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ABSTRACT: Numerical models are used to simulate 3-dimensional circulation and dispersal of material,
such as larvae of marine organisms, on Davies Reef in the central section of Australia’s Great Barrier
Reef. Residence times on and around this reef are determined for well-mixed material and for material
which resides at the surface, sea bed and at mid-depth. Results indicate order-cf-magnitude differences
in the residence times of material at different levels in the water column. They confirm previous 2-
dimensional modelling which indicated that residence times are often comparable to the duration of the
planktonic larval life of many coral reef species. Results reveal a potential for the maintenance of local
populations of various coral reef organisms by self-seeding, and allow reinterpretation of the connected-

ness of the coral reef ecosystem.

INTRODUCTION

Hydrodynamic experiments of limited duration
(Ludington 1981, Wolanski & Pickard 1983, Andrews et
al. 1984) have suggested that flushing times on indi-
vidual reefs of Australia's Great Barrier Reef (GBR) are
relatively short in comparison with the larval life of
many different coral reef species (Yamaguchi 1973,
1977, Harrison et al. 1984, Munro & Williams 1985),
although Ludington's dye studies in the enclosed
lagoon of One Tree Reef suggested residence times of
the order of 5 d. Consequently, self-seeding of reefs
(i.e. larvae recruiting to the natal reef) has been consid-
ered improbable, notwithstanding occasional specula-
tion about possible larval 'black holes’ (Cheney 1974,
Johannes 1978) and gyres and eddies in the wake of
reefs and islands (Hammer & Haurl 1981, Wolanski et
al. 1984a, Wolanski et al. 1984b).

However, 2-dimensional numerical simulations of
the hydrodynamics and dispersal around reefs (Black &
Gay 1987a, b, 1990a, Black 1988, 1989} have predicted
residence times that are longer than those suggested
by field experiments, after the numerical simulations
were validated by comparison with a series of detailed
field experiments (Wolanski et al. 1984a, Willis &
Oliver 1988, Wolanski et al. 1989, Gay et al. 1990).
Subsequent studies using the numerical models have
made it possible to develop an understanding of the
processes and their interactions which determine dis-
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persal of particles on reefs. They can be summarised as
follows.

Circulation around the reefs is typified by a complex
pattern of phase eddies (Black & Gay 1987a, 1990a).
These eddies and other components of the currents
interact with the reef bathymetry to create a high level
of horizontal mixing on and around the reefs (Black
1988). Consequently, the volume of material around a
reef decays exponentially, with the time constant being
a function of net volume flux passing the reef and the
total volume of water on and around the reef (Black et
al. 1990). The former depends on reef size and cross-
sectional area perpendicular to the net current. In
quantitative terms, for typical weather and current con-
ditions, average-sized reefs can retain larvae for
periods in excess of 10 d (Black et al. 1990} even in the
central GBR. For example, when modelling flow con-
ditions measured during winter 1987, up to 33 % of
neutrally-buoyant material released in the model on
John Brewer Reef was still present 10 d later (Gay
et al. 1990).

Furthermore, investigations of the relationship of the
modelled hydrodynamics to larval dispersal revealed
that when particles are retained for these durations,
some locations retain more larvae or are visited more
often by larvae than others (Black 1988). This was
confirmed by the results of Willis & Oliver (1988) who
measured a variation in the numbers of coral larvae
around Bowden Reef. Measured larval concentrations
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at 4 sites around the reef and in the lagoon corre-
sponded with those predicted by the model. The high-
est concentration of larvae was predicted to occur in
the southern compartment of the lagoon. High-fre-
quency acoustic soundings subsequently identified a
concentration of larvae on the lagoon side of the reef
flat (Wolanski et al. 1989) at the location predicted by
the model. Similar correspondence between initial
sightings of aggregations of the crown-of-thorns star-
fish Acanthaster planci on individual reefs and concen-
trations of larvae predicted by the model was noted by
Black & Moran (1991).

The above findings derive from 2-dimensional mod-
elling. However, if particles reside only at a particular
level in the water column, through differences in
specific gravity (e.g. Oliver & Willis 1987) or active
migration (e.g. Leis 1986}, 2-dimensional circulation
may hot accurately represent passive dispersal.
Accordingly, a 3-dimensional hydrodynamic and
advection/dispersion model was established to assess
the importance of 3-dimensional circulation for the
residence times of particles representing (1) neutrally
buoyant material or (2) material residing at the surface,
mid-depths or near the sea bed.

Thus, the 3-dimensional modelling of a vertically-
homogeneous water column can be used to test
whether different dispersal probabilities exist for
organisms with neutrally-buoyant larvae or larvae
which reside at a preferred level, either through
specific gravity or behavioural differences. We inter-
pret the results of this modelling in relation to the life
history characteristics, biology and ecology of some of
the major groups of coral reef organisms of the GBR.

MODELLING

The hydrodynamic model (3DD), a 3-dimensional
model for vertically homogeneous conditions, is an
extension of the 2-dimensional simulation 2DD (e.g.
Black 1983, Black et al. 1989). The 3-dimensional non-
linear hydrodynamic equations are solved throughout
the depth. In essence, the 3-dimensional model can be
coded as a series of 2-dimensional models placed on
top of each other, with the non-linear convective
momentum term and the vertical eddy viscosity linking
the layers. The equations solved are,

aU U oU U

AU+ VI +WI DV =
at Ix dy Jz
3& U d*U 3 U
—g 2= Ay ")+ 2 (N2
3 ox 3y* 5z oz

W g e W™, -

ot ax Ay oz

& 2 2 ~ 2
—g 25 Ay (3 Vo V) + i(Nzi/> 2)

dy 3x* 3y 5z "3z
3 ¢ 3
W:_T[Udz——Jde (3)
OX Jp ay h
At the surface, z=§&
D&
2w 4
o (4)

where t = time; U, V = velocities in the x, y directions
respectively at elevation z; W = vertical velocity in the
z direction (positive upward) at the top of each layer;
h = depth; g = gravitational acceleration; & = the sea
level above a horizontal datum; f = Coriolis parameter;
Ap = horizontal eddy viscosity coefficient; and N, =
vertical eddy viscosity coefficient.
Surface boundary conditions at z = § are
cA%
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where 1% 7,° denote the components of wind stress and
t° = pa v |S|Sy (6)

where p = water density; S = wind speed at 10m

above sea level while S and S, are the x and y compo-

nents; y = wind drag coefficient; p, = density of air.
At the sea bed, z = h, we have

' = Pa Y|S|Sx

N Uy N avy 2
p(ZaZ)_Ix P( 282>_Ty ()
where 7,7, ty“ denote the components of bottom stress.
Applying a quadratic law at the sea bed,
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with U,, V,, = the bottom currents; and C = Chezy's C.
For a logarithmic profile,

C=1810g,0(0.37 h/z,) 9)

where z, = roughness length.

The form of the horizontal eddy viscosity term results
when the depth is presumed constant before taking the
derivative of the horizontal shear stresses. The term, as
presented, behaves as a velocity smoothing algorithm
(Black 1989).

A staggered finite difference grid is utilised similar to
that applied by Leendertse & Liu (1975) which places
the V and U components on ‘north and south’ walls of
each grid box respectively. Wis located in the centre of
the ‘top” wall. The sea level replaces Win the top layer.
The solution is found by time stepping with an explicit
solution, as employed in 2DD.

Data were not available for a fully stratified, density-
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driven coupled simulation (e.g. Black 1990). Thus, the
model is relevant to vertically unstratified hydro-
dynamics only. This does not preclude treatment of
marine organisms which have a tendency to reside at
favoured levels in the water column. The fully stratified
coupled model will await shelf-scale data specifying
the dynamics of such conditions. The measurements of
Gay et al. (1990) around John Brewer Reef indicated
that significant stratification on the continental shelf
surrounding the reef was uncommon, although
Wolanski et al. (1989) noted stratification in the lagoon
of Bowden Reef and Andrews & Gentien (1982) iden-
tified a colder layer of near-bed water on the shelf of
the central GBR. Wolanski & Hamner (1988) presented
temperature contours in mid-summer from a reef
lagoon which showed a temperature difference of
0.6°C between the surface and the bed.

Because the 3-dimensional model is composed of a
vertical stack of 2-dimensional simulations, many of the
techniques applied in the 2-dimensional model (Black
& Gay 1987b) could be used without modification.
These included application of a body force to drive the
coastal currents and a force to balance the Coriolis
force acting on the coastal currents. In reality, the
Coriolis force is, on average, in balance with a cross-
shelf sea gradient against the Queensland coast (Bur-
rage pers. comm.) but the coast was outside the fine
model grids employed in this study and so the sea
gradient had to be separately represented.

Taking an orthogonal coordinate system aligned
such that x is directed offshore and y is parallel with the
coast, the body forces (F,, F,) can be obtained from the
hydrodynamic equation (Egs. 1&2) and are

F, = —(fV+ W,
10)
o& gV (
F, = ¢ W, o+ 2 0-5U2 + Ve
rT 9%y, v+ g, 02U )

The current V is directed shore-parallel; the perpen-
dicular tidal current has maximum magnitude Ur; & =
sea gradient driving a longshore current; W,, W, =
vertically-averaged wind stress terms; and h,, = aver-
age depth in the model grid. The body force in the x
direction does not drive a current, but represents the
sea gradient perpendicular to the coast which balances
the Coriolis force associated with the longshore
current. The longshore body force groups together all
the forces which drive a current along the shelf and
acts as a sea gradient substitute. The body force equa-
tions (Eq. 10) allow one to calculate (1) the total long-
shore current and (2) the resulting cross-shore sea
gradient, for a particular wind condition and longshore
sea gradient (or associated current), prior to the com-
mencement of the model simulation.

The method is validated when the residual current in
the model equals the required input value in mag-

nitude and direction. This was always checked after
each simulation, confirming that the method was
entirely satisfactory. In addition, a crescentic/lagoonal
bathymetry was simulated (1) with a sea gradient
applied at the open boundaries to drive a current and
(2) with the sea gradient replaced with an equivalent
body force. The results obtained showed that the 2
methods were equivalent, as expected.

The body forces represent the average condition over
the entire model grid and are calculated using h,,.
However, as the wind stress is depth-dependent, it is
still necessary to calculate wind stress in each model
cell. The wind stress applied in the cell is the difference
between the average stress incorporated in the body
force and the actual stress at the cell in question. Thus,

W, = p, v|S|S, 1/h - Vha,)/P (11)

Bed friction, horizontal eddy viscosity and surface wind
stress were unchanged from the 2-dimensional model
runs of Black et al. (1990) and Black (1989). However, a
value of the vertical eddy viscosity was required. This
was set to a constant value of 0.004 m? s™!. The same
sea level boundaries and bathymetry were used in both
models.

Advection/dispersion model

The Lagrangian advection/dispersion model 2AD
was extended to treat the vertical dimension (now
Model 3AD). The model treats the transport of larvae in
a direct fashion by assigning a particle with position
X=X(x, vy, z t)torepresent each larva which is tracked
in space and time as it advects with the currents pre-
dicted by the hydrodynamic model. To prevent parti-
cles moving off circular streamlines, a truly second-
order accurate advection scheme was developed (Black
& Gay 1990b). This scheme was applied in 3AD, but the
advection was taken to first-order accuracy only, in the
vertical dimension.

The second order scheme is

(u" + (uyv' — v,u')dt/2) 8t

dy = 12
(1 — uedt/2) (1 — v, 8t/2) — uy vy 5t/4 (12)

(v + (vou' — u, V') 0t/2) 6t
5, = . 5 (13}
(1 — u,8t/2) (1 — v, 0t/2) — u, v, Ot%/4
where
u' = u+ otu/2
(14)

vV =v+dtv/2

and u, v = orthogonal velocity components; t = time; 8¢
is the model time step; u,, v, = u and v spatial velocity
gradients; and u,, v; = temporal gradients. In the simu-
lations, u; and v, were secondary corrections and were
neglected.
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Horizontal diffusion was modelled as a random walk
with separate longitudinal and lateral coefficients set to
simulate random turbulence, and vertical shear in the
2-dimensional model. The distance increments (paral-
lel with and perpendicular to the velocity characteris-
tic) each time increment were

Ax =+ A Uldt; Ay= =+ A,|U| ot (15)

where A,, A, = longitudinal and lateral coefficients;
and | [7| is the absolute value of the vector velocity. The
sign (%) is generated randomly. The effective diffusiv-
ity is thus scaled by instantaneous velocity. In the
3-dimensional model, the coefficients were both taken
as 0.1, i.e. the diffusivity distance increment was equal
to 10 % of the distance moved. Dyer (1973), for exam-
ple, noted that turbulent fluctuations in tidal currents
are often about 10% of the current strength. In a
2-dimensional model, the longitudinal coefficient was
increased to 0.4 to parameterise the effect of vertical
shear in the bottom boundary layer. The parameterisa-
tion factor was specifically determined for GBR condi-
tions by varying the coefficient in a 2-dimensional
model until the particle spread with time was similar to
that obtained with the 3-dimensional model.

To treat the vertical movement, a sigma coordinate
transformation was applied to the vertical particle po-
sition, i.e. Z = z/h, where z is the position in the
original orthogonal coordinate system. The sigma
transformation prevented particles from ‘grounding’
over steep bathymetry, which was particularly preva-
lent when a first-order accurate advection scheme was
applied.

To model the well-mixed case, each particle was
assigned a random vertical coordinate after each
model time step. In the well-mixed condition, the ver-
tical position of the particle is physically irrelevant,
except that the particle must experience the currents
at each level for an equal amount of time, and this is
ensured by the random location method. The no-
mixing case was simulated by taking the vertical dif-
fusivity as zero. Particles then moved vertically by
advection only.

To specify particle retention rates, particles were
released on and around the reef over one tidal cycle
and then allowed to drift freely with the currents.
Retention rates were then determined by counting
the number remaining on and around the reef with
time.

In the simulations, particles were conserved, as they
would be for any conservative, neutrally-buoyant par-
ticle in the natural environment. Non-conservative
cases occur in nature. For example, predation or col-
iform die-off are two of a number of processes which
could result in the loss of particles from the system.
However, the conservative results are equally relevant

to the passage of any neutrally-buoyant material, e.g.
pollutants, nutrients or neutral larvae, and die-off or
predation rates can be applied to the predicted rates
once data becomes available.

Model simulations

Our primary purpose in this paper is to examine the
3-dimensional effects, rather than the influence of
current and weather variability around a variety of
reefs. Thus, the following discussion deals with a case
study of one actual reef, Davies Reef in the central
GBR.

The tide at Davies Reef consists of an input wave
which crosses the shelf moving approximately normal
to the coast (Church et al. 1985) and a reflected output
wave, combining to create a standing pattern. Accord-
ingly, the tidal boundary conditions included both the
input and output waves with relative phases selected to
ensure that the peak current strength in the free stream
away from the reef equalled values measured in the
vicinity of Davies Reef (Black & Gay 1987b).

Quasi-steady shelf currents (denoted as ‘coastal’
currents in this paper) are typically about 0.12 m s™!
and parallel to the coast (Andrews 1983). These are
associated with the East Australian Current (EAC)
modulated by direct local wind action (Andrews &
Gentien 1982, Andrews & Bode 1988). Winds are typi-
cally 5 to 7 m s™! east to southeast trades but, in
summer, winds from the northerly quadrant (Pickard et
al. 1977) also are common.

For comparative purposes, Davies Reef was model-
led in 2 and 3 dimensions using the same input condi-
tions. Tides of M, frequency and constant amplitude
were modelled, so that diurnal tidal inequalities were
not treated. However, separate tests indicated that
diurnal inequalities have an insignificant influence on
dispersal over periods of days to weeks (Black unpubl.).
We modelled a spring tidal range, a poleward current
of 0.2 m s™!, partially negated by a 5 m s~ ! trade wind
from 120°T.

The model horizontal grid size was 400 m square,
which resolved all the major features of the reef. Sen-
sitivity tests of model grid size indicated that 10 to 20
cells across the reef were needed to effectively simulate
the eddies in the lee of the reef, and to effectively
model the particle retention. In the direction perpen-
dicular to the coastal currents, Davies Reef is 6 km (or
15 cells) long. In the vertical dimension, a 7-layered
3-dimensional model was constructed with the layer
interfaces at 0.2, 2, 7, 27, 47, 52 and 55 m below the
surface datum. The continental shelf depth was 55 m
around Davies Reef and mean sea level was 14 m
above datum.
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Calibration and verification

The 2-dimensional model has been applied to a
number of locations where good quality data were
available for its verification (e.g. Black et al. 1989). The
physical coefficients for the GBR were initially estab-
lished by comparison with values from similar environ-
ments, and it was found that the bed friction required
special care (Black & Gay 1987b). To specify the bed
roughness, 3 different techniques were appled. First,
wave height measurements over a coral reef in Hawaii
were numerically simulated and friction obtained from
the rate of height attenuation. The roughness was then
estimated using direct measurements of bed undula-
tions and from vertical velocity profiles recorded over a
coral bed on Little Broadhurst Reef. The model was
calibrated and verified and the selection of physical
coefficients confirmed during 3 independent simula-
tions of GBR reefs. The simulations were confirmed
against measurements from (1) Davies Reef (Black &
Gay 1990a) (2) Rattray Island (Black 1989) and (3) John
Brewer Reef (Gay et al. 1990). The specification of bed
friction is presented by Black & Gay (1990a) and Gay et
al. (1990) and horizontal eddy viscosity is treated by
Black (1989). During this period, the same model was
also applied by Sammarco & Andrews (1988) to Helix
Reef, a small reef in the central GBR, using the same
coefficients and techniques developed by Black & Gay
(1987b). In this paper, we use these 2-dimensional
model results to confirm the vertically-averaged
behaviour of the 3-dimensional model.

While some error may still be present, the authors note
that a variety of data have been analysed and successive
calibrations have been undertaken. The calibrations

2—-D MODEL
HYDRODYNAMIC MODEL 3DD.
—— 1000 metres

= — — —
>

>

. ._ ~

= < <

1 O
>

Fig. 1. Comparison of the 2-dimensional
model flow patterns with the vertically-
averaged velocities obtained from the 3-
dimensional model, near peak flow on

Davis Reef !

s > = > > >

>

7
\v\/'y /
s oo/
A ) /’ /1

demonstrated that bed friction on the reef flat was
highly important, affecting flow on the reef flat and in
the lagoon, and that further hydrodynamic data on coral
reef flats may help to refine the frictional resistance.
Wave/current interaction in the bottom boundary layer
on the reef flat would also influence the frictional
retardation, and the waves themselves generate a
current into the Jagoon. A simple schematic numerical
test of the importance of these currents indicated that
flows across the reef flat can lengthen residence times.

No experiments of sufficient detail were available to
calibrate the dispersal model. However, the dispersal
model relies almost entirely on flow velocities to deter-
mine advection and the highly important process of
advective diffusion. Model tests with significantly
different coefficients representing eddy diffusivity (Eq.
15) showed that the choice of coefficient values had only
a small influence on the retention times. For example,
when the coefficients A;, A, were altered from 0,0 to
1,0.25 the percentage of particles remaining on the reef
during a 10 d period differed by a maximum of 7 % only.
These results indicate that the dispersal model, when
used for the purpose of predicting reef-scale residence
times, is effectively calibrated once the hydrodynamics
have been calibrated. As previously noted, 3 separate
simulations of GBR reefs were made to calibrate the
coefficients in the hydrodynamic models.

RESULTS

The circulation predicted by the 3-dimensional
model after averaging the currents in the layers is very
similar to the vertically-averaged currents obtained
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Fig. 2. Davis Reef flow patterns at 54 h at the surface, mid-depth and the sea bed from the 3-dimensional model. Only every
second vector has been plotted for clarity

from the 2-dimensional model (Fig. 1}. As would be
expected in a homogeneous water column, the 3-
dimensional model incorporates the 2-dimensional
results, but additionally provides details of the varia-
tion of circulation through the vertical. The null result,
in fact, confirms the general behaviour of the 3-dimen-
sional model (Fig. 1).

An example of the currents in the verticallayers (Fig. 2)
shows that, in the surface layer, the flows on and near the
reef are deflected downwind, the current being a result-
ant of the combination of tidal and wind-driven surface
flows. At mid-depth however, the tidal flow dominates
and currents are primarily a response to the tidal sea
gradients guided by the topography along the reef face.
Mid-depth flows are very similar to the 2-dimensional
vertically-averaged model results. Mid-depth currents
in the lagoon are nearly perpendicular to the surface
current and, adjacent to the reef, currents are faster than
at the surface where the interaction with the opposed
wind stress reduces the current in the surface layers.

A developing eddy is evident to the north of the reef
at all levels. Black & Gay (1987a) noted that the eddies
on the GBR (in unsteady tidal currents) are strongly
dependent on horizontal variations in velocity phase.
Because friction plays a minor role on the continental
shelf, currents take about 2 h to reverse after the tidal
sea surface gradient changes sign. However, in the
sheltered lee of the reef where the flows have little
inertia, the currents are more in phase with the chang-
ing sea gradient, and an eddy develops (denoted as a
phase eddy).

With the 3-dimensional model, the vertical structure
of the eddy can be seen. Currents heading towards the
south at bed level are directed towards the northwest at
mid-depth in the eddy (Fig. 2). This occurs because bed
friction acts more quickly at the bed than in the upper
layers. Thus, the bed currents respond to the change in
sea gradient sooner, while the upper layers in the eddy
are still decelerating. Consequently, southerly currents
occur at the bed and northwesterly flows occur at mid-
depth to the north of the reef (Fig. 2).

Retention rates

The retention rates of vertically well-mixed particles
were very similar using either the 2- or 3-dimensional

3D
ENTION

MODE

RATES

| &

3D Model
2D Model

168

72
TIME (hrs)

Fig. 3. Comparison of particle numbers remaining against
time using velocities from the 2- and 3-dimensional models
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Bottom

Top Middle

Bottom Middle

24 74 120 168 216

TIME  (hrs)

Fig. 4. Particle numbers remaining in the region of the reef
against time at the surface, upper middle layer, lower middle
layer and the sea bed

model (Fig. 3). This arises because of the similarity of
the vertically-averaged flow patterns obtained with
the 2- and 3-dimensional models (Fig. 1), as expected
for a homogeneous ocean. Approximately 20 % of
well-mixed particles remain after 5 d and 5 % after
10 d.

The 3-dimensional model, however, provides addi-
tional insights for those cases where particles may
reside at a preferred level. The retention rates in the
surface layer, 2 mid-depth layers and the bottom layer
were considerably different (Fig. 4). The surface layer
initially decays fastest, but is eventually overtaken by
one of the mid-depth layers. This occurs because the
wind and coastal currents are opposed. Thus, material
is swept away by the wind-driven current in the sur-
face layer. Further down in the water column (Top
Middle) the wind-driven current and coastal current
are more nearly in balance and material is lost
slowly. Below this level, the wind-driven current is
less effective and material is removed by the coastal
current (Bottom Middle). Finally, near the sea bed,
the reduction of currents in the boundary layer due
to bed friction causes retention to increase again
and there is high retention at bed level. More than
95 % of particles are still present after 10 d near the
bed.

Reefs of a similar size and similar exposure to coastal
currents as Davies Reef (about 6 X 3 km) will com-
monly retain about 10 % of particles 5 to 15 d after
spawning in typical coastal current conditions (Black et
al. 1990). Many more particles will be retained in
periods when coastal currents are small. Thirteen per
cent of particles were still present on Davies Reef after
6 wk in one simulation with a coastal current of 0.05 m
s~ ! Similar results were obtained for other reefs on the
GBR although the smallest reefs {e.g. Helix Reef which
is planar and roughly circular with a diameter of 600 m)
had a significantly reduced residence time (Black et al.
1990).

Fig. 5. Tracks over 38 h of particles released at 3 locations (e)

on Davies Reef for a simulation with coastal currents of 0.05 m

s™! Individual particles moved over large areas, but were

trapped within a dynamic environment which includes the

surrounding waters. One particle released on the reef flat

travelled around the reef perimeter and re-entered the lagoon
on the lee side

DISCUSSION
Processes causing particle retention

Circulation around the reefs is characterised by high
horizontal shear due to velocity phase differences on and
around the reef throughout the tidal cycle (Black 1988).
This process is illustrated by the tracks of 3 particles
released from different locations on Davies Reef (Fig. 5)
whichmoved overalarge area and, on occasion, overlap-
ped. Oneof the particles moved over the reef flat from the
lagoon, but subsequently returned to the lagoon, enter-
ing at the lee side of the reef. Similar behaviour was
observed during experiments at John Brewer Reef when
a drogue placed in the out-flowing northern entrance of
the reef re-entered the lagoon across the reef flat 1200 m
away 3 h later (Black & Gay 1987b). The third particle
remained in the south of the lagoon.

The well-mixed nature of the reef waters led Black et
al. (1990) to postulate that the major cause of particle
retention was the mixing process. The reef residence
times were then related to the ratio of exchanged
volume and the volume contained in the region indi-
cated by the particle excursions in Fig. 5. Because of
the similarity between the decay rates of neutrally
buoyant particles obtained using the 2- and 3-dimen-
sional models, the results presented in this paper indi-
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cate that the analytical formula of Black et al. (1990)
remains relevant to the 3-dimensional vertically-
homogeneous case for well-mixed material and that it
continues to explain the main cause of particle reten-
tion on and around reefs.

Other factors play a role within the well-mixed zone.
For example, particles can also be retained if their
residual path (averaged over one tidal cycle) is closed
or nearly closed. An example of this is seen in Fig. 5 at
the southern end of Davies Reef lagoon where particles
merely circulate around a closed loop and are lost only
when random diffusion moves them off their trajectory.
This is to be distinguished from a location where the
Eulerian residual (the vector average of velocity pass-
ing a point in space over one tidal cycle} is small and
from locations where larvae are retained in permanent
quiescent zones or gyres (Cheney 1974, Johannes
1978, Hamner & Hauri 1981). As the tidal excursion is
comparable with the reef dimensions and tidal flows
are fast at all locations around a reef at some stage
during the tidal cycle, particles are not necessarily
expected to be permanently retained in a zone of low
Eulerian residual. However, eddies assist the retention
process by returning some particles which would other-
wise have been swept away, and, on occasions, by
creating a closed or nearly closed 'Lagrangian’ orbit for
the particle over the tidal cycle. Thus, retention may
occur even at points where currents or Eulerian
residual flows are large.

Although the locations will vary with coastal current
intensity, Black (1988) indicated that the zones of highest
retention around a reef subjected to perpendicular tidal
and coastal currents are most likely to occur on the
downstream side of the reef, rotated clockwise from the
major tidal axis. Notably, thislocationisnotdirectlyinthe
wake of the coastal current (Black 1988, Gay et al. 1990).

Black & Moran (1991) found a correspondence
between the locations of highest relative numbers and
sites where infestations of crown-of-thorns starfish ini-
tially occurred. A second corroboration was found by
Willis & Oliver (1988) who recorded vanability in larval
numbers around a reef. Their measurements corre-
sponded with model predictions of larval numbers
(Black 1988) when dispersal was simulated using the
environmental conditions present during the time the
measurements were made.

Other, smaller-scale processes play roles. Non-linear
interaction through the quadratic bed friction term and
wave-driven currents modify the retention times by
creating a blockage to the passage of coastal currents
across the reef flat. Waves are especially important
when winds, and therefore waves, are opposed to the
coastal current. The importance of sea bed friction is
clearly dependent on the percentage of time spent by
an organism near the bed.

Thus, a number of factors contribute to the retention
of larvae on and around reefs. However, reef flushing
times of well-mixed particles are primarily related to
the volume exchanged as coastal currents pass the reef.
Embedded within an overall well-mixed region around
the reef are a number of zones of relatively high reten-
tion formed by links with other regions, and interac-
tions of the coastal and tidal currents with the reef
morphology. 'Rules-of-thumb’ to locate these zones
suggest that they occur clockwise of the major tidal
axis, in the central GBR where tidal currents run across
the shelf perpendicular to the coastal currents.

Implications for coral reef species

Several aspects of the biology of coral reef organisms
can be expected a priori to have a direct bearing on
their probabilities of dispersal from the parent reef: the
duration of planktonic larval life, the level which the
larvae occupy in the water column, and the timing of
spawning relative to the lunar tidal cycle.

Most species in the major groups of organisms on
coral reefs (e.g. corals, fish and echinoderms) spawn in
summer in the southern hemisphere (between October
and January). The larvae typically spend from 2 to 8 wk
in the water column before settling. Corals, the major-
ity of which are broadcast spawners, have a planktonic
larval period of generally 2 to 6 wk (Harrison et al.
1984); even those which brood their progeny may have
larval lives of as long as 2 to 3 wk (Fadallah 1983).
While data for other coral reef species are relatively
few, it appears that the larvae of fish and those of
echinoderms (particularly asteroids) spend 2 to 12 wk
(Sale 1980, Munro & Williams 1985}, and 2 to 4 wk
(Yamaguchi 1973, 1977, Olson 1987) respectively in the
plankton.

Thus, the results in this paper indicate that the larval
life of many coral reef species can be of similar duration
to the flushing times for individual coral reefs. This
means that larvae may be retained on or around the
natal reef for their full pelagic period. Accordingly, the
prevailing view that self-seeding is unlikely to be an
important aspect of the ecology of coral reef organisms
is inadequate. Indeed, it is possible from the model
results to identify circumstances in which self-seeding
of a reef may be the most important mechanism for
recruitment on particular coral reefs.

Rates of local retention will vary at a number of time-
scales, since the probability of recruitment to the natal
reef changes with coastal current strength relative to
reef size. Because of the measured variability in current
strengths, local recruitment will vary with the coastal
currents from one spawning period to the next.

Hence, it is plausible to postulate that population
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outbreaks of crown-of-thorns starfish (Moran 1986) are
related to periods when currents were low during
spawning, causing a relatively high retention and sub-
sequent recruitment. On large reefs, this outcome may
occur under a wide variety of weather conditions,
whereas small reefs may be unable to retain larvae for
more than a few days.

The retention of larvae will also vary according to
their position in the water column. Most marine larvae
are denser than water and use a wide varlety of
mechanisms (e.g. parachute structures, positive and
negative phototaxis and geotaxis, and density-reduc-
ing and passive hydrodynamic devices) to maintain or
alter their positions (Chia et al. 1984, Keough 1988).
Unfortunately, there are very few data about these
features for coral reef organisms; one possible excep-
tion is the larvae of crown-of-thorns starfish which have
exhibited geonegative and photopositive behaviour in
the laboratory (Moran 1986). Despite this general lack
of information, the model results are the first to give
quantitative indications of the consequences of occupy-
ing different levels in the water column. For example,
the average residence times for buoyant larvae, which
occupy the top of the water column (e.g. eggs and early
larvae of corals which are positively buoyant for several
days; Oliver & Willis 1987) will generally be lower than
those which are neutrally buoyant (e.g. Acanthaster
planci, Olson pers. comm., Moran pers. obs.; Trochus
niloticus, Nash 1985), or those which are negatively
buoyant (e.g. most marine larvae, especially at later
stages; Chia et al. 1984). Moreover, the probabilities of
retention can be expected to increase by as much as an
order of magnitude if the larvae spend most of their
time near the sea bed.

The positions of larvae in the water column also can
vary as a result of actively swimming. For example,
larvae of coral reef fish are known to move upwards
during the day and downwards at night (Leis 1986).
This type of behaviour will greatly affect the probabil-
ity of larval retention or dispersal. Data collected by
Mileikovsky (1973) and Chia et al. (1984) indicate that
most larvae, except those of ascidians and late-stage
larva of crustaceans and cephalopods, have swimming
speeds in the range of < 0.001 to 0.01 m s~ !, with most
distributed at the lower end. Mileikovsky concluded
that only a relatively small proportion of marine larvae
would be unable to regulate their vertical distribution
by swimming, even in strong currents. The vertical
location of the centre of mass of a patch of larvae may
be eventually altered by persistent upward or down-
ward swimming. However, in coral reef environments
where strong currents occur in relatively deep water
over varying bathymetry, the time scales for travel
between the bed and surface can be relatively long. In
addition, for typical horizontal speeds of 0.1 to 0.3 m

s™!, turbulent vertical speeds are expected to be around
0.001 to 0.015 m s™'. As well as reducing the average
net velocity of a patch of larvae, this turbulence may
prevent weak swimmers from maintaining their orien-
tation in the water column. On the GBR, therefore,
larvae with swimming speeds at the lower end of the
range, such as those of Acanthaster planci (Yamaguchi
1973), are individually unlikely to be able to maintain
themselves at a preferred level in the water column.
Larvae of coral reef species which are approximately
neutrally buoyant and/or weak swimmers can be
expected to behave in an essentially passive manner in
the water column.

Whether or not larvae are dispersed away from their
natal reef will depend also on when spawning takes
place. Onthe GBR, many corals (e.g. Babcock et al. 1986)
spawn synchronously 4 to 5 d after the full moon in late
spring. The gastropod Trochus niloticus (Nash 1985)
spawnsin synchrony with the lunar cycle, while most fish
(Sale 1980) and some asteroids (e.q. Acanthaster planci
Babcock 1990) seem not to. Other corals appear to spawn
during neap or low-amplitude tides (Stimson 1978, Kojis
& Quinn 1982, Babcock et al. 1986) and some fish are
known to spawn on a turning tide (Sale 1980).

Some authors (e.g. Stimson 1978, Kojis & Quinn 1982)
have suggested that release of propagules during low or
neap tides will facilitate larval retention. Our results
indicate that more retention may occur during high or
spring tides on reefs. While the increased tidal excursion
should result in greater losses (Black et al. 1990), the
non-linear interaction due to bed friction on the tidal flat
plays an opposing role, causing material to be retained.
Eddies in the lee of the reef also strengthen with tidal
amplitude causing particles to be retained. Moreover,
on a regional scale, coastal currents on the continental
shelf may be reduced during spring tides by the non-
linear interaction through the bed friction term. Ulti-
mately, the balance between these factors will deter-
mine when larval retention is greater.

Internal and external sources

The significance of the demonstrations of self-seed-
ing potential can be assessed by comparisons with the
capacity of reefs to capture larvae advected from
upstream reefs, 2-dimensional simulations with a mod-
erate coastal current showed that only 3 % of larvae
entering the model grid upstream of Davies Reef (at
release numbers equal to those for simulations of
within-reef releases) were retained after 10 d, com-
pared with 45 % for the within-reef release. In this
case, the interaction of hydrodynamic components
results in capture of fewer larvae from upstream reefs
than were retained from the natal reef.
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The volume of water entering the region of the reef is
necessarily equal to the volume lost. Thus, if a reef has
a long retention time we can expect that less material
from upstream reefs will enter the region of the reef. In
reality, currents flow around rather than onto reefs with
high retention. Excluding surface flows which are more
strongly dependent on wind strength, much inter-reef
material will travel past a reef in the adjacent deep
water. Clustered reefs are an exception. High inter-reef
exchange within clustered reefs can be expected to
occur when the reefs are close together, especially if
they are within one tidal excursion of one another,
making it possible to consider the clustered reefs as a
large, single unit.

In the lee of clustered reefs, the coastal currents are
expected to be reduced. Larvae are therefore more
likely to be retained at a reef cluster scale. The reef
simulated in this paper, Davies Reef, is a medium-sized
reef situated in the central section of the GBR where
reef density is less than in other zones and where
coastal currents are relatively fast. These factors sug-
gest that other parts of the GBR or larger reef groups
could have a higher probability of self-seeding, includ-
ing the northern part of the Cairns Section where Dight
& James (1988) noted that net flows were slower and in
the Cairns section where reefs are closer together.
Thus, while retention is possible in the central GBR,
even on exposed common-sized reefs and particularly
on the larger reefs in the region, higher levels of reten-
tion may occur elsewhere on the GBR.

The numerical modelling and the assessment of the
implications of the results with regard to GBR ecology
and biology indicate that parent reefs may provide a
highly important source of recruiting larvae, even when
times in the plankton are the order of weeks. Larvae are
undoubtedly lost from these reefs to downstream (the
loss rate is dependent on reef size and coastal current
strength) and some of these larvae must successfully
settle. The results of the retention studies, however,
suggest that the alternative, that of local retention, is
very important under identifiable circumstances.
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