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• A minimum seagrass patch size is
needed for successful canopy restora-
tion

• The response of seagrass patches de-
pends on wave velocity and canopy
density.

• Under low velocities seagrasses do not
interact with waves, but attenuate sea-
bed TKE.

• Under moderate to high wave velocities
seagrasses interact with waves produc-
ing TKE.
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For the past two centuries coastal zones have been suffering seagrass loss resulting in a network of vegetated
patches which are barely interconnected and which may compromise the ecological services provided by the
canopy. To optimize management efforts for successful restoration strategies, questions need to be addressed
about what appropriate canopy architectural considerations are required under certain hydrodynamic condi-
tions. In this study, a set of laboratory experiments were conducted in which hydrodynamic conditions, plant
densities and vegetated patch lengths were varied to determine minimum patch lengths for successful manage-
ment strategies. Based on the TKE production, this study finds two possible canopy behaviours of seagrasses
under oscillating flows: one where plants do not interact with the flow and the other where they interact with

waves and produce TKE. A threshold from the first to second behaviour occurs for ½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw = 2,

where CD is the drag of the vegetated patch, n is the number of stems per m2, d is the stem diameter and ϕ is
the solid plant fraction. Therefore, high canopy densities, large patches of vegetation ormoderatewave velocities
will produce plant-wave interaction,whereas low canopy densities, small vegetation patches or slowwave veloc-
ities will produce a behaviour akin to the non-vegetated cases.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Seagrass meadows are seascape ecosystems providing key ecological
services in coastal areas such as providing habitats for thousands of fish,
bird and invertebrate species (Hughes et al., 2009), supporting commercial
).

. This is an open access article under
fisheries (Metz et al., 2020), regulating nutrient cycling (Montefalcone,
2009), stabilizing seabed sediments (Bouma et al., 2007; Waycott et al.,
2009) and mitigating climate change through both carbon storage and
sequestration (Fourqurean et al., 2012; Unsworth et al., 2018).

Seagrasses are found in shallow coastal waters (most less than 10m
deep), making them vulnerable to human pressure which can cause di-
rect physical damage to themeadow itself through anchoring, trawling,
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dredging or urban/port infrastructure development, or indirect damage
through nutrient over-enriched waters and/or high sediment loads
coming from urban/industrial runoff, aquaculture, and agricultural run-
off (Abadie et al., 2016; Grech et al., 2012; Montefalcone, 2009). Conse-
quently, almost 15% of seagrass species worldwide are threatened
(Hughes et al., 2009). Waycott et al. (2009) reported that since 1879,
29% of the world's seagrasses have been lost. Furthermore, since 1980
seagrass meadows have disappeared at a rate of 110 km2 yr−1 which,
in turn, results in sea soil remineralization and consequently a stock car-
bon release of up to 299 Tg C yr−1 (Fourqurean et al., 2012). Some of the
less affected seagrass canopies endwith gapswithin vegetation patches,
contributing to themeadow heterogeneity, while the most endangered
seagrass canopies end up as a group of interconnected patches
(Sleeman et al., 2005).

Seagrass loss is presented either by an increase in habitat fragmenta-
tion that transforms a continuous tract of vegetation into canopies with
interspersed gaps (i.e., areas of bare soil interspersed within the
meadow) or by a network of vegetated patches in which interconnec-
tions are compromised (Robbins and Bell, 1994; Tanner, 2003). Com-
pared with continuous canopies and given their difficulties in coping
with hydrodynamical stressors, vegetation patches are usually de-
scribed as having lower plant densities, shorter leaves and lower nutri-
ent storage (Gera et al., 2013). The functional dynamics of seagrass
canopies depend on attenuating the wave velocity (Newell and Koch,
2004) and the turbulent kinetic energy (TKE) (Pujol et al., 2013a)
which both hinge on plant density and flexibility and the submergence
ratio and distance from the meadow edge. As such, the ecological ser-
vices of fragmented seagrass canopies are expected to be compromised
(Paul and Amos, 2011; Serra et al., 2018) because fragmented
seagrasses are not fully able to reduce the energy of the flow and there-
fore the sheltering effect of vegetation is reduced (El Allaoui et al.,
2016). Not only this, as the increase in seagrass fragmentation will re-
sult in an increase in edges over the canopy areas then the attenuation
of the hydrodynamics is also reduced (Granata et al., 2001). Edges are
transitional areas between the bare soil and the canopy and represent
transition zones for local hydrodynamics. They are mainly a region of
the canopy with low wave velocity and TKE attenuation compared to a
bare bed and where both wave velocity and TKE decrease gradually to-
wards the inner canopy region (Serra et al., 2018).

Most studies have focused on the patch size effect on unidirectional
flows to discern the structural characteristic of patches and their role in
optimising the ecological services provided. For instance, Licci et al.
(2019) evaluated the effects of patches of Callitriche platycarpa Kütz in
lotic ecosystems and found that small patches induced little to nomod-
ification to physical parameters. Patches, however, as noted by Folkard
(2005), can significantly modify hydrodynamic patterns depending on
the distance between them. Likewise, Li et al. (2019) found that vege-
tated patches greatly impacted the downstream flow: the greater the
plant density was, the lower the depth-averaged velocity adjacent to
thepatch. Concurrentwith these results but under oscillatorywave con-
ditions, El Allaoui et al. (2016) found that at the edges of vegetation the
sheltering provided was reduced compared to within the canopy, al-
though denser fragmented canopies produced greater sheltering than
sparser ones did. The structural characteristics, such as plant density
and leaf length, of Posidonia oceanica (Linnaeus) Delile meadows deter-
mine flow attenuation, with vegetation sheltering nearby gaps (de-
pending on the length of the gaps) in such a way that larger gaps
were less protected by the nearby canopy (Colomer et al., 2017). There-
fore, fragmented seagrasses that undergo patchiness result inmore vul-
nerable meadows that are then exposed to higher levels of energy
which may amplify sediment resuspension and turbidity and produce
negative feedback on the canopies (Zhang et al., 2018; Carr et al., 2010).

All of these results have strong implications for seagrass ecosystem
restoration strategies which are designed to recover seascapes, their
ecosystem biodiversity and the services they provide (Gilby et al.,
2020; van Katwijk et al., 2016). Although the first trials for seagrass
2

restoration started during the first half of the twentieth century, it was
not until 1970 that interest in restoring seagrass ecosystems increased
(van Katwijk et al., 2016). Furthermore, the increased effect that anthro-
pogenic emissions and activities have on the fate of fragmented cano-
pies has meant there is an urgent need to restore world's seascapes,
among which include seagrass canopies. Some studies have also
modelled seagrass restoration efficiency using chemical and physical
abiotic variables such as light, temperature and salinity (Stankovic
et al., 2019). For successful restorations, strategies such as improving
water quality, removing exotic species, and ensuring the minimum
number of shoots planted is within the range of 1000–10,000 shoots/
seeds have been implemented (Kupsky and Dornbush, 2019). Many at-
tempts to transplant plants into fragmented canopies have resulted in
limited survival rates varying from 9% to 40% according to Paling et al.
(2003), while van Katwijk et al. (2016) found that the survival rate
was estimated at 37% for the majority of the seagrass restoration trials.
Such results indicate the importance of establishing functional dynamic
criteria for the patch length scales required if plants are to be success-
fully replanted in the canopies. Infantes et al. (2009) indicated that
high wave velocities produce a loss in the Posidonia oceanica’ cover.
Therefore, despite all the studies carried out, none of them focus on
the functional dynamics of the patch, which is dependent on the patch
scale; therefore there is a need to include hydrodynamics in the param-
etrization for future projects of plant restoration.

This study, then, is focused on determiningwhether there is (or not)
an optimal patch length in which the hydrodynamics of the patch
mimics those of a canopy without fragmentation. The objective of this
study is to determine whether (or not) a single patch behaves dynami-
cally as a canopy. As such, the minimum patch size was defined as the
critical length over which a single patch was dynamically mimicking a
continuous canopy under a certain oscillatory flow regime. It is ex-
pected that a patch with functional dynamics akin to those of a canopy
might be optimal for successful replantation. Thus, different patches
with different lengths and vegetation densities were combined to ob-
tain the structural scale that can guarantee successful seagrass canopy
restoration.

2. Methodology

2.1. The flume

The study was carried out in a laboratory methacrylate flume
(600 cm long, 50 cm wide and 60 cm deep, Fig. 1) with a mean water
height of h = 30 cm (Table 1). The flume was equipped with a vertical
paddle-typewavemaker at the entrance. Thewavemaker was driven by
a variable-speed motor at two frequencies (f = 0.50, 1.12 Hz). A ply-
wood beach (slope = 1:2) covered with foam rubber to eliminate
wave reflection was placed at the end of the flume (Pujol et al., 2013a;
Serra et al., 2018). At the measurement depth, the percentage of Uc re-
duction was 39% and 59% for the wave frequencies of 1.12 Hz and 0.5
Hz, respectively. There was also a reduction of 3.0% and 2.9% for the
wave velocity for frequencies of 1.12 Hz and 0.5 Hz, respectively. In
the longitudinal direction, x = 0 cm was situated at the wavemaker,
in the lateral direction, y = 0 cm was at the centre of the tank, and in
the vertical direction, z = 0 cm was situated at the flume bed.

2.2. Patches of flexible vegetation

The system of laboratory model vegetation consisted of a series of
flexible plants made from eight 0.075 mm thick polyethylene canopy
blades attached to PVC dowels that had been randomly inserted into a
perforated baseboard (Lbase-board = 250 cm, Pujol et al., 2013a), with a
rigid dowel extending 1 cm above the bed (Zhang et al., 2018). The
model plants were geometrically and dynamically similar to Posidonia
oceanica plants (Ghisalberti and Nepf, 2002; Pujol et al., 2013a). The
leaf length was 14 cm, and the effective height when the leaves were



Fig. 1.A lateral viewof the experimental setup (top),with thewavepaddle on the left to providewaves from left to right. Experimentswere conducted in a 600x50x50 cm longflume,with
ameanwater depth of 30 cm. Themodel patch had patch lengths that ranged from 2.8 cm to 42 cm. The triangle at thewater-air interface represents thewater level in the flume. An ADV
was vertically mounted to measure the instantaneous velocities at selected vertical heights. A photograph of the experimental setup (bottom), with the simulated vegetation.
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bent by thewaveswas hv=8.5 cm for f=1.12Hz and hv=10.5 cm for
f= 0.5 Hz. The effective heights were calculated by the mean between
both themaximum and the minimum bending heights of the plants for
Table 1
Nomenclature table.

Variable Units Definition

a cm2 Frontal area
Aw cm Wave excursion length
Aw/Sb Non-dimensional Ratio between wave excursion to plant-to-plant

distance between blades
f Hz Wave frequency
h cm Water height
hv cm Effective plant height
L cm Vegetation length
Lcanopy cm Canopy length
Lpatch cm Patch length
n stems·m−2 Canopy density
nb Blades Blade density
Sb cm Plant-to-plant distance between blades
SPF % Solid plant fraction
TKE cm2·s−2 Turbulent kinetic energy
u cm·s−1 Eulerian velocity in the x direction
u’ cm·s−1 Turbulent velocity
Uc cm·s−1 Steady velocity associated with the current
Ui cm·s−1 Instantaneous velocity
Ui(φ) cm·s−1 Instantaneous velocity according to the phase
Uw cm·s−1 Wave velocity
Uw
rms cm·s−1 Orbital velocity

v cm·s−1 Eulerian velocity in the y direction
w cm·s−1 Eulerian velocity in the z direction
x cm Longitudinal direction
x = 0 cm Position of the wave paddle
y cm Lateral direction
z cm Vertical direction
αw Non-dimensional Ratio of vegetated to non-vegetated Uw

βw Non-dimensional Ratio of vegetated to non-vegetated TKE
φ Radians Wave phase
ϕ Non-dimensional Solid plant fraction

3

25 oscillations The initial position of the vegetation (x0) was situated
100 cm from the wavemaker (Fig. 1). The vegetation density of patches
was quantified using the solid plant fraction (SPF) defined as:

SPF %ð Þ ¼ 100nπ
d
2

� �2

ð1Þ

where n is the number of stems per unit area and d is the stem diameter
(1 cm). Six SPFs were used (0%, 2.5%, 3.5%, 5%, 7.5% and 10%), which
corresponded to vegetation densities of n = 0, 318, 446, 637, 955 and
1273 stems·m−2 (Fig. 2) and similar to the canopy densities between
78 to 1000 stems·m−2 found in coastal areas (Bacci et al., 2017;
Colomer et al., 2017; Gera et al., 2013; van Katwijk et al., 2010); SPF =
0% corresponded to the case with no vegetation. For each SPF, different
patch sizes, Lpatch, ranging from 32 to 240 cmwere considered (Table 2).
In this study, the longest patch Lpatch = 240 cm. A total of 67 experi-
ments were performed for the different SPFs, patch lengths and wave
frequencies (Table 2). In the experiments, the patch edge was consid-
ered as the interface from the vegetated region and the non-vegetated
region (Schoelynck et al., 2018). For all patch lengths, flow velocity pro-
files were measured at the centre of the patch. The length of the patch
increased from this centre point outwards (i.e., to the wave maker and
to the beach, see Fig. 1) so that the measuring point was always the
same for all patches.

2.3. Measuring velocities

The Eulerian velocity field was defined as (u, v,w) in the (x, y, z) di-
rections, respectively. The three components of velocity were recorded
(50 Hz over 5 min) with a downwards looking Acoustic Doppler Velo-
cimeter (16-MHz MicroADV, Sontek). The ADV measured at a distance
of 5 cm from the probe tip and with a sampling volume of 0.09 cm3.
Beam correlations less than 70% were discarded and spikes were re-
moved (Goring and Nikora, 2002; Pujol et al., 2013a). The longitudinal



Fig. 2.Wave velocity (Uw) vertical profiles for a) f=1.12 Hz, b) f=0.5Hz and TKE vertical profiles for c) f=1.12Hz and d) f=0.5 Hz. Unfilled circles correspond to the cases of SPF=0%,
whereas black, blue and grey filled symbols correspond to SPF= 10%, 7.5%, and 3.5% respectively. The experiments presented here correspond to the Lpatch = 240 cm patch length case.
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velocity wasmeasured at an antinode to eliminate the lower order spa-
tially periodic variation in wave and velocity amplitude associated with
wave reflection (Luhar et al., 2010; Pujol et al., 2013a). The ADV was
mounted on amovable vertical frame (at y=0 cm, Fig. 1) andmanually
adjusted to measure a vertical profile. Some plants were removed to
avoid blocking the ADV beams (Ros et al., 2014; Zhang et al., 2018),
and were re-inserted into nearby holes.

2.4. Hydrodynamic analysis

For oscillatory flows, the instantaneous velocity in the x direction, Ui

(t), can be decomposed as:

Ui tð Þ ¼ Uc þ Uw þ u0 ð2Þ

where Uc is the steady velocity associated with the wave, Uw is the un-
steady wave motion in the x direction which represents spatial varia-
tions in the phase-averaged velocity field, and u’ is the turbulent
velocity, that is, the instantaneous velocity fluctuation in the x-
direction. Uc is the phase-averaged velocity:

Uc ¼ 1
2π

Z 2π

0
Ui φð Þ∂φ ð3Þ

where Ui(φ) is the instantaneous velocity according to the phase (Lowe
et al., 2005; Luhar et al., 2010).Wave velocity,Uw, was obtained by using
4

a phase averaging technique. The Hilbert transformwas used to average
oscillatory flowvelocitieswith a commonphase (Pujol et al., 2013b; Ros
et al., 2014). The rootmean square (rms) of Ui(φ) was considered as the
characteristic value of the orbital velocity Uw

rms (Uw hereafter) at each
depth and was calculated according to:

Urms
w ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2π

Z 2π

0
Ui φð Þ−Ucð Þ2∂φ

s
ð4Þ

The ratio αw of the wave velocity (Uw) was calculated following
Lowe et al. (2005):

αw ¼ Uw;

Uw;WP
ð5Þ

where Uw is the wave velocity within the patch at z = 4 cm for vege-
tated cases and Uw, WP is the wave velocity at z = 4 cm for non-
vegetated cases. The measurements within the vegetation at z = 4 cm
corresponded to z/hv = 0.47 for f = 1.12 Hz and z/hv = 0.38 for f =
0.5 Hz. This depth was chosen from the wave velocity profile, shown
later on in the results section so that it was situated out of the shear re-
gion situated at the top of the vegetation and also far from the bed of the
flume. Therefore, αw provided a measure of the wave velocity attenua-
tion within the patch for vegetated cases compared to non-vegetated
cases. Consequently, values of αw ≈ 1 indicated a weak or negligible



Table 2
Summary of the experiment characteristics.

Run f (Hz) SPF (%) n (stems·m−2) Lpatch (cm) aL Aw/Sb Run f (Hz) SPF (%) n (stems·m−2) Lpatch (cm) aL Aw/Sb

WP1 0.5 0 0 0 SFV34 1.12 3.5 446 70 3.12 0.70
WP2 1.12 0 0 0 SFV35 112 5.00 0.69
SFV3 0.5 1 127 42 0.53 0.94 SFV36 126 5.62 0.69
SFV4 70 0.89 0.92 SFV37 140 6.24 0.70
SFV5 112 1.42 0.92 SFV38 154 6.87 0.68
SFV6 196 2.49 0.94 SFV39 168 7.49 0.68
SFV7 7.5 955 42 4.01 2.84 SFV40 196 8.74 0.68
SFV8 70 6.69 2.75 SFV41 240 10.61 0.67
SFV9 112 10.70 2.77 SFV42 5 637 42 2.68 0.83
SFV10 196 18.72 2.67 SFV43 70 4.46 0.83
SFV11 10 1273 42 5.35 3.11 SFV44 98 6.24 0.83
SFV12 70 8.91 3.08 SFV45 126 8.03 0.82
SFV13 84 10.69 2.97 SFV46 168 12.49 0.80
SFV14 98 12.48 2.96 SFV47 196 10.70 0.81
SFV15 112 14.26 2.92 SFV48 210 13.38 0.80
SFV16 133 16.93 2.98 SFV49 240 15.16 0.80
SFV17 140 17.82 2.84 SFV50 7.5 955 42 4.01 1.03
SFV18 154 19.60 2.97 SFV51 70 6.69 1.04
SFV19 182 23.17 3.04 SFV52 84 8.02 1.01
SFV20 224 28.52 2.89 SFV53 98 9.36 1.01
SFV21 240 30.30 2.86 SFV54 112 10.70 0.99
SFV22 1.12 2.5 318 42 1.34 0.59 SFV55 133 12.03 0.98
SFV23 70 2.23 0.60 SFV56 154 14.71 0.99
SFV24 84 2.67 0.59 SFV57 196 18.72 0.96
SFV25 98 3.12 0.59 SFV58 240 22.73 0.97
SFV26 112 3.56 0.58 SFV59 10 1273 42 5.35 1.18
SFV27 126 4.01 0.59 SFV60 70 8.91 1.18
SFV28 140 4.45 0.59 SFV61 84 10.69 1.15
SFV29 154 4.90 0.59 SFV62 98 12.48 1.15
SFV30 168 5.34 0.59 SFV63 112 16.04 1.13
SFV31 182 5.79 0.59 SFV64 133 24.95 1.10
SFV32 196 6.23 0.59 SFV65 168 19.60 1.12
SFV33 240 7.57 0.59 SFV66 196 21.39 1.12

SFV67 240 30.30 1.11
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attenuation of the wave velocity by the vegetation, whereas low values
of αw < 1 indicated high wave velocity attenuation.

The turbulent velocity was obtained by:

u0 ¼ Ui−Uc−Uw ð6Þ

where Uc and Uwwere calculated by Eqs. 3 and 4. The turbulent velocity
was calculated for all directions (u′, v′ and w′) for z = 4 cm.

Turbulent kinetic energy (TKE) was calculated following Ros et al.
(2014) as:

TKE ¼ 1
2

u
0 2

D E
þ v

0 2
D E

þ w
0 2

D E� �
ð7Þ

where < > denotes the time average.
The ratio, βw, was calculated following Colomer et al. (2017):

βw ¼ TKE
TKEWP

ð8Þ

where TKE was the turbulent kinetic energy within the patch at z =
4 cm for vegetated cases and TKEWP was the TKE measured at z =
4 cm for the non-vegetated case. Therefore, values of βw ≈ 1 indicated
a weak or negligible attenuation of the TKE, whereas low values of βw

< 1 indicated a high TKE attenuation compared to the non-vegetated
case.

In order to gain knowledge of the vertical distribution of TKEwithin
the patch, a non-dimensional model was set following Zhang et al.
(2018). For a full canopy, Zhang et al. (2018) found that the relationship
between the TKE, Uw and the main canopy parameters followed:
5

ffiffiffiffiffiffiffiffi
TKE

p

Uw
¼ δ CD

lt
d

nd
2 1−ϕð Þ

� �1
3

ð9Þ

where δ is the scale constant,ϕ is the solid volume fraction,ϕ ¼ n π
4 d

2, lt is
characteristic eddy length-scale, and CD is the drag of the form of the ob-
stacle along the fluid patch, with CD = 1.4 being used in both studies. In
Eq. (9), the characteristic length scale, Lpatch / Lcanopy, for each frequency,
is introduced to account for the volume of the patch in relation to the

maximum canopy volume in the form of
V1=3
Patch

V1=3
Canopy

¼ ð aLpatchaLcanopy
Þ
1
3 ¼ ð LpatchLcanopy

Þ
1
3 ,

therefore Eq. (9) is expressed following:

ffiffiffiffiffiffiffiffi
TKE

p

Uw
¼ δ CD

Lpatch
Lcanopy

� �1
3 lt
d

nd2

2 1−ϕð Þ

" #1
3

ð10Þ

Zhang et al. (2018) considered lt = d for S> 2dwhereas lt= S for S<
2d. In the present study, since S > 2d, lt = d, therefore:

ffiffiffiffiffiffiffiffi
TKE

p

Uw
¼ δ CD

Lpatch
Lcanopy

� �1
3 nd2

2 1−ϕð Þ

" #1
3

ð11Þ

Defining CD-Patch = CD(Lpatch/Lcanopy)1/3 as the drag generated by the
patch, Eq. (11) results:

ffiffiffiffiffiffiffiffi
TKE

p

Uw
¼ δ CD−Patch

nd2

2 1−ϕð Þ

" #1
3

ð12Þ
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3. Results

For the longest patch considered (Lpatch =240 cm), the wave veloc-
ity Uw decreased with depth for all the experiments i.e., with and with-
out plants (Fig. 2). Three vertical layers could be differentiated based on
the vertical profile of Uw. A first layer above the patch (z/hv > 1), where
Uw for the vegetated casewas similar to that of the without-plants case.
A second layer within the patch (0.7 < z/hv < 1), where Uw for the case
with plants was lower than that for the non-vegetated case and de-
creased gradually with depth. A third layer within the patch, the inner
vegetation layer (z/hv < 0.7), where Uw was nearly constant with
depth down to the bed. The vertical decrease of Uw for the higher fre-
quency case (1.12 Hz) was stronger than for the low frequency (0.5
Hz) (Fig. 2a and b). For the higher frequency, a decrease in the Uw

from the lowest to greatest depth was found for all the vegetated and
non-vegetated cases (Fig. 2a), while for the lower frequency, Uw pre-
sented the slowest vertical reduction, especially for the non-vegetated
cases (Fig. 2b). For the non-vegetated cases and for the high frequency,
TKE decreased with depth down to z/hv=0.7. Below z/hv=0.7, the TKE
remained constant down to the bed (Fig. 2c). In contrast, for the low fre-
quency in non-vegetated cases, TKE was constant with depth (Fig. 2d).
Unlikewhat had been obtained for Uw, the TKEwas higher for vegetated
than for non-vegetated cases, except for SPF = 3.5% at the higher fre-
quency (Fig. 2c and d). For the higher frequency and the vegetated
and non-vegetated cases, the TKE decreased with depth. However, for
the vegetated cases, the TKE slightly increased with depth from z/hv =
0.7 down to the bed (Fig. 2c).

Both wave attenuation (αw) and TKE attenuation (βw) were calcu-
lated for the different non-dimensional patch length scales (Lpatch/hv)
and for the different SPFs studied (Fig. 3). For both frequencies, the
greater the SPF was, the lower αw was (Fig. 3a and b). For the high
Fig. 3.Wave attenuation (αw) versus Lpatch/hv for a) f=1.12Hz and b) f=0.5Hz, and TKE attenu
to 10%.
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frequency studied (f = 1.2 Hz) and for SPF = 2.5%, αw remained con-
stant with Lpatch/hv (Fig. 3a). For the other SPF studied (>2.5%), αw was
constant for low Lpatch/hv decreasing afterward as Lpatch/hv increased.
Therefore, for the low frequency and all SPFs considered, the decrease
in αw started from a threshold in the patch length characterized by
Lpatch/hv = 4 (Fig. 3b). For the low frequency studied, and for all SPFs
considered, αw decreased with an increase in Lpatch/hv (Fig. 3b), without
any threshold in Lpatch/hv. For the high frequency, f = 1.12 Hz, αw

remained constant for Lpatch/hv > 20, whereas for f = 0.5 Hz, αw

remained constant for Lpatch/hv> 10. The value of αw reached decreased
as SPFs increased (Fig. 3a, b).

In contrast to Uw, βw remained constant with Lpatch/hv for both fre-
quencies (1.12 Hz and 0.5 Hz) and for all SPFs studied (Fig. 3c and d).
However, for the high frequency studied, the low vegetation densities
SPF = 2.5%, 3.5% and 5% showed values of βw < 1, while βw was above
1 for SPF=7.5 and 10%, with βw increasing with SPF (Fig. 3c). Contrary
to this, for the low frequency studied, βw > 1 except for the case of
SPF = 1%, for which βw = 1 (Fig. 3d). For this frequency, βw for
SPF = 10% was lower than that for SPF = 7.5%, contrary to what had
been found for the high frequency.

Following Eq. (11), two behaviours could be distinguished when

considering TKE1/2 versus½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw, and deduced by applying

the non-dimensional analysis, which is shown in Fig. 4. For

½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw< 2, TKE1/2 remained constant with ½CD−Patch

nd2

2ð1−ϕÞ�
1
3

Uw at a value of TKE1/2 = 0.56, while for ½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw> 2, TKE1/2

presented a linear trend versus ½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw with a slope of 0.56

(Fig. 4). The first regime (on the left in Fig. 4) corresponded to the
cases where the dynamics were governed by either single stems of
ation (βw) for c) f=1.12Hz andd) f=0.5Hz at z=4 cm, for different SPFs ranging from1



Fig. 4. Non-dimensional model for TKE1/2 for high frequencies (red filled circles), low
frequencies (blue filled circles), and Zhang et al. (2018) data (unfilled circles). H. Nepf
(personal communication provided the original data from Zhang et al.'s (2018) and
Barcelona et al. (2021a) data (black filled circles). The vertical dashed line represents

the minimum value of CD−Patch
nd2

2 1−ϕð Þ
h i1

3
Uw that separates the different trends observed

for TKE1/2. The horizontal solid line at TKE1/2 = 0.0056 represents that for

CD−Patch
nd2

2 1−ϕð Þ
h i1

3
Uw<2, where TKE1/2 remained constant. For CD−Patch

nd2

2 1−ϕð Þ
h i1

3
Uw> 2 a

linear tendency was found: TKE1/2 = 0:47∗ CD−Patch
nd2

2 1−ϕð Þ
h i1

3
Uw−0:47, with R2 = 0.73

and 99% of confidence.
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vegetation or the cases without vegetation. The second regime (on the
right in Fig. 4) corresponded to the case where the dynamics were
governed by the patch scale.

The transition of both regimes determines the minimum patch
length Lpatch,min, for which for Lpatch < Lpatch, min the TKE1/2 was indepen-

dent of ½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw. In this region TKE1/2 was equal to that found

for non-vegetated cases, indicating that the vegetation did not contrib-
ute to increasing the TKE1/2. In contrast, for Lpatch > Lpatch,min a linear

trend between TKE1/2 and ½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw was obtained. This result

indicated that the experimental cases with high Lpatch > Lpatch, min pro-
duced an increase in the TKE1/2, therefore in this regime dominated by
the patch scale the minimum patch length was calculated following
Eq. (12), observing a dependence of the minimum patch length on
Lcanopy, canopy density and Uw, and calculated as follows:

Lpatch ¼ Lcanopy
2 1−ϕð Þ
CDnd

2

2
Uw

� �3
" #3

ð13Þ

4. Discussion

In this study, the capacity of submerged patches of flexible plants to
attenuate waves, in terms of their velocity and TKE, has been found to
depend on thewave penetrationwithin the patch and the volume occu-
pied by the vegetation. The wave penetration was a function of the
7

orbital excursion length scale and the plant-to-plant distance, while
the volume of the vegetation patchwas a function of its length and den-
sity. All of this information provides clues for determining the structural
analysis of functional patches of seagrass that facilitate hydrodynamical
services comparable to those of continuous seagrass meadows.

4.1. Effect of the canopy density of the patch

Here, the dynamics of functional patches that were observed to
mimic the properties of a continuous vegetated canopywere character-
ized by the attenuation of the wave velocity with a magnitude that
depended on the shoot densitywithin the patch. This alignswith the re-
sults found previously by other authors (Gacia et al., 1999; Paul and
Amos, 2011; Pujol et al., 2013b). According to the results from Ros
et al. (2014) and Zhang et al. (2018), a continuous canopy also attenu-
ates the turbulent kinetic energy generated by the bed when the wave
can enter within the vegetation (i.e., Aw/Sb < 1, where Aw was the
wave excursion length, Sb was the plant-to-plant distance between
leaves, calculated as Sb = (nb)−1/2 (Zhang et al., 2018)). In these cases,
the denser the canopy, the greater the sheltering provided. In contrast,
when Aw/Sb > 1, the turbulent kinetic energy increases with Aw/Sb due
to the interaction of the flowwith the vegetation and the wakes gener-
ated by plant stems. Therefore, high canopy densities (i.e., small Sb and
high Aw/Sb) result in higher TKE due to the production of stemwake tur-
bulence. A range of Aw/Sb from 0.58 to 3.04was considered in this study,
covering cases with Aw/Sb< 1where the TKE generated by the bed is at-
tenuated and cases with Aw/Sb > 1 where TKE is generated by plant
stems. In the case studied here, wave velocities at the vegetated patch
ranged from7 cm s−1 to 10 cm s−1, resulting in stemReynolds numbers
between Res = 700 and 1000, respectively. Stem Reynolds numbers
above 200 have been found to produce vortex shedding (Nepf et al.,
1997) which is a source of turbulence in the system. The increase in
the canopy density is expected to also produce an increase in the num-
ber of wakes generated and, in turn, an increase in the turbulent kinetic
energy in the system. This aligns with the increase in the turbulent ki-
netic energy for the high patch densities observed in the present study.

However, this study demonstrates the contrary in that βw remains
constant with the patch size for both different SPFs and frequencies.
Nevertheless, the results also show how patches, instead of reducing
TKE, are capable of enhancing this energy for higher density patches
(SPF ≤ 7.5%) for both frequencies (f = 0.5 and 1.12 Hz), while sparser
patches attenuate the TKE in a range between βw 0 to 0.5. These results
agree with Zhang et al. (2018), who found that for Aw/Sb > 1 TKE was
generated within the canopy. This coincides with the present study
where, for both frequencies, the Aw/Sb was found to be greater than 1.
These results are attributed to the increase in the number of wakes gen-
erated by the plant stems as the patch density increases which, in turn,
is related to the reduction of the wave velocity (Tang et al., 2019).
Folkard (2005) also found an increase of the Reynolds stress down-
stream of a single patch of flexible vegetation under unidirectional
flow increasing with the flow velocity. Likewise, under the unidirec-
tional flow, Tinoco and Coco (2014) also found higher TKE in denser
canopies, thus agreeing with the results of this study even though
they used emergent rigid stems.

4.2. Effect of wave velocity and frequency

Moreover, wave frequency plays a relevant and important role in
wave attenuation within vegetated patches. Intermediate patch densi-
ties under oscillating flows provide greater wave attenuation for low
frequencies than for high frequencies. This result is in accordance with
Hansen and Reidenbach (2017) who found that lower frequencies pro-
duced a higherwave attenuation compared to higher frequencies. How-
ever, high patch densities of SPF = 10% produced equal wave
attenuations for the two frequencies studied. These results agree with
Paquier et al. (2018) who found that the attenuating capability of
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waves of the patchy meadows is related to wave heights and frequen-
cies. They also found that in the case of Zostera noltei Hornemann,
patchy meadows are only capable of attenuating high frequency
waves. These results are also in accordance with the concept that
under low wave frequencies, a higher wave attenuation is produced
than under high wave frequencies. Furthermore, for the low frequency
case, the change from SPF=7.5% to SPF= 10% did not produce a nota-
ble reduction in the Uw. This result might be because in high patch den-
sities wakes are produced by stem overlap and occupy the entire region
between plant stems. Therefore, a further increase in vegetation might
not produce a subsequent increase in the turbulent kinetic energy lo-
cally. This result is in accordance with the definition of a patch of vege-
tation as described by Schoelynck et al. (2018).

4.3. Effect of the patch length scale

This study also demonstrates that the patch size plays a crucial role
in determining the hydrodynamics within the vegetated patches. For
low wave frequencies, the wave attenuation at the centre of the patch
depended on its shoot density. These results may be related to the stud-
ies from Zong and Nepf (2010) and Devi and Kumar (2016), who found
a lower linear velocity attenuation through sparse patches than through
dense patches. In contrast, for high wave frequencies, small patches
with Lpatch < 6hv, do not provide any reduction in the wave velocity
compared with the without-plants case, whereas patches of Lpatch >
6hv reduce the wave velocity as the canopy density increases. These re-
sults align with those from Licci et al. (2019), who found that the effect
of small patches (Lpatch/hv > 9) of Callitriche platycarpa, Kütz in the at-
tenuation of the linear velocity was little or negligible, while larger
patches induced significant modifications in the linear velocity.

4.4. Patch length-scale thresholds

The non-dimensional model for the TKE1/2 indicated that TKE1/2 re-

mains nearly constant for ½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw <2. Low values of

½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw can hold for both, low wave frequencies, sparse

patches, or small patches. Therefore, a low volume of vegetation pro-
duces a constant value of TKE1/2 = 0.56, which is the same value ob-
tained for the non-vegetated cases, hence the TKE source is generated
by the bed friction. This threshold means that the minimum patch size
required for a certain patch density and under certain hydrodynamical
conditions to be dynamically functional as a continuous canopy can be
determined. Conversely, it also means that the minimum density re-
quired for a certain patch length to play a role as a patch (instead of a
non-vegetated case) can be determined, increasing the TKE by the inter-
action between thewave and the plants. That said, the results presented
here not only show this, but also that the behaviour of a patch also de-
pends on the hydrodynamics i.e., wave frequency and velocity. For

cases of ½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw >2, the TKE1/2 increased with

½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw . It is interesting to notice that a certain patch with

a certain canopy density might not generate TKE for low Uw i.e.,

½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw < 2, but after an increase in Uw it can interact with

the wave field, producing TKE i.e., ½CD−Patch
nd2

2ð1−ϕÞ�
1
3Uw > 2.

4.5. Management strategies

From a hydrodynamical point of view, a minimum patch size is re-
quired for the patch to interact with the wave flow and move from of
a regime dominated by either the single stem scale or the non-
vegetated case towards a regime dominated by the canopy. From this
point of view, this study provides management strategies for potential
8

successful seagrass meadow restoration. West et al. (1990) studied
the survival of Zostera muelleri subsp., capricorni (Ascherson) S.W.L.
Jacobs, and Posidonia australis, J.D. Hooker, transplants. For P. australis
canopies, single shoots, or clumps of 2–3 shoots were transplanted,
while for Z. mulleri subsp. capricorni about 20–30 shoots were used as
transplanted units. The transplants were monitored and only very few
survived under high energetic events, indicating that the parametriza-
tion of the transplanted shoots may have been incomplete. In addition,
Infantes et al. (2009) reported that Uw > 38–42 cm·s−1 caused a de-
crease in the cover of the Posidonia oceanica meadows meaning that,
for these velocities, the generation of TKEwithin the patch will become
extremely high and will produce a sufficient level of seabed erosion to
potentially cause irreversible plant loss. Therefore, hydrodynamics
need to be included in the parameterization for future seagrass restora-
tion projects.

Furthermore, Stipek et al. (2020) demonstrated that the mortality
rate of seagrass patches depended on the size of the patch, with small
patches (<50 m2, Lpatch < 7.07 m) undergoing a high annual mortality
rate (of 57%) compared to the lower mortality rate (<5%) found for
larger patches. If a mean leaf length of 0.8 m is considered (Gruber
and Kemp, 2010), assuming that leaf would bend the same percentage
like that in the current study for a typical frequency of 0.5 Hz (hv =
10.5 cm for a leaf length of 14 cm, 75% of the leaf length), hv in the
field would be 0.6 m. Then their small patches would correspond to
lengths equal to or smaller than Lpatch=7.07m=11.78 hv. This finding
aligns with the transition observed in this study, where for Lpatch> 10hv
and for typical ocean waves of f=0.5 Hz, αw remains constant, indicat-
ing that the patch behaves like a continuous canopy. In contrast, for
Lpatch < 10hv, αw increases towards the value for the non-vegetated
case as Lpatch decreases.

By applying the model found in the current study, the behaviour of
patches found in natural seagrass meadows under different hydrody-
namic conditions can be determined. In fact, two behaviours have
been observed: one where plants do not interact with the wave field
and another where they do, thus generating TKE. Considering the find-
ings of the present study, the results found by Barcelona et al. (2021b)
for Cala Aiguablava and Cala Vigatà - two fragmented meadows found
on the northeast Spanish coast - have been analyzed. The meadow in
Cala Aiguablava presents 66% fragmentation, with the smallest patch
lengths being 0.64m and the largest 8.06m. The plant density oscillated
between 449 and 105 plants·m−2 between the 2 years studied. Mean-
while, the meadow in Cala Vigatà presents 22% fragmentation, with
the smallest patches being 5.23 m long and the largest 24.82 m. The
plant density in Cala Vigatà oscillated between 353 and 119 plants·m−2

(Barcelona et al., 2021a). These meadows are categorized as a medium
patch vegetation and a perforated meadow, respectively, following the
classification by Sleeman et al., 2005, see Barcelona et al., 2021b).
Using the model proposed in this study, the minimum patch size re-
quired for the vegetation to produce TKE for these bays has been deter-
mined by considering the typical wave frequency of the Mediterranean
Sea (0.5 Hz) and a range of wave velocities between 0.5 and 30 cm·s−1.
For hv =0.6 m, Lcanopy =10hv would be Lcanopy = 6 m For the high can-
opy densities and for Uw < 5 cm·s−1, the minimum patch size required
to produce TKEwas Lpatch > 225 m for Cala Aiguablava and Lpatch > 963
m for Cala Vigatà, indicating unfavourable conditions for small patches
under these wave velocities. In contrast, for Uw > 5 cm·s−1, the mini-
mum patch size required decreased to very low values in both bays
(<0.06 m in Cala Aiguablava and <0.25 m in Cala Vigatà). In contrast,
for low canopy densities and Uw > 5 cm·s−1 the minimum patch size
was Lpatch = 36 m for Cala Aiguablava and 24 m for Cala Vigatà, due to
the different canopy densities in both meadows. Therefore, patches
smaller than this threshold would be threatened. In the low-density
canopy cases and Uw < 5 cm·s−1, the minimum patch size required
would be 194,606 m for Cala Aiguablava and 125,720m for Cala Vigatà.
Under such conditions all patches would be threatened. These results
align with those found by Pujol et al. (2019) for oxygen transport
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through the diffusive boundary layer (DBL). They found that by increas-
ing the flow velocity, the DBL becomes thinner and the gas exchange by
the plant is enhanced. They also found that for Uw < 6 cm·s−1, the gas
exchange through the DBL is reduced. This result is close to the velocity
limit found for the two bays analyzed in the present study, where Uw >
5 cm·s−1 produce plant-wave interactions, generating TKE and enhanc-
ing the particle mixing.

5. Conclusions

This study demonstrates that patches of seagrasses can respond to
waves by adhering to two hydrodynamic behaviours that depend on
wave velocity. The first behaviour corresponds to low wave velocities
where plants do not interact with waves. In this case, plants dissipate
the near-bed generated turbulence. The second behaviour corresponds
to moderate wave velocities where plants interact with waves through
the production of TKE. The two behaviours ultimately depend on the
density of the canopy and the length of the patch. High canopy densities
are expected to produce greater TKE than low canopy densities. In addi-
tion, the production of TKE holds for small patches under moderate
wave velocities or, conversely, for low wave velocities acting on large
canopy areas. In such cases, the production of TKE is guaranteed, provid-
ing vegetated patches with functional dynamics to optimize the ecosys-
tems services they provide. For patches with length dimensions greater
than the minimum patch scale, the production of TKE by the plants in
thepatchmight enhance the gas exchange in plant leaves,whichwill fa-
vour patch resilience under wave activity. In contrast, the resilience and
resistance of seagrass canopies undergoing patchiness might be com-
promised when vegetated patches do not interact with the flow, since
their length scale is lower than the required minimum patch scale
that provide patch/flow interaction.
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