0.76 . To reflect the spatial 297 

heterogeneity of velocity in the channel, 𝑈  and 𝑘𝑡  were calculated as the mean of velocity 298 

measured at 4 horizontal locations. 𝑈  is the cross sectionally-averaged velocity; 𝑘𝑡  is the 299 

horizontally-averaged turbulent kinetic energy measured at about 2 cm above the flume bed. The 300 

locations of measurements have been discussed in the Method section.  301 

5 Conclusions 302 

Turbulence has been recognized to enhance the exchange between surface and subsurface water 303 

in the hyporheic zone, yet the impacts of vegetation-generated turbulence on hyporheic exchange 304 

have not been characterized. Here we propose a 1D diffusion model to characterize the turbulence-305 

induced hyporheic mixing in vegetated channels. By conducting tracer experiments using 306 

fluorescent dye and refractive-index-matched sediment, we show that the turbulence-induced 307 

hyporheic exchange at the sediment-water interface can be characterized by a 1D diffusion process 308 

with an effective hyporheic diffusion coefficient 𝐷𝑆𝑊𝐼 . We demonstrate that at the same spatially 309 

and temporally averaged flow velocity 𝑈, vegetation generates additional near-bed turbulence and 310 

as such increases 𝐷𝑆𝑊𝐼  by up to a factor of four when compared with channels without vegetation. 311 

We further demonstrate that 𝐷𝑆𝑊𝐼  scales with the total near-bed turbulent kinetic energy 𝑘𝑡 instead 312 

of 𝑈. The results of the proposed 1D hyporheic exchange model will enable quantitative analysis 313 

of the impacts of turbulence and vegetation, which are common in aquatic habitats, on the 314 

exchange of contaminants and nutrients in the hyporheic zone.  315 
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Introduction  

This supporting information contains Text S1-2 and Figures S1-6. In Text S1, the procedure to 

make hydrogel beads used in the experiments is briefly summarized. Image processing steps that 

were used to generate the washout curves and the fitting process of the 1D diffusion model are 

described in Text S2. Fig. S1 shows the schematic diagram of the 1-D hyporheic diffusion model. 

Figs. S2 and S3 are images related to production of hydrogel beads. Fig. S4 shows the location of 

velocity measurements in vegetated channels. Fig. S5 shows the results of dye calibration. Fig. S6 

describes the imaging processing steps. 

Text S1. 

The hydrogel beads were made following the procedure proposed by Ma et al. (2019). First, 

sodium alginate (Sigma-Aldrich W201502) and Gellan Gum (Sigma-Aldrich P8169) were mixed 

with deionized water, and their final concentrations were 0.24 wt% and 0.96 wt%, respectively. To 

make sodium alginate and Gellan Gum fully dissolve into the water, the gel solution was autoclaved 

with the liquids cycle (sterilization temperature: 121 ℃, sterilize time: 30 minutes). After cooling 

down overnight, the polymer solution was dropped into 10 mM magnesium chloride solution 

(MgCl2, Millipore 442611-M) through plastic tubes (4 mm I.D.), as shown in Fig. S2. The 

magnesium ions cause sodium alginate and Gellan Gum to cross link and form discrete spheroid 

hydrogel beads (Fig. S3). The diameters of resulting hydrogel beads are 5.6±0.6 mm.  
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Text S2. 

Here we describe the imaging processing steps to calculate the dye intensity in the sediment 

from images shown in Fig. 2. First, the recorded images were cropped to contain several repeated 

areas of vegetation dowels, and the area occupied by and near plastic dowels was removed. Second, 

the histogram of intensity of remaining pixels was fitted by the sum of two normalized histograms 

(Fig. S6). Based on the histograms, the pixels were classified into two categories: (i) pixels 

occupied by the mesh were identified as the pixels with intensity histogram following the 

distribution with lower mean intensity and (ii) pixels occupied by hydrogel beads and pore water 

were identified by as pixels with intensity histogram following the distribution with higher mean 

intensity. Note that for consistency, the number of pixels belong to the two histograms were kept 

at 59:41 ratio. Third, fluorescent intensity of the sediment was estimated as the average of the 

intensity of pixels occupied by the hydrogel beads and pore water. This fluorescent intensity was 

used to represent the average dye intensity in the dye concertation versus time curves, or washout 

curves, shown in Fig 3.  

After we obtained the dye concentration versus time curves, we fitted the curves to the 1D 

diffusion model (Eqs. 1-4). The background image intensity (the image intensity without dye) and 

the effective hyporheic diffusion coefficient 𝐷𝑆𝑊𝐼  were chosen as fitting parameters. First, the 

model was solved numerically, and the root mean square error between the modeled washout curve 

and the experimental washout curve was calculated by linear interpolating the modeled washout 

curve at the collection time of each data point in the experiment. Both background image intensity 

and 𝐷𝑆𝑊𝐼  were adjust in each iteration to find the minimum root mean square error. The code of 

the fitting process can be found on the GitHub (https://github.com/Shih-HsunHuang/Vegetated-

induced-hyporheic-exchange). 
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Figure S1. Schematic diagram of the 1-D hyporheic diffusion model. The blue and yellow area 

indicate the surface water and sediment bed, respectively. 𝑪 denotes the concentration of a solute 

in surface water and pore water within the sediment.   

 

 

 

 

 

 



 

 

4 

 

 

Figure S2. The dropping system to make hydrogel beads with controlled size. The polymer solution 

was poured into the cups and dropped into the 10 mM magnesium chloride solution in the container 

blow the cups due to gravity.   

 
Figure S3. The hydrogel beads. The width of the container with hydrogel beads in water on the 

right image is 8cm. 
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Figure S4. The locations of the velocity measurements for the vegetated cases (the square 

symbols). The flow direction is long the 𝒙-axis, i.e., from the left to the right. The black circles 

represent vegetation dowels.  

 

Figure S5. The measured average intensity of the green light emitted from the fluorescein dye in 

the top sediment layer is calibrated against the accumulated dye concentration, which is the dye 

concentration times the depth of sediment layers filled with dye. The dashed line represents the 

linear fit 𝒚 = 𝟏𝟗𝟐𝟐𝟒𝒙 + 𝟖𝟎 with 𝑹𝟐 = 𝟎. 𝟗𝟏.  
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Figure S6. Image processing process. (a) Crop the original image. (b) Remove the pixels occupied 

by vegetation dowels. (c) Separate pixels into two groups. (d) Locate the pixels occupied by 

hydrogel beads and pore water. 
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