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• Colloid deposition rate decreased with 
travel distance following an approxi-
mate power law under various flow 
conditions. 

• Gravity contributed to the decrease, but 
could not explain its magnitude. 

• Mechanisms driving decreased deposi-
tion rate coefficient in granular media 
may also apply to submerged 
vegetation.  
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A B S T R A C T   

The effectiveness of submerged synthetic aquatic vegetation on removal of colloids from flowing water was 
investigated to explore retention of particulate nonpoint source pollutants in aquatic systems. In colloid transport 
experiments, the deposition rate coefficient of colloids in dense vegetation is often taken as spatially constant. 
This assumption was tested by experiments and modeling aimed at quantifying changes in colloid retention with 
travel distance in submerged synthetic aquatic vegetation. Experiments were performed in a 10-m long, 0.6-m 
wide flume with a 5-cm water depth under different fluid velocities, initial colloid concentrations, and solu-
tion pH values. A model accounting for advection, dispersion and first-order kinetic deposition described the 
experimental data. The colloid deposition rate coefficient showed a power-law decrease with travel distance, and 
reached a steady state value before the end of the flume. Measured changes in colloid properties with transport 
distance (ζ potential and size) could not explain the observed decrease. While gravity was shown to contribute to 
the decrease, its impact was too weak to explain the decreasing power law trend, suggesting that processes 
operating in granular media to produce similar outcomes may also apply to submerged vegetation.   
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1. Introduction 

Removal of colloidal particles (e.g., 0.1–10 μm) by dense vegetation 
is critical to non-point source (NPS) pollution control. Bio-colloids like 
bacteria, viruses and protozoa (Hickey and Doran, 2004; Magette et al., 
1989) are potential contaminants, whereas non-biological colloids such 
as clays or microplastics (Barry et al., 2013; Jin et al., 2019) can influ-
ence the fate of chemical pollutants such as radionuclides (Koelsch et al., 
2006; Tomer et al., 2003), pesticides (Wang and Wang, 2008) and heavy 
metals (Bin et al., 2011), due to their high specific surface area. 

Colloid capture by vegetation is an important mechanism for 
removing colloids from surface water (Palmer et al., 2004), more so if 
the vegetation is dense (Davies et al., 2004; Olilo et al., 2016; Palmer 
et al., 2004; Wu et al., 2014; Yu et al., 2012). Whereas extensive liter-
ature exists regarding colloid removal in saturated porous media 
(Bradford et al., 2003, 2013; Chen et al., 2015; Gao et al., 2004; Molnar 
et al., 2015; Phenrat et al., 2010; Saiers and Ryan, 2005; Wang et al., 
2016), relatively sparse information exists for removal in submerged 
vegetation. In both porous media (Kretzschmar et al., 1997; Molnar 
et al., 2015; Jin et al., 2018) and submerged vegetation (Wu et al., 2012; 
Yu et al., 2012, 2019), colloid removal mechanisms are often assessed 
using classic filtration theory, a key parameter of which is the deposition 
rate coefficient, kd. 

In saturated porous media, kd can under some conditions be spatially 
constant (Albarran et al., 2014; Chen et al., 2015; Li et al., 2004; Syn-
gouna and Chrysikopoulos, 2013), although both laboratory and field 
experiments demonstrate that kd can decrease (or otherwise vary) with 
distance from the source (Molnar et al., 2015; Schijven and Simunek, 
2002; Tufenkji et al., 2003; Wang et al., 2014). This spatial variability is 
attributed to colloid size and surface charge variations (Chatterjee et al., 
2011; Foppen et al., 2007; Molnar et al., 2015; Tong and Johnson, 
2007). For example, an increased negative ζ (zeta) potential (repulsion) 
of mobile colloids with increased transport distance was observed in a 
laboratory glass bead column experiment (Tufenkji and Elimelech, 
2005). Alternatively, Tong and Johnson (2007) reasoned that colloids 
with lower ζ potential can undergo increased secondary energy mini-
mum retention, producing faster- and slower-attaching subpopulations. 
Colloid size variation also produces variations in kd among the colloid 
population and therefore with transport distance, for example because 
of the preferential removal of larger individual colloids (Chatterjee 
et al., 2011) leading to decreasing kd with increased transport distance. 
Spatial variations of kd are commonly observed even in the absence of 
variations in colloid size or surface properties, leading to the hypothesis 
that such behavior results from fundamental processes operating during 
transport in porous media. Johnson (2020) proposed that kd changes 
with transport distance due to the existence of a fast-attaching colloid 
population that is not replenished due to incomplete pore-scale mixing. 
As the fast-attaching subpopulation is progressively depleted with 
increased transport distance, the subpopulation of non-fast-attaching 
colloids proportionally increases, in which case the overall kd corre-
spondingly decreases. 

Evidence for a similar conclusion for colloidal transport through 
dense vegetation is not available. This work considers flow through 
dense vegetation, which can be considered as a large-porosity porous 
medium. However, compared with laminar flow in granular media, the 
flow hydrodynamics in dense vegetation are more complex since the 
fluid velocity is much larger than in granular media. Because of the large 
porosity and higher flow velocity, Reynolds numbers for flow through 
vegetation will generally far exceed those for porous media, which will 
impact on deposition of transported colloids. It is this situation that this 
paper considers, in particular how kd changes with transport distance. 

A distance of at least 10 m of dense vegetation is recommended for 
removal of colloidal contaminants (Reichenberger et al., 2007; Syversen 
and Bechamann, 2004). In contrast, studies colloid removal by vegeta-
tion typically involve small-scale experiments on the order of several 
centimeters (Wu et al., 2011, 2012, 2014, Yu et al., 2012, 2013), for 

which kd is constant. Upscaling from small experiments is thus feasible 
only if kd is spatially constant. Therefore, it is of practical significance to 
investigate whether the kd for colloid removal by vegetation is spatially 
constant over relevant transport distances. Consequently, the objectives 
of this study are as follows: (1) to determine the empirical relationship 
between the deposition rate kd and travel distance in submerged aquatic 
vegetation, and (2) to explore the dominant mechanism(s) that governs 
this empirical relationship as elucidated by varying physical and 
chemical conditions. 

2. Material and methods 

2.1. Materials 

Powdered kaolinite (Tianjin Fuchen Chemical Reagents Factory, 
China) was thoroughly mixed in deionized water at three concentrations 
by adding 40, 80 or 120 g to 2 L of tap water (4 mM ionic strength). 
Mixing was achieved by vigorous shaking with an ultrasonic bath for 30 
min, after which the mixtures were left to stand for 7 h. The colloids 
remaining in suspension were then siphoned into a flask for use in the 
experiments. The colloid concentration was determined with an ultra-
violet spectrophotometer at a wavelength of 350 nm. The colloid size 
range was 900–1200 nm (mode ~1100 nm) measured by light scattering 
(Malvern Zetasizer Nano ZS90). Potassium nitrate at a concentration of 
307 ppm was used in the experiment as a conservative tracer. Plastic turf 
grass (in blocks of 0.4-m length and 0.6-m width, grass height of 8 cm) 
was selected as the experimental vegetation (Fig. 1). The vegetation 
density was 1029 (uniformly positioned) stems/m2. The colloid and 
vegetation ζ potentials were determined using a Malvern Zetasizer Nano 
ZS90. For the vegetation ζ potential, three plastic turf grasses were 
soaked in deionized water and then sonicated for 3 h. Then, the ζ po-
tential of the particles leaving the plastic surface by sonication repre-
sents the vegetation ζ potential (ZetaPlus instrument, Brookhaven 
Instrument Co., Holtsville, NY). 

2.2. Colloid transport experiments 

The colloid transport experiments were conducted in a 12 m × 0.6 m 
× 0.2 m open flume that contained a layer of plastic turf grass (Fig. 1). A 
pump was used to produce a specified constant-rate inflow. A rectifying 
tube was used to stabilize inflow in the first 1 m of the flume, while a 
plastic board located at the end of the flume controlled the water depth. 
The experiments had a flow depth of 5 cm (i.e., less than the grass height 
of 8 cm). The colloid and tracer were injected as a pulse at the flume’s 
inlet. 

Inflow with colloid-free water was first applied to the flume for about 
30 min from a 3-m3 tank, allowing the flume system to reach a steady 
flow condition. One liter of colloid and potassium nitrate mixture was 
then injected into the flume inlet as a pulse injection (0 m in Fig. 1a). 
Surface water samples were collected at 1, 2, 4, 6 and 10 m from the 
injection point at different sampling intervals (from 10 to 120 s), with 
three samples collected across each longitudinal distance for 11 min. An 
ultraviolet spectrophotometer was used to determine nitrate and colloid 
concentrations in the samples at wavelengths of 220 and 350 nm, 
respectively. Triplicate samples at each distance were averaged. In 
addition, the ζ potential and the average size of the colloids were 
measured with a Malvern Zetasizer Nano ZS90. For each condition (see 
next section), the transport experiment was repeated three times. 

2.3. Experimental conditions 

The experimental conditions were designed to examine the effects of 
fluid velocity, initial colloid concentration and pH on retention of col-
loids in dense vegetation. The fluid velocity was controlled by a pump 
(Fig. 1a), while the pH (measured) in the 3-m3 tank was adjusted using a 
NaOH/HCl mixture. The experimental conditions are listed in Table 1. 
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2.4. Transport model 

The transport of colloids in submerged dense vegetation was 
described using the advection-dispersion equation with deposition ki-
netics (Kretzschmar et al., 1997): 

∂C
∂t

=D
∂2C
∂x2 − v

∂C
∂x

− kdC (1)  

where C is the liquid phase concentration [M/L3], t is time [T], D is the 
diffusion/dispersion coefficient [L2/T], x is distance [L], v is the average 
flow velocity in the dense vegetation [L/T] and kd [/T] is the first-order 
colloid deposition rate coefficient. 

STANMOD (https://www.ars.usda.gov/pacific-west-area/riverside- 
ca/agricultural-water-efficiency-and-salinity-research-unit/docs/mod 
el/stanmod-model/, last accessed 20 July 2021), was used to solve Eq. 
(1) numerically for zero initial concentrations, a pulse-input inflow, and 
zero-concentration-gradient boundary condition at the outflow. In the 
model, the average fluid velocity v was determined using the arrival 
time of the tracer breakthrough peak concentration at each section. The 
model was first applied to simulate the transport of the tracer to deter-
mine D, which was then used to simulate the transport of colloids to 
determine kd under different conditions. 

2.5. Colloid filtration and DLVO theory 

In colloid filtration theory, the collector efficiency (η) is the ratio of 
the number of colloids that contact the collector (vegetation) to the 
number of colloids introduced to the collector. The collector efficiency 
was upscaled to kd following Johnson and Hilpert (2013): 

kd = − ln(1 − η)Nc

L
v (2)  

where (Nelson and Ginn, 2011): 

Nc

L
=
(1 − θ)1/3

2dc
(3)  

where dc is the grain diameter and θ is the volumetric water content, 
equivalent to porosity under saturated conditions. Also, v is the pore 
fluid velocity, η is collector efficiency, Nc is a series of collectors and L is 
the total length of those collectors, assuming each collector has the same 
η value. 

This parameter η includes gravitational, diffusion, and interception 
components of η (ηG, ηD, and ηI, respectively). They are determined by 
mechanistic trajectory simulations performed using Traj-Hap module of 
Parti-Suite (https://wpjohnsongroup.utah.edu/trajectoryCodes, last 

Fig. 1. Laboratory experiment: (a) schematic of the experimental setup, including the flow system, colloid addition location (0 m), and sampling locations at 1, 2, 4, 
6 and 10 m downstream. (b) From left to right the panels show: rectifying tube system used to stabilize the inflow in the first 1 m of the flume; dense, plastic turf grass 
in the flume; water-depth controller board at the end of the flume; close up image of leaf and stem layer of the vegetation. 

Table 1 
Experimental conditions and power law fit of the deposition rate coefficient kd as a function of travel distance x for different cases.  

ID Flow rate (m/s) Depth (cm) Initial colloid concentration (g/L) pH Ionic strength (mmol/L) Power law fit for kd (/s) R2 p-value 

I.1 0.017 5 13 7.6 4 0.002x− 0.682  0.967 0.002 

I.2 0.025 5 13 7.6 4 0.004x− 0.352  0.827 0.021 

I.3 0.029 5 13 7.6 4 0.003x− 1.036  0.858 0.015 

II.1 0.025 5 7 7.6 4 0.007x− 0.598  0.830 0.020 

II.2 0.025 5 13 7.6 4 0.004x− 0.353  0.827 0.021 

II.3 0.025 5 21 7.6 4 0.003x− 1.049  0.863 0.014 

III.1 0.025 5 13 6.2 4 0.003x− 0.617  0.563 0.089 

III.2 0.025 5 13 7.6 4 0.004x− 0.352  0.827 0.021 

III.3 0.025 5 13 9.6 4 /§ / / 

§ The relationship between kd and travel distance x did not follow a power law, indicated b. 
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accessed 21 July 2021) according to colloid filtration theory. The Traj- 
Hap module of Parti-Suite simulates particle trajectories and surface 
interactions and is suitable for investigating mechanistic nano-to micro- 
particle transport since it is based on pore-scale Lagrangian trajectory 
simulations with hydrodynamic retardation correction and torque- 
balance analysis (Johnson, 2020). To reduce computational intensity, 
particle trajectory simulations were initiated only within the so-called 
limiting radius, which is the radius from the axis of flow beyond 
which colloids will not intercept the grain surface. The colloid popula-
tion that would have entered the collector beyond the limiting radius 
was not simulated, but was accounted for in calculation of the collector 
efficiency (η). An important factor in the Traj-Hap module is the limiting 
colloid injection radius (denoted Rlim in Parti-Suite). In Parti-Suite’s 
computation of particle trajectories, Rlim controls the capture distance 
beyond which a given particle will not be intercepted by a surface. If 
used in simulations was confirmed to be sufficiently large to ensure 
those colloids that would exist outside the limiting radius, but colloids 
that are inside the radius correspond to the collector (not simulated) and 
would not attach (Fig. SI7). The porosity of the water column with 
submerged vegetation was determined by fluid displacement measure-
ments to be 0.96, from which the radius of the Happel sphere-in-cell 
collector (Rlim) was determined as 0.5 mm. Although the vegetation 
and colloids were both negatively charged, we simulated colloids as 

positively charged (favorable condition), i.e., the charge of colloid and 
collector have opposite signs in order to evaluate the impact of physical 
mass transfer processes (interception, diffusion, and settling). 

The extended Derjaguin-Landau-Verwey-Overbeek (xDLVO) theory 
(Derjaguin and Landau, 1993; Verwey, 1947) was used to determine 
colloid-collector interaction forces: van der Waals (Nir and Anderson, 
1977; Gregory 1981), electric double layer (Lin and Wiesner, 2012) and 
Lewis acid-base (Wood and Rehmann, 2014). Extended DLVO in-
teractions were calculated using the xDLVO module of Parti-Suite. In 
this paper, the Hamaker constant is 4.28 × 10− 20 J, and the acid-based 
energy was set to − 2.7 × 10− 10 J/m2 (Yu et al., 2020). 

3. Results 

3.1. Experimental and simulated colloid and nitrate breakthrough curves 

The observed and simulated breakthrough-elution concentration 
histories (BTCs) of nitrate and kaolinite with an average velocity of 
0.029 m/s, initial concentration of 21 g/L, pH of 6.2 and ionic strength 
(IS) of 0.1 mmol/L are shown in Fig. 2 (other observed and simulated 
BTCs are in the Supporting Information, SI). All BTCs for nitrate and 
kaolinite are reasonably symmetrical although some tailing is evident. 
The curves show the expected broadening and lowering of the peak 

Fig. 2. Observed values (symbols) and simulated fits (lines) for the BTCs of nitrate (left column, a, b, C) and kaolinite (right column, d, e, f) at various distances 
(varying velocity, pH and initial concentration). IS = 4 mM for all cases. Top row (a, d): highest velocity (0.029 m/s), intermediate pH (7.6) and intermediate initial 
concentration (13 g/L). Middle row (b, e): intermediate velocity (0.025 m/s), intermediate pH (7.6) and highest initial concentration (21 g/L). Bottom row (c, f): 
intermediate velocity (0.025 m/s), lowest pH (6.2) and intermediate initial concentration (13 g/L). Error bars show ranges (±1 standard deviation) from three 
replicate experiments. No replicates in (c) and (f). 
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concentration with increased travel distance, due to dispersion and 
deposition. Simulations using STANMOD described the transport of ni-
trate and kaolinite well with a single dispersion coefficient (R2 > 0.9 for 
all fits) along with a spatially decreasing deposition rate coefficient (kd), 
as discussed below. 

3.2. Colloid deposition rate coefficient decreased with transport distance 

The fitted kd for kaolinite decreased nonlinearly (power law) with 
travel distance for all experiments (Fig. 3, Table 1), a result that is 
consistent with colloid transport in granular media under conditions 
where colloid-surface repulsion is significant (Tong and Johnson, 2007; 
Chatterjee et al., 2010; Johnson, 2020). 

For all conditions of varied velocity, initial concentration, and pH, kd 
decreased with transport distance in the submerged vegetation (Fig. 3). 
The impact of fluid velocity on kd was non-monotonic, with the highest 
initial kd value being associated with the intermediate velocity (0.025 
m/s) (Fig. 3a). The initial value of kd decreased modestly as the initial 
concentration increased (Fig. 3b), indicating that a limited number of 
attachment sites may exist. Blocking (attached colloids preventing 
further colloid attachment) is a possible mechanism for this behavior. 
However, no blocking term was required to describe the BTCs (Eq. (1)), 
indicating that attachment sites were not exhausted, and the change in 
kd with change in initial concentration is modest (i.e., factor of two); 
therefore, we do not emphasize this trend herein. The initial (upstream) 
value of kd was equivalent among the three pH values, whereas the 
decrease with transport distance was least for the intermediate pH (pH 
= 7.62) (Fig. 3c), although the reason for this outcome is not clear. 

3.3. Colloid ζ potential and size distribution with travel distance 

The influence of transport distance on parameters critical to kaolinite 
deposition (ζ potential and colloid size) were examined to determine 
whether their potential spatial variation explains the observed decrease 
in kd with transport distance. The ζ potential of recovered colloids 
became more negative (from approximately − 11 to − 18 mV) across the 
length of the flume for the highest pH (9.55) (Fig. 4a). However, for the 
two lower pH conditions, the ζ potential became less negative (from 
approximately − 16 to − 11 mV) across the length of the flume. The 
increased negative ζ potential for the higher pH potentially contribute to 
the observed decrease of kd with increased transport distance. However, 
as the colloid radius increased from 1.26 to 1.43 μm, the second mini-
mum energy barrier to deposition decreased (Fig. SI8). The fact that all 
pH conditions showed a similar power law decrease in kd with transport 
distance demonstrates that changes in the kaolinite ζ potential during 
transport cannot explain the observed decreases in kd. 

Colloid size increased modestly (20%) with transport distance under 
the highest pH condition (9.6), whereas colloid size increased negligibly 
with transport distance for the two lower pH conditions (Fig. 4b). The 
factor two-to-three increase in colloid size at the highest pH is unex-
plained. The impact of colloid size on kd under favorable conditions was 
examined using Parti-Suite, which demonstrated a modest increase 
(approximately 10%) with colloid size increase from 2500 to 3000 nm 
across the flume distance. Therefore, the modest increase in colloid size 
with transport distance cannot explain the observed kd decrease. 

The combined impacts of colloid ζ potential and size changes with 
distance on the calculated barrier to deposition either showed no trend 

Fig. 3. Observed values (symbols) and power law-fit (lines) for kaolinite deposition rate coefficients (kd) versus travel distance for various average velocities (a), 
initial kaolin concentrations (b) and pH values (c). For all experiments IS = 4 mM. 
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(pH 9.6), or the barrier decreased with increased transport distance for 
the two remaining pH conditions (Fig. SI9), further demonstrating that 
these parameters cannot explain the consistently observed kd decrease 
with increased transport distance. 

4. Discussion 

4.1. Velocity impact on colloid deposition 

The non-monotonic impact of fluid velocity on kd was examined 
using the Traj-Hap module of Parti-Suite under favorable conditions. A 
grain radius of 0.5 mm produced simulated values of η and kd of the 
same order of magnitude as those that were experimentally observed 
(Table SI5). The gravitational, diffusion, and interception-only compo-
nents of η (ηG, ηD, and ηI, respectively) were determined by setting to 
zero diffusion, gravity, or both forces in the mechanistic trajectory 
(Parti-Suite) simulations. The simulations indicated that as the fluid 
velocity increased from 0.017 to 0.029 m/s, ηG increased then decreased 
dramatically, and ηI did so modestly (Fig. 5), likely contributing to the 
experimentally-observed modest nonmonotonic trend of the initial kd 
values as a function of velocity (Fig. 3a). In contrast, the decrease in kd 
with increased velocity observed in another vegetation experiment 
(Purich, 2006) was tentatively attributed to flow vortices. While Rey-
nolds numbers in the flume experiments (approximately 100–200) were 
in the range of laminar flow, the possibility of impact from vortices 
cannot be ruled out. However, no measurements are available to address 
this question. 

4.2. Causes of the observed decrease in kd with increased transport 
distance 

The ζ potential and colloid size cannot explain the observed decrease 
in kd with increased transport distance. However, due to the high surface 
area of the leaf layer relative to the stem layer, we expect the kd values to 
be far lower for stems relative to leaves by some factor that we denote f. 
Because of gravity the number of colloids in the stem layer would in-
crease with transport distance, thus the kd would decrease with trans-
port distance. We explored the possibility that gravity impacted kd as a 
function of transport distance by moving colloids from the vegetation 
leaf layer (top half of water column) to the stem layer (bottom half of 
water column) (Fig. 1). 

The mass change in the water column is equal to the product of the 
overall filtration rate coefficient (kd,overall), the overall water column 
concentration (Coverall), and the overall water column volume (Voverall): 

kd,overallCoverallVoverall = kd,leaf Cleaf Vleaf + kd,stemCstemVstem  

where the contributions to mass change from the leaf and stem layers are 
equal to the products of their respective filtration rate coefficients (kd,leaf 
and kd,stem), concentrations (Cleaf and Cstem) and volumes (Vleaf and Vstem). 
Rearranging: 

kd,overall =
kd,leaf Cleaf Vleaf + kd,stemCstemVstem

CoverallVoverall 

Denoting T = Vstem/Vleaf and f = kd,stem/kd,leaf and substituting gives: 

kd,overall =

(
Cleaf + TfCstem

)
kd,leaf

(1 + T)Coverall 

Mass balance dictates that the overall water column concentration 
(Coverall) comprises contributions from the leaf (Cleaf) and stem (Cstem) 
layers: 

Coverall =
Cleaf Vleaf + CstemVstem

Vleaf + Vstem  

4.3. Substituting Vstem = T Vleaf and cancelling Vleaf gives 

Coverall =
Cleaf + T Cstem

1 + T 

Fig. 4. ζ potential (a) and average diameter (b) of colloids versus transport 
distance for different pH values. For all experiments IS = 4 mM. Points are 
values from experiments and dashed lines are linear regressions. 

Fig. 5. η, ηI, ηD, and ηG as a function of fluid velocity, as determined from 
mechanistic trajectory simulations with parameters provided in Table S6. 
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Substituting the expression for Coverall into the expression for kd,overall 
and cancelling terms: 

kd,overall =

(
Cleaf + TfCstem

)
kd,leaf

Cleaf + T Cstem 

In the flume, Cleaf and Cstem will change with advection, dispersion 
and settling: 

∂Cleaf

∂t
= − kgravCleaf − v

∂Cleaf

∂x
+ D

∂2Cleaf

∂x2  

∂Cstem

∂t
= + kgravCleaf − v

∂Cstem

∂x
+ D

∂C2
stem

∂x2  

where velocity (v), dispersion (D), and the settling rate coefficient (kgrav) 
are for the sake of parsimony considered equivalent in the leaf and stem 
layers. At steady state, the above temporal derivates are zero. Further-
more, since Dkgrav/v2 ≪ 1 for our experiments (Table SI1-4), the 
dispersive flux has negligible impact on the breakthrough concentration 
in which case the equations simplify to: 

v
dCleaf

dx
= − kgravCleaf  

v
dCstem

dx
= + kgravCleaf 

Separating and integrating yields for Cleaf, and denoting λ = kgrav/v: 

Cleaf

C0
= exp(− λL)

where L is a location of interest. Separating and integrating after 
substituting the expression for Cleaf yields for Cstem: 

Cstem

C0
= 1 + L

λ
T

exp(λL)

Substituting the expressions for Cleaf and Cstem into the expression for 
kd,overall yields: 

kd,overall = kd,leaf

exp( − λL) + Tf
[

1 + L λ
T exp(λL)

]

exp( − λL) + T
[

1 + L λ
T exp(λL)

]

In the equation immediately above, the first terms in the numerator 
and denominator (with negative exponents) decrease with increasing 
distance (L), whereas the second terms in the numerator and denomi-
nator (with positive exponents) increase with distance. The denominator 
increases faster than the numerator as L increases (since f < 1), such that 
kd,overall decreases with increasing transport distance due to the influence 
of gravity (kgrav) in λ. For λL ≫ 1, kd,overall→ kd,stem, as expected (all the 
colloids eventually sink from the top layer to the bottom layer under the 
influence of gravity). 

The value of kd,overall was calculated for our experimental system at 
the medium velocity (0.025 m/s), where kgrav (6.54 × 10− 5/s) was 
upscaled from ηG using Eqs. (2) and (3). Prior to upscaling, ηG (4.84 ×
10− 6) was doubled to reflect the fact that colloid injection occurred on 
both the upper and lower sides of the collector in Traj-Hap, whereas 
colloids were introduced only above the flume bottom in the 
experiments. 

As noted just above, the calculations confirm that Cleaf decreases and 
Cstem increases across the 10-m transport distance due to the influence of 
gravity (Fig. 6a). As a result, the value of kd,overall will decrease with 
increased transport distance (Fig. 6b) towards kd,stem. The magnitude 
will decrease with decreasing f (Fig. 6b), but the rate of decrease with 
increased transport distance is equivalent regardless of f (Fig. 6b). 
Whereas the calculated decrease in kd,overall due to gravity with increased 
transport distance qualitatively agrees with the experimentally- 

observed trend, the magnitude (2.5%) of the decrease is too small to 
explain the observed kd,overall decrease according to a power law. 

Since measured parameters and gravity cannot explain the observed 
kd decrease with increased transport distance, it is possible that the 
mechanism for this decrease is similar to that found for porous media. 
For example, Messina et al. (2016) suggested that the removal of colloids 
through direct interception was greater in the forepart of a series of 
spherical collectors relative to subsequent collectors. However, the 
simulated modest decrease could not match the 
experimentally-observed power law decrease. Johnson (2020) demon-
strated that larger decreases could be simulated under the assumption 
that subpopulations of fast- and slow-attaching colloids are produced via 
incomplete pore-scale mixing during transport in granular media. 
Whether the mechanism is more akin to those proposed for granular 
media, or to those proposed for vortices (Purich, 2006) or turbulent flow 
(Nepf, 2012) remains to be determined. 

5. Conclusions 

In this paper, the retention and transport of colloids in submerged 
synthetic vegetation were studied using indoor large-scale flume ex-
periments under various conditions. The colloid deposition rate coeffi-
cient, kd, was maximal at the intermediate velocity, and it was shown 
through mechanistic trajectory simulations that the gravity and inter-
ception components of the collector efficiency were also maximal at the 
intermediate velocity, likely contributing to the experimentally- 
observed trend. The value of kd decreased following an approximate 
power law behavior with increasing transport distance. While calcula-
tions based on mechanistic trajectory simulations demonstrated that 
gravity contributed to this outcome, the impact of gravity was insuffi-

Fig. 6. (a) Calculated colloid concentration in the leaf and stem layers (left 
axis) and kd,overall (right axis) as a function of travel distance for kd,stem/kd,leaf = f 
= 0.001. (b) Variation of kd,overall with distance as a function of f. 
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cient to explain the experimental trend, suggesting that mechanisms 
governing such trends in granular media could also apply to submerged 
vegetation. 

The practical implications of the findings include the fact that colloid 
removal by vegetation can be a non-monotonic function of fluid veloc-
ity, such that decreased removal along with increased erosion under 
higher fluid velocity conditions can undermine the filtration function of 
submerged vegetation. Furthermore, the value of kd determined at small 
scales potentially greatly over-predicts the magnitude of kd (and 
removal) operating at larger scales, i.e., the rate of removal cannot be 
extrapolated linearly as a function of distance. 
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