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ABSTRACT

We present the results of a study of the connectivity between Pacific cod spawning and
nursery areas, and settlement of Pacific cod in the Gulf of Alaska. This work was conducted to
address the hypothesis that spatial and temporal patterns of recruitment are related to variability
in connectivity between spawning and nursery areas. To examine this hypothesis, we developed
a Lagrangian, biophysical, individual-based model of Pacific cod early life history and dispersal
using the Dispersal Model for Early Life Stages (DisMELS) framework. This model is driven by
currents and scalars such as temperature from a version of the Regional Oceanographic Model
System (ROMS) developed for the Gulf of Alaska. Results of our study show connectivity
patterns predicted by the model that agree with our understanding (based on genetic analyses)
that there is a high degree of localized retention in Pacific cod. The results indicate that the
Shumagin Islands and Prince William Sound regions may serve as important collectors of Pacific
cod recruits from upstream spawning areas. We also find correlations between individual-based
model outputs and several large-scale climate indicators that appear to show settlement in several
important nursery areas, and recruitment overall, are positively affected by slower gyre
circulation in the Gulf of Alaska. We hypothesize that this is due to enhancement of retention,
settlement in the Shumagin Island region, and reduction of transport of young cod out of the Gulf

of Alaska to the southwest.

Keywords: USA, Alaska, Gulf of Alaska; Gadus macrocephalus, Pacific cod, Recruitment;

Modelling
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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
GOAIERP was to identify how physical and biological variability affect recruitment of five
commercially-important groundfish species in the Gulf. The main hypothesis of the GOAIERP
was that survival of young fish during transport from spawning to nursery areas influences
recruitment variability. Successful recruitment depends on many interrelated physical (runoff,
mixing, water temperature, and wind speed and direction) and biological (predation, food supply,
and competition) factors along the transport pathways. We refer to the biophysical environment
that individuals have to navigate during the first year of life as “the gauntlet.”

This paper focuses on Pacific cod (Gadus macrocephalus), one of GOAIERPs five focal
groundfish species. Pacific cod is a commercially important species in the GOA, accounting for
318,870 t or 14.7% of the total catch of Alaska groundfish in 2013 (Alaska Fisheries Science
Center, Seattle, WA, http://www.afsc.noaa.gov/species/Pacific_cod.php). Pacific cod are also a
key predator species in the GOA, especially on walleye pollock (Aydin et al., 2007). Cod are
opportunistic predators, and as such have a varied diet, feeding on fish and invertebrate species,
including commercially important crabs. They appear to be sensitive to bottom up effects from
both pelagic and benthic pathways (Aydin et al., 2007). Fishing, along with predation by
groundfish and marine mammals, accounts for most of the Pacific cod mortality in the GOA.

The abundance of Pacific cod in Alaskan waters has been highly variable. Spawning
stock biomass (SSB, Fig. 1) was high during the early 1980s due to a year of very high

recruitment of Pacific cod in 1977 (Barbeaux et al., 2018). SSB declined from the mid-1980s
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until 2009, and then increased until 2014 when it experienced a significant decline during a
marine heat wave in the GOA (Di Lorenzo and Mantua, 2016). The cohorts of 1977 and 2012
were the strongest in recent decades, although the factors driving those recruitment events, and
recruitment variability in general, are not well understood. It has been recognized since the work
of Hjort (1914) that there is rarely a good relationship between spawning stock biomass of marine
fish species and recruitment, and that recruitment levels are the result of complex interrelationships
of physical and biological variables affecting early life stages (Houde, 2009). We hypothesize that
variability in patterns of connectivity, i.e. transport between spawning and nursery areas,
underlies variability in Pacific cod recruitment and we use a Lagrangian, spatially-explicit,
Individual Based Model (IBM) for Pacific cod to test it. The term “recruitment” (or “recruits’) in
this study refers to the number of age-0 Pacific cod at the end of their first year of life estimated
by the stock assessment model, as reported in the SAFE (Stock Assessment and Fisheries
Evaluation) document (Barbeaux et al., 2018).

Relative to their congener Atlantic cod (Gadus morhua), very little is known about the
dispersal and connectivity patterns of Pacific cod. Spawning Pacific cod are found in the GOA
between February and July (Dunn and Matarese, 1987). Eggs are demersal and semi-adhesive
(Laurel et al., 2008), which has been hypothesized to limit dispersal compared to the pelagic
eggs of Atlantic cod. Eggs are also stenothermal, euryhaline and euryoxic, with optimum
temperatures for development between 3.5 and 4°C (Alderdice and Forrester, 1971). At 4°C,
hatching occurs at 21-26 days after fertilization and newly hatched yolk-sac larvae are 3.8-5.3
mm SL (Laurel et al., 2008). The yolk-sac larval stage duration is between 3 and 12 days
depending on temperature (Laurel et al., 2008). Larvae are pelagic and yolk-sac larvae show a

strong surface orientation as early as 1 day post-hatch (Hurst et al., 2009). Larvae occur



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

primarily in the upper 45 m; however larval depths are highly variable. Flexion occurs at 20-35
days after hatch at 8° C (Narimatsu et al., 2007). After flexion (10-17 mm), larvae respond to
light variation with vertical movements reflecting a diel vertical migration with greater occupied
depths during the day (Hurst et al., 2009), although this pattern was not observed by Brodeur and
Rugen (1994). Transformation to the juvenile stage occurs at around 25-35 mm SL, about 70-75
days after hatch at 8° C. Although maturity occurs at 4-5 years of age, for our purposes,
“juvenile” explicitly refers to fish during their first year of life. By July of their first year,
individuals have been transported towards shore (Rugen and Matarese, 1988), and have begun to
settle to the bottom. Juvenile nursery areas are primarily shallow coastal embayments (Abookire
et al., 2007; Laurel et al., 2007). Although juveniles have been caught at depths to 70 m (Smith
et al., 1984), densities are generally highest in waters shallower than 20 m during the summer
and fall (Laurel et al., 2009). Within this depth region, juvenile cod show a preference for high
salinity water (Abookire et al., 2007) and structured habitat features (e.g. sea cucumber mounds,
eelgrass and kelp; Laur and Haldorson, 1996; Dean et al., 2000; Laurel et al., 2007). Pacific cod
are known to make annual feeding migrations and return to prior spawning locations, but some
stock components may be non-migratory. Genetic studies indicate that dispersal distances of
Pacific cod between birth and reproduction may be less than 30 km (Cunningham et al., 2008).
Mean circulation in the GOA is predominantly east to west. Along the continental shelf
break the Alaskan Stream is a westward flowing boundary current with flow rates up to 80-100
cm s”! (Reed and Schumacher, 1984). On the shelf, within about 50 km of the coast, the Alaska
Coastal Current is a westward-flowing, wind-driven current (Royer, 1998; Stabeno et al., 2016)
with a low salinity core and flow rates of 25 to 175 cm s™! (Stabeno et al., 1995). Both current

systems meander and shed eddies, which affect the trajectories and mixing of water masses
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(Janout et al., 2009; Ladd and Stabeno, 2009; Ladd et al., 2005; Okkonen, 2003). Storms
associated with the Aleutian Low atmospheric pressure system promote onshore advection of
surface water (Cooney, 1986), and the coastal mountain range constrains these pressure systems
resulting in elevated precipitation and runoff (Royer, 1982). Variation in the storms and runoff
result in interannual variability in many aspects of the circulation including onshore advection
(Stabeno et al., 2004).

IBMs, such as that used here, are biophysical models that have been used in studies of
recruitment (Hinckley et al., 1996, Stockhausen and Lipcius, 2003), marine reserves
(Stockhausen and Hermann, 2007; Stockhausen and Lipcius, 2001; Stockhausen et al., 2000;
Pelc et al., 2010; Paris et al., 2004), and connectivity (Cowen et al., 2006, Cowen et al., 2007,
Cooper et al., 2013, Parada et al., 2010), and for other applications in marine ecology and
fisheries. These models generally include several pelagic early life history stages, with biological
processes that differ among the stages. IBMs are typically coupled to regional three-dimensional
oceanographic models to simulate the environmental factors that affect development and
transport of each life stage such as temperature, salinity, and currents. IBMs can be simple,
accounting for only a few base variables, or relatively complex, to include a full suite of
processes such as feeding, bioenergetics, growth and movement (e.g. Werner et al., 2001, North
et al., 2009, Hinckley et al., 1996; Hinckley et al., 2001; Megrey and Hinckley, 2001, Kim et al.,
2015, Parada et al., 2010). The degree of complexity often reflects the data available for a
particular species as well as the research question or focus.

Using a model-based approach to explore ways in which environmental variability in the
GOA affects recruitment of Pacific cod, we specifically address the hypothesis that Recruitment

variability of Pacific cod is primarily influenced by variability in the proportion of young fish
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transported from (offshore) spawning areas to nearshore nursery areas (connectivity) due to
interannual differences in the characteristics of the physical regime in the GOA. To address our
hypothesis, we initially examine connectivity between potential Pacific cod spawning and
nursery areas and patterns of settlement, and then develop model-based indices of connectivity to
compare with indices of environmental variables that could impact young Pacific cod. These
potential indices are then compared to variability in recruitment estimates from the stock

assessment of Pacific cod.

2. Methods

2.1. Model descriptions and simulations

We used a species-specific IBM coupled to a hydrodynamic model of the region to
explore Pacific cod connectivity in the Gulf of Alaska. The structure of the IBM is similar to
those developed for walleye pollock (Hinckley et al., 1996; Hinckley et al., 2016; Parada et al.,
2016) and for snow crab (Parada et al., 2010) in that it is driven by a 3-dimensional (3D)
hydrodynamic model and describes biophysical processes happening during early life history
stages. However, it uses a different modeling framework than the earlier models, and stage
processes and parameters are specific to Pacific cod. The walleye pollock and snow crab models
used the Ichthyops framework (Lett et al., 2008). The current model was developed within the
Dispersal Model for Early Life Stages (DisMELS) framework that uses the output of a coupled,

biophysical, Regional Oceanographic Model System (ROMS) to provide information on the



162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

physical and lower trophic level environment. The coupled model simulation years were 1997 to
2013. This time span includes the field sampling years of the GOAIERP (2011-2013), years of
high and low recruitment of Pacific cod, and years representing different climate conditions

(including the 1997-1998 El Nino).

2.1.1. ROMS Hydrographic Model

We employed two model domains: a 3-km resolution model of the GOA, embedded
within an 11-km resolution model of the Northeast Pacific. The hydrodynamic models are based
on ROMS (Shchepetkin and McWilliams, 2005; Haidvogel et al., 2008), version 3. ROMS is a
hydrostatic, primitive equation ocean model that utilizes sigma-coordinates in the vertical and
curvilinear orthogonal coordinates in the horizontal. The 3-km and 11-km regional models each
utilized 42 vertical layers, with refinement for tighter spacing to resolve the surface boundary
layer.

The 3-km grid extends from northern British Columbia in the east to west of the
Shumagin Islands off the Alaska Peninsula in the west, and from the coast to approximately 1200
km offshore, with ~500 x 500 grid points. The 11-km model domain covers the region from Baja
California to the Chukchi Sea, from the coast to approximately 2000 km offshore, for a total of
~200 x 500 grid points. Fine-scale bathymetry is based on ETOPOS, a gridded data set of land
and sea-floor elevations (NOAA, National Geophysical Data Center, Boulder, Colorado, 1988)
and supplementary datasets as described in Danielson et al. (2011); smoothing of the bathymetry
was utilized for numerical stability. The layered coordinate system of ROMS required that
regions shallower than 10 m be set to a depth of 10 m to ensure numerical stability (which would

be violated for overly thin layers, given a fixed model time step). Vertical mixing in both the 3-



185  km and 11-km models was based on the algorithms of Large et al. (1994). Tidal dynamics are
186  included in the 3-km ROMS model; the explicit inclusion of tidal flows allows tidally-generated
187  mixing and tidal residual flows to develop. Tides are included in the 11-km model simulation.
188 The models were forced by 6-hourly atmospheric (for surface forcing) and monthly

189  oceanic (for initial and boundary conditions) reanalysis output from NOAA’s global Climate
190  Forecast System Reanalysis (CFSR; Saha et al., 2010), and subsequent operational analyses,
191  spanning the years 1995-2013. Horizontal resolution of the CFSR atmospheric and oceanic

192  reanalyses is ~ 40 km; these were interpolated to the regional grids. Bulk forcing, based on the
193 algorithms of Large and Yeager (2008), was used to relate the 6-hourly CFSR atmospheric

194  variables (wind velocities, air temperature, rainfall rate, absolute humidity, downward shortwave
195  and longwave radiation) to surface stress and the net transfers of sensible heat, latent heat,

196  shortwave and longwave radiation through the sea surface, as well as surface freshening by the
197  rainfall.

198 The oceanic boundary conditions were enforced using the hybrid nudging/radiation

199  scheme of Marchesiello et al. (2001). The 11-km model initial and boundary conditions were
200  derived from the CFSR, while these conditions for the 3-km model were derived from weekly
201  averages of the 11-km model physical output, spatially interpolated onto the 3-km model

202  boundaries (one-way nesting with no feedback to the outer model). The 11-km model was run
203  for one year prior to its use for initialization of the 3-km model.

204 Freshwater runoff was applied to the northern Gulf of Alaska simulations by freshening
205  surface salinity within a few grid points of the coastline using an exponential taper based on
206  squared distance from the coastline, with an e-folding distance of ~30 km. This technique

207  minimized the runaway stratification artifact, which has been observed using continuous
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horizontal input of freshwater along broad stretches of the coastline (Dobbins et al., 2009; Vaz
and Simpson, 1994). The alongshore spatial pattern of the runoff for the 11-km NEP grid for
1995 — 2007 came from Dai et al. (2009). After 2007, a climatology based on Dai et al. (2009)
was used to set the NEP grid runoff. Runoff for the 3-km CGOA grid was generated from a high-
resolution freshwater discharge model for the Gulf of Alaska (Hill et al., 2015; Beamer et al.,
2016) as described in Coyle et al. (in press, this volume).

Output from the 3-km model was lowpass-filtered to eliminate tidal and inertial
oscillations, and stored as 1-day averages for subsequent use by the IBMs. Validation studies and
descriptions of related versions of the 11-km NEP model are available in Danielson et al. (2011)
and Hermann et al. (2009a). Validation studies and descriptions of related versions of the 3-km
biogeochemical and physical GOA model are described in Hermann et al. (2009b), Hinckley et

al. (2009), Dobbins et al. (2009), and Coyle et al. (2012, 2013).

2.1.2. DisMELS framework

DisMELS was developed at the Alaska Fisheries Science Center NOAA/NMES) to
provide a framework to develop and run IBMs simulating the early life stage development and
dispersion of marine fishes and invertebrates with pelagic egg and larval stages. It couples an
IBM framework with stored output from a ROMS model to provide a time-varying, 3D physical
environment in which to simulate the dispersal trajectories of thousands of simulated eggs and
larvae from natal locations up to 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 analyze results.
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2.1.3. The Pacific cod IBM

A conceptual model of Pacific cod early life history is shown in Fig. 3. Six life stages were
included in the IBM (eggs, yolk-sac larvae, pre-flexion feeding larvae, post-flexion feeding
larvae, epipelagic juveniles and settled juveniles). Processes such as growth and development,
depth distribution, and diel migration differed by life stage. To accommodate the complexity of
Pacific cod life history, changes and additions were made to the basic DisMELS model code to
include parameters and algorithms specific to Pacific cod egg, larval and juvenile (less than one-

year old) stages. The stage-specific parameterization of the IBM is described below.

2.1.3.1. Egg stage

Pacific cod spawn at the sea bottom over the continental shelf; therefore, eggs were
considered to be attached to the bottom and do not move from their spawning location. The
initial size of embryos in the model was assumed to be 0 mm, and using growth rates for
embryos (Hurst et al., 2010) resulted in size at hatch averaging between 4 and 5 mm (Laurel et
al., 2008; Doyle and Mier, 2016). Egg stage duration was modeled as a function of temperature

(Laurel et al., 2008) with a minimum set to 8 d and an average of 20-25 d.

2.1.3.2. Yolk-sac stage

Upon hatching, yolk-sac larvae move quickly to the surface (Matarese et al., 1989;
Mecklenburg et al., 2002; Hurst et al., 2009, Doyle and Mier, 2016). The depths for yolk-sac
larvae were restricted to 0-40 m (Brodeur and Rugen, 1994). Yolk-sac larvae were assumed to
move vertically in a random manner with a mean vertical velocity of 1x10* m s™!. Progress

through the yolk-sac larval stage was modelled similar to walleye pollock (Hinckley et al.,
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1996). The number of days to the point of no return (PNR), the time at which a larva cannot
recover from starvation, was a function of temperature (Laurel et al., 2008), as were days to
yolk-sac absorption (YSA) or first-feeding readiness. If larval time in the stage was less than
YSA, larval age and growth were incremented and feeding did not occur. Once a larva was ready
to feed (past YSA), the probability of feeding on each day was set to a random variate between 0
and 1, which increased linearly with age. If it did feed, larval age and growth were incremented
using the growth algorithm for the yolk-sac stage, and the larva passed into the pre-flexion
feeding larval stage. If it did not feed, age and growth were incremented, but it did not pass into
the next stage. If PNR was reached without feeding, the larva died of starvation. The duration of

the yolk-sac larval stage was constrained to 2 — 15 days.

2.1.3.3. Pre-flexion feeding larvae through benthic juvenile stages

During the pre-flexion feeding larval stage, the individual’s depth was constrained to
between 0 and 40 m, and there was no diel migration (Brodeur and Rugen, 1994; Hurst et al.,
2009). Vertical velocity was a function of length and temperature (Ottmar and Hurst, 2012).
Growth rates for pre-flexion stages were based on measurements in Hurst et al (2010). In that
paper, the authors acknowledge the potential for underestimation of growth rates due to the use
of rotifers instead of natural copepods as prey. However additional runs of our model applying
elevated pre-flexion growth rates led to similar patterns of connectivity between spawning and
nursery areas.

Each larva passed into the post-flexion feeding larval stage after reaching a length of 13.5
mm (Matarese et al., 1989). Growth rate for the post-flexion feeding larval stage differed from

that of the previous stage (Hurst et al., 2010) and diel migration was initiated. Daytime depth
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varied between 20 and 40 m, whereas nighttime depth was between 0 and 20 m. The day-night
depth pattern was based on maintaining the 0-40 m depth range observed for pre-flexion larvae
(Brodeur and Rugen, 1994) as well as the vertical migration behavior observed in lab
experiments (Hurst et al., 2009). Each larva grew until it reached the length of transformation (25
mm, Dunn and Matarese, 1987), when it passed into the epipelagic juvenile stage. Larvae in this
developmental stage exhibited a similar pattern of day and night depths and vertical velocity as
the preceding stage, but could settle if they reached an area where the depth was less than 70 m
(Smith et al., 1984). Individuals in the benthic juvenile stage were constrained to one location
(although they actually move horizontally in an unknown manner). The goal of this study was to
model transport to potential settlement regions, and was not focused on fine-scale post-
settlement habitat selection, hence the lack of movement after settlement.

Growth rates for all life stages were functions of temperature and were taken from Hurst
et al. (2010); these growth rates differed by life stage (Table 1). Except for starvation during the
first-feeding stage, there was no explicit mortality included in the IBM. This is because there are
insufficient data on predator feeding habits, distribution and abundance, or on the total
abundance of cod early life stages necessary to parameterize predation mortality. This
simplification implies that the connectivity shown here represents maximum connectivity
between potential spawning and nursery areas. However, the main purpose of this study was to
examine stability and variation in the oceanographic drivers of dispersal and connectivity

patterns. Parameters and algorithms used in the IBM are listed in Table 1.

2.2. Connectivity
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Connectivity between zones was defined as the fraction of fish initiated in a specific
spawning area that ended in each zone. We divided the GOA into geographical zones
representing source (spawning, zones 102-113, 202-213) and sink or ending (nursery, zones 101-
113, and other non-nursery (0-12, 201-213) areas (Fig. 2), to assess the connectivity between
spawning and nursery (or other) areas. Individuals that left the ROMS grid were classified as
ending in zone 998. The GOA was divided into 12 alongshore zones, and several depth zones.
These zones, by discretizing space in the GOA, help us define where each individual spawns,
zones that it may travel through, and the zone where it settles. The zones also facilitate the
analysis of connectivity by grouping the locations of individuals. The alongshore zones were
defined based on several criteria, including topography and geographic region (e.g. Cook Inlet or
West Shumagins). The depth zones represented depths significant to Pacific cod life history.
Pacific cod spawning zones were considered to be between 20 and 200 m depth (Dunn and
Matarese, 1987) while nursery areas were assumed to be regions where the depth was less than

70 m (Smith et al., 1984).

2.3. Initial conditions

Little information on specific locations of Pacific cod spawning or egg distribution exists.
Pacific cod spawning distribution is known to be patchy, but the specific locations of these
patches are not known. The few studies of distribution of Pacific cod spawning adults in the Gulf
of Alaska (Stark, 2007; Hirschberger and Smith, 1983; Fisheries Monitoring and Analysis
Division, Alaska Fisheries Science Center, NMFS, Seattle, unpublished data) have narrow

spatial and temporal coverage. Commercial catch between February and June (the spawning
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period) occurs throughout the Gulf of Alaska and is not specifically targeted on the spawning
aggregations, so could not be used to delineate spawning patches. Furthermore, because of their
demersal nature, Pacific cod eggs are not caught in ichthyoplankton surveys which use pelagic
nets (Dunn and Matarese, 1987). Due to this paucity of information, cod eggs were released over
all suitable locations in the GOA where the water depth was shallower than 200 m.

A sensitivity analysis was performed to determine the optimal spatial resolution for
initialization of individuals. For this test, we released eggs from two connectivity zones
(different zones from those shown in Fig. 2) in Southeast Alaska, a shallow (<70 m) spawning
zone and a deep (70-200 m) spawning zone. Within these zones, eggs were released on grids
with spatial resolutions of 1, 2.5, 5, 7 and 10 km, with a single egg released at each grid point.
Eggs were released on 15 March at the bottom, and individuals were tracked until 1 November.
At the end of each simulation, the final connectivity zone of individuals was determined and
connectivity zones were ranked by the number of individuals they contained. The top ten final
zones (of 36) and the total number of individuals simulated (which is determined by the grid
size) were compared for each grid size (Table 2). Grids with larger spatial resolutions were
compared to the 1 km grid. Grids with spatial resolutions of 1 km and 2.5 km resulted in the
same top 10 final zones, although these were in a somewhat different order. Nine zones were the
same (out of the top 10) for the 5- and 7-km grids as were found for the 1-km grid, and the 10-
km grid resulted in eight zones that were the same as the 1-km grid. The simulations with the 1-
km and 2.5-km grids required substantially more modelled individuals than the coarser grids.
Final models were run releasing eggs on a 5-km grid, which provided agreement with the finer 1-

km grid results with markedly reduced computation time.
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Individuals were released mid-month from February to June on the 5-km grid. The June
release resulted in no settlers by the end of the simulation (31 October), so this release time was
removed from further analysis. Due to the narrow shelf and small areal extent of potential

spawning areas in regions 101 and 201, no eggs were released in these zones.

2.4. Analysis methods

2.4.1. Connectivity matrices

Connectivity matrices were computed for each year of the simulation. The cells of the
matrices show the probability of modelled individuals from each spawning zone dispersing to
any connectivity zone by the end of the simulation (so that the sum of the probabilities over each
row of the matrix (spawning areas) is 1.0). The ending zones (columns of the matrix) could be
nursery areas (<70 m), or any other zone. Individuals that exited the 3-km grid (designated as
Zone 998) were also recorded. The average probability of transport from a specified start zone to
a specific end zone and the standard deviation (SDconn) of these probabilities over all simulated
years (1996-2011) were calculated. The average and SDconn Were plotted as matrices, and the
spawning areas for settlement regions of interest were plotted to clarify some of the observed
patterns.

We hypothesize that variability in annual recruitment is related to variability in
connectivity. We used a Normalized Difference Index (NDI) and an Overlap Coefficient (OC) to
examine this hypothesis. The NDI and the OC have been applied to compare modelled

distributions with observed field distributions of young fish (Hinckley et al., 2016).
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2.4.2. Normalized difference index

The normalized difference index (NDI) was adapted from Hinckley et al. (2016),
Berntsen et al. (1996) and Sgiland and Skogen (2000), and used to examine variation among
annual connectivity matrices. We calculated the normalized difference between modelled
connectivity matrix probabilities for each i-th cell for each year 7 (P;;) and the average modelled
connectivity matrix values for all years for each i-th cell (P;), divided by the standard deviation
(SD:) of modelled connectivity output for all years for each cell. Following Sgiland and Skogen
(2000), we used the maximum of either the SD; or 0.01 to avoid division by a very small number.
The resulting cost function field NDI;,is defined by:

NDI;; = (P;; — P;)/max(SD;,0.01) (10)
Negative values of NDI;; indicate that the connectivity probability for that cell/year was less than
the mean connectivity probability for that cell, whereas positive values of NDI;; indicate that the
connectivity probability for that cell/year was greater than the mean. The NDI; for each year is
the sum of the absolute values over all cells with higher NDI; values indicate greater differences
from the overall mean pattern in connectivity. The time series of NDI; values was compared to

the recruitment time series for Pacific cod.

2.4.3. Overlap coefficient

An overlap coefficient (OC) was used to examine the overlap of each year’s connectivity
matrix with the average (1997-2013) connectivity matrix. This type of coefficient is normally
used to examine the overlap of spatial distributions (Hinrichsen et al., 2005); here we apply it to

connectivity matrices calculated as:

0C, =23 (Pie. P ) J(B1y PE + X1 PP)
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for year ¢ and cell i. The OC is 0 when there is no overlap and 1 when the two matrices are
identical. Hinckley et al. (2016) used this index to compare modelled distributions of pollock
larvae with survey distributions. Hinrichsen et al. (2005) applied OC to determine how many

modelled larvae and prey were simultaneously present in the subareas of the central Baltic Sea.

2.4.4. Settlement analysis, physical indices and recruitment

We examined several other metrics: (1) the fraction of the total number of simulated
individuals that settled by year, (2) the fraction settling in each nursery zone, and (3) the fraction
settling from each spawning zone. Several model-derived time series were compared to Pacific
cod recruitment (Barbeaux et al., 2018) using Pearson’s correlation coefficient. We examined the
correlations (Pearson’s r) between the fraction settling in each nursery zone and several large-
scale climate indices. An average of three winter months (December-February), just prior to
spawning, was used for each index. The Multivariate ENSO index (MEI, Wolter and Timlin,
1993, 2011) reflects the El Nifio/La Nifia state with positive values representing stronger gyre
circulation associated with El Nifo, and vice-versa for La Nifia. The North Pacific Index (NPI,
Trenberth and Hurrell, 1994, 1995) is the area-weighted sea level pressure over the region
between 30°N and 65°N with positive NPI values reflecting a weaker Aleutian Low and reduced
gyre circulation. The Pacific Decadal Oscillation (PDO, Mantua et al., 1997; Zhang et al., 1997,
Bond and Harrison, 2000) represents Sea Surface Temperature (SST) anomalies in the North
Pacific. Lastly, the Arctic Oscillation (AO, Higgins et al., 2001, 2002) reflects the strength of
counterclockwise winds at ~55°N latitude, with negative AO values associated with increasing
storminess in mid-latitudes. The MEI, NPI and AO indices were chosen because they relate to

different drivers of circulation, and therefore larval transport, in the Gulf of Alaska. Stachura et
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al. (2014) found that the NPI may be a good predictor of recruitment for fish species in the GOA.
The PDO was chosen because temperature affects growth of individuals in the Pacific cod IBM.
Growth determines larval life stage and therefore depth, which affects transport in a vertically

stratified ocean.

3. Results

3.1.Connectivity

The average annual connectivity for Pacific cod between spawning areas and ending
areas (including nursery and non-nursery areas) for the years 1997-2013 is shown in Fig. 4. For
modelled individuals initialized in the shallow (< 70 m) spawning areas, retention (i.e. settlement
in the same areas as release) of modelled individuals was the dominant pattern (average
probability =0.41). This pattern is indicated by the lower diagonal white line in Fig. 4. Some
young Pacific cod moved from their spawning areas to nearby areas downstream, as shown by
the shaded cells immediately left of the diagonal. Another important pattern was the movement
of individuals from deep spawning areas to adjacent inshore nursery areas (upper diagonal white
line in Fig, 4). However, the probabilities of such shoreward transport were less than the
probabilities of retention. For the most part, the early life stages of Pacific cod were not
transported great distances between spawning zones and nursery areas. Despite the general
pattern of retention, a high proportion of individuals were transported out of the GOA model

domain (designated as zone 998 on the connectivity matrices). The probability of loss was



437  between 0.01 and 0.91 (depending on the start zone) and was greatest for fish spawned to the
438  west of Kodiak Island (especially the deeper spawning areas 209-212; Fig. 2). Most of these
439  individuals were transported out of the model domain to the southwest; however, some were
440  transported out of the model grid to the southeast.

441 The largest standard deviation (SDconn) in the probability of transport between start/end
442  pairs over the modelled years was 0.10 (Fig. 5). The highest variability in connectivity was seen
443 in the transport of individuals released in areas 112, 113, and 212 near the Shumagin Islands and
444 in fish transported out of the southwest corner of the grid.

445 The spawning areas for several of the nursery or ending regions and for the modelled
446  individuals that left the GOA are plotted to reflect an alternate perspective on dispersal (Fig. 6).
447  Retention in the spawning area is clearly the most important source for settling individuals in
448  each nursery area. The contribution of spawning zones to the east of the nursery area (102 and
449 202 being the farthest east) decreased rapidly with distance from the nursery area. Individuals
450  generally did not come from zones west of the settlement area (112 and 212 being the farthest
451  west). Area 106 (Prince William Sound) was more strongly connected to multiple spawning
452  areas upstream and offshore than other nursery areas. This was also true for nursery area 112
453  (West Shumagins). It is also clear from Fig. 6 that most individuals exiting the grid (Area 998)
454  came from the southwesterly spawning areas (112, 211,212) closest to the southwestern grid
455  boundary.

456

457  3.2.Normalized difference index and overlap coefficient

458
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The year with the lowest NDI, 1.e. the year in which connectivity patterns were most
similar to the mean, was 2000 (NDI = 20.50, Fig. 7). The year with the highest overall NDI (i.e. a
connectivity matrix most divergent from the mean) was 1998 (NDI = 36.45). The range of the
OC index was small. The year with the lowest OC (Fig. 7) was 1998 (OC = 0.94), and 2000 was
the year with the highest OC (0.98). NDI and OC were inversely correlated with r =-0.84 (p <
0.001).

The largest differences in 1998 from the annual mean were that more simulated
individuals exited the model domain (sink area 998) from areas 110 (Chirikof) and areas 207-211
(Kenai to East Shumagins, deep spawning areas) (Fig. 8). There was also higher than average
retention within area 103 (Cross Sound), and fewer individuals ending in area 112 (West
Shumagins) in that year. Recruitment of Pacific cod in 1998 was the second lowest of the

modelled period.

3.3. Settlement, physical indices and recruitment

The analysis of settlement fractions in each nursery zone must be considered preliminary,
as there is little information about initial spawning distributions. However, given this constraint,
settlement fractions (of the total number of simulated individuals) generally increased from east
to west with a peak in area 112 (West Shumagins, Fig.9A). The lowest fractions settled were in
Southeast Alaska (areas 101-103) and Yakutat/Icy Bay in East Central GOA (104-105).
Fractions settled in the central GOA from Prince William Sound (106) to Chirikof (110) regions

were similar and higher than those farther east.



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

The patterns of settlement for fish starting from the shallow and deep spawning areas
(Figs. 9B, C) were similar, and were quite high except for area 112 and 212 (West Shumagins).
The latter is probably because (as was mentioned in the connectivity results) Pacific cod are
mostly either retained in their spawning areas, or they disperse a short distance from their
starting location; in the case of area 212 they can easily move out of the grid to the southwest, as
the prevailing currents take them in this direction. Settlement fractions for individuals from
spawning areas 102-108 and 203-208 (Sitka to North Kodiak) were above 70%. Settlement
fractions decline from North Kodiak Island to the West Shumagins (areas 109-112 and 209-212).
Settlement of modelled individuals released in Cook Inlet (areas 113 and 213) was high (>80%).
It is unknown whether there is a high abundance of Pacific cod spawning in Cook Inlet. Of the
simulated years, 1998 had the lowest fraction settled (Fig. 9D) with 2003 and 1997 showing the
highest fraction settled.

Most of the model-derived time series that were compared to actual Pacific cod
recruitment from the NMFS stock assessments showed very low correlation coefficients (Table
3). However, the fraction settled in area 105 (Icy Bay) was positively correlated with observed
Pacific cod recruitment (as estimated by Barbeaux et al., 2018). Recruitment was negatively
correlated with settlement in areas 101 (Pt. Wales Island), 107 (Kenai), and 108 (North Kodiak).
Settlement in area 112 (West Shumagins) was negatively correlated with the MEI and NPI,
whereas settlement in area 105 was negatively correlated with the PDO. The AO index was not

significantly correlated with settlement in any of the nursery zones.
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4. Discussion

Knowledge of connectivity, the linkage between spawning areas and settlement areas,
can increase our understanding of the fate of fish spawned in particular regions, of the potential
importance of different spawning and nursery areas, of stock structure, and of the impacts of
larger scale climate forcing on recruitment patterns. It can also give insight into how these
patterns may differ between the eastern and the western GOA, or of how these two regions may
be linked via larval transport. We hypothesized that variation in annual recruitment is related to
patterns of dispersal and connectivity throughout the Gulf of Alaska. Lagrangian IBMs are one
of the few available tools for studying connectivity, with their ability to follow modelled
individuals along transport pathways.

This study of connectivity and settlement patterns of Pacific cod in the Gulf of Alaska
revealed some general patterns that are in accordance with what is known about Pacific cod early
life history, and that also extend our understanding of potential transport and settlement patterns.
Some possible causes of variability in these patterns due to large-scale climate factors, and
consequences of these patterns and their interannual variability on recruitment were also
examined.

The results of modelled connectivity patterns indicate that the early life history stages of
Pacific cod generally do not disperse far from their natal areas. Retention of modelled
individuals in areas where they were spawned was the strongest connectivity pattern seen. This
result agrees with patterns of genetic variation suggesting limited dispersal rates in this species
(Cunningham et al., 2008). We also found that individuals spawned in shallower spawning areas

nearer to shore or in areas where the circulation is weaker are more likely to be retained than
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those released in deeper shelf areas where strong directed currents such as the Alaska Current are
dominant, as might be expected. Many cod that were spawned to the west of Kodiak in the
model, especially in the Shelikof Strait sea valley (with its strong westward currents), were
transported out of the GOA. However, many modelled individuals were also transported from
the deeper shelf spawning regions to nearby nearshore settlement regions, indicating the
importance of cross-shelf transport. The variability in connectivity for Pacific cod was not as
high as for other, long-distance dispersing species such as sablefish (Anoplopoma fimbria,
Gibson et al., in press, this volume), Pacific Ocean perch (Sebastes alutus, Stockhausen et al., in
press, this volume) or arrowtooth flounder (Atheresthes stomias, Stockhausen et al., in press, this
volume). The highest variability was in the patterns that showed the strongest connections, such
as retention and transport out of the GOA. This restricted transport of early life stages of Pacific
cod has consequences for east vs. west differences. Cod spawned in southeast Alaska that were
not retained in that area, for example, were not likely to be transported much farther west than
Prince William Sound.

The retention and limited transport in our model results is partially because (in the model
and in situ) Pacific cod eggs are attached or semi-attached to the bottom for nearly a month of
their early life. This trait, which is unique among species in the genus may, among other things,
be an adaptation to restrict larval dispersal. In the model, we also assumed that once the
modelled individuals settle as benthic juveniles, they do not move from their settlement location.
Benthic juveniles cod are likely to move horizontally to some degree. However, it is thought that
they may not move far based on nearshore settlement dynamics of Atlantic cod (Laurel et al.,

2003).
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The fraction of settling Pacific cod in these simulations was higher than that observed for
sablefish (Gibson et al., in press, this volume), Pacific Ocean perch and arrowtooth flounder
(Stockhausen, et al., in press, this volume). Walleye pollock settlement fractions are generally
between those for Pacific cod and the other species (Parada et al., 2016). We did not have precise
locations of Pacific cod spawning or information on the spatial pattern of predation on egg and
larval stages, so the number of individuals settling in each modelled nursery area may differ from
the dispersal patterns reflected here. However, the modelling results indicate that the area around
and just west of the Shumagin Islands could represent a significant nursery area for Pacific cod
in the Gulf of Alaska because this area received settling fish from a wide range of potential
spawning locations. Doyle and Mier (2016) show that many late larval Pacific cod concentrated
in this region in May. High commercial catches of adult Pacific cod are also found in this region
(http://www.afsc.noaa.gov/maps/FMA/datamap/obsmap.html).

Nursery areas in southeast Alaska and the east central GOA had the lowest settlement
rates and the highest likelihood of individuals spawned there being dispersed downstream or
offshore. This is likely due to the narrowness of the continental shelf, and the impingement of the
Alaska Current and oceanic eddies. A high proportion of modelled fish released in Cook Inlet
reached suitable settlement sites, but little is known about the magnitude of spawning activity
occurring there. Prince William Sound and the West Shumagins seem to act as collection areas
for fish transported from upstream areas. Individual fish from southeast Alaska to Prince William
Sound settled in Prince William Sound, as well as being retained in their spawning areas.
Individuals from Kodiak to the West Shumagins settled in the West Shumagins, as well as being
retained near their spawning areas. These results may indicate that if recruitment of Pacific cod is

determined in the early life stages, the eastern and western regions could show different
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recruitment patterns. We were unable to examine this hypothesis however, because estimates of
recruitment for this species are made Gulf-wide, not for specific regions.

The year 1998 exhibited the highest divergence (using the NDI) from the mean
connectivity pattern, and had the lowest fraction settled of all years in our time series.
Recruitment in 1998 was also the third lowest of our modelled period. More modelled
individuals exited the GOA, and fewer individuals settled in West Shumagins in 1998.
Settlement in the east central GOA was positively correlated with recruitment, whereas
settlement around North Kodiak and the Kenai area was inversely correlated with recruitment,
although the reasons for the latter are unclear.

Several hypotheses arise from this work that require further exploration. For example,
settlement and recruitment success for Pacific cod may increase when the GOA gyre circulation
is slow, enhancing retention and short-distance transport, and minimizing transport out of the
GOA. A negative MEI (the Multivariate ENSO index) indicates La Nifia conditions (weak
circulation) whereas a positive MEI indicates El Nifio conditions (strong circulation; Comes and
DiLorenzo, 2007). NP1 is area-weighted sea level pressure over the region between 30°N and
65°N with a positive NPI reflecting a weaker Aleutian Low and slower gyre circulation. During
the examined period, Pacific cod recruitment in the GOA was positively correlated with NPI (r =
0.496, p = 0.043) and negatively associated with the MEI (r = -0.421, p = 0.092). These patterns
basin-scale patterns appear to be associated with climate-related patterns of delivery of Pacific
cod larvae to specific nursery regions. For example, settlement in both the West Shumagin area
(the nursery area with the greatest fraction of settling fish) and Prince William Sound (important
for collection of upstream larvae as well as retention) were positively correlated with the NPI

and negatively correlated with the MEL
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It is difficult to isolate the specific mechanisms linking regional climate indices to
population connectivity and recruitment as aspects of climate and ocean conditions are generally
linked. For example, overall recruitment was also negatively correlated (r = -0.505, p = 0.039)
with the PDO, which could suggest a positive effect on cod survival of low temperatures or
central GOA wind events (Ladd et al. 2016). However, the PDO was only weakly correlated with
settlement in the West Shumagin area and not correlated with settlement in Prince William
Sound. The lack of consistent correlations between the PDO and settlement in the model could
be due to the focus on transport-related processes in the model. While growth and development
of cod early life stages were driven by temperature, other potentially temperature-mediated
biological processes such as prey availability and mortality were not incorporated throughout the
model. Interestingly, the AO showed virtually no correlation with recruitment or settlement into
any specific region.

Trust in the results of modelling studies generally requires some degree of validation of
the models. The ROMS model is able to reproduce currents and temperature in the GOA (Coyle
et al., 2012). Details of the circulation, such as the precise locations of medium- and large-scale
eddies at specific times (which may affect dispersal and recruitment of young fish, Parada et al.,
2016) cannot be expected to be exact due to the stochastic nature of these flow features.
Empirical observations to corroborate the Pacific cod IBM are currently limited. Data on larval
distribution exist (Doyle and Mier, 2016), but observations are concentrated in the western GOA.
Our model also showed juvenile cod settlement all around the GOA and is generally supported
by data from the NOAA Nearshore Fish Atlas (Johnson et al., 2012) showing that juvenile cod

were caught in every area surveyed around the coastal GOA.



616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

To some degree, this latter pattern of settlement was a result of the uniform egg releases
that we used to initialize the model, due to the lack of information about specific spawning
locations of Pacific cod in the GOA. Also, our settlement criterion was very simple, i.e.
epipelagic juveniles were allowed to settle when they first encountered water depths less than 70
m. The decision to settle is undoubtedly much more complex. For example, studies have found
young cod in eelgrass beds and other emergent vegetation, and associated with mounds of sea
cucumbers. These associations may represent post-settlement habitat selection. It was not
possible to include these complex factors, as knowledge of settling behavior, and comprehensive
maps of potential habitat such as emergent vegetation are not available. However, a coordinated
effort to look at spatial variation in abundance and distribution of juvenile Pacific cod in western
GOA nurseries is currently underway (Ben Laurel, pers. comm.), which should provide more
detailed information to support examination of specific patterns of connectivity.

The success of transport from spawning to nursery areas undoubtedly depends on factors
other than physical dispersal and temperature effects, which are the main processes included in
this model. Predation mortality was not included and it was also not possible to include more
complex processes of feeding or bioenergetics due to the lack of data and rates. In the future, the
Pacific cod IBM would be greatly improved with better understanding of spawning locations,
settling behavior and habitat, and additional data on the distributions of the early life stages of
cod throughout the GOA. Information on spatial variation in prey availability, foraging success,
and predation vulnerability of these life stages would further improve the model, and allow
integration of the suite of processes influencing population connectivity and recruitment. A
clearer understanding of these integrated processes would aid in predicting how the Pacific cod

stock in the Gulf of Alaska will respond under varying environmental conditions in the short and
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long term. However, the results of this study show intriguing potential relationships between
patterns of connectivity and large-scale climate indices with recruitment of Pacific cod in the

GOA.
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Table 1. Parameter values, equations and algorithms for Pacific cod IBM.

Param Description Value Equation/Comments Units Source
Egg Stage
8E Growth rate g = 0.104 + 0.024T — 0.00002T? mm Hurst et al.,
where, T = temperature (°C) d! 2010
ZminE Min spawning 20 m Dunn and
depth Matarese
1987
ZmaxE Max spawning | 200 m Dunn and
depth Matarese
1987
VE Egg ascentrate | O Attached to bottom ms™! Thomson
1963,
Alderdice and
Forrester,
1971, Dunn
and Matarese
1987
dmink Min stage 8 days
duration
sdg Actual Stage sdgp = 46.597 — 4.079T days | B. Laurel,
duration where, T = temperature (°C) NOAA/AFSC
pers. comm.
SYE Egg stage ratio Trigger for

=srz + <1'0)dt
STy = ST sd,

where, dt=time step

transition to




next stage

(sre=>1)
Yolk-sac Larval Stage
8y Growth rate gy = 0.0179 + 0.015T — 0.0001T2 mm Hurst et al.,
where, T=temperature (°C) d! 2010
ZminY Min depth 0 m Brodeur and
Rugen, 1994
Zmaxy Max depth 40 m Brodeur and
Rugen, 1994
vy Vertical 1x10* ms™! Random
velocity up/down
diny Min stage | 2 days
duration
dpaxy Max stage 15 days
duration
PNR Point of no PNR = 34.67¢~0126T days | Laurel et al.,
return where, T = temperature (°C) 2008
yd Days to yolk- yd = 14.7662e 702357 days | Laurel et al.,
sac absorption where, T = temperature (°C) 2008
sry Yolk-sac stage sty = sty + <£) it
. yd
ratio
where, dt=time step
)4 Probability of p=p+ <PN;.S yd) d
feeding
Pre-flexion Feeding Larval Stage
8r Growth rate gr = 0.0179 + 0.015T — 0.0001T2 mm | Hurstet al.
Where T = temperature (°C) d’! (2010)




ZminF Min. depth | O m Brodeur and
Rugen, 1994
ZmaxF Max depth 40 m Brodeur and
Rugen, 1994
Tr Standard TL = SL+ gg% mm | B. Laurel,
Length (SL) NOAA/AFSC
to Total pers. comm.
Length
(TL)
conversion
vF Vertical Vg ms?' | T. Hurst,
velocity = ((0.081221 + 0.043168 * log,,T)TL**°%52) /1000.0 NOAA/AFSC
where, T = temperature (°C) pers. comm.
dminF Min stage 5 days
duration
fr Length at 13.5 mm | Matarese
flexion et al., 1989
Trr Stage Length > fr mm
transition
Post-flexion Feeding Larval Stage
8rF Growth rate gpr = 0.034 + 0.043T — 0.0008T? mm | Hurstetal,,
where, T = temperature (°C) d! 2010
Lmaxpr | Length at 25 mm | Dunn and
transformati Matarese,
on 1987
Zdminpr | Min 20 Hurst et al.,
daytime 2009




depth

Zdmaxpr | Max 40 m Hurst et al.,
daytime 2009
depth
ZNminpr | Min 0 m Hurst et al.,
nighttime 2009
depth
ZNmaxpr | Max 20 m Hurst et al.,
nighttime 2009
depth
0.5169
Trr Standard TL = SL + B mm B. Laurel,
Length (SL) NOAA/AFSC
to Total pers. comm.
Length
(TL)
conversion
vpF Vertical Vpp ms?! | T. Hurst,
velocity = ((0.081221 + 0.043168 * log,,T)TL**°%52) /1000.0 NOAA/AFSC
where, T = temperature (°C) pers. comm.
Trpr Stage Try Length> Lmaxpr mm
transition
Epipelagic Juvenile Stage
8E Growth rate g = —0.081 + 0.079T — 0.003T2 mm | Hurst et al.,
where, T = temperature (°C) d! 2010
ZdminE Min 20 m Hurst et al.,
daytime 2009

depth
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ZdmaxE Max 40 m Hurst et al.,
daytime 2009
depth
ZNminE Min 0 m Hurst et al.,
nighttime 2009
depth
ZMimaxE Max 20 m Hurst et al.,
nighttime 2009
depth
VE Vertical Vg ms™~ | T. Hurst,
velocity = ((0.081221 + 0.043168 * log,,T)TL*°%52) /1000.0 | ' NOAA/AFSC
where, T = temperature (°C) pers. comm.
Rmine Min 10 m Smith et al.,
settlement 1984
depth
/— Max 70 m Smith et al.,
settlement 1984
depth
Tre Stage Try Depth > hyin and Depth < hyay m
transition
Benthic Juvenile Stage
8 Growth rate ge = —0.081 + 0.079T — 0.003T2 mm | Hurstet al.,
where, T = temperature (°C) d! 2010
Piming Min depth 10 m Minimum
model depth
Pmaxs Max depth 70 Smith et al.,
1984
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Table 2. Results of grid size test. 945
Number of
Matching
Grid Size  Settlement Zones in ~ Number
(km) Top 10 Simulated
1 n/a 5563
25 10 906951
5 9 221952
7 9 101953
10 8 64 954
955

956

957

958



959  Table 3. Correlations coefficients between the time series (1996-2011) of percent settled in each
960 nursery area and overall percent settled from the Pacific cod IBM, recruitment (Rct: In-

961 transformed estimated basin-wide age-0 recruitment) and physical indices. ** indicates

962  correlations that are significant at p < 0.05 ; * indicates correlations that are significant at p <

963  0.10 are italicized. P-values are not corrected for multiple comparisons.

Nursery
Area Rct MEI PDO NPI AO
101 -0.612%%* 0.021 0.096 -0.389 0.178
102 0.063 -0.121 -0.475% 0.199 0.194
103 -0.275 0.440* 0.205 -0.213 -0.008
104 0.353 0.104 -0.201 0.201 -0.339
105 0.706** -0.348 -0.491%** 0.419* 0.035
106 0.049 -0.462%* -0.302 0.480* 0.227
107 -0.703%** 0.092 0.350 -0.310 0.131
108 -0.581%** 0.028 0.186 -0.149 0.254
109 -0.146 -0.005 0.387 -0.394 -0.039
110 -0.379 -0.061 0.289 -0.442%* -0.056
111 0.412 -0.308 -0.244 0.317 -0.269
112 0.275 -0.535%%* -0.429%* 0.531** -0.023
113 0.180 0.129 0.330 -0.412 -0.111
TotFracSettle
-0.099 -0.438* -0.122 0.178 0.070
d
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966  List of Figures

967  Fig. 1. Time series of female spawning stock biomass (SSB) and age-0 recruitment (Barbeaux et
968  al., 2018) for Gulf of Alaska Pacific cod.

969  Fig. 2. The Gulf of Alaska, with connectivity zones used in Pacific cod IBM. Spawning zones
970  are < 70 m (102 — 113) and 70 to 200 m (202 — 213). Nursery areas are < 70 m (numbered 101-
971 113). Offshore zones start at the 200 m isobaths and extends 125-150 km offshore from that

972  isobaths (numbered 1-13). The Deep Ocean zone is number 0. Alongshore zone names are

973  indicated. The box around the plot indicates the extent of the 3-km ROMS grid.

974  Fig. 3. Conceptual model of the early life history of Pacific cod, showing movement across the
975  shelf from spawning to settlement. X-axis represents time; to is the spawning date. The y-axis
976  represents depth. Numbers above 0-depth line represent individual size.

977  Fig. 4. Average connectivity for the Pacific cod IBM simulation years (1997-2013). The y-axis
978  of both panels shows the spawning areas, with 102-113 representing the shallow (<70 m)

979  spawning areas, and 202-213 representing the deep (70-200 m) spawning areas. Sink area 998
980  representing individuals that left the 3-km grid (mostly to the southwest along the Alaska

981  Peninsula) is shown in a separate panel due to a difference in scale. The x-axis of the matrix

982  shows the sink areas: 101-113 are nursery areas (<70 m), 201-213 are regions where the depth is
983  70-200 m, 1-12 are from the 200 m isobaths to approximately 150 km offshore. Area O is the
984  GOA deep basin. The shading represents the probability of moving from spawning area to

985  ending area. Heavy lines on the matrix delineate the different depth regions.

986  Fig. 5. Standard deviation of connectivity for the Pacific cod IBM simulation years (1997-2013).
987  The y-axis shows the spawning areas, with 102-113 representing the shallow (<70 m) spawning

988  areas, and 202-213 representing the deep (70-200m) spawning areas. The x-axis of the matrix
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shows the sink areas: 101-113 are nursery areas (<70 m), 201-213 are regions where the depth is
70-200 m, 1-12 are from the 200 m isobaths to approximately 150 km offshore. Area 0 is the
GOA deep basin. Sink area 998 represents individuals that left the 3-km grid, mostly to the
southwest along the Alaska Peninsula. The shading represents the standard deviation. Heavy
lines on the matrix delineate the different depth regions.

Fig. 6. Spawning areas for selected nursery or ending (Z998) regions. Each panel represents one
nursery or ending area. The x-axis shows the spawning areas, with 102-112 being the shallow
(<70 m) spawning areas, and 202-212 being the deep (70-200 m) spawning areas. The y-axis
represents the probability of transport from each spawning area to the nursery or ending area
represented in the panel.

Fig. 7. Time series of NDI and OC, indices calculated from the Pacific cod IBM connectivity
matrices.

Fig. 8. Matrix showing the difference in connectivity probabilities between 1998, the year with
the highest NDI, and the average connectivity matrix from the 1997-2013 time series. The y-axis
shows the spawning areas, with 102-113 representing the shallow (<70 m) spawning areas, and
202-213 representing the deep (70-200 m) spawning areas. The x-axis of the matrix shows the
sink areas. Areas 101-113 are the nursery areas (<70 m), areas 201-213 are regions where the
depth is 70-200 m. Area 998 indicates the probabilities of exiting the 3-km grid from all
spawning areas. Areas 1 — 12 are from the 200 m isobaths to approximately 150 km offshore.
Sink area O is the GOA deep basin and sink area 998 represents individuals that left the 3-km
grid. The shading represents the difference in probability of transport from spawning area to

ending area.
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Fig. 9. A. Fraction settled (of all individuals simulated) in each nursery area. B. Fraction settled
of individuals from the shallow spawning areas. C. Fraction settled of individuals from the deep

spawning areas. D. Fraction settled (of all individuals simulated) for each year of the simulation.
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