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A critical component to understanding connectivity of isolated populations of marine organisms
(i.e., metapopulations) is quantifying hydrodynamic paths of dispersal, and variation in the strength of
these hydrodynamic connections. We replicated 3-dimensional wind-driven circulation patterns in
Pamlico Sound (PS), North Carolina, USA using a numerical hydrodynamic model (ADCIRC, ADvanced
CIRCulation) in conjunction with a particle-tracking model (PTM) to predict larval dispersal of the
eastern oyster (Crassostrea virginica) and estimate connectivity among a network of ten no-take oyster
broodstock reserves in PS to inform restoration efforts. ADCIRC was forced with wind observations,
which were predominately southwesterly during MayeNovember 2007 when oyster larvae were
dispersing in PS. Acoustic Doppler Current Profilers and surface drifters were used to validate ADCIRC-
predicted current velocities and PTM-predicted larval dispersal, respectively. ADCIRC reliably predicted
current velocities at different locations in PS, especially currents near-surface (R ¼ 0.6, lags < 2 h). The
PTM accurately predicted (R > 0.5) the total and net distance transported by drifters, which ranged from
1 to 63 km and 0.3e42 km, respectively over �7 days. Potential oyster larval connectivity was not
uniform among broodstock reserves in PS. Of the 100 possible connections, 24 were present. Eight of the
10 reserves provided � one inter-reserve connection, with 4 being the most. Self-recruitment occurred at
all but one reserve. Spatial variation in the degree of potential oyster larval connectivity in PS, combined
with evidence for spatiotemporal dynamics of oyster populations, provides strong evidence for an oyster
metapopulation and possibly source-sink dynamics within the network of no-take reserves.

Published by Elsevier Ltd.
1. Introduction

A fundamental issue concerning recruitment dynamics of
marine organisms and marine conservation biology involves
identifying the paths of dispersal connecting isolated populations,
and how spatiotemporal variation in the intensity of dispersal along
these paths influences population connectivity, the successful
exchange of individuals among isolated populations, and, ulti-
mately, population dynamics (Cowen et al., 2007; Cowen and
Sponaugle, 2009 and references therein). Most benthic marine
organisms have limited mobility as adults such that dispersal, the
transport and spread of larvae from natal origin over the pelagic
larval duration, connects geographically isolated populations that
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often vary in their demographic rates, forming a metapopulation
(Levins, 1969; Hanski, 1998). Due to asymmetrical population
connectivity and variation in demographic rates, subpopulations
within a metapopulation can be classified as sources, which
contribute more births than deaths to the metapopulation, or sinks
if the opposite is true (Figueira and Crowder, 2006; Lipcius et al.,
2008).

Our understanding of marine population connectivity is gener-
ally considered rudimentary (Cowen et al., 2006; Steneck, 2006;
Becker et al., 2007). Cowen and Sponaugle (2009) identified several
challenges to improving our understanding of connectivity, three of
which we address herein: (1) observations e determination of
spatial scales of connectivity, (2) explanations e mechanisms
underlying dispersal and connectivity, and (3) applicationse issues
of conservation and resource management. Several methods,
including hydrodynamic modeling, geochemical and genetic
markers, and drifters have been used to estimate dispersal and
connectivity (Cowen et al., 2006; Becker et al., 2007; Hare and
Walsh, 2007; Cudney-Bueno et al., 2009; Fodrie et al., 2011). Each
and predicted oyster larval dispersal among a network of reserves,
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Fig. 1. Map of the Croatan-Albemarle-Pamlico-Estuarine System (CAPES). Location of
oyster reserves in Pamlico Sound are depicted by closed squares (not to scale). Acoustic
Doppler Current Profilers were deployed at CH and OC reserves. Circles represent
drifter release locations for the northern (closed) and southern (open) basins of
Pamlico Sound. Principal axes of variance of hourly wind velocities from May to
November 2007 are shown for meteorological stations listed north to south at Kill
Devil Hills (KFFA), Manteo (KMQI), and Hatteras (KHSE). CS, Croatan Sound; CH, Crab
Hole; GS, Gibbs Shoal; BP, Bluff Point; DB, Deep Bay; MB, Middle Bay; NR, Neuse River;
WB, West Bay; OC, Ocracoke; HA, Hatteras. Scale bars depicting wind velocity and
distance as well as map of North Carolina are inset for reference.
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method, however, has limitations. For instance, bio-physical
models need rigorous empirical validation using geochemical
markers or drifters, each of which are potentially constrained by
spatial resolution and restricted dispersion compared to small
larvae whose dispersal can be greatly influenced by diffusion
(North et al., 2008; Cowen and Sponaugle, 2009). Consequently,
integration of multiple methods and rigorous validation are
required to enhance our ability to successfully predict larval
dispersal and connectivity. In this study, we utilized a hydrody-
namic modeling approach in conjunction with a particle-tracking
model, each validated with Acoustic Doppler Current Profilers and
surface drifters, respectively, to estimate dispersal patterns and
potential larval connectivity of eastern oysters (Crassostrea virgin-
ica) within an estuarine network of no-take oyster broodstock
reserves.

In marine systems, the protection, restoration, andmanagement
of species, including oysters, increasingly involves the establish-
ment of no-take reserves closed to harvest (Briers, 2002; Spalding
et al., 2008; Powers et al., 2009; Schulte et al., 2009). Reserve
networks have been promoted as a viable solution because the
boundaries of a single reserve are often much smaller than the
protected species’ geographic range and larval dispersal distance
(Roberts et al., 2003). For isolated reserves to function as a network,
inter-reserve connectivity is required and, thus, knowledge of larval
dispersal and connectivity within the network is vital for informing
management and restoration efforts (Gaines et al., 2010).

1.1. Study species

The eastern oyster is an economically and ecologically impor-
tant species that inhabits estuarine and coastal waters from the
Gulf of St. Lawrence to the Gulf of Mexico and West Indies (Stanley
and Sellers, 1986; Beck et al., 2011 and references therein). Oysters
are protandrous hermaphrodites, initially maturing as males
several months post-settlement, and transitioning to functional
females at w40 mm shell height (Burkenroad, 1931; Mroch, 2009).
In Pamlico Sound (PS), North Carolina, USA, oyster spawning occurs
from May to October with fecundity and settlement peaks during
May (Mroch, 2009) and June (Eggleston and Puckett, unpublished
data), respectively. A smaller, secondary settlement peak typically
occurs in July/August. Gametes are freely spawned into the water
column where fertilized eggs develop into dispersing larvae with
a pelagic duration of w14e25 days depending on water
temperatures, salinity, turbidity, oxygen content and available
nutrients (Dekshenieks et al., 1993, 1996).

The overall objectives of this studywere to (1) assess the efficacy
of 2-dimensional (2D) versus 3-dimensional (3D) ADCIRC
(ADvanced CIRCulation) hydrodynamic models in predicting
current velocities in PS by validating predictions with Acoustic
Doppler Current Profilers, (2) couple a Particle-Tracking Model
(PTM) to ADCIRC to predict oyster larval dispersal under observed
winds, and validate predicted dispersal paths using surface drifters,
and (3) use the information from objectives (1) and (2) to estimate
potential oyster larval settlement areas and population connec-
tivity among oyster broodstock reserves in PS.

2. Methods

2.1. Study system

Pamlico Sound, the largest water body of the Croatan-
Albemarle-Pamlico-Estuarine System (CAPES), is located in the
eastern coastal region of North Carolina, USA and sheltered from
the Atlantic Ocean by a grouping of barrier islands known as the
‘Outer Banks’ (Fig. 1). Connections to the Atlantic Ocean are limited
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to four narrow inlets (Lin et al., 2007). Circulation is dominated by
wind-driven currents and freshwater input (Pietrafesa and
Janowitz, 1988; Luettich et al., 2002), with little evidence of
strong vertical shear flows at different locations in PS (this study).
Average depth in PS is 4e5 m with the deepest basin only 7e8 m
(Pietrafesa and Janowitz, 1988). Wind forcing is highly variable,
changing velocity at hourly to daily intervals, but does sustain
regular seasonal patterns with winds predominately southwesterly
in the late-spring/summer and northeasterly in late-summer/fall
(Xie and Eggleston, 1999; Eggleston et al., 2010). Since oyster
larval dispersal is primarily driven by horizontal currents, knowl-
edge of these currents is important to explaining the mechanisms
underlying dispersal and connectivity.

2.2. Numerical hydrodynamic model

Weused both the 2D and 3DADCIRC, a non-linearfinite-element
hydrodynamic model (Luettich et al., 1992; Reynolds-Fleming, and
Luettich, 2004; Reyns et al., 2006, 2007), in conjunction with
a particle-tracking model to predict currents and simulate oyster
larval dispersal in PS. ADCIRC solves the governing equations of
motion which are formulated using the traditional hydrostatic
pressure and Boussinesq approximations. Momentum equations in
the 2D and 3D form are used to obtain velocity solutions (Luettich
and Westerink, 2004). ADCIRC has produced vector fields that are
in good agreement with observed currents in the Neuse River
Estuary located in the southwestern portion of PS (Luettich et al.,
2002), as well as in the northern basin of PS (Reyns et al., 2006,
2007). To further validate ADCIRC, we collected Eulerian and
Lagrangian observations of current velocities throughout PS.
and predicted oyster larval dispersal among a network of reserves,
1



A.T. Haase et al. / Estuarine, Coastal and Shelf Science xxx (2012) 1e11 3
We used a triangular model grid developed by Reyns et al.
(2006, 2007) for the entire CAPES that contained 22,425 nodes
and 41,330 elements in the horizontal (Fig. 2). This unstructured
grid contained a nodal spacing range of 300 m near inlets and
adjacent river estuaries to 1 km in the main body of PS. In the
vertical, both a single layer (i.e. 2D) and seven variable depth layers
(i.e. 3D) were selected to resolve the vector field. Parameter settings
used by Reyns et al. (2006, 2007), such as slip (bottom friction) and
drag coefficients, bottom roughness, turbulence closure, and length
of time steps provided an initial set-up for model runs and were
modified iteratively based on success of the model run in repro-
ducing observations of current velocities. Coriolis force was
neglected in the model runs because the characteristic time scale of
motion in our small domain was less than a day, the minimum
required for Coriolis acceleration to noticeably affect current
velocities (Luettich et al., 2002). Two scales of current velocities
were generated: (1) “Station velocities”, which were velocities at all
depths from a single model grid node (the equivalent of time-series
data collected from a unique geographic location), and (2) ”Global
velocities”, which were velocities from all model grid nodes for the
entire domain at all depths to produce a 3D vector field. Global and
station velocities were produced at hourly time steps. Geographic
coordinates and output time intervals of these stations were
selected to match the locations where Eulerian observations were
collected via moored ADCPs (Fig. 1).

2.3. Particle-tracking model

Global velocities were formatted for use with a particle-tracking
model (PTM) which required input from a single water depth and
were constrained in the horizontal plain. The PTM was designed to
Fig. 2. Map of Pamlico Sound oyster reserves and ADvanced CIRCulation (ADCIRC)
model grid nodes. Oyster reserve names are abbreviated: Croatan Sound (CS), Crab
Hole (CH), Gibbs Shoal (GS), Bluff Point (BP), Deep Bay (DB), Middle Bay (MB), Neuse
River (NR), West Bay (WB), Ocracoke (OC) and Hatteras (HA). Every 5th model grid
node was plotted to enhance readability.
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be used in conjunctionwith files from the ADCIRC model, including
grids and global velocities. The single water depth that best
matched the observations collected by the ADCP was selected to
force the PTM. This method was valid since observed vertical
velocity profiles contained very little shear (see 3.1 2D versus 3D
ADCIRC validation). Specifications of the predicted particle tracks
were written in a parameter file that included: start time, duration,
number of time-steps, and number and initial locations of particles
to be tracked. Particles simulated in the PTM were numerically
advected to new locations with each time step based on velocities
at surrounding model grid nodes. For each particle released at each
time step, the PTM output contained unique particle numbers, as
well as latitude and longitude position reports.

2.4. Meteorological observations and model forcing

Hourly wind observations were obtained from the National
Weather Service (NWS) for the period May to November, 2007 for
three stations: Cape Hatteras (Fig. 1), Kill Devil Hills, and Manteo,
NC. These wind observations encompassed the active spawning
period of oysters in PS (Mroch, 2009; Eggleston and Puckett,
unpublished data). Cross-correlations, principal component anal-
ysis (PCA), and calculation of monthly mean wind velocities were
performed to determine spatial variation in the wind field over PS.
The major axis of variation in velocities at all three stations was
oriented along the northeastesouthwest axis of PS (Fig. 1). Cross-
correlation coefficients between wind velocities measured at Hat-
teras and the other wind stations ranged from 0.75 to 0.85 with lags
ranging from0 to 3 h.Windswere spatially coherent in PS andwind
observations at Hatteras formed the most complete dataset out of
three possible meteorological stations, therefore wind data from
this station was used to force the numerical ADCIRC model. Mean
wind velocity arrows were directed east of north at Hatteras,
indicating predominant southwesterly wind during the oyster
spawning season.

2.5. Hydrological observations and instrumentation

Predicted vector fields produced by the 2D and the 3D ADCIRC
models, as well as simulated trajectories from the PTM, were
correlated with Eulerian and Lagrangian velocity observations
collected in PS via two types of instruments: (i) moored Acoustic
Doppler Current Profilers (ADCPs), and (ii) surface drifters.

2.5.1. Acoustic Doppler Current Profilers
Two RD Instrument ADCPs were placed on the seafloor in each

of two oyster broodstock reserves (Crab Hole and Ocracoke) in PS
during late spring to early fall of 2007 (Fig. 1). The ADCPs were
fastened to the base of aluminum frames at depths of 4e6 m and
programmed to sample currents every 10 min for 180 days.
Depth of each bin (sample volume as a function of range of the
instrument), which determines the vertical resolution of data
collection, was set to 0.2 m with 30 bins. This arrangement
yielded a total depth of data collection at 6 m. The deepest half
meter and surface half meter were not sampled because of
instrument limitations.

Cross-correlation analyses were used to determine the efficacy
of 2D versus 3D ADCIRC hydrodynamic models by testing the
relationship between observed versus predicted depth-specific
station velocities at Crab Hole and Ocracoke. The ADCP bin near-
est to the ADCIRC variable depth layer was used for comparisons.
Cross-correlations identified the lead or lag between predicted and
observed hourly-averaged east-west (U) and north-south (V)
velocity components from the ADCPs with correspondent station
velocity output from the ADCIRC model. The ADCP bin nearest to
and predicted oyster larval dispersal among a network of reserves,
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the ADCIRC variable depth layer was used for comparisons. Addi-
tionally, PCA and calculation of monthly mean velocities were
performed on the ADCP data to determine the mean flow at these
two oyster reserves.

2.5.2. Surface drifters
Microstar surface drifters (herein “drifters”) built by Pacific Gyre

were deployed in PS from May to September, 2007. Drifters con-
sisted of spherical plastic cases that provided buoyancy and housed
batteries (8e10 day life with settings below), a temperature sensor,
and a GPS sensor with an antenna. Each drifter consisted of four
drag-producing triangular nylon sails extending radially the entire
length of a negatively buoyant polyvinyl chloride (PVC) tube
centered at 1 m water depth and tethered by a nylon cord to the
spherical case. Four horizontal tubes connected at a central joint
supported the vertical sails. Drifters were programmed to record
their location determined by the onboard GPS sensor every 10 min,
with three reports containing the following information trans-
mitted every 30 min: locations, sea surface temperatures, and time
of observations. Up to 144 position reports were recorded each day
making re-capture and re-deployment in the field possible.

During the summer of 2007, 17 drifter releases were conducted
with 1e5 drifters per release (Table 1). A collection of concurrently
released drifters is referred to hereafter as a “batch”. Over a 13-
week period, four to nine drifters and up to two batches were
deployed simultaneously and allowed to drift for up to one week
along transects between oyster reserves within PS (Fig. 1). Drifter
deployment batch #s 21e29 were released into the northern
portion of PS, and batch #s 31e36 released into the southern
portion of PS (Table 1).

Several challenges were encountered when deploying drifters.
These instruments ran aground in depths less than 1.5 m, which in
PS includes large areas near the shoreline and over shoals. Drifters
that ran aground were identified by notes in a log made at the time
of retrieval, plotted position reports, and zero velocity values.
Drifter records of groundings were truncated by distance-
differencing between position reports. For example, if the total
change in position of each report was less than the accuracy of the
GPS (<10 m) for the latter part of a record, it was deleted. In
Table 1
Summary of drifter batch releases. Deployment locations are identified by an
abbreviation of the oyster reserve name or nearby landmark: Crab Hole (CH), Bluff
Point (BP), Hatteras (HA), Middle Bay (MB), Neuse River (NR), Ocracoke (OC), and
(see Figs. 1and 2 for locations). Wind conditions were recorded at time of release
while on site. Batch numbers in parentheses occurred simultaneously with batch
number listed. Wind directions are listed by meteorological convention (i.e.
s¼ southerly, n¼ northerly, etc.). Batches used in comparison to the PTM are bolded.

Batch No. Date deployed No. of
drifters

No. of
days

Location Wind (m/s)

21 11-May-2007 4 5 CH s 2e4
22 29-May-2007 4 3 CHeHA n 2e4
23 (32) 12-Jun-2007 4 3 CHeHA nw 2e4, ne 7e9
24 18-Jun-2007 4 4 BPeHA sw 2e4
25 (33) 25_jun-07 4 4 BPeHA se 2e4
26 (34) 16-Jul-2007 4 3 BPeHA sw 4e9
27 (35) 23-Jul-2007 4 4 CHeHA n 9
28 (36) 30-Jul-2007 4 4 BPeOC e 2e4
29 12-Sep-2007 4 2 CH nne 7
31 21-May-2007 5 4 NReOC ne 2e4
32 11-Jun-2007 5 4 MBeOC nw 2e4, ne 7e9
33 26-Jun-2007 4 3 NReOC s 2e7
34 17-Jul-2007 4 3 NReOC sw 4e9
35 24-Jul-2007 5 3 NReOC n 9
36 30-Jul-2007 4 4 NReOC e 2e4
37 7-Aug-2007 4 4 NReOC sw 2e4
38 13-Aug-2007 2 7, 10 NReOC s 2
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addition to running aground, there were several instances where
drifters detached from their drogues, which was evident during
retrieval and in the data when drifter velocities more than doubled
within a single time-series. These data were also eliminated from
analyses. Other instances where data were truncated included: (i)
erroneous position reports, such as those several kilometers
outside the study area or on land, (ii) reports separated by more
than 12 h, which were indicative of GPS signal loss, and (iii)
duplicate reports. Temporal and spatial variation in drifter velocity
cannot be treated with low-pass filters to remove inertial or tidal
oscillations because the records are too short–tidal oscillations
occur on a semi-diurnal and diurnal time scale. Currents within the
study area, however, are not driven primarily by tides but by winds
(see 2.1 Study system); therefore the lack of filtering did not create
a problem in analyzing data. Various drifter metrics, such as total
and net distance traveled, were generated.

2.6. Oyster larval dispersal and connectivity

Predicted oyster larval dispersal from ten oyster broodstock
reserves in PS (Fig. 1), were generated using the PTM driven by the
3D ADCIRC global velocity fields to assess potential larval connec-
tivity among reserves. Dispersal of particles (i.e., virtual larvae) was
modeled as non-swimming larvae near the surface. Particles were
released from five initial starting locations within each of 10 oyster
reserves in PS, one at each of the four corners and one in the center
of each reserve, and allowed to “drift” for 14e21 days.

The relatively small spatial footprint of reserves (<1 km2) rela-
tive to the model grid cells (300 m�1 km), combined with the PTM
limitation of no turbulent diffusion (North et al., 2008) resulted in
all model particles following a single trajectory/path during a 14 d
trial simulation conducted at each reserve. Therefore, an alternate
simulation scenario was adopted to overcome the omission of
turbulent processes in the PTM and to artificially force particles to
diffuse. First, the initial starting locations were expanded from
a single point to a ‘five dice’ pattern (following the method used
with drifters by Doble and Wadhams, 2006) in or near each of the
ten oyster reserve boundaries. The starting locations were then
incrementally moved away from reserve corners at incremental
distances of 0.01� latitude/longitude until independent transport
paths were produced. All final particle release locations were about
0.03� from the center of a given reserve and located in separate
model grid cells. Second, particles were released at 24 h intervals
over 26 daily iterations starting each day from May 28-June 10,
2007 and from June 20-July 11, 2007. Each iteration was dispersed
for 21 d to simulate a typical pelagic duration of oyster larvae. These
simulations were set to correspond to the primary (May 28 to June
10) and secondary (June 20 to July 11) oyster settlement peaks
observed annually in PS (see 1.1 Study species) and also coincided
with drifter deployment dates. These dates also allowed for ample
spin-up time for the ADCIRC model (28 d). A total of 50 particles
were released, 5 from each of 10 reserves. Oyster larvae become
competent to settle at 14 d (North et al., 2008), thus figures were
created by plotting the last 7 d of particle paths (i.e., days 15e21) for
each of the iterations according to their oyster sanctuary of release.
Areas in which simulated oyster larvae traveled between day 15
and 21 of modeled dispersal were referred to as “potential settle-
ment areas”. Potential settlement areas for particles from a given
reserves were qualitatively compared to one another in terms of
general size, shape and overall extent. Quantitative measures are
described below.

We examined three aspects of potential larval connectivity–
whether or not (i) larvae dispersed from one reserve to another, (ii)
larvae dispersed to their natal reserve, and (iii) how increasing the
footprint of a given reserve altered (i) and (ii). A connectivity
and predicted oyster larval dispersal among a network of reserves,
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matrix, whereby rows represent the natal reserve and columns
represent the settlement reserve, were generated by visual
inspection of predicted larval dispersal. If a particle traveled from
one reserve to another, these reserves were considered biologically
connected via larval dispersal. If a particle returned to its natal
reserve, that reserve was deemed self-recruiting. Connectivity
scores of 10 were given to particles that either dispersed from one
reserve to within the borders of another reserve or self-recruited.
We also simulated the effects of increasing reserve size on
connectivity by expanding reserve boundaries by 0.01�, 0.02�, and
0.03� (about 1 km, 2 km, and 3 km respectively), whereby
connectivity was scored as a 9, 8, and 7, respectively. Reserve
connectivity was calculated by summing the scores in each row
(i.e., each individual reserve connection equals a maximum of 10
for a total score of 100 should it be connected to all reserves). For
example, if particles released fromone reserve returned to the natal
reserve and nine additional tracks from the natal reserve entered
the borders of the other nine reserves, this set of 10 tracks would
add-up to 100.

3. Results

3.1. 2D vs. 3D ADCIRC validation

Initial parameter settings for the 2D and 3D ADCIRC models
generated output values that correlated poorly (average R < 0.4
with lags up to 98 h) with observations of velocities both with and
without tidal frequencies. Parameter settings were subsequently
modified incrementally, for instance modifying slip coefficient
values from 0.005 to 0.0025 by increments of 0.0005, until
optimum correlation values were reached. A total of 30 model runs
were conducted that resulted in final parameter settings that were
then used to generate global velocity output for two time-periods:
May 1 to July 14, 2007 and July 15 to September 15, 2007. These two
Fig. 3. Comparison of observed (black) and 3D ADCIRC-predicted (dark gray) surface veloc
reserve with winds measured at Cape Hatteras (light gray) overlaid. Wind velocities were
within the same plot only 20% of the magnitude of the wind velocity is shown.
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time-periods were selected to encompass surface drifter deploy-
ment dates (see below) and peak spawning periods for oysters in PS
(Eggleston and Puckett, unpublished data). Splitting the output into
two time-periods also enhanced processing efficiency.

In general, there was good agreement for both time-periods
between observed current velocities measured with ADCPs and
velocities predictedwith the 3DADCIRCmodel, but not with the 2D
model. Predicted flow velocities were similar to, though lower in
magnitude, than observed velocities (Figs. 3e5). Predicted currents
from both 2D (not shown) and 3D models were correlated with
wind forcing (Fig. 5). Comparing current velocity components at
both sites in PS, the strongest correlations between observed and
predicted currents were found at Ocracoke in the U-component
and Crab Hole in the V-component (Fig. 5). Within a given site,
correlations were strongest between observed and predicted near-
surface versus deeper currents, with highest correlation coeffi-
cients of nearly 0.6 at both Ocracoke and Crab Hole (Fig. 5) at
lags < 2 h. Predicted currents replicated changes in magnitude and
direction of observed currents within each depth-specific velocity
on a daily and weekly time scale, but did not recreate the higher
magnitude velocity oscillations operating on hourly time-scales.
Predicted velocities peaked near the water surface at a speed of
w0.5 m/s and decreased to w zero near-bottom. Conversely,
observed velocities were more homogenous across water depths,
with relatively little evidence of strong vertical shear. For example,
observed velocities near the bottom of PS were nearly as strong at
mid-depth as they were at the surface (both w0.2 m/s). Removing
tidal constituents from the ADCP velocities lowered the correla-
tions between observed and predicted velocities (R decreased by
w0.02). Tidal-forcing was visible in the U-component of the
observations at Ocracoke, as indicated by periodic oscillations
matching those of only M2 and P1 tides; however, the model
forcing did not include tides, and as expected, was not replicated.
Based on the better fit of the 3D versus 2D ADCIRC-predicted
ities in the a) U (east-west) and b) V (north-south) directions at the Ocracoke oyster
an order of magnitude greater than observed and predicted currents, therefore, to fit

and predicted oyster larval dispersal among a network of reserves,
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Fig. 4. Comparison of observed (black) and 3D ADCIRC-predicted (dark gray) surface velocities in the a) U (east-west) and b) V (north-south) directions at the Crab Hole oyster
reserve with winds measured at Cape Hatteras (light gray) overlaid. Wind velocities were an order of magnitude greater than observed and predicted currents, therefore, to fit
within the same plot only 20% of the magnitude of the wind velocity is shown.
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currents and ADCP-based observed currents, the 3D ADCIRC
hydrodynamic model was used to predict oyster larval dispersal.

3.2. PTM validation using drifters

PTM driven by vector fields produced by the ADCIRC model
were validated by the drifters. Twenty-five drifter deployments
(deployment batch #s: 22e25, 32 and 33; Table 1) were selected to
validate the PTM based on date of deployment (i.e., peak oyster
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Fig. 5. Cross-correlation coefficients between depth-specific observed and predicted
current velocities in the U (east-west; squares) and V (north-south; triangles) direc-
tion, with upper and lower limits (plus symbols) at a) Ocracoke and b) Crab Hole oyster
reserves.

Please cite this article in press as: Haase, A.T., et al., Estuarine circulation
Estuarine, Coastal and Shelf Science (2012), doi:10.1016/j.ecss.2012.02.01
spawning) and duration (i.e., >70 h). All 10-min drifter reports
were hourly-averaged to create a consistent time interval with
hourly output from the PTM, and to fill in short (<2 h) data gaps.
Predicted drifter paths were simulated by entering the following
data into the PTM parameter file: initial deployment time, duration,
and drifter release locations, and number of drifters for each
deployment batch. Particle dispersal (i.e., latitudes and longitudes)
predicted by the PTM was highly correlated with observed surface
drifter paths (Table 2; Fig. 6), with an overall correlation coefficient
of 0.77 for longitude and 0.73 for latitude; 11 of 21 possible
correlations produced coefficients greater than 0.9 (Table 2).
Correlations tended to be highest in areas with the greatest
velocities that were produced by either strong wind velocities or by
geographic location. For example, drifters deployed in near-shore
environments and that traveled along the major northeast/south-
west axis of PS (e.g., drifter batch #25, Table 2) had the highest
correlation between predicted and observed latitude (Table 2).

Total and net distances transported (difference between the
release and retrieval location) were calculated and compared for
both observed drifter paths and modeled particle dispersal paths.
Total distances transported were calculated by summing the indi-
vidual changes in position at each time step (predicted) or report
(observed). The net distance transported was calculated by taking
the difference in drifter recovery site with the drifter launch site for
both observations and predictions. The selected observed drifter
paths were then (i) qualitatively compared to those predicted by
the PTM by plotting each on the same figure, and (ii) quantitatively
compared by cross-correlations between the observed and pre-
dicted latitude and longitude to the precision of hundredths of
seconds. Predicted total distances were highly correlated (R> 0.65)
with observed distances, with correlation coefficients increasing
with distance transported. Predicted total distances from the
PTM, however, were generally 10% greater than total distance
and predicted oyster larval dispersal among a network of reserves,
1



Table 2
Summary of total and net transport of observed drifter and modeled particle paths, and cross-correlation coefficients by drifter deployment batch. Distances are in kilometers.
See Methods: Drifter validation of PTM and predicted oyster larval dispersal for summary statistic calculations. Deployments containing insufficient data for statistical
correlations are shown by NED due to instrument failure and error in data collection.

Surface drift buoy Model Comparison

Deployment
batch No.

Number
of Obs.

Total distance
(km)

Net transport
(km)

Total distance
(km)

Net transport
(km)

Difference
in Endpoints
(km)

R longitude R latitude Mean R

DB22 145 17.93 16.45 21.11 7.10 9.92 0.86 0.39 0.63
151 20.67 6.74 27.47 5.59 5.37 0.94 0.88 0.91
67 14.59 4.96 19.72 5.70 5.46 NED NED NED

136 9.59 8.38 33.95 9.84 4.22 0.798 0.814 0.81
DB23 149 31.10 25.87 39.61 29.85 4.67 0.98 0.98 0.98

114 26.91 24.45 34.94 29.22 8.35 0.98 0.99 0.99
25 14.30 13.34 28.49 19.53 10.68 NED NED NED
65 20.78 13.82 22.00 14.40 6.06 0.93 0.95 0.94

DB32 184 1.04 0.90 5.08 0.33 0.91 �0.08 �0.08 �0.08
167 32.67 18.18 32.86 25.12 13.47 0.81 0.88 0.85
176 31.28 14.70 38.77 27.24 15.70 0.98 0.64 0.81
141 46.21 25.22 57.21 25.80 1.03 0.954 0.943 0.95
126 51.56 27.49 54.13 33.07 5.80 0.975 0.972 0.97

DB24 190 53.97 4.75 33.56 12.99 8.78 NED NED NED
179 46.77 21.94 58.07 29.10 8.51 0.964 0.964 0.96
188 62.67 20.04 54.72 28.72 12.77 0.966 0.436 0.70
121 46.76 8.56 34.42 9.57 5.58 0.498 0.498 0.50

DB25 174 46.70 42.24 9.86 4.00 40.27 NED NED NED
170 29.27 26.04 41.33 35.80 9.15 0.94 0.99 0.97
180 19.88 16.46 24.18 16.92 4.58 0.838 0.988 0.91
101 30.14 22.75 30.33 22.21 4.69 0.96 0.82 0.89

DB33 114 30.77 26.05 36.07 32.45 6.25 0.89 0.95 0.92
113 21.61 14.41 36.96 33.47 19.83 0.95 0.94 0.95
73 22.97 3.74 29.29 21.84 25.14 �0.56 �0.62 �0.59
82 15.91 3.43 20.12 15.77 14.01 0.53 0.94 0.74
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transported by the drifters. Predicted and observed total distances
ranged from5 to 58 km and 1e63 km, respectively (Table 2). Similar
to predictions of total transport, predicted net transport was 20%
greater than observed net transport (R ¼ 0.5), which ranged from
0.3 to 35.8 km and 0.9e42.2 km, respectively (Table 2).
Fig. 6. Comparison of observed dispersal from 25 surface drifters (gray) and predicted
dispersal from Particle-Tracking Model (black). Deployment details are listed in Table 2.
For reference, Croatan Sound (CS), Crab Hole (CH), Gibbs Shoal (GS), Bluff Point (BP),
Deep Bay (DB), Middle Bay (MB), Neuse River (NR), West Bay (WB), Ocracoke (OC), and
Hatteras (HA) oyster reserves are shown. Drifter dispersal colors correspond to
deployment duration, whereby color transitions from lightest to darkest gray from day
1e4, respectively. Highest cross-correlations among observed and predicted dispersal
occur when dispersal overlaps.
3.3. Oyster larval dispersal and connectivity

3.3.1. Potential settlement areas
Initial release location of particles influenced both the spread

and distance traveled of virtual particles over a 14e21 d dispersal
period (Fig. 7). Numerous particle paths terminated in the center of
the northern basin of PS, or along the shoreline, such as those
originating from Gibbs Shoal, Bluff Point, and Ocracoke (Fig. 7c,
d and i). Particles released from the Neuse River and West Bay
along the southern shore of PS traveled the greatest distances
(w110 km) to Oregon Inlet near Croatan Sound in the north,
crossing the entire sound along the western shore (Fig. 7g and h).
Particles released at Ocracoke spread throughout the northern
basin of PS, whereas particles released from Hatteras remained
near the eastern shore until they traveled a significant distance
north (Fig. 7i and j).

Qualitatively, the area of PS that served as potential settlement
areas for virtual oyster larvae varied according to the location of the
natal reserve. For example, the largest potential settlement areas,
filling two-thirds of PS, corresponded to virtual larvae released
from Gibbs Shoal and Bluff Point (Fig. 7c and d), both located on the
western shore of PS. Conversely, the smallest potential settlement
areas corresponded to virtual larvae released at Deep Bay and
Middle Bay (Fig. 7e and f), both near themouth of the Pamlico River.
Virtual larvae released from the northern most reserves, Croatan
Sound and Crab Hole, were exported to Albemarle Sound (Fig. 7a
and b), where salinities are likely too low for survival of oyster
larvae (Dekshenieks et al., 1993; Xie and Eggleston, 1999). Potential
Please cite this article in press as: Haase, A.T., et al., Estuarine circulation and predicted oyster larval dispersal among a network of reserves,
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Fig. 7. Potential larval settlement areas in Pamlico Sound for virtual oyster larvae released from a) Croatan Sound, b) Crab Hole, c) Gibbs Shoal, d) Bluff Point, e) Deep Bay, f) Middle
Bay, g) Neuse River, h) West Bay, i) Ocracoke, and j) Hatteras oyster reserves. Lines represent the final 7 days of particle dispersal where oysters are assumed competent to settle.
Release reserves are denoted with bold lettering.

Table 3
Connectivity matrix. Potential larval connectivity between natal reserves (rows) and
settlement reserves (columns). Score of 10 indicates direct connectivity. Scores of 9,
8, and 7 indicate potential settlement areas measured within 0.02, 0.03 and 0.04�

latitude/longitude of reserve boundaries, respectively. Zeros indicate no potential
settlement areas within 0.04� (w4 km) of a reserve boundary. Self-recruitment is
indicated by the gray-shaded cells along the main diagonal of the connectivity
matrix.

CS CH GS BP DB MB NR WB OC HA Total

Croatan Sound CS 10 10 9 0 0 0 0 0 0 0 29
Crab Hole CH 10 10 9 0 0 0 0 0 0 0 29
Gibbs Shoal GS 9 10 10 10 0 0 0 0 10 10 59
Bluff Point BP 0 10 10 10 0 8 9 10 8 0 65
Deep Bay DB 0 0 0 0 10 10 0 0 0 0 20
Middle Bay MB 0 0 0 0 0 10 0 0 0 0 10
Neuse River NR 0 0 9 10 0 10 9 10 0 0 48
West Bay WB 0 0 9 10 0 0 9 10 0 0 38
Ocracoke OC 9 9 0 0 0 0 0 0 10 10 38
Hatteras HA 0 7 0 0 0 0 0 0 0 10 17
Total 38 56 56 40 10 38 27 30 28 30
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settlement areas for virtual larvae released from Deep Bay and
Hatteras were located primarily along-shore in PS (Fig. 7e and j).

3.3.2. Potential connectivity among reserves
Potential oyster larval connectivity was not uniform among

broodstock reserves in PS. The reserves with the largest potential
settlement areas, Bluff Point and Gibbs Shoal, produced the greatest
number of connections to neighboring reserves, with connectivity
scores of 65 (out of 100) and 59, respectively (Table 3). Middle Bay,
Deep Bay and Hatteras produced the fewest possible connections,
a score of 20 or less (Table 3). All reserves, however, potentially self-
recruit oyster larvae as indicated by a score of “10” in the cells along
the main diagonal of the connectivity matrix (Table 3). Neuse River
was an exception to this rule and scored a nine for self-recruitment
since particles came within 0.01� but did not re-enter the reserve.
Summing the columns of the connectivity matrix (Table 3) to
interpret the relative degree of connectivity between all the
reserves within the network and a given reserve, indicated that
Crab Hole and Gibbs Shoal potentially received the greatest supply
of larvae from other reserves, with percent connectivity scores of
56. Conversely, Croatan Sound, though proximal to Crab Hole,
scored 38.

Of the 100 possible connections, 24were present. Eight of the 10
reserves provided � one inter-reserve connection, with 4 being the
most. Self-recruitment occurred at all but one reserve. Although
reserve boundaries were expanded by 0.01�, 0.02�, and 0.03� (about
1 km, 2 km, and 3 km respectively), the number of inter-reserve
connections and self-recruitment increased by 10, 12, and 13,
respectively. Thus, increasing reserve size disproportionately
increased reserve connectivity.

4. Discussion

A 3D numerical hydrodynamic model (ADCIRC) reliably pre-
dicted variation in estuarine current velocities over space and time
in PS, especially currents near-surface. A PTM, using predicted
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currents, also reliably simulated trajectories of surface drifters
under varying wind regimes, thereby providing confidence in
qualitative predictions of dispersal of virtual larvae, and potential
larval connectivity among no-take oyster reserves in PS. From
a management perspective, reserves where larvae are spread and
transported to vast regions may be particularly desirable. If so, the
reserves located at Gibbs Shoal and Bluff Point should be
a management (e.g., stock enhancement) priority. Potential oyster
larval connectivity was not uniform among broodstock reserves in
PS; connectivity from the natal reserve to reserves within the
network (including self-recruitment) ranged from 10 to 65. All
reserves, with the exception of Middle Bay and Hatteras, provided
one or more direct connections (i.e., connectivity ¼ 10; Table 3) to
reserves within the network. Moreover, all reserves potentially self-
recruited. Reserves located at Gibbs Shoal and Bluff Point provided
the most inter-reserve connections. The effects of reserve size on
connectivity were most pronounced with relatively modest (0.01�)
and predicted oyster larval dispersal among a network of reserves,
1
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size increases. Increasing reserve size resulted in reserves located at
Bluff Point, West Bay, and Ocracoke receiving the most additional
connections, which suggests that these two reserves should receive
priority for reserve expansion. Spatial variation in the degree of
potential oyster larval connectivity in PS, combined with spatio-
temporal variation in demographic rates of oysters (e.g., fecundity,
settlement, growth, survival) in PS (Mroch et al., in review, Puckett
and Eggleston, in review), provides strong evidence for an oyster
metapopulation and possibly source-sink dynamics within the
network of no-take oyster reserves in PS (Eggleston, 1999; Lipcius
et al., 2008). Recalling that a metapopulation is discrete, but con-
nected populations characterized by spatially dynamic demo-
graphics, it appears that the oyster broodstock reserves in PS are
particularly amenable to testing metapopulation and source-sink
concepts because of: (1) the presence of discrete broodstock
reserves that are separated byw10e125 km, (2) spatial variation in
the timing of spawning (Eggleston and Ballance, 2007), (3) spatial
variation in oyster demographic rates such as fecundity, growth
and survival (Mroch et al. in review, Puckett and Eggleston, in
review), and (4) variation in potential larval connectivity (this
study).
4.1. Efficacy of ADCIRC hydrodynamic model in predicting current
velocities

We tested the efficacy of 2D versus 3D ADCIRC hydrodynamic
models in predicting observed current velocities across a wide
range of wind conditions and two geographically distinct areas in
PS. Moored ADCP instruments, which collected Eulerian data on
vertical distribution of velocities, were deployed in areas of PS
where themodel’s predictive abilities were presumed to be limited,
for instance near complex terrain features such as Bluff Shoals, as
well as near inlets. The 3D model generated more accurate
predictions of surface velocities, particularly the magnitude of
surface velocity, than the 2D model. Current velocities predicted
with the 2D ADCIRC model were, in general, an order of magnitude
slower than observed currents, whereas velocities predicted with
the 3D model were in good agreement with the observations
(Figs. 3e5). Similarly, observations of currents in Beaufort Inlet, NC
south of PS, collected with a combination of current meters and
ADCP transects agreed well with 2D ADCIRC model predictions,
especially in capturing both amplitude and phase of tidal constit-
uents, and direction of flow, but under-predictedmaximum current
flux by as much as 50% (Luettich et al., 1999). Near-surface obser-
vations of currents in the northern region of PS during the fall
recruitment period for blue crab (Callinectes sapidus) megalopae
and early juveniles using S4 current meters were well-predicted by
ADCIRC with statistical correlations between 0.4 and 0.9 (Reyns
et al., 2006, 2007). Other studies have validated ADCIRC model
predictions, and generally found that the numerical predictions
agreed well with observations (Luettich et al., 2002; Westerink
et al., 2008).
4.2. Efficacy of PTM in predicting oyster larval dispersal

We tested the ability of the PTM to replicate observed Eulerian
and Lagrangian velocities in a challenging environment to model,
the wind-driven micro-tidal currents of PS. Additionally, we tested
the PTM across a large spatial range, nearly the entire PS, using
ADCIRC vector fields driven by spatially consistent winds. A
collection of drifter observations were used to validate predictions
from the PTM, which was then used to predict potential larval
paths. Through analysis of the observations and modeled flow-
fields, several unique features were discovered in PS that have
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implications for larval connectivity (see 4.3 Potential oyster larval
settlement areas and connectivity among oyster reserves).

Drifters were deployed in other studies off the Southeast
US Continental Shelf which provided estimates of the retentive
characteristic of the Southeast US Continental Shelf and
showed overall good agreement between numerical and observed
drifter tracks with regression coefficients (R2) ranging from 0.48 to
0.89 (Edwards et al., 2006; Hare and Walsh, 2007). To date, no
known published record exists of other drifter studies conducted
within PS.

Weekly drifter releases were conducted across the northern and
southern basins of PS during both the northeasterly and south-
westerly wind regimes. Release sites were selected based on wind
forecasts, southern release sites for southerly wind forecasts and
northern release sites for northerly wind forecasts (Table 1 and
Fig.1). These release sites proved to be highly effective since drifters
remained in PS during most deployments. On a few occasions,
however, drifters deployed in the north exited the study area
through Oregon Inlet and Croatan Sound. In the south, drifters
exited PS through Neuse River, but not through Ocracoke Inlet. This
only caused minor interruptions in the data collection (<2 d) and
suggests oyster larvae could be exported from PS to the Atlantic
Ocean under similar circumstances.

Surprisingly, the predicted dispersal of particles generated by
the PTMwere generally longer than the Lagrangian observations of
surface drifters, despite the ADCIRC-predicted current velocities
being less energetic than the Eulerian observations. The mecha-
nisms causing this unexpected result are not entirely known,
though it could be attributed to slip velocities in the drifters which
were reported to be 1e3 cm s�1 for the tri-star drogue configura-
tion (Niiler et al., 1987, 1995; Geyer, 1988). When drifter velocities
were compared to ADCP velocities for concurrent observations,
however, mean velocities for both instruments were within
1 cm s�1 of each other. Alternatively, the magnitude of the wind
velocity and responding currents generally diminished near dawn
and increased during afternoon hours, but this diurnal dynamic
was not completely captured in the time-series predicted velocity
plots, particularly the relaxation during earlymorning hours. By not
including this morning relaxation, the dispersal of virtual particles
could exceed that of drifter observations. Lastly, it is possible
hydrodynamic features not visible in the observations, such as
frontal boundaries, could have entrained drifters thereby slowing
them down relative to predicted speeds and distances (e.g.,
Eggleston et al., 1998). A possible solution to this discrepancy
between predicted and observed dispersal would be to create an
interpolation of variable depth layers for the uppermost 1 m depth,
particularly in shallower areas (<7 m deep) where layers are much
less than 1 m. Observed dispersal could then be compared to
dispersal predicted by velocities in the surface 1 m rather than the
uppermost layer of the model. This was not performed because
global velocities predicted in the numerical model decreased
significantly below the uppermost depth layer.

4.3. Potential oyster larval settlement areas and connectivity
among oyster reserves

The present study provides evidence that circulation in PS can
support an oyster metapopulation via larval connectivity of
spatially-isolated broodstock reserves. For instance, the geometry
of the narrow Croatan Sound connecting Pamlico Sound to Albe-
marle Sound (Fig. 1) could potentially facilitate oyster larval
connectivity. During southwesterly winds, ADCIRC flow-fields
indicated surface waters originating in PS were pushed north into
Albemarle Sound via Croatan Sound, while the bottom layer
produced a weak return flow to the south. This bi-layer circulation
and predicted oyster larval dispersal among a network of reserves,
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continued until either the wind force decreased or the pressure
gradient produced by the increased water depth exceeded thewind
force. Once this balance of forces between the wind and the pres-
sure gradient was interrupted, Croatan Sound acted like a venturi
described by Bernoulli’s Principle (Halliday and Resnick, 1960;
Bernoulli, 1738) whereby water from Albemarle Sound flowed
south out of Croatan Sound into PS creating a strong southward
flow at all depths. Velocities measured by the ADCP at Crab Hole
exceeded 0.5 m s�1, and this event is referred to as the “Albemarle
Flush” hereafter. Drifters caught in the Albemarle Flush traveled
up-wind (i.e. to the south when the winds were blowing south-
westerly). Mean velocities and principle components from the
ADCP moored at Crab Hole were dominated by a southward
component likely caused by the Albemarle Flush. This behavior
observed by the drifters and ADCP at Crab Hole could not be
explained until the Albemarle Flush was detected in the global
velocities produced by the 3D ADCIRC model. Oyster larvae
spawned from Croatan Sound or Crab Hole could be advected south
toward Gibbs Shoal and Bluff Point during occurrences of the
Albemarle Flush, thereby enhancing potential larval connectivity
between these northern reserves and those located to the south
when, during much of the spawning season, winds are predomi-
nately southwesterly. Other mechanisms, such as underwater
shoals, hydrodynamic isolation in bays and diminished strength in
the nocturnal winds could promote self-recruitment.

4.4. Assumptions and applications

Oyster larvae are known to migrate throughout the water
column in an effort to track the halocline (Dekshenieks et al., 1996;
North et al., 2008). In PS, however, the water column is generally
well-mixed and often behaved as a single layer where profile
observations were collected. Thus, we did not attempt to integrate
oyster larval vertical migration behavior, nor ontogenetic changes
in depth as oyster larvae mature, into the PTM in this study.We also
did not integrate tides from the Atlantic Ocean into the PTM since
the tidal influence on current velocities diminishes significantly
with distance from the inlets (Pietrafesa et al., 1986; Luettich et al.,
2002). It is possible that virtual particles, when not restricted to PS
(i.e., hydrodynamically connected to the Atlantic Ocean), would exit
PS into the Atlantic Ocean through Oregon, Hatteras or Ocracoke
Inlets as demonstrated by the drifters. This research project focused
on oysters whose larvae are spawned in PS and accepted this minor
limitation since most oyster reserves are located away from inlets.

5. Conclusion

In conclusion, solving the larval dispersal challenge requires
a diverse set of techniques, each with its own strengths and limi-
tations for a given study system and spatiotemporal scale. These
methods include field sampling of larvae and currents coupled with
bio-physical modeling, drifters, and genetic or geochemical tagging
(NSF, 2002). The results of this study validate existing tools and
applications for studying larval dispersal in primarily wind-driven
estuaries such as PS. For example, we demonstrated the efficacy
of (1) ADCIRC in recreating 3D velocities in complex bathymetric
and geo-morphological settings within a primarily wind-driven
estuary, and (2) an ADCIRC-based PTM in recreating larval
dispersal trajectories, which are critical in estimating larval
connectivity among reserve networks. Testing and refinement of
numerical hydrodynamic models, PTMs, and techniques for vali-
dating these predictions, such as bottom-moored ADCP and satel-
lite drifters, will enhance decision support tools for improving the
efficacy of reserve networks for marine habitat and fisheries
management and restoration purposes.
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