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Modelling the advection of vertically migrating shrimp larvae

by Peter C. Rothlisberg', John A. Churcb2 and Andrew M. G. Forbes2

ABSTRACT
The role of larval advection in determining the complex, large-scale patterns of immigration

of penaeid postlarvae in the Gulf of Carpentaria is investigated by modelling the interaction
between diurnal vertical migration of larvae with wind-forced and tidal currents. Eight vertical
migration schemes are modelled in which both the timing of the migration and the position of the
larvae in the water column are varied. These schemes are then coupled with both two-
dimensional and three-dimensional models of the currents of the Gulf, to examine horizontal
advection of larvae. When the larvae migrate vertically with a diurnal period, their horizontal
advection is enhanced. The largest horizontal advection distances occur when the larvae move
diurnally from the water column into the bottom boundary layer. Advection distances of up to
165 km are possible during the two to three week planktonic larval period. This distance
corresponds to, and may determine, the offshore extent of the adult distribution. The onshore
advection pattern of larvae varies in both space and time (on a seasonal scale) and is consistent
with the observed spatial and temporal recruitment patterns seen by sampling postlarval
immigation into nursery areas. During the period of highest reproductive activity (March) in the
southeastern corner of the Gulf, the area of the largest fishery, the advection of larvae is offshore
and little recruitment of postlarvae to the nursery grounds is accomplished. Six months later,
during the next period of reproductive activity (October), when the number of spawning female
shrimp is much lower, the phase of the tidal currents, relative to the day-night cycle, has
progressed 1800 and the larvae are moved onshore allowing postlarvae access to their estuarine
nursery grounds several months prior to the main fishing season (March).

1. Introduction

Hjort (1914) was the first to suggest that the survival of the early life history stages
was important in establishing year-class strength of species with pelagic larvae. He
considered that there were two factors (one biotic, one abiotic) of particular
importance viz: food availability at the time of first feeding, and suitability of currents
to take the larvae from the spawning grounds to habitats required for the next stage of
the life cycle. The importance of the presence of adequate food for larvae at specific
times in the early life history, not just first feeding, has been called the 'critical period
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concept' and has been studied widely, geographically and taxonomically in both the
laboratory and the field (for reviews see Marr, 1956; May, 1974).

Marine larval advective and diffusive studies to date have been largely descriptive,
speculative or correlative, with little data on the mechanisms required for larval
transport (Rae, 1957; Bakken, 1966; Wickett, 1967; Hart, 1975). The surface currents
are often only vaguely known by returns of drift bottles and surface drogues, (Colton
and Temple, 1961; Saville, 1965; Dragesund, 1970) or only in the broadest terms with
limited seasonal, vertical or small-scale resolution (Parrish et al .. 1981).

Understanding of the advective processes affecting larval movement is further
complicated if the larvae undergo diurnal, tidal or ontogenetic vertical migration
(Graham et al., 1972; Strathmann, 1974; Okubo, 1980). Hardy (1935) was the first to
suggest that vertical migration through a variable current field could affect horizontal
displacement. He also considered that in this way animals avoided prolonged contact
with unfavorable environments and this saltatory movement gave rise to patchiness.
The patchiness part of his hypothesis has been studied (Miller, 1970; Kamykowski,
1974, 1976; Riley, 1976) but the effect of vertical migration on advection and diffusion
is largely untested. Nevertheless, this mechanism has been invoked to aid maintenance
of position within estuaries (Bousefield, 1955; Pearcy, 1962; Weinstein et al., 1980;
Wooldridge and Erasmus, 1980) and on continental shelves (Walford, 1938; Wro-
blewski, 1982) or alternatively to enhance horizontal displacement up an estuary
(Carriker, 1951; Wood and Hargis, 1971; Sandifer, 1975; Sulkin et al., 1980),
alongshore (Longhurst, 1976; Efford, 1970) or onshore (Woodmansee, 1966; Penn,
1975; Phillips et al., 1979) often against prevailing currents. In no instance however,
have these mechanisms been demonstrated by monitoring both the vertical behavior
and the in situ current regimes simultaneously.

The distance, direction and timing of larval movement are of particular importance
to species whose spawning grounds are separate and some distance from their nursery
grounds (Istock, 1967; Cushing and Harden Jones, 1968; Dragesund, 1970; Paulik,
1973). Estuarine-marine dependency is very commo,ll among species that support
major vertebrate and invertebrate fisheries (Gunter, 1980), and a large number of
penaeid shrimp (prawn) genera have offshore spawning grounds and nearshore or
estuarine nursery ground requirements for postlarvae or juveniles (for review see
Garcia and Le Reste, 1981).

Previous descriptive studies of vertical migration of early penaeid larvae (Racek,
1959; Eldred et al., 1965; Temple and Fischer, 1965; Jones et al., 1970) have been
contradictory and have shed little light on a possible mechanism for onshore transport.
Penn (1975) hypothesized, based on an idealized larval behavior and limited knowl-
edge of current regimes, that larval Penaeus latisulcatus in Western Australia used
day-night differences in speed and direction of tidal currents on the surface and bottom
to move onshore during certain times of the year. Rothlisberg (1982) showed that the
extent of vertical migration changed as penaeid larvae developed and that the behavior
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Figure I. Map of the Gulf of Carpentaria and Arafura Sea encompassed in the current study.
Areas 1-4 refer to Staples' (1979) postlarval recruitment patterns (see text). Points A-E are
larval release points used by the models. Points 1-3 are sites of current meters used for model
verification.

of all larval stages was mediated by light penetration. Further, by simultaneously
measuring current speed and direction at depth along with the larval shrimp vertical
distribution, the distance and direction of larval shrimp movement was approximated
by extrapolating from the short-term (24 h) sampling to the 7-14 day planktonic
period. From this limited sampling the importance of the vertical position in the water
column in determining the resultant advection distance and direction was shown.
However, because the study was localized and short-term it was not very useful in
explaining the large-scale temporal and spatial patterns of recruitment recently
described for postlarval P. merguiensis in the Gulf of Carpentaria (Staples, 1979).

Staples (1979) delineated four areas in the Gulf of Carpentaria with characteristic
patterns of postlarval immigration into estuarine nursery grounds (Fig. 1). Area 1, in
the northeastern Gulf, has recruitment from February to June with a peak in
March-April. Area 2, in the middle of the east coast, has year-round recruitment.
Area 3, in the southeastern Gulf, has recruitment from October to June with a peak i:J.
November-December, five months out of phase with Area 1. Area 4, covering the
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southwestern side of the Gulf, has year-round recruitment as well, but only very
intermittantly with rivers often not having any recruitment for several years. As there
are two spawning periods of P. merguiensis in the Gulf (October-December and
March-May; Crocos and Kerr, 1983) in Area 1 the March-May larvae survive and in
Area 3 the October-December larvae survive. Random diffusion of larvae cannot
explain the seasonal changes in larval transport that may be responsible for the loss of
the larvae from the March-May spawning in the southern Gulf and the October-
December spawning in the northern Gulf.

A knowledge of the circulation in the Gulf is essential. Early studies of the
hydrological conditions in the Gulf of Carpentaria were completed by Rochford (1966)
and Newell (1973). While Newell (1973) inferred large-scale baroclinic motion,
current meter records (Cresswell, 1971; Church and Forbes, 1983) indicate that
barotropic tide and wind-induced currents are dominant. Reinecker (1979), Webb
(1981) and Church and Forbes (1981) developed two-dimensional (depth-averaged)
models of the tidal circulation. In the area of the Gulf considered here, the diurnal tidal
constituents (K1 and 01) are dominant and the semi-diurnal constituents (M2 and 52)
are small. Further north near the coast of Irian Jaya the semi-diurnal constituents are
much larger. Forbes and Church (1983) produced models of the mean circulation
(induced by nonlinear tidal effects, seasonal winds and baroclinic effects) and found
good agreement with the tracks of free-drifting satellite-tracked buoys.

Of these studies, only those which developed numerical models have enough spatial
and temporal resolution to allow any meaningful evaluation of the role of the currents
in explaining larval advection and survival. Unfortunately these models do not contain
any information on the vertical current structure whereas the results of Rothlisberg
(1982) have shown the importance of diurnal vertical migration of the larvae.

Section 2 (and the Appendix) of this paper describe an Ekman dynamics model
which gives the vertical structure of the currents resulting from surface and bottom
stresses as well as from pressure gradients. We then treat the shrimp larvae as tracers
which move vertically through the water column, simulating the range of larval
behaviors discussed by Rothlisberg (1982), in Section' 3. The interaction between the
larval behavior and the physical environment is treated in Section 4 and the resultant
patterns of larval advection are presented in Section 5. These results are then discussed
(Section 6) in an attempt to explain the disagreement between the timing and size of
observed recruitment of P. merguiensis larvae into the estuarine nursery areas and the
timing of the two spawning peaks. We also attempt in Section 6 to explain the temporal
variation of the recruitment of larvae into the two most closely studied regions of the
Gulf (Areas 1 and 3 in Fig. 1).

2. Models of current structure
The two-dimensional, depth-averaged model of Church and Forbes (1981) and

Forbes and Church (1983) determined the barotropic tidal and wind-forced currents of
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the Gulf of Carpentaria by solving the equations of continuity and conservation of
momentum (including the nonlinear terms and quadratic bottom friction) by an
alternating-direction, semi-implicit finite-difference technique (Leendertse, 1967).
The area considered in their model included all the Gulf north to Irian Jaya and from
Torres Strait in the east to a line joining Wessel Islands to False Cape in the west. A
square grid (grid length, 27.8 km) aligned 190 east of north was used to overlay the
area giving 25 x 37 arrays for the variables. The smooth bathymetry means that the
grid can resolve most of the major bathymetric features. On the open boundary,
between the Wessel Islands and False Cape, tidal elevations were specified. The tidal
flowthrough Torres Strait (estimated from tidal constants at each end of the channel)
was also specified as a boundary condition.

Frictional effects both at thesurface and at the bottom lead to significant departures
from the vertical averaged currents. The Ekman depth (the depth of frictional
influence) OE is

(
V )1/20--

E - 2f (2.1)

wherefis the Coriolis parameter (which is a function of latitude) and for the vertical
eddy viscosity v, we use the Bowden et al. (1959) result

v = 2.5 X 10-3 h 1u I. (2.2)

For a depth h of 30 m and a velocity 1 u 1 of 0.4 m s-I, the Ekman depth at a latit~de of
15S is 20 m. Thus we expect all of the water column to be affected by bottom and
surface stress and in fact, the bottom and surface Ekman layers overlap.

The velocity profile is intimately related to the vertical variation of the viscosity v.
Unfortunately, there are few data available which give detailed information on the
variation of v through the water column and there have been few detailed verifications
of three-dimensional models. The data of Bowden et al. (1959) indicate a mid-depth
maximum for v and it is generally thought that v decreases rapidly near the boundaries.
Tee (1979, 1982) found that if he assumed v constant throughout the water column
(i.e., right to the boundaries), he could not reproduce the observed velocity structure. If
however, a sub-layer model in which v became small near the lower boundary was used,
the observed velocity structure could be modelled (within the accuracy of the
measurements) independent of the detailed form of v in the rest of the water column.

Here, we will assume the velocity is driven by the surface pressure gradient,
determined from the two-dimensional model of Church and Forbes (1981), Forbes and
Church (1983), and surface wind stress, and assume that a logarithmic sub-layer
exists. Rather than modelling this layer explicitly, we will assume linear friction at the
top of this layer h+; i.e., for a complex velocity w = u + iv (where u and v are the two
velocity components and i = H)

awlv- = bwaz z--h'
(2.3)
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Figure 2. Schematic representation of larval vertical distribution patterns during day (D), night
.(N) and transitional (T) periods of dawn and dusk. Depth levels are explained in the text.
o - day level: a ~ night level.

where b is the linear friction coefficient, z is the vertical axis, and we use constant
viscosity given by Eq. 2.2 in the rest of the water column. In the technique which uses
the analytical solution of Jordon and Baker (1980) (see the Appendix for details), we
neglect all nonlinear terms and its thus impossible to reproduce accurately the second
order tide-induced residual currents. The solution used is dependent on the nondimen-
sional number K ~ bhjv ~ 1 and the exact value of K was chosen by comparing the
results for u and v with the observations of Church and Forbes (1983).

3. Vertical migration patterns
Eight vertical migration schemes were formulated, based on behavior patterns seen

in the field (Rothlisberg, 1982) plus some extreme situations for comparison (Fig. 2).
The water column, regardless of depth, was divided into tenths; level 0 represents the
surface, level 5 mid-depth, level 10 the bottom of the calculated Ekman current profile
where there is a finite velocity, and level L the logarithmic layer. If the larvae entered
the logarithmic layer it was assumed they were close enough to the bottom so that they
would be in a near-zero velocity field.

The eight schemes of larval shrimp migration are numbered with increasing
complexity (Fig. 2). Schemes 1,2 and 3 represent nonmigrating larvae with the larvae



1983] Rothlisberg et al.: Larval shrimp advection models 517

spending all of their time at either the surface, mid-depth or near-bottom (level 10)
respectively. Scheme 4 has the larvae within the logarithmic layer by day and moving
just up into the water column (level 10) at night. In scheme 5 the larvae move from the
near-bottom (level 10) by day to the surface at night and in scheme 6 the larvae move
from level L by day to the surface by night. Schemes 7 and 8 have stepped migratory
patterns. In scheme 7 larvae spend the day at level I0 and move to the surface at night,
with the larvae spending I h at each of two transitional depths during both the ascent
and descent. Finally, scheme 8 simulates the developing larvae's increasing capacity
for vertical migration as seen in the study of Rothlisberg (1982). The larvae progress
through three planktonic stages each with several substages. The three zoeal substages
move only within the lower one third of the water column, the three mysis substages
move through the lower two. thirds of the water column and the postlarvae move
throughout the entire water column. The postlarva goes through an indeterminate
number of molts before becoming benthic in the nursery grounds. In scheme 8a, in
March, with relatively warm water temperatures, the larvae spend one day in each
larval substage, thus from the seventh day onward larvae move throughout the whole
water column. In October, when water temperatures are lower, each larval substage
was assumed to last 2 days, thus from day 13 onward larvae migrate through the whole
water column. The larval growth rates are based on experimental larval rearing studies
(Mock and Murphy, 1970; Rothlisberg, unpublished data).

As the modelled larvae were advected into shallower water, a nonmigrator which
started at 20 m in 40 m total depth (level 5) would be at 10 m in 20 m of water and at 5
m in 10 m of water (still level 5). Since the larvae's ability to migrate vertically is
defined here by depth fraction, not as an absolute distance (an assumption that
simplifies calculations), the levels they can reach will b~ effectively nearer the surface
in shallower water than in deep water.

4. The larval advection models
Staples (1979) suggested that the Weipa and the Karumba areas had marked peaks

in recruitment in April and November respectively. We therefore chose to model the
advection of vertically migrating larvae in the months of March (March 6, 1978, was
the exact date chosen for the start of the simulation) and October (October 10, 1978)
at two locations (C and E, Fig. I). These two locations were chosen for their proximity
to Staples' recruitment areas and because of their high probability for penaeid
spawning based on adult distributions (Lucas et al.. 1979) and reproductive activity
(Crocos and Kerr, 1983).

The two-dimensional model was run for 20 days commencing at the above two dates
(plus a suitable spin up time before these dates for the decay of initial transients). The
four principal tidal constituents (KI' 01' M2 and 82) were included and for the October
period two runs were made, one with mean winds (Forbes and Church, 1983) and one
without. In March, the mean winds were light and were not included. The surface
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elevations resulting from these model runs were then combined with the Ekman model
(Appendix Eq. 14) and the vertical structure of the horizontal currents determined at
the location of the model larvae. These currents were then used to advect the larvae
using a single step time-centered scheme. In the present case where there is smooth
bathymetry, only a slow spatial change in the tidal character, and slow horizontal
movement of the larvae, the difference between computing the three-dimensional
current structure on an Eulerian grid and interpolating to the larvae, and computing
the current structure in a Lagrangian manner, is negligible.

In addition to using the three-dimensional current structure for computing the
advection of the larvae, we also used directly the currents computed with the
two-dimensional model. The velocities of the larvae were obtained by bi-linearly
interpolating (f = a + bx + cy + dxy) from the velocities at the surrounding 4 grid
points. In this scheme, the larvae were considered to be either in the water column
when they were advected with the ambient current or close to the bottom and assumed
stationary. This simple alternative was included to determine whether approximate
results, which could be determined more quickly and more cheaply with the two-
dimensional model, would be useful as general indicators of advective trends.

5. Results

Vertical current structure
The vertical current structure was evaluated for three values (0.5, 1, 2) of the

nondimensional number K = bh/v. The decrease in velocity with increasing depth
observed in the current meter observations of Church and Forbes (1983) was used to
discriminate between the solutions. At current meter location 2 (Fig. 1), the ratio of
the K, amplitudes seen in recordings of current meters moored at 6 and II m below the
surface (water depth 17 m) was 0.84 and 0.86 (north and east components
respectively) and for the O[ constituent the values were 0.85 and 0.65. The model
results near this site gave 0.83 and 0.78 for K = 2,0.89 a,nd 0.86 for K = 1 and 0.94 and
0.94 for K = 0.5. Although both K = 1 and K = 2 appear to yield similar fits (K = 1
marginally better) to the above ratios, K = 1 produces velocities that are too large when
compared with the two-dimensional depth-averaged model. K = 2 is, overall, the best
fit, and this value was used in all of the computations. The surface and bottom
velocities (at current meter location 2) computed with the three-dimensional model
(Appendix Eq. AI4) are compared with the results of the two-dimensional depth-
averaged model in Figure 3. Fourteen hours after the summation commenced the
surface and the bottom velocities encompassed the two-dimensional depth-averaged
velocities.

Analysis of the results indicated that the maximum difference between surface and
bottom velocities occurs at times of peak flow. A typical hodograph of the current
structure for both the wind and no wind situation at peak flow is shown in Figure 4 for,.
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Figure 3. Comparison of modelled current velocity components at current meter location 2
(u-eastward, v-northward) generated by the two-dimensional, depth-averaged, and three-
dimensional models.

two water depths (39 and 49 m) near release point E. In both cases there is little change
in direction of the current with depth but the speed increases by a factor of two from
the bottom to the surface. Similar small variations in direction and large variations in
speed occurred at the other locations and depths. Near the change of the tide, however,
there were significant changes in the direction with depth (Fig. 5). The maximum
variation in direction with depth was 44° at 39 h in 41 m of water. As the depth
decreased, the maximum variation in direction of the current decreased to 17° at 40 h
in water of 20 m depth and only 4° at 39 h in water of 11 m depth. It was clear that the
modelled Ekman veering effects decreased with decreasing water depth, and that in
shallow water there was no significant difference in current direction from surface to
bottom throughout the tidal cycle.

With wind applied to the model, profiles do not differ significantly from the nonwind
case. The surface current is, as expected, more affected by the wind than the bottom
current as shown in Figure 4. For a water depth of 39 m, the surface current near
release point E differs by 10% in speed, between wind and nonwind cases. In the deeper
water, 49 m, there is a current direction difference, due to the wind, of 4° at the surface,
but 0° at the bottom.

In Figure 5, again the greatest difference in current direction, between the wind and
nonwind cases is at the surface although at this location in the southern part of the Gulf
(near release point C) the applied wind stress for October is about 1/10 of the wind
stress in the northern part of the Gulf, so the effect on the current profiles is
proportionately less.

Larval advection patterns
a. Spatial. The positions of the larvae relative to the starting locations near Karumba
and Weipa for the March period are plotted at 5-day intervals for the three-
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Figure 4. Hodograph (line joining tips of vectors representing current speeds at 10 depth
intervals from surface to bottom) of current structure at two depths (39 and 49 m) near
release point E (see Fig. 1), for both wind and nonwind situation at time of peak flow (model
time = 32 h).

dimensional current model and are presented in Figure 6A and 68. Also shown are the
positions of the larvae after 20 days when the two-dimensional depth-averaged
currents were used for migration schemes 1 and 6. The most significant difference in
advection is between the larvae which do not migrate vertically (schemes 1-3) and
those which migrate (schemes 4-8). Near Karumba, the nonmigrators are advected
only short distances (Fig. 6A), 20 km northwest for the three-dimensional model and
approximately 10 km southwest for the depth-averaged currents. The larvae which
follow scheme 6 are advected north 165 km, for the other schemes they are advected
about 90 km north and for the depth-averaged currents they are advected 150 km
north. Near Weipa (Fig. 68), the nonmigrators drifted 10-30 km south depending on
which level they occupied. In cont;ast, the migrators were advected north. If the larvae
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Figure 5. Hodographs of current structure at three depths (11, 20 and 41 m) near release point
C (see Fig. 1) for wind and nonwind situation near the turn of the tide (model time - 38-41
h).

behave as in scheme 6, they are advected 100 km north, for the other schemes they are
advected 40-50 km north and for the depth averaged currents they are advected 90 km
north.

In October (no wind case), the situation is quite different (Fig. 7A, 7B). Near
Karumba (Fig. 7A), the nonmigrators are advected short distances (up to 20 km north)
while the migrators are advected 125 km south for scheme 6, 45-70 km south for the
other schemes and 120 km south for the depth-averaged results. Near Weipa (Fig. 7B),
the nonmigrators in the three-dimensional model are advected 10-15 km west and in
the two-dimensional model they are advected 25 km south. The migrators that follow
scheme 6 are advected 85 km south and in the other schemes are advected 30-50 km
south. With depth-averaged currents they are advected about 90 km south.

When wind stress is included in the October model (Fig. 8), the only significant
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1
Figure 6. Modelled larval advective distances and directions in March. (A) larvae released at

point C near Karumba. (B) larvae released at point E near Weipa. 3D: three-dimensional
model. 2D: two-dimensional depth-averaged model. Dashed lines are nonmigratory schemes,
solid lines are migratory schemes (see Fig. 2).

differences are in the Weipa area (Fig. 8B). The near-surface nonmigrators are
affected the most by the southeasterly winds and are advected north or northwest
distances of 20 km to 55 km. The migrators are less affected by the wind and are
advected south, 85 km for scheme 6, 20-30 km for the other schemes and 60 km for the
depth-averaged currents. With the three-dimensional model, the effect of wind stress
results in larvae that remain near the surface with no vertical migration being advected
further west while the larvae that remain near the bottom are advected slightly
onshore.

To give a clearer spatial picture, the results of the two-dimensional advective
patterns, without vertical migration (scheme I) and with vertical migration when the
larvae were allowed to enter level L during the day (scheme 6) for five locations, are
shown in Figure 9A (October) and 9B (March). In October (Fig. 9A) the final
positions without migration and witbout wind show a small drift (10-15 km) in the
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Figure 7. Modelled larval advective distances and directions in October with no wind stress
applied to the model. (A) larvae released at point C near Karumba. (B) larvae released at
point E near Weipa. 3D: three-dimensional model. 2D: two-dimensional depth-averaged
model. Dashed lines are nonmigratory schemes, solid lines are migratory schemes (see Fig.
2).

direction of the residual tidal current. With vertical migration and without wind stress,
the net drift increases dramatically (60-150 km), generally southward from spawning
locations B, C, D and E and west at location A. For locations A, Band C this is
shoreward. At the two northern spawning locations (D and E) the southward drift of
the larvae is about 70 km alongshore. When October mean wind stress is applied the
net drift at locations A, Band C is not significantly different. However, at locations D
and E with vertical migration, the wind decreases the extent of the larval drift by about
25%. Without vertical migration the advection is reversed, with the larvae moving
north by 15-50 km (locations C and D respectively) after 20 days.

The larval advection for March, for the same five potential spawning locations is
shown in Figure 9B. A difference of 1800 in the phase of the October and March tides,
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Figure 8. Modelled larval advective distances and directions in October with wind stress applied
to the model. (A) larvae released at point C near Karumba. (B) larvae released at point E near
Weipa. 3D: three-dimensional model. 2D: two-dimensional depth-averaged model. Dashed
lines are nonmigratory schemes, solid lines are migratory schemes (see Fig. 2).

when combined with the fixed day-night vertical migration cycle results in drift, after
20 days, of a comparable magnitude, but in the opposite direction. At locations A, B
and C the net drift is offshore, at location D alongshore to the north, and at E to the
northeast. Without vertical migration, the net drift at all five locations is virtually
identical with the October picture (10-15 km).

b. Temporal. The results presented so far have concentrated on advection of larvae
released at two particular times, thought to coincide with the peaks of spawning
activity. We would also like to know how the seasonal progression of the phase of the
tide, relative to the day-night cycle, and how the spring-neap cycle, affect advection.
The results of the previous section show that as long as there was some vertical
migration with the day-night cycle, the direction and distance of advection of larvae in
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Figure 9. Spatial variation in larval advection after 20 days from the two-dimensional model at
all five larval release points, for both migratory and nonmigratory larvae in, (A) March, and
(B) October. Wind stress was only applied to the model in October.

each scheme were approximately the same (within a factor of about 2). Thus we can
get some idea of the seasonal advection of vertically migrating larvae by evaluating an
integral which we shall call the advective potential (AP):

AP = 1u(t) f(t) dt,
day

where AP is the distance the larvae could move in one day. Here f(t) is a function
which scales the velocity u(t) according to the time of day. For simplicity, we setf(t) =

o during daylight hours and f(t) ~ 1 during the night, corresponding to larvae in the
logarithmic layer during the day and in the flow at night. For evaluating u(t), we
included the four major tidal constituents (01) KI> M2 and 82) and used the results of
the model of Church and Forbes (1981) to determine the amplitude and phase of each
constituent. The AP is an Eulerian measurement whereas the earlier results were of a
Lagrangian nature. The tidal currents can now be evaluated for any time of the year at
any selected station and the resultant larval advection approximated.

The results of evaluation AP for locations C and E for 1978 are shown in Figure lOA
and lOB. Here we have used only the north-south component of u(t). Two periodicities
are apparent. Firstly, there is a periodicity of approximately 14 days which is a
combined result of the modulation of the amplitude of the current during the
spring~neap cycle and of the phase of the current relative to the day-night cycle.
Secondly, there is an annual cycle due to the gradual progression of the phase of the
dominant KJ tide relative to the day-night cycle. For location C, (Fig. lOA) day 325
(November 21) is approximately the last day on which vertically migrating larvae can
be advected in a southward direction toward the nursery areas by the tidal currents.
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Figure 10. Temporal variation in advective potential (see text) for (A): larval release point C
(near Karumba), and (B): larval release point E (near Weipa) for the calendar year 1978.

For locations closer to shore and to the mouths of rivers in the southeastern Gulf this
day will be a little later. It should be noted that the determination of the last day for
southward advection is sensitive to the time of day that larvae migrate vertically.
Subsequent runs showed that for each hour earlier that, the larvae leave the lower levels
at dusk and return to the lower levels at first light, the last day for southward advection
is extended by approximately 14 days. Change in the time of the vertical migration will
also affect the phase of the l4-da y signal.

6. Discussion

Current structure
The three-dimensional current model we developed is a hybrid of a two-dimensional

depth-averaged model and a linear Ekman model which gives the vertical structure.
The two-dimensional model requires a closure scheme for determining the bottom
stress. A constant drag coefficient (adjusted so that the model predictions of tide height
agree with the observations of tide height) combined with the depth-averaged velocity
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(determined from including the four major tidal constituents) was used. Use of the
near-bottom velocity would be more realistic. Johns (1978) felt this was an important
criticism of depth-averaged models whereas the work of Heaps and Jones (1981) and
Tee (1979, 1982) indicate that apart from an hour or so near the change of tide, the use
of a depth-averaged velocity should be acceptable for well-mixed conditions when only
the barotropic signal is present. The present results indicate that except at periods near
the change of the tide there is little variation in direction of the current through the
water column and the direction of the bottom stress would be almost independent of the
velocity used in its evaluation. At the change of the tide in the deeper water there were
variations in direction of the current of up to 40°. However at this time the currents are
small C",0.05 m s -I) and the results of the depth-averaged model should not be greatly
affected by the small bottom. stress. In shallower water this direction difference is
smaller.

Unfortunately, in the Gulf there were only two discrete depths at which we could
verify the vertical structure of the currents determined with the Ekman model. The
data (Church and Forbes, 1983) show a reduction in velocity magnitude with depth at
approximately the rate determined by the model. There is also little variation in
direction with depth in the observations, in agreement with the model results. It was
not possible to verify the structure of the wind-generated currents as there are no
suitable data. This is due partly to the lack of a reliable time series of wind data over
the Gulf and, in addition, the currents measured by Church and Forbes (1983) were
not significantly correlated with wind data from a nearby land based meteorological
station.

Larval advection
In the shallow, well-mixed Gulf of Carpentaria the vertical extent of the migration

was less important than the proximity to the bottom. The advective distances and
directions of all schemes in which the larvae moved into the water column at night were
comparable. From the modelling it also became apparent that an epibenthic mode
(where larvae settle on the bottom) during the day but rise into the water column at
night would significantly increase horizontal advective distances. Rothlisberg (1982)
found no significant differences in the day-night abundance of the early larval stages,
inferring that the larvae were not going below the lowest pump inlet (within 2.5 m of
bottom) during the day. The likelihood of the filter-feeding early larvae settling on the
bottom, even intermittently, is remote. At later developmental stages (early postlar-
vae) they do become epibenthic. Therefore, potential advective distances probably fall
within the range of modelled results: the smaller distances (ca. 50 km) for larvae that
migrate but never rest on the bottom, and over 160 km for larvae that rest on the
bottom during all daylight periods. With proximity to nearshore and estuarine nursery
grounds postlarvae also shift from a diurnal, light modulated behavior pattern to a
vertical migration keyed to the tides (Staples, 1980; for a review of earlier work see
Garcia and Le Reste, 1981). As these late postlarvae are epibenthic, their behavior
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could be influenced by a number of additional factors including current speed,
pressure, salinity or environmental cues of a terrigenous origin.

The results of advecting the vertically migrating larvae can explain the large spatial
and temporal patterns of postlarval Penaeus merguiensis immigration into the rivers of
the Gulf of Carpentaria as described by Staples (1979). For the Karumba area, the
October larvae are carried southward toward the Norman River whereas the March
larvae are carried away from the nursery areas toward the center of the Gulf. For the
area north of Weipa, the October larvae are carried south away from likely nursery
areas whereas the March larvae are carried north into Staples' Area 1. Larvae released
on the mid-east coast are moved parallel to the coastline in both seasons.

The advective potential results indicate that the last day that larvae should reach the
Norman River in the southeast corner of the Gulf is a little after November 21. Staples
(1980) found that the peak of P. merguiensis postlarvae entering the Norman River in
1975-76 occurred in mid-November and that immigration was low after December 1.
The close agreement between the modelled results and field observations is encourag-
ing. The precise time at dusk and dawn that the larvae leave and arrive at their daytime
depth was an important parameter in the application of the advective potential
predictions. Though variable because of changes in light penetration, it seems that the
daily timing of migration, in relation to tidal periodicity (both seasonal and short-
term), is just as important as the geographic proximity of the spawning ground to the
nursery area in determining whether or not larvae will be successfully advected toward
the coast. High intensity temporal sampling during dawn and dusk would add greater
resolution to the advective potential predictions.

Horizontal larval diffusion3

Up to now we have dealt solely with the effects of advection of larvae by vertically
sheared tide and wind-induced currents. In that approach we have neglected the effect
of diffusion caused by two factors: turbulence of the water and variability in vertical
migratory behavior of the larval population. (This latter effect is essentially shear
dispersion4

.) In the marine environment other workers have shown that diffusion is not
a major force affecting larval distribution (Hirano and Fujimoto, 1968; Talbot, 1977;
Okubo, 1980) but it is still important to estimate how large a part diffusion plays in
influencing the number of larvae that reach the nearshore and estuarine nursery
areas.

Firstly considering the diffusion due to turbulence, we assume that the diffusion is
horizontally isotropic and can be quantified by an empirical horizontal diffusivity
constant KH• For these conditions, the diffusion equation for the concentration of
larvae (C) as a function of time t and distance r from the center of a distribution whose

3. Here we have used the definition of diffusion (common in physical oceanography) as the spreading out
of the population due to a random walk-like process.

4. Dispersion refers to the spreading out of the population due to shear in the velocity field.
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advection we have already evaluated, in water of constant depth is:

(6.1 )

If we assume KH is independent of rand t, then the solution of 6.1 for an initial release
of No larvae (assuming zero larval mortality) is:

(6.2)

While there is no universally accepted formula for KH' theoretical and empirical
studies (reviewed by Okubo, 1980) show KH is proportional to Q4/3 where Q is the typical
length scale. For a length scale of 10-50 km, K lies in the range 10-50 m2

S-I. Larval
mortality can only be approximated in the Gulf from estimates of fecundity and
mortalities of other life history stages. Staples (personal communication) has
estimated juvenile mortality in the nursery areas as 15% week-I and Lucas et at.
(1979) have estimated adult natural mortality as 5% week-I. During the short, but
intensive, fishing season approximately 85% of the adult population is removed (Lucas
et al., 1979). Based on these mortality rates and an estimated fecundity of 2 x 105 eggs
per female (Crocos, personal communication) we estimate that only 0.1 % of the
spawned eggs must reach the nursery areas to maintain a stable population level. As
the larvae diffuse from the center of the distribution, some fraction (say 0.5) move
closer to the nursery areas and the remainder move away. If we now assume all the
larvae on the shoreward side reach the nursery areas then we can estimate, with the
help of are-arranged Eq. 6.2, the maximum distance, rm' that the center of the
distribution can be from the nursery area to satisfy the 0.1 % survival rate; i.e.,

1 Joo0.001 = -
2 rm

21rrexp( - 4;~t)dr. (6.3)

For the published range of values of KH, rm lies in the range 30-90 km.
The second contribution to diffusion (or in this case shear dispersion) comes from

the variable migratory behavior of the population in different light, wind and turbidity
conditions. This may be as important as turbulence in diffusing the larvae but is even
more difficult to quantify. One estimate of the variability would be half the advected
distance realized by the various migratory schemes presented earlier. This distance is
approximately 40 km parallel to the advection direction and 15 km perpendicular to
this motion. This variability would increase the value of rm by as much as a factor of 2
parallel to the advection direction and by a somewhat smaller value in the perpendicu-
lar direction.

These calculations (which are most likely upper estimates) suggest that diffusion
could aid the larvae released in October in reaching their coastal nursery areas in the
southeast corner (Area 3, Fig. 1), but diffusion is barely large enough to overcome the
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advection away from the nursery areas in March. The same argument applies for the
northern area (Area 1) but with the seasons and directions reversed. On the
mid-eastern coast (Area 2), diffusion and advection will always enable larvae to reach
their nursery areas and therefore year-round recruitment is possible.

Life history and reproductive strategies
Many authors have speculated on how important the proximity of spawning grounds

to nursery ground would be, along with the timing of spawning, to take advantage of
the appropriate currents to effect the transfer of larvae from one habitat to the next
(Hjort, 1914; Istock, 1967; Efford, 1970; Dragesund, 1971). Though penaeids have a
variety of life history strategies, with some totally marine and some totally estuarine,
most commercially important species have a mixed life cycle with a dependence on an
estuary or nearshore zone at some stage, (Kutkuhn, 1966; Gunter, 1980). These
species with the mixed life cycle also suffer the greatest recorded variations in
numbers. The success of the larvae in moving between the offshore and nearshore
habitats could be one of the key factors in explaining the variation in numbers. Further,
since the proximity of spawning is important to the success of recruitment, and
therefore the perpetuation of the species, the magnitude of the larval drift may delimit
the offshore extent of the adult distributions in any given location. In the Gulf of
Carpentaria, the commercial abundances of adult shrimp in the genus Penaeus, all of
which require a nearshore or estuarine nursery area, are all found within 130 km of the
coast (Somers and Taylor, 1981), even though there is no apparent depth or substrate
limitation that would keep them restricted to the coastal zone. The offshore limitation
of the adult distribution is within the range of larval advection distances calculated in
this study.

The fact that P. merguiensis is not finely tuned to its environment, in that it appears
to waste a large amount of its reproductive output in the southeastern Gulf of
Carpentaria, with most of the population spawning when conditions are not suitable for
recruitment, is at first perplexing and from an evolutionary point of view apparently
untenable. Though the Gulf is at a tropical latitude there is marked seasonality in air
and water temperatures, rainfall, salinity, wind regimes and currents. Reproduction, as
evidenced by the spawning activity and postlarval recruitment patterns is also seasonal
yet there appears to be a lack of sensitivity to the environment and reproductive
inefficiency. [[0 explain this we could first consider the relative ages of the Gulf and the
penaeid species therein. From the best genetic estimates available (divergence times
calculated from data in Mulley and Latter, 1980) the penaeid species that inhabit the
Gulf are between 1 and 6 million years old and are thought to be relatively slowly
evolving because of their very low levels of genetic variation (Redfield et aI., 1980).
Over the past 10 million years the Gulf has not been flooded continuously and only in
the last 7000 years has it reached its present extent (Doutch, 1976). Therefore, the
slowly evolving penaeid species may not have had enough time to adapt to this
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relatively new environment, an environment somewhat atypical to the rest of its range.
Alternatively, the reproductive strategy adopted by the penaeids, though apparently
very demanding (e.g., demersal eggs, complex larval life history, discrete habitat
requirements through the life cycle), may be so robust, by virtue of its high fecundity
and planktonic larvae, that the effects of long and short term changes in the
environment are damped (Roff, 1974; Strathmann, 1974).

Clearly the advection model developed here has been very useful in showing the
importance of synchronization of reproductive activity with current patterns and its
effect on the timing, spatial patterns, and success of recruitment of postlarvae to
nursery areas. The broad implication that bears on future studies of advection and
dispersion of marine organisms is the need for detailed knowledge of both the physical
environment including its dYI1:amicsand larval behavior. Variables such as wind
velocity, surface current velocity and larval distribution, common in correlative
studies, if taken in isolation, would give misleading impressions of which factors are
critical in affecting the distance and direction of larval advection. In order to assess
year to year variation in the magnitude of postlarval recruitment and subsequent
year-class strength, future work of this type will have to focus not only on the
hydro-meteorological events at specific times in the planktonic period, but also on a
number of biological factors (food availability and predation pressure) that influence
mortality during the larval drift. At present there is very little information on which to
accurately assess these factors in the Gulf.

While these techniques have been applied in the Gulf of Carpentaria we believe that
similar procedures could be used in a number of other areas which are closed or
semi-closed to outside influences and for which mathematical models of the circulation
have been developed. Such areas as the North Sea and the Gulf of Mexico would be
promising by building on, for example, the work of Pingree and Griffiths (1978) and
Hurlburt and Thompson (1980) respectively. For studies of year to year variations in
larval transport, there is a need for space and time variable winds to force any model.

Finally, this study has been a test of the advective portion of the hypothesis put
forward by Hardy (1935) almost 50 years ago. He proposed that the horizontal paths
of planktonic animals will vary according to the vertical migratory behavior of the
animals and the differing speeds and directions of the water masses through which they
migrate. The differences in horizontal distance and direction under various migratory
schemes, in this study, have been considerable. Even though the vertical migratory
distances are small, the planktonic period short and the currents barotropic. There is
tremendous scope for development of advective models for other animals, both mero-
and holoplanktonic, that have longer planktonic lives and greater vertical migratory
abilities which move through a much more diverse and dramatic array of current
velocities.

Acknowledgments. We would like to thank John Salini for calculating the genetic divergence
times and Eugene Rhodes for a precis of the complicated geological history of the Gulf of



532 Journal of Marine Research [41,3

Carpentaria. Derek Staples provided a hypothesis to test, unpublished data and criticism of the
manuscript. Bill Dall, Phil Hindley, Barry Scott, Jan Somers, Joe Wroblewski and Peter Young
gave further criticism of the manuscript. Finally we would like to thank Muriel Baxter for her
excellent typing of the many drafts necessitated by the differing backgrounds of the authors.

APPENDIX
Development of the three-dimensional model

As indicated in Section 2, we assume the currents are driven by the surface pressure gradient
determined from the two-dimensional model of Church and Forbes (1981) and Forbes and
Church (1983) and the surface wind stress. (All nonlinear terms are neglected and thus we
cannot model the second-order tide-induced residual currents.) Considering the horizontal
currents u and vas a complex variable W ~ u + iv, the equation for conservation of momentum
(neglecting nonlinear terms and horizontal viscosity) in a right-handed orthogonal coordinate
system (the z axis vertical upward and the zero level at the sea surface) is

ow oow- + ifw ~ q + - v - .
ot oz az

(AI)

Since the largest currents are the barotropic tide and wind-induced currents, the pressure term q
is only due to the surface slope; i.e.,

1 ap .1 ap a~. a~
q- - -- - 1-- ~ - g- - Ig-

pax pay ax ay
(A2)

where ~ is the sea surface elevation above z ~ O. Surface and bottom boundary conditions are
necessary to solve Eq. A I. At the surface, we used a wind stress F(t) ~ Fit) + iFy(t); i.e.,

aWlv- ~F(t)az Z-I
(A3)

At the bottom z ~ - h, the velocity must equal zero and close to the bottom v must be small
(several orders of magnitude smaller than its mid-depth value). We assume there exists a thin
logarithmic sublayer close to the wall and rather than model this layer explicitly we assume a
linear friction law applies at the top of this layer; i.e.,

aWlv- ~bwaz z- -h+
(A4)

(AS)

where b is the linear friction coefficient and v is given by Eq. 2.2. Tee (1979, 1982) used various
models for v above this lower boundary layer but his measurements could not determine whether
any of these models were superior to the others. Accordingly, we chose the simplest solution and
assumed v was constant throughout the water column.

Following Jordon and Baker (1980), the solution of Eq. Al (after substituting Eq. A2) is

W(ZDt) ~ t Bnfiz) I' q(t - r) e-iJ' e-Xn' dr
n~O 0

+ t (if + An) Dnfn(z) I' F(t - r) e-iJ' e-xn' dr.
n-O 0

As suggested by Jordon and Baker (1980), we have already cancelled the second and third
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terms which sum to zero in their solution. An and.f.(z) are eigenvalues and eigenfunctions of the
Sturm-Louville problem

d d
- - v -d .f.(z) ~ Anfn(z)dz z

with the boundary conditions A3 and A4. For constant viscosity:v in water of depth h

.f.(z) ~ cos(l1nz)

and

v I1n sin I1nh = b cos I1nh.

Let 0 -l1nh then from Eq. A9

K
tan 0 ~-o

(A6)

(A7)

(A8)

(A9)

(A 10)

where K ~ bhlv. On substituting Eq. 2.2 for v, and b ~ k Iu I, where k is a nondimensional drag
coefficient approximately equal to 2 x 10-3, then K "" 1.0. Eq. AlO is a transcendental equation
that was solved graphically for K ~ 0.5, I and 2. Bn and Dn are (lordon and Baker, J 980)

-2 sin I1nH
B --------

n sin I1n 4 cos fJnH + I1nH

I 2fJn
D - ---------

n - if + An sin I1nH cos 11.H + fJnH'

(AI I)

(AI2)

We now have all the elements for the solution of Eq. AI, assuming we know the surface slope
(from the two-dimensional model) and the surface wind stress. For a numerical approximation,
lordan and Baker (1980) found the first five terms of the infinite sum in Eq. AS a sufficient
approximation. Note that for large n, Dn(if + An)H converges to 2 and the second term in the
solution would diverge if it were not for the exponential in the integral which ensures rapid
convergence. As in lelesnianski (1970), we wish to form a numerical approximation to the time
integral in Eq. AS. We do this by assuming q and Fare constant over the time interval Lh at their
value at the centerpoint of their interval. We also extend the integral to consider all past events
by changing the upper limit in the integral from t to 00. The systems "memory" of the time
history of the surface slope and stress is governed by the exponential e-~n'giving a time scale of
I IAn. For the zero'th mode, this time scale is of order 10 hours and higher modes have smaller
decay times. Eq. AS now becomes

w(z,t) ~:tBJ.(z):t q (t - (k + l/z)~r) tk
+
1j,'" eif'e-~"dr

n-O k-O k~T

+ :t (if + An)DJn(z) :t F(t - (k + l/z)~r) tk+1),','e-if'e-~"'dr.
n-O k-O k4r

(AI3)
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If we now assume the level ofturbulence stays constant through the tidal cycle, we can rearrange
(AI3) such that

where

and

and

~ ~
w(z,t) = LQ: + LF:

n-O n-O

IQ.' = -if B.J.(z) q(f - 1/2 ~T) (A.O - A.') + A.' Q.r-;:",
I + A.

F.r = D.J.(z) F(f - 1/2~T) (A.O - An') + A.' Fnr-;:"

(AI4)

(AI5)

i.e., we now have a recussion formula for evaluating w.
The sum converges rapidly and in practice the summation was truncated at n = 5. Decreasing

this limit to 3 had negligible effect on the final result. The pressure gradients q were found with
the two-dimensional model. The sea surface elevation at the four closest grid points was fitted
with a bi-Iinear function and the surface slopes evaluated by differentiating this function. The
solution used is in an Eulerian reference frame whereas a solution in a Lagrangian reference
frame is desirable. Because of the slowly varying nature of the bottom bathymetry and of the
solution, the difference between these two solutions is small. In the advection of the larvae, all
terms were time-centered.
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