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[1] Connectivity and larval dispersal is explored off the Oregon coast during the
summer upwelling season of 2001 using numerical ocean circulation simulations.
The study region, with strong wind‐driven currents and variable topography, is modeled
using the Regional Ocean Modeling System (ROMS) forced by the Coupled Ocean
Atmosphere Mesoscale Prediction System. A large number of passive particles as models
of planktonic larvae are released daily for 120 days from 1 May to 28 August at depths
of 1, 7, 15, 20, 50, and 75 m at every grid point shoreward of the 200 m isobath
(on average 32 km offshore). The particles are transported by the three‐dimensional
currents of the model simulation. The competency time window for larval settlement is
assumed to be in between days 15 and 35 after larvae are released. Larval settlement
occurs at the shallowest location during the competency time window. Connectivity
matrices reveal that some of the places of highest retention are similar to the proposed
Oregon marine reserve sites, especially Cape Perpetua. The Heceta Bank region has
high probabilities as both a source and a destination for settled larvae. Larvae released
in the Heceta Bank region often settle at higher latitudes than their release location.
There are strong correlations between the number of settled larvae shallower than the
50 m isobath and a 6 to 8 day running mean of the alongshore wind stress. Larvae are
retained near the shore when the winds, averaged over the previous 6 to 8 days, are relaxed
or downwelling favorable.

Citation: Kim, S., and J. A. Barth (2011), Connectivity and larval dispersal along the Oregon coast estimated by numerical
simulations, J. Geophys. Res., 116, C06002, doi:10.1029/2010JC006741.

1. Introduction

[2] Marine reserves are places in the ocean protected from
uses that remove animals and plants or alter their habitats.
The Oregon Ocean Policy Advisory Council (OPAC) is
identifying and evaluating potential marine reserve sites
along the Oregon coast (http://www.oregonocean.info/).
They have been shown to be effective in boosting the
abundance, diversity, and size of marine species [Shears and
Babcock, 2003; Abesamis and Russ, 2005; Palumbi, 2004].
As part of this evaluation, it is important to understand larval
dispersal, that is, the spatial connectivity between spawning
locations and settling locations, the traveling distance for
settlement, and the fraction of settled larva at given loca-
tions. As a potential reserve site, the nearshore settlement
environment is an important region where a small fraction
of the larvae settles in suitable places and recruits to adult
states to reproduce their offspring [Siegel et al., 2003; Cowen
and Sponaugle, 2009]. Connectivity for marine species
along the Oregon coastline, likely to be temporally sporadic

and spatially inhomogeneous, is important to understand for
this purpose.
[3] Since the trajectories of the early life stages of many

marine species’ larvae are strongly influenced by ocean
circulation processes, it is possible to construct a connec-
tivity matrix (defined as a probability matrix of exchange of
individuals between sites [Cowen and Sponaugle, 2009])
using ocean circulation models. Realistic numerical model-
ing of coastal ocean flows has become routine, and the
structure and forcing of such flows have been detailed in
many recent studies. Along the central California coast,
for example, a numerical study for inferred rockfish larval
dispersal yields annual and seasonal dispersal patterns,
useful for addressing questions relevant to fisheries man-
agement [Petersen et al., 2010]. The stochastic nature of
larval settlement has also been studied to understand near-
shore marine ecosystems [Siegel et al., 2008; Mitarai et al.,
2008]. The numerical simulations give researchers qualita-
tive and quantitative insights for dynamical details along
with statistical quantities regarding larvae dispersal [Siegel
et al., 2003; Marinone et al., 2004].
[4] For the Oregon coastal ocean, numerical simulations

have shown useful comparisons with data from in situ and
remote sensing observations, and helped provide explana-
tions for the dynamics of wind‐driven circulation over the
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complex bathymetry of the Heceta Bank region [Oke et al.,
2002a, 2002b, 2002c; Kurapov et al., 2005a, 2005b;
Springer et al., 2009; Kim et al., 2009]. The model results of
Springer et al. [2009] were extensively compared with a
variety of available data including long‐term moorings
[Boyd et al., 2002], land‐based high‐frequency radar esti-
mates of surface currents [Kosro, 2005], NOAA tide gauges,
and TOPEX/Poseidon satellite altimeters. The model pro-
duces a realistic representation of the Oregon coastal ocean
circulation such as jet separation and eddy formation off-
shore of Cape Blanco. This model recently has been used to
address the dependence of uncertainty in the predicted
coastal ocean state on uncertainty in the wind forcing, in the
initial conditions, and in the lateral boundary conditions
[Kim et al., 2011].
[5] In the following, an ocean circulation model with

realistic bathymetry and forcing is used to explore larval
dispersal off the Oregon coast during the summer upwelling
season of year 2001. The 2001 upwelling season was a
typical year for Oregon coastal water and was chosen
because an extensive data set is available for verifying the
performance of the ocean circulation model. An overview of
2001 studies in this region is given by Barth and Wheeler
[2005]. Planktonic larvae are modeled by passive drifters,
which are released daily and their paths are tracked for
35 days after release. The specific focus of our study is to
understand spatiotemporal variability in recruitment, related
to the proposed marine reserves sites, and larval connec-
tivity within the wind‐driven coastal flow. Alongshore
variability in Oregon coastal ocean circulation is dominated
by flow interaction with Heceta Bank [Castelao and Barth,
2005], an elongated submarine ridge oriented roughly
northeast to southwest across the shelf, and Cape Blanco
[Barth et al., 2000]. We examine time‐dependent ocean
circulations to bring physical insight to patterns of larval
settlement along the Oregon Coast. The model configuration,
the physical characteristics of the circulation in the simula-
tion, and model‐data comparisons are shown in section 2.

The results of larval settlement experiments are discussed
in section 3, and a summary and discussion are given in
section 4.

2. Model: Flow Features and Validation

[6] The model configuration in this paper is similar to that
of Springer et al. [2009] and Kim et al. [2011], and they
report the model results for flow features and model‐data
comparison. However, it is useful here to summarize the
numerical model configuration in section 2.1, its flow features
in section 2.2, and model‐data comparison in section 2.3.
For large‐scale and shelf circulation over the Oregon coast,
see Springer et al. [2009, section 3] and Kim et al. [2011,
section 2‐b] and for comparison with mooring data over the
continental shelf, see Springer et al. [2009, Figures 13 and 14
and Tables 1 and 2]. New results reported in section 2.3
are comparisons of model results with bottom‐mounted
Acoustic Doppler Current Profilers (ADCP) deployed at 15 m
water depth in the inner shelf. If readers wish to concentrate
on larval dispersal results, they are encouraged to go directly
to section 3.

2.1. Model Configuration and Forcing

[7] For the study of larval dispersal along the Oregon
coast, a three‐dimensional, free surface and hydrostatic
primitive equation model (ROMS) with a terrain‐following
vertical coordinate [Shchepetkin and McWilliams, 2005] is
configured for the Oregon coastal ocean. The model domain
ranges from 40.6°N to 47.5°N and from the coast (123.7°W)
to 129°W, and the grid resolution is about 3.1 km on
average, with 136 and 250 grid points in latitude and lon-
gitude, respectively (Figure 1a). Forty terrain‐following
layers are used for the vertical, with enhanced resolution
near the surface and bottom corresponding to stretching
parameters qb = 0.2 and qs = 6.0 [Song and Haidvogel,
1994]. The “level 2.5” scheme of Mellor and Yamada
[1982] is used for vertical mixing, while the horizontal dif-
fusivity and viscosity are 20 m2 s−1. The realistic bathymetry
is obtained by bilinearly interpolating ETOPO‐5 [National
Geophysical Data Center, 1988] and then smoothing with
r factor of 0.2 to limit the pressure gradient error asso-
ciated with the terrain‐following coordinate [Beckmann and
Haidvogel, 1993]. Minimum water depth along the coast is
fixed at 20 m and the Coriolis force varies with latitude.
[8] The model domain has a closed, coastal eastern

boundary with no‐normal‐flow and free‐slip conditions, and
open boundaries on the north, south and west (Figure 1a).
Chapman [1985] and Flather [1976] prescribe conditions
for the free‐surface elevation and depth‐averaged velocities
normal to the open boundaries, respectively. The open
boundary data are provided every 12 h by the model output
of 2001 in the Navy Coastal Ocean Model (NCOM) and its
California Current System (CCS) submodel [Shulman et al.,
2004]. Following the most effective nesting strategy found
by Springer et al. [2009], radiation and nudging conditions
are applied at all open boundaries for both the three‐
dimensional velocities and for temperature and salinity.
Sponge layers are adopted at the western and southern
boundaries, using diffusivity and viscosity equal to 100 m2 s−1

and tapered over 150 km to their interior values. The model
does not include freshwater input from rivers, salinity flux

Table 1. Statistical Properties of the Major Axis Variation of
Depth‐Averaged Velocities at Moorings and 15 m ADCPa

Location

Moorings Model Comparison

Mean SD Dir Mean SD Dir CC RMSE

NIS −0.110 0.143 8 −0.155 0.157 4 0.89 0.087
NMS −0.121 0.117 6 −0.084 0.079 9 0.91 0.067
NSB −0.105 0.079 9 −0.079 0.116 6 0.86 0.052
SIS −0.041 0.094 4 −0.080 0.092 2 0.89 0.055
SMS −0.051 0.065 12 −0.025 0.035 1 0.59 0.057
SSB −0.037 0.057 19 −0.052 0.084 25 0.73 0.055

Location

ADCP Model Comparison

Mean SD Dir Mean SD Dir. CC RMSE

CH −0.211 0.236 1 −0.089 0.194 5 0.68(0.4) 0.21(0.24)
FC −0.023 0.127 5 −0.059 0.145 9 0.65 0.12
SH −0.076 0.169 9 −0.051 0.164 15 0.64 0.14

aMean, standard deviation (SD), and root‐mean‐square error (RMSE) are
in m s−1. CC is the correlation coefficient. The orientation of principle axis
is given by Dir (degrees in a clockwise direction from the north line) with
meridional velocity oriented along the major axis, roughly alongshore,
positive poleward. The comparison for CH is for the first (second)
portions of the data record.
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through the ocean’s surface, and there is no tidal forcing.
While these processes may be important in some locations,
previous studies have shown realistic simulation of the coastal
ocean off Oregon in their absence [Oke et al., 2002a, 2002b,
2002c; Kurapov et al., 2005a, 2005b; Springer et al., 2009].
[9] For the numerical simulations, the ocean initial state is

obtained from spatial interpolation of the NCOM‐CCS out-
put from the year 2001 on day 120 (30 April), and forced by
spatially variable wind stress from the Coupled Ocean Atmo-
sphere Mesoscale Prediction System (COAMPS) reanalysis
for the year 2001 [Kindle et al., 2002]. The simulations
run during the summer upwelling season from 30 April to

7 October (from days 120 to 280). Heat fluxes are calculated
from the bulk flux formulation ofFairall et al. [1996]. Figure 2a
shows time and area average of meridional COAMPS
winds over the shelf subdomain between the coastal line and
200 m isobath. Temporal and spatial means for southward
and northward winds are −4.1 and 3.4 m s−1, respectively.
The distributions of southward, upwelling‐favorable, and
northward, downwelling‐favorable winds are 81% and 19%,
respectively, of the simulation period (Figure 2b).

2.2. Flow Features

[10] Southward upwelling‐favorable winds drive surface
Ekman transport away from the coast, which leads subsur-
face water to upwell along the coastal boundary, and the
resulting pool of cold, saline, dense upwelled water fills
the shelf (depth < 200 m) along the entire domain with
a nominal width of 30 km. When the coastal upwelling
extends offshore, the isopycnals slope upward toward the
coast and an associated along‐shore geostrophic jet devel-
ops. Also, the zonal sections from the model show isotherms
sloping upward toward the coast, and both simulated and
observed mixed layers are about 20 m deep [see Springer
et al., 2009, Figure 15]. The wind‐driven geostrophic
upwelling jet is stronger in the south, consistent with the
orographically intensified jet of the COAMPS wind analysis

Table 2. Percentage of the Total Number of Larvae Settled in the
Subdomain With the Release Depth of the Larvae

Suddomain

Depth (m)

1 7 15 20 50 75

Habitat zonea 34 42 57 64 76 73
Inner shelfb 23 38 69 79 60 20

aLarvae released in the habitat zone (0–200 m) and settled in the
habitat zone.

blarvae traveled from inner shelf (zones 1 and 2, releasing location) to
near shore (zone 1, landing location) for depths of 1–20 m, from zone 3
to zone 1 for depth of 50 m, and from zone 4 to zone 1 for depth of 75 m.

Figure 1. (a) Numerical model domain with smoothed bottom topography in meters (0, 30, 50, 120, 200,
1000, 2000, and 3000 m). (b) Close‐up of the vicinity of Heceta Bank enclosed by the gray box in
Figure 1a. Six mooring locations (NSB, NMS, NIS, SSB, SMS, SIS) are indicated by red dots, and three
15 m ADCP locations are indicated by blue dots at Cascade Head (CH), Fogatry Creek (FC), and Straw-
berry Hill (SH). The OPAC marine reserve recommendations are indicated with gray boxes on left and
right axes, and their names are listed along the left axis. Gray dashed lines are borders of Oregon state
with Washington (upper), and California (lower).
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off southern Oregon [Samelson et al., 2002; Perlin et al.,
2004]. In areas of Heceta Bank and the slope and shelf
topography near Cape Blanco, mesoscale variability of the
surface current, which is associated with seafloor topo-

graphic features, is also evident. Around the southern side
of Heceta Bank, where the shelf narrows abruptly, the
mean southward jet crosses isobaths and trends offshore.
Around the southern Oregon shelf near Cape Blanco, there

Figure 2. (a) Shelf subdomain averaged meridional (black) and zonal winds (gray) during the year 2001.
(b) Histogram of the meridional wind.

Figure 3. Vertically averaged meridional velocities for moorings (solid black) and model (dashed gray)
and at various mooring sites shown in Figure 1 (compare to Figure 13 of Springer et al. [2009]).
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is persistent offshore flow with separation of the mean
coastal jet from the 200 m isobath near the tip of Cape
Blanco (43°N).
[11] These general characteristics of the coastal ocean

response during upwelling‐favorable winds are consistent
with observations [Castelao and Barth, 2005; Barth et al.,
2000; Kosro, 2005], and the model develops a realistic jet
and eddy evolution in the offshore region [Springer et al.,
2009; Kim et al., 2011]. We refer to Springer et al. [2009]
for more detailed comparison for the large‐scale circula-
tion, and in the following, we show comparisons between
model and observations at selected shelf locations.

2.3. Model‐Data Comparison

[12] Before conducting larval dispersal experiments, we
seek to establish the skill of the numerical model through
comparisons with observations. We compare the model
output with velocity data from 6 shelf and slope moor-
ings, and 3 inner shelf, bottom‐mounted Acoustic Doppler
Current Profilers (ADCP) deployed at 15 m water depth
(Figure 1b). Shelf and slope moorings were deployed over
and to the north of Heceta Bank, and placed on 50, 80,
and 130 m isobaths for inner shelf (NIS, SIS), midshelf
(NMS, SMS), and shelf break (NSB, SSB), respectively
[Boyd et al., 2002]. Bottom‐mounted ADCP data were
collected on the 15 m isobath at Cascade Head (CH),
Fogarty Creek (FC), and Strawberry Hill (SH). During
the year 2001, all moorings are available mostly between
15 May (day 135) and 28 August (day 240), while 15 m
ADCP data are available from 20 April (day 110) to 9 July

(day 190), and from 1 August (day 213) to 20 September
(day 263) for CH, from 20 April (day 110) to 9 July (day
190) for FC, and from 5 May (day 125) to 21 September
(day 264) for SH.
[13] The model results along the same latitude as obser-

vations are sampled at a nearby location with a similar bottom
depth rather than the closest possible location. Depth‐
averaged velocities are calculated by the daily averages
for model and observation. Both data are smoothed with a
40 h low‐pass filter [Mooers and Smith, 1968]. Since there
are some observations not available within 0–20 m of the
top and bottom of ocean, depth averages for the model also
exclude these same regions. Due to the strong influence of
bathymetry over Heceta Bank region, it is useful to decom-
pose velocities at the observation locations into its principle
axes such that the major axis of variability is along shore,
positive in the poleward direction, and the minor is cross
shore, positive in the onshore direction. The direction of
major axes for the model velocities shows that model flow
slightly tends toward offshore at most of shelf and slope
mooring locations except at SMS where the major axis shows
slightly stronger offshore flow than model flow, but the
difference between model and moorings is small, on average
less than 5°(Table 1).
[14] Figure 3 shows observed and modeled depth‐

averaged meridional velocities at the mooring sites. All
moorings show a trend of decreasing southward velocities by
day 240, and velocity amplitudes are higher at the northern
moorings than the southern moorings and are stronger
inshore relative to offshore. The model captures the temporal

Figure 4. Vertically averaged meridional velocities for 15 m ADCP (solid black lines) for Cascade Head
(CH), Fogarty Creek (FC), Strawberry Hill (SH) and moorings (solid gray) for NIS and SIS at inner shelf
locations. Dashed gray lines represent model data of 20 m depth at the same latitudes of ADCP locations.
(a) NIS‐CH, (b) NIS‐FC, and (c) SIS‐SH.
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trend and spatial variation of amplitude well, and also the
simulated velocity fluctuations are largely coherent across the
moorings. The root mean squared error (RMSE) and corre-
lations between moorings and model in Table 1 are less than
0.09 m s−1 and greater than 0.7, respectively. The correlations
are significant to the 99% confidence level, at all of the
mooring locations except for SMS where the model has the
weaker flow than the observed.
[15] Comparisons are made at the nearest model grid

points to the 15 m bottom‐mounted ADCP sites. High
correlation between 15 m and 50 m observed velocities
is shown at all sites such as 0.71 between CH and NIS,
0.64 between FC and NIS, and 0.83 between SH and SIS
(Figure 4). The direction of the major axes at the 15 m
ADCP sites is more north‐south (on average 5°) than shelf
and slope moorings (on average 9°) (Table 1). To compare
15 m ADCP data to the shallowest model grid point at 20 m
water depth, we only use model velocities for the same
vertical range as the observations in calculating the depth
averaged velocities. Comparisons between 15 m ADCP and
model results show relatively high correlation with 95%
significance level but more north‐south principle axes for
the 15 m ADCP data compared with the model (Table 1).
[16] Overall, the model results are comparable to the

observation and reproduce relatively realistic circulation
features off the Oregon coast including shelf flow over the
Heceta Bank region. Also, simulations with this model
configuration represent the Oregon shelf, slope, and off-

shore circulation more faithfully than the periodic channel
domain used in related studies by Oke et al. [2002a, 2002b,
2002c], Kurapov et al. [2005a, 2005b], and Kim et al. [2009].

3. Larval Dispersal and Connectivity Experiments

[17] This study is a first step toward understanding larval
dispersal and constructing connectivity matrixes over the
Oregon coast by numerical model simulations. The specific
focus of the study is to understand spatiotemporal variability
(including the larval connectivity) in recruitment, related to
the proposed marine reserves sites. So, zone classification
below is based on the depths of those sites, and the seeding
depths are chosen such that marine species have favorable
depths to release their eggs [Day and McEdward, 1984;
Scheltema, 1986; Pfeiffer‐Herbert et al., 2007].
[18] Planktonic larvae are assumed to be passive particles

and are released at fixed depths of 1, 7, 15, 20, 50, and 75 m.
The passive particles are advected by the three‐dimensional
currents of the model simulation. The modeled planktonic
larvae are released daily from 1 May (day 121) to 28 August
2001 (day 240) during the upwelling season at every grid
point (spaced 3.1 km apart on average) with depth shallower
than the 200 m isobath (approximately 32 km offshore on
average). This results in 2733 larvae released every day.
The pelagic larval duration (PLD), or the time window for
the larvae to develop competency to settle, is assumed to
be 15 to 35 days, a typical duration for nearshore fishes
[Roughgarden et al., 1988; Kinlan and Gaines, 2003]. See
more information on the pelagic larval duration of subtidal
[Shanks et al., 2003] and intertidal [Allison et al., 1998;
Shanks et al., 2003] species found along the West Coast
of the United States. The settlement locations for the larvae
are defined as the shallowest water column depth (from
water surface to bottom) reached during the competency
time window such that if one particle released at a given
depth traveled places whose water depths are between
20 and 100 m during the competency time window, then the
particle settles at the place where water depth is 20 m. The
local bottom depth at the larval settlement position is calcu-
lated by bilinear interpolation from the gridded bathymetry.
[19] Trajectories of floats are calculated by a fourth‐order

Milne predictor‐corrector method that is included in ROMS,
and the histories of their locations are recorded at every
hour. Since the shelf width varies along from the coastline,
the nearshore habitat is not equally distributed and temporal
trajectories of larvae released at the same location, but on
different days, show various, complex paths depending on
flow features (Figure 5). In the Heceta Bank region (44°N),
the transitions between along‐ and cross‐isobath flow lead
larvae to follow the topographic contours back toward the
coast around the southern side of Heceta Bank, and even-
tually to flow southward off the southern side of the Bank.
At the southern part of Cape Blanco (43°N), on the other
hand, larvae either flow offshore, southwestward of the
Cape, or circulate back inshore from offshore, respectively,
due to coastal upwelling jet separation at the Cape [Barth
et al., 2000] or cyclonic eddy flow to the south at the Cape.
[20] In sections 3.1–3.3, we statistically analyze the sim-

ulation results in order to identify spatial and temporal
variability in larval settlement, determine retention rates
at the shore and shelf locations, and calculate correlations of

Figure 5. Sample trajectories at (a) 20 and (b) 50 m depths
for 30 days at different release locations (black circles) and
different release days of 144 (blue), 168 (red), 192 (green),
and 216 (cyan). The coast is indicated with a thick black line
and topographic contours are indicated with gray lines (50,
120, 200, 1000, 2000, and 3000 m).
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settlement and retention with the wind. The habitat in which
larvae are released and settled is divided into five different
zones for analysis: nearshore (zone 1, 20–30 m), inner shelf
(zone 2, 30–50 m), midshelf (zone 3, 50–75 m), outer shelf
(zone 4, 75–120 m), and shelf break (zone 5, 120–200 m).
The widths of five different zones are determined by those
from the depths of the different marine reserve sites along the
Oregon coast and upwelling front with a nominal 200 m
water depth. Although larvae have preferable environmental
conditions such as temperature and salinity for both larvae
behaviors and their habitat in order to survive during and after
their settlement, we do not consider larval mortality here.
[21] For convenience, we use the terms “inner shelf zone”

and “shelf zone” for zones 1 and 2 and for zones 3, 4, and 5,
respectively, and “habitat zone” for all zones. Also, depths
between 1 and 7 m and between 15 and 20 m are called
“near surface” and “subsurface,” respectively. To minimize
any artificial boundary effects, the present study focuses on
the region away from the southern (40.5°N) and northern
(47.5°N) boundaries such that the subdomain for statistical
analysis is limited to between 42°N and 46.5°N, but larvae
are allowed to leave and reenter the subdomain. Thus, the
larval settlement rate is defined as the percentage of the total

number of larvae settled in the subdomain, and the retention
rate is defined as the ratio between the total number of
released larvae in one zone (or location) and the number of
settled larvae in the same zone (or location).

3.1. Zone Connectivity

[22] Released larvae flow to settle in places in the interior
of the subdomain during the competency time window
between days 15 and 35. The percentage of the total number
of larvae settled in the habitat zone (20–200 m) changes
with the release depth of the larvae (Table 2). Table 2 shows
the percentages of larvae releasing in the habitat zone and
settling in the habitat zone for different release depths
and those of larvae released only in the inner shelf zone
(zones 1 and 2) and settled in the nearshore (zone 1) for
depths of 1–20 m. For depths of 50 and 75 m, larvae travel
from zone 3 to zone 1 for settlement, and from zone 4 to
zone 1, respectively. These particular choices of release and
settlement zones are determined such that the marine species
are assumed to tend to be settled along the coastline, even if
they spawn away from the coast.
[23] The probability density functions for larval dispersal

as a function of latitude show that the release locations of

Figure 6. Probability density function (PDF) of larvae that settle as a function of their (left) released and
(right) settled alongshore position (latitude). Different depths of 1, 7, 15, 20, 50, and 75 m are shown from
top to bottom. Gray contours represent the scaled offshore distance to the 50 and 200 m isobaths, which
are, on average 10, and 32 km, respectively. The six gray boxes on the horizontal axes represent proposed
OPAC marine reserve locations.
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larvae that settle in the habitat zone seem to be highly
correlated with the bottom topography as represented by the
200 m isobath (Figure 6, left). Here, the normalization is
the total settled larvae in the habitat zone. For all depths, the
wider the shelf (20–200 m) and the more northward release
location, the higher the probability that the larvae will settle.
Most larvae at the near surface (1 and 7 m) that are released
at latitude lower than 43.5°N flow away from the habitat
zone to the open ocean or leave out of numerical domain
at the southern boundary prior to entering the competency
time window, while deeper larvae (15–75 m) released

Figure 7. (left) Probability density function (PDF) of zone transition with normalization of the total
number of larvae retained in the interior of the habitat zone, (middle) mean alongshore traveling distance
(km), and (right) mean alongshore traveling time (days). Horizontal axes represent zones in which larvae
are released, and the bar graphs from left to right represent settle zone from zone 1 to zone 5, in order.
Different depths of 1, 7, 15, 20, 50, and 75 m are shown from top to bottom.

Table 3. Probability of Larvae Retained in the Inner Shelf Zone
(Zones 1 and 2) and Shelf Zone (Zones 3, 4, and 5) at Depths of
1, 7, 15, and 20 ma

Landing

Total RetainedInner Shelf Zone Shelf Zone

1 m release
Inner shelf zone 0.07 0.05 0.12
Shelf zone 0.10 0.12 0.22
Total 0.17 0.17 0.34

7 m release
Inner shelf zone 0.11 0.05 0.16
Shelf zone 0.12 0.14 0.26
Total 0.23 0.19 0.42

15 m release
Inner shelf zone 0.20 0.04 0.24
Shelf zone 0.15 0.18 0.33
Total 0.35 0.22 0.57

20 m release
Inner shelf zone 0.22 0.03 0.25
Shelf zone 0.19 0.20 0.39
Total 0.41 0.23 0.64

aThe normalization factor is the total number of larvae in the habitat
zone. Larva are released in one location and settle in a landing location.
The italic numbers are the percentages of retention rate for inner shelf
and shelf zone.

Table 4. Mean and Standard Deviation (SD) for Alongshore
Traveling Distance and Length of Time for Settled Larvae as a
Function of Depth

Depth (m)

1 7 15 20 50 75

Distance (km)
Mean 128 119 107 96 67 55
SD 67 70 68 66 59 21

Time (days)
Mean 18 18 20 20 20 21
SD 5 5 5 5 6 6
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below 43.5°N have a slightly higher probability of settling
(Figure 6, left). Meantime, the landing latitude where larvae
settle is concentrated at latitudes lower than 45°N, with
just a few settlers above that latitude (Figure 7, right). The
locations of high settling latitude are similar between depths,
and the region of Cape Perpetua, one of marine reserve
location between 44.08°N and 44.33°N, has high probability
for both releasing and landing settled larvae.
[24] The transition between the inner shelf zone (20–

50 m) and the shelf zone (50–200 m) is calculated in Table 3.
It shows that more larvae released over the shelf zone remain
in the habitat zone than those released in the inner shelf
zone, while the inner shelf zone has the higher landing ratio
than the shelf zone. The transition between the inner shelf
zone and the shelf zone shows that more larvae travel from
the shelf zone to the inner shelf zone, rather than from the
inner shelf zone to the shelf zone. The retention rate (defined
as the ratio between the total number of released larvae in one
zone and the number of settled larvae in the same zone;
indicated by italics) is higher in the shelf zone than in the
inner shelf zone at the near surface (1 and 7 m), but inner
shelf zone has the bigger retention rate at subsurface (15 and

20 m). Total retention rate (sum of the retention rate for the
inner shelf zone and the shelf zone) increases with depth.
Also, the transition between the inner shelf zone and the
shelf zone shows that more larvae travel from the shelf
zone to the inner shelf zone, rather than from the inner shelf
zone to the shelf zone. This is partially because of the larger
number of released larvae in the shelf zone than in the inner
shelf zone, and onshore flux (see section 3.3).
[25] Connectivity for larval dispersal among zones is

shown by bar graphs (Figure 7, left). The graphs, from top
to bottom, represent different depths, and the horizontal axes
are zones in which larvae release. In each graph, the bars,
from left to right, show probabilities of larvae landing in
zone 1, 2, 3, 4, and 5, respectively. Again, the normalization
factor is the total number of larvae retained in the interior
of the habitat zone. The connectivity for individual zones
shows that for all depths and all release sites, zone 1 has
high probability for larvae to settle in the habitat zone
(Figure 7, left) due to the onshore flux during downwelling‐
favorable wind periods for near surface and subsurface, and
due to the upwelling for 50 and 75 m depth. Also, outer
zones (3–5) show higher probabilities for settlement for

Figure 8. (a) Connectivity matrix for larval dispersal at 20 m depth. The color bar represents the prob-
ability of settled larvae from released latitudes (horizontal axis) to settled latitudes (vertical axis). Gray
boxes on axes represent proposed Oregon OPAC marine reserve locations. (b) Marginal PDF of settled
larvae as a function of latitude. (c) Marginal PDF of release (source) location of settled larvae as a func-
tion of latitude. Gray contours represent the scaled offshore distance to the 50 and 200 m isobaths, which
are, on average, 10 and 32 km, respectively.
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depths of 50 and 75 m than those of 1–20 m. This is because
the upwelling‐favorable wind transports most of the parti-
cles released from 1 to 20 m too far offshore to settle during
the competency time window. However, the same winds
lead deep waters and larvae to be upwelled to the surface
and then offshore, such that they have time to settle within
the outer zones (3–5).
[26] Although individual larvae travel with considerable

variability during the competency window time, mean
alongshore traveling displacement and time of all larvae in
a zone illustrate average traveling distance and duration
of transport (Figures 7, middle, and 7, right). Note that the
traveling distance is a distance between releasing latitude
and landing latitude, rather than total moving distance.
Table 4 shows alongshore mean and standard deviation
of the larval displacement and settling time for different
depths, and the statistics give a sense of their temporal and
spatial scales. Larvae travel southward on average for all
depths. Larvae travel more distance in a shorter time at the
surface, and the mean traveling distance and its variability
become shorter and narrower at increasing depths, although
these differences are not distinguished much. The net effect
of the vertical shear of the along‐shelf current on displace-

ment and time is about 73 km and 3 day difference between 1
and 75 m depths, and the standard deviation is similar for all
zones and for all depths, except for a considerable smaller
standard deviation of distance traveled at 75 m depth.

3.2. Connectivity Matrices

[27] In previous studies, many biological factors [Cowen
et al., 2007; Cowen and Sponaugle, 2009] and/or stochas-
tic nature of larval dispersal and mean connectivity [Mitarai
et al., 2009] were involved in the connectivity calculations.
Here, a connectivity matrix was used as a tool for repre-
senting such spatial correlation and for showing quantitative
regional larval exchange between released locations and
settled locations because zone connectivity in section 3.1
revealed that the inner shelf zone (20–50 m) was a major
determinant region for best larval releasing and settlement
locations. The primary larval dispersal in the inner shelf
zone could be largely explained by the spatial connectivity
during their pelagic larval state. The elements of the matrix
provided the probabilities of movement of individuals from
source to destination locations. Its marginal probability den-
sity functions also gave probabilities of releasing or settling
probabilities of the settled larvae at the given locations. Last,

Figure 9. (a) Connectivity matrix for larval dispersal at 50 m depth. The color bar represents the prob-
ability of settled larvae from released latitudes (horizontal axis) to settled latitudes (vertical axis). Gray
boxes on axes represent proposed Oregon OPAC marine reserve locations. (b) Marginal PDF of settled
larvae as a function of latitude. (c) Marginal PDF of release (source) location of settled larvae as a func-
tion of latitude. Gray contours represent the scaled offshore distance to the 50 and 200 m isobaths, which
are, on average, 10 and 32 km, respectively.
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the probability along the one‐to‐one line was a measure of
larval retention or self‐recruitment.
[28] In the connectivity matrices shown here, for depth of

20 m, zones 1 and 2 are used for source/releasing location
and zone 1 is used for destination/landing location. For
depth of 50 m, zones 3 and 4 are the source and zone 1 is the
destination. Note that the percentages of the total number of
larvae released in source location and settled in destination
are given in Table 2.
[29] For all depths, larvae generally travel along with the

seasonal mean southward flow and tend to settle at lower
latitudes than their release latitudes (Figures 8a and 9a).
That is, most of the high probabilities for settlement are
beneath and to the right of the 1:1 line (black diagonal lines
in Figures 8a and 9a). Also, there are some 20 m larvae
traveling toward the poleward direction and settling at
higher latitudes (Figure 9a) due to the shallower northward
flow recirculation over Heceta Bank [Barth et al., 2005].
At 50 m, a higher percentage of larvae flow toward the north

because they are released beneath the surface‐intensified
southward upwelling jet (Figure 9a).
[30] Marginal PDFs for landing latitude show that there

seem to be preferable settlement latitudes for both 20 and 50m
depth larvae. Some of these high peak probabilities overlap
the proposed OPAC marine reserve sites along the Oregon
coastline (Figures 8b and 9b). Unlike the PDF for landing
latitude, the marginal PDF of releasing latitude for 20 m larvae
is uniformly distributed in general (Figure 8c), while the 50 m
larvae have higher chance to survival when the larvae are
released in the Heceta Bank region and the more northern
latitude, and those larvae released lower than the latitude of
43°N seems to sweep off to the open ocean (Figure 9c).
[31] Retention rates along latitude show similar distribu-

tions for near surface (not shown), subsurface (Figure 10a),
and depths of 50 (Figure 10b), and 75 m (not shown). The
high retention regions, larvae settled at the same location of
their release, also known as self‐recruitment, are located at
northern (46.25°N) latitudes, and southern (46.75°N) latitude

Figure 10. Marginal PDF of larvae retained at the same latitude of their release through the competency
time window for (a) 20 m and (b) 50 m depth. Gray contours represent the scaled offshore distance to the
50 m (right) and 200 m (left) isobaths, which are, on average, 10 and 32 km, respectively. Gray boxes on the
left‐ and right‐hand axes represent proposed OPACmarine reserve locations. Dashed gray lines with circles
are mussel (Mytilus spp.) recruits per day averaged over 2000–2006 (0–160 on bottom axis) at seven loca-
tions: Cape Meares (CM), Fogarty Creek (FC), Boiler Bay (BB), Seal Rock (SR), Yachats Beach (YB),
Strawberry Hill (SH), and Cape Arago (CA) along the Oregon coast from Menge et al. [2009].
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for subsurface, and the Heceta Bank area (44°N–44.75°N)
for both 20 and 50 m larvae (Figure 10). Thus, Heceta Bank
is a region of high retention, and has high values as both a
source and a destination for settled larvae. As in zone con-
nectivity, Cape Perpetua (44.08°N–44.33°N), one of the
marine reserve sites, is a region for highest retention for
larvae release inshore of the 200 m isobath. Note thatMenge
et al. [2009] reported mussel recruits per day averaged over
2000–2006 at seven locations along the Oregon coast and the
spatial pattern of the mussel (Mytilus spp.) recruitment is
similar to the simulation results and both show higher values
onshore of Heceta Bank.

3.3. Wind Correlation

[32] Since the coastal ocean circulation along the Oregon
responds strongly to the wind fields, wind forcing is
expected to influence the trajectories of the passive larvae.
Such correlation between wind and the number of larvae
within zones enables us to predict the best timing for larvae
release in order for larvae to settle with high probability in a
particular habitat.
[33] The temporal evolution of the number of larvae at the

near surface shows a series of peaks, which do not occur
uniformly over time (Figure 11). The high larval population

implies high possibility for larval settlement in nearshore
habitats. The duration of the high population pulses is about
20 days on average, so‐called intraseasonal oscillations
[Bane et al., 2005].
[34] Although the alongshore wind shows mostly

upwelling favorable direction with different magnitudes
(81% of the simulation period, Figure 2b), high popula-
tion events in the inner shelf zone are assumed to directly
correlate with the meridional surface forcing, and show
basic similarity to downwelling wind (gray dashed line in
Figure 11). A plausible expectation, that the number of
larvae in the inner shelf zone will show high correlation
to the downwelling wind direction, is not met. When the
direction of meridional wind is downwelling favorable,
the peak of high population does not appear simultaneously
and the correlation coefficient is only 0.08. Similar results
were found in the case of spatially uniform wind forcing
with alongshore‐uniform bathymetry for a case study repre-
senting the California current [Mitarai et al., 2008].
[35] Instead, the larval population in zone 1 is highly

correlated with integrated meridional wind obtained by a
running mean of alongshore wind (gray line in Figure 11).
A strong relationship is found when the averaging window
uses the past 8 days of wind for the near surface (1 and 7 m)

Figure 11. Temporal variability for a past 8 day running mean for alongshore wind (gray line) and the
population in the near shore (zone 1, black). For comparison, the meridional wind is shown with gray
dashed line.
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with correlation coefficient of 0.66, and 6 days for sub-
surface (15 and 20 m) with correlation coefficient of 0.55
during the summer upwelling season. Larval density in the
nearshore is highest when the integrated wind is down-
welling favorable (>0), or during weak upwelling (0 to
−2.5 m s−1). During those periods, the peaks in zone pop-
ulation correspond to troughs in the past 8 day integrated
wind. During reduced upwelling, but when wind speeds do
not get less than 2.5 m s−1, larvae do not accrue in the
nearshore and the zone population does not follow the trend
of integrated alongshore winds (between days 190 and
210 in Figure 11).
[36] It is worth noting that the correlation coefficient for

the past 8 day filter and the 7 day filter are very similar.
So the lag observed in the first part of simulation period in
Figure 11 can be matched by using 7 day filter, but then
mismatch of peaks are observed in the later simulation
period. Thus the exact filter that matches the peaks can be
obtained in between days 7 and 8.

4. Summary and Discussion

[37] In the present paper, a primitive equation ocean
model with realistic bathymetry and forcing is used to
explore spatial connectivity of larval dispersal during the
summer upwelling season off the Oregon coast, a region of
strong wind‐driven currents and variable topography. The
numerical experiments are set up for daily released larvae
within the 200 m isobath at different depths of 1, 7, 15, 20,
50, and 75 m, and their competency time window between
days 15 and 35. The analyses of the resulting simulations,
such as zone connectivity, connectivity matrix, and wind
correlation, provide information about the spatial and tem-
poral connectivity for the coastal ocean off Oregon.
[38] Zone connectivity reveals that high retention rates are

seen in the shelf zone (50–200 m) at the near surface (1 and
7 m depths), and in the inner shelf zone (0–50 m) for the
subsurface (15 and 20 m depths). For all depths, higher
probabilities of landing locations are below the latitude of
45°N, and higher probabilities of release locations for larvae
to settle in the habitat zone are shown at latitudes above
43.5°N. The connectivity matrices for different depths also
reveal that the place of high retention rates is similar to the
marine reserve sites, especially for Cape Pertetua for all
depths. The Heceta Bank region has high probabilities for
larvae releasing and landing locations. In the Heceta Bank
and Cape Blanco regions, a large number of larvae land at
higher latitudes than their releasing points.
[39] Consideration of correlation between settled larvae

and meridional wind indicates that larvae are likely retained
when the winds, averaged over the previous 6 and 8 days for
near surface and subsurface, respectively, are relaxed or
downwelling favorable. The result of this analysis suggests
that the best timing for larvae release is when the magnitude
of the past 6 or 8 day running mean of alongshore wind is
greater than −2.5 m s−1. It is notable that the 8 day running
mean of the alongshore wind shows a strong relationship to
upwelling frontal position, which empirically describes
pycnocline displacement and its relationship to wind forcing
during upwelling season [Austin and Barth, 2002].
[40] The ocean circulation simulation results and con-

nectivity matrices reported here are influenced by many

factors such as experimental parameters (i.e., competency
time window, larval releasing frequency, and duration),
biological factors (i.e., larval growth and mortality, and their
vertical behavior), and environmental variables (i.e., bottom
topography, wind forcing, and temperature and salinity).
Model predictions are limited by its inherent uncertainties
and our knowledge of the important biological processes in
involved in larval disposal. Thus, sensitivity studies of
model results to those parameterizations should examine
through a series of simulations.
[41] Over the continental shelf off Oregon where strong

wind‐driven flows are prevalent, the response to wind
forcing is sufficiently strong and deterministic so that sig-
nificant skill in estimating shelf circulation can be achieved
with knowledge of the wind forcing [Kim et al., 2009,
2011]. We show that dispersal and connectivity patterns are
strongly influenced by coastline and bottom topography,
mostly through the interaction of shelf flows with these
features. The results shown in this paper seems robust when
compared with those from slightly different model config-
uration [Drake et al., 2011]. The year 2001 is a typical
upwelling season for Oregon coastal waters with 80%
upwelling‐favorable wind and 20% downwelling‐favorable
wind. Thus, the simulation results here contribute to the
development of useful, general insights for the distribution
of larval dispersal when similar wind forcing is used. Also,
it is worth noting that previous studies have found that
connectivity is spatially heterogeneous and shows a variety
of spatial scales of settlement even for a uniform coastline
with homogenous wind fields due to the hydrodynamic
instability of the ocean flows [Mitarai et al., 2008; Siegel
el al., 2008]. Therefore, such a stochastic nature of larval
connectivity over the Oregon coast should be investigated by
year‐round simulations, studies of which are now underway.
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