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ARTICLE INFO ABSTRACT

Keywords: Seagrass epiphytic communities act as ecological indicators of the quality status of vegetated coastal environ-
Seagrass ments. This study aims to determine the effect leaf epiphytes has on the sediment capture and distribution from
Eelgrass outside sources. Thirteen laboratory experiments were conducted under a wave frequency of 0.5 Hz. Three
Sgé?;};fmﬁon epiphyte models were attached to a Zostera marina canopy of 100 plants/m2 density. The sediment deposited to
Leaves capture the seabed, captured by the epiphytic leaf surface, and remaining in suspension within the canopy were quan-
Suspension tified. This study demonstrated that the amount of epiphytes impacts on the sediment stocks. Zostera marina
Leaf length canopies with high epiphytic areas and long effective leaf heights may increase the sediment captured on the

epiphyte surfaces. Also, reducing suspended sediment and increasing the deposition to the seabed, therefore
enhancing the clarity of the water column. For largest epiphytic areas, a 34.5% increase of captured sediment
mass is observed. The sediment trapped on the leaves can be 10 times greater for canopies with the highest
epiphytic areas than those without epiphytes. Therefore, both the effective leaf length and the level of epiphytic

Epiphytic area

colonization are found to determine the seagrass canopy ability at distributing sediment.

1. Introduction

Coastal ecosystems are colonized by seagrass meadows that provide
significant ecological and physical ecosystem services. For example,
they act as refuge and nursery habitats for fish and macroinvertebrates
(Unsworth et al., 2017), attenuate waves and turbulence (Gacia et al.,
1999; Infantes et al., 2012; Pujol et al., 2013), reduce erosion with the
roots (Infantes et al., 2022), stabilize the bottom through decreasing
sediment resuspension (Ros et al., 2014) and enhance sediment trapping
(Barcelona et al., 2021b, 2023a). Seagrass plants have a complex
structure, with invertebrates and macroalgae growing on the leaves and
rhizomes forming assemblages named epiphytes (Trautman and Bor-
owitzka, 1999). The abundance of epiphytes depends on the available
leaf area of the seagrass and can impact the growth of the seagrass itself
by decreasing the light reaching the canopy and reducing water fluxes
(Cambridge et al., 2007).

The presence of epiphytes on seagrass leaves suggests ecological
indications and signals the quality status of vegetated coastal environ-
ments (Mutlu et al., 2022). Overall, the quantity and quality of epiphytes
serve as indicators of the level of intensity and the spatial distribution of
ecological and anthropogenic processes such as eutrophication,
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productivity, herbivory, acidification, seasonality, turbidity, pollution,
sedimentation, hydrodynamics, among others (Baggett et al., 2010;
Balata et al., 2008; Ben Brahim et al., 2020; Mutlu et al., 2022). Like-
wise, leaf growth is regulated to maintain a proportion of uncolonized
leaf surface, and epiphyte coverage plays a role in its regulation. In
Zostera marina, the rate of leaf emergence positively correlates with
epiphyte load (Ruesink, 2016). Additionally, epiphyte biomass increases
exponentially with leaf age during the first days of colonization, whereas
for older leaves epiphytes do not change in biomass (Borum, 1987).
Among the key processes, the patterns of the spatial variability of
macro-epiphyte assemblages on Posidonia oceanica leaves differ in
relation to anthropogenic interference in the Gulf of Gabes, with both
biomass and mean percentage cover decreasing near a sewage outlet
point compared to control locations (Ben Brahim et al., 2010). In Cym-
odocea nodosa and the invasive species Halophila stipulucea, shoot den-
sity and epiphytic biomass cover decreased when exposed to high levels
of hydrodynamic activity (Ben Brahim et al., 2020). Seagrass epiphytes
have been shown to progressively enrich seawater with minerals and
nutrients (Brodersen and Kiihl, 2022). However, high epiphytic coloni-
zation decreases light availability for seagrass leaves, thus increasing the
diffusion distance between the leaf and the surrounding water, which
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may result in basification, warming and/or hypoxia for the seagrass
(Brodersen and Kiihl, 2022).

Seagrass meadows are highly productive habitats that can act as
“blue carbon sinks” in coastal ecosystems by facilitating sedimentation
and trapping particles (Jankowska et al., 2016; Rohr et al., 2018). Most
of the variation in carbon stocks has been explained by sediment mud
content, dry carbon density and degree of sorting, salinity, and water
depth, along with plant attributes such as biomass and shoot density
(Rohr et al., 2018). Settling particles within an artificial seagrass canopy
can be trapped by the plant leaves or settle to the bottom, increasing
with the canopy coverage (Barcelona et al., 2023a) and decreasing with
the wave frequency (Barcelona et al., 2021b). However, the amount of
sediment trapped by each single plant leaf was lower for high canopy
densities compared to low canopy densities. Both processes can act
synergistically to reduce the exchange of light and gases that could harm
seagrass canopy development. Moreover, the total amount of sediment
trapped on the seagrass leaves increased linearly with patch length
(Barcelona et al., 2023a), demonstrating the importance of canopy
fragmentation in the trapping of sediment particles.

Epiphyte distribution on plant leaves can also modify the structure of
the plants, impacting their flexural stiffness by modifying the cross-
sectional area of the leaf (Fonseca and Koehl, 2006). In this case, the
behaviour of a canopy can approach that of a rigid canopy and produce
more turbulent kinetic energy or can approach a flexible canopy, i.e.,
moving with the flow and without producing turbulent kinetic energy
(Barcelona et al., 2023b). Since hydrodynamics drive the capacity of
seagrass to capture sediment particles (Barcelona et al., 2021b), it is
worth determining how large amounts of sediment not only from coastal
runoff, river plumes, natural resuspension, and heavy rains (Pineda
et al., 2017; Vautard et al., 2014) but also from anthropogenic sources
such as coastal development (Wu et al., 2018) reach seagrass meadows
and are finally redistributed through the meadows. Therefore, it is ex-
pected that the distribution of epiphytes growing on plant leaves mod-
ifies sediment trapping capacity, thus regulating the sedimentation
stocks in each canopy compartment. Indeed, suspended particles may be
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phagocyted by some seagrass epiphytes found on the leaves (Agawin
and Duarte, 2002). Additionally, settling microplastics have been found
to be trapped by seagrass (de los Santos et al., 2021), or adhere to
eelgrass leaves and form biofilms, i.e., a sink of microplastics (Zhao
et al., 2022).

The aim of the present study is to understand the role epiphytes on
seagrass leaves have in the capture of sediment particles. The hypothesis
of this study is formulated as follows: the area of the epiphytes colo-
nizing a coastal canopy has the potential to modify the distribution and
balance of sediment, including sediment suspended within the canopy,
trapped by leaves and found on the canopy bed.

2. Methodology
2.1. Flume set-up

This study was conducted in the hydraulic flume at the Kristineberg
Marine Research Station, Sweden (Fig. 1). The flume was 800 cm long,
50 cm wide, 50 cm deep and equipped with an electronic piston that
generated waves at a frequency of f = 0.5 Hz. To prevent wave reflection
at the end of the flume, a PVC beach with a 20° slope covered by syn-
thetic fibre was placed at the end of the flume (Marin-Diaz et al., 2020;
Serra et al., 2018). To simulate the natural conditions of the seagrass in
the field, the flume was filled with seawater, directly from Gullmarn
Fjord with a salinity of S = 27.65°/,, and the water temperature was T
=15°C (£ 1 °C). The mean water working height in the flume was h =
23 cm, and the test section was 200 cm long (Fig. 1), starting 300 cm
from the wave generator. The bottom of the test section was filled with
sandy sediment with a diameter of dsp = 0.8-2 mm. To minimise
additional turbidity from the sandy sediment bottom, the flume was
filled with water and immediately discarded to remove the resuspended
small particle content from the bed. This process was carried out three
times before starting the experiment. Finally, prior to each experiment
run, the flume was filled with water and left under the action of the
waves for 5 min.

Sediment
injectors

23 cm

h

Vegetated patch 150 cm

Test section 200 cm

b) Top view

y=10cm cEletsEmesaat sty k CD

y=0 s
=-10cm -

800 cm

Test section

Fig. 1. Experimental setup and canopy regions with sediment trap locations, a) Lateral view of the experimental setup in the flume, with the wave paddle
generator located on the left. Waves propagate from left to right. b) Top view of the setup illustrates two regions: the inner canopy region (in green) and the edge
region of the canopy (in yellow). Additionally, orange circles indicate the position of sediment traps distributed along the flume bed in both the canopy and

edge regions.
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2.2. Vegetation

Eelgrass (Zostera marina) shoots were collected from the Gullmarn
Fjord, located on the west coast of Sweden near the Kristineberg Marine
Research Centre (58.25°N, 11.45° W). The seagrass meadows from the
Gullmarn Fjord have been reported to be composed of Z. marina and
Zostera noltii individuals, although, the eelgrass Z. marina is the most
abundant one. Only Z. marina individuals were collected and used in the
experiments. Since both Zostera noltii and Z. marina present the same
morphology above ground, they are expected to behave similarly.
Collection was carried out between June and August 2022 at a depth of
1-2 m. The eelgrass plants had an average of 3 + 1 leaves-shoot !, with
a shoot length of h;, = 20 + 2 cm, a shoot width of 0.4 & 0.1 cm, and a
thickness of 0.045 + 0.005 cm. The plants were kept in laboratory tanks
with flow-through seawater from the fjord. To prevent any scouring and
uprooting of the plants in the flume, the rhizome and roots were sepa-
rated, and each shoot was fixed to a wooden stick (3 cm long and 0.5 cm
in diameter) with a cable tie. The stick and cable tie were then buried
into the sediment. The vegetated area in the flume was 1.5 m long
(Fig. 1a), with a plant density of n = 100 shoots-m ™2 which falls within

j)

Marine Environmental Research 192 (2023) 106238

the range of shallow eelgrass densities found the west coast of Sweden
(Bostrom et al., 2014).

2.3. Epiphyte distribution and treatments

To simulate the effect of the epiphyte cover, three macroalgae spe-
cies, namely: Fucus vesiculosus, Fucus serratus and Furcellaria lumbricalis
were used to represent three levels of epiphytic structure. F. serratus
presents the simplest structure with laminar leaves, F. vesiculosus pre-
sents a greater complexity with laminar leaves but with aerocysts. In
contrast, F. lumbricalis presents the most complex structure with a fila-
mentous shape and with the greatest 3D morphology. These macroalgae
species were chosen to represent various epiphyte morphology struc-
tures that can potentially be found attached to eelgrass leaves (Gar-
cia-Redondo et al., 2019). While these species may not commonly exist
as epiphytes in eelgrass canopies, they were chosen due to their diverse
morphologies which can be observed in actual epiphytes attached to
eelgrass leaves. This selection allows for the simulation of different types
of epiphytes that may occur naturally. Likewise, the constructed epi-
phyted covered the 35% of the plant leaf length according to the

Area (cm?)
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Area (cm?)

k) 1) A

Area (cm?)

Fig. 2. Eelgrass shoots with epiphyted areas and vertical distribution of epiphyte coverage. Photograph of eelgrass shoots displaying the epiphytic area of a
single plant located at the top of the leaves for the three epiphytes considered: Fucus vesiculosus (E1), Fucus serratus (E2, and Furcellaria lumbricalis (E3) (a, e, and i,
respectively) (left panels). Furthermore, photographs of the epiphyte area for each type of species (central panels), and a plot illustrating the vertical distribution of
the epiphyte area A, with height for each type of epiphyte (d, h and 1 in the right panels) was generated.
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percentages of epiphytes found in the field (Somma et al., 2023). This
tries to mimic that in nature, epiphytes are more abundant in the apic
part of the leaf than in the lower leaf sections (Reyes et al., 1998; Somma
et al., 2023). The laboratory simulated epiphytic plants of epiphytic
leaves with dimensions of 7 cm long x 0.5 cm wide piece of F. serratus or
F. vesiculosus previously scraped with a scalpel to eliminate the epiphytic
part on the algae, gently dried with a paper towel, and then glued to the
eelgrass leaf with Loctite super glue. Therefore, each plant presented
three epiphytic fragments; one for each leaf. In the case of F. lumbricalis,
several 0.6 + 0.1 cm fragments of F. lumbricalis were glued along the top
7-cm-long surface of the Z. marina leaves (Fig. 2). The simulated epi-
phytes covered the upper part of the leaves, which is considered the
flexible portion of each plant (Barcelona et al., 2023b). From now on,
the plants epiphyted with F. vesiculosus, F. serratus and F. lumbricalis will
be referred to as E1, E2 and E3, respectively, because these algae species
were used to model a natural epiphyte. Four epiphyted canopy distri-
butions were used for each epiphyte type, E1, E2 and E3: 0 %, 25 %, 50
%, 75 % and 100% of the total number of plants of the canopy were
epiphyted, resulting in 13 treatments (Table 1). Then, a total of 13 set
ups were considered, one for each treatment.

The effective height of the eelgrass without epiphytes, which refers
to the bending of leaves caused by the waves, was determined by
calculating the mean of the maximum and minimum bending heights
observed during 25 oscillations. This measurement was repeated three
times. The effective heights measured for each epiphyted plant (E1, E2
and E3) were hy = 16.00 + 0.47, 17.13 + 0.92, and 17.67 + 1.05
respectively, and for the non-epiphyte plant experiment it was 17.96 +
0.51 cm.

2.4. Sediment injection

The wavemaker was activated and allowed to operate for 15 min to
establish equilibrium in the system before sediment injection. Synthetic
dust powder (ISO 12103-1, A4 Coarse, Powder Technology Inc.,
Burnsville) was used as sediment in the experiment. The sediment A4
was composed by particles from 5 mm to 120 mm with a d50 = 41.7 pm
(Barcelona et al., 2023a; Mancini et al., 2023). Therefore, it was
composed from fine silts to fine sand particles. This is in accordance with
the size of sediment particles composing river plumes (Grifoll et al.,
2014).

The particle-laden flow for injection was prepared by taking an
initial volume of sediment suspension (2 L), with a concentration of 120
g L1, which was then introduced into one end of the sediment-injector
pipe. The injector pipe was positioned at y = 0 cm along the flume axis
(Fig. 1la). During the sediment injection process, the injectors were
oriented upwards to prevent any unintended spillage. Once the pipe was
filled with the sediment suspension, it was closed and turned downward
so that the injectors extended 5 cm below the water surface facing down.
The injectors remained positioned at the top of the water column, above
the vegetated patch, at a depth of 5 cm from the surface. Since the

Table 1
Summary of the conducted experiments.

Run Epiphyted plants (%) Epiphyte type
1 0% non-epiphyted
2 25% El
3 50% El
4 75% El
5 100% El
6 25% E2
7 50% E2
8 75% E2
9 100% E2
10 25% E3
11 50% E3
12 75% E3
13 100% E3
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suspended sediment concentration in all the trials remained below
17.46 g L™}, the sediment concentration was not expected to have any
effect on the settling velocity of particles (Colomer et al., 1998).

The sediment injector pipe was a large 2.5 m-long pipe equipped
with 42 sediment injectors evenly distributed 7 cm apart from each
other. The design of the sediment injectors resembled a Y-shape, with a
total length of 26 cm. Each arm of the injector pipe was 22.5 cm long
(Fig. 1a). To ensure a uniform distribution of sediment, each arm of the
pipe had 12 holes from which the sediment was released into the flume.
This setup allowed for a homogeneous injection of sediment along both
the x-axis and the y-axis of the flume.

2.5. Sediment measurements

To obtain the sediment concentration and distribution along the
canopy, three types of sediment measurements were conducted: 1)
sediment deposited on the bed, 2) suspended sediment, and 3) sediment
attached to plant leaves with epiphytes.

Sediment deposition. To measure the sediment deposited on the
bed, eight sediment traps were distributed in two rows along the main
axis of the flume at y = 4+ 10 cm and x = 0 + 40 cm, +80 cm (Fig. 1b).
Sediment samples from traps were collected at t = 60 min after the
injection.

Suspended sediment. To measure suspended sediment, 50 mL
water samples were pipetted at the same x position where the sediment
traps were located for each run, at y = 0 cm, and at two water depths, at
2/hy = 0.3 (within the canopy) and at z/h, = 0.8 (above the canopy).
These sampling locations were chosen to provide representative mea-
surements within and above the canopy. Water samples were collected
at various time points (t = 2, 30 and 60 min) after the sediment injec-
tion, and were later analysed to determine the concentration levels of
the suspended sediment.

Sediment trapping. To measure the influence of epiphytes on
sediment trapping, five percentages of epiphyted seagrass leaves were
considered in order to mimic natural occurrence observed in the field
(Borowitzka et al., 2005). The following percentages of epiphyted leaves
were examined: 0%, 25%, 50%, 75% and 100% of the plant leaves
covered with epiphytes. For all the cases of 0% and 100%, three sets of
five plants were collected for the analysis. For the cases of 25%, 50% and
75%, three sets of five epiphyted plants were collected, along with three
sets of three epiphyted plants and two non-epiphyted for further anal-
ysis. In all cases, the plants were gently removed from the same x po-
sitions within the vegetated patch where the sediment traps had been
placed at t = 60 min after the sediment injection. Afterwards, the plants
were placed in a glass beaker with 100 mL of filtered seawater and
stirred to remove the sediment trapped on the leaf surfaces or by the
epiphytes.

To ensure the independency of the measurements a protocol was
established. First, the suspended sediment samples were taken. Sec-
ondly, the sediment traps were covered with a lid. Thirdly, the fifteen
plants were gently removed to measure the sediment trapped by the
leaves and finally, the sediment traps were collected from the bottom of
the flume and their content analysed.

The mass (in grams) of sediment in each sample was obtained by
filtering them with glass microfiber filters (GF/F). The sediment traps
and suspended sediment samples were filtered using filters with di-
ameters of 50 mm and 25 mm, respectively. Firstly, the empty filters
were weighted to obtain a zero weight. Then, the samples were filtered,
dried at 60 °C over 24 h and then weighed again (Brouwer et al., 2023).

2.6. Measuring velocities

The Eulerian velocity field was defined as (u, v, w) in the (%, y, z)
directions, respectively. The three components of the velocity were
recorded with a downwards-facing Acoustic Doppler Velocimeter (ADV,
Nortek, Vectrino) at a frequency of 25 Hz for 10 min, resulting in 15,000
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measurements. Beam correlations less than 90% were discarded and
spikes were removed (Goring and Nikora, 2002). The ADV was mounted
on a movable vertical frame (at x = 0, Fig. 1b) and manually adjusted to
measure at z = 5 cm, 6 cm, and 12 cm. Some plants were temporarily
removed to prevent obstruction of the ADV beams (Zhang et al., 2018),
and were re-inserted into the nearby area when measurements were
completed.

For oscillatory flows, the instantaneous velocity, Uj(t), can be
decomposed as:

Ut)=U. + Uw+u €))

where, U, is the mean current velocity associated to the wave, U,, is the
unsteady wave motion which represents spatial variations in the phase-
averaged velocity field, and u’ is the turbulent velocity; that is, the
instantaneous velocity fluctuation in the x-direction. U, is the phase-
averaged velocity:

2

1
= 7 Uc(p)dp (2)
0

U.

where, U.(¢) is the instantaneous velocity according to the phase (Lowe
et al., 2005; Luhar et al., 2010). In the current study, U, at z/h, = 0.3
above the bed (i.e., within the canopy layer) was always smaller than
U,,, with mean values of —0.8 cm s~ .

The wave velocity, U,, was determined using a phase averaging
technique. The Hilbert transform was used to average the oscillatory
flow velocities with a common phase (Pujol et al., 2013; Ros et al.,
2014). The root mean square (rms) of U, was considered as the char-
acteristic value of the orbital velocity U™ (U, hereafter) at each depth,
and was calculated according to:

2

rms _ 1

2
U= |5 [ W) - versp )
0

2.7. Theory

The sediment injected in the flume was distributed into four different
compartments: captured by the epiphyted surface, deposited to the
bottom, and remaining in suspension (above and within the canopy). A
non-dimensional model was constructed based on the Pi-Buckingham
theorem. Four variables and two dimensions were considered. The
variables were the mass of sediment accumulated in each compartment
(TM;, where i = b, s, p, ab, where b represents sediment deposited at the
bottom, s represents the sediment in suspension within the canopy, p
represents the sediment deposited on the epiphyted surface of the plants
and ab represents the sediment in suspension above the canopy), the
sediment density (p), the total epiphyted area of the canopy (A) and the
effective height (hy). The dimensions were grams and metres. Therefore,
two governing non-dimensional parameters can be constructed to
describe the results. First, TM;/(Aph,), representing the total mass of
sediment captured by each compartment (TM;) per total mass of the
epiphyted canopy area, and second A/h2, defined as the normalized area
of the epiphyted meadow. This last parameter is a function of the
normalized epiphyte length scale ((Lep/hy)?), where Ley is the epiphyte’s
length, which corresponded to the square root of A. A/h? indicates the
increase in the frontal area between a non-epiphyted canopy and the
different levels of epiphyted canopies. TMy, is the total mass of sediment
collected by all plants in the canopy, obtained multiplying the mass of
sediment collected by each single plant (M,) by the number of plants in
the canopy. TM; is the total mass of sediment in suspension that was
calculated by multiplying the mass of suspended sediment in the sample
(M) by the ratio between the total volume within the canopy and the
volume of the sample (100 mL). TMy is the total mass of sediment
deposited to the bottom that was calculated by multiplying the mass of
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sediment in the trap (Mp) by the ratio between the total area of the
vegetated bottom and the area of a single trap (of 0.05 x 0.02 m?).

Therefore, a non-dimensional model should consider the relationship
between the above governing non-dimensional parameters. It is possible
to expect:

™, (A)_ [(a)
Aphw =f (h?) =a (hf) ©)]

where f is function of the dimensionless parameter A/h2, and a and c are
constants of the relationship.

The epiphyted area of each plant A, was considered the effective area
of the flow trapped inside the area of the epiphyte (Fig. 2). To obtain Ap,
photographs of plants with epiphytes were converted to grayscale and
later to black and white using MATLAB (MathWorks, Inc.). The
threshold considered for the conversion to black and white corre-
sponded to that representing the area of the region inside the epiphyte
(Fig. 2a and b). The plant epiphyted area A, was calculated as the ver-
tical sum along the plant leaf of the area at each z (A,) for each case
(Fig. 2c). Therefore, the total epiphyted area of the canopy (A) was
obtained multiplying A, by the total number of epiphytes for each
experiment.

2.8. Data analysis

TM; was regressed against the percentage of epiphyted plant. The
differences between the percentage of epiphyted plants and the epi-
phyted areas (A,) were determined using ANOVA one-factor. The
Shapiro-Wilk, and Levene’s tests were performed to ensure normality
and homogeneity.

3. Results
3.1. Distribution of sediment mass in the different compartments

The sediment was distributed into four compartments: sediment
trapped by the seagrass leaves (Fig. 3a), sediment deposited on the
bottom of the flume (Fig. 3b), sediment remaining in suspension within
the canopy (Fig. 3c) and sediment remaining in suspension above the
canopy (not considered). For the trials conducted with epiphytes E2 and
E3, the mass of sediment, TM), trapped by all plant leaves increased
linearly with the percentage of epiphyted plants (0%-100% epiphyted
plants), following the tendencies for each epiphyte: TM, = 0.02 (%
epiphyted plants) + 0.75 for the E3 (A, = 94.51 cmz) and TM,, = 0.01 (%
epiphyted plants) + 1.09 for the E2 (A, = 38.15 cm?) (Fig. 3a). However,
for the lowest epiphyted area studied, corresponding to experiments
with E1 (A, = 31.56 cm?), the mass of sediment trapped by plant leaves
remained constant regardless of the percentage of epiphyted plants. In
contrast, the mass of sediment deposited on the bottom did not show
significant differences (p-value >0.05) between epiphyte types E1, E2
and E3, but did present a decreasing trend linearly correlated with the
percentage of epiphyte plants, with a p-value <0.05 (Fig. 3b). In
contrast, the sediment remaining in suspension did not show significant
differences in relation to either the epiphyted area or the percentage of
epiphyted plants (p-value >0.05, obtained by performing a one-way
ANOVA) (Fig. 3c).

3.2. Non-dimensional model for sediment capture in each compartment

To quantify the sediment captured by the seagrass canopy, three non-
dimensional models were developed to represent each compartment:
sediment trapped by the plant leaves (Fig. 4), sediment deposited on the
bottom (Fig. 5) and sediment remaining in suspension within the canopy
(Fig. 6). These models were derived using Equation (4), as described in
the Materials and Methods section.

For the sediment trapped by the plant leaves, a negative power trend
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a) Sediment trapped by plants
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b) Sediment deposited to the bottom
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Fig. 3. Sediment distribution patterns associated with epiphyted plants.
Mass of sediment a) trapped by plant leaves. The linear expressions for E2 and
E3 found are: TM, = 0.02 (% epiphyted plants) + 0.75 and TM, = 0.01 (%
epiphyted plants) + 1.09 respectively, p-value <0.05 in both cases, b) deposited
to the bottom. The linear expression found is: TM, = —0.33 (% epiphyted
plants) + 81.00, p-value < 0.05 and c) remaining in suspension for the number
epiphyted plants in the canopy (in percentage).
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was found and is shown in Fig. 4. The expression has been solved for
TM,, following:

TM, = 7-107°pA*?7h248, with a R? = 0.90 (5]

and showing that the sediment trapped by the leaves increased with
both the total epiphyted area A and the effective leaf length hy (Fig. 4).

The non-dimensional mass deposited at the bottom in the complete
area covered by vegetation, TMyp/pAhy, also presented a negative power
trend with A/h2 (Fig. 5). The dependence of the mass deposited at the
bottom was obtained as a function of A and h,, according to the
following equation:

TMy, = 8.6-10 3pA~0¥n3%8 with a R? = 0.94 [6]

Therefore, the sediment deposited to the bottom depended nega-
tively on the total epiphyted area (A) and positively on the effective
height (hy), as shown in Fig. 5. Equation (6) implies that the greater the
epiphyted area, the lower the amount of sediment deposited to the
bottom. However, the greater the effective height, the greater the
amount of sediment deposited to the bottom (Fig. 5).

The sediment remaining in suspension within the total canopy region
(TM), followed a negative power relationship (Fig. 6). The expression
(as for the other compartments) was also solved by TM;. TM; decreased
with the total epiphyted area (A) and increased with the effective height
(hy) with the following expression:

TM, = 3-10*pA~"?2h343 with a R? = 0.92 )

For the experiments conducted with 50% and 100% of epiphyted
plants and for the different types of epiphytes, the total volume of
sediment captured in each compartment (suspended, plant leaves, and
bottom) was calculated. For the sediment trapped by the plant leaves,
the total volume of sediment trapped was obtained as follows:

Vp: (Mnep Nnep + Mep Nep) / P (8)

where Nyep and Ne, are the number of non-epiphyted and epiphyted
plants, respectively. Myep and M, are the mass of sediment captured by
single both non-epiphyted and epiphyted plants, respectively.

For the sediment in suspension, the total volume of sediment within
the canopy, Vs, was calculated as follows:

V=ML, h,/p (C)]

where L;, is the canopy length.
For the sediment deposited on the bottom, the total volume of
sediment Vy, was calculated as follows:

Vi =My L, W (10)

where W is the width of the flume.

The volume of particles deposited to the bottom (V},) presented the
largest percentage compared to the other two compartments (Vs and Vp).
For the non-epiphytic case to the 100% of epiphyted plants (Fig. 7), the
volume of sediment trapped by the plant leaves (V;,) increased with the
total epiphyted area. The non-epiphytic case presented the lowest V}, =
0.6%, for the 50% of total epiphyted plants V}, increased from 1.5 to
2.1% with the total epiphyted area, and from 2.5 to 6.0% for the 100% of
epiphyted plants (Fig. 7). In contrast, the volume of sediment deposited
on the bottom (V) decreased with the total epiphyted area; being 93.5
for the non-epiphytic case, from 95% to 92.4% for the 50% epiphyted
plants and from 93.8 to 90% for the 100% epiphyted plants (Fig. 7). Vg
decreases with the presence of epiphytes, reaching a value of 5.9% for
the non-epiphytic. However, Vs decreased as the total epiphytic area
increased, from 3.3% to 5.1% for 50% of epiphyted plants and from
3.7% to 5.0% for experiments with 100% of epiphyted plants (Fig. 7).
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Fig. 5. Non-dimensional model for the mass sediment deposited to the bottom, TM,/(pAh,) for the different A/h? tested, E1, Ap = 31.56 cm? (black filled
circles), E2, A, = 38.15 cm? (blue filled circles) and E3, A, =94.51 cm? (red filled circles). The power tendency found follows the expression: TM,/(pAh,) = 8.6:1072
(A/h2)~13% with an R? = 0.94, p-value <0.05.

4. Discussion canopies, leaf height, canopy density, stem diameter, patch length and
presence of epiphytic communities, impact the functioning of sea-

Seagrass habitats present a range of structural characteristics that grasses. This study demonstrates that sedimentation patterns at the
affect the ecological services they provide (Ward et al., 2022). Factors bottom of epiphyted canopies and sediment capture by epiphyted leaves
such as plant stiffness, presence of bare sediment areas within seagrass depend on both the effective height (h,) of the plant and the total
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Fig. 7. Distribution of total sediment volume. Total sediment volume (V, in %) distributed in the different compartments: total volume of sediment trapped by the
plant leaves (Vp), total volume of sediment, remaining in suspension within the canopy (V;), and total volume of sediment deposited to the bottom (Vy,) versus the
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= 0.11 and E3 = 0.28 m? for 50% of epiphyted plants and E1 = 0.19; E2 = 0.23 and E3 = 0.57 m? for 100% of epiphyted plants.

epiphyted area (A). Three types of epiphytic structures on eelgrass A%?7h246 Therefore, the total mass of sediment attached to plant leaves
canopies were used to model three levels of epiphytic areas and increased with both the total epiphytic area and plant height. Increasing
compared to the non-epiphyted case. the effective plant height by 3.2% (when comparing E2 and E3) and

The sediment trapped by the plant leaves was found to follow TM,, = 10.4% (when comparing E1 and E3) resulted in an increase in the total
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mass of sediment captured on the plant leaves of 7.9%-27.7%, respec-
tively. Similarly, increasing the total epiphytic area by 2.5 and 3
(comparing E2 and E3, and E1 and E3, respectively) led to an increase in
the total mass of sediment attached to the leaves of 27.7% and 34.5%,
respectively. As the accumulation of sediment on plant leaves increases
with the epiphytic area, it might produce a negative feedback on sea-
grasses, reducing their gas exchange capabilities (Pujol et al., 2019) and
their ability to meet light requirements (Brodersen and Kiihl, 2022), due
to the presence of epiphytes leading to a build-up on the diffusive
boundary layer which may impeded oxygen transfer between the sea-
grass leaf and the surrounding water (Noisette et al., 2020). However,
this negative effect might be counteracted in dense canopies, which
capture less sediment per plant leaf but a higher overall amount when
considering the sediment captured by the entire canopy (Barcelona
et al., 2021b). Furthermore, the mass of sediment in suspension slightly
decreases with the epiphytic area following TM; = A~%33h33, That is,
the presence of epiphytes on the surface of the plant leaves reduces the
mass of suspended sediment, resulting in a clearer water column. This
result partially counteracts the negative effects of epiphyte presence,
which otherwise would reduce the light availability and compromise the
light requirements for plant leaves (Brodersen and Kiihl, 2022).

The mass of sediment deposited at the bottom was found to depend
on A and h, following the relationship TM;, = A~%-3*h3%8, This indicates
that larger epiphytic areas increase the capture of sediment by plant
leaves, resulting in a reduction of the sediment reaching the bottom.
Additionally, the mass of sediment settling at the bottom increased with
the effective plant height, indicating that higher plant leaves provide a
greater surface area for particle capture (Borum, 1987; Ruesink, 2016).
Stiffer plants, associated with higher effective plant heights, are ex-
pected to enhance the chances of particles settling to the bottom,
increasing the overall sediment mass deposited in the bed.

In the absence of epiphytes, the majority of sediment particles,
particularly those in the silt and clay ranges, reached the seagrass bot-
tom (93.5%), while only a small portion was trapped by the plant leaves
(0.6%). When the entire canopy was epiphyted (100% of plants in the
canopy were epiphyted), the sedimentation at the seagrass bottom
diminished to 90.0%, while the particles captured by the epiphyted
leaves increased to 6.0%. Notably, the epiphyte with the greater surface
area (E3), captured 10 times more sediment on the leaves when
compared to the non-epiphyted canopy. In all cases with epiphytes, the
volume of suspended sediment was lower than in cases without epi-
phytes. Therefore, colonization of epiphytes on eelgrass leaves may
regulate the sedimentation stocks in each canopy compartment and
reduce the amount of suspended sediment within the canopy, enhancing
the role of the seagrass in clearing the water column.

However, in cases with a high epiphytic area, the presence of epi-
phytes on seagrass leaves, along with an increase in the sediment
captured by leaves might lead to a reduction in available light, which is
essential for plant requirements (Brodersen and Kiihl, 2022). While
moderate epiphytic cases may modulate light harvesting, high per-
centages of epiphytes can have a negative effect on seagrasses,
compromising the survival of the canopy (Brodersen and Kiihl, 2022).
Generally, there is higher leaf growth and productivity at the centre of a
seagrass meadow than at the edges (Turner, 2007). However, in dense
seagrass beds, light competition can result in greater productivity at the
edges compared to the centre (Nakaoka and Aioi, 1999). Also, a high
epiphytic community growing on long seagrass leaves in the centre of a
meadow might also compromise the seagrass, which experiences less
light stress at the edges compared to the centre.

The percentage of epiphytic area was found to have no effect on
eelgrass growth up to 60% (Ruesink, 2016). However, other studies have
found a reduction in seagrass productivity with an increase in epiphyte
mass (Reynolds et al., 2014; Whalen et al., 2013). Therefore, differences
in seagrass responses to epiphytic areas might arise when resources are
below saturating levels (Sand-Jensen, 1977), which could explain vari-
ations found between studies.

Marine Environmental Research 192 (2023) 106238

The variation in canopy epiphytic area may also impact the flexural
capacity of plants, resulting in more rigid or more flexible structures
which can modify plant behaviour under different hydrodynamic con-
ditions. Rigid plants can produce more turbulent kinetic energy than
flexible plants can (Barcelona et al., 2023b), which subsequently re-
duces the thickness of the diffuse boundary layer through increased flow
velocity (Pujol et al., 2019) and potentially alters nutrient uptake
(Cornelisen and Thomas, 2004).

Eelgrass, being an annual species, undergoes variations in leaf length
during the year (Olesen and Sand-Jensen, 1994), resulting in seasonal
changes in the available leaf area for epiphytes (Brodersen and Kiihl,
2022). The non-dimensional model proposed indicates that the ecolog-
ical function of the seagrass leaves in capturing sediment is going to vary
following an annual cycle. Therefore, these seasonal variations in epi-
phytes may play a significant role in the sediment retention in coastal
areas. This ecological service provided by eelgrass is of relevance
considering the observed increase in heavy rainfall events that produce
particle sediment-laden plumes in Europe in recent years (Vautard et al.,
2014). Epiphytes also contribute to reducing the impact of the sediment
output from the dredging activities related to coastal development (Wu
et al., 2018).

Therefore, the structural characteristics of plant and canopies, in
addition to hydrodynamic conditions, time of the year, and imposed
natural or anthropogenic disturbances, are crucial factors for the
development of seagrass habitats (Barcelona et al., 2021a, 2021b,
2021c, 2023a, 2023b; Duarte et al., 2005, 2013; Eckardt et al., 2023;
Granata et al., 2001; Hendriks et al., 2008). As shown in this study,
epiphyte presence on plant leaves is also a key component to consider
when determining the overall behavior of the canopy and its role in the
capture of sediment from sediment output sources.

The hypothesis raised in the introduction has been confirmed. That
is, the morphology and quantity of the epiphytes colonizing a Z. marina
meadow have been found to be enhance the capture of particles by
seagrass leaves, with epiphytes possessing larger effective areas capable
of trapping more particles compared to those with smaller epiphytic
areas. This behavior impacts on the other compartments. Then, the
epiphytic community has been also found to modify both the deposition
of sediment on the bed and the suspended sediment, with a decrease of
the sediment deposited and the sediment suspended as the epiphytic
area increased. These laboratory results a first step to understand the
role of real epiphytic communities in the field in trapping suspended
particles.

5. Conclusions

The current study demonstrates the significant role epiphytes play in
the capture of sediment by an eelgrass canopy under an oscillatory flow
regime. Three epiphyte models were used to quantify the impact their
morphology has on sediment capture. Sediment particles originating
from an external source interacted with the canopy, either becoming
trapped on the epiphytic surfaces of plant leaves, remaining suspended
within the canopy, or settling to the bottom bed. The mass of sediment
trapped by the epiphytic leaves, accumulated within the canopy bed,
and remaining in suspension, was found to be a function of the effective
plant height (hy) and the total epiphytic area (A).

This study demonstrates that eelgrass canopies with higher epiphytic
leaf areas and longer effective leaf lengths (h,) are prone to increase the
mass sediment captured by the epiphyted plants. Longer plant leaves are
expected to provide a greater surface area for epiphyte attachment
compared to shorter leaves. Therefore, canopies with higher epiphyted
cover would promote an increase in the sediment capture by plants,
thereby reducing the amount of sediment that reaches the seabed. The
magnitude of sediment mass trapped by the epiphyted canopy is
particularly pronounced for canopies with the largest epiphytic areas,
with a 34.5% increase compared to canopies with smaller epiphytic
areas. For the epiphyte with the greatest surface area, the sediment mass
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trapped within the leaves can be 10 times greater than that captured by
leaves without epiphytes.

This study also demonstrates eelgrass meadow vulnerability when
subjected to extensive epiphytic growth, as it leads to a substantial
accumulation of sediment on seagrass leaves, which can pose challenges
to plant survival by reducing gas exchange and light availability.
Therefore, the fate of a meadow might be dependent on the balance
between the different structural parameters including the canopy den-
sity and extension, and effective leaf length, and epiphytic area. This
manuscript has shown the effect of the effective leaf length and the
epiphytic area that, collectively, may modify the overall functioning of
an eelgrass meadow.
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