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Abstract

Redfish (Sebastes spp.) are commercially important groundfish whose fisheries experienced
some devastating collapses in the Northwest Atlantic of Canada. The stock on the Labrador Shelf
(Northwest Atlantic Fisheries Organization Subarea 2 + Division 3K) is currently under a fishing
moratorium but has experienced some recent population growth. Since there is currently no
accepted assessment model for this stock, crucial decisions on when and how the fishery may
reopen are determined by abundance indices. One big concern for this stock is the reliability of
the abundance indices estimated from research surveys, especially with the partial and
inconsistent survey coverage that has occurred over time. A possible solution for index
standardization is via a spatiotemporal model, which utilizes spatial and spatiotemporal
correlations to estimate trawl catches in unsampled areas based on sampled catches from
neighbouring areas and years. In Chapter 1 I provide an overview of the redfish fishery and
background on index standardization. In Chapter 2 I test different temporal and spatiotemporal
structures for a model and use the best-performing model to predict catches in unsampled areas
and therefore fill the gaps in survey coverage. I also quantify the uncertainties due to these
predictions and generate new standardized survey abundance indices for the stock. There is also
the possibility in the future of reductions in survey efforts in many regions in Subarea 2 +
Division 3K, especially the near-shore and deep-water strata. Therefore, in Chapter 3, I test

various survey configurations to assess the consequences of further reduction in sampling.
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General Summary

Redfish is an important commercial fish complex with three species and multiple management
zones (stocks) in the Northwest Atlantic Ocean. The fishery for the redfish stock off the
Labrador shelf is currently closed due to substantial decreases in their abundance, but there has
recently been population growth in this area. Stock management decisions (such as re-opening
the fishery) are highly influenced by the trends in their estimated survey abundance indices.
Currently, there is concern over the indices because of the substantial data gaps caused by under-
sampled areas in the research surveys. This thesis explores using a model that incorporates
spatial and spatiotemporal correlations to improve estimates in under-sampled regions and across
the entire zone. Chapter 1 describes the background of the redfish fishery and methods to
estimate their abundance. Chapter 2 presents the results from the model, and Chapter 3 explores

how survey design potentially influences the model estimates.
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Chapter 1: Introduction

1.1. Introduction

In this Chapter, I provide an overview of redfish (Sebastes spp.) biology and the history of their
commercial fishery in Northwest Atlantic Fisheries Organization (NAFO) Subarea 2 + Division
3K (SA2+Div.3K). I highlight the importance of abundance indices in fisheries management. |
also provide an overview of the current management strategies and potential utilization of
spatiotemporal modelling to produce new standardized stock abundance indices for fisheries

management decisions.

1.2. Redfish Fishery Background

1.2.1. Redfish Background

In the Northwest Atlantic, ‘redfish’ characterizes a three species complex: Sebastes mentella
(Travin, 1951), S. fasciatus (Storer, 1854) and S. marinus (synonymous with S. norvegicus
(Ascanius, 1772); Gascon, 2003). These species are managed together as they are hard to
distinguish visually (Fisheries and Oceans Canada, 2001; Power, 2001). Redfish live on both
sides of the Atlantic Ocean, ranging in the Northwest from the coast of New Jersey to Baffin
Island (Fisheries and Oceans Canada, 2001; Gascon, 2003). S. marinus distribution is mainly
limited to the Flemish cap, whereas S. mentella and S. fasciatus have slightly different
distributions; S. mentalla mostly ranges from the Gulf of St. Lawrence northwards, and S.

fasciatus predominantly ranges from the southern Grand Banks southwards to the Gulf of Maine



(Gascon, 2003). They are found in cool waters (3-8°C), along banks and deep channels, typically
at depths between 100-700 m, with S. mentella, usually found deeper than S. fasciatus (Fisheries

and Oceans Canada, 2001; Gascon, 2003).

Within species, there are many different redfish ecotypes and populations, terms used for
distinguishing groups of medium and low levels of reproductive isolation, respectively (Benestan
et al., 2021). For S. mentella, multiple distinct ecotypes have been identified at different depths
or locations, with moderate genetic differentiation between them (Benestan et al., 2021). For S.
fasciatus, a unique population only exists within Bonne Bay, with the distribution of four other
identified ecotypes of the species more overlapping (Benestan et al., 2021). However, sampling
for genetic analysis has been limited; therefore, improving the understanding of species/ecotype
distribution and characteristics (e.g., growth and recruitment) has been identified as a top priority

for redfish research (Cadigan et al., 2022).

Many biological characteristics of redfish make them sensitive to overfishing and cause slow
recovery (Cadigan et al., 2022). Redfish are a long-lived species, with a maximum age between
30 and 50 years for S. fasciatus and between 60 and 75 years old for S. mentella (Campana et al.,
1990; Devine & Haedrich, 2011). They are slow-growing and mature at old ages (8-10 years old)
(Fisheries and Oceans Canada, 2012), with variation in their estimated size at maturity
depending on the population; lower estimates of this size are between 22-24 cm (Sévigny et al.,
2007), and higher estimates are between 38-39 cm (Magnusson & Magnusson, 1995). They

reach their minimum legal harvesting size (22 cm) on average between 6 to 8 years old (Fisheries



and Oceans Canada, 2012). Males mature 1-2 years earlier than their female counterparts of the

same species and 3-5cm smaller than when females mature (Sévigny et al., 2007).

Redfish have internal fertilization (Sévigny et al., 2007) and produce live pelagic larvae that can
disperse over large distances (Valentin et al., 2015). These pelagic larvae must migrate through
the cold intermediate layer when they become demersal, which may affect their survival and
recruitment (Cadigan et al., 2022). The mating season occurs in the fall (Sep.- Dec.), and then the
females carry the developing young until they are released in the spring (Apr.- Jul.) (Fisheries
and Oceans Canada, 2012; Gascon, 2003). S. mentalla release their young a month earlier than S.
fasciatus (Gascon, 2003). Fecundity depends on female size but ranges between 15, 000 to 107,
000 larvae (Fisheries and Oceans Canada, 2012). Recruitment success is highly variable and
shows episodic patterns, where strong cohorts may occur from 5 to more than 12 years apart
(Gascon, 2003; Sévigny et al., 2007). There is still much unknown about redfish mating,

embryogenesis, and larval survival (Cadigan et al., 2022).

The diet of larger redfish is generally composed of crustaceans and fish (Sévigny et al., 2007).
The Labrador shelf redfish have variable diets, but amphipods, shrimp, myctophids and
euphausiids appear to be consistent prey (Fisheries and Oceans Canada, 2020). Redfish larvae
mainly eat fish eggs and invertebrates, with larger larvae feeding on copepods and euphausiids
(Fisheries and Oceans Canada, 2012). There seems to be little difference in the diets of S.

mentalla and S. fasciatus (Sévigny et al., 2007).



Diet composition data from Labrador shelf groundfish species indicate that redfish is a frequent
but not dominant prey for Atlantic Cod, Greenland Halibut and occasionally American Plaice
(Fisheries and Oceans Canada, 2020). They represented up to 20% of Greenland Halibut diet in
the late 1980s and a maximum of 30% in 2010 (Fisheries and Oceans Canada, 2020). From 1990
to 1996, Hammill and Stenson (2000) found that redfish in the Gulf of St. Lawrence were shown
to be an important part of harp seal diet composition; however, more recently, redfish were
rarely found in harp seal stomachs (Sévigny et al., 2007). On the eastern Scotian Shelf, haddock,

pollock and grey seals are redfish predators (Fisheries and Oceans Canada, 2012).

1.2.2. SA2+Div3K Redfish Stock History and Management

There are nine separate redfish management zones in the Northwest Atlantic: South Greenland.
(Div. 1F), Northeastern Newfoundland and Labrador Shelf (SA2+Div.3K), Flemish Cap (Div.
3M), Grand Banks (Div. 3LN), Southern Grands Banks (Div. 30), Gulf of St. Lawrence (Unit 1 -
Gulf of St. Lawrence (Unit 1 - Div. 4RST, 3Pn4Vn [Jan. to May]), Laurentian Channel (Unit 2 -
Div. 3Ps4Vs4Wfgi, 3Pn4Vn [June to Dec.]), Scotian Shelf (Unit 3 — Divisions 4WdegklX) and
Gulf of Maine (SA 5) (Gascon, 2003). A redfish fishery by Canadian and international fleets has
been prosecuted in NAFO SA2 + Div.3K (Northeastern Newfoundland shelf and Labrador shelf,
referred to for simplicity as the Labrador shelf from this point on) since the late 1940s (Fisheries
and Oceans Canada, 2020; Figure 1.1). After the closure of fisheries for other groundfish stocks

in the 1990s, there was renewed interest in redfish fisheries (Gascon, 2003).

The highest recorded catch in SA2+Div.3K was 187,000 t in 1959 (Fisheries and Oceans

Canada, 2001, 2020; Power, 2001). Based on data presented by Power et al. (2001), Canada only



made up 21% of the nominal removals from 1960 to 2002 of redfish in SA2+Div.3K. A total
allowable catch (TAC) quota of 30,000 t was placed on the fishery in 1974 (Fisheries and
Oceans Canada, 2001, 2020; Power, 2001). The TAC subsequently increased and decreased in
the following years until a moratorium was declared in 1997 (Fisheries and Oceans Canada,
2001, 2020; Power, 2001). The reported removals were between 30 t to 7,500 t during 1987 to
1997 (Fisheries and Oceans Canada, 2020). A fishing mortality proxy has been low (<1%) since
2006 (Fisheries and Oceans Canada, 2020). Discards ranged between 15 t to 700 t annually
between 1980-1996, and during 1997-2015 they varied from 50 t to 600 t, with an average of
<300 t (Fisheries and Oceans Canada, 2020). The redfish biomass index substantially increased
from 2003 to 2011 (Fisheries and Oceans Canada, 2020). The biomass index declined from 2011
to 2015 but was approximately half of the pre-collapse (1978-1990) levels (Fisheries and Oceans
Canada, 2020; Healey & Parrill, 2018). This trend is seen in design-based biomass indices for
Divisions 2J3K (Figure 1.2). The recruitment of redfish <15 cm from 2000 to 2015 was above
the long-term average, with the highest recruitment abundance in 2014 (Fisheries and Oceans

Canada, 2020).

One limitation to the management of the Labrador Shelf stock is that there is currently no
accepted assessment model for the stock. Most redfish stocks in the Northwest Atlantic use
trends in their survey indices and catches, and their size compositions, for their assessment, but a
few stocks have assessment models (Cadigan et al., 2022). The episodic and unpredictable nature
of redfish recruitment has caused many challenges in managing redfish stocks (Gascon, 2003).
Additionally, their episodic recruitment has raised questions about the suitability of limit

reference points (LRPs) for redfish (Fisheries and Oceans Canada, 2020). Many factors have



been examined regarding recruitment success, such as temperature, oceanographic conditions,
and the presence of prey/predators; another aspect discussed has been juvenile bycatch (Gascon,

2003).

A Bayesian-fitted state-space production model was tested by Fisheries and Oceans Canada to
create limit reference points (LRPs) for NAFO SA2+Div.3K redfish (Fisheries and Oceans
Canada, 2012). However, neither the production model nor the derived LPRs were used in the
latest assessment due to concerns over the input data and model rationale, specifically issues
with separating species in surveys commercial catch data (Fisheries and Oceans Canada, 2020).
No other LPRs were accepted because of concerns about episodic recruitment, species separation
and data input (Fisheries and Oceans Canada, 2020). Without accepted LRPs, and because of the
declines in biomass during 2011-2015, it was recommended that any reopening be done with a
precautionary approach (Fisheries and Oceans Canada, 2020; Healey & Parrill, 2018). With no
accepted assessment model, trends in abundance indices will be highly influential in

management decisions regarding reopening; therefore, the indices need to be reliable.

1.2.3. Bycatch

Juvenile redfish bycatch is a concern across the Northwest Atlantic; this is especially true in the
shrimp fishery, where a small mesh size is used. Additionally, redfish have a physoclistous swim
bladder (a swim bladder not connected to the intestinal tract) and therefore suffer high mortality
when brought to the surface due to the swim bladder busting from rapid changes in pressure
(Benoit et al., 2013). Since the moratorium, removals of redfish from bycatch and discards have

averaged around 500 t annually in NAFO SA2+Div.3K (Fisheries and Oceans Canada, 2020). A



large proportion of redfish bycatch is juveniles. An estimated 2.5 million redfish were caught as
bycatch in 2000, with 80% being juveniles, 12-18 cm long and approximately 4-6 years old
(Power, 2001). In 2021, there was a substantial amount (amounts currently unpublished) of
juvenile redfish bycatch in the shrimp trawls in Shrimp Fishing Area 4 (SFA4), which overlaps
with Division 2G redfish (Courtney D’ Aoust, 2021). Understanding the juvenile distribution of

redfish may help limit the potential bycatch of juveniles in future shrimp fisheries.

1.2.4. Stratified Random Sampling Research Surveys

An important purpose of research vessel (RV) bottom trawl surveys is to sample fish abundance
by conducting tows along or close to the seafloor for a standardized time or distance (Kimura &
Somerton, 2006). A time-series of surveys produce information on trends in distribution,
abundance, or population structure for stock assessments. In the Northwest Atlantic, stratified-
random sampling (SRS) with proportional allocation to strata area is the standard practice for RV
surveys (Cadigan, 2011). Strata are delineated based on biological or hydrographic
considerations; depth was especially important in the NAFO stratification design (Doubleday,

1981).

Stratified random groundfish trawl surveys have been conducted by Fisheries and Oceans
Canada (DFO) annually in the fall (usually Oct-Dec) since 1977 in parts of the NAFO
SA2+Div.3K. In 1995, DFO switched the vessel, trawl gear, and other survey protocols (i.e., tow
durations) they used for their groundfish surveys from the MV Gadus Atlantica with the Engel
145 Otter trawl to the more efficient CCGS Teleost with the Campelen 1800 shrimp trawl.

Comparative fishing trials were conducted in 1995, and equations were developed to convert



catches at length between the two fishing methods (Warren, 1996). The trials found that the
Campelen trawl increased the catchability for all redfish size groups, but particularly for
individuals less than 30 cm (Power & Orr, 2001). Survey catches prior to 1995 were converted to
Campelen equivalents using the estimated conversion factors. However, there was high
uncertainty in the conversion estimates (Warren, 1996), and therefore there is still uncertainty
about how comparable the converted catches prior to 1995 (with the Engel trawl) are to those
obtained with the Campelen trawl since then. This conversion factor uncertainty was especially
high for juvenile redfish, which could potentially have more effect on the uncertainty of

estimates for these size classes.

Since the start of the surveys in 1977, the survey coverage across NAFO SA2+Div.3K has been
inconsistent. Divisions 2J and 3K have been sampled annually from 1977 to 2020. Prior to 1996,
surveys covered depths from 100 to 1,000 m, but in 1996 coverage increased to 1,500 m
(Fisheries and Oceans Canada, 2020). Division 2H was irregularly surveyed from 1978 to 2010
but has been surveyed annually since 2010. In addition, some years missed sampling deeper
strata (>700 m), which is important habitat for redfish (Fisheries and Oceans Canada, 2020).
Division 2G was sporadically surveyed with varying spatial coverage from 1978 to 1999 and has

not been sampled since (Fisheries and Oceans Canada, 2020).

This inconsistent sampling creates substantial survey coverage gaps (Figures 1.3 — 1.6). In the
future, there is also a potential plan to drop deep-water strata and near-shore strata entirely,
which could miss the major distribution ground for redfish. This potential further reduction in

sampling effort is due to the depth limitations of a new research vessel and time constraints



(Personal communication with Dr. Paul Regular). Additionally, one or two large catches can
dominate redfish survey results due to redfish forming dense aggregations (Fisheries and Oceans
Canada, 2020). Large aggregations causing “big catches” can greatly influence survey
abundance indices and increase the uncertainty in abundance estimates. This is a prevalent
problem for fisheries assessment (Kimura & Somerton, 2006). Much research (e.g., Berg et al.,
2016; Ducharme-Barth et al., 2022; Gavaris & Smith, 1987; Kimura & Somerton, 2006; Smith &
Hubley, 2014) has focused on how survey allocation and analysis methods affect abundance
estimates and their precision. Changing the sampling design (e.g., random or stratified),
changing the sampling-to-strata allocation, or defining new strata are ways to potentially
improve survey precision (Smith & Hubley, 2014) and will be discussed more thoroughly in the
third chapter of this thesis. The comparison between design-based and model-based index
standardization methods can also affect estimates and their precision and is the focus of the

second chapter.

1.3. Index Standardization Background

1.3.1. Abundance Indices

Management of marine fisheries throughout North America and Europe is often based on
population status and productivity estimates from population models (i.e., stock assessment
models; Maunder & Punt, 2013). Different types of assessment models are used in fisheries
management (e.g., age-structured models, length-structured models, and age- and size-
aggregated surplus production models) (National Oceanic and Atmospheric Administration,

2023). Although these models can integrate different information, a critical input is a time-series



of survey abundance indices that are proportional to population abundance (Francis, 2011).
These models help inform critical management decisions, as they are used to derive vital
management reference points, such as target stock size (Fisheries and Oceans Canada, 2012). A
surplus production model was created for NAFO SA2+Div.3K redfish but has not been formally
accepted or applied directly for the stock assessment because of concerns about the input data
and incomplete documentation for the rationale of the model formulation (Fisheries and Oceans
Canada, 2020). These size-aggregated models also cannot adequately account for the episodic

recruitment patterns that are common for redfish.

For species without a formal assessment model, index-based methods are commonly used.
Indices are supposed to be indicative of the trends in abundance for a stock (Maunder et al.,
2020). An example of a stock without an assessment model is NAFO 2J3KL Capelin, which is
assessed based on acoustic survey abundance, a larval index, distribution from trawl surveys,
biological characteristics, environmental parameters and forecast modelling (Fisheries and
Oceans Canada, 2019). The stock is assessed based on the trends observed in all data sources.
Whether a stock is evaluated with or without an assessment model, abundance indices are crucial
and must be reliable; therefore, they must be accurate and precise. The precision of estimated
indices is highly influential on the uncertainty in stock assessments and the reference points
derived from the assessments (Cao et al., 2017). The importance of stock size indices in fisheries
assessment is why there is substantial research to minimize variability in abundance index
estimates (e.g., Maunder & Punt, 2004; Shelton et al., 2014; Walters, 2003). There are two
common ways indices are derived: design- or model-based; model-assisted approaches are

another less commonly used option.
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1.3.2. Index Standardization: Design-based Estimates

Design-based survey index estimates derived from stratified random surveys are widely used
among fisheries in the Northwest Atlantic. For NAFO SA2+Div.3K redfish, the indices have
been derived from the design-based approach since 1977 and are still used in the latest
assessment report, based on the 2015 assessment meeting (Fisheries and Oceans Canada, 2020).
Design-based indices are stratum area-weighted averages based on the catches from the stratified
random sampling design (Cadigan, 2011). The design-based approach estimates the stratum
population average catch that would occur if all sites in the strata were sampled (Cadigan, 2011).
In the design-based approach, the population average is a theoretically fixed population
characteristic if all survey units could be sampled; the population average catch is not considered
random. Of course, it is impossible to sample all sites in a survey to estimate the population
average, but we can estimate this population quantity. The survey index is an area-weighted

average of the stratum estimates of the population average catch.

An advantage of design-based indices is that they provide unbiased estimates with no
assumptions about the underlying population (Thompson, 2012). Also, the survey catch is treated
as a fixed quantity without measurement error, and randomness only comes from selecting the
tow sites to sample (Cadigan, 2011). However, a disadvantage of design-based estimates is that
they can have larger variance estimates (Smith, 1990) than model-based estimates. Also, design-
based estimates are only for the strata that are sampled each year. Therefore, when there are
substantial survey coverage gaps, the estimates may not be comparable from year to year. In
SA2+Div.3K, there was inconsistent sampling in Division 2H before 2010, and Division 2G has

not been sampled since 1999 (Fisheries and Oceans Canada, 2020), resulting in substantial
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survey coverage gaps. This means that the design-based indices for the stock primarily represent
Divisions 2J and 3K; therefore, these indices may not reliably reflect trends for the entire redfish

stock.

1.3.3. Index Standardization: Model-based Estimates

Fish species display spatial heterogeneity, which can be due to variability in habitat quality,
human impacts, density-dependent changes in per capita productivity, or individual movement
(Thorson et al., 2017). One historical approach to deal with the distribution variability is to use a
simple general linear model (GLM) that includes location as a factor without a time-space
interaction term (Maunder et al., 2020). However, this method can lead to bias in the abundance
indices for different reasons, for example, when the spatial distribution changes over time
(Maunder et al., 2020). Spatiotemporal models provide an alternative index standardization
method and can explicitly estimate the spatial, temporal, and spatiotemporal effects (e.g.,

abundance) for the entire population across years (Thorson, 2019).

Thorson et al. (2015) found that given limited data, a spatiotemporal model (Geostatistical delta-
GLMM) can be more statistically efficient and improve precision in estimates of abundance
indices compared to a nonspatial model (Stratified delta-GLMM). Spatiotemporal models
assume an inverse relationship exists between the degree of similarity (i.e., correlation) between
catch rates and the distance between times and locations (Maunder et al., 2020). These models
estimate the shape of the covariance function from a specified family and then incorporate
smoothing for predictions that are close in space and time (Maunder et al., 2020). This

smoothing can provide estimates in unsampled strata and improve estimates in under-sampled
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strata (Maunder et al., 2020). Spatiotemporal models can provide estimates for all sites in a
survey domain and therefore provide estimates of population average catches for the entire
survey area each year, even if there are unsampled strata. Spatiotemporal model-based
abundance indices can be more comparable over years when there are substantial survey
coverage gaps in some years. Breivik et al. (2021), used a spatiotemporal model to estimate
abundance indices by length for North East Artic cod in Barents Sea. The study region had
sizable areas with poor or no survey coverage, and they found the model could estimate the

indices and be used to examine population density shifts.

The Vector Auto-regressive Spatiotemporal (VAST) model (Thorson, 2019) can estimate
spatiotemporal effects and standardize abundance indices. The VAST model has been used to
develop abundance indices for many different fisheries (e.g., Gertseva et al., 2019; Maunder et
al., 2020; Thorson & Barnett, 2017). Spatiotemporal models can account for unbalanced data,
including changes in sampling density and spatial extent over the years (Thorson et al., 2016), as
is the case for Labrador shelf redfish. Furthermore, VAST indices can reduce variability in
abundance indices compared to area-weighted GLM estimates (Maunder et al., 2020). Maunder
et al. (2020) demonstrated this by standardizing abundance indices for the yellowfin tuna in the
eastern Pacific Ocean using a VAST model and a GLM. They suggested that the area-weighted
GLM gave higher weight to the poorly sampled strata which created more variability. They
suggested that spatiotemporal models are helpful for index standardization when sampling

intensity varies across a region.
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1.4. Objectives

This study explores using a spatiotemporal model for index standardization for NAFO
SA2+Div.3K redfish. In Chapter 2, I use data from the DFO multispecies surveys conducted
from 1977 to 2020 to derive new model-based stock size indices for redfish in this region by
filling in the survey coverage gaps using the VAST model. I also estimate the uncertainty for the
VAST standardized biomass indices for the entire area and compare them with design-based
estimates. This includes quantifying the uncertainty for estimates for un-surveyed strata. This
research provides a first step for developing a reliable stock assessment time-series for the
Labrador shelf redfish stock, a collapsed Canadian fishery with the potential of reopening. I
additionally investigate juvenile distribution across SA2+Div.3K, which could be used to
minimize juvenile bycatch and to assist in building a robust redfish management strategy to
ensure the stock's long-term sustainability. In Chapter 3, I use the spatiotemporal model to test
the efficacy of different survey designs to investigate the impact of dropping additional strata
from RV surveys. This study provides the beginning steps for creating a more robust simulation

study to test the effects of sampling design on spatiotemporal derived indices.
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1.5. Figures
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Figure 1.1. Map of the Northwest Atlantic Fishing Organization (NAFO) SA2+Div.3K.
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Figure 1.2. Redfish biomass indices for Divisions 2J3K from 1978 to 2020 based on design-
based estimates.
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Figure 1.3. Percentage area coverage for the DFO groundfish trawl surveys conducted in NAFO
SA2+Div.3K from 1978 to 2020. The area coverage was calculated based on the sum of the areas
of sampled strata over the total area size.
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Figure 1.4. Strata sampled in NAFO SA2+Div.3K surveyed from 1978 to 2020. The colours
indicate the average weight (kg) of redfish caught in the strata; a blank cell indicates no tows
occurred. The number inside each tile is the number of tows that occurred.
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Figure 1.5. Map of the NAFO SA2+Div.3K strata from 1978 to 2020 (A. Pre-2000, B. Post-

2000), where the blue regions indicate where at least two tows occurred that year and red regions

indicate where no tow occurred in that strata.
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Figure 1.6. Map of the NAFO SA2+Div.3K strata, where the blue indicates where at least two
tows occurred that year, and red indicates no tow occurred in that strata. Maps are the same as in
Figure 1.5 but focus on four example years with varying spatial coverage for better visualization.

21



1.6. Bibliography

Benestan, L. M., Rougemont, Q., Senay, C., Normandeau, E., Parent, E., Rideout, R., Bernatchez, L.,
Lambert, Y., Audet, C., & Parent, G. J. (2021). Population genomics and history of speciation
reveal fishery management gaps in two related redfish species (Sebastes mentella and Sebastes
fasciatus). Evolutionary Applications, 14(2), 588—606. https://doi.org/10.1111/EVA.13143

Benoit, H. P., Plante, S., Kroiz, M., & Hurlbut, T. (2013). A comparative analysis of marine fish
species susceptibilities to discard mortality: effects of environmental factors, individual traits,
and phylogeny. ICES Journal of Marine Science, 70(1), 99—-113.
https://doi.org/10.1093/icesjms/fss132

Berg, C. W., Nielsen, A., Berg, W., Berg, C. W., & Kristensen, K. (2016). Evaluation of alternative
age-based methods for estimating relative abundance from survey data in relation to assessment
models. Fisheries Research, 151, 91-99. https://doi.org/10.1016/j.fishres.2013.10.005

Breivik, O.N., Aanes, F., Sovik, G., Aglen, A., Mehl, S. & Johnsen, E. (2021). Predicting
abundance indices in areas without coverage with a latent spatio-temporal Gaussian model. /CES
Journal of Marine Science, 78(6), 2031-2042.

Cadigan, N. G. (2011). Confidence intervals for trawlable abundance from stratified-random bottom
trawl surveys. Canadian Journal of Fisheries and Aquatic Sciences, 68(5), 781-794.
https://doi.org/10.1139/F2011-026

Cadigan, N. G., Duplisea, D. E., Senay, C., Parent, G. J., Winger, P. D., Linton, B., & Kristinsson, K.
(2022). Northwest Atlantic redfish science priorities for managing an enigmatic species complex.
Canadian Journal of Fisheries and Aquatic Sciences, 79(9), 1572—15809.
https://doi.org/10.1139/cjfas-2021-0266

Campana, S. E., Zwanenburg, K. C. T., & Smith, J. N. (1990). 210Pb/ 226Ra Determination of
Longevity in Redfish. Canadian Journal of Fisheries and Aquatic Sciences, 47, 163—165.

Cao, J., Thorson, J. T., Richards, R. A., & Chen, Y. (2017). Spatiotemporal index standardization
improves the stock assessment of northern shrimp in the Gulf of Maine. Canadian Journal of
Fisheries and Aquatic Sciences, 74(11), 1781-1793. https://doi-org.qe2a-
proxy.mun.ca/10.1139/cjfas-2016-0137

Courtney D’Aoust. (2021). Submission to the Nunavut Wildlife Management Board and Nunavik
Marine Region Wildlife Board. Issue: Juvenile redfish (Sebastes mentella and Sebastes fasciatus)
bycatch in the Northern Shrimp Fishery in the Eastern Assessment Zone.
https://www.nwmb.com/en/public-hearings-a-meetings/meetings/regular-meetings/2021/rm-001-
2021-march-10-2021/english-14/8767-tab9-dfo-bn-march-2021-redfish-bycatch-in-shrimp-
eng/file

Devine, J. A., & Haedrich, R. L. (2011). The role of environmental conditions and exploitation in
determining dynamics of redfish (Sebastes species) in the Northwest Atlantic. Fisheries
Oceanography, 20(1), 66-81. https://doi.org/10.1111/J.1365-2419.2010.00566.X

Doubleday, W. G. (Ed.). (1981). Manual on Groundfish Surveys in the Northwest Atlantic. NAFO
Scientific Council. Studies, 2, 7-55.

Ducharme-Barth, N. D., Griiss, A., Vincent, M. T., Kiyofuji, H., Aoki, Y., Pilling, G., Hampton, J., &
Thorson, J. T. (2022). Impacts of fisheries-dependent spatial sampling patterns on catch-per-unit-
effort standardization: A simulation study and fishery application. Fisheries Research, 246.
https://doi.org/10.1016/J.FISHRES.2021.106169

22



Fisheries and Oceans Canada. (2001). SA2+ Div. 3K Redfish. DFO Science Stock Status Report, A2-
15(2001). https://waves-vagues.dfo-mpo.gc.ca/Library/331818.pdf

Fisheries and Oceans Canada. (2012). Reference points for Redfish (Sebastes fasciatus, S. mentella)
in the Northwest Atlantic. Canadian Science Advisory Secretariat Science Advisory Report,
2012/004. http://publications.gc.ca/collections/collection_2012/mpo-dfo/Fs70-6-2012-004-
eng.pdf

Fisheries and Oceans Canada. (2019). Assessment of 2J3KL capelin in 2018. Canadian Science
Advisory Secretariat Science Advisory Report, 2019/048. https://waves-vagues.dfo-
mpo.gc.ca/library-bibliotheque/40872117.pdf

Fisheries and Oceans Canada. (2020). Stock Status of Redfish in NAFO SA 2 + Divs. 3K. Canadian
Science Advisory Secretariat Science Advisory Report, 2020/021.
http://publications.gc.ca/collections/collection_2020/mpo-dfo/fs70-6/Fs70-6-2020-021-eng.pdf

Francis, C. (2011). Data weighting in statistical fisheries stock assessment models. Canadian Journal
of Fisheries and Aquatic Sciences, 68, 124-1138 https://doi.org/10.1139/£2011-025

Gascon, D. (Ed.). (2003). Redfish Multidisciplinary Research Zonal Program (1995-1998): Final
Report. Canadian Technical Report of Fisheries and Aquatic Sciences, 2462, xiii + 139 p.
https://publications.gc.ca/collections/collection_2012/mpo-dfo/Fs97-6-2462-eng.pdf

Gavaris, S., & Smith, S. J. (1987). Effect of Allocation and Stratification Strategies on Precision of
Survey Abundance Estimates for Atlantic Cod (Gadus morhua) on the Eastern Scotian Shelf.
Journal of Northwest Atlantic Fishery Science, 7, 137-144.

Gertseva, V., Matson, S. E., Taylor, I., Bizzarro, J., & Wallace, J. (2019). Stock assessment of the
Longnose Skate (Beringraja rhina) in state and Federal waters off California, Oregon and
Washington. Pacific Fishery Management Council.

Hammill, M. O., & Stenson, G. B. (2000). Estimated Prey Consumption by Harp seals (Phoca
groenlandica) & Hooded seals (Cystophora cristata) & Grey seals (Halichoerus grypus) and
Harbour seals (Phoca vitulina) in Atlantic Canada. Journal of Northwest Atlantic Fishery
Science, 26, 1-23.

Healey, B., & Parrill, E. (2018). Canadian Research Report for 2018 Newfoundland and Labrador
Region. Northwest Atlantic Fisheries Organization, SCS Doc. 19/13.
https://www.nafo.int/Portals/0/PDFs/sc/2019/scs19-13.pdf

Kimura, D. K., & Somerton, D. A. (2006). Review of statistical aspects of survey sampling for marine
fisheries. Reviews in Fisheries Science, 14(3), 245-283.
https://doi.org/10.1080/10641260600621761

Magnusson, J., & Magnusson, J. M. (1995). Oceanic Redfish (Sebastes mentella) in the Irminger Sea
and adjacent waters. Scientia Marina. 59, 241-254

Maunder, M. N., & Punt, A. E. (2004). Standardizing catch and effort data: a review of recent
approaches. Fisheries Research, 70(2-3), 141-159.
https://doi.org/10.1016/J.FISHRES.2004.08.002

Maunder, M. N., & Punt, A. E. (2013). A review of integrated analysis in fisheries stock assessment.
Fisheries Research, 142, 61-74. https://doi.org/10.1016/J.FISHRES.2012.07.025

Maunder, M. N., Thorson, J. T., Xu, H., Oliveros-Ramos, R., Hoyle, S. D., Tremblay-Boyer, L., Lee,
H. H., Kai, M., Chang, S. K., Kitakado, T., Albertsen, C. M., Minte-Vera, C. V., Lennert-Cody,
C. E., Aires-da-Silva, A. M., & Piner, K. R. (2020). The need for spatio-temporal modeling to
determine catch-per-unit effort based indices of abundance and associated composition data for
inclusion in stock assessment models. Fisheries Research, 229, 105594.
https://doi.org/10.1016/J.FISHRES.2020.105594

23



National Oceanic and Atmospheric Administration. (2023). Fish Stock Assessment Report.
https://www.fisheries.noaa.gov/national/population-assessments/fish-stock-assessment-
report#stock-assessment-model-and-type

Northwest Atlantic Fisheries Organization. (2021). Conservation and Enforcement Measures 2021.
Northwest Atlantic Fisheries Organization, NAFO/COM Doc. 21-01.

Power, D. (2001). The Status of Redfish in SA2+ Div.3K. Canadian Science Advisory Secretariat
Research Document, 2001/102. https://waves-vagues.dfo-mpo.gc.ca/Library/269135.pdf

Power, D., & Orr, D. C. (2001). Canadian Research Survey Data Conversions for Redfish in SA2 +
Div. 3K based on Comparative Fishing Trials between an Engel 145 Otter Trawl and a Campelen
1800 Shrimp Trawl. Canadian Science Advisory Secretariat, 2001/103

Sévigny, J.-M., Méthot, R., Bourdages, H., Power, D., & Comeau, P. (2007). Review of the structure,
the abundance and distribution of Sebastes mentella and S. fasciatus in Atlantic Canada in a
species-at-risk context: an update. Canadian Science Advisory Secretariat, 2007/085.

Shelton, A. O., Thorson, J. T., Ward, E. J., & Feist, B. E. (2014). Spatial semiparametric models
improve estimates of species abundance and distribution. Canadian Journal of Fisheries and
Aquatic Sciences, 71(11), 1655—-1666.

Smith, S. J. (1990). Use of Statistical Models for the Estimation of Abundance from Groundfish
Trawl Survey Data. Canadian Journal of Fisheries and Aquatic Sciences, 47(5), 894-903.
https://doi.org/10.1139/F90-103

Smith, S. J., & Hubley, B. (2014). Impact of survey design changes on stock assessment advice: sea
scallops. ICES Journal of Marine Science, 71(2), 320-327.
https://doi.org/10.1093/ICESIMS/FST115

Thompson, S. K. (2012). Sampling (Third Editions). John Wiley & Sons, Inc.

Thorson, J. T. (2019). Guidance for decisions using the Vector Autoregressive Spatio-Temporal
(VAST) package in stock, ecosystem, habitat and climate assessments. Fisheries Research, 210,
143-161. https://doi.org/10.1016/j.fishres.2018.10.013

Thorson, J. T., & Barnett, L. A. K. (2017). Comparing estimates of abundance trends and distribution
shifts using single- and multispecies models of fishes and biogenic habitat. ICES Journal of
Marine Science, 74(5), 1311-1321. https://doi.org/10.1093/ICESJIMS/FSW193

Thorson, J. T., Jannot, J., & Somers, K. (2017). Using spatio-temporal models of population growth
and movement to monitor overlap between human impacts and fish populations. Journal of
Applied Ecology, 54(2), 577-587. https://doi.org/10.1111/1365-2664.12664

Thorson, J. T., Pinsky, M. L., & Ward, E. J. (2016). Model-based inference for estimating shifts in
species distribution, area occupied and centre of gravity. Methods in Ecology and Evolution,
7(8), 990—-1002. https://doi.org/10.1111/2041-210X.12567

Thorson, J. T., Shelton, A. O., Ward, E. J., & Skaug, H. J. (2015). Geostatistical delta-generalized
linear mixed models improve precision for estimated abundance indices for West Coast
groundfishes. ICES Journal of Marine Science, 72(5), 1297-1310.
https://doi.org/10.1093/icesjms/fsu243

Valentin, A. E., Power, D., & 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. Canadian Journal of Fisheries and
Aquatic Sciences, 72(5), 774-784. https://doi.org/10.1139/CJFAS-2014-0149

Walters, C. (2003). Folly and fantasy in the analysis of spatial catch rate data. Canadian Journal of
Fisheries and Aquatic Sciences, 60(12), 1433—1436.

24



Warren, W. G. (1996). Report on the Comparative Fishing Trial Between the Gadus Atlantica and
Teleost. North Atlantic Fisheries Organization, Scientific Council Meeting, 96/28.

25



Chapter 2: Index Standardization
2.1. Introduction

Redfish in NAFO SA2+Div.3K, located off the coast of Labrador and Northeastern
Newfoundland, is currently under a fishing moratorium since 1997 (Fisheries and Oceans
Canada, 2020). The highest catch was in 1959 with 187,000 t, but the fishery experienced a
collapse by the mid-1990s; since the moratorium, the stock has experienced population growth

(Fisheries and Oceans Canada, 2020).

Stock assessment models dictate crucial management decisions and rely on time-series of
abundance indices. The precision of estimated indices can influence the uncertainty in stock
assessment models and the reference points derived from them (e.g., Cao et al., 2017). Further, if
there is no assessment model, management decisions (such as potentially when the fishery could
re-open) are primarily influenced by abundance indices. This is the case for SA2+Div.3K redfish

(Fisheries and Oceans Canada, 2020).

The indices for Labrador shelf redfish are derived by the design-based method, which is widely
used for fisheries in the Northwest Atlantic. Design-based indices are area-weighted averages
based on the catches from stratified random research surveys (Cadigan, 2011). However, a
disadvantage of design-based indices is that they may not be comparable from year to year if the
sampled strata change. DFO has conducted surveys on the Labrador shelf since 1977, but there
are large survey coverage gaps. They have only consistently sampled Divisions 2J and 3K, and

2H since 2010, but they have not sampled 2G since 1999 (Fisheries and Oceans Canada, 2020).
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Due to these large survey gaps, the design-based indices can only produce a complete time-series

of abundance indices for Divisions 2J and 3K.

An alternate method for index standardization is a model-based approach. Spatiotemporal
models can better account for unbalanced data regarding changes in sampling density or
coverage (Thorson et al., 2016). These models estimate the correlation between catch and
distance and can produce improved estimates in under-sampled areas (Maunder et al., 2020). The
Vector Autoregression Spatiotemporal (VAST) model is one of these models that can estimate

spatiotemporal effects and can be used to standardize abundance indices (Thorson, 2019).

In this chapter, I will describe the components of the VAST model and present the results of the
model structures I compare and finally utilize. This chapter aims to derive new standardized
biomass indices for the stock and quantify the uncertainty of the estimates. Further, I estimate
density across the zone, including in under-sampled areas. Another issue for redfish is juvenile
bycatch, primarily in shrimp fisheries on the Labrador shelf; therefore, I also aimed to examine

the distribution of juvenile redfish using the best performing model.

2.2. Methods

2.2.1. Data

The data analyzed were supplied by Fisheries and Oceans Canada (DFO) from their multispecies
stratified random bottom trawl surveys conducted annually in the fall from 1977 to 2020 in the

NAFO SA2+Div.3K. The fall surveys typically occur from October to December but
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occasionally have started as early as July 30" or extended as late as Feb 1%. The tows ranged in
depth between 90m and 1500m. The total number of tows was 13,577 (Paul Regular, DFO,
Newfoundland, unpublish data). The data from 1977 (125 tows) was excluded from the analysis;
therefore, the remaining number of tows in the analysis was 13,452. The 1977 data was excluded
because it does not appear in any formal DFO assessment report and only took place in Division

2], besides three tows in Division 3K.

In 1995, DFO switched the vessel and gear and other survey protocols (i.e., tow durations) they
used for this survey from the MV Gadus Atlantica with the Engel 145 Otter trawl to the CCGS
Teleost with the Campelen 1800 shrimp trawl. Comparative fishing was conducted in 1995 to
develop conversion factors between the different trawl gears (Warren, 1996). The data collected
prior to 1995 was converted by multiplying the conversion factor with the actual catch; this is, to
convert Engel catches to values equivalent to what were estimated to occur had the Campelen

survey protocols been used. I use this data, including the converted catches, for my research.

2.2.2. Model Components

Redfish catch biomass data from the DFO surveys were analyzed using a VAST (Vector
Autoregressive Spatiotemporal) model available from GitHub (https://github.com/James-
Thorson-NOAA/VAST). The VAST model was developed in the R statistical software (R Core
Team, 2022) and based on Template Model Builder (Kristensen et al., 2016) package in R. The
VAST model estimates: 1) density d(s,#), over different locations, s, and years, ¢; and 2) the total
yearly biomass for the entire region, /(?). See Table 2.1 for a list of all defined variables in the

model.
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Survey catch biomass data are commonly analyzed using a conventional delta model, which
estimates parameters for two independent generalized linear models (GLMs), separating
encounter probability and catch rates of positive tows. The predictions from the two components
can then be multiped together to estimate local density and, from that, local abundance (Thorson,
2017). Typically, a logit-link is used for the encounter probability, and a log-link is used for the
positive catch rate. However, Thorson (2017) lists three theoretical problems with the

conventional delta model:

(1)  Difficulty interpreting coefficients. In the model, researchers can include

covariates that affect the logit-encounter probability, logit(p)= log( %p ), which is the “log

odds ratio” of the probability of encounter (p) over the probability of non-encounter (/-
p), and/or the log-positive catch rate, log(r). For fixed or random effects that affect
logit(p), it is difficult to summarize the average effect of a covariate for logit(p) on

population density as it depends on the values of all covariates and samples.

(2) Assumed independence among components. Encounter probability and positive
catch rate are assumed to be statistically independent, where knowledge about encounter
probability does not indicate anything about the distribution of positive catches. This
independence is contrary to evidence that suggests otherwise; that is, a location with a

greater chance of encounter likely has higher catch rates.

3) Biologically implausible form when removing covariates. When identifying the
effects that should be included in the model, the most parsimonious model may not make
biological sense. That is, when removing covariates to find an appropriate degree of

model complexity, the model may specify that a covariate only affects one of the two
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components, encounter probability or catch rate. This only works if it makes biological

sense for the covariate to affect only one of the components.

Because of these problems, I used a poison-link model, which addresses the problems of the
conventional delta model by including dependency between the encounter probability and the
positive catch rate. Using the poison-link model often improves model fit, decreases unexplained

residual spatial variation, and provides biologically interpretable models (Thorson, 2017).

The poison-link delta model describes the probability distribution of survey tow biomass, b
(Equation 2.1). The parameterization includes the encounter probability, p(s,?), and the positive
catch rate given the species was encountered, 7(s,¢) (both components are described below),

where s is the tow location, and ¢ is the year. It also includes the dispersion parameter, o,°.

.y (1=p(s,0) if b=0,
Pr(B =b)= {p(s, t) * Gamma{B|r(s,t),0,°} if b> 0. 21
The probability of encountering at least one redfish is
p(s,t) = 1 —exp (—a; * exp(n(s, t))). (2.2)

In this equation n(s,) is the first linear predictor (described below), and a; is area swept

(assuming that individuals are randomly distributed in the sampling area).
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The catch rate given a positive encounter, r(s,2), is described in Equation 2.3, including the area

offset, the first linear predictor, n(s,?), and the second linear predictor, w(s,z).

a;xexp(n(s,r))

r(s,t) = G0

* exp (w(s,t)). (2.3)

The two linear predictors in the model, which are the spatiotemporal parts, are n(s,?) (Equation
2.4) and w(s,t) (Equation 2.5). The first linear predictor models presence/absence, and the second

predictor models estimated biomass given an encounter.

n(s,t) = G, + B,(t) + w, (s) + &,(s, t). (2.4)

w(s,t) =G, + B, (t) + w,(s) + ¢&,(s,t). (2.5)

The components of the two linear predictors are defined the same but are indicated with different
subscripts. I use the subscript i=n or w to indicate the respective linear predictor. Both predictors
include an intercept (G:), a random or fixed temporal intercept (B;), a random spatial component

Wi(s) and a random spatiotemporal component €i(s,?).

The linear predictors Bn, Bw, ¢, and ¢,, are temporal processes. Different options in VAST can be
used to specify the type of temporal process for both the intercepts (B, and Bw) and the temporal
variation in spatiotemporal vectors (&, and ¢,,). The options are constant intercept (temporal

component only), independent among years, random-walk, and first-order autoregressive (AR1)

structures for either the temporal or spatiotemporal effects.
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2.2.3. Derived Quantities

Density, d(s,t) (kg/km?) for each location, s, and each year, ¢, is estimated by the product of the

encounter probability and the positive catch rate, as shown in Equation 2.6.

d(s,t) = p(s,t) xr(s,t). (2.6)

The total yearly biomass, /(?), is estimated from the product of the density d(s,#) and the area
associated with location s, a(s). To estimate total biomass, the product is summed across all

predictive locations, #s.

I(t) = X2 a(s) *d(s, ). (2.7)

The scale of VAST index estimates can be sensitive to modelling decisions, such as the choice of
the distribution function and the number of knots (Thorson et al., 2021); therefore, I used
standardized indices. The indices were standardized by dividing by the mean index value of the
time-series to compare the relative trends with design-based indices that were standardized the

Same way.

The coefficient of variation was calculated for the index values by standardizing the annual

standard deviation, SD(?), by dividing by the mean index value of the time-series, / (Equation

2.8).

SD(t)
—

Cv(t) = (2.8)
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2.2.4. Spatial Properties of the VAST Model

The predictive locations of the model distributed across the study region are called “knots,”
which are points with an associated area size. VAST uses the k-mean algorithm to determine the
locations of the knots to minimize the total distance between the knots and the data or an
extrapolation grid. The package R-INLA (Rue et al., 2009) creates a triangular mesh with a
vertex of the triangle at each knot. I tested different numbers of knots for the model and chose
250 knots across the whole domain as a balance between computation speed and consistency in
results. The results were relatively consistent even with a lower number of knots, but the indices
trends became more consistent as the number of knots increased, as well as the AIC decreased;

however, 250 knots was the maximum number that was computationally reasonable.

The Matern function was used to approximate the correlation matrices based on the distance
between any locations (Lindgren et al., 2011). The approximation for the Matern correlation
function has previously been used in spatiotemporal models (i.e., Thorson & Barnett, 2017). |
used this function because the number of random effects in VAST is extensive; therefore, a

sparse Matern precision matrix can dramatically improve estimation efficiency.

The association between the knots and the tows was set as either a piecewise constant or “fine-
scale” bilinear interpolation. For the piecewise constant option, spatial variables at location s are
fixed to the values at the nearest knot. When using bilinear interpolation, the association is done
using the triangular mesh, where density is estimated in cells of an “extrapolation grid.” Using

the fine-scale option is more computationally expensive.
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Because fine-scale bilinear interpolation is computationally expensive, there was a trade-off
between using it and including bias-correction for the log transformation of the random effects
using epsilon-method in the model. Therefore, the two options of the model were: 1) a piecewise
constant association and bias-corrected, 2) a bilinear interpolation association and non-bias-
corrected. In the remainder of the thesis, I refer to these simply as the bias-corrected and non-

bias-corrected models, respectively.

2.2.5. Model Fit

Various spatial and spatiotemporal structures were compared using their AIC scores to determine
the best-fitting VAST model, as suggested by Thorson (2019). I tested different combinations of
independent, random-walk and autoregressive (AR1) structures for both the temporal intercepts

(Bnand Bw) and the spatiotemporal vectors (&, and ¢,,). I used a Newton Optimizer with two

extra steps and confirmed that the models converged (maximum gradient < 10°).

2.2.6. VAST Division Indices

The bias-corrected model was used to get the VAST survey biomass indices for a division, /u4(2).
Using Equation 2.9 (based on Equation 2.7), I calculated /4(?), where d(k,¢) is the density at the
knot k, a(k) is the area associated with the knot, and nx, is the number of knots in the division.

These index values were also standardized by the time-series mean.

I(t) = Xk, alk) = d(k, t). (2.9)

34



The precision for the indices for individual divisions was not provided by the VAST package,
which only provides the SD of the index values for the entire area of the model. To calculate the
SD for the divisions, the covariance between knots and density would be needed; however, that

information is not given as an output by the package.

2.2.7. VAST Strata Indices

The non-bias-corrected model was used for the strata estimates because, for the bias-corrected
model, which used the piecewise constant association, I could only extract density at the knots.
Not all strata had knots within their boundary; therefore, the bias-corrected model could not be

used. I used the non-biased-corrected model, which had extrapolation cells within each stratum.

The stratum index values were also calculated similarly to the indices for the total zone and the
divisions, using Equation 2.7. The density of an extrapolation cell, d(s,z) and the arbitrary cell
size, a(s), set at 0.002, were used. The product of the two is then summed across all the cells

within a stratum.

2.2.8. Design-based Estimates

The results of the VAST model were compared to design-based estimates. Therefore, all the

design-based indices were standardized by the mean as well.

The VAST division indices were compared to design-based indices, T, for the division (Equation
2.10), where the product of N, (the number of sampling units in stratum /) and y,, (the average

biomass caught in stratum /) are summed across all strata in the division.
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T =XH-1Nu V- (2.10)

The unbiased estimator of the design-based variation of T is shown in Equation 2.11, where the

unbiased estimate of the variance of a stratum, s,f, is defined in Equation 2.12.

— A 2
Var(T) = ¥H_, Ny(N, — nh)%h' (2.11)
sp=mp— DX (v — Y (2.12)

The stratum total is just the product of N, and y,(Equation 2.13).

T, = Npyn. (2.13)

The total NAFO SA2+Div.3K VAST indices were compared to the design-based indices for
Divisions 2J3K. Due to the survey coverage gaps, design-based indices cannot be calculated for
the entire region, and therefore the 2J3K indices are currently used to assess the stock. Due to
limitations of the VAST package, CV could only be calculated for the total area indices, not
subset areas, such as divisions or strata. A VAST model for only divisions 2J3K could be
developed for a more direct comparison of the precision of the methods but would require a
separate analysis, which was not within the scope of this thesis. Therefore, comparing the CV of
the design 2J3K and the VAST NAFO SA2+Div.3K indices is not a comparison of the precision
abilities of the different methods, as they include a different number of divisions; hence, there is
an unknown effect of the quantity of data on the CV. The comparison is just to illustrate the

difference between the derived VAST indices and the currently used design-based stock indices.
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2.2.9. Juvenile Study

The same DFO survey data set, which included survey catch numbers-at-length, was used for the
juvenile analysis. Juvenile catch biomass was estimated by applying a length-weight relationship
(length-weight W(l) = al’: a=0.01000 (0.00479 - 0.02087), b=3.07 (2.90 - 3.24), where [ is the
length) of individuals (Froese et al., 2014). Juveniles were defined as fish less than 20 cm, which
is just within the more conservative estimates of redfish maturation size. The weights for all the
size classes were estimated using a length-weight relationship, then aggregated together to get a
total biomass estimate for juveniles (redfish <20 cm) per tow. In total, there were 10481 data

points in the juvenile study.

The estimated juvenile catch biomass was analyzed using the same model components as the
VAST model for the entire catch biomass. The AIC score was also used to determine the best-
performing model for the juvenile population to estimate juvenile densities across the entire

study region.

2.3. Results

2.3.1. Model Selection

Model selection was accomplished by assessing the AIC scores from the models with varying
temporal and spatiotemporal intercepts. The comparison was first completed with fine-scale
bilinear interpolation included in the model (Table 2.2). The best-performing model had a fixed
temporal intercept and a lag-one autoregressive spatiotemporal intercept, referred to as the AR1

model (AIC = 63389.4). Models that included bilinear interpolation and bias-correction were
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computationally prohibitive; therefore, I re-ran four of the previous best-performing models
without bilinear interpolation (using piecewise constant) but included bias-correction (Table 2.3).
The model with the lowest AIC score remained the AR1 model (AIC = 66628.56). Based on a
balance of consistency of the index trends, the decreasing AIC score, and computing time, 250

knots were selected for the model (Table 2.4).

2.3.2. Model Results

For brevity, only the relevant results of the AR1 model are presented in this Chapter, and
supplementary figures are in Appendix A. All results are from the bias-correct version of the

AR1 model.

The estimated biomass indices from the bias-corrected AR1 model (Figure 2.1) reached a low of
0.97 in 1993 and a high of 133.09 in 1978. In general, our model-based indices closely followed

the trends of the 2J3K design-based indices. Both approaches estimate a considerable decrease in
redfish from 1978 to 1990 and low abundance from 1990 to 2004. Stock abundance increased

after 2004 but then declined during 2010-2015.

The CV was higher overall (higher SD values in proportion to the index values) for the 2J3K
design-based indices than the VAST indices (Figure 2.2). The highest CV value (0.753) from the
bias-corrected AR1 model was in 1978, and the highest for the design-based (3.642) was in
1983. The lowest CV for the design-based was 0.002 in 2002, and the lowest for the VAST was

0.010 in 1992.
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The trends in the stock indices are also evident in the estimated spatial densities (Figure 2.3),
including the drop and subsequent increases in redfish biomass. There was a greater proportion
of higher-density areas in the 1980s compared to the 1990s and early 2000s. Regardless of the
overall stock size in a year, the offshore areas always had a higher density than the inshore areas,
except for a small region in the southeast with consistently low density. The highest density is

typically in the mid and southern (2] or 3K) eastern region.

The uncertainty (SD) around the index value at each of the 250 knot locations ranged from
6.35x1077 (in strata 619, inshore in Div. 3K) to 4.14 (in strata 639, mid-deep water in Div. 3K)
(Figure 2.4). The uncertainty indicates higher variability in deep-water areas in the eastern
regions of the NAFO zone. The highest values are typically in the more frequently sampled strata
(Divisions 2J and 3K), especially in the southeast region. The uncertainty appears relatively
uniform in most areas where little sampling occurred (2G), besides the deeper east section. The
uncertainty does not appear to be highly linked to the sampling effort. Instead, it seems more
related to the redfish biomass density level; in years with higher density (e.g., 1978), the standard
deviation is higher overall than in years where density is lower (e.g., 1993; Figure 2.5). Figure
2.6, which compares the SD and CV of the index value to the density estimated across all the
knots, illustrates the relation between SD and density. The SD usually increases as density
increases. However, this is not the case for the CV; there is higher variation in the CV when
density is low, but it remains reasonably constant as density increases; in other words, the

density values increased more proportionally to the SD values.
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2.3.3. Division Indices

The VAST indices for the three more sampled divisions (i.e., 3K, 2J and 2H) closely follow the
design-based ones (Figure 2.7). For Division 2G, differences between the indices were larger for
the two methods; for example, the biomass increased in the design index while the VAST index
decreased from 1978 to 1979. Also, there was a spike in the design index for 1996, which is
much less prominent in the VAST indices. However, the overall trend is difficult to compare for

2G because, for most years, a design-based index could not be calculated due to under-sampling.

2.3.4. Strata Indices

The NAFO SA2+Div.3K indices from two versions of the model (i.e., bias-corrected and non-
biased-corrected) were quite similar with overlapping error bars (Figure 2.1); therefore, we

concluded it was acceptable to use the non-bias-correct version to calculate strata indices.

Comparisons between the VAST and the design-based strata estimates are provided in Figure
2.8. I used the VAST model to fill in the unsampled strata, and the patterns in the VAST
estimates aligned reasonably well with the design-based estimates. The prominent overall
temporal trends are in both the design-based and VAST estimates, with higher estimates from
both approaches around 1978-1985 and 2010-2015 than during the other years. However, there is
both spatial and temporal smoothing in the VAST estimates that cause some differences. For
example, the large gaps in the design-based estimates (especially prominent in strata >900) were
estimated by VAST to have higher catches in the early years (1978-1990), even though little was

caught in these years, because this was the consistent pattern in the other better-sampled strata.
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For some illustrative strata (Figure 2.9), the trends in the VAST indices match the design-based

indices well.

2.3.5. Juvenile Results

The VAST model with the lowest AIC score (AIC = 16247.61) for the juvenile redfish was a

random-walk temporal intercept and an autoregressive spatiotemporal intercept (Table 2.5).

The density estimates (Figure 2.10) have similar patterns as the adults; density is higher in the
eastern deeper water regions. Moreover, the small area in the southeast corner is a more
prominent area of low density than its surrounding regions, compared to the adults. There are
high-density areas in the eastern regions located in Division 2G, which overlaps with SFA4;

however, higher density occurs in the southern divisions more than in Division 2G.

2.4. Discussion

This study 1) developed a Vector Autoregressive Spatiotemporal (VAST) model to interpolate
survey biomass in unsampled survey strata, 2) developed new model-based biomass indices for
the stock, and 3) quantified the uncertainty, including the predictions for unsampled strata. The
model that performed the best had a first-order autoregressive (AR 1) spatiotemporal structure.
The top three performing models all had an AR1 spatiotemporal structure. A temporal
correlation has been recommended for spatiotemporal variation when some areas have not been
consistently sampled and for propagating “hot spots” from sampled areas to unsampled areas in

adjacent years (Thorson, 2019). However, the greater complexity in the spatiotemporal
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components was more computationally demanding, and other aspects of the model, such as bias-

correction and fine-scale were sacrificed.

The biological estimates (e.g., biomass indices and density patterns) derived from the AR1
VAST model follow generally known trends and biological patterns for this redfish stock. The
biomass of NAFO SA2+Div.3K redfish decreased in the *90s and the early *00s and has shown
slight increases in more recent years (Fisheries and Oceans Canada, 2020). This trend was
evident in the overall VAST stock indices (Figure 2.1). Additionally, redfish prefer to inhabit
deeper waters (Gascon, 2003). This preference is evident in the density estimates, where the
deeper areas on the edge of the continental shelf typically have a higher density than the inshore
areas (Figure 2.3). There is one small area of consistently lower biomass than surrounding areas
in the southeast corner of the NAFO zone. This pattern is even more prominent in the juvenile
density patterns (Figure 2.10). The strata in that area are also quite deep (with maximum depths
ranging up to 1500m), which might be deeper than redfish prefer. Another consideration is that
this area was only consistently sampled after 1995 and was primarily left unsampled when
density was at its highest (in the ‘70s and ‘80s). A regular but more spaced-out sampling design

is possibly more informative than more consistent sampling for only a specific period.

The uncertainty of the estimates at the knots appears to be influenced by several factors (Figure
2.4). Our initial expectation was that the regions with less consistent sampling would have higher
uncertainty than regularly sampled regions. However, some frequently sampled areas have
higher uncertainty than the under-sampled regions. One factor that affects the SDs is biomass

density; when this density is low, the SDs will tend to be lower than when densities are high.
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This is because there is less variation in catch when density is low, as it is likely only small
catches can occur; when density is higher, there is potentially greater variation in catch (Figure
2.6). This effect is potentially amplified with a patchy or aggregated distribution, where in
overall higher-density areas, a cluster could be sampled or missed, making the catch more
variables and resulting in higher uncertainty. Consequently, the SD is overall higher in years
with greater biomass. Sampling designs that at least sample all the areas every few years might
be more beneficial to estimate density for the entire stock area than consistently sampling one
area and never sampling another. Chapter 3 will examine how different sampling designs could

influence the VAST model and how they will change the uncertainty.

In the scope of this thesis, the only comparison between design-based CVs and VAST CVs is
between the design-based 2J3K indices and the VAST SA2+Div.3K indices (Figure 2.2). This
was because the design-based indices could not be calculated for the total area due to survey
gaps, and the CV could not be calculated at a division level for VAST because of package
limitations. The indices currently used to assess the stock (and were used in the attempts of an
assessment model) are the 2J3K design-based indices. For management purposes, the VAST-
derived indices for the stock provide greater precision than the 2K3K design-based indices.
However, as the indices are based on a different number of divisions (therefore different amounts
of data), it is not a complete or fair comparison to conclude that the model is more or less precise
than the design-based method. Further research is needed to compare the precision between the
model and the design-based approaches, potentially looking at the precision at a division level,

only Divisions 2J3K, or comparing only the sampled strata.
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Although the model-based indices have advantages (such as filling in under-sampled areas),
there are also potential biases introduced by the model. Extrapolating the spatial and temporal
correlations to primarily unsampled areas assumes that these effects function to the spatial scale
they are extrapolated to. For example, it assumes these trends and correlations continue over the
distance between Division 2G and the other Divisions. If this assumption is not valid, it could
lead to a positive or negative bias depending on whether the abundance of redfish in the sampled
region is higher or lower than in the unsampled region. This is an important assumption, as the
distance between the data and the data gaps is quite extensive. The effect of these substantial
data gaps is unknown. This study compared the model estimates to design-based estimates to
investigate model bias, as design-based indices are unbiased. However, as there is not enough
data to produce design-based estimates for many years in 2G and 2H (and the strata within
them), this study could not determine if there is any indication of bias in these regions.
Therefore, these results should be taken skeptically until further studies check for model bias.
Simulation studies for spatiotemporal models have been implemented before to check for model
biases (e.g., Cao et al., 2020; Thorson & Haltuch, 2019). Future work should look at developing
a simulation study to investigate whether the VAST indices for Labrador shelf redfish are biased

and to examine their accuracy.

Other future work should look at different configurations of knots, potentially placing one in
each stratum, to better understand how the strata sampling design affects the uncertainty of the
filled-in data. VAST allocated knots proportionally to the density of available data; therefore,
lesser sampled regions receive fewer knots (Maunder et al., 2020). Another limitation of the

model is that redfish is a species complex; however, separating the species caused concerns with
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previous assessment models for the stock (Fisheries and Oceans Canada, 2020). The pre-1995
survey data is also converted, which may cause biases if the conversion is incorrect. This may be
more of a problem for the juvenile estimates as there is a larger difference in the juvenile catch
than in other size classes between the two different trawl gears (Power & Orr, 2001). Another
consideration is that six data points appear to be duplicate data points in the data set, which went
unnoticed until the analysis was completed. However, as those points represented <0.001% of

the data in the analysis, they likely had a negligible effect on the results.

This study could be the potential starting point in building a spatial management strategy for the
stock. Many users (DFO and industry) could use the intuitive distribution maps for management
purposes, such as examining the distribution of bycatch species (e.g., juvenile redfish overall
with the shrimp fisheries). There has been substantial bycatch in SFA4 that overlaps with
Division 2G (Courtney D’ Aoust, 2021). The VAST model estimated the density in the relatively
unsampled Division 2G by using the temporal and spatial correlation from data across the entire
NAFO region. Like the adults, a higher density of juvenile redfish appears in the deeper water

areas (Figure 2.10) in all areas of NAFO SA2+Div.3K, including Division 2G.

Interestingly, the model estimated higher density in the more southern areas than in the northern
areas, where substantial bycatch was observed in 2021. Again, there is an assumption that the
spatial and temporal trends observed in the more sampled regions apply to the large unsampled
area between Division 2G and the other Divisions. If this assumption is incorrect, the estimated
distribution of juvenile redfish may be biased in the north and potentially elsewhere. Therefore,

more current data in Division 2G could help inform the juvenile distribution in the region, either
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from survey data or the addition of fishery-dependent data. Another possible reason could be
related to the fishing effort; if the effort was more concentrated in high-density areas in SFA4, it
could cause higher bycatch. Potentially, these juvenile density maps could help inform where

fishing efforts are made to avoid high juvenile density areas to minimize juvenile bycatch.

Furthermore, VAST indices could potentially provide more precise indices for stock
management. As there is no assessment model, these indices could help inform management
decisions, such as when the fishery could reopen and acceptable catch levels. Also, the indices
could be used in the development of a stock assessment model. Indices of relative abundance are
widely considered the most critical input into stock assessment models (Francis, 2011).
Spatiotemporal indices were compared to nominal indices (ratio of the total catch to total effort)
in a stock assessment model for yellowfin tuna in the eastern Pacific Ocean (Xu et al., 2019). It
was found that the spatiotemporal indices increased the log-likelihood, suggesting those indices
were more consistent with the other data in the model, as well as reducing residual patterns (Xu
et al., 2019). Additionally, spatiotemporal indices were used in the stock assessment model to
assess northern shrimp in the Gulf of Maine; they were found to improve the overall fit of the
stock assessment model and model diagnostics compared to design-based indices (Cao et al.,

2017).

Overall, the spatiotemporal model estimated density patterns across the region to fill in the

survey sampling gaps and derived new biomass indices. The distribution maps generated will be

useful to guide direct and shrimp bycatch fisheries. However, it is unknown if there are any
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significant model biases. Simulation testing would be needed to determine further whether there

are any model biases in either the total population or the juvenile model.
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2.5. Tables

Table 2.1. List of variable symbols used in the equations.

Symbol Descriptions Dimensions
Index
s Spatial location
t Year
b Biomass per survey tow
h Stratum index
Constants
ai Area swept 0.2
a(s) VAST cell size area 0.002
V Matern smoothness 1
GLM
n(s,t) First linear predictor (p1) st
w(s,t) Second linear predictor (p2) s,t
Fixed Effects
Gn Global intercept for pl
Gw Global intercept for p2
Random Effects
Bu(t) Temporal variation for p1 t
Buw(t) Temporal variation for pl t
Wha(s) Spatial variation for p1 S
W(s) Spatial variation for p2 s
En(s,) Spatiotemporal variation for p1 s,t
Ew(s,t) Spatiotemporal variation for p2 s,t
Derived Quantities
p(s,t) Encounter probability st
r(s,t) Positive catch rate s,t
d(s,t) Local predictor biomass density s,t
1(t) Predictor total biomass t
Strata and Division Estimates
y Biomass caught in tow
y Average biomass caught
s? Stratum variance
T Index estimate
n Number of sampling units sampled
N Total number of sampling units
d Average density
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Table 2.2. An AIC comparison for different temporal and spatiotemporal model structures with
bilinear interpolation. Only converged models (maximum gradient <10) are shown.

Temporal Intercept Spatiotemporal Intercept AIC AAIC
Fixed Effect Fixed effect 63925.6 536.2

Fixed Effect Independent Among Years 63925.6 536.2

Fixed Effect Random Walk 63685.74 296.34

Fixed Effect Autoregressive 63389.4 0

Independent among years Fixed effect 64013.05 623.65
Independent among years | Independent Among Years 64013.05 623.65
Independent among years Random Walk 63741.61 352.21
Independent among years Autoregressive 63468.28 78.88
Random Walk Fixed effect 63918.73 529.33
Random Walk Independent Among Years 63918.73 529.33
Random Walk Random Walk 63708.97 319.57
Random Walk Autoregressive 63409.88 20.48
Constant Intercept Fixed effect 64301.61 912.27
Constant Intercept Independent Among Years 64301.61 912.27
Constant Intercept Random Walk 63771.55 382.15
Constant Intercept Autoregressive 63586.7 197.3

Table 2.3. An AIC comparison of models without bilinear interpolation (piecewise constant).
The chosen models were four of the best-performing models from the AIC comparison with

bilinear interpolation.

Temporal Intercept Spatiotemporal Intercept AIC AAIC
Fixed Effect | Random Walk 66899.41 270.85
Fixed Effect ‘ Autoregressive 66628.56 0
Independent among years | Autoregressive 66678.41 49.85
Random Walk \ Autoregressive 66630.74 2.18

Table 2.4. AICs for models with different numbers of knots. Models were bias-corrected but did
not use bilinear interpolation.

# of Knots AIC A AIC
50 70826.44 4197.88
100 69066.59 2438.03
150 67753.01 1124.45
200 67075.65 447.09
250 66628.56 0
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Table 2.5. Juvenile Model Selection. Only converged models (maximum gradient <1076) are

shown.
Temporal Intercept Spatiotemporal Intercept AIC AAIC
Fixed Effect \ Fixed effect 16881.24 633.63
Independent among years ‘ Independent Among Years 16905.76 658.15
Random Walk ' Independent Among Years 16820.54 572.93
Random Walk | Autoregressive 16247.61 0
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Standardized Biomass Index

2.6. Figures
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Method -e- 2J3K Design —#— Bias-corrected —#— Non Bias-corrected

Figure 2.1. Estimated biomass indices (bias-corrected and non-bias corrected) derived from the
AR1 VAST for the entire NAFO SA2+Div.3K and the design-based estimates for divisions 2J3K
from 1978 to 2020. The error bars show = 1 CV, and the colour indicates the method to derive
the indices.
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Coefficient of Variation of Biomass Indices
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Year

Method -e— 2J3K Design —#— Bias-corrected —#— Non Bias-corrected

Figure 2.2. The estimated coefficient of variation (CV) derived from the AR1 VAST models for
NAFO SA2+Div.3K and the design-based estimates for 2J3K from 1978 to 2020. The colour
indicates the method to derive the indices.
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Northings

Eastings

Figure 2.3. The natural log density distribution (kg/25Km?) for NAFO SA2+Div.3K redfish
from 1978 to 2020 that was estimated from the bias-corrected AR1 VAST model.
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Figure 2.4. Map of the estimated standard deviation (SD) for the estimated index value at the
250 knots in the model spread cross NAFO SA2+Div.3K for 1978 to 2020 (A. Pre-2000, B:
Post-2000) from the VAST model. The dot size indicates the SD values, and the colour indicates
whether the knot was in a sampled (blue) or un-sampled (red) strata.
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Figure 2.5. Map of the estimated standard deviation (SD) for the estimated index value at the
250 knots in the model spread cross NAFO SA2+Div.3K for four example years from the VAST
model. The dot size indicates the SD values, and the colour indicates whether the knot was in a
sampled (blue) or un-sampled (red) strata.
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Figure 2.6. The SD (blue) and CV (red) for the index estimate at each knot vs. the density at the
knot. For all 250 knots used in the VAST model for NAOF SA2+ Div.3K across the 1978-2020
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Standardized Biomass Index
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Figure 2.7. Time-series from 1978 to 2020 comparing design-based (red) and VAST-based
(blue) estimated standardized biomass indices for the four divisions within NAFO SA2+Div.3K.
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Eastings
Figure 2.10. The natural log density distribution (kg/25Km?) for juvenile (< 20cm) redfish in
NAFO SA2+Div.3K from 1978 to 2020 that was estimated from the VAST model.
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Northings
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Figure 2.11. A map of the quantile residuals from the VAST model for NAFO SA2+Div.3K
redfish.
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Figure 2.12. A quantile-quantile plot for the log(residuals) from the VAST model for NAFO
SA2+Div.3K redfish.
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Chapter 3: Survey Simulation Study
3.1. Introduction

In this Chapter, I use a simulation study for NAFO SA2+Div.3K redfish to examine the impact
of changes in survey design and set allocations on estimated abundance indices derived from a

spatiotemporal model.

3.1.1. Survey Design and Allocation

Fisheries surveys are typically limited by financial and logistical factors (Maunder et al., 2020),
thus restricting the number of samples and overall coverage, as illustrated in Chapter 1. These
restrictions may greatly affect the applicability of design-based indices and affect the precision
of model-based indices. Therefore, survey considerations (e.g., sample design and allocation) are

essential to reliably capture changes in population dynamics and abundance.

The most common fisheries survey sampling design is a stratified random, with strata based on
geographical areas (Kimura & Somerton, 2006) and depth for many stocks in the Northwest
Atlantic (e.g., Fisheries and Oceans Canada, 2020; Gavaris & Smith, 1987; Treble, 2022).
Simple random sampling (SRS) is generally not the best way to sample aggregated populations;
when sample sizes are small, samples may not be evenly distributed throughout the survey
domain using a SRS design, possibly causing over or under-representation of the population
(Kimura & Somerton, 2006). A stratified random sampling (StRS) design is typically preferred
over SRS because sampling is designed to be spread-out over-all strata in the survey domain and

allows allocation to vary between strata to improve the precision of abundance estimates
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(Gavaris & Smith, 1987). These authors examined the survey stratification and allocation of
StRS by comparing the design-based variance to that from SRS for Atlantic cod on the East
Scotian Shelf. They found that there were only mediocre improvements in the precision of
estimates using a stratified design and altering allocation compared to SRS; therefore, they
recommended designs not to have many strata and to use proportional allocation, where the
stratum sample size is proportional to the size of the stratum. However, some prior knowledge of
strata variance needs to be known to optimize stratum sample sizes for StRS (Kimura &

Somerton, 2006).

There are obviously many potential choices of good designs, which should be examined
carefully. There is considerable research examining fishery-independent survey optimization,
often using simulation studies used to evaluate designs centred around specific objective (e.g.,
Lieu et al., 2009; Xu et al., 2015; Yu et al., 2012. Yu et al. (2012) compared the efficiency of
common designs (i.e., SRS and StRS) to three “adaptive” survey designs, which depend on
previous observations in sampling. They compared these designs in a simulation study of yellow
perch in Lake Erie using five different metrics to compare the performance, i.¢., bias, variance of
the mean, mean squared error, relative efficiency, and coefficient of variation. They found that
adaptive two-phase sampling outperformed SRS and StRS and had greater precision due to more
effective sample-to-strata allocation. Xu et al. (2015) used a simulation study to evaluate the
survey for multiple species, looking at the abundance indices for 11 species (including finfish
and invertebrates), abundance indices for fish groups, and three species diversity indices.
Surveys often target multiple species, and an optimized study design should consider all major

target species. with the survey in NAFO SA2+Div.3K is a multiple species survey; however, for
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the scope of this thesis, I will focus on the effect of the survey design on redfish VAST-derived

biomass indices.

I investigate the survey design using a simulation study and a population based on Northwest
Atlantic Fisheries SA2+Div.3K redfish. I will examine the impact of the design on biomass
indices derived from a spatiotemporal model. The surveys in SA2+Div.3K are multispecies
surveys conducted by Fisheries and Oceans Canada (DFO). They use a stratified random
sampling design, which allocates at least two samples per sampled strata and assigns the other
samples in proportion to the strata sample size. For the scope of this study, I will allocate two
samples per stratum; this follows the condition of a minimum of two samples per stratum but

deviates from their design of allocating more samples based on stratum size.

3.1.2. Survey Design Performance Metrics

Typically, it is essential to have some metric to test the performance of a sampling design in
terms of precision and accuracy (Liu et al., 2009). Precision is the degree to which further
measurements would produce a similar result (Taylor, 1997), and accuracy is how close a value
is to the actual value. Different metrics can be used to evaluate precision, such as relative
standard error, variance, or the coefficient of variation (e.g., Liu et al., 2009; Wang et al., 2009;
Yu et al.,, 2012). Bias is a metric for accuracy; further, mean squared error can assess both bias
and precision (e.g., Ducharme-Barth et al., 2022; Yu et al., 2012). Other performance measures
have been used in survey design studies, such as coverage or efficiency (e.g., Ducharme-Barth et

al., 2022; Yu et al., 2012).
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Several ways to improve precision include changing sampling designs (i.e., SRS or StRS),
defining new strata, or different sampling allocations in strata (Smith & Hubley, 2014). Further,
these survey changes can affect the precision of stock assessment model outputs. Smith and
Hubley (2014) examined how past changes to the sea scallop survey design impacted the
precision in the scallop stock assessment model. They found that the changes in the survey that
reduced the uncertainty of indices resulted in reduced uncertainty in reference point limits
estimated by the stock assessment models. However, most of this research on study design has
been done with design-based indices (e.g., Gavaris & Smith, 1987; Smith & Hubley, 2014).
Using model-based index standardization has also been examined as a method to improve the
precision of abundance indices (e.g., Cao et al., 2017; Thorson et al., 2015). The second Chapter
of this thesis explored the comparison between design-based and model-based indices more in-

depth.

Checking for bias is also vital for comparing survey designs. Suppose a survey systematically
leaves out a specific area type (e.g., shallow or deep water); in that case, it may over or under-
sample aggregations, potentially resulting in similar biases as fisheries-dependent data. A
simulation study by Ducharme-Barth et al. (2022) used a spatiotemporal delta-GLMM to derive
abundance indices and examined model error and bias when using data from various fisheries
sampling patterns. They showed that preferential sampling based on the underlying biomass
resulted in similar abundance indices to random sampling, with the preferential ones being less
biased. Furthermore, they found that the expansion or contraction of sampling resulted in poorly
estimated abundance trends, and the indices became quite variable when the sampling effort was

constrained to a specific area.

69



DFO changed research vessels in 2022, and because of possible limitations of the new vessels,
depths over 1000 m may no longer be reached or therefore sampled. Shallow water strata may
also be removed from the survey designs because of time constraints on the surveys (Personal
communication with Dr. Paul Regular). Hence, I next want to examine how different survey
allocations and changes in survey coverage may influence SA2+3K redfish indices estimated via
spatiotemporal models. Using simulation studies, I investigate the potential consequences of
decreasing survey coverage on model-based estimates. Simulation studies are commonly used to
look for biases in model-based abundance indices (e.g., Cao et al., 2020; Thorson & Haltuch,
2019) and to examine different survey configurations (e.g., Ducharme-Barth et al., 2022; Liu et
al., 2009; Wang et al., 2009; Yu et al., 2012). Simulation studies are a tool to help compare study
designs, as it is often impossible to physically conduct numerous sampling designs. They can test
for biases by comparing the estimated indices to known “true” estimates. They can also be used
to compare estimated precision from different allocation designs. For example, Ducharme-Barth
et al. (2022) used simulation techniques to examine how different spatial sampling patterns may

bias model-based estimates of abundance.

3.1.3. Application to NAFO SA2+Div.3K Redfish

As demonstrated in the first chapter of this thesis, there are substantial coverage gaps in the
surveys in NAFO SA2+Div.3K. Currently, the survey primarily allocates effort towards the
southern three divisions (i.e., 3K, 2J and 2H), leaving Division 2G un-surveyed since 1999
(Fisheries and Oceans Canada, 2020). There have also been discussions about the surveys
dropping the deep-water strata in the zone. In the second chapter, I derived biomass indices from

a spatiotemporal model (VAST model) for SA2+Div3K redfish. I want to examine the effects of
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survey allocation and investigate if dropping deep-water strata will cause substantial changes to
the precision in the model-based estimates and determine if dropping the extra strata will cause

biases for this stock.

3.2. Methods

3.2.1. Simulated Data Set

Catch biomass was simulated at specified tow locations using the Vector Autoregressive
Spatiotemporal (VAST) model developed in the second Chapter. I described the structure of the
model in Chapter 2. The locations for the simulated tows were based on all the observed tow
sites (specific latitude/longitude combinations) from across the 43 survey years (1978-2020).
There were originally 13413 different tow sites across the 43 years. Catch biomass was
simulated at all 13413 locations every year; this resulted in a total of 576766 tow data points

across the entire study period (Figure 3.1).

3.2.2. Survey Configurations

All data for the survey configurations were selected subsets from the simulated data set. Three
sampling design scenarios were used to test survey configurations: 1) randomly selected strata,

2) consistent reduction of deep-water strata, and 3) sampling all strata.

The first scenario of random selecting strata was done because, due to survey logistics (e.g.,

vessel issues or weather), strata could potentially be missed at random. Further, as there are
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currently large consistent gaps, I wanted to compare how the same sampling effort, if spread out

more throughout SA2+Div.3K, might potentially influence the precision of indices.

For randomly selected strata (reducing effort), different percentages of strata coverage were
tested (i.e., 25, 50 and 75% coverage). These scenarios will be referred to as RS25%, RS50%
and RS75%, respectively. Random strata were chosen at the appropriate coverage percent level
from all the strata that had ever been sampled. The sampled strata were allowed to vary from
year to year, but the same number of strata were selected each year. There were 149 sampled
strata in the NAFO zone; therefore, 37, 74 and 112 strata were randomly selected yearly for 25,
50 and 75% strata coverage, respectively. Two randomly selected tow locations were chosen in
each sampled stratum for all coverage percentages. Two locations were selected per strata to
follow the DFO typical sampling design allocating at least two tows per strata. However, unlike
the DFO survey designs, additional tows were not designated proportionately to the strata size, as
I did not have a set number of tows to allocate; I based it on the number of strata I wanted to
sample instead. Thus, it resulted in a total of 2 sets x 37 strata x 43 years = 3182 tow data points
for RS25%, 6364 for RS50% and 9632 for RS75%. Hence, the sampling designs I investigate

(i.e., only two sets per stratum) differ substantially from those used by DFO.

Ten different simulated surveys (combinations of random strata and random tow locations) were
selected for each percentage level scenario. Ten surveys were used because they represented a
balance between the consistency of the results and the computation scope of the project.
Although a simulation sample size of 10 is a very low number, the results of the ten different

surveys did not show much variation in the trend of the indices; this is illustrated in the results
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from the ten simulated surveys from 25% strata sampled scenario (Figure 3.2); with the other

scenarios even more consistent.

For the second scenario, consistently dropping deep-water strata (DDWS), the strata were
dropped based on the maximum tow depth set in the survey data. All strata with a maximum tow
depth greater than 700 m were considered “deep water.” This depth was used as the cut-off
because it represented a reasonable balance between deep and non-deep strata in the data set.
Additionally, deep strata (>700 m) were not sampled for Division 2H in 2014 and 2015
(Fisheries and Oceans Canada, 2020), so it seemed to be a realistic cut-off. I did not have
information on the maximum depth of the new vessels until after the study was completed. Strata
918 (located in Division 2G) had no data, so it was not categorized either way. Therefore 51
strata were considered deep water >700 m, and 98 strata were not (Figure 3.3). All the strata
<700 m were sampled yearly, and similar to the random strata sampling scenario, two random
tow locations were selected for each of the strata selected for sampling. There was a total of 8428
data points across the entire study period. Also, like the random design, ten runs were completed

with different randomly selected tow locations within the selected strata.

Additionally, ten simulated surveys were done where all 149 strata were sampled yearly. Two
tow locations within each stratum were randomly selected, allowing the locations to vary
annually. There was a total of 12814 data points for these surveys for the all-strata-sampled (AS)

scenarios.
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3.2.3. Comparison

The indices developed from the various sampling designs were compared to the yearly average
population tow biomass (based on usually 13413 values each year) of the simulated data set. |
use bias (B) and the average coefficient of variation (CV) as the performance comparison criteria
of the different study designs. A list of the notation used to calculate the performance metrics is

found in Table 3.1

The AR1 VAST model (see Chapter 2) was applied to each simulated survey dataset to estimate
the biomass indices /() for each year ¢. The I(?) of the i survey was calculated based on equation
2.7 in Chapter 2 and was standardized by dividing by the mean index value of the respective
time-series. Then, the average yearly index values of a sampling design scenario were calculated
from the ten (N) surveys within each scenario (i.e., RS25%, RS50%, RS75%, DDWS, AS;

Equation 3.1).

_ N ..
I(t) = 2= (3.1)

where I;(t) is the standardized index for the i" survey. The bias (B) was calculated by taking the
absolute difference between the average index value (i.e., Equation 3.1) of each scenario and the

standardized average tow biomass of the respective year (y(?)) (Equation 3.2).

B(t) = | y(t) = I(®)I. (3.2)
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The average annual CV (Equation 3.3) of the index values from each scenario's ten (N) surveys

was calculated as,
17 Zliv=1 CVi(t)
CV(e) = ===, (3.3)

To get an overall B and CV value for each scenario, the B(#) and CV (t) were averaged over the T

number of years of the time-series to get B and cV (Equation 3.4 and 3.5, respectively).

5 _ Y B(®)
§ = (3.4)
— T &7
v = 2= (3.5)

3.3. Results

The average index estimates for the different scenarios are all quite comparable (Figure 3.4). All
the scenarios produce similar trends, with higher abundance at the start in 1978, then a decrease
in abundance in the *90s and early 2000s, followed by increases in the later 2000s. The trends
also aligned with the results from the standardized population (i.e., 13 413 locations each year)

average tow biomass, which I considered to be the “true” values.

The highest bias (B) was 0.935 for the RS50% scenario in 1983 (Figure 3.5). Four of the five

design scenarios (all but the DDWS scenario) had their highest B in 1983. The DDWS scenario

had its highest B value of 0.622 in 1981. Overall, the average bias was the highest (0.167) for the
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DDWS scenario, and the lowest average (0.117) was for the AS scenario (Table 3.1). The lowest
B value of 0.0005 was with AS in 1992. The bias increased as the percentage coverage

decreased.

The CV decreased as sampling coverage increased (Table 3.2) (Figure 3.6). The highest CV
value (least precision) of 1.165 was for the RS25% scenario in 1978. All five coverage scenarios
had their respective highest CV in 1978. The lowest CV value (highest precision) of 0.006 was
for the AS scenario in 1992. The RS25% scenario had the highest cV (0.186) and the AS

scenario had the lowest CV (0.102). The cV (0.157) from the DDWS scenario resulted in levels

between the RS25% and RS25% coverage scenarios.

3.4. Discussion

This study explored the consequences of reducing sampling effort and dropping strata in the
NAFO SA2+Div.3K survey, which already has substantial coverage gaps. Specifically, I
investigated how changes in coverage affected redfish biomass indices standardized by a VAST
model. The different survey designs were tested in a simulation study and compared by their

precision and bias for the derived biomass indices.

I found that neither dropping extra strata randomly nor systematically dropping deep water strata
resulted in substantial changes in the model-based index trends. The bias between all study
designs was quite comparable, with the DDWS scenario only being slightly larger. This result is

likely because the different areas had similar temporal trends. These trends in the dataset are
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similar between the deep-water strata and the non-deep-water strata (Figure 3.7). Therefore, even
when a portion of the area is removed, the VAST model still estimates that same trend. Also, the
cut-off depth of 700 m is more extreme than the maximum depth of 1000 m of the new research
vessels, so there would likely be even less effect if at a 1000 m cut-off. However, the reason
removing deep water areas likely has a more minor effect than expected is because the spatial

distribution appears to be relatively static for redfish.

The results might change if there were distribution shifts in the population, where the temporal
trends were not so similar between the various geographical areas. Hence, if sizable changes in
their distribution are observed, the effects of dropping strata should be re-evaluated. These
distribution shifts have been reported elsewhere due to fishing pressure and climate change,
causing changes such as localized density reduction or changes in depth or location preferences
(Currie et al., 2019). If there are distribution changes, adaptive sampling techniques potentially
provide a better way to capture species distribution as they consider past observations in the
sampling. With the advantages of being more flexible and more efficient at picking up
aggregations (Liu et al., 2011), it could be a better design if distribution changes occur. However,
this technique would not be applicable for this redfish stock, as the survey is multispecies and

therefore needs to consider the other target species.

I caution against extending these conclusions to other groundfish species caught in the same
survey; this study only considers how changes to the survey might affect redfish biomass indices,
and other species may have different results. Other groundfish species potentially share some

similar characteristics to redfish (e.g., habitat preference). However, redfish are ovoviviparous,
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which may limit their mixing more than other species (Cadigan et al., 2022), and therefore

maybe they have a more static distribution than other species.

I found that the precision of indices decreased with decreases in coverage, as expected.
Systematically dropping an area appeared to affect precision more than randomly dropping
strata. The DDWS scenario had more data points than the RS50% scenario; however, it resulted
in lower precision. The results indicate that if a substantial area is left out of the survey, it may
affect the precision to a greater extent than randomly dropping more samples. It could be more
beneficial for the current NAFO SA2+Div.3K survey if the same number of tows were collected
but spread out more randomly than how they currently systemically leave out Division 2G.
Rather than dropping strata to save time, | recommend reducing the number of samples allocated
to strata. However, I recognize that there may be other logistical reasons why some strata cannot

be effectively sampled (e.g., depth, rough bottom).

One assumption of this study is that the simulated data represents the true redfish distribution;
however, the simulation data was developed from a potentially biased model. Further, the model
smooths its estimates; therefore, the simulated data set developed from the model is smoothed
over, which is contrary to the aggregations that are sometimes observed for redfish.
Consequently, the simulated data may not represent actual redfish sampling that may be patchier.
If actual sampling followed the tested scenarios, there could be more variation in the catch,

possibly resulting in more biased and less precise estimates.
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Additionally, for the tested scenarios in the study, two samples were selected from each stratum;
this differs substantially from the stratified sampling scheme conducted by the DFO, which
allocates based on strata size. As VAST does not aggregate the data based on strata, the same
way that the design-based method does, having two samples per strata would not necessarily
have substantial effects on the VAST model (besides the overall reduction of samples that this
causes). If looking at smaller scales, such as the strata themselves, this could potentially have a
larger effect on the VAST estimates, as the reduction in data would be more noticeable. This
study did not compare to design-based estimates, as the aim of this study was to look at the

effects on the model estimates. However, this could be a good direction for future work.

Another minor consideration, similar to Chapter 2, was that there were six duplicate data points
from the original data set in the simulated data set (a total of 576766 data points). This is why
there are greater than 13413 tows x 43 years = 576759 data points. The points were not noticed
until after the analysis but were not multiplied across the other years as they contained the same
latitude and longitude combinations. However, as this represented a neglectable percentage of
the data and I conducted multiple simulations, these duplicated points would have likely had

negligible effects on the results.

The VAST model is very computationally expensive, and it was not in this project’s timeline to
do a more rigorous simulation study. Future work should develop a more comprehensive
analysis, potentially looking at different survey designs such as more systematic designs, simple
random sampling, or adaptive sampling, as well as more simulated surveys per scenario.

Specifically for Labrador Shelf redfish, a simulation study with sampling similar to the surveys
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missing Division 2G2H should be conducted, as well as the additive effects of missing 2H2G

and deep water should be evaluated.

More computationally feasible spatiotemporal models are also needed. This problem is greatly
compounded if the model-based index standardization is extended to include size, which is
needed for state-of-the-art stock assessment models. Furthermore, this study just looked at
changing the sampling coverage, focusing on allocating sampling effort in space. There is
limited literature that focuses on allocating effort over time (Wang et al., 2009). A future study
could also look at changing sampling intervals, such as sampling strata at different time intervals,
for example, every two years. Additionally, other studies have compared other performance
criteria, such as coverage or efficiency or different precision metrics (Ducharme-Barth et al.,

2022; Yu et al., 2012), that could be analyzed in a future study.

In conclusion, this study found minimal effects in biasing the index values developed for redfish
from a VAST model when the coverage for surveys in NAFO SA2+Div.3K was reduced. The
precision decreased as sampling decreased, but not substantially. Random sampling with greater
area coverage appeared to have higher precision than more concentrated sampling. This study
illustrated that the VAST model was reasonably robust to the potential changes to the sampling
design in SA2+Div.3K. This study adds to the research in Chapter 2, illustrating the potential use
of the VAST model in the management of Labrador shelf redfish. Further, the VAST model
should be examined for other fisheries where financial or logistical considerations limit the
sampling effort. However, this study is only a beginning step for a more comprehensive analysis

of survey designs and their effects on VAST abundance indices.
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3.5. Tables

Table 3.1. List of the notation used in the equations.

Symbol Descriptions Dimensions
Indices Calculation
i Survey
t Year
I;(t) Annual index t
I () Averaged annual index t
y(t) Average annual biomass t
CV;(t) Annual coefficient of variation
N Number of surveys per scenario 10
Comparison Metrics
B() Annual bias t
B Averaged B(t)
CcV(t) Average annual CV t
cV Averaged CV (t)

Table 3.2. The bias (B) and the mean coefficient of variation (CV) results for each survey design
scenario averaged over the time-series (1978-2020).

Survey Design

25% 50% 75% 100% Dropping deep
water
B 0.142 0.136 0.124 0.117 0.167
(4% 0.186 0.137 0.115 0.102 0.157
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Figure 3.1. Maps of the simulated data points, with the colour indicating the simulated tow
weight. Each year is a separate map in the time-series of 1978-1999 (A) and 2000-2020 (B).
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Figure 3.2. A time-series (1978-2020) of the standardized index values from the ten different

simulated surveys where 25% of the strata were sampled (RS25% scenario). The colour
represents the results from each of the various surveys.
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Figure 3.3. A map showing the strata that had set tow depths >700 m (red) and <700 m (blue).
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Figure 3.4. The mean standardized estimated biomass indices from each survey scenario from
the simulated survey data for NAFO SA2+Div.3K redfish. The colour indicates the different

coverage scenarios, with n =10 surveys each.
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Figure 3.5. The annual bias of the index estimates from the various survey scenarios compared
to the yearly average simulated tow biomass. The colour indicates the different coverage
scenarios, with n=10 surveys for each
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Figure 3.6. The annual average CV of the estimated biomass indices from the various survey
scenarios from simulated survey data for NAFO SA2+Div.3K redfish. The colour indicates the

different coverage scenarios, with n =10 surveys for each.
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Chapter 4: Summary and Conclusions
4.1. Summary and conclusions

The research of this thesis investigated spatiotemporal modelling for Labrador shelf (NAFO
SA2+Div.3K) redfish, a once collapsed stock that is recovering. The second chapter of the thesis
explored using a spatiotemporal model to develop new indices for stock biomass. The third
chapter described the results of a simulation study to investigate the effects of survey design on

the biomass indices derived from the VAST spatiotemporal model.

In the first chapter, I described the biological characteristic of redfish and how they present
challenges for fisheries management. I then described the Fisheries and Oceans Canada (DFO)
survey conducted in NAFO SA2+Div.3K and the currently used design-based method for index
standardization. I detailed how the DFO surveys were conducted in the fall of 1978- 2020 and
had substantial survey coverage gaps, especially in Division 2G in the northernmost area.
Therefore, due to the substantial coverage gaps, traditional design-based indices cannot be
derived for the total stock. Therefore, the second chapter aimed to use a Vector Autoregressive
Spatiotemporal (VAST) model to derive new redfish biomass indices by filling in the survey

gaps and quantify the uncertainty of the filled-in data.

I tested different spatial and spatiotemporal structures of the VAST model and found that the
best-fitting model had a fixed temporal intercept and a lag-one autoregressive spatiotemporal
intercept. I used this model to fill in the survey coverage gaps, generate distribution maps across

the entire stock region, and derive new indices for the stock. The model-based indices basically
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followed the same trends as the currently used 2J3K design-based indices. Also, the model filled
in major data gaps and provided indices in all four divisions, which the design-based methods
could not. However, one substantial assumption was made, that the spatial and temporal patterns
picked up in the sampled areas apply to the lesser sampled areas. This assumption could
potentially influence the uncertainly and cause bias. A simulation study should be conducted to
validate all the model results, especially those within the more data-limited regions. Breivik et al.
(2021), used a latent spatiotemporal Gaussian model, similar to the VAST model, for North East
Artic cod in the Barents Sea. The study region had large areas without survey coverage. They
showed the model estimated length-based abundance indices and indicated population density

shifts; they also validated the results in a simulation study.

Additionally, regarding precision, the CVs for the VAST indices were smaller than the CVs for
the design-based indices. However, this comparison was between the entire NAFO SA2+Div.3K
VAST indices to 2J3K design indices; therefore, caution should be used when comparing the
levels of precision. A more direct comparison should be conducted in future research, potentially

only including the sampled divisions or strata.

The juvenile results show the distribution across the entire sample region, including the area that
overlaps with Shrimp Fishing Area 4. The distribution maps provide easy to interpret
distributions for juvenile redfish and could potentially help inform where fishing efforts should
occur to avoid high levels of juvenile redfish bycatch. Further, the intuitive distribution maps
potentially provide the basis for a first step in developing a spatial management strategy for the

stock. Again, the same assumptions apply to the juvenile model that apply to the entire
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population model. Most pertinent for the juvenile results is the second assumption about the
model working with the high degree of data limitations because the region of most interest is the
area that is most data limited. Similarly, a simulation study must be done to validate the juvenile

model results.

Future research could also explore the addition of covariates into the model. The VAST model
can incorporate covariates, such as temperature or depth. Adding temperature could help explore
if redfish distribution remains static with changing temperatures and, therefore, could help
inform the level of survey effort needed to capture the distribution. Using depth as a covariate
could aid in spatial management by providing more information on stock distribution. This could
be especially important in relation to juvenile bycatch and shrimp fishing effort. Further, adding
other data sources could be explored, such as fishery-dependent data, which could cover some of
the data limitations of the surveys. Gonzalez et al. (2021), combined both survey and commercial
data to estimate the spatiotemporal distribution of cod in the North Sea. They found they needed
to account for both vessel and gear effects, but their modelling approach was more robust to

spatial-biased sampling and could fill in data gaps (specially for different sizes of cod).

Overall, the results from the second chapter show that the VAST model is a promising avenue
for future research and then possible future adoption into NAFO SA2+Div.3K redfish stock
assessment and management. This research is the first step in developing a spatial management
plan for the stock. The indices could help inform management decisions such as reopening the
stock and the indices could potentially be used in an assessment model. The distribution maps

could help inform fishing efforts to minimize bycatch. Further, the results suggest that the VAST
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model can provide information to fill in data gaps and, therefore, should be a method examined

for other stocks with survey limitations.

The third chapter was a simulation study examining the consequences of reducing sampling
effort for the DFO surveys, specifically looking at the effects on the VAST-derived biomass
indices regarding bias and precision. The DFO survey in the region already has substantial
survey gaps, and there is the potential for sampling effort to be reduced further. I simulated a
data set from the VAST model developed in Chapter 2. I then randomly selected data based on
different sampling design scenarios, which were various percentage levels (i.e., 25, 50, 75, and
100%) of randomly sampled strata and a scenario of dropping the deep-water strata (>700 m). I
found that neither reducing the sampling effort randomly nor dropping the deep-water strata
caused substantial changes in the trends of the indices. However, I found that systematically
dropping the deep-water strata caused a slightly higher bias than in the other scenarios. Reducing
the sampling effort increased the CV, lowering the precision of the indices, with the least
sampling effort (25%) having the highest CV. Dropping deep-water strata had the next highest
CV, higher than the 50% random sampling scenario, which had fewer data points in total. The
bias and CV results indicate that systematically dropping strata has more of an effect than
reducing strata randomly. However, the extent of the effect was not large, potentially due to the

overall redfish biomass trends throughout the region being quite similar.

A major assumption made in the research was that the simulated data accurately represents

redfish distribution. However, as the data set was based on the unvalidated results of the VAST

model, that assumption may be incorrect. Most notable is that the VAST model smooths
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estimates; therefore, the actual distribution of redfish may be patchier than that of the simulated

data set, causing more variation in catch, potentially causing biased and less precise results.

The results from the chapter three study illustrated that the VAST model can still be used for
index standardization even when the sampling data is further reduced. The model showed limited
effects in terms of bias or precision with changes to the sampling design. This study provides a
basis for developing a more robust simulation study looking at more scenarios to explore the

effects of the sampling design on spatiotemporal derived indices.

Ultimately, the results from both chapters indicate that VAST could be a tool used to help the
management of Labrador Shelf redfish. However, there were major assumptions made in the
research, and substantial future research needs to be conducted before the model results could be
used for stock assessment or fisheries management. Priority research steps should include a
simulation study to examine if there is model bias, a study for a more direct precision
comparison between the index standardization methods, and a more robust simulation study for
the effects of the sampling design. If the results from future studies follow the promising results
of this research, then the adoption of a VAST model should be considered in the management of

the stock.
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Appendix A. Supplementary Figures
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Figure A.1. Estimated Anisotropy from the VAST model for NAFO SA2+Div.3K redfish.
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Figure A.2. The time-series (1978-2020) of the center of gravity estimated from the VAST
model for NAFO SA2+Div.3K redfish.
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Figure A.3. The time-series (1978-2020) of the estimated effective area from the VAST model
for NAFO SA2+Div.3K redfish.
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Figure A.4. The time-series (1978-2020) of the estimated range edge east from the VAST model
for NAFO SA2+Div.3K redfish. The colours indicate the different quantiles.
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Figure A.5. The time-series (1978-2020) of the estimated range edge north from the VAST
model for NAFO SA2+Div.3K redfish. The colours indicate the different quantiles.
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