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The United States Northern Shortfin squid fishery is known for its large fluctuations in

ability of lllex illecebrosus along the Northeast US continental shelf (NES), resulting in
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The fishery occurs within the Northwest Atlantic, whose complex dynamics are set up

and shelf-slope exchange processes. Our ability to understand and quantify this
regional variability is requisite for understanding the availability patterns of lllex, which
are largely influenced by oceanographic conditions. In an effort to advance our current
understanding of the seasonal and interannual variability in this species' relative abun-
dance on the NES, we used generalized additive models to examine the relationships

between the physical environment and hotspots of productivity to changes in CPUE of
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1 | INTRODUCTION

The Northeast US continental shelf (NES) is a large, highly productive,
and dynamic marine ecosystem (Sherman & Duda, 1999) that supports
multiple major US fisheries, including the northern shortfin squid, lllex
illecebrosus (hereafter lllex). lllex is a commercially important, trans-
boundary squid inhabiting the continental shelf and slope waters of the
Northwest Atlantic Ocean, whose distribution spans from Newfound-
land to Florida and crosses the Exclusive Economic Zones (EEZs) of
Canada and the United States (Arkhipkin et al., 2015; Hendrickson &

I. illecebrosus in the Southern stock component, which comprises the US fishery. Specif-
ically, we derived oceanographic indicators by pairing high-resolution remote sensing
data and global ocean reanalysis physical data to high-resolution fishery catch data. We
identified a suite of environmental covariates that were strongly related to instances of
higher catch rates. In particular, bottom temperature, warm core rings, subsurface fea-
tures, and frontal dynamics together serve as indicators of habitat condition and pri-
mary productivity hotspots, providing great utility for understanding the distribution of

lllex with the potential for forecasting seasonal and interannual availability.

environmental covariates, generalized additive model, lllex illecebrosus, northern shortfin squid,
Northwest Atlantic, remote sensing, warm core rings

Holmes, 2004; Palacios-Abrantes et al., 2020). The shared US and
Canadian stock is split into Northern and Southern stock components
for management, by the Northwest Atlantic Fisheries Organization
(NAFOQ) and the Mid-Atlantic Fisheries Management Council (MAFMC),
respectively (Hendrickson & Showell, 2019). The US fishery lies within
the portion of the Southern stock component associated with the EEZ
of the East Coast of the United States (NAFO subareas 5 and 6) and is
composed of lllex populations extending from the Gulf of Maine to the
southernmost portion of the Mid-Atlantic Bight (see Figure 1a;
Hendrickson & Showell, 2019; Lowman, Jones, Pessutti, et al., 2021).
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(a) Map of Northeast US Continental Shelf Large Marine Ecosystem (NES LME). The Continental Shelf is the water mass located to

the west of the shelfbreak (0-200 m, lighter blue colors); the Shelfbreak Jet is the southwardly flowing jet indicated by the green arrow; the Slope
Sea is the water mass between the Continental Shelf and the Gulf Stream (>4,000 m); and the Gulf Stream is the northward flowing water mass
indicated by the yellow arrow. The filled black square indicates Cape Hatteras, NC. Zone indicates a given region from which the Warm Core Ring
Footprint Index (RFI) was derived and consists of longitudinal zones binned by 5° increments (Zone 1: 75-70°W; Zone 2: 70-65°W; Zone 3: 65-
60°W). (b) Mean distribution of fishing locations from 2011 to 2020. The size of the point represents the total kept weight of lllex, and the color
indicates whether the catch was from a directed (red) or undirected trip (orange). Map displays only non-confidential data (weeks with fewer than
three permits were removed). For reference, the Northeast Shelf Break (NESBR) region, the spatial scale for multiple covariates, is outlined in
black and extends to 40 km on either side of the 200-m isobath. This region is further divided into segments indicating the latitudinal bounds for
NAFO subareas (5Ze, 5Zw, 6A, 6B, and 6C). Filled black squares indicate the locations of a northern and southern lllex processing facility.
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lllex is a migratory species whose availability to the US fishery is sea-
sonal and highly variable in space and time. The US fishery is largely
confined to the outer edge of the NES and occurs during the late spring
through autumn months when squid migrate onto the shelf (Figure 1b).
The population variability is driven by the species unique natural his-
tory, which includes short life spans (<1 year), high natural mortality,
year round spawning, and extreme variability in growth and maturity
rates. While many aspects of their life history are still unknown, our
current understanding is that the portion of the population that
migrates onto the NES is heavily influenced by oceanographic factors
(Arkhipkin et al., 2015; Hendrickson, 2004). During early life history
stages (eggs, paralarvae), lllex are thought to be concentrated in the
Slope Sea, the offshore water mass between the continental shelf and
the Gulf Stream (GS), and along the North wall of the GS (Figure 1a),
whereas juveniles and adults have been associated with the shelf break
in the Mid-Atlantic region of the NES (Arkhipkin et al., 2015; Hatanaka
et al.,, 1985; Hendrickson & Holmes, 2004; Perez & O'Dor, 1998). How-
ever, due to mismatches in the timing and locations of fisheries surveys
and lllex distribution, there is a paucity of data describing the full distri-
bution, behaviors of early life-history stages, and precise spawning loca-
tions for this species. Thus, because of these large gaps in data, little is
known about the offshore and deep water portions of the population
that may be migrating onto the shelf (Arkhipkin et al., 2015; Bakun &

TABLE 1
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Csirke, 1998; Hendrickson, 2004; Hendrickson & Holmes, 2004). His-
torically, the lllex fishery has been defined by high interannual variability

in catch; however, in recent years, large increases in lllex catch com-
bined with quota constrained fishing seasons have led to early fishery
closures occurring in the late summer and early fall months
(Hendrickson & Showell, 2019; see Table 1). While specific drivers
associated with high abundance years remain unknown, the variable
availability of Illex to the US fishery is thought to be largely influenced
by the dynamic oceanographic conditions of the Northwest Atlantic
(Dawe et al., 2007; Hendrickson, 2004; Hendrickson & Holmes, 2004).
This notion has elicited increased interest in understanding and identi-
fying which environmental factors may be driving recent increases.
lllex's habitat, the Northwest Atlantic, is a complex and highly var-
iable region subject to oceanic and atmospheric forcing on multiple
spatial and temporal scales and is currently undergoing rapid change
(Gawarkiewicz et al., 2022; Harden et al., 2020). This region includes
multiple water systems, including the NES, Slope Sea, GS, and Shelf-
break Jet, which work in concert to drive regional dynamics
(Figure 1a). Two major circulation systems, the GS, a warm Northeast-
erly flowing western boundary current, and the cold Southwesterly
flowing Shelfbreak Jet (which has a mean position located about the
200 m isobath), stemming from the Labrador Current (LC), meet in the
southern portion of the NES around Cape Hatteras, North Carolina

Annual descriptions of lllex squid cumulative landings for the entire fleet, the combined mean catch for the wet boat fleet within the

study fleet (SF), and observer program (OBS), the fishery quota, the date the fishery reached 95% of the quota, and the percentage of the quota

that was met by the end of each year (12/31).

Year Annual landings full Fleet (mt) Annual catch SF and OBS (mt) Quota (mt) 95% quota % quota (entire fleet)
2001 3,831 NA 24,000 NA 16
2002 3,135 NA 24,000 NA 13
2003 7,514 NA 24,000 NA 31
2004 25,913 NA 24,000 09/21 108
2005 11,911 NA 24,000 NA 50
2006 14,144 NA 24,000 NA 59
2007 9,023 NA 24,000 NA 38
2008 15,900 896 24,000 NA 66
2009 18,419 2,298 24,000 NA 77
2010 15,667 2,722 24,000 NA 65
2011 18,795 1,338 23,327 NA 81
2012 11,709 684 22,914 NA 51
2013 3,831 767 22,914 NA 17
2014 8,776 1,898 22,914 NA 38
2015 2,418 673 22,914 NA 11
2016 6,684 957 22,914 NA 29
2017 21,156 8,162 22,914 09/15 98
2018 24,076 8,098 22,914 08/15 105
2019 27,276 9,378 24,825 08/21 109
2020 28,135 4,119 28,643 08/31 98

Note: The US lllex fishery closes when 95% DAH is reached, thereby triggering the directed fishery closure. Annual landings and specified quota for lllex
between years 2001 and 2020; however, the data used in this analysis are restricted to 2011-2020 and are bolded. These data were acquired from the
Greater Atlantic Fisheries Office (GARFO) quota monitoring archives (https://www.greateratlantic.fisheries.noaa.gov/ro/fso/reports/quota_monitoring_

archive.html).
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(35.248°N, —75.5393°W) (Forsyth et al., 2020; Seidov et al., 2021;

Townsend et al., 2006). The interplay of these systems results in sea-

sonal and interannual variations in oceanographic conditions influenc-
ing the variability in the timing, location, and magnitude of biological
and physical features in this region. This, in turn, affects the popula-
tion dynamics of lllex and other commercially important species
(Houghton & Visbeck, 1998; Myers & Drinkwater, 1989; Seidov
et al., 2021; Townsend et al., 2015). Additionally, this region has expe-
rienced significant changes over the past decade (Forsyth et al., 2020;
Gongalves Neto et al., 2021). Most notably, it has been ranked one of
the most rapidly warming areas in the World Oceans (Chen
et al, 2020; Forsyth et al, 2015; Harden et al., 2020; Pershing
et al., 2015) and has been subject to extreme marine heatwaves (Chen
et al., 2013; Gawarkiewicz et al., 2019; GroRelindemann et al., 2022;
Hobday et al., 2016; Perez et al., 2021). Recent work quantifying
changes in the region's physical oceanography document shifts in the
persistence and extent of the cold pool, a bottom-trapped cold water
mass (Chen et al., 2020; du Pontavice et al., 2022), as well as shifts in
the location of the GS (Andres, 2016; New et al., 2021; Seidov
et al.,, 2021), and increases in the number and variability of warm core
rings (WCRs) and other mesoscale features (Gangopadhyay
et al,, 2019; Gawarkiewicz et al., 2018, 2022; Harden et al., 2020;
Silver et al., 2021). This has resulted in a significant increase in the
influence of offshore forcing on the Shelfbreak Front and continental
shelf (Gawarkiewicz et al., 2018; Hoarfrost et al., 2019).

Understanding how species respond to the complex and expedi-
tiously changing spatial and temporal variability within this ecosystem
is critical for developing effective management strategies. This is par-
ticularly true for species associated with the continental shelf break
region, as changes in the latitudinal position, strength, and seasonality
of the Shelfbreak Front can influence their relative abundance via
altered nutrient supplies and resulting effects on primary productivity
(Dawe et al, 2007; Drinkwater et al., 2000; Gawarkiewicz
et al., 2018). To that end, oceanographic indicators can be used to
reflect a variety of physical, chemical, and biological aspects of an eco-
system and provide information on the current state and trends of the
system, which can be critical for their assessment and management
(Clay et al., 2020; Fu et al., 2012). While the physical and biogeochem-
ical properties of a marine system may show trends across long time-
scales (e.g., decadal and annual), the changes that occur on short
timescales (e.g., sub-seasonal; weekly and monthly) can have large
impacts on a stock's availability to fisheries. Therefore, identifying
oceanographic indicators at ecologically relevant scales is key to gain-
ing insights into the spatiotemporal distribution of marine species.
This is particularly critical for short-lived species, like lllex, whose
availability and distribution exhibit high variability on sub-annual time
scales (Dawe & Beck, 1997).

Satellite remote sensing data are a powerful tool for developing
oceanographic indicators as they provide reliable synoptic coverage of
oceanographic variables, such as sea surface temperature (SST) or
ocean color (i.e. chlorophyll), at spatial (1-4 km) and temporal (~daily)
resolutions not attainable by in situ sampling. Furthermore, these data

can be used to identify oceanographic features such as fronts or

eddies (Miller et al., 2015; Silva et al., 2020), monitor the variability of
phytoplankton biomass, production and composition (Turner
et al., 2021), and evaluate the spatial patterns of higher trophic level
animals relative to these features (Miller & Christodoulou, 2014;
Polovina & Howell, 2005; Saba et al., 2015). We used long-term satel-
lite time series, as well as global ocean reanalysis physical data, to gen-
erate high-resolution metrics, including the location of frontal
gradients and mesoscale eddies at weekly time scales. Specifically, this
study investigated a suite of oceanographic features to assess and
characterize their relationships to lllex catch rates. To achieve this
goal, we collaborated with a multi-disciplinary group of experts across
government, academia, industry, and management to generate a series
of hypotheses (see Section 2.1) linking oceanographic features
(e.g., WCRs, shelf streamers, and Shelfbreak Jet) to potential mecha-
nisms driving both the ingress and egress of lllex to the US fishery.
The identification of oceanographic drivers of lllex catch in space and
time is an important first step in increasing our understanding around
potential mechanistic processes influencing the movement of this spe-
cies and is highly relevant for reaching future stock assessment and

management goals for lllex.

2 | MATERIALS AND METHODS

21 | Conceptual model

In an effort to isolate important environmental variables to serve as
oceanographic indicators of lllex availability, our interdisciplinary team
developed a conceptual model (Figure 2), to link candidate variables at
their relevant spatiotemporal scales to lllex life history characteristics.
Conceptual models are useful tools for integrating and organizing
knowledge from diverse experts into a unified framework (Levin
et al., 2016), specifying the linkages between potential quantitative
models and available data (DePiper et al., 2017), and help focus
modeling efforts on key interactions (e.g., Haltuch et al., 2020;
Tolimieri et al., 2018). We refined the model by identifying direct and
indirect links between environmental variables and life history charac-
teristics. From there, we developed general hypotheses identifying
potential oceanographic drivers of important lllex biological processes
including growth, mortality, immigration, emigration, and aggregation.
We derived the following set of assumptions via a combination of
existing theories in the literature and original ideas to describe how
oceanographic influences could affect habitat conditions and food
resources for this species: (1) bottom temperatures influence habitat
selection for managing metabolic demands of juveniles and adults
(Benoit-Bird & Moline, 2021); (2) frontal dynamics create areas of high
primary productivity (Belkin & O'Reilly, 2009; Bost et al., 2009);
(3) WCRs serve as a transport/retention mechanisms for paralarval
stage/pre-recruits; (4) the strength and location of WCRs contribute
to increased primary productivity due to upwelling of nutrients
(Forsyth et al., 2022), providing a mechanism to concentrate food
sources for juveniles and adults; and (5) changes in shelf and slope

water composition impact the spatial distribution of lllex. Thinking
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FIGURE 2 Schematic of the conceptual model. This is a preliminary version of the conceptual model developed to outline the oceanographic

drivers and their associated spatial and temporal scales. In the final version of the conceptual model, each variable was identified at the spatial
and temporal scale in which it was most likely to influence a particular aspect of lllex life history. Connections between drivers and availability

were marked as either direct (solid lines) or indirect (dashed lines).

through the relationships detailed in the conceptual model informed
the selection and spatiotemporal scale of covariates considered for
the statistical models used in this study (Figure 1; Table S2.1). Thus,
the conceptual model served as an initial variable selection step, as
we prioritized the variables underlying the assumptions stated above
and the resulting covariates were fed into a generalized additive
model (GAM). While we could not directly test these hypotheses due
to data limitations, conceptualizing the drivers in this way allowed us
to tailor our variable selection to examine oceanographic indicators

with higher relevance lllex availability.

2.2 | Fishery dependent catch data

2.2.1 | Datasources

This study uses nominal lllex catch per unit effort (CPUE) calculated
from two high resolution fishery-dependent data sets maintained by
the Northeast Fisheries Science Center's (NEFSC) Study Fleet and
Observer programs (Jones et al., 2022; Palmer et al., 2016). NEFSC
independent bottom trawl survey data was considered, but it was ulti-
mately excluded due to the mismatch between the timing and location
of the surveys and the instances when lllex are present on the conti-
nental shelf, due to migration patterns. While this species constitutes
a single stock throughout its range, the catch data used in these ana-
lyses are derived solely from the US Domestic Fishery (the Southern
stock component, in NAFO subareas 5 and 6; see Figure 1). We
selected the Study Fleet and Observer datasets for this study as they
provided the fine scale spatiotemporal data on lllex catch and effort

required for exploring oceanographic drivers of lllex availability. Spe-
cifically, these datasets include detailed fishing location start and end
points for individual tows via GPS coordinates, which was instrumen-
tal for pairing with co-located environmental conditions. The Study
Fleet data are voluntary, self-reported catch, and effort data from
individual tows collected by captains on participating vessels, from
2008 to present (Jones et al., 2022). The Study Fleet data are col-
lected from ~40% of lllex fishing trips annually, with higher coverage
in recent years. The Observer program dataset consists of catch data
collected per tow, onboard commercial fishing vessels by profession-
ally trained biologists (observers) during a subset of randomly selected
lllex fishing trips. This data set ranges from 1989 to present and is col-
lected from approximately 10% of the lllex fishing trips annually, with
lower coverage rates in recent years. While these data represent a
subset of the entire lllex fishing fleet, recent research indicates that
the Study Fleet/Observer data sets are representative of the overall
lllex fleet(s) (Jones et al., 2020, 2022; Mercer et al., 2022).

2.2.2 | Metrics calculated

The CPUE was calculated as the weight of lllex caught divided by the
duration of the tow (lbs/h) for each individual tow. The resulting
values were summed across weeks and fishing locations. Models run
in this study utilize catch from both directed lllex fishing trips (where
lllex was the target species) and undirected fishing trips (where Illex
was incidental catch) from vessels using bottom trawl gear, in an
effort to reduce the biases implicit in using fishery dependent catch

and effort data as an index of abundance (Harley et al., 2001). Here,
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directed trips are fishing trips where more than 50% of the total catch
is comprised of lllex and more than 10,000 pounds (4,535 kg) were
landed (NEFSC, 2006), whereas undirected trips are fishing trips with
lower lllex landings, where lllex comprises between 10% and 50% of
total catch and more than 100 pounds (45 kg) landed. Using this com-
prehensive set of lllex catch data allowed for the examination of a
larger number of trips over a greater range of space and time and
enabled us to capture instances of both low and high catch through-
out the region. Including instances of low catch allowed us to explore
a wider swath of the distribution, accounting for areas where lllex may
be present, yet not sufficiently aggregated for commercial fishing pur-
poses. The resulting catch data were subset into two fishing fleets
based on vessel hold type (freezer trawlers and “wet boats”). Freezer
trawlers are vessels with the capacity to freeze catch on site, whereas
“wet boats” is a term used for vessels with either refrigerated sea
water or ice holds. This decision follows work by Lowman, Jones,
Pessutti, et al. (2021) as well as correspondence via lllex Working
Group meetings and industry conversations, where clear differences
in fishing behavior and capacity were noted between fleets (Mercer
et al.,, 2022). These differences stem from the highly perishable nature
of this species and differential processing capacity of the two fleet
types (Lowman, Jones, Pessutti, et al., 2021; Mercer et al., 2022). For
instance, to prevent product from spoiling, wet boats face constraints
around steam time and fishing location, which makes them more likely
to adjust fishing behavior in response to squid abundance and ocean-
ographic conditions. Thus, these vessels are more apt to target dense
squid aggregations associated with oceanographic features as
opposed to freezer trawlers, whose ability to freeze catch at sea
allows them to exhibit more consistent fishing behavior over longer
fishing trips. Furthermore, the fishing activity of freezer trawlers is
limited by at-sea freezing, which could dampen signals in the catch
rates. Finally, “wet boats” make up the majority of the lllex fishing
fleet (>90%). In effort to identify oceanographic indicators of lllex
availability, we focused these analyses on wet boat catch rates, as
they were most likely to be connected to oceanographic dynamics

and most representative of the fishing fleet.

2.3 | Oceanographic covariate data

2.31 | Datasources
The majority of the environmental covariates were either, direct
observations via remotely sensed satellite imagery, or derived from a

global physical reanalysis model.

Remote sensing data

Daily Level 3 (L3) satellite ocean color data (version 5.0; Sathyendranath
et al., 2021) were obtained from the European Space Agency's Ocean
Colour Climate Change Initiative (OC-CCl) project (Sathyendranath
et al, 2019). Daily Level 4 (L4) interpolated SST data were acquired
from the Group for High Resolution Sea Surface Temperature
(GHRSST) Multiscale Ultrahigh Resolution (MUR, version 4.1) data

(JPL MUR MEaSUREs Project, 2015; Chin et al., 2017). The global CHL
and SST products were gridded and spatially subset to the US East
Coast (SW  longitude = —82.5, SW latitude = 22.5, NE
longitude = —51.5, NE latitude = 48.5). We derived weekly statistics
(minimum, maximum, mean, standard deviation, and coefficient of
variation) for both CHL and SST. Additionally, the climatological
weekly means were calculated from the entire time series (1998-2020
for CHL and 2003-2020 for SST) to generate anomalies (see
Appendix S1 for details). Daily high resolution (1 km) MODIS imagery
from the Aqua and Terra satellites acquired from the NASA Ocean
Biology Processing Group (OBPG) were used to calculate frontal met-
rics (see the Oceanographic Fronts section below and Appendix S1 for
more details).

Global ocean reanalysis model data

Subsurface salinity and bottom temperature time series were obtained
from the GLobal Ocean ReanalY-sis and Simulation project
(GLORYS12V1) global ocean reanalysis model (CMEMS, 2018), which
is a global ocean, eddy-resolving, and data assimilated hindcast from
Mercator Ocean (Chen et al., 2021; du Pontavice et al., 2022). The
global data were subset over the same Northwest Atlantic region as
the satellite imagery and averaged to create weekly products. The rea-
nalysis product has a gridded 8-km horizontal resolution, up to
50 fixed vertical depth bins, and the data are available from 1993 to
2020 (Fernandez & Lellouche, 2018; Lellouche et al., 2021).

2.3.2 | Metrics calculated

Oceanographic fronts

Oceanographic fronts are narrow zones of enhanced horizontal gradi-
ents of water properties (temperature, density, chlorophyll, etc.) that
represent major biogeographical boundaries and are often associated
with zones of elevated primary and secondary productivity, in turn,
creating “hot spots” of marine life and fishing (Belkin &
O'Reilly, 2009; Bost et al., 2009; Miller et al., 2015). We used daily
high resolution (1 km) MODIS imagery from the Aqua and Terra satel-
lites acquired from the NASA OBPG to calculate daily SST and CHL
frontal gradients using the Belkin and O'Reilly (2009) algorithm. The
gradient data are normalized differences between pixels; therefore,
data from the Aqua and Terra sensors were merged into daily files,
which were then used to create weekly frontal metrics. In order to
isolate prominent frontal features, thresholds of .4°C for SST and
06 mgm~ for CHL were applied to the frontal gradient data
(Miller, 2009; Suberg et al., 2019). We then identified the number of
valid frontal pixels by summing the number of times a pixel exceeded
the frontal threshold across a 7-day period (Suberg et al., 2019). For
example, if a pixel was identified as a front on days 1, 3, 4, and 5 of a
given week, it would have a frontal value of 4. Note the percentage of
“clear” days (i.e., days without clouds) were not factored into this met-
ric; thus, a week with six cloudy days and only 1 day with an observed
front would have a value of 1. The final frontal index, the proportion

of frontal pixels in a given subarea at a weekly resolution, was
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calculated by tallying the total frontal values and averaging across
each subarea within the Northeast Shelf Break (NESBR; see
Table S2.1 and Figure 1 for details on areas of data extraction). This
index was generated in effort to represent frontal dynamics across
the spatial range of the US fishery.

WCR metrics

WCRs are anticyclonic mesoscale eddies that break off from the GS,
after it moves away from the coast downstream of Cape Hatteras
(Joyce, 1984, 1985). Once detached from the stream, these mesoscale
eddies move in a west-southwestward direction carrying the

S\ [ LE Y-

entrapped warm GS water through the Slope Sea to the US continen-
tal shelf region (Gangopadhyay et al., 2020; Silva et al., 2020). When a
WCR impinges on the sloping bathymetry (Figure 3), its inherent anti-
cyclonic properties (clockwise movement of surface waters) create
different shelf break exchange processes on opposing sides of the ring
(Cenedese et al, 2013; Gawarkiewicz et al., 2018; Morgan &
Bishop, 1977). On the eastern edge of the ring where the ring circula-
tion moves away from the shelf, the productive, cooler, and less saline
shelf water is entrained and exported into the Slope Sea, creating a
“streamer” of shelf water (Bisagni, 1983; Gawarkiewicz et al., 2001).
These shelf water streamers interact with the Mid-Atlantic Bight

Upwelling

FIGURE 3 Depiction of warm core ring (WCR) impingement on the shelf sloping bathymetry and the associated physical processes. Due to
the WCRs anticyclonic flow, the western, leading edge of the ring, works to move warm, saline surface waters onshore towards the shelf. This
can result in an along-isobath intrusion of warm water called a Pinocchio's Nose Intrusion (PNI), which can extend 100 s of kilometers along the
shelfbreak (Zhang & Gawarkiewicz, 2015). Conversely, on the eastern, trailing edge of the ring, the circulation moves water away from the shelf,
entraining and exporting productive, cooler, and less saline shelf water into the Slope Sea, creating a “streamer” of shelf water (Forsyth

et al., 2022). Shelf water streamers can interact with the subsurface Shelfbreak Jet, resulting in an area of divergence and increased upwelling.
Mid depth salinity maximum intrusions (Smax) are another important feature that can form off WCRs (Gawarkiewicz et al., 2022). These occur
where warm saline slope/ring water intrudes on to the continental shelf generally along the seasonal pycnocline.
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(MAB) Shelfbreak Jet resulting in an area of divergence and increased
upwelling (Forsyth et al., 2020, 2022; Ryan et al., 1999). Conversely
on the western edge of the ring where the ring circulation moves
toward the shelf, steepening of the Shelfbreak Front combined with
an onshore flow, results in warmer, more saline Slope Sea and ring
water intrusions (Gawarkiewicz et al., 2001). The significant increase
in the number and frequency of mesoscale eddies (Gangopadhyay
et al., 2019) and Slope Sea intrusions (Gawarkiewicz et al., 2022) may
be a key component in the changing dynamics of the Northwest
Atlantic shelf and slope water ecosystems (Bisagni et al., 2019; Chen
et al,, 2020; Gawarkiewicz et al., 2018; Harden et al., 2020). We calcu-
lated a series of metrics in order to quantify which aspects of a WCR
may be influencing lllex population dynamics.

i. Ring tracking census

First, a GS ring tracking dataset of weekly ring size and location
was generated from Jenifer Clark's GS Charts for the years 2011
through 2020 (Silver et al., 2022). These charts provided the data to
create a 38-year WCR census (Gangopadhyay et al., 2019, 2020). Fol-
lowing the same methodology as in Gangopadhyay et al. (2020), loca-
tion and ring area were verified using a Geographic Information
System QGIS framework (QGIS Development Team, 2016). Several
different ring indices were created from this dataset.

ii. Ring Footprint Index

The Ring Footprint Index (RFI) accounts for both the amount
of time a ring spends in a given area as well as its size. It is defined
as the fraction of time and space that rings occupy in the Slope
Sea in a given time period (month or year) in a specific region (a box

or a zone as in Figure 1), so RFI=>ringdaysperring area/

45°N

(total area of region « total time period). This index was adapted from
the RFI calculated in Gangopadhyay et al. (2020). The numerator,
>"ring days per ring area, multiplies the time a ring is in a given region
(zone) by the area of the ring and adds all such “ring days times ring
area” in that region. This term is then divided by a second term, which
multiplies the total area of the zone by the total time period of inter-
est. This was calculated at a weekly time scale across four different
longitudinal zones binned by 5° increments (Zone 1: 75-70°W, Zone
2: 70-65°W, Zone 3: 65-60°W; see Figure 4). Additionally, as WCRs
in these zones generally move in a southwesterly direction (towards
the shelf break), we were able to implement ecologically relevant time
lags to better understand the timing of ring conditions and examine
the potential for transport that could arise ahead of the summer
fishery.

iii. Ring Orientation

Ring Orientation describes the relationship between the physical
properties of WCRs and catch locations. Quantifying the orientation
of a WCR to a fishing location can provide information about the
oceanographic processes and associated ecological implications
related to the presence of a ring. For a given week, we calculated the
distance between individual fishing points and all rings present. Ring
orientation was then calculated as the angle between a given fishing
point and the closest ring associated with that location (Figure 5). Spe-
cifically, coordinates detailing each ring's northern, western, eastern
(E), southern, and center (C) points were identified, along with the
location (T) at which the ring meets the 100 m isobath, which is the
approximate position of the shelf break. This series of coordinates
was then paired with fishing locations (F) and used to generate two
lines and their associated angles (Figure 5). Theta (8, £TCE) is the

angle formed from lines (TC) and (CE), which are calculated from the

40°N

Latitude
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140

FIGURE 4 Heat map of Ring
Footprint Index (RFI). The blue southward
pointing arrow indicates the Shelfbreak
Jet. The yellow band indicates the mean
position of the Gulf Stream North Wall.
The color bar represents the number of
ring days in 0.1° bins ranging from O to
200. Vertical bars represent the region
(zone) from which the RFI was derived,
where Zone 1 is indicated in red and
spans 75-70°W, Zone 2 is indicated in
blue and spans 70-65°W, and Zone 3 is

120

65°W
Longitude

35°% W

L 1o indicated in green and spans 65-60°W.
The bathymetry line represents the
100 m isobath and demarks the
approximate location of the shelf break.
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Depiction of warm core ring impingement on the shelf slope and derivation of ring orientation. The bathymetry lines depict depths

ranging from O to >4000 m. The white circle in both panels (a, b) represents a warm core ring, and the small white arrows inside the ring indicate
the direction of circulation associated with an anticyclonic eddy. The location where the ring meets the Shelfbreak is the 100 m isobath. The
reference points on the ring are (T = the location where the ring meets the 100 m isobath, C = center of point of ring, E = eastern point of ring).
The orange circle (F) indicates a fishing point location. (a) The western side of the ring is associated with onshore intrusions. (b) The eastern side
of the ring is associated with offshore transport processes that lead to upwelling. The lines TC and CE represent the ring location in relation to
the shelf and form the (purple) angle theta (TCE, ). Lines FC and CE detail the fishing point location in relation to the nearest ring and form the
(green) angle (FCE, a). When alpha («, FCE) is greater than theta (6, TCE), the ring has a western orientation to the fishing point. Conversely, when
angle alpha (a) is less than angle theta (8), the ring is oriented to the east of the fishing point.

lines describing locations between where the ring impinges on the
shelf to its center and from the center of the ring to the Eastern
point (E) of the ring. Alpha (a, £FCE) is the angle formed from lines
(FC) and (CE), which delineate the location of the fishing point to the
center of the nearest ring and the center of the ring to the Eastern

point of the ring.

180
6 =arctangent(Tqt — Ciat, Tion — Cion) * 7

— arctangent(Ciat — Ejat, Cion — Ejon) * 180/ pi

180
a= arCtangent(Flat — Ciat, Flon — Clon) *7

—arctangent(Ciat — Eiat, Cion — Ejon) * 180/ pi

Comparison between resulting angles was used to determine the
orientation of a given ring to individual fishing locations. Specifically,
in instances where alpha (a, ZFCE) was greater than theta (6, ~TCE),
the fishing point was oriented to the West of the ring. Conversely,
when angle alpha («) was less than angle theta (0), the fishing point
was oriented to the East of the ring.

The fishery-dependent catch data and oceanographic metrics
used for this study were truncated to a common 10-year time
period (2011-2020) for which fine-scale WCR tracking data were
available.

2.4 | Data analysis
2.4.1 | Inter-annual variability of lllex catch and
distribution of fishing

To test differences in annual catch between years, we summed the
total catch from the combined Study Fleet and Observer data sets
and performed the nonparametric Kruskal-Wallis test. To explore the
inter-annual differences in catch availability, we conducted pairwise
comparisons using Dunn's test with a Bonferroni adjustment. We
used a ridge plot with quantile analysis to visualize the inter-annual
variability in the distribution of fishing (Figure 6).

242 | Generalized additive modeling

To examine relationships between lllex CPUE and oceanographic cov-
ariates, we fit GAMs to the combined Study Fleet and Observer data-
sets. GAMs, an extension of General Linear Models (GLMs), are a
powerful statistical tool that is increasingly used in ecological contexts
as they are inherently flexible and thus able to account for nonlinear
relationships  without compromising interpretability (Pedersen
et al., 2019; Wood, 2011). This flexibility stems from the additive
framework of GAMs, which uses local smoothing functions to fit
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FIGURE 6 Catch per-unit effort over
time for the Study Fleet and Observer
20201 Program wet boat fleet from 2011 to
2020. The inset figure is a time series of
D10 — CPUE. The main figure details the density
distributions of annual catch-per-unit
effort across years. Each distribution is
20181 ; partitioned into four quartiles, delineated
Quantile ) . .
by an increasing gray scale, with lower
2017 1 1 2 3 4 quartile values represented in white and
the darkest gray representing values in
&5 20161 the upper quartile.
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predictor variables to a response variable. For our models, the
response variable (CPUE) was assumed to follow a negative binomial
distribution with a log link function to account for positive skew and
over dispersion. Predictor variables consisted of 31 candidate oceano-
graphic metrics selected from the conceptual model at ecologically
relevant spatial scales (see Appendix S2; Table S2.1). We tested for
collinearity among predictor variables via Spearman's rank correlation
and variance inflation factor analyses and eliminated predictors with
high values (p > .4, VIF > 4; see Tables S2.2 and 52.3). Thin-plate
regression splines were used as smoothers to model main effects,
with the exception of “Week,” which was modeled as cyclic cubic
spline to account for periodicity. Models were trained on a subset of
the full data set using a simple training/testing data splitting algorithm,
selecting 70% of the data to be used for training with the remaining
30% retained for analysis. Model residuals were examined for
significant autocorrelation, and we found a general absence of auto-
correlation (Appendix S2; Figure S2.2). GAMs were fit using explicit
models representing different variations of our previously established
hypotheses about how the system works. The optimal model was
chosen based on selection criteria that favored the lowest Akaike
Information Criterion (Anderson & Burnham, 2004; Brodziak &
Walsh, 2013) and highest deviance explained. The optimal model
was defined as

CPUE ~ f(lat,lon,k = 25) 4 f(year,week,k = c(5,5)) + f(year,k = 5)
+f(week k = 5) +f(bottom temperature,k = 4)
+f(salinity222m,k = 5) +f(zone2lagémo, k = 5)
+f(zonellag3mo,k = 5) + f(zone3lagémo,k =5)

+ f(fvalidcp, k = 5) +f(sstsq) + ORIENTATION.

Since we were working with limited data, reasonably small
k values were selected to prevent overfitting and aid in interpretation.
All GAMs and subsequent analyses were run in R 4.0.5 (R Core
Team, 2021) using the mgcv package (Wood, 2011, 2017).

3 | RESULTS

3.1 | Inter-annual distribution of catch locations
There was a significant influence of year on annual CPUE in the Study
Fleet and Observer datasets (H [12] = 1,765.5, p < .001; Figure 6).
Pairwise comparisons using Dunn's test with a Bonferroni adjustment
indicated that total lllex catch during recent years (2017-2020) was
significantly higher than total lllex catch reported from 2008 to 2016
(p < .001; Figure 6). There is a shift in the median catch per-unit effort
and increased variability in the maximum catch for the last 4 years of
the data set (2017-2020) as compared to the previous 6 years
(2011-2016).

3.2 | Generalized additive modeling (catch data)

GAM results identified 12 covariates that were important predictors
of lllex catch-per-unit-effort, including temporal (year and week), spa-
tial (latitude and longitude), and environmental (bottom temperature,
RFI at various time lags, ring orientation, salinity at 222 m depth, chlo-

rophyll frontal activity, and standard deviation in SST) variables
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(Table 2; Figure 7). The full model accounted for 56.2% of the devi- 3.2.1 | Spatiotemporal trends

ance explained. Model predictions using the testing dataset closely
followed the model data (Figure 8). While there is evidence of slight The spatial smoother captured the interacting effects of latitude and

overfitting, the final model had fairly good predictive ability longitude and identified two hot spots of catch along the Northern

(RMSE ctyari: 06, RMSEpeict: .08). and Southern portions of the shelf break (Figure 7a). The main

TABLE 2 Generalized additive model (GAM) results for final model smooth terms in relation to catch-per-unit-effort (CPUE)

Parametric coefficients Estimate Std. error t value p value
Intercept 7.02597 .04962 141.604 <.0001
Orientation(W) —.10613 .08399 —1.264 .206
Smooth terms edf Ref.df Chi.sq p value
s (lon,lat) 22.306 24 3,110.610 <.0001
ti (year,week) 10.613 12 98.273 <.0001
s (year) 3.707 4 232.362 <.0001
s (week) 2.869 3 172.712 <.0001
s (bt) 1.936 3 23.923 <.0001
s (sal_222m) 2.526 4 23.187 <.0001
s (z2lagémo) 1.947 4 23.298 <.0001
s (z1lag3mo) 3.702 4 37.903 <.0001
s (z3lagémo) 3.414 4 49.069 <.0001
s (fvalid_chl) 1.527 4 8.123 .00336
s (sst_sd_shbr) 1.669 4 8.687 .00336

Note: Final model accounted for 56.2% of deviance explained. Parametric coefficients are listed in Appendix S2.

44
8 © T
42 s(x) p = ‘
1 Z
2 w0 g 09 4 = ’//\\
2 . 0 @ @
K} ! \ i 4 \
38 = i v \ / .
ﬁ # S J & =
36 P RS ; e
4 72 70 -68 -66 20125 20150 2075 ™® au an » » = » » o
longitude year s(year) s(week)
“1(e) 1 . | (@ 1)
’ : ]
/ ]
Y ¢
5 ~

\
g N «
: N | N

s(x)
s(x)
\

|
-

PR TR T T u

s(salinity, 222 meters depth)

s(RFI, Zone 2, t- 6 months)

INYA

F L g v v 1

" (RFI, Zone 1, t - 3 months)

TR R TRTTRTRT]

(k)

o5 08

—
-

=

02 o0 o0z o0s

31 i P ETTRTR i

04 00 02 o4 08

s(RFI, Zone 3, t - 6 months)

s(chlorophyll fronts)

TR — e

05

10 5
s(standard deviation of sst)

[0}
0.0

01

f(x)

East

West

f(ring orientation)

FIGURE 7 Generalized additive model (GAM) partial residual plots for variables with significant relationships to catch per unit effort (CPUE).
Covariates are plotted against their splines (held constant); thus, the y axis represents changes in CPUE (the response variable) relative to its
mean. The black tick marks inset along the x axis of each plot are the actual values of each variable. The gray shaded region flanking each smooth
is the 95% confidence interval for the mean shape of the effect. Smooths are presented in order of the strength of their relationship to CPUE:

(a) latitude/longitude; (b) year/week; (c) year; (d) week; (e) bottom temperature; (f) salinity at 222 m depth; (g) Ring Footprint Index in Zone

2, lagged by 6 months; (h) Ring Footprint Index in Zone 1, lagged by 3 months; (i) Ring Footprint Index in zone 3, lagged by 6 months;

(i) chlorophyll frontal activity; and (k) standard deviation of SST. The last panel shows the factor (j) ring orientation.
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temporal trends that emerged in the full model are consistent with
findings from Jones et al. (2022) as well as Lowman, Jones, and
Mercer (2021), where catch is relatively stable in the beginning of the
time series (2011 and 2012), experiences a drop in year 2013
followed by three consecutive low years (2014, 2015, and 2016), and
higher catch over the most recent 4 years (2017, 2018, 2019, and
2020; Figure 7b,c). There is a strong effect of week as well, with the
majority of catch associated with weeks 26 through 36 (Figure 7d),
suggesting a strong seasonal effect. There is, however, interannual
variability in the weekly trend, where the bulk of catch occurs in the
early weeks of the fishing season during the first few years in the time
series (2011-2013) and a second peak in catch occurs later in the
fishing season during the most recent, high yield years (2017-2020)
(Figure 7b).

3.2.2 | Environmental trends

The ecological predictors of the most parsimonious model revealed
informative patterns. The most impactful ecological predictor in this
analysis was bottom water temperature. Its effects suggest a small
range of cooler bottom temperatures (6-10°C) support higher catch
(Figure 7e). Salinity at 222 m depth exhibits an increasing relationship
between salinity and catch at values greater than 35.4 (Figure 7f). The
mesoscale features that were significant included the RFI, a measure
of ring occupancy in the Slope Sea, within all three zones (see
Figure 1) at various time lags. Nonlinear relationships between CPUE

and ring occupancy emerged in Zone 2 (70-65°W), Zone 1 (75-

FIGURE 8 Model predictive ability.
Predicted values calculated from the
testing data set, comprised 30% of the
complete data set. Actual values are
CPUE values from the training dataset,
which comprised 70% of the complete
dataset. The ratio between the actual and
predicted values was calculated, and the
color bar represents those ratios along a
gradient from warm colors, where 1 is
total agreement to cooler colors, where
0 is no agreement.

Agreement

- 1.00

i 075
0.50

60°W

70°W), and Zone 3 (65-60°W) at 6 and 3 months prior to catch
(Figure 7g,h,i). For each zone, peak catch occurs when WCRs account
for approximately 30% of the area in a given week (Figure 7g,h,i).
Additionally, there was a negative effect of ring orientation on lllex
catch, where fishing locations oriented on the western side of WCRs
were generally associated with lower catch than fishing locations on
the eastern side of rings (Figure 7l). There was a slight increase in
CPUE when chlorophyll fronts occupy proportions of the shelfbreak
region between .25 and .35 (Figure 7j). However, while the maximum
proportion of the region that constituted a chlorophyll front was .72
(see Appendix S2; Table S2.1), the sample size decreases a great deal
for values beyond .4. Therefore, it is difficult to interpret trends when
chlorophyll fronts occupy proportions of the area that exceeding .4.
Finally, the fitted curves in Figure 7k show that increased variability of
SST (larger standard deviation values) is a significant predictor
of CPUE.

4 | DISCUSSION

The results from this study largely support the hypotheses derived by
the multidisciplinary research team during the development of the
conceptual model. In particular, the results indicate a suite of environ-
mental variables that may serve as indicators of lllex habitat condition
or areas of increased primary productivity. These indicators are of
interest due to their implications for identifying potential areas that
may support lllex aggregation and transport, which can provide a bet-

ter understanding of their availability to the fishery.
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4.1 | Indicators of habitat condition

Bottom temperature and RFI may be useful indicators for habitat con-
ditions, whereas the remaining covariates, ring orientation, salinity at
depth, and chlorophyll frontal dynamics are potential indicators of
areas of high primary productivity. Results from GAMs identified low
mean bottom temperatures as a strong predictor of CPUE, which is
consistent with results from surveys done by Hendrickson (2004),
where juveniles were primarily found in deeper waters (140-260 m)
and associated with bottom temperatures at the low end of the sam-
pled range (9.9-13.5°C). Existing hypotheses around the relationship
between lllex occurrence and cooler bottom temperatures have been
attributed to the selection of cooler habitat conditions as a means to
manage metabolic demands as well as the use of depth to avoid pre-
dation (Benoit-Bird & Moline, 2021; Perez & O'Dor, 1998). The rela-
tionship of high lllex CPUE with low bottom temperatures strongly
suggests that the lllex available to the US fishery are primarily associ-
ated with the cooler, shelf water (onshore-side) of the Shelfbreak
Front. An important caveat to this interpretation is that bottom tem-
peratures on the shelf are highly dependent on local processes
(e.g., circulation and intrusions) and variable in space and time (Chen
et al,, 2021), and we currently lack offshore (Slope Sea) data to test
the full extent of the bottom temperature range lllex experiences.
Therefore, more research is needed to better understand the impor-
tance of bottom temperature on the juvenile and adult life history
stages of lllex.

The lagged RFI, a measure of ring occupancy in the Slope Sea,
may serve as an additional indicator of habitat condition for larval/
pre-recruit stages. Examining ring footprints in the Slope Sea at 6- and
3-month lag times was an effort to (i) understand water conditions in
areas previously identified as important for larval stages of the lllex
(Bakun & Csirke, 1998; Dawe et al., 2007) and (i) gain insight into
rings as potential transport and retention mechanisms. Recent
statolith-based age analyses indicated year-round spawning with two
dominant cohorts specific to the lllex fishery, a winter cohort hatching
between January and March and a summer cohort with hatch dates
during the months of May through July (Hendrickson, 2004). As spe-
cific hatch times vary inter-annually, having an indication of the total
area of the Slope Sea occupied by WCRs during the winter hatch
months (January-March) could provide a powerful tool for under-
standing the variability of the habitat conditions (salinity, temperature,
and productivity) to which newly hatched lllex are exposed and the
potential for their physical transport to the shelf break. Therefore, the
significant relationship that emerged between catch and a lagged RFI
in Slope Sea Zones 1-3 (higher catch at RFl >.3 in Zones 2 and
3 lagged by 6 months and Zone 1 lagged by 3 months; see
Figure 7g,h,i) is an important result that merits further investigation as
it may have implications as a pre-season indicator. For instance, a
larger RFl in Zone 2 equates to a significant presence of anticyclonic
rings traveling in a southwesterly direction (towards the shelf break)
6 months ahead of the summer fishery. It is plausible that the
increased amount of area occupied by rings in the Slope Sea in the

winter months would equate to higher potential for paralarvae to be

WILEY-—2

transported to the shelf from their origination along the north wall of
the GS (Hare et al., 2002; Hatanaka et al., 1985). Furthermore, we

would expect the RFI in Zone 1 to have influences on the fishery at

shorter lag times (e.g., 3 months), as the distance necessary to trans-
port organisms from the north wall of the GS to the shelf break is
smaller (Figures 3 and 7h). Following this logic, the effects of WCRs
further East of Zone 3 (<60°W) were not included in the final analysis,
as they are less likely to migrate to the Mid-Atlantic Bight region of
the continental shelf (e.g., Zones 1 and 2 vs. Zone 4; Silva
et al., 2020). We suspect the presence of rings beyond Zone 3 are
more likely to act as a retention mechanism (as opposed to a transport
mechanism) with the potential of retaining paralarvae and juveniles in
the Slope Sea, thus rendering that portion of the population unavail-
able to the US fishery. Thus, the geographical location of a WCR is a
key aspect to consider (in addition to quantity and time of occupancy)
in effort to identify which rings may be relevant indicators of lllex
availability.

The insights gleaned from examining trends in habitat condition
during winter hatching seasons (prior to start of the late spring, early
summer fishing season) would benefit from targeted larval surveys
along the north wall of the GS throughout Zones 1-3 during the pro-
posed hatching months (Hendrickson, 2004). Quantifying the pres-
ence and timing of these mesoscale eddies in areas occupied by lllex
during early life history stages prior to the start of the fishing season
can improve our ability to forward-project the potential availability of

mature squid to the summer and fall fishery.

4.2 | Indicators of areas of high primary
productivity

The remaining covariates can be summed up as indicators of areas of
high primary productivity. Hot spots of primary productivity are of
interest for this mid-level consumer, as they can serve as an indirect
proxy for food availability. The lower variability and higher catch asso-
ciated with the eastern orientation of a WCR to a fishing point are in
alignment with our hypotheses that lllex abundance is likely to be
more concentrated on the eastern edge of a WCR than the western
edge. Specifically, Forsyth et al. (2022) found that as a WCR impinges
on the shelf, an interaction occurs between the shelf streamer, cre-
ated on its eastern edge, and the MAB Shelfbreak Jet that results in
significant increases in upwelling (by a factor of 10) and enhanced pri-
mary productivity (Cenedese et al., 2013; Forsyth et al., 2020;
Gawarkiewicz et al., 2001). Therefore, ring orientation could serve as
a potential mechanism supporting the aggregation and feeding of
juveniles and adults. While the trend is clear, the lack of significant
difference in CPUE associated with the eastern and western side of a
WHCR in this analysis is driven by the large variation in catch on the
western side of rings. This is likely due to the complexity of ring/shelf
dynamics. For instance, in a given week, there may be multiple rings
impinging on the shelf simultaneously, and depending on their loca-
tions in space and time, this can result in very complex cross-shelf

exchange processes. To this end, while ring orientation was calculated
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for the closest ring to a given fishing point, there can be instances
where a fishing location is in between two rings.

The strong significant relationship between high catch and sub-
surface salinity greater than 35.6 (at 222 m depth, Figure 7f) indicates
a meaningful relationship between the presence of GS water and lllex
squid. Surface (and near-surface) salinity measurements are highly var-
iable due to the mixing of surface waters, whereas a high salinity sig-
nal at depth can indicate the presence of a WCR. Additionally, the
200 m isobath is roughly the mean position of the MAB Shelfbreak
Jet (Forsyth et al., 2020). The interaction of the Shelfbreak Jet and the
highly saline ring water has the potential to support high levels of pri-
mary productivity via upwelling, which can reach the location of the
26.0 kg m—2 isopycnal (Forsyth et al., 2020; Oliver et al., 2021). There-
fore, due to the potential for cross-shelf exchange processes that can
occur when GS water interacts with the shelf, subsurface salinity
(measured here at 222 m depth) is an indirect indicator of primary
productivity. This location is also coincident with the near-bottom
preference of lllex squid. The initial peak in catch for salinities
between 35.2 and 35.3 are likely signals of older rings that have mixed
with surrounding slope water, characterized by smaller diameters and
less vertical extent than rings with higher salinities of 35.7-35.8
(Gawarkiewicz et al., 2001; Silva et al., 2020).

The nonlinear trend relating catch rates to proportions of the
shelfbreak region identified as chlorophyll-a fronts is complex. Part of
this complexity stems from the fact that during the summer stratified
season, nutrients are often not mixed to the surface layers, and the
subsurface chlorophyll maximum is typically below the detection
depth of ocean color remote sensors. Even so, we see higher catch
associated with higher proportions of the Shelfbreak region classified
as chlorophyll fronts, suggesting that when detectable, chlorophyll
fronts may serve as a productivity hotspot indicator, with biological
implications for benthopelagic species such as lllex squid. The highest
amount of variation in SST occurs at the Shelfbreak Front region
(Linder & Gawarkiewicz, 1998), which is also the location of the
majority of the fishing effort. The ecological interpretation of this
trend is less clear as the variability in SST may simply be acting as an
indicator for capturing heterogeneity in position of the Shelfbreak
Front. In addition, subsurface influences, including bathymetric fea-
tures (such as high slope), could be affecting either (or both) the loca-
tion of squid aggregations or the ability to harvest them. This
relationship may serve as a useful indicator of changes in the water
composition, as increased standard deviations in SST are likely related
to instances of variability in the mean position of the Shelfbreak Front

or slope water intrusions onto the shelf.

5 | SUMMARY AND CONCLUSION

By combining knowledge about the dynamics of the physical ocean-
ography in the region with the current ecological and observational
understanding of this species, we were able to construct a model that

represents a reasonable hypothesis about how this system works. In

sum, habitat conditions indicated by bottom temperatures and the
timing, size, and location of WCRs as well as indicators of areas of
high primary productivity, including subsurface salinity, chlorophyll
fronts, and the variability of SST explained over 50% of the variation
in CPUE for the lllex fishery over the past 10 years. Specifically,
(i) cooler bottom temperatures, (ii) higher instances of RFI in the win-
ter and early spring months (ahead of the summer fishery), and
(iii) physical processes that promote upwelling (e.g., frontal dynamics
and interactions between WCRs and subsurface features) are associ-
ated with greater CPUE.

While these results are correlative in nature, they have strong
implications for understanding the mechanistic drivers of lllex distribu-
tion throughout the fishery in space and time. More research is
needed to identify and verify these potential drivers in order to move
towards in-season management and pre-season forecasting. Future
research initiatives would benefit from increased lllex sampling efforts
throughout the Slope Sea across multiple life history stages
(e.g., larval, juvenile, and adult) and identification of lllex spawning
locations, as well as cooperative research aboard commercial fishing
vessels to quantify lllex within and around WCRs during the fishing
season. Furthermore, while our model corroborates and extends
hypotheses that bottom-up forces (i.e., oceanographic processes) are
driving the inter-annual variability in the availability of lllex to the US
fishery (Table 2, 56% of variance explained), more research is needed
to examine the role of top-down processes. The inter-annual variabil-
ity of fishing location is the product of a nuanced combination of
socioeconomic and oceanographic factors. To capture the extent of
the complexity of the variability in this fishery, future work needs to
disentangle the complex effect of fishing behavior on CPUE. Ongoing
collaborations between industry partners, harvesters, and scientists
has provided great insight into this complexity, highlighting the impor-
tance of global market preferences and fuel prices in combination
with changing fishing fleets and processor infrastructure (Lowman,
Jones, & Mercer, 2021; Mercer et al., 2022). This is particularly rele-
vant for this species, as was detailed by Mercer et al. (2022), who sug-
gest that due to their sensitivities to fleet and marketing dynamics,
landing trends for lllex have the potential to become decoupled from
biological indicators. Deciphering whether particular instances of high
catch reflect fishing behavior (e.g., gear restrictions, vessel capacities,
etc.) or true lllex aggregations is an important next step.

Increased understanding of the role of environmental conditions
and the mechanistic oceanographic underpinnings driving the ingress
and egress events of lllex is an invaluable part of its stock assessment
and management. In particular, for data poor species, research efforts
such as this, linking oceanographic conditions to stock conditions,
have the potential to inform management policies by reducing uncer-
tainties related to availability and productivity. Thus, this study details
a useful framework for the development of fine-scale oceanographic
indicators that can be applied to other commercially important spe-
cies. The US lllex fishery serves as an example of the insights and
understanding of a data-limited stock that is achievable through open

collaboration and innovation across sectors.
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