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Scientific Significance Statement

Aquatic vegetation such as mangroves can act as a nature-based solution to reduce coastal erosion and mitigate the effects of
sea-level rise. A recent new paradigm has suggested that turbulent kinetic energy is the critical parameter controlling sediment
movements in these environments. Yet, models to predict this variable have been developed based on highly simplified labo-
ratory experiments. We present field observations from natural subtropical mangroves to test the laboratory-derived models in
a real and heterogeneous system, characterized by multiple vegetation length scales. Crucially, the model only worked well if
predictions incorporated the largest length scales, underscoring the need to account for the wider environmental setting. The
results likely also showcase a different flow regime to the denser canopies more commonly found in tropical mangrove
environments.

Abstract

The presence of vegetation in aquatic environments alters hydrodynamics and sediment resuspension. A recent
paradigm has suggested that turbulent kinetic energy (TKE) serves as a better predictor of sediment transport in
aquatic canopies than bed shear stress. This observation has led to the development of formulations to predict
TKE for vegetated flows in the laboratory. However, model validation from natural heterogeneous field environ-
ments is lacking. Here, we explore the application of laboratory-based formulas in a real environment, charac-
terized by multiple vegetation length scales. We measured turbulence within a sparse canopy of mangrove
pneumatophores and saplings during an experimental period with negligible wind-wave activity. The existing
formulations for TKE performed well in the field, but only when using the measured values for horizontal eddy
length scales. These length scales accounted for the generation of additional turbulence from the surrounding
sapling canopy, leading to notably larger TKE values than in similar laboratory experiments.

Aquatic vegetation provides habitat for different species attenuates waves and storm surges in coastal regions (Vettori
(Costanza et al. 1997; van Katwijk et al. 2016), stabilizes river- et al. 2025; Temmerman et al. 2023; Montgomery et al. 2019;
banks (Barbier et al. 2011; Pollen and Simon 2005) and Hu et al. 2025). The effectiveness of aquatic vegetation in
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mitigating coastal hazards has led to the use of some species
being promoted as a soft engineering solution against coastal
erosion. However, at present, accurate and long-term predic-
tions of the efficacy of such approaches are limited, as the
processes controlling the movement and resuspension of sedi-
ment in these environments are still not fully constrained
(Nepf 2012b, 2012a). Studies of sediment transport in regions
with aquatic vegetation have shown that the presence of vege-
tation significantly alters the near-bed flow (Yager and
Schmeeckle 2013; Yang et al. 2015; Conde-Frias et al. 2023).
Moreover, a recent shift in the sediment transport paradigm
argues that traditional approaches for bare-bed flows based on
shear stress predictors are inaccurate for vegetated environ-
ments, and that turbulent kinetic energy (TKE) is a better pre-
dictor of sediment motion (Yang et al. 2016; Tinoco and
Coco 2018).

While recent laboratory (Yang et al. 2015; Chen
et al. 2020; M. Liu, Huai, et al. 2021) and numerical (Etminan
et al. 2018; Anjum and Tanaka 2020; King et al. 2012) studies
have shown that TKE can be accurately predicted in vegetated
channels, these works use a myriad of simplifications which
induce bias in the results (Tinoco et al. 2020). Horstman et al.
(2018) conducted laboratory experiments with smooth cylin-
drical dowels and real vegetation, and concluded that dowels
poorly mimic pneumatophores. Field studies in natural
environments with complex non-stationary hydrodynamics,
varying submergence levels, asymmetric tidal flow, and het-
erogeneous vegetation remain rare. Recent data from man-
grove canopies show the direct dependence of bed-level
changes on TKE and a positive relationship between TKE
intensity and vegetation density (Norris et al. 2019, 2021);
emphasizing the need for an accurate TKE prediction model,
which is applicable to complex natural environments.

Here, we report high-resolution (temporal and spatial) field
measurements of velocity and turbulence within a sparse can-
opy of Avicennia marina mangrove roots. The measurements
of TKE are then compared to predictions from laboratory-
derived models over changing water depths and velocities
observed during a tidal period.

Models to predict TKE in pneumatophore canopies

The TKE in vegetated aquatic environments is commonly
approximated as the sum of two independent terms: a bed-
generated, and a vegetation-generated component. This
section will provide insights into the formulation of the
contributions and introduce the combined TKE formulation.

Bed shear stress in open channels is related to the mean
flow speed as == pC;U? (Schlichting 1979; Williams 1995), in
which 7 is the bed shear stress, U is the depth-averaged flow
speed, p is the density of water, and C is the bed friction fac-
tor. The shear stress equation can then be recast in terms of
TKE using the relation kpeq =7/(0.19p) (Soulsby 1983), yield-
ing an expression for bed-generated TKE as
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Vegetation-generated TKE (kveg), produced at the scale of the
root diameter, can be estimated assuming a local balance
between turbulence production in stem wakes and viscous dis-
sipation as (Tanino and Nepf 2008),

2/3
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in which Cp is the form drag coefficient for individual stems,
¢ =nnd?* /4 is the solid volume fraction for arrays of cylindrical
elements, n is the number of stems per m?, d is the stem diam-
eter, I; is the characteristic eddy length-scale, and & is an
empirical scale coefficient. Large eddy simulations (Etminan
et al. 2018) have been conducted for various staggered arrays
of vegetation, revealing that form drag can be accurately
predicted as

Cp=0.9¢2

v

1+10 (CUd> Z/T (3)

in which v is the kinematic viscosity of water, and the coeffi-
cient ¢ =—1¢

1-\/2¢/x
cross-section (maximum constriction) to the mean velocity of
the flow. Combining Expressions 1 and 2 for bed- and
vegetation-generated turbulence, we obtain the present model

is the ratio of average velocity in the smallest

for predicting total TKE, k"™, in pneumatophore canopies
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The distinction between near-bed and in-canopy TKE is
defined later in the manuscript within the context of this
study. This TKE formulation has been recently validated by
many laboratory experiments (Yang and Nepf 2018; Zhao and
Nepf 2021; C. Liu, Shan, et al. 2021, among others), and large
eddy simulations (Etminan et al. 2018). In the present work,
we test this formulation with field observations.

Field site and instrumentation

The data presented in this study were collected in Purangi
estuary, New Zealand (—36.84°N, 175.76°E) over six full tidal
cycles from 08 September 2022 to 12 September 2022.
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Measurements were taken inside and around a small stand of
Avicennia marina mangroves (Fig. 1). At the measurement loca-
tion (red square in Fig. 1), the vegetation consisted primarily
of pneumatophore roots and sparsely populated juvenile man-
groves (“saplings”) of average cross-sectional span of ~0.1 m
diameter, ~0.2 m height with leaves, and a density of 3-5
saplings per m?. Adjacent to the site was a line of medium-size
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mangrove trees of an average cross-sectional span of 1-2m
diameter, and 1-1.5m height (green ellipse, Fig. 1B). The
flood and ebb flow directions were aligned with the orienta-
tion of the mangrove trees (Supporting Information Fig. S1)
and speeds were slow enough to assume that the mangrove
trees have no effect on the study site. The pneumatophores
and saplings did not move under the currents and thus can be

36°51'S

36°51'S

36°51'S

Fig. 1. Field deployment. (A) Satellite image of the Purangi Estuary with the field site shown in the red square, and principal flow axis shown in blue.
(B) Geo-rectified drone image of the field site showing the locations of the profiling ADVs (red square), ADCP (purple circle), and mangrove trees (green).

(€) Geo-rectified close-up drone image of the field site showing the locations of the profiling ADVs (red square), and example mangrove saplings (yel-

low). (D) Photograph of the Vectrino Profilers (white circle), and surrounding sapling canopy (plants with leaves).
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treated as rigid vegetation. Furthermore, the frontal area den-
sity at the site (ah<0.035) was low enough to assume canopy-
scale shear layer vortices were not generated.

Near-bed velocities and pressure over bare-bed (purple cir-
cle, Fig. 1B) were measured by a downwards-looking Acoustic
Doppler Current Profiler (ADCP, 2 MHz Nortek Aquadopp)
operating in pulse-coherent mode. The instrument was posi-
tioned 0.21 m above the bed and collected data at a rate of
8 Hz, with 25 mm vertical resolution and a blanking distance
of 54 mm. A conductivity-temperature-depth sensor (RBR
Concerto) was positioned inside the pneumatophore canopy
to measure local water depth, temperature, and salinity.

Three profiling Acoustic Doppler Velocimeters (ADVs—
10 MHz Nortek Vectrino Profilers) were deployed to measure
flow velocities within and above the sparse pneumatophore
canopy. The ADVs recorded three components of velocity
over a vertical profile of 30 mm with 1-mm spatial resolution
at a rate of 50 Hz. The center ADV was positioned to capture
flows close to the bed (0-30 mm height above bed) for the full
duration of the experiment, while the other two ADVs were
moved in between tides in both horizontal and vertical direc-
tions to capture measurements at three different heights
above the bed (0-30, 70-100, and 96-126 mm) and two hori-
zontal positions. Instrument positions are summarized in
Supporting Information Table S1.

Sediment grain size was determined from surface grab sam-
ples using a particle size Analyzer (Malvern Mastersizer 3000).
Pneumatophores characteristics were estimated in 1-m? quad-
rats placed below the ADVs using structure-from-motion tech-
niques and the sector-slice algorithm of Liénard et al. (2016),
applied to over 100 images. This analysis provided estimates
of the pneumatophore parameters, stem diameter (d), number
of stems per square meter (n), frontal area density a=nd, and
solid volume fraction ¢ = znd? /4 as a function of height above
the bed.

Data quality control and processing

The data from the ADCP over the duration of experiments
(six tides) were used to determine the bare-bed friction factor
Ci=1/(pU?) using the open channel flow approximation
(Schlichting 1979), and observed bed

T:CZO.Spw’Z, where C,=0.9, and W' are the turbulent veloc-
ity fluctuations in the vertical direction (Biron et al. 2004;
Kim et al. 2000). The ADCP was downward-looking at
210mm from bed level. The velocity fluctuations used in esti-
mation of C; are from the bin closest to the bed level at
31 mm, close to the suggested measurement height of 0.1 of
water depth by (Biron et al. 2004) for estimating shear stress
from turbulence measurements.

Low-quality velocity data from the ADVs (correlations
<70%, and SNR <10dB) were removed, with gaps filled by
linear interpolation. Velocities from cells from below the

shear stress
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identified bed level were removed. The tidal flow was observed
to have a principal axis with mean flow direction (to) during
flood of 250° and 50° during the ebb (Supporting Information
Fig. S1). Therefore, velocities were rotated with positive u into
the flood direction (250°SW), v perpendicular to the flood
direction (340°), and w is the vertical velocity (positive
upwards). Finally, the data were despiked using the phase-
space thresholding method (Goring and Nikora 2002).

For each instrument, TKE was calculated over 3-min win-
dows with a 1.5-min overlap:

kmeas) — <(u’2+v’2+w’2)/2> (5)

in which ¢/, v/, and w' are the fluctuations from the mean over
each window, the overbar represents a temporal average and
the angle brackets denote an average over all vertical bins.

In Egs. 1 and 2, the two contributions of the total TKE were
modeled based on the depth-averaged (channel-averaged)
velocity. In our experiments we have used the velocity aver-
aged over the short (30 mm) ADV profile, noting (Xu and
Nepf 2020) measured TKE in two canopies made with real
plant morphologies and found similar results when using
either depth-averaged velocities, or velocities averaged over
the canopy height.

The observed bed-generated turbulence k™

mated using the mean horizontal speed U :<\/u2+v2> in

was esti-

Eq. 1. The vegetation-generated turbulence was then esti-
mated as,

(6)

veg

(meas) _ {kgme“) — K™ profiler at bed

k(meas)

PR Profiler away from bed

The ADVs were moved between three different heights above
bed with the closest profile to bed in the range of 0-30 mm.
Therefore, we define measurement heights below 30 mm as
close to the bed. The parameter § required for predicting vege-
tation-generated TKE kyeg (Eq. 2) is then computed by fitting
against the observed vegetation-generated TKE, that is,

k(meas)

"
{ k(es im)

bed_ , Drofiler at bed

/3

(Comgntt) U?
(1-¢)m/2d

kgmeas)

2/3 .’
@ ! 2
(CD 7(1,$)ﬂ/2ﬁ) U

The errors in prediction were estimated using mean abso-
lute percentage error (MAPE) defined as

5= (7)

Profiler away from bed

MAPE=Y" (100 x| (kimeas) - kt> V/ kimea”)/N (8)

where X denotes the sum and N is the number of data points.

4010
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The size of dominant eddies is characterized by the integral
length scale I;. The horizontal integral length scales can be
computed using the autocorrelation of velocity fluctuations
(Kundu et al. 2016) as

o T e
lt’x = UJO P,mdf, puu(é) :w (9)

in which U is the mean horizontal flow speed, &, is the first
zero-crossing of the autocorrelation function of velocity fluc-
tuations, ¢ is the time lag, and p,, is the autocorrelation func-
tion of the fluctuating velocity component u/'.

Results

A new field measurement dataset

The site was sandy with a median grain size of 180 ym and
showed no sediment resuspension for the duration of the
experiment. Further, the region of interest was also covered
with many shells contributing to additional bed roughness.
The bed friction factor for the bare-bed region was estimated
from the ADCP data as Cf=0.0041£0.00032 (Fig. 2A) with a
p-value < 0.01. The critical velocity and TKE for incipient
motion based on the median grain size and bed friction factor
were estimated (using Soulsby and Whitehouse 1997) as
0.19ms ' and 8 x10~* m? s~2, respectively. These values are
greater than those observed for the majority of the observa-
tions, so sediment resuspension was expected to be negligible
(Fig. 4B,C).

%1078
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Fig. 2. (A) Bare-bed shear stress estimates from the ADCP measurements
as a function of the square of depth-averaged flow speed U. Vegetation
parameters from underneath the three ADVs determined from the photo-
grammetric analysis: (B) number of stems per square meter, (C) mean
diameter, (D) frontal area per unit volume, (E) solid volume fraction.

Turbulence in aquatic vegetation

The pneumatophores were sparsely distributed with a
mean height of 100 mm (Fig. 2) within the 1-m? quadrats
with the profiling ADVs situated at the center of the quadrat.
The depth-averaged stem diameters (Fig. 2C) and solid-volume
fraction (Fig. 2E) for each quadrat were d=10.96 mm, 10.36
mm, and 10.57 mm, and ¢=0.0029, 0.0026, and 0.0017,
respectively. The corresponding frontal areas per bed area for
each ADV quadrat were ah=0.0339, 0.0321, and 0.0206
(Fig. 2D). The estimated pneumatophore diameters compare
well with the measured values at the field site under each
instrument (Supporting Information Fig. S4).

The velocity and pressure data from various instruments
(ADVs, ADCPs, and conductivity—temperature-depth sensors)
revealed negligible wave activity over the duration of the
experiments (Supporting Information Fig. S2). Significant
wave heights were estimated from the water—depth time series
data from the conductivity—temperature-depth sensor
(Supporting Information Fig. S3) for 5-min windows (Green
and Coco 2007). Wave heights were predominantly less than
20 mm (98.4% of the record) with maximum values reaching
30 mm. Moreover, times with wave heights of > 20 mm coin-
cided with low signal-to-noise ratios (SNR) values and are dis-
carded during estimating of TKE. Therefore, the data provide a
unique set of field data with minimal wave influence for test-
ing the TKE formulations derived under unidirectional flow
conditions.

Over the six measured tidal cycles, the maximum water
depth was between 0.54 and 0.82 m providing a range of veg-
etation submergence levels (Fig. 3A). Flow speeds (Fig. 3B)
reached a maximum value during the middle of the flood tide,
subsequently decreased until the peak water depth was
reached, and then increased almost monotonically over the
ebb tide. The measured TKE at the three different profile
heights using Eq. 5 showed a trend similar to the mean flow
speed (Fig. 3C), indicating a correlation between flow speeds
and TKE values. Fig. 3D shows that the total TKE generally
increased with flow speed, and TKE values from the instru-
ments above the denser quadrats (ADVs 1 and 2) were slightly
larger than above the most sparse quadrat (ADV 3).

Evaluation of the vegetation-generated turbulence model

Fig. 4A shows the median value (across all tides and ADVs)
of horizontal integral length scales at each water depth I,
estimated using Eq. 9. For very shallow water depths (<0.15
m), horizontal length scales /; , are small (<0.1 m), 5-10 times
the vegetation typical diameter. Length scales increase sub-
stantially as water depths increase, and stabilize to values
between 0.1 and 0.17 m for water depths greater than 0.2 m.

The turbulence estimates from the theoretical model are
compared against the field measurements. First, the parameter
6 of the vegetation-generated turbulence model was obtained
by fitting Eq. 7 on aggregated data from all tides and three
instruments. Our data yielded a value of the fitting parame-
ter 5=0.52+0.028.
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Fig. 3. (A) Water depths (dark and light lines show flood and ebb phases of the tide, respectively) plotted against relative time to high tide (defined at
the maximum water depth). (B) Tidal stage diagram showing water depth vs measured flow speed (dashed line is the mean flow speed). (C) Observed
TKE (dashed line is the mean observed TKE) plotted against relative time to high tide (defined at the maximum water depth). (D) Observed TKE

vs. measured flow speed from each ADV.

The performance of the model is shown in Fig. 4B, which
shows the predicted and measured TKE (3-min averages). The
data from all tides and the three ADVs were combined by
sorting into increasing measured TKE values, and then aver-
aged into bins of 100 data points. For TKE values lower than
5x10™* m? s, the model was in very good agreement
within uncertainties, although slightly under-predicts the
measured values. However, for larger TKE values, the model
under-predicts the observations. The overall MAPE for all the
measured TKE values (3-min averages) is 67%. The MAPE
observed TKE values over 5 x 10™* m? s72 is 72%, and MAPE
for observed TKE values under 1 x 10~* m? s~2 is 65%.

Figure 4C shows water depth against flow speed, with
points colored by observed vegetation-generated turbulence

(k™ea)y from Eq. 6. No clear relationship between TKE and

veg

(meas)
veg

consistently correspond to faster flow speeds (Fig. 4C). Fig. 4D
compares the observed dimensionless vegetation-generated
TKE (y/Kveg/U) values from the field with laboratory observa-
tions (Yang and Nepf 2019; Horstman et al. 2018; C. Liu,
Shan, et al. 2021; Zhao and Nepf 2021) and theoretical values
calculated assuming integral length scales are equal to the
stem diameter (dashed line), and assuming integral length
scales are equal to 15 times the stem diameter (solid line) as
observed in the experiment.

water depth can be discerned; however, larger values of k

Discussion

Comparison with laboratory experiments

The pneumatophores in the field site were sparse, with
smaller volume fractions ¢=0.0017 —0.0029, than used in
laboratory experiments (¢=0.005—-0.05), and an order of
magnitude sparser than in the majority of previous work
(Yang and Nepf 2019; M. Liu, Huai, et al. 2021; Zhao and
Nepf 2021). Despite the sparseness of vegetation, the TKE
model (Eq. 5) performs reasonably well for low turbulence
conditions, with a MAPE between predicted and measured
TKE of 62%. The bulk scaling parameter is here computed as
§=0.52+0.028, similar to the values found in laboratory
experiments by (Zhao and Nepf 2021) (§=0.52+0.07), and
(Yang and Nepf 2019) (6=0.4+0.3). The results of this study
demonstrate that the TKE model, validated under laboratory
channel conditions, can be effectively applied to estimate TKE
in real-world field conditions.

One striking difference of the present work is the observed
value of integral length-scale ;. Arguing that the scale of larg-
est eddies is typically the stem diameter, or inter-stem dis-
tance when vegetation density is very large, the integral
length-scale is usually defined as I; = min{d, s,,} in which s, is
the average spacing between pneumatophores (Tanino and
Nepf 2008; Etminan et al. 2018), with I; ~d typically applied.
Our observations reveal the length scales can reach up to
15-times the stem diameter (Fig. 4A), indicating that the stem
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Fig. 4. (A) Median horizontal integral length scales /; (triangle) estimated from the primary horizontal (u) component of the velocity (9) at different
water depths (across all tides and ADVs). (B) Predicted TKE estimated using Eq. 4 against measured TKE (5) over all tides sorted by measured values and
averaged over bins of 100 points in which the error bars indicate the standard deviation of the values. (C) Water depth against flow speed where the
points are colored with observed vegetation generated turbulence from Eq. 6. (D) Dimensionless vegetation-generated TKE, /kyeg/U, compared with
theoretical values for the current field study and recent laboratory experiments (Yang and Nepf 2019; Horstman et al. 2018; C. Liu, Shan, et al. 2021;

Zhao and Nepf 2021). Error bars represent standard deviation.

diameter alone should not be used to estimate the turbulent
length-scale under real-world conditions with heterogeneous
vegetation characterized by multiple length scales.

Necessity of incorporating largest length scales

The value of the integral length-scale indicates turbulence
production at scales larger than stem diameter. Since wave
activity was absent during the field measurement periods,
waves can be excluded as an additional source of turbulence.
In addition, ah of at least 0.1 is needed for canopy shear layer
vortices to appear (Nepf et al. 2007; Nepf 2012b). At the field
site, the ah value is in the range 0.0250.034. Therefore, shear
layer vortices are not expected to be generated by the pneu-
matophore canopy. The field site is also populated by man-
grove saplings of average cross-sectional span of ~ 0.1m
diameter, and ~ 0.2m height with leaves (Fig. 3B), which is
similar to the observed integral length scales at water depths
larger than H>0.2 m. At lower water depth, the sapling bra-
nches and leaves are emergent, and the integral length scales
are closer to the average stem diameter even though it
remains larger. This observation suggests that the presence of
the saplings, even though very sparse and barely affecting the
spatially averaged vegetation characteristics (i.e., the frontal

area per unit volume a and volume fraction ¢), introduces
another scale of turbulence, which is advected inside the can-
opy and towards the measuring instruments.

The spatial heterogeneity of vegetation observed in the
field has strong implications in terms of turbulence intensity
compared to laboratory conditions (Fig. 4D). Laboratory
experiments with real pneumatophore canopies and similar
hydrodynamics conditions as in our field experiment
(Horstman et al. 2018) found normalized TKE values of
vk: /U ~0.12 for a pneumatophore canopy of ¢ = 0.005, water
depths of up to 0.3 m (submergence ratios of 1.9-4.7), and for
flow speeds of 0.10, and 0.15ms™" (blue triangles in Fig. 4D).
For these similar flow conditions and the slightly lower vege-
tation densities from the current field site, we find normalized
TKE values (v/k;/U) between 0.22 and 0.36 on average across
the three quadrats (green circles in Fig. 4D), that is, more than
twice values recorded in laboratory settings, with the addi-
tional turbulence being attributed to production from the
nearby saplings. The difference between the laboratory and
field conditions is well captured by the vegetation-induced
TKE law (Eq. 2) through the dependence on the integral
length-scale. Assuming I;~d in Eq. 4, as in laboratory
conditions, would lead to severe underestimation of the
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vegetation-generated TKE (Fig. 4D) since the measured inte-
gral length-scale varies from I;~5d at low water depth to
I ~17d for H>20 cm (Fig. 4A).

Spatial heterogeneity and sediment transport implications

In order to predict turbulence intensity in natural configu-
rations with heterogeneous vegetation, it is therefore crucial
to estimate precisely the integral length-scale, which might be
challenging. Our measurements indicate that spatial heteroge-
neity in vegetation affects the integral length-scale. However,
it is not clear from the present results, over which spatial
extent it would be necessary to parameterize the spatial het-
erogeneity. Our measurements revealed similar flow character-
istics between the three instruments; which is not surprising
instrument locations were similar in terms of distance into
the vegetated region and proximity to nearby saplings. Addi-
tionally, given the sparsity of the pneumatophores at the field
site (¢ ~0.002 —0.003), we do not expect the pneumatophores
to interact with or significantly attenuate the sapling-
generated turbulence. However, for denser root canopies such
as in tropical systems, externally generated turbulence would
be expected to be either attenuated or transferred from sapling
to stem scale through the spectral shortcut mechanism
(Finnigan 2000). The assumption of I; ~d would still apply
and the interior of the canopy would be isolated from the tur-
bulence generated outside.

One of the main motivations for developing TKE predic-
tion models is to predict sediment transport. In the presence
of vegetation, it has been observed that TKE is a reliable pre-
dictor of incipient motion (Yang et al. 2016; Tinoco and
Coco 2018), sediment transport (Yang and Nepf 2018, 2019)
and resuspension (Tinoco and Coco 2014; Xu and Nepf 2020).
Recent approaches in formulating bedload transport in vege-
tated flows have adapted z-based formulations to k;-based for-
mulations. Therefore, the vegetation-generated TKE law could
be implemented in numerical models (e.g., depth-averaged
models) to predict sediment transport, providing a significant
change for large-scale modeling of coastal geomorphic evolu-
tion. The results of the present study suggest that current
laboratory-derived formulations can be used to predict of the
efficacy of aquatic vegetation as a nature-based solution for
protection against coastal hazards, so long as the existence of
multiple vegetation length scales are considered and parame-
terized appropriately.
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