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1

2

2 24 Abstract

5

6 25  Aim The movement of propagules among plant populations affects their ability to replenish and
7

8 26  recover after a disturbance. Quantitative data on recovery strategies, including the effectiveness
9

ig 27  of population connectivity, is often lacking at broad spatial and temporal scales. We use

12

13 28  numerical modelling to predict seagrass propagule dispersal and settlement to provide an

14

ig 29  approach for circumstances where direct, or even indirect, measures of population dynamics are
17 . .

18 30 difficult to establish.

19

20 31  Location Great Barrier Reef, Australia

21

gg 32 Methods We used the finite element Second-generation Louvain-la-Neuve Ice-ocean Model

24

25 33 (SLIM) to resolve the hydrodynamics of the central Great Barrier Reef and to simulate the

27 34  dispersal of seagrass. We predicted dispersal and settlement patterns by releasing 10.6 million
35  passive particles representing seagrass propagules at known sites of seagrass presence. We

32 36  considered two fractions when modelling seagrass dispersal: floating and suspended propagules.
34 37  Both fractions were modelled using 34 simulations run for a maximum of 8 weeks during the

37 38  peak seagrass reproductive period, capturing variability in winds, tides and currents.

39 39  Results The ‘virtual’ seagrass propagules moved on average between 30 and 60 km, but

j; 40  distances of over 900 km also occurred. Most particle movement was to the north-west. The
43 . . . ..

a4 41  season (month) of release and source locations of the particles correlated with their dispersal
45

46 42  distance, particularly for particles released offshore, with the complex coastal topography
48 43  impeding movements close to the coast. The replenishment and recovery potential of the

51 44  northern most meadows was influenced by southern meadows. Protected north facing bays were

53 45  less likely to receive particles.

60 2
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Main conclusions Our approach advances the conservation and management of marine
biodiversity by predicting a key component of ecosystem resilience at a spatial scale that informs
marine planning. We show a complex interaction among time, wind, water movement and
topography that can guide a management response to improving replenishment and recovery

after disturbance events.

Key words: Dispersal, Great Barrier Reef, hydrodynamics, seagrass, recovery, resilience
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1

2

2 53  (A) Introduction

5

6 54

7

8 55  Safeguarding biodiversity and the delivery of marine ecosystem services requires the

9

ig 56  maintenance of ecological processes that underpin their functioning and resilience (Roberts ef al.
12

13 57  2003; Magris et al. 2014). The multiple factors that contribute to resilience and their interactions
15 58 are complex (Kilminster et al. 2015; Unsworth ef al. 2015). An important component of marine
18 59  ecosystem resilience is the capacity to recover from loss or degradation. Recovery is supported
20 60 by the dispersal of larvae, adults or propagules via the convective forces of ocean waves and

22 61  currents (Berumen et al. 2012; Bode et al. 2012). The rate of exchange or connectivity among
25 62  populations effects the replenishment and recovery of populations after major disturbances (e.g.
27 63  storms) and population dynamics (Treml et al. 2008). However, our understanding of dispersal
64  and connectivity via ocean waves and currents is poor for many ecosystems, especially

32 65  seagrasses (McMahon et al. 2014).

34 66

37 67  Seagrasses comprise a group of angiosperms that have successfully dispersed and colonised

39 68  throughout the world’s coastal seabeds. Seagrass meadows can be found on all continents except

41 69  Antarctica, and from the high intertidal zone down to 61 m deep (Coles et al. 2009). The 15

a4 70  species that are found in the Great Barrier Reef World Heritage Area (GBR) in north eastern

46 71 Australia (Fig. 1) are a vital part of the reef ecosystem and provide food for numerous fish,
47

jg 72 crustacean, sea turtles and dugong (Unsworth ef al. 2014). Seagrasses are widespread in these
50

51 73 waters (Coles et al. 2009; Grech and Coles 2010), however recent tropical cyclones and floods
53 74 have had severe impacts on the viability of some meadows and resulted in losses occurring at

75  scales of hundreds of kilometres (Rasheed ef al. 2014; Coles et al. 2015; McKenna et al. 2015).

60 4
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The effect of climatic disturbances on seagrasses in the GBR is exacerbated by the impacts of
coastal development and poor water quality (Coles et al. 2015). Predicting the effect of
disturbances and potential recovery trajectories requires information on factors influencing
resilience of seagrass meadows, including replenishment and recolonization modes (Kendrick e?

al. 2012).

Propagule dispersal has been well studied in terrestrial plants, although the predictability of
successful dispersal mechanisms is less well understood, particularly over longer distances and
when animal mediated (Nathan ef al. 2008; Nathan and Muller-Landau 2000). Propagules can be
seeds, fruit or viable plant fragments. Dispersal mechanisms include movement with wind,
waterborne, through ingestion by or attachment onto birds and land animals, and through various
transport methods during the movement of soil. Seed pollination can be mediated by insects or
wind transport. Wholly marine seagrass species can grow and colonise vegetatively by rhizome
extension over short distances (100s of metres), but must use other mechanisms for dispersal
over broad spatial scales. Most seagrass fruits are short-lived, and have negatively buoyant seeds
with primary movement likely to be no more than several kilometres (Kendrick et al. 2012;
Berkovic et al. 2014). Seagrass seeds can also be transported in the gut and faeces of fish, water
fowl, sea turtles and dugongs (McMahon 2005; Sumoski and Orth 2012; Tulipani and Lipcius
2014); viable seeds have been found in the faeces of dugong (James Cook University,
unpublished data). However, for tropical and sub-tropical seagrass species, by far the most likely
mechanism for transport over broad spatial scales is by waterborne transport of viable propagules
(i.e. vegetative fragments, fruits and plant fragments with attached fruits and seeds) (Berkovi¢ et

al. 2014). Buoyancy and survival times (although not necessarily leading to successful

5
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1

2

2 99  establishment) for seagrass propagules may be as long as 85 days in temperate species (Thomson
5

6 100 et al 2014), but varies for subtropical species with 0.5 days for H. decipiens, 4.5 days for H.

7

8 101 ovalis and 21 days for Z. muelleri (Weatherall et al. 2016). The maximum dispersal distances

9

12 102 recorded in literature are generally less than 100 km, except during extreme weather events when
12

13 103  dispersal has been recorded over distances of up to 400 km (Lacap et al. 2002).

15 104

18 105  There is a considerable body of literature on survival of propagules in the water column, as well
20 106  as on their buoyancy and potential distance moved (Ruiz-Montoya et al. 2012; McMahon et al.
22 407 2014). However, there is little comprehensive analysis using hydrodynamics to predict seagrass
o5 108  dispersal over broad scales (Ruiz-Montoya et al. 2012 e.g. Erftemeijer ef al. 2008; Kéllstrom et
27 109 al. 2008; Ruiz-Montoya et al. 2015), and no studies relevant to tropical species. This leaves a
110  gap in our ability to provide management agencies with evidence-based science on the capacity
32 111  for the replenishment and recovery of tropical seagrass meadows from natural and anthropogenic
34 112 disturbances.

113

39 114  The focus of this study was to address this gap using as an example the spatial dispersal of

4l 115  seagrass propagules in the central GBR, an area encompassing the major regional city and port of
44 116 Townsville, as well as Hinchinbrook Island, Cleveland Bay, Bowling Green Bay and the

46 117  Whitsunday Islands (Fig. 1). It is one of a few regions in the world with a long history of

48 118 seagrass research and mapping (Coles et al. 2007; McKenzie ef al. 2010; Petus et al. 2014) as

51 119  seagrasses in the area are exposed to urban and port developments, poor water quality from

53 120 terrestrial runoff and tropical storms (Grech ef al. 2011; Rasheed et al. 2014; Coles et al. 2015).

60 6
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Effective management is therefore required to protect and enhance seagrass resilience and its

subsequent long-term survival.

We used a numerical modelling approach to resolve the hydrodynamics of the central GBR and
to simulate the dispersal of floating and suspended ‘virtual’ seagrass propagules. The
hydrodynamic model used was the finite element Second-generation Louvain-la-Neuve Ice-
ocean Model (SLIM), a model ideally suited to studying areas of complex topography and flow
patterns at very high spatial resolution (Lambrechts et al. 2008). We predicted the dispersal and
settlement patterns of seagrass by simulating the release of millions of passive “virtual’
propagules (seagrass propagules are represented as particles in the model) at known sites of
seagrass presence. The simulations were timed to capture variability in winds, currents, and tides
during the peak seagrass reproductive period. The simulation outputs were used to identify
factors which facilitate abiotic seagrass dispersal and settlement, and to assess, spatially, the
likelihood of replenishment and post-disturbance recovery of seagrass meadows in the central

GBR.

(A) Methods

(B) Study region

The central GBR coast between 17.5°S and 20.7°S (~730 km) is characterised by a series of
small estuaries and north-facing bays (Fig. 1A). The region includes the city and port of

Townsville, and a developing port at Abbot Point near the town of Bowen. The largest island in

7
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1

2

2 144  the GBR, Hinchinbrook, is in the north, and the complex of islands that make up the tourist

5

6 145  destination of the Whitsunday Islands is in the south. The climate is influenced by monsoonal
7

8 146  wind and rainfall patterns. Strong south-easterly winds dominate during the dry season (April—
9

ig 147  October). Weaker variable winds are more common during the wet (monsoon) season

12

13 148 (November—March).

14

15 149

16

17

18 150  Water circulation on the GBR continental shelf is driven by tides, wind and water exchanges

20 151  with the neighbouring Coral Sea (Wolanski et al. 2013). Tides in the GBR range from 2.5 -9 m
22 95 (Hopley et al. 2007) and tidal currents play an important role in cross-shelf mixing, though their
o5 153 amplitude can vary considerably with latitude (Andrews and Bode 1988). The westward-flowing
27 154  South Equatorial Current impinges on the GBR continental shelf from the Coral Sea, bifurcates
155  into northward and southward components, and drives the southward-flowing Coral Sea

32 156  Lagoonal Current through the central and southern parts of the GBR, and the East Australian

34 157  Current at the shelf break and seaward of it (Church and Boland 1983; Church 1987; Wolanski et
37 158  al. 2013). During periods of sustained south-easterly trade winds however, these act to drive a
39 159  northward longshore current through the central and southern regions of the GBR which opposes
4l 160 the Coral Sea Lagoonal Current, and can result in a reversal of the net direction of flow through
44 161 the shelf, towards the north (Andrews and Furnas 1986). At finer scales, flow patterns are

46 162 influenced by the high complexity of the reef topography (Wolanski and Spagnol 2001; Hamann
48 163 eral 2011; Thomas ef al. 2014).

51 164

53 165  (B) Seagrass distribution

166
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We investigated the dispersal of the most common seagrass genera in the central GBR:
Halophila, Halodule, Cymodocea and Zostera (Lee Long et al. 1993; Carruthers et al. 2002;
Coles et al. 2003). A spatial (geographic information system [GIS]) layer of intertidal and
shallow subtidal seagrass distribution was obtained from McKenzie et al. (2014a) (Fig. 1A and
2). The layer incorporates the composite outputs of seagrass surveys conducted between
November 1984 and June 2010 (McKenzie ef al. 2010). The total area of intertidal and shallow
subtidal seagrass in the study region was 848.3 km? and the number of meadows 121. The size
of individual meadows ranged from 0.4 — 155.0 km? (mean = 7.0 km?; see Table S1 in

Supporting Information).

Each intertidal and shallow subtidal meadow was allocated into one of two generalised species
classes to facilitate analysis of dispersal and settlement among meadows dominated by species of
similar life-history traits (Fig. 1A and 2) (see Kilminster et al. 2015 for full discussion): the
structurally robust opportunistic and persistent tropical seagrass species (genera Halodule,
Cymodocea and Zostera) (n = 83), hereafter referred to as foundation species; and the
structurally small ephemeral and transient species of the genus Halophila (n = 41), hereafter
referred to as non-foundation species. We also allocated meadows into 28 discrete habitat units
(Fig. 2) based on their species class and similarities in biogeographic properties (i.e. located in

the same bay, estuary or island system) to facilitate statistical analysis (Table S1).

A spatial layer of deep-water (> 15 metres depth) seagrass (genus Halophila; non-foundation
species) was obtained from Coles et al. (2009). We assumed that Halophila was present at

locations where the layer predicted a > 25 % likelihood of seagrass presence. The total area of

9
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1

2

2 190 deep-water seagrass with a > 25 % likelihood of seagrass presence in the study area was 5,792.5
5

6 191  km®. We divided the deep-water layer into three meadows and discrete habitat units (Fig. 2) of
7

8 192  approximately equal latitudinal distance to facilitate statistical analysis (Table S1).

9

10

11 193

12

13 194  (B) Oceanographic model

14

15 195

16

17

18 196  The dispersal of ‘virtual® seagrass propagules (i.e. fruit, seeds or fruit attached to plant material
20 197  or viable fragments) was modelled using the finite element, unstructured-grid ocean model SLIM
22 198 (Legrand et al. 2006; Lambrechts et al. 2008) in Gmsh (Geuzaine and Remacle, 2009). SLIM is
o5 199  well suited to modelling complex oceanography because of its variable resolution; the model has
27 200 a fine scale spatial resolution near the coast, reefs and islands (minimum 200 m), and coarser

201  resolution in homogenous areas (maximum 5 km). SLIM has previously been calibrated and used
32 202  to simulate the hydrodynamics and sediment transport in the GBR (Lambrechts et al. 2008;

34 203  Andutta et al. 2012), as well as dispersal of coral larvae (Thomas ef al. 2014 and 2015) and turtle

g? 204  hatchlings (Hamann et al. 2011).
38

39 205

40

41 206  Data on daily wind speed and direction (9 am and 3 pm) and tides for the time period August 1*
44 207 2012 — January 3 1% 2013 were obtained from the Australian Bureau of Meteorology, NOAA

46 208 NCDC Climate Forecast System Reanalysis (Saha ef al. 2014) and the TOPEX satellite altimetry
48 209 (Egbert and Erofeeva 2002). Depth-integrated shallow-water equations were used to compute the
51 210  water elevation 1 and the current 2D velocity vector u:

53 211

56 212 (1) Z247-(Hu) =0

Diversity and Distributions
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) %4_ (u-Vu=—fe,xu—gvn — CD|u|u+pLH+%V' [Hv(Vu)]

where H is the water column depth, fis the Coriolis factor, e; is a unit vector pointing vertically
upwards, g is the gravitational acceleration, Cp is the bottom stress coefficient, T is the surface
wind stress, p is the water density and v is the horizontal eddy viscosity. The model parameters

and external forcing were taken from Thomas et al. (2014).

The dispersal of passive ‘virtual’ propagules (i.e. particles were unable to direct their own
motion) was simulated using a Lagrangian Particle Tracker, similar to Spagnol et al. (2002). This

model uses a random walk formulation of the 2D advection-diffusion equation:

() Xpe1 = Xy + VAL + %\/ZKAt

@ v =(u+Couy +5VH +VK) |y,

where x, and x,,+; are the particle positions at iterations n and n+1, At is the time interval
between iterations, R, is a horizontal vector of zero-mean random numbers of variance 7, u the
depth-averaged horizontal water velocity computed from Eq. (2), u,, is the wind velocity at a
height of 10 m over the sea surface, C,, is the wind drag coefficient and K is the horizontal

diffusivity coefficient.

(B) Simulation parameters

11

Diversity and Distributions



Page 13 of 55 Diversity and Distributions

1

2

2 235  The time period of simulations covered the southern hemisphere spring reproductive period

5

6 236 (Table 1), which follows the peak of the flowering period and time of highest seagrass

7

8 237  abundance (beginning of August through to the end of November; Waycott et al. 2004; Kuo et
9

12 238  al 1991 and 1993; Kuo and Kirkman 1992). The start dates of individual simulations were

12

13 239  chosen to capture variability in tides (spring, neap, and first and last quarter tides) across the

15 240  reproductive period (Table 1).

18 241

20 242  The total number of particles (representing ‘virtual’ seagrass propagules) released per simulation
22 243 was optimised for the model domain (n = ~154,000). An equal number of particles were released
o5 244  per release location. Release locations were spread evenly across intertidal and shallow subtidal
27 245 meadow at intervals of ~2 km (n = 266; Fig. 1B). Meadows of size < 4 km” had one release

246  location placed at its geometric centre. Release locations were spread evenly across each deep-
32 247  water meadow at intervals of ~10 km (n = 53). The number of particles released per unit area

34 248  was smaller in deep-water meadows than in intertidal and shallow subtidal meadows because

37 249  deep-water seagrasses generally have lower biomass and abundance relative to coastal seagrass
39 250 (Coles et al. 2007; Coles et al. 2009; Rasheed et al. 2014). Particles were released at an equal

41 251 rate over the first 24 hours of the simulations to capture daily variation in tidal conditions.

4 252

46 253  We assumed that the size and shape of seagrass propagules (fruit, seeds or fruit attached to plant
48 254 material or viable fragments) were the same. We attempted to capture variability in the buoyancy
51 255  of ‘virtual’ propagules by simulating the dispersal of propagules floating at the surface and

53 256  suspended below the surface, and by using a first-order decay function to simulate the gradual

257  settlement of propagules, as described below.
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We considered two different fractions when modelling seagrass dispersal using our ‘virtual’
propagules: (1) floating propagules; and (2) suspended propagules. In Eq. (4), the term
depending on the wind velocity represents the wind contribution to the particle advecting
velocity. The value of the wind drag coefficient C,, is usually determined empirically as it
depends on the particle mass, shape, buoyancy and the wind angle of attack. We used a
sensitivity analysis to determine the wind drag coefficient by running 8 simulations with C,, =
0.5,1,1.5,2,2.5, 3, 3.5 and 4 % and measured the distance between release and settling location.
Increasing the wind drag coefficient resulted in particles moving further from their release
location in a linear function. We used the outputs of the sensitivity analysis to determine a
conservative wind drag coefficient of 2 % (i.e. a velocity equal to 2 % of the wind speed was
added to the velocity of the particles) when ‘virtual’ propagules were assumed to float at the
surface. Erftemeijer et al. (2008) and Harwell and Orth (2002) use a wind drag coefficient of 3 %
to predict the dispersal of the structurally more robust northern hemisphere Zostera marina
(eelgrass) fragments with reproductive shoots that contain seeds. However, the fragments and
seeds of eelgrass are much larger then tropical seagrass propagules. A wind drag coefficient of 0

% was used when particles were suspended below the surface.

Two sets of simulations were conducted at each start date with either 2% and 0% wind drag
coefficients to assess differences in the dispersal of floating and suspended particles, and the role
of wind in particle transport (n = 68). The ratio of floating and suspended propagule fractions in
the central GBR at any given time is unknown. We assumed that the outputs of the two sets of

simulations represent equally plausible realities based on our present knowledge.

13
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Each of the 68 simulations were run for a maximum likely survival time of propagules in the
tropics (8 weeks/56 days; Lacap et al. 2002; Harwell and Orth 2002; Hall ez al. 2006; Kallstrom
et al., 2008, Kendrick et al. 2012; Thompson et al. 2014). A first-order decay function was used
to simulate the gradual settlement of particles after their release following a previously published

approach (Erftemeijer et al. 2008; Fig. S1):

5) C@H=Cy-e™

where the decay rate k = 0.075 day” (Erftemeijer et al. 2008) and C(#) is the particle

concentration at time 7.

(B) Statistical analysis and replenishment index

Dispersal distance was calculated as the Euclidean distance between the release location and the
settling location in ArcGIS® 10.3. The dispersal distance was aggregated at each release location
for the 34 simulations of floating propagules and the 34 simulations of suspended propagules,
and the 95™ percentile calculated. We used a linear mixed-effect model (package ‘nlme’) in R (R
Core Team 2013) and release location as a random factor to test for significant effects of
predictor variables on the dispersal distance of particles at each release location: month of release
(August, September, October or November); tide on start date of simulation (neap, spring or first
and last quarter tide); depth (intertidal/subtidal or deep); species (foundation or non-foundation

species); and Euclidean distance (metres) between mainland coast and release location. The

14
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continuous variables of dispersal distance and distance to coast were log transformed to achieve
normal distribution and heterogeneity of variances. Model selection was conducted using the
function ‘dredge' in R package ‘MuMIn'. The model with lowest AICc value was considered as
‘best fit’. Competing models were ignored because deltaAIC values were > 3 and virtually all

weight was given to the first model.

The study region was converted to a raster grid of 1 km? resolution. We calculated the number of
settled particles and the number of discrete habitat units that were sources of the settled particles
at each 1 km? grid cell. We assumed that the capacity of a meadow to recover from a disturbance
depends on both the number of particles that settle on that meadow and on the number of
different sources from which these particles originate. We used discrete habitat units rather than
meadows as an indicator of the number of source locations due to the large variability in size and
number of individual meadows in the region (Table S1). A potential replenishment index was
mapped for both foundation and non-foundation species classes by multiplying the logarithm of
the number of settled particles by the number of source discrete habitat units at each grid cell.

We used the logarithm of the number of particles for visualisation purposes.

(A) Results

Our simulations predicted a mean dispersal distance of floating ‘virtual’ seagrass propagules
(particles) of 60.0 km, and suspended particles of 33.8 km. The maximum dispersal distance of
particles was 950 km (simulation of floating particles, release 1 August, discrete habitat unit 31)

and a minimum distance of 0 km (simulations of suspended particles, 29 August, 7 October, 17

15
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1

2

2 327  October, 25 November, discrete habitat units 22 and 19). Animations of seagrass dispersal
5

6 328  simulations at multiple locations and release dates are provided in Appendix S1.

7

8 329

9

ig 330 Boxplots (Fig. 3) summarise the range of possible dispersal distances of particles for each
12

13 331 discrete habitat unit (Fig. 2) generated by the 34 simulations of floating particles and 34
15332  simulations of suspended particles. Simulations of floating particles were affected by wind and
18 333 had higher dispersal distances (i.e. particles moved further) than simulations that were not

20 334  affected by wind (i.e. suspended particles). The deep-water non-foundation meadows (discrete
22 335  habitat units 29, 30 and 3 1) had the highest range and median dispersal distances for both

o5 336  floating and suspended particles. Particles released from deep-water meadows and coastal

27 337  regions of high exposure to wind activity (e.g. discrete habitat units 7, 8, 28, 4, 2; Fig. 2)

338 travelled further than meadows in protected bays because they were exposed to strong offshore
32 339 currents or were not trapped by tidal movements in complex coastal topographic features (Fig.

34 340 3).

341

39 342  We used the orientation of settlement locations relative to release locations to develop wind roses
41 343 of the proportion of floating and suspended particles dispersed at various directions and distances
a2 344 (Fig. 4). Most (77%) floating particles were dispersed towards the north-west quadrant because
46 345  the seagrass reproductive period is dominated by south-easterly trade winds. Most suspended

48 346 particles were also dispersed towards the north-west quadrant due to wind-induced water

51 347  currents, however 32% of particles were dispersed towards the south-east quadrant due to strong
53 348  water current movement in that direction in September.

349
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Particles released from the southern limit of our modelling domain (i.e. discrete habitat unit 9;
Fig. 2) did not move towards the north-west and were either trapped in Repulse Bay, or were
moved south-eastwards by water currents. Particles released from the adjacent Whitsunday
Islands moved towards the north-west and settled in deep offshore waters and some coastal
locations. Due to the shape and direction of the coast south of Repulse Bay (Fig. 10), it is likely

that the southern limit of seagrass connectivity in the central GBR is the Whitsunday Islands.

The linear mixed-effect models of floating and suspended particles at the 95™ percentile (Table
S2) showed significant seasonal effects (month), and species (foundation and non-foundation)
and location (distance to coast) effects. The south-east trade winds, a feature of the region during
the mid-year winter, decrease towards the beginning of the monsoon in summer, influencing
propagule movement through direct wind effects and indirectly through movement of water.
Particles from meadow locations away from the coast in deeper water travelled further than those
from coastal locations (Fig. 3) as they entered ocean currents and winds unimpeded by the
configuration of coastal topography. Deeper meadows are also populated by non-foundation

species and not the foundation species, leading to significant interaction terms.

The potential replenishment indexes of both foundation and non-foundation species indicate a
site’s relative potential for re-establishment and recovery of seagrass via natural biotic processes
(Fig. 5). High levels of replenishment potential were observed along most of the coast. Coastal
areas of low replenishment potential included the southern edge of protected bays (e.g. Cleveland
Bay, Bowling Green Bay, Upstart Bay), and Edgecombe Bay, Repulse Bay and the Whitsunday

Islands. The shape of Edgecombe Bay shelters most of the bay from south-easterly winds,

17
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1

2

2 373  preventing seagrass propagules from neighbouring southern meadows from entering the site. The
5

6 374  Whitsunday Islands are exposed to strong south-easterly winds and seagrass propagules are

7

8 375  quickly transported away from their release locations. The region between Townsville and

9

12 376  Hinchinbrook Island also had a low level of replenishment potential for foundation species, but a
12

13 377  higher level of replenishment potential for non-foundation species because of settlement of
15378  propagules from deep-water seagrass meadows.

15 379

20 380 (A) Discussion

22 381

o5 382  We used hydrodynamic modelling and parameters informed by literature to investigate the

27 383  potential dispersal and settlement patterns of simulated particles representing seagrass

384  propagules in the central GBR. This approach enabled the assessment of factors that influence an
32 385 important component of resilience: the potential for re-establishment of seagrass meadows after
34 386 loss or damage (Unsworth ef al. 2015). From a global perspective, the knowledge gaps identified
37 387  inthis process are first in the assumptions that viable propagules do actually settle and establish
39 388 asplants in a new location, and that the physical characteristics of propagule fragments of

41 389  different species interact with wind and water movements in the same way; and second in our

44 390  poor overall understanding of the movement behaviour of propagules (including loss rates and
46 391 buoyancy times) in the real world of open ocean transport. The size and density of seeds, fruits
48 392 and vegetative fragments can vary over orders of magnitude (mms to 10 cms; Oldham et al.

51 393  2014) and more information is needed to appropriately incorporate this variation in

53 394  hydrodynamic models. Our results based on the example of the central GBR represent a

395 theoretical approach to modelling seagrass dispersal based on the best available knowledge to
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provide an insight into how these complex systems work at a scale that is useful for management.
Our results also enable testing of hypotheses to evaluate the specifics of dispersal ranges by

testing this model in situ.

The results of the simulations indicated that most seagrass propagules on average do not travel
far from their source location, especially when suspended in the water column. The average
distance travelled by particles within the 8 week time period was between 30 and 60 km (Fig. 3).
Particles from deep-water meadows travelled further than those closer to the coast (Fig. 3). 77 %
of particles had a northerly component to movement if floating and slightly less when suspended
(Fig. 4). Time of release influenced the distance travelled with longer distances observed earlier
in the reproductive period due to the greater strength of south-easterly trade winds in August and

September compared with later in the year.

Coastal topography influenced the trajectory of particles in the model. Model release locations in
offshore meadows allowed particles to move unimpeded and travel further than coastal
meadows. Topography also influenced the number of discrete habitat units that could contribute
to a recipient meadow (a likely key component of a meadows recovery capacity) with greater
potential for replenishment in northern locations and shadows of low replenishment, particularly

in the lower portion of north-facing bays (Fig. 5).

The maximum dispersal distance of ‘virtual” propagules was 950 km, approximately half the
length of the GBR coast line. While this travelled distance may represent a rare event, propagule

dispersal over long distances may be critical for adaptability at these scales. Propagules that
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travel only short distances or remain within the boundary of an existing meadow will have a
better chance of remaining in locations likely to be conducive to seagrass growth. However, in
the tropics and subtropics, dispersal strategies of marine angiosperms must also operate at scales
that explain existing distributions (thousands of kilometres) (Coles et al. 2009; McKenzie et al.
2010, Waycott et al. 2014). Many tropical meadows have persistent viable seed banks but
effective methods must be available for longer distance dispersal and replenishment (even if
these mechanisms are rare), simply because of the high number of propagules released from
meadows over many years. Our modelling demonstrates that most dispersal is limited to short
distances, especially when propagules are suspended in the water column, and replenishment is
certain to occur within the 30-60 km range. Longer distance dispersal is possible, but likely to be

uncommon and have a proportionally reduced role in meadow recovery after loss.

The destructive tropical storms and sediment loads from land runoff from 2007 to 2011
(McKenzie et al. 2012; Rasheed ef al. 2014; McKenna et al. 2015) were the catalyst to ask
questions regarding propagule dispersal, modes of re-establishment and seagrass recovery in the
central GBR. Previous losses of seagrass on the east coast of Queensland have generally
recovered naturally in a 3-5 year timeframe (Preen ef al. 1995; Campbell and McKenzie 2004),
but depending on the habitat and location, can take longer (York ef al. 2014; McKenzie et al.
2015), even more than a decade (Birch and Birch 1984). There is little guidance on potential
recovery trajectories at the scale of hundreds of kilometres. The results of our study show it
would be reasonable to generalise for management in the central GBR that provided there was a
healthy meadow nearby and to the south, then re-establishment and/or recovery of a damaged

meadow by natural propagule supply would be possible. However, not all meadows have a
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replenishment potential as great as others (Fig. 5) due to the influences of topography, location
and time of year, and individual meadows could be recruitment limited if and when local

supplies of propagules are exhausted through disturbance.

Coastal development and watershed impacts from farming and urban and industrial land use have
largely been confined to the southern half of the GBR (Grech et al. 2011). The results of our
study reduce the comfort provided to management by the assumption that the lack of
development in the northern GBR provides a buffer to losses in the south. Impacts on meadows
from runoff and coastal development in the southern half of the GBR may reduce propagule
supply northward, and therefore reduce the replenishment of northern meadows after loss or
damage from climatic disturbances. At the scale of the central GBR, southern meadows and
meadows in north-facing bays are less likely to be replenished after disturbance events. The
lesson from these results more globally is that losses of seagrass meadows may have unexpected
consequences for the resilience of meadows many kilometres away. Management actions that
protect factors influencing resilience other than dispersal (e.g. genetic diversity, species diversity,
energy reserves and seed banks) should target sites with low or potentially low replenishment
capacity to improve their post disturbance recovery trajectories. Management actions that protect
factors influencing resilience are likely also to lead to enhanced dispersal. Maintaining and
enhancing resilient seagrass systems require keeping food webs intact (i.e. balancing herbivore
grazing pressure), conserving functionally important species, and ensuring connectivity with

adjacent supporting ecosystems (e.g. mangroves; Unsworth ef al., 2015).
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1

2

2 464  We have used a “big picture” approach to model the likely interactions among seagrass

5

6 465  meadows. This approach has provided valuable insights into how seagrass ecosystems may

7

8 466  respond to impacts such as widespread loss after a major storm. These insights can be used to
9

12 467  evaluate and improve environmental decision making and marine planning. However, it is

12

13 468  important to consider an exercise such as this as a starting point from which to test biological
15 469  realities and for directing further research in the field to test the parameters that modelling has
18 470  identified as critical to our understanding.

20 471
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Table 1: Date and tide parameters of seagrass dispersal simulations. Two simulations were

started at each date to simulate particles that were floating and suspended in the water column.

Simulation Start date Tide
1 August 1 Spring
2 August 5 -
3 August 9 Neap
4 August 13 -
5 August 17 Spring
6 August 20 -
7 August 23 Neap
8 August 26 -
9 August 29 Spring
10 September 3 -
11 September 8 Neap
12 September 11 -
13 September 15 Spring
14 September 18 -
15 September 21 Neap
16 September 23 -
17 September 26 Spring
18 October 1 -
19 October 7 Neap
20 October 10 -
21 October 14 Spring
22 October 17 -
23 October 21 Neap
24 October 24 -
25 October 27 Spring
26 November 2 -
27 November 6 Neap
28 November 10 -
29 November 14 Spring
30 November 17 -
31 November 20 Neap
32 November 22 -
33 November 25 Spring
34 November 28 -
33
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1

2

2 703  Figure Legends

5

6 704

7

8 705  Figure 1: (A) Distribution of foundation and non-foundation seagrass meadows in the central
9

12 706  Great Barrier Reef; (B) particle release locations off north Hinchinbrook Island; and (C) the
12

13 707 location of the central Great Barrier Reef study site relative to Australia.

15 708

18 709  Figure 2: Discrete habitat units of foundation and non-foundation seagrass meadows in the

20 710 central Great Barrier Reef. 124 seagrass meadows were grouped into 31 discrete habitat units

22 711 based on similarities in their seagrass genera and biogeographic properties (i.e. located in the

o5 712 same bay, estuary or island system).

27 713

714  Figure 3: Boxplot of the minimum, first quartile, median, third quartile, and maximum

32 715  Euclidean (straight line) distance (kilometres) between the release location and the settling

34 716  location of particles across 34 simulations at each discrete habitat unit (Fig. 2). Data in the top
37 717 graph did not include a wind advection coefficient and simulated seagrass propagules suspended
39 718 in the water column; data in the bottom graph included a 2% wind advection coefficient to

41 719  simulate the dispersal of floating seagrass propagules.

4 720

46 721  Fig. 4: Wind roses of the proportion (%) of particles dispersed at various directions and distances
48 722 from their origin of simulations that were: (A) floating; and (B) suspended in the water column.
51 723

53 724  Fig. 5: Potential replenishment index for foundation and non-foundation species when particles

725  float (E and F respectively), are suspended (C and D) in the water column, and both floating and
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726

727

728

729

suspended (combined; A and B). Particle supply was mapped by multiplying the logarithm of the

number of settled “virtual’ propagules by the number of source discrete habitat units at each grid

cell.
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730  Figure 1: (A) Distribution of foundation and non-foundation seagrass meadows in the central

731 Great Barrier Reef; (B) particle release locations off north Hinchinbrook Island; and (C) the
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Figure 2: Discrete habitat units of foundation and non-foundation seagrass meadows in the
central Great Barrier Reef. 124 seagrass meadows were grouped into 31 discrete habitat units

based on similarities in their seagrass genera and biogeographic properties (i.e. located in the

same bay, estuary or island system).
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1

2

2 741 Figure 3: Boxplot of the minimum, first quartile, median, third quartile, and maximum

5

6 742  Euclidean (straight line) distance (kilometres) between the release location and the settling

7

g 743  location of particles across 34 simulations at each discrete habitat unit (Fig. 2). Data in the top
10

11 744 graph did not include a wind advection coefficient and simulated seagrass propagules suspended
13 745  in the water column; data in the bottom graph included a 2% wind advection coefficient to

15 746  simulate the dispersal of floating seagrass propagules.
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Fig. 4: Wind roses of the proportion (%) of particles dispersed at various directions and distances

from their origin of simulations that were: (A) floating; and (B) suspended in the water column.
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754  Fig. 5: Potential replenishment index for foundation and non-foundation species when particles
755  float (E and F respectively), are suspended (C and D) in the water column, and both floating and

756  suspended (combined; A and B). Particle supply was mapped by multiplying the logarithm of the

©CoO~NOUTA,WNPE

11 757  number of settled ‘virtual’ propagules by the number of source discrete habitat units at each grid
13 758 cell.
15 759

(A) Foundation species (combined) - (B) Non-foundation species (combined)
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Table S1: Attributes of 124 seagrass meadows.

Fig. S1: Graph of the first-order decay function.

Appendix S1: Animations of the dispersal of particles representing ‘virtual’ seagrass propagules.

Table S2: Results of the linear mixed-effect model.
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1

2

2 768  Table S1: Attributes of 124 seagrass meadows. Deep-water seagrass habitats are meadows 122,
2 769 123 and 124.

7

8 770

9

10 ; ; :

g Me;zgow Discrete Zc)lbltat unit Species class Numf)oecra(t){o l;qeslease drea ko’
13 1 9 Foundation 1 3.07
1451 2 9 Foundation 1 3.14
16 3 9 Foundation 1 0.50
17 4 10 Foundation 1 0.42
18 5 9 Foundation 1 0.75
:zlg 6 9 Foundation 3 8.35
21 7 11 Foundation 1 2.75
22 8 11 Foundation 1 0.71
gi 9 11 Foundation 1 0.74
o5 10 11 Foundation 1 1.76
26 11 10 Foundation 1 0.67
27 12 11 Foundation 1 2.05
o 13 10 Foundation 1 0.55
30 14 11 Foundation 1 0.64
31 15 10 Foundation 2 3.63
gg 16 11 Foundation 1 4.56
34 17 10 Foundation 1 0.80
35 18 11 Foundation 1 0.61
36 19 10 Foundation 1 2.45
o 20 10 Foundation 1 4.06
39 21 10 Foundation 1 0.51
40 22 7 Foundation 1 0.81
j; 23 10 Foundation 4 17.86
43 24 8 Non-foundation 1 0.64
44 25 7 Foundation 1 0.43
45 26 6 Foundation 1 3.54
pis 27 7 Foundation 1 1.05
48 28 5 Non-foundation 1 0.52
49 29 7 Foundation 1 0.49
22 30 7 Foundation 1 1.41
50 31 7 Foundation 1 0.55
53 32 5 Non-foundation 1 0.73
54 33 7 Foundation 1 0.55
o 34 7 Foundation 1 1.60
57 35 6 Foundation 1 2.36
58

o 42
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Non-foundation
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Foundation
Foundation
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Foundation
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0.89
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0.82
0.90
7.85
0.99
28.36
1.18
12.17
3.86
145.58
0.81
0.66
1.12
1.20
0.73
0.94
0.81
0.58
0.70
0.65

Page 44 of 55



Page 45 of 55 Diversity and Distributions

1

2

; 79 20 Foundation 1 1.01
5 80 19 Non-foundation 1 1.82
6 81 19 Non-foundation 1 3.74
; 82 20 Foundation 1 1.88
9 83 20 Foundation 1 0.45
10 84 19 Non-foundation 1 0.72
11 85 20 Foundation 1 1.44
2 86 20 Foundation 1 0.66
14 87 18 Foundation 1 2.77
15 88 18 Foundation 1 1.00
ig 89 18 Foundation 1 1.80
18 90 18 Foundation 1 2.24
19 91 21 Foundation 1 2.24
20 92 21 Foundation 1 0.81
- 93 21 Foundation 1 0.59
23 94 21 Foundation 1 0.50
24 95 22 Non-foundation 1 041
gg 96 22 Non-foundation 1 2.60
27 97 21 Foundation 1 1.01
28 98 22 Non-foundation 1 2.22
29 99 22 Non-foundation 1 0.61
32 100 22 Non-foundation 3 6.39
32 101 22 Non-foundation 1 0.75
33 102 24 Foundation 1 0.48
gg 103 22 Non-foundation 2 3.64
36 104 21 Foundation 1 1.66
37 105 25 Foundation 3 11.41
38 106 23 Non-foundation 12 68.35
s 107 27 Foundation 1 0.47
41 108 27 Foundation 1 0.62
42 109 27 Foundation 2 7.67
ji 110 27 Foundation 1 227
45 111 28 Non-foundation 1 0.51
46 112 28 Non-foundation 1 0.53
a7 113 28 Non-foundation 1 1.43
ph 114 16 Foundation 21 88.30
50 115 17 Non-foundation 6 23.68
51 116 13 Non-foundation 1 5.34
gg 117 3 Foundation 3 18.24
54 118 21 Foundation 1 1.52
55 119 24 Foundation 3 11.55
56 120 24 Foundation 1 4.44
o 121 26 Non-foundation 2 5.37
59
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772 Fig. S1: Graph of the first-order decay function used to simulate the gradual settlement of

773  particles over the eight week modelling period (Erftemeijer et al. 2008).
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Appendix S1: Animations showing the dispersal of particles for discrete habitat units 3, 16, 24

Diversity and Distributions

and 29 (Fig. 2) at four start dates. Only those particles still in movement are displayed (i.e.

settled particles are not displayed).

Discrete habitat

) Species class Fraction Start date File name
unit ID
3 Foundation Suspended 1 August 0801N3 sub
3 Foundation Floating 1 August 080IN3_sur
16 Foundation Suspended 1 August 0801N16_sub
16 Foundation Floating 1 August 080IN16 sur
24 Non-foundation Suspended 1 August 0801N24 sub
24 Non-foundation Floating 1 August 080IN24 sur
29 Non-foundation Suspended 1 August 0801N29 sub
29 Non-foundation Floating 1 August 080IN29 sur
3 Foundation Suspended 3 September 0903N3_sub
3 Foundation Floating 3 September 0903N3_sur
16 Foundation Suspended 3 September 0903N16_sub
16 Foundation Floating 3 September 0903N16_sur
24 Non-foundation Suspended 3 September 0903N24 sub
24 Non-foundation Floating 3 September 0903N24 sur
29 Non-foundation Suspended 3 September 0903N29 sub
29 Non-foundation Floating 3 September 0903N29 sur
3 Foundation Suspended 1 October 1001N3_sub
3 Foundation Floating 1 October 1001N3_sur
16 Foundation Suspended 1 October 100IN16_sub
16 Foundation Floating 1 October 100IN16_sur
24 Non-foundation Suspended 1 October 1001N24 sub
24 Non-foundation Floating 1 October 1001N24 sur
29 Non-foundation Suspended 1 October 1001N29 sub
29 Non-foundation Floating 1 October 1001N29 sur
3 Foundation Suspended 2 November 1102N3_sub
3 Foundation Floating 2 November 1102N3 sur
16 Foundation Suspended 2 November 1102N16 sub
16 Foundation Floating 2 November 1102N16_sur
24 Non-foundation Suspended 2 November 1102N24 sub
24 Non-foundation Floating 2 November 1102N24 sur
29 Non-foundation Suspended 2 November 1102N29 sub
29 Non-foundation Floating 2 November 1102N29 sur
47
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1

2

2 779  Table S2: Results of linear mixed-effect model to test for to significant effects of predictor variables on the dispersal distance

2 780  (distance) at each release location of (A) floating ‘virtual’ propagules and (B) suspended ‘virtual’ propagules: month of release

7

g 781  (month); tide on start date of simulation (tide); depth (depth); species (species); and distance to coast (coast). Dispersal distance was
12 782  aggregated at each release location for the 34 simulations of floating propagules and the 34 simulations of suspended propagules, and
ig 783 the 95" percentile calculated.

14

15 784

16

g 785  (A) Floating ‘virtual’ propagules

19 786

20 Summary statistics full model

g; Value Std.Error DF t-value p-value

23 (Intercept) 5.453471 0.19474034 10522 28.00381 <0.001

24 Fmonth November -1.476736  0.01355755 10522 -108.92351 <0.001

gg Fmonth October -1.43034  0.01393982 10522 -102.60823  <0.001

27 Fmonth September -1.372027 0.01393982 10522 -98.425 <0.001

28 Fspecies Non-foundation -0.023565 0.05629774 315 -0.41858 0.6758

ég Ftide Neap -0.001098  0.0122822 10522 -0.08936 0.9288

31 Ftide Spring -0.062758 0.01185855 10522 -5.29225 <0.001

32 Fdepth Intertidal/Subtidal -0.70966  0.08384329 315 -8.46412 <0.001

22 log(coast + 1) 0.089379  0.01838781 315 4.86075 <0.001

35 787

36 Model selection table

37 Global model call: Ime.formula(fixed = log(distance) ~ fmonth + fspecies + ftide + fdepth + log(coast + 1) data = floating random = ~1 |
gg frelease location)

40 (Int) fdp fmn fsp ftd log(coast+1) df logLik AlCc deltaAIC weight
j; 28 5.459 + + + 0.08669 10 -8641.124 17302.3 0 0.945
43

44 1

45
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325.453 + + + + 0.08938 11 -8642.995 17308 5.75 0.053
205.438 + + 0.08669 8 -8649.633 17315.3 13.01 0.001
12 6.389 + + + 9 -8650.222 17318.5 16.19 0
245432 + + + 0.08938 9 -8651.504 17321 18.76 0
788
Final Model
Value Std.Error DF t-value p-value
(Intercept) 5.458697 0.19408655 10522 28.12507 <0.001
Fmonth November -1.476736 0.01355755 10522 -108.92351 <0.001
Fmonth October -1.43034 0.01393982 10522 -102.60823 <0.001
Fmonth September -1.372027 0.01393982 10522 -98.425 <0.001
Ftide Neap -0.001098  0.0122822 10522 -0.08936 0.9288
Ftide Spring -0.062758 0.01185855 10522 -5.29225 <0.001
Fdepth Intertidal/Subtidal ~ -0.705696 0.08319806 316 -8.48213 <0.001
log(coast + 1) 0.086695 0.01721124 316 5.03711 <0.001
789
790  (B) Suspended ‘virtual’ propagules
791
Summary statistics full model
Value Std.Error DF t-value p-value
(Intercept) 4305612  0.21428961 10522 20.09249 <0.001
Fmonth November -0.058105  0.01109378 10522 -5.237635 <0.001
Fmonth October 0.170247  0.01140658 10522 14.925327 <0.001
Fmonth September 0.063067  0.01140658 10522 5.528976 <0.001
Fspecie Non-foundation -0.217867  0.06198484 315 -3.514842 <0.001
Ftide Neap -0.004428  0.0100502 10522 -0.440563 0.6595
Ftide Spring 0.00615 0.00970353 10522 0.633784 0.5262
Fdepth Intertidal/Subtidal ~ -1.045538  0.09231299 315 -11.326008 <0.001
log(coast + 1) 0.105338  0.02024531 315 5.203069 <0.001
792

Model selection table

2

Diversity and Distributions



Page 51 of 55 Diversity and Distributions

Global model call: Ime.formula(fixed = log(distance) ~ fmonth + fspecies + ftide + fdepth + log(coast + 1) data = suspended random
= ~1 | frelease location)

(Int) fdp fmn fsp ftd  log(coast+1) df logLik AlCc deltaAIC weight
4.307 + 0.1053 9 -6556.011 13130 0 0.961
4.355 0.08053 8 -6560.227 13136.5 6.43 0.039
10 5.219 -6565.687 13145.4 15.34 0
12 4.306 + 0.1053 11 -6563.028 13148.1 18.04 0

13 5.324 + 8 -6566.056 13148.1 18.09 0
14 793

16 Final Model

17 Value Std.Error DF t-value p-value
18 (Intercept) 4.306678 0.2142423 10524 20.101903 <0.001
20 Fmonth November -0.058788 0.01104067 10524  -5.324719 <0.001
21 Fmonth October 0.169611 0.01138047 10524 14.903732 <0.001
22 Fmonth September 0.062431 0.01138047 10524  5.485821 <0.001
24 Fspecie Non-foundation -0.217867 0.06198484 315 -3.514842 <0.001
25 Fdepth Intertidal/Subtidal ~ -1.045538 0.09231299 315 -11.326008 <0.001

26 log(coast + 1) 0.105338 0.02024531 315 5.203069 <0.001
794
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(A) Distribution of foundation and non-foundation seagrass meadows in the central Great Barrier Reef; (B)
particle release locations off north Hinchinbrook Island; and (C) the location of the central Great Barrier Reef
study site relative to Australia.
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Discrete habitat units of foundation and non-foundation seagrass meadows in the central Great Barrier Reef.
124 seagrass meadows were grouped into 31 discrete habitat units based on similarities in their seagrass
genera and biogeographic properties (i.e. located in the same bay, estuary or island system).

Fig. 2
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566 Suspended “virtual’ propagules
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Discrete habitat unit

Boxplot of the minimum, first quartile, median, third quartile, and maximum Euclidean (straight line)
distance (kilometres) between the release location and the settling location of particles across 34
simulations at each discrete habitat unit (Fig. 2). Data in the top graph did not include a wind advection
coefficient and simulated seagrass propagules suspended in the water column; data in the bottom graph
included a 2% wind advection coefficient to simulate the dispersal of floating seagrass propagules.
Fig. 3
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24 Wind roses of the proportion (%) of particles dispersed at various directions and distances from their origin
25 of simulations that were: (A) floating; and (B) suspended in the water column.
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(A) Foundation species (combined)

(C) Foundation species (suspended)

(E) Foundation species (floating)

Potential replenishment index for foundation and non-foundation species when particles float (E and F
respectively), are suspended (C and D) in the water column, and both floating and suspended (combined; A
and B). Particle supply was mapped by multiplying the logarithm of the number of settled ‘virtual’
propagules by the number of source discrete habitat units at each grid cell.
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(D) Non-foundation species (suspended)

Fig. 5

(B) Non-foundation species (combined)

(F) Non-foundation species (floating)
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