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Sources of fisheries information outside of fishery-independent surveys (e.g.

fishery-dependent data) are especially valuable for species that support

productive fisheries and lack reliable biological information, such as the

northern shortfin squid (Illex illecebrosus). Fishery-dependent data streams are

available for most species, however collaboration with industry members is

critical to ensure that these fishery-dependent data are collected, applied, and

interpreted correctly. Despite the need for collaboration and the frequency that

fishery data are used in scientific research, there is limited literature on the

structure of interactions and knowledge sharing that inform the analysis and

application of fishery data. Between 2019 and 2022, a group of researchers

collaborated with members of the northern shortfin squid fishing industry to

bring together research data sets and knowledge from harvesters and processors

to better describe the fishery dynamics, distribution, life history, and

oceanographic drivers of the species. The collaboration focused on

developing custom standardized fishery catch per unit effort (CPUE) indices to

provide indicators of population trends that accounted for the impacts of

technical and economic aspects of harvesting, processing and marketing on

fishing effort, selectivity and landings of northern shortfin squid. We describe the

methods used to inform and interpret the CPUE analyses, focusing on novel

structure of interactions we had with industry members, and suggest best

practices for integrating industry knowledge into CPUE standardization. The

information shared and research products produced through this science-
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industry research collaboration advanced understanding of northern shortfin

squid population and fishery dynamics, and contributed directly to the 2022

stock assessment and management process. Given the complex and stochastic

nature of the northern shortfin squid population and fishery, we found it critical

to maintain open communication and trust with processors and harvesters, who

have unique insight into the factors that may be driving changes in catch,

landings, and productivity of the valuable resource species.
KEYWORDS

shortfin squid, stock assessment, cooperative research, local ecological knowledge,
northeast United States, catch per unit effort, fisheries dynamics
1 Introduction

For many marine resource species, it is infeasible to collect

comprehensive fishery-independent data due to mismatches

between survey scope and species distribution, phenology, or life

history (short lived). For these species, fisheries science and

management rely heavily on fishery-dependent data collected by

harvesters, processors, and dealers, commonly included in the form

of catch per unit effort (CPUE) indices in stock assessments

(Hilborn and Walters, 1992; Maunder et al., 2006). These data

sets contain valuable information about resource species, but are

also influenced by the socioeconomic and technical aspects of

fishing (Walters, 2003; Quirijns et al., 2008). Thus, it is essential

to collaborate with the fishing industry to understand these data,

inform analytical approaches, and interpret results (Steins et al.,

2022; Calderwood et al., 2023). The statistical methods used for

CPUE standardizations are well described (Maunder and Punt,

2004; Bishop et al., 2004; Bishop, 2006; Bentley et al., 2012; Cheng

et al., 2023), however, the methods for effectively engaging with

industry to identify relevant explanatory variables and interpret

CPUE indices are rarely implemented and not well documented.

Fishery data are used extensively in scientific research, but there is

limited literature on the science-industry research collaborations

that are key to informing the analysis and application offishery data

(Mangi et al., 2018; Steins et al., 2022; Calderwood et al., 2023). In

this manuscript, we present recent research on the northern

shortfin squid (Illex illecebrosus) that sought to establish best

practices for gathering information from the fishing industry and

integrating that information in CPUE standardizations.

Northern shortfin squid is a semi-pelagic squid with a lifecycle

of less than a year that occupies Slope Sea and continental shelf

habitats from Florida to northern Canada (Dawe and Hendrickson,

1998; Hendrickson, 2004; Jackson and O'Dor 2001). Their

distribution and growth are highly variable, largely due to the

impact of oceanographic dynamics on physiology and movements

(Dawe and Warren, 1993; Boyle and Rodhouse, 2005; Salois et al.,

2023). Northern shortfin squid are semelparous, with females dying

shortly after they mate. Research suggests that they spawn

throughout the year and produce multiple cohorts, but
02
recruitment dynamics of northern shortfin squid are poorly

understood (Hendrickson, 2004). Northern shortfin squid inhabit

the Slope Sea (water mass between the Gulf Stream and the

continental shelf) during the winter months and migrate onto the

continental shelf during the late spring and early summer months

(Dawe and Beck, 1985; Hatanaka et al., 1985; Perez and O'Dor,

1998). Spring and fall fishery-independent bottom trawl surveys of

the continental shelf from Cape Hatteras, U.S. to Nova Scotia,

Canada sample a portion of the population; however, these surveys

do not occur during periods of peak northern shortfin squid

abundance on the continental shelf (Hendrickson, 2004).

In the northeastern United States, northern shortfin squid are

targeted by a bottom trawl fishery during summer months (May-

September), with landings ranging from approximately 2,000 to

28,000 metric tons (Arkhipkin et al., 2015; Doubleday et al., 2016;

Northeast Fisheries Science Center (NEFSC), 2021). Vessels

targeting northern shortfin squid range from approximately 15 to

45 meters in length and harvest northern shortfin squid on the outer

continental shelf at depths of 109-365 m (Lowman et al., 2021). The

Mid-Atlantic Fishery Management Council sets an annual quota for

northern shortfin squid that is shared by all permitted vessels.

Because of the species’ variable abundance and its use of

habitats beyond the range of fishery independent surveys,

northern shortfin squid are difficult to assess and manage, as are

many squid stocks around the world (Arkhipkin et al., 2021;

Northeast Fisheries Science Center (NEFSC), 2006). In the

absence of comprehensive survey data, many squid assessments

rely upon fishery-dependent data to develop indicators of fishery

and population dynamics and population condition (Pierce and

Guerra, 1994; McAllister et al., 2004; Roa-Ureta, 2012; Arkhipkin

et al., 2021). The interpretation of fishery CPUE as an indicator of

population trend, however, is potentially confounded by global

market drivers, management measures, technical constraints of

fishing, and gear selectivity, among other factors (Maunder and

Punt, 2004; Maunder et al., 2006). In order to identify the social and

economic factors impacting catch rates and account for them in

CPUE standardization, it is necessary to assimilate the experiential

knowledge of harvesters and processors (Steins et al., 2020;

Mackinson, 2022; Steins et al., 2022). Novel modeling tools, such
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as spatiotemporal delta-generalized linear mixed models, structured

additive distributional regression, and simulations further enable

researchers to identify bias in and derive population trends from

fishery dependent data (Mamouridis et al., 2017; Clegg et al., 2022;

Ducharme-Barth et al., 2022; Karp et al., 2022).

Over the years, researchers have developed collaborations with

the northern shortfin squid industry to address specific research

needs including biological data collection (Johnson, 2011). Several

recent research efforts associated with the 2021 Northern Shortfin

Squid Research Track Stock Assessment focused on developing

science-industry research collaborations (SIRC) to increase our

understanding of the species and inform science-based

management of the fishery (Northeast Fisheries Science Center

(NEFSC), 2021). These recent collaborations are rooted in a mutual

recognition of, and appreciation for, the valuable knowledge that

the northern shortfin squid industry has accumulated over many

decades. The research collaboration we describe here leveraged

industry knowledge to better understand the dynamics of the

northern shortfin squid population, fishery, and associated

environment. Specifically, this paper details a SIRC that

integrated the technical and economic knowledge of northern

shortfin squid harvesters and processors into the development of

standardized CPUE indices as measures of abundance for northern

shortfin squid. We describe the approaches to industry

collaboration that were uti l ized to inform the CPUE

standardization process, including a northern shortfin squid

summit with both industry and scientists, as well as a series of

semi-structured conversations. We also discuss how the

information shared by industry was integrated in the stock

assessment process. In the absence of a model-based stock

assessment, the management of northern shortfin squid is

informed by other research products, including the work

presented in this manuscript. By describing this SIRC process and

the strategies used, we hope to provide a model for bringing

industry knowledge into assessments of other stocks.
2 Phases and outcomes of northern
shortfin squid science-industry
research collaboration (SIRC)

2.1 Overview

Here we describe four layers of collaboration with the northern

shortfin squid industry that helped to facilitate the development of

robust and high-resolution CPUE series: 1) an initial summit with

industry, scientists, and managers, 2) a subsequent series of

structured conversations with individual processors and

harvesters, 3) quantitative application of industry knowledge to

CPUE standardizations, and 4) sustained communication

throughout the stock assessment process. These interactions

occurred in sequence, and represented an organized framework

for developing scientific products from fishery-dependent

knowledge and data sources.
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2.2 Initiating collaborations through
northern shortfin squid summit

A two-day “Northern Shortfin Squid Population Ecology and

Fishery Summit” hosted by members of the northern shortfin squid

fishing industry was held in November 2019 to discuss current

understanding of the northern shortfin squid and its fishery, and to

identify research priorities leading up to the 2022 stock assessment.

The Summit brought together over 30 harvesters, processors,

academic scientists, government scientists, and fishery managers

to discuss the ecology, population dynamics, and management of

northern shortfin squid. The summit was sponsored by the fishing

industry and was held outside of formal stock assessment and

management proceedings. The goal was to develop a framework

for establishing collaborative research products in the near term

that could reduce scientific uncertainties limiting responsive fishery

management (Manderson, 2020). The priorities identified and

relationships formed during this summit kickstarted several

science-industry collaborations that ultimately informed northern

shortfin squid stock assessment and management. The information

detailed below was obtained explicitly through the Northern

Shortfin Squid Population Ecology and Fishery Summit, which

exemplifies the value of such forums for sharing knowledge and

data, and building relationships.

One major summit product was the definition of the different

fleets participating in the northern shortfin squid fishery and

description of fishing operations characteristic of each fleet.

Specifically, northern shortfin squid processors and harvesters

emphasized that fleet type is a critical factor influencing fishing

behavior and catch rates, with the freezer trawler fleet that catches

and freezes squid at sea operating significantly differently than the

“wet boat” fleet that temporarily stores squid in Refrigerated

Seawater Systems (RSW) or on ice before offloading fresh squid

at shoreside processing plants. While it is rare for vessels to switch

from one fleet to another, two freezer vessels have been retrofitted

with RSW systems since 2010 to enable operational flexibility. This

information is well known by the fishing industry, but is not well

documented in the scientific literature or previous stock

assessments. While the hold type of individual vessels could not

be documented during the summit, general differences between fleet

types were discussed. Since the late 1990s, the wet boat fleet has

dominated the northern shortfin squid fishery during periods when

the species is widely available, while the freezer boat fleet has been a

stable component of the fishery in all years (Figure 1). In recent

years, the freezer trawler fleet (<10 vessels, 23 - 45m in length) has

been approximately one-third the size of the wet boat fleet (>30

vessels, 15 - 30m in length). Because they process and freeze squid at

sea, freezer trawlers typically remain at sea for longer periods of

time and search over larger areas compared to wet boats. Freezer

trawler catch, effort, and landing rates are largely driven by the

relatively long handling times associated with freezing squid at sea;

freezer trawlers can only freeze a certain quantity of squid at a time,

and thus, have to stop fishing to process squid after a certain

amount are caught. Freezer trawler operations are less influenced by
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price than the wet boat fleet and are unlikely to switch species if

northern shortfin squid are less available or if prices are low.

Conversely, wet boats have short handling times and catch, effort,

and landing rates can be high if northern shortfin squid, which are

highly perishable, are available at locations less than about 72 hours

from shoreside processing plants. Trip durations of the wet boat

fleet are short, and effort is strongly driven by the price and

availability of squid. Wet boats are more likely to switch to other

species if northern shortfin squid prices or availability are low. An

action item moving forward from the summit, and now being

considered by the Mid-Atlantic Fishery Management Council

(MAFMC) as a management requirement, was to document

individual vessel hold types to be able to formally account for

fleet type in CPUE calculations and other data analyses.

Another important summit product was the description of the

global market dynamics that impact the northern shortfin squid

fishery. Specifically, northern shortfin squid from the Northwest

Atlantic compete in the global market with Argentine shortfin squid

(Illex argentinus) squid caught in the Southwest Atlantic (Falkland

Islands to Southern Brazil) and Japanese flying squid (Todarodes

pacificus) caught in the North Pacific. Annual landings of squid in

the Southwest Atlantic and North Pacific are typically 30-35 times

larger than northern shortfin squid production in the Northwest

Atlantic. The Argentine shortfin squid fishery in the Southwest

Atlantic occurs during the austral summer and closes just before the

beginning of the northern shortfin squid fishery season in the

northwest Atlantic, which begins when northern shortfin squid

migrate onto the continental shelf. As a result, the supply of squid

from the Southwest Atlantic fishery regulates demand, and sets the

baseline price and risk appetite for inventory for the U.S. northern

shortfin squid fishery. Documenting annual trends and scale of

landings of Argentine shortfin squid and Japanese flying squid for

integration into CPUE standardizations and further analyses was,

therefore, identified at the summit as an important next

step (Table 1).

The summit also provided a valuable opportunity for members

of the fishing industry and science community to share information

about the dynamics of the northern shortfin squid population and

fishery, develop priorities for research efforts going forward, and

form industry-science relationships to facilitate ongoing

collaboration. The research efforts prioritized at the summit

included 1) quantify the overlap between the U.S. northern
Frontiers in Marine Science 04
shortfin squid fishery and stock distribution to better estimate

availability, escapement and the impact of fishery removals

(Lowman et al., 2021); 2) define the hold type (freezer, RSW, ice)

of each vessel participating in the fishery to enable explicit

integration of the impacts of differences in handling in CPUE

standardization and stock assessment modeling; 3) explore

methods to quantify market dynamics impacting fishing behavior

and include in CPUE standardizations; 4) explore how

environmental conditions affect the distribution and productivity

of northern shortfin squid; and 5) develop a streamlined

mechanism to compile northern shortfin squid mantle length and

body weight data collected by processors and use data to better

understand northern shortfin squid movement, growth, and

environmental drivers. In order to address these research

priorities, additional conversations with individual harvesters and

processors were required for data collection, hypothesis

formulation, and interpretation purposes.
2.3 Documenting knowledge through
targeted conversations with industry

Following the summit, we held semi-structured conversations

with representatives of six northern shortfin squid processors and

17 northern shortfin squid harvesters. The six processors have been

responsible for processing and marketing 75-90% of the total

landings of northern shortfin squid in U.S. waters since 1997.

Most of the 17 harvesters had participated in the northern

shortfin squid fishery for at least a decade. The harvesters

collectively represented all ports participating in the fishery and

included six that fish out of New Jersey, eight that fish out of Rhode

Island, and three that fish out of Massachusetts. Of the 17 harvesters

consulted, four operate vessels that freeze squid at sea, seven operate

vessels that store squid on ice, and six operate vessels with RSW

systems. Thus, all vessel/processing types described above were

represented. In addition to the 23 industry members consulted via

semi-structured conversations, an additional 63 harvesters were

contacted to characterize the hold type for each vessel that had

participated in the fishery since 1997.

Conversations with harvesters were guided by a list of standard

questions about technical and economic factors influencing catch

and effort in the fishery developed collaboratively by members of
FIGURE 1

Northern shortfin squid (Illex illecebrosus) landings from 1997 to 2022. Dashed line represents wet boat landings. Solid line represents freezer trawler
landings. Shaded grey areas highlight years in which the ‘Wet Boat’ fleet reported higher annual landings than Freezer Trawlers.
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the Northern Shortfin Squid Research Track Stock Assessment

Working Group. The questions were sent to harvesters to review

before conversations were held either by telephone, video meeting,

or in person. Notes were compiled for each conversation, which

were provided to each harvester to review for accuracy and

completeness. Follow up conversations to clarify responses and

mechanisms were ad hoc and numerous.

During semi-structured conversations with industry members,

further details about freezer trawler and wet boat fleet dynamics

were identified by the industry and discussed. For example, industry

members described how the availability of northern shortfin squid

and alternative stocks, changes in the global market, and investment

in shoreside processing have caused the northern shortfin squid

fishery to change from one dominated by trawlers freezing squid at
Frontiers in Marine Science 05
sea, to a fishery in which vessels store squid in RSW systems or on

ice and sell them to shoreside processor/dealers (Figure 1). Freezer

trawlers can store up to 650,000 pounds of frozen squid in a 7-10

day fishing trip and usually complete around 12 fishing trips per

year. Freezer trawlers generally make fewer trips in years when the

global market is saturated with squid, prices are low, and large

inventories are held in cold storage. While catch rates of freezer

trawlers are limited by shipboard freezing rates, capacities to store

large quantities of frozen squid shipboard allow the vessels to fish

grounds distant from shoreside facilities. Alternatively, large RSW

vessels can land up to 300,000 pounds in a 1-2 day fishing trip,

usually completing well over 20 trips per fishing season. Since

northern shortfin squid are highly perishable and the vessels

generally need to return to port within 72 hours of first catch,
TABLE 1 Food and Agriculture Organization (FAO) capture production for northern shortfin squid, Argentine shortfin squid in the southwestern
Atlantic and Japanese flying squid in the north Pacific and the relative scale of northern shortfin squid capture production to these fisheries (capture
production ratio).

FAO Capture Production (metric tons) Capture Production Ratio

Year Northern
Shortfin

Argentine
Shortfin

Japanese
Fying

Argentine Shortfin/ Northern
Shortfin

Japanese Flying/ Northern
Shortfin

1997 34,561 991,799 603,367 29 17

1998 26,989 700,443 378,605 26 14

1999 5,667 1,153,279 497,887 204 88

2000 6,245 984,589 570,427 158 91

2001 2,296 750,452 528,523 327 230

2002 3,044 540,414 504,438 178 166

2003 4,437 503,625 487,576 114 110

2004 18,234 178,974 447,820 10 25

2005 10,841 287,590 411,644 27 38

2006 16,868 703,804 388,087 42 23

2007 5,132 955,044 429,162 186 84

2008 9,526 837,935 403,722 88 42

2009 11,727 261,227 408,188 22 35

2010 20,654 189,967 359,322 9 17

2011 23,821 187,822 414,100 8 17

2012 14,696 311,754 350,381 21 24

2013 10,991 496,211 337,925 45 31

2014 7,568 862,867 339,685 114 45

2015 4,355 1,011,356 295,304 232 68

2016 9,094 146,645 197,252 16 22

2017 24,431 335,998 155,573 14 6

2018 28,350 301,157 97,180 11 3

Median 35.5 33

Minimum 8 3

Maximum 327 230
Data from http://www.fao.org/fishery/statistics/global-capture-production/en.
frontiersin.org

http://www.fao.org/fishery/statistics/global-capture-production/en
https://doi.org/10.3389/fmars.2023.1144108
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Mercer et al. 10.3389/fmars.2023.1144108
RSW and ice vessels are profitable when the squid are concentrated

on fishing grounds near enough to shoreside processing plants so

that vessels can reach plants before squid begin to spoil. Rapid

transit from fishing grounds to processing plants is particularly

critical for vessels that store squid on ice, which is less effective than

RSW at quickly reducing product temperature to maximize product

quality. Thus, the perishability of squid combined with market

demand for high quality product imposes constraints on the

duration of fishing trips, location of fishing grounds, and the

timing of landings for ice and RSW vessels that deliver to

shoreside processors. Wet boats and shoreside processing are

profitable when squid are persistently available in large quantities.

Beyond fleet type and market dynamics, industry members

identified several other factors that impact northern shortfin squid

catch and effort: fuel price, hold/tank capacity, length of time catch

remains fresh, gear conflicts, recent increases in participation in the

northern shortfin squid fishery, weather, time of day, and

environmental conditions.

Fuel price was cited by several harvesters as an important

determinant of fishing behavior. Specifically, when fuel price is

high, harvesters are less likely to search over large areas, as the

potential benefit of more productive fishing grounds is outweighed

by the high cost of fuel. Thus, in years or weeks when fuel price is

high, catch or landings per unit effort indices may be decoupled

from the condition of the northern shortfin squid population, as

vessels are more likely to continue to fish on lower densities of squid

to conserve fuel.

Hold or tank capacity was also described as a major driver of

fishing behavior. Vessels with larger hold or tank capacities are

more likely to steam farther from port to fish in areas where

northern shortfin squid densities are highest. This is particularly
Frontiers in Marine Science 06
true for freezer vessels, which are not constrained by the

perishability of fresh squid. RSW vessels with larger hold

capacities can also benefit from larger area searches, as the benefit

of highly productive tows outweighs the cost of the extra steam time

as long as the squid can be kept from spoiling. Vessels with lower

tank or hold capacity are more likely to fish closer to port where

squid densities are lower, as they do not require high densities of

squid to fill their hold/tanks.

The length of time that catch remains fresh was specifically

identified as impacting fishing location, likelihood of changing

fishing locations, and limits to catch per tow for ice and RSW

vessels. As described above, the length of time that catch remains

fresh depends on the vessel type, with ice vessels having the shortest

time that catch remains fresh (48 hours), followed by RSW (72

hours), and freezer (weeks). Thus, wet boats are more likely to fish

closer to port, even if northern shortfin squid are less productive in

those areas. Wet boats are also less likely to change fishing locations,

as time spent steaming between fishing grounds is time when squid

quality is degrading and no additional catch is occurring. Finally,

total catch per tow is limited by the amount that can be processed

while staying cold enough to maintain quality.

In addition to the vessel-specific factors impacting northern

shortfin squid catch and fishing effort described above, harvesters

also identified several management-related factors that drive when,

how, and where they fish. Restricted Gear Areas, which are intended

to separate mobile gear and fixed gear, preclude mobile gear vessels

from fishing along the shelf break from the northern edge of

Hudson Canyon to Atlantis Canyon during the northern shortfin

squid fishing season (Figure 2). Fishing regulations (e.g. small mesh

restricted areas) and technical constraints also limit northern

shortfin squid fishing throughout most of the Gulf of Maine.
FIGURE 2

Map of the general extent of northern shortfin squid fishing grounds (dotted black line), Restricted Gear Areas (RGA - solid maroon
polygons), ports with squid processing facilities (yellow diamonds), and major canyons (solid lines of black or grey) along the continental
shelf (approximately 200 m isobath).
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Thus, lack of landings from these areas are not due to the absence of

northern shortfin squid, but due to the exclusion of mobile gear or

all fishing. In addition to formal gear restricted areas, there are also

areas where the density or location of fixed gear makes it impossible

to fish mobile gear and harvest northern shortfin squid. These areas

vary by year, following the distribution of the offshore lobster and

crab fisheries.

As mentioned previously, there has been a significant change in

the composition and number of participants in the northern

shortfin squid fishery in recent years. The static and common

quota for northern shortfin squid has always resulted in some

level of competitive fishing. In 2017-2021, with more vessels

harvesting northern shortfin squid and a limited and common

quota, the quota was harvested faster. This has changed the

dynamics of the fishery substantially.

Another factor affecting fishing behavior of northern shortfin

squid harvesters is weather. Severe weather (strong winds, high

seas) can impede vessels from safely sailing, from keeping their gear

on the bottom, or from effectively catching squid. Severe weather

also makes it difficult to maintain ship stability on RSW and ice

boats when they transport large volumes of fresh squid to shoreside

processing plants in rough conditions. Squid are also sensitive to the

conditions of the water column and often disperse during large

storms. Thus, northern shortfin squid catch and landings may

decline or cease for weeks during years in which large storms

have impacted the Mid-Atlantic or offshore Southern New England.

Weather plays into a harvester’s decision about whether to fish, but

it is variable by vessel type, vessel size, port, and captain. Further

research is needed on the threshold of weather conditions that

prevent fishing or scatter northern shortfin squid, and therefore

effectively shut the fishery down temporarily.

Many harvesters noted that the catch rate of individual tows

varied greatly throughout the day. The most productive tows most

commonly occur at dawn or dusk, with midday tows yielding lower

catch rates. This is likely related to the diel vertical migration of

northern shortfin squid, with squid more strongly associated with

the seabed, and thus more available to bottom trawling, during

daylight. Aggregation near the seabed is especially pronounced

during morning and evening twilight on the outer edge of the

shelf during the summer months (Benoit-Bird and Moline, 2021).

In addition, harvesters noted that northern shortfin squid fishing is

typically less productive on and around the full moon.

Finally, harvesters largely agreed that there are oceanographic

drivers of northern shortfin squid. Specific oceanographic drivers

discussed by harvesters included Gulf Stream position, Gulf Stream

warm core rings, eddies, filaments, streamers, southerly winds, and

upwelling zones. Although hypotheses were abundant, the

harvesters consulted were not confident that pre-season

oceanographic conditions could be used to forecast the

productivity or availability of northern shortfin squid in a given

year. While oceanographic features may be observed to be

associated with high or low quantities of northern shortfin squid

at one time, the relationships are often not consistent (Dawe et al.

2007; Rodhouse et al. 2014; Moustahfid et al. 2021). Harvesters

recommended that additional research is needed on this topic to
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identify and test hypotheses related to the oceanographic drivers of

northern shortfin squid.
2.4 Applying industry knowledge to Catch
Rate standardization

The knowledge shared by members of the northern shortfin

squid fishing industry were used to define how fishery dependent

data were handled and which covariates were applied in the

development of CPUE indices. For example, we used information

provided by industry members to define and differentiate freezer

trawler and wet boat fleets within the data, which enabled discrete

CPUE modeling of the two fleets. We used a stepwise approach to

prioritize the other factors that industry members described as

important in driving catch and effort for inclusion as covariates in

CPUE standardization. First, we determined which factors were

consistently identified by members of the fishing industry. Second,

we determined which factors were likely to be correlated due to

similar underlying drivers. Third, we determined which factors

were quantifiable with available data. These factors were then used

as covariates in the CPUE standardizations.

Ultimately, three fishery dependent data sets maintained by the

Northeast Fishery Science Center (NEFSC) were used for the

landings and CPUE standardizations: dealer/logbook, Observer

program, and Study Fleet program (Figure 3). The dealer/logbook

data set is a census of landings that comprehensively describes

northern shortfin squid landings, as they have been collected for

every northern shortfin squid fishing trip since 1996 as part of

federal reporting requirements. The spatial resolution and time step

of the data set, however, are relatively coarse, with landed catch

information recorded at the sub-trip level (i.e. one record of total

landed catch per statistical area per fishing trip). As part of routine

data auditing procedures, mandatory dealer reports are compared

to the self-reported logbooks to verify reported landings. The

Observer program data set comprises catch, bycatch, and fishing

effort information for individual tows collected by independent

observers through the Northeast Fisheries Observer Program

during a subset of randomly selected northern shortfin squid

fishing trips since 2011 (Wigley and Tholke, 2020). The observer

data set covers 4-10% of northern shortfin squid fishing trips in a

given year, with lower coverage in recent years, especially during the

COVID-19 pandemic. Finally, the Study Fleet data set is composed

of detailed catch, bycatch, fishing effort, and bottom water

temperature data for individual tows that are self-reported by

harvesters participating in the Study Fleet program (Jones et al.,

2022). The Study Fleet data set covers up to 45% of northern

shortfin squid fishing trips in recent years.

We used conventional statistical methods for building

standardized CPUE indices. All statistical analyses were

performed using R version 3.6.2 (R Core Team, 2019).

Generalized additive models (GAMs) were fitted using the mgcv

package (Wood, 2011). Based on histograms of CPUE and LPUE,

we investigated several error distributions: lognormal, gamma (with

log link), and negative binomial (with log link). Based on the most
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promising set of diagnostics (quantile-quantile plots, Cook’s

distance, and residuals), we built GAMs with the corresponding

distribution using forward stepwise selection of explanatory

variables with AIC and percent deviance explained as the

selection criteria. For further detail on statistical methods, see

Supplementary Material. Additional information is also available

as a working paper supplement to the 2022 Illex Research Track
Frontiers in Marine Science 08
Assessment (available online through the NEFSC Stock Assessment

Support Information portal at https://apps-nefsc.fisheries.noaa.gov/

saw/sasi.php).

A variety of social and environmental factors identified by the

fishing industry at the summit and during individual conversations

were considered as covariates in the CPUE standardization. These

included year and week effects, weekly domestic squid and fuel
TABLE 2 Factors that impact northern shortfin squid catch and effort identified by industry collaborators and considered in CPUE standardization.

Factor Source Freezer Fleet CPUE Wet Boat Fleet CPUE

Dealer/
Logbook

Observer Dealer/
Logbook

Observer Study
Fleet

Fleet (freezer or wet boat) Summit,
Conversations

X X X X X

Year - factor Summit X X X X X

Weekly domestic price of Illex - smooth Summit X X X X X

Landing port - factor Conversations X X

Days absent - linear Conversations X X

Fishing location - two-dimensional smooth Summit X X X X X

Week of the year - factor Summit X

Distance (straight line, km) from fishing grounds to landing
port - linear

Conversations X

Landing port state - factor (aggregated due to low sample size
in individual ports)

Conversations X

Weekly diesel price Conversations

Global Ommastrephid landings Summit
fro
The source of factors included in final CPUE models are marked with an X in the corresponding model column. Comparison of top catch rate standardization models for each fleet in each
data set.
FIGURE 3

Time series of northern shortfin squid fishery participation (number of vessels, left panels) and effort (number of trips, right panels) across the Dealer/
Logbook, Observer, and Study Fleet data sets. Purple lines indicate freezer vessels. Yellow lines indicate wet boats (ice and refrigerated sea water).
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prices, the state and port where squid were landed, the number of

days a vessel was absent from port, the location of the fishing

activity, the distance from the landing port to the fishing location (a

straight line distance estimate), and global Ommastrephid

production. A subset of these variables were ultimately included

in final models to each data set for each vessel hold type (freezer or

wetboat: see Table 2). Models were fit to each data set, rather than a

combined data set, due to differences in spatiotemporal resolution

across data sets. For example, the Observer and Study Fleet data sets

contain northern shortfin squid catches for individual fishing tows,

while the dealer/logbook data set contains total northern shortfin

squid catch from a fishing trip. Additionally, not all data sets

include records of discarded catch, therefore we used landings per

unit effort (LPUE) as the response variable in modeling. Because

discards are negligible in the northern shortfin squid fishery,

landings are nearly equivalent to catch and we therefore use the

terms LPUE and CPUE interchangeably.

Domestic prices for northern shortfin squid by week are

included in the CPUE and LPUE standardizations because some

harvesters noted that they modified their fishing behavior based on

fluctuations in price. For example, when price is high they may stay

on a less dense aggregation of squid and accept a lower LPUE, when

they would otherwise move on to search for denser fishing ground

when prices are lower. Domestic price is calculated based on total

landed value divided by the total landings (pounds) for each week.

Prices were adjusted for inflation by standardizing to 2019 USD,

using the Gross Domestic Product Implicit Price Deflator from the

Federal Reserve Economic Data (U.S. Bureau of Economic

Analysis). Prices from the week preceding a fishing trip were used

to reflect the fact that fishing decisions are made based on the

information available when boats leave the dock, not the price when

they land.

Global harvest of Ommastrephids was consistently reported by

industry members as a major factor affecting northern shortfin

squid LPUE. Therefore, annual global landings of Argentine

shortfin squid (Illex argentinus) and Japanese flying squid

(Todarodes pacificus) were included in the CPUE and LPUE

standardizations as indicators of the global Ommastrephid squid

market (Tables 1; 2). The Argentine shortfin squid fishery occurs

primarily in the first half of the year before the U.S. northern

shortfin squid fishery, so Argentine shortfin squid landings were not

lagged during covariate development. Conversely, the Japanese

flying squid fishery occurs primarily in the second half of the

year, so Japanese flying squid landings were used from the year

previous to the northern shortfin squid fishing year.

Fuel price was reported by harvesters to impact fishing behavior

in a similar way to the domestic northern shortfin squid price.

When fuel is more expensive, harvesters are less willing to search or

move off a moderately productive spot. Diesel price for the New

England region of the U.S. was pulled from the Energy Information

Administration and prices were adjusted for inflation by

standardizing to 2019 USD using the Gross Domestic Product

Implicit Price Deflator from Federal Reserve Economic Data.

Landing port and days absent (trip duration) were also included

as covariates in the CPUE and LPUE standardizations, as harvesters

noted longer trips were often associated with lower CPUE. In
Frontiers in Marine Science 09
addition, the distance to fishing grounds was calculated as the

straight line distance between the reported fishing location and the

landing port.

Using the data sets described above and covariates highlighted

by industry, we developed GAMs using forward stepwise selection

with Akaike’s Information Criterion (AIC) and percent deviance

explained as the selection criteria (Wood, 2017). Ongoing

discussions with fishing industry collaborators and the stock

assessment working group produced suggestions for model

adjustments, insight into the CPUE trends produced, and

explanation of the non-linear effects of covariates. Feedback was

received during one-on-one or small group conversations with

fishing industry collaborators as well as during stock assessment

working group meetings. The process was iterative, with the CPUE

models and outputs taking many shapes along the way. Ultimately,

the CPUE and LPUE indices developed were utilized to assess the

general trends in northern shortfin squid abundance across years

(Figure 4). Each distinct CPUE and LPUE series provided useful

insight into the dynamics of the northern shortfin squid fishery in

addition to species abundance. Further, congruence between these

CPUE and LPUE with other indices developed for the northern

shortfin squid stock assessment, provided confidence in the

accuracy of the trends (Figure 5). For additional information on

CPUE model building, see Supplementary Materials.
2.5 Integration of fishery knowledge into
the stock assessment

Several members of our research team formally and informally

participated in the Northern Shortfin Squid Research Track Stock

Assessment Working Group, which was initiated several months

after the summit. Industry members also regularly participated in

stock assessment working group meetings, which were open to the

public. To ensure that industry knowledge gathered both at the

summit and through individual conversations was integrated into

the stock assessment process, we developed a working paper

detailing the technical and economic dynamics of the northern

shortfin squid fishery, as well as the ecology and environmental

drivers of the species, as reported by industry (Northeast Fisheries

Science Center (NEFSC), 2021). This information was referenced

regularly throughout the stock assessment process. We also engaged

the Northern Shortfin Squid Research Track Stock Assessment

Working Group in progressing application of industry knowledge

to CPUE modeling. This enhanced the quality of the standardized

CPUE model.

The knowledge shared and documented throughout this SIRC

was also critical to the development, parameterization, and

interpretation of a generalized depletion model for the northern

shortfin squid stock assessment (Northeast Fisheries Science Center

(NEFSC), 2021; Arkhipkin et al., 2021). Depletion modeling

requires robust fishery dependent data, including documentation

of the socioeconomic and technical factors that impact catch (Roa-

Ureta, 2012; Roa-Ureta et al., 2015). The knowledge that industry

shared during this SIRC was essential to determining the structure

of the generalized depletion modeling and in interpreting the
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outputs. Industry knowledge about gear selectivity and species

catchability were also applied in the development of a mass

balance model, an envelope model, and an escapement model for

northern shortfin squid (Rago 2020; Northeast Fisheries Science

Center (NEFSC), 2021).

The SIRC developed during this research evolved and expanded

to cover several other topics that were identified as priorities during

the stock assessment process. For example, it became clear

throughout the stock assessment process that enhanced data on

northern shortfin squid body size and weight are essential for

understanding the structure of the population as well as the

movement of cohorts onto and off of the continental shelf. In

response to this need, industry collaborators shared insight on

northern shortfin squid growth throughout the fishing season as

well as squid body size and weight data collected by processors. This
Frontiers in Marine Science 10
exchange of information initiated a formal research initiative to

develop an electronic data collection system for use by the region’s

northern shortfin squid processors to collect individual squid size

and weights during the vessel offload process. In 2021 and 2022, six

northern shortfin squid processors collected over 60,000 northern

shortfin squid mantle lengths and weights through this initiative.

Further research to evaluate the oceanographic drivers of

northern shortfin squid was also prioritized during the stock

assessment process. Thus, a team of researchers and industry

members formed the “Squid Squad” to share observations and

develop hypotheses to explore analytically. The “Squid Squad”

collectively developed a conceptual model and identified

oceanographic features and fishery data to explore, resulting in

new hypotheses and areas for research (Salois et al., 2023). Regular

(~weekly) meetings provided industry, scientists, and managers
FIGURE 5

Comparison of standardized northern shortfin squid Catch Per Unit Effort (triangles), nominal northern shortfin squid Catch Per Unit Effort (circles),
and NEFSC Fall Bottom Trawl Survey index (red line) from 1997 to 2019. For standardized CPUE time series, line color indicates data set (Purple =
Dealer/logbook, Blue = Observer, Yellow = Study Fleet) and dash type indicates standardization approach (Short dashed = Freezer boat CPUE
standardization; Long dashed = Wet boat CPUE).
FIGURE 4

Nominal (solid symbols) and standardized CPUE (open symbols) series for the Wet Boat fleet and the Freezer Boat fleet. The shaded region indicates
+/- SE. Top panel shows the dealer/logbook data, middle panel shows the observer data, and bottom panel shows the Study Fleet data.
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with an informal opportunity to discuss the status of the fishery and

the surrounding ecosystem. These meetings continue to be an

effective tool for progressing this collaboration and pursuing

multiple research questions related to the northern shortfin squid.

In 2022, the “Squid Squad” executed a novel process-oriented

research cruise, with a commercial fishing vessel sampling for

northern shortfin squid within and around a mid-depth salinity

maximum intrusion that was simultaneously being mapped by an

oceanographic research vessel (Gawarkiewicz et al., 2022). The

relationships developed and results produced throughout this

process have laid the foundation for meaningful collaborations

between the scientific and fishing communities in the future.

The 2021 northern shortfin squid research track stock

assessment did not produce an acceptable stock assessment model

for the species (Northeast Fisheries Science Center (NEFSC), 2021).

Thus, the research products described above are critically important

for informing management of the northern shortfin squid fishery.
3 Summary recommendations

As exemplified through this research, the insights and

knowledge of members of the fishing industry are essential to the

proper application and interpretation of fishery dependent data. In

the case of northern shortfin squid, industry collaborators played a

key role in identifying the factors that impact fishing selectivity,

effort, and landings, as well as refining CPUE models and

interpreting results. Northern shortfin squid processors and

harvesters identified many technical and economic factors that

drive the catch and landings of northern shortfin squid. The most

frequently identified factors impacting northern shortfin squid

catch and landings were 1) vessel type (freezer or wet boat), 2)

market dynamics (global production of Ommastrephids), 3) price

for northern shortfin squid, and 4) availability of northern shortfin

squid to the fishery (abundance of northern shortfin squid in

fishable areas, and proximity of productive fishing grounds to

ports). With these factors explicitly accounted for, we believe

CPUE and other fishery-dependent data analyses can be useful

tools for assessing the trends in and condition of the northern

shortfin squid population. Frequent and meaningful dialogue with

members of the northern shortfin squid fishery is necessary to

ensure that technical and socio-economic factors are accounted

for appropriately.

In addition to identifying the factors that are important to

consider when analyzing and interpreting northern shortfin squid

fishery data, this research also highlights the importance of using

the appropriate effort metrics when calculating CPUE for northern

shortfin squid. Given the highly variable tow times, catch handling

techniques and technical constraints on trip length, we suggest

using tow time, rather than days absent or number of tows, as an

effort metric in CPUE analyses. Accompanied with precise fishing

locations and data on squid sizes and weights, CPUE indices can be

a powerful tool for understanding the northern shortfin squid

population and fishery.
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Catch rate standardizations can be challenging to construct, as

they require a nuanced understanding of fishing behavior and the

fishery-dependent data sets collected within a region, which

researchers and managers often do not independently possess. As

demonstrated by this research, documenting and incorporating

industry knowledge can be an effective means to advance catch

rate standardizations. Furthermore, several existing CPUE

standardization methods suggest enhanced integration of local

ecological knowledge, but the types of approaches for engaging

with industry members are not well described (Bishop, 2006;

Bentley et al, 2012). In the research presented here, three phases

of collaboration contributed to the effective integration of industry

knowledge: 1) a summit of scientists and industry members, 2) a

series of semi-structured conversations, and, 3) application of

industry knowledge to CPUE standardization, and 4) ongoing

discussions throughout the stock assessment process.

Each phase of collaboration provided insight into different

aspects of the northern shortfin squid fishery and the biology of

the species, together providing the comprehensive understanding

needed for accurate catch rate standardization. The continued and

constructive communication between science and industry partners

throughout all phases was essential to building trust and laid the

groundwork for information sharing. The summit allowed us to

gain important insights into general trends in catch through time

and high-level factors that may be important to collect at a higher

resolution. For example, vessel hold type, which became a key

variable in stratifying the data, was identified at this stage. Following

this event, it was clear that follow up conversations were needed to

generate data on vessel hold type for each vessel participating in the

fishery, and while soliciting this information, additional questions

about fishing practices could be asked as well. These follow up

conversations allowed us to get more detailed information about the

factors influencing catch rates and ensured that a diversity of

perspectives was documented. Following the individual

conversations, working through model development and iterative

fitting during the stock assessment process allowed considerations

about time series length, data set coverage, and other logistical

considerations to be worked through such that insights from

industry could best be translated into time series of catch or

landings per unit effort. The industry’s belief in the value of this

research and trust in scientific collaborators grew throughout all

phases of this research and was paramount to its success.
4 Conclusion

Overall, this work exemplifies the value of engaging the fishing

industry in research to inform stock assessments and fisheries

management. Members of the fishing industry hold valuable

experiential knowledge that can inform data treatment and

analysis, offer unique data collection opportunities to meet

research needs, and have unique insights into and hypotheses

about the environmental drivers of resource species that are

derived from many years on the water. Initial focus on building
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trust and open communication and identification of mutually

beneficial research products are essential to science and industry

collaborations. Proper application and interpretation of fishery

dependent data requires the insights and knowledge of members

of the fishing industry.

This research highlights the unique benefits and outcomes of

engaging with members of the fishing industry through large-

group summits, one-on-one conversations, and during the formal

stock assessment process. We suggest that large-group summits

are most effective for developing initial relationships and trust

between science and industry collaborators, gaining insight

into the major factors influencing fishery dynamics, and

identifying research priorities. Semi-structured conversations

with individual industry members are immensely helpful to dig

deeper into specific factors that influence fishery dynamics,

identify potential covariates to be included in catch rate

standardizations, and to review research results and identify

areas for future work. Finally, bringing scientists and industry

members together during the stock assessment process can be an

effective method for refining catch rate standardization models

and identifying other avenues for applying industry knowledge.

Together, these approaches for building, maintaining, and

applying science-industry research collaborations have been

demonstrated to be highly effective at informing catch rate

standardization and should be applied in this research area

more regularly.
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