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ARTICLE INFO ABSTRACT

Keywords: The resilience of seagrass meadows strongly depends on the dispersal of their propagules, which fosters recovery

Seagrasses and replenishment after disturbances. However, predicting dispersal patterns across dynamic coastal environ-

gfeat balmer reef ments and large spatial and temporal scales remains challenging due to the lack of empirical observations.
1spersal

Biophysical models, integrating oceanic and atmospheric drivers with species-specific traits such as buoyancy
and lifespan, are commonly used to simulate propagule transport. Yet, few studies account for the interspecific
and interannual variability inherent in tropical seagrass ecosystems. Here we present a high-resolution seagrass
biophysical dispersal model applied to 11 tropical seagrass species across the entire Great Barrier Reef World
Heritage Area (GBRWHA), Australia, and run this model over a 6-year period (2011-2016). We use this model to
assess how the interspecific variability in the buoyancy and windage of seagrass propagules affect their dispersal
patterns and how these patterns further vary both seasonally and interannually. Our results reveal that species-
specific factors such as their windage and buoyancy, as well as the season and region in which they disperse had
the largest influence on dispersal distance. H. spinulosa and S. isoetifolium showed the greatest dispersal in the
Whitsunday region, while the wet season promoted higher local retention due to lower wind speeds. From a
management perspective, this highlights the need to account for species-specific information when devising
seagrass management strategies. The outcomes of this research reveal the inherent complexities of predicting
multi-species dispersal over large spatial and temporal scales, with broader implications for predicting dispersal
in complex coastal ecosystems.

Particle-tracker model
Seagrass vegetative fragments
Coastal ecosystems

Coastal management

Wilson et al., 2016), which in turn influence larval development and
survival (Brown, 2014; Peniston et al., 2024; Tesson and Edelaar, 2013).

1. Introduction

Marine dispersal plays a critical role in shaping the distribution and
resilience of populations, influencing genetic connectivity, species in-
teractions, and ecosystem dynamics (Alvarez-Noriega et al., 2020;
Cowen and Sponaugle, 2009; Kendrick et al., 2017; McMahon et al.,
2014; Ramirez-Romero et al., 2023). Dispersal is driven by physical
forcings such as ocean currents, wind and tidal flows. They can either
support (re)colonization and recovery, or hinder the transport of prop-
agules (i.e. seeds, fruits, larvae). Climate change is expected to change
dispersal pathways by disrupting ocean circulation, increasing storm
frequency, and modifying temperature regimes (Corte et al., 2018;
Dobbelaere et al., 2024; Figueiredo et al., 2022; van Gennip et al., 2017;

As environmental conditions continue to change, advancing our un-
derstanding of the biological and physical mechanisms underpinning
dispersal is both challenging and essential (Lett et al., 2010; Travis et al.,
2013; Urban et al., 2016).

Biophysical models offer a feasible method to improve our under-
standing of complex processes of marine dispersal (Jahnke and Jonsson,
2022; Kendrick et al., 2017). Dispersal biophysical models use a hy-
drodynamic simulation that estimates current directions and velocities,
which can then be used in a particle-tracking model. Some of these
models include biological variables, such as decay rate, lifespan, and
sometimes buoyancy duration (Kuusemae et al., 2018; Lai et al., 2024).
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Model outputs are individuals’ dispersal trajectories over space and
time. These trajectories would be impossible to estimate empirically due
to the small size and large number of propagules, and the difficulty of
tracking them continuously over broad spatial and temporal scales. By
computing metrics such as dispersal distances, local retention, and
connectivity matrices, these trajectories can be used to inform connec-
tivity between populations (Jackson et al., 2021; Lai et al., 2024; Pastor
et al., 2023; Ruocco et al., 2025), long distance dispersal potential
(Ruiz-Montoya et al., 2015; Smith et al., 2018) and dispersal barriers
(Evans et al., 2021; Jahnke et al., 2020). Despite their increasing use,
most dispersal biophysical models used a simple biological behaviour to
describe dispersal movement of propagules (Swearer et al., 2019).

To date, dispersal biophysical models have rarely been implemented
for multi-species habitats, such as tropical seagrass meadows. These
models are often simple, focusing on single species over short periods of
time, and small spatial scales (Grech et al., 2018, 2016; Jackson et al.,
2021). The dispersal behaviour applied in different studies varies
considerably, as shown by the wide range of windage values used,
defined as the percentage of wind speed contributing to the movement
of seagrass vegetative fragments, ranging from 0.9 % (Lai et al., 2024) to
2 % (Grech et al., 2016). These values are even lower when considering
flume tank studies, ranging from 0.21 % to 1.393 % (Lai et al., 2020; Tol
et al., 2024). Schlaefer et al. (2022) showed the importance of refining
windage coefficients to better represent dispersal variations using a
sensitivity analysis (Schlaefer et al., 2022). For now, only one bio-
physical modelling study includes such complex behaviour for tropical
seagrass fragments dispersal (Lai et al., 2024). This model focused on a
relatively small spatial (1000-1500 km?) and temporal scales
(6-month). While physical parameters like windage have been partially
addressed, biological traits, such as species-specific buoyancy duration
and survival, remain underrepresented in current dispersal biophysical
models.

Species-specific traits are particularly important for tropical seagrass
systems, which are dynamic, diverse and occur in multi-species
meadows (Collier et al., 2020; Kilminster et al., 2015; Lin et al.,
2024). Seagrass meadows in the Great Barrier Reef (GBR) exemplify this
complexity, containing 23 % of worldwide seagrass species diversity
(Brodie and Waterhouse, 2012), and providing essential ecosystem
services, including biodiversity interactions, water quality and carbon
sequestration (Brodie et al., 2020; de los Santos, Olivé, et al., 2020; De
los Santos, Scott, et al., 2020). Long-distance dispersal is one of several
recovery strategies developed by seagrasses in response to the local
threats including water turbidity and urban/port development (Grech
et al., 2012; McMahon et al., 2014). Dispersal processes in the GBR are
driven by winds, tides, and large-scale currents coming from the Coral
Sea, along with the influence of coral reef structures, river discharges,
and irregular coastline features (Lambrechts et al., 2008; Saint-Amand,
Lambrechts, Thomas, et al., 2023). These patterns are modulated by
climatic variables, especially the El Nino Southern Oscillation (ENSO),
which contributes to interannual shifts in ocean conditions through
rainfall and cyclone events (Cai et al., 2021; Chand et al., 2017; Gur-
dek-Bas et al., 2022).

The goal of this study is to develop new methods for predicting the
dispersal of multiple seagrass species in a complex and large coastal
environment over a long time period. We simulated ocean circulation for
a 6-year period over the entire GBR and implemented a Multiple species
particle-tracker model including a complex biophysical parameter (i.e.
species-specific windage and life-history traits). Hydrodynamic simula-
tions were performed at a fine spatial resolution over the complex reef
topography and coastal seascapes. The high-resolution simulation, the
time and spatial scales considered, and the bio-complexity in the model
allowed us to investigate long distance dispersal in the GBR by resolving
the following questions: (1) how does windage influence dispersal dis-
tance for different species?; (2) how does seagrass dispersal vary by
species morphology and life-history traits, region, season and years?;
and (3) what physical and biological factors influence the long dispersal
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of seagrass in the Great Barrier Reef? This knowledge will improve our
understanding of dispersal over broader spatial and temporal scales thus
providing information on an important mechanism for seagrass recovery
and management.

2. Methods
2.1. Study area and species

The Great Barrier Reef World Heritage Area (GBRWHA) (Fig. 1A) is
the largest coral reef ecosystem in the world (Brodie and Waterhouse,
2012; Day and Dobbs, 2013). While famous for its coral, the GBRWHA is
also home to one of the most extensive and diverse seagrass ecosystems
in the world (Coles et al., 2015; McKenzie et al., 2022). The tropical
climate of the region is divided into two main wind patterns: windy
(April-September) and not windy season (October-March). The not
windy season, mostly corresponding to the tropical wet season, is
characterized by weaker and more variable winds, with an increased
likelihood of rain and tropical cyclones. In contrast, the windy season
(tropical dry season) features coherent south-easterly trade winds,
bringing more stable and drier conditions (Choukroun et al., 2010;
Huang et al., 2024).

We divided the study area into six regions to support result inter-
pretation: Cape York, Wet Tropics, Burdekin, Mackay and Whitsunday,
Fitzroy and Burnett-Mary (Fig. 1A). These regions are designated Nat-
ural Resource Management (NRM) areas where local organizations co-
ordinate sustainable management of natural resources including land,
water and biodiversity, in partnership with communities and govern-
ment. This regional subdivision reflects key biogeographic and climatic
boundaries along the GBR coast, gathering similar ecosystems, biomes
and river systems together, therefore influencing differently coastal
ecosystems.

Seagrass monitoring occurs every year in the GBR, as part of the
Great Barrier Reef Marine Monitoring Program (MMP) and other
monitoring programs focused in areas of high anthropogenic risk (Coles
et al., 2015; McKenzie et al., 2023). We did not consider the deep-water
habitats here because of their structure complexity and highly variable
presence/absence in the GBR (York et al., 2015). We focused on 11
species that occur in inter-tidal and sub-tidal habitats (representing
4925 km?) along the GBR coast: Halophila ovalis, Halophila capricorni,
Halophila decipiens, Halophila minor, Halophila tricostata, Halophila spi-
nulosa, Syrringodium isoetifolium, Zostera muelleri, Halodule uninervis,
Cymodocea rotundata, and Cymodocea serrulata.

To delineate the presence of seagrass in the GBR, we used seagrass
spatial distribution data from Carter et al. (2021) (Fig. 1A). The spatial
data of Carter et al. (2021) were collated from literature and unpub-
lished monitoring datasets over a 35-year period (1984-2018) (Carter,
McKenna, et al., 2021). All data are standardized to a unique shapefile
layer containing survey date, method for data collection (boat, diver,
helicopter), and seagrass meadow attributes (percentage cover, surface
area, dominant species, species present, density, mean biomass). Some
of these polygons are therefore 30 to 40 years old and may no longer
exist, or new meadows may have developed between the time the data
was collected and now. However, this seagrass distribution represents
the best available information on potential meadow area, either repre-
senting existing meadows or suitable areas for re-establishment.
Therefore, by using this layer in the biophysical model, we can cap-
ture the full potential of seagrass habitat dispersal in the GBR.

To inform the biological parameters of the biophysical model, we
classified the eleven species into six groups based on their leaf
morphology: paddle, fern, spaghetti, ribbon thin, ribbon thick long and
ribbon thick short (Table 1). Our assumption was that leaf shape and size
is the primary influencer of fragment dispersal behaviour (i.e. windage,
buoyancy). The smallest group is S. isoetifolium (spaghetti leaves species,
G3), as this species were recorded dominant in five meadows in the GBR.
The largest group was paddle leaf seagrasses (G1), with a very high
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Fig. 1. Overview of the studied area. A: The boundary of the SLIM hydrodynamic model of the GBR (red line) and the boundary of the Great Barrier Reef World
Heritage Area (GBRWHA - orange line). Bathymetry of the area is shown with a non-linear scale (blue colours). Green patches represent the seagrass meadows layer
used for the simulations - from Carter et al. (2021). Black lines represent the boundaries of the Natural Resource Management units of Queensland, Australia, adjacent
to the GBR. IMOS mooring sites used in model validation are shown with a yellow star. B: Mesh used in the SLIM model. Its variable resolution is shown with a purple
to yellow gradient (from 250 m to 5 km). The resolution of the mesh is smaller in complex reef and coastal seascapes. The inset map shows two zoomed-in sections of

the mesh, overlayed with the seagrass polygon layer (green).

Table 1
Classification of GBR species according to leaf morphology. This classification has been used to developed six different fragment dispersal simulation scenarios.
/ Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
Leaf shape Paddle Fern Spaghetti Ribbon thin Ribbon thick long Ribbon thick short
Species considered Halophila ovalis, Halophila Halophila spinulosa Syringodium Zostera muelleri, Halodule uninervis, Cymodocea
capricorni, Halophila decipiens, isoetifolium Halodule uninervis Zostera muelleri, serrulata
Halophila minor, Halophila Cymodocea rotundata
tricostata
Leaf length from Flora of  1-1.45 cm 0.5-20 cm Up to 30 cm 10 cm x 0.2 cm 0-50 cm x 0.1-0.5 cm 5-30 cm x 0.5-2
Australia* cm
Number of meadows 304 78 5 630 641 62
where species is
dominant (from Carter
et al. (2021))
Total area (km?) — from 2596.86 496.31 180.12 1023.09 1029.52 622.23
Carter et al. (2021)
Max buoyancy duration 28 70 49 56 56 56
(days)
Reference(s) for max (Duarte, 1991; Lai et al., (Duarte, 1991; (Duarte, 1991) (Duarte, 1991; (Duarte, 1991; Evans Unavailable,
buoyancy duration 2020; Weatherall et al., 2016) Weatherall et al., Evans et al., 2021; et al., 2021; Jackson defined by seagrass
2016) Jackson et al., 2021) et al., 2021) experts
Windage 0.21-1.175 % 0.5-1.5 % 1-2% 0.34-0.96 % 0.5-1.5 % 0.881-1.313 %
Reference(s) for windage (Lai et al., 2020; Tol et al., Unavailable, Unavailable, (Lai et al., 2020; Tol Unavailable, defined (Lai et al., 2020)
values 2024) defined by seagrass  defined by seagrass et al., 2024) by seagrass experts
experts experts

*https://profiles.ala.org.au/opus/foa.

abundance (2596 km?), comprising mostly Halophila species. Some
species in the GBR exhibit distinct morphological forms; for example,
H. uninervis and Z. muelleri can display markedly different leaf lengths
and widths (Lin et al., 2024; Wagey, 2015; Waycott et al., 2004). To
reflect this variation, we divided these species into two groups: one
group representing the thin leaf version and the other the thick leaf
version of the species (G4 and G5, respectively). Although they are the
same species, these forms differ functionally, and we therefore applied
different dispersal behaviours (i.e. windage, decay rate and sinking rate)
in the model (Fig. 2 and Table 2).

2.2. Hydrodynamics

GBR ocean circulation was simulated using the multiscale coastal
ocean model SLIM.! The SLIM model has already been applied and
validated in the GBR at different scales (Critchell et al., 2015; Lam-
brechts et al., 2008; Saint-Amand, Lambrechts, and Hanert, 2023). Here
we developed a new model setup to cover the entire GBR study area
(Fig. 1), with a particular focus on complex coastal areas that are the
habitat for seagrasses. We used the 2D barotropic version of SLIM for
this case-study because the coastal region of the GBR is considered to be

1 https://www.slim-ocean.be/
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Fig. 2. Biological behaviour implemented in the Lagrangian Particle Tracker for the six different species groups based on leaf morphology. Vertical axis is expressed

as the portion of particles, with 1 being 100 % of particles.

Table 2

Species-specific rates used for the transition (day'l) between the three states of
life defined in the dispersal model (positively buoyant, negatively buoyant and
no longer viable). Different coefficients were established for the first week of
dispersal and after the first week of dispersal.

/ G1 G2 G3 G4 G5 G6

“No longer viable” starts after 1 2 10 2 2 10
(days)

Sinking rate on the first week 0.15 0.3 0.05 0.03 0.045 0.02
(positively buoyant —
negatively buoyant)

Decay rate on the first week 0.07 0.03 0.05 0.04 0.045 0.02
(negatively buoyant — no
longer viable)

Sinking rate after the first week  0.15 0.07 0.05 0.03 0.03 0.035
(positively buoyant —
negatively buoyant)

Decay rate after the first week 0.07 0.04 0.05 0.04 0.04 0.04

(negatively buoyant — no
longer viable)

well-mixed (Grech et al., 2016; Luick et al., 2007). The unstructured
mesh allows us to refine the spatial resolution of the model in areas with
more complex topography. The resolution was set to 250 m over sea-
grass meadows, coral reefs and near coastlines, and coarsened up to 5
km in more homogenous areas such as the deep sea (Fig. 1B).

The model simulates the sea surface elevation 5 and the depth-
averaged current velocity u by solving the non-linear shallow water
equations:

M G o (H) =0, &)
ot

%-&-uOVu—&—fe xu=—gV +i+D 2)
at Z - g '7 pH ’

where H = h + 7 is the water column height, h is the bathymetry, f is the
Coriolis parameter, e, is a unit vector pointing vertically upwards, g is
the gravitational acceleration. The bathymetry h is derived from a high-
resolution model by the Australian Government, with a 30 m resolution
(Beaman, 2017). To ensure that the entire domain is under water during

the whole simulation, the minimum depth is set to h = 3m. Wetting and
drying processes are not considered for this case. The second-last term in
Eq. (2) accounts for the effect of wind on water motion and follows the
parametrization described in (Smith and Banke, 1975). In this term,
7 represents the surface wind stress and p is the water density. The wind
velocity data are computed by the model ACCESS” and made available
through eReefs datasets.® Finally, D includes the momentum dissipation
terms, and is expressed as follows:
Call u |lu

p-1 Ve [Hv(Vu)] — 3

H

The first term is the momentum diffusion with a Smagorinsky non-
linear viscosity v (Smagorinsky, 1963). The second term accounts for
the bottom friction. The bulk drag coefficient C; was set to 2.5 x 1073
and multiplied by 20 over coral reefs and seagrass meadows to account
for the increased roughness of the surface of these ecosystems
(Monismith, 2007; Monismith et al., 2019).

On the open boundaries, the exchanges with the Coral Sea are
included in the model by forcing it with the sea surface elevation and
velocity fields from the GFDL Modular Ocean Model (MOM4),* witha 1/
10° resolution. Outputs were available through the Bluelink ReANalysis
(BRAN2020).° The tidal signal, constructed from TPX09.v5 (Egbert and
Erofeeva, 2002), was imposed on the open boundaries. Egs. (1,2) were
solved from January 1st 2011 to January 1st 2018, with a spin-up period
of 5 days.

2.3. Model evaluation

We simulated the hydrodynamic of the entire GBR over a 7-year
period, from 2011 to 2017. Simulation results were validated against
current direction and magnitude data from the IMOS® mooring stations
(Fig. 1A). This mooring network is constituted by 10 different stations

http://www.bom.gov.au/nwp/doc/access/NWPData.shtml
https://research.csiro.au/ereefs/
https://research.csiro.au/bluelink/global/reanalysis/global-model/
https://research.csiro.au/bluelink/bran2020-data-released/
Integrated Marine Observing System (https://portal.aodn.org.au/)
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widespread along the GBR coast. Current and tidal observations were
not available during all the simulated period (2011-2017) at all stations.
As a result, eight stations were mainly used to validate the model: Palm
Passage (PPS); Myrmidon Reef Slope (MYR); Yongola (YON); Capricorn
Channel (CCH); One Tree East (OTE); Heron Island South (HIS); Heron
Island North (HIN) and Lizard Island Shelf (LSH) (Fig. 1 and supple-
mentary materials — Fig. S1-S9).

For the validation, three variables were compared against IMOS
data: sea surface elevation, zonal (u) and meridional (v) components of
the current velocity. We performed a statistical analysis, including
calculation of the skill score of the model with the Willmott’s Skill Score
(WSS):

Z?:l(oi - Si)z

WSS=1-—. — —,
Zi:l(lsi - O‘ + |Oi - O|)

where O; are the observed values; S; are the simulated values, O is the
mean of the observations; and n is the number of observed/simulated
values. A WSS of 1 indicates perfect model performance, while 0 means
that the model doesn’t bring more information than having a constant
model using the mean value.

2.4. Dispersal model

Seagrass fragment dispersal was simulated with a Lagrangian Parti-
cle Tracker model (LPT) (Dimou and Adams, 1993; Spagnol et al., 2002).
This particle tracker model uses the 2D hydrodynamic outputs to
simulate dispersal of seagrass fragments. These “virtual” fragments were
released every hour during 24 h periods, spaced by 5 days (i.e. 24 re-
leases every 5 days). The total number of exported fragments per
meadow was a function of its area (1 particle released per hour per km?).
The virtual propagules were released at random locations inside the
meadow polygons. Release locations were sourced from a polygon map
of seagrass developed by Carter et al. (2021). Individual polygons
include information on seagrass species, including species presence,
dominant species, density and surface area covered (Carter, McKenna,
et al., 2021). The release locations were defined as polygons where a
species group was dominant, meaning that the release locations
depended on the species group considered.

The dispersal simulations were made for every month and every
year, as fragments dispersal doesn’t have a specific season. We did not
focus on seagrass reproductive season as we model fragment dispersal
rather than reproductive propagules (i.e. seeds, fruits, flowers). The
simulation was stopped when all particles settled (i.e. reached their end
of life) (Fig. 2). For example, during a January simulation, particles were
released from 1st January to 31st January, with the simulation ending
on the 28th of Feb for species of Groupl, to allow all particles to disperse
until the end of their buoyancy duration (defined in Table 1 and shown
in Fig. 2). For this reason, only 6 years of dispersal were simulated, from
2011 to 2016, despite the 7-year hydrodynamic simulations (i.e. the
December 2016 simulation ends in January/February 2017). A total of
432 simulations were run. This 6-year period allowed us to look at
seasonal and interannual variations in fragment dispersal.

A biophysical behaviour was implemented for each species group
based on three main stages of life post-fragmentation from the source
meadow: positively buoyant, negatively buoyant, and no longer viable
(Fig. 2). These life-history traits were applied to all species with species-
dependent transition rates between states (Table 2). When a propagule is
released from a meadow, it starts by being positively buoyant, which
means that the propagule is floating at the sea surface and will be
transported by both the ocean currents and a fraction (windage) of the
wind velocity. After a certain duration (depending on the species and a
random factor), it becomes negatively buoyant, meaning that the
propagule goes down in the water column and is not influenced by the
wind anymore but only by currents. Finally, when the propagule reaches
the end of its buoyancy duration, we stop the transport of the propagule,
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and it is removed from the simulation. The transition between life-
history states is governed by species-specific rates (see Table 2). The
rates shown in Table 2 were established based on the literature and then
refined by experts in seagrass ecology including co-authors of this study.
The proportion of fragments in each state over the lifetime of each
species is shown in Fig. 2.

We plotted data in order to visualise the sensitivity of windage on the
dispersal distance of particles (Table 1). To do this, we used a random
windage value, distributed within the range of values in Table 1, for
every virtual propagule such that each single virtual propagule has its
own windage, randomly chosen from the range provided in Table 1. For
this sensitivity analysis, we sorted each particle from each species ac-
cording to its windage value, by 0.1 % intervals, and then computed the
dispersal distance associated with this windage value.

2.5. Statistical analysis

We implemented a Linear Mixed-effect Model (LMM) in Python using
the package ‘statsmodels’ to investigate the physical and biological
factors influencing long-distance seagrass dispersal in the Great Barrier
Reef. In this analysis, we focused on dispersal distance without explicitly
incorporating habitat presence or suitability at the settlement location
because our primary objective was to quantify the physical and bio-
logical drivers that influence the potential for long-distance transport,
providing a clearer understanding of the dispersal kernel that defines the
spatial scale over which propagules can potentially move. Based on
dispersal simulations, we calculated the dispersal distance by using the
Euclidean distance between the release location and end of life location
of each virtual propagule. This dispersal distance was used as the
response variable in the LMM and was log-transformed to achieve
normal distribution and heterogeneity of variances.

Explanatory variables used in the model were the result of an iter-
ation process. We started with few variables, including windage and
season (i.e. windy or not) and then improved the model by adding other
variables. During this process we used the Akaike Information Criterion
(AIC) to quantify model performance. AIC is a statistical metric calcu-
lating model performance by considering model complexity (i.e. too
much complexity and too many variables will decrease model effi-
ciency) and goodness of fit. The lower AIC value is the better the model
is. In addition, we plotted the residuals to ensure that the model was
representative (see Supp. materials Fig. S18). We ended up with this 4-
variable model formula and repeated this model for each species group:

log(Dispersal distance) = S + W + SOI + L + random(REI), 4)

where S representing the seasonal cycle by capturing its cyclical varia-
tion. Since months are cyclical, we used a sine function to recognize
patterns that repeat every twelve months. This approach allows the
model to efficiently capture seasonality, as the onset and end of the
season is variable. A higher value of S means a longer dispersal distance
through the second half of the year (i.e. captured through the windy
season). W represents the windage coefficient of the particle (as
explained before); SOI is the Southern Oscillation Index (SOI) from the
Bureau of Meteorology (BOM) - quantifying the strength and phase of
the El Nino-Southern Oscillation (ENSO). And L is the latitude of the
initial position of the particle. An additional variable used in the analysis
was the relative exposure index (REI) from (Grech, 2009) as random
effect included in the LMM. This index is calculated using this formula:

16
REI= Y (Vi x P x EF;), )

i=1

where i is the ith compass heading (1 to 16 [N, NNE, NE, etc.]), in 22.5°

7 http://www.bom.gov.au/climate/enso/soi/
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increments; V is the average monthly wind speed (ms™!), P is the percent
( %) frequency of wind occurring in the ith direction, and EF is the
effective fetch (m) (see (Grech, 2009) for more details). This exposure
index estimates physical disturbance regimes within meadows. A high
REI value for a meadow means that this meadow is exposed to stronger
physical forces, while low REI value, i.e. a protected meadow will be
more protected from the wind and therefore waves. Exposure values
were calculated separately for the wet (November-April) and dry
(May-October) seasons on a grid cell with 2 km resolution.

To present the dispersal variations through time and regions, we
used the median dispersal distance due to the large differences in dis-
tance between all virtual particles. The median was therefore less sen-
sitive to outliers compared to the mean distance. For each NRM region,
we also calculated the Pearson correlation coefficients between species
to assess temporal co-variation (cfr. Supp. materials Fig. S16).

3. Results
3.1. Ocean circulation model validation

Over the eight IMOS mooring stations, and the 7-year simulated for
the ocean circulation, we calculated a mean Willmott’s Skill Score of
0.89 for the sea elevation; 0.79 for u-component of the velocity and 0.66
for the v-component of the velocity (further details in supplementary
materials — Tab. S1).

The SLIM model has the advantage to use an unstructured mesh,
allowing finer resolution in areas of interest. We decided to set a 250 m
resolution over seagrass meadows, as we wanted to reproduce as pre-
cisely as possible the seagrass dispersal dynamics at the meadow’s scale.
We calculated the averaged current speed and residual circulation over
different seagrass meadows for four different locations (Fig. 3): Cairns
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and Green Island (Wet Tropics); Townsville and Magnetic Island (Bur-
dekin); Whitsunday Islands (Mackay and Whitsunday) and Gladstone
(Fitzroy). Residual circulation is variable over meadows and close to the
coast, with eddies forming. Away from the coastal area, the residual
circulation becomes more unidirectional. Having this fine resolution
over meadows helps to capture small scale processes, such as eddies,
that floating propagules could experience at their early stage of life or
when settling down.

The GBR coastal circulation is complex, with numerous islands and
bays, influencing currents direction and speed. Coastal current show
different patterns thorough the GBR. In islands areas such as the Whit-
sundays, strong currents are observed, whereas in protected bays such as
Cleveland Bay (Magnetic Island and Townsville) coastal currents are
weaker (Fig. 3). Gladstone exhibits both of these characteristics, with
sheltered bays formed by islands and added complexity from increased
turbulence generated by numerous creeks entering from the land. Eddies
in this area have much higher current speed compared to Cleveland Bay.
Seagrass meadows are widespread over these multiple and diverse re-
gions, mainly located in areas with weaker current magnitude. From a
dispersal perspective, this resolution allows us to capture the large di-
versity of seagrass habitats (i.e. release locations) and their complex
dispersal trajectories. Capturing the numerous eddies present will
impact the local retention of dispersal outputs.

3.2. Windage sensitivity analysis

A higher windage value tends to increase fragment dispersal distance
(Fig. 4). But this effect can be moderated by the season (windy or not
windy). When winds are stronger (i.e. during windy season months),
mainly during April-July, dispersal distance is at its peak. During this
period, differences between the maximum and minimum windage could
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Fig. 3. Mean current speed (colormap) and residual circulation (stream plot) simulated for the month of March 2011. Four locations, where seagrass meadows are

present (green plants), are shown to highlight current turbulence at meadow scale.
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lead to a 40 km difference in dispersal distance (i.e. paddle leaf species
in May 2012 and fern leaf species in May 2013). In other words, a
change of 1 % in windage could lead to a 67 % increase in long distance
dispersal (i.e. paddle leaf species May 2012).

During the not windy season, windage no longer influences dispersal
distance, as weaker and more variable winds reduce its effect (Fig. 4).
During this season, the median dispersal distance is almost the same
with a maximum or a minimum windage value (i.e. ribbon thick short
leaf species in September 2011, spaghetti and ribbon thick long leaf
species in September 2016). This phenomenon is observed when
dispersal distance is at its lowest, during the October-April period
despite variations in between leaf morphologies.

Species are affected differently by windage due to variations in leaf
morphology and life-history traits, particularly buoyancy duration.
Halophila species (paddle and fern leaves species) show large variations
between windages. Paddle leaf species have a relatively short total
buoyancy duration (28 days across both positive and negative buoyancy
phases; Fig. 2), limiting their capacity to disperse long distances except
under maximum windage. By contrast, fern leaf species have the longest
total buoyancy duration (70 days), but only a short period of positive
buoyancy (i.e. ~7 days at the surface; Fig. 2). For paddle leaf species,
however, positive buoyancy is longer (~14 days) relative to their
shorter total buoyancy duration (28 days). Thus, we found that the
proportion of time spent in the positively buoyant phase strongly in-
fluences the effect of windage on dispersal distance. Spaghetti leaf
species (S. isoetifolium) has the largest windage among all species (2 %)
and is also the least common species in its distribution (5 meadows).
This species is therefore very sensitive to windage, with these two peaks
observed in January 2013 and January 2015. Windage has less impact
on the three other groups (ribbon leaf species) compared to paddle and
fern leaf species. These species have a similar leaf shape (ribbon) and a
same maximum buoyancy duration (56 days). They observed a 10 km
difference in dispersal distance between the lowest and highest windage
values, with a maximum distance of 20 km for ribbon thick long leaf. But
the ribbon thin and ribbon thick short leaf species have a smaller

windage range (0.7 % variation and 0.6 % respectively), leading to
smaller differences between Min and Max windages.

3.3. Dispersal variations by species group and through space and time

Our model results revealed strong seasonal variations in dispersal
distances for the six seagrass groups (Fig. 5), influenced by the two
seasons (windy and not windy) and their associated wind conditions.
Long distance dispersal events mostly occur during the January-July
period (long dispersal starts at the end of wet season but peak during
dry season). Amplitudes of these seasonal variations differ between
species and regions, but variations in dispersal distance can also be large
within the same season, region and species. As an example, for paddle
leaf propagules of Cape York, the minimum dispersal distance over not
windy seasons was 0.02 km while the maximum recorded for the same
season reached 350 km (cfr. Supp. materials Tab. S2).

The six NRM regions used to segment the analysis in similar
biogeographic regions show different seagrass dispersal dynamics in
terms of amplitude and seasonality (Fig. 5). In the Wet Tropics, Burde-
kin, Mackay & Whitsunday, and Fitzroy, all seagrass species groups have
a higher median travelled distance during the windy season than during
the not windy season (cfr. Supp. materials Tab. S2), which aligns with
the intensity of the Trade Winds. In Cape York and Burnett-Mary, the
trend is less clear, with some species having a higher dispersal distance
during the not windy season (i.e. all ribbon leaf species in Cape York and
fern leaf species in Burnett-Mary). Each NRM region has its own seasonal
pattern, with sometimes large differences in amplitude. As an example,
paddle leaf species exhibit a large increase in dispersal distance during
the windy season compared to the not windy season in Cape York (30.46
km in average distance, 17.6 km in median distance). However, in the
Wet Tropics, these same species have a reduced seasonality (increase
during windy season of 7.02 km in average; increase of 5.11 km for
median).

Different seagrass species exhibit different dispersal patterns (Fig. 5).
Spaghetti (S. isoetifolium — high windage) and fern (H. spinulosa — long
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Fig. 5. boxplots of the dispersal distances (kilometres) in each NRM region and for all species groups. These distances were computed for the 6-year period,
differentiating two seasons according to wind pattern: not windy season (October-March, in blue) and windy season (April-September, in orange).

buoyancy duration) leaf species are more likely to travel long distances,
with maximum recorded distances of 631 km and 684 km respectively.
Despite this common characteristic these two species are only weakly to
moderately correlated in their dispersal patterns (0.22 in Cape York;
0.88 in Mackay and Whitsunday; and 0.45 in Fitzroy — Supp. materials
Fig. S16). The most correlated species in their dispersal patterns were
ribbon thin and ribbon thick long leaf species with correlations ranging
from 0.93 in Cape York to 0.98 in Wet Tropics, Mackay & Whitsunday
and Fitzroy. This makes sense as these two groups represent the same
species (except C. rotundata), meaning same release locations, with

different morphologies (and therefore windage). Paddle leaf species
have the shortest buoyancy duration of the model (28 days) and is the
species group that disperses the less, except for Cape York region, where
this species is more abundant (73 meadows over the 304). These species
are correlated with ribbon thick long leaf species in few regions (0.94 in
Wet Tropics; 0.87 in Fitzroy and 0.89 in Burnett-Mary). This is inter-
esting considering their very different leaf sizes, which suggests the
correlation may be driven by their co-occurrence within dominant
meadows in the spatial layer.
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3.4. Factors influencing dispersal (LMM)

Outputs of the LMMs to assess the influence of different variables on
dispersal distance are provided in the supplementary materials —
(Fig. S17). All variables tested in the model were significant (p < 0.05).
Among the variables tested, the relative exposure index exhibited the
strongest effect on long-distance dispersal. In the context of the LMM,
this means that for each unit increase in REI, the predicted dispersal
distance increases by an amount corresponding to the coefficient —
ranging from 0.45 for paddle leaf species to 25.88 for the spaghetti leaf
species (Syringodium isoetifolium). This exposure index plays an impor-
tant role for this last group, which can partly explain the two peaks in
dispersal in Fig. 4. As this species is the least common and has the largest
windage value, a highest exposure correlated with stronger winds can
lead to very long dispersal (up to 631.11 km). Seasonal variations, and
windage come with the second highest coefficients. Windage is more
important for paddle and ribbon thin leaf species, while the other species
groups express stronger seasonal variations. Latitudinal gradient is an
important variable, but its effect is moderate on distance travelled.
Except for paddle leaf species, all propagules tend to have a higher
dispersal distance the more southern their source location. The last
variable in the model was the SOL. While the SOI was statistically sig-
nificant (p< 0.05), its coefficient was relatively small, indicating a
limited influence on dispersal distance. This suggests that although
ENSO-related variability had a detectable effect within the model, its
overall impact was not evident over the six-year period. One possible
explanation is that the considered was too short to fully capture the
influence of larger-scale climate oscillations such as El Nino, despite the
presence of a strong event in 2015. This coefficient is slightly positive for
fern leaf, ribbon thin, ribbon thick long and ribbon thick short species
(0.005, 0.001, 0.001, 0.002 respectively), while negative for all other
species (—0.001 and —0.002 for paddle and spaghetti leaf species — see
supplementary materials).

4. Discussion

We combined high-resolution biophysical modelling with species-
specific biological data to evaluate the long-distance dispersal poten-
tial of coastal seagrass meadows in the GBR. Using the SLIM model, we
simulated ocean circulation across a 7-year period to capture the hy-
drodynamic processes shaping seagrass dispersal across coastal ecosys-
tems. A species-specific particle tracking model was then implemented
to predict the dispersal of fragments, incorporating life-history traits of
11 GBR seagrass species grouped into six morphological classes. Our
findings provide new insights into: (1) the influence of windage vari-
ability on long-distance dispersal; (2) the spatial and temporal dispersal
dynamics of seagrass fragments, shaped by species’ life-history traits;
and (3) the relative contribution of biophysical drivers to dispersal
distance. By integrating biological traits with physical transport pro-
cesses, this study advances understanding of the mechanisms that un-
derpin seagrass recovery and resilience in the GBR (Unsworth et al.,
2015), while also identifying key knowledge gaps in seagrass movement
ecology. The species-specific particle tracking approach applied here
represents a critical step towards capturing both biological and bio-
physical complexities of seagrass dispersal and highlights the need for
greater species-level resolution in biophysical dispersal models.

We found that seasonal variation strongly influences long distance
dispersal of seagrass fragments in the GBR, with high dispersal distances
occurring during the windy season. This contrasts with the main sexual
reproductive period of seagrasses, which occurs primarily at the end of
the dry season/beginning of the wet season, when dispersal distance is
decreasing (September to November, (Collier et al., 2021)). Since sexual
reproduction relies largely on the dispersal of seeds and/or fruits
(Ackerman, 2006), these results suggest that sexually produced propa-
gules are more likely to disperse over shorter distances during the
reproductive period, compared to vegetative fragments (see Fig. 5). In
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contrast, long distance dispersal events are more likely to occur during
the windy season via vegetative fragments, although some exceptions
were found (i.e. in Cape York and Burnett-Mary - Fig. 5). Overall, this
indicates that sexual reproduction mostly occurring during the not
windy season likely plays a greater role in maintaining local resilience
through short-distance dispersal and recruitment into neighbouring
meadows, while vegetative fragment dispersal during the windy season
contributes more to broader spatial dispersal and connectivity.

The GBR’s coastal topography plays a crucial role in shaping seagrass
dispersal patterns, leading to significant regional variability. We
assessed this role using both the relative exposure index and initial
latitude in the LMM, while also segmenting the domain according to
NRM regions. The results revealed that seagrass meadows with higher
relative exposure index — located along less sheltered coastlines — tended
to generate fragments that dispersed over longer distances. This pattern
is even more pronounced in the southern GBR, where NRM regions such
as Mackay & Whitsunday and Fitzroy show higher exposure levels, likely
due to limited coastal shielding and broader continental shelf width. In
contrast, northern regions like Cape York exhibit lower exposure, with
more sheltered coastlines, leading to smaller dispersal. These findings
support the idea that regional hydrodynamic and biogeographic con-
ditions, as captured by both the exposure index and NRM segmentation,
are key drivers of seagrass dispersal in the GBR (Grech, 2009).

We found that both species leaf morphology (i.e. windage), and
buoyancy duration influence seagrass long distance dispersal potential.
The combination of high windage and long buoyancy duration (i.e. fern
leaf species — H. spinulosa) or long surface buoyancy duration (i.e. spa-
ghetti leaf species — S. isoetifolium) leads to a higher long distance
dispersal potential. In contrast, small buoyancy duration and small
windage is linked to a smaller dispersal potential (cfr. Paddle leaf sea-
grasses). However, this is not always the case as we also found a high
correlation in dispersal distance between paddle leaf and ribbon thick
long leaf seagrasses, which vary in leaf morphology and buoyancy
duration, suggesting an additional complexity. Meadow distribution
might explain this correlation, as these species (i.e. H. ovalis, Z. muelleri,
H. uninervis) are found in similar habitats, such as estuaries, which
isolate them from wind and waves exposure in the GBR (Carter, Collier,
et al., 2021). These genera (i.e. Halophila, Zostera and Halodule) are
recognized as colonizing species, indicating similarities in their dispersal
strategies (Kilminster et al., 2015). As colonizing species, they can
quickly exploit and colonize new areas, stabilize sediments and improve
water quality providing the conditions for more persistent species to
colonize as part of ecological succession. In our study, these species,
particularly H. spinulosa (fern leaves), exhibited among the greatest
dispersal potentials. This demonstrates their capacity to colonize new
areas over broad spatial scales and highlights their importance for sea-
grass conservation strategies.

Windage has a clear effect on seagrass long distance dispersal, as
highlighted by both the statistical analysis and the sensitivity analysis.
By incorporating data from flume tank studies (Lai et al., 2020; Tol et al.,
2024) and expert knowledge, we used refined and smaller windage
values, compared to previous modelling research (see Table 1). As a
result, we obtained different predicted dispersal distances. Our
maximum predicted dispersal distance was 684 km (fern leaf species)
while Grech et al. (2016), with a constant windage of 2 %, had a
maximum distance of 950 km. Dispersal distance does not only reflect
windage, but our maximum dispersal distance was using a larger
maximum buoyancy duration (fern leaf species, 70 days) than the one
used in Grech et al. (2016) (i.e. 56 days). This means that for a longer
dispersal time, we have a lower dispersal distance, suggesting the
importance of the windage and propagules buoyancy duration. In
addition, our sensitivity analysis revealed that windage can indeed in-
crease the dispersal distance but windage is also region and season
dependant (see Fig. 5). An increase by 1 % in windage is large and can
lead to an increase of 40 km in dispersal distance. Our results demon-
strate that the value of windage is crucial when defining biological
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parameters in biophysical models of dispersal.

From a management perspective, our study highlights the variability
in seagrass long distance dispersal in the GBR. Conservation planning
that relies on natural recovery mechanisms (i.e. fragment dispersal),
should consider species-specific traits of the targeted species, including
their buoyancy duration and windage, to inform management strategies.
Regional variation is also critical, as different locations will be exposed
to distinct biological and physical conditions, including varying wind
and waves exposure. Integrating this level of specificity into decision-
making processes can improve the effectiveness of coastal manage-
ment strategies, particularly for guiding the scaling of restoration ac-
tivities, the design of protected areas and the management of coastal
developments such as ports and urban settlements.

As with any modelling study, it is important to understand the as-
sumptions underlying the model. For the hydrodynamic simulations, we
used the 2D version of the SLIM model, assuming that the coastal region
of the GBR is vertically well-mixed (Grech et al., 2016; Luick et al.,
2007). This hypothesis is supported by the shallow nature of the studied
area, with a mean depth of 35 m on the shelf (Wolanski et al., 2024)
(Fig. 1A), and by extensive field and modelling evidence showing pre-
dominantly barotropic flow with limited, localized vertical variability
(Saint-Amand, 2022; Thomas et al., 2015). Therefore, a 2D model can
capture the essential horizontal transport dynamics while enabling
higher spatial resolution than a 3D model. Wetting and drying processes
were not considered in the current model. This choice was motivated by
the large spatial extent of the domain and the need to ensure numerical
stability. Although some shallow coastal features such as seagrass
meadows may experience partial exposure during low tides, our model
focused on long distance dispersal occurring over large spatial (> 100
km) and temporal (several weeks) scales. Over those scales, the impor-
tance of the wetting-drying dynamics is secondary. However, their in-
clusion could be an additional complexity for future modelling studies,
particularly if the focus is on local dispersal patterns and settlement
processes where seagrass propagules could settle on dry areas.

The seagrass distribution layer used in the dispersal model is fixed
throughout the simulated period and is based on the maximum recorded
distributions of historical data. However, it does not represent the real
seagrass distribution that was observed during the study period. As this
was the only data available, we used this dataset but more nuanced
temporally resolved seagrass data would provide more accurate
dispersal estimates. Additionally, we only considered release locations
where the species were classified as “dominant” in the different
meadows. The reason behind this choice is that, given the variability of
seagrass cover in the GBR, focusing on core habitats with optimal
growth conditions increases the likelihood that these areas act as major
sources of propagules. However, reality is that some species could have
generated fragments across a much more expanded spatial area as they
are present as smaller proportion in other meadows (as example
S. isoetifolium who is a common species in the GBR (Carter, Collier, et al.,
2021)). This study should be used as a reference to compare our
dispersal estimates, likely to be underestimated, with future estimates of
the full potential of seagrass dispersal in the GBR.

Our biological parameters assumed that leaf morphology was the
primary driver for windage, and our species classification was based on
that. Given the lack of species-specific empirical windage coefficients for
all species, using leaf morphology as a proxy allowed us to apply a
consistent and ecologically meaningful classification framework.
Regarding the assumptions made for the different life stages of the
fragments, they were established with the literature available and then
visually refined, through guesstimate plots, by seagrass experts
including co-authors of this paper. These life-stages should be refined
when more empirical data will be available. Seagrass fragments are very
variable, even within a same species they are likely to be considerably
different in their traits (size, number of shoots per fragments, rhizome
length - (Lin et al., 2024)). This model standardizes seagrass fragments,
further development could aim to do single-species dispersal models
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with specific-species data (that are not available now for all species).

Future dispersal modelling research should aim to consider a longer
time period, particularly to assess the influence of large-scale climate
variability, such as ENSO. Despite a strong El Nino year in 2015, our
research suggests that ENSO effects were not evident over the six-year
period selected. Longer simulations (10 years), including both strong
El Nino and La Nina phases, could provide new insights into how
extreme climatic events impact seagrass dispersal and persistence. In
addition to ENSO, cyclones, that are predicted to be less numerous but of
higher intensity in the GBR (Lavender and Walsh, 2011), would be
another factor to consider in future research. Indeed, tropical cyclones
are associated with strong winds and waves, but also freshwater and
sediment that will alter seagrass dispersal (Connolly et al., 2018; Correia
and Smee, 2022). In addition to these climatic drivers and changes,
assessing dispersal with a temporally resolved distribution layer that
match the studied period would further improve the accuracy of pre-
dictions, enhance ecosystem-based management approaches, and sup-
port the long-term conservation of seagrass meadows in the GBR and
beyond. Here we provided a first attempt of a large-scale dispersal
biophysical model for seagrass long distance dispersal. This integrates a
complex biological behaviour, considering 11 seagrass species, over a
6-year period.

5. Conclusion

This study presents a framework to incorporate the diversity of
seagrass species-specific traits and variability of bioregional conditions
in dispersal biophysical models. Through the use of refined parameters,
often missing in observational studies, along with high-resolution
modelling and segmentation based on coastal topography, we high-
lighted key drivers of marine coastal dispersal. For tropical seagrasses,
this approach revealed substantial variability in dispersal patterns,
significantly influencing model outcomes. As climate change alters
ocean circulation and the environmental drivers shaping marine
dispersal, advancing dispersal biophysical models is crucial to reflect
these changes and support effective management strategies. Although
developed in the context of the Great Barrier Reef, this approach can be
adapted to other coastal ecosystems facing similar challenges.
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