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Abstract
For marine fish with ontogenetic shifts in habitat requirements, survival is dependent upon oceanographic

transport of pelagic larvae from spawning locations and the arrival of settlement-stage larvae to nursery habitats.
Settlement success for fish with nurseries on the continental shelf, such as many flatfish, relies on routes of
transport that facilitate the delivery of larvae from offshore to suitable inshore habitats. To address spatial and
temporal coupling between spawning, transport, and settlement, we utilized an individual-based biophysical
model for the years 2000–2011 in combination with a juvenile habitat suitability model for arrowtooth flounder
(Atheresthes stomias), an abundant predatory flatfish in the oceans off Alaska. Settlement success was inversely
related to the availability of nursery habitat, but oceanographic variability dictated interannual patterns in larval
supply to nurseries. Paradoxically, the majority of larvae were advected offshore and arrived to nurseries on the
continental shelf. Shoreward bathymetric steering through glacial troughs that resulted in directed transport to
nurseries was minimal despite the high proportion of larvae that accessed trough features. Based on modeling
results and empirical observations, mesoscale eddies and retention near suitable settlement habitats enhanced
settlement and recruitment magnitude. In advective ecosystems such as the Gulf of Alaska, settlement success
and cross-shelf transport are augmented by transient retentive features that influence recruitment by facilitating
the delivery of larvae to nursery habitats on the continental shelf.

Survival for marine fish with a planktonic larval stage and a
demersal juvenile stage is restricted by the successful transition
from pelagic to benthic habitats, which can create a bottleneck to
recruitment. High mortality during this early life-stage transition
can be the result of intrinsic costs associated with morphological
changes such as muscle and fin development and sensory
improvements (Doherty et al. 2004; Almany and Webster 2006),

as well as extrinsic processes such as oceanography, food availabil-
ity, and predation that influence transport, growth, condition,
and survival (Johnson 2008; Houde 2016). For organisms that
have ontogenetic shifts in habitat requirements such as flatfishes
(Duffy-Anderson et al. 2014), mortality can be exacerbated by
spatial or temporal decoupling between the larval-juvenile transi-
tion and the delivery of larvae to juvenile habitats (Wilderbuer
et al. 2002). Settlement success and recruitment are influenced by
oceanography that affects access to nursery habitats (Cooper
et al. 2013), and by the availability of suitable nurseries (Stier and
Osenberg 2010; Pirtle et al. 2019) that promote growth and sur-
vival (Gibson 1994; Pirtle et al. 2012). Consequently, juvenile
recruitment as well as source-sink dynamics are the end points of
multiple junctures, including spawning magnitude, larval quality
and supply, settlement success, and post-settlement survival
(Cowen and Sponaugle 2009; Pineda et al. 2010).

Settlement success is the culmination of the pelagic larval
stage that connects spawning locations with suitable nursery
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habitats. Many fish species, including most flatfishes in the
North Pacific and the Gulf of Alaska (GOA), have life-history
strategies that involve spawning in deep waters along the conti-
nental slope, a pelagic larval duration that can span multiple
months, and late-stage larval settlement to nursery habitats on
the continental shelf (Bailey et al. 2005; Doyle et al. 2009). For
this life-history strategy, larvae in the offshore pelagic environ-
ment must cross the slope, traversing along-shelf currents (Ladd
et al. 2005; Janout et al. 2009), and transition to inshore habitats.
In advective systems such as the GOA (Stabeno et al. 2016), the
delivery of larvae to nursery habitats on the continental shelf
may be augmented as a result of transient oceanographic features
that disrupt the prevailing currents, increase retention, or
enhance cross-shelf exchange. Near continental slopes, eddies,
internal tidal bores, fronts, and temporary relaxations in along-
shelf flows may be mechanisms that both concentrate larvae and
enhance shelfward transport (Pineda 1991; Shanks et al. 2000),
leading to fluctuations and pulses in settlement and recruitment
magnitude (Sponaugle et al. 2005).

Settlement success and recruitment may also be influenced by
seafloor terrain features that affect transport trajectories and
routes of larval ingress from offshore to inshore habitats. Themar-
gins of the continental shelf and slope are often punctuated by
broad-scale (> 1 km) bathymetric depressions (Greene et al. 1999;
Harris et al. 2014a). These features include glacial troughs, valleys,
and canyons that disrupt along-shelf flow (Ladd et al. 2005; Allen
and Durrieu de Madron 2009), and can be sites of cross-shelf
exchange that focus flow (Hickey 1997) and transport nutrients,
zooplankton, and potentially fish larvae from offshore to inshore
waters (Bailey et al. 2008; Vestfals et al. 2014). Larvae of slope-
spawning flatfish are found in high abundance near troughs in
the GOA (Bailey and Picquelle 2002; Siddon et al. 2016), and
shelfward flow through troughs typically corresponds with the
pelagic larval stage of many fish taxa (Mordy et al. 2019),
suggesting potential benefits of larval access to these features.

For ecologically important species, variability in recruitment
and coupling between the timing and location of spawning,
transport, and settlement can have substantial impacts on com-
munity structure and potential economic ramifications
(Anderson and Piatt 1999). In the GOA and the North Pacific,
recent increases in the biomass of an abundant predator (ATF;
arrowtooth flounder; Atheresthes stomias) (Spies and Turnock
2013) have led to concern regarding predation pressure on the
juvenile stages of commercially important species such as wall-
eye pollock (Gadus chalcogrammus) (Hollowed 2000). Ecological
and economic consequences of population or community res-
tructuring, and the movement toward ecosystem approaches to
management (King et al. 2015), highlight the value of under-
standing the processes that influence recruitment and survival
of marine fish. Large year classes of slope-spawning species such
as ATF and Pacific halibut (Hippoglossus stenolepis) have been
linked to climatic events and the El Niño Southern Oscillation
(Bailey et al. 1995; Anderson and Piatt 1999; Clark et al. 1999),
yet many of the direct mechanisms influencing recruitment of

commercially and ecologically important species are primarily
unresolved.

We utilize an individual-based biophysical model (IBM)
paired with a habitat suitability model (HSM) to develop and
test mechanistic hypotheses regarding physical processes that
influence dispersal, transport, and the delivery of settlement-
stage larvae to nursery habitats. To address these hypotheses, we
focused on ATF due to its ecological significance. We hypothe-
size that refined designations of suitable nursery habitats will
reduce and alter interannual settlement success. However, dis-
ruptions in along-shelf currents such as eddies and seafloor ter-
rain features that affect patterns of flow may reduce advective
loss of larvae and enhance access to the nursery habitats on the
continental shelf. Persistent bathymetric depressions such as
glacial troughs may be reliable conduits of cross-shelf transport
that deliver larvae to nurseries and buffer the impacts of oceano-
graphic variability on settlement success and recruitment.
Increased understanding of interactions between transient
oceanography, larval transport and ingress, and the delivery of
larvae to suitable nursery habitats will contribute to determining
population fluctuations of an ecologically important predator as
well as a broader understanding of recruitment variability for
organisms with pelagic larvae and obligate nursery habitats.

Methods
Study region

The GOA marine ecosystem is bordered by the Alaskan
coastline and the North Pacific Current (Fig. 1b, inset) (Zador
and Yasumiishi 2016). The continental shelf of the GOA is
incised by glacial troughs and valleys (henceforth troughs)
that were formed by erosional glacial processes during the
Pleistocene ice ages (Carlson et al. 1982) and extend from
inshore areas along the coastline to the shelf break and slope
(Fig. 1a,b) (Carlson et al. 1982; Harris et al. 2014b). The prev-
ailing currents in the GOA flow counter-clockwise and
include the Alaska Coastal Current (ACC) that flows over the
continental shelf, and the northward flowing Alaska Current
(AC) that originates in the eastern GOA and turns westward
to form the Alaskan Stream (AS), following the isobaths
along the continental slope (Fig. 1b, inset) (Stabeno
et al. 2004). The AC, formed from the bifurcation of the
North Pacific Current, is an eastern boundary current that is
often associated with eddy formation and meanders
(Okkonen et al. 2001; Stabeno et al. 2004). The AS is a typi-
cally fast-flowing (> 50 cm s−1 near Kodiak Island) western
boundary current (Stabeno et al. 2004). Circulation on the
shelf is dominated by the westward flowing ACC with the
majority (� 95%) of the ACC transport flowing through Shel-
ikof Strait (Fig. 1a,b, inset) (Stabeno et al. 2016).

Study species
Arrowtooth flounder (ATF) is a piscivorous flatfish with a

distribution that encompasses Cape Navarin in Russia, the
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eastern Bering Sea, the GOA, and the temperate Pacific Ocean
(Blood et al. 2007). In the GOA, ATF are primarily found on
the continental shelf as immature fish and then migrate
(starting at � 4 years) to deeper waters along the continental
slope to spawn (� 7 years for females) (Stark 2008; Wilderbuer
et al. 2008). ATF are group-synchronous batch spawners, and
spawning primarily occurs along the slope during the winter
months (Zimmermann 1997). After a pelagic larval duration
of up to � 180 d, late-stage larvae settle to obligate juvenile
nursery habitats on the shelf in the late summer and early
fall (Bouwens et al. 1999b; Stockhausen et al. 2019), where
they reside as early post-settlement stage juveniles (Norcross
et al. 1999; Pirtle et al. 2019).

Individual-based biophysical model
To address the influence of oceanography on pelagic larval

dispersal and settlement success, a three-dimensional IBM
coupled with daily averaged output from the Regional Ocean

Modeling System (ROMS) was developed using the Dispersal
Model for Early Life Stages (DisMELS) framework (Stockhausen
et al. 2019) for the years 2000–2011. The ROMS hydrody-
namic model is a terrain-following, primitive equation, three-
dimensional ocean circulation model that is driven by atmo-
spheric forcing (Shchepetkin and McWilliams 2005; Haidvogel
et al. 2008). This study utilized a series of nested ROMS
models (North Pacific [Npac]: 20–40 km resolution, North
Eastern Pacific [NEP]: 10 km resolution, and Central GOA
[CGOA]: 3 km resolution), where coarser resolution models
set boundary conditions for finer resolution nested grids
(Hermann et al. 2009; Hinckley et al. 2009; Coyle et al. 2012).
Output from the nested models was saved in daily increments
to provide ocean circulation information and physical proper-
ties for the IBM throughout the model domain (Fig. 1a, inset).
This model output was paired with Lagrangian particle track-
ing using DisMELS and followed the same life-history parame-
terization described in Stockhausen et al. (2019). Daily ROMS

Fig. 1. Maps showing (a) bathymetry of the Gulf of Alaska (GOA) study domain from shore to the 1000 m isobath; and (b) bathymetric depressions
characterized by terrain analysis (purple), to identify glacial troughs and valleys (orange outline). Glacial troughs and valleys are numbered to identify: 1)
Shumagin Trough; 2) Shelikof Sea Valley entrance; 3) Sitkinak Trough; 4) Barnabas Trough; 5) Chiniak Trough; 6) Stevenson Trough; 7) complex of the
neighboring Amatuli, Knight Island, and Hinchinbrook troughs; 8) Kayak Trough; 9) complex of the bathymetric depressions in the vicinity of the Pam-
plona zone and the entrances to the neighboring Bering Trough and the Yakutat and Alsek valleys; 10) Yakobi Valley; and 11) Chatham Valley. The inset
in (a) shows the spatial domain of the Regional Ocean Modeling System (ROMS) model that determined the extent of the habitat suitability model and
the individual-based biophysical model (IBM; blue polygon) along with IBM spawning locations from 300 to 600 m depths (red line). The inset in (b)
shows the prevailing oceanographic currents in the GOA adapted from Stabeno et al. (2004).
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output was interpolated spatially using bilinear interpolation
to obtain environmental variables associated with individual
modeled larvae. Movement (latitude, longitude, and depth)
and biological processes (age, size, and developmental stage)
of each virtual larva were based on 20-min time steps, and the
locations of larvae were updated using a fourth-order
predictor–corrector algorithm that incorporates swimming,
buoyancy, and horizontal or vertical random walks for diffu-
sive motion. Larval information (location, depth, age, size,
and developmental stage) and interpolated temperature and
salinity were saved at daily time steps.

To simulate spawning, eggs were released along the conti-
nental slope between 300 and 600 m deep using a 1 km × 1 km
grid (Fig. 1a, inset) during three 15-d intervals, for a total of
three cohorts per year starting on the first of January. The num-
ber of individuals released for each cohort was weighted to
reflect measured temporal patterns in larval abundance with
600 individuals km−2 released for the first two cohorts and
480 individuals km−2 for the final cohort during each year
(Stockhausen et al. 2019). Thus, we tracked a total of 49,359
particles in each year, representing 27,641,040 simulated larvae.
Simulated ATF developed through a series of life-history stages
(Table 1). Upon transitioning to settlement-stage larvae, indi-
viduals were allotted an 8-d settlement competency window to
encounter suitable habitat and “settle” as juveniles. A mortality
rate was not included in the model. The only sources of mortal-
ity were exiting the model domain (Fig. 1a, inset) and individ-
uals that did not encounter suitable settlement habitat during
their competency window.

Habitat suitability models
The delivery of simulated larvae to nursery habitats was

determined by developing a static predictive map of suitable

habitat for ATF early post-settlement stage juveniles using
maximum-entropy models (MaxEnt) (Phillips et al. 2006).
MaxEnt is a method for modeling probability of species occur-
rence with presence-only data (Phillips et al. 2006) and is
appropriate for small sample sizes (Elith et al. 2006; Guisan
et al. 2007). Habitat covariates were based on the seafloor ter-
rain and ecology of juvenile ATF (see Supplemental Table 1 for
details). Covariates included: (1) depth (Fig. 1a), (2) slope,
(3) aspect “eastness,” (4) aspect “northness,” (5) bathymetric
position index (BPI: describes the elevation of a location rela-
tive to neighboring locations) (Wilson et al. 2007; Pirtle
et al. 2019), (6) sand substrate (Supplemental Fig. 1), (7) sea
whips, (8) tidal current speed, and (9) bottom temperature.
Habitat predictor variables were produced as 100 m2 resolu-
tion rasters from shore to the 1000 m isobath (Fig. 1a) and
were applied to the HSM, following examination for autocor-
relation (threshold of < 0.5 correlation).

ATF typically settle to the benthos at � 40 mm SL
(Stockhausen et al. 2019) and reach � 80 mm SL at � 300 d
post-hatch (Bouwens et al. 1999a). Therefore, we confined the
HSM to individuals < 80 mm in length (minimum available size
was 40 mm) to target individuals soon after settlement. As
observations of ATF early post-settlement juveniles were lim-
ited, we combined presence-only catch locations from fishery-
independent bottom-trawl data from May through September
1989–2013. Catch locations were available from offshore areas
of the continental shelf from a groundfish survey (3.2–12.7 cm
mesh size gear; nATF = 48) (von Szalay and Raring 2016), and
inshore locations from small-mesh gear surveys (3.2 cm) on the
central and western shelf (nATF = 56) (Jackson and Ruccio 2003)
and the central shelf (nAT = 20) (Wilson et al. 2016). All ATF
observations were combined for the HSM (nATF = 124) and par-
titioned by randomly selecting 70% as training data and 30%

Table 1. Arrowtooth flounder (ATF) parameterization for the individual-based biophysical model (IBM).

Life stage

Age in
stage
(days) Growth rate (mm d−1)

Transition
(SL, mm)

Preferred
depth
(m)

Swimming speed
(body

lengths s−1)

Diffusivity m2 s−1

(vertical,
horizontal)

Egg (19 substages) ~8.3–25 Temperature-dependent 4.4 300–600 Buoyancy-controlled 0.0001, 0.001

Small yolk sac ~41 0.008 6.1 300–600 0.1 0.0001, 0.001

Large yolk sac ~17 0.008 7 150–300 0.1 0.0001, 0.001

Small feeding preflexion ~36 0.01 10 40–80 0.1 0.0001, 0.001

Large feeding preflexion ~29 0.01 13.4 10–30 0.1 0.0001, 0.001

Postflexion ~57 0.01 42 10–30 0.1 0.0001, 0.01

Settlement 8 (max) — — 10–30 0.1 0.0001, 0.01

Life stage refers to the developmental stage of simulated larvae in the model. Age in stage is the approximate number of days that a larva remained
within each stage based on the growth rate and transition size assigned to each stage in the model. Growth rate is the growth rate of the larvae at each
stage. Values were constant for all stages except for the egg stages which included 19 substages with temperature-dependent development. Transition
refers to the standard length (SL) at which a larva completed the life stage and transitioned to the next subsequent stage in the model. Preferred depth is
the empirically informed or literature-inferred depth range of each life-stage, and was maintained by either buoyancy (eggs) or swimming speed. Diffusiv-
ity refers to vertical and horizontal random walk movement at the sub-grid scale. The settlement stage, just prior to transitioning to juveniles, maintained
the parameterization of the postflexion stage, but was given an 8-d competency window to encounter suitable habitat. See Stockhausen et al. (2019) for
additional details.
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to test the resulting models. We implemented the HSM in R
(R Core Team 2017) with the MaxEnt software (3.3.3) and the
dismo and raster packages (Hijmans et al. 2014a,b). ATF pres-
ence locations were applied to the models over n = 1000 itera-
tions with n = 100,000 randomly selected locations from the
covariates. Models were developed and evaluated to determine
optimal settings for the regularization multiplier (β) that con-
trols model complexity in steps of 0.5 between values 0.5–5
with automatic feature selection (Warren and Seifert 2011;
Merow et al. 2013). The value of β for the final model was deter-
mined based on Akaike Information Criterion for small sample
sizes (AICc). Final models were produced using k-fold cross vali-
dation (k = 10) and model fit was evaluated using the area under
the receiver operating characteristic curve (ROC, AUC). Jack-
knife analysis was applied to determine covariates with the
greatest contribution to the final models. We produced two sets
of models because the extent of the sand substrate data was less
than the other variables (Fig. 1a; Supplemental Fig. 1) (Pirtle
et al. 2019). We developed a final HSM map of the averaged
mosaic of the mean predicted probability of suitable habitat for
overlapping areas produced to the bathymetry data extent.

Combining the IBM and HSM
To determine settlement success, we coupled the HSM

map with the daily IBM output using simulated larval spatial
locations (latitude and longitude). For each larva, the habitat
with the highest suitability that was encountered during the
8-d settlement competency window was designated as the
settlement habitat, and the trajectory was terminated. We
assumed habitat specificity based on evidence of selectivity
for preferred settlement habitat for other flatfish species
(Wennhage and Pihl 1994; Laurel et al. 2015). For subsequent
analyses, rather than assuming that habitat suitability proba-
bility was proportional to mortality, the continuous metric
was designated as suitable or not-suitable, using a threshold
rule of equal training sensitivity and specificity (Pirtle
et al. 2019). The threshold value is the break point in the
probability distribution where the proportion of presences
correctly predicted is equal to the proportion of absences cor-
rectly predicted.

Glacial trough designations
To investigate the importance of troughs as routes of cross-

shelf transport, we applied seafloor terrain analysis to charac-
terize broad-scale (> 12 km) and elongated (length > width)
bathymetric depressions relative to location and feature mor-
phology (Carlson et al. 1982; Harris et al. 2014b). We derived
BPI from bathymetry at two spatial scales that were roughly
equivalent to 13 km (BPI129) and 26 km (BPI257). We
applied a conditional statement to the bathymetry (meters)
and BPI rasters to create a selection of terrain features from
shore to the 1000 m isobath, the seaward extent of the
HSM (Eq. 1).

Selection= Depth ≥100ð ÞAND BPI257 ≤0ð Þð ÞOR Depth ≥180ð Þ
OR Depth ≥100ð ÞAND BPI129 ≤ 0ð Þð Þ

ð1Þ

We refined this selection to include troughs and associated
bathymetric depressions that are connected to the continental
shelf break and slope in order to capture troughs that may be
important for cross-shelf transport (Fig. 1b; Carlson et al. 1982;
Harris et al. 2014b).

We applied a secondary trough selection method using
thalweg locations derived from bathymetry using ArcMap
(v.10.2.2) to test the sensitivity of simulated larval presence in
troughs to feature size and location (see Supplemental Fig. 2a
for details of the method). The two methods showed agreement
regarding the location of most troughs (Supplemental Fig. 2a).
Trough size and the number of larvae accessing troughs was
reduced using the thalweg method, but interannual patterns of
larval presence in troughs were similar (Supplemental Fig. 2b).
This agreement between methods indicates that conclusions
associated with larval access to troughs are likely robust to
minor differences in spatial designations of the features. The
conditional terrain analysis designations were utilized for subse-
quent analyses based on spatial agreement with bathymetry
and the incision of troughs from the 1000 m isobath to the
continental shelf, which connects the shelf and the basin
(Fig. 1; Supplemental Fig. 2a).

Glacial troughs and larval transport
To identify larval access to troughs and ingress to nursery

habitats, IBM trajectories were selected such that the simu-
lated individuals met the following criteria: (1) were offshore
of the continental shelf (defined by the 1000 m isobath;
Fig. 1a) during at least one time step in their trajectory and
(2) traversed through a trough (defined by simulated larval lat-
itude, longitude, and a depth > 150 m). Individuals had the
potential to traverse multiple troughs and to be advected off
of the shelf following occurrence in a trough. Therefore, to
quantify the contribution of cross-shelf transport via troughs
to settlement success, and directed transport to nurseries, we
also identified the successful individuals that were retained on
the shelf following their last trough observation time point.
The influence of trough or canyon flow on the overlying water
column is limited by water column stratification and weaker
at the surface (Hickey 1997; Allen and Durrieu de
Madron 2009). A 150 m designation, based on the depth of
the continental shelf (Fig. 1a) and the � 200 m depth of the
shelf break (Okkonen et al. 2001), provided a conservative
minimum depth to ensure that larvae were passing through a
trough rather than the water column above these features.
Thus, only ATF with preferred depth ranges deeper than
150 m could be present in troughs (Table 1).
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Recruitment
Mechanistic hypotheses regarding the influence of reten-

tion and eddies on settlement success were developed from the
IBM and tested using two separate data sources. Age-1 recruit-
ment data were obtained from the 2016 ATF stock assessment
for the GOA (Spies et al. 2016) and Eddy Kinetic Energy (EKE;
cm2 s−2) was calculated from satellite-derived altimetry. EKE
provides a metric of mesoscale variability (Ladd 2007) to iden-
tify features such as eddies or current meanders. Gridded mer-
ged satellite data (TOPEX/Poseidon, ERS-1/2, Jason, and
Envisat) for EKE calculations had a 1/3� spatial resolution with
a map every 7 d and EKE was calculated following (Ladd 2007).
Average EKE was also calculated from the ROMS model for
comparison. EKE was calculated from the start (spawning) to
the end (settlement) dates of the IBM years (01 January to
23 October � 3 d), and from 01 January to 22 October for addi-
tional years. The spatial extent of EKE calculations ranged from
−160� to −135� longitude, from the 1000 m isobath to 200 km
offshore of the 1000 m isobath. This spatial extent was selected
to exclude on-shelf regions that are poorly resolved by satellite
data (Dohan and Maximenko 2010) and to focus on EKE asso-
ciated with cross-shelf transport.

Data analysis
To assess transport routes to suitable nursery habitats, IBM

trajectory analyses only included individuals that arrived to

Table 2. Simulated larval trajectory categorizations based on the arrowtooth flounder (ATF) individual-based biophysical model (IBM)
coupled with the habitat suitability model (HSM).

Category Description

Larval supply 1. Arrived as settlement-stage larvae to a habitat with a suitability >0
Successful settlers 1. Arrived as settlement-stage larvae to a habitat with a suitability ≥0.36
Off-shelf supply 1. Advected off the continental shelf during at least one time point in the trajectory

2. Arrived as settlement-stage larvae to a habitat with a suitability >0
Off-shelf success 1. Advected off the continental shelf during at least one time point in the trajectory

2. Arrived as settlement-stage larvae to a habitat with a suitability ≥0.36
Off-shelf trough success 1. Advected off of the continental shelf during at least one time point in the trajectory

2. Present in a trough during at least one time point in the trajectory
3. Arrived as settlement-stage larvae to a habitat with a suitability ≥0.36

Off-shelf trough success and retention 1. Advected off of the continental shelf during at least one time point in the trajectory
2. Present in a trough during at least one time point in the trajectory
3. Subsequently remained on the continental shelf
4. Arrived as settlement-stage larvae to a habitat with a suitability ≥0.36

On-shelf supply 1. Remained on the continental shelf
2. Arrived as settlement-stage larvae to a habitat with a suitability >0

On-shelf success 1. Remained on the continental shelf
2. Arrived as settlement-stage larvae to a habitat with a suitability ≥0.36

On-shelf trough success 1. Remained on the continental shelf
2. Present in a trough during at least one time point in the trajectory
3. Arrived as settlement-stage larvae to a habitat with a suitability ≥0.36

Habitat suitability was defined based on a binary threshold value of 0.36 applied to the HSM logistic continuous probability prediction (0–1). Glacial tro-
ughs, valleys, and associated bathymetric depressions along the Gulf of Alaska continental margin (troughs) were characterized from shore to the
1000 m isobath. Offshore environments were designated as basin areas beyond the 1000 m isobath. Transport through a trough was determined based
on latitude, longitude, and a depth > 150 m.

Table 3. Maximum entropy (MaxEnt) habitat suitability model
(HSM) results for arrowtooth flounder settlement-stage and early
post-settlement stage juveniles in the Gulf of Alaska.

HSM HSM with substrate

Training (n) 112 74

Test (n) 12 8

RM 3.5 3.5

AUC test mean�SD 0.75�0.07 0.81�0.07

H1 (%) Depth (37.4) Depth (42.5)

H2 (%) BPI 6.5 km (25.0) BPI 6.5 km (31.6)

H3 (%) Tidal current speed (13.8) Tidal current speed (9.2)

H4 (%) Bottom temperature (8.6) Sand (5.2)

H5 (%) Sea whips (7.0) Slope (3.9)

H6 (%) Aspect northness (3.5) Sea whips (3.5)

H7 (%) Slope (3.2) Bottom temperature (2.0)

H8 (%) Aspect eastness (1.5) Aspect eastness (1.9)

H9 (%) N/A Aspect northness (0.1)

Results are shown for models using all habitat predictor variables and the
bathymetry data extent (HSM) and models using all habitat variables and
sand substrate (HSM with substrate), including sample size of presence
locations for the training and test partitions (n), value of the regularization
multiplier (RM), AUC (area under the curve) value for test locations,
mean � SD of k-fold replicates (k = 10), and percent individual contribu-
tion of each habitat predictor variable (e.g., H1 (%)) in decreasing order
of contribution, as determined by jackknife analysis. BPI is the Bathymetric
Position Index.
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settlement habitats within the HSM domain, and IBM results
were subdivided into trajectory categories (Table 2). Maps of
settlement locations (endpoint of individual larval trajecto-
ries), larval density maps, and connectivity matrices were con-
structed to identify dispersal and settlement variability among
regions, years, and trajectory categories. Larval density calcula-
tions included all time points throughout each model year
and were quantified as the sum of the number of larvae (indi-
viduals counted only once in each cell) that traversed
3 km × 3 km ROMS CGOA grid cells (densities as count per
9 km2) for each trajectory category. Larval densities were then
averaged across 0.08� latitude and longitude to avoid obscur-
ing data points.

Connectivity matrices were constructed by dividing the
GOA longitudinally (from −132� to −163�) into 50 equal-sized
subregions. The values that populate the matrices were calcu-
lated as:

% of settlers =
spawnedi & settled jP

settled j
×100 ð2Þ

where the numerator corresponds to the number of larvae that
were spawned from location i and settled in location j out of
the total number of larvae that settled in location j (Eq. 2).
This metric does not account for differences in the number of
larvae released from each spawn location, thus providing gen-
eral patterns of connectivity, but limiting the ability to com-
pare larval contributions between spawning locations.
Connectivity matrices were constructed for years with above
average and below average larval supply and settlement by
averaging values across years.

The importance of each trough to larval ingress was addressed
by quantifying counts of simulated individuals within troughs
and the average number of days that individuals were retained
within each trough (numbered 1–11; Fig. 1b). Analyses for heat
maps included only the final trough in which an individual was
observed prior to retention on the continental shelf (based on
off-shelf trough success and retention; Table 2). The assumption of
shoreward transport through troughs was visually assessed by
plotting the locations of simulated larvae up to 40 d after the
final time point within a trough, and by calculating directional-
ity of transport using the first time point at which a larva
entered a trough and the last time point before the larva exited

Fig. 2. Maps of the maximum entropy (MaxEnt) habitat suitability model (HSM) results for the study domain, depicted with continuous suitable habitat
probabilities from the logistic output (0–1) (a), and binary suitable habitat probabilities (0:1) (b), where 1 is suitable and 0 is not suitable. Suitable settle-
ment habitat (b) was calculated from the total HSM area (a) by applying a threshold value (0.36) to the HSM continuous logistic output.
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the feature. Directionality of transport did not capture meander-
ing or changes in direction between the two time points.

Hypotheses regarding the mechanistic relationship between
eddies and recruitment were assessed based on the relationship
between satellite-derived EKE and age-1 recruits as well as ROMS-
derived EKE and successful settlers (Table 2) using ordinary least
squares (OLS) and quantile regression. The influence of eddy
location was incorporated into the analysis by calculating mean
ROMS-derived and satellite-derived EKE in the eastern and west-
ern GOA (breakpoint at −146� longitude), during a time span
that corresponded to the pelagic larval stage of ATF. This spatial
scale was selected based on evidence of regional discontinuity
between the eastern and western GOA (Goldstein et al. 2019),
and the lack of agreement between the specific location of eddies
in the ROMS model compared to empirical data (Coyle
et al. 2012). For satellite-derived EKE and stock assessment-based
recruitment, regression analyses used lagged age-1 recruitment
for the GOA from 1994 to 2015 (Spies et al. 2016). IBM-based
settlement focused on younger fish, therefore, years were not
lagged in relation to ROMS-derived EKE. Separate models were
fit for the relationship between ATF abundance across the
entirety of the GOA with mean EKE in the eastern GOA and the
western GOA. For the purposes of visualization, the regional
annual EKE was calculated as deviations from the respective
regional EKE means across all study years. In addition to OLS,
relationships between regional EKE and ATF across the entire
GOA were examined using quantile regression in R (R Core

Team) with the quantreg package (Koenker et al. 2018) focusing
on the lower (25th) and upper (75th) quantiles of settlement or
recruitment. This method is ideal when the relationships
between predictor variables and observations may not be consis-
tent for all quantiles or when all explanatory variables, or limit-
ing factors, were not measured (Cade and Noon 2003). For this
study, the upper quantile provides insight into whether the
upper bounds (threshold) of settlement or recruitment are corre-
lated with regional EKE. The lower quantile describes whether
regional EKE has a different relationship with ATF survival dur-
ing years of low settlement or recruitment, or if unmeasured fac-
tors influence the relationship. The significance of quantile
relationships are presented as bootstrapped p values and the fit
was determined using the coefficient of determination, R1(τ)
(Koenker and Machado 1999; Cade et al. 2005).

Results
Habitat suitability and settlement success

The best-fit models (β = 3.5) had an average test AUC of
0.78 with low variability among replicates (SD = 0.07;
Table 3). The top covariates in both sets of models were depth,
BPI at a 6.5 km spatial scale, and tidal current speed. Habitat
for settlement-stage and early post-settlement stage juvenile
ATF in the GOA is likely to occur within a depth range from
shore to roughly 215 m in low gradient and low-lying areas
such as channels within bays that extend to deeper depths on

Fig. 3. Model output from the combined analysis of the individual-based biophysical model (IBM) and the habitat suitability model (HSM). The values
correspond to the number of simulated larvae that settled (settlers) to habitats on the continental shelf in each model analysis category in each study year
(see Table 2). Results were separated into (a) higher values and (b) lower values to allow for different y-axis scales.
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the continental shelf. These habitats are also likely to be in
areas of lower tidal current speeds with sand substrate present
(Table 3; Fig. 2a).

For subsequent analyses, a logistic threshold of 0.36 defined
binary suitability indices as nonsuitable (0: < 0.36) and suitable
(1: ≥ 0.36) habitats (Fig. 2b). Suitable habitats encompassed a
total area of 1.15 × 105 km2 in contrast to a total area of
3.17 × 105 km2 for the HSM domain. This binary designation
excluded much of the continental shelf near the central GOA,
where covariates (ex: reduced sand) were unfavorable for juve-
nile ATF (Table 3; Supplemental Fig. 1). The majority of the
habitat with the highest likelihood of suitability is located in
the western GOA (Fig. 2).

The combination of the IBM trajectories and the HSM rev-
ealed substantial variability in supply and settlement of larvae
throughout the 12-yr study period and among trajectory catego-
ries. Enhanced nursery habitat restrictions (successful settlers)
suppressed settlement when compared to potential larval supply.
Larval supply and successful settlers showed generally concomitant
fluctuations among years and the same patterns of above (high:

2001–2003, 2009) and below (low) average settlement (Fig. 3a).
The majority of simulated larvae were off of the continental shelf
at some point in their trajectories (off-shelf supply; Fig. 3a). Suc-
cessful settlers, off-shelf success, and off-shelf trough success showed
similar interannual variability in settlement that differed from
on-shelf categories. Interannual patterns in off-shelf trough success
and retention were decoupled from both on- and off-shelf catego-
ries with a peak in 2006 followed by 2009 (Fig. 3).

A large portion of settlers that arrived to suitable nursery
habitats were observed within troughs regardless of on- or off-
shelf transport routes (on-shelf trough success and off-shelf trough
success; Fig. 3). In contrast, when retention on the continental
shelf following trough transport was considered, the number of
individuals was greatly reduced (off-shelf trough success and reten-
tion; Fig. 3b). For successful larvae that were advected off of the
continental shelf, the number of individuals that were present
within troughs was comparatively consistent among years
(coefficient of variation: off-shelf success = 20.39; off-shelf trough
success = 21.93), but variability in shelf retention following
trough transport was high (coefficient of variation: off-shelf

Fig. 4. Simulated larval settlement endpoints during the lowest (low) and highest (high) settlement years for (a) successful settlers, (b) on-shelf success,
and (c) off-shelf trough success and retention (see Table 2 for details of trajectory categories). Troughs are blue semi-transparent overlays.
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trough success and retention = 36.92). On-shelf success had the
greatest variability among years (coefficient of variation: 63.89).

Settlement success, transport, and retention
Settlement locations spanned the majority of the continen-

tal shelf, with differences in extent among trajectory categories.
Three major patterns emerged: (1) successful settlers typically set-
tled across the entire GOA but were often concentrated in the
western GOA, (2) on-shelf success settlement locations were pri-
marily nearshore, and (3) settlement locations for on-shelf
trough success and retention were concentrated in the western
GOA (Fig. 4). Settlement habitats were predominantly located
westward of spawning locations (Fig. 5; Supplemental Figs. 3,
4). Spawning locations � 42–47, in the eastern GOA, supplied

larvae to settlement areas throughout the GOA (Fig. 5). As a
result of the constraints of the ROMS model domain (Fig. 1a,
inset), some locations in the eastern GOA showed high propor-
tional self-recruitment because there were no upstream
spawning locations. Despite these constraints, there was evi-
dence of settlement eastward of spawning locations in the east-
ern GOA (� 41–47) and the central/western GOA
(� 17–28; Fig. 5).

Patterns of connectivity were similar among trajectory cate-
gories and numeric reductions corresponded with restrictions
in suitable nursery habitats and transport trajectories. There
were some notable distinctions among categories, and
between years of high and low settlement (Fig. 5). For off-shelf
trough success and retention, fewer individuals spawned or

Fig. 5. Simulated larval connections between spawning and settlement locations. The map (a) shows the 50 divisions (1–50 from west to east) as well
as trough designations (blue). Heatmap connectivity matrices are shown for four trajectory categories (see Table 2 for descriptions): larval supply (b, f),
successful settlers (c g), on-shelf success (d, h), and off-shelf trough success and retention (e, i). The color scale shows the percent of individuals that were
spawned and settled to each numbered location out of the total number of individuals sourced from all spawning areas that arrived to each settlement
location. Grid cells below the diagonal line correspond to westward movement from spawning to settlement locations, and those above show eastward
movement. Each analysis category is separated into years with above average (high) and below average (low) settlement. Percentages depicted in the
heatmaps (color scale) are calculated as means among high (larval supply and successful settlers: 2001–2003, 2009; on-shelf success: 2001, 2003, 2004,
2009, 2011; off-shelf trough success and retention: 2001, 2006–2009) or low years.
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settled in the eastern GOA (� 40–50), and the contribution of
eastern spawning locations (� 42–47) to settlement in the
west (� 5–23) was reduced compared to the other transport
categories (Fig. 5). For successful individuals that remained on
the shelf, spawning locations extended farther west in high
settlement years compared to low (� 11–19; Fig. 5d,h). Reten-
tion, self-recruitment, and eastward movement were enhanced
during high settlement years for larval supply and successful set-
tlers (Fig. 5b,c,f,g). The retentive regions encompassed
spawning and settlement locations in the central GOA to just
eastward of Kodiak Island (� 17–27; Fig. 5a,b,c,f,g). Off-shelf
trough success and retention also showed higher self-recruitment
in the western and central GOA (� 20–30) during high settle-
ment years, and some evidence of retention farther east dur-
ing low settlement years (� 30–40; Fig. 5e,i).

Regions of high larval densities and accumulation differed
among years with high and low settlement (Fig. 6; Supple-
mental Figs. 5–7). During years of high settlement, successful
settlers were concentrated on the continental shelf in the
eastern GOA or offshore of the central GOA (Fig. 6a; Supple-
mental Fig. 5). These offshore larvae were often concentrated
in a circular pattern in either the central (� −142� to −147�

Longitude) or western (� −148� to −155� Longitude) GOA
(ex: 2001 and 2002; Fig. 6a; Supplemental Fig. 5), highlight-
ing eddy entrainment. In 2009, the year of peak settlement
success, simulated larvae were again concentrated in the east-
ern GOA on the continental shelf, but there were additional
hotspots along the continental slope and in the central GOA
(Fig. 6a; Supplemental Fig. 5). On the shelf, simulated larvae
were concentrated near and within troughs and banks
(Fig. 6a; Supplemental Fig. 5). Areas of high larval densities
for on-shelf success were primarily in the eastern and central
GOA, but extended farther west during years of above aver-
age settlement success (2001, 2003, 2004, 2009, and 2011;
Fig. 6b; Supplemental Fig. 6). Transport through troughs was
contingent upon offshore advection in our analysis, and
therefore IBM trajectories through troughs did not show the
same degree of larval accumulation on the continental shelf
as other categories (Fig. 6; Supplemental Figs. 5–7). Regions
of accumulation associated with trough transport during
high settlement years were generally on the shelf in the west-
ern GOA near trough features 3–6 (Fig. 1b), or offshore near
the central or western GOA (2001, 2008, and 2009; Fig. 6c;
Supplemental Fig. 7).

Fig. 6. Maps of simulated larval densities from the individual-based biophysical model (IBM) showing the lowest (low) and highest (high) settlement years for
(a) successful settlers, (b) on-shelf success, and (c) off-shelf trough success and retention (see Table 2 for trajectory category details). Larval densities (color scale) are
the number of unique individuals in 3 km × 3 km grid cells (resolution of the Regional Ocean Modeling System grid), averaged over 0.08� latitude and longitude,
throughout the course of the simulation in each study year. Troughs are blue semi-transparent overlays. Note that the color scale differs among subplots.
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Directionality of transport through troughs was variable,
but modeled larvae generally traveled shelfward following the
seafloor terrain (Supplemental Figs. 8–10), and few larvae were
advected along the continental slope after accessing trough
features (Supplemental Fig. 11). Years of high off-shelf trough
success and retention (2001, 2006–2009) showed enhanced
average trough transport in the western GOA (Fig. 7a). A large
number of individuals traversed trough 6 during 2001 and
2008, trough complex 7 during 2006, and troughs 2–6 in
2009 (Fig. 7a). During 2007, the number of individuals within
each trough was not notable; however, average residence time
in trough 6 was high (Fig. 7b). Larval counts in troughs were
influenced by the area of the feature, but larger feature size
did not necessarily correspond to longer residence times
(Figs. 1b, 7).

Retention and recruitment
Yearly IBM-based settlement success (age-0) was not signifi-

cantly correlated with lagged stock assessment-based recruitment
(age-1; OLS p > 0.05). Visual inspection of satellite-derived and
ROMS-derived EKE showed differing interannual patterns, and
limited similarities in spatial patterns (Supplemental Fig. 12).
Despite a lack of temporal agreement between IBM model results
and recruitment from the stock assessment model, hypothesized
mechanisms of eddy retention and settlement success were cor-
roborated by the relationship between EKE and recruitment.
Regional satellite-derived EKE in the western GOA was positively
correlated with age-1 recruitment based on OLS regression if

1999, a year with unusually high recruitment, was excluded
from the analysis (y = 0.03x + 8.53, r2adjusted = 0.20, p = 0.03;
Fig. 8). The slope of this relationship increased (y = 0.06x
+ 10.85, R1(τ) = 0.17, p = 0.03; Fig. 8) for the upper (75th) qua-
ntile. This quantile relationship indicates that EKE in the west-
ern GOA determines years of high recruitment such that it
constrains the upper magnitude of recruitment for the entire
large marine ecosystem. This threshold relationship is reinforced
by the lower (25th) recruitment quantile that did not show a sig-
nificant relationship between EKE in the western GOA and
recruitment during years of low recruitment. OLS and the
75th quantile relationships between EKE and recruitment
were not significant in the eastern GOA, indicating that high
EKE in the eastern GOA did not lead to years of substantially
high recruitment (Fig. 8). However, EKE in the eastern GOA
did have a significant relationship with recruitment for the
25th quantile (y = 0.03x + 6.86, R1(τ) = 0.18, p = 0.02). Thus,
during low recruitment years, EKE in the eastern GOA
influenced the magnitude of recruitment. Analyses using
ROMS-derived EKE and successful settlers (age-0) using the sub-
set of modeled years (2000–2011) showed similar, but non-
significant trends (Supplemental Fig. 13).

Discussion
Settlement and recruitment success of ATF indicate that

oceanographic retention increases access to suitable settle-
ment habitats for fish with pelagic larvae and juvenile nurser-
ies on the continental shelf. Previous work in the GOA has

Fig. 7. Heatmaps showing results from off-shelf trough success and retention (see Table 2). (a) The count of individual simulated larvae that traversed each
trough (numbered 1–11 from west to east; see Fig. 1b) is shown for the study years from 2000 to 2011. Counts only include the final trough observation
prior to retention on the continental shelf for each individual. Mean trough on the x-axis refers to the average number of simulated individuals that tra-
versed each trough across all study years. On the y-axis, EGOA and WGOA refer to the total number of simulated larvae in each year that traversed
through troughs in the eastern and western Gulf of Alaska, respectively. (b) A heatmap of average residence time in days for simulated larvae within tro-
ughs is shown for each study year. Values only include observations within the final trough prior to retention on the continental shelf. Mean trough on
the x-axis refers to the average residence time of simulated individuals that traversed each trough across all study years. EGOA and WGOA refer to the
average residence time of larvae within the eastern and western Gulf of Alaska, respectively. In (a) and (b), summarized values among years and troughs
are separated from other values by the horizontal and vertical black lines. WGOA includes troughs 1–7 that are primarily westward of −146� longitude,
and EGOA includes troughs 8–11.
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pointed to the influence of climate on flatfish recruitment
(Bailey et al. 1995) as well as associations between flatfish
and troughs (Bailey et al. 2008). Here, we identify mechanis-
tic links between local oceanography and interannual vari-
ability in recruitment. Larvae benefitted from regions of
accumulation and retention to augment delivery to suitable
on-shelf settlement habitats. On the continental shelf and
slope, high concentrations of larvae were associated with gla-
cial troughs and broad-scale bathymetric depressions. Off-
shore accumulation of larvae was influenced by mesoscale
oceanography and eddies. Mechanistically, eddies and
regions of retention minimize advective loss, increase self-
recruitment, and enhance larval ingress and access to nursery
habitats on the shelf.

Habitat suitability and settlement success
The recruitment bottleneck between the pelagic larval stage

and the demersal juvenile stage for many marine fish is regu-
lated by larval supply to nursery habitats and post-settlement
mortality (Cowen and Sponaugle 2009; Pineda et al. 2010).
Arrowtooth flounder are nursery habitat generalists in compari-
son to many other flatfish species (Wilson et al. 2016). Accord-
ingly, suitable habitat for early juvenile ATF encompassed a
broad expanse of low-lying and low gradient terrain from
inshore to offshore areas on the continental shelf. Even for a
species that is tolerant to a range of environmental conditions,
the availability of suitable habitat within the study domain rep-
resented only 36% of potential habitat on the shelf. This
decline in suitable settlement habitat availability resulted in an
average estimate of successful settlers that was 60% of the total
potential larval supply. The relationship between habitat

availability and settlement success was concomitant but not
one-to-one, suggesting that ATF settlement success is also
influenced by processes beyond nursery habitat availability.

Geographic constraints on nursery habitats should presum-
ably decouple the relationship between potential larval supply
and realized settlement success as a result of differences in
advantageous oceanographic transport trajectories. In contrast
to this assumption, larval supply and successful settlers fluctu-
ated in unison among years. These results indicate that the
arrival of larvae to suitable settlement habitats is mechanisti-
cally linked to the total supply of larvae to the continental
shelf. Marine fish must adapt their life-history strategies to
maximize fitness (Burgess et al. 2017; Shima et al. 2018), and
flatfish species such as ATF are adapted to take advantage of
spawning times and locations that interact with oceano-
graphic features to enable directed transport to settlement
habitats (Bailey et al. 2005; Duffy-Anderson et al. 2014). The
concurrent interannual fluctuations in larval supply and suc-
cessful settlers indicate that ATF settlement magnitude is not
sensitive to the patchiness of nursery habitats, but is primarily
influenced by oceanographic variability. In unpredictable
environments, “bet-hedging” spawning strategies often evolve
to maximize the chances of offspring survival given variable
environmental conditions, with fitness benefits that are evi-
dent across multiple spawning events (Burgess et al. 2017).
The IBM did not incorporate small-scale variability in spawning
locations, but spawning in deep waters along the continental
slope during the winter months may, on average, maximize the
likelihood of offspring survival. Indeed, the spawning strategy
of ATF resulted in eventual off-shelf advection for the majority
of larvae that led to high settlement success with low

Fig. 8. Relationships between satellite-derived eddy kinetic energy (EKE) in the western (west) and eastern (east) Gulf of Alaska (GOA) and the recruit-
ment of age-1 arrowtooth flounder (ATF) across the entire GOA based on the 2016 stock assessment. The years listed correspond to a one-year lag for
ATF recruitment to ensure that EKE values temporally correspond to the pelagic larval stage. Relationships are linear models, including quantile regres-
sions for the 75th and 25th quantiles and ordinary least-squares regressions (OLS). All regression relationships exclude the lagged year 1999, when recruit-
ment was highest. Correlation coefficients (OLS) or the coefficient of determination (quantile regression) are listed for significant relationships (solid
lines), and “ns” denotes non-significant relationships (dotted lines). Satellite-derived EKE is shown as deviations from the regional mean to highlight years
of above and below average EKE.
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interannual variability. Additionally, larvae that were advected
offshore accessed a greater portion of available settlement habi-
tats in comparison to on-shelf trajectories that primarily deliv-
ered larvae to inshore nurseries. A “bet-hedging” spawning
strategy hypothesis is also supported by the offset between the
reductions in settlement success (� 40% lower than larval sup-
ply) that resulted from a 64% decrease in available nursery habi-
tat (suitable nurseries compared to the area of the continental
shelf). ATF transport trajectories fluctuated as a result of inter-
annual oceanographic variability, but the spawning strategy of
ATF may exploit reliable transport routes or oceanographic fea-
tures that maximize larval delivery to nursery habitats.

Settlement success, transport, and retention
The prevailing currents in the GOA flow from east to west

along the continental shelf and slope (Stabeno et al. 2004), cre-
ating the potential for larval loss from the ecosystem. IBM
results indicate that settlement success is highest in years when
there is high larval accumulation, retention, and self-recruit-
ment. The importance of larval retention in proximity to the
shelf is supported by negative correlations between ATF recruit-
ment and gap winds that enhance off-shelf transport (Ladd
et al. 2016). Based on IBM results, the majority of larvae are dis-
persed offshore, yet many successfully arrive to nursery habi-
tats. Larvae in these offshore environments must eventually
traverse the slope current in the eastern GOA or the intensified
along-shelf currents in the western GOA (Ladd et al. 2005;
Janout et al. 2009) where the majority of ATF nursery habitat is
located. Troughs are hypothesized to be conduits of cross-shelf
transport for fish larvae (Bailey et al. 2008) through rec-
irculation and accumulation of larvae as well as shelfward flow
(Hickey 1997). ATF distributions from empirical studies show
high densities of larvae along the slope and in the western
GOA, particularly near troughs (Ichthyoplankton Information
System http://access.afsc.noaa.gov/ichthyo/index.php [accessed
22 August 2019]; Siddon et al. 2016). These empirical spatial
patterns and IBM-based regions of larval accumulation near tro-
ughs support the role of seafloor terrain and troughs in concen-
trating and accumulating larvae along the continental shelf
and margin.

Troughs could serve as ecologically important routes of
cross-shelf transport for fish larvae via several mechanisms:
(1) through directed transport to nursery habitats; (2) by dis-
proportionately contributing to settlement success in some
years; (3) as routes of cross-shelf transport despite oceano-
graphic variability; (4) by disrupting along-shelf flow and
reducing advective loss of larvae; and (5) by providing high
quality larval habitat. A large portion of ATF larvae accessed
the continental shelf domain through troughs and arrived to
suitable settlement habitats. Additionally, regions of larval
accumulation over the continental shelf and margins (off-shelf
trough success and retention), and reduced connectivity from
eastern spawning locations to western settlement locations,
suggest that trough access is associated with disruptions in

along-shelf flow, meandering, cross-shelf movement, and
bathymetric steering that could maintain larvae near settle-
ment habitats. Yet, retention over the continental shelf fol-
lowing trough transport was low and variable among years,
suggesting that directed transport from troughs to nurseries
was limited.

Nevertheless, we suggest that troughs probably do serve as
important links between the slope and the shelf. Settlement
success associated with troughs is influenced by modeling
methods and limitations including the resolution of the
model, feature designations, and biological processes. This
study focused primarily on physical mechanisms, and other
factors not included in the model could retain larvae over the
continental shelf post-trough. Burgeoning behavioral, devel-
opmental, and sensory capabilities of growing larvae permit
directed movements in response to coastal environmental
cues that could amplify their on-shelf retention in a way that
is not captured using the present modeling approach
(Staaterman and Paris 2014). Based on ecological evidence for
ATF and many other fish taxa (Auth et al. 2007; Stockhausen
et al. 2019), larvae were restricted to preferred depth ranges,
which could be a limitation of the approach given ontoge-
netic development of directed swimming in relation to envi-
ronmental cues (Staaterman and Paris 2014; Leis et al. 2015).
Troughs and canyons are also regions of high productivity
and biomass of organisms, creating potentially risky but high
quality larval habitats (Brodeur 2001; Genin 2004). Larval
behavior and the influences of food availability and predation
in troughs could have lasting impacts on survival, settlement,
and recruitment (Cowen and Sponaugle 2009; Shulzitski
et al. 2016).

Retention and recruitment
Mesoscale features such as eddies are important to the set-

tlement (Limouzy-Paris et al. 1997; Nakata 2000), growth, and
survival (Logerwell and Smith 2001; Shulzitski et al. 2016) of
fish larvae, and there is evidence of life-history strategies that
maximize larval access to these features despite potentially
higher mortality risk (Richardson et al. 2009; Bakun 2013).
Additionally, retention and self-recruitment for marine fish
have a presumed evolutionary advantage of remaining in
favorable habitats (Cowen et al. 2000; Armsworth et al. 2001).
The hypothesized relationship between retention near the
continental shelf and successful settlement based on the IBM
was supported by the correlation between satellite-derived
EKE and stock assessment-based recruitment. Surprisingly, the
strength of the mechanistic relationship between retention
and recruitment was evident despite the lack of agreement
between satellite- and model-derived EKE (Coyle et al. 2012),
and the temporal discrepancies between IBM-based settlement
magnitude and stock assessment-based recruitment.

The impact of eddies on age-1 recruitment suggests that
eddy-enhanced settlement propagates into the following year
despite high mortality associated with the transition from the
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pelagic larval phase to the juvenile stage. (Tupper and Bou-
tilier 1995; Almany and Webster 2006). This relationship was
less pronounced based on the IBM that focused on settlement
magnitude rather than recruitment. While the IBM did cap-
ture the prevalence of retention and eddies in western GOA
(Ladd 2007), there are several potential explanations for the
weaker relationship between eddies and settlement in the
IBM: (1) the analyses of ROMS-based EKE and settlement suc-
cess spanned only 12 yr rather than 21 yr; (2) the ROMS
model may not resolve EKE patterns to the same degree as
satellite-derived data; (3) post-settlement processes that affect
survival may alter the relationship between EKE and age-1
recruitment compared to age-0 settlement. There is evidence
to suggest that food availability for larval fish may be higher
in productive eddy environments (Nakata 2000; Hitchcock
et al. 2005) and entrainment in eddies enhances growth and
survival of fish larvae, which can provide a post-settlement
selective advantage (Shulzitski et al. 2016). Therefore, the
strength of the relationship between EKE and recruitment
may reflect physical processes that enhance settlement success
as well as biological advantages and increased post-settlement
survival.

Regions of larval accumulation and cross-shelf transport are
influenced by interactions between mesoscale oceanography
and seafloor terrain. The importance of retentive features such
as eddies in the western GOA to ATF recruitment across the
entirety of the GOA implies that recruitment strength is
dependent upon the location of mesoscale features. Eddies
located in the western GOA determined the upper limits of
recruitment magnitude. Eddies in the eastern GOA also had a
positive relationship with recruitment, but only in association
with years of lower recruitment. The relationship between
EKE and ATF recruitment weakened if the highest recruitment
year was included in the analysis. However, 1999 was a
unique year with a particularly cold winter associated with La
Niña and a strong negative Pacific Decadal Oscillation index
(Papineau 2001; Stabeno et al. 2004) that may have influenced
recruitment for winter spawning ATF. The differing relation-
ships between EKE in the western and eastern GOA may be
the result of interactions between regional processes and eddy
frequency or duration. For example, larval accumulation near
the start of the ACC (Stabeno et al. 2004) may be a hotspot
where bathymetric depressions and high EKE (Ladd 2007) pro-
mote cross-shelf exchange (Stabeno et al. 2016). Eddy-induced
recirculation or proximity to terrain features upstream or near
settlement habitats likely affects settlement success by dis-
rupting along-shelf flow and augmenting shelfward transport
or retention (Hickey 1997; Hare et al. 2002). The differing rela-
tionship between EKE in the eastern and western GOA and
recruitment suggests that the upper limits of recruitment are
driven by a confluence of favorable physical and biological
processes in the western GOA: retention facilitates the accu-
mulation and ingress of larvae to prevalent and favorable
habitats.

Conclusions
We show that mesoscale oceanographic features influence

retention and recruitment magnitude across a large marine
ecosystem even for an abundant, mobile, fish species with
broad nursery habitat requirements. This study focused pri-
marily on transport and settlement, but further research to
develop a complete mechanistic understanding of recruitment
should incorporate spatial and temporal variability in biologi-
cal processes during the early life stages such as mortality, pre-
dation (Bailey and Houde 1989), patchiness, density-
dependence (Shepherd and Cushing 1980), and the influences
of food availability on growth and survival (Pepin et al. 2015).
ATF, and likely other slope-spawning species with nursery
habitats on the continental shelf, rely on off-shelf advection,
retention, and disruptions in the prevailing unidirectional cur-
rents to enhance access to advantageous larval and settlement
habitats. Retention increases recruitment for ATF in the GOA,
but with differing regional mechanisms that point to interac-
tions between oceanography, seafloor terrain, and habitat
availability. Glacial troughs do not disproportionately direct
larvae to nurseries; rather, troughs are associated with disrup-
tions in along-shelf currents that connect the continental
shelf and basin, and meandering trajectories that retain larvae
on the shelf. Eddy presence in the western GOA, where the
availability of suitable settlement habitat is high, enhances
the delivery of larvae to nursery habitats, thus providing a
threshold mechanism that dictates the upper bounds of
recruitment. In advective ecosystems, mesoscale retentive fea-
tures can facilitate access to favorable habitats for fish larvae
and regulate recruitment magnitude for species with obligate
nursery habitats on the continental shelf.
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