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A B S T R A C T

Mangrove dispersal, characterised by propagule movement across complex coastal habitats, is essential for 
maintaining genetic diversity and ecological resilience. A comprehensive understanding of these processes re
quires information on the influence of mangrove propagule traits on dispersal potential. However, relatively few 
studies have investigated the behaviour of propagules in the water column, particularly their responses to 
different salinities and the duration of their buoyancy. The goal of this study is to enhance the understanding of 
mangrove dispersal potential by using an experimental approach to assess buoyancy and morphological attri
butes of 13 mangrove species in the central Great Barrier Reef (GBR) region of Queensland, Australia. Over 90 
days, we measured the buoyancy of mangrove propagules and recorded changes in root and stem growth under 
different salinity conditions, tracking the progression of these traits over time. We found evidence for interspecies 
variation in buoyancy and diverse responses to salinity treatments, with propagule positioning in the water 
column changing over time. Most of the species showed potential for long-distance dispersal as they stayed afloat 
for part or most of the experiment. Additionally, we developed species-specific parameters and implemented 
them in biophysical models to assess mangroves dispersal trajectories. Our findings highlight the importance of 
integrating mangrove propagule traits in dispersal modelling given the variability in buoyancy behaviours 
observed among different species and their influence on dispersal and connectivity.

1. Introduction

Seed dispersal is a fundamental ecological process for the survival, 
reproduction and spatial distribution of plant communities (Howe and 
Miriti, 2004; Howe and Smallwood, 1982; Schupp et al., 2010). It sup
ports genetic diversity, colonization of new habitats and ecological 
resilience to environmental and anthropogenic change. For many 
coastal and marine plants, dispersal mechanisms are intricately linked to 
water movement. Mangroves, which play a vital role in coastal ecology, 
climate regulation and human livelihoods, rely on the oceanic dispersal 
of their propagules to maintain genetic diversity and ecological stability 
across different habitats (Balbar and Metaxas, 2019; Cowen et al., 2007; 
Steinberg et al., 2016; Van der Stocken, Wee, et al., 2019). This dispersal 
may be influenced by coastal ocean, tidal and wind and wave dynamics, 

all of which can interact differently with propagules depending on their 
position in the water column. Understanding these potential dispersal 
pathways requires information on mangrove propagule traits, such as 
post-detachment viability, positive buoyancy duration and position of 
the propagule within the water column. This knowledge is crucial for 
effective mangrove population management and conservation, offering 
insights into their resilience and adaptive strategies in the face of 
environmental change.

Mangroves inhabit the coastal intertidal zones of tropical and sub
tropical regions, which are characterised by dynamic environmental 
conditions driven by tidal cycles, extreme weather and varying salinity 
levels (Duke et al., 1998). The reproductive seasons generally occur 
during the warmer months when conditions are favourable for seed 
germination and establishment (Tomlinson, 2016). Mangroves produce 
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flowers that undergo pollination by insects, birds, mammals or wind. 
Depending on the mangrove type, the seed may either remain attached 
to the tree until it germinates into a propagule (viviparous and crypto 
viviparous) or germinate independently from the parental tree (non-
viviparous) (Tomlinson and Cox, 2000). Following detachment, the 
propagule may settle near the parental tree or travel on a passive 
journey covering small (e.g. within estuary or bays) or extensive dis
tances (e.g. transoceanic) before reaching a suitable location to settle 
(Robertson and Alongi, 1995; Sousa et al., 2007; Van der Stocken, 
Carroll, et al., 2019). Long-distance dispersal in mangroves is facilitated 
by positive buoyant propagules that remain afloat for extended periods 
(e.g. Xylocarpus granatum, Rhizophora stylosa and Ceriops tagal), drifting 
with ocean surface currents, winds and waves, until reaching an 
appropriate settling location or becoming non-viable (Van der Stocken, 
Carroll, et al., 2019).

Salinity and the exposure time to ocean water can influence buoy
ancy, dispersal and survival of mangrove propagules (Clarke et al., 2001; 
Rabinowitz, 1978; Tonné et al., 2017). For instance, higher salinity in
creases water density, which may enhance propagule buoyancy and 
potentially extend dispersal distances. However, mangrove propagules 
can also undergo physiological changes influenced by salinity, such as 
water uptake and tissue softening (Aziz and Khan, 2001; Smith and 
Snedaker, 1995), which can further affect their buoyancy and floating 
orientation. For example, lower salinities may increase water intake, 
making propagules heavier and reducing positive buoyancy. Since 
propagules are exposed to varying salinity levels during dispersal, spe
cies with broader salinity tolerance are more likely to establish in a 
wider range of habitats. Previous work by Clarke et al. (2001) demon
strated interspecific variation in buoyancy and in some species, in 
response to salinity concentration. However, these experiments were 
limited to 15 days, a duration likely too short to capture the full dispersal 
window. While some studies suggest that mangrove propagules can stay 
afloat, on average, for approximately 75 days (Van der Stocken, Carroll, 
et al., 2019), no study to date has examined the duration of a broad 
range of mangrove species can stay alive and positive buoyant over 
extended periods.

Information on the survival, buoyancy and aerodynamics of 
mangrove propagules are crucial for the development of biophysical 
models of mangrove dispersal. Biophysical models of mangroves inte
grate biological information with hydrodynamic models to predict 
dispersal pathways of propagules and habitat connectivity (Di Nitto 
et al., 2013; Gouvêa et al., 2023; Hamilton et al., 2017; Ngeve et al., 
2016; Proisy et al., 2016; Van der Stocken, Carroll, et al., 2019; Van der 
Stocken and Menemenlis, 2017; Zainol et al., 2022). While the utiliza
tion of biophysical models has significantly enhanced our understanding 
of mangrove dispersal, there is an urgent need to develop more robust 
biological parameters to better inform biophysical models. Information 
such as propagule morphology and buoyancy properties (Van der 
Stocken et al., 2015) is critical because these factors directly influence 
parameters like windage (the aerodynamic effect of wind on the exposed 
portion of the propagule, e.g. Breivik et al. 2011) and drift factor (the 
effect of wind-driven drift current on the submerged portion, e.g. Wu 
1983), alongside the assessment of salinity concentration across various 
species to understand their capacity for dispersal and to determine the 
duration each species remains afloat while still alive.

The goal of our study is to enhance the understanding of mangrove 
dispersal potential by measuring a series of propagule traits in 13 
mangrove species from the central Great Barrier Reef (GBR) region of 
Queensland, Australia. Specifically, we aimed to: (1) assess the impact of 
salinity and time on propagule positive buoyancy; (2) evaluate root and 
stem development as key components influencing viability and 
dispersal; and (3) compute species-specific factors (drift factor and 
windage) to inform mangrove dispersal modelling. Through an experi
mental approach, our study elucidated the complex interactions among 
time, salinity and morphological traits affecting mangrove propagule 
dispersal and identified which species possess the ability to float for an 

extended time and therefore have the potential for long-distance 
dispersal. These findings provide valuable insights into the factors 
driving mangrove dispersal dynamics in the GBR region and can inform 
studies in other regions, given the comprehensive assessment of 
mangrove propagule morphologies evaluated here.

2. Methods

2.1. Study area

The Great Barrier Reef (GBR) region of Queensland, Australia (Fig. 1) 
is a globally significant marine ecosystem, renowned for its rich biodi
versity and complex habitats. The tropical climate, characterized by 
distinct wet and dry seasons, drives fluctuations in salinity levels. During 
the wet season, heavy rainfall and freshwater inflows from rivers can 
reduce salinity levels to as low as 15 PSU (Van Woesik, 1992), partic
ularly near river mouths. In contrast, the dry season is associated with 
limited freshwater input and high evaporation rates, which can raise 
salinity levels to 37 PSU (Andutta et al., 2011). This range is relatively 
large when compared to typical open ocean salinity, which remains 
around 33–37 PSU (NASA, 2025).

The tidal ranges in this area are substantial, typically ranging from 
around 2–7 m, and play a critical role in the ecological dynamics and 
connectivity of reef habitats (Steinberg, 2007). The mangroves of the 
GBR extend along most of the 2300 km long coastline, hosting a rich 
variety of 41 species, covering an estimated area of approximately 
1240 km2 (Duke, 2006). This diversity represents 50 % of the world’s 
mangrove species and the GBR region is among the healthiest mangrove 
ecosystems (Goudkamp and Chin, 2006). Mangroves perform important 
ecological functions in the GBR, including protecting the coastline from 
erosion, sequestering carbon, providing habitat to invertebrates like 
crustaceans, molluscs and insects, as well as supporting various verte
brates including juvenile fish, mammals, reptiles and birds (Kathiresan 
and Bingham, 2001). Mangroves in the GBR are exposed to threatening 
anthropogenic processes, including land-based pressures associated 
with coastal development, hydrology alterations and poor water quality. 
Natural disturbances such as storms, cyclones, heat waves and pest in
vasions have further contributed to some changes in mangrove condi
tion (Duke et al., 2003; Houston, 1999; McKillup and McKillup, 1997). 
Over the past four decades, the distribution of mangroves in the GBR has 
undergone alterations, with expansions in certain areas and contractions 
in others (Chamberlain et al., 2020; Duke et al., 2003; Hamylton et al., 
2023) resulting in no net change in the distributional area of mangroves. 
Mangroves are protected under the Queensland Fisheries Act 1994, Fish 
Habitat Area and Marine Park regulations, which prohibit the removal 
or harm of mangrove without a permit.

2.2. Field collection

During our study conducted in the central GBR, we collected prop
agules from 13 different mangrove species (Table 1). Each species was 
represented with 15 samples, obtained from six locations: Cape Cleve
land (19◦S, 147◦E); Ross River, Rowes Bay and Bohle River in Towns
ville (19◦S, 146◦E); and Lucinda and Herbert River (18◦S, 146◦E; Fig. 1). 
The propagules were collected from different locations because the 
species are distributed across various coastal areas. This approach 
covered a variety of species, each characterized by distinct morphol
ogies, buoyancy traits and dispersal capacities (Table 1). Propagules 
were selected based on visible maturity (fully developed and firm), size 
range appropriate for the species and absence of physical damage or 
disease. To maintain the condition of the propagules, mature specimens 
were harvested directly from the trees to prevent prolonged contact with 
saltwater, thereby minimizing the risk of altering osmotic processes 
before the experiments. It is noteworthy that Heritiera littoralis, the only 
exception to this practice, was sourced from the soil surrounding the 
parental tree, as no specimens where found attached to the trees.
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Due to the inherent difficulty in ascertaining the duration these 
propagules spent on the soil and in contact with saltwater before 
collection, we excluded this species from the statistical analyses to 

prevent potential bias. To ensure uniformity in our measurement pro
cedures, all propagules underwent assessment (measuring length, width, 
weight, etc.) on the day immediately following their collection.

Fig. 1. a) Mangroves’ geographic distribution in the study area. Areas coloured green are mangrove habitats and light blue lines are rivers. The red circles and their 
corresponding names in blue are the locations where propagules were collected. b) Map of Australia, with Queensland (QLD) coloured brown and the Great Barrier 
Reef World Heritage Area (GBRWHA) shown in red. The study area is indicated by a black square.

Table 1 
General information about the mangrove species collected and the area from which they were collected. Vivipary refers to the method of seed germination specific to 
mangroves where the seed begins to develop while still attached to the parental tree; germination describes whether the seed germinates above (epigeal) or below 
(hypogeal) the ground; and the dates are formatted as DD/MM/YYYY.

Species Family Vivipary Propagule type Germination Area collected Intertidal position Date of collection

Nypa fruticans Arecaceae Crypto viviparous Seed Epigeal Herbert River Low 12/01/2023
Bruguiera gymnorhiza Rhizophoraceae Viviparous Seedling Epigeal Lucinda High 26/01/2023, 8/03/ 

2023
Xylocarpus granatum Meliaceae Non-viviparous Seed Hypogeal Lucinda High 26/01/2023
Ceriops australis Rhizophoraceae Viviparous Seedling Epigeal Lucinda Mid 26/01/2023
Ceriops tagal Rhizophoraceae Viviparous Seedling Epigeal Lucinda Mid 26/01/2023
Lumnitzera racemosa Combretaceae Non-viviparous One-seeded fruit Epigeal Bohle River ​ 8/02/2023
Rhizophora stylosa Rhizophoraceae Viviparous Seedling Epigeal Ross River and Lucinda Low and mid 30/01/2023, 8/03/ 

2023
Heritiera littoralis Malvaceae Non-viviparous One-seeded fruit Hypogeal Lucinda High 8/02/2023
Bruguiera exaristata Rhizophoraceae Viviparous Seedling Epigeal Cape Cleveland High 8/02/2023
Avicennia marina Acanthaceae Crypto viviparous Seed Epigeal Rowes Bay Low 10/02/2023
Sonneratia alba Lythraceae Non-viviparous One-seeded fruit Epigeal Rowes Bay Low 8/02/2023, 10/02/ 

2023
Excoecaria agallocha Euphorbiaceae Non-viviparous One-seeded fruit Epigeal Cape Cleveland High 30/01/2023
Aegialitis annulata Plumbaginaceae Crypto viviparous One-seeded fruit Epigeal Rowes Bay Mid 29/03/2023
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2.3. Laboratory-based assessment of propagule dynamics

The experiment involved placing propagules in water tanks with 
varying salinity levels of 35, 22.5 and 10 practical salinity units (PSU) 
for a total of 90 days. These salinity levels likely represent conditions 
that propagules might encounter as they move through different envi
ronments, from estuarine areas to open ocean waters with varying 
freshwater input. Each tank contained five propagules of a single spe
cies, constituting three distinct treatment groups for each species. The 
tanks were situated in the Marine and Aquaculture Research Facility 
(MARFU) laboratory at James Cook University, Townsville, where a 
constant temperature of 25◦C was maintained using an air conditioner. 
To ensure uniform conditions, the water in the tanks underwent stirring 
every three days, with salinity measurements taken at five-day intervals. 
Additional freshwater was introduced as needed to compensate for 
changes in salinity concentrations resulting from evaporation. Propa
gules were measured daily for the initial five days and subsequently at 
five-day intervals until day 90. The comprehensive set of measurements 
included weight, length, width, buoyancy (considering both overall 
buoyancy and the specific length of the portion of the propagule outside 
the water), orientation, as well as root and stem initiation, length and 
quantity. This detailed monitoring approach aimed to capture the 
changing physical characteristics of the propagules throughout the 90- 
day experimental period.

2.4. Data analysis

Bayesian hierarchical models were used to examine two aspects of 
mangrove propagule buoyancy in response to salinity over time: (1) 
propensity of propagules to float and (2) percentage of propagule above 
the water surface. To determine the percentage above water, the portion 
of each propagule protruding above and below the waterline was 
measured using a ruler. This measurement was taken in a two- 
dimensional manner, reflecting the linear distance above and below 
water. Each model was fitted separately for each of the 13 mangrove 
species and included population effects of salinity (levels: 35, 22.5 and 
10 PSU), time (1–90 days) and their interactions. Models also included 
the varying effect of propagule ID to account for the dependency 
structure introduced by repeated measurements of the same sampling 
units. In the buoyancy propensity, time was scaled (mean: 0, standard 
deviation (sd): 1) to assist model convergence.

All models employed weakly informative priors across all parameters 
(Table A.1). More specifically, normal priors were used for the intercept 
and all population effects, while half student t-distributions (3 degrees of 
freedom (df)) were applied to the varying (sd) parameters. Where 
required, priors on shape parameters were based on gamma 
distributions.

All models were fit using the R “brms” package (Bürkner, 2017) 
within the R Statistical and Graphical Environment (R Code Team, 
2019) and included a total of 5000 iterations after a warmup of 1000, 
thinning to a rate of five across three chains. Markov chain Monte Carlo 
(MCMC) chain mixing and convergence were confirmed from a series of 
diagnostics (trace plots, autocorrelation plots, r-hat and effective sample 
size statistics). Model validations, including goodness of fit, hetero
scedasticity and overdispersion, were performed using posterior pre
dictive checks and simulated residuals (DHARMa) (Hartig, 2020). If 
there were multiple potential valid candidate models per species, 
leave-one-out information criterion (loo) (Yao et al., 2017) was used to 
select the best model.

The buoyancy propensity models (binary data) were fitted against a 
binomial (logit link) family (Eq. 1). Days 2, 3 and 4 were excluded prior 
to modelling as they did not provide additional information, and their 
exclusion helped to regularize the temporal covariate. 

yij ∼ Bin(πij, 1)

log(
πij

1 − πij
) = β0 +

∑n

s=1
βsSi x βtscale(Ti) + γjZi

γj ∼ N
(
0, σj

)

βj ∼ N(n, v)

β[1,n],t ∼ N(0, v)

σj ∼ t(3,0, v)

(1) 

Flotation γij of the jth propagule at the ith time point was assumed to 
be drawn from a binomial distribution parameterised by the probability 
of floating (πij). The (natural log of the odds of) probabilities were 
described by a linear model that included the varying effects of ID (γj) as 
well as an intercept (β0) and the population effects (β[1,n],t) of salinity (Si) 
crossed with scaled time (scale(Ti)). Constants n and v above were 
calculated from the observed data.

The models for the percentage of propagule above water were fitted 
using a beta (logit link) family (Eq. 2). Instead of scaling the time co
variate, it was transformed to a logarithmic scale and then rescaled to 
the range [0− 1] to ensure that the model intercepts represented the 
expected percentage above water at the start of the experiment. This 
transformation was performed to maintain interpretability of the in
tercepts despite variations in the duration each propagule remained 
buoyant throughout the time series. The percentage of propagule above 
water was modelled for several species (N. fruticans, B. gymnorhiza, X. 
granatum and S. alba). Other species exhibited minimal variation across 
salinity and time, hindering model stability. Therefore, these species 
were excluded from these models. 

yij ∼ beta(μij,∅)

log(
μij

1 − μij
) = β0 +

∑n

s=1
βsSi x βtscale(Ti) + γjZi

∅ ∼ T(0.01, 0.01)

γj ∼ N
(
0, σj

)

β0 ∼ N(n, v)

β[1,n],t ∼ N(0, v)

σj ∼ t(3,0, v)

(2) 

For the bouyancy models, days at which the propagules are most 
likely to sink were calculated as -β0/βt (conditional on salinity level) 
from the full posteriors before being summarised to median and lower/ 
upper highest probability density intervals (rounded to integer days).

Percentage above water (y) of the jth propagule at the ith time was 
assumed to be drawn from a beta distribution parameterised respec
tively by the probability of floating (πij) and a dispersion (∅) parameter. 
The (natural log of the odds of) probabilities were described by a linear 
model that included the varying effects of ID (γj) as well as an intercept 
(β0) and the population effects (β[1,n],t) of salinity (S) crossed with 
rescaled logarithm transformed time (T). Constants n and v above were 
calculated from the observed data.

Once the models were run and validated, for each species, pairwise 
contrasts between each of the salinity levels were conducted across the 
posteriors marginalising over time. Evidence for differences was there
after based on Bayesian exceedance probabilities. Finally, for the 
buoyancy models (binomial), days at which propagules are most likely 
to sink were calculated using LD50, which represents the time when 
50 % of the seeds are expected to sink.

In addition to the statistical analyses, a quantitative metric was 
developed to account for root growth observed during the experiment. 
Specifically, a “root energy” index was calculated as the product of the 
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number of roots and the length of the longest root, as defined in Eq. 3. 
This metric allowed for a simple comparative assessment of root 
development across species and salinity treatment. Among the species 
studied, only B. gymnorhiza, X. granatum, C. australis, B. exaristata, A. 
marina and E. agallocha developed roots at some point during the 90-day 
experiment (Fig. 3). 

Root energy = Root number ∗ Longest root (3) 

2.5. Factors for species-specific mangrove modelling

A common approach to incorporate wind effects on propagules, such 
as seeds and fragments, in biophysical dispersal models is to add 3 % of 
the wind speed to the velocity of virtual particles (Tsanis, 1989). How
ever, this approach may not always represent what happens, as the 
buoyancy of the propagules also influences the wind’s effect. To address 
this, we developed a species-specific parametrization for Lagrangian 
particle tracking models to improve simulations of mangrove dispersal. 
Instead of using the standard 3 %, we calculated the drift factor ( u→drift) 
and windage ( u→windage). These parameters can be added to the current 
velocity ( u→current) to more accurately represent the wind’s impact on 
propagule dispersal. Drift factor and windage were determined based on 
propagule morphology, specifically assessing the proportion submerged 
and exposed. The drift factor, representing the effect of the wind-driven 
drift current on the submerged portion of the propagule, was calculated 
using Eq. 4 (Van der Mheen et al., 2020). Windage, which accounts for 
the effect of wind on the exposed portion of the propagule, was calcu
lated using Eq. 5. 

u→drift =

⎡

⎢
⎢
⎣α −

⎛

⎜
⎜
⎝

1

k
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρa+ Cd

ρw

√

⎞

⎟
⎟
⎠log

(
z
z0

)

⎤

⎥
⎥
⎦ ∗ u→10 (4) 

where α is 0.03, k is von Karman’s constant (0.41), ρa is the air 
density (1.2 kg/m3), ρw is the water density, which was approximated to 
1025 kg/m³ across all salinity treatments, given the relatively small 
variation in water density among them. Cd is the drag coefficient 
(0.00105 for wind speed under 7 m/s), z0 is the roughness length of the 
ocean side (assumed to be a small non-zero value, − 0.001 m) [37], z is 
the depth, representing the length of the propagule submerged in water 
and u→10 is the wind speed at 10 m. 

u→windage =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρa CDa Aa

ρw CDw Aw

√

∗ u→10 (5) 

where ρ represents the fluid density, CD is the drag coefficient of the 
object, A stands for the effective exposed area and the subscripts a and w 
denote the parameters on the air and water sides, respectively. ρa

ρw 
is 

equal to 1.17 ⋅ 10− 3, CDa
CDw 

assumed to be equal to 1 (Isobe et al., 2011) 
and the Aa

Aw 
is calculated for each species using the length of the 

propagule that is outside of the water, divided by the length that is inside 
the water. Although A represents the area, this ratio can be simplified by 
using lengths instead of areas because the proportional relationship 
holds true for both measurements since the propagules are approxi
mately symmetrically shaped for most mangrove species.

To guide our determination of which species require consideration of 
salinity and time variations when calculating these factors, we employed 
the outputs of our statistical analysis, which assessed whether the per
centage of propagules above the water surface was influenced by salinity 
and time. For species that developed roots and/or stem, we also 
considered the length of the longest root and the length of the stem. The 
only exception was A. marina, as their irregular shape and orientation 
made it difficult to identify what was above and what was below the 
waterline.

Once the parameters were calculated, we implemented them in test 

simulations for Bruguiera gymnorhiza and Rhizophora stylosa by adjusting 
propagule velocity as a function of hydrodynamic and wind velocities 
and applying graph theory to the resulting connectivity patterns with 
and without drift factor and windage. The detailed formulation and 
implementation of these parameters are provided in Appendix B.

3. Results

The morphological characteristics of mangrove propagules exhibited 
substantial variation across different species. Sizes and shapes ranged 
from small and rounded, like Excoecaria agallocha, to long and elon
gated, such as Rhizophora stylosa (Table 2). The orientation of the 
propagules in the water column also showed variability, influenced by 
the propagule shape and the time of measurement. For instance, elon
gated species like Bruguiera gymnorhiza predominantly maintained a 
vertical position, while other elongated species such as Ceriops tagal, R. 
stylosa and Aegialitis annulata were predominantly in a horizontal posi
tion (Fig. 2). However, certain species with elongated propagules, like 
Ceriops australis and Bruguiera exaristata, exhibited a similar amount of 
time spent in both vertical and horizontal positions. Across species, 
propagule length and width were positively associated with buoyancy 
duration, whereas heavier propagules tended to sink faster (Appendix 
C).

Root and stem development were observed in some propagules, 
including B. exaristata, Xylocarpus granatum and Avicennia marina. In 
contrast, other species, such as Nypa fruticans, C. tagal, Lumnitzera ra
cemose, R. stylosa, Heritiera littoralis and Sonneratia alba, did not exhibit 
any development of roots or stems during the 90-day experimental 
period. Root initiation ranged from 26 to 82 days, while stem initiation 
occurred between 63 and 70 days across various species.

3.1. Propagule buoyancy

The 13 species exhibited diverse responses in buoyancy to the 
salinity treatment and time after detachment (Fig. 2 and Fig. C1). For 
instance, A. marina submerged during the early stages of the experi
ments but subsequently resurfaced after a few days (Fig. 2j). Conversely, 
species like S. alba and A. annulata sank initially and did not undergo re- 
floating (Fig. 2k and m). Notably, propagules of R. stylosa sank only in 
the treatment with a salinity of 10 PSU, while those in the other treat
ments remained afloat (Fig. 2g). In the case of S. alba, one propagule in 
the 22.5 PSU salinity treatment exhibited a unique behaviour by open
ing on the second day releasing over 100 seeds. Initially buoyant, these 
seeds gradually started sinking on day five, with approximately half of 
them floating by day 90. Certain species either consistently exhibited 
minimal sinking throughout the study or sank most of their propagules 
in the initial days of experiments, making statistical measurement 
impractical due to limited observable changes. The buoyancy of 
N. fruticans, L. racemose and E. agallocha in relation to salinity and time 
was statistically tested. Importantly, once a propagule sank for the first 
time, it was considered to remain submerged, even if subsequent re- 
floating occurred. This methodology was chosen both for statistical 
purposes and to align with the ecological realism of mangrove dispersal 
dynamics, where propagules are likely to become attached to the sub
strate after an initial sinking event.

The results of the statistical analyses conducted across all species 
indicate that there was evidence of differences in propagule positive 
buoyancy across all salinity concentrations. In general, propagules 
became less positively buoyant at lower salinity, with an 86 % decrease 
at 22.5 PSU and by 90 % decrease at 10 PSU compared to 35 PSU 
(Table A.2). This trend was consistently observed in N. fruticans and 
E. agallocha. However, L. racemosa exhibited a decline in positive 
buoyancy only between 10 and 35 PSU. Notably, positive buoyancy 
changed over time across all propagules. In addition, expected sinking 
times varied among species and salinity treatments, with each species 
displaying distinct patterns in the number of days before becoming 
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negatively buoyant (Table A.3).

3.2. Percentage of propagule above the water surface

Overall, we found that, among the species tested, the proportion of 
the propagule remaining above the water surface declined more rapidly 
at lower salinities. Specifically, the decline was 51 % greater at 10 PSU 
than 35 PSU (Table A.4). This trend was consistent in B. gymnorhiza. 
However, S. alba showed a different pattern, with the decline being 85 % 
lower at 22.5 PSU compared to 35 PSU, indicating a slower loss of 
exposed surface area at intermediate salinity. Additionally, the propor
tion of the exposed area of the propagules varied over time for 
N. fruticans, B. gymnorhiza and X. granatum.

3.3. Root growth

’Root energy’, defined as the product of the number of roots and the 
length of the longest root, was calculated for B. gymnorhiza, X. granatum, 
C. australis, B. exaristata, A. marina and E. agallocha, the only species that 
developed roots at some point during the 90-day experiment (Fig. 3).

Overall, root energy varied across species and salinity levels, with 10 
PSU consistently having the highest root energy. In contrast, 22.5 PSU 
resulted in the lowest root energy across all species. Growth trends also 
differed among species. For instance, B. gymnorhiza and X. granatum 
exhibited a sharp increase in root energy after day 50, whereas 
B. exaristata displayed a more gradual and steady increase over time. 
Additionally, X. granatum and A. marina produced higher overall root 
energy compared to the other species that developed roots.

3.4. Factors for species-specific mangrove modelling

The calculated values for drift factor and windage, derived from 
assessments of propagule morphology, including the proportion sub
merged and exposed, are presented in Table 3. We obtained values for 

drift factor and windage for each species and incorporated different 
salinities and time when appropriate. It is important to note that for 
some species, windage might not be suitable to include in the model. 
Even if the proportion above the waterline is high, if the length is 
negligible, the effect of the drift current is likely more significant than 
windage, which acts directly on the area of the object that protrudes 
from the water surface.

Implementing drift factor and windage revealed species-specific 
differences in propagule dispersal and resulted in distinct patterns 
compared to models without these factors (Table 4). For R. stylosa, 
including the drift factor slightly increased short-term dispersal but 
reduced long-term distances (median distance: 5.9 m at day one and 
411.4 m at day 90) compared to the model without drift (4 m at day one 
and 730.3 m at day 90). It also promoted northward dispersal (61.8 % of 
particles vs. 24.6 % without drift) and overall connectivity, nearly 
doubling the number of edges, increasing network density and halving 
the number of clusters, although modularity was slightly lower. Network 
diameter and the number of connected components remained un
changed, indicating that overall network structure was maintained. For 
B. gymnorhiza, adding drift factor and windage produced similar early 
dispersal but shorter long-term distances (7.3 m with drift factor and 
windage vs 7.7 m without at day one and 425.2 m with vs. 865.8 m 
without at day 90) and shifted the main dispersal direction southward 
(49.2 % of particles vs. 44.5 % northward without these factors) and 
slightly reduced connectivity, with fewer edges, lower network density 
and less cohesive clusters, while network diameter and connected 
components remained unchanged. Models without windage formed 
more clusters with higher modularity, reflecting stronger internal 
community structure.

4. Discussion

The findings of this study reveal substantial variability among 
different species of mangrove propagules in terms of buoyancy, 

Table 2 
Mangrove propagules characteristics, including mean mass, length, width, shape, predominant orientation, percentage of propagules that developed root and stem 
during the 90-day experiment and the average day that this happened.

Species Mean 
weight 
(g)

Mean 
length 
(cm)

Mean 
width 
(cm)

Shape Predominant 
orientation

Seeds that 
developed roots 
(%)

Day of root 
initiation

Seeds that 
developed stem 
(%)

Day of stem 
initiation

Nypa fruticans 42.56 6.98 4.41 Oblong 
ellipsoid

Horizontal 0 n/a 0 n/a

Bruguiera 
gymnorhiza

27.23 20.2 1.53 Cigar shaped Vertical 93 58 93 66

Xylocarpus 
granatum

23.44 4.5 4.3 Angular and 
tetrahedral

Horizontal 93 30 27 63

Ceriops 
australis

2.01 13.65 0.59 Pencil like but 
tapered

Vertical 100 50 0 n/a

Ceriops tagal 6.3 19.69 0.92 Pencil like but 
tapered

Horizontal 0 n/a 0 n/a

Lumnitzera 
racemosa

0* 1.71 0.46 Oblong 
ellipsoid

Horizontal 0 n/a 0 n/a

Rhizophora 
stylosa

35.1 37.59 1.37 Elongated Horizontal 0 n/a 0 n/a

Heritiera 
littoralis

19.11 5.24 3.35 Slightly 
flattened 
ellipsoidal

Horizontal 0 n/a 0 n/a

Bruguiera 
exaristata

4.26 11.73 0.84 Cigar shaped Vertical 100 28 100 70

Avicennia 
marina

4.38 2.22 2.1 Rounded Horizontal 100 26 100 69

Sonneratia 
alba

20.74 2.76** 2.76** Sickle shaped Vertical 0 n/a 0 n/a

Excoecaria 
agallocha

0* 0.4** 0.4** Spherical n/a 80 27 0 n/a

Aegialitis 
annulata

0.38 6.55 0.3 Elongated Horizontal 67 82 0 n/a

* Imperceptible to the scale
** Diameter
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exposure above and below the waterline and root growth characteris
tics. Moreover, intraspecies differences were observed when propagules 
were subjected to varying salinity levels, with behaviours showing 
considerable variation over time. These results have significant impli
cations for predicting mangrove dispersal and connectivity, as the 
duration of buoyancy and responses to salinity conditions were found to 
differ across species, demonstrating a higher complexity in biological 
parameters than what has been incorporated in biophysical models of 
mangrove dispersal. Additionally, we found that propagule exposure 
above and below the water surface also varies among species and 
salinity levels. Therefore, these factors must also be considered in 
modelling, as they impact aspects such as windage and drift factor, 

thereby influencing dispersal dynamics.
The morphology and behaviour in the water column of the mangrove 

propagules varied notably among the 13 species assessed here. Some 
species, such as B. gymnorhiza, X. granatum, C. australis, C. tagal, R. sty
losa and B. exaristata, remained buoyant throughout the 90-day exper
iment, indicating their potential for prolonged dispersal via currents, 
tides and winds. Others, like N. fruticans, L. racemosa, H. littoralis and 
E. agallocha, were also buoyant but for shorter durations. While it is true 
that some literature reports extensive floating periods for species like 
H. littoralis (Clarke et al., 2001), it is worth noting that H. littoralis was 
the only species collected from the soil surrounding the parental tree, so 
the exact duration of its buoyancy prior to collection is uncertain. There 

Fig. 2. Mean percentage of mangrove propagules that are floating at different salinities: 10 (solid light green line), 22.5 (dashed brown line) and 35 (dashed green 
line). Each treatment contains five replicates.
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was also a group of species, including A. marina, S. alba and A. annulata, 
which showed little potential for dispersal as they sank within the first 
days of the experiment. These findings align with those of Clarke et al. 
(2001), who conducted a similar experiment although over a shorter 
timeframe, obtaining similar patterns. Moreover, differences in buoy
ancy duration among species were reflected in their morphological 
traits, with longer and wider propagules generally remaining afloat 
longer, suggesting that these traits may influence dispersal potential.

Intraspecies variations in buoyancy were also apparent with changes 
in salinity concentration. Specifically, for N. fruticans and E. agallocha, 
notable differences were observed across different salinity treatments, 
indicating that salinity should be considered a crucial parameter when 

modelling the dispersal of these species. Additionally, buoyancy of all 
propagules that were tested changed throughout the experiment, 
including N. fruticans, L. racemose and E. agallocha. While previous 
mangrove dispersal models have considered the impact of time (Van der 
Stocken and Menemenlis, 2017), it was determined that the maximum 
floating period of 75 days post-detachment does not hold true univer
sally across all species. This underscores the necessity of incorporating 
species-specific information when evaluating mangrove dispersal, given 
the observed variability among different species. It is worth noting that 
N. fruticans seeds in this study were relatively small compared to spec
imens from core populations, which have been reported to range be
tween 20–30 cm (Numbere and Camilo, 2016), whereas our specimens 

Fig. 3. Root energy representing the number of roots multiplied by the longest root for the six species that developed roots during the experiment. The lines represent 
the salinity concentration: 10 (solid light green line), 22.5 (dashed brown line) and 35 (dashed green line).

Table 3 
Species-specific drift factor and windage values, detailing the salinity conditions, measurement times for areas above and below the water surface and corresponding 
values for drift factor and windage.

Species Salinity Time Above surface Below surface Drift factor Windage

Nypa fruticans All 1 0.011 0.022 0.023547 0.024194
​ All 30 0.007 0.027 0.022995 0.016788
​ All 60 0.007 0.053 0.02118 0.012435
Bruguiera gymnorhiza 35 1 0.003 0.168 0.018075 0.004572
​ 35 30 0.012 0.182 0.01786 0.008601
​ 35 60 0.011 0.191 0.01773 0.008022
​ 22.5 1 0.004 0.013 0.024962 0.01898
​ 22.5 30 0.014 0.186 0.017801 0.009387
​ 22.5 60 0.021 0.19 0.017744 0.011375
​ 10 1 0.013 0.155 0.018292 0.009909
​ 10 30 0.016 0.164 0.018148 0.010535
​ 10 60 0.027 0.18 0.01789 0.013252
Xylocarpus granatum All 1 0.004 0.019 0.023941 0.015699
​ All 30 0.002 0.021 0.023672 0.010559
​ All 60 0.002 0.025 0.023203 0.009678
Ceriops australis All All 0.001 0.119 0.019015 0.003143
Ceriops tagal All All 0.001 0.009 0.025952 0.011405
Lumnitzera racemosa All All 0.001 0.004 0.028135 0.017108
Rhizophora stylosa All All 0.003 0.011 0.025412 0.017869
Heritiera littoralis All All 0.01 0.022 0.023547 0.023068
Bruguiera exaristata All All 0.002 0.089 0.019785 0.005129
Avicennia marina All All 0.001 0.021 0.023672 0.007467
Sonneratia alba 35 All 0.003 0.031 0.022624 0.010644
​ 10 All 0.003 0.037 0.022184 0.008955
​ 22.5 All 0.001 0.036 0.022221 0.005703
Excoecaria agallocha All All 0.002 0.002 0.03 0.034216
Aegialitis annulata All All 1.00E− 04 0.003 0.029 0.006354
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measured a mean of 6.98 cm. It has been observed that larger seeds can 
float for extended periods and disperse over hundreds of kilometres 
(Robertson and Alongi, 1995). This suggests that the findings for 
N. fruticans in this experiment may represent the lower end of the spe
cies’ dispersal capabilities.

In the case of R. stylosa, statistical analysis for buoyancy was not 
feasible due to insufficient variation for testing. However, notable dif
ferences were observed between the 10 PSU treatment and the other 
treatments. Propagules in the 10 PSU treatment sank while those 
exposed to higher salinity remained buoyant. These differences were 
likely attributable to the distinct collection sites. Propagules used in the 
35 PSU and 22.5 PSU treatments were sourced from Ross River 
(Townsville), whereas those in the 10 PSU treatment were sourced from 
Lucinda. This sampling strategy was adopted because it was challenging 
to gather all necessary propagules from a single location. Additionally, 
propagules from the 10 PSU treatment were significantly smaller than 
those from the other sites, suggesting potential differences in develop
mental stage or environmental adaptation. Consequently, we cannot 
definitively conclude that the treatment itself influences the buoyancy of 
R. stylosa. It is plausible that variability in species buoyancy could also 
be linked to the geographical origin of the propagule. Propagule traits 
such as buoyancy, size and establishment time can vary and are often 
shaped by the typical position of the adult trees within the intertidal 
zone, with landward species generally producing smaller propagules 
that require longer periods free from inundation to establish 
(Rabinowitz, 1978). This pattern is concordant with our sampling, as 
propagules from Ross River were sourced from the low intertidal zone 
whereas those from Lucinda were collected from the mid intertidal zone. 
Propagules from Lucinda may have had different structural or physio
logical traits influencing their buoyancy, such as smaller size, reduced 
internal air cavities or higher density, linked to their intertidal origin or 
local environmental conditions. However, further investigations are 
needed to clarify the extent and causes of intraspecific variability in 
propagule traits across different locations.

A. marina, a pioneer species and the most widespread mangrove 
species (Osborne and Berjak, 1997), exhibits rapid sinking and early root 
development, which promotes quick local establishment while limiting 
long-distance dispersal. Its rapid sinking behaviour suggests a different 
dispersal strategy compared to other species. Consequently, the poten
tial dispersal capabilities of A. marina may be overestimated in some 
biophysical models, which often emphasize buoyancy and long-distance 
dispersal. In previous studies, an early sink of A. marina seeds has also 
been observed (Clarke et al., 2001). Research on A. marina dispersal in 
southeastern Australia indicates that inter-population dispersal is 
infrequent due to the limited number of floating propagules, leading to 
restricted gene flow between populations (Clarke, 1993). However, it is 
important to note that while dispersal becomes less likely, it is still 
possible, as propagules that fail to settle may subsequently refloat, as it 
was seen in our experiments, and continue dispersing or they might be 
able to disperse under water. This aligns with observations of A. marina 
propagules found outside mangrove forests, which suggest that some 

propagules might not settle immediately and could disperse upon 
refloating (Minchinton, 2006).

As buoyancy alone does not solely determine propagule transport, 
we also examined propagule morphology, specifically assessing the 
proportion submerged and exposed. This information is essential for 
calculating windage (the effect of wind on the exposed portion of the 
propagule) and drift factor (the effect of wind-driven drift current on the 
submerged portion) (Van der Mheen et al., 2020). Our analysis revealed 
differences in salinity treatments for B. gymnorhiza and S. alba. There
fore, when applying windage and drift factor to these species in bio
physical models, it is crucial to consider the salinity of the areas where 
the propagules are travelling. Furthermore, N. fruticans, B. gymnorhiza 
and X. granatum changed over time. Thus, the time propagules remain 
afloat should be considered when modelling the dispersal of these spe
cies as it has been previously described (Tonné et al., 2017). Moreover, 
in the case of B. gymnorhiza, it is also important to account for root and 
stem development, which occur around days 45 and 66 of the experi
ments, respectively, as they introduce additional drag. Given that the 
B. gymnorhiza propagules were mostly in a vertical position, root and 
stem lengths were incorporated into the drift factor and windage cal
culations to better represent the influence of wind-driven currents on 
their dispersal.

Testing drift factor and windage in R. stylosa and B. gymnorhiza 
showed that these physical drivers can substantially alter connectivity 
estimates, particularly for R. stylosa. The addition of drift factor in 
R. stylosa reduced the final distance travelled to almost half, nearly 
doubled the number of total connections, leading to higher network 
density and fewer clusters. This demonstrates that excluding this factor, 
which is essential for properly modelling the dynamics of R. stylosa, 
might result in underestimating connectivity, potentially leading to 
inaccurate modelling of the species and, consequently, misguided 
management decisions. A similar pattern was observed for 
B. gymnorhiza, where the final dispersal distance was reduced to less 
than half when drift factor and windage were included. However, the 
overall connectivity patterns of B. gymnorhiza were less affected by the 
inclusion of windage and drift factor than those of R. stylosa. Never
theless, including these factors in the model, even for B. gymnorhiza, 
ensures a more robust and comprehensive understanding, minimizing 
the risk of potential oversights in the modelling process and produces 
ecologically realistic outcomes that can inform management. However, 
field validation, such as tracking analogous drifters or controlled prop
agule releases, remains necessary to confirm model accuracy.

Climate change is likely to affect the dispersal of mangrove propa
gules, primarily through alterations in salinity, currents and wind pat
terns (Alongi, 2015; Van der Stocken et al., 2022). Rising sea levels, 
changes in temperature, precipitation and evaporation rates are ex
pected to alter coastal salinity regimes, potentially impacting the 
buoyancy and viability of mangrove propagules. For species like 
N. fruticans, E. agallocha, L. racemosa, B. gymnorhiza and S. alba, changes 
in salinity might have a greater impact, as these species show that their 
propagule buoyancy is influenced by salinity. Evidence indicates that 
warmer and less saline ocean conditions, attributed to increased fresh
water input, could alter the dispersal paths of mangrove propagules and 
elevate sinking rates in less suitable offshore areas, potentially impact
ing the resilience of mangrove forests (Van der Stocken et al., 2022). For 
instance, N. fruticans propagules became less positively buoyant at lower 
salinity, suggesting that increased freshwater inputs under climate 
change could cause them to sink earlier, reducing their dispersal po
tential and limiting colonisation success in more distant habitats. In 
some areas the opposite might be true, higher salinity levels may 
enhance positive buoyancy, allowing propagules to travel greater dis
tances; however, excessively high salinities could exceed the tolerance 
thresholds of certain species by affecting seed viability, metabolism or 
osmotic balance, leading to reduced dispersal success (Alongi, 2022). 
For example, while relatively salt-tolerant species such as B. gymnorhiza 
and S. alba can persist under high salinities, they still exhibit 

Table 4 
Graph-level network measures of Rhizophora stylosa and Bruguiera gymnorhiza in 
the central Great Barrier Reef. For R. stylosa, only the drift factor was included, 
as the effect of windage was negligible.

Species Rhizophora stylosa Bruguiera gymnorhiza

Measure Drift 
factor

No wind 
added

Drift factor and 
windage

No wind 
added

Total edges 41018 28533 1348 1608
Network density 0.43 0.3 0.47 0.56
Network diameter 4 4 3 3
Connected 

components
3 3 3 3

Number of clusters 
(modularity)

11 
(0.44)

23 (0.65) 5 (0.33) 8 (0.61)
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physiological stress when thresholds are exceeded, which may impair 
establishment (Feng et al., 2020; Zhu et al., 2012). More sensitive spe
cies, including N. fruticans and E. agallocha, are even more vulnerable, 
showing delayed germination, growth reductions or outright establish
ment failure under elevated salinity (Chen and Ye, 2014; Zaman et al., 
2013). Understanding these thresholds is therefore critical for 
improving biophysical models of dispersal and for designing manage
ment strategies that anticipate how climate-driven changes in salinity 
regimes may constrain the resilience and future distribution of 
mangrove species.

In addition to changes in salinity, other variables such as changes in 
ocean currents, driven by shifting temperature gradients and altered 
wind patterns, can further transform dispersal dynamics. Enhanced or 
altered currents may facilitate longer dispersal distances, potentially 
aiding in the colonisation of new habitats or reduce dispersal distances 
and potentially hinder connectivity between mangrove populations, 
reducing genetic exchange and resilience (Alongi, 2015). Additionally, 
intensified wind patterns (Greene et al., 2010), including more frequent 
and severe storms (Brooks, 2013), could influence the propagules 
dispersal patterns. Increased wind strength might enhance or reduce 
dispersal distances for floating propagules but also poses the risk of 
depositing them in unsuitable environments, thereby reducing overall 
establishment success. Understanding these climate-induced changes is 
crucial for developing accurate predictive models and effective conser
vation strategies to maintain mangrove ecosystems in a rapidly changing 
world. Integrating species-specific responses to salinity, current alter
ations and wind patterns into these predictions will be essential for 
forecasting future dispersal patterns and ensuring the resilience of 
mangrove forests.

5. Conclusion

Our study highlights the variable influence of mangrove propagule 
traits on dispersal potential, shaped not only by buoyancy but also by 
morphological characteristics. Implementing drift factor and windage in 
biophysical models demonstrated the importance of incorporating these 
parameters to more realistically represent mangrove propagule 
dispersal. This approach enhances the accuracy of dispersal modelling, 
which is particularly critical in dynamic environments such as the Great 
Barrier Reef, but also relevant to more stable coastal systems. By refining 
and validating biophysical models, our findings provide valuable in
sights into mangrove population connectivity and strengthen the sci
entific basis for conservation and management.
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