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The extent to which local coral populations are self-sustaining
through local recruitment has important implications
for managing coral reef systems. However, a lack of
understanding has led to overly simplistic representation of
this phenomenon in coral reef population models. In this
study, we simulate the dispersal of artificial larvae from
24 selected individual reefs across the Great Barrier Reef,
Australia, over a spawning period in December 2016, to
identify key physical factors influencing their retention. We
found the dispersal pattern of larvae differed depending on
whether they are well mixed throughout the water column
and transported by depth-averaged velocity or floating near
the surface, with well-mixed populations following more
circuitous routes and dispersing more slowly. Retention time
(Ry) varies widely between reefs, with most of the variation
observed in this study (* = 0.90) explained by reef area
(A) represented by the empirical power law relationship
Ry = 10.34 A%, or alternatively by a combination of reef
area and mean water depth (h) using the linear relationship
R; = 1.23(A) — 6.38(h). The formation of tidal eddies and
being situated among closely aggregated reefs are shown to
be important factors for larval retention. Simple retention
relationships like these have the potential to be incorporated
into larval connectivity modelling and reef meta-community
modelling where reef area and water depth are known.
Further research is needed to determine how different
oceanographic conditions and interannual variability will
affect these relationships.
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1. Introduction

Since the 1950s, global coverage of living coral has halved owing to the cumulative impacts of
global warming, overfishing, habitat loss, pollution and disease [1]. The decline has fuelled efforts
to protect remaining coral reefs and develop management strategies that enhance ecosystem resilience.
The resilience of coral populations and their ability to recover from bleaching and other disturban-
ces is highly dependent on patterns of larval connectivity (e.g. [2-6]). Understanding the extent to
which local coral populations are self-sustaining through local recruitment, as opposed to relying on
larvae from distant reefs, is crucial for managing coral reefs and aiding their adaptation to changing
conditions, such as increased heat tolerance. This knowledge is vital for the prioritization of reefs for
differing conservation strategies, such as designating marine reserve boundaries or selecting reefs for
enhanced protection or restoration [7-10]. For example, when local recruitment is high and inter-reef
connectivity is low, protective measures will be more effective locally with reduced separation needed
to connect protected areas. This may be increasingly important as warming oceans shorten larval
dispersal phases and increase the proportion of larvae retained on natal reefs [11].

Although coral larvae have the potential for long-distance dispersal, genetic studies and field
surveys indicate a substantial level of local coral recruitment [12-15]. Coral larvae have very limi-
ted motility [16] beyond adjusting their vertical position in the water column [17]. Therefore, local
retention is mainly determined by environmental conditions such as recirculating flows and flushing
rates ([15,18-22], and biological factors such as the age at which larvae become competent to locate and
settle on suitable substrate [23-26]. In this study, we focus on the role that physical retention plays in
determining local recruitment of a broadcast-spawning coral.

Given the small size (<800 um) and challenges associated with in situ tracking of coral larvae,
our understanding of their passive retention largely stems from models of oceanic dispersal (e.g.
[20,22,27]). Early work by Black et al. [22] modelled particle dispersal from artificial reefs of different
idealized shapes and sizes on the Great Barrier Reef (GBR) and derived a simple equation relating
flushing rate to reef size, water depth and depth-averaged flow on the reef. Their equation suggests
that particle concentrations on and around the reef decay exponentially over time, with retention times
tending to increase with reef size. Retention time was particularly sensitive to the dimension of the
reef perpendicular to the current, which has an important bearing on the formation of eddies in the lee
of the reef [28]. Subsequent studies in the southern and central GBR have shown that local retention
varies with tidal and mean currents, local bathymetry and reef density [20]. These results highlight that
the surrounding seascape can affect individual reef retention properties.

The circulation around reefs is affected by complex bathymetry and small-scale flow features such
as nonlinear waves and eddies. Resolving such spatial features in numerical circulation models has
been shown to increase predicted rates of local retention [27]. Consequently, coarser regional-scale
circulation models consistently underestimate retention rates. These errors can be carried forward into
reef meta-population models and potentially have a major impact on their ecological predictions (e.g.
[4,29,30]). To avoid this, some meta-community models assume a constant rate of local recruitment
[7,29,31,32]. For example, in their connectivity-forced coral ecosystem model, Bozec et al. [29] set a
minimum local recruitment rate of 28% for all GBR reefs based on a field experiment at Helix reef
[18], and mortality and competency curves derived from Connolly & Baird [33]. While the limitations
of using uniform retention rates across all reefs are broadly recognized, there has been insufficient
information to derive more realistic relationships.

Broadcast-spawning corals release propagules that typically begin as passive, positively buoyant
particles [34,35]. As larvae develop, they lose buoyancy [36] and gradually sink over time [37]. This
downward trajectory is potentially enhanced by active migration towards the seabed in response to
biophysical settlement cues [17,24] or opposed by photomovement towards the surface [38]. Regard-
less, enhanced and variable vertical turbulent mixing associated with advective flow over coral
reefs [39] may rapidly overcome any vertical structure in the distribution of larvae [40]. Changes
in vertical distribution can significantly affect larval dispersal patterns owing to vertical shear in
the hydrodynamic flow (e.g. [41]) and must be considered in estimating dispersal of larvae using
circulation models. Although three-dimensional particle-tracking simulations offer a potential solution
to this problem (e.g. [42,43], lack of in situ knowledge about changes in the vertical position of coral
larvae over time and the increased computer resources required for three-dimensional particle-tracking
remain problematic. To simplify the problem, depth-averaged flow conditions [20,22,27] or fixed-depth
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dispersal (e.g. [4,44,45]) have commonly been employed, although the broader consequences of doing [ 3 |
so have not been quantified.

The overall aim of the present study is to compare the passive retention of particles from a selection
of reefs of different sizes and locations across the GBR, to inform the parameterization of local coral
recruitment in regional-scale meta-population models of the GBR. This approach assumes that the
horizontal grid resolution of a hydrodynamic model used to identify GBR-scale inter-reef connectivity
for a meta-population study will be insufficient to also accurately predict local retention of passive
particles needed to estimate local recruitment. In this case, local recruitment must be parameterized
separately into the meta-population model. We present a potential improvement to the constant
rate parameterization used in previous studies of the GBR [29,32] that depends on reef area and
mean water depth. We approach this problem by conducting fine grid resolution particle-tracking
experiments for 24 selected GBR reefs of diverse size and morphology to identify key reef features
and physical mechanisms associated with high retention. We also compare results using surface
and depth-averaged velocities to highlight the importance of understanding variations in the vertical
distribution of larvae.
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2. Methods

A set of numerical model experiments were conducted to investigate the passive dispersal of neutrally
buoyant particles representing broadcast-spawning coral larvae, such as Acropora spp., that either
floated near the ocean surface or were mixed throughout the water column. The same experimental
set-up was applied to 24 reefs along the GBR (figure 1), varying in their size, shape, water depth
and latitude. The particle-tracking experiments were conducted with Ocean Parcers [46] using a
fourth-order Runge-Kutta integration scheme. Use of a fine spatial grid resolved more of the key flow
structures contributing to retention, thereby more accurately representing the advective transport that
tends to dominate dispersal on reef systems [22]. This removed the need for additional horizontal
mixing based on stochastic parameterizations such as adding a random walk to particle movements.

The advective field for each reef was determined from previously archived hourly output of either
surface or depth-averaged velocity estimated by a high-resolution three-dimensional hydrodynamic
model nested within a broader regional hydrodynamic model. The model and the nesting approach
are part of the eReefs project that simulates the environmental conditions of the GBR at multiple
scales [47,48]. The hydrodynamic models are configurations of the Sparse Hydrodynamic Modelling
Code that contains boundary conditions developed specifically for high-resolution nesting [49,50] and
are detailed in two previous publications that used outputs from the same archived reef simulations
for different purposes [51,52]. An approximately 1 km resolution grid was used as the standard
‘parent’ model for all reefs, with finer resolution models nested at each of the 24 reefs. Grid resolution
and associated parameters for each nested reef model are provided in the electronic supplementary
material, table S1. Note that the eReefs models are configured on a staggered Arakawa C grid, whereas
here we use output that has been re-gridded onto an Arakawa A grid to obtain both velocity compo-
nents at the centre of each grid.

Each reef was defined by one or more 20 m closed depth contours on the nested model grid and
confirmed by visual inspection. Reef area, A, was then calculated as the summed area of the grid
cells with a seabed depth of 20 m or less (see the electronic supplementary material, table S1). Particle
releases were initiated at the centre of each of these reef area grid cells. As an example, the reef area
and particle release points for Arlington reef, defined by 642 separate grid cells, are shown in figure
2. While this definition of reef area may misrepresent the actual area of coral habitat on each reef,
it captures the areas of highest coral abundance and provides a standard way to initialize particles
and compare reefs. We note, for later discussion, that the reef areas defined in this way are generally
smaller than the management polygons used elsewhere to define reefs of the GBR (e.g. [29,45]), and
smaller than the reef region defined by Black et al. [22] in their study of dispersal from GBR reefs.
To allow later comparison between results obtained using the nested models with those using only
the parent model (coarser horizontal resolution), the initial particle positions on the fine grid were
also transferred directly to the coarse grid. For some of the longer simulations conducted on the
larger reefs, particle density was reduced evenly across the reef to reduce compute time. Additional
experiments indicated model results were not unduly affected by these reductions in particle density.
This is exemplified later for Arlington reef (see figure 6d).
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Figure 1. Map showing the location of reefs in the GBR where modelled particle dispersal experiments were conducted. Circular
markers indicate submerged reefs, and triangular markers indicate island reefs (Lizard, Low Wood, Fitzroy, Double Cone). Grey filled
contours show the bathymetry of the coarse-scale ‘parent’ model (within which each high-resolution reef model is nested) out to a
maximum seabed depth of 200 m. The parent model has a horizontal resolution of approximately 1km and 48 vertical layers, with 1 m
resolution at the surface.
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Figure 2. Example from Arlington reef of the distribution of initial particle positions used in the dispersal experiments (white dots;
only every other release point (fourfold reduction) is shown here to avoid obscuring the underlying bathymetry). Filled contours show
bathymetry across the fine-scale reef model domain every 5 m and black line contours show bathymetry from part of the ‘parent’
model at 20, 40, 60, 80 and 100 m depth.

In each experiment, one particle was released simultaneously from the centre of each of the
specified model grid cells once every 6 h for 24 h, resulting in a total of five separate releases (e.g.
a total of 3210 particles were released from Arlington reef). The decision to release particles every 6
h was a practical one to reduce overall particle numbers. In additional experiments, we found that
releasing particles every hour did not unduly affect the result (exemplified later in figure 6d). Releases
started at midnight on the 20 December 2016, 6 days after the full moon, corresponding to the end
of the typical lunar-induced coral spawning period (four to seven nights: [53]) and consistent with
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observations of coral spawning in the northern GBR reefs during 2016 [45]. To ensure consistent n
comparisons, the same spawning period was used for all 24 reefs, while acknowledging that the timing
of coral spawning varies with species and latitude.

The trajectory of the particles within the modelled velocity field was estimated by calculating their
position every 20 min for a minimum of 5 days up to a maximum of 20 days. Analysis of the particle
trajectories was made using hourly output. Particles are described as being ‘over the reef” while they
remain within the 20 m depth contour(s) specifically used to define the reef area and are considered to
have moved ‘off the reef’ once they cross this contour. In this study, retention refers to particles which
remain over the reef, and we define total retention time, R;, as the time it takes to reduce the number of
particles over the reef to 5% of the number released. In cases where particle numbers over the reef drop
below 5% and then recover before being lost completely, we take R; as the last time particle numbers
over the reef were at the 5% level. It is important to note that elsewhere the retention of particles in
association with coral reefs refers to a larger domain that includes areas of deeper water surrounding
the reef where particles may be temporarily retained before returning to the shallower reef area [22].

For the four island reefs (figure 1), an artificial velocity field of magnitude 1 x10° m s acting
perpendicular to the land was added in each of the coastal cells to avoid particles becoming stranded.
The method for this was adapted from Kaandorp et al. [54] taking account of any grid rotation. This
is a common particle-tracking problem when using velocity fields configured on an Arakawa A grid
because both velocity components tend towards zero in the same way as particles approach a land cell.
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3. Results

Analysis of particle trajectories in high-resolution models of 24 reefs across the GBR revealed
some important trends. Particle trajectories varied depending on whether surface or depth-averaged
velocities were used. Daily surface transport was typically higher than depth-averaged transport
(figure 3) because of more direct exposure to wind-driven surface currents and less direct exposure
to bottom drag. Over shallow areas of reef, surface particles also tend to follow relatively straight
trajectories, whereas depth-averaged currents often carried particles on more circuitous pathways
through the reef matrix with periodic tidal reversals (figure 4a,b). These differences tend to disappear
around islands where all trajectories are restricted by the shoreline (figure 4c,d).

Closer examination of the hourly surface and depth-averaged velocity components (in water depths
<20 m) for a selection of four submerged reefs shows that their relationship is not linear and varies
between reefs over the course of a full lunar tidal cycle (i.e. 14 days; figure 5). These four reefs (Wilson,
Arlington, Knuckle and Lady Musgrave) cover most of the range in latitude and reef area (see figure 1
for location and the electronic supplementary material, table S1, for reef area). Variation between reefs
could be partially explained by water depth. For example, Lady Musgrave reef is the shallowest of the
four examples (h = 6.43 m) and displays the closest relationship between surface and depth-averaged
velocity (both components), while Knuckle reef is the deepest (h = 11.39 m) and shows greater variation
especially under strong flow conditions. The other two reefs, Arlington (h = 9.27 m) and Wilson (h
= 9.00 m), lie somewhere between these two (figure 5). In all cases, depth-averaged velocities can
exceed surface velocities at times during the two-week tidal cycle (points above the 1:1 line in the first
Cartesian quadrant and below the 1:1 line in the third Cartesian quadrant in figure 5). Surface and
depth-averaged flow can even be in opposite directions (points within the second and fourth Cartesian
quadrants in figure 5). This can occur when the prevailing wind, which preferentially influences the
surface flow, acts in the opposite direction to the tidally driven flow. The corresponding time-averaged
vertical profiles of the velocity vectors at each grid point inside the 20 m depth contour (electronic
supplementary material, figure S1) show some of the vertical structure in the flow that leads to this
result with either sub-surface maxima or reversal in the sign of the velocity component with depth.
Also evident in the electronic supplementary material, figure S1, is that the vertical structure of the
flow varies spatially across the reef. Overall, there is often a complex pattern of three-dimensional flow
in time and space over the course of a lunar tidal cycle that is likely to be different for each reef.

The varying difference between surface and depth-averaged flow identified above explains the
mismatch in displacement distance (figure 3) and particle trajectories (figure 4) and why some reefs
compare better than others. Expected variation in the vertical distribution of real larvae in time and
space has encouraged us to favour the use of depth-averaged velocities for the purpose of this study.

The patterns of depth-averaged flow ultimately determine how long particles are retained over
the reef. As particles move away from the reef, the fraction of total particles retained decreases and
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Figure 4. Comparison of 5 day particle trajectories for Arlington reef (top) and Lizard Island (bottom) resulting from (a) and
(c) surface, or (b) and (d) depth-averaged advection. Bathymetry from the 1 km ‘parent’ model is shown by the grey contours, and
grey shading defines the fine-resolution nested model grid domain. The particle trajectories have been cut off at 145.65° E in (a), and

at 145.350° E'in (c) and (d) to provide more detail around the nested grid. In (c) and (d), the island topography has been masked in
white.

can be displayed as a graph of the fraction of particles retained versus time. Figure 6a—c shows the
mean retention versus time curves that result from the sequential release of a set of particles at each
grid point over the reef once every 6 h for 24 h (a total of five particle releases). It is important to
note that this represents a temporal mean of retention time over 24 h and effectively smooths some
of the variation in retention caused by the diurnal or semi-diurnal reversing tidal flow which acts to
move particles on and off the reef, causing oscillations in the number of particles retained over time.
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dashed line represents a 1: 1 relationship between surface and depth-averaged values, and the solid black lines and numbers (1-4)
define the four Cartesian quadrants referred to in the text.

These oscillations are especially noticeable when using depth-averaged velocity owing to the increased
influence of tidal flow over surface wind forcing. As an example, this oscillation effect is revealed
for Arlington reef over the first 5 days (120 h) of dispersal by plotting separate retention versus time
curves for each of the five cohorts of particles released 6 h apart (figure 6d).

For Arlington reef, the tidal oscillations tend to be out of phase with each other and almost cancel
out when averaged over 24 h, resulting in near-monotonic decay in retention (figure 6¢,d). However,
on other reefs (e.g. Crispen, Otter, Britomart, Arlington, Corbett and Mason), particle numbers exhibit
an initial loss followed by a partial recovery (see figure 6b,c). This recycling of particles effectively
extends the overall estimated retention time.

As expected from examination of particle trajectories (figure 4), retention time varies depending
on whether surface velocities or depth-averaged velocities are applied. Ignoring outliers, retention
times increase by 0-8 days (average approx. 4 days) for submerged reefs (figure 7). The sensitivity of
retention time to velocity field depth is comparable to the sensitivity to velocity field resolution, where
retention times increased by 0-6 days (average approx. 3 days) when resolution was enhanced from
the “parent’ model (approx. 1000 m) to the ‘nested” models (approx. 200 m; electronic supplementary
material, table S1) (figure 7).

Loss of particles from reefs (figure 6) and associated estimates of retention time vary widely across
the 24 reefs studied. While there are many factors that may contribute to these differences (e.g. regional
current strength and direction, tidal current strength, bathymetry, reef size), the relationship between
retention time (R;) and reef area (A) shown in figure 8 suggests that most of the variation between reefs
(n = 24) can be empirically explained by the following power law relationship (+* = 0.91):

R, =10.34.A%% (3.1)

A notable outlier to this relationship is Lady Musgrave reef, where retention time is underestimated
by more than 5 days. Lady Musgrave is a shallow reef located in the far southern GBR at 24.8° S (mean
depth 6.4 m; electronic supplementary material, table S1) that tends to divert flow around its perimeter,
limiting exchange with deeper water and resulting in low mean currents across the top of the reef, thus
probably ‘trapping’ the particles (figure 9).

Multiple linear regression shows (figure 10) that a combination of reef area and mean water depth
for the submerged reefs (n = 20) provides an alternative linear predictor (r* = 0.92) of particle retention
time estimated by the particle-tracking experiments of the form:

R,=1.23(A)-6.38(h). (3.2)
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Figure 7. Increase in particle retention time with use of depth-averaged (rather than surface) flow conditions (left box) and enhanced
model grid resolution (right box) for the submerged reefs (n = 20). In each case, the box extends from the first quartile to the third
quartile of the data, with a solid line at the median and a dashed line at the mean. The whiskers extend from the box to the furthest
point lying within 1.5 times the interquartile range from the box. Flier points are those past the end of the whiskers.

This close linear relationship is maintained (+* = 0.95) when 10% retention is used to define the
retention time rather than 5% (see dashed line in figure 10).
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The reefs in the central and northern GBR with the longest estimated retention times, Crispen Otter,
Britomart, Arlington, Corbett and Mason (figure 8), are all characterized by a recovery of particle
numbers over the reef following an initial loss of at least 80% of particles to the surrounding waters
(figure 6b,c). For the reefs in the central GBR, tidal eddies appear to play an important role in retaining
larvae, as discovered by Black & Gay [55]. For example, closer examination of the hourly velocity field
for Crispen reef during a 12 h period (36-47 h) when particle numbers are recovering over the reef (see
figure 6b) reveals that an eddy starts to form on the western side of the reef at t = 43 h (figure 11), 1
h before the high tide. The eddy continues to strengthen as the free stream flow is stationary at t = 45.
Similar features occur on each tidal cycle (although not always as distinct) on the western side of the
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Figure 10. Time taken to reach 5% retention over the submerged reefs (circles and solid line) predicted by the multiple linear
regression model Ry = 1.234 — 6.38 h (¥’ = 0.92) where A is reef area (km?) and h is mean water depth (m) compared with retention
time simulated by the particle-tracking model experiments. A similar linear relationship is obtained (* = 0.95) when 10% retention is
used to define the retention time (crosses and dashed line), noting that the dashed line is partly obscured by the solid line.

reef. This corresponds closely with the area where particles tend to accumulate, keeping them adjacent
to the reef edge for a prolonged period (figure 12a).

Tidal eddies are also observed on the south-west corner of both Otter and Britomart reefs closely
located together in the central GBR as the tide reaches its maximum height. Figure 13 shows an
example of this for the high tide that occurs at 80 h when both reefs are simultaneously displaying
a gradual recovery of particle numbers over the reef top (see figure 6¢). As with Crispen reef, this
corresponds with the region where higher particle densities are maintained (figure 12b,c). Similar
re-circulation features are also observed at Arlington reef around high tide (not shown).

At the largest reefs included in this study, Corbett and Mason in the northern GBR, a quite different
process is taking place that returns particles back to the reef at longer time scales. These reefs are in
areas of complex bathymetry including narrow reef channels that slow down dispersal, with the result
that even after approximately 8 days (200 h) most particles have only moved a relatively short distance
away (figure 14). Subsequently, when the dominant flow changes direction, many of the particles
re-visit the reef two to three weeks after their initial release, resulting in the unusually long retention
times estimated in this study.

In contrast to the submerged reefs, particle retention on the island reefs was found to be largely
independent of area and water depth. For example, retention around Fitzroy Island is high (104 h)
despite having a small reef area (3.02 km?) and deep water (mean depth 16.4 m). Having modelled only
a small number of island reefs, we have been unable to find any reliable predictors of their retention
time.

4. Discussion

Numerical modelling results presented here show that dispersal of passive particles from individual
reefs of the GBR are strongly dependent on whether the particles are well mixed within the water
column and dispersed, on average, by the depth-averaged velocity or restricted to the surface layer
and dispersed by the surface velocity. Well-mixed particles typically experience slower net transport
away from the reef (figure 3) owing to reduced wind influence and more circuitous trajectories with
tidal reversals (figure 4). The relationship between surface and depth-averaged velocities varies with
tidal phase and reef bathymetry (figure 5), making comparison between previous studies difficult.
In fact, little is known about how the vertical distributions of coral larvae change over time, but it
is axiomatic that at some point, after attaining competency, the larvae must arrive at the seabed to
settle. In addition, the model simulations reported here (electronic supplementary material, figure S2)
show that vertical turbulent mixing can be very strong and highly variable over shallow reefs, easily
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Figure 11. Hourly variation in the velocity field for Crispen reef over 12 h between t = 36 and t = 47 h (where t is the time in hours
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nullifying the buoyancy or vertical positioning by larvae. Vertical velocity can also be high around
steep seabed topography [56] adding to the likelihood that any vertical stratification of larvae will be
short-lived. Until better information becomes available on vertical distributions of coral larvae, depth-
averaged velocities appear to provide the most reliable basis for two-dimensional connectivity model-
ling during the early phase of dispersal before larvae move into deeper stratified waters.

The enhancement of local retention of particles with grid resolution (figure 7) is consistent with the
study of [27] who compared five models of differing grid resolution between 250 m and 4 km and
found that particles stayed closer to their source (natal) reef for longer with finer resolution models.
While model grid resolution is often restricted by computational resources, any reef management
recommendations based on modelling results such as those reported here should only be made for
scales that are well resolved by the modelling.

Overall, we have found that large-area submersed shallow-water reefs tend to have higher rates
of local retention (figure 10) with reef size accounting for most of the variation (figure 8). This is
broadly consistent with Black et al. [22] who found a trend of increased particle retention with reef

20/L¥T :E["'/Jguad(.)"'.J.b;'y sos.l/.i;lﬁno[/ﬁjo.'.f.i.ﬁ!.d.s!|qnd/(1:.a.!;t.3.s"|.e.kaj. E



area (with some exceptions) and is in part related to the increased distance that particles must travel n
to vacate larger-sized reefs. This probably explains the lower part of the curve in figure 8, making
its gradient dependent on the magnitude of the currents, which are known to be highly variable on
the GBR [57]. This is consistent with the modelling results of Cetina-Heredia & Connolly [58] which
show mean water residence time for GBR reefs can be predicted from a function of flow speed, reef
dimension and vertical diffusivity. By contrast, the upper part of the curve in figure 8 probably reflects
two different processes associated with some of the larger reefs (Crispen, Otter, Britomart, Arlington,
Corbett and Mason) where particles that had previously moved off the reef into deeper surrounding
waters are recaptured, thereby greatly extending the overall retention time of the reef (figure 6b,c).
Firstly, there is evidence from our model simulations that recycling of particles, for the larger reefs
in the central GBR, is partly owing to tidal eddies forming in the lee of the reef as the tide reaches
its maximum height (figures 11 and 13). Particles tend to accumulate in these eddy locations, keeping
them close to the reef edge, where they are easily available to re-populate the reef following a change
in flow direction (figure 12). A different effect is seen for the two largest reefs, Mason and Corbett,
located in the northern GBR region, where complex bathymetry including narrow reef channels in the
surrounding area dramatically slows down dispersal of particles to the extent that they can return to
the reef up to two to three weeks later when the dominant flow changes direction. This is reminiscent
of the dense reef matrix effect observed by Andutta et al. [20] for the Swains GBR region.

Topographically generated eddies related to both tidal and regional currents are known to be
important physical mechanisms supporting retention of biological propagules and pre-settlement
fishes close to submerged reefs and islands on a variety of spatial and temporal scales [21,58-60].
These features largely form from secondary three-dimensional circulation and will not be adequately
captured by surface velocity fields, further favouring the choice of depth-averaged velocities for use in
two-dimensional dispersal model experiments. It is also possible that the more prolonged recycling of
particles as the reefs get bigger could be related to the length of the residual circulation in the lee of
the reef, which is known to be dependent on the reef cross section perpendicular to the current [28] .
However, the nested model domains used in the present study may be too restricted to adequately
resolve these features and fully capture the reef’s zone of influence. Further modelling work is needed
with an improved high-resolution model set-up that covers larger areas of the Great Barrier Reef.

It is worth noting that this type of effect is implicit in the analytical model of Black et al. [22] because
their reef area definition included the area of re-circulation in the lee of the reef, as well as the distance
covered by the tidal excursion. Including these regions of recirculating water in the definition of reef
area explains why Black et al. [22] obtain monotonic exponential decay of particles largely free of the
oscillations observed here and report relatively long residence times.

The type of relationships established here relating retention on submerged reefs to physical
parameters like reef area and mean water depth (equations (3.1) and (3.2)) have the potential to be
incorporated into larval connectivity models and reef meta-population models by combining them
with information on larval competency [25] and post-settlement mortality [33] to estimate local coral
recruitment rates. In this case, local recruitment could be scaled for reefs of differing sizes. We note
that empirical relationships reflect the net effect of a combination of processes; therefore, the estimated
retention times themselves should be used with caution pending further research given the limitations
we have discussed. It is also worth noting that the retention time of different reefs is estimated here by
using an arbitrary threshold of 5% or 10% of the total particle population for the purpose of comparing
the reefs. While these two thresholds give similar results (figure 10), higher thresholds are more
complex because of the often non-monotonic decay of particle concentration (figure 6). This contrasts
with previous studies that report approximately exponential decay of particle numbers, allowing them
to use non-threshold metrics to compare retention between reefs, such as the e-folding time (the time
interval in which an exponentially changing quantity reduces by a factor of e = 2.71828) [20] or the
exponential rate constant [22].

In this study, we have taken advantage of previous modelling work [52] to examine dispersal
patterns from a range of individual reefs along the GBR following a single coral spawning event in
December 2016. More work is needed to understand how this might vary in different years. This could
be especially important for the re-circulation of particles observed for the larger submerged reefs. This
study is also restricted by our seabed-depth definition of reef area. This could be problematic for reefs
fringing a large land mass. Nevertheless, this definition works well for mid-shelf and offshore reefs of
the GBR and some other reef systems globally where shallow reefs are surrounded by deeper water.
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It is also relevant for assessing retention time relationships in GBR research and management. The
GBR Marine Park Authority (GBRMPA) zoning typically identifies GBR reef systems of approximately



the same size as our seabed-depth definition (e.g. Arlington reef is one zone). Furthermore, ecological
studies of the GBR such as that of Bozec et al. [29] and [31,32] use networks of reefs linked by
connectivity matrices, where the connection is between reefs identified by the same GBRMPA zoning,
and retention within individual reefs is an important model parameter. Overall, our definition of
reef area is designed to match both ecological processes and practical modelling and management
investigations.

Island reefs are complicated by the fact that the land mass obstructs dispersal, and they require
special attention. There is some evidence that this obstruction effect is enhanced for larger islands like
Fitzroy compared with smaller ones like Double Cone and Low Wood, but this is inconclusive. An
added complication is met at Lizard Island where particles must navigate three separate land masses.
In any case, the addition of artificial velocities around the islands in the present study to prevent
particles getting stranded modifies the way in which particles move around the perimeter of the island
making any deductions doubtful, and this problem will require further work.
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