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Abstract: An analysis of the interactions between wave-induced velocities and seagrass meadows has
been conducted based on the large-scale CIEM wave flume data. Incident irregular wave trains act on
an initial 1:15 sand beach profile with measurement stations from the offshore of a surrogate meadow
until the outer breaking zone, after crossing the seagrass meadow. The analysis considers variability
and peaks of velocities, together with their skewness and asymmetry, to determine the effects of the
seagrass meadow on the near bed sediment transport. Velocity variability was characterized by the
standard deviation, and the greatest changes were found in the area right behind the meadow. In this
zone, the negative peak velocities decreased by up to 20.3%, and the positive peak velocities increased
by up to 11.7%. For more onshore positions, the negative and positive peak velocities similarly
decreased and increased in most of the studied stations. A progressive increase in skewness as the
waves passed through the meadow, together with a slight decrease in asymmetry, was observed and
associated with the meadow effect. Moving shoreward along the profile, the values of skewness and
asymmetry increased progressively relative to the position of the main sandbar. The megaripple-like
bedforms appeared earlier when the meadow was present due to the higher skewness, showing a
belated development in the layout without the meadow, when skewness increased further offshore
due to the proximity of the breaker sandbar. To assess the sediment transport capacity of a submerged
meadow, the SANTOSS formula was applied, showing that in front of the meadow, there was a
higher sediment transport capacity, whereas behind the meadow, that capacity could be reduced by
up to 41.3%. In addition, this formula was able to produce a suitable estimate of sediment transport
across the profile, although it could not properly estimate the sediment volumes associated with the
bedforms generated in the profile.

Keywords: Posidonia oceanica; seagrass; wave-vegetation interactions; orbital velocity; asymmetry;
skewness; sediment transport

1. Introduction

Coastal degradation has become a pressing problem due to changes in natural coastal
conditions, mainly linked to population growth and an expanding global economy [1,2].
This degradation has been aggravated by climate change and rising sea levels, which have
further deepened and accelerated this phenomenon [3,4]. As a result, coastal areas have
been increasingly exposed to hazards such as erosion and flooding, which are expected to
worsen in the coming years [5–9].

The solutions that have been proposed to address these problems have been
totally dependent on traditional structures, such as seawalls, breakwaters, and other struc-
tures [10–14]. While these structures have solved specific problems of coastal protection

J. Mar. Sci. Eng. 2024, 12, 569. https://doi.org/10.3390/jmse12040569 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse12040569
https://doi.org/10.3390/jmse12040569
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-4893-7121
https://orcid.org/0000-0002-7426-7029
https://orcid.org/0000-0002-4628-426X
https://orcid.org/0000-0003-0814-1134
https://orcid.org/0000-0002-3450-6697
https://doi.org/10.3390/jmse12040569
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12040569?type=check_update&version=2


J. Mar. Sci. Eng. 2024, 12, 569 2 of 20

in the short (several years) and medium term (one decade), they have been incapable of
addressing issues such as the sea level rise in the long term (several decades) [15,16]. The
cost of maintaining these structures and, in some cases, of retrofitting them, is so high that
it makes them unsustainable in the long term [17–20].

Given the problems caused by the rigidification of the coastline, more sustainable
alternatives have been evaluated in recent years to ensure the long-term effectiveness
of coastal protection [21–23]. A wide variety of marine ecosystems have been evaluated
for their effectiveness against climate-change-related impacts, such as mean sea level
rise [24,25], wave height variability [26–28], or coastal erosion [29,30]. This has generated
complementary alternatives to the hard engineering interventions that have dominated
the urbanized coastal landscape for years [31–33]. In addition, marine ecosystems have
been able to deliver effective ecological [34,35] and economic value over time [34,36,37].
Seagrass meadows have been an example of how these ecosystems can provide protection
from climate-change-related events [38,39], by reducing wave currents, in order to support
a variety of species that enrich the marine ecosystem [40,41].

The role of seagrass in coastal protection has been evaluated in both field [42–44]
and laboratory research [26,45,46]. In recent years, experimental research with surrogate
materials that mimic seagrass meadows has increased [47–49], improving knowledge of the
physical processes that govern the hydrodynamic changes produced by these ecosystems.
However, studies have continued to focus on meadow zone processes, without monitoring
the continuity of changes observed in onshore areas closer to the coastline [26,48–51].

Experiments with natural plants have proven difficult to replicate due to the complex
interplay of factors in their natural habitat, such as variations in light, salinity, nutrients, or
water quality, which can trigger stress responses and alter plant properties such as buoyancy
or stiffness [52]. In addition, Posidonia oceanica meadows are protected from extraction
from their natural habitat. Therefore, the use of surrogate materials is required to conduct
large-scale experiments. To create an accurate mimic of Posidonia oceanica, a material was
carefully selected to replicate the leaf behavior under wave action, as described by [47].
This involved considering materials with densities and yield strengths similar to those of
the actual leaves, while ensuring that the dimensions closely matched those of the species.

The work presented here aims to evaluate the process of velocity changes produced by
a surrogate Posidonia oceanica meadow in the nearest area behind the meadow. In addition,
it assesses how these changes propagate along a beach profile up to the breaking location.
Moreover, a sediment transport formula is used to corroborate the effect of velocity changes
over the decrease in onshore sediment transport measured under the presence of the
Posidonia oceanica meadow [47].

2. Materials and Methods
2.1. Experimental Setup

The present data were acquired during experiments conducted in the large-scale wave
flume Canal d’Investigació i Experimentació Marítima (CIEM) of the Universitat Politècnica
de Catalunya (UPC) in Barcelona, Spain (Figure 1b,c). The wave flume is 100 m long, 3 m
wide, and 4.5 m deep. The horizontal coordinate X has the origin (X = 0 m) at the toe of
the wave paddle in still water conditions and increases positively towards the beach. The
vertical coordinate Z has the origin at the still water level (Z = 0 m) and is positive upwards
and negative downwards. The flume contained a mobile sand bed with a slope of 1:15.
The beach profile was made of commercial well-sorted sand, according to the method of
moments [53], with a medium sediment size of d50 = 0.25 mm. The sediment density was
2650 kg m−3 with a porosity of loosely packed sand (P) equal to 0.4. The measured settling
velocity (ws) was equal to 0.034 ms−1.
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Figure 1. (a) Posidonia oceanica meadow located on the Mediterranean coast of Catalonia. (b) Surro-
gate Posidonia oceanica meadow arranged at the CIEM to carry out wave tests. (c) Start of experi-
mental waves with surrogate seagrass meadow. (d) ADVs sensors on the mobile frame used to meas-
ure velocities at different positions on the profile. 

Irregular waves with a significant wave height (Hs) value of 0.60 m and peak period 
(Tp) of 3.71 s were generated at the CIEM. The same wave conditions were tested for two 
layouts: A beach profile without seagrass (BR60) and a condition with seagrass meadows 
(R60). The irregular waves were composed of a series of 500 waves spanning a duration 
of 30 min (test), following a JONSWAP spectrum with gamma equal to 3.3. In total, for 
each layout, 12 tests were conducted, sequentially listed in time from t1 (first test) to t12 
(final test). For our analysis, changes in wave profile and wave hydrodynamics were eval-
uated after and during each test, respectively. 

Wave height variations in the meadow area were monitored by 4 pore pressure trans-
ducers (PPT), previously calibrated and positioned as detailed in Figure 2. The sand pro-
file was measured after each test (every 30 min) with a mechanical profiler with an accu-
racy of ±1 cm [54]. Measurements of the profile evolution were taken at the central part of 

Figure 1. (a) Posidonia oceanica meadow located on the Mediterranean coast of Catalonia. (b) Surrogate
Posidonia oceanica meadow arranged at the CIEM to carry out wave tests. (c) Start of experimental
waves with surrogate seagrass meadow. (d) ADVs sensors on the mobile frame used to measure
velocities at different positions on the profile.

A full-scale mimic of Posidonia oceanica was made with polyvinyl chloride (PVC), as
detailed in Figure 1b,d. A single plant was constituted of 2 pairs of leaves 60 cm and
40 cm long each, with a leaf thickness of 0.5 mm. The leaves were inserted (stapled) into a
wooden support (3.8 × 3.8 cm2), simulating a rigid rhizome. The configuration of selected
leaves, the materials used for the fabrication of the surrogate Posidonia and details of the
construction of the meadow seagrass can be reviewed in [47]. The length of the meadows
was selected to be 10 m long, maintaining the density of meadows of 269 units per m2 and
meadow width of 2.9 m. Special care was taken to ensure that these dimensions accurately
reflect those of a real Posidonia oceanica seagrass meadow (Figure 1a). The flume water
depth was 2.0 m at the wave paddle toe, generating a submergence ratio in the meadow
area of 0.316. Previous studies [26,27,47] showed that submergence ratios around 0.3 can
generate relevant wave height damping. From wave paddle up to X = 29 m, the bottom
was flat, and no sediments were present. After this point, a 12 m flat sandy region was
created with a thickness of 0.12 m. At X = 41 m, a constant handmade slope of 1:15 started
and was built until the end of the flume. A mimic meadow was located from X = 30 m until
X = 40 m (Figure 2).

Irregular waves with a significant wave height (Hs) value of 0.60 m and peak period
(Tp) of 3.71 s were generated at the CIEM. The same wave conditions were tested for two
layouts: A beach profile without seagrass (BR60) and a condition with seagrass meadows
(R60). The irregular waves were composed of a series of 500 waves spanning a duration of
30 min (test), following a JONSWAP spectrum with gamma equal to 3.3. In total, for each
layout, 12 tests were conducted, sequentially listed in time from t1 (first test) to t12 (final
test). For our analysis, changes in wave profile and wave hydrodynamics were evaluated
after and during each test, respectively.
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as the root mean square (RMS) of u(φ) (Equation (3)), and 𝑢𝑢′ represented the turbulent 
velocity fluctuation. 

Figure 2. Cross-profile positioning of all sensors deployed in the BR60 and R60 layouts (see text for
details). The small squares and small circles represent successive positions of mobile trolley stations,
showing how all sensors are repositioned every 30 min after the end of each wave set. The meadow
is represented by green vertical lines on the flat part of the flume.

Wave height variations in the meadow area were monitored by 4 pore pressure trans-
ducers (PPT), previously calibrated and positioned as detailed in Figure 2. The sand profile
was measured after each test (every 30 min) with a mechanical profiler with an accuracy
of ±1 cm [54]. Measurements of the profile evolution were taken at the central part of the
flume. Velocity measurements were taken using vertical Nortek Vectrino acoustic Doppler
velocimeters (ADVs). The ADVs used an acoustic frequency of 10 MHz and were config-
ured to measure with a transmission length of 1.2 mm and a sampling volume of 4.9 mm.
Two ADVs were fixed (green diamonds in Figure 2) in positions at the front and behind
the meadow (X = 27.6 m and 41.4 m, respectively), and measured velocities during all tests
(Figure 1b). Additionally, 4 ADVs were installed on a mobile frame at different elevations
(with a distance of 0.51 m, 0.19 m, and 0.29 m between them, respectively) to measure the
velocity profile along the flume (Figure 1c). For the analytical phase of this study, the ADV
sensor positioned in closest proximity to the seabed was analyzed. To investigate various
positions within the profile, the mobile frame was systematically relocated to distinct X
and Z coordinates after the completion of each test, as detailed in Table 1 and green squares
in Figure 2.

Table 1. Position of the ADV on the mobile frame, according to the tests conducted tests.

Position (m) Tests Associated with the Position

X = 50.2 t1, t6 and t8
X = 54.2 t2, t7 and t9
X = 45.7 t3 and t10
X = 39.1 t4 and t11
X = 31.9 t5–t12

2.2. Data Analysis

From the three components of the collected velocity data (u, v, and w were relative to
the X, Y, and Z axis, respectively), the analysis will focus on the u horizontal component
presenting the velocities along the wave flume, representing the cross-shore velocity com-
ponent on a beach. The u velocity can be broken down into three parts using the phase
average technique (Equation (1)), like [55–58].

u = Uc+ Uw + u′ (1)
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The steady velocity (Uc) was associated with the current and was obtained with time-
average velocity (Equation (2)), considering u(φ) as the instantaneous velocity according to
the φ phase [57]. The unsteady velocity (Uw) refers to oscillatory flows and was defined
as the root mean square (RMS) of u(φ) (Equation (3)), and u′ represented the turbulent
velocity fluctuation.

Uc =
1

2π

∫ 2π

0
u(φ)dφ (2)

Uw =

√
1

2π

∫ 2π

0
(u(φ)− UC)

2dφ (3)

In order to measure the degree of linearity of velocity and the changes generated by the
meadow effect, it was decided to assess the velocities skewness (Sk) and the asymmetry (As)
defined by [59] in Equations (4) and (5), respectively,

Sk(x) =
(u(x, t)− Uc)

3

U3
w(x)

(4)

As(x) = −I(H(u))3

U3
w(x)

(5)

where u(x, t) is the cross-shore horizontal velocity, F denoted the imaginary part of the
Hilbert transform of instantaneous velocity, and the over-bar denoted time average for each
test. Note that Sk = 0 denotes that crests and troughs have equal amplitudes, and Sk > 0
indicates that the amplitude of the crest is greater than that of the troughs. Furthermore,
As = 0 denotes symmetry in the front and back faces of the wave. A wave becomes
increasingly asymmetric as the crest travels faster than the troughs.

2.3. Data Processing

The data processing was carried out according to the diagram in Figure 3. All ADV
time series were processed, and spike noise was eliminated using the method developed
by [60]. The time interval between 0.5 and 25.5 min was considered, discarding the initial
and final values of each series (Time series cutting). The velocity values were cleaned after
considering the amplitude, signal-to-noise ratio, and correlation of the acquired signal. All
values that presented an amplitude value lower than 75, a signal-to-noise ratio lower than
15 dB, and a correlation lower than 70% were discarded, and NaN values were inserted into
those time series. In addition, velocity values that exceeded 4 times the standard deviation
of the average for the series were eliminated following the works of [58,61].

After applying the filters, we worked with an average of 95.3% (BR60) and 92.0% (R60)
of the total data for the original series among all sensors. The greatest removal of data
occurred in test 1 and in the upper sensors of the mobile carriage, specifically in the area
closest to the bar. After the data were despiked on the lower mobile trolley and fixed to
sensors, 96% and 95.6% of the data were used in the analysis for the BR60 and R60 layouts,
respectively.

The velocity analysis was carried out using two methods: graphical and numerical.
The first analysis focused on identifying the discrepancies in each layout, taking into ac-
count the velocity variations at the same test number and sensor position. The numerical
method focused on the changes in the measured velocities, considering the sensor vari-
ability equal to the standard deviation obtained from the compared velocity values. The
velocity variability was obtained from two different approaches: one for the values of the
whole series, and another for the peak values of the series (maxima or crest and minima or
trough). The first method considers the mean value of the standard deviations of u at each
time in the series. The second takes into account the maximum (positive) and minimum
(negative) peak values of a wave cycle. For each peak at its time position, the standard
deviation (variability) was computed and the mean value of these standard deviations was
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calculated. Only the peaks that were perfectly located at the same time in the all-time series
were considered, while the peaks that had some mismatch in time were discarded in order to
reduce the errors that could appear when comparing velocity peaks from different waves.

1 
 

 Figure 3. Block diagram representing the conceptual approach in this study, including velocity data
processing from the ADV sensors and the derived results.

To ensure the accuracy of the experimentally collected velocity data, the quality and
repeatability of the data were checked following both approaches (Table 2). Each method
used the data acquired from the ADV located at 0.23 m from the bottom in front of and
behind the meadow (X = 27.6 m and X = 41.4 m, respectively). The comparison of the
velocity data was made between t2, t3, and t4 tests for the BR60 and R60 layouts. Test 1 has
been discarded from this analysis as it is the first test after manual reshaping where the
suspended sediment may be higher, thus generating a poor-quality ADV signal. The effect
of the growing bar at t2, t3, and t4 (with a maximum height of 0.13 m and 0.14 m, located at
X = 58.6 m and X = 59.6 m for BR60 and R60, respectively) is negligible at this early stage,
so that both layouts should be mainly affected by the presence or absence of the meadow.

Table 2. Illustration of data variability for the (t2–t3–t4) time series, with the peaks for each studied
layout.

Position
(m) Case Series Variability

(ms−1)
Peaks (+)

Variability (ms−1)
Peaks (−)

Variability (ms−1)

X = 27.6 BR60 0.017 0.009
X = 27.6 R60 0.013 0.009 0.010
X = 41.4 BR60 0.018 0.018 0.016
X = 41.4 R60 0.027 0.013 0.017

From the results obtained in Table 2, it can be seen that the variabilities between the
series and peak values are similar, including the variability of positive (+) and negative
(−) peaks. In addition, the variability values are slightly higher at later positions of the
meadows, which may be related to the beginning of the slope zone at X = 41.1 m.
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To assess the variability of velocities due to meadow and bar effects, only the peak
values method was used, taking into account that the higher sediment transport capacity is
associated with waves with higher velocities. In addition, most bed sediment transport
formulae were dependent on the squared velocity values. The velocity variability was
measured for each BR60 and R60 layout, considering two different comparative analyses:
(i) by comparing different time series in a unique layout at the same position and (ii) by
comparing them with/without a meadow in the same sensor position and the same test
number.

3. Results
3.1. Velocity Variability Induced by Surrogate Seagrass Effect

The values obtained in Table 3 showed the variability of peak velocities. The standard
deviations found at positions closer to the bar were higher than those found at positions
prior to X = 50.1 m presented in Table 2. At X = 54.2 m the variability values were equal
or even higher than for X = 50.1 m, except for the variability of negative peak R60 at tests
t7–t9. The larger variabilities observed could be explained by the proximity of the ADV
measurements with respect to the breaker bar. The bar was growing between positions
X = 59.0 m and X = 57.4 m for R60 (between t6 and t9), and for X = 61.7 m (t6) and
X = 61.0 m (t9) for BR60, which would affect the velocity measurements at the nearby
control points. The difference between positive and negative peak variability was lower
than 0.01 ms−1, except for t7 and t9 comparison for R60 (0.028 ms−1). This narrow dif-
ference between positive and negative peak variability followed a similar trend to that
observed in Table 2. Table 2 displayed the computed peak variability for the initial profiles
(t2, t3, and t4) when the bar had not undergone significant changes. On the other hand,
Table 3 includes the computed data for profiles t2 as well as t6-t9, where the bar noticeably
moved offshore towards the measurement position (X = 50.2 and 54.2 m). This displace-
ment of the bar, coupled with the closer proximity of the sensors to the bottom of the profile,
leads to increased variabilities in peak values when compared to those observed in Table 2.

Table 3. Illustration of the velocity peak variability at a fixed cross-shore position, comparing different
tests for each experimental layout.

Position (m) Case Test Comparison Peak (+) Variability
(ms−1)

Peak (−) Variability
(ms−1)

X = 50.2

BR60

t6–t8 0.024 0.026
X = 54.2 t2–t7 0.043 0.051
X = 54.2 t2–t9 0.060 0.061
X = 54.2 t7–t9 0.051 0.050

X = 50.2

R60

t6–t8 0.045 0.053
X = 54.2 t2–t7 0.049 0.057
X = 54.2 t2–t9 0.040 0.053
X = 54.2 t7–t9 0.050 0.022

Table 4 compares the u peak variability between the difference of BR60 and R60 layouts
at the same time and at three different cross-shore positions. All tests present an equal
or lower u peak variability in front of the meadow, while this value is larger behind the
meadow. The areas closer to the bar, as presented in Table 3, had a similar variability to the
area behind the meadow. At t2, the bar crest is located at X = 59.12 m and X = 60.9 m (BR60
and R60 respectively), so we can see the effects of the surrogate meadows on u, without the
perturbations generated by a bar closer to the control point (i.e., X = 54.2 m). Therefore,
it can be considered that the changes in u at this time are mainly due to the effect of the
meadow. As the position of the bar moves towards offshore positions, the variability of
u increases, and an important part of this variability could be due to the development of the
bar. This was observed in X = 54.2 m. In t2, the average of positive and negative variabilities
was lower than for t7 and t9. This was also the case at X = 45.7 m and X = 50.2 m, where



J. Mar. Sci. Eng. 2024, 12, 569 8 of 20

the average of the variabilities was lower in the initial tests compared to later times. From
t6 onwards, there was an increase in the magnitude of the variability of u (negative or
positive) in the areas furthest away from the bar, but in each test, the lowest variability
was maintained in the area in front of the meadow as opposed to post-meadow areas.
In contrast to Tables 1 and 2, the negative and positive peaks showed different variabilities
at X = 50.2 m and X = 54.2 m. In these positions, the positive peaks tended to have greater
variability than the negative peaks, except for t7. These increases in variability indicate that
the studied waves experience relevant changes in their maximum and minimum values.

Table 4. Illustration of velocity peak variability from the variation of BR60 and R60 layouts for
different tests and positions.

Position (m) Test Peak (+) Variability
(ms−1)

Peak (−) Variability
(ms−1)

X = 27.6 t2 0.010 0.010
X = 41.4 t2 0.035 0.014
X = 54.2 t2 0.040 0.016

X = 27.6 t3 0.015 0.017
X = 41.4 t3 0.044 0.010
X = 45.7 t3 0.033 0.027

X = 27.6 t6 0.014 0.019
X = 41.4 t6 0.040 0.023
X = 50.2 t6 0.042 0.026

X = 27.6 t7 0.027 0.035
X = 41.4 t7 0.032 0.038
X = 54.2 t7 0.035 0.041

X = 27.6 t8 0.027 0.033
X = 41.4 t8 0.031 0.023
X = 50.2 t8 0.049 0.032

X = 27.6 t9 0.018 0.021
X = 41.4 t9 0.027 0.020
X = 54.2 t9 0.044 0.028

X = 27.6 t10 0.031 0.022
X = 41.4 t10 0.031 0.031
X = 45.7 t10 0.038 0.044

3.2. Velocity Peak Magnitude

The mean peak (positive and negative) velocities were calculated for BR60 and R60
and are presented in Table 5. The number of peaks studied to obtain the average value
are shown in Column 3 of Table 5. Note that the number of peaks compared was between
224 and 375, which corresponds to 73.0% and 95.4% of the total number of waves for
both layouts. Positive peaks showed a significant increase in R60 compared to BR60. This
increase was between 5.5% and 12.4% in the area in front of the meadow and between 6.5%
and 11.7% in the area immediately behind the meadow. In the post-meadow areas (sand
slope zone), the effect was the opposite and the velocity decreased to 10.2%, except at t7,
where the velocity increased by up to 8.8%. The negative peaks studied showed a different
behavior in the meadow area. In the area in front of the meadow, a small positive increase
in velocities was observed, ranging from 0.9% to 2.4%. In the area immediately behind the
meadow, the positive peaks showed a significant decrease of between 14.0% and 20.3%.
Then, in the slope zone, the velocity became more positive, with negative peaks decreasing by
as much as 9.1%, except at t6 and t7, where the velocity increased slightly on the R60 line.



J. Mar. Sci. Eng. 2024, 12, 569 9 of 20

Table 5. Velocity peak (positive and negative) values for the BR60 and R60 layouts, showing the
variability for different tests and positions.

Position
(m) Test Number

of Peaks

Mean Positive
Peaks BR60

(ms−1)

Mean
Positive

Peaks R60
(ms−1)

Positive
Peaks

Variation

Mean
Negative

Peaks BR60
(ms−1)

Mean
Negative

Peaks R60
(ms−1)

Negative
Peak

Variation

X = 27.6 t2 278 0.2932 0.3100 5.7% 0.3055 0.2983 −2.4%
X = 41.4 t2 248 0.3415 0.3718 8.9% 0.3390 0.2717 −19.9%
X = 54.2 t2 370 0.5574 0.5003 −10.2% 0.4693 0.4265 −9.1%

X = 27.6 t3 330 0.2875 0.3032 5.5% 0.3066 0.3017 −1.6%
X = 41.4 t3 333 0.3475 0.3716 7.0% 0.3276 0.2610 −20.3%
X = 45.7 t3 365 0.3627 0.3427 −5.5% 0.3365 0.3200 −4.9%

X = 27.6 t6 333 0.2933 0.3094 5.5% 0.3054 0.2992 −2.0%
X = 41.4 t6 329 0.3441 0.3666 6.5% 0.3330 0.2748 −17.5%
X = 50.2 t6 375 0.4376 0.4336 −0.9% 0.3758 0.3781 0.6%

X = 27.6 t7 259 0.2766 0.3088 11.6% 0.2954 0.2921 −1.1%
X = 41.4 t7 224 0.3495 0.3796 8.6% 0.3444 0.2834 −17.7%
X = 54.2 t7 260 0.5432 0.5908 8.8% 0.4813 0.4923 2.3%

X = 27.6 t8 310 0.2784 0.3130 12.4% 0.3016 0.2988 −0.9%
X = 41.4 t8 310 0.3388 0.3672 8.4% 0.3381 0.2872 −15.1%
X = 50.2 t8 359 0.4532 0.4143 −8.6% 0.3981 0.3669 −7.9%

X = 27.6 t9 317 0.2892 0.3195 10.5% 0.2977 0.3020 1.4%
X = 41.4 t9 324 0.3344 0.3565 6.6% 0.3348 0.2878 −14.0%
X = 54.2 t9 357 0.5693 0.5334 −6.3% 0.5232 0.4580 −12.5%

X = 27.6 t10 268 0.3047 0.3229 6.0% 0.3112 0.3076 −1.2%
X = 41.4 t10 240 0.3459 0.3864 11.7% 0.3361 0.2840 −15.5%
X = 45.7 t10 289 0.3734 0.3407 −8.8% 0.3420 0.3190 −6.7%

Table 5 also showed how the behavior in the meadow areas (in front of/behind the
meadow) was similar for both peaks between the t2 and t6 tests. Positive peaks in front of
the meadow increased on average by 5.6%, and negative peaks decreased on average by
2.0%. Behind the meadow, positive peaks increased on average by 7.5% and negative peaks
decreased on average by 19.2%. Then, for tests t7 to t10 in the area in front of the meadow,
the positive values increased on average by 10.1% and the negative values decreased on
average by 0.5%. Behind the meadow, positive peaks increased on average by 8.8% while
negative peaks decreased on average by 15.5%.

3.3. Asymmetry and Skewness Changes along the Flume Caused by Surrogate Seagrass Effect

The values obtained for Sk and As in positions in front of, above, and behind the
meadow, at the same height relative to the bottom (ZR), are shown in Figures 4 and 5.
Figure 4 illustrates that in BR60 and R60, Sk values did not exhibit relevant variability at
X = 27.6 m and X = 31.9 m. Beyond these initial positions, at X = 39.1 m and X = 41.4 m,
Sk became slightly more positive when the meadow was present. Additionally, the As
values in front of and behind the meadow were very similar for each compared layout.
Above the meadow area, there was a small increase in As when the meadow was present,
although this value was too low (less than 0.005) to be considered relevant.
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tively) for measuring stations between X = 27.6 m and X = 41.4 m. Red diamonds represent the BR60 
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represents the meadow zone located between X = 30 m and X = 40 m. 

Figure 4. Illustration of skewness (Sk) and asymmetry (As) variation (bottom and top panel respec-
tively) for measuring stations between X = 27.6 m and X = 41.4 m. Red diamonds represent the
BR60 layout and blue circles represent the R60 layout. The lighter shades represent the initial tests,
and the darker shades represent the final tests, as detailed in Figure 2. X = 31.9 m corresponds to
measurements at t5 and t12, while X = 39.1 m corresponds to measurements at t4 and t11. The green
area represents the meadow zone located between X = 30 m and X = 40 m.
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Figure 5. Illustration of skewness (Sk) and asymmetry (As) variation (bottom and top panel respec-
tively) for measuring stations between X = 45.7 m and X = 54.2 m. Red diamonds represent the
BR60 layout, and blue circles represent the R60 layout. The lighter shades represent the initial tests,
and the darker shades represent the final tests, as detailed in Figure 2. X = 45.7 m corresponds
to measurements at t3 and t10, while X = 50.1 m corresponds to measurements at t6 and t8, and
X = 54.2 m corresponds to t2, t7, t9.
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Along the slope that follows the meadow (Figure 5), there is a Sk decrease at X = 45.7 m
for the R60 layout for t3 and t10, higher than the decrease measured for the same tests for
the BR60 layout. Once the velocity values were considered closer to the bar, the Sk value
became more positive for both BR60 and R60 layouts, with the Sk values being greater than
0 at X = 54.2 m.

The As value at X = 45.7 m was still similar in value to X = 27.6 m and X = 41.4 m,
with slightly negative values for this layout. At X = 50.2 m for the R60 layout, the value
of As was constant and similar to the previous position, but for the BR60 layout at t6 and
t8, the value became slightly positive. The As value at X = 54.2 m for t7 remained slightly
positive for both layouts. At t9, this As value was maintained for R60, but increased to 0.05
at BR60 (red diamonds in Figure 5 below).

3.4. Sediment Transport Capacity

Considering the observed changes in wave shape and velocity due to the presence of
the mimic seagrass meadow, the sediment transport capacity was evaluated following the
SANTOSS formula [62] detailed in Equation (6).

→
q s =

√
(s − 1)× g × d3

50 ×

√
|θc| × Tc ×

(
Ωcc +

Tc
2×Tcu

× Ωtc

)
×

→
θ c
|θc | +

√
|θt| × Tt ×

(
Ωtt +

Tt
2×Ttu

× Ωtu

)
×

→
θ t
|θt |

T
(6)

where
→
q s is the capacity net transport rate (m2 s−1), s is the relative density equal to

(δS − δW)/δW , d50 is the median grain size (m), g is the gravitational acceleration (ms−2),
θ is the non-dimensional bed shear stress (Shield Parameter) and T the wave period (s),
with “c” referring to the crest and “t” to the trough of the half-wave cycle. Tcu and Ttu are
the acceleration flow periods within the crest/trough half cycle, respectively. The variables
Ωcc, Ωtc, Ωtt, and Ωct represent a contribution to the net transport rates, where the first
sub-index denotes the sand load mobilized for the half cycle (crest/trough) and the second
sub-index represents the sand transported during the half cycle (crest/trough). These four
contributions to net sand transport depend on the Shields parameter, and the methodology
of [62] has been followed to calculate them.

The qs values were calculated taking into account the mean velocities, the average of
the highest one-third velocities (1/3), and the average of the highest one-tenth velocities
(1/10) at each position shown in Figure 6 (X = 27.6, 41.2, 45.7, 50.2 and 54.2 m). The
calculated net transport was onshore at all positions and increased gradually as one moved
towards the coast and according to the magnitudes of the velocities studied. The sediment
transport capacity was lower for the meadow layout (R60, blue diamonds in Figure 7),
except for the first measurement position found in front of the meadow. The percentage
decrease in sediment transport capacity obtained for each position is shown in Table 6.
Although a significant reduction in sediment transport capacity was observed at the po-
sitions from X = 27.6 m to X = 50.2 m (bold values in Table 6), it is important to note that
transport in this area experiences substantially lower magnitudes if we compare it with
positions beyond X = 54 m.
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Figure 7. (a) Time series of u in Test 2 for positions X = 41.4 m (upper panel) and X = 54.2 m (lower
panel), indicating with a yellow rectangle the major divergences found in the whole series. The
BR60 layout is shown in red and the R60 layout in blue. The Uc values for the whole t2 series are
presented in the figure, keeping the colors of each layout for consistency. (b) Details of a case of
velocity divergence (black dashed lines in Figure 7a,b) between 125 and 135 s.
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Table 6. Variation of qs (%) when comparing R60 with BR60 layouts in the same cross-profile positions
for different velocities.

X = 27.6 m X = 41.2 m X = 45.7 m X = 50.2 m X = 54.2 m

Mean 18.3% −18.9% −41.3% −15.3% −13.2%
1/3 29.3% −11.6% −40.8% −15.0% −11.9%

1/10 18.9% −17.1% −39.0% −14.0% −7.1%

4. Discussion

The presence of a surrogate seagrass meadow in a series of mobile bed flume experi-
ments leads to an increase in the current velocity (Uc) measured in the area immediately in
front of and behind the meadow. In front of the meadow, Uc increases slightly by 0.012 ms−1

(78.7%) on average over the experimental time (6 h of waves). Behind the meadow zone,
Uc increases significantly by 0.049 ms−1 (365.4%) on average. Although the observed
increase in values in front of the meadow are within the range of the sensor variability
(Table 2), the increase in Uc behind the meadow is above this variability and can be at-
tributed to a direct effect of the seagrass meadow studied. These results are consistent with
previous studies that assessed velocities around the seagrass canopy in areas upstream [63]
and downstream of the meadow [45,49,63,64]. This Uc could be explained by the velocity
overshoot produced by a progressive wave above the boundary layer and by the progres-
sive wave streaming expected within the boundary layer. Although the measurement point
is not within the boundary layer, the presence of the oscillating bending long leaves and
their associated turbulence is expected to increase the thickness of the wave boundary
layer and therefore increase the shoreward velocity streaming produced by both effects.
However, this experiment did not provide the necessary data to confirm such behavior.

The sensor variabilities shown in Table 2 are slightly higher than the variabilities
measured by the ADV in the comparatively quiescent background (−0.006 ± 0.006 ms−1),
calculated in the first 5 s after the start of each test. These values were associated with white
noise or Doppler noise and are intrinsic to the ADV [65]. However, the measured changes
in peak velocities (Table 5) are greater than the sensor variabilities (Table 2). The variations
of both maximum and minimum velocities are attributed to the presence of the meadow
and the development of the breaker bar. The latter can be seen more clearly from t7 (3.5 h
of waves), where the peak variabilities in front of the meadow increase their value (Table 4)
and the positive peaks increase their velocities even more with respect to previous times
(Table 5). The variability in velocity intensity and peaks can be observed in all tests and
could be associated with the direct effect of the meadow.

In the area in front of the meadow, there is no appreciable change in Sk and As
compared to the case without the meadow throughout all tests. The mean value of As for
12 tests was −0.004 for BR60 and −0.003 for R60, and the mean value of Sk was −0.087
for both layouts. Despite this, up to t6, there was an increase in positive peak velocities
(mean 5.6%) and a slight reduction in negative peak velocities (mean 2.0%), without this
affecting the magnitude of mean velocities (mean positive peak plus mean negative peak),
resulting in changes of less than 0.010 ms−1.

Above the meadow, it is observed that Sk values show little variation between layouts at
the beginning, while As was slightly reduced when the meadow was present. At the end of
the meadow, the Sk value increased for R60, while As decreased. Studies such as that of [49]
have also observed a decrease in As inside a mimic seagrass meadow patch and have found in
their research that the larger the patch size, the greater the As decrease. In addition, Sk values
increase when the surrogate meadow is present, but only under the most energetic waves,
with an even greater increase when the patch covered a smaller area [49].

In the area behind the meadow, a shift of the whole u-series towards the positive
axis can be observed, which is associated with the increase in Uc. Additionally, there is
an increase of 0.1 in Sk compared to the BR60 layout, which is associated with a vertical
deformation of the incoming waves. This effect is confirmed by the increase of positive
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peaks and the reduction of negative peaks under the waves (Table 5), which adjusted to a
new waveform when passing through the meadow. This implies that onshore velocities
are higher, while offshore velocities are lower in magnitude than in the case without the
surrogate meadow. As values remain unchanged and behave similarly to the As data
obtained in front of the meadow.

The discrepancies in Sk behind the meadow have been analyzed for the entire velocity
series, comparing different layouts within the same test number and sensor position.
Figure 7a shows the velocity series measurements at the same location and time (time
series t2) for both layouts. The upper and lower parts of Figures 7a and 6b correspond to
positions X = 41.4 m and X = 54.2 m, respectively. At X = 41.4 m (Figure 7a), a positive shift
of the entire u-series can be observed when comparing layouts BR60 and R60, indicating
an increase in the magnitude of positive peak values and a decrease in the magnitude
of negative peak values when the meadow is present. Additionally, this increase in u is
more pronounced in 4 points associated with wave relaxation periods. The upper part
of Figure 7b provides an example of this further increase in u between times 123 and
137 s when the meadow is present, causing a significant rise in the velocities of low-
magnitude flows. However, these changes in wave relaxation are not observed at more
onshore positions, as illustrated in the lower part of Figure 7b, which presents the velocity
measurements at X = 54.2 m.

As the position of the bar crest approaches the ADV control point, the value of Sk
becomes more positive. At X = 45.7 m, layout R60 exhibits a slightly lower Sk compared to
BR60, with both layouts showing lower magnitudes than when measured at positions in
front of the meadow. The changes in peak velocities at this position experience a similar
variation, with reduced maximum and minimum peaks in R60 with respect to BR60. At
this location, the wave velocities take on a similar shape as in positions at X = 27.6 m but
with a decrease in velocity magnitude in R60 relative to BR60.

At X = 50.2 m, the differences in Sk values between both layouts are even smaller than
at X = 45.7 m, but their magnitude increases with respect to this position. The minimum
and maximum peaks are similarly reduced. At t6, the peak velocities show a variation of
less than 1.0% when comparing the two layouts, but at t8 the reduction of positive peaks
is 8.6% and negative peaks decrease by 7.9% when the meadow is present. This velocity
reduction is consistent with the results from the previous position.

Finally, at X = 54.2 m, a general decrease in the maximum and minimum u magnitudes
(lower part of Figure 7b) associated with a reduction in the magnitude of both maximum
and minimum peaks can be observed when seagrass is present. Additionally, registered
Sk values turned positive and are higher at BR60 than at o R60, where both negative and
positive peaks are reduced, except at t7 where they increase. This progressive increase
in Sk values reflects the change in wave shape as it passes through the shoaling to the
breaking bar zone. However, As values do not show significant variations in the same
area, except at position X = 54.2 m where it becomes slightly positive. It is worth noting
that at t9 for the BR60 layout, As presents a greater increase compared to other times and
positions (Figure 5). In this test, the position of the bar crest (X = 56.4 m) is very close to
the control point, so the wave starts to accelerate shorewards to generate a breaking wave.
In the R60 layout, this process does not occur at this position but takes place two meters
further onshore. The greater increase in As of BR60 is attributable to a greater increase in
sediment transport found where the bar is developing (See Figure 6). This is consistent
with previous studies [66–68] that have shown that higher As is correlated with a higher
rate of sediment transport in the direction of wave propagation.

In summary, the presence of the meadow causes variations in velocities due to the
enhanced resistance it offers to wave propagation. This resistance leads to lower As
values as the waves pass through the meadow, resulting in higher magnitudes of offshore
velocities. The Sk values increase as the waves pass through the meadow and become
positive upon leaving the meadow (Figure 4). This destabilizes the velocity series due
to increased currents generated behind the meadow. As a result, there appear losses of
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potential energy (reduction of wave height) and kinetic energy (reduction of velocities), the
latter of greater magnitude [47]. In subsequent zones, the decreased velocity has stabilized,
and variations of Sk and As are dominated by the displacement of the offshore bar crest
(breaking wave area).

The transport capacity calculated by the SANTOSS formula has been compared with
the volume of sediment transported at position X = 54.2 m in tests t2, t7, and t9 for each
layout (Table 7). The sediment volume has been quantified from the bed evolution of each
test, measured with a mechanical profiler, as detailed in [47] Astudillo et al., 2022. The
sediment transport obtained by both methods was in the onshore direction. The values
obtained by the SANTOSS formula for the BR60 layout were close to those measured
in the experiments. However, for the R60 layout, the calculated values exhibited larger
discrepancies compared to the measured values. At t2, the measured sediment transport is
greater than that estimated by the SANTOSS formula and is attributed to the sensor being
located over one of the megaripple-like bedforms generated in the sandy profile. While at
t7, it was observed that the presence of seagrass induces a larger amount of transported
sediment, which is consistent with the peak velocities found in this test (Table 5), where
the R60 layout presents higher values than the BR60 layout. The increased velocity peaks
in t7 cannot be conclusively explained within the scope of this work since they may be
attributed to measurement errors or to the larger morphodynamic stability for dissipative
profiles with bedforms.

Table 7. Critical comparison of qs measured and calculated values for BR60 and R60 layouts at
position X = 54.2 m.

MEASURED SANTOSS

Test BR60 (m2 s−1) R60 (m2 s−1) Variation
(%) BR60 (m2 s−1) R60 (m2 s−1) Variation

(%)

t2 3.56 × 10−5 5.72 × 10−5 60.7 3.59 × 10−5 1.77 × 10−5 −50.7
t7 5.52 × 10−5 1.72 × 10−5 −68.8 2.07 × 10−5 4.11 × 10−5 98.9
t9 4.44 × 10−5 1.72 × 10−5 −61.3 4.34 × 10−5 2.81 × 10−5 −35.4

Mean
(t2–t7–t9) 4.51 × 10−5 3.05 × 10−5 −32.2 3.33 × 10−5 2.90 × 10−5 −13.2

Note that the sediment transport at t2 is higher at R60 compared to BR60 layout,
again this is attributed to megaripple-like bedforms. These megaripple-like bedforms
appeared first in R60 (t2), and then in BR60 (t5), and remained in the same position and
shape until they were eventually absorbed by the main bar moving offshore (Figure 8).
Although the SANTOSS equation considers values from an empirical ripple generator, it
should be emphasised that sediment transport in rippled bottoms is notoriously difficult
to predict [62]. The SANTOSS formula is unable to reproduce the position where the
megaripple-like bedforms are generated, indicating that the sediment transport capacity
at this point and test may not have been correctly estimated. However, the formula
still provides valuable insight, suggesting that sediment transport in this area, after the
formation of the megaripple-like bedforms, is very low.

The profile evolution, including megaripple-like bedforms, could be related to Sk
changes in the waves, as observed [69] in the case of submerged berms subjected to
irregular waves. Therefore, the formation of megaripple-like bedforms at t2 for the R60
layout could be associated with the Sk changes induced by the presence of the meadow.
Similarly, the development of the bar in the BR60 layout between t4 and t5, which in turn
generates higher Sk values, could potentially explain the subsequent appearance of these
bedforms. However, it should be noted that the available data set is limited, and further
investigation is needed to confirm this behavior.
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5. Conclusions

The present study contributes to analyze the interactions between incoming waves and
seagrass meadows, demonstrating the effect of the meadow on the velocities generated by
irregular erosive waves. The analysis compares the velocity fields over a seagrass meadow,
considering the hydrodynamic behavior up to the main sandbar. The results presented
lead to the following conclusions:

The passage of the waves over the meadow causes a large decrease/increase in
the magnitude of negative/positive velocity peaks. This interaction effect results in two
important changes for the velocities: (i) a change in the way velocities propagate, generating
higher velocities onshore and even lower velocities offshore; (ii) in the first few meters
of the sandy slope, where the velocities returned to their original shape in front of the
meadow but with a decrease in their overall magnitude. The observed interaction thus
makes the incoming erosive waves less erosive with less sediment transport, resulting in a
bar closer to the shoreline.

As the waves passed through the surrogate seagrass meadow, there is a gradual
increase in Sk, with a local maximum value in the area behind the meadow. However,
as the wave evolves along the sandy slope, the Sk value decreases, reaching a minimum
value even lower than before the presence of the meadow. Finally, as the control position
approaches the breaker bar, the Sk value gradually increases. In conditions without a
meadow, the Sk values remain stable until the measurement station X = 50.2 m, where the
Sk value increases because of its proximity to the position of the main bar.

The influence of the meadow on the As variation is found to be small, with only a
slight reduction observed in the area above the meadow. However, a significant increase in
As is observed when the control (measurement) point gets closer to the position of the bar.
This increase is primarily attributed to the proximity of the waves’ breaking position and is
not directly influenced by the surrogate meadow.
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The decrease in velocities induced by the meadow diminishes the offshore sediment
transport in the sand part of the profile. While the SANTOSS formula was able to provide
a suitable estimate of sediment transport, it could not approximate the sediment volumes
of the bedforms generated in the profile. Additionally, the changes in Sk caused by the
presence of the meadow result in the earlier appearance of megaripple-like bedforms in the
profile area in front of the main bar.
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