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ABSTRACT

Little is known regarding the importance of early-life transport and dispersion mechanisms in
determining recruitment variability for Pacific ocean perch (POP) in the Gulf of Alaska (GOA).
These mechanisms influence the degree of, and variability in, connectivity between offshore
natal areas (parturition sites) and inshore demersal nursery habitats for young-of-the year
juveniles, and may thus play an important role in the “gauntlet” that individuals must survive
from parturition to recruitment. As a first attempt to assess interannual variability in connectivity
between natal and nursery areas for POP in the GOA in a synthetic manner, we developed a
coupled biophysical individual-based model (IBM) for POP early life history and dispersal with
simple representations of active vertical movement, passive horizontal movement, growth, and
settlement in appropriate nursery habitat to integrate known early-life traits with variability in
environmental forcing. We used an oceanographic model for the GOA based on the Regional
Ocean Modeling system (ROMS) to provide the underlying daily physical environment to force

the IBM for 1996-2011 and simulated hundreds of thousands of individual POP from parturition
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along the shelf break to settlement in inshore demersal nursery habitats as young-of-the-year. We
used the IBM results to assess spatial patterns of annual “maximum potential” connectivity
between presumed natal and nursery areas at alongshore scales of ~150 km, as well as the

interannual variability in these patterns.

Results showed that, even in the absence of mortality, most (> 70%) individuals were
unsuccessful in dispersing from presumed natal areas along the continental shelf break to inshore
nursery areas. For those that were successful, connectivity was directed in a counterclockwise
fashion (southeast to northwest) around the GOA following prevailing current patterns. Typical
dispersion distances were on the order of 100’s of km alongshore, much larger than those
inferred from genetic sampling. Natal areas from which the highest fractions of successful
individuals originated were in the southeast GOA, while the nursery areas most frequently
reached by those successful individuals were in the central GOA. POP from natal areas in the
western GOA were consistently exported from the system and likely contribute little to the GOA
population, although they may contribute to populations in the Aleutian Islands and eastern
Bering Sea. We also found that annual indices derived from the connectivity matrices were not
very strongly related to any of a suite of basin- and regional-scale environmental indices,
reflecting the overall complexity and scale of the pathways POP in the GOA may undertake
during their early life stages and suggesting that multiple drivers operating at different spatial
and temporal scales influence connectivity patterns. Finally, while our results indicate that
interannual variability in physical transport may have a substantial impact on connectivity, we

found little support for the hypothesis that this alone drives variability in POP recruitment.

Keywords: USA, Alaska, Gulf of Alaska, Sebastes alutus, Pacific ocean perch, recruitment,
individual-based model
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List of Abbreviations

Abbreviation Description

AlCc Akaike Information Criterion, adjusted for small sample sizes
AO Arctic Oscillation

CFRS Climate Forecast System Reanalysis
CGOA Coastal GOA (ROMS model grid)
CPA copepod production anomaly

CSF cross-shelf flow

DisMELS Dispersal Model for Early Life Stages
ENSO El Nino/Southern Oscillation

EOF empirical orthogonal function
ETOPOS5 Earth Topography 5° grid

GOA Gulf of Alaska

IBM individual-based model

IERP Integrated Ecosystem Research Project
MEI Multivariate ENSO Index

NEP Northeast Pacific (ROMS model grid)
NMES National Marine Fisheries Service
NOAA National Oceanic and Atmospheric Administration
NPac North Pacific (ROMS model grid)
NPRB North Pacific Research Board

NPZ Nutrient/Phytoplankton/Zooplankton
PC principal component

PDO Pacific Decadal Oscillation

POP Pacific ocean perch

PPA primary production anomaly

PWI Prince of Wales Island

PWS Prince William Sound

ROMS Regional Ocean Modeling System

SL standard length

WCS water column stability
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1. Introduction

The Gulf of Alaska Integrated Ecosystem Program (GOAIERP) was a vertically-
integrated study of the physics, fisheries and ecosystem of the Gulf of Alaska (GOA). The goal
of the program was to identify how physical and biological variability affect the recruitment of
five commercially-important groundfish species in the GOA: Pacific ocean perch (POP; Sebastes
alutus), arrowtooth flounder (Atheresthes stomias), Pacific cod (Gadus macrocephalus), walleye
pollock (Gadus chalcogramma), and sablefish (Anaplopoma fimbria). The working hypothesis
adopted for the GOAIERP was that the survival of the earliest life stages of groundfishes, during
transport from offshore natal areas to nearshore young-of-the-year nursery habitats, is the
principal influence affecting variability in subsequent recruitment to the population. As such,
successful recruitment may be dependent on many interrelated factors affecting young
groundfish along transport pathways from offshore natal areas to settlement in nearshore nursery
habitats, including those directly influencing survival (such as food supply, competition and
predation) as well as those influencing the physical environment and thus the pathways
themselves (e.g. freshwater runoff, mixing and stratification, water temperature, and wind speed
and direction). We refer to these biophysical processes occurring along, and influencing, the

transport pathways during the first year of life as “the gauntlet”.

From the perspective of physical transport, the GOA is a highly dynamic ecosystem.
Circulation in the GOA 1is predominantly east to west (counterclockwise). Along the continental
shelf break of the northern GOA, the Alaskan Stream is a westward flowing boundary current
with flow rates up to 80-100 cm s™! (Reed, 1984). On the shelf, within about 50 km of the coast,

the Alaska Coastal Current is a westward-flowing buoyancy-driven current with flow rates of 25
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to 175 cm s7! (Stabeno et al., 1995; Royer, 1998; Stabeno et al., 2004; Stabeno et al., 2015a). In
the eastern GOA, the wide and variable Alaska Current flows northward along the shelf break,
while the Alaska Coastal Current flows northward along the shelf. The narrowness of the shelf in
the eastern GOA results in strong interaction between the shelf-break flow and the coastal
current (Stabeno et al. 2015b). Both the shelf-break currents and the coastal current can meander
and shed eddies, affecting the trajectories and mixing of water masses (Janout et al., 2009; Ladd
and Stabeno, 2009; Ladd et al., 2005; Okkonen, 2003). Storms generated by the Aleutian Low
atmospheric pressure system promote onshore advection of surface water (Cooney, 1986) and
the coastal mountain range constrains these pressure systems and results in elevated precipitation
and runoff (Royer, 1982). Variation in the storms and runoff result in inter-annual variability in

the circulation and onshore advection.

POP, the focal species for this paper, is broadly distributed around the rim of the North
Pacific in an arc from southern California north to the Bering Sea and west to northern Japan.
The species is most abundant in northern British Columbia, the GOA, and the Aleutian Islands
(Allen and Smith, 1988). Adults are found primarily on the upper continental slope and outer
continental shelf. Most of the population occurs in patchy, localized aggregations (Hanselman et
al., 2001). Genetic evidence from British Columbia and the GOA supports the existence of
distinct subpopulations at small geographic scales (Withler et al., 2001; Palof et al., 2011; Kamin
et al., 2013). However, adults appear to undergo seasonal migrations to shallower depths (150-
300 m) during the summer for feeding, returning to the outer shelf/upper slope for mating in late
fall/early winter (Love et al., 2002). POP are generally considered to be semi-demersal as they
often move off-bottom during the day following diel euphausiid migrations (Brodeur; 2001).

They are mostly planktivorous (Carlson and Haight, 1976; Yang, 1993; Yang and Nelson, 2000;
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Yang et al., 2006). Juveniles feed on an equal mix of calanoid copepods and euphausiids
(Carlson and Haight, 1976), while larger juveniles and adults feed primarily on euphausiids, and
to a lesser degree, copepods, amphipods and mysids (Yang and Nelson, 2000). POP and walleye
pollock possibly compete for the same euphausiid prey, because euphausiids make up about 50%
of the pollock diet (Yang and Nelson, 2000). Large removals of POP from the GOA by foreign
fishing fleets in the 1960s may have allowed walleye pollock stocks to greatly expand in

abundance (Hulson et al., 2015).

POP are members of the Sebastes genus, a primitive viviparous group with females
extruding larvae rather than eggs (Love et al. 2002). Insemination occurs in the fall, and sperm
are retained within the female until fertilization takes place 2-5 months later (Westrheim, 1975;
Conrath and Knoth, 2013). Females can carry many fertilized eggs (10%-10%; Kendall and Lenarz,
1987; Haldorson and Love, 1991). The eggs develop and hatch internally, receiving at least some
nourishment directly from the mother. Parturition, the release of larvae, occurs in April-May in
the GOA (Westrheim, 1975; Conrath and Knoth, 2013). In British Columbia, adult females
migrate to the mouths of submarine canyons and release their larvae at depth (500-700 m; Love

et al., 2002).

The early life history of POP is not well understood (Love et al., 2002). Newly-extruded
larvae are ready to begin feeding, and at 3-7 mm SL are comparable in size to first-feeding larvae
of species with planktonic eggs (Kendall and Lenarz, 1987). Larvae are thought to be pelagic and
drift with the current (Ainley et al., 1993). Evidence from upwelling regions of the west coast of
North America suggests that rockfish larvae occupy the near-surface layers and do not migrate
on a diel basis (Ahlstrom, 1959; Boehlert et al., 1985; Sakuma et al., 1999; Matarese et al.,

2003). However, Love et al. (2002) report that studies in British Columbia have shown that
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larvae remain at depth for a month or more prior to moving to shallower depths. The larval stage
in the GOA is complete at ~20 mm SL, with a duration of 1-2 months (Matarese et al., 2003).
Postlarval and early young-of-the-year POP have been identified using genetic techniques in
offshore, surface waters of the GOA (Gharrett et al., 2002). Early juveniles in the GOA remain in
the water column for several months until fall, at which time they take up a demersal existence in
subtidal habitats with complex topography and extensive cover (Carlson and Haight, 1976;
Carlson and Straty, 1981). At both the larval and juvenile stage, individuals cannot be
distinguished among several congeners without genetic identification, so most available early life
history information probably represents a combination of characteristics from several species
(Westerheim, 1975; Matarese et al., 2003; Kendall et al., 2007). The existence of distinct
subpopulations at small geographic scales in the GOA, noted previously, suggests that dispersion
in the larval and pelagic juvenile stages must be geographically limited (Palof et al., 2011;

Kamin et al., 2013).

In addition to a comprehensive field program, the GOAIERP included a modeling
component that integrated a suite of oceanographic, lower trophic level, and individual-based
modeling tools to provide broader spatial and temporal contexts to assess the impact of
environmental variability on processes potentially influencing recruitment of the five focal
groundfish species than was possible to achieve in the field program. For POP, we developed a
coupled biophysical, individual-based model (IBM) incorporating known early-life
characteristics up to the young-of-the-year stage, as well as important forcing mechanisms
influencing the physical environment in the GOA, to address a simplified version of the gauntlet
hypothesis, namely that ‘recruitment variability for POP is primarily influenced by variability in

the proportion of young fish transported from offshore natal areas to nearshore nursery areas
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(connectivity) due to interannual differences solely in the hydrography of the GOA’. Thus, as a
first approximation, we ignored factors such as food supply and predation potentially affecting
survival along early-life transport pathways and focused on physical processes directly affecting

those pathways.

Spatially-explicit IBMs, such as the one used here, have been used in studies of
recruitment (Hinckley et al., 1996; Stockhausen and Lipcius, 2003; Kim et al., 2015), marine
reserves (Stockhausen et al., 2000; Stockhausen and Lipcius, 2001; Paris et al., 2004;
Stockhausen and Hermann, 2007; Pelc et al., 2010), population connectivity (Cowen et al., 2006;
Cowen et al., 2007; Cooper et al., 2013), and for other applications in marine ecology and
fisheries. IBMs used to study recruitment typically incorporate several pelagic early life stages,
with biological processes that differ among the stages. To simulate the environmental factors
such as temperature, salinity and currents that affect development and transport of individuals,
these IBMs can be coupled to oceanographic models. IBMs used in previous recruitment and
connectivity studies have ranged from quite simple models with minimal biological processes
and behavior (e.g. Stockhausen and Hermann, 2007) to relatively complex models that include
detailed models of processes such as feeding, bioenergetics, growth and movement. (e.g.
Hinckley et al., 1996; Hinckley et al., 2001; Megrey and Hinckley, 2001; Werner et al., 2001;
North et al., 2009; Parada et al., 2010; Kim et al., 2015). The degree of model complexity often
reflects the data available for a particular species, as well as the research question or focus. The
IBM used here for POP incorporates multiple early life stages, stage-specific durations, simple
stage-specific behaviors for vertical, and habitat-specific settlement dynamics, but it does not
include more sophisticated components such as bioenergetics (feeding, growth, and survival) or

directed swimming. As such, it can be considered of moderate complexity on a par with the
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sablefish IBM developed for the GOAIERP (Gibson et al., this volume).

Using the IBM, we quantified potential patterns of, and interannual variability in,
connectivity between POP natal and nursery areas over a 16-year period (1996-2011). Because
the IBM did not include mortality processes along individual trajectories, we refer to this as
“maximum potential” connectivity. We also tested relationships between connectivity and a suite
of environmental factors to try to identify mechanisms driving model-predicted variability in
connectivity. Finally, we derived potential indices of recruitment from the IBM results and
compared these to estimates of recruitment from the 2015 stock assessment (Hulson et al., 2015)
for POP in the GOA to assess the hypothesis that variability in recruitment is primarily driven by

variability in transport-driven connectivity.
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2. Methods

2.1. The IBM

2.1.1. General description

To explore connectivity between offshore natal (parturition) and inshore nursery areas for
POP in the GOA, we developed a species-specific IBM for POP coupled to a hydrodynamic
model of the region. The POP IBM used daily-averaged output from a Regional Ocean Modeling
System (ROMS; Haidevogel et al., 2008; Shchepetkin and McWilliams, 2005) model for the
coastal GOA to provide the time-varying, 3-dimensional environment for the IBM. The IBM
integrates biological processes affecting simulated individuals, including advective and diffusive
movement using a Lagrangian particle tracking algorithm, as they develop in time through
multiple early life stages. The IBM was developed using the Dispersal Model for Early Life
Stages (DiSMELS) framework, a platform for creating and running IBMs based on marine fish
and invertebrate species with early pelagic life stages. Several other IBMs have been developed
using DisMELS, including ones for northern rock sole (Cooper et al., 2013), market squid (Kim
et al., 2015), arrowtooth flounder (Stockhausen et al., this volume), Pacific cod (Hinckley et al.,

this volume), and sablefish (Gibson et al., this volume).

2.1.1.1. ROMS

ROMS is a modeling system for developing time-varying, three-dimensional (3D)

regional ocean circulation models. Details of the modeling system can be found in Haidvogel et

10
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al. (2008) and Shchepetkin and McWilliams (2005), as well as on the ROMS website!. We used
a set of ROMS models that were implemented on a series of nested grids of increasing spatial
resolution. Each model supplied the initial and boundary conditions for the model on the next
finest grid. The models used were the (outermost) North Pacific (NPac) ROMS model at 20-40
km resolution, the Northeast Pacific (NEP) ROMS model at 10 km resolution, and the
(innermost) coastal GOA (CGOA) ROMS model at 3 km resolution. Validation studies and
detailed descriptions of related versions of the NEP model are available in Danielson et al.
(2011) and Hermann et al. (2009a); validation studies and detailed descriptions of related
versions of the CGOA model are given in Hermann et al. (2009b), Hinckley et al. (2009),
Dobbins et al. (2009), and Coyle et al. (2012, 2013). Key features of the NEP and CGOA models
are briefly summarized below.

The NEP model domain stretches from Baja California to the Chuckchi Sea, from the
coast to approximately 2000 km offshore, with a total of ~200 x 500 grid points. The CGOA
domain (Fig. 1) has open ocean boundaries, which allows entry and exit of the currents across its
boundaries. The CGOA grid has 42 vertical (stretched-coordinate, or “sigma”) levels, with levels
more concentrated near the surface. The grid’s surface layer is ~ 0.3 m in the shallowest areas
(10 m deep), and 15 m over the basin (6000 m deep). Bathymetry was derived from ETOPO5
(NGDC, 1988) and finer-scale bathymetric data. Vertical mixing in each model was based on the
algorithms of Large et al. (1994). Tidal dynamics were included in the CGOA model; the explicit
inclusion of tidal flows allows tidally-generated mixing and tidal residual flows to develop. Tides

were not included in the NEP simulation.

The NEP model was forced by 6-hourly atmospheric (for surface forcing) and monthly

! https://www.myroms.org/
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oceanic (for initial and boundary conditions) reanalysis output from NOAA’s global Climate
Forecast System Reanalysis (CFSR; Saha et al., 2010), spanning the years 1995-2012. Horizontal
resolution for the CFSR atmospheric and oceanic reanalyses were ~ 40 km; these were spatially-
interpolated to the regional grids. Bulk forcing, based on the algorithms of Large and Yeager
(2008), were used to relate the 6-hourly CFSR atmospheric variables (wind velocities, air
temperature, rainfall rate, absolute humidity, downward shortwave and longwave radiation) to
surface stress and the net transfers of sensible heat, latent heat, shortwave and longwave
radiation through the sea surface, as well as surface freshening by the rainfall. The CGOA model

was driven by the same atmospheric forcing as the NEP model.

All of the oceanic boundary conditions were enforced using the hybrid nudging/radiation
scheme of Marchesiello et al. (2001). Whereas the NEP initial and boundary conditions were
derived from CFSR, the CGOA model oceanic initial and boundary conditions were derived
from weekly averages of the NEP biophysical output, spatially interpolated onto the CGOA
boundaries (one-way nesting with no feedback to the outer model). The NEP model was spun up
for one year prior to its use for initialization of the CGOA model. Freshwater runoff was applied
to the CGOA simulation by freshening of the surface salinity field within a few gridpoints of the
coastline. The climatology of Dai et al. (2009) was used to set the mean alongshore spatial
pattern of the runoff; the offshore pattern was set using an exponential taper based on squared
distance from the coastline, with an e-folding distance of ~30 km. This fixed spatial pattern was
modulated by Royer (pers. comm.) total monthly runoff estimates for the CGOA, which are
based on measured rainfall and temperature. The result was normalized to ensure that the total
volumes estimated by Royer were fully distributed into the CGOA during each month. Output

from the CGOA model, including 3-dimensional (3D) current, temperature and salinity fields,

12



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

was temporally filtered to remove tidal and inertial aliasing, and stored once per model day for
subsequent use in the individual-based models.
2.1.1.2. DisMELS

DisMELS was developed at the Alaska Fisheries Science Center (NOAA/NMEFS) to
provide a framework to develop, and a platform to run, IBMs simulating the early life stage
development and dispersion of marine fishes and invertebrates with pelagic egg and larval
stages. DiSMELS couples this individual-based biological modeling framework with stored
output from a ROMS oceanographic model to provide a time-varying, 3D physical environment
in which to simulate the dispersal trajectories of thousands of simulated eggs and larvae from
spawning locations through early juvenile life stages. DisSMELS also provides a graphical user
interface to facilitate defining life stage sequences, stage-specific characteristics, and initial
conditions, as well as to run models and review results. DisMELS has previously been used to
study dispersal mechanisms in northern rock sole (Cooper et al., 2013) and market squid (Kim et
al., 2015).

We used stored daily output from the CGOA ROMS oceanographic model in its native
curvilinear grid formats to provide the time-varying, 3D physical environment “experienced” by
simulated individuals when the IBM was run. Biological processes in the IBM were integrated
using a 20-minute model time step to update characteristics such as size, age and life stage for
each “surviving” simulated individual. ROMS model fields were spatially interpolated at each
integration time step to the location of each simulated individual to provide in situ values to drive
advective movement and other environmentally-mediated biological processes. A 4"-order
predictor-corrector algorithm was used to perform Lagrangian integration to update individual

locations on the ROMS grid. This algorithm was based on the ROMS algorithm for passive
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drifters, but it can also incorporate individual motion due to active swimming or buoyancy
effects, as well as diffusive motion in the form of horizontal and/or vertical random walks.

Individuals that were advected beyond the boundaries of the CGOA grid did not “survive”.

In the models run for this study, values for in situ temperature and salinity were also
interpolated at each biological time step for each individual. Information on each individual (life
stage, age, age-in-stage, location [latitude, longitude, depth], size, in situ temperature, and in situ

salinity) was saved at a daily time step for further analysis.

2.1.2. POP IBM details

At both the larval and juvenile stage, POP cannot be distinguished among several
congeners without genetic identification, so most available early life history information
probably represents a combination of characteristics from several species (Westrheim, 1975;
Matarese et al., 2003; Kendall et al. 2007). Thus, the POP IBM was a relatively simple IBM,
reflecting the limited knowledge we have for this species in its early life stages. Model processes
included in the IBM were similar to those in the sablefish IBM (Gibson et al., this volume):
growth rates in all life stages were stage-dependent constants and movement was essentially
passive and undirected, except that individuals moved vertically to remain within stage-specific
“preferred” depth ranges based on observed or presumed depth distributions.

The POP IBM consisted of five sequential early life stages, reflecting the conceptual
model depicted in Fig. 2: preflexion larva, postflexion larva, pelagic juvenile, settlement-stage
juvenile, and benthic juvenile. The first four stages were defined in the IBM to facilitate
ontogenetic changes in “preferred” depth ranges, growth rates, and movement parameters (Table

1). The final stage, the benthic juvenile stage, had no associated dynamics; it was simply a
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“marker” stage that indicated an individual had successfully settled in a benthic nursery area.

Based on depth and size ranges for newly-extruded larvae (3-7 mm: Kendall and Lenarz,
1987; 3.5-7.5 mm: Matarese et al., 2003), individuals were “released” in the simulation near the
bottom between (nominally) the 300-600m isobaths along the shelf break as preflexion larvae at
4.5 mm SL (Table 1). Stage-specific depth ranges were drawn from a variety of sources, but
reflect observations that larvae remain at depth for the first month or so (Love et al., 2002) and
are then found in the upper portion of the water column above the pycnocline (Ahlstrom, 1959;
Lenarz et al., 1991; Larson et al., 1994; Sakuma et al., 1999; Doyle and Mier, 2016).
Consequently, we set the preferred depth range for the preflexion larval stage to 300-700 m,
consistent with the assumption that preflexion larvae remain at depth. For postflexion larvae and
pelagic juveniles, we set the preferred depth range to 5-40 m, such that individuals moved up in
the water column upon transition to the postflexion larval stage at 9 mm SL and stayed in the
upper water column (Table 1). Settlement-stage juveniles were given a slightly deeper preferred

depth range (5-50 m) consistent with their “preferred” settlement habitat (see below).

The postflexion larval stage ended when an individual reached 20 mm SL and
transitioned to the pelagic juvenile stage (Matarese et al., 1989). At 60 mm SL, pelagic juveniles
became settlement-stage juveniles, with the ability to adopt a more benthic lifestyle in suitable
nursery habitat (Moser et al., 1977). Based on assumed completion of the transition to a more
demersal lifestyle in the fall of the year, we allowed a 30-day window for settlement-stage
juveniles to become benthic stage juveniles. Lacking other habitat-related information (e.g.
bottom type) in the simulation, we defined preferred nursery habitat for POP as any bottom
shallower than the 50-m isobath. Settlement-stage juveniles that reached preferred nursery

habitat settled to the benthos, became benthic juveniles, and were counted as “successful”.
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Settlement-stage juveniles that reached the end of the 30-day window but were in an area of
alternative nursery habitat, defined as any bottom between the 50 and 150 m isobaths, were also
assumed to make the transition to benthic juvenile and were counted as “successful”. Individuals
that could not become benthic juveniles by the end of a model run (i.e. they did not reach a
preferred or alternative nursery habitat by the end of the 30-day settlement window as

settlement-stage juveniles, or they exited the model grid) were regarded as “unsuccessful”.

Except for the transition from settlement-stage juvenile to benthic juvenile, all transitions
between sequential life stages were explicitly based on individual size, such that when an
individual reached the maximum size for a life stage (Table 1), it “metamorphosed” to the
subsequent stage. However, stage-specific linear growth rates G, (in mm d-!; Table 1) were
generally derived from published values for L3, ;,, and L3, the stage-specific minimum and
maximum sizes, and Ty, the assumed stage duration using:

G, = Lnax—Lmin (1)

Ts
The pelagic juvenile stage is assumed to last several months, and settlement to benthic nursery

areas occurs in the fall (Matarese et al., 2003). For the IBM, then, we assumed that the pelagic
juvenile stage lasted 90 days. Given the minimum and maximum sizes for this stage (Table 1),
G, for this stage was estimated at 0.44 mm d!, which appears to be reasonable based on growth
rates for pelagic juveniles in other Sebastes species (Woodbury and Ralston, 1991). To obtain G
for the pre- and postflexion larval stages, we assumed the total larval duration was 60 days
(Matarese et al., 1989). We then estimated a mean intrinsic growth rate (g, in d!) across both

stages using

post
g =2in (L) 2)

min
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where T was the total larval duration, and L?"* and Lf,f;,tc were the minimum preflexion and
maximum postflexion larval sizes, respectively. Individual stage-specific durations, 7§, were then
estimated from g and the stage-specific minimum and maximum sizes using:
1 Linax
T, = Eln - 3)

s
Lmin

Finally, Gy was estimated for each stage using Equation 1, resulting in estimated pre- and
postflexion larval growth rates of 0.16 and 0.34 mm day™!' (Table 1). Similar increases in growth
rate between the pre- and postflexion stages have been observed for other Sebastes species

(Laidig et al., 1991; Sakuma and Laidig, 1995; Woodbury and Ralston, 1991).

For lack of information, and as a simple convenience, growth of settlement-stage
juveniles was ignored. As noted above, transition from the settlement stage to the benthic
juvenile stage if an individual reached an area with preferred nursery habitat within a 30-day

window.

Stage-specific vertical swimming speeds (Table 1) were chosen primarily to allow
individuals to remain within their preferred depth ranges; they are, however, consistent with
observed swimming speeds (Fisher et al., 2007; Kashef et al., 2014). Parameters governing
vertical and horizontal random walks (vertical and horizontal diffusivities) were given non-zero,

but relatively small values, to inject some stochasticity into the simulations.

2.1.3. Initial conditions
Because the main groundfish surveys in the GOA occur in the summer on a biennial or
triennial basis, there is little information on the spatial (and interannual) patterns of the release of

POP larvae during parturition across the GOA to inform initial conditions in the IBM. For each
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model year, simulated individuals were released as preflexion larvae in a series of separate
“cohorts” at 5 m above the bottom within hypothetical “parturition” areas (Fig. 1) along the
continental shelf break. Grid cells along the continental shelf edge were classified as parturition
areas if the bathymetric depth at the center of the cell was between 300 and 600 m. For each
cohort, individuals were released at the same time on a 1-km x 1-km grid across the parturition
areas, resulting in a total 16,453 individuals per cohort.

The relative pattern of parturition by POP in the GOA must be inferred from observed
patterns of larval Sebastes (spp.) abundance in plankton sampling (Fig. 3a) while making some
assumptions as to the fraction that are actually POP. Because parturition for this species in the
GOA is known to occur early in the spring, while for other rockfish species it occurs later in the
summer, we decomposed the seasonal pattern of larval abundance in the GOA (Doyle and Mier,
2016) into two relatively broad distributions: one for POP and one for the other rockfish species.
This resulted in the relative pattern shown in Fig. 3b, which we assumed reflected relative
seasonal rates of parturition for POP. To incorporate this temporal pattern of parturition when we
calculated annual connectivity for each year, we released six cohorts of simulated preflexion
larvae on a bi-weekly basis and weighted individuals according to the pattern of relative

abundance in Figure 3b. In all, we tracked a total of 98,718 simulated individuals per model year.

2.2. Connectivity

Because we didn’t include mortality processes along individual trajectories in the IBM,
as used here “connectivity” represents the maximum probability of being successfully transported

from an offshore natal area to an inshore nursery area, where individuals can “settle” to the
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benthos and become benthic juveniles. Nursery areas that accounted for a substantial fraction of
successful “settlers” originating from a given natal area were considered to be “highly-
connected” to that natal area, while nursery areas that accounted for a small fraction of

successful recruits were only “weakly-connected”.

2.2.1. Connectivity zones

To quantify annual connectivity between natal and nursery areas on rather broad spatial
scales, we divided the GOA into a coarse grid with twelve along-shelf zones (1-12) roughly 150
km wide and five cross-shelf depth zones (Fig. 1). The choice of spatial scale was somewhat
arbitrary and reflected a subjective balance between spatial resolution and uncertainty (sampling
error, natal and nursery habitat characterization, and mesoscale variability in the physical
model). We also defined a 13" “along-shelf” zone, Cook Inlet, which does not contain any natal
areas and is not (strictly speaking) “along-shelf”. However, it does contain preferred and
alternative nursery areas and thus we quantified settlement within it and connectivity to it. The
five cross-shelf zones based on increasing bathymetric depth and assumed nursery suitability
were: 1) the preferred nursery zone (0-50 m), 2) the alternative nursery zone (50-150 m), 3) the
intermediate shelf zone (150-300 m), 4) the natal zone (300-600 m), and 5) the off-shelf zone
(>600 m but less than ~150 km from the shelf break; Fig. 1). We also defined a “deep-sea” zone,
with no division into alongshore zones, constituting the area of the GOA farther offshore than the
off-shelf depth zone. Using these zones, we classified each cell in the CGOA ROMS grid by the
alongshore zone/depth zone combination within which it fell.
2.2.2. Annual connectivity matrices

To estimate annual patterns of connectivity, we doubly-classified each individual in a
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simulation based on 1) the alongshore zone, s, in which it was released (all individuals were
released in the natal depth zone) and 2) the alongshore zone/depth zone in which it ended. To
simplify analysis and focus on patterns of alongshore connectivity between natal and nursery
areas, we aggregated individuals that successfully reached either of the depth zones within an
alongshore zone (denoted here as n) which were assumed to function as nursery areas. Based on
these doubly-classified individuals, we then estimated annual connectivity matrices Cy, ;(y) as
the probability that an individual released from natal zone s in year y successfully reached a

nursery area and became a benthic juvenile in alongshore nursery zone n using

Nn S(
Crs () = 222 )

where N¢(y) was the number of individuals released in year y as preflexion larvae in natal zone s
and N, ;(y) was the number of those individuals that successfully recruited to nursery zone n.
When considered as a series of annual matrices, the C, () thus reflect the annual
spatiotemporal variability in connectivity between natal and nursery zones exhibited at

alongshore scales of ~150 km.

As noted above, because we did not include mortality-related processes (e.g. starvation,
predation) in the IBM, the C, ;(y) represent “maximum potential” connectivity because they are
based solely on successful transport to benthic nursery areas. Consideration of mortality along
the trajectories of “successful” individuals would further reduce the absolute scales of these
matrices, but would not (to first order, at least) change the relative patterns unless mortality rates

were spatially heterogeneous.

2.2.3. Aggregate connectivity indices
In order to summarize changes in the annual connectivity matrices in a simpler fashion,

we calculated an aggregate annual index, Cs(y), for each natal zone s that reflected the annual
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probability of successfully reaching any nursery zone from that natal zone, i.e. the ratio of the
number of successful individuals from natal zone s divided by the total number released in that

zone:

2 Nns(¥)
Cs()’) :NS—(y)y:Zn:Cn,s(y) 5

where the second term follows from Equation 4. If recruitment variability for POP in the GOA is
driven primarily by changes in transport alone, rather than changes in spawning biomass or
survival of larvae along across the “gauntlet”, then recruitment would be expected to be well-

correlated with the C4(y), at least for those alongshore zones where the most parturition occurs.
2.3. Model validation and estimated recruitment

Few data exist with which to validate the IBM. The only suitable dataset available to
compare with predictions from the IBM is the recruitment time series estimated as part of the
biennial stock assessment conducted by NOAA Fisheries (Hulson et al., 2015). The stock
assessment uses a statistical age-structured model for POP in the GOA to fit fishery catch and
discard information, as well as several fishery-independent datasets, to estimate the annual
recruitment of age-2 POP to the stock starting in 1961 (Fig. 9-14 in Hulson et al., 2015), as well
as the annual abundance of older age classes and spawning stock biomass. The 2015 stock
assessment estimates of age-2 recruitment (R), lagged to the age-0 year class, are shown for
1996-2011 in Fig. 4a along with the estimated spawning biomass (S). Making standard

transformations to the estimated recruitment time series, such as transforming to log-scale
(In(R)) or assuming a stock-recruit relationship exists (ln(R / ), had little effect on the apparent

scale of variability in recruitment after standardizing the time series (Fig. 4b), so we only used
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the standardized recruitment time series (R, Figure 4b) in comparisons with results from the

IBM.

2.4. Analysis

We focused analysis of the multi-year IBM results on: 1) elucidating predicted patterns of
connectivity, and their variability, between natal and nursery zones and 2) testing whether
variability in recruitment to the GOA POP stock appeared to be reflected in the connectivity

indices derived from the IBM.

2.4.1. Connectivity matrices
2.4.1.1. Long-term patterns
We characterized long-term connectivity between natal and nursery zones using the

temporal median, fn_s, of the annual connectivity matrices:

Crs = mEdianyE[1996—2011] [Cns ()] (6)
We used the median as more representative of “typical” conditions than the mean, which can be

influenced by extreme events. Temporal variability was estimated by calculating the temporal
root median square deviation, analogous to the standard deviation for a mean, from the annual

connectivity matrices:

2011

1 -
6n,s = E Z (Cn,s(Y) _Cn,s)2 (7

y=1996
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2.4.1.2. EOF analysis

To better elucidate spatial and temporal patterns of variability in connectivity, we
decomposed the time series of annual connectivity matrices C, s(y) into a set of orthogonal
spatial modes and associated principal component (PC) time series using empirical orthogonal
function (EOF) analysis (Preisendorfer, 1988; von Storch and Zwiers, 1999). The modes (EOFs)
capture independent patterns of spatial co-variation that account for (when ranked accordingly)
decreasing levels of total variance, whereas the time series for each PC reflects the contribution
of the associated spatial mode to the total variance in year y. EOFs were calculated using the

“prcomp” function from the R statistical program (R Core Team, 2015).

2.4.2. Environmental indices potentially associated with connectivity

We next attempted to determine whether the temporal variability in predicted
connectivity was closely associated with any members of a set of well-known or more-easily
computed environmental indices. If so, then the associated indices could suggest important
mechanisms influencing variability in predicted connectivity and/or provide proxies for the
indices derived from the IBM. Because our measure of connectivity here was “maximum
potential” connectivity (i.e. it did not incorporate mortality processes or variability in growth),
we confined our analysis to two suites of physical environmental indices that reflect variability in
transport processes: 1) several standard, large-scale climate indices important for the North
Pacific and 2) a set of smaller-scale indices of cross-shelf transport derived from the ROMS
models used to drive the IBM.

The first set of environmental indices we considered consisted of climate indices known
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to reflect important large-scale environmental processes in the north Pacific Ocean and GOA
(see Fig. S1 in the Supplementary Material). These, or similar, indices have been weakly linked
to variability in recruitment to the POP population (Stachura et al., 2014). Thus, it was of interest
to test whether we could detect any relationship between these indices and IBM-predicted
indices of connectivity. We considered seasonally-averaged (spring, summer, fall) time series of
the Arctic Oscillation? (AO; Higgins et al., 2000, 2001, 2002), the Pacific Decadal Oscillation®
(PDO; Mantua et al., 1997; Zhang et al., 1997; Bond and Harrison, 2000), and the Multivariate
El Nino-Southern Oscillation Index* (MEI; Wolter and Timlin, 1993, 2011). The AO reflects a
climate pattern characterized by winds circulating counterclockwise around the Arctic at ~55°N
latitude. A positive AO indicates strong winds circulating around the North Pole which confine
colder air to the polar regions. A negative AO, on the other hand, means that this belt of winds is
weaker, which allows for southward movement of colder, arctic air and increasing storminess in
mid-latitudes. The PDO reflects the leading principal component of monthly sea surface
temperature (SST) anomalies in the North Pacific; a positive PDO means warmer-than-usual
conditions, whereas a negative PDO means colder SSTs. The MEI characterizes the El Nifio/La
Nifia state of the Pacific Ocean: a negative MEI indicates La Nifia conditions and weaker gyre
circulation in the GOA, whereas a positive MEI indicates El Nifio conditions and stronger gyre

circulation in the GOA (Hermann et al., 2016).

The second set of indices we considered were 9 regional-scale, seasonal indices of cross-
shelf flow (CSF) derived directly from the ROMS models used to drive the IBM (see Fig. S2 in

the Supplementary Material). These were calculated for 1997-2011 using the coarser-scale NEP

2 http://www.cpc.ncep.noaa.gov/products/precip/CWIlink/daily_ao_index/monthly.ao.index.b50.current.ascii.table
3 http://jisao.washington.edu/pdo/PDO latest
4 http://www.esrl.noaa.gov/psd/enso/mei/table.html
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ROMS model output that provided the boundary conditions for the higher resolution CGOA
ROMS model runs. Using the bathymetry for the NEP model, the latitude of the 500-m isobath
was found at each longitude in the model grid and smoothed using a 5-point (0.3°) boxcar filter
to eliminate small-scale corners. Monthly-averaged velocities from the NEP model run were then
interpolated to locations along the smoothed 500 m isobath. The resulting eastward and
northward components of velocity were rotated into the local on-shelf and cross-shelf direction
at each location. Monthly climatologies were calculated for 1997-2011 and removed to obtain
monthly anomalies from the climatological seasonal cycle. These anomalies were then averaged
across each of three regions (West: 155°-150°W, Central: 150°-145°W, and East: 145°140°W)

and three seasonal time periods (spring: Apr-Jun; summer: Jul-Sep; fall: Oct-Dec).

All indices were converted to z-scores prior to analysis. We did not include winter (Jan-
Mar) for any of the environmental indices in our analysis because larval and pelagic-stage

juvenile POP are not in the water column during this period.

We limited our analysis to the aggregate connectivity indices reflecting settlement
success by natal zone (i.e. the C;(y)), as well as the time series of scores from the first two
principal components in the EOF analysis. We tested the environmental indices as potential
predictors of the aggregate connectivity indices using simple linear models of the form I;(y) =
B: - F;(y) + B; - F;(¥), where I(y) denotes the standardized (as z-scores) time series for the
aggregated connectivity index Cs(y) from the IBM and F;(y) denotes the standardized time
series for the ith potential predictor. The ;s are equivalent to the correlation coefficient between

the two time series in the case of a one-factor model (i.e. where B; = 0).

For each connectivity index, we evaluated all possible single-factor and two-factor

25



541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

models using the “glmulti” package (Calcagno and de Mazancourt, 2010) and the “Im” function
in R (R Core Team, 2015). W determined the “best” model using AICc, the Akaike Information
Criterion adjusted for small sample sizes (Burnham and Anderson, 2002). To determine the
significance of this model, it was necessary to correct the reported p-value for the “best” model
in light of the large number (~300) of multiple comparisons made during the model selection
process. Because of the lack of independence among the multiple comparisons involved in this
analysis, we could not use the standard Bonferroni correction to the p-value. Instead, we
empirically estimated the family-wise p-value associated with the “best” model by ranking the
model’s F-statistic among those obtained by repeating the analysis 10,000 times using randomly-
generated, normally-distributed time series as substitutes for the response and all covariates. The
empirical p-value was taken as /-n/N, where n was the rank of the model’s F-statistic and N was

10,000.

2.4.3. Connectivity indices as predictors of recruitment

Finally, we tested the aggregate connectivity indices C(y) as potential predictors for

recruitment using simple linear models of the form R(y) = Y; B; - I;(y), where R(y) denotes
the standardized (as z-scores) annual recruitment time series from the stock assessment model
(Hulson et al., 2015), f3; is the ith regression parameter, and I;(y) denotes the ith standardized
connectivity index time series. This form would be consistent with the hypothesis that
recruitment variability really was driven by variability in connectivity if the spatial pattern of
parturition (larval release) across the GOA did not change substantially during 1996-2016. In this
case, the f5;s would reflect the spatial pattern of parturition.

As an exploratory analysis, we evaluated all possible 1-zone, 2-zone, and 3-zone
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combination models using the “glmulti” package (Calcagno and de Mazancourt, 2010) and the
“Im” function in R (R Core Team, 2015). As with the previous analysis, we selected the “best”
model using AICc (Burnham and Anderson, 2002). We also used the approach outlined in the

previous section to determine an empirical p-value for the “best” model.
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3. Results

3.1. IBM output

As noted previously, individuals were released on a 1-km x 1-km grid across parturition
areas defined as ROMS grid cells with bathymetric depths between 300 and 600 m, with a total
of 16,453 individuals released per cohort, and six cohorts per year. Because actual release depths
on the 1-km x 1-km grid were interpolated within each ROMS grid cell classified, individual
release depths spanned a somewhat wider range than 300-600 m—about 11% of simulated
preflexion larvae were released outside this nominal interval (Figure S3 in the Supplementary
Material).

Most simulated individuals exhibited a general trend to move to the north and west
during the model runs, but individual trajectories were complex, indicating the influence of
mesoscale and larger eddies on their movement (Fig. 5). Almost all individuals remained off the
shelf in deeper water as preflexion larvae, and were not transported onto the shelf until they
reached the postflexion larval stage and moved up in the water column (nominally 5-40 m
depths). Many individuals that were not successful in recruiting to suitable nursery habitat during
the allotted time frame were transported further off shelf (away from nursery habitats) into the
deep ocean zone vis-a-vis most “successful” individuals; successful individuals tended to move
onto and stay on the shelf, although a large fraction (40-50%) of these were also transported off
the shelf only to return on-shelf via eddies and gyres. While some individuals that were released
in the southeast (natal zones 1-4) exited the model grid at its southeast boundary, many more

exited the grid at its western boundary due to the general counter-clockwise nature of the mean
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circulation along the shelf. Individuals that exited the grid were classified as unsuccessful.

Only a relatively small fraction of simulated individuals successfully recruited to nursery
areas, particularly if they were released west of PWS (zone 6; Fig. 6a). As a result of the general
circulation pattern, and because of its proximity to the western boundary of the model grid,
individuals released in natal zone 12 (West Shumagins) were successful in only one modeled
year (1998; Fig. 6a). Simulated individuals released in the eastern half of the GOA (natal zones
1-6) were much more likely to reach nursery areas in the allotted time than those released in the
western half (zones 7-12), while interannual variability in the fraction successful from any natal

zone, C;(y), was large relative to the mean.

3.2. Connectivity matrices

3.2.1. Long-term patterns

The cell-by-cell median and root median square deviation of the annual connectivity
matrices (Fig. 7) indicate that the highest median connectivity (22%) was between natal zone 3
(Cross Sound) and nursery areas in zone 6 (PWS). Natal zones 1, 2, 4 and 5 (PWI, Sitka, Yakutat
and Icy Bay) were also relatively highly connected to nursery areas in zone 6 (>10% each).
Median connectivity was directed in a counterclockwise fashion, with parturition areas in the
south and east (lower number alongshore zones) connected with nursery areas to the north and
west (higher number alongshore zones). This was also reflected in the average nursery zone
reached by successful individuals from natal zone s, N;(y) (Fig. 6b). While some retention
occurred for natal zones in the east (areas 1-6), the level was generally quite small (< 2%, except

for natal zone 2, which exhibited 3% median retention). For natal zones in the west (areas 7-12),
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median retention was essentially zero. Median connectivity from west to east (clockwise
transport) was negligible, even for adjacent areas, although the pathways in Fig. 5 indicate
clockwise transport does occur, sometimes on the order of 400-600 km along the shelf. Temporal
variability was generally positively correlated with median connectivity, so the most highly-
connected cells also exhibited the highest variability (Fig. 7b).

The single highest fraction of individuals recruiting from a natal zone (s) to nursery areas
in an alongshore zone (n) was 32% in 2002 for 3—6 (see Fig. S4 in the Supplementary
Material), that is, from s = 3 (Cross Sound) to n = 6 (PWS). In fact, this pathway accounted for
the highest 8 connectivity values over all 16 simulated years. The other pathways that accounted
for the top ten values over all years were 2—6 (one year) and 4—6 (one year). Thus, the most
highly connected natal zones were separated by approximately 850 km (2: Sitka), 650 km (3:

Cross Sound), and 425 km (4: Yakutat) from the most highly-connected nursery zone (6: PWS).

3.2.2. EOF analysis

The first two EOFs of the annual connectivity matrices accounted for 60% of the total
variance, with much smaller contributions from additional components. Positive scores on the
first EOF were associated with somewhat higher connectivity between a natal zone and its
neighbors immediately to the north or west, but lower connectivity between the same natal zone
and more distant zones moving counterclockwise around the GOA (Fig. 8), possibly reflecting
an slowdown in the overall counterclockwise flow in the GOA. Positive scores on the second
EOF primarily reflected higher connectivity between natal zones east of zone 6 (PWS) with

nursery areas in PWS.
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3.3. Aggregate connectivity indices

3.3.1. Time series

As noted in Section 3.1, the annual total fraction of individuals originating from natal
zone s that successfully reached nursery areas anywhere in the GOA, C4(y), was substantially
higher, and exhibited more variability, for natal zones in the eastern GOA compared with those
in the west (Figs. 6a and 9). The largest fraction of successful individuals came from natal zone 3
(Cross Sound) in 1999, when almost 71% of individuals originating in this zone successfully
reached nursery areas somewhere in the GOA. In contrast, fewer than 0.2% of individuals
originating in natal zones 11 and 12 (East and West Shumagins, respectively) successfully
reached nursery areas in 15 out of the 16 model years. Because few successful individuals

originated from these two natal zones, these were dropped from subsequent analysis.

3.3.2. Linear model analysis for environmental indices potentially associated with connectivity
We found little evidence for any strong relationships between the aggregate connectivity
indices (the annual total fraction of successful individuals from natal zone s, C,(y), and the 2
PC’s) and any of the 18 seasonal large-scale (AO, MEI, PDO) or the regional-scale (ROMS-
derived cross-shelf flow) environmental indices we considered as potentially-explanatory drivers
(Table 2). The only model for the C;(y) with an adjusted R? of 50% or better was that for zone 1
(PWI), which appeared to be positively related to deviations in cross-shelf flow in the eastern
GOA during spring and negatively related to deviations in the springtime AO (Table 3).
However, this model was not statistically significant (p = 0.06, after adjustment for multiple

comparisons). The same two indices were also found to be potentially associated with changes in
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PC 1, the temporal loadings on the first EOF, with an adjusted R? of 50% (Table 3). Again,

though, the model was not statistically significant (the p = 0.31 for this model).

3.4. Connectivity and recruitment

3.4.1. Time series

During the years for which the IBM was run, estimated recruitment from the 2015 stock
assessment was episodic, with high points in 1998 and 2006 and low points in 1996, 2003, and
2009 (Fig. 4a; Hulson et al., 2015). In contrast, estimated spawning biomass steadily increased
between 1996 and 2011, from 82,000 t to 150,000 t (Fig. 4a). However, the time series for In-
scale recruits-per-spawning biomass (In(R/S)), standardized as z-scores, was quite similar to the
standardized time series for both R and In(R) (Fig. 4b). As a consequence, we used the

standardized time series for R to perform subsequent analyses.

3.4.2. Linear model analysis for aggregate connectivity indices as predictors for recruitment
Deviations in POP recruitment as estimated by the 2015 stock assessment (Fig. 4b;
Hulson et al., 2015) were reasonably well-explained by a linear model based on z-scores for the
IBM-predicted annual total fraction of successful individuals, C;(y), from natal zones 2 and 6
(Sitka and PWS, respectively; Table 4, Fig. 10). The adjusted R? for this “best” model was 62%;
it was marginally significant, with an empirical p-value of 0.044. Deviations in C,(y) were
positively associated with deviations in recruitment (coefficient = 0.55), but deviations in C¢(y)

were negatively associated with deviations in recruitment (coefficient = -0.64).
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4. Discussion

The guiding hypothesis of the GOAIERP program was that successful recruitment of
POP is primarily determined by processes which occur during the larval and early juvenile
stages, in the “gauntlet” between extrusion in offshore natal areas and settlement in nearshore
nurseries as young-of-the-year. Of the many interrelated processes that can occur during this
period, our study focused on whether variability in transport mechanisms, as reflected in
variability in connectivity between offshore natal zones and inshore nursery habitats, could
account for subsequent variability in recruitment. We used linked models, specifically, a regional
oceanographic model, and a species-specific, Lagrangian IBM to address this issue.

The POP IBM described here was an attempt to combine current knowledge regarding
early-life processes at the individual and population-level (e.g. growth, seasonality of parturition)
with ecosystem-level mechanisms (e.g. current patterns) in a synthetic fashion across
spatiotemporal scales from centimeters and minutes to 100s of kilometers and months-to-years in
order to assess the extent to which variability in passive physical transport from offshore natal
areas to nearshore juvenile nurseries could account for subsequent variability in recruitment to
the population. Lacking information on variability in mortality processes along individual
trajectories, we focused our analysis of results from the IBM on estimating “maximum potential”
connectivity between offshore natal areas and nearshore nursery habitats at alongshore spatial
scales on the order of 150 km. Although “maximum potential” connectivity does not include
mortality processes acting along individual pathways, it does incorporate variability in transport
processes and seasonality in parturition. Estimates of even such a narrowly-defined version of

connectivity can generate hypotheses regarding the fate of individual fish extruded in particular
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regions, the potential importance of different natal and nursery areas, and the impacts of larger
scale climate forcing on these patterns. Lagrangian IBMs are one of the few available tools for

predicting connectivity, with their ability to follow individuals along transport pathways.

4.1. Individual pathways

Results from the IBM suggest that, as young POP progress through early pelagic life
stages from newly-extruded larva to newly-settled, young-of-the-year benthic juvenile, there is a
predominant pattern of counter-clockwise (southeast to northwest) transport along the
continental shelf, as successfully-settling individuals move from deeper parturition areas along
the shelf break to shallower, inshore nursery areas (e.g. Figs. 5 and 6b). Individual pathways are
complex, indicating the influence of mesoscale and larger eddies on their movement. Many
individuals are transported off the shelf, although some of these are also transported back onto
the shelf. The tortuous nature of the pathways illustrated in Fig 5 has strong implications for
larval surveys conducted in the GOA, particularly regarding the inherent uncertainty regarding
the origin or destination of individuals collected during such cruises. Most individuals (typically
>70%) in the model runs were not successful in reaching inshore nursery habitat from offshore
natal zones. Many of these “unsuccessful” individuals were transported beyond the modeled
area, particularly to the northwest, suggesting the GOA population may provide recruits to

populations in the Aleutian Islands or the eastern Bering Sea.

4.2. Connectivity
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The highest fraction of individuals that successfully settled in inshore nursery areas
originated from areas in the eastern GOA, while the nursery areas to which those individuals
dispersed were in the central and western GOA. Typical alongshore dispersal distances from
natal to nursery areas were on the order of several hundred kilometers, while the potential for

retention or clockwise movement was quite small.

The east-to-west connection between putative natal and nursery areas reflects the general
circulation patterns in the GOA, which are dominated by counter-clockwise circulation of the
Alaska Gyre (Alaskan Stream/Alaska Current system) over the shelf break (Reed, 1984) and the
buoyancy-driven Alaska Coastal Current on the shelf (Royer, 1998; Stabeno et al., 2004). The
GOA has multiple hydrographic fronts which can hinder on-shelf transport (Belkin et al., 2002,
2003). This region is generally thought of as having a downwelling shelf because of the onshore
Ekman transport that results from storms generated by the Aleutian Low Pressure system
(Weingartner et al., 2005). Previous observations have implicated wind generated Ekman
transport in the advection of oceanic zooplankton onto the shelf (Cooney, 1986). Here we have
shown that there is sufficient on-shelf advection to transport young POP from deep, off-shelf
larval extrusion sites to shallow inshore nursery areas, without the inclusion of any directed
horizontal swimming behavior, e.g. towards shallower bathymetry, food, or a particular

geographic location.

However, while the connectivity patterns from the IBM are consistent with general
circulation patterns in the GOA, they are inconsistent with recent genetics studies (Withler et al.,
2001; Palof et al., 2011; Kamin et al., 2013) that infer the existence of distinct subpopulations at
small spatial scales in the GOA and British Columbia, with the implication that dispersion of

POP in the larval and pelagic juvenile stages must be geographically limited (Withler et al.,
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2001; Palof et al., 2011; Kamin et al., 2013). In the GOA, Palof et al. (2011) found that adult
neighborhoods were smaller than their scale of sampling (~400 km), possibly as small as 70 km.
Kamin et al. (2013) found similar scales for young-of-the-year POP. The mechanisms

contributing to such isolation were unclear, however.

Our results indicate that dispersal distances at settlement for passively drifting larvae and
pelagic juveniles are on the order of 600 km, and that the potential for retention in areas on the
order of 150 km is small, at best. Palof et al. (2011) and Kamin et al. (2013) raised the possibility
that oceanographic mechanisms such as entrainment of larvae or pelagic juveniles in gyres and
eddies could decrease the extent of transport from natal locations. Our results indicate that
entrainment in such features does occur (Fig. 5), even for passively-drifting life stages, and that
this may indeed diminish downstream (counter-clockwise) transport of the entrained individuals,
particularly from natal sites in the eastern and central GOA. However, other mechanisms must be

responsible for limiting the dispersal scales inferred from the genetics sampling.

Kamin et al. (2013) also suggested the possibility that active homing may play a role in
limiting dispersal distances, and directed swimming by pelagic juvenile rockfish has been
suggested. In light of our results that assume essentially passive horizontal drift behavior, it
seems highly likely that active behavior at some early life stage must occur to achieve limited
dispersal. Adults of some species exhibit homing abilities, returning to reefs from which they
were displaced (Carlson and Haight, 1972; Mitamura et al., 2002). Pelagic juveniles of other
rockfish species appear to be capable of sustained directed swimming speeds, ignored in our
simulations, on the order of 10 cm s™' (Kashef et al., 2014). These would be adequate to counter
transport away from natal areas, except in the heart of the Alaskan Coastal Current or the Alaska

Stream, where current speeds can reach over 100 cm s™!. It is unknown, though, what cues would
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provide the necessary directionality for directed swimming to inshore nurseries in the
neighborhood of a natal site. A modified version of the IBM could, potentially, provide a
relatively inexpensive way of testing the effects of simple (possibly life stage-specific)

behavioral rules such as “always swim upstream” or “always swim up the bathymetric gradient

on connectivity and retention.

4.3. Environmental indices potentially associated with connectivity

Variability in the aggregate connectivity indices we developed appear to be poorly
predicted by large-scale environmental indices such as the AO, MEI and PDO. Somewhat
surprisingly, the regional-scale indices for cross-shelf flow developed directly from the ROMS
models used to drive the IBM were also poor predictors of the aggregate connectivity indices.
Considering the dynamic nature of current patterns in the GOA and the resultant complexity of
the some of the pathways individuals took in the IBM, it is not surprising that indices based on
spatiotemporal quantities defined from an Eulerian perspective (the large-scale environmental
and ROMS indices) would not capture what are inherently Lagrangian processes involving fairly

large spatial (100’s of km) and temporal (months) scales.

4.4. Predicting recruitment

Identifying indices that explain 50% or more of the variability in recruitment may
improve recruitment estimates from stock assessment models (De Olivera and Butterworth,

2005). Here, we tested combinations of the time series of the fraction of individuals, by natal
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zone, successfully settling in any nursery area across the GOA as potential linear predictors for
POP recruitment variability, as estimated in the most recent stock assessment (Hulson et al.,
2015). Of the ~300 possible models we evaluated, one had an adjusted R?> = 50% and was
statistically significant (marginally, with p < 0.05 after controlling for multiple comparisons;
Table 4). However, the regression coefficient for PWS (zone 6), one of the two natal zones
included in the model, was negative such that subsequent age-2 recruitment was predicted to be
smaller under conditions when more individuals originating from PWS successfully settled in a
nursery area somewhere. The veracity of this model, even though marginally significant, is
questionable because it seems to imply the action of negative density dependence after
settlement in the western GOA (because the IBM predicts successfully-settling larvae extruded
in PWS settle to the west). This seems unlikely because nursery habitat appears to be relatively
abundant in the western GOA.

Thus, variability in recruitment of age 2 POP in the GOA appears to be driven by more
than just variability in “maximum potential” connectivity. This suggests that environmentally-
mediated changes in mortality and growth along the trajectories of “successful” individuals
substantially alter the patterns of “effective” connectivity, obtained by including these biological
processes, from those of “maximum potential” connectivity obtained by considering only

physical (transport) processes.

4.4. Further considerations

In this study, we hypothesized that variability in connectivity (i.e. transport) between

offshore spawning and inshore nursery areas was the main factor driving juvenile recruitment
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variability as estimated by the stock assessment model (Hulson et al., 2015). Our results suggest
marginal predictive power, at best, for age-2 recruitment to the population using the suite of
IBM-related indices we tested. However, this failure to adequately predict recruitment does not
negate the value of the IBM, nor of this study.

One cannot (yet) reject the hypothesis regarding the relative importance of connectivity
on recruitment. There are a number of obvious factors which could contribute to the
“disconnect” between the IBM connectivity-based results and recruitment. One factor is that the
current model clearly does not incorporate the behavioral mechanisms necessary to achieve the
small scales of dispersal inferred from the genetic studies (Palof et al., 2011; Kamin et al., 2013).
Another factor is that parturition may vary on an interannual basis in a manner that is not
captured in the IBM. The indices we developed from the IBM weight the fraction of successful
individuals from a natal zone equally by year, so that substantial interannual variability in the
actual number of larvae extruded from a natal zone would degrade any relationship between the

indices and recruitment.

Additionally, the biological processes captured in the IBM include extremely simple
characterizations of larval growth (constant growth rates) and survival (constant). Environmental
influences on growth or survival may be important drivers of recruitment variability, as
suggested by Stachura et al. (2014). Environmentally-sensitive growth rates could reduce or
prolong life stage durations, altering the timing when pelagic stages become competent to settle

to the benthos and thus altering connectivity.

The last possibility, of course, is that our simplifying hypothesis is wrong and that
variability in connectivity is not the major factor in determining recruitment variability as

estimated in the stock assessment model. Whether true or not, one could use the IBM to explore
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the relative importance of transport relative to potential environmental influences on growth or

survival along individual pathways, based on hypothesized mechanisms.

5. Conclusions

Our major findings in this study were that, assuming no directed movement by POP prior
to the young-of-the-year life stage, : 1) under the influence of multiple eddies and gyres, larval
POP in the GOA undergo complex trajectories after extrusion in natal areas along the shelf
break, 2) young POP successfully settling in nursery areas throughout the GOA likely originate
in the eastern to central GOA, and 3) POP from natal areas in the western GOA likely contribute
little to the population in the GOA. The latter two results conflict with genetic studies that
suggest dispersal distances are extremely limited and that natal areas in the western GOA
contribute to the population in the central GOA (Palof et al., 2011; Kamin et al., 2013). Although
our results disagree with these genetic studies, they suggest testable hypotheses for future field
work focused on dispersion of pre-settlement POP larvae and pelagic juveniles, as well as the
critical requirement for studies on the capabilities of directed swimming by POP during these life
stages.

We also suggest that, at least in a highly-dynamic system like the GOA, information
derived such as on connectivity by following individuals (i.e. from a Lagrangian perspective)
will not be simply related to information derived from spatial/temporal averages (i.e. from an

Eulerian perspective) because the relevant scales are too diverse.

Finally, we are hesitant to recommend the current IBM as a means to provide a suitable
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866  predictive index of recruitment to improve the POP stock assessment model without first
867  addressing several apparent deficiencies, including incorporating directed movement and

868  environmentally-mediated growth rates.

869
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Tables

Table 1. Parameter values used in the Pacific ocean perch IBM.

Table 2. Physical and biological indices derived from ROMS model output. AO: Arctic
Oscillation; MEI: Multivariate ENSO Index; PDO: Pacific Decadal Oscillation.

Table 3. Summary of the linear model analysis for the aggregate connectivity indices, as
potentially related to the large scale (AO, PDO, and MEI) and ROMS-derived (CSF: cross-shelf
flow) environmental indices. All models with 1 or 2 environmental indices as factors were
examined; AICc was used to select the “best” model. Only models with adjusted R2>0.50 are
shown. AAICc is the change in AICc from the best 1-factor model to the best 2-factor model.
The p-value, Pr>F, for each model is an empirical family-wise p-value based on the simulating
the model fitting process 10,000 times with normally-distributed random time series to obtain the
cumulative distribution for the null model.

Table 4. Summary of the linear model analysis for the aggregate connectivity indices as potential
predictors for recruitment. We used AICc to select the “best” model, including up to 3
connectivity indices as covariates. AAICc is reported for the “best” model (shown) relative to the
“best” model with one fewer predictors (negative values indicate a better model). The p-value for
the model, Pr>F, is an approximate family-wise p-value based on simulating the model fitting
process 10,000 times with normally-distributed random time series to obtain the cumulative
distribution for the null model.
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Figures

Fig. 1. CGOA ROMS model domain and connectivity zones for the Pacific ocean perch IBM.
Alongshore zones are: 1 = PWI (Prince of Wales Island), 2 = Sitka, 3 = Cross Sound, 4 =
Yakutat, 5 = Icy Bay, 6 = PWS (Prince William Sound), 7 = Kenai, 8 = North Kodiak, 9 = South
Kodiak, 10 = Chirikof, 11 = East Shumagins, 12 = West Shumagins, 13 = Cook Inlet. The inset
shows the full CGOA ROMS model domain, with interior grid lines every 50 cells.

Fig. 2. Conceptual model for the Pacific ocean perch IBM. Life stages included in the IBM are:
preflexion larva, postflexion larva, pelagic juvenile, settlement-stage juvenile, and benthic
juvenile. Larval drawing from Lisovenko (1964). Juvenile drawing from Matarese et al. (1989).

Fig. 3. a) Seasonal patterns of mean abundance of rockfish larvae (Sebastes spp.) in tows with
non-zero catch in icthyoplankton sampling (bars; Doyle and Mier, 2016). Lines indicate assumed
decomposition into Pacific ocean perch (Pacific ocean perch; black) and other (grey) species. b)
Seasonality and relative abundance of parturition (release of preflexion individuals) used in the
Pacific ocean perch IBM.

Fig. 4. a) Time series from the 2015 GOA Pacific ocean perch stock assessment (Hulson et al.,
2015) for recruitment (lagged to parturition year; solid line) and spawning biomass (dotted line).
b) Time series of R, In(R) and In(R/S), standardized as z-scores.

Fig. 5. Trajectories for successful (dark grey) and unsuccessful (light grey) individuals released
in 2011 from natal zones 2 (Sitka; upper row), 6 (Prince William Sound; center row), and 10
(Chirikof; bottom row). Left column: trajectories during the preflexion larval stage. Right
column: trajectories during later stages.

Fig. 6. a) The fraction of individuals, by natal zone, successfully settling in any nursery zone in
the model domain. b) The average alongshore nursery zone, by natal zone, in which successful
individuals settled.

Fig. 7. Median (lefthand plot) and root median square deviation (righthand plot) for the annual
(1996-2011) connectivity matrices. Nursery areas are plotted west to east (descending order),
except for Cook Inlet (alongshore area 13).

Fig. 8. a) The first two EOFs, which account for 60% of the total variance. b) Annual principal
component scores for the first two EOFs. Grey boxes indicate |values| < 0.0001.

Fig. 9. Time series for the aggregate connectivity indices Cs(y), where s is the natal zone. a)
natal zones 1-6; b) natal zones 7-12. Note: y-axis scales are different.

Fig. 10. Comparison of estimated recruitment for POP in the GOA from the 2015 stock
assessment (grey circles and line; Hulson et al., 2015) with the “best” model (R~C,(y) + Co(y);
Table 4) predicting recruitment from the aggregate connectivity indices (black diamonds and
dashed line). Error bars represent 95% confidence intervals. The adjusted R? for the model fit is
0.617.
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1 Table 1. Parameter values used in the Pacific ocean perch IBM.
Life Stage = Parameter Value Units  Description Based on
Zi 4.5 mm initial size [11, [2], [3]
- Zr 9 mm final size [3]
% g 0.16 mm/d growth rate see text
—~ i 300 m  mindepth [4]
§ dmax 700 m max depth [4]
% Vs 1 mm/s swimming speed [5], [6]
% D, 0.0001 m¥s  vertical diffusivity
= Dy, 0.001 m¥s  horizontal diffusivity
Tinax - days  max. stage duration (effectively 27.9 days)
Zi 9 mm initial size [31, [5]
< zr 20 mm final size (2], [1], [3]
=t g 0.34 mm/d  growth rate see text
*j in 5 m min depth [7]
S max 40 m max depth [71, [8], [9]
é Vs 5 mm/s swimming speed [5]
% D, 0.0001 m¥s  vertical diffusivity
o
A~ Dy, 0.001 m%s horizontal diffusivity
T - days  max. stage duration (effectively 32.1 days)
Zi 20 mm initial size [21, [11, [3]
o % 60 mm final size [3]
% g 0.44 mm/d  growth rate based on duration from [2]
o Cmin 5 m min depth [2]
= Amax 40 m max depth [81, [9]
;—')D Vs 5 mm/s swimming speed [5]
% D, 0.001 m¥s  vertical diffusivity
- Dy 0.01 m2/s  horizontal diffusivity
Tnax 90 days  max. stage duration [2]
!q_‘: L 60 mm initial size (3]
5 3 60 mm final size
= 8 0 mm/d growth rate
0030 Amin 5 m min depth
g max 50 m max depth
é Vs 5 mm/s swimming speed [5]
% D, 0.001 m¥s  vertical diffusivity
vq—é Dy, 0.01 m?/s horizontal diffusivity
(2 Tinax 30 days  max. stage duration
2
3 'Kendall and Lenarz, 1987; 2Matarese et al., 1989; *Moser et al., 1977; “Love et al., 2002; Kashef et al., 2014; °Fisher et al., 2007; "Doyle and
4 Mier, submitted; *Ahlstrom, 1959; *Sakuma et al., 1999.
5
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Table 2. Environmental indices considered as potential factors driving IBM-predicted successful

settlement.
type index region season Jno- of
indices
AO spring
i ] ] ]
PDO fall
ROMS-derived cross-shelf flow eastern GOA spring
indices (CSF) central GOA summer 9
western GOA fall
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Table 3. Summary of the linear model analysis for the aggregate connectivity indices, as potentially related to the large scale (AO,
PDO, and MEI) and ROMS-derived (CSF: cross-shelf flow) environmental indices. All models with 1 or 2 environmental indices as
factors were examined; AICc was used to select the “best” model. Only models with adjusted R? > 0.50 are shown. AAICc is the
change in AICc from the best 1-factor model to the best 2-factor model. The p-value, Pr(> F), for each model is an empirical family-
wise p-value based on the simulating the model fitting process 10,000 times with normally-distributed random time series to obtain the
cumulative distribution for the null model.

(i‘onnectivity Zone/PC Selected Covariate(s) Coefficient F value Pr(>F) R? Adj uzsted AICc AAICc
ndex Type R
Zone 01 CSF eastern GOA-spring 0.730 14.55 0.06 0.69 0.64 3.1 16
& O one AO-spring -0.461 ' ' ' ' ' o
CSF eastern GOA-spring -0.616
PC 1 AO-spring 0.482 8.42 0.31 0.56 0.50 37.3 3.2
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Table 4. Summary of the linear model analysis for the aggregate connectivity indices as potential predictors for recruitment. We used
AICc to select the “best” model, including up to 3 connectivity indices as covariates. AAICc is reported for the “best” model (shown)

relative to the “best” model with one fewer predictors (negative values indicate a better model). The p-value for the model, Pr(> F),
is an approximate family-wise p-value based on simulating the model fitting process 10,000 times with normally-distributed random

time series to obtain the cumulative distribution for the null model.

(Ilonnectivity Zone Coefficient | F value Pr(>F) R? Adj uzs ted AlCc AAICc
ndex Type R
02 0.5510
Cs(y) 06 -0.6407 13.88 0.044 0.66 0.62 34.9 -1.2






