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ABSTRACT

A Management Strategy Evaluation for the Atlantic redfish fishery in Fisheries and Oceans
Canada management Units 1 and 2 in the Gulf of St. Lawrence and the Laurentian Channel was
carried out. Three conservation objectives and four fishery objectives were formulated based on
discussions in meetings between managers, scientists, industry members and other
stakeholders. 18 performance metrics were defined to quantify how well candidate management
procedures met each of the eight management objectives. A set of 18 operating models were
formulated to evaluate the robustness of candidate management procedures to key
uncertainties affecting the evaluation of management options. The operating models were age
structured and fitted separately to data for the two redfish species, i.e., Sebastes mentella and
S. fasciatus. A Bayesian approach to model fitting was adopted in which informative priors were
applied for the steepness stock-recruit parameter for the Beverton-Holt stock recruit function,
and historical deviates for cohorts that early research had concluded were strong ones. The
models were fitted to time series of bottom trawl survey indices of abundance and length
composition from Units 1 and 2, and length composition records of retained redfish catches in
Units 1 and 2. Some of the key axes of uncertainty considered in formulating the operating
models included uncertainty over fishery vulnerability-at-age, life history parameters, e.g., the
rate of natural mortality and growth, the future time series of cohort strength, the magnitude and
species composition of historical catches, and plausible values for the steepness stock-recruit
function parameter. A set of six core operating models were judged to have higher credibility
than the set of 12 stress test operating models which were still credible but according to
technical and other considerations judged to be less so. Candidate management procedures
were required to pass threshold values for performance metrics for the conservation objectives
and were ranked according to the fishery performance metrics for the six core operating models.
The management procedures (MPs) were model-free and included three key components. The
primary one was a harvest control rule (HCR) which specified a catch limit based on the three-
year trailing average of Unit 1 trawl indices. The second specified the start-year for the HCR
which varied between 2018 and 2022. The third specified whether a maximum cap to catch
limits was to be applied and what the cap should be in each future year. If the MP was capped,
a ramp cap was initially applied from the initial year to some intermediate year in the 40-year
horizon. Here, the cap was increased in successive years, with the anticipated (1) recruitment to
the fishery of the large 2011-2013 cohorts and (2) increases in industrial capacity. A maximum
cap was then applied at the end of the ramp. For the conservation objectives, capped MPs
outperformed uncapped MPs under most of the core and stress test operating models. Average
catches retained and interannual variability in catches were much higher for uncapped than for
the capped MPs. Four of the uncapped MPs failed on one of the stock conservation objectives
for one of the core operating models. Under the less optimistic core and stress test operating
models, for example, historical discarding is lower than that in the base case, there were a
number of MPs that passed all stock conservation objectives and provided average future
catches of about 24 kt over the next 10-20 years. Projected median total allowable catches
(TACs) over the next five years from most MPs were sufficiently low as to constitute low
conservation risk to the stocks. Stock conservation objectives that aim to reach in 10 years and
then maintain the SSB of both species in the Healthy Zone were met with high probability in all
tested MPs. The abundant small fish (<22cm) associated with the 2011-2013 cohorts results in
predicted catches from all candidate MPs failing to meet the requirements of the Small Fish
Protocol in 2018 and 2019. Small fish are expected to remain abundant in the catch until 2020.
Exploratory analysis indicates that the performance of MPs with respect to three conservation
objectives was improved and total catches were increased in simulations that assumed that the
two species of redfish were perfectly distinguished in fishery catches, enabling species specific
TACs.
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INTRODUCTION
BACKGROUND

Redfish inhabit cold waters along the slopes of banks and deep channels at depths ranging
from 100 to 700 m. Sebastes fasciatus is typically found in shallower waters than S. mentella. In
the Gulf of St. Lawrence and Laurentian Channel, S. mentella predominates in the main
channels at depths ranging from 200 to 350 m. In contrast, S. fasciatus dominates at depths of
less than 250 m, along the slopes of channels and on the banks, except in the Laurentian Fan
where it inhabits deeper waters. Redfish generally live near the bottom. However, various
studies have shown that these species reside near the bottom during the day, leaving the sea
floor at night to follow their prey as they migrate (Brassard et al. 2017). Juvenile redfish feed
mainly on various species of crustaceans, including several species of shrimp. The adult redfish
diet is more diversified and includes fish (DFO 2018).

Redfish are a slow growing and long lived species. S. fasciatus grows slower than S. mentella,
although this difference in growth rates becomes obvious only after 10 years of age. In both
species, females grow faster than males after about 10 years of age. On average, it takes
redfish seven to eight years to reach the 22 cm minimum commercial size (Gascon 2003). More
details are provided in Appendix A.

Unlike many cold water marine fish species, fertilization in redfish occurs internally and females
are ovoviviparous (Hamon 1972). Mating occurs in the fall, most likely between September and
December, and the females carry developing embryos until they are expelled in spring at the
larval stage when they are able to swim. Larval extrusion occurs from April to July, depending
on the area and species (Ni and Templeman 1985). Mating and larval extrusion do not
necessarily occur in the same locations. In the Gulf of St. Lawrence, S. mentella releases its
larvae approximately three to four weeks earlier than S. fasciatus. The larvae develop in surface
waters and juveniles gradually migrate to greater depths as they grow (Brassard et al. 2017).

Fishery Overview (also see Appendix A)

In the late 1950s, a directed redfish fishery developed in the Gulf of St. Lawrence and in the
Laurentian Channel outside the Gulf. Prior to 1993, the redfish fishery was managed in three
units, based on the Northwest Atlantic Fisheries Organization (NAFO) Divisions: 4RST, 3P and
4VWX Divisions. In 1993, these management units were redefined primarily to account for new
knowledge and winter migration of redfish stocks from the Gulf to the Cabot Strait area. The
resulting management units are as follows: Unit 1, consisting of divisions 4RST and comprising
for the period January to May, subdivisions 3Pn4Vn; Unit 2, consisting of Divisions 3Ps4Vs,
Subdivisions 4Wfgj and comprising for the period June to December, Subdivisions 3Pn4Vn; Unit
3, grouping divisions 4WdehkIX. In the Gulf of St. Lawrence and the Laurentian Channel,
Fisheries and Oceans Canada currently manages these two species as a single stock with two
management Units (i.e., Units 1 and 2), although stocks assessments are species specific. This
resource is managed mainly by an annual total allowable catch (TAC) which is not species
specific. Other management measures (type of gear, area closures to protect fertilization and
larval extrusion periods, observers, dockside monitoring, minimum size, bycatch monitoring,
etc.) are also applied (Brassard et al. 2017, DFO 2018).

The redfish fishery in the Gulf of St. Lawrence was marked by intense exploitation episodes
(1954-56, 1965-1976 and 1987-1992). Bottom and midwater trawls, especially in the early
1990s, are the most used fishing gear. Combined landings of both species and both units have
dropped from over 100,000 t in the 1970s to less than 10,000 t since 2004. In Unit 1, the TAC




for the redfish stock established under the new management modality, defined in 1993, was 60
000 t. After a rapid fall in landings in 1993 and 1994, a moratorium was declared in Unit 1 in
1995. Since 1999, the TAC has been maintained at 2000 t for the index fishery. Conservation
measures include: application of a protocol for the protection of small fish (<22 cm), 100%
dockside verification, mandatory hail reports upon departure and arrival, imposition of a level of
observer coverage at sea and the application of a bycatch protocol. Closure periods have also
been introduced: 1) to protect the mating (fall) and larval extrusion (spring) periods of redfish, 2)
to minimize the harvest of Unit 1 redfish migrating from Subdivisions 3Pn4Vn in late fall and
winter, and 3) to protect Atlantic cod reproduction (Div. 4RS). In addition, since the introduction
of the index fishery in 1998, fishing is permitted only between longitudes 59° and 65° (W) at
depths greater than 182 m (> 100 fathoms) to avoid incidental catch of Greenland Halibut, and
an area has been closed in Division 4T since August 2009. There has been no moratorium on
the commercial fishery in Unit 2 and the TAC has been 8500 t/year since 2006 (Brassard et al.
2017, DFO 2018).

Stock Overview

We provide in this section a brief overview and brief explanation of the definition and status of
the redfish stocks in Units 1 and 2. Since there are actually two species of redfish caught in the
fishery in these units, and the operating models developed include two single-species
population dynamics models, one for each species, we will define two stocks for the purposes of
the MSE, i.e., the population of S. mentella that occupies Units 1 and 2 as one of the stocks,
and the population of S. fasciatus that occupies Units 1 and 2 as the other stock.

Species differentiation

More details are provided in Appendix A. An analysis of genetic variation at 13 microsatellite loci
was performed on a total of 35 adult individuals (16 S. mentella specimens and 19 S. fasciatus
specimens) harvested in the northwest Atlantic. The results suggest that Units 1 and 2
correspond to a single population of S. mentella, characterized by introgression from the other
species (Valentin et al. 2014). This population is itself distinct from other S. mentella populations
distributed in the northwest Atlantic. For S. fasciatus, the results suggest the presence of five
populations in the northwest Atlantic. A first population of S. fasciatus is observed in the region
corresponding to Units 1 and 2, excluding the southern margin of Unit 2. This population is
characterized by introgression from the other species (Valentin et al. 2014). The S. fasciatus
samples collected at the southern margin of Unit 2, including the mouth of the Laurentian
Channel, belong to a second population of S. fasciatus. Its distribution extends along the slope
of the continental slope, from the Grand Banks of Newfoundland (3LNO) to Nova Scotia (4W),
which we will call "the Atlantic population of the slope of the continental slope". A third
population of S. fasciatus has been identified in the eastern arm of Bonne Bay Fjord on the west
coast of Newfoundland. Microsatellites also revealed the presence of a fourth genetic group in
S. fasciatus. It groups together three samples (one in each of Units 1 and 2 and one in Unit 3)
which, unlike the others, do not correspond to a spatially well-defined population on a regional
scale. Analysis of additional samples would be required to document this group. Samples
collected in the Gulf of Maine suggest the presence of a fifth genetically distinct population in
this region. A detailed discussion is available in Valentin et al. (2014).

Three characteristics can be used to distinguish S. mentella from S. fasciatus in the Northwest
Atlantic: the number of anal fin soft rays (NASR), the extrinsic muscle of the swim bladder
(EMSB), and the genotype at the malate dehydrogenase (MDH-A *) locus. In the absence of
information on microsatellites, the MDH-A * genotype has historically been considered the
genetic criterion of reference. In general, S. mentella is characterized by the homozygous MDH-
A * 11 genotype, a EMSB between ribs 2 and 3, and an NASR 2 8. S. fasciatus usually has the




homozygous genotype MDH-A * 22, a EMSB between ribs 3 and 4 and NASR < 7. It should be
noted, however, that an NASR = 8 is not exceptional for this species; for example, almost 10%
of S. fasciatus individuals from the Gulf of Maine and Unit 3 (regions where S. mentella is
absent) present an NASR = 8 (Gascon 2003). The use of these three criteria (MDH-A *, NASR,
EMSB) made it possible to describe the geographical distribution of species at the North Atlantic
scale. In Units 1 and 2, it was found that S. mentella dominates the main channels, whereas S.
fasciatus prefers shallower depths along channel slopes and on banks with the exception of the
Laurentian cone where S. fasciatus dominates at all depths (Valentin et al. 2006). Excluding the
Laurentian Fan area, data from the summer surveys of Units 1 and 2 indicate that the transition
depth between the two species is around 300 m (DFO 2010).

Recruitment

Redfish perform internal fertilization and fertilization and are lecithotropic, that is, the larvae feed
exclusively on the yolk of the egg. The copulation takes place in the fall, most likely between
September and December. The spermatozoa are then kept in the physiological resting state
inside the females until the maturity of the ovaries in February-March (Hamon 1972). Larval
extrusion occurs from April to July, depending on the area and species, at the larval stage
capable of swimming (Ni and Templeman 1985). Depending on the species and location, the
timing of copulation and larval extrusion may vary. In the Gulf of St. Lawrence, S. mentella
releases its larvae approximately 3 to 4 weeks earlier than S. fasciatus. The larvae develop in
surface waters and the young migrate gradually to higher depths during their development.
Absolute female fertility ranges from 3,330 to 107,000 larvae per female and increases with size
of individual (Gascon 2003). Recruitment success in redfish is highly variable, with large year-
classes being produced at irregular intervals, e.g., in Unit 1: 1946, 1956, 1958, 1974, 1980,
1985, 1988, 2003 and 2011-2013 (Appendix Table E.1). In addition, the 1985, 1988 and 2003
year-classes of S. fasciatus, which were very abundant at ages 2 to 4 from research survey
data, were not subsequently detected and never significantly contributed to the fishery,
potentially because they bore the genetic signature of the populations of the Grand Banks of
Newfoundland that they joined later (Brassard et al. 2017).

COSEWIC and Recovery Potential Assessment

In 2010, the Committee on the Status of Endangered Wildlife in Canada (COSEWIC)
designated S. mentella from the Gulf of St. Lawrence and Laurentian Channel as endangered
and S. fasciatus in the Atlantic as threatened in both Units. The results of a recovery potential
assessment for each of these populations, conducted in 2011, indicated that the spawning stock
biomass of each of the two species was within the critical zone (McAllister and Duplisea 2011).
According to 2011 estimates, DFO (2012) established benchmarks and concluded that the
breeding stocks of S. mentella and S. fasciatus of Units 1 and 2 are in the critical zone below
their respective limit reference point. The prospects for the redfish stocks of Units 1 and 2 are
positive in the short term thanks to the strong cohorts of 2011, 2012 and 2013. These fish would
begin to recruit significantly to the fishery from 2018 to 2020, which could lead to a rapid
increase reproductive biomass (DFO 2018). Indeed, the abundance of juvenile redfish, largely
dominated by S. mentella, has increased significantly in research surveys since 2013. In 2017 in
the northern Gulf of St. Lawrence, i.e., Unit 1, the abundance of juvenile S. mentella and S.
fasciatus is 60 times and 10 times higher than their respective average abundance for the
period 1995-2015. The first strong cohort, that of 2011, had a modal size of 20 cm in the
summer of 2017 (DFO 2018). Precautionary approach reference points for 2011 (DFO 2012)
derived from a Bayesian model of excess production on biomass mature were revised in
December 2015 with only minor changes (McAllister and Duplisea 2016). Based on these
benchmarks, the status of both stocks improved. However mature biomasses were still in critical




areas. In the summer 2017, the 2011 to 2013 redfish cohorts’ modal size was 20 cm. If the
anticipated growth of these cohorts continues, close to 50% of the individuals (59% biomass) of
the 2011 cohort should be larger than 22 cm in 2018, the minimum commercial size. By 2020,
51% of the cohort (62% biomass) should be larger than 25 cm (DFO 2018).

MANAGEMENT STRATEGY EVALUATION

Management Strategy Evaluation (MSE) is a type of management approach that is focussed on
developing and identifying Management Procedures (MPs) that can meet a prioritized set of
fishery management objectives and can be expected to perform acceptably under a range of
credible scenarios for the future dynamics of the fish stock (Smith et al. 1999; Rademeyer et al.
2007; Punt et al. 2014). The approach requires that fishery stakeholders meet with fishery
managers to agree upon a set of fishery management objectives that typically include stock
conservation objectives and fishery objectives relating to the economic value and stability of the
fishery in future years. Performance metrics are defined which enable the quantification of how
well different candidate MPs meet the different management objectives. Computer simulation
models of the harvested fish stock (or stocks) and fishery are developed to project the future
implementation of candidate MPs accounting for imperfections in the data collected in future
years that will be used in harvest control rules (HCRs) that specify particular catch limits given
the data fed into them. For example, it is common for indices of abundance to be applied in
harvest control rules such that as stock abundance increases, catch limits can increase also
and vice versa (Hicks et al. 2016; Jones et al. 2016). MPs include specifications for which data
are to be collected and how the data are to be used in controlling future harvests. MPs may also
include specifications to caps on catch limits that could be constant or vary over time (Hicks et
al. 2016). The caps could be either minimum or maximum cap amounts.

To identify MPs that are robust to uncertainties in the future dynamics of the exploited
populations and fishery behaviour, it is common practice in MSE for a number of different
“operating models” (OMs) to be formulated that represent different scenarios for how the fish
populations and fishery will behave in the future (Rademeyer et al. 2007). It may be the case
that the ranking of candidate MPs using computed performance metrics may be sensitive to the
OM applied to evaluate MP performance. It is generally agreed that a desirable attribute for a
MP is for its performance to be acceptable across all of the OMs considered. If there is a subset
of MPs that have acceptable performance across all OMs and all performance metrics, then a
single MP can be chosen by ranking the MPs according to the most important performance
metrics.

Once a MP is chosen, the MSE approach requires that this MP is adhered to in setting catch
limits for a fixed number of years (Punt et al. 2014). While simulation evaluations performed
may simulate up to two or three generations of the fish population of interest, it is common for
the trial period for the MP to be much shorter and typically not more than about 5 years. At the
end of the initial implementation phase, a retrospective analysis would take place in which the
actual performance of the adopted MP would be evaluated. If the realized MP performance was
found to be acceptable at the end of the initial implementation period, the fishery managers and
stakeholders could then embark on a new MSE process to evaluate new candidate MPs and
consider implementing a new MP in a new trial period.

Prior to implementation of a MP it is also common practice for a set of so-called exceptional
circumstances to be identified in which a decision could be taken for the MP implementation to
stop (Punt et al. 2014). These circumstances could include obtaining data outside of the range
of those simulated in the MSE projections and catch limits also outside of the range of those
formerly simulation tested (Rademeyer and Butterworth 2011). Should such exceptional




circumstances arise and a MP be stopped, the management of the fishery would need to be
reconsidered and re-evaluated before any new management actions could be taken.

Rationale

In this section we summarize why MSE was adopted for redfish, i.e., among other things, it
offered a way to resolve the problem of competing models. Since 2011, model-based stock
assessments have been carried out for Unit 1 and 2 redfish (e.g., McAllister and Duplisea 2011;
Rademeyer and Butterworth 2015; Duplisea et al. 2016). In these assessments, it has proven
difficult to fit the assessment models to bottom trawl survey stock biomass and survey and
fishery length composition data. This is due to a variety of issues. For example, commercial
catches are not sampled for species composition and assumptions are required to split the
combined species catch records by species. There is potential for inaccuracy in the estimation
of abundance and stock productivity if there exist systematic biases in the catch splitting by
species. In addition, a recent study by Duplisea (2016) suggests that there appears to have
been periods in the past in which there was considerable discarding of undersized redfish and
the ratio of stock biomass killed to that retained and reported could be considerably higher than
1. Difficulties in species identification appears to have led to between-species contamination of
trawl survey abundance indices by species and trawl survey length composition records by
species, most especially for small redfish. The presence of large numbers of juvenile S.
fasciatus from the Grand Banks stock in Units 1 and 2 has also led to contamination of bottom
trawl survey abundance index and length composition records. In addition, the constant of
proportionality for the bottom trawl survey indices of abundance, estimates of g, obtained from
model fitting have been inexplicably large, especially for the bottom trawl survey index of
abundance for S. fasciatus from Unit 2. There have been several attempts to address this issue
(e.g., Rademeyer and Butterworth 2015) but until now, no credible mechanisms have been
identified to explain why estimates of the Unit 1 and 2 fishery independent bottom trawl survey q
are larger than 1 for S. fasciatus and S. mentella.

It is recognized that MSE could offer a more effective approach to the management of the Unit 1
and 2 redfish fishery. This focuses attention on the short and long-term objectives for the fishery
and seeks input from the industry and other stakeholders on what the different groups want from
the fishery. Requirements to meet stock conservation objectives are still maintained and
addressed in the MSE analysis. The approach has in a number of instances eliminated conflicts
between different stakeholder groups over models. New models that represent plausible
hypotheses about stock dynamics and processes generating the data can be proposed and
formulated. These can be incorporated in simulation evaluations that are applied to identify
candidate MPs that can meet fishery and stock conservation objectives and are also robust to
key uncertainties. For these reasons, different stakeholder groups were supportive of the
adoption of a MSE approach for the Units 1 and 2 redfish fishery.

Key Challenges for assessment and MSE

Landings are aggregates of two species

Uncertainties in species splits in key data

Contamination of data by 3LNO redfish stocks (S. fasciatus)
Changes in gear over time series and space

Multiple fleets

Discarding — high in the 1980s

Uncertainty over the strength of past strong cohorts

As mentioned above, there exist several challenges to address in a MSE framework that have
plagued previous attempts at stock assessment of the two redfish stocks.




Landings have been the aggregate of the two main redfish species, S. fasciatus and S.
mentella. The separation of landings records aggregated across the two species has been
required for past attempts at stock assessment and for the MSE modeling. The estimates of
species composition in fishery independent trawl survey records have been applied in the
past to predict the species composition of historical catch biomass and length composition
records. However, this has been problematic due to seasonal differences between when the
survey has occurred and when the fishery has been prosecuted and potential seasonal
differences in species composition in the locations surveyed. The uncertainty in the species
composition in the historical catches and affects estimates of historical stock biomass,
cohort strength and stock productivity, among other things for the two stocks and we
describe below how this challenge has been addressed in the MSE.

Survey length composition data from Unit 1, and genetic analyses show that there may be
contamination by 3LNO (Grand Banks) redfish stocks (S. fasciatus) in the Unit 1 and
possibly records of Unit 2 trawl survey samples. In some years, this Grand Banks stock
appears to use Unit 1 as a nursery area and migrate out of the nursery area before they
recruit to harvestable sizes. This is problematic because there are occasional large Grand
Banks cohorts apparent in trawl survey length composition records until about 18 cm which
then vanish from the records prior to reaching harvestable sizes. Length structured models
that have in the past been fitted to the survey length compositions have produced
apparently spurious estimates of abundance and fishing mortality rates in trying to
accommodate the length composition data (e.g., Duplisea et al. 2016). We describe further
below how this challenge has been addressed in developing operating models for this MSE.

Commercial trawl gear has changed considerably over the past several decades. In some
years, mid-water trawls were used more commonly. In the last few decades bottom trawl
gear has been more commonly in use. Analysis of observer records carried out within the
MSE and described below has suggested that the size distribution of fish retained has
changed significantly over the history of the fishery. A multivariate statistical analysis also
described below has suggested that blocks of years can be grouped into either two or three
segments with similar size retention attributes. The MSE has adopted for now the
hypothesis that the vulnerability at age to the fishery changed in 1994 and was different
before and after this point in time.

Following the stock decline in the early 1990s, the redfish quota allocated to Unit 1 was
markedly reduced and the remaining fishery has concentrated in Unit 2 since then. The age,
stock and species composition has likely been different between Units 1 and 2. Yet
insufficient data from the fishery has been available for this MSE to formulate a spatially
structured population dynamics model for the two species.

There are a number of different fishing fleets that have captured redfish in Units 1 and 2.
These can be characterized by smaller vessels that tend to fish nearer to shore than the
offshore fleet of typically larger vessels. There are insufficient data to disaggregate the
landings data by fleet and thus it has been necessary in this MSE to represent the fishery
with a single averaged vulnerability function for each species within each of the time blocks.

There has been known discarding prior to the banning of discarding of redfish in Units 1 and
2in 1995. The incidence of historical discarding has been documented in Duplisea (2016)
and the findings of this study have been applied in this MSE to formulate different scenarios
for discarding in historical years.

It is understood that in the early years of the Unit 1 and 2 redfish trawl fishery, some large
cohorts, e.g. 1956, 1958, 1974, and 1980, have been identified (CAFSAC 1984; Gascon
2003; Valentin et al. 2015) (Appendix Table E.1). Prior to about 1980, these cohorts




occurred too early on for stock assessment analysis to provide reliable estimates of their
strength. Nonetheless, specific years in which large cohorts were born have been identified
(Table E.1). The paucity of data on the magnitude of cohort strength in these early years is
problematic since it may be the case that different assumptions made about cohort strength
in the early years of the fishery could create different estimates of stock productivity (e.g.,
stock-recruit parameters). The sensitivity of estimates of stock productivity to this source of
uncertainty has been evaluated in this MSE and is reported below.

The OMs that have been formulated for the Unit 1 and 2 redfish MSE attempt to explicitly
address most of the above mentioned issues and evaluate the robustness of different candidate
MPs to some of these and other uncertainties.

Stakeholder Participation

A rebuilding plan for Units 1 and 2 redfish was initiated in 2014. A series of Working Group and
technical meetings occurred 2016-2018 which included stakeholder participation. In December
2016 there was a conference call with Working Group members to agree to initiate the MSE
process. In March 2017, October 2017, December 2017, and March 2018, Working Group
meetings were held to initiate the development of the MSE. The final list of performance metrics
and management procedures was agreed in March 2018. In May 2017, September 2017,
October 2017, December 2017, and February 2018 — technical meetings were held to help
foster the development of MSE models and the inputs to these models (Deith et al. 2021).
Working group participants present at these different meetings have included academics and
Provincial and Federal government research scientists, managers and biologists,
representatives from harvesters/processors, indigenous groups and conservation organizations.

DATA SOURCES

The data used in the MSE included records of retained catch biomass that were initially not
separated by species. The records were later on separated by species based on species splits
in the fishery independent trawl survey records in Units 1 and 2. Records of fishery length
composition in Units 1 and 2 were also used. These had to be split by species also using fishery
independent trawl survey records from Units 1 and 2. Trawl survey abundance indices and
length compositions were obtained for Units 1 and 2 from the DFO and GEAC surveys carried
out in these different areas. For additional details see Appendix B.

BASE DATA

The base data used in the MSE included a fishery independent bottom trawl survey abundance
index for the two species in Unit 1 which extended from 1984-2017. These were treated as
relative indices of abundance in the estimation of OM parameters. The trawl survey gear used
smaller meshes than the fishery and thus consistently captured smaller and younger fish than
those typically captured and retained in the commercial fishery. The associated trawl survey
length composition thus provided a fishery independent source of information on cohort
strength. Attempts were carried out to remove the apparent large cohorts of Grand Banks S.
fasciatus from the abundance index and length composition data from the Unit 1 trawl survey.
The Unit 1 and Unit 2 trawl surveys are described in detail further below.

Abundance indices from the Unit 2 fishery independent trawl survey were available for fewer
than half of the years from 2000 to 2016. These were also treated as relative indices of
abundance in the estimation of operating model parameters. Length composition records for the
two species from this trawl survey were also available and used for OM parameter estimation.




The 1960-2017 records of catch biomass retained in commercial landings in Units 1 and 2 were
split into catch biomass by year for S. mentella and S. fasciatus using the species composition
estimates in the fishery independent trawl survey data. Records of commercial length
composition from Units 1 and 2 were also split into composition by species 1984-2016 also
using the species split in the trawl survey length composition data. Composition data from 2017
was not included because the records had only been partially compiled for 2017 at the time of
the analysis.

Fishery-Independent Data

Since 1984, DFO has conducted a multispecies research survey (groundfish and shrimp) in Unit
1 across the northern Gulf of St. Lawrence using a bottom trawl. The survey covers the waters
of the Laurentian Channel and north of it, from the Lower Estuary to the west to the Straits of
Belle Isle and Cabot East of the Area, Divisions 4R, 4S and the northern part of 4T of the
Northwest Atlantic Fisheries Organization (NAFO) (Figure Appendix A.1). The study area is 116
115 km?. Over the years, different vessels and fishing gear have been used. From 1984 to
1990, research surveys were conducted aboard the CCGS Lady Hammond using a Western |IA
bottom trawl. From 1990 to 2005, the ship CCGS Alfred Needler and a trawl URI 81 '/ 114" were
used. Finally, from 2004 to 2017, the Teleost and a bottom trawl Campelen 1800 are used for
surveys. These vessels and gear combinations (CCGS Lady Hammond, CCGS Alfred Needler,
and CCGS Teleost) were calibrated in in side-by-side comparative tows to establish conversion
factors for about 20 species and thus extend the historical series of indices of abundance and
biomass of redfish to 1984 to 2017 (Bourdages et al. 2007).

This survey uses a stratified random sampling plan. This technique involves subdividing the
study area into more homogeneous strata. The study area is divided into 54 strata of which 52
have been visited each year. Cutting of these was done based on depth, NAFO divisions and
substrate type. For this survey, an initial allocation of 200 trawling stations was allocated
proportionally to the area of the strata, with a minimum of two stations per stratum. The
positions of the stations were determined randomly within each of the strata. For each of the
fishing lines, the catch was sorted and weighed by taxon and biological data collected on a
sample of redfish: size, sex, number of anal fin soft rays, stomach, otoliths, and tissue samples.
A detailed description of the fishing and sampling protocol and the calculation methods are
presented in Bourdages et al. (2017). It should be noted that this sampling plan includes the
range of redfish included in divisions 4RST, which corresponds to Unit 1.

Between 1997 and 2002, DFO also conducted surveys in Unit 2 with a Campelen 1800 survey
trawl towed by the CCGS Teleost, with a 12.7 mm liner in the lower 7 m of the codend (Kulka
and Atkinson 2016). However, these data are no longer used to assess the redfish stock. The
time series for Unit 2 surveys has been replaced by an industry-funded survey that primarily
used an Engel 170 trawl with a 30 mm liner in the lower 7 m of the codend, and a 21 m
wingspread, towed by large “Cape” class commercial trawlers (45-50 m). This arrangement
continued until 2014 when the vessel was switched to the 19 m M/V Nautical Legend and the
gear was switched to a Campelen trawl with a 15.2 m wingspread. The industry survey began in
1997 and continues to the present (operated by the Groundfish Enterprise Allocation Council or
GEAC with input on design from DFO; Kulka and Atkinson 2016). The industry survey is
generally biannual although the last few surveys with accurate species composition estimates
were completed in 2011 and 2016. Timing of the survey has also changed, as the first survey in
1997 was completed in December with the remainder of the surveys in August/September of
each survey year.

Comparative trials between the DFO and GEAC Unit 2 survey gears were completed in August
2000 in order to convert the industry survey data into comparable Teleost-Campelen units




(Cadigan and Power 2010), and again in 2015 following the switch of vessel and gear used by
GEAC to a configuration more similar to the DFO survey in Unit 1 (Kulka and Atkinson 2016).

Fishery-Dependent Data

As mentioned above 1984-2017 commercial catch-length data from Units 1 and 2 were split by
species using the trawl survey species split for each of the years, using ort samplers and
observer-at-sea data.

DATA MANIPULATIONS

Removal of Grand Banks Cohorts

One of the issues with understanding dynamics of Units 1 and 2 redfish is that S. fasciatus from
NAFO area 30 (Grand Banks) sometimes use the Gulf of St Lawrence as a nursery areas for
juveniles of 4 years old and less. After four years, individuals of these Grand-Banks cohorts
leave the Units 1 and 2 area to take up adult residence along the shelf edge in NAFO area 30.
The Unit 1 survey will catch these cohorts from age 2 and when the length composition data
shows stronger than average year classes from 1985, 1988 and 2003 for S. fasciatus and tracks
them for up to three years after which they are no longer in the system. Genetics work (Valentin
2015) shows that these cohorts had the genetic signature of 30 fish and not Units 1 and 2 fish.
The issue with these cohorts in modelling is that when survey length composition at young ages
is used as one of the model inputs, the models try to explain the sudden loss of the cohorts from
the system. Depending on the kind of model and its parameterisation, a model may try to
generate unaccounted catch at young sizes, e.g., in both fishing mortality (F) and selectivity, or
try to change natural mortality rate (M) at age (e.g., Rademeyer and Butterworth 2015). A state-
space approach may inflate process and observation error.

Since the genetic work on various S. fasciatus cohorts has been thorough and well documented
in the primary literature, it was deemed useful to remove these cohorts from survey length
composition data. The method employed was relatively simple. Essentially the abundance in
length classes between 7 and 17 cm (inclusive) were set equal to the mean abundance in those
classes for years adjacent to the arrival and departure of the cohorts. For example, the 2003
year class is present from about 2005-2008 and between lengths of about 7 and 17 cm.
Therefore the abundance for 7 cm individuals in all years from 2005 to 2008 was set equal to
the mean abundance of 7 cm individuals in 2004 and 2009. Because the Grand Banks cohorts
are mostly juveniles when present in the Units 1 and 2 area, it was not necessary to correct
mature biomass estimates for Grand-Bank cohort removal. Also, due to indications of species
contamination in the Unit 1 trawl survey length composition data for both species, i.e., S.
fasciatus not being fully separated from the S. mentella length composition, apparent large
Grand Banks cohorts were also removed from the Unit 1 trawl survey length composition data
for S. mentella.

Following the adjustments to the Unit 1 survey composition data, the model could fit the survey
length composition and survey biomass indices much better than previously (see results
section). This was the case for both S. mentella and S. fasciatus and was especially so for
years where Unit 1 trawl survey indices indicated relatively high abundance in the earlier and
later parts of the time series. The population dynamics model could more consistently predict
the survey length composition data for both species in these years compared to the years where
the survey abundance indices had very low values. This is to be expected because where
survey biomass was relatively high or about to increase substantially the survey biomass was
made up mostly of larger-sized resident fish or a large resident cohort that was recruiting to the
mature component of the resident population. Where survey biomass was low, resident adult




biomass was much lower and it is conceivable that smaller Grand Banks cohorts could cause
more unexplained variability in the length composition data.

Splitting Commercial Fishery Data by Species

The redfish fishery in Units 1 and 2 captures two redfish species, S. mentella and S. fasciatus,
which are so similar in appearance that it is almost impossible to distinguish them from each
other by a single visual examination. The unequivocal discrimination of the two species is only
possible on the basis of microsatellite markers. To do this, a minimum of 4 loci seems sufficient
to assign individuals to the species. However, the systematic use of microsatellites to determine
the specific composition of catches would be costly and would require intensive logistics. It is
therefore necessary to use a method that makes it possible to estimate the specific composition
of the catches using information easily collected at sea. The number of anal fin soft rays (NASR)
was chosen as a candidate because it is an easily identifiable meristic criterion whose pattern
varies between the two species. This method makes it possible to deduce the proportion of
each species in a given trawling station, from the distribution of NASR observed in this same
trawling station. To do this, it was necessary to establish the theoretical distribution of NASR for
each of the two species. The distribution of NASR by species and by unit was determined on
the basis of 4 342 individuals harvested during the Multidisciplinary redfish program in Unit 1
program (in August, 1994-1997, n = 1 562) and in Unit 2 (in July-November, from 1995 to 1998,
n = 2,780, Gascon 2003). First, individuals were assigned to the species based on the genotype
at the malate dehydrogenase (MDH-A *) locus, considering heterozygotes to be S. mentella.
Then, for each species, the redfish belonging to each class of NASR were counted. Thus, a
count of 7 or fewer radii is characteristic of S. fasciatus, whereas S. mentella is usually
associated with 8 or more rays. However, an 8-ray count can also be observed in S. fasciatus.
These numbers were then converted to percentages.

In the DFO research survey, the number of NASRs is counted on up to 90 individuals and the
observed frequency of NASR for each sample is calculated. Subsequently, the proportion of
each species is estimated from the theoretical distributions of S. mentella and S. fasciatus,
minimizing the squared difference between the observed and the theoretical distribution. This
method, although extremely practical at sea, still has limitations. For example, enumeration of
NASR is less accurate for individuals less than 15 cm.

Life history inputs to the operating models
Growth Rate

The growth rate estimates for S. mentella and S. fasciatus applied in McAllister and Duplisea
(2011) were initially applied in the operating models for these two species in the current MSE.
These were for both species 45.8 cm for L. and 0.096 yr* for K, and -0.5 for t, from Saborido-
Rey et al. (2004). In fitting the operating models to the data which included fishery independent
length composition from both Units 1 and 2, it was found that for S. fasciatus, values for L. 10%
smaller (i.e., at 41.238 cm) and K 10% larger (i.e., at 0.106) provided improved fits to the data
and were retained for S. fasciatus only.

It is conceivable that under the extremely large abundance of the 2011-2013 cohorts for both
species, growth rate could become density dependent. This scenario was addressed in one of
the stress test OMs for the MSE.

Natural Mortality

Natural mortality rates (M) for base case OMs have been set at 0.1 yr' for S. mentella and
0.125 yr' for S. fasciatus. This follows from previous modelling where these rates were taken
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from NAFO document for Flemish Cap (3M) redfish (McAllister and Duplisea 2011). Natural
mortality in Canadian redfish has never actually been measured and value have been borrowed
from other studies or estimated within models. In 1999 (DFO 1999) it was written that “the
assumption that M=0.1 yr' for these stocks has been used for over 30 years” in reference to
eastern Canadian redfish stocks, i.e., since 1969. M=0.04 yr' has been used for Gulf of Maine
S. fasciatus (Miller et al. 2008) as this was the value that gave the best model objective function
value and fewer retrospective problems. However, more recent estimates for M for Gulf of
Maine S. fasciatus directly within a state-space catch at age model (Miller and Hyun 2017)
showed M=0.14 yr'. It was suggested that M might be high for this stock because it is a stock
on the southern edge of its range and outside of ideal survival conditions and that the high M
estimate in the model may partial reflect unreported catches. A model for Barent’'s Sea redfish
estimated M at age as free parameters and M on ages 1-7 were on the order of 0.05 yr' with M
increasing to > 0.4 yr' for age 14 but with an average of around 0.25 yr' for ages 8-13 (Planque
et al 2012). The authors’ admitted that these freely estimated Ms are confounded with g and
selectivity but viewed that as a strength as the model fitted the data better. There may also be a
confounding with F since M increases with age contrary to life-history and ecological principles.
It would appear that these estimates would not be applicable to Units 1 and 2 redfish.

Literature based methods for calculating M for these stocks based on various life-history
measures like maximum age, growth rates, maximum size, mean age of maturity suggest that
values between 0.08-0.15 yr' are not unsupported (Figure 1).

The literature based methods were chosen so that they have some applicability to redfish. For
instance the Frisk method was developed for long-lived elasmobranch species with low growth
rates and is a function of the Von Bertalanffy growth rate (Frisk et al. 2001). The Hoenig method
based on maximum age is calculated with ages 50 and 75 years. The former being the oldest
age observed in a particular ageing study involving the Units 1 and 2 stock (Campana et al.
2015) while the latter is the oldest age observed (Campana et al. 1990) where there is
confidence in the age determination.

It is conceivable that under the extremely large abundance of the 2011-2013 cohorts for both
species, the rate of natural mortality could become density dependent. This scenario was
addressed in one of the alternative operating models for the MSE.

11



1.0

—_— G_mla:.m
08 = Chamov
06
=
0.4
0.2
D'D | I | |
0 10 20 30 40 50
0.20 Length (cm)
015
= 010 —
0.05 - =g
= Py
— Frmk
JriEn
0.00 1 T . |
0 10 20 30 40 50
Length (em)

Figure 1. Literature-based estimates of natural mortality from life history characteristics that may have
application to Units 1 and 2 redfish. Parameters used were k=0.096, L~=45.8 cm, average maximum
age=50, maximum age observed=75, mean age at maturity=8, water temperature=30C. Summaries of
most of these methods can be found in Kenchington (2014) and Pardo et al. (2012).

Maturity

The relationship between maturity and length of an individual was derived from data presented
in Gascon (2003), where 434 individuals from Unit 1 and 983 from Unit 2 were harvested
between 1996 and 1999 species, age, stage of maturity and length were determined. The
determination of the number of mature individuals of a given species is based on the proportion
mature to length by species and sex according to a logistic curve. In mature females of both
species, the shortest length at maturity was around 23 to 24 cm. The length range of female
reproducers for the 1996-1999 period was much greater in the case of S. mentella than S.
fasciatus. Indeed, while S. mentella females measured 24 to 47 cm in length, very few females
of S. fasciatus were larger than 35 cm. Generally, males reach sexual maturity one to two years
before females (S. mentella, 50% of males are mature at 9 years of age (22.8 cm) compared to
10 years (25.4 cm) of females, S. fasciatus, 50% of males are mature at 7 years (19.6 cm)
compared to 9 years (24.1 cm) in females).

In DFO surveys, a sample of individuals is measured (maximum 200 individuals), sexed (30
individuals), and species identification is based on the number of soft rays of the anal fin. The
proportion of mature individuals by species and sex is determined from the sample and
extrapolated to the entire catch.

The equation of the logistic curve is in the form:

Mature proportion = e@*0"L) [ (1+ gla+b*L))
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S. fasciatus female a=-10.605 b =0.441 L50 =241

S. fasciatus male a=-10.687 b =0.545 L50=19.6
S. mentella female a =-9.550 b=0.377 L50=254
S. mentella male a=-7.521 b =0.330 L50=22.8

These equations make it possible to determine the fraction of the stock that is mature according
to the length of the individuals that compose it. Non-zero mature proportions are predicted for
individuals smaller than the minimum size at which mature individuals were observed. Because
of this these equations were adapted for the MSE. Based on Gascon (2003), the length of the
smallest female being mature was identified (16 cm for S. mentella and 12 cm for S. fasciatus).
All individuals falling under that threshold were designed as immature, whereas the equations
were applied to all individuals longer than these minimal lengths to maturity.

Historically Strong Cohorts

Fishery independent bottom trawl survey length compositions are available 1984-2017. These
enable estimation of cohort strength no earlier than about 1970. Research documents have
indicated years prior to 1970 in which very large cohorts of Units 1 and 2 redfish were identified
(CAFSAC 1984; Table E.1). We formulated informative prior distributions for recruitment
deviates in years prior to 1970 that had been identified in the published literature to have very
large cohorts. This prior distribution was based on a meta-analysis of stock-recruit datasets for
stocks of Sebastes species obtained from the R.A.M. Myers Legacy database. See Appendix E
for details on the method applied to formulate the prior distribution for recruitment deviates
associated with a strong cohort.

OPERATING MODELS
BASE CASE MODEL DESCRIPTION

For the stocks of S. fasciatus and S. mentella in Units 1 and 2, age structured population
dynamics models were formulated separately; both models included the same sets of equations
for the various functional components (see Appendix D for details and the full set of equations).
Given that there was a paucity of spatially structured data for the fisheries in Units 1 and 2, two
spatially-aggregated population dynamics models were formulated, one for each fish stock.
Also, given the paucity of data on captures for different components of the fishing fleet, the
fraction captured and retained at age was modeled for the combination of fishing fleets
operating in each year. The modeled abundances at age in each year thus represent the
average state of each of these two populations in each year over the combination of the
management Units 1 and 2.

A Beverton-Holt stock recruit function was applied to predict the expected number of age 1 fish
produced by the spawning stock biomass in each year. This was due to the understanding that
cannibalism and other analogous strong compensatory factors at least until recently have not
been present in Units 1 and 2 redfish. The fraction maturing at age was represented by a
logistic function. The logistic function parameters treated as fixed and known for each species
and were obtained from a study of fraction maturing at age for S. fasciatus and S. mentella in
the Gulf of St. Lawrence (Gascon 2003). However, the logistic functions from Gascon (2003)
predicted positive fractions maturing for young ages for which no mature fish were detected in
that study. Initial trials of the operating model in which this logistic function was applied
appeared to over-predict spawning stock biomass in recent years due to this. Minimum ages at
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which mature fish were detected by Gascon (2003) were ages 4 and 6 years for S. fasciatus
and S. mentella, respectively. Applying these minimum observed ages at maturity in the
operating models together with the logistic function from Gascon (2003) for S. fasciatus and S.
mentella avoided this problem.

Annual deviates from recruitment predicted by the stock recruit function, i.e., recruitment
deviates, were modeled as lognormal random deviates. A von Bertalanffy growth function was
applied to represent length at age with parameter values obtained from published reports on
growth of the two species (McAllister and Duplisea 2011). Growth parameter values described
in the growth rate section were used. Other estimates (e.g., McAllister and Duplisea 2011)
produced implausible estimates for key parameters such as steepness. The former estimates of
growth were therefore applied instead of the more recently estimated growth parameter values.
But as noted above the estimates for S. fasciatus were updated based on fits of the operating
model to the data for S. fasciatus. A constant fixed value was applied for the rate of natural
mortality at age for the two species, i.e., 0.1 yr' for S. mentella and 0.125 yr' for S. fasciatus
(see above section on literature sources for life history parameters).

MODELING FISHERY VULNERABILITY-AT-AGE

Vulnerability at age to fishing mortality was modeled using a logistic function for both species.
Due to the known historical practice of discarding smaller sized redfish in this fishery, the
retained catch was computed by applying a probability retained at age function which was
represented by a logistic function (Appendix D). An offset parameter specified the mean
difference in the aso parameter for the probability retained and the aso parameter for fishery
vulnerability at age functions. Analysis of historical records of retained length frequency from
observer coverage, has suggested that the size frequency distribution of redfish retained has
shifted in historical years (below and Appendix D). The base case model used the most
parsimonious result from this analysis which suggested that prior to 1994, the vulnerability at
age was lower than that in 1994 and later years. To address the historical shift in fishery
vulnerability, a random walk in fishery vulnerability parameters was tried. However, this failed to
provide a stable fit of the model to the data. Fishery selectivity was thus assumed to be
stationary over two fixed blocks of historical years, i.e., prior to 1994, and then from 1994 on.
Additionally, a fixed value was applied to represent the ratio of catch biomass killed to catch
biomass retained in each historical year (Figures 8 and 15). The values applied were formulated
by an interview-based study on historical discarding practices (Duplisea 2016).

CONDITIONING THE OPERATING MODELS ON DATA

All of the alternative operating models considered that required changes to historical settings
were each fitted to historical data including bottom trawl abundance indices and length
compositions, and fishery length compositions, to obtain parameter estimates. It was assumed
that in 1950, the abundance of both populations was close to the average unfished equilibrium
state. Catch records extend back to 1960 and were small relative to catches in the 1980s and
early 1990s. Extrapolations were made to extend the catch time series back to 1950 which
presumed catches in 1950 were very small and increased gradually to those recorded in the
early 1960s.

A Bayesian statistical catch-at-length stock reduction analysis framework was applied for
parameter estimation (McAllister and lanelli 1997). Parameters were estimated separately for
each of the operating models for the two species. Informative prior distributions for some of the
parameters, e.g., the Beverton-Holt steepness stock-recruit parameter (Forrest et al. 2010),
were applied to facilitate parameter estimation. Each of the operating models was fitted to the
available trawl survey biomass estimates for Units 1 and 2, the trawl survey length composition
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records for Unit 1, and the fishery length composition records combined from Units 1 and 2 from
retained catches starting in 1984 (redfish species were impossible to distinguish in fishery
operations). Fishery catch-length distributions were missing in Unit 1 but not Unit 2 for the years
1996-1999. This is partly due to the closure of the commercial fishery in Unit 1 but not Unit 2 for
these years. The parameters that were estimated included the following: long-term average
unfished mature stock biomass, the recruitment compensation ratio, the logistic parameters,
and constants of proportionality for the Unit 1 and Unit 2 total survey biomass index, the
constant of proportionality for the Unit 1 mature fish only survey biomass index (see
Management Procedures section below), the logistic parameters for the fraction retained at age
for the commercial fishery for years prior to 1994 and then 1995 and after, and age 1
recruitment deviates from 1947 to 2016.

Prior density functions for estimated parameters are shown in Appendix D. A uniform prior was
applied for average unfished spawning stock biomass, Bo. The prior density function for the
steepness parameter (which determines recruitment compensation) was obtained from Forrest
et al. (2010). Prior to the years where Unit 1 trawl survey composition length data were
available, scientific studies and management reports on redfish in the Gulf of St. Lawrence has
pointed to evidence of large cohorts in a number of historical years (e.g., CAFSAC 1984;
Gascon 2003; Table E.1). The studies reviewed data not used in the current analysis and were
thus used to formulate priors for recruitment deviates for years prior to 1970. Years that were
not identified to have produced large cohorts were assigned zero prior means for the natural
logarithm of the recruitment multiplier. Years that had been identified to have produced large
cohorts were given a nonzero, positive prior mean for the recruitment deviate (Appendix E). The
prior mean for a year with a large cohort was formulated from an empirical-Bayes type meta-
analysis of stock-recruit data for Sebastes species. The meta-analysis was carried out to
quantify the mean value across Sebastes stocks for large recruitment deviates, i.e., recruitment
multipliers (mR) with values at least 5, or values of the natural logarithm of mR (i.e., recruitment
deviates) of at least 1.609. Stock-recruit data sets for Sebastes species were obtained from the
Ram Myers legacy website and redfish stock assessment reports. Time series of recruitment
and spawning stock biomass (SSB) data were compiled only for those stocks that did not show
abrupt discontinuities in time series or time series of constant values (indicating lack of
estimation or estimation failure). This left 19 data sets with only one of these being from a
redfish stock, i.e., S. fasciatus in the Gulf of Maine. The mean value of large recruitment
deviates was 2.1 with a standard deviation of 0.56. The average value for the standard deviation
in the natural logarithm of recruitment multipliers was 0.84, with a standard deviation of 0.46.
The prior mean thus for a large recruitment deviate was set at 2.1. The prior standard deviation
for recruitment deviates was rounded up to 1.0, to allow for larger uncertainty due to the low
representation of redfish in the Sebastes stock recruit data sets included in the meta-analysis.
The likelihood functions applied were conventional ones for statistical catch-at-length stock
assessment models (Appendix D). The Unit 1 survey and retained commercial catch length
composition records were evaluated using multinomial likelihood functions. To give more weight
to the survey composition records than the fishery composition records, an effective sample size
of 25 was assigned to each annual survey composition record and 10 to each annual fishery
composition record. The Unit 1 survey biomass and Unit 2 GEAC trawl survey biomass indices
were evaluated using lognormal likelihood functions. The same error variance was applied to
the Unit 1 and 2 survey biomass indices.

To check that the coding was done correctly, the operating model was coded up for S. mentella
first in Excel and parameter estimation was carried out using Frontline Solver. The same model
was built in ADMB and then fitted to the same data. After some debugging, practically identical
parameter estimates were obtained, i.e., differences between posterior modal parameter
estimates from ADMB and Excel were all less than 1%. ADMB was then applied to compute
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posterior standard deviations in parameters and posterior correlations between parameters. The
above described population dynamics model for S. fasciatus was also coded up and fitted using
ADMB. A positive definite Hessian matrix was obtained when calculating approximations of the
posterior standard deviations and correlations between parameters, indicating that the function
minimizations using ADMB were successful for both S. fasciatus and S. mentella. Posterior
modal and standard deviations for the base case operating model parameters can be found in
Tables 5 and 6 for the two species.

SIMULATION OF FUTURE POPULATION AND FISHERY DYNAMICS

It is considered good practice to represent parameter uncertainty for MSE with the use of Monte
Carlo algorithms for Bayesian integration (e.g., Cox and Kronlund 2016). Numerous attempts
were made over a two month period to apply the MCMC algorithms in ADMB to generate
Markov Chains that could be used to form samples of parameters from the posterior distribution
for operating model parameters. Markov Chains of parameter values from computer runs that
took up to a few days were generated numerous times using ADMB software. However, despite
trying numerous adjustments to the Markov Chain options in ADMB and very long run times,
diagnostic analysis of the chains indicated that they were failing to represent the marginal
posterior distribution. For example, plots of chains showed high instability in the chains and
consistent posterior density functions could not be obtained from large sequences of parameter
values from different segments of the Markov chains that were generated. The autocorrelation
in parameter values in the chains was very high and it appeared that they remained in burn-in
mode even after very long runs. This convergence failure of the Markov Chains tried could have
resulted from the extremely strong but infrequent cohort signals in the length composition data
(e.g., with point estimates of recruitment multipliers over 500x for 2011 for S. mentella), and
poor quality of the commercial length composition data. These have been derived from splitting
combined composition combined for the two species, and were derived only from sampling of
retained catches. There were no composition data available for each species hauled aboard at
sea.

To represent parameter uncertainty in the operating models, we used ADMB software estimates
of the posterior modal values of parameters and the inverse Hessian formulation of the variance
— covariance matrix for parameters. We used these ADMB outputs, i.e., posterior mode and
posterior variance-covariance matrix obtained from the Hessian Matrix, to form multivariate
normal (MVN) approximations of the joint posterior density functions of parameters. The
posterior mode from ADMB function minimization was used to characterize the mean of the
MVN, and the variance-covariance matrix of the MVN was taken from the Hessian Matrix
computed at the posterior mode by ADMB software.

To carry out projections of the operating models in the evaluation of candidate management
procedures, independent draws were taken from the multivariate normal distribution
approximation of the joint posterior density function of parameters. In all of the fits of different
operating models to the data, positive definite Hessian matrices were obtained. The posterior
standard deviations on key parameters were plausible given the priors and fits to data obtained
and the posterior correlations between parameters were never larger than about 0.9 in
magnitude, indicating that the fitted models were not over-parameterized. Recognizing that the
MVN approximation was a fairly crude approximation of the joint posterior, the parameter values
drawn were applied first in a projection from 1950 to 2017. If the biomass projected did not
survive to the present, due to the parameters drawn being too pessimistic, the draw was
discarded. Only parameter draws that allowed computed stock biomass to survive to the
present were retained for future projections.
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Fisheries Selectivity Blocks

In order to define periods of similar redfish historical fishery selectivity, commercial landings
data across gear, vessel size, month, and NAFO zones were compiled for Unit 1s and 2
between 1985 and 2015 (Appendix D). First, a principal components analysis was conducted on
each of the four matrices describing fishery characteristics (gear, vessel, month, and zone). The
two first principal components (PC), explaining between 89 and 99% of the variation in the
matrices, were extracted and retained. This step allowed the representation of each matrix with
the same number of variables because cluster analyses are sensitive to the number of variables
included (Legendre and Legendre 2012). Therefore, the resulting 8 principal components were
used into a k-mean clustering. This method iteratively creates groups aiming to partition n
observations into k clusters in which each observation belongs to the cluster with the nearest
mean. The SSI criterion was minimized and the clustering that seemed the most appropriate
was 2 or 3 periods. The most important split was between 1993 and 1994, and a second was
between 1989 and 1990. The characteristics that had the highest contrast in each period are as
follows; between 1985 and 1989, bottom trawl was the gear that was the most utilized, whereas
it was midwater trawl between 1990 and 1993. From 1994 until recent years, the moratorium in
Unit 1 defined the last historical period, where landings decreased drastically. This analysis was
conducted with Sebastes spp. and different ways to split the total commercial landings by
species. In all cases, similar results were obtained.

Simulation of Future Recruitment

To enable the projection of credible future scenarios for recruitment, it was necessary to study
the time series attributes of the estimates of historical recruitment deviates for S. mentella and
S. fasciatus. Some of the key attributes of the time series of historical recruitment deviates were
as follows: (1) There is a high positive correlation (about 0.74) between recruitment deviates for
S. fasciatus and S. mentella. (2) The lag 1 autocorrelation in recruitment deviates is fairly high
for both species, i.e., about 0.5 for S. fasciatus and 0.34 for S. mentella. (3) For both species
there were no more than four large recruitment deviates (multipliers larger than 5) within a forty-
year period. (4) For both species there could be up to two or three strong cohorts produced
within a three-year sequence. (5) For both species, after a short sequence of strong cohorts had
occurred, the next strong cohort occurred no sooner than eight years after the last strong cohort
in the previous sequence of strong cohorts. Based on our study of recruitment deviate estimates
we formulated a conditional non-parametric bootstrap procedure to generate future time series
of recruitment deviates. To evaluate the sensitivity of simulation evaluation results to the method
applied to simulate recruitment deviates, we formulated an alternative conditional parametric
bootstrap protocol to generate time series of recruitment deviates. See Appendix D for a
summary of the two alternative conditional bootstrap procedures used to generate future
recruitment deviates.

IMPLEMENTATION OF MPS IN CLOSED-LOOP SIMULATION

The closed-loop simulation was coded up in R-statistical software. The software reads in
vectors of parameter values drawn from an approximation of the joint posterior density function
for operating model parameters. For each future simulation, a vector of forty recruitment
deviates is also drawn using the conditional non-parametric bootstrap methodology described in
Appendix D (and for one of the stress test operating models , a conditional parametric
bootstrap).

Because the species composition of the Units 1 and 2 redfish catch is not assessed the
implementation of future catches needed to account for uncertainty in the catch biomass by
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species killed and fishing mortality in each future year. The combined-species catch limit was
split to a potential retained amount by species using a bootstrap of the range of historical values
for the proportion of S. fasciatus in the catch retained and reported 2000-2017. To be consistent
with the most recently assumed ratio of catch biomass killed to catch biomass retained and
reported, the catch limit values split to species in each future year were multiplied by a factor of
1.1 to compute the total catch biomass killed by species. Harvest rates by species could then be
computed by dividing the catch biomass killed by species by the vulnerable biomass by species
(see Appendix D). Providing that the calculated catch biomass killed per species was less than
95% of the vulnerable biomass for the two species, it was assumed that the catch limit amounts
specified by future candidate harvest control rules would be retained and reported by the fishing
fleet with 110% of that biomass being killed and 10% but not retained, e.g., lost from nets,
spoiled, or caught as unreported bycatch in other fisheries.

MAIN AXES OF UNCERTAINTY

Numerous sources of uncertainty were addressed in the MSE for the Units 1 and 2 redfish
fishery; these were grouped into five main axes of uncertainty. We have listed these according
to our understanding of their order of importance in determining the fate of the redfish fishery in
future years and the performance of the candidate management procedures. There exist yet
other types of uncertainty that were not addressed in this MSE, e.g., concerning ecological
interactions between redfish and other fishery resources. However, within the current redfish
MSE time was not available to develop credible operating models to represent these other types
of uncertainty. For example, potential ecosystem interactions may be highly complicated and
would require further in-depth research before credible and statistically rigorous models to
represent them could be developed for the purposes of MSE.

Axis 1: the timing of future episodes of large cohorts. These have occurred with a frequency of
about four times in four decades for both species but with as long as a thirty year gap between
episodes of strong recruitment. While oceanographic factors have been hypothesized,
understanding of the potential mechanisms that favour strong cohorts remain poorly understood
and unpredictable. The occurrence of large cohorts is the main source of biomass production for
the fishery and due to the low rates of natural mortality, whether or not one or more strong
cohorts will appear within the next five or ten years will determine how fast the predicted redfish
biomass surplus from the recent strong cohorts will be depleted.

Axis 2: uncertainty in the species split in historical catches. The lack of a direct measure of
species composition in historical catches creates a scaling problem for the size and productivity
of each of the two stocks in the past and in the future. Estimates of cohort strength and current
stock biomass of the two redfish species are strongly determined by values assumed for the
species split of the catch in historical and recent years.

Axis 3: key life history attributes of the two redfish species. Due to difficulties with obtaining age
samples of redfish of the two species, there remain uncertainties in the rate of natural mortality
of the two species and whether it can vary systematically with age, and whether it could follow a
Lorenzen pattern in which it decreases inversely in proportion to body size. Growth estimates
also remain uncertain for the two species. Direct analysis of trawl survey records suggest a
smaller length infinity (L.) parameter than estimates for redfish in other parts of the North
Atlantic and those supported in fitting the operating models to the historical survey length
composition records. There also remains uncertainty over whether there could be density
dependence in growth and the rate of natural mortality especially in highly abundant redfish
cohorts.
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Axis 4: the extent of fishery targeting of larger sized fish and discarding of smaller-sized fish,
especially in the past. It is known that at certain times in the past considerable discarding of
smaller sized fish occurred; this was documented in a recent interview-based study (Duplisea
2016). The magnitude and extent of discarding of small sized redfish in historical years remains
poorly understood but Duplisea (2018) made some attempts to quantify some of these aspects
of historical discarding. Uncertainty over historical discarding creates uncertainty over estimates
of historical fishing mortality rates, and historical and current stock abundance and productivity.
In addition, uncertainty exists over hypotheses about the relative vulnerability of older larger fish
which could give rise to either dome-shaped or asymptotic vulnerability at age functions.

Axis 5: the magnitude of recruitment compensation. In the MSE literature, uncertainty over the
recruitment steepness parameter, which indexes recruitment compensation, has often been
found to be one of the most influential types of uncertainty affecting operating model predictions
(Punt et al. 2014). The values assumed for the steepness parameter has for example strongly
determined the ranking of management procedures and the extent of the trade-off between
fishery catch objectives and stock conservation objectives (Edwards 2016). However, with Units
1 and 2 redfish, data suggest that recruitment compensation may be fairly low for both species
and slightly higher for S. fasciatus and that uncertainty over the extent of recruitment
compensation is dwarfed by uncertainty over how soon another strong cohort will materialize. It
was found that by imposing a Lorenzen schedule for M for one of the core operating models
which increased M for younger fish, this created more productivity and the fitting of steepness
compensated with a lower value for steepness. By keeping M fixed and lowering steepness in
the stress test, this forced lower productivity than seen in the base case and Lorenzen M case,
for example, the umsy estimate was lower for the low steepness scenario than the Lorenzen M
scenario (see below).

OPERATING MODELS

Based on discussions at Working Group and technical group meetings, several alternative
operating models were proposed to represent a limited set of credible scenarios under the five
axes of uncertainty outlined above. The chief aim of applying different operating models within
an MSE is to test the robustness of candidate management procedures to credible sources of
uncertainty in the fishery of interest (Edwards 2016). The alternative models represent
alternative hypotheses about attributes of the fish populations and fishery that exploits them and
can represent different versions of what may be conceived to have happened in the past and
will happen in the future, or keep the same representation of the past but entertain different
scenarios for future fishery and population dynamics. In keeping with other recent MSE
exercises (e.g., for Canadian Atlantic Pollock; Rademeyer and Butterworth 2011), the
alternative operating models were grouped into two categories: core models and stress-test
models. The rationale for this categorization of operating model types and details on the
different operating models formulated are provided in the two following subsections.

Core Models

Candidate management procedures will be required to perform acceptably under this set of
operating models if they are to be considered for implementation. Core models represent
credible alternative hypotheses for how the fishery and stocks have behaved or will behave, are
considered to represent the most important axes of uncertainty and are considered to be
credible from the standpoint of scientists and stakeholders familiar with the fishery. For
example, redfish in Units 1 and 2 have been observed to undergo long periods of low
recruitment lasting up to a few decades, e.g., from 1958-1971 and 1980-2010 (Figures 9 and
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16) giving credibility to the possibility that long drought in strong cohorts could occur following
the one in 2011.

In most instances where it has been reliably estimated, natural mortality rate has been found to
decay consistently with age and there is a well-understood ecological basis for this (Lorenzen
1996; 2000). Lorenzen-type natural mortality (Lorenzen-M) may occur also with Sebastes
species such as redfish. It is of interest to consider Lorenzen-M for Units 1 and 2 redfish due to
the very large 2011-2013 cohorts that have been detected since 2015 and the possibility that
higher rates of natural mortality could cause cohort strength to decrease by the time they recruit
to the fishery in 2018-2020.

We have formulated a conditional nonparametric bootstrap based on the attributes of
recruitment deviates for the two redfish stocks in Units 1 and 2. However, it is more common to
apply conditional parametric bootstrap approaches to simulate future recruitment deviates and it
has been found that ranking of candidate MPs can be sensitive to how recruitment is simulated
(Cox and Kronlund 2016; Szuwalski and Punt 2016). We have thus introduced another core
operating model that applies a conditional parametric bootstrap to simulate future recruitment
deviates (Appendix D).

A driving factor in the estimation of stock-productivity and abundance for Units 1 and 2 redfish is
how catches are split by species. In using the trawl survey records of catch split, two alternative
scenarios for catch split were formulated which were still credible based on the uncertainties in
the species split in the trawl survey. The assumed time series of catch split by species may also
affect the evaluation of performance of management procedures. Operating models based on
these two additional scenarios for catch split thus formed two additional core operating models.

The alternative core operating models are expected to not differ strongly in their information
content when fitted to the data. We reported AIC values to provide an indication of how well the
OM fitted the data (Tables S6-7); the AIC however was not (and should not) used to rank the
plausibility of OMs. AIC measures only statistical performance; in contrast, working group
knowledge of the fishery was taken to be more appropriate for judging plausibility (Guthery et al.
2005).

Stress-Test Models

These models are considered to be plausible alternative representations of fishery and stock
behaviours but have less scientific credibility than the core and base case models. For example,
with some alternative or additional process conjectured to have occurred in the past or to occur
in the future, a particular mathematical specification for a model structure was formulated and
tinkered with to obtain an acceptable fit to the data. However, with relatively little or no research
conducted on the possible mechanisms and without sufficient data available to guide the
development of the model component, the new candidate operating model remains purely
speculative and will not have the same weight of credibility as one of the core models. For
example in the scenario in which it is presumed that the M will increase substantially in coming
years due to density-dependent processes, we formulated a model in which the rate of natural
mortality doubled for the next twenty years for all redfish of ages 1 and up, and then returned to
historical levels. This model implementation is highly arbitrary for several reasons. For example,
it is unclear how much M in age 1+ redfish could increase under density-dependence as
abundance increases with the large 2011-2013 cohorts, which ages could be affected, and for
how long higher M could persist. Also, despite there being numerous statistical catch-at-age
analyses of other Sebastes stocks, the co-authors’ know of no instances for any Sebastes
population where the rate of natural mortality of recruited fish (age 1+) varied measurably over
time or was density dependent. Some evidence of cannibalism in Units 1 and 2 redfish has
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been obtained. Juvenile redfish have been observed in some mature redfish stomachs. This
would suggest that a Ricker stock-recruit function could be considered as an alternative to the
Beverton-Holt stock-recruit function but would not suggest that a doubling of natural mortality
rates for all age 1+ fish for the next 20 years could be credible. For these reasons, the Unit 1
and 2 operating model with M doubled can only be considered to be a stress test model and not
a core model.

Where dome-shaped vulnerability at age was proposed, there were no specific mechanisms in
the Units 1 and 2 redfish fishery known to support this hypothesis. Larger fish for example could
not be expected to be better at avoiding trawl nets or to dwell in places less frequented by the
trawl fishery. Yet, while the model fitted the bottom trawl length compositions without
overpredicting the right hand tail, the model tended to over-predict the fishery catch-length
composition for both species and suggested the possibility of dome-shaped vulnerability or a
growth curve that created fish at age larger than observed. Without any research to support
plausible mechanisms for dome-shaped vulnerability, these operating models must also remain
stress test models. This is so, even if these models happened to give lower AIC scores than the
Core models.

It is desirable that candidate MPs that perform well under the Core set of models will also
perform acceptably well under the Stress test set of models. If the best performing management
procedures under the core model set do not perform acceptably well under the stress test
models, this will be noted. Should it be discovered in the future that a stress test model
becomes more credible than those in the core set and the MP applied had not performed
acceptably under the stress test model and in practice, this may give rise to an instance of
exceptional circumstances in which a new round of MSE analysis may be performed to identify
a new MP which is found to perform acceptably under the updated set of core models.

Table 1. List of core, stress and sensitivity test models formulated for the Units 1 and 2 redfish MSE.

Model | Type Description | Details

1 Core Base Case Model assumes fishery selectivity is logistic, and change in
selectivity over time is described by two time blocks over the
time series (early years to 1993, and 1994 to present).
Simulated recruitment will show similar patterns to patterns
seen in the past, using a nonparametric bootstrap of recruitment
events from the historical time series. In projections, catch killed
= 1.1*catch limit from HCR

6 Core Reduced Simulations will assume there will be no strong cohorts for the
future next 20 years.
recruitment

8 Core Alternative M This model will use a Lorenzen M function (where natural
mortality rate, M, varies with fish size and is higher for smaller
fish) instead of a single value.

9 Core Alternate Use a parametric bootstrap of historical recruitment for
recruitment simulations, with the variance and autocorrelation coefficient
simulation estimated for recruitment events in the historical time series
method since 1970.
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Model | Type Description | Details
10 Core Alternative Historical catch splits differ from base case — assume more S.
catch split mentella.
11 Core Alternative Historical catch splits differ from base case — assume more S.
catch split fasciatus.
2 Stress Alternative Assume fisheries and survey vulnerability are dome-shaped,
fishery i.e., double-logistic for both species.
vulnerability
3 Stress High future M Future M is doubled for both species, for the next 20 years only.
This is a way to examine density dependence during periods
with strong cohorts.
4 Stress Reduced Simulate a reduction in future growth of both species for the
future growth next 20 years by reducing the asymptotic length (L) to a value
2/3 as large as in the base case, while assuming same value for
K (L-, K are parameters in the von Bertalanffy growth equation).
This is another way to examine density dependence during
periods with strong cohorts.
5 Stress Prolonged Simulations will assume no strong cohorts for 40 years.
reduced future
recruitment
14 Stress Alternative for | Use a different set of assumptions for the values for the ratio of
catch killed: catch killed to catch retained than the base case (+/- 0.5).
retained ratio
15 Stress Alternative M Reduce historical and future M by factor of 0.75 in both species.
16 Stress Alternative M Increase historical and future M by a factor of 1.25 in both
species.
17 Stress Alternative Assume that the steepness of the stock-recruitment relationship
steepness is higher than in base case by factor of 1.25.
18 Stress Alternative Assume the steepness of the stock-recruitment relationship is
steepness lower than in base case by factor of 0.75, keeping M at the base
case.
22 Stress Alternative Fisheries vulnerability for 2017-2021 reverts back to the levels
fishery associated with the fishery prior to 1994.
Vulnerability
23 Stress High Using the base case operating model 1, assume the ratio of
discarding catch biomass killed to catch biomass retained in 2018-2020 is
rates 2018- 2 and then returns to 1.1 for 2021-2057.
2020 under
OM1
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Model | Type Description | Details

24 Stress High Using the stress test operating model 3 (natural mortality rate
discarding doubles for next 20 years), assume the ratio of catch biomass
rates 2018- killed to catch biomass retained in 2018-2020 is 2 and then
2020 under returns to 1.1 for 2021-2057.

OM3

13 Sensitivity | Alternative for | Use a different value for offset in median age of fish killed and
offset the median age of fish retained. (+0.5 to base, -0.5 to base).

19 Sensitivity | Alternative Assume a lower prior mean for strong historical cohorts (i.e., a
prior mean for | lower prior means these strong cohorts will be smaller in this
strong cohorts | model than in the base case).

20 Sensitivity | Alternative Assume higher prior mean for strong historical cohorts (i.e., a
prior mean for | higher prior means these strong cohorts will be larger in this
strong cohorts | model than in the base case).

Sensitivity Tests

To evaluate the sensitivity of parameter estimates in the base case operating models to the time
series of data applied for estimation, a retrospective analysis was conducted for each species.
In the retrospective analysis, the operating model was fitted to the data and parameters were re-
estimated when one year of data was successively removed going back 10 years from the
present. Estimates of annual recruitment, annual harvest rates, and spawning stock biomass
were obtained and plotted.

To evaluate the sensitivity of parameter estimates to the type of likelihood function for the length
composition data, a multivariate logistic likelihood function was tried in place of the multinomial
likelihood function. Fits to the data similar to those obtained with the multinomial likelihood
function could be obtained using the multivariate logistic likelihood function. However, the
multivariate logistic function returned estimates of steepness close the upper bound of 1 for the
parameter, e.g., 0.98 for S. mentella compared to no more than about 0.6 based on the
multinomial likelihood function. We were unable to resolve why the multivariate logistic
likelihood function gave such high estimates of steepness. We thus used the multinomial
likelihood function for the analysis.

The different operating models considered that require new fits to the data test the sensitivity of
estimates of parameters and stock status to the key axes of uncertainty outlined above. These
included evaluations of the sensitivity of stock biomass reconstructions to different priors placed
on historical strong cohorts, different inputted values for steepness and the rate of natural
mortality, whether natural mortality is constant or declining with age, uncertainty over the
species splits in the historical records of catch biomass, uncertainty over how time blocks are
configured for vulnerability at age, the catch killed to catch retained ratio, the offset between the
a50 parameters for catch retained and catch killed, whether vulnerability at age is dome-shaped
or asymptotic, and whether discarding rates could increase when the strong cohorts start to
recruit to the fishery.

Changes in area occupied by the stocks and interpretations of trawl survey indices

An unavoidable consequence of fitting stock assessment models to the Unit 1 and 2 trawl
abundance indices (ly) has been that the estimates of the constants of proportionality for the
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indices (g where (ignoring subscripts for each trawl survey) I, = gB,and By is the stock biomass
vulnerable to the trawl survey in year y, see Appendix D for details) for both species have
ranged 0.3-4, with estimates of q for the Unit 2 trawl survey index being typically the largest for
S. fasciatus. It has commonly been expected that estimates of constants of proportionality for
swept area biomass obtained from fishery independent trawl surveys should be no larger than
about 1 (Millar and Methot 2002; McAllister et al. 2010). Reasons why estimates of q have been
larger than 1 for trawl survey indices of abundance in Units 1 and 2 redfish remain poorly
understood. However, the larger than expected values for q appear to result from the following:
1) over the years with the largest catch biomass removals the annual decreases in the Unit 1
trawl survey index have been systematically larger than the reported annual catch biomass; for
example, for S. fasciatus and S. mentella, in the six years with the largest annual decreases in
the index in the late 1980s and early 1990s the annual decreases in the Unit 1 index were 1.1-
2.3 times and 1.4-4.3, respectively, times the recorded annual catch biomass taken in those
years, 2) the Unit 2 trawl index started in 2000 well after the largest decreases in the Unit 1
index occurred and when the abundance has appeared to be relatively stable and catch
removals have been relatively small, and 3) the values for the Unit 2 trawl index have on
average been considerably larger, e.g., for S. fasciatus and S. mentella, 10x and 5x the Unit 1
trawl index in the same years where both indices are available (i.e., from 2000-2016). See
Figure 2 for plots of the reported retained catch biomass for S. mentella and S. fasciatus and
the DFO trawl survey swept area biomass and GEAC swept area biomass time series for S.
mentella and S. fasciatus Units 1 and 2.
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Figure 2. Reported retained catch biomass and DFO and GEAC trawl! survey indices for the large fish
portion of the survey catches (> 29 cm S. fasciatus and > 30 cm S. mentella).

The amplification of the q in the Unit 2 trawl survey index appears to come from using the two
indices as relative indices of abundance and the 10-fold and 5-fold larger value for the Unit 2
index in years of overlap following the large drops in the unit 1 trawl index for S. fasciatus and S.
mentella, respectively. For example, for S. fasciatus, the 10-fold higher value for the Unit 2
index than the Unit 1 index in the years of overlap of the two surveys would imply annual
decreases in the Unit 2 index in the late 1980s and early 1990s 10x the annual decreases in the
Unit 1 index. If the Unit 1 and Unit 2 trawl survey indices were both directly proportional to stock
abundance as assumed, the ratios of the implied annual decreases in the Unit 2 index to annual
catch biomass reported could therefore be expected to be about 10x the same ratio for Unit 1,
thus inflating the estimate of q for the Unit 2 index by a factor several times that for Unit 1. See
Appendix G for details on some exploratory analyses that had been carried out to improve
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understanding on why trawl survey q estimates for Units 1 and 2 redfish have been high and
some suggested approaches to developing operating models and management procedures to
address this issue. There was insufficient time available within the time frame of the MSE to
complete the development of operating models and management procedures that could
satisfactorily address the issue of high estimates of trawl survey q.

OBJECTIVES AND PERFORMANCE METRICS

Stock conservation objectives and fishery objectives were formulated in consultation with redfish
stakeholders and fishery managers in redfish working group meetings in March 2017, October
2017 and December 2017.

STOCK OBJECTIVES

See Table 2 for descriptions of the three candidate stock objectives and associated
performance metrics for application in the redfish MSE. Passing criteria are suggested for each
of the stock performance metrics.

FISHERY OBJECTIVES

See Table 2 for descriptions of the six candidate fishery objectives and associated performance
metrics for application in the redfish MSE. Passing criteria had been suggested for each of the
fishery performance metrics. It was not possible to agree upon and justify in Working Group
deliberations passing criteria for the fishery performance metrics. The suggested passing
criteria for fishery performance metrics were therefore withdrawn in favour of ranking according
to each of the fishery performance metrics instead.

Table 2. Stock and fishery objectives for the Units 1 and 2 redfish MSE. Note that objective 5 was
removed in the final Working Group meeting in March 2018.

Stock Objectives

1 Increase SSB of each of S. mentella and S. fasciatus above the lower reference point
(LRP) and into the Healthy Zone in 10 years (95% probability).

Corresponding | 1a: Proportion of simulations where SSB of each species exceeds LRP in 10 years.

Performance . aso .

Metrics PASS CRITERIA: 95% or higher
1b: Proportion of simulations where SSB of each species exceeds USR in 10 years.
PASS CRITERIA: 95% or higher

2 Once in Healthy Zone, maintain SSB of each of S. mentella and S. fasciatus above

the Critical Zone (95% probability), and in the Healthy Zone (75% probability).

Corresponding | 2a: Proportion of years the SSB of each species is above the LRP after 10 years.

Performance . .

Metrics PASS CRITERIA: 95% or higher
2b: Proportion of years the SSB of each species is above the USR after 10 years.
PASS CRITERIA: 75% or higher

3 Maintain exploitation rate U of S. mentella and S. fasciatus below Umsy, 50%

probability.
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Stock Objectives

Corresponding

3: Proportion of years where the ratio of U: Umsy by species < 1.

Performance ) .
Metrics PASS CRITERIA: 50% or higher
Candidate Fishery Objectives
4 Maximize the number of years where fish <22 cm represent < 15% of catch (and

Small Fish Protocol is not triggered).

Corresponding

4: Mean number of years where fish < 22 cm represent < 15% of catch.

Performance
Metrics a) 5 years;
b) All 40 years;
5 Maximize the number of years where fish < 25 cm represent < 15% of catch.
Corresponding | 5: Mean number of years where fish < 25 cm represent < 15% of catch.
Performance
Metrics
6 Maximize the duration of high annual catch.

Corresponding
Performance
Metrics

6a: Average annual catch in a) 10-20, b) 10-40 years.

6b: Proportion of simulations where catch limit reaches or exceeds 40,000 tons by
2028 (i.e., after the large cohorts are expected to fully recruit to the fishery).

6¢: Mean number of years where the catch limit is as large as or larger than 40,000
tons in the years 2028-2057.

6d: Proportion of years with > 2017 landings [2017 will be a reference year; note 2016
catch killed = approx. 4040 tonnes assuming 1:1 catch kill: retained ratio]

7

Maximize catch of large fish (>27 cm).

Corresponding
Performance

7: Proportion of years where percentage of fish > 27 cm is > 80%.

Metrics a) 5 years;
b) All 40 years;
8 Maintain the stability of the fishery (annual changes in TAC are consistent with

industrial capacity).

Corresponding
Performance
Metrics

8a: Percentage of years where recommended TAC is < 15% different from previous
TAC.

8b: Average Annual Variation in TAC (percentage) during

a) 10-20 years;
b) 10-40 years.
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REFERENCE POINTS

Given that the Unit 1 trawl survey has been taken in every year since 1984 and consistently
shows periods with very different levels of stock biomass, biomass reference points were
chosen based on indications from the Unit 1 trawl survey of years where stock biomass and
fishery yields remained relatively high. Model-based reference points were not used as biomass
reference points due to the large influence of cohort strength on stock biomass for Units 1 and 2
redfish and the preference among working group members to use times in the past when
biomass levels were observed to be relatively high and stable. An empirical method was thus
used to define reference points based on the 1984-2017 time series of survey data from Unit 1.
For the Units 1 and 2 redfish stock assessment, the average mature biomass of the stock during
the 1984-1990 and 1984-1992 reference periods were considered as proxies for Busy for S.
mentella and S. fasciatus, respectively. Reference points set at 40% (Limit Reference Point,
LRP) and 80% (Upper Stock Reference, or USR) of Ber were 148 kt and 297 kt for S. mentella,
and 132 kt and 263 kt for S. fasciatus. However, in the MSE calculations, the lower and upper
biomass reference points were calculated within the operating models, using the average SSB
values for these two sets of years for the two species. The LRP and USR used in the MSE were
at 40% and 80% of the average SSB from 1984-1992 for S. fasciatus and 1984-1990 for S.
mentella. The biomass reference points used in the MSE were thus model-based ones
computed using those two historical time frames, and not the absolute values for the survey
indices in those years. Performance metrics that used biomass reference points were thus
computed based on stock status relative to stock status in those years, rather than the survey
biomass obtained in those years.

Performance metrics that used the harvest rate at maximum sustainable yield, umsy, in future
years require the re-computation of unsy based on draws of parameter values from their
posterior distribution and when an operating model had non-stationarity in parameters that
determined umsy. SO when the parameter values, e.g., M, changed in a future year, the umsy
would also need to be recomputed in that year.

MANAGEMENT PROCEDURES

Candidate management procedures included at least one of five possible components. The first
component is a harvest control rule that specifies a catch limit from recently obtained trawl
survey biomass estimates. The second component caps off the catch limit at some pre-specified
value in particular years. Should the catch limit specified by the HCR exceed the cap specified
for a particular year, then the catch limit would become the cap specified for that year.
Otherwise, the catch limit from the HCR would be applied for that year. The values for caps in
particular future years were determined from consultations with industry stakeholders. The third
component is a status quo period of management before the year in which the harvest control
rule is to be implemented. The catches taken in these years are either the average of the
reported retained catches taken 2015-2017 (i.e., 2838 tons) or some pre-specified total catch
amounts of interest to managers and industry members. The fourth component applies together
with the HCR either a maximum allowed absolute or maximum allowed percentage change in
catch limit between years. The fifth component is the implementation starting in 2018 of the
small fish protocol whereby the catch limit is set to zero, if greater than 15% of the catch
retained is composed of fish less than 22 cm long. Most of the candidate MPs evaluated
included specifications for the first three above components. Relatively few of the MPs
evaluated included the fourth and fifth components. The details of the HCR and cap
specifications are outlined further below.
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CLOSED-LOOP SIMULATION TESTING

For each candidate operating model, 1000 draws were taken from the approximation of the joint
posterior density function of operating model parameters for that operating model. The
parameters were vetted by projecting the model from past to present and used only if the stock
survived to the present year. The operating model was projected 40 years into the future, i.e.,
from 2018 to 2057. To improve the elucidation of differences in performance metrics between
candidate MPs, the same 1000 sets of recruitment deviates and draws of operating model
parameters were applied within each operating model to compute performance metrics for the
candidate management procedures. It took less than about eight hours of computing time to
compute performance metrics for 20 candidate management procedures using 1000 simulations
each.

HARVEST CONTROL RULE

The harvest control (HCR) used in each candidate MP uses a recommended catch limit that is
calculated from a formula:

Equation 1.  Catch Limity = a + b (Jy — Jo) — penalty

Jy is the ratio of 3 year trailing average survey biomass index (derived from fish > 29 cm for S.
fasciatus and > 30 cm for S. mentella) to a reference index (1984-2016). The rationale for
computing survey biomass indices from the larger-sized specimens is that the abundance
indices and hence catch limits derived would be less sensitive to the appearance of very large
cohorts. It is expected that the biomass indices and catch limits would only start to increase
once the stock biomass of larger sized redfish that had much higher market values started to
increase in biomass. An index that was computed from smaller sized redfish, e.g., > 22 cm,
would in contrast be expected to surge up rapidly with the appearance of a large cohort and
would result in large catch limits dominated by small sized redfish that would be much less
valuable per ton than catch limits based on large sized redfish. Basing the survey index on large
fish sizes would thus help to prevent growth overfishing and because natural mortality rates are
fairly low for redfish, this would help to promote a longer lasting higher value fishery than one
which harvested a large biomass of small sized low value redfish before they reached their
highest economic value (see Licandeo et al. 2020 for details). The choice of the minimize sizes
for computation of the bottom trawl survey indices was to some extent arbitrary. We had tried
some smaller minimum sizes and found the performance was much worse for the set of MPs
considered. 29 and 30 cm were considered for minimum sizes because redfish of these sizes
and larger produce fillets with the highest market values (Jean Lanteigne, pers. comm.) and S.
mentella has a lower natural mortality rate and a tendency for much larger recruitment events
than S. fasciatus. By specifying a larger minimum size for S. mentella this could tend to reduce
and delay the incidence of high harvest rates on S. fasciatus when much larger cohorts of S.
mentella show up and also result in relatively little loss to natural mortality. Performance of MPs
improved markedly with the larger minimum sizes of 29 and 30 cm for S. fasciatus and S.
mentella. If yet larger minimum sizes had been set, it is expected that biomass would
unnecessarily be lost to natural mortality. Clearly, a more systematic investigation of alternative
minimum sizes for biomass index computation would be of interest.

The mean of recent survey values is defined as the trailing 3-year mean. For the catch limit for
2018, J201s would take the mean of Unit 1 survey index values for 2015, 2016, and 2017. Both
the recent and reference means are calculated using the geometric mean to dampen the effects
of extreme survey values (as opposed using the arithmetic mean). Other parameters in Eq. 1
determine the relationship between the catch limit and J,. The parameters a and b are
parameters that set the scale of the catch limit. The parameter Jo determines (1) catch limit
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reductions (as J,- Jo becomes small and eventually negative) and (2) the point on the Jy axis at
which the catch limit is set to zero as survey index values and therefore Jy decline.

The penalty value is set to 0 when Jy > Jo, or to c(Jy - Jo)? when Jy < Jo.

The values of the base case HCR, i.e., HCR-1 were obtained by computing Jy using a range of
values for 3-year trailing means and the mean for 1984-2016 and adjusting the parameter
values a, b, and, ¢ so that the catch limits specified by the resulting HCR would drop to zero at
values for Jy slightly less than the historical minimum value for J,, give catch limits less than
retained catch biomass values in years with the highest Jy, and when applied in the base case
operating model would give median values for harvest rates no more than about 75% of the umsy
for both species in the 40-year simulation horizon. The values applied for HCR-1 were 5 for a,
1.5 for b, 4 for ¢, and 1.5 for Jo.

Only species-specific trawl survey biomass indices from Unit 1 were applied in the harvest
control rule. Indices from Unit 2 were not included. This was because the time series for Unit 1
indices extends back to 1984 and this trawl survey has been successfully executed every year
since then and thus spans a much wider range of stock biomass sizes than the Unit 2 index.
The Unit 2 survey in contrast began in 2000 and has been obtained once every two years, since
then with a few missing years in recent years. The Unit 1 index also has considerably less
interannual random variation in it compared to the Unit 2 index and thus lends itself better for
application in a harvest control rule. The indices used to compute J, are based on the base case
selectivity functions estimated for the fraction of retained fish at age for the two species. Since
records of catch retained reflect the component of the population of most interest to industry, it
was appropriate to use an abundance index that was computed using the selectivity function for
retained fish of each species, rather than the survey vulnerability or mature fish vulnerability
functions.

CAPPED PROCEDURES

Caps to catch limits were implemented together with the HCRs in some of the management
procedures. In capped procedures, there were two types of caps applied. The first was a ramp
cap in which a specific cap was applied with the initiation of the HCR and the cap was increased
a specific amount each year until the end of the ramp up period was reached. The second type
of cap was a maximum cap which capped off the catch limits in all years following the end of the
ramp up period. In each year where the HCR was applied, the catch limit from the HCR was
implemented only if it did not exceed the cap specified for the year. If the catch limit exceeded
the cap specified for that year the catch limit would be set to the cap for that year.

Table 3. Capped Management Procedures. All ramps increase the annual caps each year by 4,000
tonnes increments until the maximum cap is reached. An asterisk (*) marks Management Procedures
where preliminary results were presented to the Working Group on December 13, 2017. Items in green
have been identified as first priority, and items in yellow as second priority. Note that the ~ 3 kt per year
was set at 2.838 kt, the average retained catch 2015-2017.

Ramp | Ramp Ramp Max Cap
No. Start End Start Cap Notes on HCR
1* 2020 2027 14.5 kt 40 kt Before ramp start year, assume ~3 kt per year.
4 2018 2025 14.5 kt 40 kt Like 1, but starts 2 years earlier.
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Ramp | Ramp Ramp Max Cap

No. Start End Start Cap Notes on HCR

6* 2018 2029 17 kt 60 kt -

8* 2020 2047 14.5 kt 120 kt Before ramp start year, assume ~3 kt per year.

14 2020 2027 14.5 kt 40 kt Like 1, but with an annual change of 15%
maximum after 2028 (i.e., after the ramping period
is complete).

16* 2018 2035 14.5 kt 80 kt -

17* 2020 2037 14.5 kt 80 kt -

18* 2018 2029 17 kt 60 kt Like 6, but paired with Small Fish Protocol (SFP)at
22 cm (such that catch = 0 if SFP is violated) and a
maximum increase or decrease in catch limit of
5,000 tonnes.

19* 2018 2020 20 kt 60 kt -

22 2020 2031 17 kt 60 kt Like 21, but paired with Small Fish Protocol at 22
cm (such that catch = 0 if SFP is violated) and a
maximum increase or decrease in catch limit of
5,000 tonnes.

Like 18, but delayed two years.

24 2022 2029 14.5 kt 40 kt Like 1, but delayed two years.

34 2022 2029 14.5 kt 40 kt Like 1, but with an annual change of 15%
maximum after 2028 (i.e., after the ramping period
is complete).

Like 14, but delayed two years.

40 2020 2027 14.5 kt 40 kt Before ramp start year, assume ~3 kt per year.

Also with a minimum cap of 2.5 kt.

UNCAPPED PROCEDURES

Uncapped management procedures were evaluated where the main component was a harvest
control rule that specified a catch limit as a function of the survey biomass values obtained in
the previous three years (Equation 1). The uncapped management procedures varied in terms
of the year where the HCR was to be implemented and in terms of whether a fixed catch limit
would be applied and taken prior to the implementation of the HCR.
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Table 4. Uncapped Management Procedures. Items in green have been identified as first priority, and
items in yellow as second priority.

HCR
No. Notes on HCR
Start

12* 2020 Before start year, assume ~3 kt per year.
Catch limit from the HCR formula is multiplied by 80% (a decrease of 20% and a more
conservative procedure)

20" 2020 Before start year, 2018-2019, assume ~3 kt per year. HCR-1 starting in 2020 with no
maximum cap.

25 2018 | Set catch limits at 5 kt in 2018, 5 kt in 2019, 10 kt in 2020, 10 kt in 2021, then from 2022
onwards use the HCR-1 formula.

26 2022 Before start year, assume ~3 kt per year.
Catch limit is from the HCR formula at 100% of the value
Like 13, but delayed two years.

27 2022 Before start year, assume ~10.5 kt per year (i.e., current Units 1+2 TAC).
Catch limit is from the HCR formula at 100% of the value

29 2022 Before start year, assume ~3 kt per year.
Catch limit from the HCR formula is multiplied by 80% (a decrease of 20% and a more
conservative procedure).
Like 12, but delayed two years.

43 2018 Catch limits of 7.5, 10, 15 and 20 kt for 2018-2021, and the catch limits being set at 80%
of the HCR 2022-2057.

44 2018 | Catch limits of 5 kt for 2018-2019, and the catch limits being set at 80% of the HCR
2020-2057.

45 2018 | Catch limits of 5 kt for 2018-2021, and the catch limits being set at the HCR 2022-2057.

RESULTS

OPERATING MODEL FIT AND DIAGNOSTICS

For both species, the base case operating models provided fits to the survey biomass and
catch-length composition data as good or better as previous statistical catch-length models that
had been applied to Unit 1 and 2 redfish stocks (Figures 3-16). Harvest rates varied
considerably over the time series for both species and were as high as about 45-50% for both
species in the 1990s. Spawning stock biomass showed a marked decline to the mid-1970s, a
surge and then a marked decline in the 1990s. SSB has remained low for both species until the
recent increase in the most recent year from the large cohorts from the year 2011 for both
species (Figures 3 and 10). The models’ fits to the Unit 1 trawl survey length composition data
are better for early and late years in the time series (Figures 4 and 11). This is due to the large
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cohorts that appeared in the 1980s and then in 2011 and when larger cohorts appear, the model
is better at predicting them, though for the 1980s it appeared to predict larger sizes than
observed when the cohort got much older. The model was not able to fit the Unit 2 trawl survey
length composition and fishery length composition for S. mentella very well, often over
predicting the frequencies of older sized fish (Figure 6). In contrast, the model fit the Unit 2 trawl
survey length and fishery length composition data for S. fasciatus noticeably better (Figures 12
and 13). The models’ predictions of fractions of fish retained were quite variable over the time
series for both species and after about 1995 predicted much higher fractions retained for both S.
mentella and S. fasciatus (Figures 8 and 15). The fits to the survey biomass indices for both
units showed no abnormalities for either Units 1 or 2 for both species (Figures 3, 10, 9, 16).
Estimates of recruitment deviates showed relatively few episodes of large positive recruitment
deviates punctuated by many years of relative small positive and negative recruitment deviates
for both species and where large recruitment deviates occurred, they often occurred for both
species at the same time (Figures 9 and 16).
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Figure 3. Plot of fits of the (top) catch biomass killed and retained, (middle top) harvest rate, (middle
bottom) base case operating model fits to the Unit 1 and Unit 2 survey indices, and the Unit 1 index
based on 30 cm+ fish and (bottom) age 1 recruitment and spawning stock biomass for S. mentella.
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the ratio of catch biomass killed to retained for S. mentella in the base case model.
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Figure 16. Plots of (top) residuals from the fit of the base case operating model to the Unit 1 and 2 survey
biomass data and (bottom) stock-recruit deviates for S. fasciatus.

Retrospective analysis indicated that the estimates of parameters and key quantities of interest
did not show strong retrospective patterns when the models were fitted to fewer years of data.
The plots for each of the time series of estimates of spawning stock biomass, harvest rate, and
age 1 recruits for the two species can be viewed in Figure 17 and Figure 18. A slight
retrospective pattern can be seen in the plot of spawning stock biomass for S. fasciatus. Fits in
2007-2010 tend to over predict the harvest rates for 2010-2014. However, subsequent fits, i.e.,
in 2012-2017 show more consistent time series estimates of harvest rates for 2010-2014. Fits
for S. mentella show no apparent retrospective pattern.
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Figure 17. Plots of estimates of spawning stock biomass, harvest rates and age 1 recruitment, from
retrospective analyses of the base case operating model for S. mentella.
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Figure 18. Plots of estimates of spawning stock biomass, harvest rates and age 1 recruitment, from
retrospective analyses of the base case operating model for S. fasciatus.
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PARAMETER ESTIMATES

Estimates of parameters for the base case operating models are listed in Tables 5 and 6 for S.
mentella and S. fasciatus. Estimates of these quantities for other operating models that required
fits to data are provided in Tables 7 and 8. AIC values and some of the associated parameter
estimates for the alternative operating models that were fitted to data are shown also in Tables
7 and 8.

Table 5. Estimates of parameters (est) and key variables of interest for S. mentella from the base case
operating model. Biomass values are in units of metric tonnes. Standard deviations (std) are shown for
parameters that were estimated. See Table D.2 for definitions of the terms for the parameters and
quantities in the left column.

parameter est std parameter est std

ro 0.420 0.067 | pr(a50™") 1 oan 0.500 -
ssho 1508.900 240.090 | pr(a50m¢"),, 0.250 -
k 3.082 0.790 | pr(a507¢") 1.000 -
h 0.435 0.063 | pr(recdevs)ean 2.100 -
Gui 0.666 0.046 | pr(recdevs)gy 1.000 -
qu2 1.745 0.226 | ovll 0.120 -
gmature 0.765 0.059 | ov2 0.050 -
qﬁs’lem’ 0.638 0.052 | Linf 45.820 -
sd(index).; 0.469 - | vbk 0.096 -
sd(index).. 0.452 - | to -0.500 -
sd(index™re),,; 0.574 - | m 0.100 -
sd(index/*"), 0.407 - | age50mar 7.889 -
age50,4 2.022 0.061 | age50sdua 1.980 -
age50sd,,; 0.145 0.018 | minage,u 5.000 -
age50][ls];q 19.000 - | Minagegirer 7.000 -
age50sd[ls];, 1.000 - | offsetaor7 1.500 -
age50;, 7.017 1.348 | killratiozons 1.100 -
age50sd;, 2.731 1.038 | age505LL, 6.684 -
age50%¢k, 9.245 0.679 | essu 25.000 -
age50%¢t, 8.184 0.700 | essy> 10.000 -
age50sdiet, 0.866 0.216 | esSfishery 5.000 -
age50sdlet, 0.735 0.250 | negloglike 3621.827 -
age50[ls]ret* 19.000 - | negloglikeinges,, 56.273 -
age50sd[ls]met 1.000 - | negloglikeingey,, 9.808 -
Unsy 0.041 - | negloglike engeny,, 2777.400 -
msy 25.030 - | negloglikeenginy,, 275.758 -
SSbmsy 606.522 - | negloglikeenginy,,, 502.588 -
Us01g 0.029 - | npar 82.000

ssbyo1s 400.490 PNE 7407.655 -
Dy 0.265 -

Sigg 1.000 -

pr(h)mean 0.670 -

pr(h) s 0.170 -

cv(index),q 0.250 -

cv(index),, 0.250 -

pr(qul)mean 0.200 -

pr(quz)mean 0.200 -

Pr(qu1)sq 1.000 -

Pr(Guz)sd 1.000 -
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Table 6. Estimates of parameters (est) and key variables of interest for S. fasciatus from the base case
operating model. Standard deviations (std) are shown for parameters that were estimated. Biomass
values are in units of metric tonnes. See Table D.2 for definitions of the terms for the parameters and
quantities in the left column.

parameter est std parameter est std
ro 0.623 0.123 | pr(a50™") 1ean 0.500
ssho 1115.500 220.800 | pr(a50m¢"),, 0.250
k 6.522 2.084 | pr(a50m) 1.000
h 0.620 0.085 | pr(recdevs)mean 2.100
qui 0.533 0.034 | pr(recdevs)yy 1.000
qu2 2.495 0.252 | ovll 0.120
gmature 0.525 0.037 | evl2 0.050
qlﬁs’le”’ 0.444 0.036 | Linf 41.238
sd(index).; 0.501 - | vbk 0.106
sd(index).. 0.382 - | to -0.500
sd(index™re),; 0.519 - | m 0.125
sd(index/="), 0.516 - | age50mar 7.256
age50,,, 1.676 0.109 | age50sdar 1.580
age50sd,,; 0.201 0.034 | minage,q 4.000
age50[ls];, 18.000 - | Minagegiret 7.000
age50sd|[ls];,, 1.000 - | offsetaor7 1.500
age50;, 5.224 0.363 | killratiososs 1.100
age50sd;, 0.609 0.211 | age50kit, 6.829
age507¢k, 8.545 0.534 | essu 25.000
age50%¢t, 8.329 0.345 | essw 10.000
age50sdet, 0.471 0.237 | esSfishery 5.000
age50sdlet, 0.534 0.237 | negloglike 3483.668
age50[ls]ret* 18.000 - | negloglikeingex,, 64.160
age50sd[ls]met 1.000 - | negloglikeingey,, 7.008
Unsy 0.094 0.032 | negloglikeiengens,, 2676.830
msy 33.746 6.565 | negloglikeiengeny,, 255.776
SShpsy 391.676 95.085 | negloglikeiengens,,, 479.894
Usg1g 0.019 0.002 | npar 82.000
5Shyg1g 171.500 20.100 | AIC 7131.336
Deop 0.153 0.035

Sigg 1.000 -

pr(h)mean 0.670 -

pr(h) s 0.170 -

cv(index),q 0.250 -

cv(index),, 0.250 -

pr(qul)mean 0.200 -

pr(quz)mean 0.200 -

Pr(qu1)sq 1.000 -

Pr(quz)sa 1.000 -
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Table 7. AIC results and some of the parameter estimates for the core and stress-test operating models
that were fitted to data for S. mentella. Estimation results for models 9, 3, 4, and 5 are identical to model 1

because the modifications were done only to the future simulations. Biomass values are in kt.

Model

Type

Description

Bo

h

msy

Umsy

D2017

#p

nllik

AlC

Notes

1

Core

Base Case

1509

0.44

25

0.041

0.265

82

3621.8

7407.7

8

Core

Lorenzen M

1509

0.34

20

0.031

0.307

82

3681.0

7526.0

10

Core

More S.
mentella in
catch split

1714

0.45

29

0.040

0.272

82

3629.0

74221

11

Core

Less S.
mentella in
catch split

1287

0.43

21

0.041

0.260

82

3622.3

7408.6

Stress

Domed
fishery
selectivity

1488

0.46

29

0.081

0.158

82

3525.3

7214.6

The
parameters
for only the
ascending

limb were
estimated

15

Stress

Low M
(0.075)

1478

0.57

26

0.048

0.244

82

3618.7

7401.5

16

Stress

High M
(0.125)

1612

0.33

20

0.030

0.280

82

3628.5

7420.9

17

Stress

High
steepness

1374

0.54

29

0.058

0.296

82

3622.1

7408.4

18

Stress

Low
steepness

1623

0.33

18

0.025

0.223

82

3621.9

7407.7

13a

Stress

Lower
offset

1500

0.43

25

0.042

0.265

82

3619.7

7403.5

13b

Stress

Higher
offset

1519

0.44

25

0.041

0.266

82

3623.7

74113

14a

Stress

Lower
catch killed:
retained

910

0.45

16

0.043

0.312

82

3619.8

7403.7

14b

Stress

Higher
catch killed:
retained

2110

0.43

35

0.041

0.247

82

3623.7

74114

19

Stress

Low prior
strong
cohorts

1582

0.43

26

0.041

0.253

82

3621.8

7407.7

20

Stress

High prior
strong
cohorts

1412

0.44

24

0.042

0.284

82

3621.8

7407.7
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Table 8. AIC results and some of the parameter estimates for the core and stress-test Operating Models
that were fitted to data for S. fasciatus. Estimation results for models 9, 3, 4, and 5 are identical to model
1 because the modifications were done only to the future simulations. Biomass values are in kt.

Model | Type Description Bo h msy | uUmsy | D2017 | #p nllik AlIC Notes
1 Core Base Case 1116 | 0.62 | 34 0.094 | 0.153 | 82 | 3483.7 | 7131.3 -
8 Core Lorenzen M 1140 | 0.47 | 30 0.079 | 0.143 | 82 | 3464.8 | 7093.5 -
10 Core More S. 958 0.62 | 29 0.094 | 0.150 | 82 | 3488.2 | 7140.4 -
mentella in
catch split
11 Core Less S. 1380 | 0.60 | 40 0.091 | 0.152 | 82 | 3495.4 | 7254.9 -
mentella in
catch split
2 Stress | Domed 1488 | 0.46 | 29 0.081 | 0.158 | 82 | 3525.3 | 7214.6 The
fishery parameters
selectivity for only the
ascending
limb were
estimated
15 Stress | Low M 1183 | 0.73 | 32 0.090 | 0.140 | 82 | 3492.4 | 7148.8 -
(0.094)
16 Stress | High M 1078 | 0.53 | 34 0.096 | 0.116 | 82 | 3478.4 | 7120.7 -
(0.125)
17 Stress | High 807 0.78 | 29 0.129 | 0.218 | 82 | 3483.8 | 7131.5 -
steepness
18 Stress | Low 1323 | 0.47 | 30 0.062 | 0.126 | 82 | 3483.6 | 7131.2 -
steepness
12 Stress | Alternative - - - - - - - - -
selectivity
blocks
13a Stress | Lower offset 1107 | 0.62 | 34 0.096 | 0.155 | 82 | 3484.2 | 7132.3 -
13b Stress | Higher offset | 1120 | 0.62 | 33 0.093 | 0.152 | 82 | 3483.4 | 7130.8 -
14a Stress | Lower catch 701 0.63 | 22 0.096 | 0.176 | 82 | 3481.0 | 7126.1 -
killed:
retained
14b Stress | Higher catch | 1533 | 0.62 | 46 0.093 | 0.144 | 82 | 3486.1 | 7136.1 -
killed:
retained
19 Stress | Low prior 1192 | 0.61 | 36 0.092 | 0.144 | 82 | 3483.7 | 7131.5 -
strong
cohorts
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Model | Type Description Bo h msy | Umsy | D2017 | #p nllik AlC Notes

20 Stress | High prior 1009 | 0.63 | 31 0.097 | 0.169 | 82 | 3483.5 | 7131.1 -
strong
cohorts

PERFORMANCE OF MANAGEMENT PROCEDURES

Plots of fishery and stock performance metrics for the 21 management procedures for the base
case operating model can be seen in Figures 19-22. All of the candidate management
procedure passed the LRP and USR performance metrics across all of the operating models
100% of the time (no plots shown except for base case). Under one of the core operating
models, i.e., OM 10, all of the uncapped and four of the nine capped management procedures
passed the harvest rate to harvest rate at MSY performance metric; MPs 20, 25-27, and 45
failed (Figure 23). Poorer performance on this performance metric resulted when catch splits
favoured S. mentella in the past, and the catch killed to retained ratio was low.

All of the performance metrics failed the PMs on maximizing the number of years where fish <
22 cm represent < 15% of catch (and Small Fish Protocol is not triggered) in the next a) 5 years,
b) 40 years (Figure 24). Capped MPs scored slightly higher than uncapped MPs on this PM.
Start year had very little effect on performance. Scores were lower with high past and future M,
or doubling of future M, and where catch splits in the past favoured S. mentella. Scores were
higher when there were no strong cohorts in the future, when both future and past M was lower,
and catch splits favoured S. fasciatus.

All management procedures failed the performance metrics related to maximizing the number of
years where fish < 25 cm represent < 15% of catch over the next a) 5 years, b) 40 years.

In terms of average catch performance metrics, uncapped MPs ranked higher than uncapped
MPs though less so if the uncapped HCR was reduced by 80% (Figures 25-26). In the capped
MPs the scores increased with higher MP caps. The start year had no effect on this PM. Scores
were higher under parametric recruitment deviates, low past and future M, and lower under high
future M, and high past and future M, and the higher and lower steepness scenarios. The gain
in average catch in the uncapped versus capped MPs was less well pronounced in the 10-40
year horizon than in the 10-20 year horizon (Figures 25-26).

In terms of the proportion of simulations where catch limits exceeded 40 kt by 2028 and the
mean number of years were the catch limit exceeded 40 kt between 2028 and 2057, capped
MPs ranked higher, especially ones with 15% maximum changes in catch limits allowed and
ones with lower caps (Figures 27 and 28). Uncapped MPs with the HCR at 80% had lower
average catches. Again there was no effect of start year. Scores were higher under the
parametric bootstrap of recruitment deviates, and low past and future M and lower under high
future and past and future M, and altered steepness.

In terms of the proportion of years were the catch limit exceeded landings in 2017, all MPs
performed well, except for those with a built-in small fish protocol which did poorly under some
of the stress test operating models (Figure 29).

In terms of maximizing the catch of large fish, in 5 and 40 years, capped MPs scored slightly
higher, but were less robust than uncapped MPs (Figure 30). Scores were lower under high
past and future M and doubled future M, and splits favouring S. mentella but higher under low
past and future M, and splits favouring S. fasciatus.
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In terms of maintaining stability of the fishery, capped MPs scored higher and were more robust
that uncapped MPs (Figures 31 and 32). There was some sensitivity in scores to parametric
recruitment and high future M.

In terms of key trade-offs between performance metrics there were five important ones. Average
catches in 10-20 years were correlated with average catches in 10-40 years especially for
capped MPs. However, for uncapped MPs the catches over 10-40 years were considerably
lower (Figure 33).

There was a pronounced trade-off between average catch and the number of years where the
small fish protocol would be avoided (Figure 34). Uncapped MPs had high average catches but
fewer years with small fish protocols avoided. Capped MPs had lower average catches but
more years with the small fish protocols avoided.

There was a pronounced trade-off between average catch and the proportion of years with large
fish in the catch (Figure 35). Uncapped MPs had high average catch and lower proportions of
years with large fish and vice versa for capped MPs.

There was a pronounced trade-off between the average catch and the average number of years
where the catch limit exceeded 40 kt (Figure 36). Uncapped MPs had higher average catches
but fewer years with catch limits > 40kt and vice versa for capped MPs. However, capped
procedures with the small fish protocol and 5 kt maximum allowed changes had both low
average catches and low numbers of years with catches > 40 kt.

There was also a pronounced trade-off between the average catch retained and the proportion
of years where the catch limit changed less than 15% (Figure 37). Uncapped MPs had high
average catches but lower proportions of years where the catch limit changed by less than 15%
and vice versa for capped MPs.

To illustrate the sensitivity of some of the trade-offs to the operating model specification, we
have shown five trade-off plots under operating model 3 where the rate of natural mortality
doubles in the next 20 years. The average catches over 10-20 and 10-40 years are much lower
than under the base case and the trade-off is less severe between the different MPs (Figure
38). The trade-off is also less severe between the years where the small fish protocol is not
triggered and the average catch (Figure 39), the proportion of years where fish > 27 cm are >
80% of the catch and average catch (Figure 40), years where the TAC > 40 kt and average
catch retained (Figure 41), and proportion of years where the change in TAC < 15% and the
average catch retained (Figure 42).
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Figure 19. Average catch retained 10-20 years and 10-40 years for the 21 management procedures
under the base case operating model. Dots show medians and bars shown interquartile intervals.
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Figure 20. Plots of the average number of years where (1) fish < 22 cm represent < 15% of the catch in
the first 5 years and over 40 years (2) fish < 25 cm represent <15% of the catch in the first 5 years and
over 40 years, and (3) catch limits are the same as or greater than 40 kt over the 40 year horizon
procedures under the base case operating model. Dots show medians and bars shown interquartile
intervals.
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Figure 21. Plots of the average proportion of (1) years where the catch limit exceeded 40 kt, (2) years
where the percentage of fish > 27 cm is > 80% of the catch in the first five years and 40 years, (3) years
where the percentage of fish > 30 cm is > 80% of the catch in the first five years and 40 years, and (4) the
average annual proportional variation in catch limits from 10-20 years and 10-40 years procedures under
the base case operating model. Dots show medians and bars shown interquartile intervals.
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Figure 22. Plots of the mean proportion of years where (1) the SSB exceeds the LRP before 10 years, 2)
the SSB exceeds the USR before 10 years, (3) the SSB exceeds the LRP after 10 years, (4) the SSB
exceeds the USR after 10 years, and (5) the ratio of harvest rate to umsy is less than 1 for S. fasciatus and
S. mentella procedures under the base case operating model. Dots show medians and bars shown
interquartile intervals.
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Figure 23. Plot of the probability that the harvest rate on each species remains below the umsy for each of
the management procedures under the core and stress test operating models. Yellow diamonds show the
results for the base case operating model. White circles show results for the core operating models other
than the base case. Small grey dots show the results for the stress test operating models. The green area
shows the range of values for suggested passing performance. Red shows the range of values for
suggested failing performance.
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Figure 24. Plot of the number of years fish < 22 cm are less than 15% of the catch for each of the
management procedures under the core and stress test operating models. Yellow diamonds show the
results for the base case operating model. White circles show results for the core operating models other
than the base case. Small grey dots show the results for the stress test operating models. The green area
shows the range of values for suggested passing performance. Red shows the range of values for
suggested failing performance.
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Figure 25. Average annual catch retained 10-20 years. Yellow diamonds show the results for the base
case operating model. White circles show results for the core operating models other than the base case.
Small grey dots show the results for the stress test operating models.
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Figure 26. Average annual catch retained 10-40 years. Yellow diamonds show the results for the base

case operating model. White circles show results for the core operating models other than the base case.

Small grey dots show the results for the stress test operating models.
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Figure 27. The proportion of simulations where catch limits were greater than or equal to 40 kt by 2028.
Yellow diamonds show the results for the base case operating model. White circles show results for the
core operating models other than the base case. Small grey dots show the results for the stress test
operating models.
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Figure 28. Mean number of years where catch limit = 40 kt between 2028-2057. Yellow diamonds show
the results for the base case operating model. White circles show results for the core operating models
other than the base case. Small grey dots show the results for the stress test operating models.
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Figure 29. Proportion of years where landings exceed 2017. Yellow diamonds show the results for the
base case operating model. White circles show results for the core operating models other than the base
case. Small grey dots show the results for the stress test operating models.
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Figure 30. Proportion of years catch of large fish (>27 cm) in a) 5 years and b) 40 years. Yellow diamonds
show the results for the base case operating model. White circles show results for the core operating
models other than the base case. Small grey dots show the results for the stress test operating models.
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Figure 31. Proportion of years the change in catch is less than 15%. Yellow diamonds show the results
for the base case operating model. White circles show results for the core operating models other than
the base case. Small grey dots show the results for the stress test operating models.

65



Capped Uncapped
2018 2020 2022 2020 2022

1 4 e Stress
© Core
< Base
0.8 +

0.6 1

0.4 4

0.2 +

Avg annual variation in TAC (10-20 years)

148.8080828008888838

0 +
4 6 1618 19 1 38 14 17 22 24 34 12 20 44 25 26 27 29 43 45
Management Procedures
Capped Uncapped
2018 2020 2022 2020 2022
'E 1 -+ e Stress
§ © Core
o ¢ Base
T 0.8 1
o
=
<
= 0.6 o
£
c
=
:‘é 0.4 -
e
©
>
©
3 0.2 -+
c
S
" 8 ° gaéeagééOQGOGGOG
< -

4 6161819 1 8 14 17 22 24 34 1220 44 25 26 27 29 43 45
Management Procedures

Figure 32. Average annual variation in catch 10-20 years (upper panel) and10-40 years (lower panel).
Yellow diamonds show the results for the base case operating model. White circles show results for the
core operating models other than the base case. Small grey dots show the results for the stress test
operating models.
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Figure 33. Trade off plot between average catch retained 10-40 years and average catch retained 10-20
years under the base case operating model.
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Figure 34. Trade off plot between average catch retained 10-20 years and years where fish <22 cm make
up < 15% of the catch under the base case operating model.
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up > 80% of the catch under the base case operating model.

69



K

O Uncapped 100%
@ Uncapped 80%
O Capped

A Capped SFP

¢ Capped Max 15%

25 I T ~ y I .

10 30 50 70 90
Avg Catch Retained, kt (10-20 years)

Figure 36. Trade off plot between average catch retained 10-20 years and average years where TAC
2 40 kt under the base case operating model.

Years TAC = 40 kt (2028-2057)
W
o
B
o)

70



1.0 - D %I] oM1

0.6 -

0.4 O Uncapped 100%
@ Uncapped 80%
O Capped

Prop. years change in TAC < 15%

0.2 -
A Capped SFP
¢ Capped Max 15%
0.0 =+ " T v T " ——
10 30 50 70 920

Avg Catch Retained, kt (10-20 years)

Figure 37. Trade off plot between average catch retained 10-20 years and proportion of years where the
change in catch limit < 15% under the base case operating model.
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Figure 38. Trade-off plot between the average retained catch 10-40 years and average catch retained 10-
20 years under the stress test operating model with a doubling of natural mortality over the next 20 years

(OM3).
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fish < 22 cm make up less than 15% of the catch under the stress test operating model with a doubling of
natural mortality over the next 20 years (OM3).
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Figure 40. Trade-off plot between the average retained catch 10-20 years and the proportion of years
where fish > 27 cm make up at least 80% of the catch under the stress test operating model with a
doubling of natural mortality over the next 20 years (OM3).
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Figure 41. Trade-off plot between the average retained catch 10-20 years and the number of years the
TAC is larger than or equal to 40 kt under the stress test operating model with a doubling of natural
mortality over the next 20 years (OM3).
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Figure 42. Trade-off plot between the average retained catch 10-20 years and the proportion of years
where the change in TAC is less than 15% under the stress test operating model with a doubling of
natural mortality over the next 20 years (OM3).

DISCUSSION

The stock assessments of Unit 1 and 2 redfish from 2011-2016 were plagued with data issues
and failed to provide satisfactory fits to the data for a number of reasons (DFO 2016a). These
included potentially large unreported discards prior to 1995, contamination of trawl survey
biomass and length composition records for the Unit 1 trawl survey by stock components that
utilize Unit 1 as nursery area but recruit to the Grand Banks before maturation, and changes in
the types of trawl gear applied between earlier and later years of the fishery, among other
things. Partly due to these issues, there was dissatisfaction with the stock assessment approach
and this paved the way for the consideration and adoption of a MSE approach to the Unit 1 and
2 redfish fishery. The MSE was initiated in January 2017 with some initial modelling work and
then officially in March 2017 with a series of working group meetings between fisheries
managers, stakeholders, and fisheries scientists. This report documents the development and
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application of models to support the MSE approach for the Unit 1 and 2 redfish fishery and the
results obtained from it.

The 18 different operating models formulated for the Unit 1 and 2 redfish MSE fitted the Unit 1
and 2 trawl survey index data and Unit 1 trawl survey length composition data much better than
in previous stock assessments (e.g., Duplisea et al. 2016) but still not that well. it fitted the Unit 2
survey length composition and fishery length composition less well for S. mentella than for S.
fasciatus. Considerably better fits to length composition data, particularly the fishery length
composition, could only be obtained under what were judged to be unrealistic parameter
estimates, e.g., an extremely low value (i.e., <0.25) for the steepness stock-recruit parameter.

The estimates of the constants of proportionality for survey q remained high for Unit 2 in all of
the operating models developed and applied in this MSE. Despite numerous attempts to identify
plausible hypotheses for the high estimates of survey g, and develop models to represent these
hypotheses, we were unable to formulate an operating model that could satisfactorily fit the data
and also avoid obtaining high estimates of Unit 2 survey q in the time available. Some
exploratory stock assessment modeling in a spreadsheet format however could achieve fairly
good fits to the trawl survey biomass indices and also provide estimates of g for both trawl
surveys lower than 1. For example, extremely (unrealistic) high catches (e.g., with catch killed
16x the reported catches) in the late 1980s and early 1990s could bring the estimates of
constant of proportionality for Unit 2 (g2) to values less than 1.

Spatial plots of catch rates in the Units 1 and 2 bottom trawl surveys (Appendix G) however
suggested the possibility of range contraction to Unit 2 when stock levels were at low
abundance. Some trial versions of stock assessment modeling approaches that accommodated
range contraction could also bring the estimates of g2 to values less than 1 and also generate
fairly good fits to the trawl survey abundance indices (Appendix G). It is thus recommended that
in the next round of MSE modeling of Unit 1 and 2 redfish that sufficient time be allocated to
developing operating models that represent range contraction in the two stocks and in how this
affects the trawl survey stock biomass indices in Units 1 and 2.

Uncapped MPs 20, 25, 26, 27, and 45 failed one stock PM under a core model, i.e., OM10 in
which lower fractions of S. fasciatus are assumed in the historical catches; these MPs and MPs
14 and 19 also failed under stress test OM14a which considers a lower ratio of catch biomass
killed to retained. Both OM10 and OM14a which suggest lower catches, especially for S.
fasciatus, predict lower absolute abundance for S. fasciatus, especially in the most recent years.
Thus, these uncapped MPs which tend to prescribe larger catches than the other MPs will result
in higher harvest rates and failure under the unsy PM under these two operating models.

There were considerable differences between capped vs uncapped MPs in average catch
retained, average inter-annual variation in catch. Larger average catches were obtainable with
uncapped MPs but lower inter-annual catch variation obtainable with capped MPs.

There were trade-off between catch retained vs. catch variability and stock objectives for
uncapped MPs. Larger catches could be obtained but high variability in catch limits could also
be expected with uncapped MPs. These trade-offs were less severe for ramp-up and capped
MPs.

The performance metric scores obtained for the MPs were sensitive to the following:
o Specifications for the maximum cap;
o But not the start year for the HCR,;

o OM specifications — e.g., no strong recruitment for 40 years, lower catch killed ratio for S.
fasciatus, M, steepness;
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e Capped MPs with maximum allowed change of 15% performed better under OM1 but worse
under OMS;

o Capped MPs with small fish protocols + Capped with lower slopes, allowed larger catches
and better stock outcomes under OM3, OM5, and OM14a.

All operating models predicted high fractions of small fish in the catch through to 2020.
e Small fish protocol triggered 100% 2018-2019
o 20% of catch <25 cm 2018-2021.

CONCLUSIONS

For several of the performance metrics, the performance of the capped and uncapped MPs
showed no substantial differences. This is attributed partly to the effect of the strong 2011-2013
cohorts now entering the redfish fishery and the incorporation of a single generic HCR that
specified catch limits based on survey biomass values obtained from the Unit 1 trawl survey.
The presence or absence of maximum caps or adjustment of HCR catch limits by 0.8 mattered
much more to candidate MP performance than the year in which the HCR was first
implemented. Differences in MP performance related to trade-offs average catches retained 10-
20 years in the future against the duration of high TACs (= 40 kt), TAC stability (chance that
annual changes in TAC will be less than 15%), number of years where the small fish protocol
will be avoided (fish < 22 cm < 15% of the catch), and the number of years with a high
percentage of large fish in the catch (fish > 27 cm > 80% of catch). The strength of these trade-
offs depends on the operating model examined.

While the stock conservation objective of reaching and maintaining the SSB in the healthy zone
for both species was met in all tested MPs, some uncapped MPs, e.g., MP45 failed to maintain
exploitation rates below umsy for S. fasciatus with 50% probability in one core operating model
(OM10a).

The abundant small fish from the 2011-2013 cohorts results in predictions that catches from all
candidate MPs will invoke the Small Fish Protocol 2018 and 2019 and that there will be a high
percentage of small (< 22cm) fish in catches until 2020. Even with the proportion of small fish in
fishery catches greater than that permitted within the small fish protocol, the modeling predicted
that this would not compromise the achievement of other conservation objectives.

RECOMMENDED IMPLEMENTATION PERIOD

Once a MP is chosen, this MP must be adhered to in setting catch limits for a fixed number of
years (typically not more than 5). At the end of the implementation phase, a retrospective
analysis should take place in which the actual performance of the MP is evaluated, and updates
to MP design, OMs, simulation procedures, objectives, performance metrics, and exceptional
circumstances are re-evaluated in a new MSE process.

An implementation period of five years is recommended. This duration will balance the period of
time required to phase in the M, and the collection of sufficient fishery and survey data to
assess the MP’s performance. Assuming that an MP from the present MSE will be implemented
in 2019, a second MSE process should be initiated in 2022. This may result in a new or revised
MP to be implemented starting in 2023.
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INFORMATION SUPPORT REQUIREMENTS

The implementation of an MP from the MSE requires annual updates of key information to
inform the HCR and to evaluate whether the Exceptional Circumstances Protocol should be
invoked. The necessary information is:

1. The biomass index for S. mentella (>30cm) and S. fasciatus (> 29cm) from the annual Unit 1
bottom trawl survey.

2. Data on length composition of catches in the surveys and in the fishery in Units 1 and 2, and
the mature survey biomass of both redfish species in the Units 1 and 2 surveys.

The above two data components would need to be collected and analyzed appropriately to
compute a combined species total annual catch limit in each year and to evaluate whether the
exceptional circumstances protocol should be invoked.

EXCEPTIONAL CIRCUMSTANCES PROTOCOL

Exceptional circumstances are commonly defined in the MSE process, where a decision could
be taken for the implementation of a MP to stop before the pre-determined implementation
period comes to an end. These circumstances describe events that are sufficiently outside the
range for which the MP in use has been tested against in simulation, such that confidence in MP
performance may be reduced. Such circumstances include:

1. Survey Index Ratio

Beginning in 2019, if the survey index ratio (Jy) for either S. mentella or S. fasciatus falls
below 0.35 (i.e., lowest historical value) or is outside the 90% confidence interval for which
the survey index ratio is projected to lie for core operating models.

N

. Survey Biomass Data

¢ If the Unit 1 or Unit 2 mature survey biomass indices for either S. mentella or S. fasciatus fall
below their historical lowest values (Unit 1: 1984-2017; Unit 2: 2000-2016), for two
consecutive surveys.

¢ |f the Unit 1 survey, which provides the survey index ratio (Jy) for the HCR, has either not
taken place or has been substantially curtailed or changed for two consecutive years. While
the Unit 2 survey data are used to evaluate mature survey biomass (above) and length
composition (below), they are not used in the annual application of the HCR and there is
therefore no exceptional circumstance for failure to complete that survey as planned.

w

. Length Composition

¢ A substantial and unanticipated change in the catch length composition structure of the
fishery or survey for either S. mentella or S. fasciatus in either Unit 1 or 2 (either truncated,
or spread out). This could result from a significant unanticipated change in fishery or survey
selectivity, density-dependent effects, emigration events or the presence of a previously
unknown strong cohort. It should be noted that the MSE has already tested the robustness
of the candidate MPs to scenarios reflecting potential changes in fishery selectivity (OM22)
and density dependent effects (OM3, OM4). What constitutes a substantial and
unanticipated change needs to be defined during the first year of implementation of the
MSE.
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4. Operating model assumptions

¢ An important change in the understanding of the life history or stock parameter assumptions
in the core operating models in the MSE affecting management procedure performance.
These may include:

o The value for a parameter, e.g., for the rate of natural mortality or growth, is found to be
significantly different from the ranges tested in the operating models or sensitivity tests.

o A stress-test model becomes more credible than the core models, and the management
procedure has not performed acceptably under this model.

o No operating models have been developed that adequately address the specific
biological change observed (e.g., significant spatio-temporal differences in stock
distribution).

ANNUAL REVIEW AND REPORTING

The information required annually for the implementation of the MP from the current MSE, as
regards the HCR and Exceptional Circumstances Protocol need to be peer-reviewed to ensure
its accuracy and then published to ensure scientific integrity and transparency of the process.
Annual Canadian Science Advisory Secretariat Science Responses, or an equivalent process,
are recommended as the means by which to achieve annual review and reporting.

RESEARCH RECOMMENDATIONS

Implementing the collection of representative species composition data in fishery catch
sampling is a high priority. Data on species composition in fishery catches will improve the
fidelity of subsequent MSE processes in the future (i.e., their ability to correctly simulate stock
and fishery dynamics) and would contribute to enhancing the sustainable management of S.
fasciatus, while potentially allowing for higher overall catches of redfish if the species
composition of catches can be estimated with high accuracy and precision and if the
commercial fishery can reliably target S. mentella.

A number of uncertainties concerning important life history parameters were identified in the
MSE and were represented using stress-test models. Research aimed at reducing these
uncertainties would improve the fidelity of the MSE process. Notably, this includes data on the
natural mortality and growth rate of S. fasciatus and S. mentella. Furthermore, the underlying
equation used to model recruitment in the MSE was a Beverton-Holt stock-recruitment function.
Given strong evidence of cannibalism in redfish, a Ricker stock-recruitment model could be
considered for the 5-year review of the present MSE.

Preliminary analyses undertaken outside the MSE process based on both Unit 1 and Unit 2
surveys (2000-2017) suggest the possibility that Unit 2 densities could remain elevated even at
lower stock levels and that as abundance increases, densities increase rapidly in Unit 1. This
phenomenon, termed hyper-expansion, would result in a disproportionate increase in the Unit 1
survey index as abundance increases, leading to a risk of setting catch levels under the HCR
that are biologically too high. Conversely, abundance declines would result in a disproportionate
decrease in the Unit 1 survey index (hyper-depletion), resulting in catch levels under the HCR
that cause foregone yield. Such a hypothesis was not simulated in the present MSE. Further
research into the spatial distribution and dynamics of redfish prior to the evaluation phase of the
present MSE is highly recommended. To support this research, and in anticipation of a possible
modified MSE process following the five-year implementation period, the biennial Unit 2 survey
should continue and ideally be made annual.
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Given the importance of OM10 and OM11, which address uncertainties in the historical catch
species-split uncertainty, further research into the feasibility of alternative methods to address
the historical species-split in the commercial catches should be explored.

ACKNOWLEDGEMENTS

Numerous persons have contributed to the development of this MSE. The coauthors are
indebted to all of these persons and extend their sincere thanks to them for their contributions to
the MSE. In particular we thank Carl Walters for providing guidance on the formulation of the
population dynamics models central to the operating models. We thank Sean Cox for numerous
constructive comments on the formulation of the operating models and likelihood functions and
how the operating models should be fitted to the data. Kris Vascotto and Bruce Chapman and
other members of GEAC are thanked for their numerous inputs and constructive comments on
the development of the MSE. Jean Lanteigne, Erin Carruthers and David Decker are thanked
for the information, input and feedback that they provided in the development of the MSE.
Sandra Courchesne is thanked for her considerable inputs and advice on the formulation of
objectives and performance metrics, different operating models, candidate management
procedures and the interpretation of modeling results. Mairin Deith, Rachel Chudnow and Aaron
Greenberg are thanked for their assistance with developing some of the key inputs and coding
components to the MSE model. Colin Millar is thanked for his thorough review of this MSE.
Benoit Hugues, Hugo Bourdages, and Mathieu Desgagnés are thanked for their comments on
methodology, modeling assumptions and other aspects of the MSE during the MSE process.
Mathieu Desgagnés is also thanked for critiquing an earlier draft of this document.

REFERENCES CITED

Bourdages, H., Savard, L., Archambault, D., and Valois, S. 2007. Results from the August 2004
and 2005 comparative fishing experiments in the northern Gulf of St. Lawrence between the
CCGS Alfred Needler and the CCGS Teleost. Can. Tech. Rep. Fish. Aquat. Sci. 2750:

ix + 57 p.

Bourdages, H., Brassard, C., Desgagnés, M., Galbraith, P., Gauthier, J., Légaré, B., Nozéres,
C. and Parent, E. 2017. Preliminary results from the groundfish and shrimp multidisciplinary
survey in August 2016 in the Estuary and northern Gulf of St. Lawrence. DFO Can. Sci.
Advis. Sec. Res. Doc. 2017/002. v + 87 p.

Brassard, C., Bourdages, H., Duplisea, D., Gauthier, J., and Valentin, A. 2017. The status of the
redfish stocks (Sebastes fasciatus and S. mentella) in Unit 1 (Gulf of St. Lawrence) in 2015.
DFO Can. Sci. Advis. Sec. Res. Doc. 2017/023. ix + 53 p.

Cadigan, N. G., and Power, D. 2010. Vessel calibration results for redfish (Sebastes sp.) from
comparative fishing between the Teleost research vessel and the Cape Beaver fishing
vessel. DFO Can. Sci. Advis. Sec. Res. Doc. 2010/062.

CAFSAC. 1984. Advice on the management of groundfish stocks in 1984. CAFSAC Advisory
Document 83/19.

Campana, S.E., Zwanenburg, K.C.T. and Smith, J.N. 1990. 210Pb/226Ra determination of
longevity in redfish. Can J. Fish. Aquat. Sci. 47(1):163-165.

Campana, S.E., Valentin, A.E., MacLellan, S.E. et Groot, J.B., 2015. Image-enhanced burnt
otoliths, bomb radiocarbon and the growth dynamics of redfish (Sebastes mentella and S.
fasciatus) off the eastern coast of Canada. Mar. Freshw. Res., 67(7), pp.925-936.

81


https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2017/2017_002-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2017/2017_002-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2017/2017_023-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2017/2017_023-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2010/2010_062-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2010/2010_062-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2010/2010_062-eng.html

Committee on the Status of Endangered Wildlife in Canada (COSEWIC). 2010. COSEWIC
Assessment and Status Report on the Deepwater redfish/Acadian redfish complex Sebastes
mentella and Sebastes fasciatus in Canada — 2010. Ottawa. x + 81 pp.

Cox, S.P., and Kronlund, A.R. 2016. Model-based management procedures for the sablefish
fishery in British Columbia, Canada. pp 86-104. In: Management Science in Fisheries: An
introduction to simulation-based methods. Edwards, C.T.T. and Dankel, D.J. (eds.).
Routledge: New York. 460 pp.

Deith MC, Skerritt DJ, Licandeo R, Duplisea DE, Senay C, Varkey DA, McAllister MK. 2021.
Lessons learned for collaborative approaches to management when faced with diverse
stakeholder groups in a rebuilding fishery. Mar. Policy 130:104555.

DFO. 1997. Status of redfish stocks in the northwest Atlantic: redfish in Units 1, 2, and 3 and in
Division 30. Stock Status Report A1-01.

DFO. 1999. Status of redfish stock in the NW Atlantic: redfish in Units 1,2 and 3, and in Division
30. DFO Stock Status Report A1-01.

DFO. 2010. Assessment of redfish stocks (Sebastes fasciatus and S. mentella) in Units 1 and 2
in 2009. DFO Can. Sci. Advis. Sec. Sci. Advis. Rep. 2010/037.

DFO. 2012. Reference points for redfish (Sebastes mentella and Sebastes fasciatus) in the
northwest Atlantic. DFO Can. Sci. Advis. Sec. Sci. Advis. Rep. 2012/004.

DFO. 2016a. Assessment of redfish Stocks (Sebastes fasciatus and S. mentella) in Units 1 and
2in 2015. DFO Can. Sci. Advis. Sec. Sci. Advis. Rep. 2016/047.

DFO. 2016b. Integrated Fisheries Management Plan — Groundfish (NAFQO) Division 3Ps —
Updated 2016. Last updated 2016-06-14.

DFO. 2017. Update of main indicators of stock status for Units 1 and 2 redfish in 2016. DFO
Can. Sci. Advis. Sec. Sci. Resp. 2017/023.

DFO. 2018. Assessment of redfish Stocks (Sebastes mentella and S. fasciatus) in Units 1 and 2
in 2017. DFO Can. Sci. Advis. Sec. Sci. Advis. Rep. 2018/032.

Duplisea, D.E. 2016. Context and interpretation of reported redfish catch in Units 1 and 2 in the
1980s and 1990s based on interviews with industry participants. DFO Can. Sci. Advis. Sec.
Res. Doc. 2016/103. v + 11 p.

Duplisea, D.E., 2018. Fishermen's Historical Knowledge Leads to a Re-Evaluation of Redfish
Catch. Mar. Coastal Fish. 10(1), pp.3-11.

Duplisea, D.E., Bourdages, H., Brassard, C., Gauthier, J., Lambert, Y., Nitschke, P., and
Valentin, A. 2016. Fitting a statistical catch at length model (NFT-SCALE) to Unit 1 + 2
redfish (Sebastes mentella and Sebastes fasciatus). DFO Can. Sci. Advis. Sec. Res. Doc.
2016/095. v + 32 p.

Edwards, C.T.T. 2016. Feedback control and adaptive management strategies. In: Management
Science in Fisheries: An introduction to simulation-based methods. Edwards, C.T.T. and
Dankel, D.J. (eds.). Routledge: New York. 460 pp.

Forrest, R. E., McAllister, M.K., Dorn, M., Martell, S., and Stanley, R., D. 2010. Hierarchical
Bayesian estimation of recruitment parameters and reference points for Pacific rockfishes
(Sebastes spp.) under alternative assumptions about the stock-recruit function. Can. J. Fish.
Aquat. Sci. 67: 1611-1634.

82


https://waves-vagues.dfo-mpo.gc.ca/Library/217235.pdf
https://waves-vagues.dfo-mpo.gc.ca/Library/217235.pdf
https://waves-vagues.dfo-mpo.gc.ca/Library/241521.pdf
https://waves-vagues.dfo-mpo.gc.ca/Library/241521.pdf
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2010/2010_037-eng.htm
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2010/2010_037-eng.htm
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2012/2012_004-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2012/2012_004-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2016/2016_047-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2016/2016_047-eng.html
https://www.dfo-mpo.gc.ca/fisheries-peches/ifmp-gmp/groundfish-poisson-fond/groundfish-poisson-fond-div3p-2016-eng.html
https://www.dfo-mpo.gc.ca/fisheries-peches/ifmp-gmp/groundfish-poisson-fond/groundfish-poisson-fond-div3p-2016-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ScR-RS/2017/2017_023-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2018/2018_032-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2018/2018_032-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2016/2016_103-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2016/2016_103-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2016/2016_095-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2016/2016_095-eng.html

Frisk, M.G., Miller, T.J. and Fogarty, M.J. 2001. Estimation and analysis of biological
parameters in elasmobranch fishes: a comparative life history study. Can. J. Fish. Aquat.
Sci. 58(5), pp.969-981.

Gascon, D. (éd.). 2003. Programme de recherche multidisciplinaire sur le sébaste (1995- 1998):
Rapport final. Rapp. tech. can. sci. halieut. aquat. 2462 : xiv + 148 p.

Government of Canada. 1985. Atlantic Fishery Reqgulations, 1985. SOR/86-21. Current to
November 20, 2017.

Guthery, F.S., Brennan, L.A., Peterson, M.J., and Lusk, J.J. 2005. Information theory in wildlife
science: critique and viewpoint. J. Wildl. Manage. 69(2): 457—465.

Hamon, P-Y. 1972. Redfish, Sebastes marinus sp. Fishing sites, biology, exploitation. Rev.
Trav. Inst. Péches marit. 36(3), 1972, p. 337-352.

Hicks, A. C., Cox, S. P., Taylor, N., Taylor, |. G., Grandin, C., and lanelli, J. N. 2016.
Conservation and yield performance of harvest control rules for the transboundary Pacific
hake fishery in US and Canadian waters. Management Science in Fisheries: An Introduction
to Simulation-based Methods, page 69.

Jones, M.L., Catalano, M.J., Peterson, L.K., and Berger, A.M. 2016. Stakeholder-centered
development of a harvest control rule for Lake Erie walleye. pp 163-183. In: Management
Science in Fisheries: An introduction to simulation-based methods. Edwards, C.T.T. and
Dankel, D.J. (eds.). Routledge: New York. 460 pp.

Kenchington, T.J. 2014. Natural mortality estimators for information-limited fisheries. Fish and
Fisheries, 15(4), pp.533-562.

Kulka, D.W., and Atkinson, D.B. 2016. Redfish Catch Results from the Summer 2009, 2011 and
2014 Surveys in Unit 2. DFO Can. Sci. Advis. Sec. Res. Doc. 2016/019. v + 32 p.

Legendre P., and Legendre L.F. 2012. Numerical ecology, vol 20. Developments in
environmental modelling. Elsevier, Amsterdam.

Licandeo, R., Duplisea, D. E., Senay, C., Marentette, J. R. and McAllister, M.K. 2020.
Management strategies for spasmodic stocks: a Canadian Atlantic redfish fishery case
study. Can. J. Fish. Aquat. Sci. 77(4): 684-702. https://doi.org/10.1139/cjfas-2019-0210.

Lorenzen, K. 1996. The relationship between body weight and natural mortality in fish: a
comparison of natural ecosystems and aquaculture. J. Fish Biol. 49: 627-647.

Lorenzen, K. 2000. Allometry of natural mortality as a basis for assessing optimal release size in
fish-stocking programmes. Can. J. Fish. Aquat. Sci. 57: 2374-2381.

McAllister, M. and Duplisea, D.E. 2011. Production model fitting and projection for Atlantic
redfish (Sebastes fasciatus and Sebastes mentella) to assess recovery potential and
allowable harm. DFO Can. Sci. Advis. Sec. Res. Doc. 2011/057 vi + 75 p.

McAllister, M. and Duplisea, D.E. 2012. Production model fitting and projection for Acadian
redfish (Sebastes fasciatus) in Units 1 and 2. DFO Can. Sci. Advis. Sec. Res. Doc.
2012/103 iii + 34 p.

McAllister, M. and Duplisea, D.E. 2016. An updated production model fitting for redfish
(Sebastes fasciatus and Sebastes mentella) in Units 1 and 2. DFO Can. Sci. Advis. Sec.
Res. Doc. 2016/084. iv + 6 p.

McAllister, M.K. and lanelli, J. 1997. Bayesian stock assessment using catch-age data and the
sampling/ importance resampling algorithm. Can. J. Fish. Aquat. Sci. 54, 284-300.

83


https://laws-lois.justice.gc.ca/eng/regulations/SOR-86-21/index.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2016/2016_019-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2016/2016_019-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2011/2011_057-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2011/2011_057-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2011/2011_057-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2012/2012_103-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2012/2012_103-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2016/2016_084-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2016/2016_084-eng.html

McAllister, M.K., Stanley, R., and Starr, P. 2010. Using experiments and expert judgment to
model trawl survey catchability for Pacific rockfishes: application to B.C. bocaccio (Sebastes
paucispinis). U.S. Fishery Bulletin 108: 282-304.

Millar, R.B., and Methot, R.D. 2002. Age-structured meta-analysis of U.S. West Coast rockfish
(Scorpaenidae) populations and hierarchical modeling of trawl survey catchabilities. Can. J.
Fish. Aquat. Sci. 59: 383-392.

Miller, T.J. and Hyun, S-Y. 2017. Evaluating evidence for alternative natural mortality and
process error assumptions using a state-space, age-structured assessment model. Can. J.
Fish. Aquat. Sci. https://doi.org/10.1139/cjfas-2017-0035.

Miller, T.J., Mayo, R.K., Traver, M., and Col, L. 2008. N. Gulf of Maine/Georges Bank Acadian
redfish. Woods Hole, NOAA. GARM lIlI.

Ni, I-H., and Templeman, W. 1985. Reproductive cycles of redfishes (Sebastes) in Southern
Newfoundland waters. J. Northw. Atl. Fish. Sci., 6: 5763.

Pardo, S.A., Cooper, A.B., and Dulvy, N.K. 2012. Critical review and analysis of existing risk-
based technigues for determining sustainable mortality levels of bycatch species. DFO Can.
Sci. Advis. Sec. Res. Doc. 2012/014. iv + 30 p.

Planque, B., Johannesen, E., Drevetnyak, K.V. and Nedreaas, K.H. 2012. Historical variations
in the year-class strength of beaked redfish (Sebastes mentella) in the Barents Sea. Ices J.
Mar. Sci., 69(4), pp.547-552.

Punt, A.E., Butterworth, D.S., de Moor, C.L., De Olivera, J.A.A. and Haddon, M. 2014.
Management strategy evaluation: best practices. Fish and Fisheries 17: 303-334.

Rademeyer, R.A., and Butterworth, D.S. 2011. Technical details underlying the management
strategy evaluation process leading to selection of a mangement procedure for Western
Component (4Xoparsb5) Pollock. DFO. Can. Sci. Advis. Sec. Res. Doc. 2011/090.

Rademeyer, R.A. and Butterworth, D.S. 2015. Statistical catch-at-length assessment results for
Sebastes mentella and S. fasciatus in Units 1 and 2. CSAM Working Paper 2015/13: 36pp.

Rademeyer, R.A., Plaganyi, E.E., and Butterworth, D.S. 2007. Tips and tricks in designing
management procedures. ICES J. Mar. Sci. 64: 618-625.

Saborido-Rey, F., Garabana, D. and Cervino, S. 2004. Age and growth of redfish (Sebastes
marinus, S. mentella, and S. fasciatus) on the Flemish Cap (Northwest Atlantic). ICES J.
Mar. Sci. 61: 231-242.

Smith, S.J., Hunt, J.J., and Rivard, D. (eds). 1993. Risk evaluation and biological reference
points for fisheries management. Can. Spec. Public. Fish. Aquat. Sci., No. 120. Ottawa,
National Research Council of Canada.

Smith, A.D.M., Sainsbury, K.J., and Stevens, R.A. 1999. Implementing effective fisheries-
management systems — management strategy evaluation and the Australian partnership
approach. ICES J. Mar. Sci. 56: 967-979.

Szuwalski, C.S., and Punt, A.E. 2016. Fisheries management for regime-based recruitment:
lessons from a management strategy evaluation for the fishery for snow crab in the eastern
Bering Sea. pp 123-146. In: Management Science in Fisheries: An introduction to
simulation-based methods. Edwards, C.T.T. and Dankel, D.J. (eds.). Routledge: New York.
460 pp.

84


https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2012/2012_014-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2012/2012_014-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2011/2011_090-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2011/2011_090-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2011/2011_090-eng.html

Valentin, A., Sévigny, J.-M., Power, D., Branton, R.M., and Morin, B. 2006. Extensive sampling
and concomitant use of meristic characteristics and variation at the MDH-A* locus reveal
new information on redfish species distribution and spatial pattern of introgressive
hybridization in the Northwest Atlantic. J. Northwest Atl. Fish. Sci. 36: 1-16.

Valentin, A.E., Penin, X., Chanut, J.-P., Power, D., and Sévigny, J.-M. 2014. Combining
microsatellites and geometric morphometrics for the study of redfish (Sebastes spp.)
population structure in the Northwest Atlantic. Fish. Res. 154: 102-119.
doi.org/10.1016/j.fishres.2014.02.008.

Valentin, A.E., Power, D., and Sévigny, J-M. 2015. Understanding recruitment patterns of
historically strong juvenile year-classes in redfish (Sebastes spp.): the importance of species
identity, population structure, and juvenile migration. Can. J. Fish. Aquat. Sci 72(5):
774-784. doi.org/10.1139/cjfas-2014-0149.

Walters, C. J. and Martell, S. J. D. 2004. Fisheries Ecology and Management. Princeton
University Press. 399 pp.

Yamanaka, L., McAllister, M.K., Etienne, M.P. Edwards, A., and Haigh, R. 2018. Stock
Assessment for the Outside Population of Yelloweye Rockfish (Sebastes ruberrimus) for
British Columbia, Canada in 2015. DFO. Can. Sci. Advis. Sec. Res. Doc. 2018/001.

85


https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2018/2018_001-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2018/2018_001-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2018/2018_001-eng.html

APPENDIX A — OVERVIEW OF THE UNIT 1 AND 2 REDFISH FISHERY

HISTORY

A fishery for redfish began in the Gulf of St. Lawrence and the Laurentian Channel in the 1950s
(DFO 2016a). Until 1993, the fishery was managed as three NAFO divisions, 4RST, 3P and
4VWX. However, in 1993 the fishery was divided into the newly created management Units 1, 2
and 3 to support the then-current understanding of stock structure in redfish, with Units 1 and 2
now considered to comprise the same stock (Kulka and Atkinson 2016; Figure 1). Thus, Unit
numbers are used to manage this fishery, instead of NAFO divisions as for many other
groundfish stocks in Atlantic Canada.

Unit 1 consists of what is also NAFO divisions 4RST, as well as 3Pn4Vn from January to May.
Unit 2 consists of NAFO subdivisions 3Ps4Vs, 4Wfgj, and the subdivision 3Pn4Vn from June to

December.
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Figure A.1. Map of Unit 1 and Unit 2 redfish management areas in Atlantic Canada. The area in black
(3Pn4Vn) is part of Unit 1 from January to May, and Unit 2 from June to December. Image from
COSEWIC (2010).

Although never as profitable as cod, redfish aggregations are easily captured by trawl and
therefore redfish can be profitably harvested even at low prices (Duplisea 2016). The redfish
fishery underwent three periods of high exploitation (1954-1956, 1965-1976, and 1987-1992),
after which landings dropped precipitously in 1993-1994 (Brassard et al. 2017). Landings and
Total Allowable Catches (TAC) for the Units 1 and 2 redfish fishery have continued to show
strong declines since 1993. With the creation of the Units, Unit 1 TAC was set at 60,000 t and
Unit 2 28,000 t. Unit 1 has been under commercial moratorium since 1995, with an index fishery
since 1998 which is currently permitted a TAC of 2,000 t. Unit 2 continues to support a
commercial fishery, with a TAC of 8,500 t since 2010. There is also an international aspect to
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this fishery as France (through the islands of St. Pierre et Miquelon) has 3.6% of the current
Unit 2 TAC, while indigenous harvest is minimal (DFO 2016b).

The Unit 1 index fishery is prosecuted by a single mobile gear fleet (< 19.81 m; DFO 2017). In
Unit 2, the Integrated Fisheries Management Plan for 3Ps groundfish describes redfish TAC
allocations among several different fleets: offshore vessels over 100’ with fixed gear hold an
allocation of 77% of the redfish TAC; 3.7% to nearshore fixed gear vessels < 65’, 14.4% to
nearshore mobile gear vessels < 65’, and < 1% to midshore mobile gear vessels 65-100’.

According to the Atlantic Fishery Regulations (Government of Canada 1985), groundfish
(including redfish) may be recreationally fished without a licence via hand-line or angling.
Redfish may be fished commercially by all types of authorized trawls, with 90 mm diamond
mesh in the cod end and the lengthening piece, and a minimum of 130 mm diamond mesh in
the rest of the trawl. The maximum percentages of bycatch for redfish in Unit 1 are 5% for cod,
15% for Greenland halibut and 5% for other groundfish species in a given fishing trip (DFO
2017), and 10% bycatch for mobile gear fleets >65’ in Unit 2 (DFO 2016a). In 1997 the Small
Fish Protocol was adjusted to its current form for redfish, prohibiting the presence of fish < 22
cm at quantities greater than 15% of the catch (DFO 1997). Fishing effort in Unit 1 occurs from
June 15 to October 31, and is subject to 100% dockside monitoring and 25% observer coverage
with a reduction to 10% for vessels using Vessel Monitoring Systems (DFO 2017). The Unit 2
fishery operates July 1 — Oct 31 (fixed gear), or July 1-March 31 (mobile gear) and is subject to
100% dockside monitoring and 10% observer coverage for fixed or 5-20% for mobile gears
(DFO 2016a). Various closure periods and areas are in effect to protect mating and larval
extrusion periods, migrations in 3Pn4Vn, and to avoid either 4T Greenland Halibut or cod
spawning in 4RS (DFO 2016a).

FISHERY GEAR

At present, the gears used in the Unit 1 redfish index fishery are bottom otter trawls (90 mm
mesh size), while 20 gillnets (5 72 mesh size) and bottom otter trawls (90 mm mesh size) are
used in Unit 2 (DFO 2016a). Scottish seines comprised a large portion of the landings in Unit 1
between 2007 and 2014, and other gear types (traps, Danish seines, longlines and handlines)
contribute small or negligible amounts to landings data (Brassard et al. 2017).

During the period of strong declines in redfish abundance in the 1980s and early 1990s, the
redfish fishery went through a substantial change in gear used. The traditional bottom trawl was
the principle gear used until the mid-1980s, but a midwater diamond otter trawl was introduced
in the early 1980s that could yield double the landings and could be used around the clock
instead of only during the day (at night, bottom trawls had too much bycatch; Duplisea 2016).
However, at midwater depths, smaller juvenile redfish would be targeted, which may have
resulted in high levels of discarding or diversion of small fish into fish meal in a way that was not
reflected in the landings data of the time (Duplisea 2016). This midwater trawl contributed a
substantial or even maijority of landings in Unit 1 between 1987-1994, after which the
moratorium was imposed, and played a similar role in Unit 2 between 1989-2000 (Brassard et
al. 2017).

The switch of commercial gears from bottom trawl to midwater trawl in the mid-1980s led to
increasing selectivity of the gear for smaller redfish (since juvenile fish occupy midwater depths
and adult fish occur in deeper waters), but likely reduced bycatch that was considered
problematic for bottom trawls, particularly at night (Duplisea 2016). Small redfish have limited
commercial value (i.e., fish meal; Duplisea 2016) yet remain vulnerable to the fishing gear
before reaching sexual maturity around 20-25 cm. To address conservation concerns, the Small
Fish Protocol, first barring fish < 25 cm, then < 22 cm, was implemented in 1996 (DFO 1997).
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Multiple stock assessment models have indicated that landings data from the 1980s and early
1990s are difficult to fit, a period of time that represents precipitous declines in redfish stock
abundance and therefore an important driver of modelled fish population dynamics. In a recent
series of interviews conducted with harvesters active during that time period, there is evidence
that large numbers of small fish < 20 cm were in fact caught, but legally discarded or otherwise
unreported and therefore not reflected in catch or catch-at-length data from the period (Duplisea
2016). Discard mortality is expected to be 100% due to barotrauma.
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APPENDIX B — DATA

FISHERY-INDEPENDENT DATA

DFO has conducted annual summer multidisciplinary research surveys of groundfish and
shrimp in Unit 1 (northern Gulf of St. Lawrence) since 1984 (McAllister and Duplisea 2016).
Between 1984 and 1990, this survey was performed with a Western IlA bottom trawl from the
vessel Lady Hammond (Brassard et al. 2017), from 1990-2004 with a URI 81’/114’ shrimp trawl
from the CCGS Alfred Needler, and thereafter a Campelen 1800 survey trawl with Rockhopper
footgear on the CCGS Teleost (Bourdages et al. 2007). Comparative studies in 1990 allow all
Unit 1 survey data to be converted to Teleost-Campelen Units (Bourdages et al. 2007; Brassard
et al. 2017).

Between 1997 and 2002, DFO also conducted surveys in Unit 2 with a Campelen 1800 survey
trawl towed by the CCGS Teleost, with a 12.7 mm liner in the lower 7 m of the codend (Kulka
and Atkinson 2016). However, these data are no longer used to assess the redfish stock. The
time series for Unit 2 surveys has been replaced by an industry-funded survey that primarily
used an Engel 170 trawl with a 30 mm liner in the lower 7 m of the codend, and a 21 m
wingspread, towed by large “Cape” class commercial trawlers (45-50 m). This arrangement
continued until 2014 when the vessel was switched to the 19 m M/V Nautical Legend and the
gear was switched to a Campelen trawl with a 15.2 m wingspread. The industry survey began in
1997 and continues to the present (operated by the Groundfish Enterprise Allocation Council or
GEAC with input on design from DFO; Kulka and Atkinson 2016). The industry survey is
generally biannual although the last few surveys were completed in 2011, 2014 and 2016.
Timing of the survey has also changed, as the first survey in 1997 was completed in December
with the remainder of the surveys in August/September of each survey year.

Comparative trials between the DFO and GEAC Unit 2 survey gears were completed in August
2000 in order to convert the industry survey data into comparable Teleost-Campelen Units
(Cadigan and Power 2010), and again in 2015 following the switch of vessel and gear used by
GEAC to a configuration more similar to the DFO survey in Unit 1 (Kulka and Atkinson 2016).
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APPENDIX C — DATA MANIPULATIONS
SPLITTING DATA BY SPECIES

For assessment modelling of redfish in Unit 1 and 2 it is necessary to know how to attribute the
overall Sebastes spp. catch to the two species, S. fasciatus and S. mentella present in the same
and not distinguished in the commercial catch data. Previous work (McAllister and Duplisea
2012) split the aggregated commercial catch data into species from each of the Units by
smoothing the mature biomass annual survey catch split proportion and applying this to the
commercial data. For the catch at length models fitted in 2015 (Duplisea et al. 2016), it was also
necessary to split the commercial catch at length by species. This was done by determining the
survey split in each Unit by length and year and applied to the proportions in that Unit, year and
length. This was tried both with smoothed composition data and raw composition data (Duplisea
2016).

The commercial catch data are available by total landings and composition of some of the
landings. In some cases there are positions and depth associated with catch. None of these
data are species split. They overall catch comes from the commercial ZIFF data which usually
provides overall landings for redfish from the Unit 1 and 2 area but not necessarily other areas.
The ZIFF database is populated on a regional basis with reporting from Quebec, Gulf, Maritimes
and and Newfoundland regions. Each region updating the database according regional
timelines and procedures. Catch length frequency is much more difficult to obtain for the whole
stock. These are collected regionally and data need to be requested regionally. These data are
based on port sampler reports which are all managed through individual regional programs.

The main data for splitting catches comes from the Unit 1 and Unit 2 surveys. These surveys
have been exploited in various ways to try to split the commercial catch into species with
varying levels of dependence. Before using the surveys for these analysis, they were pre-
treated to remove the cohorts which were not of Unit 1 and 2 origin and which disappeared from
the area (see other reports on removing Grand Banks cohorts). Usually these disappearing
cohorts will not affect commercial catch splits since the strong cohorts leave the system before
recruitment; however, because smoothing is employed in some of the methods described
below, estimation of cohort strength for some years could still be unduly affected.

Method 1: overall survey

The initial approach to catch data species splitting for the present modelling effort has been to
follow the Duplisea et al. 2015 precedent. That is, split the overall catch biomass by the mature
biomass split from the surveys in the respective Units; split the length frequency in each Unit
based on year and length without applying a smoother to the survey proportion of each species
at length by Unit and year. The method chosen to smooth the overall data was a quantile gam
(R library ggam) with the 0.5 quantile chosen as the smooth.

High and low catch split alternatives

Alternative scenarios for split were developed based on variations of method 1. The baseline
scenario for overall catch smooth was through the data median (g=0.5 in gqgam). A high
scenario was chosen through the 75" percentile (q=0.75) and a low scenario through the 25
percentile (q=0.25).
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Figure C.1. Unit 1 catch smooth, baseline, high and low scenarios for proportion of S. fasciatus in the
catch.
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Figure C.2. Unit 2 catch smooth, baseline, high and low scenarios for proportion of S. fasciatus in the
catch.

The composition was split in a similar but not identical way. The proportion of S. fasciatus at
length and by year and Unit was determined from the survey and applied in a ‘raw’ form to the
catch composition from that length, Unit and year. The smoother was actually fitted to logit
transformed proportions to prevent smooths into negative values and back transformed.
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Smoothing was given df=N and therefore data were not smoothed but this was necessary in
order to apply smooths to catches that were not caught in the survey, i.e. it was important not to
multiply a catch at length observed in the commercial catch by 0 simply because it was not
caught in the survey. High and low scenarios were similarly calculated but for proportions
halfway between the baseline and 100% for the high scenario and baseline and 0% for the low
scenario. This prevented lines from each scenario crossing thus bracketing a range of values
that encapsulated the baseline data (Figure C.3).

1.0 1.0 S 1956
0.8 0.8
0.6 0.8
0.4 0.4
0.2 0.2
0.0 - 0.0

10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45

Figure C.3. An example of species split (proportion S. fasciatus) by length and year based on the survey
— in this case Unit 1. The blue line is the raw proportion and the red dashed lines represent the high and
low scenarios.

In all cases missing years are just filled in with means of the series.
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Method 2: depth based splits

The two redfish species as adults have different depth preferences where S. mentella tends to
prefer deeper water than S. fasciatus. This has been described in the survey data by the logistic
relationship between proportion of S. fasciatus and water depth (m):

proportion.fasciatus= 1/(1+exp(-(L-alpha)/beta))
where alpha= 290 and beta=-54.35

e
-

0.8
I

Proporption fasciatus
0.4

0 100 200 300 400 500 600
Depth (m)
Figure C.4. Proportion of S. fasciatus vs depth fitted logistic relationship from Unit 1 survey data.

This relationship was determined from the survey data from Unit 1 since 1990.

Commercial catch data since 1986 sometimes is associated with a depth and/or a position for
the catch. The R library marmap was used with the British Oceanographic Data Centre GEBCO
30 arc second data to determine depths based on position. In most cases the reported depth
and depth based on position were not completely different. Some large discrepancies were
further investigated and a selection of depths for species splitting were investigated and a
choice was made to use either reported depth or depth based on position.
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GEBCO depth {m)
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Figure C.5. depth based on position (GEBCO 30 arc second chart) vs reported catch depth over the
range 250-350 m where the depth vs species composition relationship shows the greatest change. The
red line is the fitted linear model with intercept forced through the origin and the white line is the 1:1 line.

Georeferenced fishing events appear in about half the reported catches. It was assumed that
the proportion of each species determined from this subset of catches was the same as the total
proportion.

The advantage of this kind of analysis is that it removes the dependence of the catch data on
the surveys for splitting the catch. Some of the disadvantages are that there may be differences
between the summer and winter vertical distribution of species and in some years <1995 the
winter (Jan-May inclusive) catches were often about 50% of the catch.

We were unable to split the length frequency data so far based on this method. The length
frequency data are stored in different places and each DFO region keeps that within region. The
data with depth were not available to apply this method though we anticipate that it may be
possible.

Method 3: survey in commercially-fished areas

A third method possible would be to apply the proportional split from the survey to catches from
the same stratum. This method has not been applied yet because of difficulties associating a
catch with a stratum and making the assumption that the stratum species split in the summer is
the same as the stratum species split throughout the year. It is know that redfish migrate
between the summer and winter periods and in fact the definition of the Unit 1 stock area
expands to include NAFO zone 3Pn and 4Vn in winter owing to winter movement of fish out of
the Gulf (Unit 1) in the winter.

This is a potential method that might be considered in later processes but owing to time
constraints, it was not used here.

94



APPENDIX D - OPERATING MODELS
CORE MODELS

Candidate management procedures (MPs) will be required to perform acceptably under this set
of operating models if they are to be considered for implementation. This set of models will need
to represent credible alternative hypotheses for how the fishery and stocks have behaved or will
behave. If the models are fitted to the same set of data, then they must be required to fit the
data reasonably well. However, as explained above, AIC could not be used in this MSE to
choose an operating model mainly due to the approach taken to weight different datasets when
fitting models to data.

STRESS MODELS

These models are considered to be plausible alternative representations of fishery and stock
behaviours but have less scientific credibility than the core and base case models. It is desirable
that candidate MPs that perform well under the Core set of models will also perform acceptably
well under the Stress test set of models. If the best performing management procedures under
the core model set do not perform acceptably well under the stress test models, this is noted but
is not sufficient in itself to lead to the rejection of an MP. Should it be discovered in the future
that a stress test model becomes more credible than those in the core set and the MP applied
had not performed acceptably under the stress test model and in practice, this may give rise to
an instance of exceptional circumstances in which a new round of MSE analysis may be
performed to identify a new MP which is found to perform acceptably under the updated set of
core models.

SENSITIVITY ANALYSES

These models represent plausible (more accurately, not implausible) alternative representations
of fishery and stock dynamics. However, if the statistical fitting of these models indicates that
estimated parameters are similar to one of the core or stress models already formulated, then
the candidate model will not be applied in simulation testing the candidate management
procedures simply because they are effectively redundant. However, if the parameter estimates
and apparent model dynamics are different from all of those models already in the core and
stress test set of models, then this new model will be applied as another stress test type of
model.
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Table D.1. Core, sensitivity and stress-test Operating Models for the Units 1 and 2 redfish MSE process,
following discussions at the December 12 and 14, 2017 Technical Meetings and the December 13, 2017

Working Group meeting in Halifax, NS.

Model Type Description Details

1 Core Base Case Model assumes fishery selectivity is logistic,
and change in selectivity over time (and offset)
is described by two time blocks over the time
series (early years to 1993, and 1994 to
present). The catch killed:retained ratio is 1.2
from early years to 1985, 2 from 1986-1993,
and 1.1 from 1994 to present. Simulated
recruitment will be produced similar to what
has been seen in the past, using a
nonparametric bootstrap of recruitment events
from the historical time series.

2 Core Reduced Simulations will assume there will be no strong
future cohorts for the next 20 years.
recruitment

3 Core Alternative M | This model will use a Lorenzen M function

(where natural mortality, M, varies with fish
size and is higher for smaller fish) instead of a
single value.

4 Core Alternate Use a parametric bootstrap of historical
recruitment recruitment for simulations, with the variance
simulation and autocorrelation coefficient estimated for
method recruitment events in the historical time series

since 1970.

5 Core Alternative Historical catch splits differ from base case —
catch split assume more S. mentella.

6 Core Alternative Historical catch splits differ from base case —
catch split assume more S. fasciatus.

7 Stress Alternative Assume fisheries selectivity is dome-shaped or
fishery double-logistic for both species (and that
selectivity selectivity decreases for both large and small

fish).
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Model Type Description Details
8 Stress High future M | Future M is doubled for both species, for the
next 20 years only. This is a way to examine
density dependence during periods of time with
strong cohorts.
9 Stress Reduced Simulate a reduction in future growth of both
future growth | species for the next 20 years by reducing the
asymptotic length (Linf) to a value 2/3 as large
as in the base case, while assuming same
value for K (Linf, K are parameters in the von
Bertalanffy growth equation). This is a way to
examine density dependence during periods of
time with strong cohorts.
10 Stress Reduced Simulations will assume no strong cohorts for
future 40 years.
recruitment
11 Sensitivity | Alternative M | Reduce historical and future M by factor of
0.75 in both species.
12 Sensitivity | Alternative M | Increase historical and future M by a factor of
1.25 in both species.
13 Sensitivity | Alternative Assume the steepness of the stock-recruitment
steepness relationship is higher than in base case by
factor of 1.25, provided this is not already
realized in the above scenarios. This will be
done provided that it has not already been
realized in other identified models.
14 Sensitivity | Alternative Assume the steepness of the stock-recruitment
steepness relationship is lower than in base case by

factor of 0.75, provided this is not already
realized in the above scenarios. This will be
done provided that it has not already been
realized in other identified models.
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Model Type Description Details

15 Sensitivity | Alternative Use three time blocks to represent different
fishery periods of fisheries selectivity (early years to
selectivity 1984, 1985-1993, and 1994 to present), and

not two.

16 Sensitivity | Alternative for | Use a different value for offset in median age
offset of fish killed and the median age of fish

retained.

17 Sensitivity | Alternative for | Use a different set of assumptions for the
catch killed: values and/or time periods for the ratio of catch
retained ratio | killed to catch retained than the base case.

18 Sensitivity | Alternative Assume lower prior mean for strong historical
prior mean cohorts (i.e., how strong these cohorts are

assumed to have been — a lower prior means
these strong cohorts will be smaller in this
model than in the base case). Model will be
done only if key parameters are estimated to
be different.

19 Sensitivity | Alternative Assume higher prior mean for strong historical
prior mean cohorts (i.e., how strong these cohorts are

assumed to have been — a higher prior means

these strong cohorts will be larger in this model
than in the base case). Model will be done only
if key parameters are estimated to be different.

22 Stress test | Alternative Vulnerability in 2017-2021 reverts back to that
vulnerability estimated for years up to 1994 and then
blocks returns to that estimated for 1995-2016. The

earlier vulnerability favoured smaller fish and
with the large 2011-2013 cohorts recruiting to
the fishery 2018-2020, it is speculated that it
will be difficult to avoid catching small redfish in
the next few years.

98




Model Type Description Details

23 Stress test | High Using the base case operating model 1,
discarding assume the ratio of catch biomass killed to
rates 2018- catch biomass retained in 2018-2020 is 2 and
2020 under then returns to 1.1 for 2021-2057.
OoM1

24 Stress test [ High Using the stress test operating model 3
discarding (natural mortality rate doubles for next 20
rates 2018- years), assume the ratio of catch biomass
2020 under killed to catch biomass retained in 2018-2020
OM3 is 2 and then returns to 1.1 for 2021-2057.

A list of the parameters, parameter values, variables and descriptions of the parameters and
variables used in the base case operating model for Units 1 and 2 redfish is provided in Table
D.2. A list of the equations applied in the operating models for these two stocks is provided in
Table D.3. A list and description of the harvest control rule parameters are provided in Table
D.4. Mathematical specifications for the model free harvest control rule are provided in Table
D.5. Mathematical specifications for the population dynamics model components are provided in
Table D.6. A list of the parameter estimated, residuals, and negative log-likelihood function
(NLL) for fitting the operating model is provided in Table D.7. A list of the values inputted into
the prior distribution functions and likelihood components in Table D.7 is provided in Table D.8.

Table D.2. Base case operating model for Sebastes Mentella (Sm) and Sebastes fasciatus (Sf).

Symbol Value (Sm; Sf) Description
Indices
Index for species:
X 1;2
1: S. mentella 2: S. fasciatus
a 1,...4;1,....4 Age-year class
t 1951,...,T; 1951,....,T Annual time step
/ 1,..L; 1,...,.L Length classes (cm)
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Symbol Value (Sm; Sf) Description
Index for gear type g:
1: Survey Unit 1 (total biomass or
length compositions)
2: Survey Unit 2 (total biomass or

2 10.3.4:12.3.4 length compositions)
3: “fishery index” for Unit 1 (see
text for details)
4: Index for fishery (combined
length compositions retained for
Units 1 and 2)

i Index for Management

P Procedures (MPs)

Model settings

A 57, 57 Plus-group
Last year before the

T 2017; 2017 management procedure starts
(MP)(i.e., 2018)

T, 2053; 2053 Year when the MP ends

L 57,57 Number of size classes

blk; 1951,...,1993;1951,...,1993 Vulnerability time-block 1

blk; 1994,...,2017;1994,...2017 Vulnerability time-block 2

Parameters

L 45.82'; 41.24* Mean asymptotic length (cm)

k 0.096'; 0.106* Growth parameter (cm/yr)

to -0.5;-0.5 Theoretical age at length zero

(vr)
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Symbol

Value (Sm; Sf)

Description

Scaling constant for weight-at-

w .
a 0.00762; 0.00762 length (cm*gr)
bv 3.193;3.193 Allometric factor’
M. 0.10: 0.125 Instantinzeous natural mortality at
age (yr')
R 0 0.420; 0.623 Mean unfished recruitment (age-
1) x [1e91
k 3.082; 6.522 Compensation ratio
h 0.435; 0.620 Steepness
Estimated deviates for age 3 in
AN 1952,...,T;1952,...T the initial abundance and
recruitment deviates in year t
w!” 5T Tot>T.. T Simulated recruitment deviates in
yeart
Op 1.0: 1.0 StanQard devia.tioln of the
recruitment variation
Q 7.889; 7.256 Age-at-50% maturity3
Q, 1.98;1.58 Age-at-maturity slope®
ot E(0 -
as° 2.022,7.017: 1.676, 5.224 Age-at-50% vuinerability for
g=12 survey index g
ast 0.145, 2.731; 0.201, 0.609 Age-at-vulnerability slope for
g=1.2 survey index g
~50ret ) Age-at-50% retained for index g
Qteplk,,g=4 9.245; 8.545 and time block 1
~Sdret ) Age-at-retained slope for index g
QAtebiky,g=4 0.866; 0.471 and time block 1
~50ret ) Age-at-50% retained for index g
Yeeblis.g=4 8.184;8.329 and time block 2
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Symbol Value (Sm; Sf) Description
~Sdret ) Age-at-retained slope for index g
Grebiic, g=4 0.735;0.534 and time block 2
asd g Sdret Age-at-vulnerability slope for
teblkyg=4 teblky g=4 index g and time block 1
e gSdret Age-at-vulnerability slope for
tebliz g=4 teblkyg=4 index g and time block 2
0 Age-at-50%
=123 19.0; 18.0 vulnerability/retention for the left
side of the double logistic
4 Age-at-vulnerability/retention
g o3 1.0; 1.0 slope for the left side of the
double logistic vulnerability
Minimum age-at-
vulret 757 retention/vulnerability for
projections
amna 5,4 Minimum maturity-at-age
Uinit 0;0 Initial exploitation rate for =1951
Unax 0.95; 0.95 Maximum exploitation rate
0.469, 0.452, 0.407; 0.501, o
2 0.382,0.519; Standard deviation for survey
§=123 index g
0.501, 0.382,0.516
0.666, 1.745, 0.638; 0.533, - .-
Gger23 2.495. 0.444: 0,533, 2.495, iCriztg:ablllty coefficient for survey
0.444 g
Ng=12,34 34,8, 34, 33; 34, 8, 34, 33 Number of years with index data

Derived variables

Do

Unfished equilibrium spawning
biomass per recruit
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Symbol Value (Sm; Sf) Description

l, Survivorship-at-age per recruit

L, Mean length-at-age (cm)

Sa Natural survival-at-age (yr)

w, Weight-at-age (gr)

174 Weight-at-length (gr)

mg, Proportion mature-at-age

SSB, Unfished spawning biomass (kt)

459 Age-at-50% vulnerability for
tLg=4 fishery in year t

Vg g=4 Vulnerability-at-age, for index g

v Vulnerability-at-age, in year t for
atg=4 the fishery (domed-shaped)

o Vulnerability-at-age for the survey
a.g=12 (domed-shaped)

pPUe) f(Lg, CVE) Transition matrix for species x

ck Catch biomass killed in year t (kt)
ret Fraction retained-at-age, a, in
at year t for the fishery

Uy Harvest rate in year t for species

X

N Number-at-length, /, in year t for
x Lt species x

SSB; Spawning biomass in year t (kt)

VBk Vulnerable biomass killed in year

Xt t (kt) for species x
VBret Vulnerable biomass retained in

year t (kt)
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Symbol Value (Sm; Sf) Description
Observations
I Observed survey biomass index
xtg=123 g in year t (kt) for species x
Simulated survey fishery index
tg=3 (length -based) in year t (kt) for
species x
cret Catch biomass retained in year t
t for the fishery (kt)
Killyatio e Catch biomass killed to catch
Dy No species-specific biomass retained ratio in year t
a?f fset No species-specific Offset in year t (ages)
[ Survey_obs Observed numbers-at-length for
Ltg=1.2 the survey in Units 1 and 2
Observed numbers-at-length
N[g;-:"fs (retained) for the fishery in Units
1and 2
ESSg—1,24 25, 10, 5; 25, 10, 5; Sample size for index g
Vs 0.25.0.25: 0.25, 0.25 _Coef'flment of variation for survey
index g
cvL 01202y o) 0.0545 0,121, 0,054 Coefﬂmept of yarlatlon for length-
a at-age (linear increase)

' Saborido-Rey et al. (2004); *This study
2 McAllister and Duplisea (2011); ® Gascon (2003)
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Table D.3. Equations for the operating model for Sebastes mentella (Sm) and S. fasciatus (Sf).

Life history schedules

Natural survival-at-age S, = e(“Ma)
Survivorship per recruit 1 a=1
ly=4la= la1Sa—1(1 — Vg qUinie) 1<a<A4

la = la_15a-1(1 = va_qup ) /[1 — 541 = vguyy] a=A

Mean length-at-age

Ly = Loo[1 — eCk@to)]

Proportion mature-at-age

0
mg = 1
1+ e-@ap/%;

if a <apt

otherwise

Weight-at-age

W
w, = a%I?

Vulnerability-at-age 0 if a <alhre
- 1
Vatg — — t € blky,blky;g =4  otherwise
1+ e‘(“t,g‘a)/af,g
Stock-recruitment relationship
Spawning biomass per recruit a=4
Do = Z lamawg
a=1
Unfished spawning biomass SSBy = Ry®,
Beverton-Holt recruitment o =X k>1
parameters 9o
k-1
A " 5SB,
Population dynamics
Initial condition Ng1 = Rol, aé3
Ng1 = Rolge®aror=05(0Rpr)* wlh~N(0,1) a=3
Recruitment deviates _ {@2’ t<T
Ve = ol otherwise

m

w{' ~bootstrap(&f,O0M,,)

see OMs section

Recruitment
(t>1;,a=1)

aSSB;_,

N,, = ———t=1 ,y0or-05(cr)?
LT 1+ BSSB,_, ¢
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Life history schedules

Abundance dynamics (t > 1) Ng—1¢6-1Sq-1(1 = Vq_q1tUr_1) 1<a<A
Ng: = Np-1t-1Sa-1(1 = Va—1,tU-1)
Ny 1S4 (1 = vatte—q) a=A4A
Spawning biomass A
SSB, = 2 Ngmaw,
a=1
Vulnerable biomass killed A
VBF = z Ngt Vgt gWa g=4
a=1
A
VBF = 2 Nat Va,tgWa t>T Vg g € blk,
a=1
Vulnerable biomass retained 4
VB = ) Noy Vo it Wa g=14
=1

A
VBt = Z Nt Vatgfat Wa t>T
=1

Vatgr far.ft € blk,

Catch biomass killed

Catch biomass retained

ret _ ret
Cret = u, VB!

Fishery index (length-based)

Number-at-length

Nyt = Nxat "1

1xXA AXL

Fishery index

L
B =g ) Moy W 505 2N (01) g=3,x= 1

I1z30cm

L
Hog =g ) NoyeWyeF 05 7~N(O1) g=3,x=2

I1z29cm
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Table D.4. Harvest control rule (HCR) parameters for Sebastes mentella (Sm) and S. fasciatus (Sf).

Symbol Value Sm; Sf Description

[0} 4; 4 Tuning parameter for HCR: intercept
(kt)

0k 2;2 Tuning parameter for HCR: slope
(kt/year)

b No species- Slope multiplier

specific

Q% 1.2;1.2 Penalty (kt/year) for HCR

Jox 1.5;15 Threshold parameter when J, o
decreases at low biomass levels in the
HCR

Jxtg - Relative fishery index for the species x

Lytg=3 - Historical fishery index for Unit 1 for
species x; fish > 30 and 29 cm for Sm
and Sf, respectively)

CLiap No species- Catch biomass caps (kt) in time t for the

P specific MP=p.

CL,, - Raw catch limit (kt) derived from the
HCR for species x

CLS - Catch limit (kt) combined for Sm and Sf.

CL:, - Catch biomass (kt) after catch split

' implementation for species x
CL’;it”ratio - Catch biomass (kt) after implementation
' error for species x

T, See Table A5.B6 | Proportion for catch split
implementation for species x

plillratio 1.1:1.1 fish killed:retained ratio for the

pri projections
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Table D.5. Description for the model free (MF) harvest control rule (HCR) for Sebastes mentella (Sm) and

S. faciatus (Sf).

t>T,g=3

Raw CL

CLx,t = [Qg + bﬂz(]x,t,g _]Ox)] —peny

Trailing average for fishery
index

t= 2017

1n(1x,t,g)]

o5 o

t 1984

Penalty

if Jetg <Jox

0
P = { otherwise

ch Ux,t,g - ]Ox)z

Combined CL

2
CLE = Z CLy:
x=1

Cap implementation

oo (CL if CL¢ < CL™
oLy otherwise

Catch split implementation

Tee1e~Unif (0.39,0.44)

Tlxezt = 1- Tlxet

CLy: = CLiT, .

Implementation error

killratio _ * killratio
CLy, ™% = CLy D

prj
CLkl”ratlo
Output control Uy e = Min (# Umax>
x,t
0 if small fish protocol
Small fish protocol Uy = { f fishp )
' Uyt otherwise
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Table D.6. Description for the population dynamics model (OM1) for Sebastes mentella (Sm) and S.

faciatus (Sf).

R, k, (Uél=3; {w }t

%8%;’ {qg’ Tg}gzl’z' {ago' agd}gzl'z

maxa (v(ll,t,g)

Parameters estimated 0= 50 d 50 d
t t t t
{abu:le » Ay + Ay > Uiy } _
g=4
Population dynamics
Initial abundance {Ro L€ o DaORpr— 0.5(0rpr)” a €3
(t = 1951;uinit = 0) RO a a e 3
Recruitment _ 5Bt oppr-05(orpr)’ if 1951,1953
Ny, = 1+ BSSB,_,
| 1 isﬁ;?st; et oR=0(R)" otherwise
t—-1
Fraction retained for the 0 ifteblkya<5;teblk,a<s7
fishery (g = 4) 1 .
. i ey e otherwise
at = blklg blklg
(@ ab?,zsf)/nf,?,:;;
Yulni;ability for the fishery 0 af(g’m - ‘t’ffset t € blk,
g = a ’, = o se
T |agorer — agre t € blk,
s agere t € blk,
T agere t € blk,
Logistic vulnerability for 0 ifteblkya<s5teblk,a<7
fishery (g =4) Vatg = 1 4
L+ o @-0)/aid &=
Vulnerability for the survey 0 a=1
(total biomass) Voo = 1 .
8 @)/ otherwise
1+e e g
Option for double logistic 1 1
. . vl — 1 _ — 4
fishery (retained) atg 14 o-(@ai Jag’ 4o (a—azols) /a;dls g
A v&ltvg
Vatg =
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Option for double logistic 1 1
.. v’ = 1-— =12
vulnerability for survey ag = ~(a-ag)/ag 4 e_(a_agols)/a;dls g
vll
vg,g = e I
max, (Vg,g)
Harvest rates U, = logmUp . + (1 — log™) CF /VBE
Catch killed C,_l( — CtretDZ‘i”ratio
Vulnerable biomass killed il
VB, = z Nyt VorgWa g=4
a=1
Predicted vulnerable 4
biomass for the survey VBig = Z Ny VggWq g=12
a=1
Predicted vulnerable 4
_biomass for the fishery VBig = Z N, . Wq g=3
index a=10
t?mzt?iz-haet;;ige (lled)for Catg = NacVarglle g=+4
Predicted vulnerable Ny = Natvagq>P(lIa) g=1,2
numbers-at-length for the " Y
survey
Predicted proportions-at- _ L B
length for the survey Prog = l'tlg/ ) ;m’v Ltg g=12
Observed proportions-at- o survey.obs | N survey. obs _
length for the survey Oueg =Ny / 1;le't’g > g=12
Predicted numbers-at- Nigt = Cgtgfargtqﬁ(lla) g=4
length (retained) for the " T
fishery
Predicted proportions-at- et nret ) O e _
length (retained) for the Pite = Nife 1>;le-£§ g=+4
fishery -
Observed proportions-at- e retobs | O rot obs
Oitg = Nl,t,; =/ Z Nieg® g=4
1=218cm

length (retained) for the
fishery
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Table D.7. Residuals and negative log-likelihood function (NLL) for fitting the operating model for
Sebastes mentella (Sm) and S. faciatus (Sf).

Description

Equation

Conditional likelihood
estimates

g=1,2,3
nt,g = ll’l(lt'g) - ln(VBt'g)

In qg = 1/ng Z Nt.g

teg
qg= e@
1
12 = 2
g _ z Ntg
(ng —2) &
Priors
_ B = k
T4+ k
_(h—h)?
" 2(0n)?
- (Qg - qg)z
P, = —_— - 1,2
a 2(04g)? &

(wg=3 — @')?

P, =
@ Z(URpr)Z
- w{/951 - ln(a_)fqm)z
Z(O-Rpr)z
w;,953 - ln(af‘)m)z
Py 2(0ppr)?
w} —In(w™)?
2
t€1952, 2(Orpr)
1953:2017
Likelihood components i Z Z (Meg)?
n= 2
gel2 t Z(CVg)
L{,r = — z EZ(QSSg Ol,t‘gln pl,t,g)
gel2 t l
Lt’" = — z Z Z(essg Ozﬁfgln ng’tg)
ged t 1

111




Description

Equation

NLL
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Table D.8. Parameter specifications for prior distributions in Table D.7 applied in fitting the operating
models for redfish Sebastes mentella (Sm) and S. fasciatus (Sf).

Symbol Value (Sm;Sf) Description

w" 2.1;2.1 Mean prior for recruitment
residuals

o' 2.1; 21 Mean prior for residuals in

initial abundance

Orpr 1.0; 1.0 Standard deviation prior for
b recruitment residual and
initial abundance
Qo= 0.2;0.2 Mean prior for catchability for
g=1,2 :
survey index g
o 1.0; 1.0 Standard deviation prior
g=12 catchability for survey index
)
h 0.67; 0.67 Mean prior for steepness
oy, 0.17; 0.17 Standard deviation prior
steepness

HISTORICAL FISHERY PERIODS AND FISH SIZE SELECTIVITY

In order to define periods of similar redfish historical fishery selectivity, commercial landings
data across gear, vessel size, month and NAFO zones were collected for Unit 1 and 2 between
1985 and 2015. First, a principal component analysis was conducted on each of the four
matrices describing fishery characteristics (gear, vessel, month, and zone). The two first
principal components (PC), that explained between 89 and 99% of the variation in the matrices
were extracted and retained. Thus each matrix represented the same number of variables
because cluster analyses are sensitive to the number of variables included (Legendre and
Legendre 2012). Therefore, the resulting 8 principal components were used into a k-mean
clustering. This method iteratively creates groups aiming to partition n observations into k
clusters in which each observation belongs to the cluster with the nearest mean. The SSI
criterion was minimized and the clustering that seemed the most appropriate was 2 or 3 periods.
The most important split was between 1993 and 1994, and a second was between 1989 and
1990. The characteristics that are mostly contrasting each period are that between 1985 and
1989, bottom trawl was the gear that was the most utilized, whereas it was midwater trawl
between 1990 and 1993. From 1994 until recent years, the moratorium in Unit 1 defined the last
historical period, where landings decreased drastically. This analysis was conducted with
Sebastes spp. and different ways to split the total commercial landings by species. In all cases,
similar results were obtained.

Figures D.1 and D.2 show the results of the cluster analysis with two and three groups,
respectively. The boxplots illustrate the variance in the principal components representing
fishery characteristics, namely landings across gear, vessel, month, and zone for each period.
The minimum, lower quartile, median, upper quartile, maximum value and outliers are indicated.
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When boxplots are not overlapping, it is indicative that this characteristic is different between
periods. Principal components are composite variable compressing the variability present in the
data, meaning that, for instance, a high value of the “sizePC” does not necessarily correspond
to a large vessel size. Looking at the boxplots we can see that all periods diverge from each
other in all landings characteristics: gear, size, month, and zone.

For each time period, fish size selectivity was estimated. To do so, length-frequency measured
by observers at sea during 7489 fishing events in Units 1 and 2 between 1978 and 2017 were
gathered. Five quantiles (Q10, Q25, Q50, Q75, and Q90) were computed for each fishing event
to represent the distribution of captured fish length frequency. The values were averaged for
each gear, in each Unit, for every year. The proportions of landings for each gear, in each Unit,
for every year were also computed. These proportions were multiplied by their respective
quantile (specific to gear, Unit and year) to weight their importance based on their contribution
to the fishery. Therefore, if, for instance, most landings were harvested in Unit 2 for a specific
year, the quantiles estimated in Unit 1 would contribute less to the results. Finally, the weighted
quantiles were averaged for the duration of the different periods determined previously by the k-
mean analysis (Table D.9). Once again, the time period selectivity was assessed with Sebastes
spp, and different ways to split the total landings by species.
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Figure D.1. Results of Cluster Analysis with two groups.
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Table D.9. Fish size selectivity of Sebastes spp. described by five quantiles (cm) for each time periods
determined by the cluster analysis (2 or 3 clusters scenarios).

2 clusters scenario

Q10 Q25 Q50 Q75 Q90
Period 1985-1993 | 26.30 28.37 30.95 33.68 36.22
Period 1994-... 28.10 30.13 32.37 34.81 37.06

3 clusters scenario

Q10 Q25 Q50 Q75 Q90
Period 1985-1989 | 25.75 28.34 31.40 34.24 36.73
Period 1990-1993 | 26.99 28.40 30.38 32.99 35.58
Period 1994-... 28.10 30.13 32.37 34.81 37.06

METHODS TO SIMULATE FUTURE RECRUITMENT DEVIATES

It is common practice in MSE to simulate future recruitment such that they retain attributes seen
in estimates of historical recruitment obtained from fits of the operating models to historical data
(Cox and Kronlund 2016; Szuwalski and Punt 2016). It is common to simulate recruitment using
a stock recruitment function obtained from fitting the operating model to data and a non-
parametric or parametric bootstrap of recruitment deviates based on the estimated time series
of historical recruitment deviates (Cox and Kronlund 2016; Szuwalski and Punt 2016; Jones et
al. 2016). It is also common to observe positive autocorrelation in estimates of historical
recruitment deviates and to mimic this pattern in simulations of future recruitment by applying a
lag-1 positive autocorrelation function in a parametric bootstrap, or to take draws of sequences
of historical recruitment deviates with the use of a conditional non-parametric bootstrap (Smith
et al. 1993; Cox and Kronlund 2016).

We thus examined the temporal patterns of estimates of historical deviates obtained from fitting
the operating models to data to identify key attributes in the historical recruitment deviates and
then based on the observed attributes in the estimated recruitment deviates formulated two
alternative approaches to simulate future recruitment deviates. See Table D.10 for estimates of
cohort strength for 1951-2016 obtained from fitting the base case operating model to data for S.
mentella and S. fasciatus. We have focused our characterization of the attributes of historical
age 0 recruitment deviates on years 1970-2013, i.e., the years in which there is sufficient
information in the data to estimate the recruitment deviates. Recruitment deviates are first
estimated for the 1951 cohort. However, the first cohort strengths that could be estimated based
on data would be around 1970. The length composition data in the fishery independent trawl
survey in Unit 1 began in 1984. Recruitment deviate estimates for both S. mentella and S.
fasciatus show increased departures from their prior means starting around 1970, thus
indicating that the information contained in length composition data provide cohort strengths
back to the 70’s. In addition, the trawl survey selects fish with 50% or greater probability at age
2, and extends to 2017. Thus, the last cohort that could be estimated would be 2013, since a
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minimum of about two years of composition data are needed for cohort strength estimation
(e.g., Cox and Kronlund 2016).

The time series of estimated recruitment deviates for both species appears to be highly
structured (Figure 1). Firstly, there are a few brief periods in both time series when large and
exceptionally large recruitment deviates (i.e., multipliers larger than about 5) for both species
occur. These include the years 1972-73, 1980-1981, and 2011-2013. This suggests that
conditions favouring unusually good juvenile survival occur infrequently for a few years for both
species. The correlation in deviates across the two species was quite high, at 0.74 (p-
value=0.001), also supporting the notion that the ecological conditions favouring good
recruitment are similar for both species and co-occur in Units 1 and 2. The autocorrelation in
recruitment deviates at lag 1 was positive at 0.32 (p-value=0.03) for S. mentella and 0.48 (p-
value=0.001) for S. fasciatus for 1970-2013. Excluding the final three years, i.e., 2011-2013,
that had extremely high recruitment deviates the autocorrelation increased to 0.66 (p-
value=0.001) for S. mentella, but remained nearly the same at 0.45 (p-value=0.001) for S.
fasciatus. This suggests that for the bulk of the 44-year time series, auto-correlation at lag 1 is
positive and fairly high for both species. For both species, sequences of large positive
recruitment deviates (multipliers of about 5 and larger) occurred no fewer than eight years
following the previous strong cohort. In any forty year sequence, there were no more than four
large recruitment deviates. Also there have been no more than three large deviates occurring
within a three year sequence (i.e., two large deviates in a row for S. mentella, i.e., 1980-81, and
three in a row for S. fasciatus, i.e., 2011-2013).

The observed spacing of sequences of large deviates and relatively low frequency of
exceptional large historical deviates have prevented excessively large abundances from
accumulating in the past. For example, the maximum estimated SSB was 800 kts for S.
fasciatus and 1200 kt for S. mentella. We found that if two or more sequences of large deviates
were simulated to occur within a short sequence of years, e.g., within a shorter span than
previously observed, then unrealistically high stock biomass would accumulate within a few
decades (e.g., spawning stock biomass of greater than 20 million tons). These attributes were
considered in the formulation of a conditional nonparametric bootstrap and also a conditional
parametric bootstrap.

Method 1: Conditional nonparametric bootstrap

The aim of this approach was to simulate future recruitment deviates that similar statistical
attributes to those that were estimated for the years 1970-2013. First, a large cohort was
defined using the fifth largest estimated recruitment deviate (i.e., in 1980 for S. mentella and
2013 S. fasciatus). The six key attributes that were observed for both species that this approach
aimed to mimic were as follows:

(1) high correlation in recruitment deviates exists between the two species, e.g., when a high
recruitment event occurs in one species, it is also likely to occur in the 2™ species, and vice
versa,

(2) high autocorrelation in recruitment deviates occurs at lag one year for both species,

(3) sequences of large recruitment events can last no longer than three consecutive years and if
three years, there can be a small recruitment between two large ones,

(4) conditions for exceptional recruitment (for up to three years) can occur no more than twice
within 40 years (e.g., as was observed for 1980-1981 and 2011-2013),

(5) no more than four large cohorts (i.e., large and exceptionally large cohorts) can occur within
40 years,
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(6) conditions for a strong recruitment event (which may occur over one to three years) can
occur no sooner than 8 years after the previous instance of strong recruitment.

A conditional non-parametric bootstrap was identified as the Monte Carlo technique that would
most easily incorporate all six attributes listed above. To allow for a sufficiently large population
of unique draws, a non-parametric bootstrap requires a large number of potential replicate
sequences and a relatively short sequence length. Our sequence of deviates from 1970-2013,
had only 44 deviates. With segment size set at 5 years we obtained 39 unique candidate
segments. 5 years is an arbitrary choice for segment size but still allowed for the representation
of lag 1 autocorrelation and sequences of up to three large recruitment events to be drawn. To
implement these six conditions we applied the following steps:

Step 1. For the 18t five years from 2018-2022, a time-series of five years that contains
recruitment deviates for both species that are not large in magnitude is chosen at random and
with replacement from the estimated sequences of deviates 1970-2013 (following condition 6).

Step 2: For the next five years, a time-series of five years with consecutive recruitment deviates
for both species is chosen at random with replacement (this sequences may or may not include
large (or exceptional) deviates).

Step 3. Repeat step 2 with a different random seed six more times.
Step 4. Join the eight sequences from Step 1-3 to create a single time-series of 40 years.
Step 5. Repeat Step 1-4, 10,000 times and for operating model projections select only those
time-series that follow conditions 3-6 above.
Method 2: Conditional Parametric Bootstrap
We assumed that future recruitment deviates for the two species had the following properties:
(1) S. mentella
e Standard deviation in recruitment deviates (or (sm)) 1.56
e Auto correlation coefficient at lag 1 year = 0.32
(2) S. fasciatus
e Standard deviation in recruitment deviates (o (sf)) = 1.06
o Auto correlation coefficient at lag 1 year = 0.48
(3) Correlation between S. mentella and S. fasciatus recruitment deviates = 0.74
We applied the following steps to attempt to achieve the above three sets of conditions.

Step 1. For S. fasciatus (sf), simulate from a normal distribution that has a mean of zero and
standard deviation 1.06, and using a lag 1 year autocorrelation function with an autocorrelation
coefficient (rho(sf)) of 0.5 (rounding up from 0.48), generate a time series of forty recruitment
deviates (e(y)). i.e., for years 2018-2057:

e(sf, y) = rho(sf) * e(sf, y-1) + rannorm * og(sf) * Sqr(1 — rho(sf) * rho(sf))
where rannorm is a random normal deviate with a mean of zero and standard deviation of 1.

Step 2. Using a normal distribution with a mean of zero and standard deviation of 1.56, the
across species correlation coefficient of 0.74, and time series of recruitment deviates generated
for S. fasciatus from step 1, generate a time series of forty recruitment deviates from 2018 to
2057 for S. mentella, i.e., for years 2018-2057:
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e(sm, y) = Sqr(0.5) * (corfm * or(sm) / or(sf) * e(sf, y) + rannorm * cg(sm) * Sqr(1 - corfm * corfm))

+ Sqgr(0.5) * (rho(sm) * e(sm,y - 1) + rannorm * or(sm) * Sqr(1 — rho(sm) * rho(sm)))

Note that when the above procedure was implemented the parameter corfm had to be adjusted
to 1 and the rho(sm) parameter to 0.11 to achieve error deviates for S. mentella with a standard
deviation of about 1.56, correlation between S. mentella and S. fasciatus error deviates of about

0.74, and an autocorrelation coefficient of about 0.32.
Step 3. Repeat steps 1 and 2 10000 times.

Table D.10. Estimates of cohort strength for S. mentella and S. fasciatus in Units 1 and 2 obtained from
fitting the base case operating model to data.

Year
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972

S.mentella
1.0
1.0
1.0
1.0
2.1
1.0
2.1
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.1
1.1
1.2
1.3
6.3

S.fasciatus
1.1
1.1
1.1
1.2
3.2
1.2
3.3
1.2
1.2
1.2
1.2
1.2
1.1
1.1
1.1
1.1
1.1
1.1
1.2
1.3
1.4
1.5

Year
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994

S.mentella S.fasciatus

1.6
1.2
1.0
1.1
1.4
1.7
1.8
4.8
12.1
1.2
0.5
0.7
0.7
0.8
0.5
0.3
0.3
0.3
0.2
0.2
0.4
0.7

1.3
1.0
0.9
0.9
1.0
1.1
1.6
26
5.7
1.1
0.4
0.5
0.6
0.4
0.2
0.2
0.2
0.2
0.2
0.1
0.3
0.6

Year
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016

S.mentella
0.4
1.1
0.4
0.7
0.7
0.6
0.4
0.5
0.4
0.4
0.4
0.5
0.3
0.3
0.8
0.8

589.9
1.2
46.5
1.0
1.0
1.0

S.fasciatus
0.3
1.4
0.3
0.8
1.9
0.5
0.6
1.5
1.5
1.6
1.7
0.6
3.1
0.7
0.7
0.6
251
9.7
6.2
0.6
0.6
1.0
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APPENDIX E: METHODOLOGY FOR DEVELOPING A PRIOR FOR RECRUITEMENT
DEVIATES OF STRONG COHORTS

INTRODUCTION

Redfish stocks within the Gulf of St. Lawrence have been found to show evidence of large
cohort size during historical periods prior to years for which fishery and survey data are
available (Table E.1). To account for these large recruitment deviates within the current
investigation, a meta-analysis using an empirical Bayes approach was conducted. This analysis
quantified recruitment deviates observed in Sebastes spp. populations outside the current study
area for use in generating a prior for mean deviation for the current investigation in years where
it was identified that large cohorts were present in the data.

METHODS

The empirical Bayes meta-analysis of Sebastes spp. stock recruitment data was conducted
utilizing data compiled from a literature review and the RAM Legacy Stock Assessment
Database (Ricard et al. 2013). Of the available data, a total of nineteen stocks were included in
the investigation (Table E.2). The remaining eighteen available datasets were excluded due to
missing spawner or recruit data, presence of abrupt discontinuities in the time series, or
presence of constant values (i.e. indicating estimation failure). Data was utilized for both Pacific
and Atlantic Sebastes spp. stocks, with the majority of data (17 of 19 stocks) coming from
Pacific stocks. Data was available for only two redfish stocks on the east coast. The mean
length of time-series data utilized was 31.5 years.

Calculations of recruitment deviance were evaluated as follows. First estimates of expected
recruitment through time for each stock was determined by evaluating fits of the data to the
Beverton-Holt stock-recruitment function (equation 1) (Walters and Martell 2004). The form of
the Beverton-Holt stock-recruitment function for population i is:

_ a1Ej;
() Rien = 500

Ot

where a describes the slope of the function near the origin (i.e. the maximum survival rate of
recruits), B8 is the scaling parameter of the stock-recruit function, E;;, is an index of the spawning
stock biomass (measured as SSB), R+ is the expected number of recruits, and e;4, is a
normally distributed process error. Parameter estimation for Beverton-Holt stock-recruitment
function was conducted using Solver in Excel (Microsoft Corporation 2010). The objective
function was the negative log likelihood.

Once a time series of expected recruitment was determined, the scale of recruitment deviance
was determined by calculating a recruitment multiplier (mR:) by year t as (leaving out the stock
indicator i):

(2) mR = eft
where e is the recruitment deviate in year t.

mR within each time series were then compared to an arbitrarily determined threshold deviance
of 5, or values of in the natural logarithm of at least 1.609. The mean of each time series of mR
was then calculated by stock. The grand mean and standard deviation (later converted to
precision) of mR across populations was then calculated. These values were then used as an
informative, non-negative positive prior for recruitment deviates in the operating model for years
that were identified to have produced large cohorts.
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RESULTS

Fits of each stock to the Beverton-Holt stock recruitment function are shown in figure 1 with
stock specific estimates the parameters of the Beverton-Holt equation (a and ) and the
standard deviation in the natural logarithm of the deviates (or) shown in Table E.3. Of the
nineteen stocks investigated, a total of ten were found to have large recruitment deviates. The
number of years large recruitment deviates varied by stock from one to five, with the mean
number of large recruitment deviates across stocks of 2.4. The largest mean recruitment deviate
(3.33) was observed for North Pacific coast S. flavidus.

The mean value of large recruitment deviates across populations was 2.07 with a standard
deviation of 0.56. The average value for the standard deviation in the natural logarithm of
recruitment multipliers was 0.84, with a standard deviation of 0.46. The prior mean thus for a
large recruitment deviate was set at 2.07. The prior standard deviation for recruitment deviates
was rounded up to 1.0, to allow for larger uncertainty due to the low representation of redfish in
the Sebastes spp. stock recruit data sets included in the meta-analysis.
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122


http://ramlegacy.marinebiodiversity.ca/ram-legacy-stock-assessment-database/ricard-et-al.-2011-fish-and-fisheries

Table E.1. Identification of years with strong Unit 1 and 2 redfish cohorts based on trawl survey and

literature sources.

Year
class Years Strong year
Source Quality strength  available classes Notes Reference
Gadus winter High yes but 1978- 1974, 1980, biased in later DFO survey
survey not by 1994 1985, 1988 years due to data repository,
species ice conditions  Quebec Region
Hammond summer High yes 1984- 1974, 1980, Western lla DFO survey
survey 1990 1985, 1988 trawl data repository,
Quebec Region
Alfred Needler High yes 1990- 1980, 1985, URI trawl DFO survey
summer survey 2005 1988, 2003 data repository,
Quebec Region
Teleost summer High yes 2004- 2003, 2011, Campelen DFO survey
survey 2017 2012, 2013 shrimp trawl data repository,
Quebec Region
Sentinel mobile High yes 1995- 2003, 2011, Engels trawl DFO survey
survey 2017 2012, 2013 data repository,
Quebec Region
Literature High no 1974- 1974, 1980, genetic Valentin et al
2013 1985, 1988, confirmation 2015
2003 of species
Literature Medium no 1945- 1956, 1958 mention of CAFSAC
1960 good year Document 1984
classes and in
scientific
reports
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Table E.2. Description of Sebastes spp. stock-recruit datasets utilized in analysis.

Scientific Region Region Data collection Time Time Source
name Code agency series series
length range
(yrs) (yrs)
S. variabilis Gulf of Alaska GoA Alaska Fisheries 23 1977- 1
Science Center 1999
S. aleutianus Eastern Bering EBSAI Alaska Fisheries 23 1977- 1
Sea and Aleutian Science Center 1999
Islands
S. alutus Gulf of Alaska GoA Alaska Fisheries 31 1977- 1
Science Center 2007
S. alutus Eastern Bering EBSAI Alaska Fisheries 22 1977- 1
Sea and Aleutian Science Center 1998
Islands
S. alutus Eastern Pacific EPC Northwest Fisheries 34 1956- 1
Coast Science Center 1989
S. ruberrimus Eastern Pacific EPC Northwest Fisheries 33 1923- 1
Coast Science Center 1955
S. carnatus South Eastern SEPC Southwest Fisheries 36 1965- 1
Pacific Coast Science Center 2000
S. crameri Eastern Pacific EPC Northwest Fisheries 35 1928- 1
Coast Science Center 1962
S. fasciatus Gulf of Maine / GoM Northeast Fisheries 27 1981- 1
Georges Bank Science Center 2007
S. flavidus North Eastern NEPC Northwest Fisheries 36 1967- 1
Pacific Coast Science Center 2002
S. goodei South Eastern SEPC Northwest Fisheries 35 1892- 1
Pacific Coast Science Center 1928
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Table E.2 continued. Description of Sebastes spp. stock-recruit datasets utilized in analysis.

Scientific name Region Region Data collection Time Time Source
Code agency series series
length range
(yrs) (yrs)
S. jordani Eastern Pacific EPC Southwest Fisheries 22 1964- 1
Coast Science Center 1985
S. levis Southern SCAL  Northwest Fisheries 36 1900- 1
California Science Center 1935
S. melanostomus  Eastern Pacific EPC Northwest Fisheries 36 1950- 1
Coast Science Center 1985
S. mystinus California CAL Northwest Fisheries 36 1916- 1
Science Center 1951
S. paucispinis South Eastern SEPC  Northwest Fisheries 56 1951- 1
Pacific Coast Science Center 2006
S. polyspinis Gulf of Alaska GoA Alaska Fisheries 45 1961- 1
Science Center 2005
S. polyspinis Eastern Bering EBSAI Alaska Fisheries 22 1977- 1
Sea and Aleutian Science Center 1998
Islands
S. mentella Irminger Sea and ISAA International Council 12 1990- 2
adjacent areas for the Exporation of 2001

the Sea

'. Ricard, D., Minto, C., Jensen, O.P. and Baum, J.K. 2013. Evaluating the knowledge base and
status of commercially exploited marine species with the RAM Legacy Stock Assessment

Database. Fish and Fisheries 13 (4) 380-398. DOI: 10.1111/.1467-2979.2011.00435.x

2. ICES. 2017. Report of the North Western Working Group (NWWG), 27 April — 4 May 2017,
Copenhagen, Denmark. ICES CM 2017/ACOM:08. 642 pp.
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Table E.3: Stock specific estimates of a, 8, and or.

Scientific name Region Alpha Beta Or
S. variabilis GoA 0.68 5.42 x 10 1.05
S. aleutianus EBSAI 5.27 x 10° 586.72 0.62
S. alutus GoA 5.09 8.40 x 10 0.48
S. alutus EBSAI 3.73x 10" 5.8 x 10 0.55
S. alutus EPC 8.18 x 10° 4.05x10°% 2.00
S. ruberrimus EPC 7.10 0.00 0.62
S. carnatus SEPC 813.14 4.96 x 1073 0.28
S. crameri EPC 1.77 1.11x 103 0.54
S. fasciatus GoM 2.00 x 108 6729.98 1.15
S. flavidus NEPC 4.09 x 1073 0.00 0.76
S. goodei SEPC 1.29 x 108 5684.36 3.35
S. jordani EPC 66.00 1.45x 104 1.09
S. levis SCAL 27.13 1.22 x 1073 0.98
S. melanostomus EPC 3.14 1.08 x 10 0.86
S. mystinus CAL 2.80 x 107 4762.43 0.33
S. paucispinis SEPC 0.29 1.54 x 104 0.82
S. polyspinis GoA 1.49 x 10* 1.10 0.6
S. polyspinis EBSAI 2.00 6.00 x 10 0.63
S. mentella ISAA 6.48 6.47 x 102 0.13
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Figure E.1. Fits to stock-recruitment datasets obtained for 19 Sebastes spp. stocks under the assumption
the Beverton-Holt (red line) stock-recruitment function.
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APPENDIX F — OBJECTIVES AND PERFORMANCE METRICS

Table F.1. Candidate MSE Objectives, matched to the corresponding Performance Metrics, with passing
criteria identified.

Candidate Stock Objectives

1 Increase SSB of each of S. mentella and S. fasciatus above the lower reference
point (LRP) and into the Healthy Zone in 10 years (95% probability).

Corresponding | 1a: Proportion of simulations where SSB of each species exceeds LRP in 10 years

Performance PASS CRITERIA: 95% or higher

Metrics
1b: Proportion of simulations where SSB of each species exceeds USR in 10 years.
PASS CRITERIA: 95% or higher

2 Once in Healthy Zone, maintain SSB of each of S. mentella and S. fasciatus above

the Critical Zone (95% probability), and in the Healthy Zone (75% probability[scz] ).

Corresponding | 2a: Proportion of years the SSB of each species is above the LRP after 10 years.

Performance | p\sg CRITERIA: 95% or higher

Metrics
2b: Proportion of years the SSB of each species is above the USR after 10 years.
PASS CRITERIA: 75% or higher

3 Maintain exploitation rate U of S. mentella and S. fasciatus below Umsy, 50%

probability.

Corresponding | 3: Proportion of years where the ratio of U:Umsy by species < 1.

Performance | 5555 CRITERIA: 50% or higher
Metrics
4 Maximize the number of years where fish < 22 cm represent < 15% of catch (and

Small Fish Protocol is not triggered).

Corresponding | 4: Mean number of years where fish < 22 cm represent < 15% of catch.

Performance a) 5 years; PASS CRITERIA: 85% or higher
Metrics
b) All 40 years; PASS CRITERIA: 85% or higher
5 Maximize the number of years where fish < 25 cm represent < 15% of catch.
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Candidate Stock Objectives

Corresponding

5: Mean number of years where fish < 25 cm represent < 15% of catch.

Performance a) 5 years; PASS CRITERIA: 85% or higher
Metrics

b) All 40 years; PASS CRITERIA: 85% or higher
6 Maximize the duration of high annual catch.

PASS CRITERIA: No pass/fail, but rank the performance of the Management
Procedures/Harvest Control Rules

Corresponding
Performance
Metrics

6a: Average annual catch in a) 10-20, b) 10-40 years.

6b: Proportion of simulations where catch limit reaches or exceeds 40,000 tons by
2028 (i.e., after the large cohorts are expected to fully recruit to the fishery).

6¢: Mean number of years where the catch limit is as large or larger than 40,000
tons in the years 2028-2057.

6d: Proportion of years with > 2017 landings [2017 will be a reference year; note
2016 catch killed = approx. 4040 t assuming 1:1 catch kill:retained ratio]

Maximize catch of large fish (>27 cm[sc3]).

Corresponding

7: Proportion of years where percentage of fish > 27 cm is > 80%.

Performance a) 5 years; PASS CRITERIA: 50% or higher
Metrics
b) All 40 years; PASS CRITERIA: 75% or higher
8 Maintain the stability of the fishery (annual changes in TAC are consistent with

industrial capacity).

Corresponding
Performance
Metrics

8a: Percentage of years where recommended TAC is < 15% different from previous
TAC.

PASS CRITERIA: 75% or higher

8b: Average Annual Variation in TAC (percentage) during
a) 10-20 years; PASS CRITERIA: 15% or lower
b) 10-40 years; PASS CRITERIA: 15% or lower
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APPENDIX G: EXPLORATION OF A HYPOTHESIS ABOUT RANGE CONTRACTION
IN UNIT 1 AND 2 REDFISH

In the Unit 1 and Unit 2 redfish MSE, there are three key assumptions about the swept area
abundance indices obtained from the DFO and GEAC groundfish trawl surveys in those areas.

1. Each index for each species is directly proportional to abundance.

e Therefore the relative changes in the index can be expected to accurately represent the
actual relative changes in stock abundance.

Each index can be treated as a relative abundance index.

If used on its own each index would accurately reflect actual relative changes in stock
abundance.

o Therefore the Unit 1 trawl survey index for the two redfish species can be used as a relative
abundance index in management procedures for both species.

Over the years in which the abundance index data are available for Units 1 and 2, it appears
that adequate fits of the operating models to the trawl survey abundance indices are obtained
for both species from Units 1 and 2, i.e., the model predicted biomass follows the trends seen in
both indices for both species (Figures 3, 10). However, as noted above, the estimates of the
constant of proportionality for the Unit 1 and especially the Unit 2 trawl survey indices are very
high (i.e., larger than 1.0) for both species for most operating models (e.g., for the Unit 2 trawl
survey index, g was about 1.7 for S. mentella and about 2.5 for S. fasciatus (Tables 4 and 5)).

Two hypotheses that specified alternative mechanisms for the high estimates of q for the trawl
abundance indices for Unit 2 are as follows:

1. Catch under-reporting: Catches e.g. for 1988-1994 under-reported. If catches were
substantially underreported in the period in which the abundance indices dropped most severely
this would cause a model that used the under-estimates of catch to produce inflated estimates
of q.

2. Range contraction: Absolute fish abundance depletes more in Unit 1 than Unit 2 when stock
abundance decreases. If the stock area with the highest fish densities under all different levels
abundance was in Unit 2, and the stock expanded its range into Unit 1 as abundance increased
and then gradually left Unit 1 as the stock declined, this could give rise to hyperdepletion (or
hyper-expansion) in the Unit 1 index. Without the availability of data from surveys taken in years
prior to 2000 in Unit 2, the extent of depletion of stock biomass in Unit 2 prior to 2000 remains
unknown. If there was a high degree of range contraction, the density of redfish in Unit 2 could
remain hyperstable when the stocks either increased or decreased, even though the apparent
abundance in Unit 1 would appear to increase markedly or decrease markedly depending on
whether the stock was undergoing range contraction or range expansion.

We report below the results of several different analyses. In the first set of analyses, population
dynamics models for S. fasciatus and S. mentella were fitted to the Unit 1 and 2 trawl survey
abundance indices using the records of reported redfish catches and hypothesized ratios of
catch biomass killed to catch biomass reported. To allow more rapid and thorough data
analysis, a state-space semi-age-structured model, delay-difference model, was fitted to the
abundance indices using Excel spreadsheets (Walters and Martell 2004; Yamanaka et al.
2018). This type of stock assessment model includes a Beverton-Holt stock recruit function,
annual deviates from this function to allow estimation of cohort strength, the same growth and
natural mortality rates, and the same median age at maturity as in the base case operating
models. For a description of the particular approach to fitting the delay difference model to
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abundance indices and the equations applied see Yamanaka et al. (2018). The time series of
reported landings for both species, the base case scenario for the ratio of catch killed to catch
retained and prior for Beverton-Holt steepness were also applied. The delay difference models
were fitted to different configurations of the Units 1 and 2 trawl survey biomass indices to
explore the sensitivity of estimated trends in abundance to different interpretations of the data.
In the initial fits, a vague prior for the constant of proportionality for the trawl survey indices, q,
was implemented to allow unconstrained estimation of q. Fixed standard deviations for the
likelihood function with values similar to those applied under the base case operating model
were also applied when fitting the delay difference model.

Five different versions of the delay difference model were tried.

1. Treat the abundance indices as relative abundance indices, i.e., li,y = qi By where | is
the predicted index of abundance for trawl survey i, qi is the constant of proportionality for the
trawl survey i abundance index and By is the total stock biomass vulnerable to the survey in
year y. The delay difference model was first fitted to the trawl data to examine the goodness of
fit of the model to the data under the commonly made assumption that the indices can be
treated purely as relative indices of abundance. The model predicted values for the survey
biomass were back-projected to 1960 to show the model’s predictions of the abundance indices
relative to spawning stock biomass (SSB), should the Unit 2 trawl survey have been conducted
all years back to 1960 when the stocks were assessed to have been much higher in abundance.
This back projection of the predicted index allows an evaluation of the credibility that the indices
from the Units 1 and 2 trawl surveys are directly proportional to total stock size under all levels
of stock abundance. Large values for the model-predicted trawl survey indices for Unit 2 (e.g.,
gz * By > 2 million tons), especially in the earlier years of the fishery when stock size could have
been much higher would call into question the credibility of the assumption that the indices are
directly proportional to abundance.

2. Consider the catch under-reporting hypothesis. Estimate a bias factor, b, in the reporting
of catches from 1985-1994 when the Unit 1 index depleted the most, i.e. for 1985-1994,

Cy = b*ckry * Cyrep

where ¢y is the catch biomass killed, ckry is the catch biomass killed to catch killed ratio for year
y assumed in the base case operating model, b is the inverse of the average bias adjustment
factor in catch reporting which is a multiple of the value for the fixed inputted value of ckr,, and
Cy.rep IS the total catch biomass reported in year y for the species evaluated. If the product of
b*ckr, is excessively high, e.g., implying catches would need to be 10 or more times larger than
the reported landings to explain the large drop in the Unit 1 index, then this would cast doubt on
the hypothesis that underreporting of catches could cause the estimated values for g to be very
high.

3. Estimate a nonlinearity coefficient B for the Unit 1 trawl survey index, i.e., |1,y = q1 B,#
where f is the nonlinearity coefficient for the Unit 1 trawl survey index. Estimates of B = 1 would
imply that the index is directly proportional to abundance; estimates of § > 1 would predict the
index to decline at a steeper rate than that for actual abundance and would be consistent with
the hypothesis of hyperdepletion in the trawl index of abundance.

4. Estimate a range contraction parameter, rc, for the Unit 1 trawl survey index of
abundance. One potential representation of a time dynamic value for the constant of
proportionality, gy, for the Unit 1 trawl survey that is driven by range contraction is given by: q, =
g:/(rc+ (1-rc)* By/ (fBz * Bg)) when By is < fBz * By

and
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Qy = 9. when By =2 fBz * Bg

where @ is the constant of proportionality for stock sizes larger than fBz * By, rc is the range
contraction factor, By is the average unfished stock biomass vulnerable to the trawl survey, fBz is
the fraction of average unfished stock biomass under which range contraction is predicted to
occur, and By is the total population biomass that is potentially vulnerable to the trawl survey. In
fitting the delay difference model to the data, the parameters fBz was fixed at different trial
values and then fixed arbitrarily at 0.5, implying that range contraction occurs when stock size
drops to less than half of the average unfished stock size. The index for Unit 2 was assumed to
be a purely relative index of abundance. The index for Unit 1 was assumed to undergo range
contraction with the value for q, given by the above given dynamic equation for g,.

5. Sum the Unit 1 and 2 indices for every year where there a Unit 1 and 2 index.

At a meeting held for a pre-peer review of the Units 1 and 2 redfish MSE in February 2018 it
was suggested that to address the issue of anomalously high estimates of the constant of
proportionality (q) for the swept area trawl indices in Units 1 and 2, a combined Unit 1-Unit 2
swept area biomass index (l1+2) should be formulated from the Unit 1 and 2 trawl survey data
sets. The idea being that should Units 1 and 2 encompass the full range of the stock area for
both species, an index that combined the trawl survey records from both Units 1 and 2 should
eliminate the potential range contraction (and expansion) attributes of the Unit 1 trawl survey
index.

The Unit 1 and 2 trawl survey data could be combined starting in 2000 when both Unit 1 and 2
trawl survey indices become available. The Unit 1 index would remain as a separate relative
index of abundance for the eight years in which the Unit 2 survey index was not available
following 2000 (about once every two years). An approximation of the combined index would be
the summation of the swept area biomass index for Unit 1 and Unit 2 for each year in which
both indices were available. Apparently the survey gear and survey protocols have been
practically identical in the DFO Unit 1 and GEAC Unit 2 trawl surveys since 2000. So, for
example, for the year 2000, l1+2, 2000 = 1, 2000 * |2, 2000. Thus the value of the combined index for
the two management Units could be expected to be larger than either one by itself in years
where both indices are available, i.e.,

l1+2,y = l1y + l2y

where li.,y is the trawl survey index resulting from the summation of the index values for Units 1
and 2 in year y. We considered two options for fitting the model to a trawl survey index for the
years 1984-1999 where only the Unit 1 index was available. The first option was to fit the model
to the Unit 1 index for years 1984-2017 in which the Unit 2 index was not available, treating it as
a relative abundance index. A second option was to impute a Unit 1+ Unit 2 trawl survey index
for 1984-1999 by adding the mean for the Unit 2 index in years 2000-2016 to the annual
observed Unit 1 index in each of the years 1984-1999. This assumes that within the time from
1984-2016 the abundance in Unit 2 remains on average hyperstable with changes in total stock
abundance and that at least for years 1984-1999 the stock would increase into Unit 1 as the
stock systematically increased and contract out of Unit 1 as the stock decreased. The
proposition that for 1984-2016 the average abundance in Unit 2 remains hyperstable with
changes in total stock sizes is purely speculative.

Here it was assumed that under hypothesized range contraction of the Unit 1 and 2 redfish
stocks, the average stock biomass in Unit 2 remained relatively stationary from 1984-2016. We
thus imputed a value for the Unit 2 stock biomass for the years 1984-1999 by taking the
average value of Unit 2 stock biomass from 2000-2016, e.g., about 182 kt and 156 kt for S.
fasciatus and S. mentella, respectively. We then added this averaged Unit 2 survey biomass

132



value to the Unit 1 index for each year from 1984-1999 and then used the summed Unit 1 and 2
biomass for 2000-2016 where both indices were available.

The ability of the model to fit the abundance index data and resulting estimates of q for the
abundance indices under both options for combining the Unit 1 and Unit 2 trawl indices was
assessed.

In addition, spatial plots of average trawl survey catch rates in Units 1 and 2 were examined to
check for the possibility of range contraction as the stocks declined and range expansion as the
stocks have recently started to increase.

RESULTS

The state-space delay difference models that were fitted to the Units 1 and 2 trawl indices as
relative indices fitted the data fairly well and give estimates of depletion for both species similar
to those obtained from fitting the base case operating model (Figure G.1; Table G.1). The model
fit estimates of the standard deviation, i.e., sigma, in the log deviates between observed and
predicted values for both species for Units 1 and 2 were between about 0.3 and 0.45 and were
not excessively high. However, the model predicted values for the Unit 2 trawl index in the early
1960s were very high, i.e., about 3.5 million tons for S. fasciatus and 1.8 million tons for S.
mentella. These appear to be unrealistically high values for the expected swept area biomass
values that could be obtained from Unit 2. These models where the trawl indices for Units 1 and
2 are treated separately as relative abundance indices are referred to below as the reference
models for each species.

When a catch multiplier was estimated for S. fasciatus for the years 1985-1994, the model also
fitted the data not too badly and the AIC decreased by about 10.5 Units from the reference
model (Figure G.3, Table G.1). The estimates of the constants of proportionality for Units 1 and
2 decreased and were both less than 1 for Units 1 and 2 (Table G.1). However, the total amount
of reported catch would need to be inflated would be by about 16 times, i.e., the multiplier was
estimated at 8.07 when the catch biomass killed to retained ratio for these years was set at a
value of 2.0 (Table G.1). While the approximated reported catches for S. fasciatus were about
42 kt and 43 kt in 1991 and 1992, the model-predicted catches of S. fasciatus approached 700
ktin 1991 and 1992.

When the delay difference model was fitted to the data for S. fasciatus and a nonlinearity
coefficient was estimated, the model fitted the data slightly better with the AlIC dropping by
about 1.2 AIC Units from the reference model (Figure G.4). The hyperdepletion parameter was
considerably larger than 1, i.e., at 3.28 (Table G.1). The estimate of q for Unit 2 was less than 1,
i.e., at 0.81. The estimated depletion was at higher value than when the abundance indices
were treated as relative indices, i.e., at 0.24 compared to 0.07 when the abundance indices
were treated as relative (Table G.2). However, the estimation was unstable at the function
minimized parameter estimates and this model could not be taken seriously.

When a range contraction parameter was estimated when fitting the delay difference model to
the data for S. fasciatus, a slightly better fit to the abundance indices was obtained with the AIC
also dropping by about 1.2 Units from the reference model (Table G.1, Figure G.5). The
estimate of q for Unit 2 was also less than 1, i.e., at 0.66. The estimate of depletion was also
higher at 0.37 compared to when the indices were treated as relative. A stable fit to the data
was obtained also.

When the delay difference model was fitted to the S. fasciatus index that was the summation of
the swept area biomass values for the Unit 1 and Unit 2 trawl surveys and the Unit 1 index from
1984-2017 for years where there was no Unit 2 survey, the q for the Unit 2 index was still very
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high, i.e., at 3.08 and depletion estimates for both species still very low (Table G.1). The fits to
the revised abundance indices obtained were similar to those obtained under the reference
model but poorer to the Unit 1 index (Table G.1 and Figure G.6).

When the delay difference model of S. fasciatus was fitted to (1) a further revised Unit 1 trawl
survey index (i.e., only for years after 2000 when there was no Unit 2 trawl survey) and (2) a
trawl index that was the summation of the swept area biomass values for the Unit 1 and Unit 2
trawl surveys with extrapolation of the Unit 2 index for the years 1984-2000, the estimate of q for
both indices was below 1 (Table G.1). The estimates of depletion are also higher for both
species, i.e., 0.41 for S. fasciatus and 0.34 for S. mentella, compared to estimates under the
reference models (Table G.1).

The resulting fit to the combined 1984-2016 Unit 1+2 index was much better than to either index
by itself (Table G.1 and Figure G.7). For example the model fit CV was only 0.10 for S. fasciatus
and 0.16 for S.mentella for the combined Unit 1+ 2 index compared to about 0.25-0.4 for fits to
the separated Unit 1 and 2 indices (Table G.1). The estimate of q for the Unit 1 index dropped to
0.06 and 0.08 the estimate of q for the Unit 2 index dropped to 0.65 and 0.43, for S. fasciatus
and S. mentella, respectively (Table G.1). Thus, combining the Unit 1 and 2 trawl survey indices
serves to bring the q estimates for the Unit 1 and 2 trawl surveys to values less than 1 only if
average values for the Unit 2 indices for 2000-2016 are extrapolated to the years 1984-1999
when the Unit 2 indices are not available and a combined Unit 1 and 2 index is formulated for
1984-2016.
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Delay difference model for S. fasciatus fitted to
abundance indices treated as relative indices
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Figure G.1. Fits of a delay difference model to the Units 1 and 2 trawl survey indices for a. S. fasciatus

and b. S.

mentella. predcatch depicts the model-predicted catch biomass which is given by the reported

catch biomass times the ratio of catch biomass Killed to retained in the base case operating model.
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Observed and predicted unit 1 and 2 trawl
indices for S. fasciatus
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Figure G.2. Time trajectories of observed and predicted trawl indices of abundance for a. S. fasciatus and
b. S. mentella.
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Table G.1. Estimates of parameters obtained from fitting a delay-difference model (Walters and Martell 2004) to the Units 1 (U1) and 2 (U2)
bottom trawl abundance indices. The base case catch biomass Killed to retailed ratio was applied in all estimations. Biomass values are in kt.
Bzero is the average unfished spawning stock biomass, steepness is the steepness parameter in the Beverton-Holt stock-recruit function,
Depletion is the ratio of stock biomass in 2017 to Bzero, npars is the number of parameters estimated included the annual deviates from the stock-
recruit function, sigma is the standard deviation in the lognormal likelihood function.

sigma
Unit 2
Extra or
qUnit  parameter sigma Units
Run  Species Key attributes Bzero  Steepness Depletion q Unit 1 2 estimated npars  Unit 1 1+2 AIC Comments
1 S. fasciatus U1 and U2 index 917 0.48 0.067 0.459 3.86 #N/A 37 0.45 0.29 -0.45 Indices treated as
kept separate relative
1 S. mentella U1 and U2 index 1438 0.58 0.097 0.339 1.24 #N/A 37 0.35 0.30 #N/A  Indices treated as
kept separate relative
2 S. fasciatus U1 and U2 index 2247 0.50 0.146 0.075 0.67 8.07 38 0.38 0.28 -10.92  The extra parameter is
kept separate a multiplier on reported
catch biomass 1986-
1994
3 S. fasciatus U1 and U2 index 922 0.53 0.243 4.2E-07 0.81 3.28 38 0.42 0.30 -1.64  The extra parameter is
kept separate a non-linearity
coefficient for the Unit 1
index
4 S. fasciatus U1 and U2 index 743 0.58 0.373 0.27 0.66 11.6 38 0.43 0.29 -1.69  The extra parameter is
kept separate a range contraction
parameter in which
range contraction
occurs with stock
biomass < 0.5 BO
5 S. fasciatus  U1+2, U1, Option 1 890 0.36 0.080 0.524 3.08 #N/A 37 0.51 0.24 #N/A  No imputing of U1+2
index
5 S. mentella  U1+2, U1, Option 1 1133 0.59 0.070 0.701 2.83 #N/A 37 0.28 0.25 #N/A  No imputing of U1+2
index
5 S. fasciatus  U1+2, U1, Option 2 1052 0.63 0.411 0.057 0.65 #N/A 37 0.38 0.10 #N/A  1984-99 U1+2 index
imputed
5 S. mentella  U1+2, U1, Option 2 1701 0.62 0.341 0.084 0.43 #N/A 37 0.35 0.16 #N/A  1984-99 U1+2 index
imputed
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Delay difference model fits to abundance indices for
S. fasciuatus when a catch multiplier is estimated
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Figure G.3. Plot of the fit of the delay difference model to the Units 1 and 2 trawl survey indices for S.
fasciatus when a catch multiplier parameter was also estimated for the years 1985-1994. The model
predictions of average body size and predicted catch (predcatch) are also plotted.
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Delay difference model for S. fasciatus when a
hyperdepletion is estimated for unit 1 only
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Figure G.4. Plot of the fit of the delay difference model to the Units 1 (bottom panel) and 2 (top panel)
trawl survey indices for S. fasciatus when a hyperdepletion parameter was also estimated. The model

predictions of spawning stock biomass (SSBt), average body size and predicted catch (predcatch) are
also plotted in the top panel.
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Delay difference model fit when range
contraction is estimated for unit 1
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Figure G.5. Plot of the fit of the delay difference model to the Units 1 (bottom panel) and 2 (top panel)
trawl survey indices for S. fasciatus when a hyperdepletion parameter was also estimated. The middle
panel shows the model predictions of the constant of proportionality for the Unit 1 trawl survey. The model
predictions of spawning stock biomass (SSBE), average body size and predicted catch (predcatch) are
also plotted in the top panel.
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Delay difference model fits to a combined unit 1 + unit
2 trawl survey index: no extrapolation prior to 2000
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Figure G.6. Plot of the fit of the delay difference model to (1) a revised Unit 1 index 1984-2017 (excluding
years where there is a Unit 2 trawl survey index) and (2) a combined Unit 1 and Unit 2 trawl survey index
2000-2016 for S. fasciatus without any extrapolation of the Unit 2 index for years prior to 2000.
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Figure G.7. Plot of the fit of the delay difference model to a revised Unit 1 index and combined Unit 1 and
Unit 2 trawl survey index for a. S. fasciatus and b. S. mentella 1984-2016 with extrapolation of the Unit 2
index for years prior to 2000 to extend the combined index back to 1984.

We investigated also spatial patterns in the Unit 1 trawl survey data to evaluate the plausibility
of the hyperdepletion hypothesis. The occupancy-abundance (OA) relationship for Unit 1
Sebastes spp was examined in the trawl survey data 1990-2017. Different minimum sizes were
considered ranging from 22 cm (minimum fishery catchable size) to 27 cm (preferred fishery
size). All of these OA relationships were positive with significant slopes. For example, the slope
was estimated at 0.16 with a p value of 0.002 and R? of 0.31 for the fitted linear model for
lengths = 22cm (Figure G.8). A positive slope indicates that as the population increases in
abundance, it spreads out and occupies more space and vice versa. The relatively low R-
squared values suggest that abundance is not the most important descriptor of occupancy but
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the significant range contraction with decreases in abundance potentially makes redfish more
susceptible to fishery depletion at low stock size.

Plots of spatial catch rates over blocks of years from 1984-2017 (Figures G.9-G.12) are not
inconsistent with the hypothesis of range contraction in Unit 1. The spatial distribution of fairly
high catch rates of mature redfish in Unit 1 is well spread across Unit 1 in years of high
abundance, i.e., prior to 1995, but becomes confined more to the eastern portion of Unit 1 in
years of lower abundance following 1995 (Figures G.3 and G.5). The spatial extent of high catch
rates of mature redfish in Unit appears to systematically decrease from the mid-1980s to 2000
and then increase in the final block, 2011-2017. When the stocks are low in abundance from
2000 onwards, the spatial distribution and survey catch rates remain fairly stable in unit 2 for
mature S. mentella and S. fasciatus where survey records are available from 2000-2016
(Figures G.3 and G.5).

DISCUSSION AND CONCLUSIONS

Observed decline in the trawl survey index of abundance for both redfish species in Unit 1 were
larger than the catch biomass removed suggests that either the reported catches
underrepresent the actual catches during the period of severe depletion in the late 1980s and
early 1990s (e.g, Duplisea 2018) or that the trawl survey index in Unit 1 could be
hyperdepleting, i.e., depleting proportionally more than the actual depletion in stock size. The
above reported analysis suggested that actual catches would need to be about 16 times the
reported catches for S. fasciatus from 1988 to 1994 to predict the declines seen in the Unit 1
index and also give estimates of g less than 1. While it is known that there was some fairly
substantial underreporting of catches in this period (i.e., based on Duplisea 2018, expert
judgement put this at a factor of 2), it appears to be implausible that actual catch biomass could
be about 16 times the reported catch biomass in this period. However, discarding of small fish
while those fish still have considerable potential somatic growth before recruitment is a factor
that could appear to inflate the degree of under-reporting of recruited fish size latter and clearly
small fish discards and under reporting was a dominant feature of the fishery in the 1980s and
1990s (Duplisea 2018).

The above reported analyses which evaluated the range contraction hypotheses however
showed plausible fits of the model to the data under this hypothesis in each of the three different
approaches to testing for range contraction that were considered. Also, the positive correlation
between occupancy and area occupied in the Unit 1 trawl survey and the apparent systematic
changes in the spatial extents of high trawl survey catch rates of mature redfish in Unit 1 and
lack thereof in Unit 2 are consistent with the range contraction hypothesis.

If range contraction had occurred and affected only the Unit 1 trawl index, this may be
problematic for estimation of stock biomass trends because the fitting of the operating models to
the Unit 1 and 2 trawl indices could cause the operating models to estimate more severe
declines than have actually taken place and also cause the estimates of stock productivity to be
lower than they actually are. The model for how the index is related to abundance would also be
incorrect in the base case operating model since it would fail to predict hyper-depletion in the
index as the stock dropped and hyper-expansion of the index as the stock increased and
instead incorrectly presume that the index reliably tracked stock size. This potentially inaccurate
representation of the behaviour of the index could cause poor performance of management
procedures that assumed that the index was instead directly proportional to abundance. For
example, as the stocks increased, the Unit 1 index would increase disproportionately more than
the actual rate of increase of the stock, cause the catch limits specified by the adopted MP to
increase excessively and lead to further overfishing and further unanticipated stock depletion
within the next two decades.
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Figure G.8. Occupancy-abundance of Unit 1 redfish (Sebastes spp) from the DFO survey. Linear model
fits are presented on each graph showing how occupancy changes with abundance for different size
components of the redfish population. The minimum size considered was 22 cm which is a fully recruited
fish to the Unit 1 survey gear.

As indicated above, one potential mechanism for hyperdepletion in a trawl survey index is a
change in how the stock is distributed spatially as the stock depletes from high abundance to
low abundance. This is often known as range contraction (Walters and Martell 2004). This
hypothesis would imply that the stock is broadly distributed when it is abundant but as stock
declines its spatial range contracts to a much smaller area. So when the stocks were abundant
up until the mid-1980s, they occupied both Units 1 and 2 and when they began to deplete the
relative occupancy of Unit 1 declined more so than in Unit 2; yet, from 2000 on when the Unit 2
trawl survey indices are available, the relative abundance in both Units 1 and 2 have remained
relatively stable. This could predict the hyperdepletion in the Unit 1 trawl survey index and still
allow the Unit 2 index to stay much less depleted. Since the trawl survey indices from Units 1
and 2 are based on 30 cm+ fish and Unit 2 has been surveyed only once every two years in
recent years, it is too soon to evaluate whether the Unit 2 index will remain hyperstable and the
Unit 1 index will show signs of hyper-expansion as stock size for both species increases.

Another possible cause of hyperdepletion in the Unit 1 trawl survey index is that the redfish
population in Unit 1 may become less vulnerable to the Unit 1 trawl survey as abundance
declines. For example, as the Units 1 and 2 redfish stocks declined, they could occupy with
higher frequency untrawlable areas or areas where trawl survey gear works less efficiently in
Unit 1, which could include deeper or more rugged zones within Unit 1. However, if this were to
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be the case, the same behaviour would be expected of redfish inhabiting Unit 2 where so far
there exists no evidence of either hyperdpletion or hyperexpansion. It therefore appears to be
more credible that range contraction is the main mechanism responsible for the apparent
hyperdepletion of the Unit 1 trawl survey indices for S. mentella and S. fasciatus.

The range contraction hypothesis could explain why the Unit 1 trawl survey index for both
species dropped rapidly in the 1990s with the annual drops being much larger than the
estimated catch removals. And it could explain why the Unit 2 swept area biomass from the
trawl survey has shown much higher stock biomass estimates than the Unit 1 index in the same
years since 2000, despite the area of Unit 2 being similar to that of Unit 1.

When range contraction affects one survey with a very long time series which covers the period
from before and then after the stock decline and range contraction occurred and there exists a
second trawl survey that started after the range contraction occurred but in an adjacent area at
the heart of the range contraction, this may cause difficulties for the stock assessment, as have
been previously witnessed.

An important question is how to deal with the issues with the trawl survey data and try to
produce the most accurate assessment using all of the data.

One approach that was explored in this Appendix was to keep the two abundance indices
separate and model hyperdepletion in the Unit 1 index but no range contraction in the Unit 2
index. We tried to do this two different ways using the delay-difference population dynamics
model (Walters and Martell 2004). In the first version, we included a non-linearity coefficient, j,
to predict hyperdepletion in the Unit 1 survey index. This model also fitted the trawl survey
indices and also predicted severe hyperdepletion, with the B estimated at 3.3 ( f = 1 implies
linearity, B > 1 implies hyperdepletion). However, the estimation result was numerically unstable.
In a second version, we modelled q for Unit 1 to change as stock size relative to average
unfished stock size changed. This used just one additional parameter to determine the extent of
range contraction. This model version fitted the data and predicted severe range contraction. In
both the hyperdepletion and range contraction models we put a strong prior on the constant of
proportionality for the Unit 2 survey index, with a mean at 0.5 and standard deviation of 0.25.
The estimated values for q were both less than 1 when the two alternative models were fitted to
the data for S. fasciatus. One of these models (with the range contraction term) predicted high
Bzero and low steepness and the other (with the non-linearity term) predicted lower Bzero and
higher steepness. Both models predicted that the stocks did not decline nearly as much as
under the base case model that ignored the possibility of range contraction and assumed that
the Unit 1 index could be treated as a relative index of abundance.

The second approach to addressing the issue of range contraction of the stocks is to produce a
single abundance index that combines the trawl indices from the two surveys in Units 1 and 2.
The only way this could be got to work without producing anomalous results (i.e., estimates of g
larger than 1) was by extrapolating a mean value for the Unit 2 index for the years 1984-1999
when only the Unit 1 trawl index was available and summing the mean value for the Unit 2 index
with the Unit 1 index for those years. As mentioned above the assumption that abundance is
hyperstable in Unit 2 is a big assumption and should be treated only as one potential scenario if
this approach were to be considered for the development of a new operating model. However,
the estimates of q were all less than 1, the best fits to the data were obtained using this
approach and the estimation results were numerically stable.

If there is to be another MSE for this stock, it may be appropriate to include alternative operating
models that predict the effects of range contraction in the Unit 1 survey index, with either a
model with explicit range contraction for Unit 1 or a model that combined the Units 1 and 2
indices and made assumptions about the degree of hyperstability of abundance and the Unit 2
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trawl index. New candidate management procedures could be formulated that can avoid the
unintended consequences of range expansion and contraction by e.g., being based on the
summation of the Unit 1 and Unit 2 trawl survey indices. Further research could be conducted
that analyzes various available data to improve understanding of the potential for range
contraction in Units 1 and 2 redfish.
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Figure G.9. DFO Unit 1 trawl survey and GEAC Unit 2 trawl survey catch rates for inmature S. fasciatus

averaged for 1984-1990, 1991-1995, 1996-2000, 2001-2005, 2006-2010, 2011-2017.
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Figure G.10. DFO Unit 1 trawl survey and GEAC Unit 2 trawl survey catch rates for mature S. fasciatus
averaged for 1984-1990, 1991-1995, 1996-2000, 2001-2005, 2006-2010, 2011-2017.
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Figure G.11. DFO Unit 1 trawl survey and GEAC Unit 2 trawl survey catch rates for inmature S. mentella

averaged for 1984-1990, 1991-1995, 1996-2000, 2001-2005, 2006-2010, 2011-2017.
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Figure G.12. DFO Unit 1 trawl survey and GEAC Unit 2 trawl survey catch rates for mature S. mentella

averaged for 1984-1990, 1991-1995, 1996-2000, 2001-2005, 2006-2010, 2011-2017.
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APPENDIX H: EVALUATION OF MANAGEMENT PROCEDURES WITH CATCH
LIMITS IMPLEMENTED BY SPECIES

During the March 2018 meeting of the redfish Working Group, stakeholders requested an
evaluation of some additional management procedures (MPs) in which the species composition
of catches was accurately assessed and catch limits were specified for each species. The
interest was in evaluating the extent to which total catch limits could be increased without
compromising conservation objectives by setting catch limits by species. To evaluate these
types of MPs it was assumed that catches were split perfectly by species in future years and
that catch limits for each species would be obtained by applying the harvest control rule to the
Unit 1 trawl survey abundance indices for each redfish species. It was also assumed that the
fishery would catch 1.1 times the specified catch limit for each species in each future year.
Previously specified MPs 43, 44 and 45 were modified to implement separate catch limits by
species and the new corresponding MPs were called MPs 46, 47 and 48.

Table H.1. Specifications for three management procedures that specified catch limits (CL) by species.

HCR
No.  Start Notes on MP and implementation

46 2018 Catch limits of 7.5, 10, 15 and 20 kt for 2018-2021, and the CL being set at
80% of the HCR 2022-2057 for each species.

47 2018 Catch limits of 5 kt for 2018-2019, and the CL being set at 80% of the HCR
2020-2057 for each species.

48 2018 Catch limits of 5 kt for 2018-2021, and the CL being set at the HCR 2022-
2057 for each species.

Each HCR was tuned separately for each species similarly as the HCR developed for the
combined species MPs. The slope of the HCR was adjusted to meet conservation constraints
under the base case operating model assuming perfect implementation. This was so that that uy
< Umsy in greater than 95% of the future years but was as close to umsy as possible for each
species.

RESULTS

Under MPs 46-48, catch limits and catches were projected to be higher than those obtained
under the corresponding MPs 43-45 (Figures. H.1.-H.3, Table H.1). This was obtained without
compromising the conservation objectives of the core operating models. Average catches were
larger for the entire 40-year time series for all three MPs that specified catch limits by species.
For MPs 46 and 47 the average increases in catches were by a factor of 1.4-1.9 times the catch
biomass values that could be obtained from MPs 43 and 44, with average annual catch biomass
up to 58 and 60 kt larger in the late 2020s (Table H.1). This would amount to 984 and 982 kt
more catch biomass in the next forty years under MPs 46 and 47, respectively compared to that
obtainable under MPs 43 and 44. For MP 49, the average increases in catches were by a factor
of 1.4-2.0 times the catch biomass values that could be obtained from MP45 with average
annual catch biomass up to 76 kt larger in the late 2020s (Table H.1). This would amount to
1124 kt more catch biomass in the next forty years under MP 48 compared to that obtainable
under MP 45.
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Figure H.1. Plots of the average total allowable catches (TACs) under management procedures 43 and

46 under the base case operating model.
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48 under the base case operating model.

CONCLUSIONS

MPs 46-48 that set catch limits by species met all conservation objectives under all core
operating models and gave annual catches 1.4-2.0 x that under MPs without catch splitting by
species. Being able to implement MPs that specify catch limits by species could allow larger
catches almost immediately and still meet conservation objectives compared to MPs that
specify catch limits lumped across the two species. However, the simulations performed
assumed perfect implementation of MPs without any error in assessing the species composition
of the catches and the computations were done only for the core operating models. Given that it
is likely that there will be some error in assessing the species composition in future catches,
should this be attempted, the expected increases in catch biomass from an MP that specified a
catch limit by species and still met the conservation objectives could be smaller than those
reported in this analysis.

Table H.1. Average improvements in catch limits from MPs that specified catch limits by species.

MP TAC by MP TAC Average Maximum Total gain in
species combined improvement in annual TAC over 40
TAC improvement in years
TAC
46 43 1.4-1.9x 58 kt / year 984 kt
47 44 1.4-1.9x 60 kt / year 982 kt
48 45 1.4-2.0x 76 kt / year 1124 kt
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