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ABSTRACT: Understanding larval transport pathways and retention is important for fisheries man-
agement and predicting recruitment variability. We investigated how mesoscale circulation pat-
terns influence the retention and dispersal of larval rockfish Sebastes spp. within the California
Current System off the western coast of the USA. Using a 25 yr record of satellite-derived geo-
strophic and Ekman velocity fields, Lagrangian particle tracking simulations were implemented to
find pathways of passively drifting virtual particles representing rockfish larvae. Statistical fates of
particles were averaged to reveal mean spatial and temporal patterns in retention and distance
traveled. Yearly retention values were compared to observed pelagic juvenile rockfish abundance
collected on annual surveys. Retention patterns varied spatially throughout the region, with the
Southern California Bight emerging as a highly retentive region. Interannual variability in overall
retention was positively related to the abundance of pelagic juvenile rockfish collected in the same
year. Our analyses provide evidence supporting the successful implementation of the geographic
placement of the Cowcod Conservation Areas, which were spatial closures implemented in the
early 2000s to rebuild overfished rockfishes, and illustrate the utility of numerical simulations for

understanding the retention and transport of pelagic larvae such as rockfish.
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1. INTRODUCTION

Understanding the suite of drivers that affect fish
recruitment requires knowledge of the roles that
physical mechanisms play in larval survival. Success-
ful recruitment generally requires greater relative lar-
val survival, as the larval stage of fishes is typically
the life stage with the highest mortality rate (Hjort
1914, Houde 2008, Hare 2014). Due to the weak swim-
ming abilities of the early life history stages of fishes,
spatiotemporal variability of ocean currents can
impact the distribution and survival of ichthyoplank-
ton. Consequently, resolving larval transport is an
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important step toward understanding the influence of
hydrodynamics on larval survival, in order to better
predict fish distributions and recruitment.

Rockfish Sebastes spp. are ecologically and com-
mercially important fishes found in the Northeast Pac-
ific. There are more than 65 Sebastes species present
along the western coast of the USA, with the greatest
number of species found in the vicinity of the Southern
California Bight (SCB; Love et al. 2002). Female rock-
fishes release internally hatched larvae (primitively
viviparous). The majority of species (including the
more abundant species) spawn during the winter, with
larvae developing into pelagic juveniles after approx-
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imately 1—-2 mo (Love et al. 2002). During their early
larval period, rockfish exhibit weak swimming abilities
and do not vertically migrate, essentially acting as
passive particles drifting in the upper mixed layer,
making their positioning highly susceptible to the
influence of ocean currents (Moser & Boehlert 1991,
Sakuma et al. 1999, Love et al. 2002, Stockhausen &
Hermann 2007, Kashef et al. 2014). Following their lar-
val stage, winter-spawning rockfish typically remain
in the water column as pelagic juveniles for several
months before settling out to either nearshore or shelf
habitats, at which point they are typically referred to
as settled juveniles. Depending on the species, this
juvenile stage will typically last for several to many
years, with adult life spans ranging from approximately
a decade to up to a century or more for some species
(Love et al. 2002).

During the late 1990s and early 2000s, 7 rockfish
species were declared to be overfished, with expected
recovery times ranging several decades due to the
species' slow growth, late maturity, high longevity,
and generally low productivity (Berkeley et al. 2004).
This led to management responses to reduce fishing
mortality, including spatial habitat closures. Marine
protected areas called Cowcod Conservation Areas
(CCAs) were established in the SCB with the intent of
protecting habitat for the cowcod Sebastes levis. The
CCAs comprised 2 separate regions encompassing a
total surface area of approximately 11 138 km?. While
the CCAs were implemented primarily to help rebuild
cowcod, other rockfish species benefited from the re-
serves (Hitchman et al. 2012, Thompson et al. 2016,
2017, Fennie et al. 2023). These conservation areas
were established based on historical catch records of
cowcod and prohibited bottom contact fishing at
depths greater than 20—40 fathoms (~36—73 m; depth
closure regulations were modified slightly over time)
to minimize cowcod fishing mortality (Butler et al.
2003, Dick & He 2019). These closures, coupled with a
broad suite of additional management measures im-
plemented to rebuild depleted populations, were
highly successful, as the cowcod stock was declared
as rebuilt in 2019, following earlier rebuilding success
of 5 of the initial 7 rockfish species declared to be
overfished. Consequently, most regulations that im-
plemented spatial closures to protect overfished rock-
fishes were removed in 2023, including most pro-
tections within the CCAs. As of January 2024,
commercial trawling is prohibited within the CCAs,
while fixed gear and recreational fisheries are allowed.

While the CCAs were recognized as critically im-
portant for the recovery of the cowcod population, it is
important to recognize that high adult catch records

alone do not necessarily coincide with locations or
habitats conducive for larval survival (Shen et al.
2017) and, subsequently, recruitment, which is needed
to maintain population growth. Marine protected
areas that are located in regions where larvae are pro-
duced but are then advected to unfavorable habitats
may be less effective than if the protected areas were
located in zones where locally produced larvae are
transported to ecologically favorable areas (White et
al. 2014). Marine reserves should also supply larvae to
zones accessible to fishing (Pelc et al. 2010, Hitchman
et al. 2012). Thus, determining the placement of
marine reserves benefits from the identification of
transport pathways of larvae and retention hotspots
(Stockhausen & Hermann 2007, Petersen et al. 2010,
Hitchman et al. 2012, Andrews et al. 2021).

Larval transport models are useful tools for fisheries
management and marine reserve planning (Lett et al.
2006, Stockhausen & Hermann 2007, Petersen et al.
2010, Andrews et al. 2021, Mori et al. 2022). Petersen
et al. (2010) used numerical simulations of particle
transport to investigate larval rockfish transport pat-
terns in a narrow coastal region in central California.
Their work illustrated the utility of simple numerical
simulations in understanding the transport pathways
of rockfish in the California Current System (CCS).
More recently, Morales (2023) used particle tracking
to show that ocean current patterns can facilitate the
recruitment of shortbelly rockfish S. jordani in central
California.

The CCS is an eastern boundary upwelling system,
characterized by high biological production and dy-
namic oceanographic conditions (Checkley & Barth
2009, Bograd et al. 2019). The California Current brings
cool, low-salinity, high-oxygen, and high-nutrient water
from the north toward the equator. Warmer, higher-
salinity water forms the California Undercurrent, which
flows northward near shore and is centered at a depth of
~100 m, although its depth can range from 500 m to the
surface (Zaba et al. 2021). Coastal wind-driven upwel-
ling brings deep, cold, saline, low-oxygen, and nutrient-
rich waters to the surface at the coast, enhancing
primary production along the coast. Surface Ekman
transport is directed offshore, driving coastally up-
welled waters into waters that are more oligotrophic
and associated with lower production. In the CCS, the
physical environment varies with both seasonal wind-
driven upwelling and interannual climate variations
such as the El Nino—Southern Oscillation and the Paci-
fic Decadal Oscillation (Checkley & Barth 2009).

Ichthyoplankton distributions are impacted by tem-
poral variability in upwelling and ocean circulation,
coupled with the timing of fish spawning. Spawning
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in the winter, when wind-driven offshore Ekman
transport is weakest, is one strategy to minimize ad-
vection offshore (Parrish et al. 1981, Giddings et al.
2022). Cross-shore transport of larvae to offshore oli-
gotrophic regions may have negative consequences
for fish survival and recruitment (Nieto et al. 2014,
Morales 2023). Nearshore retention of rockfish larvae
may facilitate survival through increased prey avail-
ability and delivery of larvae to viable adult habitats,
including marine protected areas (Caselle et al. 2010,
Petersen et al. 2010).

Our objective was to quantify the fates of rockfish
larvae released in central and southern California—
the epicenter of rockfish diversity (Love et al. 2002).
Lagrangian particle tracking simulations, forced by a
25 yr record of remotely sensed geostrophic and
Ekman velocity fields, were used to track passively
drifting virtual particles representing rockfish larvae.
Spatial and temporal patterns of larval rockfish trans-
port were quantified by metrics including the fraction
of larvae retained inshore of the 2000 m isobath, net
distance traveled, gross distance traveled, and the
net-to-gross displacement ratio. We also examined
particle advection into and away from the CCAs in
the SCB and investigated connectivity of the CCAs.
Finally, we examined the relationship between sim-
ulated interannual larval retention and
observed annual pelagic juvenile abun- 40
dance patterns derived from a fish-
eries-independent ecosystem assess-
ment survey. Our analyses provide 38
novel insights into rockfish larval trans-
port and retention, with important im-

plications for the ongoing management =8
of these commercially and ecologically
important species. - 34
©
°
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2. MATERIALS AND METHODS E 32

2.1. Study location
30
Virtual particles representing rock-
fish larvae were randomly seeded
throughout the study domain, and
placements on land were avoided. The

28

line (Fig. 1). Although the highest densities of most
winter-spawning rockfishes are in benthic habitats be-
tween approximately 100 and 500 m depth, the off-
shore extent of the domain was chosen based on ob-
servations of high abundances of rockfish larvae out to
the 2000 m isobath (Moser & Boehlert 1991, Thompson
et al. 2016). Bathymetry data was obtained from the
ETOPO Global Relief Model (NOAA National Centers
for Environmental Information 2022).

2.2. Particle tracking

On each day from 1—31 January, 1000 virtual par-
ticles were seeded at random locations within the
defined domain (Fig. 1). Particles were tracked forward
in time for 30 d using a time step of 1 d. The sim-
ulations were performed every year for 25 yr (1998—
2022), resulting in a total of 775000 particle trajec-
tories. Although most rockfish have a spawning season
that may span several months during late fall, winter,
and sometimes early spring, January typically repre-
sents the month of greatest larval release for most spe-
cies (Moser & Boehlert 1991).

We chose a simulation duration of 30 d based on
rockfish larval stage duration. Larval and pelagic

domain was defined by the coastline -126

and the 2000 m isobath and spanned
from the SCB (~30.5° N) in the south to
Monterey Bay (~37°N) in the north,
with the northern and southern bound-
aries of the domain constructed ap-
proximately perpendicular to the coast-

-124

-122 -120 -118 -114

Longitude (°W)

Fig. 1. Study region in California. Dark blue line: domain where rockfish larval
particles were seeded; light blue dashed line: offshore boundary that defines
retention for the final locations; light gray lines: 2000 m isobath; green boxed
outlines: Cowcod Conservation Areas; orange markers: Rockfish Recruitment
and Ecosystem Assessment Survey sampling locations used in this study. The
high-resolution coastline in all figures is for visualization purposes only
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juvenile stage duration varies among rockfish spe-
cies, but for winter-spawning species, the larval stage
typically lasts 1—2 mo, with the pelagic juvenile stage
lasting another 3—4 mo, after larvae have undergone
flexion and adopted meristic counts associated with
adult stages (Love et al. 2002, Ralston et al. 2013,
Kashef et al. 2014). Pre-flexion rockfish larvae are
characterized by poor swimming ability (0.5—1.8 cm
s7!); however, swimming ability increases rapidly
with body size, with pelagic juveniles capable of
swimming 8.6—53.5 cm s~! (Kashef et al. 2014). Pelag-
ic juveniles are thus capable of outswimming some
horizontal surface currents, suggesting that imple-
menting forward-in-time particle tracking on rockfish
older than 30 d may not be suitable. We conserva-
tively defined a larval period of 30 d and assumed that
rockfish within 30 d of parturition act as passively
drifting particles, as other works have done (Petersen
et al. 2010, Nishimoto et al. 2019).

Eulerian velocity fields at a given location were lin-
early interpolated from 0.25° gridded velocity data to
estimate the particle's velocity at any arbitrary loca-
tion. Given initial locations (x,y) at time (¢), new par-
ticle locations (forward in time) can be found by the
first-order Euler scheme. A random walk term repre-
senting horizontal diffusivity was added (Batchelder
2006), so the equation for forward-in-time particle
tracking with spatially constant diffusivity was:

x(t+At) = x(t) + u(x,y, t)x At + 2K At x Q .
y(t+At) = y(t) + v(x,y, t)< At + /2K At x Q( )

where u and v are horizontal and vertical velocities, Q
is a Gaussian random variable with a zero mean and
unit variance, and Ky is the horizontal diffusivity. A
value of 26 m? s~! was selected for Ky, where Ky =
(2.06 x 1074 x L5 with L referring to the length
scale of diffusion; in our case, the ~28 km resolution
of the velocity data used (Okubo 1970, Matsuzaki &
Fujita 2017).

The velocity fields used to force the simulations do
not resolve coastal flows well, so we assume that par-
ticles that were advected close to shore would be-
come controlled predominantly by finer-scale coastal
dynamics that are outside the scope of this work.
We implemented a boundary at the coastline where
velocities become 0 m s~! and used a re-drifting oper-
ation as defined by Kataoka et al. (2013). If a particle
ended up on land during the simulation, the particle
was returned to its location from the previous time
step, and this operation was repeatedly performed in
each time step (Kataoka et al. 2013). As a sensitivity
analysis, we also conducted simulations using a time

step of 1 h; however, we found no significant differ-
ence in particle advection, so we opted to use daily
time steps for computational efficiency. Furthermore,
we compared simulations releasing 1000 and 10000
particles per day and found no significant differences
between yearly mean retention or spatial distribution
of final particles, so we chose 1000 particles. Figs. S1
& S2 illustrate the results of the sensitivity analyses
and can be found in the Supplement at www.int-res.
com/articles/suppl/m749p109_supp.pdf.

2.3. Satellite-derived velocity fields

Geostrophic velocity fields used to generate larval
trajectories were derived from satellite-estimated sea-
surface height (SSH) anomalies through the Coperni-
cus Marine Environment Monitoring Servicel. We
used daily geostrophic velocities with a wind-driven
Ekman component at 15 m, available at a 0.25°
(~28 km) resolution. Ekman currents were modeled
using European Centre for Medium-Range Weather
Forecasts ERAS wind stress (Rio et al. 2014). We also
performed simulations using only geostrophic veloc-
ity fields to assess the role of Ekman currents in our
particle trajectories. Although the 2-dimensional
geostrophic and Ekman currents do not completely
resolve the fine-scale complexity of currents, geostro-
phic and Ekman flows are the dominant components
at the larger spatial and temporal scales we investi-
gated (Parrish et al. 1981, Dong et al. 2021). We did
not investigate vertical motions in our analyses.
Rockfish larvae are found in the upper 80 m of the
water column and show no evidence of vertical migra-
tion, making them well suited for simulations that are
forced by horizontal geostrophic and Ekman velocity
fields (Moser & Boehlert 1991, Sakuma et al. 1999,
Love et al. 2002).

The satellite-derived velocities are based on mea-
surements of SSH anomalies. SSH anomalies are a
result of the vertical distribution of density through-
out the water column below. The SSH anomalies are
used to generate horizontal geostrophic surface cur-
rents from the horizontal pressure gradients and
Coriolis. Using the satellite-derived geostrophic and
15 m Ekman velocities gives velocity fields represen-
tative of the upper ~100 m of the water column, with

1Global total (COPERNICUS-GLOBCURRENT), Ekman and
geostrophic currentsat the surfaceand 15m. E.U. Copernicus
Marine Service Information (CMEMS). Marine Data Store
(MDS). https://doi.org/10.48670/mds-00327 (accessed 16
August 2023)
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a weak contribution from the wind. We opted to use
satellite-derived velocities instead of a hydrodyna-
mic model. Models can accurately reproduce aver-
age ocean properties such as eddy kinetic energy.
However, in comparisons of regional ocean models
and satellite data, we found that the models we
investigated did not accurately reproduce the loca-
tions and intensities of individual mesoscale fea-
tures —and it is those features that are central to our
investigations of larval transport. For the focus of
this paper, which is recreating specific dispersal
pathways of larvae, we determined that satellite-
derived velocities were the best tool for exploring
the influences of horizontal advection of rockfish
larvae in mesoscale circulations in the SCB.

2.4. Rockfish fates

We classified each particle as 'retained’ based on
whether its final location was inshore of the 2000 m
isobath (Fig. 1). Habitats shallower than 2000 m bot-
tom depth are likely to be within swimming distance
of habitat suitable for the settlement of pelagic juve-
niles, while habitats deeper than 2000 m bottom
depth represent distant offshore areas from which
pelagic juveniles would be unlikely to reach their
adult habitat closer to shore. Particles that traveled
north or south out of the seeding domain but re-
mained inshore of the 2000 m isobath were thus
included in the retained category.

For each particle, we computed the gross distance
traveled (distance calculated over every daily time
step and summed) and net distance traveled (distance
calculated from seeding to final location). The net-to-
gross displacement ratio, calculated as net distance
divided by gross distance, was used to understand the
degree of linearity of the particle trajectories. High
net-to-gross displacement ratios indicate linear paths,
while low net-to-gross displacement ratios indicate
more meandering trajectories, potentially indicative
of eddies.

We calculated time-averaged geostrophic and geo-
strophic + Ekman 15 m velocities by computing the
mean velocity magnitude and direction for each 0.25°
x 0.25° grid cell throughout the months of January
and February across all 25 yr to assess mean flow and
differences between the 2 velocity products. We also
calculated the average wind speed at 1000 hPa during
January and February across all 25 yr to illustrate the
role of the wind-driven Ekman velocity component.
Wind data were obtained from ECMWF Reanalysis v5
(ERAS5) monthly averaged data (Hersbach et al. 2023).

To assess temporal variability in retention, we cal-
culated the fraction of particles that remained inshore
of the 2000 m isobath after 30 d for each year and
across all years combined. As a model evaluation
exercise, we compared predicted yearly retention to
observed pelagic juvenile rockfish abundance to as-
sess the relationship between retention and survival
to the pelagic young-of-the-year (YOY) stage. We
used YOY rockfish abundance indices derived from
the Rockfish Recruitment and Ecosystem Assessment
Survey (RREAS; Fig. 1). This fixed-station survey col-
lects 3—4 mo old pelagic YOY rockfish off California
using a midwater trawl (target depth: 30—40 m) and
has been conducted in the late spring each year since
1983 (Ralston et al. 2013). Importantly, this is the time
frame when larvae spawned in the winter would be-
come pelagic juveniles. Since 2004, the survey effort
has expanded to include the entire US West Coast, in-
cluding the SCB (Field et al. 2021). We used RREAS
data from 2004—2022 and analyzed pelagic YOY
rockfish abundances from stations between 36.3° and
32.7° N, the region encompassing the south-central
and southern regions of the survey (Fig. 1). For each
year, we calculated the arithmetic mean YOY rockfish
abundance among all stations. We then performed Z-
score normalization to standardize abundances to a
mean zero and unit standard deviation. We compared
rockfish yearly retention with abundance for 2004—
2022, excluding 2011 and 2020 due to reduced RREAS
sampling in those years (Santora et al. 2021).

To investigate spatial variability in retention, we
calculated the number of particles seeded within each
0.25° x 0.25° grid cell that were subsequently retained
inshore of the 2000 m isobath, divided by the total
number of particles seeded within that grid cell. To
visualize the results, we mapped rockfish particle
distributions. To account for varying shelf width
throughout the study region, we computed the least-
cost distance to shore for each grid cell (shortest
distance from each grid cell to the nearest coastline
grid cell). If distance to the coast explained the spatial
patterns of retention, then we would expect that par-
ticles seeded farther from shore would be less likely
to end up retained inshore of the 2000 m isobath, and
particles seeded close to shore would be more likely
to be retained. We multiplied the fraction of particles
retained by the least-cost distance to shore for each
grid cell to determine whether proximity to the coast
could explain the spatial variability in the fraction re-
tained. If the retention fraction was inversely related
to the distance to the coast, then we would expect
to see a relatively homogeneous distribution of the
multiplication product, as small retention fractions
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would be multiplied by large distances, and large
retention fractions would be multiplied by small dis-
tances. Similarly, we performed the same analysis
using distance to the 2000 m isobath instead of dis-
tance to the coast. For this case, we divided retention
by distance to the 2000 m isobath, as locations close to
the boundary would likely have low retention, and
locations far from the boundary would have high
retention.

We also explored the transport pathways of particles
that were seeded specifically within the CCAs. We ex-
amined both the final distributions of particles seeded
in the CCAs as well as the seeding locations of
particles that ended up in the CCAs. The fraction of
particles retained was calculated as the number of par-
ticles that were seeded within the CCAs that remained
inshore of the 2000 m isobath, divided by the total
number of particles that were seeded within the CCAs.
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3. RESULTS
3.1. Velocity product evaluation

Temporally averaged geostrophic and geostrophic +
Ekman 15 m velocities over 25 yr (1998—2022) were
similar (Fig. 2a,b). While the Ekman component was
minimal in winter in the CCS due to weak winds, it
added a weak southwest flow component to the geo-
strophic velocities (Fig. 2c). At equilibrium, surface
Ekman currents are directed 45° to the right of the wind
vector in the Northern Hemisphere, and total Ekman
transport is directed 90° to the right of the wind vector.
Ekman currents at 15 m were directed between 45° and
90° to the right of the wind vector. The southwestern
flow attributed to the Ekman 15 m velocity component
aligned with expectations, given the mean wind vectors
which were strongly directed to the southeast (Fig. 2d).
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Fig. 2. Average velocities over 25 yr during January and February for (a) geostrophic velocities; (b) geostrophic + Ekman 15 m

velocities; (c) average geostrophic + Ekman 15 m velocities minus average geostrophic velocities (b — a); and (d) 25 yr average

wind speed during January and February at 1000 hPa. Black boxed outlines: Cowcod Conservation Areas. Arrows are scaled
according to the magnitude represented in the colors
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North of Point Conception (~34°N), there was
strong northward flow along the coast that was part
of a cyclonic circulation pattern. South of Point Con-
ception, in the center of the SCB, flows appeared
more chaotic and weaker in and around the Channel
Islands. Off San Diego (32.5°N, 117°W), the tem-
porally averaged velocities appeared strong and
directed southward.

We opted to analyze the particle tracking simula-
tions forced by geostrophic + Ekman 15 m veloc-
ities: the focus of our work is to determine offshore
transport, and the Ekman currents can play a large
role in advecting particles offshore. The particle
distributions were similar between both velocity
products, with the simulations using geostrophic +
Ekman 15 m velocities resulting in particle distribu-
tions shifted southeast compared to the simulations
forced by geostrophic velocities (Fig. S3). We
include the results of the particle tracking simula-
tions using geostrophic currents in Figs. S4—S6 &
Table S1 the Supplement.

3.2. Particle tracking and rockfish fates

The final locations of particles after 30 d spanned
from 27° —40° N, and from the coast to well offshore of
the 2000 m isobath, up to 570 km from the coast. Par-
ticles spread relatively evenly northward and south-
ward, with the farthest particle extending beyond the
seeding domain 385 km north and 398 km south.
Maps of the final locations reveal greater concen-
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trations of particle final locations within the seeding
region and enhanced concentrations in the SCB
(Fig. 3).

Spatial patterns of mean net and gross distance
traveled by particles were similar. Particles seeded
near the 2000 m isobath were advected farther in
terms of both net and gross distance traveled. Mini-
mum distances traveled were found near the coast
and within the SCB (Fig. 4a,b). The mean net-to-gross
displacement ratio was highest in the SCB, along the
coast near San Diego (Fig. 4c). This high net-to-gross
displacement is consistent with particles seeded in
this region traveling relatively linearly. In contrast,
other regions in the interior of the SCB showed lower
net-to-gross displacement ratios, consistent with
more tortuous trajectories.

The fraction of larvae retained was highest in the
SCB, close to the coast (Fig. 5). The spatial patterns of
the fraction retained were not perfectly inversely
related to the distance to the coast or to the 2000 m
isobath (Fig. 95). In general, retention was highest
close to the coast and far from the 2000 m isobath
(Fig. 6). For a given distance both to the coast and to
the 2000 m isobath, there was a range of retention
values associated with that distance (Fig. 6). Distance
to the 2000 m isobath explained more of the variabil-
ity in retention than distance to coast, with a trend of
increasing retention with increasing distance to the
2000 m isobath. The R? values of a cubic polynomial
fit to retention and distance to shelf, and retention
and distance to coast were 0.84 and 0.22, respectively.
However, right at the boundary of the 2000 m isobath
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Fig. 3. (a) Seed locations of all rockfish larval particles (red) and final locations of all particles after 30 d advection (blue); (b)
distributions of final locations of all particles; color corresponds to the percentage of total particles found in that grid cell
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(0 km away), there was still a range of 0.39 in reten-
tion values, indicating that proximity to geographic
boundaries does not explain all of the variability in
retention.

The fraction of particles retained across all years
was 0.71 (Table 1). Interannual variability in reten-
tion ranged from 0.51 to 0.86. Distributions of par-
ticles that started or ended in the CCAs revealed
specific patterns of transport associated with these
regions. Particles seeded in the CCAs were pri-
marily transported southeast (Fig. 7a), although
there was also a relatively high fraction of particles
that were transported north and northeast to coastal
habitats. Across all years combined, 19% of particles
seeded in the CCAs ended up in the CCAs after
30 d. Of particles seeded outside of the CCAs, 5%
of them were advected into the CCAs. Particles that

seeded within each grid cell

ended in the CCAs after 30 d originated most
frequently within the CCA and SCB (Fig. 7b).
Regions south of the CCAs sourced particles to the
CCAs more than regions north of the CCAs, with
minimal contributions (0.1% of the particles that
ended up within the CCAs) originating from north
of Point Conception (Fig. 7b). These observations
align with the patterns of mean flow; Point Concep-
tion delineates a boundary in flow, with particles
that originated north of this topographic feature
likely to be advected north or west but not south
(Fig. 2).

Yearly larval retention values were higher during
observed high YOY abundance years (mean stand-
ardized abundances greater than 0) than during low
YOY years (mean standardized abundances less
than 0; Fig. 8). High YOY abundance years occurred

Distance (km)
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Table 1. Fraction of rockfish larvae retained inshore of the
2000 m isobath for each year and all years combined. Geo-
strophic + Ekman 15 m velocity fields were used to force the

simulations

Year Fraction Year Fraction

retained retained
1998 0.82 2011 0.74
1999 0.71 2012 0.64
2000 0.86 2013 0.71
2001 0.77 2014 0.71
2002 0.67 2015 0.74
2003 0.68 2016 0.73
2004 0.69 2017 0.8
2005 0.75 2018 0.65
2006 0.65 2019 0.79
2007 0.71 2020 0.58
2008 0.76 2021 0.62
2009 0.76 2022 0.51
2010 0.75 All years 0.71

during 2005, 2010, and 2013—2017 (Fig. 8a). Years
of high YOY abundances were only associated with
high retention values, while years of low YOY
abundances corresponded to a wider range of
retention values, including lower values. High YOY
abundance years had retention fractions ranging
from 0.71 to 0.80, while low juvenile abundance
years corresponded to retention values ranging
from 0.51 to 0.79 (Fig. 8b). Retention values were
significantly different between years of high and
low juvenile abundance (t-test, t = —2.213, p =
0.047).

4. DISCUSSION

We investigated the spatial and temporal variability
of larval rockfish transport and retention using a
Lagrangian particle tracking model to assess scales of
variability over 25 yr. We evaluated our model with
fishery-independent observations of juvenile rockfish
abundance and found that higher recruitment coin-
cides with higher retention rates. The numerical sim-
ulations and summary statistics illustrate the poten-
tial dynamics of rockfish larval transport during
winter, revealing differences across biogeographic
provinces that are separated by a coastal promontory
and highlighting the importance and success of pre-
vious conservation and fishery management areas.
Our simulations and analyses serve as relatively sim-
ple tools to increase our understanding of the role of
mesoscale ocean circulation and retention patterns
on larval success and, ultimately, recruitment.

4.1. Temporal patterns of transport

Larval survival and recruitment are functions of
hydrodynamic and biological factors across many
temporal and spatial scales (Houde 1987, 2008, Hare
2014). The dominant components of flow relevant to
our study of month-long passive advection of larvae
were geostrophic and Ekman velocities (Parrish et
al. 1981). Although wind-driven upwelling and Ek-
man transport are minimal in the winter in the CCS
(Chelton et al. 2007), Ekman velocities still contrib-
ute a flow component directed to the southwest
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(Fig. 2). One life history strategy to minimize advec-
tion offshore is spawning during the winter, when
upwelling and offshore transport is weak (Parrish et
al. 1981, Taylor et al. 2004, Giddings et al. 2022).
Even with the inclusion of Ekman velocities, our
simulations suggest a high degree of overall reten-
tion of larvae in the winter; this suggests that the
effect of Ekman flow is not strong enough during
January and February to counteract the geostrophic
currents. Retention varied interannually, and in all
years, a majority of larvae released were retained
inshore of the 2000 m isobath after 30 d. The years
with the lowest retention (2020 and 2022) had mean
velocities within the study region with a significant
westward component: northwest and southwest,

respectively (294°, 0.025 m s~! and 241°, 0.024 m s™%;
Fig. 9). The highest retention years (1998 and 2000)
had weak mean velocities or eastward components:
southeast and south (142° 0.030 m s~! and 180°,
0.00064 m s~!; Fig. 9). A strong offshore component
leads to less retention due to the offshore transport
of larvae.

4.2. Spatial patterns of transport

Our analyses support the idea that the SCB is a
highly retentive region within central and southern
California waters (Taylor et al. 2004). The retention
and transport of larvae depended on the location of
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the initial release site. The spatial patterns of the net-
to-gross displacement ratio reflect patterns observed
in the time-averaged current velocities. The region
with the highest mean net-to-gross displacement ratio
was found along the coast of San Diego (between 31°
to 33° N and 118° to 119° W), where strong mean flows
were directed persistently to the south. High net-to-
gross displacement ratios were also observed south-
east of Point Conception (~34° N), where strong west-
ward flows dominated the mean velocity field, as well
as along the coast north of Point Conception where
northward velocities were strong and relatively free
of eddies and meanders. In the interior of the SCB, the
low net-to-gross displacement ratios corresponded
to the weak and chaotic flow patterns characteristic
of the interior of the Southern California Eddy. The
Southern California Eddy is a semi-persistent fea-

ture in the SCB. It is present from July through Janu-
ary and is less prominent from February through
May, with periodic dissolution of the eddy most
frequently occurring in April (Owen 1980, Lynn &
Simpson 1987). Eddies can retain larvae (Owen 1980,
Fiedler 1986, Nishimoto & Washburn 2002, Bakun
2006, Nishimoto et al. 2019). Thus, the Southern Cali-
fornia Eddy may facilitate larval retention (Taylor et
al. 2004), as evidenced by the low net-to-gross dis-
placement ratios and high retention of particles
seeded in the interior of the SCB. Conversely, the
high net-to-gross displacement ratios off San Diego
may be attributed to its mean southward transport
and being located outside of the Southern California
Eddy (Mitarai et al. 2009). In addition to Ekman trans-
port being weakest in the winter, our analyses
suggest that the stability of the Southern California
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Eddy in the winter is another characteristic of the
hydrodynamic field that makes spawning in the
winter advantageous.

The variability in the fraction of particles retained
was not explained solely by the distance to the coast
or distance to the 2000 m isobath, suggesting that
interannual spatial variability in ocean circulation
patterns influenced the resulting retention patterns.
Fennie et al. (2023) found that rockfish larvae that
were collected farther from fishing ports and in years
when mothers were exposed to Pacific Subarctic (Cal-
ifornia Current) water were born larger—an indicator
of larval condition. Larvae that are born farther from
fishing ports, such as those in the CCAs, may be in
better condition due to a greater relative abundance
of larger, older spawning females (due to less fishing
pressure) and may benefit from habitat conditions
including the colder, low-salinity characteristics of
Pacific Subarctic Upper Water (Miller et al. 2014,
Schroeder et al. 2019, Fennie et al. 2023). Our analy-
ses identified where larvae were both more likely to
be born in good condition (farther from shore) and
more likely to be retained (higher retention). The
intersection of locations that are both far from the
coast and have high retention suggest a mesoscale
hotspot location within the SCB (high values in
Fig. 5c), where larvae are likely to be in better con-
dition and also remain inshore of the 2000 m isobath
(Fennie et al. 2023). This hotspot slightly overlaps
with the CCAs, although the core of the hotspot is
south of the designated protected areas (Fig. 5c). Our
analyses also revealed the larger CCA as a high reten-
tion areaq, given its proximity to both the coast and the
2000 m isobath (Fig. 5c,e). These findings have impor-
tant management implications, as conserving quality
habitat relies on understanding the location and size
of optimal areas from a number of different perspec-
tives, including but not limited to retention and qual-
ity of larvae (Caselle et al. 2003, White et al. 2014).

Our analyses underscore Point Conception as a
topographic feature that defines a significant tran-
sition in the flow and the resulting larval transport.
Point Conception has been recognized as a major bio-
geographic boundary that separates the region into
distinct circulation patterns (Gaylord & Gaines 2000,
Checkley & Barth 2009, Gottscho 2016). Dispersal,
growth, and connectivity of many planktonic organ-
isms are affected by this oceanographic feature (Gay-
lord & Gaines 2000, Blanchette et al. 2007). The south-
ward-flowing California Current separates from the
coastline as it passes Point Conception (Hickey 1979).
This divergence of flow forms the semi-persistent
cyclonic Southern California Eddy (Owen 1980). We

found that larvae originating north of Point Concep-
tion were unlikely to be transported into the CCAs
within the SCB (Fig. 7b). Similarly, Field et al. (2021)
found that pelagic YOY rockfish abundance in the
SCB varied out of phase from abundance trends
between Point Conception and Cape Mendocino to
the north. Moreover, Nishimoto et al. (2019) con-
ducted particle-tracking simulations of larvae re-
leased from oil platform sites in the SCB and found
that the potential for larvae to travel from southern
locations to northern locations was greater than the
potential for larvae to move from north to south. The
CCAs, therefore, are sources of larvae that likely
remain primarily within the SCB. Ideally, marine
reserves should be strategically placed in locations
where larvae are produced and dispersed to other
nearby regions, while also reseeding the reserves with
new adults (Pelc et al. 2010, Hitchman et al. 2012,
Andrews et al. 2021). While our analyses cannot re-
veal where more mobile pelagic YOY rockfish will set-
tle, the transport patterns show that larvae seeded in
the CCAs are primarily retained inshore of the 2000 m
isobath and transported to regions adjacent to the
CCAs (Fig. 7a). These findings suggest that the place-
ment of the CCAs was favorable from a spatial man-
agement perspective, as larvae born in the CCAs
would seed surrounding regions, including coastal
areas more accessible to fishing. Previous work has
illustrated the effectiveness of the CCAs by showing
that these marine protected areas are associated with
higher abundances, species richness, and enhanced
diversity of rockfish species (Hitchman et al. 2012,
Thompson et al. 2016, Freeman et al. 2022). The effec-
tiveness of the CCAs is likely a function of both hab-
itat and circulation as well as reduced fishery remo-
vals due to their distance from port (Miller et al.
2014). Lagrangian particle-tracking simulations pro-
vide a new source of evidence supporting the place-
ment of these spatial management areas, adding
context to their success in both maintaining and
rebuilding rockfish populations in this region by vir-
tue of their role in reseeding both the CCAs as well as
adjacent areas that remained open to fishing during
the period of rockfish rebuilding.

4.3. Relationship between retention
and recruitment

Density-independent environmental processes drive
most of the variability in year-class strength of marine
fishes, including rockfish, during the first 30 d of their
life (Johnson 2006, Houde 2008, Field et al. 2010, Ral-
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ston et al. 2013), and these processes likely include
ocean circulation patterns (Hjort 1926). Pelagic YOY
abundances in central and southern California in-
creased beginning in 2013 and remained high throug
hout the marine heatwave of 2014—2016 (Wells et al.
2017, Schroeder et al. 2019, Field et al. 2021). We
hypothesized that retention of larvae, driven by ocean
circulation, would be positively correlated with re-
cruitment to the pelagic juvenile stage. If more larvae
were retained, the abundance of larvae surviving to
the juvenile stage would likely be higher. We tested
this hypothesis by comparing interannual retention
probabilities to abundances of YOY rockfish collected
on the continental shelf 3—4 mo after being born. In
our study, there was not a single high-abundance year
during years of low retention. Low abundances that
occurred during years of high retention were very
likely due to other factors, such as greater starvation
or predation mortality, poor temperature regimes, or
factors related to food availability (Houde 2008, Hare
2014, Morales 2023, Swalethorp et al. 2023). In other
words, retention appears to be an important factor in
determining the potential for high juvenile abun-
dances several months later. While other works have
illustrated the importance of the environment and
physical flow to rockfish juvenile abundances (e.g.
Ralston et al. 2013, Schroeder et al. 2019), our simula-
tions of larval transport directly link larval retention
and juvenile abundances by identifying the mech-
anism responsible.

Recruitment is a complex function of hydrodynamic
and trophodynamic factors that operate at various
spatial and temporal scales (Houde 2008, Caselle et al.
2010). Even if rockfish larvae are advected offshore,
pelagic juveniles are competent swimmers and may
be capable of returning shoreward by moving deeper
in the water column where flow is directed onshore
(Lenarz et al. 1991). Indeed, this likely occurred in
1999 when pelagic YOY abundance in central Califor-
nia was low but very large year classes were observed
in the fisheries for nearly all rockfish species a few
years later (Field et al. 2010, Ralston et al. 2013,
Stachura et al. 2014). Therefore, while it is unlikely
that juvenile abundance is solely a function of larval
retention, our results suggest that retention is often a
critical prerequisite to successful recruitment.

4.4. Limitations
Our analyses provide insight into larval transport

and retention, with larvae randomly seeded through-
out the entire study region to investigate potential

transport. However, to comprehensively understand
transport, we require a finer-scale understanding of
the spatial distributions and variability of larval rock-
fish spawning areas. If locations that we identified as
having large fractions of larvae retained do not have a
high number of larvae being produced there, these
locations will not necessarily be important hotspots of
retention or recruitment. Future work should take
into account spatial variations in larval production to
gain a better understanding of hotspots for produc-
tion and associated retention (Taylor et al. 2004).

Future work would also benefit from a greater
exploration of how larval transport and retention vary
seasonally. Although the winter months are the peak
of spawning activity for most winter-spawning rock-
fish, spawning can take place from mid-fall through
the spring for most species, with many of the winter-
spawning rockfish in this region spawning multiple
times during favorable environmental conditions
(Lefebvre et al. 2018, Holder & Field 2019, Beyer et al.
2021). Other work has shown that particle-dispersal
patterns show strong seasonality in the SCB, and
releases of particles just weeks apart can lead to dif-
ferent trajectories (Mitarai et al. 2009). A greater
understanding of the extent to which the advection
and retention patterns observed in the SCB represent
the entire spawning season would be beneficial in
developing quantitative metrics to inform future
recruitment studies; however, this was beyond the
scope of this research effort.

We used satellite-derived velocity products to force
our particle-tracking simulations. For the mesoscale
motions that we are interested in, satellite-derived ve-
locities enable a synoptic understanding of the meso-
scale patterns of flow (Parrish et al. 1981). Additionally,
because rockfish larvae tend to be found in the upper
layer of the ocean and, importantly, show no evidence
of vertical migration (Sakuma et al. 1999), they are well
suited for simulations that use satellite-derived geo-
strophic and Ekman velocities, which resolve the
upper water column. Petersen et al. (2010) conducted
numerical simulations to investigate rockfish transport
along the central California coast. They used the Re-
gional Ocean Modeling System and tracked particles
along 5 different isobaths, from 1—70 m. The particles
tracked in the winter showed coherent patterns of
transport at all depths and aligned with our observa-
tions of northward particle transport of particles re-
leased in central California (Petersen et al. 2010).

A limitation of satellite-derived current velocities is
that they do not accurately reproduce near-coastal
dynamics. Smaller-scale components of flow that
likely affect larval transport, such as nearshore and
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tidal processes (Pineda 1991), are not examined here.
Nearshore flows are more complex than the open-
ocean currents that we use here and are influenced by
a number of different processes such as buoyancy-
driven flows, boundary-layer effects, bathymetry, and
surface gravity waves (Pineda et al. 2007). We focused
our analyses on large spatial scales spanning southern
and central California and from the coast to the 2000 m
isobath. Thus, our analyses are applicable for under-
standing broad trends and patterns in retention and
transport, but we caution against interpreting our re-
sults on a finer scale. Moreover, coarse velocity field
resolutions, such as the resolution used here, have
been shown to result in higher retention of particles
nearshore (Dauhajre et al. 2019). Away from the coast,
satellite-derived velocities may overestimate eddies
and underestimate particle dispersal driven by subme-
soscale flows (Sinha et al. 2019). Additional work using
higher-resolution velocity fields (e.g. SWOT; Morrow
et al. 2019) should focus on disentangling the finer-
scale dynamics of rockfish larval transport in specific
regions, although even with higher-resolution velocity
fields, retention may still be overestimated (Sinha et
al. 2019). Regions of interest to focus future studies on
are the nearshore coastal region, the CCAs, and the re-
cently created Groundfish Exclusion Areas (8 areas
south of Point Conception implemented to protect
sensitive habitats; PEMC 2023).

4.5. Conclusions

Disentangling the relationships between larval sur-
vival, hydrodynamic factors, and biological factors re-
mains a primary challenge in fisheries oceanography
(Hare 2014). The relative importance of physical and
biological influences on larval survival has been a
topic of debate for over a century, and the answers
continue to be elusive (Hjort 1914, Houde 1987, 2008,
Cury & Roy 1989). Here, we provide novel insights into
rockfish larval transport. Our simple Lagrangian simu-
lations showed that larval retention varies spatially
and temporally, driven by differing physical con-
ditions. We found that the SCB is a highly retentive re-
gion, owing to its mesoscale circulation patterns and
the presence of the Southern California Eddy. Our
methods can be applied to species other than rock-
fishes that have similar passive pelagic larval stages to
understand larval retention and dispersal. Larval re-
tention is a driving factor in setting recruitment
strength, with higher retention acting as a prerequisite
to high pelagic YOY abundance and ultimate year-
class strength within adult populations. Moreover, our

analyses highlight the efficacy of the design of the
CCAs, providing new supporting evidence that their
geographic placement was effective for the broad dis-
persal of successful recruits. While a wide array of ad-
ditional biological and physical forcings play complex
roles with respect to survival and dispersal of the early
life stages of fishes, our work resolving transport path-
ways greatly enhances our understanding of the role
of hydrodynamics on larval success and recruitment.
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