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Abstract

In the California Current Ecosystem, the California Undercurrent (CU) is the predominate subsurface current that trans-
ports nutrient-rich water from southern California poleward. In this study, we used a large dataset of spatially explicit in situ
observations of Pacific hake (Merluccius productus) and the CU (36.5-48.3°N) to estimate relationships between northward under-
current velocity and hake distribution and determine whether these relationships vary across space or life-history stage. We
found that both hake occurrence and density had strong spatially complex relationships with the CU. In areas north of 44°N
(central Oregon), the CU effect was spatially consistent and opposite for occurrence (negative) and density (positive), indicating
that hake may aggregate in areas of high northward velocity in this region. In areas south of 44°N, the CU effect showed a
cross-shelf gradient for both occurrence and density, indicating a more nearshore hake distribution when northward velocity
is higher in this region. Together, our results suggest that future changes in the CU due to climate change are likely to impact

hake differently in northern and southern areas.
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Introduction

Conditions in coastal marine ecosystems are rapidly emerg-
ing from the historical envelope of variability, driven by an-
thropogenic climate warming (Henson et al. 2017; Laufkotter
et al. 2020). Gradual shifts in mean physical ocean condi-
tions and more frequent extreme events can impact higher-
trophic-level species via multiple pathways. In eastern bound-
ary systems, vertical transport and horizontal transport rep-
resent alternative pathways that redistribute nutrients and
lower-trophic-level organisms, which can affect the distribu-
tion or productivity of marine fish populations (Rykaczewski
and Checkley 2008; Di Lorenzo et al. 2013). For example,
in the northern region of the California Current Ecosystem
(CCE), variability in horizontal ocean transport contributes to
shifting zooplankton assemblages, which are important food
resources for marine and anadromous fish species (Keister et
al. 2011; Malick et al. 2017).

Impacts of abrupt or gradual changes in ecosystem con-
ditions are particularly concerning for migratory species if
the changes alter migration routes or shift distributions out
of alignment with established fisheries management bound-
aries (Pinsky et al. 2018). In the CCE, Pacific hake (Merluccius
productus; hereafter just hake) is the most abundant ground-
fish species and supports one of the largest transboundary
commercial fisheries in the U.S. (NOAA 2017). Hake migrate
each spring from spawning grounds off the southern U.S.
West Coast to more northern feeding grounds off the north-
ern U.S. West Coast and British Columbia, Canada, occasion-
ally migrating as far north as Southeast Alaska (Ressler et al.
2007). The proportion of the hake stock that migrates into
Canadian waters, however, is variable across years. For exam-
ple, in 1998 the hake stock ranged from southern California
to Southeast Alaska and was centered near Vancouver Island,
whereas in 2001 disproportionately less hake were observed
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Table 1. Summary of survey data used for analysis.

‘Canadian Science Publishing

Year Start End N transects N hake % absent N v100-300 CoG
1995 13 July 15 August 72 3808 40.3 6936 42.6
1998 9 July 11 August 74 4304 55.0 7802 44.4
2001 19 June 18 July 70 3731 70.5 5154 415
2009 2 July 13 August 71 3630 81.0 6812 44.8
2017 29 June 17 August 62 3928 69.1 7551 40.7
2019 24 June 15 August 63 4057 56.2 9358 42.6

Note: Start gives the date the survey started at 36.5°N; end gives the date the survey reached 48°N; N transects gives the number of survey transects; N hake gives the
number of binned (0.5 nmi (1 nmi = 1.852 km)) hake observations that had a corresponding undercurrent observation; % absent gives the percentage of hake observations
(N hake column) that had zero biomass; N v199-300 gives the total number of velocity observations at 100-300 m depth (includes undercurrent observations not matched
to a hake observation); CoG gives the center of gravity of the hake stock along the U.S. West Coast.

in Canadian waters (Malick et al. 2020a). This variability in
the proportion of the hake stock in Canada has important
consequences for the hake fishery where a key part of man-
agement is the allocation of catch between countries.

Recent work suggests that climate change-induced shifts
in the migration pattern of hake could have negative con-
sequences for the management of the international Pacific
hake fishery (Jacobsen et al. 2022). Indeed, hake are believed
to be distributed, in part, by responses to physical and bio-
logical cues that vary seasonally and inter-annually (Ressler
et al. 2007). In particular, processes that aggregate or trans-
port prey resources or assist in migration, such as subsurface
currents, have been hypothesized as key drivers of hake dis-
tribution (Bakun 1996; Mackas et al. 2001). Circulation in the
CCE is dominated by two currents, the surface oriented and
equatorward flowing California Current and the subsurface
poleward flowing California Undercurrent (CU) (Hickey and
Banas 2008). The CU starts near Baja California and flows
northward to Vancouver Island, transporting nutrient-rich
water that contributes to the high productivity of the CCE
(Thomson and Krassovski 2010, 2015). The CU exhibits strong
cross-shelf and latitudinal gradients; the core of the CU (>0.1
m-s ~!) occurs at depths of 200-275 m and 20-25 km off the
shelf break (Pierce et al. 2000) and current strength tends to
attenuate with increasing latitude (Garfield et al. 1999; Pierce
et al. 2000; Connolly et al. 2014).

The CU could impact hake distribution either through as-
sisting hake migration or via the distribution of prey re-
sources (Agostini et al. 2006, 2008). Previous research has in-
dicated a moderately strong relationship between hake dis-
tribution and the CU, although this research was limited to
a narrow geographical region (38-43°N) and 2 years of data
(Agostini et al. 2008). Spatial complexity in the CU across the
CCE further suggests that the degree to which subsurface
transport impacts hake distribution may vary across space
or life-history stage (Ciannelli et al. 2012; Li et al. 2018). The
effects of the CU on hake distribution may be more acute
for younger hake, which are distributed further south than
older hake, corresponding to the region where the CU has
a stronger poleward flow (Malick et al. 2020a). Similarly,
younger hake prefer less mobile prey items compared to
older conspecifics and the CU may therefore have a stronger
impact on the distribution of these prey items (Livingston
and Bailey 1985; Buckley and Livingston 1997). The cross-
shelf and latitudinal gradients observed in the strength of the
CU could also result in a spatially complex relationship with

hake distribution, e.g., through threshold effects associated
with the attenuation of the CU strength with latitude.

In this study, we used a new multiyear coastwide dataset
of hake biomass and undercurrent velocities to evaluate the
functional form of the relationship between hake distribu-
tion (both occurrence and density) and the CU. In particu-
lar, we had three research objectives: (1) characterize inter-
annual variability in the CU during the summer period when
hake are broadly distributed across the CCE, (2) determine
whether the CU can explain variability in the distribution of
hake along the U.S. West Coast, and (3) determine whether re-
lationships between hake distribution and the CU vary across
space or life-history stage. Combined, these objectives al-
lowed us to gain insights into the drivers of hake distribution
and help reduce uncertainties about the extent of northward
migration, which helps inform management and survey plan-
ning decisions.

Methods

Pacific hake data

The coastal hake stock is monitored jointly by a United
States and Canada summer integrated ecosystem assessment
and Pacific hake acoustic-trawl survey. Surveys were con-
ducted triennially before 2002 and biennially after 2002,
with an additional survey in 2012. Surveys aim to sample
the entire hake distribution, typically starting near Monterey
Bay, California and moving northward along the coast up to
Dixon Entrance or until hake are no longer observed (usu-
ally around 54.5°N; see Malick et al. 2020a). The spatial ex-
tent of the data analyzed here, however, was limited to the
U.S. West Coast (36.5-48.3°N) because concurrent ship-borne
undercurrent data were not available in more northern areas.
The southern starting point of the hake survey varied across
years; therefore, we limited the southern extent to the north-
ernmost starting point of a survey across all years included
in the analysis (36.5°N) to ensure multiple years of data were
available at each latitude. In total, hake biomass and under-
current data with sufficient spatial coverage were available
for six survey years (Table 1).

Surveys were conducted between June and August each
year with the surveys generally starting near the end of June
and reaching 48°N around mid-August (Table 1). The excep-
tion was 2001, where the survey timing was shifted approx-
imately 2 weeks earlier. The number of transects within the
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study domain was fairly consistent across years ranging be-
tween 62 in 2017 and 74 in 1998 (Table 1).

Acoustic backscatter measurements were collected contin-
uously throughout the survey at 38 kHz and were converted
to hake biomass estimates using the methods outlined in
Fleischer et al. (2008) and Malick et al. (2020a). When paired
with trawl samples of age composition, age-specific (ages 2-
20) biomass estimates were available for 0.926 km (0.5 nmi
(1 nmi = 1.852 km)) bins along each transect.Age-specific
biomass estimates were only produced for age-2 and older
hake because of difficulties in sampling age-1 hake. We fur-
ther grouped the data into three age groups that correspond
to life-history stages that have previously been shown to have
different responses to physical ocean conditions: age 2, which
are immature hake, ages 3—4, which represent a mixture of
immature and mature hake, and age 5+, which represent ma-
ture hake (Malick et al. 2020a). To produce a presence/absence
dataset, we coded bins with nonzero biomass as hake occur-
rences and bins with zero biomass as hake absences.

Finally, to summarize the north-south distribution of the
hake stock, we calculated the latitudinal center of gravity for
each age group and for all ages combined by taking the mean
latitude of hake observations weighted by the biomass found
at each location.

California Undercurrent data

CU velocity was derived from a hull-mounted acoustic
Doppler current profiler (ADCP; Teledyne RD instruments).
Across the study period, CU data were collected using two
different ADCP units. Prior to 2010, a four-transducer-faced
150 kHz Janus configuration was used, whereas later surveys
used a 75 kHz flat phased-array single transducer that gen-
erated all four beams simultaneously. The two instruments
could reliably measure ocean currents from the surface down
to at least 300 m.

To avoid interference between the ships’ transducers, each
ADCP pulse was run in narrow-band mode and synchro-
nized to fire in coordination with the scientific echosounders
used for measuring acoustic hake backscatter. We used a
vertical bin width of 8 m. Ensemble averaging times prior
to 2010 varied slightly across collections, from 2.5 to 5
min, whereas later ensemble averaging collections were
5 min.

Undercurrent data before 2010 were postprocessed using
CODAS and later data (2010 and later) were postprocessed us-
ing the software UHDAS, which is based on CODAS (https:
|[currents.soest.hawaii.edu/docs/adcp_doc/index.html). ADCP
postprocessing generally followed the methods outlined in
Pierce et al. (2000). Briefly, postprocessing consisted of three
main steps: (1) using standard diagnostics to determine the
necessary heading correction for differences between the
linked POSMV and gyro, and to account for differences in lo-
cation between the ship’s GPS antenna and the ADCP; (2) cal-
ibration of the phase and amplitude error between the ship
velocity and subsurface currents; and (3) velocity smoothing
of the reference layer. The postprocessing resulted in earth-
referenced water column profiles of velocities north and east
along survey transects.

Table 2. Alternative model structures used in the analysis.

Model Structure

M1 ziy = o + a; + g1 (lony, lat;)

M2 Ziy = o + a; + g1 (lony, lat;) + s (viy)

M3 zip = o + a; + g1 (lony, lat;) + g (lony, 1at;) - v

Note: Each model was fit independently to the occurrence and biomass datasets.
In each equation, z;; is either the logit transformed probability of occurrence
(occurrence models) or the natural log of expected hake biomass conditional on
presence (biomass models). See the "Methods" section for equation term defini-
tions.

Previous research has indicated the core of the undercur-
rent occurs at depths of 200-275 m but varies between 100
and 300 m, which corresponds to depth preferences of hake
(Pierce et al. 2000; Ressler et al. 2007). Therefore, to char-
acterize the strength of the CU at a particular location, we
averaged each north velocity water column profile over the
depths of 100-300 m (inclusive), only using water column ve-
locity profiles that had at least three velocity values across
depth of 100-300 m. We then assigned each hake observa-
tion the depth-averaged north velocity value that was clos-
est (based on Euclidean distance) within a year and excluded
hake observations that did not have a velocity value within
3 km (median distance was 0.37 k).

Statistical models

We used generalized additive models (GAM) to estimate the
effects of the northward velocity component of the undercur-
rent on hake occurrence and biomass distribution (Ciannelli
et al. 2012; Brodie et al. 2019). The occurrence model was a
binomial GAM with a logit link, whereas the biomass model
had a normal error distribution. The occurrence and biomass
models were fit independently; however, both models had
the same general form

Ziy = a +a; + g(lon, lat;) + f (viy) + €is

where z;; is either the logit-transformed probability of occur-
rence (occurrence model) or the natural log of expected hake
biomass conditional on presence (biomass model) at location
i in year t, « is the intercept, a; is a random year effect as-
sumed to be normally distributed with mean 0 and variance
o2, g is a bivariate smooth function of longitude (lon) and lat-
itude (lat), fis a smooth function describing the effect of the
undercurrent (v), and € are model residuals.

We used GAM models for both the occurrence and biomass
models because of previous evidence that has shown nonlin-
ear and spatially varying environmental effects on hake oc-
currence and biomass (Malick et al. 2020a, 2020b). For both
the occurrence and biomass models, we evaluated two alter-
native functional forms of the undercurrent effect, f. First,
we assumed that the effect was nonlinear and the same at
all locations (i.e., spatially stationary). In this form, f was de-
fined as a univariate smooth function to allow for nonlinear
relationships, i.e., s(v;;) (model M2, Table 2). Second, we al-
lowed the undercurrent effect to vary across space. In this
spatially varying form, f was defined as the product of bivari-
ate smoothing of lon and lat and the undercurrent covariate,
i.e, g(lon, lat;) - v;; i.e., the undercurrent effect is assumed to
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Fig. 1. Summary of undercurrent velocities averaged over 100-300 m. (A) Histogram of undercurrent velocity (m-s ~!); dot and
range line below histogram give the median (dot) and the inter-quartile range, respectively. (B) Annual median (dots) and inter-
quartile range (vertical lines) of undercurrent velocity. (C) Map of mean velocity across all years, data are averaged into 15 km
grid cells and grey line shows the 200 m isobath. Base map and bathymetric data are from http://www.naturalearthdata.com.
Map is drawn in Universal Transverse Mercator (UTM) coordinates referenced to the WGS84 geographic coordinate system.
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be locally linear, but can vary smoothly across space (model
M3, Table 2). To help understand the relative importance of
the undercurrent covariates in explaining variability in hake
occurrence and biomass, we also fit the simpler model that
excluded the undercurrent effect (model M1, Table 2). Be-
cause previous research has indicated physical ocean condi-
tions can have age group-specific effects on hake, we further
evaluated the effects of the undercurrent on three age groups
of hake (i.e., age 2, ages 3-4, and age 5+) by fitting each of
the three models separately for each age group (Malick et al.
2020a).

Univariate and bivariate smooths were constructed using
thin plate regression splines (Wood 2003). Models were fit
via restricted maximum likelihood using a standard mixed
model parameterization (Wood 2011). Model fits were as-
sessed using root mean squared error, deviance explained,
examination of residuals, and for the occurrence models, the
area under the curve. We compared models using Akaike
information criterion (AIC). All analyses were conducted us-
ing R statistical software v4.1.2 and the mgcv package (Wood
2017; R Core Team 2019).

Results

Undercurrent velocities
Across all years, undercurrent velocity was primarily north-
ward (72% of all observations) with an average velocity at 100-
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300 m of 0.056 m-s ~! and a range of —0.445-0.602 m-s ~!
(Figs. 1 and S1). Annually, the percent of observations that
had northward flow ranged from 78% in 2009 to 66% in 1995
and 2001. These years also exhibited the highest and lowest
average velocities, 0.070 m-s ~! in 2009 and 0.045 m-s ~! in
2001.

Northward velocities in the southern portion of the study
region (south of 44°N) were 2.2 times stronger compared to
the northern area (north of 44°N) with an average velocity of
0.072 m-s ~! in the south and 0.033 m-s ~! in the north (Figs.
1 and S2). Velocities south of 44°N also exhibited a cross-shelf
gradient with northward velocities being 1.5 times stronger
at locations where bottom depth was less than 1000 m com-
pared to deeper locations (Figs. 1 and S2). In the northern
area, there was less evidence for a cross-shelf gradient with
velocities tending to be slightly higher at nearshore locations
with bottom depths less than 150 m (Fig. S2).

Hake occurrence and biomass

Hake were absent in 62% of observed locations across all
years (Figs. 2 and S3). Annually, this ranged from a low of 40%
in 1995 to a high of 81% in 2009 (Table 1). Hake were most of-
ten observed in locations just off the 200 m shelf break with
bottom depths in the range of 200-500 m and also tended to
have the highest densities in these locations (Figs. 2, S4, and
S5). Average age-2 hake density was seven times higher in the
southern region (south of 44°N), compared to the northern
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Fig. 2. Mean log biomass across all years for all ages, age 2, ages 3-4, and age 5+ hake. Dark purple indicates locations where
no hake were observed and brighter yellow indicates locations with high hake biomass. Data are averaged into 15 km grid
cells and grey line shows the 200 m isobath. Base map and bathymetric data are from http://www.naturalearthdata.com. Maps
are drawn in UTM coordinates referenced to the WGS84 geographic coordinate system.
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region (Fig. 2; mean biomass in north = 12.85 t; mean
biomass in south = 94.02 t). In contrast, average densities for
hake ages 3—4 and age 5+ were comparable in the northern
and southern regions (Fig. 2).

Across all ages, the latitudinal center of gravity of hake
distribution was not strongly correlated with mean annual
undercurrent velocity (r = 0.28; Tables 1 and 3). Age group-
specific correlations, however, revealed that the center of
gravity of the age-2 group was strongly associated with aver-
age northward velocity (r = 0.86, p = 0.028), suggesting that
the undercurrent may assist migration of smaller, immature
hake (Table 3).

Occurrence and biomass models

For both the occurrence and biomass models (combined
ages and age group-specific models), the model that in-
cluded the spatially varying undercurrent term had the most
support according to AIC and the spatially varying term
was statistically significant in all models (Tables 4, S1, and
S2).

The spatially varying term in the combined-age occurrence
model indicated a negative association between hake occur-
rence and northward velocity of the undercurrent in the
northern part of the study region (north of 44°N) and a posi-
tive association in the southernmost part of the study region
(south of 39°N) (Fig. 3A). In the intermediate latitudes (39-
44°N), the relationship between the undercurrent and hake

Age 3-4

127°W 124°W 127°W 124°W

Longitude

Table 3. Correlations between hake distribution latitu-
dinal center of gravity for each age group and mean an-
nual northward velocity at 100-300 m and associated
95% confidence intervals (CI).

Age r 95% CI

All 0.28 —0.69, 0.89
Age 2 0.86 0.16, 0.98
Ages 3-4 0.20 —0.73, 0.87
Age 5+ 0.32 —0.66, 0.90

occurrence varied cross-shelf with nearshore areas having a
positive relationship and offshore areas having a negative re-
lationship (Fig. 3A). The spatially varying effect of the un-
dercurrent on hake occurrence for both the age-2 and age-
5+ models followed nearly identical patterns to the com-
bined age model (Fig. 4). For ages 3—4 hake, however, the oc-
currence model indicated a slightly different pattern where
there was a more consistent cross-shelf positive effect in the
region 41-46°N, although the strongest positive correlations
were still observed in nearshore areas.

The combined-age biomass model revealed that the spa-
tially varying effect of the undercurrent on hake density was
the opposite of the occurrence model in the northern and
southernmost areas: a mostly positive effect in areas north
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Data Age Model Dev. expl. RMSE EDF AUC
Occurrence All M3 13.2 0.445 9.34:x% 0.740
Age 2 M3 14.9 0.431 9.33x% 0.755
Ages 3—4 M3 14.0 0.426 9.24x% 0.752
Age 5+ M3 13.3 0.444 9.34x% 0.742
Biomass All M3 22.3 1.660 7.60x% —
Age 2 M3 44.5 1.922 7.34x —
Ages 3—4 M3 38.6 1.743 7.23x% —
Age 5+ M3 18.6 1.716 8.60x -

Note: The model column gives the model number from Table 2; dev. expl. gives the percent deviance explained; RMSE gives the root mean squared error; EDF gives the
estimated degrees of freedom for the undercurrent velocity term; and AUC gives the estimated area under the curve for the occurrence models. * indicates that model

term was significant at p < 0.05.

Fig. 3. Marginal effects of the spatially varying velocity effect from models M3. Red locations indicate a positive linear effect
of velocity on hake occurrence (panel A) or hake biomass (panel B) and blue indicates a negative effect. Stippling indicates
locations where the effect was significantly different from zero. Grey line shows the 200 m isobath. Base map and bathymetric
data are from http://www.naturalearthdata.com. Maps are drawn in UTM coordinates referenced to the WGS84 geographic

coordinate system.
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of 44°N and a strong negative effect in areas south of 39°N
(Fig. 3B). The effects in the center of the study region, how-
ever, were similar with strong positive effects in nearshore
areas and negative effects in offshore areas (Fig. 3B). The
relationship between age-2 hake density and the undercur-
rent exhibited less cross-shelf variability compared to older
age groups (Fig. 5). For age-2 hake, there tended to be a

B: biomass
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loge(B) / m's ™"

= [N
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38°N o
2

W

127°W
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consistent positive association between density and the un-
dercurrent in areas north of 44°N and a negative associa-
tion in areas south of 44°N. In contrast, the ages 3—-4 and
age 5+ biomass models showed a strong cross-shelf gradi-
ent in the effects of the undercurrent on hake distribution
that extended to the northernmost part of the study area
(48.3°N).
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Fig. 4. Age-specific marginal effects of the spatially varying velocity effect from hake occurrence model M3. Red locations
indicate a positive linear effect of velocity on hake occurrence and blue indicates a negative effect. Stippling indicates locations
where the effect was significantly different from zero. Grey line shows the 200 m isobath. Base map and bathymetric data are
from http://www.naturalearthdata.com. Maps are drawn in UTM coordinates referenced to the WGS84 geographic coordinate

system.
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Discussion

In this study, we used in situ observations of hake and the
CU to estimate relationships between northward undercur-
rent velocity and hake distribution. We found that (1) both
hake habitat preferences and densities had strong spatially
complex relationships with northward undercurrent veloc-
ity, (2) in areas north of 44°N, the CU effect tended to be spa-
tially consistent and opposite for occurrence (negative) and
density (positive), and (3) in southern areas, the CU effect
showed a cross-shelf gradient for both occurrence and density
(positive effect nearshore and negative effect offshore) with
the northern extent of the gradient effect on hake density
tending to be greater for older age groups. Together, these
results suggest that hake occurrence and density distribu-
tions have spatially heterogeneous responses to environmen-
tal variability that also interact with internal stock dynamics
(i.e., age composition).

Our results agree with previous findings by Agostini et
al. (2006, 2008) by indicating that the CU is an important
driver of hake distribution. There are two primary hypothe-
ses linking variability in the CU to hake distribution. First,

124°W
Longitude

127°W 124°W

the CU may aggregate or transport prey resources that hake
require. Hake have a diverse diet, yet two euphausiid species,
Euphausia pacifica and Thysanoessa spinifera, have repeatedly
been identified as key diet items during summer months
(Livingston and Bailey 1985; Buckley and Livingston 1997;
Miller et al. 2010). Euphausiids are widely distributed along
the west coast of North America and their distribution has
been linked to ocean conditions, including temperature and
ocean currents (Mackas et al. 2001; Santora et al. 2011;
Phillips et al. 2022). In the northern CCE, regional-scale zoo-
plankton community composition is partly driven by ocean
current patterns where more southern zooplankton species
are advected into more northern areas during years with a
stronger northward flow (Mackas et al. 2001; Peterson and
Keister 2003; Keister et al. 2011). This suggests that hake may
be responding to changes in prey availability that is subse-
quently impacted by the strength and location of ocean cur-
rent patterns.

Second, a strong northward flow may assist hake in their
summer northward migration, particularly for smaller hake,
where a stronger northward undercurrent could reduce
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Fig. 5. Age-specific marginal effects of the spatially varying velocity effect from hake biomass model M3. Red locations indicate
a positive linear effect of velocity on hake biomass and blue indicates a negative effect. Stippling indicates locations where
the effect was significantly different from zero. Grey line shows the 200 m isobath. Base map and bathymetric data are from
http:/[www.naturalearthdata.com. Maps are drawn in UTM coordinates referenced to the WGS84 geographic coordinate system.
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energy expenditure during the migration. This may be par-
ticularly important in the southern portion of the study
area where the undercurrent is the strongest and age-2 hake
tend to be most prevalent. Although the degree to which
ocean currents may assist pelagic fish migration is poorly
understood, other marine species such as turtles, whales,
and bumphead sunfish (Mola alexandrini) have been shown
to have ocean current-assisted migration (Gaspar et al. 2006;
Shillinger et al. 2008; Tyson Moore et al. 2020; Chang et al.
2021). Supporting this migration assistance hypothesis is our
finding that the center of gravity for age-2 hake had the
strongest correlation with mean annual northward velocity
(Table 3), suggesting the youngest and smallest hake tend to
be distributed further north in years with a stronger north-
ward flowing undercurrent.

These two hypotheses, however, are not mutually exclu-
sive and could have different relative importance across age
groups. For example, different relative importances between
younger and older age groups may be driven by ontogenetic
changes in diet. Hake diets tend to become more piscivo-
rous with increasing age and size (Livingston and Bailey 1985;
Buckley and Livingston 1997). Consequently, prey for older

——

Age 3-4 Age 5+

124°W

127°W

124°W

Longitude

hake may be less impacted by changes in the undercurrent
due to being more active swimmers compared to prey items
for younger hake. Alternatively, the vertical distribution of
hake in the water column may vary by age. For instance,
younger hake may be shallower in the water column, pos-
sibly due to smaller prey being more surface oriented during
certain parts of the day (Nielson and Perry 1990; Tanasichuk
et al. 1991; Pillar and Barange 1995). Understanding how the
CU impacts the distribution of key hake diet items, e.g., eu-
phausiids, would be a useful next step in determining the
mechanisms underpinning the spatial and ontogenetic vary-
ing relationships observed here.

The functional form and complexity of the relationships
between hake distribution and the CU reported here dif-
fered from those previously reported. In particular, Agostini
et al. (2008) found a spatially stationary dome-shaped re-
lationship between hake density and the strength of the
undercurrent with the strongest effect occurring at veloci-
ties around 0.4 m-s ~!. This relationship, however, was esti-
mated using data from only 1995 and 1998 and a limited ge-
ographic range (38-43°N). The expanded spatial extent and
temporal period of this study likely explain why we found
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more complex relationships between hake distribution and
the CU. For instance, the spatial range analyzed in Agostini
et al. (2008) corresponds to the region where we found a
cross-shelf gradient in the undercurrent effects, but excludes
more northern areas where the undercurrent tended to be
weaker and have more spatially consistent effects on hake
distribution.

Our results indicate that in the northern part of the study
region (44-48.3°N), when there is a stronger northward cur-
rent there is a lower probability of finding hake, but if hake
are found there tends to be more of them at a given loca-
tion. For example, in 2009 the undercurrent had the highest
average northward velocity in the region north of 44°N, as
well as a high percent hake absent rate (78%), but the high-
est average hake densities in places where hake were present
(1808 t). One possible explanation for this pattern is that in
this northern region, hake may aggregate in locations with
a stronger undercurrent, resulting in a patchier distribution.
Santora et al. (2018) showed that euphausiids, a key hake prey
item, tend to aggregate near submarine canyons. These sub-
marine canyons provide bathymetric complexity that may
interact with undercurrent flow patterns and eddy forma-
tion causing prey to aggregate in these areas (Foreman et
al. 2008; Thomson and Krassovski 2010). Similarly, Malick
et al. (2020b) showed that hake tend to be found just off-
shore of the 200 m shelf break in this northern region, most
likely due to preferences of euphausiids to concentrate in
shelf-break areas (Santora et al. 2012, 2018; Phillips et al.
2022).

In more southern areas, we found a synchronous cross-
shelf gradient in the undercurrent effects for the occurrence
and density models. In particular, a stronger northward flow
resulted in higher (lower) probabilities of finding hake and
higher (lower) densities in nearshore (offshore) areas. This
cross-shelf gradient was also observed for the older hake den-
sities. Similar to the more northern pattern, this cross-shelf
distribution pattern may be driven by prey availability. In
particular, the two highest years of northward flow, 2009
and 2017, are also years where large euphausiid aggregations
were present in nearshore areas south of 44°N; in 2009, eu-
phausiids were aggregated near Cape Mendocino and in 2017
they were aggregated near Cape Blanco (Phillips et al. 2022,
2023).

Our finding that the average northward flow was 2.2 times
higher in the region south of 44°N compared to more north-
ern areas is consistent with several previous studies and
may be driven by changes in the oceanographic drivers of
the northward flow (Garfield et al. 1999; Pierce et al. 2000;
Agostini et al. 2006). Indeed, Connolly et al. (2014) used ocean
circulation models and found a transition in the drivers of
the undercurrent occurred near Cape Blanco (42°N); north of
this transition, the undercurrent was forced by alongshore
density gradients, not a northward sloping sea surface. We
also found that the undercurrent in the region south of 44°N
exhibited a cross-shelf gradient with northward flows highest
on the slope (Fig. S2), which is consistent with findings that
the core of the undercurrent tends to be near the shelf slope
in the region 35°N and 42.2°N (Pierce et al. 2000; Kurapov et
al. 2017).

In this study, we only evaluated the north-south veloc-
ity of the undercurrent and how it is associated with hake
distribution. Subsurface horizontal ocean movement, how-
ever, can also have a strong cross-shelf component that can
vary at meso- and sub-mesoscales. In the CCE, underwater
eddies associated with the undercurrent (known as cuddies)
provide areas of complex horizontal movement (Garfield et
al. 1999; Kurian et al. 2011). These subsurface eddies gener-
ally travel from nearshore to offshore, providing cross-shelf
lateral movement that can have unique oceanographic char-
acteristics, including temperature and salinity (Collins et al.
2013; Pelland et al. 2013; McWilliams 2019). Eddies have
been widely shown to have positive associations with pelagic
fish distribution, most likely by providing highly productive
pockets within an otherwise weakly structured environment
(Brandt 1981; Godo et al. 2012). Given the importance of
eddies to structuring pelagic environments, we suggest re-
search directed at understanding the ecology of subsurface
eddies associated with the CU as a fruitful avenue for future
work.

Although the northern extent of our study region was
48.3°N (due to limited survey undercurrent data in more
northern areas), the CU has been shown to carry water as
far north and west as the Aleutian Islands (Thomson and
Krassovski 2010). Hake distribution extends into Alaska wa-
ters in some years (e.g., 1998) indicating, that the undercur-
rent may also have impacts on hake distribution in areas
north of those examined in this study. In particular, relation-
ships between the undercurrent and hake distribution along
the West Coast of Vancouver Island may be important, as this
area is thought to be an important area that aggregates hake
prey due to complex bathymetry (Mackas et al. 1997, 2001).
In addition, 2009 and 2017, the two years with the highest
average northward velocity, had comparatively high propor-
tions of hake biomass in Canadian waters (Berger et al. 2023),
providing a first indication that the undercurrent may im-
pact biomass distribution across the U.S. and Canada bor-
der and the subsequent management of transboundary hake
fishery.

In conclusion, our results provide further evidence that
hake distribution has spatially and ontogenetically hetero-
geneous responses to environmental variability. Increasing
our capacity to anticipate responses of ecologically impor-
tant species is a pressing concern as the climate warms and
shifts in mean ocean conditions emerge from the histori-
cal envelope (Henson et al. 2017; Dietze et al. 2018). Our re-
sults suggest that future impacts of climate change on hake
are likely to have spatially complex effects that are condi-
tioned on the age-structure of the population (Meinvielle and
Johnson 2013). This spatial and ontogenetic non-stationarity
further suggests that short-term forecasts are a promising
avenue to anticipating impacts of environmental variability
on hake that can provide timely information to stakehold-
ers (e.g., fishers) and managers (Malick et al. 2020b). Indeed,
our results indicate that extending existing tools used to in-
form management of hake, such as seasonal habitat forecasts
and management strategy evaluations (Malick et al. 2020b;
Jacobsen et al. 2022), to include undercurrent dynamics may
help to better resolve future changes in hake distribution.
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