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Abstract: Suspended sediment collected by vegetation in marshes and wetlands contributes to verti-
cal accretion, which can buffer against rising sea levels. Effective capture efficiency (ECE), a parameter
quantifying the fraction of incoming suspended particles directly captured by underwater vegetation
surfaces, plays a key role in determining the significance of direct interception in morphodynamic
models. The ways in which physical characteristics of collectors and transitionally turbulent flows
affect ECE are not yet thoroughly understood. We conducted a set of 12 experiments at three flow
velocities and three stem densities (plus equivalent zero-collector control experiments), plus four
experiments where biofilm was allowed to accumulate. We determined that ECE decreases with
increasing collector Reynolds number (study range: 66 to 200; p < 0.05 for two of three treatments)
and increasing collector density (solid volume fraction: 0.22% to 1.17%; p < 0.05 for two of three
treatments). Adding biofilm increased ECE in all cases, by a multiplicative factor ranging from 1.53
to 7.15 at different collector densities and biofilm growth durations. In some cases, the impact of
biofilm on ECE far outweighed that of collector Reynolds number and density. By combining our
data with those of one similar study, we present a preliminary model quantitatively assessing the
effect of collector density on ECE.

Keywords: sediment transport; collector efficiency; submerged vegetation; transitional turbulence;
biofilm; sedimentation

1. Introduction
1.1. Background

Coastal marsh and wetland ecosystems will likely suffer habitat degradation and range
contraction due to sea level rise over the course of the 21st century [1,2]. However, models
predict that vegetation will play an important role in determining the vertical accretion rate
of these same habitats, which factors into their degree of adaptability to sea level rise [3,4].
In order to better predict sedimentation rates, as well as other properties that are related to
sediment transport such as water quality [5] and ecological productivity [6], researchers and
modelers require empirical estimates of the magnitudes of different interactions between
aquatic vegetation and suspended sediment.

Aquatic plants affect sedimentation in many different ways. Stems, leaves, and other
plant surfaces intercept suspended sediment [7–9] via direct capture, diffusional deposition,
and inertial impaction [10–12] (Figure 1). Direct capture describes the mechanism whereby
particles moving along flow streamlines in close proximity to the surface of a collector
(e.g., stem) contact and are retained on that surface (Figure 2). Diffusional deposition
describes collection due to Brownian motion and turbulent diffusion of particles. Inertial
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impaction describes capture where the inertia of sufficiently massive particles carries them
into contact with collectors despite flow separation around the collectors.

Figure 1. Photographs of fine sediment captured on vegetation in a field setting. (a) Stems obtained
from a tidal freshwater marsh within the Wax Lake Delta, southern Louisiana. (b) A magnified
(10×) image of one of these stems. (c) In places like the freshwater nontidal Everglades, Florida, fine
sediment is often captured by thick coatings of epiphyton on vegetation stems.

Additionally, effects of plants on turbulence and flow patterns impact the rate at which
suspended particles settle out of the water column due to gravity [8,9,13–16]. Plants also
affect bedload transport [17–19] and reentrainment of cohesive sediment [20] and sand [21]
by turbulent flow. Whereas larger particles may settle out of the water column due to
decreased turbulence in vegetation patches [8,9,22,23], finer particles may be destined
to either impact vegetation and be captured or to pass through vegetated areas without
being retained.

It is widely agreed that vegetation biomass increases sedimentation in most tidal wet-
land settings [4,9,24–26], although the potential of stems to increase resuspension [21,27]
suggests exceptions may occur in water with low suspended sediment concentration.
As for the relative importance of the different mechanisms by which vegetation affects
accretion rate, and the ways in which environmental and flow parameters shape these
relationships, much remains unknown. Numerical modeling suggests that the proportion
of sedimentation attributable to direct capture varies widely across various environmental
conditions [9]. These models predict that in conditions with adequately high biomass
and mean flow velocity, as much as 70% of the instantaneous sedimentation flux of fine
(∼20 µm in diameter) particles may be attributable to direct capture. These sedimenta-
tion models applied a model of direct capture based on flume experiments involving a
single isolated stem [28]. Subsequent laboratory studies [10,29] have found quite different
results for patches of many collectors, which could impact the quantitative results of the
sedimentation model.
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1.2. Particle Capture Models

Capture efficiency (η) is a dimensionless parameter that describes the ability of a
collector to capture suspended particles in an open-channel flow. For a collector modeled
as a cylinder that extends from the channel bed to the air-water interface (e.g., emergent
vegetation stems, dock pilings, bridge supports), in laminar flow, η is defined as the ratio
(η = wu

dc
) between the upstream width of streamlines that reach the cylinder (wu) and the

diameter of the cylinder itself (dc) [28] (Figure 2).

Figure 2. A diagram illustrating capture efficiency for a cylindrical collector. wu is the cross-sectional
width of streamlines in the upstream flow containing particles that will ultimately be captured, and
dc is collector diameter. Adapted from Palmer et al. (2004) [28].

Effective capture efficiency (ECE; η′) arose as a correction to η that accounts for lateral
dispersion in transitionally turbulent flows [30], the fact that not all particles contacting a
collector will adhere to it [11,31], and the fact that affixed particles may later be sheared
off [10,32]. These factors confound the estimation of η in experimental and field settings,
which was the primary motivation for the conception of ECE. In practice, ECE is also
commonly conceptualized as the proportion of particles passing through the upstream
projected cross-section of a collector that are effectively captured by the collector. While this
overlooks the fact that lateral dispersion may bring particles from outside this projected
cross-section into contact with the collector, it allows for simple conversion between ECE
and η, using a multiplicand conventionally referred to as the probability of retention (pr):

η′ = prη . (1)

Physical properties of collectors, particles, and flow environments all affect capture
efficiency, though their relative importances remain unclear. Greater flow velocities (u)—
represented nondimensionally through the collector Reynolds number (Rec =

udc
ν ), where

ν is kinematic viscosity—and larger particle diameters (dp) result in greater direct capture
and inertial impaction of particles on stems in isolation [28,33]. However, increased u
also results in increased turbulence intensity, particularly within vegetation canopies.
Increased turbulence might trap particles in vortices distant from collector surfaces [29,34]
and shear particles off of collectors [10], resulting in lower ECE. Increased dc and spatial
density of collectors, which we parameterize as solid volume fraction, i.e., the fraction of
underwater volume in a patch of vegetation occupied by plant matter (φc), can increase
turbulence intensity in collector wakes. However, at sufficiently high densities, decreasing
interstitial distance can limit turbulent eddy scale and have a damping effect on turbulence
kinetic energy (TKE) [8,35]. Lastly, biofilm comprising algae, cyanobacteria, and other
microorganisms that live on the surfaces of submerged vegetation, also affects capture
efficiency [10]. Increased stem roughness [28] seems a likely mechanism for this effect,
along with possibly improved particle adherence [36].

While analytical expressions exist for particle capture in creeping and potential
flows [33,37,38], the complexity of the effects described above precludes theoretical so-
lutions for laminar to transitional flow (approximately 1 < Rec < 1000), which occurs
commonly in vegetated aquatic environments and on the length scales of aquatic macro-
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phytes. Seeking to bridge this knowledge gap using empirical estimation, Palmer et al. [28]
conducted flume experiments on an isolated single cylinder coated with grease, for which
retention was assumed to be complete (pr = 1), yielding the model:

η = 0.224Rec
0.718R2.08 , (2)

where R =
dp
dc

. Wu et al. [39] studied single-collector capture efficiency of colloid particles,
which have different physicochemical interactions with collector surfaces than sediment
particles, and which fit a different model:

η0 = 0.0044Rec
−0.94N−0.03

Pe , (3)

where η0 is contact efficiency, which accounts for pr < 1 due to particles not adhering on
initial contact but still assumes zero resuspension, and NPe is the Peclet number (udc/D,
where D is the diffusion coefficient of the sediment). We include Equation (3) because of its
novel prediction of a negative relationship between Rec and ECE. However, because their
study focused on laminar flow, Equation (3) might not scale to transitionally turbulent
conditions, and its derivation from study of colloid particles in particular might limit its
applicability to capture of the range of sediment diameters in real-world environments.

Before our investigation, two other laboratory studies examined sediment capture
in patches of multiple collectors [10,29]. Purich [29], who also used greased cylindrical
collectors, found a negative relationship between η and Rec for their intermediate collector-
density treatment, but little to no effect—and low absolute η values—for their high- and
low-density treatments. Fauria et al. [10] studied artificial leaves as opposed to stems
and yielded a new model for ECE in patches of multiple collectors based on the form of
Equation (2):

η′ = CRec
−1.14R0.65 . (4)

They left C as a coefficient dependent on their other explicative variables: collector density
and biofilm. While they did find higher ECE at lower collector density, and with biofilm
present, they only examined two collector-density treatments, and only determined the
effect of biofilm for one of the two. Their study design also did not differentiate enhanced
gravitational settling theorized to occur in the proximity of collectors from direct capture
on their surfaces. Perhaps most importantly, neither study examined uncertainty in their
respective ECE or η estimates. Quantifying experimental and statistical uncertainty, espe-
cially important for laborious flume experiments that often have few replicates, could shed
light on the reported discrepancies in results across experiments.

With numerous variables differing between relatively few studies, additional exper-
imental work is needed to fill in yet unexplored parameter combinations. For example,
Fauria et al. [10] tested Equation (4) on leaf-shaped collectors as opposed to the ver-
tical cylinders used in prior studies [28,29], and the predictions of that equation have
yet to be compared to laboratory measurements for ECE in patches of multiple vertical
stems. Additionally, the physical properties of the synthetic particulate matter used by
Purich [29]—who did study patches of multiple stems—do not match those expected for
suspended sediment in most natural settings.

With so little presently understood about interception processes, “rigorous” quantifi-
cation involves understanding how both physical and chemical/biological factors affect
capture efficiency. Because surficial properties of biofilm vary widely with species compo-
sition and environmental conditions (e.g., temperature, light, nutrient levels, macrophyte
species) [40–43], we adopted an experimental flume approach with surrogate collectors
(dowels) to isolate the effects of physical factors on interception, holding the influence of
surficial properties constant by coating the dowels with silicone grease. In a second set of
experiments, we cultured biofilm on the dowel surfaces to semi-quantitatively estimate
the potential importance of varying surficial properties relative to that of varying phys-
ical properties in conditions representative of wetlands. Our study builds on previous
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work by testing Equation (4) for cylindrical collectors across a range of Rec similar to Fau-
ria et al. [10], but with an expanded range of φc values to explicitly uncover its relationship
to ECE. Additionally, we measured TKE in situ to assess its role as a mediator variable
between collector density and ECE, estimated the importance of biofilm relative to Rec and
φc across a range of collector densities, estimated uncertainty in ECE for our particular
experimental conditions, and took the first steps towards developing a quantitative model
for ECE as a function of φc. We refer readers to Stein et al. [44] for development of a
synthesis model for ECE based conjunctively on this study and others reported in the
literature.

2. Materials and Methods
2.1. Experimental Methods
2.1.1. Materials

We conducted our experiments in the Ecogeomorphology flume, an indoor
(22.2 ± 1 °C) recirculating flume located in McCone Hall at the University of Califor-
nia, Berkeley. The flume has a rectangular open-channel section (5.25 m length × 0.6 m
width × 0.6 m height) with a bed and sidewalls that are smooth and transparent and a
removable false bottom. At both its upstream and downstream ends, this section connects
to rectangular ducts with gradually changing hydraulic diameter and rounded corners
with curved vertical manifolds. Upstream of the open-channel section, a honeycomb
flow collimator further straightens flow streamlines (Figure 3). These features mitigate
development of secondary and large-scale circulation features outside of the experimental
test section.

In turn, the ducts guide water to and from the inlet and outlet of the pump array,
which consists of a disc pump (Discflo Pumps Corporation, Santee, CA), and a magnetic
flowmeter, connected by PVC pipe. This type of pump uses rotating discs to generate vis-
cous drag, which entrains fluid and suspended particles through its interior chamber while
maintaining laminar flow and avoiding structural disruption, pulsation, and abrasion [45].
Altogether, the flume design maintains constant, adjustable discharge through the open
channel, minimizing background turbulence and other artifacts that arise with other types
of pumps, and is particularly suitable for experimental studies of fine sediment transport.

Within the open channel, we instrumented a test section 1.95 m in length with the
following devices:

1. A flat-bedded array positioned flush with the neighboring channel bed, containing
vertical, emergent collector stems.

2. Two battery-operated peristaltic pumps (Cole-Parmer, Vernon Hills, IL) used to
sample suspended particle concentration via three hose inlets each (inside diame-
ter = 3.1 mm), which were suspended at a range of heights from the channel bed (5;
14; 27 cm); these were positioned 50 cm upstream and downstream of the test section
and were sampled at a flow rate equivalent to the mean flume velocity.

3. Sediment traps (n = 9) with 2.5 cm circular openings flush with the bed and collection
filters (Whatman GF/F) on perforated filter holders recessed in a 5 cm deep cylin-
drical cavity (trap Reynolds number and aspect ratio chosen to minimize bias [46]),
interspersed among the collectors in a grid-like pattern (Figure 3).

We used 1/8′′ (0.3175 cm) cylindrical wooden dowels as collectors, which we covered
in silicone grease (Chemplex 710, Fuchs Petrolub, Mannheim, Germany) in order to retain
impacted particles, and spread randomly throughout the test section at the appropriate
density. Crushed walnut shell served as an analogue for suspended sediment because it has
physical properties comparable to the organic-rich types common in wetlands [47–49], has
been used widely in flume experiments [50–52], and is easily attainable in controlled grain-
size distributions. We used WF5-200 grade (Composition Materials Co., Milford, CT, USA),
which passes entirely through a #60 sieve (250 µm) and has an average particle diameter
(d50) of 25.2 µm based on measurements using a laser-scattering-based instrument (LISST-
Portable|XR, Sequoia Scientific, Bellevue, WA, USA; See Appendix A.1 in Appendix A).
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We also empirically estimated the particle density of this specific walnut shell flour to be
1.53 g/cm3 using volume displacement. The settling velocity of a median-sized particle
(dp = d50) was estimated at 0.19 mm/s using Stokes’ law, which provides a reasonable
approximation for the relatively low TKE values observed.

Figure 3. The Ecogeomorphology flume. Not all measurements are to scale. (a) Photograph of
the test section (center-left) and pump (right). (b) Conceptual diagram of the flume as seen from
above. Labeled parts are: (1) pump, (2) magnetic flowmeter, (3) test section, and (4) honeycomb flow
collimator. Arrows indicate direction of flow. Green points represent the inlets for the peristaltic
pumps sampling suspended particle concentration. Red circles represent the sediment traps. (c) A
side view of the open-channel part of the system, where size differences in sediment trap symbols
portray distance from the given perspective.

2.1.2. Suspended Particle Concentration Analysis

We conducted experimental runs for a fully-crossed parameter space of collector
Reynolds number (67; 134; 200) and collector density (0; 285; 821; 1487 collectors/m2 bed
area). We chose these values, as well as other experimental parameters held constant
throughout, because they correspond to those that might occur for emergent grasses or
reeds in natural settings (Table 1) [53]. We used a zero-collector control density to isolate
the effects of our experimental installations from the background effects of the rest of
the flume.
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Table 1. Experimental and natural parameter ranges. Natural values are based on approximations or measurements from
cited studies and literature reviews in wetlands or other low-gradient flows.

Parameter This Study Fauria et al. (2015) Purich (2006) Natural

Flow velocity (cm/s) 2.0–6.0 1.8–6.1 1.0–10.2 0–25 [54]
Flow depth (cm) 40 14–17 12 0–50 [55]
Reynolds number 1 8400–25,200 2520–10,400 1400–12,800 70–65,000 [8,56]

Collector shape Cylindrical Bladed Cylindrical Varies
Collector diameter (cm) 0.318 0.3 0.6 0.1–1.2 [57,58]
Collector Reynolds number 66–200 54–183 70–640 5–1000 [55]
Collector density (#/m2) 285–1487 2724–7209 1013–4053 10–2700 [58]
Solid volume fraction (%) 0.22–1.17 0.82–2.16 2.86–11.5 0.1–1 [57]

Particle type Walnut shell Road dust Pliolite® Sediment
Particle density (g/cm3) 1.53 2.27–2.61 2 1.03 1.43–2.39 [49]
Average particle diameter, d50 (µm) 25.2 ∼10–15 3 212–250 45–100 [59,60]
Suspended concentration (µL/L) 5–55 <9–50 ∼110 2–25 [60,61]

Particle-collector diameter ratio, R 0.0079 0.0004–0.083 3 0.037 <0.25
1 Calculated with water depth as the length scale. 2 Estimated from a different study about road dust properties [62]. 3 Fauria et al. [10]
measured capture in separate size bins across a broad range of particle diameters (1.25–250 µm).

Before each experiment, we filled the flume with tap water to 0.4 m depth in the test
section, which was enough to fully submerge the pump and almost the entirety of the duct
length. At this depth, the volume of water in the entire flume measured approximately
2.43 m3 (See Appendix A.2). We used a Nortek Vectrino Profiler ADV (acoustic Doppler
velocimeter; Nortek AS, Vangkroken 2, 1351 Rud, Norway) to calibrate the pump flow
rate to channel mean flow velocity. At the experimental flow velocities (2.0; 4.0; 6.0 cm/s),
circulation times for the entire system were 506 s, 253 s, and 169 s, respectively. We did
not detect an effect of drag forces caused by collectors on upstream or downstream flow
velocities. We also used the Vectrino Profiler to measure bed shear stress and shear velocity
for the maximum flow-velocity treatment. We positioned the probe in the middle of the
channel, as close to the bed as possible while avoiding signal interference (10 cm), and
estimated shear stress from the velocity profile measured (∼4–6 cm from the bed) [63] and
the dynamic viscosity of water at 22.2 °C (9.487× 10−4 Pa s). This method yielded a shear
stress value of 8.61× 10−3 Pa in a region of the flow at the maximum collector-density
treatment, and 9.46× 10−3 Pa for a region free of collectors, from which we computed
shear velocities of 2.94 mm/s and 3.10 mm/s, respectively.

We installed sediment traps before each run, then added a slurry consisting of 200 g
of crushed walnut shell suspended in 15.1 L of tap water using a spigot calibrated to finish
draining after a period roughly equal to circulation time (3 min). Test-section flow velocity
remained at 6 cm/s during this period across Rec treatments, before being adjusted to the
appropriate value for the treatment. This procedure distributed particles longitudinally
throughout the flume fairly evenly. The estimated depth-averaged starting concentration
was 82.3 mg/L (53.8 µL/L).

In preliminary experiments, we determined that 100 min was more than adequate to
capture the effects of settling and capture on suspended sediment concentrations across our
parameter space. We sampled suspended sediment concentration from the six peristaltic
pump hoses every five minutes, the first sample occurring five minutes after we began
adding sediment to the flume. Samples measured approximately 140 mL in volume, and
our sampling frequency resulted in 19 sampled time steps per experiment. We covered
sediment traps with a plunger at 100 min and then removed them. We processed peristaltic
pump samples using vacuum filtration through pre-weighed glass microfiber filters (What-
man GF/F). Both peristaltic pump and sediment trap samples underwent oven-drying
to constant weight at 40 °C, and finally gravimetric mass analysis. We attributed indi-
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vidual samples with anomalously low (<8 mg/L) or high (>80 mg/L) concentrations to
measurement error and did not include them in analyses.

2.1.3. Estimating Collector-Induced Turbulence

We measured mid-water-column TKE within the collectors for each combination of
Rec and collector density using the Vectrino Profiler ADV mounted on a frame suspended
above the test section. The ADV measured longitudinal, lateral, and vertical flow velocity
components at a frequency of 10 Hz. We collected 5 min of data per treatment in order to
achieve stationarity of flow and turbulence statistics. We then filtered these measurements
to leave out timepoints where the two vertical velocity measurements differed by more
than 50% or the signal-to-noise-ratio reading was less than 5 dB, and despiked them using
a phase-space thresholding algorithm [64]. We derived TKE from the cleaned Vectrino data
according to its definition as half the sum of the variances of the velocity components:

TKE =
1
2
[(u′)2 + (v′)2 + (w′)2] . (5)

2.1.4. Biofilm Growth

The effect of biofilm on the surficial properties of collectors, and thereby their ECE, was
another factor of interest for our experiment. While we did not incorporate biofilm into the
fully-crossed parameter space of other explicative variables due to the time-intensiveness
of growing microbial communities, we did carry out an auxiliary experiment to roughly
assess its effect size. After one of the experiments at each collector density, the water in the
flume came to rest, and the collectors then remained constantly illuminated by a fluorescent
grow-light for a measured number of days. The crushed walnut shell served as the food
source for the microorganisms constituting the biofilm.

Once biofilm became visually apparent on the surfaces of the collectors, we conducted
an experiment using the same materials and protocols as the treatments without biofilm,
holding Rec = 200 constant between biofilm treatments. The length of time it took for
robust biofilm growth to occur differed between the minimum, intermediate, and maximum
collector-density treatments (13; 18; 20 days, respectively). For the maximum collector-
density treatment, we performed a follow-up experiment with a longer growth period
(46 days). We did not quantitatively assess biofilm mass but assumed that the number of
days it was allowed to grow could act as a proxy, albeit nonlinear due to the likelihood of
exponential or logistic growth.

2.2. Sediment Transport and Particle Capture Model
2.2.1. Model Derivation

We used an exponential decay model for suspended sediment concentration in the
flume adapted from Fauria et al. [10] to estimate ECE (η′):

dφ̄s

dt
= −

[
Cbvs

h
(1− Er) + η′udc Ic

]
φ̄s(t) = −(ks + kc)φ̄s(t) = −kφ̄s(t) . (6)

Here, φ̄s(t) = 1
h

∫ h
0 φs(z)dz is the depth-averaged suspended sediment concentration

at time t, where h is water depth, z is height above the bed, and φs(z) is concentration
at height z. ks = Cbvs

h (1− Er) is the exponential time-decay rate of φ̄s due to effective
settling corrected by a constant proportion (1− Er) for entrainment (represented through
the dimensionless entrainment rate Er), a simplification justifiable for the constant flow
conditions of the flume experiment. Effective settling is calculated from settling velocity
(vs), h, and a constant (Cb) that relates φ̄s to near-bed sediment concentration. Because
we observed a nearly homogeneous vertical profile of suspended sediment concentration
(See Appendix A.3), Cb ≈ 1 for our experiments. A detailed derivation of ks is available in
Fauria et al. [10]. kc = η′udc Ic is the rate at which particles are removed from suspension
due to capture by collectors. Ic =

Nch
V is collector density, where Nc is the total number of
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stems, and V is the volume of water in which stems are contained; for emergent stems, Ic
simplifies to the count of collectors per unit area of the channel bed. Equation (6) assumes
that potential particle binding sites on the stems remain unsaturated. The solution of this
differential equation is as follows:

φ̄s(t) = φ̄s(0)e−kt = φ̄s(0)e−(ks+kc)t . (7)

To calculate ks, we began by calculating the average mass of sediment that settled
per sediment trap over the duration of the experiment (100 min). We then scaled this
measurement up from the area of a sediment trap’s horizontal opening (5.07 ×10−4 m2) to
the total test section bed area (1.17 m2), and divided the resulting estimate of the sediment
mass settled in the test section (ms) by the total mass removed from suspension during a
run in order to calculate the proportion of the decrease due to settling. We multiplied this
proportion by the total exponential decay coefficient, k, to calculate ks:

ks =
ms

m0(1− e−kT)
k , (8)

where m0 is the mass of sediment suspended at the beginning of the experiment and T is
the total duration of the experiment.

The equations above model capture and settling in the test section alone. To account for
settling and reentrainment outside the test section, we estimated a background exponential
decay rate (kb) using the control runs with zero collectors for each Rec treatment (kc =
0 =⇒ kb = k− ks). We then calculated ECE for our collector-density treatments from kc.
Also, because collectors only act on suspended particles while they are passing through the
test section, we scaled this estimate for ECE by the ratio (5.19) between the total volume of
water in the flume (2.43 m3) and V = 0.468 m3:

η′ = 5.19
kc

udc Ic
= 5.19

k− ks − kb
udc Ic

. (9)

2.2.2. Model Execution

In order to correct for observed heteroscedasticity (See Appendix A.4) across time, with
earlier, higher-concentration measurements showing greater variance, we log-transformed
the exponential model (Equation (7)). This resulted in a linear model taking the form

log(φ̄s) = log(φ̄s(0))− kt + U , (10)

which was evaluated for each experimental configuration separately. Bold font signifies
vector variables, and U is the random error term of the model. We used the error prop-
agation formula for independent variables [65] to propagate the standard error of the k
term from Equation (10) and the standard deviation of ms estimates from sediment traps
through Equations (8) and (9), for both control and treatment runs, yielding our uncertainty
estimates for ECE.

Because we observed a nearly homogeneous vertical profile of suspended sediment
concentration (See Appendix A.3), we opted to pool data from all six suspended sediment
sampling locations. While we might slightly overestimate or underestimate absolute
concentration this way, we expect k to be vertically invariant and thus estimated ECE
would not be affected.

We used a Monte Carlo approach to assess the significance of the effects of our
independent variables, Rec and φc, on ECE. We parameterized separate normal probability
density functions (PDFs) for each combination of Rec and φc (n = 9), with mean equal to
the empirically estimated ECE for that combination, and standard deviation equal to the
standard error of that estimate. We then generated one vector for each PDF, consisting
of 30,000 values sampled randomly from that distribution. Because we expected effects
of Rec and φc on ECE to fit a power law, we performed logarithmic transformation on
these values. For each level of a given independent variable, we performed ordinary least
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squares regression on triplets comprising one randomly sampled value from each of the
three levels of the other independent variable, calculating a combined total of 30,000 × 6 =
180,000 slopes (β). We used these distributions of slopes, which were roughly normal, in
two-tailed t-tests (null hypothesis: µ = 0; α = 0.05) to determine the significance of each
independent variable’s effect on ECE for each level of the other.

Lastly, we compared our results to Fauria et al. [10] by fitting Equation (4) to our
data at each of our collector densities, estimating C. We then expanded C as a function of
collector density by fitting a power-law function to the combined dataset.

3. Results

Our experimental runs consistently yielded good fit to Equation (10) (See Appendix A.5).
For runs without biofilm, our estimates of k spanned 2.02–2.64× 10−4 s−1, kb spanned 1.50–
1.63× 10−4 s−1, ks spanned 2.46–5.42× 10−5 s−1, and kc spanned 1.46–6.54× 10−5 s−1.

3.1. Particle Capture

ECE decreased with increasing Rec and φc throughout our parameter space, with
one exception (Figure 4). This exception occurred at the minimum collector density
(φc = 0.22%), where the intermediate Rec treatment (Rec = 134) had lower ECE than
both the minimum and maximum Rec treatments. When compared to the other treatments
with the same intermediate Rec value, the ECE calculated for this minimum collector-
density treatment was slightly lower than the intermediate collector-density treatment, and
was greater than the maximum collector-density treatment. Our experimental uncertainty
was great enough that this might be attributable to random error. However, repeating the
experiment with the same parameters yielded a nearly identical result (omitted from analy-
sis).

Figure 4. Estimates of effective capture efficiency calculated from laboratory experiments across
the collector density × Reynolds number (Rec) parameter space. Error bars represent ± 1 SE.
(a) Estimates plotted over Rec, colored by solid volume fraction (φc). (b) Estimates plotted over φc,
colored by Rec.

Monte Carlo analysis revealed that there is a significant negative relationship between
ECE and collector density for the minimum (p = 0.004) and maximum (p = 0.019) Rec
treatments, but did not detect a significant effect (p > 0.05) for the intermediate treatment
(Figure 5a). We also found a significant negative relationship between ECE and Rec for
the minimum (p = 0.026) and maximum (p = 0.046) collector-density treatments, but an
insignificant (p > 0.05) trend for the intermediate collector-density treatment (Figure 5b).
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Figure 5. Effect size estimates from Monte Carlo regression analysis, showing the direction and
significance of trends in ECE. Error bars represent 95% confidence intervals. Asterisks mark the
parameter values at which the effect size was found to be significant. (a) Estimates of the effect of
log-transformed collector solid volume fraction (βlog(φc)) on log-transformed ECE, stratified by Rec.
(b) Estimates of the effect of log-transformed Rec (βlog(Rec)) on log-transformed ECE, stratified by φc.

3.2. Turbulence

TKE consistently increased with increasing flow velocity as expected (Table 2). Gener-
ally, greater collector density also led to greater TKE, with the greatest increase in terms of
both absolute and relative magnitude taking place between the minimum and intermediate
collector-density treatments. A slight decrease actually occurred thereafter (i.e., between
the intermediate and maximum collector densities) for the intermediate and maximum Rec
treatments, with a slight increase in the case of the minimum Rec treatment. The similarity
of TKE for the upper two collector-density treatments suggests a potential threshold oc-
curring before or near the φc value of the intermediate treatment. ECE and TKE exhibited
a negative relationship across the experimental parameter space (n = 9) taken as a whole
(Figure 6).

Table 2. Turbulence kinetic energy (TKE) for all collector solid volume fraction (φc) and Rec treat-
ments, including the control (zero-collector) treatments for reference.

φc Rec Mid-Water-Column TKE (mm2/s2)

Control 67 2.48
134 2.98
200 3.37

0.22% 67 1.23
134 5.26
200 12.2

0.64% 67 9.13
134 35.9
200 59.6

1.17% 67 11.1
134 29.8
200 54.4
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Figure 6. Effective capture efficiency (ECE) as a function of turbulence kinetic energy (TKE) for all
experimental treatments studied. Error bars represent ± 1 SE. ECE is plotted on a log scale to make
differences at higher TKE values apparent.

3.3. Biofilm Effects

We observed robust biofilm growth throughout the test section. Biofilm grew on the
surfaces of collectors in filaments less than 5 cm long that were oriented downstream.
Biofilm growth consistently increased ECE (Figure 7). For the runs conducted when biofilm
was first observed to be abundant in the test section (13–20 days), both absolute (+0.71%
ECE) and relative (an improvement to 2.48 times non-biofilm ECE) increase were greatest
by a considerable margin at the minimum collector density, which also had the shortest
growth period (13 days). The intermediate and maximum collector densities demonstrated
fairly similar absolute increase (+0.09% ECE and +0.07% ECE, respectively) and relative
increase (1.53 times and 1.73 times, respectively). Interestingly, in our test of a longer grow
time (46 days) at the maximum collector density, ECE increased with far greater relative
(7.15 times) and absolute (+0.60% ECE) magnitude, suggesting that the other runs might
not have been at saturation in terms of biofilm mass.

3.4. Comparison to Previous Models of Capture Efficiency

Aside from the outlier at the intermediate Rec ×minimum collector-density treatment,
all of our observations were in agreement with Equation (4). In no other case did the model
prediction differ from our empirical observation by more than one standard error (Figure 8).
Moreover, the model relating C in Equation (4) to φc yielded a good fit (R2 = 0.82; Figure 9):

C = 0.00801φc
−1.41 . (11)

The model underestimated C for all of the collector-density treatments tested here, and
overestimated it for both of those from Fauria et al. (φc = 0.82%, 2.16%). However, the
magnitudes of these residuals were small in comparison to the absolute differences in C
among the various φc values (n = 5). Data scarcity should be considered a limiting factor in
the interpretation of these results.
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Figure 7. Estimates of effective capture efficiency calculated from experimental runs with varying
degrees of biofilm growth. Colors represent the different collector densities, expressed as solid
volume fraction (φc). Straight lines connect the points that represent our experiments, and the shaded
areas represent 95% confidence intervals for ECE inferred from our measurement uncertainty.

Figure 8. A comparison of our experimental estimates of effective capture efficiency, colored accord-
ing to collector solid volume fraction (φc), and the predictions of the Fauria et al. [10] power-law
model (Equation (4); black lines), with uniquely calibrated C values for each φc group. Effective
capture efficiency is plotted on a logarithmic scale in order to display model fit more precisely at
small values. Error bars represent ± 1 SE.
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Figure 9. A comparison of the C values (Equation (4)) for each of our collector-density treatments
to those calculated by Fauria et al. [10]. The black line represents the power-law model of best fit
(R2 = 0.82) between C and collector solid volume fraction (φc) for our collector-density treatments
combined with those of Fauria et al. (n = 5).

4. Discussion
4.1. Inferred Mechanisms of Effect for Collector Density and Reynolds Number

Previously published models for ECE by Fauria et al. [10] and for η by Palmer et al. [28]
focus primarily on the effects of Rec and R on particle capture. However, our results
(Figures 8 and 9) imply that the sensitivity of ECE to φc is greater than its sensitivity to Rec.
We attribute the greater sensitivity of ECE to φc to the enhanced levels of turbulence in
denser vegetation canopies. Based on single-collector theory, all experimental runs here
fall within laminar (Rec < 150) to transitional (150 < Rec < 300) flow regimes, with alternate
shedding of vortices in a von Karman vortex street for 40 < Rec < 150. At low vegetation
densities approaching single-collector scaling, increasing Rec results in increased eddy
size, lengthening the distance between particles trapped in eddy cores and stems and
thereby decreasing the likelihood of capture via van der Waals forces [34]. Increases in
vegetation density, however, can promote flow regime transitions at lower Rec, as seems
apparent in the abrupt shift to high TKE at the Rec = 134 level (i.e., slightly lower than the
Rec = 150 shift to transitional flow in single-collector theory) in our data for φc of 0.64% and
higher (Table 2). When levels of TKE increase substantially as such, streamlines become
less straight, deflecting incoming particles away from collectors downstream of the leading
edge of the patch. Additionally, stronger velocity gradients around stems with increased
TKE would produce greater shear stress on affixed particles, promoting resuspension and
decreasing ECE (e.g., [10]). Intuitively, the effects on ECE of reduced delivery of particles to
stems and increased resuspension, arising as a result of canopy-induced turbulence, would
outweigh those of increased eddy scale associated with Rec over the ranges of Rec and φc
evaluated here.

Our results suggested that at combinations of canopy densities and Rec adequate for
onset of turbulence (i.e., Rec ≥ 134 and φc ≥ 0.64%), further increases in φc while holding
Rec constant produced a slight decrease in TKE (Table 2). This shift in the relationship be-
tween TKE and collector density likely reflects convergence of the turbulent eddy scale and
the distance between collectors, so that additional collectors acted to damp eddies as much
or more than they acted to create them. This compounds previous evidence, from both field
observations [8] and laboratory studies [29,35], of a local negative relationship between
collector density and turbulence intensity. Accounting for the nonlinear relationship be-
tween collector density and collector-induced turbulence in future models and experiments
seems feasible and important. In general, moving on from simplistic power-law models,
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developed to bridge the gap between analytical expressions for creeping and potential
flows, to more robust empirical models for transitionally turbulent conditions [44] shows
promise as an avenue for future investigation.

Altogether, our results demonstrate that Equation (4) remains a reasonably good
predictor of ECE even at collector densities lower than those studied by Fauria et al. [10].
Further, they add to the pool of evidence that ECE in vegetation canopies is negatively
related to Rec [10,29,36], as opposed to the positive relationship observed for single collec-
tors [28]. This finding has implications for realistic modeling of sedimentation in coastal
wetlands under sea-level rise scenarios, as existing models that incorporate particle inter-
ception [9,20] assume the positive relationship of Palmer [28] (see detailed comparison
in [44]). These models, however, would also need to incorporate the unsteady flow dy-
namics typical of tidal wetlands, and variable flow directions may result in ECE values
different from estimates arising from unidirectional flume experiments.

4.2. Relative Importance of Biofilm

The high prevalence of biofilm on plants in nature [40,41], in combination with our
observation that biofilm growth (on top of silicone gel) consistently increased ECE values
beyond those observed for solely a silicone gel coating, suggests that our non-biofilm
ECE estimates are conservative relative to values expected in natural settings amenable to
microbial colonization. Because Fauria et al. [10] already confirmed that the negative effect
of Rec on ECE occurs both with and without biofilm present, and because the duration
of growth makes biofilm runs quite time-intensive, we focused solely on the interactions
between collector density and biofilm. Roughly equivalent biofilm growth across our
collector density parameter range resulted in similar relative increase of ECE (improvement
to 1.53–2.38 times control), despite the difference in absolute values of ECE across the
collector density range. As Fauria et al. [10] found for Rec, runs with biofilm—like biofilm-
absent runs—exhibited a consistent decline in ECE with increasing collector density.

Absolute effects of biofilm were similar in magnitude to those of Rec and collector den-
sity across our parameter space. At the Reynolds number (200) used for biofilm experiments,
ECE ranged from 0.10% to 0.48% across our collector-density treatments without biofilm, for
an effect size of 0.38%, and absolute effects of biofilm ranged from +0.07% ECE to +0.71%
ECE. Absolute effects of Rec (0.20%–1.71% ECE) on ECE for specific collector densities were
larger than the biofilm effect sizes by a ratio of roughly 2.5:1. This demonstrates that biofilm
yields an effect size on the same order of magnitude as the other variables. We will also
highlight the fact that a longer growth period resulted in a much greater biofilm effect in
terms of relative magnitude (improvement to 7.15 times control). If this indicates that our
other runs were not saturated in terms of biofilm mass, then it leaves open the possibility
that in natural waters where biofilm faces little light or nutrient limitation, the effect of
biofilm might play a dominant role in driving sediment capture. This could result in capture
efficiencies considerably greater than those we observed in our laboratory setting.

The multiplicative nature of the relationship between biofilm and ECE, and the ap-
parent importance of biofilm relative to other factors, together warrant research to better
quantify the effects of biofilm on a per-mass basis. We are unable to do so here because
we did not measure biofilm growth quantitatively, aside from our effort to standardize it
across treatments of the other variables. To develop such a model, more sophisticated hy-
droponic equipment to monitor and account for factors impacting growth rate [66,67], and
protocols for measuring the mass and other characteristics of biofilm grown [68,69], should
be incorporated in future experiments. Additionally, the strands we observed forming on
collectors led us to question the relative proportion of capture due to filamentous versus
surface-clinging biofilm, another question in need of investigation.

5. Conclusions

Interception of sediment by vegetation stems and leaves has remained a poorly un-
derstood component of coastal sedimentation budgets, despite recent empirical progress.
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Our set of flume experiments served to (1) fill gaps in understanding the nature of the
functional relationship between ECE and Reynolds number and stem density over the
full range in these values expected for natural settings; (2) provide insight into apparent
inconsistencies in this functional relationship across previous experimental studies; and (3)
elucidate the relative magnitude of the effects of stem biofilms on ECE in comparison to
other drivers. Our results provided strong support for a negative relationship between ECE
and Rec but suggested that, for relatively low φc (i.e., < 0.64%), increasing φc has a more
substantial negative effect on ECE than increasing Rec. We attribute this strong negative
effect of φc to the production of turbulence within vegetation canopies in a regime that
would otherwise be dominantly characterized by laminar flow patterns, and the conse-
quent deflection of particles away from stems, together with shear-driven resuspension
of particles already captured by stems. The effect diminishes for further increases in stem
density as turbulence eddy scale becomes limited by stem spacing and is also small when
Rec is not sufficient for transitional flow regardless of canopy structure. On the whole,
however, the effect of φc on ECE—distinct from that of Rec—is well represented through a
negative power-law relationship.

With the modified coefficient formulated as a power-law function of φc, the model of
Fauria et al. [10] fits our set of experimental observations—obtained over a range of canopy
densities and flow velocities expected in tidal wetlands—well, within experimental error
bounds. These results indicate that the equation currently used to represent interception
in some models [9,20] is poorly applicable to vegetation canopies and hence should be
updated. While predicted values of ECE resulting from the model of Fauria et al. [10]
are lower than predictions from the latter model (typically less than 1.0%, except for
laminar flow conditions, with Rec < 100), these low efficiencies may result in substantial
sedimentation fluxes when sediment is delivered to stems continually or periodically over
long periods of time (see Stein et al. [44]).

Last, our results suggest that the presence or absence of biofilm on vegetation stems
has an effect on ECE that is of a magnitude similar to that of varying φc or Rec over their full
expected ranges, and possibly greater if stems become saturated with biofilm. The effect
of biofilm likely varies in a site-specific way, dependent on light, nutrients, and species
compositions, and hence may be more difficult to incorporate into sedimentation models.
Though further study is warranted, our results suggest that the presence of biofilm may
increase the magnitude of ECE by up to a factor of ∼7.
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Abbreviations
The following notations are used in this manuscript:
η capture efficiency, dimensionless
wu upstream width of streamlines that intersect a collector, cm
dc collector diameter, cm
η′ effective capture efficiency (ECE), dimensionless
pr probability of particle retention, dimensionless
u flow velocity, cm/s
Rec collector Reynolds number, dimensionless
ν kinematic viscosity, cm2/s
dp particle diameter, µm
φc collector solid volume fraction, dimensionless
R particle-collector diameter ratio, dimensionless
NPe Peclet number, dimensionless
D diffusion coefficient, cm2/s
φ̄s depth-averaged suspended sediment concentration, µL/L
t time, s
h water depth, cm
z height above the bed, cm
φs(z) suspended sediment concentration at height z, µL/L
ks concentration time-decay due to settling, s−1

vs settling velocity, cm/s
Cb constant relating near-bed concentration to depth-averaged concentration, dimensionless
Er entrainment rate, dimensionless
kc concentration time-decay due to capture, s−1

Ic collector height density, m/m3

Nc number of collectors, #
V test-section water volume, m3

ms sediment mass settled in test section, g
m0 sediment mass suspended at beginning of experiment, g
T total duration of experiment, s
k total concentration time decay, s−1

kb background concentration time-decay, s−1

βi power-law coefficient for parameter i, dimensionless

Appendix A. Secondary Methodology

Appendix A.1. Particle Size

Figure A1. Walnut shell flour (WF5-200) particle size distribution, as measured by LISST-XR|Portable.
(a) Probability density function, with mode (32.55 µm) indicated. (b) Cumulative density function,
with 50th (25.20 µm) and 84th (57.53 µm) percentiles highlighted.

Appendix A.2. Flume Volume

In order to estimate ECE based on the decline in measured suspended sediment
concentrations over time, we needed to correct flume-averaged decay by accounting
for the ratio between the test section volume (1.95 m × 0.6 m × 0.4 m = 0.468 m3) and
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the water volume of the flume’s entire wetted floorplan under experimental conditions
(depth = 0.4 m in test section). To derive this ratio, we calculated the wetted volume of the
flume empirically.

We drained the flume after an experiment while measuring flow rate at the drain
outlet over time, performed polynomial regression (Figure A2), and calculated a definite
integral (V =

∫ tempty
t f ull

− dV
dt dt) from when draining began to when the part of the flume

involved in the experimental flows was empty. Polynomials of second order and above fit
well and yielded very similar volume estimates, lending confidence to our use of 2.43 m3

as the flume volume in the calculations (Table A1).

Table A1. Polynomial model summary.

Model Estimated Volume (m3) R2

Linear 2.4309 0.80
Quadratic 2.4277 0.90
Cubic 2.4373 0.94
4th-order 2.4294 0.96

Figure A2. Polynomial models predicting the rate at which the flume drained.

Appendix A.3. Concentration Profile

To roughly estimate the shape of the concentration profile, we pooled suspended
sediment concentration data from all 9 non-biofilm runs with collectors present. Because
average concentration changed over time, measurements were normalized in proportion
to the average of concentration measurements collected at the same time step of the same
experiment, then were plotted by depth (Figure A3). Sample sizes varied slightly between
heights due to outlier removal as described in Section 2.1.2. The primary finding of this
analysis is that the vertical concentration profile is close enough to homogeneous that
Cb ≈ 1 is a safe assumption.
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Figure A3. A ridgeline plot of suspended sediment concentration measurements. At each height
where we measured concentration (5, 14, and 27 cm above the bed), a smoothed histogram of
normalized concentration measurements at that height is inset. Points and dashed vertical lines
indicate mean values (x̄), which are also annotated along with sample size.

Appendix A.4. Heteroscedasticity Reduction

Because measurement error was proportional to sample concentration, which was
greater at the beginning of experiments than at the end, heteroscedasticity occurred in our
suspended concentration data. We log transformed the data and then performed linear
regression, confirming that heteroscedasticity decreased in comparison to least-squares
exponential regression on the raw data (Figure A4).

Figure A4. Plots of residuals and residual variance pooled from all 12 experimental treatments
including controls. Red lines are locally-weighted smoothing functions (a) Residuals of the exponen-
tial model. (b) Residuals of the log-transformed linear model used in analyses. (c) Variance of the
residual values of the exponential model. (d) Variance of the residual values of the log-transformed
linear model used in analyses.
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Appendix A.5. Results of Experimental Runs

Figure A5. Data from our experimental runs (black points), after outlier removal (See Section 2.1.2), demonstrating the fit of
the log-transformed linear model (red lines). Concentrations are presented in volumetric parts per million (µL/L). Plots are
arranged according to collector solid volume fraction (φc) and Rec. All runs without biofilm present are shown.
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