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INTRODUCTION

Many marine populations are thought to be con-
nected by a pelagic larval stage during which individ-
uals are dispersed from spawning sites (Caley et al.
1996). This dispersal is an important determinant of
both the survival of an individual and the distribution
and spatial structure of a population (Nathan 2001,
Cowen et al. 2006). Dispersal results from a complex
interaction between physical and biological factors
(Guichard et al. 2004) including spawning time,
spawning location, advection, dispersion (or ‘eddy dif-
fusion’), planktonic duration, planktonic survival, and
planktonic behavior (Hare 2005 and references
therein). Spawning time and location initiates the
transport process, while planktonic duration deter-
mines the time over which dispersal occurs. Advection

and dispersion transport individuals from spawning
locations over the duration of the planktonic period. In
a flow field with vertical differences in current speed
and direction, vertical position is important to the out-
come of transport and thus vertical advection, egg and
larval buoyancy, and larval swimming influence dis-
persal (Werner et al. 1993). Survival of the eggs and
larvae also is an important factor in dispersal and is
affected by the environment (such as temperature),
feeding conditions, and predation (Bailey & Houde
1989). Finally, the distribution of juvenile habitat is
used to distinguish actual planktonic transport from
potential larval dispersal by including the successful
arrival of larvae to juvenile habitat (Hare 2005).

In both marine and terrestrial systems, dispersal has
been studied using several methods including genetic
analyses, direct measurements of individual move-
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ment, and observations of the spatial distribution of
larvae (Nathan 2001). Genetic methods relate mean
dispersal distance to the increase in genetic differ-
entiation with distance, or isolation-by-distance (IBD)
(Kinlan & Gaines 2003). However, genetic homogene-
ity only requires the exchange of a very few individu-
als such that, as with near-homogeneity, the genetic
structure of many marine species is generally within
the range of error (Shanks et al. 2003). The use of
direct tracking of individual larvae remains difficult
(see review by Thorrold et al. 2002), and has been
accomplished for only a few species including tunicate
larvae (Olson 1985) and hard clam larvae (Arnold et al.
2005). Observations of the spatial distribution of larvae
can also be used to study dispersal (Cowen et al. 1993),
but do not provide information about the transport
paths of individual larvae and may not provide a link
between the spawning location and juvenile habitat.

Given the difficulties and uncertainties with both
genetic analysis and observations of larval dispersal in
marine systems, modeling can be an important tool
with which to track larvae from spawning to settlement
and to infer patterns of larval dispersal (Werner et al.
2001). The simplest mathematical models estimate the
extent of larval dispersal from the duration of the
pelagic larval stage combined with the movement of
passive particles in low-frequency currents (Grantham
et al. 2003, Shanks et al. 2003 and references therein).
Additional structure can be considered using 3-dimen-
sional circulation models that include vertical turbu-

lence (Werner et al. 2001) as well as particle behaviors
such as diel vertical migration (Hare et al. 1999) and
horizontal swimming behavior (Werner et al. 1993).
Settlement habitat can also be included to reflect the
habitat requirements necessary for continuation of the
life cycle (Paris et al. 2005). Finally, some studies follow
larvae throughout their planktonic stage by coupling
circulation and Lagrangian particle tracking models
with individual-based larval models that either use a
temperature-based growth model (Pedersen et al.
2003) or include a specific feeding environment for the
target species (Werner et al. 2001). 

One tool for quantifying larval dispersal is the dis-
persal curve or dispersal kernel, which is defined as
the number of propagules per unit area as a function of
the distance from its release location or the frequency
distribution of dispersal distances (Nathan 2001). Dis-
persal kernels can be used to explore the complex in-
teractions among the factors determining dispersal and
to make predictions about which of these factors are
most important. To date, most models that define dis-
persal kernels in oceanic regions have generally made
simplifying assumptions, such as straight coastlines
and passive larvae, and have used a 1-dimensional
probability density function for the dispersal kernel
(Siegel et al. 2003, Guichard et al. 2004). Where larval
dispersal and settlement habitat are not limited to 1 di-
mension (e.g. broad continental shelves and islands), a
2-dimensional dispersal kernel is more appropriate. 

Our aim was to examine which factors are most im-
portant in determining the dispersal of larvae spawned
over a broad, horizontally and vertically structured
continental shelf, requiring the definition of 2-dimen-
sional dispersal kernels. The study area was the south-
east US continental shelf, specifically the inner and
mid-shelf off Georgia, where the shelf is widest
(Fig. 1). A 3-dimensional circulation model combined
with Lagrangian particle tracking was used to follow
particles in a 3-dimensional flow field. The 2-dimen-
sional dispersal kernels were calculated from the end-
ing location of particles. The relative importance of

various factors that affect this lar-
val dispersal was examined using
a fully orthogonal approach such
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Fig. 1. Southeast US continental shelf
and the model domain (NC: North Car-
olina; SC: South Carolina; GA: Georgia;
FL: Florida). d: 5 release locations; :
center release location in Gray’s Reef
National Marine Sanctuary (GRNMS);
15, 25, 50, 100, 500 and 1000 m isobaths
are shown. Inset: eastern half of the US;
the black box encloses the southeast 

US continental shelf
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that dispersal kernels were calculated using all combi-
nations of the factors investigated. The effect of 5
factors was investigated: spawning time, spawning
location, larval duration, larval behavior, and physical
dispersion. 

MATERIALS AND METHODS

Study region. The southeast US continental shelf
(Fig. 1) extends from Cape Canaveral, Florida to Cape
Hatteras, North Carolina and is narrowest at the north-
ern and southern ends (10 to 30 km) and widest in the
center, off the coast of Georgia (120 km). The coast is
punctuated with rivers and tidal inlets, particularly in
South Carolina, Georgia and northern Florida, provid-
ing important juvenile habitat for many marine spe-
cies. The shelf has been extensively studied (Boicourt
et al. 1998 and references therein) and can be divided
into 3 cross-shelf regions, each with a different primary
driving mechanism (Boicourt et al. 1998). Circulation
on the inner-shelf (from the coast to the 20 m isobath)
is dominated by river discharge, atmospheric fluxes
and tides; while on the mid-shelf (from the 20 to 45 m
isobaths) circulation is driven primarily by the winds
and influenced by the tides and the Gulf Stream; the
outer-shelf is dominated by the Gulf Stream (Boicourt
et al. 1998). With the circulation over inner- and mid-
shelf regions being driven by the winds, circulation
patterns change seasonally with seasonal transitions in
the winds (Blanton et al. 1985, Blanton et al. 2003).

The focus of this study was the portion of the south-
east US shelf off Georgia. There is interest in poten-
tially developing marine protected areas (MPAs) in the
region. Gray’s Reef National Marine Sanctuary
(GRNMS) is a small marine sanctuary off the coast of
Sapelo Island, Georgia, located near the boundary
between the inner and mid-shelf zones and with
rocky-reef habitat typical of the shelf. An important
aspect of designing a network of MPAs in this region is
an understanding of the patterns of larval dispersal
and connectivity among areas of spatially discrete reef
habitats. The Lagrangian characteristics of this shelf
were studied by Edwards et al. (2006) through a com-
parison between observed and numerical drifters. It
was found that populations of marine organisms in the
central mid-shelf might be relatively closed on the
scale of 1 to 2 months, resulting in the retention of
larvae off the coast of Georgia (Edwards et al. 2006). A
probabilistic larval transport model based on drifters
released off Georgia and Florida also indicated that the
Georgia shelf is an area of retention (Hare & Walsh
2007). The present study is a continuation of our efforts
to understand larval dispersal in the region, and aims
to identify which factors are most important in deter-

mining the 2-dimensional dispersal kernel of larvae
spawned on the southeast US shelf.

3-dimensional circulation model and Lagrangian
particle tracking model. A highly resolved circulation
model for the shelf region was used to model larval
transport (Lynch & Werner 1991, Greenberg et al.
1998). The flow fields used here represent the long-
term monthly mean circulation (climatology) as
described by Blanton et al. (2003) and the main tidal
constituent in this region, the M2 tide (Blanton et al.
2004). The monthly climatology includes both density
and wind-driven flows derived from long-term data
sets (temperature and salinity observations from 1975
to 1999 and Comprehensive Ocean-Atmosphere Data
Set wind velocities from 1975 to 1999; Blanton et al.
2003). The model domain extends from south of Cape
Canaveral, Florida to Cape Fear, North Carolina
(Fig. 1). The model grid has 21 vertical levels and was
run with a minimum bathymetric depth of 2 m. Grid
spacing is variable, with the smallest grid spacing in
the order of 1 km nearest the coast increasing off-shore
to the order of 10 km.

Particles’ 3-dimensional trajectories were computed
using hourly values of the modeled flow field (as in
Edwards et al. 2006 and references therein). The
particle-tracking algorithm contains a provision for a
horizontal turbulent kick to simulate diffusion using a
Gaussian random flight process, with additional
displacements (δx and δy) calculated from:

(1)

Here β is a random deviate from a standard normal
distribution (mean = 0, variance = 1), t is time and Δt is
the time step. Kx and Ky are eddy diffusivities in the
east–west (x) and north–south (y) directions (Berg
1993), and are assumed to be constant in the present
study, thereby justifying the use of a simple, uncor-
rected random walk method (Hunter et al. 1993). In
ocean circulation modeling, ‘diffusion’ due to sub-grid-
scale processes (or processes not modeled) is often
parameterized by an eddy diffusivity term to account
for unresolved advective processes such as frontal
instabilities and sea breezes, among others. The value
of ‘eddy diffusion’ used in the present study was sys-
tematically varied as part of the examination of the
effect of various factors on the 2-dimensional dispersal
kernel (see below).

Particles were released at specific locations (see
below) and then followed in the model; once particles
hit the coastline, they remain there for the reminder of
the release duration. At the end of the planktonic
stage, particle locations were used to calculate disper-
sal kernels. Since the model included dispersion, parti-
cle transport had a random component and particles

δ δ βx y K K tx y, ,( ) = ( )2 Δ
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released at the same location could have different end
points. Initially, model runs were made with 100, 200,
300, 400, 500 and 1500 particles released at each loca-
tion. In the runs with 300 or more particles, no signifi-
cant differences in the dispersal kernel statistics were
found, so 300 particles were released in each model
run and used in the calculation of the dispersal kernels. 

Definition of 2-dimensional dispersal kernel. The
dispersal kernel is defined as the density of settling
particles at a given location, normalized by the number
of particles released. To assess larval dispersal in
turbulent coastal flows, Siegel et al. (2003) used a
1-dimensional stochastic Lagrangian model. Their
results indicated that the dispersal kernels are approx-
imately Gaussian in form and suggested the following
3 parameters: amplitude, downstream drift (xd), and
spread (σd). 

To extend the definition of dispersal kernels to 2
dimensions, we used the following 5 parameters: mean
distance dispersed (d), direction of d relative to start-
ing location (θ, degrees counterclockwise from East),
variance of the major (maj) and minor (min) axes of the
underlying population, and the principal angle (θm),
which is the orientation of the major axis (as shown in
Fig. 2A).

The latter 3 parameters of the dispersal kernel were
calculated using principal component analysis (PCA)
from the ending positions of the particles in the model
following Preisendorfer (1988). The principal angle θm

is the angle along which the variance s2(θ) is a maxi-
mum. The second principal angle is at θm + π/2. The 2
principal variances occur at the principal angles and
are defined as s11 = ∫s2(θm) and s22 = ∫s2(θm + π/2). 

In terms of the original data

(2)

(3)

(4)

where sxx and syy are the variances of the original data
set, and sxy is the covariance of the original data set.
The size of the variance ellipse major and minor axes
are then calculated as maj = and min = .

Factors affecting dispersal kernels. Five factors
were examined for their affect on the 2-dimensional
dispersal kernels: release month, release location,
larval duration, larval behavior, and the model’s dis-
persion coefficient. A fully factorial modeling approach
for these 5 factors was used, resulting in a total of 1620
model runs (Table 1). Particles were released in the
model, subjected to the 3-dimensional flow field, and
tracked using the Lagrangian particle tracking model.

At the end of the assigned larval duration, the parti-
cles’ locations were used to define the 2-dimensional
dispersal kernel. 

‘Release month’ is used to explore the effect of adult
spawning throughout the year. ‘Release locations’
were chosen to represent spawning on an array across
and along the inner Georgia shelf (Fig. 1). ‘Larval
durations’ represent a range observed for common reef
fish in the area (Lindeman et al. 2000). ‘Larval behav-
ior’ captures the effect of different vertical distribu-
tions on larval transport. Three simple behaviors were
examined: fixed-depth deep, fixed-depth shallow and
mid-depth passive vertical movement. These behav-
iors were chosen to maximize the difference in vertical
distribution and thereby to evaluate the maximum
effect of larval behavior. Finally, to represent subgrid-
scale and other processes not included in the model, 3
‘dispersion coefficients’ were used in order to evaluate
the effects of this ‘eddy diffusion’ or dispersion on
larval dispersal: Kx = Ky = 1.0, 10.0 and 50.0 m2 s–1.
These values were chosen based on a comparison of
the length scales of diffusion over time (h to mo) to
apparent diffusivity (Ka) reported in dye-diffusion
studies summarized by Okubo (1971).

Data analysis. To quantify the effect of the 5 factors
on the 2-dimensional dispersal kernels, we performed
a multi-factor, multi-variable analysis of variance
(MANOVA) using the ending positions of the parti-
cles released from each model run and the 50-50
MANOVA MATLAB code from Langsrud (2002).
MANOVAs were calculated for 4 response variables:
(1) each particles’ ending position (x and y location in
the model), (2) each particles’ ending distance and
direction from the starting position, (3) the average
ending distance (d) and direction (θ) for all particles
with the same parameter values, and (4) the principal
variances (s11 and s22) for all particles with the same
parameter values. The MANOVA included both the 5
primary factors plus second-order interaction effects,
and was not used to test for the significant effect of the
various factors but to quantify the percent of the total
variance explained by each factor. 
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Factor No. of values Values

Release month 12 Jan–Dec
Release location 5 Center, north, south,

onshore, offshore
Larval duration 3 15, 30, 45 d
Larval behavior 3 Surface-fixed;

deep-fixed;
mid-depth passive

Dispersion 3 K = 1, 10, 50 m2 s–1

Table 1. The 5 factors examined in the present study, with
values used
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RESULTS

Description of dispersal kernels

Larval dispersal from spawning on the Georgia shelf
around GNRMS shows a strong seasonal pattern
(Table 2, Fig. 2). During the summer months of June
and July, when upwelling-favorable winds were pre-
dominant, particles were transported along-shelf to the
northeast, and the distance dispersed was more than
twice that of other seasons. In winter months (Novem-
ber, December, January, and February), net particle
movement was along-shelf to the southwest and the
size of the variance ellipse (maj and min) was greatest.
Spring (March, April, and May) and autumn (August,
September, and October) appeared to be transition
seasons with generally reduced net onshore transport.
In all releases, particles generally remained on the
inner- and mid-shelf of the central southeast US conti-
nental shelf.

Differences among dispersal kernels for each of the
release locations (Table 3, Fig. 3) generally reflected
the structure in the monthly climatology flow fields,
with particles generally traveling further in January
and July. With the exception of the offshore releases,
dispersal kernels were generally oriented along-shelf.
The size of dispersal kernels were similar except for
the on-shore release location, which tended to be elon-
gated even further in the along-shore direction owing
to larvae reaching the coast. As expected, both the
mean distance dispersed (d) and the spread (maj and
min) of dispersal kernels increased with increasing
larval duration (Table 4, Fig. 4). Dispersal was more
isotropic for the 15 d larval duration with rounder

81

Month d θ maj min θm

(km) (° from E) (km) (km) (° from E)

Mar 11 123 16 15 –34
Apr 27 103 23 14 40
May 17 147 23 13 63
Jun 40 72 21 11 22
Jul 82 60 19 12 21
Aug 18 108 19 12 49
Sep 13 102 17 13 55
Oct 18 –166 17 13 63
Nov 17 –27 19 11 –14
Dec 15 –107 18 11 16
Jan 53 –121 22 12 63
Feb 27 88 17 13 41

Table 2. Statistics of monthly 2-dimensional dispersal kernels.
The 4 other parameters were set at center release location,
30 d larval duration, mid-depth passive behavior, and
dispersion coefficient (K) = 10 m2 s–1; d: distance from starting
location; θ: direction from starting location; maj: major axis
variance; min: minor axis variance; θm: angle of major axis

A

B

Fig. 2. (A) Ending position of passive particles released in
Gray’s Reef National Marine Sanctuary (GRNMS) in repre-
sentative months (January, April, July and October) for each
season. Also included are: mean starting location (e), mean
ending location (h) and variance ellipse (2σ) from PCA (black
ellipse). Isobaths (m) shown in gray. (B) Monthly mean disper-
sal distance and direction of particles released in GRNMS
with dispersion coefficient (K) = 10 m2 s–1, duration = 30 d,
and passive particles released at mid-depth. Model coastline 

and isobaths (m) shown in gray
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dispersal kernels (as evidenced by the relative sizes of
maj and min). The dispersal ellipse changes shape to
reflect that along-shelf currents were generally
stronger than cross-shelf currents, the along-coast
current shear, and the arrival of larvae at the coastline. 

The effect of the 3 simple larval behaviors on the dis-
persal kernels was relatively small (Table 5, Fig. 5).
The mean distance dispersed (d) of the surface behav-
ior was generally offshore of the mid-depth and deep
behavior, while the mean dispersal distance (d) of the
deep behavior was generally on-shore of the others. In
January and July, those particles assigned to the
surface behavior were dispersed the largest distances.
The mean dispersal distance for October and April was
much smaller at all depths, and with very little differ-
ence observed among behaviors.

As expected, eddy diffusion had a large effect on the
principal variances (maj and min) of the dispersal ker-
nels and a small effect on mean dispersal distance and
direction (Table 6, Fig. 6). With K = 1 and 10 m2 s–1, all
of the particles end up in a relatively small areas, with
very similar mean distance dispersed and similar
direction of dispersal. The variance ellipses of the
resulting dispersal kernels were relatively small.
However, with K = 50 m2 s–1, articles were advected in
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Month Location d θ maj min θm

(km) (° from E) (km) (km) (° from E)

Jan GRNMS 52 –121 21 12 63
Onshore 92 –100 29 11 –84
Offshore 20 150 22 12 20

North 32 –156 19 12 41
South 35 –88 20 11 65

Apr GRNMS 27 103 23 14 40
Onshore 12 95 23 11 57
Offshore 21 87 22 11 6

North 22 46 21 13 –80
South 13 56 15 13 21

Jul GRNMS 82 60 19 12 21
Onshore 79 60 28 9 38
Offshore 96 51 28 11 5

North 84 40 16 13 6
South 79 70 19 12 35

Oct GRNMS 17 –166 17 13 63
Onshore 27 60 28 9 38
Offshore 12 138 19 13 –16

North 17 106 18 13 66
South 6 –126 17 13 53

Table 3. Statistics of 2-dimensional dispersal kernels for
particles released at each of the 5 locations for representative
months. The 3 other parameters were set at 30 d larval
duration, mid-depth passive behavior, and dispersion coeffi-
cient (K) = 10 m2 s–1; d: distance from starting location; θ:
direction from starting location; maj: major axis variance; 
min: minor axis variance; θm: angle of major axis. GRNMS: 

Gray’s Reef National Marine Sanctuary

Fig. 3. Mean ending position of all passive particles released
in the representative month of each season on the southeast
US continental shelf in Gray’s Reef National Marine Sanctu-
ary (GRNMS), and locations north, south, onshore and off-
shore of GRNMS. Arrows point from the starting position of
all particles to the center of the ending position; 10, 15, 25, 50 

and 100 m isobaths are shown

Month Duration d θ maj min θm

(d) (km) (° from E) (km) (km) (° from E)

Jan 15 23 –134 12 9 52
30 53 –121 22 12 63
45 78 –113 30 14 76

Apr 15 19 130 14 10 76
30 27 103 23 14 40
45 32 85 30 16 25

Jul 15 40 68 12 9 27
30 82 60 19 12 21
45 123 52 27 15 16

Oct 15 11 –176 11 10 54
30 18 –166 17 13 63
45 24 –159 24 16 69

Table 4. Statistics of 2-dimensional dispersal kernels for
particles with different larval durations released in January,
April, July and October. The 3 other parameters were set at
center release location, mid-depth passive behavior, and
dispersion coefficient (K) = 10 m2 s–1; d: distance from starting
location; θ: direction from starting location; maj: major axis
variance; min: minor axis variance; θm: angle of major axis
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a variety of directions and over a broad range of dis-
persal distances. This large variance in individual
direction and distance resulted in a smaller mean dis-

persal distance d and larger variance ellipses. To
determine the appropriate value of eddy diffusion in
our study, we compared the length scales of diffusion
resulting from the 3 values of K (1, 10, and 50 m2 s–1)
with the results of dye studies summarized by Okubo
(1971). When averaging over all months, K = 10 m2 s–1

provides the best match with a length scale of approx-
imately 100 km after 30 d.
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Month Behavior d θ maj min θm

(km) (° from E) (km) (km) (° from E)

Jan Surf-fixed 66 –108 26 10 61
Mid-passive 53 –121 22 12 63
Deep-fixed 41 –128 20 10 58

Apr Surf-fixed 20 95 25 16 52
Mid-passive 27 103 23 14 40
Deep-fixed 33 110 18 10 49

Jul Surf-fixed 97 54 17 13 14
Mid-passive 82 60 19 12 21
Deep-fixed 69 67 17 12 39

Oct Surf-fixed 19 –112 18 13 40
Mid-passive 18 –166 17 13 63
Deep-fixed 20 170 17 10 69

Table 5. Statistics of 2-dimensional dispersal kernels for parti-
cles with different larval behaviors released in January, April,
July and October. Surf-fixed: fixed depth surface; Mid-passive:
mid-depth passive; Deep-fixed: fixed depth deep. The 3 other
parameters were set at center release location, 30 d larval dura-
tion, and dispersion coefficient (K) = 10 m2 s–1; d: distance from
starting location; θ: direction from starting location; maj: major
axis variance; min: minor axis variance; θm: angle of major axis

Fig. 4. Monthly mean dispersal distance and direction of
particles released in Gray’s Reef National Marine Sanctuary
(GRNMS) with the dispersion coefficient (K) = 10 m2 s–1, dura-
tion = 15, 30 and 45 d, and passive particles released at mid-
depth. Model coastline and 10, 15, 25, 50 and 100 m isobaths 

shown in gray

Month K d θ maj min θm

(m2 s–1) (km) (° from E) (km) (km) (° from E)

Jan 1 54 –121 7 3 54
10 53 –121 22 12 63
50 33 –127 38 24 72

Apr 1 40 96 13 6 14
10 27 103 23 14 40
50 18 96 33 26 42

Jul 1 82 61 6 5 14
10 82 60 19 12 21
50 71 58 50 22 24

Oct 1 23 –158 6 5 72
10 18 –166 17 13 63
50 8 170 31 27 61

Table 6. Statistics of 2-dimensional dispersal kernels for
releases made in January, April, July and October using
different dispersion coefficients. The 3 other parameters were
set at center release location, 30 d larval duration, and mid-
depth passive behavior; K: dispersion coefficient; d: distance
from starting location; θ: direction from starting location; maj:
major axis variance; min: minor axis variance; θm: angle of 

major axis

Fig. 5. Monthly mean dispersal distance and direction of par-
ticles released in Gray’s Reef National Marine Sanctuary
(GRNMS) with dispersion coefficient (K) = 10 m2 s–1, duration
= 30 d, and 3 behaviors: passive particles at mid-depth (mp),
surface-fixed (sf), and deep-fixed (df). Model coastline and 

10, 15, 25, 50 and 100 m isobaths shown in gray
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Quantification of effects on dispersal kernels

From the MANOVA analysis, release location and
release month had the greatest effect on the 2-dimen-
sional dispersal kernels. Release location explained
almost half of the variance in the ending locations of
individual particles (Table 7). However, only a small
percentage of the variance was explained by release
location when individual distance and direction were
used as the response variable. This suggests that par-
ticles from different release locations were advected
in a similar manner, and thus that their distance and
direction were similar even though their ending
locations differed. Release time (or month) explained
more variability than other factors in individual dis-
tance and direction, and the interaction between
release time and location was ranked second in terms

of variance explained. Results were
similar for the mean distance and
direction, with release time and the
interaction between release time and
release location explaining more
than 50% of the variability. 

Of the remaining 3 factors, larval
duration exhibited moderate influ-
ence on the individual distance and
direction, the mean distance and
direction, and the variance of the dis-
persal kernels. This factor accounted
for between 7 and 10% of the
variance in these dispersal kernel
parameters. As explained above, dis-
persal distance increased as larval
duration increased, direction became
more variable, and the variance

ellipse grew. The interaction between release time and
larval duration explained an addition 2 to 3% of the
varaince in the dispersal kernel statistics. Larval
behavior had minimal effects on the dispersal kernel
statistics. At most, larval behavior accounted for 2.2%
of the variance in the dispersal kernels. This result is
surprising given that the behaviors were choosen to
maximize their effect on larval dispersal. Finally, the
dispersion coefficient (Kx and Ky) had a dominant
effect on the variance ellipse of the dispersal kernel
(see Fig. 6), accounting for 70% of the variance.
Dispersion had almost no effect on the other dispersal
kernel statistics.

The unexplained portion of the variance (the ‘Error’
row in Table 7) ranged from a low of 5.3% in the vari-
ance ellipse parameters to a high of 54.7% in dis-
tance/direction for all individual particles.
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Factor Individual Mean
df Location Distance/ df Distance/ Variance

(%) Direction (%) Direction (%) (%)

Month 11 16.3 19.1 11 36.1 0.1
Release location 4 45.6 2.4 4 4.4 1.7
Larval duration 2 1.5 7.3 2 9.0 10.6
Larval behavior 2 1.0 1.1 2 2.2 0.9
Dispersion 2 0.0 1.5 2 0.4 70.5
Month × Release location 44 4.5 8.2 44 19.5 1.1
Month × Dispersion 22 0.2 1.1 22 1.1 1.0
Month × Duration 22 2.7 2.3 22 3.9 0.4
Release location × Dispersion 8 0.7 0.0 8 0.7 1.7
Other 0.4 2.3 3.7 6.7
Error 80 978 27.1 54.7 1452 19.0 5.3

Table 7. Results of a multi-factor, multi-variable analysis of variance (MANOVA) with 4 sets of response variables: (1) ending
location of individual particles, (2) distance/direction from the release point of individual particles, (3) mean distance/direction
from release point, and (4) variance ellipse parameters. Percentages represent the amount of variance in the response variable 

that is explained by each factor. All primary factors plus any second-order interaction effects of >1.0% are included

Fig. 6. Ending positions of particles released in Gray’s Reef National Marine
Sanctuary (GRNMS) in January for each of the different dispersion coefficients, 

K (m2 s–1). Gray arrows point to the mean ending location of all drifters
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DISCUSSION

This study provides a baseline in quantifying and
understanding larval dispersal on the inner- and mid-
shelf of the central southeast US continental shelf. The
fine-scale structure in the climatology flow fields is
evident in the resulting dispersal kernels from the 5
release locations tested. As expected, the dispersal
kernels on the inner- and mid-continental shelves off
the coast of Georgia show a strong seasonal pattern in
relation to the seasonal pattern in the circulation and
winds (as described in ‘Study region’ above). The use
of 2-dimensional dispersal kernels in this study
allowed the exploration of the interactions among the
biological and physical parameters of interest. In addi-
tion to the parameters being tested in this study, 2-
dimensional dispersal kernels could be used to study a
range of biological hypotheses such as the importance
to populations of retention versus dispersal, larval suc-
cess in arriving at potential settlement habitats, and
the role of density-dependent processes such as the
overlap of larvae with potential prey or predators.
While we have not considered any specific species, our
results indicated that spawning time and location play
a dominant role in shaping dispersal kernels in this
region, suggesting that more attention should be
given to the role of adult behavior in determining
planktonic dispersal.

The results of the MANOVA indicate that
release month and location are the main factors
that explaining the dispersal of particles in this
region. To a lesser extent, larval duration and
behavior are also important. The relatively simple
larval behaviors included in our model were cho-
sen to examine the maximum effect that behavior
can have on larval transport. On the inner shelf in
shallow water, the top and bottom Ekman layers
may be merged (Austin & Lentz 2002) causing the
water column to move largely as a slab and
resulting in very little difference in dispersal
owing to either larval position in the water col-
umn or behavior. For this region of the shelf, adult
spawning behavior may be more important than
larval behavior in that the adults spawn in inner-
and mid-shelf regions that are largely retentive.
Larval behavior may also be more important for
species that spawn further offshore in the deeper
water and want to remain on the shelf, or for
those species linking behavior to tidal cues result-
ing in net cross-shelf transport. Fig. 7 provides
the results for January larvae released at the 60 m
isobath directly offshore from GRNMS. In this
case, behavior matters and surface particles
(black) are advected on-shelf, while the deep par-
ticles (light gray) are advected off-shelf. The pas-

sive, mid-depth particles (medium gray) are advected
the furthest and move generally along-shelf to the
north. 

A second explanation of the relatively low impor-
tance of larval behavior is our use of the long-term
monthly mean flow fields. One consequence of using
the long-term monthly mean velocity fields is that, by
definition, we will miss any transient features such as
fronts, eddies, and other time-varying features of the
circulation that might increase the importance of larval
behavior in dispersal. Edwards et al. (2006) provided a
look at the barotropic circulation in this region during
observed drifter release periods throughout 2000 and
2001. However, the use of the long-term mean flow
fields used herein provides an important first measure
for the dispersal of larvae on the southeast US conti-
nental shelf and a description of the mean dispersal of
particles released on the Georgia shelf, about which
variations (shorter and longer time scales) can be
assessed. 

With the mean dispersal estimated, we can begin to
look at interannual variability in reference to this
mean state and to include more realistic behaviors,
both adult spawning and larval behaviors. Field and
laboratory experiments (Forward et al. 1999) have
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Fig. 7. Ending position of particles released at a location directly
offshore of Gray’s Reef National Marine Sanctuary (GRNMS,*) at
the 60 m isobath for each of the 3 larval behaviors. Black squares:
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the bottom. Arrows point from the starting location of all particles
to the center of the ending position of each behavior. Diagonal line
in upper and lower right-hand corners mark end of model domain
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found evidence of more complicated behaviors in lar-
val fish. Hare et al. (1999) modeled menhaden and
spot larval transport on the northern part of the south-
east US continental shelf using behaviors that
changed ontogenetically as the larvae moved through
the egg, yolk-sac, and other larval stages. Vertical
migration can result in fundamentally different advec-
tive pathways. Recent modeling studies used adapta-
tions and extensions of a basic algorithm for advecting
large numbers of individual organisms to include
specific combinations of dispersion (vertical and hori-
zontal) via random flight superposed on the advection
(Werner et al. 2001) and larval behavior (Werner et al.
1993, Hare et al. 1999). In the present study, we
explicitly included only horizontal dispersion. As with
the horizontal turbulent diffusivity, the hydrodynamic
model includes vertical turbulence, and we did not
include any additional vertical turbulence in the parti-
cle tracking model. With a 1 h time step and assumed
larval swimming speeds of around 1 body length per
second, the larvae should generally be able to deter-
mine their vertical position in the water column
(Werner et al. 2001). Our next step is to provide a
realistic assessment of larval dispersal of black sea
bass by combining interannual variability with adult
(spawning time and location) and larval (active verti-
cal migration with ontogenetic change) behavior.

The results of this research have broad implications
for our understanding of the importance of adult
behavior—in the form of spawning time and loca-
tion — versus larval behavior to the outcome of larval
transport, settlement and, ultimately, connectivity in
marine populations. Fish species show a great variety
in spawning patterns, and one hypothesis by which to
explain this variation is that reproductive patterns are
driven by larval requirements and maximize larval
recruitment (Robertson 1991). Many species spawn in
large aggregations whereby populations migrate to
specific locations at specific times of the year to
spawn (Domeier & Colin 1997, Sedberry et al. 2006).
In the North Sea, adult plaice migrate long distances
to spawn in specific areas that are located upstream of
the nursery grounds used by juvenile fish (Harding et
al. 1978). Other species have been found to spawn
over long periods throughout a broad region (Sed-
berry et al. 2006). Owing to the highly retentive
nature of the inner- and mid-shelf, adult spawning in
this region supports the hypothesis of the selection of
spawning behavior to maximize larval recruitment.
This implies a greater need to protect the spawning
habitats of fish species in this region. On a larger
scale, e.g. in the study of population connectivity of
mobile species, attention should be focused on the
time and place of spawning as well as the dispersal of
pelagic larvae. 
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