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ABSTRACT

Georges Bank (GB) has historically been one of the world’s most productive fishing grounds.
Several formerly abundant groundfish stocks have experienced declines that have resulted
in the cessation of directed fisheries. Subsequently, management agencies in both Canada
and the United States (U.S.) have implemented various restrictions in an effort to rebuild these
stocks; these restrictions include the implementation of closures. Yellowtail Flounder (Limanda
ferruginea) and Atlantic Cod (Gadus morhua) are two groundfish stocks that have substantially
declined and the rationale for closures on GB has included the need to protect these stocks.
In the U.S., these closures are larger and focus more broadly on rebuilding these and other
stocks on GB, while in Canada the closures are smaller and directed towards the protection
of these two stocks during spawning. This document presents temporally variable species
distribution models for these two stocks using a suite of static environmental covariates and
presence-absence information from groundfish trawl surveys in Canada and the U.S. These
models indicate that there have been both seasonal and long-term shifts in the distribution of
both stocks. Significant predictors of the distribution of both stocks throughout the year were
the average Sea Surface Temperature (SST; average from 1997-2008) and depth (Dep), while
sediment type (Sed) was also a significant predictor for Yellowtail Flounder. The seasonal
distribution of the core area of Atlantic Cod is similar in the late winter and spring, while in the fall
the distribution shifts to the edge of the bank. For Yellowtail Flounder, the core area is found in a
similar location throughout the year. The distribution of Atlantic Cod differed approximately every
five years, while the Yellowtail Flounder distribution differed every three years. These shifts in
distribution are not random, with the centre of gravity of the core areas for both stocks shifting to
the northeast throughout the study period. Much of this shift is due to the loss of core area from
southern and western portions of GB. The shifts in the distributions have resulted in an increase
in the proportion of both stocks in Canadian waters throughout the year. During Atlantic Cod
spawning there has been a substantial decline in the core area inside the two large closures
in the U.S. In recent years, Yellowtail Flounder have predominately straddled the Canada-U.S.
border; during spawning, the proportion of core area observed in Closed Area II (U.S.) has
steadily increased to almost half of the total core area on GB. In Canada, the closures to protect
Atlantic Cod and Yellowtail Flounder during spawning both predominately include core area, but
due to their limited size these closures make up only a small proportion of the core area on the
Canadian portion of GB. Finally, during spawning, the models for both stocks were successful
at capturing the spatial dynamics up to three years into the future. The framework methodology
applied here provides novel insights into both seasonal and inter-annual variability in the spatial
distributions of these stocks and provides a quantitative evaluation of closures relative to these
distributions. Incorporation of the information from approaches such as this into the science
advice process, can facilitate improved decision-making for fishery management.

iv



1. INTRODUCTION

Georges Bank (GB) has been home to some of the most productive fisheries in the world as
well as a wealth of other natural resources (Backus and Bourne 1987). In the 1960s and 1970s
numerous countries had large unsustainable fisheries in the region, but with the expansion of
territorial seas to 200 miles offshore in 1977, control of resource exploitation (e.g., fisheries) on
GB fell under the jurisdiction of the United States (U.S.) and Canada (Halliday and Pinhorn 1996;
Anderson 1998). The final demarcation of the Canadian and U.S. territorial waters on GB was
implemented with an International Court of Justice (ICJ) decision in 1984. Within three years of
this decision both countries had independent groundfish surveys, with each survey covering the
entirety of GB at different times of the year.

Historically, GB supported substantial groundfish fisheries including Atlantic Cod (Gadus
morhua), Haddock (Melanogrammus aeglefinus), Yellowtail Flounder (Limanda ferruginea) and
numerous other species (Anderson 1998). As observed throughout the northwest Atlantic, the
biomass of Atlantic Cod on GB declined significantly in the early 1990s and there has been little
evidence for recovery of this stock since this collapse (Andrushchenko et al. 2018). Between the
1970s and the 1990s, the biomass of Yellowtail Flounder on GB was low, but evidence for a rapid
recovery of this stock in the early 2000s resulted in directed fisheries for several years. However,
this recovery was short lived and the biomass of this stock has been near historical lows for
the last decade (Legault and McCurdy 2018). While the biomass of Atlantic Cod and Yellowtail
Flounder remains low, both Haddock and Sea Scallop (Placopecten magellanicus), the latter
being one of the most lucrative fisheries on GB over the last two decades, have experienced
unprecedented productivity during this time (Stokesbury 2002; Hart et al. 2013; DFO 2019a;
Finley et al. 2019).

Fisheries management bodies in both Canada and the U.S. have implemented measures to
protect the Atlantic Cod and Yellowtail Flounder stocks on GB. While these measures vary
between the countries, there is a collaborative process to develop a shared quota for these
two stocks (TRAC 2020); a quota which has declined substantially for both stocks over the last
decade (Andrushchenko et al. 2018; Legault and McCurdy 2018). In addition to regulations
that attempt to directly limit fishing mortality, both countries have implemented spatial closures
(Figure 1). In the U.S., two large closed areas were implemented (Closed Area I [CA I] and II
[CA II]) with the intent of aiding in the recovery of groundfish and invertebrate stocks on GB.
These closures were established in 1994 and have been modified over time to occasionally allow
some fishing activity (Murawski et al. 2000; Link et al. 2005). On the Canadian portion of GB, the
groundfish fishery has historically been closed from March 1st to May 31st to protect spawning
groundfish. In 1994 the closure was expanded to include the months of January and February
in an effort to rebuild the Atlantic Haddock stock. This closure was subsequently shortened in
2005 to exclude January, resulting in a closure of the groundfish fishery from February through
to the end of May. The Canadian Offshore Scallop Fishery (COSF) also faces restrictions on
fishing during the peak groundfish spawning periods with time-area closures limiting the area in
which this fishery can operate during February and March (Atlantic Cod, DFO 2019b) and June
(Yellowtail Flounder, DFO 2014). The U.S. closures have been linked to the recovery of several
stocks on GB (Murawski et al. 2000; Link et al. 2005), although the reasons for the recent
decline of Yellowtail Flounder and the ongoing lack of recovery of Atlantic Cod on the bank since
the implementation of these closures remains uncertain (Andrushchenko et al. 2018; Legault
and McCurdy 2018). In Canada, there had been no comprehensive review of the closures until a
recent review by Keith et al. (2020) that found little evidence that the COSF time-area closures
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were achieving their management objectives. This analysis also highlighted the need for a better
understanding of the spatio-temporal distributions of both of these stocks in relation to the
location and timing of these closures.

Several metrics have been developed to track changes in species distribution at a broad
scale. These metrics include the Gini index, concentration metrics (e.g., D90%), area
occupied, along with various other density metrics (Myers and Cadigan 1995; Hutchings 1996;
Reuchlin-Hugenholtz et al. 2015). These metrics have been used to identify shifts in the
distributional characteristics at the stock scale and to understand how these shifts may indicate
changes in the dynamics of these stocks (Myers and Cadigan 1995; Reuchlin-Hugenholtz et al.
2015). While they are appropriate tools for understanding changes in distribution in a coarse
sense, these metrics are not able to quantify changes that may occur at scales smaller than
the aggregation unit (e.g., many of these indices aggregate data within strata that are 1000s of
km2 in size). They also give no indication of the spatial location of the stock. Thus, when trying
to understand fine-scale spatial dynamics, as would be necessary to understand the overlap
between the distribution of a stock and some underlying feature (e.g., a closure), these metrics
have little stand-alone utility and additional tools are needed.

Species Distribution Models (SDMs) were one of the earliest modelling frameworks developed to
better understand spatial distributions and the processes that influence where a species is likely
to be observed (Grinnell 1904; Box 1981; Booth et al. 2014). These models use environmental
data and species ecological information to map the Occurrence Probability (OP; or some
measure of abundance) of a species across some land(sea)-scape; quantitative SDMs originated
with attempts to predict terrestrial plant distributions (Box 1981). In the marine realm, the use
of SDMs has increased rapidly in recent years; SDMs have been used in the development of
Marine Protect Areas (MPAs), MPA networks, to better understand the distribution of Species
at Risk (SAR), and to predict the impact of climate change (Cheung et al. 2008; Robinson et
al. 2011; Sundblad et al. 2011; Domisch et al. 2019; McHenry et al. 2019). Historically, SDMs
often did not explicitly consider temporal changes in the relationship between the environment
and the response of the species; these SDMs therefore provide a snapshot in time based on
available data (Elith and Leathwick 2009). However, more sophisticated SDM frameworks
have been developed in which the underlying relationships can vary in time and space while
explicitly accounting for spatial patterns, which results in more dynamic models that can provide
improved predictions (Merow et al. 2011; Thorson et al. 2016; Martínez-Minaya et al. 2018). The
development of these new spatio-temporal SDM models have been made possible by a number
of recent statistical and computational advances, such as the implementation of the Laplace
Approximation (LA), Automatic Differentiation (AD), Stochastic Partial Differential Equations
(SPDE), and Gaussian Markov Random Fields (GMRF) in commonly used programming
languages (Kristensen et al. 2016; Rue et al. 2017; Thorson 2019). This has enabled the
complex spatio-temporal analytical problems required for these advanced SDM models to be
solved in a fraction of the time required by traditional methods.

While data collection in fisheries science, both biological and environmental, is often spatial and
temporal in nature, computational and statistical limitations have resulted in science products
that do not fully utilize the spatio-temporal information contained in these data. Traditional
SDM applications often do not include a temporal component (Elith and Leathwick 2009),
while traditional fisheries stock assessment methods aggregate information spatially and treat
stocks as spatially homogeneous entities (Hilborn and Walters 1992). The aforementioned
computational advances, coupled with more accessible statistical methods, have resulted in
new methodologies that are capable of harnessing both the spatial and temporal information
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contained within fisheries data and could be used to develop science advice that can facilitate
dynamic management solutions.

1.1. OBJECTIVES

A recently developed statistical tool (Integrated Nested Laplace Approximation (INLA), Lindgren
and Rue 2015; Rue et al. 2017; Bakka et al. 2018) was used to apply a framework methodology
that developed spatio-temporal SDMs for two depleted groundfish stocks on GB (Atlantic Cod
and Yellowtail Flounder). The objectives were to: 1) use a suite of static environmental layers to
determine whether the stock distributions changed over time and, if so, determine how rapidly
changes in the distributions could be detected, 2) determine whether the stock distributions
change seasonally using data from annual surveys in the Winter, Spring, and Fall, 3) investigate
how well existing closures on GB align with these stocks, 4) quantify how well the proposed
models can predict the spawning distribution of these stocks 1, 2, and 3 years into the future, and
5) discuss these results in the context of closed areas on GB.

2. METHODS

2.1. STUDY AREA

Georges Bank, located in the northwest Atlantic straddling the U.S.-Canada maritime border, is a
3-150m deep plateau that covers approximately 40,000 km2 and is characterized by high primary
productivity, and historically high fish abundance (Townsend and Pettigrew 1997). It is an eroding
bank with no sediment recharge and covered with coarse gravel and sand that provides habitat
for many species (Valentine and Lough 1991). Since the establishment of the ICJ decision in
1984, the Canadian and U.S. portions of GB have been largely managed separately by the two
countries, though some collaborative management exists (Figure 1).

2.2. DATA

Survey data were obtained from the Fisheries and Oceans Canada (DFO) “Winter” Research
Vessel (RV) survey from 1987-2019 and the National Marine Fisheries Service (NMFS) “Spring”
and “Fall” groundfish surveys from 1972-2019. The Winter survey on GB typically occurs in
February and March, the Spring survey typically occurs in April and May, while the Fall survey
generally takes place between September and November. For all surveys, only tows deemed
valid were used in this analysis. This resulted in 2,590 tows from the Winter survey, 2,393 tows
from the Spring survey, and 2,506 tows from the Fall survey.

2.3. ENVIRONMENTAL COVARIATES

A suite of 21 spatial environmental and oceanographic datasets were obtained for this analysis
(Table 1). To eliminate redundant variables, Variance Inflation Factors (VIFs) were calculated for
all variables and any variables with VIF scores > 3 were removed. This procedure was repeated
until no variables remained with a VIF score > 3 (Zuur et al. 2010). A Principal Component
Analysis (PCA) was undertaken using the data from the associated station locations for each
survey with variables excluded from the PCA if they showed no evidence for correlation with
other variables or if they had very non-linear correlation patterns (Table 1). The top four PCA
components, accounting for at least 80% of the variability in the data for a given survey, were
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retained and included as covariates for the models in addition to the retained environmental
covariates (Figure 2).

2.4. SPATIAL STATISTICAL ANALYSIS

2.4.1. Gini Index

The Gini index measures how evenly biomass is distributed through space. The index can range
from 0 to 1, where low values indicate that the stock is spread evenly across the region, while
high values indicate that the biomass for the stock is distributed unevenly (clumped). To calculate
this index the tows need to be aggregated into pre-defined areas; for simplicity the strata from
the surveys were used as the grouping areas for this analysis. The strata biomass (SBr) which
was calculated by stratum (r ) in each year for a particular stock as;

SBr =
Σn

i=1Bi

n
×Ar (1)

Where (Bi) is the biomass of tow i within stratum r, Ar is the area of the stratum, and n is the
number of tows within the stratum. The total biomass for all strata (TSB) was calculated as;

TSB =

n

Σ
r=1

SBr (2)

Finally, the proportion of the total biomass for each stratum PSBr was calculated as;

PSBr =
SBr

TSB
(3)

The PSBr were then ordered from smallest to largest. The proportion of the total area on GB
represented by each stratum was given by PAr. The Gini index (Gs,t) was then calculated for
each stock (s) and year (t) using;

Gs,t = 1− 2

∫
0

1

Lxdx (4)

Where Lx is the Lorenz curve, this describes the relationship between the cumulative PSBr and
the cumulative PAr. The Gini index is the area between the 1:1 line (which represents a situation
in which the biomass is evenly distributed through space) and 2 times the Lorenz curve.

2.4.2. Species Distribution Models

A Bayesian hierarchical methodology was implemented using the INLA approach available within
the R Statistical Programming software R-INLA (Lindgren and Rue 2015; Bakka et al. 2018;
R Core Team 2020). In recent years, R-INLA has seen a rapid increase in use for modeling
species distributions in both the terrestrial and marine realms (e.g., Cosandey-Godin et al. 2015;
Leach et al. 2016; Boudreau et al. 2017). This methodology solves stochastic partial differential
equations on a spatial triangulated mesh; the mesh is typically based on the available data (Rue
et al. 2017). The mesh used in this study included 6,610 vertices and was extended beyond the
boundaries of the data to avoid edge effects (Figure 3). Default priors were used for the analysis,
except for the range and standard deviation hyperparameters used to generate the random fields,
which were Penalized Complexity (PC) priors (Zuur et al. 2017; Fuglstad et al. 2019). The range
PC prior had a median of 50 km with a probability of 0.05 that the range was smaller than 50
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km. The standard deviation of the PC prior had a median of 0.5 with a probability of 0.05 that the
marginal standard deviation was larger than 0.5.

For the INLA models, survey data up to 2016 were used (‘Winter’ survey from 1987-2016,
‘Spring’ and ‘Fall’ surveys from 1972-2016). Survey data from 2017-2019 were excluded from
the main analysis and used only as a testing dataset for the closure case study. For all analyses,
the response variable was the probability of the survey detecting an individual from the stock of
interest (Occurrence Probability, OPit, where i is an observation in time period t) and a Bernoulli
GLM was utilized within R-INLA. Cells with an estimated OP ≥ 0.75 were considered the core
area. An interactive dashboard has been developed that can be used to explore the effect of
defining different OPs as core area.

OPit ∼ Bernoulli(πit)

E(OPit) = πit and var(OPit) = πit × (1− πit) (5)

logit(πit) = α+ f(Covi) + uit

uit ∼ GMRF (0,Σ)

Each variable retained after the VIF analysis, along with the four PCA components, was added
to the model individually. All continuous covariates were modelled using the INLA random
walk ′rw2′ smoother, which allows for non-linear relationships between the response and each
covariate (Zuur et al. 2017; Zuur and Leno 2018). The continuous covariates were centred at
their mean value and scaled by their standard deviation. Covariates that were highly skewed
(e.g., depth) were log transformed before being standardized. Due to low sample size of
several of the levels the Sediment type [Sed; data obtained from McMullen et al. (2014)], these
infrequent categories were amalgamated into one factor level that was represented by an Other
term, resulting in three levels for the Sediment covariate (Other, Sand, and Gravel-Sand). Across
the three surveys, approximately 93% of the survey tows were on the Sand or Gravel-Sand
bottoms and 7% were in the amalgamated Other category.

Four spatial random field (uit) models with differing temporal components were compared for
each stock and each survey, these were a) a static random field (t = 1), b) independent random
fields every 10 years, c) independent random fields every 5 years, and d) and independent
random fields every 3 years. The independent random fields (options b through d) were set
retroactively from the most recent year, resulting in a shorter duration random field at the
beginning of the time series whenever the field time period was not a multiple of the whole time
series length (e.g., the 10 year random fields for the Spring models were 2007-2016, 1997-2006,
1987-1996, 1977-1986, and 1972-1976). Models with the same covariate structure but different
random fields were compared using Watanabe–Akaike Information Criterion (WAIC), Conditional
Predictive Ordinate (CPO), and Deviance Information Criterion (DIC); the results for each of
these metrics were similar and only the WAIC results are discussed further. In all cases, the
static random field was an inferior model when compared to models with multiple random fields,
and the results discussed here are largely limited to the comparison of the 10/5/3 year random
fields. For brevity, we refer to the results from each random field as an era (e.g., the core area
estimated when using the 2012-2016 random field is the core area during the 2012-2016 era).
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2.4.3. Model Selection Overview

Stage 1 model selection for the different covariate models was undertaken using the static
random field by adding individual covariates. For this first analysis, covariates were retained
if low WAIC scores were obtained. CPO and DIC results were similar to WAIC, so only WAIC
is discussed further; complete model selection results are available in the Model Output and
Model Diagnostics sections of the interactive dashboard. For Atlantic Cod, this analysis identified
depth (Dep) and the average sea surface temperature between 1997 and 2008 (SST) as having
low WAIC scores in two of the three surveys (data obtained from Greenlaw et al. 2010). For
Yellowtail Flounder, Dep was identified as an informative covariate in all three surveys. In
addition, Sed and the average chlorophyll concentration between 1997 and 2008 (CHL) were
retained based on their low WAIC scores in the Fall survey. Given the low number of informative
covariates, Dep, SST, and CHL were all retained for both species in Stage 2 of model selection.
In Stage 2 of model selection, these variables were added pairwise (e.g., models included SST +
Dep, Dep + CHL, and SST + CHL) for both stocks and again compared using WAIC using the
10-year random fields. In Stage 3 of covariate model selection, models with three covariates
were tested based on the Stage 2 results. For Atlantic Cod, a three term model that included
additive terms for SST, Dep, and CHL was the most complex model tested. For Yellowtail
Flounder, the most complex model included SST, Dep, and Sed. In Stage 3, additional covariates
were retained if the WAIC for that model resulted in an improvement of the WAIC of more than 2,
as compared to the lowest WAIC for the more parsimonious model.

Model selection on the temporal random fields was done while holding the environmental
covariate terms the same. Initial model selection for the random fields (10 and 5-year fields)
was done using the Dep + SST model for both species in all seasons given the general support
for the Dep + SST model identified in Stage 2 of covariate model selection. For both species,
this indicated that the 10-year field was inferior to the more flexible 5-year random fields. For
Atlantic Cod, the 3 and 5-year random fields were compared using the Dep + SST (which was
the covariate model with the lowest WAIC). For Yellowtail, the final step of the random field model
selection used the Dep + SST + Sed model (which was the covariate model with the lowest
WAIC) for the 3-year and 5-year random field comparison. Note that for Yellowtail Flounder the
Dep + SST + Sed covariate model was not run with the 10 year random field and the Dep + SST
covariate model was not run using the 3-year random fields in all three seasons, thus there were
no results to show for these potential models.

2.5. MODEL PREDICTION

A predictive grid with cells having an area of approximately 9.1 km2 was developed (Figure 4).
The models chosen to predict OP on the predictive grid were the additive SST + Dep models
with the 5 year random fields for both stocks and the three surveys. Each cell was intersected
with average SST and Dep fields, and the OP was estimated for each grid cell in each era
for Atlantic Cod and Yellowtail Flounder in the Winter, Spring, and Fall. The results using the
predictive grid were used to calculate the core area for each era.

This predictive grid was used to calculate the centre of gravity (COG) of the core area for each
era. The COG was calculated in the UTM coordinate system (UTM Zone 19N) using the easting
(X ) and northing (Y ) for each cell identified as core area (i) in each era (t) and weighted by the
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OP at each of these locations where n is the number of observations.

xcogt = Σn
i=1(Xi,t ×OPi,t)

Σn
i=1OPi,t

(6)

ycogt = Σn
i=1(Yi,t ×OPi,t

i,t

)

Σn
i=1OP

(7)

The standard deviation around the mean COG in the X and Y direction was calculated as:

σy
cog,t =

√
[(Σn

i=1OPi,t)2 −Σn
i=1OP

Σ
i,t
2

n
i=1

]×
OP

Σ
i,t
n
i=1(OPi,t × (Yi,t − yt

cog)2)
(8)

2.6. MODEL VALIDATION

Five-fold cross validation was used to test the predictive performance of a selection of the
5-year random field models: intercept only, SST (Atlantic Cod), Dep (Yellowtail Flounder), and
Dep + SST. The Atlantic Cod model validation was performed using the Winter survey; the
Yellowtail Flounder validation used the Spring survey. The data were randomly divided into five
subsets and trained using four of the subsets; the fifth dataset was treated as a testing dataset to
determine how well the model was able to predict out-of-sample data. Model performance was
measured by comparing the model residuals from the training data to the prediction error from
the testing data. The metrics used for this comparison were Root Mean Squared Error (RMSE),
Mean Average Error (MAE), and the Standard Deviation (SD).

2.7. CASE STUDY: QUANTIFYING THE IMPACT OF DISTRIBUTIONAL SHIFTS ON
GEORGES BANK CLOSURES

Model results were used to track changes in the distributions of Atlantic Cod and Yellowtail
Flounder on GB.

There are five distinct closures within the domain of the U.S. and Canadian groundfish surveys
on Georges Bank (Figure 1) that are relevant to this analysis. There are two large closures on
the U.S. side of GB, two smaller time-area closures in Canadian waters that affect only the COSF,
and a full closure of the Canadian portion of GB to the Canadian Groundfish Otter-trawl Fishery
that begins in early February and runs until the end of May. This groundfish closure results in
the complete exclusion of this fishery from the Canadian portion of GB. Consequently, we do not
discuss the groundfish closure in detail here since the results of any analyses would be the same
as the analyses for the Canadian portion of GB.

In the U.S., CA I and CA II were implemented in 1994 in an effort to rebuild stocks in the region
(Link et al. 2005). CA I was originally approximately 3,950 km2 and extended outside the primary
GB domain used in this study; this analysis was therefore limited to the subset of CA I region
that is inside this study’s GB survey domain (1,938 km²). The management of the CA I closure
has changed over time and it is currently part of a larger seasonal closure covering a large area
within the Gulf of Maine. CA II is adjacent to the ICJ line and covers 6,807 km2 with the majority
of this area (6,683 km²) within the GB survey domain used in this study. Since 1999, portions of
both of these closed areas have allowed U.S. scallop fishery access (Link et al. 2005; O’Keefe
and DeCelles 2013).
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To quantify the ability of these models to predict the location of the stocks in future years, data
from the 2017-2019 surveys were used as a testing dataset to predict the OP in 2017, 2018, and
2019. In addition to the final model, an Intercept Model that used only the temporally varying
random field for prediction (i.e., the model excluded all environmental covariates) was compared
to the predictions from the final models. Both the model residual and the 2017-2019 predictive
error were calculated for each year using RMSE, MAE, and the SD. Given the similarity of
the results, only the RMSE is presented (full results are available in the interactive interactive
dashboard).

On the Canadian side of GB, the objectives of the COSF time-area closures are to reduce
discards during spawning from the COSF for either Atlantic Cod or Yellowtail Flounder. The
closure in February and March was designed to protect spawning Atlantic Cod and was first
implemented in its current form in 2006. The other closure was implemented in 2007, occurs in
June, and was designed to protect spawning Yellowtail Flounder. The location and size of each
closure can vary from year to year, although the location of the Yellowtail Flounder closure has
not changed since 2014 (DFO 2014, 2019b). To assess the spatio-temporal overlap between
these closures and the stock distributions, the historical trends of OP for Atlantic Cod and
Yellowtail Flounder were assessed in Canadian waters (Figure 1) and compared to trends in the
Canadian Atlantic Cod and Yellowtail Flounder closures between 2007-2016.

Atlantic Cod spawn between November and May on GB, with a spawning peak in February
and March (O’Brien et al. 1993). The Winter survey occurs during this period and was used
for the Atlantic Cod spawning analyses. Yellowtail Flounder spawning occurs mostly in the
spring between April and August, with peak spawning in May and June (O’Brien et al. 1993).
The Spring survey occurs during this period and was used for the Yellowtail Flounder analyses.

3. RESULTS AND DISCUSSION

3.1. GINI INDEX

The Gini index provides a synoptic view of changes in the distribution of both stocks throughout
the year. During the Winter and Spring, the Gini index increased from the start of both time
series until the mid-late 2000’s and stabilized thereafter. This is indicative of a long-term
decrease in the evenness of the distribution of both stocks throughout the time-series, followed
by a period of stabilization over the last 10-15 years (Figure 5). During the Fall, the index has
been increasing over time for both stocks, although the rate of increase slowed for Yellowtail
Flounder in the mid-2000s (Figure 5). These general trends can also be observed in Figure 6, in
which the curves tend to move further from the 1:1 line in more recent years for both species in
all three seasons.

3.2. SDM MODEL SELECTION

Stage 1 of model selection resulted in a significant reduction in the number of covariates. For
Atlantic Cod, Sea Surface Temperature (SST) was identified as a significant covariate in the
Winter and Spring. In addition, depth (Dep) and stratification were also significant predictors, but
only in the Spring. In the Fall, no covariates had a WAIC that were a significant improvement
from the intercept only model (Figure 7). Further model selection indicated that an additive Dep
+ SST model was the preferred model in all 3 seasons for Atlantic Cod (Figures 8 and 9). When
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exploring the effect of temporal variability on the random fields, the models using the 5-year
random field had the lowest WAIC in all seasons (Figure 10).

For Yellowtail Flounder, stage 1 of model selection indicated that the inclusion of Dep significantly
improved the models in all three seasons (surveys), while Sediment type (Sed) and Chlorophyll
concentration (Chl) in the Fall had a similar impact on the model WAIC as Dep. As a result, SST,
Dep, Chl, and Sed were used to explore the development of more complex covariate models.
For Yellowtail Flounder, the best models in stage 2 of model selection included two covariates
with a combination of Dep, SST, and Sed (Figure 8). Further model selection indicated that the
preferred model for Yellowtail Flounder in all three seasons was an additive model including Dep,
SST, and Sed (Figure 9). When exploring the effect of temporal variability on the random fields,
the 3-year field had the lowest WAIC in the Winter and Spring, while the 5-year field had the
lowest WAIC in the Fall (Figure 10). Additional model selection results are available in the Model
Output and Model Diagnostics sections of the interactive dashboard.

3.3. ENVIRONMENTAL VARIABLES

The spatial fields for the three environmental variables retained by model selection are shown in
Figure 11. The average SST between 1997 and 2008 had the largest effect on the OP of Atlantic
Cod; they were more likely to be found in regions of the bank with a lower SST (Figure 12). For
all three surveys, the OP of Atlantic Cod declined rapidly in regions of the bank where the SST
was above approximately 10°C (Figure 12). Although the Dep relationship was also retained
in the final Atlantic Cod model, the effect of Dep on OP was substantially smaller than the SST
effect. During the Winter and Spring the OP peaked between 70-82 m and declined slowly in
shallower and deeper waters (Figure 12). There was no clear relationship with Dep in the Winter.

For Yellowtail Flounder, Dep had the largest effect on OP, with Yellowtail Flounder most likely to
be observed between depths of 66-75 m in each of the three surveys, and the Dep effect on OP
was highest during the Spring (Figure 13). The average SST between 1997 and 2008 was also
included in the final model for all three seasons, with Yellowtail Flounder OP generally declining
as SST increased. The effect of SST was least pronounced in the Fall. The sediment type also
had a significant influence on the OP for Yellowtail Flounder, with Sand and Gravel-Sand having
higher OPs than the Other sediment category. This difference is most notable during the Winter,
but model selection slightly favoured the inclusion of Sed in the Spring and Fall as well, although
the effect size was reduced in these seasons (Figures 9 and 13).

3.4. RANDOM FIELDS

The 5-year random fields for Atlantic Cod in the Winter and Spring are seasonally consistent
through time, with lower effect sizes observed in both seasons starting in 1992 and the largest
declines in the effect size observed in the southern and western portions of GB (Figures 14-15).
In the Fall the higher effect sizes were generally observed towards the north and in Canadian
waters, with larger declines in the random field effect size towards the west over the study period
(Figure 16).

The Yellowtail Flounder 3-year random field patterns were similar between the seasons although
the random field effect sizes were somewhat smaller during the Fall (Figures 17-19). The effect
size of the random fields were lower in all seasons throughout the latter half of the 1980s and the
early 1990s. The highest effect size of the random fields were observed in the 1970s and in the
2000s. Since the mid-1970s, an area straddling the Canadian-U.S. border has been consistently
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identified as an area where the Yellowtail Flounder effect size of the random field is elevated
(Figures 17-19).

The standard deviation (SD) of the random fields for Atlantic Cod were also similar between
seasons, with the lowest SD generally observed in the north and east and highest SD in
the south. The SD was somewhat higher in the Fall throughout the central portion of GB
(Figures 20-22). For Yellowtail Flounder, the SD was higher towards the south of the bank, with
localized regions having elevated SD scattered throughout the bank in the Winter, Spring and
Fall (Figures 23-25).

3.5. MODEL PREDICTIONS

The modelled OP for Atlantic Cod in the Winter and Spring was elevated on all but the most
southern portion of GB in the 1970s and 1980s. In the early 1990s, there was an abrupt decline
in the OP throughout much of the U.S. portion of GB, while OP remained elevated in Canadian
waters and in the area straddling the ICJ line (Figures 26-27). In the Fall, the core areas were
isolated to the north of GB. An area on the northwest of GB had some core area until the early
1980s, but the OP in this area declined steadily after this time and has had a low OP in the Fall
for over 20 years. The highest OP areas remaining during the Fall are along the northern edge of
the bank and mostly in Canadian waters (Figure 28).

The modelled OP patterns for Yellowtail Flounder on GB are similar in Winter, Spring, and Fall,
with the core area consistently observed in the region straddling the ICJ line in each season and
throughout the study period (Figures 29-31). A second region along the western border of the
bank also has an elevated OP and appears to be connected via a narrow band of varying width
to the core area straddling the ICJ line. The core area of Yellowtail Flounder declined in the late
1980s and early 1990s and remained relatively stable until 2016 (Figure 31).

The SD of the Atlantic Cod prediction field in the Winter and Spring tended to be elevated in the
central portion of the bank, and lowest in the south and along the edges of the prediction domain.
In the Fall, the Atlantic Cod prediction field SD was lowest in the south, with the low SD area
expanding to central regions later in the study period (Figures 32-34). For Yellowtail Flounder, the
SD was consistently low in the part of the region, with a core area that straddled the ICJ line in
the Winter, Spring, and Fall (Figures 35-37). Areas surrounding this region displayed an increase
in the SD, while a region in the north and along the southern flank of GB had relatively low SDs;
these regions also had relatively low OPs (Figures 29-31 and 35-37).

3.6. INTER-ANNUAL AND SEASONAL VARIABILITY

For both stocks, the core areas shifted towards the north and east throughout the study period;
a trend most noticeable when focusing on the core area (OP ≥ 0.75) regions (Figure 38). For
Atlantic Cod, the shift in distribution of the core area regions occurred relatively rapidly in the
1990s, and the Centre of Gravity (COG) has been relatively stable since that period (Figure 38).
In the 1970s and 1980s, core area was observed across the bank. Since the mid-1990s,
however, there is a clear shift in distribution with core area concentrated along the north-east of
the bank, mainly in Canadian waters (Figures 26-28). In addition, in the Fall, Atlantic Cod tended
to be distributed along the northern edge of GB and likely encompasses the northern slope of
the bank, where there is limited survey coverage, as well. The size of the core area has followed
a similar temporal pattern as the distribution, with a rapid decline in the core area for Atlantic Cod
occurring in the 1990s in the Winter and Spring (Figure 39). In the Fall, the decline in the size of
the core area was observed approximately a decade earlier than in the Winter or Spring, and the
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core area has been much smaller in the Fall (Figure 39). Given the location of the stock along
the edge of the bank during the Fall, it is likely that a substantial portion of the stock is located
along the slope where survey coverage is limited (Figure 1).

The shift in Yellowtail Flounder core area has, in large part, resulted from a reduction in the
core area along the southern flanks of GB. The core area has been consolidated in a central
region of GB that straddles the ICJ line separating Canada and the U.S. (Figure 38). The COG of
Yellowtail Flounder has been relatively stable both seasonally and between eras since the 1990s
despite large changes in the size of the core area during this time. The size and location of the
core area during the Spring and Fall have been very similar since the 1980s. In both seasons,
there were large increases in core area in the 1990s followed by a variable, yet generally
increasing, size of core area more recently (Figure 39). In the Winter, an area of similar location
and size is observed, but the size of the core area in the Winter has been in decline since a
period of increase in the 1990s (Figure 39).

For both stocks, the changes in the size of the core area were larger in the U.S. than in Canadian
waters (Figure 40). In the U.S., the declines in the size of core area of Atlantic Cod occurred
rapidly in the early 1990s in the Winter and Spring. In the Fall, the loss of core area occurred
approximately a decade earlier, although the size of the core area in the U.S. during the Fall
was always substantially lower than in the Winter or Spring. In Canadian waters, there has
been minimal change in the size of the core area in any of the seasons through time, although
the size of the core area in the Fall has tended to be smaller than observed in the Winter
or Spring (Figure 40). The size of the core area of Yellowtail Flounder in the U.S. declined
steadily throughout the 1970s and 1980s, followed by an increase in the 1990s and early 2000s
(Figure 40). In the last decade, the size of the core area in the U.S. appeared to stabilize. In
Canada, the size of core area for Yellowtail Flounder throughout the 1970s and 1980s was
variable and relatively low, but increased in the mid-1990s and has been relatively stable since
then (Figure 40).

3.7. MODEL HYPERPARAMETERS

For Atlantic Cod, the estimate of the Dep variance hyperparameter was highest in Winter and
declined throughout the Spring and Fall, reflecting the decline in the influence of this covariate
in the Fall (Figure 41). For Yellowtail Flounder, the Dep variance hyperparameter was higher
than observed for Atlantic Cod throughout the year and reflected the relative stability in the
effect size of this covariate throughout the year (Figure 41). The SST variance hyperparameter
for Atlantic Cod was relatively stable throughout the year and reflects the consistent influence
of the SST covariate on the distribution of Cod. For Yellowtail Flounder, the SST variance
hyperparameter was relatively low throughout the year, and aligns with the consistent small effect
of the SST covariate on the distribution of Yellowtail Flounder (Figure 42). The uncertainty of
these estimates precludes the observation of statistical differences between the seasons.

The decorrelation range for Atlantic Cod was above 100 km throughout the year and was
generally higher than that observed for Yellowtail Flounder (Figure 43). The range was highest
for Atlantic Cod in the Spring (218km [95% CI:131-346]), while the range during the Winter
spawning period was the lowest (154km [95% CI:99-227]). In the Fall, the estimate declined from
the Spring; the range in this period may be influenced by a portion of the stock being located
outside of the survey domain and the stock being more concentrated in one area (Figure 43).
For Yellowtail Flounder, the lowest range was estimated in the Winter at 86km (95% CI:63-109),
with the Spring and Fall range estimates being higher and somewhat more variable than the

11



Winter range estimate. The range estimates of Yellowtail Flounder throughout the year were
smaller and less variable than that observed with Atlantic Cod (Figure 43). The uncertainty of
these estimates precludes the observation of statistical differences between the seasons.

The standard deviation of the random field was lower for Atlantic Cod in the Winter and Spring
than during the Fall (Figure 44). The significant increase in the standard deviation in the Fall
was related to the increased influence of the random field (i.e., the relatively small effect of the
environmental covariates) during this season for Atlantic Cod. The standard deviation of the
random field is highest for Yellowtail Flounder in the Winter, and the seasonal differences for
Yellowtail Flounder are smaller than those observed with Atlantic Cod (Figure 44). The standard
deviation of the Yellowtail Flounder field is higher than that of Atlantic Cod in the Winter and
Spring, but lower in the Fall (Figure 44).

The posteriors of these hyperparameters for both stocks in the Winter, Spring, and Fall are
provided in Figures 45-50.

3.8. VALIDATION

The five-fold cross validation indicated that each of the models used for five-fold cross validation
(intercept only, SST [Atlantic Cod], Dep [Yellowtail Flounder], and Dep + SST) were able
to predict the distribution for both stocks without an increase in bias or a loss of accuracy
(Figure 51). The mean error of the residuals for the validation training set predictions were
similar to the error from the predicted test data, and while the mean error of the test data was
generally more variable, the estimates were centred on 0 and, thus, there was no evidence of
bias in these predictions (Figure 51). The RMSE from the test and training data showed similar
patterns for both stocks and most of the models, although for Yellowtail Flounder the RMSE for
both the training and the test data from the intercept only model was slightly lower than either
of the models with covariates indicating that the inclusion of the environmental covariates may
result in a small loss of out-of-sample prediction (Figure 51).

The flexibility of the random fields alone (intercept models) indicated that from a predictive
standpoint the random fields were often able to predict the OP without a substantial loss of
predictive ability when compared to the more complex models including the static environmental
data (e.g., Figure 51). This occurred because the random fields are flexible enough to capture
the variability inherent in the data in each era, while the environmental covariate relationships
were constrained to be invariant throughout the entire time series. Recent research suggests
that using a static random field in conjunction with a spatio-temporal random field may provide
comparable, and in some cases better, estimates than models that rely on environmental
covariates (Yin et al. 2022)1.

3.9. IMPLICATIONS

The core area for Atlantic Cod collapsed rapidly in the early 1990s in unison with the collapse of
Atlantic Cod (and other groundfish) stocks throughout the Northwest Atlantic (Bundy et al. 2009).
Since the collapse, the size of the core area has remained relatively consistent but has continued
to slowly shift to the northeast, especially in the Fall.

In addition, the Fall distribution of Atlantic Cod is likely now located on the northeastern slope
of the bank outside of the domain of this study and also in an area that is not fully included

1Yin Y., Sameoto J.A., Keith D.M., and Mills Flemming J. Improving Estimation of Length-Weight Relationships Using
Spatiotemporal Models. Manuscript submitted for publication.
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in the stock assessment for the stock. This northeastern shift of the stock over the course of
this study suggests that a higher proportion of the stock may now be migrating outside of the
area used in the stock assessment than observed in the past. Each of the survey indices had
been used as inputs to the Atlantic Cod stock assessment model for eastern GB Atlantic Cod
(Andrushchenko et al. 2018). However, this assessment model suffered from such significant
retrospective patterns that the model was recently rejected; the results of this study are in
agreement with the suggestion that the observed shift in the distribution of Atlantic Cod could
have been a contributing factor to the model retrospective problems (Andrushchenko et al. 2018).
In addition, because the management of this stock is shared between Canada and the U.S., the
observed shift in the core distribution to Canadian waters suggests that shared management
policies, such as quota sharing agreements between the two jurisdictions, may require regular
review (e.g., TMGC 2002).

Yellowtail Flounder was unlikely to be found on bottom types that did not include sand and was
more frequently found at depths between 66-75 meters which is consistent with the known life
history for this species (Johnson et al. 1999). In historically lower SST regions of the bank most
of the remaining habitat on GB that meet these criteria straddle the ICJ line on GB. In addition,
there was a consistent increased likelihood of encountering Yellowtail Flounder in this area
that was not explained by the environmental covariates. This suggests this region has some
unexplained ecological or environmental significance to Yellowtail Flounder.

The shift in the distribution of Yellowtail Flounder away from more southern and western parts of
GB, combined with the declines in biomass of Yellowtail Flounder throughout the U.S. supports
the view that the environmental change observed throughout U.S. waters has been a factor in
the recent decline of Yellowtail Flounder both on GB and throughout the region (NFSC 2012;
Pershing et al. 2015; Legault and McCurdy 2018; NOAA 2020). Given the loss of Yellowtail
Flounder from the warmer portions of the bank observed in this study, it is possible that the
remaining core area straddling the ICJ line represents the most northern suitable habitat on
GB for this species. If temperatures continue to increase, as projected with climate change, the
suitability of this habitat may also decline; this would increase the risk of extirpation of Yellowtail
Flounder from GB, irrespective of any fisheries management action (Allyn et al. 2020).

The influence of the average SST layer as an environmental covariate in the models was
somewhat surprising given this layer was derived from monthly SST composites from the
Advanced Very High Resolution Radiometer (AVHRR) satellite from 1997 to 2008 (Greenlaw
et al. 2010) and, thus, represents an aggregate, static layer from only a temporal subset of the
time period covered by the groundfish survey data. However, the importance of this SST layer
may be due to it capturing general widespread oceanographic features across the bank domain.
Furthermore, the observed variability of the effect between seasons is likely a reflection of the
connection between surface waters and the benthos, given that the degree of vertical mixing
and stratification varies with season and spatially across the bank (Kavanaugh et al. 2017). It is
acknowledged that the interpretation of the static SST layer used in these analyses as a thermal
effect is likely somewhat unrealistic as it assumes that the relative temperature patterns and the
species reaction to these patterns have remained static over the study period. Therefore, more
advanced models using either dynamic SST or modelled bottom temperature layer could lead to
further insights into how changes in the thermal environment have influenced the distribution of
both stocks (Pershing et al. 2015; Greenan et al. 2019).
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3.10. CASE STUDY: QUANTIFYING THE IMPACT OF DISTRIBUTIONAL SHIFTS ON
GEORGES BANK CLOSURES

3.10.1. Closures

In the U.S., the size of the core area in the portion of CA I included in this analysis declined
for both stocks in all three seasons, with the core area approaching 0 for both stocks starting
around the year 2000 (Figures 52 and 53). In CA II, the decline in core area for Atlantic Cod
was similar to that observed in CA I, although during the spring a substantial amount of core
area has been observed over the last two decades (Figures 52 and 53). For Yellowtail Flounder,
the size of the core area in CA II declined rapidly during the 1970s and 1980s, but has since
rebounded with the total core area similar to that observed during the early 1970s (Figures 52
and 53). Since CA II was implemented in the early 1990s, the core area in this closed area has
increased substantially, although in the most recent era the size of the core area had declined in
all three seasons (Figure 53).

In Canada, the time-area closures were compared to the core area for each groundfish species
in Canadian waters. The size of the core area for Atlantic Cod within Canadian waters has
fluctuated over time, with the highest estimates of core area in the 1980s in the Winter and
Spring, while in the Fall the size of the core area peaked in the 1970s (Figures 54 and 55). In the
most recent era, the size of the core area was the lowest observed since the 1990s (Figures 54
and 55). The overall proportion of the core area on GB located within Canadian waters has
increased in all three seasons; this is a result of the decline in core area throughout much of the
U.S. portion of GB (Figure 55). The Atlantic Cod closure has included between 209 and 299 km2

of core area since 2007, and over 81% of the closure has historically been core area for Atlantic
Cod (Figure 57). Despite this, the small size of these closures resulted in them accounting for
less than 8% of the core area within Canadian waters (Figure 57).

The size of the core area of Yellowtail Flounder within Canadian waters increased rapidly in
the mid-1990s in all three seasons, with some of highest area observed in the time series over
the last two decades, although the size of the core area in the most recent era in the Winter
and Spring were relatively low (Figures 54 and 56). In the 1970s and early 1980s Canadian
waters generally had < 25% of the core area for Yellowtail Flounder on GB, but since then this
proportion has generally increased (Figure 55). The core area within the Yellowtail Flounder
closures has ranged between 128 and 300 km2. Similar to the Atlantic Cod closures, less than
8% of the total core area within Canadian waters is accounted for by the Yellowtail Flounder
closures (Figure 57).

3.10.2. Predicting Aggregations in Future Years

The 3 and 5-year random field models resulted in a slight loss of accuracy when predicting
the distributions of each stock one, two, and three years into the future (Figure 58), but the
predictions were well below the RMSE associated with a model with no predictive ability (dashed
line; Figure 58). In the Winter and Spring, the 2018 predictions tended to have a higher RMSE
than the other two years. This is in agreement with observations of the survey biomass indices
being near historic lows for both stocks in 2018 (Andrushchenko et al. 2018; Legault and
McCurdy 2018). For Atlantic Cod, the predictive error from these models were generally at the
high end of the range of the RMSE when data were available and indicated that these models
provided reasonable prediction of the location of both species up to three years into the future
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(Figure 58). For Yellowtail Flounder, the RMSE was highest in the Winter and lowest in the Fall,
with the Fall prediction RMSEs similar in magnitude to the model residuals.

3.10.3. Implications

In the U.S., portions of GB closures were put in place in 1994 to assist with the rebuilding of
stocks in the region; these closures have been considered instrumental in the rebuilding of
several stocks in the late 1990s (Murawski et al. 2000; Link et al. 2005). Despite the successes
of these closed areas for other stocks, the biomass of Atlantic Cod on GB has remained low
since the early 1990s (Andrushchenko et al. 2018). The substantial loss of core area for Atlantic
Cod observed within CA I and CA II was generally observed throughout the U.S. portion of GB.
Unfortunately, both CA I and CA II appear to be used substantially less by Atlantic Cod than in
the past.

There was a slight increase in the core area for Yellowtail Flounder in CA I around the inception
of this closure (1994), which followed a steady decline in the 1970s and 1980s. Following the
slight increase, the core area for Yellowtail Flounder in CA I has generally declined. While CA I
historically had represented less than 21% of core area for Yellowtail Flounder, in recent decades
this has dropped to near 0. Given the restrictions on fishing activity inside CA I during much of
this period, it is likely that this shift in the distribution is due to shifting environmental conditions
on GB (Allyn et al. 2020).

Closed Area II (CA II), which is adjacent to the ICJ line, had experienced a large rapid decline
in the size of the core area for Yellowtail Flounder in the years leading up to the implementation
of this closure (1994). This was followed by a large rapid increase in core area for Yellowtail
Flounder near the time that CA II was put in place. In recent years, CA II has contained a
substantial proportion of the core area for Yellowtail Flounder on GB, and it appears to represent
the last large scale habitat suitable for Yellowtail Flounder on the U.S. side of GB. The rapid
expansion of the core Yellowtail Flounder habitat in the early 2000s was centered on CA II and
in Canadian waters; this occurred at the same time as the rapid increase in Yellowtail Flounder
biomass on GB (Legault and McCurdy 2018). The core area for Yellowtail Flounder remained
relatively stable starting in the early 2000s and was similar in size to what was observed in the
1970s before CA II was put in place. While these results suggest a positive association between
this closure and Yellowtail Flounder stock status, the abrupt Yellowtail Flounder stock decline in
the early 2010s (Legault and McCurdy 2018), that occurred despite relatively low fishing effort
in CA II, suggests that shifting environmental conditions on GB may now be affecting the stock
within CA II (Pershing et al. 2015).

In Canada, previous research on the COSF time-area closures indicates that discard rates from
the COSF were elevated when these closures were active (Keith et al. 2020). More generally,
this study found little evidence of an effect of these closures on discards from the COSF despite
a substantial reduction in discards of these two stocks since the closures were first implemented.
The results of the current study confirm the suggestion in Keith et al. (2020) that the closures
likely only protect a small proportion of the core-area within the COSF domain; as a result, the
discards from the COSF when the closures were active remained elevated for both species.
However, Keith et al. (2020) also identified an order of magnitude decline in discards since
the closures were first implemented; this reduction was attributed to the significant decline in
effort from the COSF, other undocumented voluntary measures the COSF has implemented to
reduce discards (e.g., gear modifications, DFO 2008; Walsh 2008), and the ongoing decline in
the abundance for both of these stocks.
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Currently, the location of the COSF time-area closures are determined, in part, using Science
Advice that relies on both fishery dependent and independent data. The results of this study
indicate that this methodology has generally been successful in placing the closures within
core areas of Atlantic Cod and Yellowtail Flounder (DFO 2014, 2019b). However, the results
of this study also indicate that the success of the existing methodology is due in large part to
the high proportion of core area within Canadian waters (especially for Yellowtail Flounder). The
methodology outlined in the current study provides an alternative quantitative framework that can
identify the core area for each stock while quantifying how frequently changes in the distributions
can be identified by the existing survey data. In addition, the models for both stocks were able
to predict the location where each stock was most likely to be observed up to three years into
the future. These predictions could be used when survey information is unavailable for a year,
when Science Advice is required before survey information was available, or if multi-year Science
Advice is required.

4. FUTURE CONSIDERATIONS

One of the main limitations of the environmental analysis used herein was the static nature of
the environmental data. While this was less problematic for covariates that changed slowly over
time at broad scales (e.g., depth), the interpretation of environmental covariates that varied at
time scales shorter than the time series used in this study should be done cautiously. For these
covariates, any relationships identified (e.g., SST) were likely reflective of the stock’s distribution
following the general pattern of a covariate, rather than evidence for a mechanistic link between
the stock’s distribution and the covariate. In this regard, we cannot say that SST was the
mechanism causing variability in the distribution of either stock, only that there was a correlation
observed between the average SST from 1997-2008 and the distribution of these stocks on
GB. Static environmental data are also problematic because there is no means to determine
if relationships between variables were changing over time (e.g., it is not possible to detect
change in these relationships due to climate change). Fortunately, datasets are increasingly
becoming available on the spatio-temporal scales necessary to fully explore the relationships
between environmental covariates and stock distributions. Finally, many of the covariates
evaluated in this study were measured at the surface, whereas groundfish are most affected by
the benthic environment. Therefore, the environmental layers near the surface are most likely
proxies for other mechanisms. The degree of coupling and correlation between surface and
benthic conditions likely varies both spatially across the bank and with season, in particular with
seasonal patterns in stratification. However, recent work to correlate benthic temperatures with
remotely sensed data has shown promise (Kavanaugh et al. 2017).

The Winter survey (DFO) did not start until 1987, which was approximately the start of a period
of substantial shifts for both Atlantic Cod and Yellowtail Flounder. As such, we have limited
knowledge of the patterns observed in the Winter before this time. However, from 1987 onward
the patterns observed in the Winter and Spring were quite similar for both of these stocks;
therefore, it is likely the Spring survey is a good proxy for what was observed during the Winter
for both stocks.

The models used in this study were based on presence-absence data. Although abundance
data are collected as part of the surveys, they were excluded from the modelling approach used
here. This removes potentially informative data regarding the location of these stocks. The
DFO and NMFS trawl surveys were designed to provide abundance estimates at the scale
of the survey strata, while the SDMs developed here were attempting to elucidate patterns
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at much finer scales. The ability of spatio-temporal models to properly account for spatial
abundance information at the scale of kilometres from a survey that is designed to provide
synoptic estimates at a scale of 10s-100s of kilometres is an active area of research (Punt 2019;
Cadrin 2020). A comparison of the results of this study with more advanced models, e.g., Delta
models (Thorson et al. 2015) or more flexible random fields (Anderson and Ward 2019), would
be informative, but this was beyond the scope of the present study.

The definition of core area used here in the predictions is subjective and other definitions of
core area could be developed. Here, we defined core area as the area in which the model
predicted that the OP was at least 0.75. Different defensible interpretations of what defines a
core area could lead to results which differ somewhat from the results presented here. However,
the general trends observed in this study are not unduly influenced by the choice of what the
authors consider reasonable values of OP to define the core area (i.e., the conclusions from this
study would not change substantially using any OP between 0.5 and 0.9 to define the core area).
The interactive dashboard enables the exploration of the results of this study using different OP
values to define the core area.

The temporal random fields used in this analysis are a small subset of possible temporally
variable random fields. Models using a random field that changes annually either independently
of the previous year, or, more likely, correlated annual random fields would be worth further
exploration. In addition, using random fields of other durations (e.g., a 4-year field) could also be
explored, although an exhaustive exploration of the possible temporal random fields would be
computationally and logistically challenging. While the Atlantic Cod model results suggest that
distributional shifts using these data are only observed every 5 years, for Yellowtail Flounder
shorter duration random fields may be preferred to the 3-year random field models. Finally, the
changes observed in the temporal random fields are limited by the survey observations and
the scale of the environmental covariates used. Increased survey coverage and finer scale
environmental covariates would likely identify changes in the distribution of these species at finer
temporal scales than is possible with the available data.

Five-fold model validation using the R-INLA methodology remains computationally demanding
and a full comparison of all the models was impractical. Therefore, only a subset of the models
were compared using model validation. The most complex models used for model validation
used a 5-year random field and the SST and Dep covariates that were identified in Stage 2 of
model selection as the favoured models for both stocks. While further model selection identified
a more complex final model for Yellowtail Flounder, these models were not included in the model
validation due to computational and logistical constraints. However, the more complex Yellowtail
Flounder models would be unlikely to have a significant impact on the results observed from the
model validation.

5. CONCLUSION

This study developed a framework methodology that can be used to provide insight into how
the spatial distribution of Atlantic Cod and Yellowtail Flounder have changed both seasonally
and inter-annually since the 1970s. Further, although a substantial suite of environmental
variables were examined, only a few were found to influence these distributions, and overall, the
covariates investigated have had little impact on the observed distributional patterns of either
stock. The only static environmental data that had a consistent significant effect on the stock
distributions were the average sea-surface temperature (1997-2008), depth, and bottom type
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(Yellowtail Flounder only). The inter-annual shifts in the stock distributions indicate the increasing
importance of Canadian waters for both stocks on GB. This is likely due to the long-term
environmental shifts observed in the region. Given the habitat constraints faced by both stocks
and the continuation of directed environmental change, increased reliance of habitat in Canadian
waters is likely to continue irrespective of any fisheries management action.

The distributional shifts demonstrated in this study also highlight the difficulties encountered by
static closed areas in achieving stock specific conservation objectives in light of environmental
change. For both stocks, the degree of overlap between the closed areas and the core stock
area has changed over time. For the portion of CAI included in this study, our results suggest
that this area likely no longer contains substantial core habitat for Atlantic Cod or Yellowtail
Flounder at any time of the year. In Canadian waters, the proportion of both stocks’ core area
has increased over time. Unfortunately, the COSF time-area closures protect only a small
proportion of the core area in Canadian waters, and this helps explain the elevated discard rates
from the COSF for both stocks when the time-area closures were active (Keith et al. 2020).

The utilization of the spatio-temporal information contained in these models provides novel
insights that can be used to improve science advice (e.g., accounting for shifting distributions
in stock assessment, choosing the location and size of protected areas, etc.), which can improve
decision-making related to the management of these stocks.
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8. TABLES

Table 1. Environmental variables used in the analysis. Variables in bold were retained after Variance
Inflation Factor (VIF) analyses and were included in the linear models. Variables in italics were used for
the Principal Component Analysis (PCA).

Data Variable Source Resolution(m) Units

USGS Yearly median Bottom Shear Stress Year.median USGS(SFS − SMD)3 3,500 Pa
1Stratification (1996-2007) Strat CoML 2,500 none

Seasonal Range of SST (1997-2008) SST.rg CoML1 972 ◦C
Average SST (1997-2009) SST CoML1 972 ◦C
Benthic Silicate Sil CoML1 6,000 M

Sediment Grain size (CONMAP) Sed USGS(CONMAP )2 - none
Sand Sand CoML1 6,000 %
Seasonal Range of Benthic Salinity (1996-2007) Sal.rg CoML1 6,000 psu
Benthic Salinity (1996-2007) Sal.avg CoML1 6,000 psu
Benthic Phosphate (1996-2007) Phos.avg CoML1 6,000 µM

Benthic Nitrate (1996-2007) Nit.avg CoML1 40,000 M
Mud Mud CoML1 6,000 %
Average K490 K490.avg CoML1 8,000 none
USGS Median of Bottom Shear Stress Gmaine USGS(SFS − SMD)3 3,500 Pa
Benthic Complexity Complexity CoML1 397 ◦

Slope Slope CoML1 397 ◦

Depth Dep CoML1 397 m
Aspect Aspect CoML1 397 ◦

Seasonal Range of Sea Surface Chlorophyll Chl.rg CoML1 1,119 mg ×m−3

CoML1 mg ×m−3Average Sea Surface Chlorophyll Chl 855

Benthic Current Stress with Wind and Tidal Influences Botstr.wt CoML1 952 N ×m−2

CoML1 N ×m−2Benthic Current Stress with only tidal influence Botstr.t 3,800
1 CoML obtained from here.
2 USGS(CONMAP) obtained from here.
3 USGS(SFS-SMD) obtained from here.
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9. FIGURES

Figure 1. Georges Bank (GB) study area. Points represent the sample locations for the Winter
(1987-2019, n = 2,590), Spring (1972-2019, n = 2,393), and Fall (1972-2019, n = 2,506). The orange
outline represents the region of GB included in these analyses (42,000 km2). In the U.S. the blue polygon
is Closed Area I (CA I) and the white polygon is Closed Area II (CA II). In Canada the small gold bordered
cells (each cell covers an area of approximately 42.7 km2) represent areas which have been included in
either the Atlantic Cod or Yellowtail Flounder closures at least once. Some of the cells have been part of
both closures and not all cells are closed each year; darker fill indicates cells which have been closed
more frequently. The red line indicates the Canadian Exclusive Economic Zone (EEZ).
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Figure 2. Principal Component Analysis (PCA) results for the Winter, Spring, and Fall seasons using the retained environmental data and the 4
retained Principal Components (PCs). The results for PC 1 and 2 for each season are on the top and the PC 3 and 4 results are on the bottom.
Left column are the results for Winter, middle column for Spring, and right column is for the Fall. Points represent the score for each survey
observation. The loadings for each covariate in the analysis are shown by the length of their respective lines. PC scores greater than ± 3 units not
shown.



Figure 3. Delaunay triangular mesh used for the spatial fields mesh. The mesh contains 6,610 vertices.
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Figure 4. Prediction grid used for prediction of Occurrence Probability (OP).
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Figure 5. Gini Index time series in the Winter, Spring, and Fall. The green line represents Atlantic Cod and the black line represents Yellowtail
Flounder.
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Figure 6. The relationship between the cumulative proportion of biomass and cumulative proportion of the total survey area. Atlantic Cod
relationship shown on the top row and Yellowtail Flounder on the bottom row. The left column contains the results for the Winter, the center
contains the Spring results, and Fall results are shown in the column on the right.
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Figure 7. Stage 1 of forward model selection using each of the environmental covariates individually. This model selection was done using a static
random field. Blue dashed line represents 2 WAIC units larger than the lowest WAIC model, the green dashed line is 10 WAIC units larger than the
lowest model WAIC. The covariate descriptions can be found in Table 1.
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Figure 8. Stage 2 of model selection including additive models with 2 covariates based on the covariates identified in the initial model selection
stage. These models were compared using the 10-year random field models. Blue dashed line represents 2 WAIC units larger than the lowest
WAIC model, the green dashed line is 10 WAIC units larger than the lowest model WAIC.
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Figure 9. Stage 3 of covariate model selection which includes models with up to 3 covariate terms based on models selected at stage 2. Blue
dashed line represents 2 WAIC units larger than the lowest WAIC model, the green dashed line is 10 WAIC units larger than the lowest model
WAIC.
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Figure 10. Model selection comparing the random fields models. For Atlantic Cod the model used is Depth (Dep) + Sea Surface Temperature
(SST) for all of the random fields. For Yellowtail Flounder the 5 and 10 year random fields were compared using the Depth (Dep) + Sea Surface
Temperature (SST) model, while the 5 and 3 year random fields were compared using the Depth (Dep) + Sea Surface Temperature (SST) +
Sediment type (Sed) model. Blue dashed line represents 2 WAIC units larger than the lowest WAIC model, the green dashed line is 10 WAIC units
larger than the lowest model WAIC. For Yellowtail Flounder, the 10 year random field model was not run using 3 covariates, while 3-year random
field model was not run using 2 covariates in all 3 seasons; therefore there are no results shown for these model combinations.



Figure 11. Average Sea Surface Temperature on Georges Bank (GB) from 1997-2008 (SST in ◦C) in the
top panel, GB bathymetry (depth in meters) in the center panel, and GB sediment type in the bottom
panel.
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Figure 12. Environmental covariate effect of Depth (Dep, top row) and Sea Surface Temperature (SST,bottom row) for Atlantic Cod in each season.
Results transformed to the probability scale and the blue shaded region represents the 95% CIs.
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Figure 13. Environmental covariate effect of Depth (Dep, top row) and Sea Surface Temperature (SST,middle row), and Sediment type (Sed,
bottom row) for Yellowtail Flounder in each season. Results transformed to the probability scale, and the blue shaded region and the error bars
represent the 95% CIs.
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Figure 14. Random fields (logit scale) for Atlantic Cod in each era during the Winter (RV survey) using the SST + Dep model and 5 year random
field.
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Figure 15. Random fields (logit scale) for Atlantic Cod in each era during the Spring (NMFS-spring survey) using the SST + Dep model and 5 year
random field.
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Figure 16. Random fields (logit scale) for Atlantic Cod in each era during the Fall (NMFS-fall survey) using the SST + Dep model and 5 year
random field.
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Figure 17. Random fields (logit scale) for Yellowtail Flounder in each era during the Winter (RV survey) using the SST + Dep + Sed model and 3
year random field.
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Figure 18. Random fields (logit scale) for Yellowtail Flounder in each era during the Spring (NMFS-spring survey) using the SST + Dep + Sed
model and 3 year random field.
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Figure 19. Random fields (logit scale) for Yellowtail Flounder in each era during the Fall (NMFS-fall survey) using the SST + Dep + Sed model and
5 year random field.
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Figure 20. Standard deviation of random fields (logit scale) for Atlantic Cod in each era during the Winter (RV survey) using the SST + Dep model
and 5 year random field.
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Figure 21. Standard deviation of random fields (logit scale) for Atlantic Cod in each era during the Spring (NMFS-spring survey) using the SST +
Dep model and 5 year random field.
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Figure 22. Standard deviation of random fields (logit scale) for Atlantic Cod in each era during the Fall (NMFS-fall survey) using the SST + Dep
model and 5 year random field.
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Figure 23. Standard deviation of random fields (logit scale) for Yellowtail Flounder in each era during the Winter (RV survey) using the SST + Dep +
Sed model and 3 year random field.
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Figure 24. Standard deviation of random fields (logit scale) for Yellowtail Flounder in each era during the Spring (NMFS-spring survey) using the
SST + Dep + Sed model and 3 year random field.
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Figure 25. Standard deviation of random fields (logit scale) for Yellowtail Flounder in each era during the Fall (NMFS-fall survey) using the SST +
Dep + Sed model and 5 year random field.
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Figure 26. Predicted occurrence probability for Atlantic Cod in each era during the Winter (RV survey) using the SST + Dep model and 5 year
random field.
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Figure 27. Predicted occurrence probability for Atlantic Cod in each era during the Spring (NMFS-spring survey) using the SST + Dep model and 5
year random field.
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Figure 28. Predicted occurrence probability for Atlantic Cod in each era during the Fall (NMFS-fall survey) using the SST + Dep model and 5 year
random field.
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Figure 29. Predicted occurrence probability for Yellowtail Flounder in each era during the Winter (RV survey) using the SST + Dep + Sed model
and 3 year random field.
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Figure 30. Predicted occurrence probability for Yellowtail Flounder in each era during the Spring (NMFS-spring survey) using the SST + Dep + Sed
model and 3 year random field.
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Figure 31. Predicted occurrence probability for Yellowtail Flounder in each era during the Fall (NMFS-fall survey) using the SST + Dep + Sed model
and 5 year random field.
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Figure 32. Standard deviation (logit scale) of predicted occurrence probability for Atlantic Cod in each era during the Winter (RV survey) using the
SST + Dep model and 5 year random field.
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Figure 33. Standard deviation (logit scale) of predicted occurrence probability for Atlantic Cod in each era during the Spring (NMFS-spring survey)
using the SST + Dep model and 5 year random field.
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Figure 34. Standard deviation (logit scale) of predicted occurrence probability for Atlantic Cod in each era during the Fall (NMFS-fall survey) using
the SST + Dep model and 5 year random field.
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Figure 35. Standard deviation (logit scale) of predicted occurrence probability for Yellowtail Flounder in each era during the Winter (RV survey)
using the SST + Dep + Sed model and 3 year random field.
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Figure 36. Standard deviation (logit scale) of predicted occurrence probability for Yellowtail Flounder in each era during the Spring (NMFS-spring
survey) using the SST + Dep + Sed model and 3 year random field.
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Figure 37. Standard deviation (logit scale) of predicted occurrence probability for Yellowtail Flounder in each era during the Fall (NMFS-fall survey)
using the SST + Dep + Sed model and 5 year random field.
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Figure 38. Center of Gravity (COG) for the core areas for Atlantic Cod (top panel) and Yellowtail Flounder (bottom panels) in the Winter (left),
Spring (center), and Fall (right). Blue lines indicate ±3 standard deviation units from the mean COG for each era using the 5 year random field
models. Labels indicate the years associated with each era and the red line is border between the U.S. and Canada.
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Figure 39. Time series of the total area on GB classified as core area for each of the three seasons. The Atlantic Cod time series is on the left and
the Yellowtail Flounder on the right. The black line represents the Winter trend, the Blue line is the Spring trend and the green line is the Fall trend.
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Figure 40. Time series of the total area on GB classified as core area for each of the three seasons in Canada and the U.S.. The Atlantic Cod time
series is in the top row and Yellowtail Flounder in the bottom row, Canada is on the left and U.S. is on the right. The black line represents the
Winter trend, the Blue line is the Spring trend and the green line is the Fall trend.



Figure 41. Dep variance hyperparameter estimate with 95% CI’s for each stock in each season.
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Figure 42. SST variance hyperparameter estimate with 95% CI’s for each stock in each season.
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Figure 43. Decorrelation range estimate with 95% CI’s for each season.
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Figure 44. Standard Deviation of the field with 95% CI’s for each season.
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Figure 45. Posterior distributions of the four model hyperparameters for Atlantic Cod in the Winter.
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Figure 46. Posterior distributions of the four model hyperparameters for Atlantic Cod in the Spring.
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Figure 47. Posterior distributions of the four model hyperparameters for Atlantic Cod in the Fall.
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Figure 48. Posterior distributions of the four model hyperparameters for Yellowtail Flounder in the Winter.
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Figure 49. Posterior distributions of the four model hyperparameters for Yellowtail Flounder in the Spring.
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Figure 50. Posterior distributions of the four model hyperparameters for Yellowtail Flounder in the Fall.
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Figure 51. Results of 5 fold cross validation analyses. Top panels represent the mean error for each of the three covariate models tested for
Atlantic Cod (Winter) and Yellowtail Flounder (Spring). Blue points represent the prediction error from the testing dataset, while the black points are
the residuals from the training dataset. The bottom panels are the Root Mean Squared Error (RMSE) for these models. The dashed red line
represents the RMSE for randomly generated data and represents the RMSE for a model with no predictive ability.



Figure 52. The total core area located within the U.S. Closed Area I (top row) and Closed Area II (bottom
row) in the Winter (black), Spring (blue), and Fall (green). The panels on the left are for Atlantic Cod and
the panels on the right are for Yellowtail Flounder. The horizontal black dashed line is the size of the
closed area and the vertical grey line is the year the closure was implemented.
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Figure 53. The proportion of core area on Georges Bank located within the U.S. Closed Area I (top row)
and Closed Area II (bottom row) in the Winter (black), Spring (blue), and Fall (green). The panels on the
left are for Atlantic Cod and the panels on the right are for Yellowtail Flounder. The vertical grey line is the
year the closure was implemented.
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Figure 54. The core area located within Canadian waters in the Winter (black), Spring (blue), and Fall
(green). The panel on the left is Atlantic Cod and the panel on the right is Yellowtail Flounder. The dashed
line indicates the total area of Canadian waters on Georges Bank included in this analysis.

78



Figure 55. The proportion of core area on Georges Bank that is located in Canadian waters in the Winter
(black), Spring (blue), and Fall (green). The panel on the left is Atlantic Cod and the panel on the right is
Yellowtail Flounder.
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Figure 56. The proportion of the total area in Canadian waters that are classifed as core area in the Winter
(black) Spring (blue), Fall (green). The panel on the left is Atlantic Cod and the panel on the right is
Yellowtail Flounder.
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Figure 57. The core area located within the Canadian Offshore Scallop Fishery (COSF) Atlantic Cod and
Yellowtail Flounder closures during spawning for each species. The panel on the top represents the total
core area by year for each closure, the middle panel is the proportion of the closure with core area. The
panel on the bottom is the proportion of the total core area within Canadian waters that is located within
the closure. The green line represents the Atlantic Cod within the Cod closure and the black line
represents Yellowtail Flounder within the Yellowtail closure.
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Figure 58. The residual Root Mean Squared Error (RMSE) for the model in each year in black. The blue lines represent the prediction RMSE for
years 2017, 2018, and 2019. The Atlantic Cod results are in the top row and Yellowtail Flounder in the bottom row. The red dashed line represents
the RMSE for randomly generated data and represents the RMSE for a model with no predictive ability.
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