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Pacific halibut (Hippoglossus stenolepis) is managed as a single stock throughout the Gulf
of Alaska (GOA) and eastern Bering Sea (BS), but biogeographical barriers and the potential for
differential impacts of climate change may alter habitat use and distributions, and restrict
connectivity between these ecosystems. To improve our understanding of larval dispersal
pathways and.migrations of young fish within and between GOA and BS, we (1) examined
potential pelagicdaryal dispersal and connectivity between the two basins using an individual-
based biophysical model (IBM) focusing on years with contrasting climatic conditions, and (2)
tracked movement of fish up to age-6 years using annual age-based distributions and a spatio-
temporal modeling approach. IBM results suggest that the Aleutian Islands constrain
connectivitysbetween GOA and BS, but that large island passes serve as pathways between these
ecosystems. The‘degree of connectivity between GOA and BS is influenced by spawning
location such that.an estimated 47-58% of simulated larvae from the westernmost GOA
spawning location arrived in the BS, with progressive reductions in connectivity from spawning
grounds further east. From the results of spatial modeling of 2-6 year old fish, we can infer
ontogeneticimigration from the inshore settlement areas of eastern BS towards Unimak Pass and
GOA. The pattern of larval dispersal from GOA to BS, and subsequent post-settlement
migrations'back from BS toward GOA, provides evidence of circular, multiple life-stage,

connectivity’between these ecosystems, regardless of climatic variability or year class strength.

KEYWORDS

Bering Sea; population connectivity, Gulf of Alaska, juvenile, larvae, migration, Pacific halibut,

larval dispersal

INTRODUCTION

The Pacificthalibut (Hippoglossus stenolepis) population in North American waters of the
Pacific Ocean jand Bering Sea (BS) supports vibrant commercial, recreational, subsistence, and
tribal fisheries.“Ehe management strategy in Alaskan waters encompasses both the Gulf of
Alaska (GOA) and the BS and uses stock assessment models of spawning biomass combined
with agreed management approaches (Stewart & Hicks, 2018) to manage the species as a single,

panmictic population, although the International Pacific Halibut Commission (IPHC) also uses
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current stock distribution to inform harvest distribution. Despite this cross-ecosystem
management strategy, the Aleutian Islands are a permeable barrier between the North Pacific and
BS ecosystems (Seitz et al., 2011; Spies, 2012; Parada et al., 2016), and there is evidence of
differential impacts of climate change across these marine ecosystems such as loss of sea ice in
the BS, warmsand cold temperature stanzas in the BS (Duffy-Anderson et al., 2017), and
warming events.in the GOA (Cavole et al., 2016). Such ecosystem discontinuities have the
potential®to"impact species that rely on large geographic domains and multiple habitats
throughout theirlife cycles (Norcross et al., 1999; Mumby et al., 2004; Rochette et al., 2010).
For Pacificthalibut, fluctuations in year class strength may be determined by conditions during
the early lifesstages that influence growth, survival, and transport to suitable habitats (Bailey et
al., 2005). Population age composition of Pacific halibut indicates that a single large year class
can dominate the fishery for several years (Stewart & Hicks, 2018), implying that environmental
conditions that influence year class strength can have lasting impacts on fishery yield.
Pacific'halibut have a complex life-cycle with passive dispersal and active migration stages,
and there is@vidence to suggest that connectivity between the GOA and BS may occur across
multiple life'stages. Adults spawn during winter in the deep water of the outer continental shelf
and slope theoughout the GOA and BS (Thompson & Van Cleve, 1936; Skud, 1977; Sohn et al.,
2016). Dispetsal occurs during the pelagic egg and larval stages, and after ~5-7 months, once
metamorphosis into the asymmetrical adult form is complete, the juvenile settles to inshore
shallow nursery areas (St. Pierre, 1989; Thompson & Van Cleve, 1936). Oceanographically-
driven connectivity between the GOA and BS is primarily unidirectional, and fish that are
spawned in thesGOA may be exported into the BS through Aleutian Island passes (Best, 1977;
Skud, 1977; Hinckley et al., 2019). However, mark-recapture studies show that some Pacific
halibut during the juvenile and adult life stages migrate from the BS into the GOA (Dunlop et al.,
1964; Webster.et.al., 2013), counteracting the assumed prevailing direction of larval transport.
This potential cizcular transport and migration pathway suggests cross-ecosystem dependence
and reliance on habitats in both the GOA and the BS during different life-stages.
Ecosystem,changes such as shifts in oceanography (Stabeno et al., 2012), warm and cold
climate stanzas, loss of sea ice, and declines in high quality food in the BS (Kimmel, 2018;
Duffy-Anderson et al., 2017; Duffy-Anderson et al., 2019) can create survival bottlenecks for

species that transition between ecosystems. For example, egg and larval distributions are
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influenced by the strength and direction of ocean currents that vary among temperature regimes
(Stabeno et al., 2012) and seasons (Stabeno et al., 2002; 2016a; 2016b). Shifts in oceanographic
currents can profoundly influence the survival of eggs and larvae through favorable transport to
hospitable habitats that support growth and survival (Goldstein et al. 2020; Bailey & Picquelle,
2002; Atwoodet al., 2010; Napp et al., 2000; Petitgas et al., 2013). Movement by young
juveniles, however, is not dictated by oceanographic currents to the same degree as larval
dispersal; andthere is evidence for counter-current migrations of Pacific halibut (Skud, 1977; St.
Pierre, 1989; Clark & Hare, 1998; Webster et al., 2013). Thus, a multiple life-stage approach is
required to'assess the degree of connectivity between the GOA and the BS and the reliance of
Pacific halibutgpepulations on both ocean basins.

Identifying population connectivity across marine ecosystems that incorporates both larval
dispersal and active migration could aid in the development of holistic management strategies
that reflect habitat requirements across life stages as well as factors that contribute to year class
strength. To\better understand the geographic continuity of Pacific halibut populations and the
vulnerabilities'of Pacific halibut to environmental change, we assess life stage-specific
distributionstand’'connectivity between the GOA and the BS during years of warm and cold
temperaturesstanzas and opposing year class strength using, (1) empirical larval distributions, (2)
an individual=based biophysical larval dispersal model, and (3) spatio-temporal modeling of age-
specific data. Incorporating larval dispersal and subsequent ontogenetic migration will provide a
holistic understanding of population connectivity, multi-life stage habitat use, and potential

vulnerabilities of the Pacific halibut fishery to ecosystem change.

MATERIALS AND METHODS

Geographic.area

The geographic area for this analysis includes the GOA and BS (Figure 1). Within the GOA,
the westward flowing Alaskan Stream is the primary water source for flow through multiple
Aleutiandsland passes connecting the GOA and BS ecosystems (Royer, 1981; Reed &
Schumacher, 1986; Stabeno et al., 1995). Originating in the central GOA is the Alaska Coastal
Current (ACC) which flows westward along the continental shelf (Stabeno et al., 1999) and is
the primary source for flow through Unimak Pass which is the first major pass encountered by

the westward flowing current and also the only major connection point between the BS and GOA

This article is protected by copyright. All rights reserved



143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173

continental shelves. Based on drifter trajectories, after entering the BS via Unimak Pass, water
then flows along the 50-m, 100-m, and 200-m isobaths to the west and north in the BS (Stabeno
et al., 2002).

Catch data

Larval eatch’and effort data were obtained from the National Oceanic and Atmospheric
Administration (NOAA) Alaska Fishery Science Center Ichthyoplankton Information System
database (httpsi//access.afsc.noaa.gov/ichthyo/; NOAA 2019). Gear used for data collection most

often included a MARMAP (Marine Resources Monitoring, Assessment and Prediction
program) type bongo sampler (Posgay & Marak, 1980) with an inside diameter of 60 cm and a
0.333 or 0.505-mm mesh net. Tucker trawl gear was used less often and was composed of cone-
shaped fine-meshinets. Bongo and Tucker gear were determined to fish the same population
(Boeing & Duffy-Anderson, 2008) and standardized catches are therefore considered comparable
for analysis. \Pacific halibut larvae were identified and catches for both gears were standardized
to number ofindividuals caught under 10 m? of sea surface area (Smith & Richardson, 1977).
For juvenile‘and adult fish analyses, catch and effort data from the NOAA Alaska Fisheries
Science Center summer bottom trawl survey (NOAA 2020), were coupled with individual fish
informationgincluding ages derived from otoliths collected during the surveys (age data available
upon request https://www.iphc.int/form/data-request). The NOAA BS bottom trawl survey was
conducted annually with stations located on a 20 nautical mile square grid extending from inner
Bristol Bayn the eastern BS within the 200-m depth contour (Figure 1). The standard survey
trawl gear andssurvey design are described in Stauffer (2004) and Clark et al. (1997). The GOA
bottom trawl survey was conducted biennially and consisted of a stratified random sampling
design based on data from previous surveys (Stauffer, 2004; Clark et al., 1997). Gear for this
survey is described in Stauffer (2004). Net mensuration systems recorded net performance, and
electronic data loggers recorded temperature and depth during both surveys. Area-swept catch
per unit effortswas calculated from the distance towed and net width (Clark et al., 1997). Once
settled, Pacific halibut are not routinely monitored until they are captured during the NOAA
Alaska Fisheries Science Center summer bottom trawl surveys at 2 years of age. From various
studies it has been observed that age-0 and age-1 Pacific halibut reside in bays and inshore

waters from Dixon Entrance to Unimak Pass in the GOA and along the Alaska Peninsula and
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Bristol Bay in the BS (Best & Hardman, 1982; Norcross et al., 1997; Best, 1977; Stoner &
Abookire, 2002). Occasionally, age-1 fish have been caught in the bottom trawl survey, but that
number is small, and those in the aging sample and confirmed as age-1 fish, totaled just 57
individuals from 2000-2018 according to the IPHC database. Due to the low numbers of these
age-0 and age-l, fish, and lack of standardized monitoring, estimates of relative abundance and
modeling of distribution begin at age 2. Thus, catch data from the 2007-2015 bottom trawl

surveys weteused to examine 2-6 year old fish.

Age data

Age in whole years (2-6 year olds) for demersal juveniles was established using right
sagittal otoliths collected during the NOAA Alaska Fisheries Science Center summer bottom
trawl surveys. In younger fish (< 5 years), otoliths were surface-aged, i.e. annuli counted on the
surface using dissecting microscopes. In older fish or if annuli were indistinct, the break and
bake method of aging (described in Forsberg, 2001) was used. While not all trawl stations have
Pacific halibutage data collected, the spatial coverage of aged fish was generally comprehensive
for the cohorts'examined here, particularly in the BS. Although coverage in the biennial GOA
survey had'seme gaps, these were not sufficient to affect our interpretation of the overall

distributional patterns.

Cohorts studied

The 2005,and 2009 Pacific halibut year classes were selected as focal cohorts for analysis
based on the'fellowing rationale: (1) they represent cohorts spawned during distinct BS
environmental stanzas (i.e. warm and cold, respectively) (Stabeno et al., 2012), (2) they represent
relatively strong and weak year classes, respectively (Stewart & Hicks, 2018), and, 3) the
sampling coverage at both the pelagic and settled phases for the two selected cohorts was robust
and compatable«The supplemental year classes of 2003, 2004, 2010, and 2011 were added to the
larval dispersal modeling and to the subsequent spatio-temporal modeling of older life stages to
contrast pattérns and strengthen comparisons of advection and migration during warm and cold
years. For analytical purposes involving annual cohort analyses, one hatch date (January 1) is

assigned per spawning season, regardless of actual spawn date to assign year classes. For
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example, the 2005 year class includes those larvae spawned from Autumn 2004 through Spring

2005.

Individual-based biophysical model

Larval dispersal, transport, and connectivity were determined using a three dimensional
individual basedbiophysical model (IBM) coupled with daily-averaged output from a
hydrodynamic'model (ROMS, https:// www.myroms.org/). The IBM was developed using the
Dispersal Modelfor Early Life Stages (DisMELS) IBM framework (Stockhausen et al. 2019a) to
track transport and dispersal of the pelagic egg and larval stages of marine organisms through
earlier life stages,from spawning to settlement. Briefly, DisMELS incorporates a Lagrangian
particle trackingalgorithm and species-specific traits, allowing the model to be parameterized for
multiple species (Stockhausen et al., 2019b; Duffy-Anderson et al., 2013; Cooper et al., 2013;
Sohn, 2016). The hydrographic ROMS model is a primitive equation, three dimensional ocean
circulation model driven by atmospheric forcing (details are available at: myroms.org,
Shchepetkin'& McWilliams, 2005; Haidvogel et al., 2008). The ocean model used for the present
study was the regional Northeast Pacific ROMS model (NEP 6) with ~10 km resolution that
spans the GOQA and the BS. NEP 6 incorporates sea ice and tidal dynamics that are important for
circulationswithin the study region (Danielson et al., 2011; Hermann et al., 2013) and has
previously been utilized for larval dispersal models in the BS (Petrik et al., 2016). Output from
the ROMS model was saved in daily increments. For the IBM, ROMS daily output was spatially
interpolatedsiising bilinear interpolation in order to obtain the physical variables associated with
each modeleddarvae. Larval locations (latitude, longitude, and depth) were determined using a
fourth-order predictor-corrector algorithm that incorporated swimming, buoyancy, and vertical
and horizontal random walks for diffusive motion (Stockhausen et al., 2019b). Larval movement
was primarily.passive (no orientation or directed swimming behavior) except for vertical
movement to.maintain larvae within preferred depth ranges (Table 1). Larval locations as well as
age, size, andsdevelopment stage were based on 20-minute time steps and saved at daily time
steps.

Pacific halibut larval release locations for the IBM were based on known spawning locations
(St. Pierre, 1989) that were manually-digitized to create spatial polygons that contained point

locations with a 1-km resolution grid for simulated larval release (ESRI ArcMap version 10.6;
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Figure 2), and were the same for all modelled years. A total of 200 individuals were released
from each grid cell. Pacific halibut typically spawn from October-April; however, the exact
monthly spawn dates are unknown. Therefore, larvae were released from October-April during
each study year from the 25"-28™ of each month at midnight to capture the general monthly
dispersal patterns. Larval early life history traits generally followed those described in Sohn
(2016) and larval mortality was not included in the model. Based on limited nursery habitat
information throughout the study domain, all model simulations were terminated once a larvae
reached the'newly-settled juvenile stage after a pelagic larval duration of 180 days (Table 1).
This time- and stage-based model termination limits conclusions that can be made regarding

settlement sucegess and post-settlement survival, but provides insight regarding dispersal distance.

Spatio-temporal model

Spatial modeling of trawl survey data allows for a more expansive (but less direct)
assessment of cohort movement patterns than is possible using common wire tagging mark-
recapture methods. Modeling the 2005 and 2009 year classes provides a look at the similarities
and differeneesbetween relatively strong and weak cohorts that were spawned during warm and
cold environmental stanzas, respectively. Data from other cohorts of intermediate strength
(2003-04.and2010-11 year classes) were also modeled, with results available in supplementary
material.

All Pacific halibut caught during the trawl surveys were measured to obtain length data, but
spatial coveragefor age sampling was often less extensive. To overcome these data limitations, a
spatio-temporalimodeling approach was utilized (Webster et al., 2020) in order to leverage
information about spatial and temporal dependence from observed data to make predictions of
abundance within, habitat that is unsampled in a given year, as well as improve the quality of
estimation elsewhere. For each spatial location (i.e., trawl survey station), the catch-per-unit-
effort (CPUE).was computed by dividing catch weight for fish with known age by survey station
effort (net width times tow distance), and then adjusting for the sampling fraction in cases where

less than 100%;0f fish were aged. For each aged cohort at each survey station in each year:
CPUE =% * (5) (1)

where W=catch weight of fish, E=effort (net width x distance) and f=sampling fraction of halibut

(proportion aged).
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In summary, let c(s,f) be the trawl CPUE value of a given cohort at location s and year ¢,
where s represents the spatial locations of the fished survey stations, taking values s, ..., s, and ¢
=1, ..., tr, corresponding to ages 2 to (7+1). In this model, s; € S?, the set of points on the
surface of a,sphere, and therefore coordinates in longitude and latitude format are converted to
Cartesian coerdinates on a sphere for modeling. Data from the trawl surveys contain
observationsyof.zero, CPUE, due to stations in low-density areas catching no Pacific halibut. The
probability that c(s,7)=0 is accounted for by using a semi-continuous model, which models the
data as a combination of zero and non-zero processes. Two new variables are defined, x(s,?) for
presence or absence of Pacific halibut in the catch, and y(s,?) for the CPUE value when Pacific

halibut are present:

CORR @
NA, t)=0
y(sit) = {c(s,t),cgs(s,)t) >0 3)

The NA indicates that y(s,7) is a random variable that can only take non-zero values, and is
thereforeundefined when c(s,7) = 0. The variable x(s,7) has a Bernoulli distribution, x(s,#) ~
Bern(p(s,7)), while a gamma distribution is used for the y(s,7), y(s,¢) ~ gamma(a(s,?), b(s,?)),
which has meanwu(s,?) = a(s,?)/b(s,f). Only the gamma mean is allowed to vary: the variance, aé
= a(s,1)/b*($,1), is assumed invariant over space and time.

Next let the &(s,7) be a Gaussian Field which is shared by both component random variables

in the following way:

u(s,t) = logit(p(s,t)) = p + (s,7) 4)

v(s,7) = 10g(u(s,2) = B, + fee(s,) )

where f, and f, are intercept parameters (which could be generalized to a covariate model) and

the parameter S is a scaling parameter on the shared random effect. Temporal dependence is
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introduced through a simple autoregressive model of order 1 (AR(1)), as described in Cameletti

et al. (2013), as follows,

e(s, t)=pe(s, t — 1) +5(s, 1) (6)

where p denetes.the temporal correlation parameter and |p| < 1. For a given year, ¢, the spatial
random field(SRF), #(s, £), is assumed to be a Gaussian field with mean zero and covariance
matrix 2. We'assume a stationary Matérn model (Cressie, 1993) for the spatial covariance model,
which specifies how the dependence between observations at two locations decreases with
increasing distance. Models were fitted in R using the R-INLA package (Lindgren & Rue, 2015),
which uses a‘computationally efficient Bayesian approach to fitting spatial and spatio-temporal

models. Further details are available in Webster et al. (2020).

RESULTS

Pacific/alibut larvae were found during the NOAA ichthyoplankton survey in 2005 east of
Kodiak Island, but there was no sampling at those stations in 2009 (Figure 3). Larvae were found
in both study,years in and around Unimak Pass, and in Bering Canyon. In 2005, larvae were
present onsthe north side of the Alaska Peninsula in the BS and over Bering Canyon, but in 2009,
larvae were absent along the north side of the Alaska Peninsula east of the 200 m isobath. Pacific
halibut larvae were not found after May in either year. Empirical larval distributions from the
supplemental'study years were similar to the two focus years (Supplemental Figure 1;
SupplementalsFable 1).

When comparing larval characteristics of the two primary study years, the month of May
was selected because of similar sampling coverage between the two years, and the assumption
that spawn timing did not differ substantially between years such that larvae that were present in
the water column during a particular month were roughly the same age between years. The catch
weighted mean length in 2009 (15.38 mm =+ 5.03) was ~87% that of 2005 (17.62 mm =+ 6.79) for
both the BS"and. GOA combined, and the average standardized catch of larvae/10 m? in 2009 (0.4
larvae/10m? & 2.1) was only 20% that of the 2005 catch (2.0 larvae/10m? + 6.6) (Table 2). When
those two annual cohorts were sampled two years later during the NOAA groundfish trawl

surveys, the estimated abundance of the 2005 year class was ~53% higher than that of the 2009
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year class for the BS and GOA combined, but the average fork length was significantly less for
the 2005 cohort than for 2009 both in the GOA and BS (z-test p-value-0.0027).

Larval dispersal pathways

IBM results from focal study years, 2005 and 2009, and representative spawn locations
throughout the GOA and BS showed that, generally, larvae were advected westward away from
the spawning subregions in the GOA, and were transported northwest in the BS along the
continental 'slope’(ex: 200 m isobath; Figs. 1, 4-6). Larvae spawned in the BS (Spawn Region 1,
Figure 2) remained north of the Aleutian Islands throughout their pelagic larval stage (Figure 4)
and were transported along the continental slope to arrive at the Pacific coast of Asia within ~3
months. Within 6 months post-release, simulated larvae had the potential for widespread
dispersal along the Asiatic coastline and north through the Bering Strait in both the focal and
supplemental modeled years (Figure 4; Supplemental Figure 2). In 2005 (Figure 4a), larval
dispersal to the western BS was greater than in 2009 (Figure 4b). A portion of the larvae that
were spawnediin the western GOA (Spawn Region 2; Figure 2) arrived to the BS from the GOA
within 1-3 months and were primarily transported through island passes, including high larval
densities near, Unimak Pass, in all study years (Figure 5; Supplemental Figure 3). Transport to
the northwest in the BS appeared greater in 2005 (a warm year; Figure 5a) compared with 2009
(a cold year; Figure 5b), especially for larvae that were spawned in the earlier months. Larvae
that were not transported to the BS were either retained in the western GOA or advected to the
eastern Aleutianislands. A similar pattern of dispersal to the west and through Aleutian Island
passes was obsefved for Spawn Region 3, but there was higher retention of larvae in the GOA
and reductions in dispersal to the BS compared with Spawn Region 2 (Figure 2; Supplemental
Figure. 4). Dispersal from the GOA to the BS from the easternmost spawn regions was minimal,
but dispersal.within the GOA was widespread along the GOA coastline (Spawn Regions 4 and 5;
Figures 2 and.6;Supplemental Figures 5 and 6). Larvae that originated from Spawn Region 4
arrived to thesBS within 4-5 months, but the majority of larvae were retained in the GOA in the
vicinity of Unimak Pass and were not transported westward along the Aleutian Islands
(Supplemental Figure 5). The easternmost Spawn Region (Spawn Region 5; Figure 2) showed
minimal connectivity between GOA and the BS, with indications that only late stage larvae had

the potential to traverse the GOA and arrive in the BS after ~6 month pelagic larval duration
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(Figure 6). A large proportion of the larvae from Spawn Region 5 were retained in the eastern
GOA and some were transported southward along the coast as well as offshore (Supplemental
Figure 6). Connectivity with the western GOA was greatest in the earlier spawn months and
there did not appear to be notable differences between the two primary study years of 2005 and
2009 (Figure6).

Compatisons among warm (2003-2005) and cold (2009-2011) stanza years showed
generally“consistent sub-regional patterns in connectivity and transport according to the larval
transport model(Table 3). Larvae that originated in the BS (Spawn Region 1), remained within
the BS ecosystem throughout their trajectories (Supplemental Figure 2). The highest degree of
connectivitysagswell as the greatest interannual variability in connectivity from GOA spawn
locations tothe BS occurred from Spawn Region 2 where 47-58% of the larvae had the potential
to be advected into the BS depending on year (Table 3; Supplemental Figure 3). The majority of
simulated larvae from Spawn Region 3 remained in the GOA, but ~15-21% had the potential to
be advected into the BS (Table 3; Supplemental Figure 4). This contrasted with Spawn Regions 4
and 5 whergVery few modeled larvae arrived to the BS (<10% and <2%, respectively; Table 3,
Supplemental Figures 5 and 6). From Spawn Region 1, there was potential in every modeled
year for arrival to north Pacific Asiatic coastal regions and in some years, the Arctic
(Supplemental Figure 2). The model also showed that there was potential for the arrival of larvae
to the north Pacific Asiatic coast from Spawn Regions 2 and 3 in some years (Supplemental
Figures 3 and 4). Larvae from Spawn Regions 4 and 5 were not likely to reach the north Pacific
Asiatic coast;but, were dispersed throughout the GOA (Supplemental Figures 5 and 6).

Empiricaldarval observations and IBM trajectories both show concentrations of larvae
around island passes and dispersed through the western GOA and eastern BS along the 200-m
isobath (Figures 3-6; Supplemental Figures 1-6). In contrast with empirical larval observations
that showed.larvae to the east of Unimak Pass in 2005 (Figure 3), almost no IBM trajectories
crossed the isobaths along the continental slope to arrive on the continental shelf in the BS
(Figures 4-6;Table 3; Supplemental Figures 2-6). In addition, IBM results did not show larval
transport to the,western Aleutian Islands where there is a known population of Pacific halibut
(Seitz et al. 2008). Large-scale qualitative comparisons are possible as described here, but
detailed quantitative comparisons between empirical presence and modelled trajectories present

challenges due to the limited spatial and temporal scope of larval surveys during each year.
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Ontogenetic migration

The spatial model output suggests that as 2 year olds, the 2005 cohort was concentrated in
Bristol Bay_in the, BS and around Kodiak Island in the GOA, and the BS component appears to
have stayed aggregated as they began to emerge from Bristol Bay, with distributional centers that
moved westiandsouth along the Alaska Peninsula in the immediate subsequent years (Figure 7;
Supplemental'Figure 7). By age 4, young Pacific halibut were clustered on both sides of Unimak
Pass in contrastto younger fish that were concentrated inshore in the southeast BS. Age-5 and
age-6 fish appeared less aggregated and were dispersed over a wider range and to deeper depths
than younger fish. These patterns in distributional changes over time were generally consistent in
other large cohorts from 2003 and 2004 (Supplemental Figures 8 and 9, respectively), with
apparent dispersal outwards from inside shallow waters of Bristol Bay and south of Nunivak
Island (ages 3-4 years), and subsequent aggregation around Unimak Pass (ages 4-6 years).

Model output suggests that the 2009 cohort was more evenly dispersed overall compared to
the 2005 cohortat comparable ages (Figure 8; Supplemental Figure 10), lacking the obvious
high-density*concentrations of the earlier cohort (note the different scales on the two figures). A
primary difference from 2005 was that, in addition to a part of the population leaving Bristol Bay
and migrating southward along the Alaska Peninsula as seen with the 2005 cohort, a portion of
the 2009 year class also continued to occupy the Bristol Bay area as they aged and were not
migrating outward to other parts of the BS to the same degree as the 2005 cohort. There was
some indication‘that there were aggregations around Unimak Pass, but there were no obvious
aggregationsumsthe GOA. Overall average abundance (Table 2) and sample sizes (Table 4) were
relatively low, making it difficult to observe small scale density changes in this cohort. However,
according to the model, distributional changes with age were generally similar for other low-
density cohorts from 2010 and 2011 (Supplemental Figures 11 and 12; Supplemental Table 2),
although with.some differences in timing and dispersal (e.g., the 2010 and 2011 cohorts both

showed a strenger clustering south of Nunivak Island in 2015).

DISCUSSION
Developing an understanding of cross-ecosystem population connectivity can inform

management strategies for Pacific halibut by providing information about dispersal, migration,
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and habitat use across multiple life stages. Model results suggest consistent and substantial larval
connectivity between the western GOA and the BS. Pacific halibut larvae that originated in the
western GOA have the potential to be transported to the BS, and those larvae that originated
from populations_in the BS are likely transported northwest along the isobaths in the BS. In
addition to larval dispersal, age-specific distributions of Pacific halibut showed ontogenetic
range expansions, suggesting that juveniles radiate from their settlement areas in the BS to
regions throughout the continental shelf, and potentially reach the Aleutian Islands and the GOA.
Spawning in the'GOA may provide access to important settlement habitats in the BS, and the
potential reverse migration from the BS to the GOA may be important for access to suitable
habitats for eldenlife stages, or for maintaining source populations that facilitate access to
juvenile settlement habitats.

Biophysical modeling results suggest that the Aleutian Islands constrain larval connectivity
between the GOA and the BS, but that island passes are corridors that connect the two
ecosystems..Several studies have highlighted oceanographic connectivity between the GOA and
the BS throughlarge island passes (Royer, 1981; Reed & Schumacher, 1986; Stabeno et al.,
1995) with estimates of ~30% of the Alaska Coastal Current (Aagaard et al., 2006) transported
from the GOA to the BS through Unimak Pass (Stabeno et al., 2016a). For pelagic larvae, island
passes couldfacilitate connectivity between the GOA and the BS. IBM results suggest a link
between the two basins via large island passes in the eastern Aleutian Islands where an estimated
average of 35% of larvae that originated in the western GOA (Spawn Regions 2 and 3) were
transported anto'the BS.

The majority of larval dispersal modeling studies in the North Pacific to date have focused
on the GOA or the BS in isolation; however, some studies hypothesize that larvae that were
spawned in,the western GOA and subsequently exited the study area were potentially transported
further west.to.the Aleutian Islands or into the BS (e.g. Gibson et al., 2019). One study to
provide evidence of basin connectivity was that of Parada et al. (2016) that modeled walleye
pollock (Gadus chalcogrammus) larval transport. Coinciding with our results, several studies
have highlighted east-west connectivity in the GOA, particularly between spawning grounds in
the eastern GOA and nursery areas in the central GOA for sablefish (4Anoplopoma fimbria)
(Gibson et al., 2019), Pacific cod (Gadus microcephalus) (Hinckley et al., 2019), arrowtooth

flounder (Atheresthes stomias) (Stockhausen et al., 2019a), and Pacific ocean perch (Sebastes
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alutus) (Stockhausen et al., 2019b). Dispersal patterns in the BS were typically south to north,
coinciding with other modeling studies for walleye pollock (Petrik et al. 2016), northern rock
sole (Cooper et al. 2013), and Greenland halibut (Duffy-Anderson et al. 2013). Simulated Pacific
halibut larvae in the BS were primarily transported along the continental slope, with some larvae
reaching the nerth Pacific Asiatic coastline or transitioning through the Bering Strait.

The prevailing east to west modelled larval transport in the GOA and the south to north
trajectories in'the'BS along the 50-200 m isobaths agree with the prevailing currents in each
respective écosystem (Stabeno et al., 2002; 2004), and with empirical data showing larval
concentrations near island passes. However, smaller-scale comparisons with empirical data
suggest that:imeodel limitations likely impacted finer scale connectivity patterns and transport
trajectories. Thefabsence of simulated larval transport to inshore regions of the BS conflicts with
the empirical larval distributions during 2005 where larvae were found north of Unimak Pass
along the Alaska Peninsula. In addition, according to catch data from the NOAA Fisheries
bottom trawl surveys, young demersal stage Pacific halibut are consistently found in high
abundance nearshore in the southeastern BS. Together, these empirical data suggest that larval
transport to the'southeastern BS may be much greater than portrayed in the advection modeling.
Thus, an understanding of larval access to nurseries is hindered by the probable modeling
limitation.eftinder-representing larval transport to inshore habitats in the BS. Another
consideration when spatially contemplating nursery occupation, is that demersal-stage juveniles
are essentially invisible to survey gear from settlement to 2 years of age and considerable
migration may occur during that time. Discrepancies between modeled and empirical abundances
of juvenile flatfish in the BS have been observed in the past utilizing an earlier ROMS iteration
(Cooper et al., 2013), suggesting that the IBM may be limited in its ability to simulate cross-
isobath transport. There are several mechanisms that may impact the ability for the
oceanographic.model to capture cross-shelf transport. Cross-shelf transport associated with sub-
mesoscale eddies or bathymetric steering via seafloor terrain features may play a role in on-shelf
movement that'can only be captured with higher resolution ocean models (Hermann et al. 2009;
Combes et al»2013; Gibson et al. 2013; Opdal and Vikebe 2016; Vestfals et al. 2014; Mordy et
al. 2019). In addition to potential limitations of the physical model, due to lack of empirical data,
the IBM did not incorporate orientation to nurseries or directed horizontal swimming behavior

that has been observed for some species (Huijbers et al., 2012; Igulu et al., 2013) and has been
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hypothesized to be relevant for nursery recruitment of sablefish (Gibson et al., 2019). Larval
swimming abilities and vertical movement that were not captured by the model may also
facilitate transport to settlement habitats (Cowen and Castro 1994). For example, rock sole larvae
in the BS are likely transported from the slope to the shelf through vertical movement of larvae
that is synchrenized with tidal periodicity (Wilderbuer et al., 2016). Modeling constraints due to
resolution as,well as biological parameterization also have the potential to impact quantitative
estimatesof transport and connectivity. Unlike cross-shelf transport in the BS, the model did
capture larval'transport through Unimak Pass; however, model resolution may impact estimates
of transport and potentially underestimate the contribution of smaller island passes (Gibson et al.
2013).

Despite'these potential limitations, basin-scale larval connectivity of Pacific halibut between
the GOA and the BS was consistent across years and larval transport patterns suggest that
spawning within the southern BS may subsidize components of the population to the west. Along
the north Pacific Asiatic coast there is an established population of Pacific halibut (Schmidt
1934; Best 1979) but details of size composition, growth, and migration rates are largely
unknown. Modeling results suggest populations of Pacific halibut along the north Pacific Asiatic
coast may be,supported by spawning in the southern BS and that juvenile settlement in the BS
may be subsidized by larvae that originate in the western GOA.

Our modeling approaches did not provide evidence of possible factors that contribute to the
determination of cohort strength, in this case fluctuations in abundance observed with the strong
2005 and the"weak 2009 year classes. The Thompson-Burkenroad debate in the early part of the
twentieth century discussed fishery and environmental factors as separate and distinct possible
causes of fluctuations in Pacific halibut abundance (Skud 1975), but more recent studies have
concluded that both factors can affect fish populations. Pacific halibut spawning biomass
declined in the period between 2005 and 2009 (Stewart & Hicks, 2018), but it has been shown
that cohort strength does not correlate well with spawning biomass (Clark & Hare, 2002).
However, given that Pacific halibut is a fully exploited resource, fishing pressure may play a role
in cohort strength and distribution, either through direct removals from the population or in
combination with climate-related factors that apply stress to the population (Planque et al. 2010).
Likewise, other studies have shown that variation in the distribution of fish species can be driven

primarily by climatic factors (e.g. Sunday et al., 2015; McLean et al., 2018). Although this
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modeling effort has illustrated that Pacific halibut early life distributions remained relatively
constant over two temperature stanzas, the interaction potential among species occupying a
particular habitat can change in response to thermal habitat shifts. (Kleisner et al., 2016). In the
case of Pacific halibut, variations in temperature could affect predator and prey species
proximity, thus,altering Pacific halibut abundance through top down (predation mortality) or
bottom-up (food@availability) processes (Ferreira et al. 2020; Durant et al. 2007). Furthermore,
Hunt et al. (2017) and Sigler et al. (2014), among others, showed that climate impacts recently
experienced in'the BS can affect the total caloric energy contained within the biological system
so that changes in lower trophic levels influence upper trophic levels. Shifting productivity of
spawning grounds (Somarakis et al., 2019) and spatial shifting of spawning grounds (Kanamori
et al., 2019),"both related to temperature, could also play a role in total productivity.

Movement patterns of juvenile Pacific halibut have not been well understood, particularly
within the BS and between the BS and GOA. While there was extensive historical tagging of
Pacific halibut in the BS and GOA (Best, 1977), recovery rates were generally low and only
broad-scalemmovement pathways from the BS to GOA (Webster et al. 2013) and from shallow
inshore waters to offshore habitats could be inferred from these data (Skud, 1977). In addition to
widespreadudispersal to deeper habitats, the results of the spatio-temporal modeling of demersal
Pacific halibut illustrate the specific dispersal patterns of young fish from settlement grounds to a
major inter-basin connection pathway by age-4-6 years. These results suggest that juvenile and
adult migration occurs counter to larval dispersal. Compensatory Pacific halibut migration from
settlement grounds in the southeastern BS south and east to the GOA 1is further supported by
genetic studiessthat have found a lack of genetic differences between Pacific halibut in the
eastern BS @and GOA (Nielsen et al. 2010; Drinan et al. 2016). While there were similarities
between year classes in their general direction of movement, there were also notable differences.
In this study,.the weaker 2009 year class occupied similar post-settlement redistribution
pathways to.the stronger 2005 year class, but appeared less aggregated overall and continued to
occupy settlement grounds in Bristol Bay, whereas the 2005 cohort appeared to be highly
aggregated assyoung fish and migrated away from settlement grounds before becoming more
widely dispersed at older ages. Modeling of the supplemental years reinforced these inter-annual
differences, but the general pattern of distribution was consistent across years and temperature

stanzas. It is possible that these pattern differences were in part a response to density-dependent
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processes within the nursery areas (Le Pape & Bonhommeau, 2015) that were not investigated
here.

We have used the spatiotemporal modelling to infer patterns of movement for individual
Pacific halibut cohorts, but factors other than migration can influence the apparent distribution of
fish, including.factors affecting gear selectivity. The NOAA summer bottom trawl survey does
not sample the shallowest waters in the BS inside Bristol Bay, and thus young Pacific halibut in
such inshore habitats will be missed by the survey. Indeed, this appears to be what happened to
the 2011 cohort,; Which had no age-2 fish captured in 2013, yet the cohort showed up strongly in
Bristol Bay: the following year (Supplemental Table 2; Supplemental Figure 12). Selectivity to
the trawl gear may also be influenced by habitat type, environmental conditions, or sea state, as
documentedforsome other species (e.g., Somerton et al., 2013; Cooper and Nichol, 2016; and
Somerton et al, 2018). While acknowledging that such factors may have some effect on the data
and thus our model output, the distributional changes we see are both broad-scale and generally
consistent among cohorts. This leads us to conclude that movement of Pacific halibut cohorts
over time issthe'most plausible explanation for the patterns described in our work.

This study eontributes new knowledge regarding the life cycle of Pacific halibut in the GOA
and BS andus,a step towards better understanding stock structure. Connectivity driven by
dispersal atthe larval stage and migration during the early demersal stage impacts species
distributions, and leads to large-scale ecosystem connectivity and habitat use. Basin-wide
connectivity,and habitat use or dependence among life stages suggests that it is imperative for
managers tosbe‘aware of potential environmental impacts to various geographic components of
the stock. ThesPacific halibut fishery is currently managed via an ensemble of stock assessment
models that lead to a decision table which outlines risks of various harvest scenarios (Stewart et
al. 2020). A better understanding of risk to the spawning biomass and thus the future population
as shown here,.can lead to improved comprehension of consequences associated with different
harvest levels,.and provide a connection to how management decisions affecting fish stocks
made in one.area or region may impact fisheries in other areas, including between ocean basins.

Until recently, details of Pacific halibut early life history dispersal and migration have
remained elusive. However, improved data streams and modelling approaches used in this study
have supported the notion of broad scale connectivity, as hypothesized in earlier literature. Our

building knowledge of Pacific halibut early life history will benefit from future research aimed at
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improving our understanding of the relative contributions from geographically distinct spawning
grounds to nursery habitats, i.e. the sources of replenishment, as well as of the capabilities of
young Pacific halibut to actively migrate prior to their detection in standardized surveys as 2-3

year olds.
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TABLES

TABLE 1 Early life history parameters used for the Pacific halibut larval dispersal individual
based biophysical model. The model simulation was terminated once a larva reached the newly-

settled juvenile.stage after 180 days. Information adapted from Table 3.1 in Sohn (2016)

Duration Vertical swimming
Developmental|stage (days) Depth range (m) speed (m/s) Vertical diffusion (m/s)
Eggs 20 400-500 0.00006 0.0001
Yolksac/Preflexion larvae 55 100-400 0.002 0.001
Flexion larvae 45 10-100 0.004 0.001
Postflexion larvae 35 10-100 0.006 0.001
Transformation 25 10-100 0.01 0.001
Newly-settledjuveniles N/A 10-100 0.02 0.001
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TABLE 2 Mean catch (number/10m?) and size (mm) of larval Pacific halibut caught during the NOAA icthyoplankton surveys in
May of 2005%and 2009 in the Bering Sea (BS) and Gulf of Alaska (GOA), in addition to estimated abundance (millions of fish) and

mean length (cm) of those same year classes when sampled two years later during the NOAA groundfish bottom trawl surveys

Larvae
Catch- Std dev of
weighted Catch- Min size Max size
mean length weighted sampled sampled Mean  Std dev of
(mm) mean length (mm) (mm)  #measured | catch/10m? mean catch # hauls
2005
BS 17.31 7.23 8.2 21.0 51 2.5 8.0 135
GOA 18.04 6.20 10.0 26.0 38 1.6 52 163
Combined 17.62 6.79 89 2.0 6.6 298
2009
BS 15.18 5.23 9.7 18.6 12 0.7 2.7 92
GOA 19.50 n/a 19.5 19.5 1 <0.1 0.4 66
Combined 15.38 5.03 13 0.4 2.1 158
2 year old fish
Estimated
abundance Mean length Std dev of
(Mfish) (cm)  mean length  # measured
2005 year class (BS) 31.42 19.4 3.1 227
2005 year class (GOA) 1.84 24.7 34 204
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2005 combined 33.26 21.9 4.2

2009 year class (BS) 13.22 214 34 30
2009 yearclass (GOA) 2.34 26.4 3.8 26
2009 combined 15.56 23.7 43
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TABLE 3 Percentage of Pacific halibut larvae arriving in the Bering Sea (BS), based on a
division between the GOA and BS along the Aleutian Island chain, from each of five spawn
regions (Figure:2) for each study year estimated by the individual-based biophysical model
(IBM).

Spawn Year
region Warm Cold

2003 2004 2005 2009 2010 2011
1 100 100 100 100 100 100
2 58.0 51.1 58.1 52.7 51.5 47.0
3 17.6 19.3 15.2 17.2 17.2 20.5
4 8.6 4.5 8.2 4.5 7.0 6.5
5 0.2 0.04 0.6 0.08 1.6 0.04

TABLE 4 Sample sizes of aged Pacific halibut from NMFS trawl surveys used in the spatio-

temporalimodelling, by cohort year, body of water, and age (years).

Age Cohort
2005 2009

Bering Sea GOA Bering Sea GOA
2 227 204 30 26
3 510 42
4 590 633 59 56
5 333 66
6 411 727 25 48
FIGURE LEGENDS
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FIGURE 1 Schematic of major ocean circulation patterns in the Gulf of Alaska and Bering Sea.
Compiled from information available in Stabeno et al. (1999), Stabeno et al. (2004), and Stabeno
et al. (2016b)

FIGURE:2 .Five regions (color coded) used to define egg/larva origin points for larval advection
modeling. Regions are based on major known spawning locations for Pacific halibut identified in

St. Pierre (1984).

FIGURE 3. €ateh-per-unit-effort (number/10m?) of Pacific halibut larvae caught during the
NOAA Fisheries EcoFOCI Icthyoplankton surveys in the study years of 2005 (red) and 2009
(blue). Note that sampling occurred in all months February-October in 2005 and those same

months excluding August in 2009

FIGURE 4 Maps showing simulated larval densities from the Individual-Based Biophysical
Model for the«(a):2005 and (b) 2009 year classes with simulated larval release points from
Spawn Regiondds(see Figure 2). For each spawn month (November-March), counts of individual
simulated larvae were summed within 0.5° latitude and longitude grid cells following 1 month
(days 0-30), 3 months (days 61-90), and 6 months (days 151-180) post-spawn. The transparency
of the color'seale reflects larval density in each grid cell and the color shows the time period

post-spawning

FIGURE 5. Maps showing simulated larval densities from the Individual-Based Biophysical
Model (IBM) for the (a) 2005 and (b) 2009 year classes with simulated larval release points from
Spawn Region 2 (see Figure 2). For each spawn month (November-March), counts of individual
simulated larvaeswere summed within 0.5° latitude and longitude grid cells following 1 month
(days 0-30), 3:menths (days 61-90), and 6 months (days 151-180) post-spawn. The transparency
of the color seale reflects larval density in each grid cell and the color shows the time period

post-spawning

FIGURE 6_Maps showing simulated larval densities from the Individual-Based Biophysical
Model (IBM):for the (a) 2005 and (b) 2009 year classes with simulated larval release points from
Spawn Region 5 (see Figure 2). For each spawn month (November-March), counts of individual
simulated larvae were summed within 0.5° latitude and longitude grid cells following 1 month

(days 0-30), 3 months (days 61-90), and 6 months (days 151-180) post-spawn. The transparency
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of the color scale reflects larval density in each grid cell and the color shows the time period

post-spawning

FIGURE 7 Posterior predictions of catch-per-unit-effort (left) and corresponding posterior
standard deviatiens for 2-6 year old Pacific halibut caught during the NOAA Alaska Fisheries

Science Center summer bottom trawl surveys for the 2005 cohort

FIGURE; 8, Peosterior predictions of catch-per-unit-effort (left) and corresponding posterior
standard deviatiens for 2-6 year old Pacific halibut caught during the NOAA Alaska Fisheries

Science Cefiter summer bottom trawl surveys for the 2009 cohort

SUPPORTINGINFORMATION

SUPPLEMENTAL TABLE 1. Number of stations sampled during the NOAA Ichthyoplankton
surveys for 2003, 2004, 2005, 2009, 2010, and 2011 by month.

SUPPLEMENTAL TABLE 2. Sample sizes of aged Pacific halibut from NMFS trawl surveys
used in the spatiotemporal modelling for the 2003, 2004, 2010, and 2011 cohorts.

SUPPLEMENTAL FIGURE 1 Catch-per-unit-effort (number/10m?) of Pacific halibut larvae
caught during the NOAA Fisheries Ichthyoplankton surveys for the study years of 2003-2005
and 2009-2011.

SUPPLEMENTAL FIGURE 2 Maps showing the distributions of simulated larvae from the
individual based. biophysical model for larvae spawned from Spawn Location 1 (See Figure 2)
for the years7a)2003, b) 2004, c) 2005, d) 2009, e) 2010, and f) 2011. Daily larval locations are
shown as points and the colors show the simulated larval release month. The panels show a
snapshot of the respective year and month in the model simulation (i.e. daily larval locations

throughout cach observation month are plotted as points).

SUPPLEMENTAL FIGURE 3 Maps showing the distributions of simulated larvae from the

individual based biophysical model for larvae spawned from Spawn Location 2 (See Figure 2)
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for the years a) 2003, b) 2004, c) 2005, d) 2009, e) 2010, and f) 2011. Daily larval locations are
shown as points and the colors show the simulated larval release month. The panels show a
snapshot of the respective year and month in the model simulation (i.e. daily larval locations

throughout each gbservation month are plotted as points).

SUPPLEMENTAL FIGURE 4 Maps showing the distributions of simulated larvae from the
individual based-biophysical model for larvae spawned from Spawn Location 3 (See Figure 2)
for the years a) 2003, b) 2004, ¢) 2005, d) 2009, e) 2010, and f) 2011. Daily larval locations are
shown as points.and the colors show the simulated larval release month. The panels show a
snapshot of'the respective year and month in the model simulation (i.e. daily larval locations

throughout each observation month are plotted as points).

SUPPLEMENTAL FIGURE 5 Maps showing the distributions of simulated larvae from the
individual'based biophysical model for larvae spawned from Spawn Location 4 (See Figure 2)
for the years/a) 2003, b) 2004, ¢) 2005, d) 2009, e) 2010, and f) 2011. Daily larval locations are
shown as points and the colors show the simulated larval release month. The panels show a
snapshot of'the respective year and month in the model simulation (i.e. daily larval locations

throughout eachnobservation month are plotted as points).

SUPPLEMENTAL FIGURE 6 Maps showing the distributions of simulated larvae from the
individual based biophysical model for larvae spawned from Spawn Location 5 (See Figure 2)
for the years a) 2003, b) 2004, c) 2005, d) 2009, e) 2010, and f) 2011. Daily larval locations are
shown as pointssand the colors show the simulated larval release month. The panels show a
snapshot ofithe respective year and month in the model simulation (i.e. daily larval locations

throughout each observation month are plotted as points).
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SUPPLEMENTAL FIGURE 7 Posterior predictions of catch-per-unit-effort (left) and
corresponding posterior standard deviations for 2-8 year old Pacific halibut caught during the

NOAA Alaska Fisheries Science Center summer bottom trawl surveys for the 2005 year class.

SUPPLEMENTAL FIGURE 8 Posterior predictions of catch-per-unit-effort (left) and
corresponding.pesterior standard deviations for 2-8 year old Pacific halibut caught during the

NOAA Alaska-Fisheries Science Center summer bottom trawl surveys for the 2003 year class.

SUPPLEMENTAL FIGURE 9 Posterior predictions of catch-per-unit-effort (left) and
correspondingsposterior standard deviations for 2-8 year old Pacific halibut caught during the

NOAA AlaskasFisheries Science Center summer bottom trawl surveys for the 2004 year class.

SUPPLEMENTAL FIGURE 10 Posterior predictions of catch-per-unit-effort (left) and
corresponding posterior standard deviations for 2-8 year old Pacific halibut caught during the

NOAA AlaskaFisheries Science Center summer bottom trawl surveys for the 2009 year class.

SUPPLEMENTAL FIGURE 11 Posterior predictions of catch-per-unit-effort (left) and
correspondifng posterior standard deviations for 2-8 year old Pacific halibut caught during the

NOAA AlaskaFisheries Science Center summer bottom trawl surveys for the 2010 year class.

SUPPLEMENTAL FIGURE 12 Posterior predictions of catch-per-unit-effort (left) and
corresponding posterior standard deviations for 3-7 year old Pacific halibut caught during the

NOAA AlaskasFisheries Science Center summer bottom trawl surveys for the 2011 year class.

Note that there were no 2-year-old fish caught during the Bering Sea survey so we did not model

this age class for this cohort.
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