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Abstract

Coastal vegetation often grows in spatially distributed patches. However, the influence of individual vegeta-
tion patches on small-scale hydrodynamics has not been well characterized under natural conditions with tid-
ally varying water depths. We present measurements from manipulative field experiments by creating artificial
patches of vegetation mimics with different patch heights and densities. We found that increased vegetation density
substantially reduces flow speeds and turbulent kinetic energy (TKE) within the patch. However, for submerged pat-
ches, an increase in vegetation height induced a contrasting effect, causing faster flows and greater TKE within the
patch, despite an increase in the total vegetation frontal area exerting drag. Denser patches showed the same,
although more pronounced, trend. Existing analytical models failed to accurately reproduce both the observed pat-
terns and magnitudes in velocity and TKE as functions of vegetation height and density. In contrast, the
corresponding numerical hydrodynamic simulations captured both patterns and magnitudes well. These results
underscore the need to correctly account for such opposing effects of vegetation geometries on flow and turbulence,
and hence on sediment transport when predicting geomorphic evolution in coastal vegetation habitats.

Coastal vegetation, such as mangroves and salt marshes,
grows in intertidal zones. The presence of stems or above-
ground roots is known to significantly alter water flow by
exerting drag (Nepf 2012; Horstman et al. 2021; Yoshikai,
Nakamura, Suwa, Argamosa, et al. 2021) and creating stem-
scale turbulence (Norris et al. 2017), thus changing sediment
transport (Furukawa et al. 1997; Mudd et al. 2010) and driving
long-term geomorphic change (Mariotti and Fagherazzi 2010;
Fagherazzi et al. 2012; Nardin et al. 2016). In some cases, the
sediment trapping can occur at a sufficient rate that the eleva-
tion of these habitats can keep pace with sea-level rise
(Mariotti 2020; Cai et al. 2022; Belliard et al. 2023). A better
understanding of flow and sediment transport in vegetated
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regions is therefore critical for assessing the persistence of
coastal vegetation in the face of climate change.

To date, laboratory and numerical studies have extensively
examined mean flows and turbulent kinetic energy (TKE) in
vegetated regions, for both emergent (e.g., Nepf 1999; D. Liu
et al. 2008; Etminan et al. 2017) and submerged vegetation
(e.g., Nepf and Vivoni 2000; Ghisalberti and Nepf 2004), by
using arrays of vertical cylinders mimicking vegetation. These
studies focused on fully developed flows assuming wide
(in longitudinal and lateral directions) and homogeneous veg-
etation canopies; however, coastal vegetation often occurs in
patches (Balke et al. 2012; Bouma et al. 2013; Dai et al. 2021).
Previous studies on patches of emergent vegetation have
shown that flow is deflected around a patch, causing fast flow
velocities at the sides of the patch and slow velocity within
(Vandenbruwaene et al. 2011; Z. Chen et al. 2012; Zong and
Nepf 2012). Thus, heterogeneity of vegetation can shape dif-
ferent landscapes, compared to those formed in cases with
homogeneous vegetation (Schwarz et al. 2018, 2022; da Silva
et al. 2024). In contrast, insights into flow and turbulence in
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patches of submerged vegetation are rather limited. Sub-
merged vegetation patches deflect flow at the sides and above
the patch (Ortiz et al. 2013; M. Liu et al. 2021; Cornacchia
et al. 2022), imposing additional complexities to the case of
emergent vegetation patches. Recently, Lei and Nepf (2021)
used results from a laboratory study to develop a predictive
model for flow velocity in a submerged vegetation patch. They
hypothesized that the water-depth dependence of flow veloc-
ity in the patch will diminish under field conditions because
majority of water flow will be deflected at the unbounded
sides of the patch. However, this hypothesis has not been well
verified.

Moreover, flume studies may not extrapolate well to the
real-world conditions (Tinoco et al. 2020). First, it is challeng-
ing to control both velocity and water depth in a flume, limit-
ing the number of water depths (or vegetation submergence
ratio) for examination (Tinoco et al. 2020). Second, it is chal-
lenging to eliminate the side-wall effects given the typical
scale of laboratory flumes. Contrastingly, in nature, flows are
unbounded by side-walls and flow velocity and water depth
are continuously changing, so that coastal vegetation such as
pneumatophores of Avicennia mangroves (cylindrical-shaped
areal roots) experience transitions from emergence to submer-
gence regime every tidal cycle (Y. Chen et al. 2016; Bryan
et al. 2017; Mullarney, Henderson, Norris, et al. 2017). There-
fore, these conditions leave a key knowledge gap in real-world
conditions of flow and turbulence in patchy coastal
vegetation.

To address these knowledge gaps, we conducted manipula-
tive experiments in the field by creating artificial patches of
vegetation mimics to control vegetation parameters while
retaining natural forcing conditions, thereby extending
insights from laboratory to the field. We examined the effects
of two primary vegetation parameters—patch density and
height (Nepf et al. 2007; Mullarney and Henderson 2018), on
mean velocity and near-bed TKE—a regulator of sediment
resuspension and bedload transport (Diplas et al. 2008; Salim
et al. 2017; Yang and Nepf 2018). We specifically test (1) if a
model to predict near-bed TKE in fully developed vegetated
flows proposed by previous studies applies to flows in a vege-
tation patch under field conditions and (2) if there is no
dependence of flow on water depth as hypothesized by Lei
and Nepf (2021). Here, through observations under field con-
ditions, we characterize the contrasting effects of vegetation
density and height over a smoothly changing water depth.
We additionally perform numerical simulations to comple-
ment our findings from the field.

Materials and methods

Field experiments

The field experiments were conducted on an intertidal sand
flat in Purangi Estuary, New Zealand (36.842°S, 175.759°E;
Fig. 1a). The tide is semi-diurnal with water depths up to
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~0.75m at high tide (Nelli et al. 2026). Patchy young
Avicennia marina mangroves grow at ~ 50 m away from the
experiment site (Supporting Information Fig. S1), sufficient
distance to avoid the influence of those trees on our experi-
ment. The median grain diameter of the sediments is 185 ym,
which was determined using a particle size analyzer (Malvern
Instruments) on surface grab samples from the sand flat.

We conducted two sets of experiments with different vege-
tation heights (hy.g): Experiment 1 for hyes = 0.1 m (August
29, 2023 to September 1, 2023) and Experiment 2 for
hyeg = 0.2 m (September 26, 2023 to September 29, 2023). In
each experiment, we created three 1-m diameter circular pat-
ches of vegetation mimics (5-mm diameter bamboo dowels)
with equal spacing between neighboring dowels distributed in
a staggered pattern. We tested three vegetation densities:
dense (1500 m~2), intermediate (500 m~2), and sparse
(125 m™3?) (Fig. 1c—e). Geometrical features are based on ranges
of reported geometry of pneumatophores of Avicennia spp.
stands (Dahdouh-Guebas et al. 2007; Vovides et al. 2016;
Yoshikai, Nakamura, Suwa, Rollon, et al. 2021). Table 1 sum-
marizes the key geometric and drag-related parameters for the
patches.

We conducted high-frequency (50-Hz sampling rate) veloc-
ity measurements close to the center of a patch using three
Profiling Acoustic Doppler Velocimeters—Nortek Vectrino Pro-
filers (VPs; Fig. 1c—e), with VP1 positioned to measure flow
profiles at approximately 0.02-0.05 m above the bed, and VP2
and VP3 at approximately 0.01-0.04 and 0.12-0.15 m above
the top of the vegetation, respectively, with 1-mm vertical
bins. Measurements were conducted for two tidal cycles for
each patch density.

We deployed several Acoustic Doppler Current Profilers
(ADCPs)—Nortek Signature, Nortek 2 MHz Aquadopps—and
Acoustic Doppler Velocimeters—Nortek Vectors—to character-
ize flow (velocities and pressure) in the vicinity of the patches
(Fig. 1b). The Vectors were deployed behind and in front of
the patches during flood and ebb tides, respectively. The mea-
surement location was approximately 2h,e, away from the
edge of the patches, and the patch centerline extending to
the instrument head was approximately aligned with the
direction of tidal flows (Fig. 1b). The Vectors were positioned
to measure three components of velocities at 0.05 m above
the bed with a 32 Hz sampling rate. The ADCPs were deployed
looking upwards. The Aquadopps used pulse-coherent mode
to measure short (0.5 m) velocity profiles with 0.025-m verti-
cal bins at 8 Hz sampling rate. The Signature measured veloci-
ties with 0.02-m vertical bins over the full water column at
4 Hz. In addition, the atmospheric pressure was measured
using a HOBO U20L-04.

Post-processing of VP data

The data from VPs were processed to remove low-quality
data (correlations < 50%, signal-to-noise ratio < 10 dB), and
the data gaps were filled by polynomial interpolation. The
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Fig. 1. (a) Location of study—Purangi Estuary in Coromandel Peninsula, Waikato, New Zealand (yellow box indicates site of experiment); (b) drone pho-
tograph of the experiment site with vegetation patches and deployed instruments during Experiment 1; photos of the (c) dense, (d) intermediate, and
(e) sparse patches with Nortek Vectrino Profilers (VPs) positioned to measure flows within the patch (VP1), at the top of the vegetation mimics (VP2), and
above the vegetation (VP3). AQD, Nortek Aquadopp; SIG, Nortek Signature; VEC, Nortek Vector.

Table 1. Geometric and drag-related parameters of vegetation mimics. hyeq is vegetation height, n.eq is vegetation density, a is the
frontal area density of the patch, ¢ is the solid volume fraction of the patch, § is the penetration length in a fully developed condition,
defined as the depth that the shear layer vortices penetrate into the canopy. X,p is the adjustment length estimated for two dimensional
(2D) canopies using Eq. 4 for water depths of 0.2-0.8 m when h,g = 0.1 m, and for water depths of 0.3-0.8 m when h,g = 0.2 m.
X3p is the adjustment length estimated for three dimensional (3D) canopies using Eq. 7 (no dependence on water depth). Cpahyeq rep-
resents the momentum absorption capacity of the canopy, where Cp (= 1.0) is the drag coefficient. The values of § are the ranges esti-
mated from §= min (0-3i°‘1 hveg) based on Lei and Nepf (2021).

Cpa
Experiment Patch hyeg (M)  Nyeg (umm 2  a(m") ¢ Cpahyeg 5 (m) Xop (M) X3p (M)
1 Dense 0.1 1500 7.5 0.029 0.75 0.03-0.05 0.42-0.59 0.34
1 Intermediate 0.1 500 2.5 0.010 0.25 0.08-0.10 1.09-1.26 1.01
1 Sparse 0.1 125 0.625 0.002 0.0625 0.1 4.09-4.26 4.01
2 Dense 0.2 1500 7.5 0.029 1.5 0.03-0.05 0.64-0.94 0.34
2 Intermediate 0.2 500 2.5 0.010 0.5 0.08-0.16 1.31-1.61 1.01
2 Sparse 0.2 125 0.625 0.002 0.125 0.2 4.31-4.61 4.01

instantaneous velocity data were then despiked using the not likely attributed to turbulence. The processed velocities
phase-space method described in Goring and Nikora (2002) were then segmented into 5-min windows. On-site observa-
and Mori et al. (2007). We applied a low-pass filter with a cut- tions and the spectra of velocities and water depths suggested
off period of 1 min to remove velocity fluctuations that are  the occasional presence of small wind waves, especially during
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Experiment 2 (significant wave height, H; < 0.05 m, but 80%
of the time H;<0.01 m). In order to extract the turbulent
component from the velocity fluctuations, we applied the
wave-turbulence decomposition of Bricker and Monismith
(2007) for each 5-min segment.

The velocity components u, v, and w correspond to the
streamwise (x), lateral (y), and vertical (z, where z=0 at
the bed) directions, respectively. Note that the orientation of
x and y axes were adjusted for each 5-min segment based on
the mean flow direction measured by an ADCP upstream from
the patches. Time-averaged streamwise velocity (), turbulent
fluctuations (1, =u; —1;), TKE (k;=0.5(u?+v2+wr2)), and
Reynolds stress (—u’'w’) were computed for 5-min time seg-
ments, where overbar denotes time-averages and prime
denotes turbulent fluctuations. Here, we report # measured at
~0.03m above the bed by VP1, and ~0.03 and ~0.11-0.15m
above the top of vegetation by VP2 and VP3, respectively
(Supporting Information Table S1). The TKE and Reynolds
stress were vertically averaged over the profiling range exclud-
ing a region of poor data quality (40-44 and 63-70 mm from
the transmitter). As the impact of waves on flow is not the
scope of the study, we excluded data from times with possible
wave impacts (significant bottom wave orbital velocity,
Ups>0.02ms™!) from the analysis (8% of measurements; see
the next section for the determination of wave properties).

Post-processing of data from other instruments

The data from Vectors were processed using the same pro-
cedure for the VPs described above to derive the time-averaged
streamwise velocity and Reynolds stress for 5-min segments.
We used those flow quantities for determining the bed rough-
ness length (zp, m) at the site. Specifically, we used the data
from the Vector deployed in front of the sparse patch during
ebb tide (hence the Vector is located upstream of the patch),
which yielded zo = 0.23 x 10> m and zy = 0.12 x 10> m for
Experiments 1 and 2, respectively (see Supporting Information
Text S1 for detailed procedure).

The data from ADCPs were processed to remove low-quality
data (correlations < 60%) with gaps filled by polynomial inter-
polation to derive the time-averaged streamwise velocity for
each 5-min segment. We used those velocity profiles to esti-
mate the depth- and time-averaged streamwise velocity above
the bare bed upstream of the patch (Upae). Specifically, the
data from the Signature during flood tides (~ 5 m upstream
from the patches) and an Aquadopp during ebb tides (~ 7.5 m
upstream from the patches) were used for the estimation of
the representative Upge at the site (see Supporting Information
Text S1 for detailed procedure). The mean flow directions mea-
sured by the ADCP upstream from the patches determined the
x and y axes orientations for each 5-min segment, which were
applied to data from all instruments. Additionally, water
depth fluctuations derived from the pressure sensors embed-
ded in the Vectors and ADCPs and the measured atmospheric
pressure were used for calculating the H; and u,, following
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the method described in Wiberg and Sherwood (2008) (egs.
4, 8 in their paper).

Testing of analytical models

We tested an analytical model for near-bed TKE in a chan-
nel with rigid, emergent cylindrical-shaped vegetation from
previous studies (e.g., Yang et al. 2016; Yang and Nepf 2019)
as a predictor for near-bed TKE inside a patch of vegetation.
Yang and Nepf (2019) expressed the near-bed TKE (k,, m? s~ 2)
as a linear combination of bed-generated TKE (kipeq) and
vegetation-generated TKE (k;yeg), which can be described as:

ki

_ Cbeclﬂz {CD,formnvegdvegl} 2/3ﬁ2 (1)

2(1-¢)

kt,veg

019 %
~—
K¢ bed

where Cpeq is the bed drag coefficient, & is a scale constant,
Cp is the form drag coefficient of vegetation, ny.g is vegetation
density (m™?), dyeg is vegetation diameter (m), I is the eddy
length scale (m), ¢ is the solid volume fraction of vegetation
(o= 7mvegdveg2 /4). This model requires a condition of Reynolds
number, Re =Tdyeg/v>120 (C. Liu and Nepf 2016), where v is
the kinematic viscosity, to ensure generation of turbulent
wakes by vegetation. Based on the results of Tanino and Nepf
(2008) and King et al. (2012), we used [=d,cg in Eq. 1. We
assumed that Cp to;m = Cp ~ 1, where Cp, is the total vegetation
drag coefficient (Nepf 2012). We set §x=1, following Tanino
and Nepf (2008) and Xu et al. (2022). The within-patch veloc-
ity at approximately z=0.03 m (u,) measured by VP1 was used
for u in Eq. 1. Cpeq Was determined using the z, estimated for
each experiment (see Supporting Information Text S1) as

2
Coed = [W] , where k=0.41 is the von Karman constant

and h is the water depth (m) (Sous and Maticka 2022). Variations
in Cpeq over the measured h, were small (Cpeq=0.0035-0.0065
and 0.0028-0.0051 for Experiments 1 and 2, respectively). We
tested this model for conditions that satisfy R.>120.

Additionally, we tested analytical models for predicting
velocity in submerged canopy spanning the channel width
(referred to as two dimensional (2D) canopy model, presented
by Z. Chen et al. 2013), and velocity in submerged canopy
with finite width (referred to as three dimensional (3D) can-
opy model, presented by Lei and Nepf 2021). In the 2D can-
opy model, the water column is partitioned into two
layers—a canopy layer (0 < z < hyeg) and the overflow layer
(hyeg < z < h). The flow is assumed to be vertically uniform
in each layer, with U; in the canopy layer and U, in the
overflow layer, and the incoming depth-averaged velocity at
the bare bed is denoted as Up,r.. The in-canopy velocity evo-
lves from the leading edge of the canopy. After a distance
Xop from the edge (termed the adjustment length), the in-
canopy velocity reaches a fully developed condition,
referred to as Uys. The U;y normalized by Upye is
expressed as:
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-1
Ui — |1 hveg¢ T \/ CDahveg (h - hveg) 3 2)
Ubare h 2CZD(1 - ¢) h

where a = (yegdveg) is the vegetation frontal area per volume
(m™Y) and C,p is a coefficient that characterizes momentum
exchange efficiency between the two layers in a 2D canopy,
which is given by Cop =Kc(2) v 3, where Kc = 0.07 is an empiri-
cal constant, and § is the momentum penetration length
(m) defined by Nepf and Vivoni (2000). The § parameter is

0.3
Cpa’

of & by water surface (h—hye) and vegetation height (hyeg).
The evolution of in-canopy velocity U; from the leading edge
(x=0) to the adjustment distance (x =Xj,p) is described as:

given by §= min( h— Nyeg, hveg), describing the constraints

U1 (X) = U1f+(U()7 Ulf)exp <7)%> (3)

where Uj is the canopy-averaged velocity at the leading edge,
and X, is given by Lei and Nepf (2021) as:

B 1 h—hyeg\
Xop = 3.4+2.5CD hvegfs.?,( 7 Pyeg (4)

The 3D canopy model considers a long, rectangular sub-
merged patch, characterized by the stem height s, and patch
width 2b, and the channel width is defined as 2W (> 2b). As
in the 2D canopy model, the flow is partitioned into two
regions—with uniform velocity U; inside the canopy and uni-
form velocity U, outside of the canopy. The adjustment
length for the 3D canopy is denoted as X3p. Specifically, Lei
and Nepf (2021) considered field conditions (W >> b) for appli-
cation of the model, for which Uy¢ (in-canopy velocity in fully
developed conditions) normalized by Up,,. is expressed as:

-1
Cp@abhyeg J )

Ui _ n
Ubare 2Csp (b + hveg) (1 - ¢)

where C3p is a coefficient that characterizes momentum
exchange efficiency between the canopy region and outer
region, which is given by C3p =K. (%)1/ 3, where K-=0.07, and
R is the hydraulic radius (R~ h under field conditions). The § is
in this case given by §= min <%, h — hyeg, hyeg, b ), describing
the constraints of § by water surface, vegetation height, and
the half canopy width (b). The evolution of in-canopy velocity
U; is described by the same equation for the 2D canopy
(Eq. 3) with a replacement of the adjustment length with X3p,.
The X3p is given by Lei and Nepf (2021) as:

Flow and turbulence in a vegetation patch

where in the field conditions (W > b), the term (%)
approaches to 1, thus Eq. 6 is simplified as:

bhyeg
7
(b + hveg) 7)

We note that while Lei and Nepf (2021) stated that the 3D
canopy model is strictly applicable for b/W and hyeg/h < 1,
they demonstrated good performance for b/W ~0.51 and
hyeg/h =~ 0.34. In our field experiments, the limit of hyegy/
h=~0.34 corresponds to a water depth of h=0.34m for
hyeg = 0.1 m, and h = 0.68 m for hyeg = 0.2 m (b/W = 0 under
field conditions). Note that the water depth dependence of
Ui¢/Upare Observed in the 2D canopy model (Eq. 2) is dimin-
ished in the limit b/W ~ 0 in the 3D canopy model (Eq. 5).

The within-patch flow velocities at the measurement point,
U; (x=0.5m) given by Eq. 3, were predicted using the 2D
canopy model (Egs. 2-4) and the 3D canopy model (Egs. S, 7,
and 3 using X3p for the adjustment length). In both 2D and
3D canopy models, Cp = 1 was used. It is known that flow is
decelerated to some extent upstream of vegetation patches
(Z. Chen et al. 2013), thus Uy < Upare. However, due to the
absence of a predictive model for Uy, we assumed Uy = Upare.
Lei and Nepf (2021) showed that the 2D and 3D canopy
models accurately describe the evolution of U; under this
assumption for canopies with ahy.g up to 1.86 in their flume
experiments, which is well above the highest value in our pat-
ches (ahyeg = 1.5; Table 1). However, neither the 2D nor the
3D canopy model fully represents the circular patches exam-
ined in our experiments. The 2D canopy model considers
channel-spanning vegetation and therefore does not account
for flow diversion at the sides of the patches, which may lead
to an overestimation of the in-canopy velocity. In contrast, the
3D canopy model represents a long, rectangular submerged
patch of finite width and assumes a higher total frontal area
than that of a circular patch with the same width, which could
lead to underestimation of the in-canopy velocity to some
extent. Finally, both models do not consider the impact of bed
drag. Thus, the accuracy of model predictions is expected to
worsen as vegetation density decreases and the relative contribu-
tion of bed drag to the total drag force increases.

1

X3p=10.1+2.5
C[)ahvegﬁ

Numerical simulations

We used a three-dimensional hydrodynamic model—
Regional Ocean Modeling System (ROMS; Shchepetkin and
McWilliams 2005) to support findings from the field data. The
vegetation module implemented in ROMS (Beudin et al. 2017;
Yoshikai et al. 2023) was used to account for the vegetation

2 effects on hydrodynamics. The vegetation module adds the
1 Wh — bhyeg bhyeg X ) .
X3p = 3.4+2.5C " 5——3.3 Wh bih term for vegetation drag in the momentum equations, where
DATIveg procy vee the x-direction drag force by rigid cylindrical-shaped vegeta-
(6) tion (Fyegy, m s~ ?) is calculated as follows:
5of16
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1 _ — _
Fveg,u (z)= ECDnvegdvegu(Z) u(Z)Z + V(Z)Z for z< hveg (8a)

Fuegu(2)=0 for z>hyeg (8b)
where we applied Cp = 1 in our ROMS simulations. The con-
version of mean Kkinetic energy into TKE through the vegeta-
tion drag force is implemented in the turbulence closure
model in ROMS. In the present study, the k — ¢ turbulence
closure model was used (Warner et al. 2005). Specifically, the
vegetation module considers additional terms representing
the production and dissipation of TKE by vegetation-
generated wakes in the equations for k (TKE) and ¢ (dissipation
rate). In this model, the stem diameter (dy.g) was specified for
representing the length scale of wakes (Tanino and Nepf 2008;
King et al. 2012). Supporting Information Text S2 provides the
detailed formulations of the k — ¢ turbulence closure model.

We created a 15 m x 15 m orthogonal grid with 0.1 m hori-
zontal and ~ 0.02 m vertical resolution, with a 1 m diameter
patch of rigid vegetation at the center of the domain (Supporting
Information Fig. S2). Flow was forced at two open lateral bound-
aries and imposed periodic boundary conditions on the
streamwise boundaries. In each model run, we generated a steady
unidirectional flow (Upaye~ 0.3ms™!) at the bare bed regions
well-upstream of the patch. Six scenarios corresponding to field
experiments (three vegetation densities and two heights) were
simulated (Table 1). For each patch scenario, we simulated flows
at different water depths for a total of 60 simulations (Supporting
Information Table S2). We then extracted the near-bed velocity at
z~0.03m at the center of the patch (u,) for a comparison with
field data. However, numerical instabilities occurred in TKE calcu-
lations for submerged patches, meaning predictions of TKE were
unreliable. We confirmed that near-bed velocity is not sensitive
to the magnitude of TKE in our simulations.

We used ROMS simulation results to quantify lateral and
vertical deflection of water flux around the patches. For lateral
deflection, we defined a transect along the y-axis, perpendicu-
lar to the streamwise (x) direction, passing through the patch
center and spanning from one edge of the patch to the other
edge (transect B-B' in Supporting Information Fig. S2), where
the x-coordinate of the patch center is given by x.=0.5m
(x =0 at the leading edge). An identical transect was also
taken at 4 m upstream of the leading edge (transect A-A’ in
Supporting Information Fig. S2; xup; = —4 m). The lateral
deflection of water flux around the patch (Qgerz, m®s™') is
then calculated as the difference between the total water flux
through the upstream transect (Q.p,) and that through the
patch transect (Qpatcn):

A’ ¢h B h
Qdef,L = Qup - Qpatch = JA J.Ou|x:xC dZdy - J J u‘x:xupyl_ dZdy (9)

B JO

Note that when vegetation patch is not present,
Qup = Qpaten, therefore Qgerr =0 (no lateral deflection).

Flow and turbulence in a vegetation patch

Similarly, the vertical deflection of water flux (Qqet,v, m3s7)
was quantified as the net vertical water flux through a hori-
zontal plane at the height of vegetation (z = hy.g). Previous
studies on 2D canopies have shown that vertical deflection
starts upstream of the patch, but at a distance from the lead-
ing edge much less than X,p (Z. Chen et al. 2013; Zhang
et al. 2020). We therefore defined a horizontal plane exten-
ding from 0.5 m upstream of the patch leading edge
(Xup,v = —0.5 m) to the patch center (measurement point; x)
in the streamwise direction, and spanning the full width of
the patch transect B-B' in the lateral direction. The vertical
deflection of water flux (Quer,v m* s~') was then calculated as:

B’ rxc
S N (10)
Xup, v

Note that Qgerv is not sensitive to the exact location of
Xyp,v (for positions at least a few tens of cm upstream of the
patch leading edge).

Results

Vertical flow structure

Figure 2 shows the normalized vertical profiles of time-
averaged flow velocities, Reynolds stresses, and TKE measured
at the center of the patches (corresponding sample time series
are shown in Supporting Information Figs. S3, S4 in
Supporting Information Text S3). Measurement data are col-
ored by water depth. The corresponding theoretical profiles
for open-channel flows without vegetation are also shown for
reference (see Supporting Information Text S4 for details). The
patch of dense short vegetation (Experiment 1, hye, = 0.1 m)
showed significant attenuation of velocity, Reynolds stress,
and TKE within the patch, but enhanced Reynolds stresses
and TKE near the top of the vegetation, relative to profiles for
open-channel flows (Fig. 2a-c). The intermediate patch rev-
ealed similar profiles albeit with a less pronounced increase in
Reynolds stresses and TKE near the top of the vegetation
(Fig. 2d-f). Profiles from the sparse patch showed minimal
influence of vegetation (Fig. 2g-i). The elevated TKE in the
sparse patch for water depth h > 0.4 m (light green to yellow
point) may be due to the local influence of eddies shed from a
nearby stem as suggested by the turbulent velocity spectra (see
Supporting Information Text S5; Supporting Information
Fig. S5). Figure 3 shows the comparison of the vertical velocity
profiles between the measurements and prediction by ROMS
for h=0.4 m. The ROMS simulations well reproduced the
overall trends of velocity profiles with different vegetation
densities and heights.

Near-bed TKE

Figure 4 shows the comparison of measured near-bed TKE
and the predicted values using the analytical model (Eq. 1)
employing the within-patch velocity measured by VP1 for 1,
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where the filled symbols represent the sum of bed-generated
and vegetation-generated turbulence (k;peq+ Kiveg) and the
empty symbols represent the ky.g only. The TKE predicted by
Eq. 1 accounting for both components k;peq and k;yeg showed
reasonable agreement with the measured near-bed TKE within
the patch for most cases (Fig. 4). The exception is the data
from sparse patch for Experiment 1 during ebb tide (filled blue
triangles in Fig. 4c), for which predictions significantly
underestimated observations (by a factor of ~2.6). These
underestimations may be due to the influence of local eddies
generated by vegetation stems which may have deviated from
the spatial average of flows, a condition assumed in Eq. 1
(Supporting Information Text S5; Supporting Information
Fig. S5). Overall, results indicate that near-bed TKE in the pat-
ches is a combination of vegetation-generated turbulence
(ktveg) and bed-generated turbulence (K peq) throughout the

tidal cycles. For sparser vegetation, the relative importance of
Kipea over kiyveg grows, and accounting for only k;yeg signifi-
cantly underestimates near-bed TKE (gray line in Fig. 4c).

Effects of variable water depth, vegetation density, and
height

For all patches, the normalized within-patch near-bed
velocity (up/Upare) decreased with water depth (Fig. Sa—c), with
smaller u,/Upare Observed for denser patches. Notably, for the
same vegetation density, the shorter patch (Experiment 1)
showed smaller u,/Upare than the taller patch (Experiment 2)
for a given water depth, despite the smaller total frontal area
in the shorter patch than the taller patch. This trend is espe-
cially distinct in the dense patches. In contrast, such different
trends of velocity between the two vegetation heights were
not seen when velocities are compared with the submergence
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Fig. 5. Within-patch near-bed velocity (u,) normalized by the depth-averaged incoming velocity in bare region (Upare) as a function of (a—c) water depth
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patch. In (g-i) symbols are the k; predicted by Eq. 1 using the simulated within-patch velocities at z= 0.03 m.

ratio (h/hyeg) (Fig. 5d-f). The 2D canopy model captured the
observed trends in velocities with vegetation height and water
depth but significantly overestimated the magnitudes. The 3D
canopy model better predicted the velocity magnitude but did
not capture the trends. Correspondingly, the 3D canopy
model largely underestimated velocity for the tall dense patch
(Fig. 5a,d). As expected, both models showed a tendency to
overestimate within-patch velocity as vegetation density
decreases (particularly for the sparse patches), due to the
enhanced relative importance of bed drag compared with veg-
etation drag, which is not accounted for in the models. In
contrast, ROMS simulations well reproduced both trends and
magnitude. Although the measured velocities at z=0.03 m
(up) were compared with the canopy-averaged velocities (Uy)
predicted by the 2D and 3D canopy models in Fig. 5, ROMS
simulations suggested that the velocity at z = 0.03 m provides
a good representation of Uj, especially for dense patches.

Specifically, for h=0.4m (results shown in Fig. 3), up/
Ubare ® U1/Upare # 0.26 for the short dense patch, and ~ 0.33
for the tall dense patch. These results indicate that the discrep-
ancies between the 2D/3D canopy model predictions and
measurements were not due to the choice of velocity measure-
ment height.

Owing to the faster flows (larger up/Upare) in a taller patch,
the normalized TKE (k/Upare2) Was generally greater than in a
shorter patch for a given water depth, especially for dense pat-
ches. For example, for water depths of # = 0.3 m, up/Upare and
ki/Upare> were 37% and 64% larger, respectively, than inside
the shorter patch (median values; Fig. 5a,g). Conversely, k,/
Upare> consistently decreased with an increase in vegetation
density (Fig. Sg-i).

Figure 6 shows the fraction of upstream flux deflected later-
ally (Rgerr = Quer,./Qup), and the ratio of vertical deflection
flux to lateral deflection flux (Qgef,v/Querr) as a function of
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Fig. 6. (a) Fraction of water flux deflected laterally around the patches (Rqer,) and (b) ratio of vertical deflection flux (Qqer,\) to lateral deflection flux
(Quer,0) as a function of vegetation submergence ratio (h/hyeg) calculated using Regional Ocean Modeling System (ROMS) simulation results.

submergence ratio, estimated from ROMS simulation results.
The Rger showed a strong dependence on the vegetation den-
sity and submergence ratio, but a minimal dependence on
vegetation height (Fig. 6a). As the submergence ratio
decreased and approached 1 (emergent condition), Rgerr
increased, reaching approximately 0.5 for the dense patches
and 0.25 for the intermediate patches. Rger; for the sparse
patch remained low (< 0.1), suggesting insignificant lateral
deflection. The Qget,v/Qqerr, also showed a strong dependence
on the submergence ratio, but the dependence on vegetation
density and height was weak (Fig. 6b). At low submergence
ratios (< 2), the vertical deflection was limited compared to lat-
eral deflection (Qgef,v/Qdetr < 0.4). As the submergence ratio
increased, the contribution of wvertical deflection became
larger, and Qger, v/Qqer,. reached 0.6 ~ 0.7 when h/hyes = 4.

Discussion

We presented high-resolution measurements of flow struc-
tures in an artificial patch of vegetation under field conditions,
designed to mimic a realistic parameter space of pneumato-
phores of Avicennia spp. mangroves. While previous studies
have conducted manipulative field experiments by creating an
artificial patch of vegetation (Bouma et al. 2007; Sukhodolova
and Sukhodolov 2012), our study provides a first set of
detailed observations of mean velocity and TKE within a patch
across the whole tide. The key insights are summarized
in Fig. 7.

Controls on within-patch near-bed TKE

The significantly increased Reynolds stresses and TKE near
the top of the vegetation observed in dense and intermediate
patches indicate the formation of a shear layer and coherent
vortices (Fig. 2). The shear layer formation is expected in fully
developed flows as values for Cpahyeg (0.75 and 0.25 for dense
and intermediate patches, respectively; Table 1) are well above
the threshold of shear layer formation (Cpahyeg > 0.1; Nepf
et al. 2007). However, the comparable or larger adjustment

lengths (X,p or X3p; Table 1) relative to the distance from the
leading edge to the measurement point (0.5 m) indicate that
the shear layer was still developing at this location (Z. Chen
et al. 2013; Zhang et al. 2020). The penetration length 6—the
depth that the shear layer vortices penetrate into the
canopy—provides an indication of whether the shear layer
vortices are likely to affect near-bed TKE and thereby sediment
transport (Nepf et al. 2007; Zhang et al. 2020). For the dense
patches in a fully developed condition, & (0.03-0.05 m;
Table 1) is well smaller than the vegetation height, suggesting
that the vortices do not penetrate downwards to the bed, con-
sistent with the greatly attenuated Reynolds stresses and TKE
near the bed (Fig. 2b,c). In contrast, the penetration length for
intermediate short patch (5§ = 0.08-0.10 m; Table 1) is compa-
rable to the vegetation height (hyeg = 0.1 m), suggesting the
potential impact of the shear layer vortices on near-bed TKE
in fully developed conditions. However, given that the shear
layer was likely in a developing stage at the measurement
point, the actual penetration length at this point may have
been smaller than that estimated for the fully developed con-
dition. Consequently, the shear layer vortices may not have
reached the bed even for the intermediate short patch, as
supported by the significantly lowered Reynolds stress and
TKE near the bed (Fig. 2e,f). Therefore, in the canopy sub-
layer—a layer formed below the shear layer—near-bed TKE is
mainly attributed to vegetation-generated and bed-generated
turbulence with minimal influence from vortices in the shear
layer, and predictions from the TKE model of Yang and Nepf
(2019) match observations well (Fig. 4a,b). The sparse patch
with Cpahyeg = 0.06 did not show the signature of a shear
layer, the flow profiles resemble that of open-channel flows
(Fig. 2g-i; Nepf 2012). However, because the model of Yang
and Nepf (2019) includes the term for bed-generated TKE, the
near-bed TKE is predictable even for sparse vegetation
(Fig. 4c).

As flow evolves from the leading edge of the patches, the
velocity field is spatially non-uniform, leading to non-uniform
TKE production in the streamwise (x) direction. Consequently,
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Fig. 7. Schematic summary of the key dependencies of flow structures and sediment transport in a patch with short (a) and tall (b) vegetation subject
to the same hydrodynamic forcing conditions. The schematics are illustrated particularly for patches with dense vegetation that form a distinct shear layer
(and correspondingly coherent vortices). Note that patches examined in our experiments were circular. (c) A conceptual diagram of the impact of the
increase in vegetation density and height following the increase in biomass on sediment deposition and retention inside the patch. A plus sign indicates a
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horizontal advection of TKE generated upstream may influ-
ence the TKE-level downstream, in addition to local produc-
tion/dissipation processes. To examine the impact of
horizontal advection, we analyzed ROMS simulation results
for an emergent vegetation case with both water depth and
vegetation height set to 0.2 m (Runs 34-36; Supporting Infor-
mation Table S2). For these conditions, TKE at mid-depth
(z=0.1m) is expected to be attributed mostly to vegetation-
generated turbulence with limited impact of bed-generated
turbulence. The results show that the longitudinal profile of
TKE at mid-depth simulated by ROMS is consistent with the
prediction of vegetation-generated turbulence (kyeg) by Eq. 1
using the local mid-depth velocities from ROMS (Supporting
Information Fig. S6). This good agreement indicates that the
impact of horizontal advection of TKE is negligible. Hence,
the assumption of local equilibrium of TKE production and
dissipation in Eq. 1 generally holds, which supports the good
performance of Eq. 1 for predicting near-bed TKE within the
patches (Fig. 4). Further discussion on the impact of horizon-
tal advection from the perspective of eddy timescale is pro-
vided in Supporting Information Text S6.

Effects of vegetation density and height and implications
for sediment transport

The 2D canopy model (Eqgs. 2-4) was developed by
accounting for the flow continuity such that flow diverted out

of the canopy is incorporated into the overflow (Z. Chen
et al. 2013; Lei and Nepf 2021). The model captured the over-
all observed trend of up/Up,e—the significant dependence of
Up/Upare ON water depth and the larger u,/Upaee in taller vegeta-
tion than shorter vegetation; however, the model largely over-
estimated the up/Upae for all the patches (Fig. 5a-c). The
ROMS results suggested significant lateral deflection particu-
larly for the dense and intermediate patches at low submer-
gence ratios (h/hyeg<2; Fig. 6a). Such significant lateral
deflection explains why the 2D canopy model largely overesti-
mates the within-patch velocity for those patches especially
for low submergence ratios. In contrast, the lateral deflection
around the sparse patches is generally insignificant
(Rget,r < 0.1; Fig. 6a), and the main cause of the overestimation
of within-patch velocity is considered to be the omission of
the bed drag term in the model.

Contrary to the 2D canopy model, the 3D canopy model
(Egs. 5-7) developed by Lei and Nepf (2021) considers the
finite width of canopy, which is a more realistic representation
of the vegetation patches examined in our experiments. The
key assumption in the 3D canopy model is that in the field
condition where the channel width is considered as infinite,
the canopy occupies a small portion of the channel, and
hence the flow velocity outside the canopy is considered as
uniform and approximately equal to Up,. regardless of flow
deflection by the canopy. In this condition, the within-patch
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velocity is controlled only by canopy drag and the momen-
tum exchange between the canopy region and outer region,
and is not constrained by water depth through the flow conti-
nuity; the water depth only affects the momentum exchange
through the penetration depth § (see the section “Testing of
analytical models”). As the vegetation height (h,.g) increases,
the influence of vegetation drag (the term Cpabhyeg/[2(1 — )]
in Eqg. 5) relative to the momentum exchange (the term
Csp(b+hyeg) in Eq. 5) increases, and thus the 3D canopy
model predicts slower within-patch velocity. However, our
field experiments showed the opposite trend, that is, faster
velocity in the taller vegetation patch (Fig. 5a—c). Further, the
data showed significant dependence of up/Upse On water
depth, contrary to the prediction by the 3D canopy model.
These trends suggest that the within-patch velocity is signifi-
cantly influenced by flow continuity even for field conditions;
the 3D canopy model that omits flow continuity and assumes
the uniform velocities of Up,e above and sides of the canopy
for the field conditions thus failed to predict up/Upare. Instead,
the numerical model that explicitly considers the flow deflec-
tion at above and sides of the patch as well as the flow conti-
nuity reasonably predicted u,/Upae across patches and water
depths.

Water depth controls the space above the patch for flow
deflection (a layer of depth h — hye,). The observed trend sug-
gests that the reduced space for flow deflection at lower water
levels is substantially compensated by the increase in
water flux through the patch, leading to greater u,/Up,r.. Vege-
tation height has a similar effect on within-patch velocity—
taller vegetation limits the space above the patch for flow
deflection and increases water flux through the patch, hence
greater up/Upare, compared to shorter vegetation, as shown by
the data and numerical simulations (Figs. 3, 7a,b). The nearly
uniform dependence of up/Upare ON submergence ratio (h/hyeg)
for patches with different heights suggests that the impact of
both water depth and vegetation height can be represented by
a single parameter, submergence ratio (Fig. 5d-f). As a result,
our field observations over a smoothly changing water depth
unveiled a counter-intuitive effect of vegetation height, for
which a taller vegetation patch causes faster flow velocity and
hence larger TKE within the canopy despite a larger vegetation
frontal area compared with a smaller patch and contrary to
the prediction by the 3D canopy model (Figs. 5, 7). This
height effect is more significant for the dense patch, due to
stronger blockage effects.

Recent laboratory and field studies have emphasized the
role of near-bed TKE in controlling bedload transport and sedi-
ment movement in vegetated regions (Tinoco and Coco 2014,
2018; Yang and Nepf 2019; Norris et al. 2021). Our results sug-
gest that under conditions of canopy sub-layer formation, veg-
etation density and height have opposing effects on
controlling near-bed TKE, and thus potentially also sediment
deposition and retention in a vegetation patch (Fig. 7). The
dependence on vegetation height is especially important for
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sediment transport when water depths become shallow, where
changes in relative velocity (up/Upae) and relative TKE (k/
Upare?) are more sensitive to the change in water depth
(or submergence ratio; Fig. 5), and the greatest flow energy
and TKE often occur (Supporting Information Figs. S3, S4;
e.g., Y. Chen et al. 2016; Mullarney, Henderson, Reyns,
et al. 2017; Yoshikai et al. 2022). Hence, the contrasting
effects of vegetation density and height may be particularly
significant for intertidal vegetation habitats like mangroves
and salt marshes where the submergence ratio dynamically
changes in diurnal or semidiurnal cycles. Although k,/ Upare? is
less than that estimated for bare bed conditions (gray curves
in Fig. 5g-i), enhancement of TKE by the height effect may
lower sedimentation efficiency within a patch. A laboratory
study by Gu et al. (2019) found that an increase in submer-
gence ratio (hyeg/h) has a negative effect on sedimentation
within a patch of vegetation. Our results clarify the mecha-
nisms responsible for this trend—higher submergence ratio
increases the within-patch velocity and near-bed TKE, hence
reducing sedimentation. Additionally, Nardin and Edmonds
(2014) showed that in homogeneous vegetation in a deltaic
setting, the largest sedimentation rate occurs for intermediate
vegetation heights. Our results similarly imply that for patchy
coastal vegetation, an increase in vegetation height may not
always enhance within-patch sedimentation. Previous studies
have shown that by changing their traits (vegetation density
and/or height) vegetation species can alter substrate condi-
tions and these changes vary depending on grain size (van
Katwijk et al. 2010; Baaij et al. 2021). Overall, our field experi-
ments strengthen the importance of plant traits (i.e., height
vs. density) on biomass allocation in regulating flow and sedi-
ment dynamics within vegetation patches (Fig. 7¢).

Despite the critical importance of accurate predictions of
flow velocity and TKE for a better understanding of geomor-
phic dynamics in coastal vegetation, our results reveal present
analytical models for 2D and 3D canopies are not applicable,
suggesting the need for an analytical or parameterized model
of velocity deceleration in submerged circular vegetation pat-
ches under field conditions. Our ROMS simulations suggest
that once the lateral deflection flux is determined based on
vegetation density and height (Fig. 6a), the vertical deflection,
and hence velocity within the patch, can also be determined
through the relationship shown in Fig. 6b. These results can
help to develop a parameterized model for flow within patches
and to understand how intertidal vegetation alters mean flow
and turbulence, promotes sedimentation, and ultimately
drives the evolution of vegetated landscapes.
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