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Northern shortfin squid (lllex illecebrosus) have presented a challenge for US fishery
management because of their life history traits and broad population distribution. They
are characterized by a short semelparous lifespan and high interannual variability in
recruitment. Much of the stock resides outside of the boundaries of existing US
fisheries surveys and US fishing effort. Based on the annual migration pattern and broad
geographic distribution of shortfin squid, it is believed that the US squid fishery in the
Mid-Atlantic has not had a substantial impact on the stock; however, recent catches are
viewed as tightly constrained by quotas. To better estimate the potential impact of fishing
on the resource, we worked with industry representatives, scientists, and managers to
estimate the availability of the northern shortfin squid stock on the US continental shelf to
the US fishery. Taking a novel analytical approach, we combine a model-based estimate
of the area occupied by northern shortfin squid with the empirical US commercial
shortfin squid fishery footprint to produce estimates of the area of overlap. Because
our method overestimates the fishery footprint and underestimates the full distribution
of the stock, we suggest that our estimates of the overlap between the area occupied
by the squid and the fishery footprint is a way to develop a conservative estimate of
the potential fishery impact on the stock. Our findings suggest a limited degree of
overlap between the US fishery and the modeled area occupied by the squid on the
US continental shelf, with a range of 1.4-36.3%. The work demonstrates the value of
using high-resolution, spatially explicit catch and effort data in a species distribution
model to inform management of short-lived and broadly distributed species, such as
the northern shortfin squid.

Keywords: lllex illecebrosus, fishery footprint, northern shortfin squid, species distribution model, spatiotemporal
model

INTRODUCTION

There are many uncertainties inherent in fisheries science and management. For example, natural
mortality, catchability, and recruitment dynamics are often unknown. These uncertainties are
exacerbated when surveys are not designed for the species of interest, its lifespan is very short,
and recruitment is highly variable. Fishery footprints (i.e., the geographical area exposed to
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fishing effort) have been used as a means of quantifying the
potential impact of fishing on a population (Swartz et al., 2010;
Jennings et al., 2012; Amoroso et al., 2018; Kroodsma et al., 2018).
Species distribution modeling allows for the identification and
estimation of areas critical to species’ populations and is often
used for management applications such as designing spatial or
spatiotemporal fishery closures (Tserpes et al., 2008; Jalali et al.,
2015; Rooper et al,, 2019). Together, these two quantities can
provide insight into the relative severity of fishing pressure. We
propose to use the proportion of the occupied area on the US
continental shelf as estimated by a species distribution model
overlapped by the US fishery footprint to calculate a conservative
estimate of stock availability to the fishery as an approximation of
the potential impact of the fishery.

Northern shortfin squid (hereafter shortfin squid), Illex
illecebrosus, live <1 year, die soon after spawning, and have
highly variable recruitment that is believed to be environmentally
controlled (Dawe and Beck, 1997; Hendrickson, 2004). Since
1996, assessments of this squid stock have recommended in-
season assessment and fishery management to ensure sufficient
spawner escapement from the US fishery to provide adequate
recruitment levels in the subsequent year (Hendrickson et al.,
1996). Subsequent stock assessments applied depletion-based
models (using a weekly time step) using tow-based shortfin squid
fishery catch per unit effort (CPUE) data, reported electronically
by shortfin squid harvesters in real time (Hendrickson et al.,
2003), to demonstrate the utility of this type of management
regime (Northeast Fisheries Science Center [NEFSC], 1999, 2003,
2006). However, the depletion-based methods have not been
effective due, in part, to the continuous immigration of cohorts
into the relatively small US fishery in some years. Given the
limited information available, US fisheries management has set
the acceptable biological catch based on biomass and catch
history because an overfishing limit cannot be determined by
the stock assessment (Federal Register, 2012, 2018). Maximum
fishery catches have been limited by quotas during the late 1990s
and early 2000s and during recent years. Methods for estimating
possible levels of fishing mortality and spawner escapement
for the squid would be valuable for informing specifications of
acceptable biological catch.

The shortfin squid stock ranges from Florida (approximately
25° N) to southern Labrador (approximately 52° N) in the
Northwest Atlantic Ocean and occupies continental shelf to
slope sea habitats, which they use as spawning, nursery, and
feeding grounds (Dawe and Hendrickson, 1998; Roper et al.,
2010; O’Dor and Dawe, 2013). In the spring, some proportion
of the shortfin squid stock migrates inshore from the shelf
edge to occupy summer and fall feeding and spawning habitats
(Hendrickson, 2004) on the US and Canadian continental shelf
and in waters managed by the Northwest Atlantic Fisheries
Organization (NAFO), while the remaining proportion of adults
and juveniles remain in the shelf slope sea (e.g., Rathjen, 1981;
Roper et al., 2010; Shea et al, 2017). In the fall, the inshore
portion of the stock migrates off-shelf (Hendrickson and Holmes,
2004). Analyses of spatial patterns of sexual maturity using
US and Canadian shelf-wide surveys and fisheries-dependent
biosampling collections indicate that shortfin squid migrate

onto and off of the continental shelf at approximately the
same maturity stages and sizes in US and Canadian waters
at approximately the same time (Northeast Fisheries Science
Center [NEFSC], 1999). The US and Canadian fisheries operate
exclusively on the continental shelf (Hendrickson and Showell,
2019; Figure 1).

Under the assumption that shortfin squid move onto and
off of the shelf over a broad area of the US and Canadian
continental shelf as noted above (Northeast Fisheries Science
Center [NEFSC], 1999), the vulnerability of shortfin squid to the
fishery can be roughly approximated in two dimensions by the
ratio of the area fished, Ay, to the area occupied by the stock,
A,. This spatial overlap can be considered an index of availability
p = As/A, of the stock to the fishery. The complement of p (i.e.,
1 - p) is the proportion of the area occupied by the stock that is
not fished. This statistic can be viewed as an index of proportional
area of escapement from the fishery.

Shortfin squid occupy an area much larger than the Northeast
US continental shelf, including Labrador, the Flemish cap, Baffin
Island, and Southern Greenland, and shelf slope sea (Roper et al.,
2010). However, the current analysis focuses on the southern
component of the stock that constitutes the US management unit.
We adopted a conservative approach to develop estimates of the
availability of shortfin squid to the fishery (p) and proportional
escapement (1 - p) by confining analysis to fishery-dependent
and fishery-independent survey data collected in US continental
shelf waters. The shelf slope sea has not routinely been surveyed,
and although shelf-wide bottom trawl surveys are conducted
in northern waters, including the Scotian Shelf, Bay of Fundy,
and Flemish Cap where shortfin squid are abundant, effort
data are unavailable for the small Canadian inshore jig fishery
(Hendrickson and Showell, 2019). Therefore, we did not include
the shelf slope sea and northern shelf waters in our analysis of the
area occupied. Our estimates of fishery overlap (p) are therefore
overestimated, while estimates of proportional escapement (1 - p)
are underestimated.

In this paper, we quantify the area occupied by the southern
component of the shortfin squid stock on the US shelf available
to the fishery and describe how the area of squid occupancy and
overlap with the fishery has changed through time. We illustrate
how the proportional availability of the stock varies with differing
thresholds of probability of occurrence used to characterize
occupancy. We then discuss the value of our approach and
findings to precautionary fisheries management.

MATERIALS AND METHODS
Data Sets

We used shortfin squid catch data from bottom trawl surveys
conducted in the fall in offshore waters by the Northeast Fishery
Science Center (NEFSC) and inshore waters by the Northeast
Area Monitoring and Assessment Program (NEAMAP) and state
agencies of Maine and New Hampshire (MENH) as well as
commercial fishery data from a cooperative study fleet in this
analysis (Figure 2 and Table 1).
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FIGURE 1 | Map of study area with 50, 100, 300, 500, and 1,000 m isobaths. Locations of fishing effort aggregated to 5-min squares are shown in red. Note that
some areas of fishing effort have been excluded from the figure to maintain confidentiality.
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The NEFSC fall bottom trawl survey is conducted in
September-November, and tows are made during both day and
night. The survey follows a stratified random design and used a
standardized Yankee 36 trawl prior to 2009 and a three-bridle,
four-seam trawl thereafter. The vessel used for conducting the
survey transitioned from the Albatross to the Bigelow in 2009,
following a calibration study in 2008 (Miller et al., 2010). The

NEFSC bottom trawl survey gear and protocols are described
in Politis et al. (2014). The NEAMAP fall bottom trawl survey
is conducted from September to October, and tows are made
during the day. The NEAMAP survey follows a stratified random
design and uses a trawl with the same design as used in the
surveys conducted by the Bigelow but with a 3-in cookie sweep
instead of a rockhopper sweep. Full details of the survey protocols
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FIGURE 2 | Map of fishery-independent surveys [bottom trawls conducted by the Northeast Fishery Science Center (NEFSC), Northeast Area Monitoring and
Assessment Program (NEAMAP), and the Maine Department of Marine Resources and New Hampshire Fish and Game Department (MENH)] and Study Fleet
coverage 2000-2018. Data from the two research vessels (Albatros and Bigelow) that have been used in the NEFSC bottom trawl are shown separately.

are described in Bonzek et al. (2017). The MENH fall bottom
trawl survey is conducted from October to November, and
tows are made during the day. The survey follows a stratified
random design and uses a modified shrimp net design. For a
complete description of the MENH survey sampling protocols,
see Sherman et al. (2005). We analyzed data collected on the Fall
MENH survey from 2000 to 2018 (Table 1). We used Fall NEFSC
bottom trawl survey data from 2000 to 2018. We used NEAMAP
survey data from 2007 (the first year of the survey) to 2018.

The surveys used for this analysis have limited spatial overlap,
which could be problematic for teasing apart differences in
spatial effects versus vessel effects on catch abundance. For
this application, however, we considered only the presence and
absence of shortfin squid. We used this approach to minimize
the impacts of variable shortfin squid detectability in the survey
resulting from differences in survey vessel characteristics and
net efficiencies.

All bottom trawl survey data were filtered to account for
variations in shortfin squid detectability, as described below. Each
of the surveys are designed for multispecies sampling and, thus,
use different gear than the shortfin squid fishery. Since shortfin
squid probably have a low detectability in gears used in the
fishery-independent surveys, catch information was reclassified
as presence/absence data for this analysis. Furthermore, shortfin
squid exhibit diel vertical migration and are typically associated
with bottom water during the day. Thus, we only used bottom
trawl survey data from “daytime” tows in this analysis. Following
the method of Jacobson et al. (2015), we used the astrocalc
function in the fishmethods package (Nelson, 2019) to derive
the solar zenith angle at the time and geographic position of
each tow. The solar zenith angle is 90° when the sun is at the
horizon (i.e., local sunrise and sunset), so tows that correspond

to solar zenith angles of <90° occurred during the day. The
final factor considered when filtering data was seasonality. Fall
bottom trawl surveys are conducted near the end of the shortfin
squid fishing season, while spring bottom trawl surveys occur
during the period of inshore migration of shortfin squid from
the slope sea. Thus, the proportion of positive shortfin squid
tows and relative abundance indices for the spring survey are
much lower than for the fall survey (Northeast Fisheries Science
Center [NEFSC], 2006). As a result, only fall bottom trawl survey
data are used in assessments to estimate shortfin squid stock
size (Northeast Fisheries Science Center [NEFSC], 1999). For
consistency with assessments, we also only used data from fall
surveys that are more closely aligned with the fishing season.

After filtering the survey data using these criteria, we were
left with a data set of 2,836 tows from the NEFSC surveys,
2,227 NEAMAP tows, and 3,284 tows from the MENH survey
(Table 1). Along with the fishery-independent survey data, we
included 5,170 tows from the NEFSC Study Fleet.

The NEFSC Study Fleet began in 2006 and is comprised
of approximately 50 commercial fishing vessels (Bell et al.,
2017; Blackburn, 2017). The captains join the program
voluntarily and are paid for their participation. Captains report
tow-specific effort, location, gear characteristics, catch, bycatch,
and environmental conditions (e.g., bottom temperature) during
their normal fishing operations, and the data are collected
through an electronic logbook system. Our current analysis uses
data from 2013 to 2018 because there were few shortfin squid
trips reported in earlier years.

We include the Study Fleet data in the habitat model along
with fishery-independent data to provide temporal and spatial
representation of shortfin squid across the shelf during the fishing
season. The shortfin squid fishery operates primarily in the
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TABLE 1 | Fishery-independent surveys used for building shortfin squid habitat map.

Survey Years Months Maximum depth (m) Number of hauls Number of shortfin squid positive hauls
NEFSC fall bottom trawl 2000-2018 Sept-Nov >183 2,836 1,461

NEAMAP 2007-2018 Sept—Oct >36.6 2,227 73

MENH 2000-2018 Oct-Nov >102 3,284 747

Only fall surveys were used, and tows were filtered for daylight hours based on solar zenith angle <90°.

summer months, while the surveys are conducted in the fall.
Depending on the productivity of the fishery, there may be little
to no temporal overlap with the surveys (e.g., in some highly
productive years, the fishery has closed in August). Given the
goal of determining fishery footprint overlap with habitat, it
is important to incorporate data from the fishing season, and
model results based on the surveys alone become difficult to
interpret across years when there is temporal overlap between
the fishery and surveys in some years and no temporal overlap
in others. The authors recognize that using commercial fishing
data to determine habitat presents the problem of nonrandom
sampling (i.e., the fishery will complete more tows in an area
where they expect to catch squid than in other areas). Moreover,
using a subset of fishery data (i.e., the Study Fleet) in both the
numerator and denominator of our fishery overlap metric is
somewhat circular (i.e., some amount of fishery/habitat overlap
is guaranteed by the mere fact that a portion of the same data
are used to define both the footprint and the habitat). However,
the logistical considerations described above justify the use of
the Study Fleet data in the habitat model. Finally, the potential
direction of bias introduced by the inclusion of Study Fleet data
in the habitat model would err on the side of conservatism by
tending to increase the degree of fishery/habitat overlap. For
these reasons, it is the authors’ belief that the benefits gained by
including the Study Fleet data in the habitat model outweigh the
complications created by using it.

The Fishery and the US Fishery Footprint

The US fishery targets shortfin squid during the warm summer
months primarily at depths of 109-365 m on the outer edge of
the southern New England and Mid-Atlantic Bight continental
shelf. Shortfin squid are a highly perishable seafood product
that sells for relatively low prices. To be profitable, the vessels
must catch large volumes of squid and process them quickly at
shoreside plants and at sea (Manderson, 2019). Since 1999, the US
fishery has accounted for approximately 97% of the annual catch
of shortfin squid in the Northwest Atlantic (Hendrickson and
Showell, 2019). The fishery uses large mesh bottom trawls towed
primarily during daylight hours when the squid, which migrate
diurnally, are usually concentrated near the seabed. Fishermen
report that squid abundance on the shelf break varies at length
scales of 10-20 km along the shelf, 0.09-0.5 km cross-shelf, and
at time scales of 1-2 days (Manderson, 2019). These space-time
scales are similar to those characterizing the dynamics of the shelf
slope front (Chen and He, 2010; Todd et al., 2012; Gawarkiewicz
et al., 2018). The fishing area is largely determined by technical
and regulatory constraints. The fleet is currently prevented from
fishing in water deeper than 400-600 m in the mid-Atlantic and

New England by coral protection areas, including the Frank R.
Lautenberg Deep-Sea Coral Protection Area. Furthermore, the
current fleet of vessels is generally not capable of fishing in waters
deeper than about 700 m, and capital investments required for
deep water trawling in the slope sea are not justified by the current
market economics of the fishery.

To develop the fishery footprint, we used Vessel Trip Report
(VTR) data provided by the US Greater Atlantic Regional
Fisheries Office (GARFO). Records of fishing locations for trips
that reported any shortfin squid landings were aggregated to 5-
min squares (~9.25 x 6.90 km = 63.8 km? at 42°N) for each
year from 2000 to 2019 (Figure 1). This approach is at a finer
scale than the 10-min square regularly used to characterize the
spatial dynamics of the shortfin squid fishery (Hendrickson,
2019). Each 5-min square was attributed as presence/absence of
fishing. Vessel Monitoring System (VMS) data were considered
for this analysis but ultimately were not used because complete
years were only available from 2017 to 2019.

Species Distribution Model

The area shortfin squid occupied within the surveyed portion
of the shelf was estimated with a Vector Autoregressive
Spatiotemporal (VAST version 3.3.0) model (Thorson J.T., 2019)
in R version 3.6.2 (R Core Team, 2019). VAST is a spatiotemporal
generalized linear mixed model (GLMM), which by default is
a delta style model to model probability of occurrence and a
conditional positive catch component. Following the methods
of Griiss et al. (2017, 2018), we used only the probability of
occurrence model component by turning off all parameters used
in the conditional abundance equation (Thorson J., 2019). The
probability of occurrence model uses a binomial distribution and
logit link. We used 500 spatial knots to fit the model, and we
built an extrapolation grid based on the NEFSC survey strata with
prediction points placed on a 3 x 3 nautical mile (5.56 x 5.56 km)
grid. Area swept is accounted for directly, and we allowed for
overdispersion by turning on random effects of vessels on the
catchability. The probability of occurrence (p;) for each sample
i was estimated by the binomial GLMM as:

pi = [(logit)] 7" B (t) + o (51) + & (50, ) + 1 (v)

where p(t;) is an intercept for year t;, w(s;) is a random spatial
effect at location s;, £(s;,#;) is a random spatiotemporal effect at
location s; in year t;, and n(v;) is a random effect of vessel v;.

The NEAMAP, MENH, and NEFSC fall surveys and NEFSC
Study Fleet catch data were used in the model to determine
the area of the US shelf waters occupied by the shortfin
squid southern stock component based on the probability of
occurrence. We did not include environmental covariates, such as
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bottom temperature in the VAST model because measurements
were unavailable for a large number of stations in each of the
surveys. We considered filling data gaps with model estimates
from the Regional Oceanographic Modeling System (ROMS;
Wilkin et al., 2005) but found model-based estimates to be
inaccurate compared with in situ measurement.

The output prediction points were converted to Voronoi
polygons, then joined to form polygons based on the probability
of occurrence (i.e., <20%, 20-39.9%, 40-59.9%, 60-79.9%, and
>80% probability of occurrence) using the sf package (Pebesma,
2018). These areas of binned probability of occurrence from the
VAST model analysis were annual estimates of US continental
shelf area occupied by the southern stock component of shortfin
squid (A,), which served as the denominator in computations of
the US shortfin squid fishery overlap.

Overlap of Fishery Footprint and SDM

Raster files of shortfin squid fishing effort were converted to
polygons, then intersected with the habitat areas using the
sf (Pebesma, 2018) and raster (Hijmans, 2020) packages. The
habitat area overlapping with fishing effort divided by the total
habitat area (at each threshold) is the metric of availability of
the shortfin squid stock to the fishery such that the spatial
estimate of the overlap of the fishery with the stock is given
as p = A¢/A,, where Ay is the area fished and A, is the area
occupied by the stock.

RESULTS

Species Distribution Model

Model diagnostics showed no evidence that the model did not
converge: parameter estimates did not approach upper or lower
bounds, the final gradient for all parameters was close to zero
(maximum gradient = 9.3 x 10~?), and the Hessian matrix was
positive definite (Appendix A). Observed encounter frequencies
were within the 95% confidence interval for nearly all predicted
probabilities <0.8, and the observed encounter frequencies
at high predicted probabilities tended to be greater than the
predicted value and slightly outside the 95% CI (Appendix A).
Pearson residual values did not suggest spatial or temporal trends
in errors for probability of occurrence (Appendix A).

Differences in spatial patterns of occurrence did not vary
systematically between years of high (e.g., 2004, 2017, 2018)
and low landings (e.g., 2001, 2002, 2013, 2015) (Figures 3, 4).
Model-based estimates of areas occupied by shortfin squid were
broadly similar across time in the Mid-Atlantic region but
were more variable in the Gulf of Maine and Georges Bank
(Figure 4). Much of the Gulf of Maine is characterized by
relatively low probabilities of occurrence (mostly <40%) in 2000
and 2002, with areas of intermediate probability of occurrence
(40-79%) increasing through 2007. Concurrently, the probability
of occurrence remained slightly higher on much of Georges Bank
(except for the center of the bank, which remains an area of low
probability, likely due to lack of sampling). From 2007 to 2019,
the probability of occurrence is high in most of the Gulf of Maine
and Georges Bank area, except in 2010 and 2015-2016. The
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FIGURE 3 | Shortfin squid landings in the US fishery from 1996 to 2018.

highest probabilities of occurrence over the largest area occurred
in 2007 and 2018 (Figure 4).

The shortfin squid habitat area on the Northeast US
continental shelf ranged from 4,262 to 22,656 km? using the
80% probability threshold of habitat area and from 51,311 to
151,382 km? using the 40% threshold (Figure 5). The wide range
of habitat area reflects the highly variable nature of shortfin
squid catch. The area occupied by squid based on the 40 and
60% thresholds increased from 2000 to 2007. This was followed
by a decrease and then a period of lower variability from 2010
to 2016. The area occupied increased at the end of the time
series (Figure 5). The habitat area based on the 80% threshold
is relatively constant throughout the series.

Fishing Footprint

The spatial distribution of shortfin squid fishing effort is
consistent at the shelf break in the Mid-Atlantic where the
commercial fishery has traditionally been located (Figure 4).
Fishing effort was more widespread, covering more inshore areas
in early years (2000-2004). From 2005 to 2019, fishing effort is
mostly confined to a narrow band along the shelf break. In a
few years, fishing effort was evident inshore in the Gulf of Maine
and on Georges Bank (e.g., 2012 and 2014); however, these areas
are not typical for directed shortfin squid trips and appear to
be indicative of incidental catch since the squid are targeted in
the Mid-Atlantic.

Overlap of Fishery Footprint and SDM

The proportion of shortfin squid habitat on the US continental
shelf that is accessed by the fishery (i.e., proportion of fished
area overlapping with habitat area) varied each year probability
threshold chosen to define habitat area (the largest difference is
approximately 30 percentage points, and the average difference is
approximately 11 percentage points) (Figure 5C). Across years,
the minimum estimate for the percent of fishery/habitat overlap
was 1.4% (2007 based on 40% threshold), and the maximum
estimate for the percent of fishery/habitat overlap was 36.3%
(2016 based on 80% threshold). The estimates of proportional
area of shortfin squid escapement ranged from a maximum of
98.6% to a minimum of 63.7%.
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FIGURE 4 | Shortfin squid probability of occurrence map. Quintiles of probability of occurrence are shown in shading. Locations of fishing effort aggregated to 5-min
squares are shown in green. Note that some areas of fishing effort have been excluded from the figure to maintain confidentiality.
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DISCUSSION

We developed estimates of availability (p) and proportional
escapement (1 - p) for the southern stock component of
shortfin squid by confining our analysis to US continental shelf
waters where the fishery is well monitored and routine fishery-
independent bottom trawl surveys are conducted. Results suggest
that even when considering only the US shelf as habitat, a
relatively small proportion of the resource (1.4-36.3%) interacts
with the fishery, regardless of the threshold chosen to indicate
habitat. Given that (1) shortfin squid are known to occupy waters
in the shelf slope sea much deeper than those sampled in the
available surveys (Rathjen, 1981; Vecchione and Pohle, 2002;
Roper et al., 2010; Harrop et al., 2014: Shea et al., 2017) as well
as areas beyond the northern and southern extent of surveys
considered here (Dawe and Beck, 1985; Hendrickson and Hart,
2006; Roper et al., 2010) and (2) fishing effort is aggregated to a

coarse scale representing a much larger area than the actual tow
path, the results of this research provide a conservative estimate
of habitat with an overestimate of fishing footprint.

The shortfin squid habitat estimated by this research is
conservative for several reasons. First, the geographic range of
shortfin squid extends far beyond the spatial domain of this
research, from South of Cape Hatteras, North Carolina in the
Florida Straits (Dawe and Beck, 1985; Hendrickson and Hart,
2006; Roper et al., 2010), Northeast to Labrador, the Flemish
cap, Baffin Island, and Southern Greenland. There are confirmed
reports of shortfin squid farther east in Iceland, the Azores,
and in the Bristol Channel, England (O'Dor and Lipinski, 1998;
Roper et al,, 1998; O’Dor and Dawe, 2013). In addition, the
squid occupy shelf slope sea habitats as adults as well as in
the juvenile and larval phases. Bottom and midwater trawl and
submersible surveys of the shelf slope sea have documented high
concentrations of shortfin squid to bottom depths up to 2,000 m
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FIGURE 5 | (A) Approximate area fished based on Vessel Trip Reports (VTR) aggregated to 5 minute squares. (B) Shortfin squid habitat area on the US continental
shelf and (C) US fishery overlap based on 40%, 60%, and 80% probability of occurrence threshold for defining habitat.

(Rathjen, 1981; Vecchione and Pohle, 2002; Roper et al., 2010;
Harrop et al., 2014; Shea et al., 2017), far beyond the domains of
fishery-independent bottom trawl surveys of the US continental
shelf (max depth = 542 m; Politis et al., 2014). Stomach content
analysis of large pelagic fishes caught in the central Atlantic
showed that ommastrephid squids appeared to be the primary
food source for these fishes in this region of the ocean (Logan
etal,, 2013). Thus, the geographic area occupied by shortfin squid

is far larger than the area included in this analysis, leading to a
conservative estimate of habitat.

Shortfin squid also spend significant amounts of time in
pelagic habitats on the continental shelf and the shelf slope sea.
Submersible as well as mid-water trawl surveys of the slope sea
have observed large concentrations of adult shortfin squid in
the water column (Vecchione and Pohle, 2002; Harrop et al,
2014; Shea et al., 2017). There is also evidence that shortfin
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squid occupy the pelagic environment on the US and Canadian
continental shelf (Froerman, 1981; Brodziak and Hendrickson,
1998; Roper et al., 2010). The pelagic lifestyle of shortfin squid
makes its space use volumetric rather than areal. However, this
analysis used daytime data when shortfin squid are more closely
associated with the seafloor. A volumetric calculation of the
availability (p) of the squid to these fisheries may be different than
the value we calculated using surface areas occupied by shortfin
squid and the fishery.

The shortfin squid fishing footprint estimated by this research
is likely overestimated, as the scale of fishing effort data is far
coarser than actual tow paths. Quantifying fishery footprints
has become an increasingly common exercise in recent years
on regional (e.g., Jennings et al, 2012; Amoroso et al., 2018)
as well as global scales (Kroodsma et al., 2018) as a means
to approximate the impacts of fishing. Amoroso et al. (2018)
quantified fishery footprints on two dozen shelf/slope areas using
VMS and logbook data and found that trawling footprints tended

TABLE 2 | Indices ofshortfin squid abundance (mean kilogram per tow, mean number per tow) from fishery-independent bottom trawls surveys: Fall North East Fisheries
Science Center (US NEFSC), Fall southern Gulf of St. Lawrence (Div4t Stlau), July Scotian Shelf and Bay of Fundy (DFO SS), Fall Grand Banks (3LNO GB), and July

Flemish Cap.

Year Fall US NEFSC Fall Div4t StLau July DFO SS Fall 3LNO GB July Flemish Cap
2010 0.05, 8.70 0.18,0.88 1.08, 19.60 0.00, 0.00 43, NA
2011 0.50, 10.00 0.10, 0.86 1.90, 23.00 0.00, 0.00 89, NA
2012 0.05, 6.30 0.12,0.88 1.50, 16.90 0.03,0.22 38, NA
2013 0.40, 8.00 0.01, 0.11 0.10, 1.4 0.00, 0.01 0, NA
2014 0.60, 8.30 0.06, 0.28 1.10,10.10 3, NA
2015 0.50, 9.50 0.00, 0.00 0.20, 2.40 0.01, 0.09 0.001, NA
2016 0.66, 7.60 0.08, 0.39 0.40, 10.90 0.0185, 0.117 3, NA
2017 0.28, 1.35 16.10, 119.90 0.162, 0.907 2,359, NA
2018 1.30, 15.80 0.89, 5.07 0.2794, 1.648 49, NA
2019 32.10, 196.00 363, NA
Median: 2000—present 0.60, 8.7 0.10, 0.495 1.5,16.15 0.08, 0.117 79, NA

Data from Hendrickson and Showell (2019).

TABLE 3 | Shortfin squid landings (in metric tons, MT) and percent of total landings in US (NAFO 5&6), and Canadian waters (NAFO 38&4) since 1999 when Canadians

ceased licensing foreign fishing on the Nova Scotia Shelf.

Total US waters Gulf St Lawrence/ Newfoundland- Total allowable
landings Scotian NAFO 5&6 Shelf NAFO 4 Flemish Cap NAFO 3 catch MT
Year MT MT % Total MT % MT % CAN (NAFO 3 + 4) US (NAFO 5-6)
1999 7,693 7,388 96 286 4 19 0 75,000 19,000
2000 9,377 9,011 96 38 0 328 3 34,000 24,000
2001 4,066 4,009 99 34 1 23 1 34,000 24,000
2002 3,010 2,750 91 30 1 230 8 34,000 24,000
2003 7,524 6,391 85 46 1 1,087 14 34,000 24,000
2004 28,671 26,097 91 34 0 2,540 9 34,000 24,000
2005 12,591 12,013 95 30 0 548 4 34,000 24,000
2006 20,924 13,943 67 24 0 6,957 33 34,000 24,000
2007 9,268 9,022 97 16 0 230 2 34,000 24,000
2008 16,434 15,900 97 11 0 523 3 34,000 24,000
2009 19,136 18,418 96 42 0 676 4 34,000 24,000
2010 15,945 15,825 99 18 0 102 1 34,000 24,000
2011 18,935 18,797 99 50 0 88 0 34,000 23,328
2012 11,756 11,709 100 29 0 18 0 34,000 22,915
2013 3,819 3,792 99 27 1 0 0 34,000 22,915
2014 8,788 8,767 100 21 0 0 0 34,000 22,915
2015 2,437 2,422 99 14 1 0 0 34,000 22,915
2016 6,836 6,682 98 18 0 134 2 34,000 22,915
2017 22,881 22,516 98 52 0 313 1 34,000 22,915
2018 25,663 24,117 94 70 0 1,476 6 34,000 22,915
2019 26,922 34,000 24,825
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to be smaller in areas where fishery management reference
points were being met. Jennings et al. (2012) estimated fishing
area and landings by VMS records assigned to a 3 x 3-km
grid. They found that the total fishing footprint (i.e., the area
that accounted for 100% of fishing effort) ranged from about
43 to 51% of the total study area and included “core areas”
where much of the effort was concentrated as well as large
“margins” that contained areas with much less of the effort.
Similarly, our finding that the proportion of fishing effort overlap
is considerably greater based on the 80% threshold relative to
the 60 and 40% thresholds (Figure 5) suggests that captains are
able to identify and target prime shortfin squid habitat within
the study area. Even with this targeting behavior, the impact of
the fishing fleet on the population is limited to approximately
one-third of the “best” habitat within our study area on the US
continental shelf.

This research suggests that shortfin squid have ample
opportunity for escapement from the fishery on the northeast
continental shelf. Additional opportunities for escapement may
be provided in the northern stock area and areas closed to
fishing, as explained below. We limited our analysis to US
waters, despite the availability of Canadian fishery-independent
survey data (Table 2) because the Canadian commercial
fishery and recreational fishery are not as well monitored as
the US fishery (Hendrickson and Showell, 2019). However,
examination of available fishery statistics indicates that the
capacity of the Canadian commercial fishery is currently quite
small when compared with the US fishery (Table 3). Since
the prohibition of foreign vessels in the Canadian Fishery
in 1999, the US summer bottom trawl fishery has accounted
for approximately 97% of the total landings of shortfin squid
in the Northwest Atlantic (Table 3). Fisheries operating in
the Gulf of Saint Laurence, Scotian Shelf, and Newfoundland
have been responsible for approximately 3% of the landings.
The Canadian fishery has achieved only about 1% of the
Total Allowable Catch for NAFO areas 3 and 4 (range,
0-21%) since 2000. Thus, the northern shortfin squid stock
area, which is not included in our analysis, represents an
additional portion of the species range that provides for
escapement of potential spawners because the Canadian fishery
has remained small in capacity (Hendrickson and Showell, 2019;
Table 3).

US fishery regulations that prevent fishing in areas on the
outer continental shelf and slope sea also provide shortfin
squid with permanent regions of escapement from the fishery.
These areas include the Frank R. Lautenberg Deep-Sea Coral
Protection Area, the tilefish and lobster gear-restricted areas,
and other regulated mesh areas in Gulf of Maine and Georges
Bank that prohibit the use of fine mesh trawls used by
the squid fishery. The Coral Protection Area occurs along
the shelf break at depths >450 m, covers 38,000 square
nautical miles including a large area of the slope sea, and
15 canyon areas where the fishery cannot operate. Large
concentrations of shortfin squid have also been observed in
the slope sea near seamounts within the 4,913 square mile
Monument Area that is now closed to mobile fishing gear (Shea
et al, 2017). Given these areas of squid occupancy outside

of our current study area, our results may overestimate the
availability of shortfin squid to the fishery despite our fishery
footprint area being based on presence/absence and unscaled to
catch or effort.

A clear next step for this research is to incorporate
environmental factors in the shortfin squid habitat model.
A study of 67 cephalopod time series indicated population
increases from the 1950s through the 2010s across various taxa
and life histories, suggesting that common large-scale processes
drive the increase, aided by biological aspects of cephalopods
(Doubleday et al, 2016). Similarly, an examination of the
relationship between oceanographic characteristics and spatial
distribution of cephalopods in the Yellow Sea suggested that
shifts in spatial distribution of cephalopods over the study period
was consistent with environmental drivers rather than fishing
pressure (Jin et al., 2020).

In conclusion, our findings are consistent with advice to
regional management that the shortfin squid stock is unlikely to
be negatively impacted by a modest increase in catch (Didden,
2018) because the US fishery overlaps a small portion of the
area occupied by the southern stock component. The overlap
of fishing area with areas where shortfin squid are likely to
occur does not account for the variations in density. Fishing is
concentrated on the shelf break because this is where squid are
concentrated prior to their subsequent use of shoreward habitats.
In some years, these areas may have had sufficient densities or
detectability by the fishing fleets to support commercial harvest.
In view of the limited understanding of recruitment dynamics
of shortfin squid, the potential impacts of harvests on spawning
stock escapement are not known. By the same measure, there is
no direct evidence of recruitment overfishing for shortfin squid.
However, several lines of evidence suggest low potential effects
of fishing activity. The near absence of fishing activity in the
known historical range of shortfin squid in the US and Canada
and the occurrence of shortfin squid at depths and distances
well offshore suggest a large region of unfished resource. A high
fishing mortality on the entire resource would be possible only
if a large fraction of the resource passed through the actual
fishing areas of the US. Thus, it is unlikely that the US fishery
has had a substantial impact on the southern stock component
of shortfin squid.
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