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UPSCALING
SEAGRASS
RESTORATION WITH
INSIGHTS FROM
SEED-SEDIMENT
DYNAMICS

Seagrassrestorationisincreasingly recognised forits
potential to enhance biodiversity and contribute to
carbon sequestration. However, planting methods are
largely based on manual techniques, posing challenges
forupscaling and implementation as nature-based
solutions (NbS]) within the dredging industry. To address
this, techniques to combine sediment nourishments with
seed-based seagrass restoration are explored. Seed
settlement behaviouris investigated via laboratory
experiments, analysing seed settling velocities and
distribution in various sediment concentrations, revealing
the importance of grain size and sediment dynamics.
These findings lay the groundwork for innovative, large-
scale restoration techniques leveraging traditional
dredging methods, with pilot projects planned for 2025.

Seagrassrestoration

Seagrasses are marine flowering plants

that contribute significantly to coastal
ecosystems by sequestering carbonin their
rhizome root systems, stabilising sediments
and providing critical habitat for marine
biodiversity (Duarte and Krause-Jensen,
2017;Hansen and Reidenbach, 2012; Infantes
etal,2022; Mtwana Nordlund etal.,2016)
Theseplants thrive in shallow coastal waters
across various climates, from temperate to
tropicalregions. Among the many species,
Zosteramarina,is a species known to produce
large amounts of seeds that can be harvested

easily (Kilminsteretal, 2015; Marion and Orth,

2008).Itisprevalentinthe Northern
Hemisphere and serves as the focus of this
researchaonscalablerestoration methads
(Shortetal,2007).

Overrecentdecades, seagrass habitats

have experienced substantial declines
(Waycottetal,2008). Thisdegradation
disruptsthe positive feedback loop that
seagrass ecosystems depend on for their
survival (van der Heide et al, 2011). Seagrasses
stabilise sediments with theirroot systems,
reducing turbidity and resuspension while
creating clearerwaters that foster further
growth.When thisloopis disturbed, previously
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Visualisation of the effects of sand-capping technique

thriving seagrass areas became unsuitable
fornaturalregeneration. To address this,
restoration strategies should focus on
restoring the physical and ecological
conditions that enable seagrasses to
regenerate and sustain themselves.

Sand-capping technique

Sand-capping,a method of placing a thin-layer
of coarsersand ontop of the existing bed, has
emerged as apromising technique to enhance
seagrassrestoration by reducing sediment
resuspension andimproving light conditions.
Flindtetal (2022) conducted laboratory
experiments demaonstratingthatal0cm layer
of sand can significantly reduce resuspension
compared touncapped beds and improve
conditions for seagrass growth. This method
alsoincreases erosion thresholds, enhancing
the anchoring capacity forroot vegetation.
Onckenetal. (2022) extended thisresearch
withlarge-scale field testsin Denmark, applying
al0cmsandcapintwolocations. The decades
of eutrophication hadled toimpoverished
benthic fauna and organic-rich muddy
sediments quickly resuspended. The sand-cap
stabilised the mud without mixing the sand-mud
interface afteroneyear. The associated lower
resuspension of fine particle improved light
conditionsinthe overlyingwater. These findings
highlight the potential benefits of thin-layer

cappinginenvironments where seagrass
meadows previously existed but cannot
naturally regrow due to current turbidity
conditions and resuspension.

Despite advancementsinmanual restoration
methods such as hand broadcasting seedsin
large-scale projects like those in Chesapeake
Bay, these technigques remain highly labour-
intensive and limited by low seed germination

rates, typically below 4%. Alternative methods,

including Bags of Seagrass Seeds (BoSS)-
line, Buoy Deployed Seeding (BuDS),and
DispenserInjection Seeding (DIS), have
improved germinationratestoashighas11.4%
(Goversetal,2022;Grafningsetal,2023;
Unsworthetal.,2019), but stilldepend heavily
onmanual effort. Similarly, shoot-based
transplantation,which can achieve survival
rates of 30-40% (Bayraktarovetal,2016;
van Katwijk et al,, 2016), usually requires
diversto manually plant shoots and seedlings
onthe seabed. Aprocessthatisboth
time-consuming, resource intensive and
undesirable due to safety standards.

Challenges of seed-based seagrass
restoration

A majorchallenge liesin the current
unavailability of large-scale seed cultivation
innurseries. Wild seagrass bedsremain the

primary source of seeds, necessitating careful
collection practices toensure the healthand
sustainability of donor beds. Harvesting seeds
from wild beds islabour-intensive, haslegal
restrictions and the limited availability of
healthy donor sites furtherconstrains
restoration efforts. To address this, various
initiatives are exploring innavative solutions,
such asmechanical seed harvesting and the
establishment of seed nurseries, which could
provide amore sustainable supplyinthe
future. The scarcity of seeds underscores the
criticalimportance of maximising seed
protection and germinationrates when
developing newrestoration technigues.

Arecentstudy explored the synergistic
effects of combining shoot-basedrestoration
with sand-capping.Infantes (2021)
conducted a field study capping aone-
hectareareaat1.3-1.9 mdepthtotestits
potentialtoreduce resuspension and promote
eelgrass growth.Using an excavatorwith
high-precision global positioning system
(GPS),asandcapwithanaverage thickness
of 9.3+1.3 cmwas placed on site. The following
summer, divers successfully planted 80,000
eelgrass shoots on top of the sand-capped
area.Observationsindicated thatthe 80,000
planted shoots grew to approximately
860,000 shootswithinoneyear.
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Additionalresearch has highlighted the
potential benefits of covering seeds with a
thin sandlayer toimprove germinationrates.
Infantes et al. (2016) found that seedling
establishmentratesincreasedby 2to 6
timeswhen seedswere coveredwitha2cm
layer of sand, likely due toreduced predation
and erosion as well asimproved light
availability. However, the burial depth of
seedsremainscritical, as studies have
shown that germination success decreases
significantly at depths beyond 5.5 cm (Greve
etal,2005;Jarvisand Moore, 2015).
Optimal burial depths for seed establishment
range from 2-4 cm, as noted in studies by
Granger (2000), Jargensenetal.(2019) and
Marion and Orth (2010).

Combininginsights from these studies, future
restoration efforts should aim to optimise
seed placementwithinthe ideal depth range of
1-5.5cm. By leveraging the dredgingindustry’s
expertisein hydraulic placement and sediment
management, thisintegrated technigue has
the potential to enhance the scalability and
success of seagrassrestaoration, ultimately
contributing to therecovery andresilience of
thesevitalmarine ecosystems.

Settling behaviour of particles

In fluid dynamics, the settling velocity of
particlesisinfluenced by several factors,
including grain size, shape, specific density
and the properties of the surrounding fluid.
Fordiscrete particles of constant size, shape
and weight, settlingunder gravity occurs
until the drag force counterbalances the
gravitational force, achieving a terminal

Diagram of ideal sediment cap with seagrass seeds.

settling velocity. Inlaminar flow conditions,
characterised by a particle Reynolds number
below 1, thisvelocity can be determined using
Stokes'equation. Beyond thisregime for
highervelocities, empirical formulas, such as
those proposed by Budryk (18936) and
Fergusonand Church (2004), offer more
accurate predictions, especially for
irregularly shaped particles such as sand
grains that deviate from perfect spheres.

While someresearch exists on the settling
behaviour of high-density particles such as
stones (e.g. Dietrich,1982; Francalancietal.,
2021: Komar and Reimers,1878), limited
studies have explored the dynamics of
ellipsoidal particles. This knowledge gap
necessitated practical experiments to verify
the settling behaviour of seagrass seeds,
which differ significantly from the particles
typically studied with alarger size, lower
density and more natural variation.

Inmixtures containing multiple particles,
additional phenomena, such as hindered
settlingand density currents, influence
particle behaviour. Stokes' formula for terminal
settling applies toindividual particlesin
stagnant fluid; however, in practice, particles
interactdynamically. For a particle to descend,
fluid upstream must move downward, creating
space,which generates asmallupward force
affecting nearby particles. At higher
concentrations, particles within close
proximity (less than one particle diameter
apart) entereach other's sphere of influence,
leading to hindered settling. Consequently,
when particle concentration surpassesa

A major challenge
liesin the current
unavailability

of large-scale
seed cultivation
in nurseries.

threshold, the mixture's settling velocity
diminishes compared to the terminal velocity
of individual particles.

From settling column experiments,
Richardson and Zaki (1954) found a
retardation factorapplicable to Stokes
settling equation for single-sized particle
systems.Inmixtures with varying particle
types, such as seagrass seeds and sand
grains, furtheradaptations arerequired. A
common approach incorporates the volume
fraction orconcentration of each particle type
toaccount fordifferencesindensity andsize.
Innon-cohesive particle mixtures, settling
velocities atlow concentrations align with the
terminal settling velocities of individual
fractions.However, as volumetric
concentrationincreases, hindered settling
effectsintensify, reducing the settling
velocities of both fractions. The degree of
reduction varies based on particle size,
density and mixture concentration. Based on
the formula from Mizra and Richardson
(1979), larger particles such as seeds
generatereturncurrents that
disproportionately affect the settling of
smaller particles such as sands. Therelative
decreaseinsettlingvelocity of sandis
expectedtobe higherthan forseedsdueto
thereturncurrentof thelarger particles
influencing the finer particles more.

At sufficiently high densities, sediment
mixtures may form a density current. Upon
introductioninto the water column, the
mixture behaves as a denser collective body,
settlingasaunitbefore dispersinginto
individual particles. Additional factors, such as
turbulent mixing introduce further complexity,
which is challenging to quantify empirically
with limited data.

To address these knowledge gaps, initial
laboratory experimentsinvestigated the
settling behaviour of seagrass seeds by
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tracking theirtrajectories under controlled conditions. These
experiments provide critical insights into the hydrodynamic
interactions between seeds and sediment, laying the groundwork
foroptimising large-scale restoration techniques.

Experiments

Terminal settling velocity

The firstexperimentwas set up to find the terminal settling velocity of
the seeds and theirvariation based on size by releasing the particles
intoagraduated cylinder filled with saline water up to the 400 mm mark,
maintaining a salinity of 32 parts per thousand (ppt) to prevent seed
germination.Adiskwith a central gap was used to drop particles from
the column’'s centre and thenreleased by hand at the watersurface. A
LED screen provided an evenly distributed light source, enhancing the
visibility of particle trajectories that was captured with a GoPro camera
and lateranalysed.

Each seedwasweighed and measured along three axes to investigate
potential correlations with shape, size and density. Large natural
variationsin seed size and density were observed both within and
between populations from Varna (Bulgaria), Voersa (Denmark) and
Hamburger-Hallig (Germany). While no clear correlation between
shape, density or settling velocity was established, these variations
alignwith patternsreportedintheliterature. However, the accuracy of
density measurements of individual seeds was limited by the precision
of the scale, adding some uncertainty to the results.

The analysis of settling behaviour required not only determining
terminal velocities but also tracking seed trajectories to assess
horizontalmovement and settling dynamics. Amulti-step video
analysis process was employed, including cropping, grayscale
conversion anddistortion correction. The trackpy package (Kimetal.,
2018) was used toidentify and follow individual seed trajectaries,
enabling precise calculations of average velocities. Zostera marina

Schematic overview of setup for particle tracking (A) and photo of actual setup (B).
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Spreadinvelocities of Zostera marina seeds from different locations.

seedsdemonstrated an average settling
velocity of 5.87 cm/s, with a standard
deviation of 1.51cm/s and a coefficient of
variation (CV) of 0.252, reflecting substantial
variability in the dataset.

Further analysis compared subtidal and
intertidal Zostera marina seeds with seed
mimics to explore their settling behaviour.
Due tolimited availability of Zostera marina
seeds forexperiments, several more
commonly available seeds, i.e. clover, millet,
alfalfa, cress have been studied for their
shape and settling behaviour. Clover seeds,
which shared a similar elliptical shape and
most comparable mean settling velocity of
6.21cm/s, were identified as the most
suitable mimic for subtidal Zostera marina
seeds, despite being slightly smallerin size.
Using natural seeds also mimicked the
natural variation of seeds foundin seagrass
seeds opposed tousing nylon thread or 3D-
printed particles that were also tested.

Subtidal seeds generally settled fasterthan
theirintertidal counterparts, with variations
linked to differencesin biotope conditions
across the studied populations. This
significant natural variability resulted in a
broad distribution of settling velocities,
highlighting the complexity of predicting
seed behaviourinrestoration efforts even
with modification to formulas used for
ellipsoidal particles.

Seeddistribution

Various sediment concentrations (0.05,0.1,
015,0.2,0.3)were usedinthe experiments.
Initial tests utilised sieved mono-sized sand
mixtures, including coarse, medium-coarse
and fine sand. Based on the terminal settling
velocity of the seed, the sediment mixture that
has a similarvelocity for medium-coarse sand
(d=0.35mm), smallervelocity for fine sand
(d=0.2mm) and larger settling velocity for
coarsersand (d=0.43mm)were tested. The
mixture tests were conducted using a
transparentacrylate pipe, 120 cmin height

and10.5cmindiameter,to observe the
settling behaviour of seedsandsandina
confined space. The setupincluded a
custom-designed 30-printed plug for
controlled sediment layerremaoval and a gate
valve to maintain avacuum and prevent air
pockets. The entire assembly was placed on an
elevated wooden table with adrainage system
connectedtoaplastic tube and a ball valve for
controlled water flow. It was possible to extend
the setup with an additional piece of pipe and
create a stillwater column below the ball valve
inthe second experiment. The two setups are
showninFigure 5.

During every test approximately 100 seed
mimics were usedineachruntoensure
consistency and control. Inthe first phase,
the sedimentwas added in the pipe to
achieve different concentration, then saline
waterwith a salinity of 32 ppt was added and
finally the mimics were introduced into the
mixture. The column was manually mixed to
achieve homogeneity and then allowed to
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Experimental setup mixture test phase | (A) and phase Il (B).

settle. The settled layer was pushed upward
using a powertoolandlcm slices were
carefully sieved to count the number of
seeds perlayer.

Inthe second phase, a secondary pipe was
added tointroduce a mixtureinto the still
water column, simulating a slurry being
pumped into the water. The sediment-seed
mixture was created on top of the water
column and mixed using a paddle attachedtoa
powertool. The suspended mixture was then
released intothe water column below by
opening thevalve with araster printed
beneathtopreventharizontal flows from the
powertoolas much as possible. The settled

layerwas analysed using the same
methodology asinphasel.

Results

Theinitialhypothesis suggested that seeds
and sand with similar settling velocities,
particularly medium-coarse sand, would
resultinamore orless homogeneous
distribution, with a slight segregation of the
seedstothe bottom based on the hindered
settling effect observed by Mirza and
Richardson (1878). However, the results
demonstrated a clear segregation effect,
with seeds tendingto accumulate in the
upper layers of the sand mixture, especially
at higherconcentrations.

In phase | of the experiment, all seeds
segregatedtothe top of the mixture, with the
effect becoming mare pronounced as seed
concentrationincreased (see Figure 6). For
medium-coarse and finer sand, seeds were
distributedintolowerlayers, howeveraclear
segregation effect persisted. Thisoutcome
contradicted theinitial hypothesis. Due to the
turbulence introduced by hand mixing the
column,itwas decided totestin phasell
whetherthe same effect would occur under
mare realistic conditions by releasing the
mixture into a stillwater column.

For medium-coarse sand (d_50=0.34 mm) at
concentrationsof 0.05and 0.1, asignificant
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portion of seeds settledintheideal layer.
However, at higher concentrations, most
seeds accumulated above the ideal layer. Fine
sand (d_50=0.17 mm) similarly exhibited mare
seeds settlingintheideal andlowerlayers at
lowerconcentrations, but segregation
remained prominent at higher concentrations
(above 0.2), with a substantial number of
seedsending atthe top.

During phase Il of the experiment, releasing a
mixture by opening a gate valve for coarse

sand (d_50=0.52 mm), the seeds segregated
tothe upperlayerinthelowerconcentrations.
Inmedium-coarse sand (d_50=0.34 mm), the
seeds had similar settling velocities to the
sand andresultedinamore homogeneous
distribution as expected, hawever segregation
stilloccurred, particularly at higher
concentrations. Forconcentrations of 0.05
and 0. 1most of the seeds ended in the ideal
layer. Fine sand (d_50=0.17 mm) showed seeds
distributed slightly lowerin the layer, but
segregationwas still present at higher

concentrations. These tests aligned better
with the hypothesisyet stillshow the effect of
hindered settling at higher concentrations,
whichwas evenmaore visible in phase .

The study concluded that too coarse sandis
unsuitable for seed distribution asitwould not
provide any benefit compared to hand-
broadcastingtoincrease survivalrate, asthe
seedsallendupinthe toplayer. While
medium-coarse and fine sand showed better
results at lower concentrations. Medium-

Results of where seed mimics end up in the settled layer for different types of sediment and concentration in mixture test phase |
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coarse sand would likely provide the most
protection forthe seeds andthusisthe
starting condition for furtherinvestigation
of this new technigue.

During the experiments, video analysis
revealed a key observation:the dynamic
behaviour of seeds differed significantly from
that of the sand particles. While sand particles
moved downward collectively, seeds exhibited
rotationaland hovering motions influenced by
turbulence and return currents. This dynamic

interaction contributed to the observed
segregation effect, with seeds appearing to
"hover"in place under certain conditions.
Figure 8 provides avisualrepresentation of
these particle behaviours, highlighting the
contrastbetween the steady downward
motion of the sand and the complexrotational
and turbulent motions of the seeds.

The findings suggest that the hindered
settling effect and the dynamic behaviours
of seeds are critical factorsindetermining

the final distribution. Coarse sandis
unsuitable forlarge-scale seed dispersal,
while medium-coarse and fine sand show
promise, particularly atlowerconcentrations.
Theseinsights are vital forrefining
technigques to optimise seagrass seed
distributioninrestoration projects.

Discussion

Seagrassrestorationis crucial for coastal
ecosystem management and seed-based
methods offer promising potential for

Overview of where seed mimicsend up in the settled layer for different types of sediment and concentrationin mixture test phasell.
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Visualisationdifferencein seed behaviour.

large-scalerestoration efforts. An essential
component of designing effective restoration
techniquesis understanding the settling
behaviour of seagrass seeds, as this directly
impacts theirdistribution and establishment.
The studyrevealed significant variationsin
seedsize and density, leading to a wide range
of settling velocities. Seed mimics were used
due tothescarcity of actual Zostera marina
seeds, but thisintroduced complexities and
differences, emphasising the need for
cautiousinterpretation of results. While
these seed mimics showed similarities in
shape, size and settling velocities, minor
differencesintheirsettling pathswere
observed, such asincreased horizontal
movementand more drifting.

Theinitial hypothesis that seeds with similar
settling velocities to sand particles would lead
toahomogeneousdistribution was not
supported by the experimental results.
Instead, seeds consistently segregated
towards the upper layers, with this segregation
effect becoming more pronounced at higher
sand concentrations. This discrepancy
suggeststhatthe physical properties of the
sediment mixture influence the settling
behaviour of seagrass seeds differently from
sand particles. The hindered settling effect,
alongside the seeds’larger size and ellipsoidal
shape, wasidentified as a likely cause for this

behaviour. These factors resulted in seeds
experiencing the sediment as a dynamic fluid
medium with varying densities, whichinturn
led tosignificantrotational movement and
less predictable settling dynamics compared
tothe sand particles. This highlights the need
forfurtherinvestigationintothe complex
interactions between seed marpholagy,
sediment characteristics and settling
behaviourinrestoration settings.

Inphase | of the experiment, which involved
rotating a settling column, the hindered
settling effect was effectively captured.
However, this setup was also influenced by
induced turbulence from the rotation and
wall effects, which may have contributed
tosomeinconsistenciesin the data.
Incontrast, phase Il that simulated the
pumping of a sediment mixture into still
water produced differentresultsdue to
additional factors, such as entrainment
andinitial seed velocities. These variations
suggest that furtherrefinementis needed
toreplicate real-world conditions more
accurately. Additionally, material constraints
such asthenarrow grading of sand particles
usedin the experiments donotaccurately
reflect sediment mixtures available for
large-scale execution. Future experiments
should address these limitations and explore
madifications that can enhance the

accuracy and reliability of the method,
including adjustments to sediment grading
and experimental setups.

Further development

The ongoingresearch, whichis partofasame
pragramme with Van Oord, has shifted focus
towards the practical application of these
findings in the field. Moving away from
fundamental behaviour analysis and
concentrating on the methodology’s rollout
andimplications forreal-world seagrass
restoration projects.Inalaboratory,ascaled
working model of a spreader pontoonwas
constructed totestthe creation of thin sand

Coarse sandis
unsuitable for
large-scale seed
dispersal, while
medium-coarse
and fine sand
show promise.
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Location of trial using seed mimics (Scotland, November 2024).

layers with medium coarse sand at the
suggested concentration of 0.05 and O.1with
seed mimics. By sampling at various points,
the seed distributionin each layerwas
compared tofundamental behaviourresults,
while varying water column heights, pumping
speeds, etc.

Additionally, biological trials were conducted
with the University of Groningeninthe
Netherlands to assessthe germinationrate of
seedsinasand-cappedlayerunderdifferent
abrasion conditions caused by hydraulic
pumping. With the obtained knowledge, a trail
was executed using seed mimicsin the cold
month of Novemberin preparation for the pilot
with actual seed (see Figure 9). Future pilot
testsare planned for April 2025 with Zostera
marina seeds, marking animportant stepin
evaluating the effectiveness of this approach
inreal-world conditions. This pilot will provide
valuable insightsinto the operational feasibility
of using sediment mixturesinlarge-scale
seagrassrestoration efforts and biological
successrateswhenusing thisnew method.

Conclusion

The study explored the potential of using
traditional dredging techniques for seagrass
restoration, focusing on the settling
velocities of Zostera marina seeds and
theirdistribution in sand-seed mixtures.

The use of seed mimics due to the scarcity
of actual seeds introduced complexities

but provided valuable insights forlarge-scale
restoration applications. The experiments
demonstrated that seeds using low
concentrations and medium-coarse to

find sand would lead to the best distributions
inasettledlayer,increasing the survival rate
of the sand. This behaviourwas attributed
tothe hindered settling effect and the shape
factor of the seeds, which caused them to
experience the mixture as a fluid medium
with different densities. The study highlighted
the need for furtherresearch tounderstand
the phenomena influencing seed distribution
insediment mixtures asitwasdifferentto
the hypothesis based on fluid mechanics.
Furtherresearchisneededtorefine
technigque and understand the impact of

various factors notyet examined, such as
initial velocity, use of diffusers, less narrowly
graded sand and other practical guestions
stillto be further explored.
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Summary

Seagrassrestorationiscrucialdue toits benefits forcoastal
protection, carbon sequestration and biodiversity enhancement.
Traditional planting methods, which involve manually planting seagrass
shoots, are labour-intensive and challenging to scale. Thisresearch
exploredtheinitial steps to aseed-basedrestoration approach, which
could be maore scalable and cost-effective.

The study focuses on the fluid mechanics and behaviour of seagrass
seeds (Zostera marina) in sand mixtures. Labaratory experiments were
conducted todetermine the best sediment concentrationand grain
sizestoachieve optimal depth for seed placement, which was found to
be between1-5.5cmbased on previousresearch. The experiments
used seed mimics to simulate the behaviour of actual seagrass seeds,
giventheirscarcity. The average terminal settling velocity of the seeds
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