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ABSTRACT

Standardized bottom-trawl surveys provide fishery-independent estimates of relative abundance
that are key to the assessment and management of demersal fish stocks worldwide. Over time it
may be necessary or desirable to change the vessels, fishing gear or other protocols employed
in the surveys to maintain or enhance survey efficiency. Such changes can affect the survey
catchability of different species and sizes of fish that could otherwise be confounded with
changes in stock abundance. Consequently comparative fishing experiments involving the old
and new equipment and protocols are used to estimate calibration coefficients that are then
applied to maintain the integrity of survey time series. Here we analyze data from previously
analyzed and unanalyzed comparative fishing experiments to develop indices for Greenland
halibut in NAFO 4RST that combine for the first time. data from surveys in the northern Gulf of
St. Lawrence (GSL) and the southern GSL (sGSL), and which extend the survey series back to
1984. Currently, the main index used in the assessment for this stock begins in 1990 and is
based on the northern GSL survey, which covers most but not all of the distribution of
Greenland halibut in the GSL. We then show how the abundance index from the sGSL survey
can be used to predict a GSL-wide index using a heuristic model of density-dependent
distribution change. This approach is then applied to the sGSL index, available since 1971, to
provide a longer-term perspective on the dynamics of the stock, particularly in light of fishery
exploitation rates that were particularly elevated at times from the early 1970s to the mid-1990s.
Although some refinements are required to improve the approach, these new indices provide
important insights on the productivity, dynamics, and exploitation history for the stock.
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1. INTRODUCTION

Standardized bottom-trawl surveys provide fishery-independent estimates of relative abundance
that are key to the assessment and management of demersal fish stocks worldwide. By
employing standardized and statistically-sound sampling schemes, and ideally covering large
geographical areas that contain almost all of the stock’s spatial distribution, these surveys
minimize the impact of factors that may confound the interpretation of abundance trends, as is
common for fishery-dependent indices (Hilborn and Walters 1992). In Atlantic Canada, annual
research vessel bottom-trawl surveys have been in place since the early 1970s or 1980s,
depending on the area (Chadwick et al. 2007; Benoit et al. 2020). Over this time-period it has
periodically been necessary or desirable to change the vessels, fishing gear or other protocols
employed in the surveys to maintain or enhance survey efficiency. Such changes can affect the
survey catchability of different species and sizes of fish and macro-benthos that could otherwise
be confounded with changes in stock abundance (e.g., Pelletier 1998; Lewy et al. 2004;
Cadigan and Dowden 2010). Calibration experiments based on comparative fishing are the
standard for estimating and accounting for changes in relative catchability caused by structural
changes in the surveys (e.g., Miller 2013). In Atlantic Canada, these experiments have largely
comprised concurrent side-by-side fishing of the new vessel/gear/protocol and that being
replaced.

Two research vessel surveys are conducted annually in the Gulf of St. Lawrence (GSL), one
covering the southern GSL (sGSL survey) and one covering the northern GSL and Estuary
(hereafter, nGSL survey) (Figures 1 and 2).

The sGSL survey has been conducted annually each September since 1971, first by the E.E.
Prince fishing a Yankee 36 trawl (1971-1985), followed by three vessels, each fishing a
Western IIA trawl: the Lady Hammond (1985-1991), the Canadian Coast Guard Ship (CCGS)
Alfred Needler (1992—-2005) and the CCGS Teleost (2004—present). Comparative fishing
experiments involving former and replacement vessels were conducted during the regular
surveys in 1985, 2004 and 2005, and in a dedicated survey in August 1992, and the results of
these experiments have been used to account for changes in catchability associated with the
changes in vessels and trawl (Benoit and Swain 2003a; Benoit 2006). In addition, the sGSL
survey changed from daylight-only to 24-hr operations in 1984, and effects on relative
catchability of this change in protocol have been estimated using both comparative fishing day
and night and at specific locations, and based on statistical modelling of survey catches (Benoit
and Swain 2003b).

The nGSL survey has been conducted annually each August since 1984, first by the Lady
Hammond fishing a Western IIA trawl (1984—1990), then by the CCGS Alfred Needler fishing a
URI trawl (1990-2005) and the CCGS Teleost fishing a Campelen trawl (2004—present).
Comparative fishing experiments involving former and replacement vessels and trawls were
conducted during the regular surveys in 1990, 2004 and 2005. The results of the 2004-2005
experiments have been analyzed and the estimated calibration factors are routinely applied to
maintain the integrity of the standardized abundance series for a large number of taxa
(Bourdages et al. 2007). In contrast, there has been no extensive formal analysis of the data
from the 1990 Lady Hammond and Alfred Needler comparison. In an unpublished working
paper, Gascon et al. (1991) concluded that the results of that experiment were too variable to
provide reliable conversion factors based on the analytical methods available at the time,
although the basis for this conclusion is not clear from sparse results the authors presented.
Nonetheless, accepted conversion factors have since been developed from these data for two
species. Swain et al. (1998) developed conversion factors for witch flounder (Glyptocephalus
cynoglossus). Conversion factors for redfish (Sebastes sp.) developed from these experiments




have been used to extend the survey series to 1984 for stock assessment (beginning with
McAllister and Duplisea 2016, and Duplisea et al. 2016); however, the details and results of the
analysis of the 1990 comparative fishing data have not been published. Lack of interest in
analyzing the 1990 data to extend survey series back to 1984 for other species has likely
resulted from Gascon et al.’s (1991) pessimistic conclusions and the fact that the nGSL survey
undertaken by the Lady Hammond covered only deeper water strata (depths generally >100 m)
that do not fully cover the summer distribution of species such as Atlantic cod.

It is well accepted that in the GSL, the abundance and productivity of numerous fishery
resources, and ecosystem structure and functioning in general, changed considerably from the
1980s to the 1990s, and subsequently (Savenkoff et al. 2007a,b; Benoit and Swain 2008). The
absence of survey indices for a majority of taxa in the nGSL for the 1980s greatly constrains our
understanding of their productivity and their response to fishing and environmental change. For
example, abundance and biomass of Greenland halibut increased considerably during the
1990s, although it is not clear to what extent this is due to favorable environmental conditions or
stock recovery from overfishing caused by a spike in fishery landings in the latter half of the
1980s (Gauthier et al. 2020). As another example, it is clear that the collapse of the 3Pn, 4RS
(nGSL) cod stock began several years before the start of the current survey time series in 1990
(Brassard et al. 2019). The inability to adequately estimate fishing and natural mortality rates
prior to the collapse due to the absence of age-specific survey abundance estimates risks
producing bias in the estimates of pre-collapse stock abundance and productivity, and in
reference points used in the assessment and management of the stock.

The sophistication, flexibility and apparent robustness of statistical methods for the analysis of
comparative fishing data have greatly improved over the past two decades (Pelletier 1998;
Cadigan and Dowden 2010; Miller 2013). These methods are arguably better adapted than their
predecessors to deal with variable data such as those from the 1990 Hammond-Needler trials.

The estimation and application of Hammond-Needler conversion factors for the nGSL survey
presents advantages for several stocks in addition to simply prolonging the survey series by
seven years. Neither the nGSL or sGSL surveys individually cover the entire distributional area
for stocks for which the management area encompasses NAFO areas 4RST (e.g., 4RST
Greenland halibut, redfish, witch flounder and Atlantic halibut), although joint survey coverage is
(near) complete. With the exception of 4RST witch flounder (Ricard and Swain 2018),
assessments for these stocks presently interpret abundance indices from each survey
separately, which is at best sub-optimal. Because both the sGSL and nGSL surveys used the
Lady Hammond fishing the Western IIA in some years, and calibrations for subsequent changes
in vessel and gear exist or are possible, the development of a single standardized GSL survey
series, such as that for witch flounder (Ricard and Swain 2018), is possible for many taxa,
notably 4RST Greenland halibut and redfish in Unit 1. This approach is not viable for stocks
such as 4RST Atlantic halibut for which survey catches were too small and infrequent in the
1980s and early 1990s to adequately estimate calibration factors allowing adjustment of data to
a common vessel and gear based on comparative fishing data alone. However, for this stock
and others, information on the relative catchability of the two surveys can be extracted by
comparing their catches in an area of overlap along the southern slope of the Laurentian
channel (e.g., Morin et al. 2016). This comparison can form the basis for standardizing the two
surveys, or could eventually be combined with the results of comparative fishing in an integrated
analysis (sensu Maunder and Punt 2013; Yin and Benoit 2022) to improve the precision of
conversion factors used to produce a standardized series.

In this document we present for the first time the 4RST Greenland halibut results and analyses
of the 1990 Lady Hammond and Alfred Needler comparative fishing experiment. We also re-
analyse the data from the other existing comparative fishing experiments in the GSL using




modern statistical methods to derive a series of length-dependent conversions factors that can
be applied to convert survey catches to a common standard, here catch by the CCGS Teleost
using the Campelen trawl. We then use these standardized catches to derive whole-stock
indices of abundance, biomass and exploitation rate for NAFO 4RST Greenland halibut.

2. METHODS
2.1. DATA

The data for this analysis all come from standardized survey sampling, mostly in the context of
regular survey operations that in some cases also involved comparative fishing, but also from a
dedicated comparative fishing experiment in the case of the August 1992 sGSL Hammond-
Needler trials. A summary of survey vessels and survey protocols employed are provided in
Table 1, and a summary of the survey trawls is provided in Table 2. Nominal target swept area,
calculated as the product of tow distance (Table 1) and wingspread (Table 2), varied between
vessels and trawls, as well as across years in the case of the first few years of the CCGS Alfred
Needler in the nGSL.

Both surveys follow a stratified random survey design, with survey strata defined independently
in each survey based on bathymetry and area (Figures 1 and 2; note that stratum numbering is
survey-specific and there is no correspondence between similarly numbered strata in the two
surveys). In the sGSL survey, strata 415-439 have been part of the design since 1971, and
three coastal strata were added in 1984 (strata 401—403). In the nGSL survey, the strata
retained in the sampling plan has varied over the years although a core group of strata has
been sampled annually since at least 1985 (Figure 3). We draw the attention of readers to the
strata that comprise the area of overlap between the two surveys: 415, 425, and 439 in the
sGSL survey, and 401-406 in the nGSL survey (Figure 4). Catches in the area of overlap by the
two surveys are those that provide information on relative catchability between concurrent
survey vessels and gears. Further details on the surveys are available in Hurlbut and

Clay (1990), Chadwick et al. (2007) and Bourdages et al. (2020).

Specific details for all but one comparative fishing experiments treated in our analyses are
available in other reports and are not repeated here, with the exception of showing the location
of the paired fishing sets (Figure 5; for additional details see Benoit and Swain 2003a;

Benoit 2006; Bourdages et al. 2007). Because the details of the August 1990 nGSL Hammond-
Needler trials have not been published, these are described briefly below.

Comparative fishing between the Lady Hammond with Western IIA trawl and the CCGS Alfred
Needler with the URI trawl took place between August 22 and 29, 1990. During the paired tows,
the vessels fished simultaneously and in parallel, separated by the shortest distance considered
practical and safe. Standard fishing procedures proper to each vessel were employed (see
Table 1). A tow on the Lady Hammond was considered initiated when the winches deploying the
trawl warps were blocked and completed when the winches began hauling in the gear. In
contrast, a tow on the CCGS Alfred Needler was considered initiated when parameters reported
by trawl-mounted Scanmar sensors indicated the trawl was on bottom and adequately open,
and completed when the trawl left the bottom. Effects on catchability of this and other
differences in protocol (e.g., tow speed and duration; Table 1) should be accounted for in
conversion factors estimated from comparative fishing data. A total of 80 valid paired tows were
completed, at depths ranging from 74 to 486 m (average 267 m). The locations of the
comparative fishing tows are shown in Figure 6.




2.2. COMPARATIVE FISHING DATA ANALYSIS

2.2.1. Binomial models

In the analysis of comparative fishing data, the goal is to estimate the relative fishing efficiency
between a pair of vessels-gear combinations (referred to as gear in this section), denoted as A
and B. We assume the expected catch from gear g (g € {4, B}) at length [ and at station i is

E[Cgi(l)] = QQi(Z)Dgi(l)fgi-

Here, g4 () is the catchability of gear g at station i, Dg; is the underlying population density
sampled by gear g, and f;; is a standardization term for fishing effort which usually includes the
swept area of a tow and if applicable, the proportion of sub-sampling for size measurement on-
board. Station variation is considered in the catchability to account for possible differences in
gear performance related to tow location. In a binomial model (e.g., Miller 2013), the catch from
gear A at station i, conditioning on the combined catch from both gears at this station, C;(l) =
Cp; (1) + Cpi (D), is binomial-distributed

Cai (1) ~ BI(C; (1), pai (1),
where py; (1) is the expected proportion of catch from gear A. For paired tows, we usually
assume the underlying densities at the station are the same, as the paired vessels are typically
kept within a small distance of each other while fishing: D4; (1) = Dg;(1) = D;(1). Then the logit-
probability of catch by gear A is

. i E[Cai(1
logit (pai(1)) = log (2243) = log (T2 ) = log (i) + 0.

p; (D) is the ratio of catchabilities between gear A and B at length [ and at station i, or the
conversion factor, which is the quantity of interest,

pi(D) = qai(D)/qp: (D),

and o; = log(fa;/fsi) is an offset term derived from known standardization terms of the survey
tows.

For a length-based conversion factor, we consider a smooth length effect based on a general
additive smooth function,

K
log(p®) = ) fie X)) = X",
k=0

where B are the coefficient parameters and are estimated, X, or {X;()),k = 0,1, -, K}, are a set
of smoothing basis functions, and K is the dimension of the basis which controls the number of
coefficient parameters and is usually pre-defined. In this study, we used the cubic spline
smoother (Hastie et al. 2009), and the basis functions and penalty matrices were generated by
the R package.

The estimation of a cubic spline smoother is based on the penalized sum of squares smoothing
objective, but in practice, this is usually replaced by a penalized likelihood objective (Green and
Silverman 1993):

L(B,2) = F(YIX, Be~2"SE,

Where £ denotes the likelihood objective function. f(Y|X, B) is the joint probability function of the
survey data Y conditional on the basis functions and coefficient parameters. S is the penalty
matrix defined by the smoother and the dimension of the basis, and A is the smoothness




parameter. This smoothness parameter can be estimated by maximum likelihood along with
other model parameters but may be sensitive to the data. In such cases, it can be determined
by other criteria such as generalized cross-validation (Wood 2000).

The penalized maximum likelihood smoother can also be re-parameterized into a mixed effects
model (Verbyla et al. 1999; Wood 2017) to facilitate implementation as well as incorporation of
additional random effects:

log(p(1)) = Xf By +X7b,

where B are fixed effects and b are random effects. X, and X, are transformed from the basis
functions X and an eigen-decomposition of the penalty matrix S, Xy = U)?X and X, = UTX, where
U; and U, are the eigenvectors that correspond to the zero and positive eigenvalues of S. The
random effects b ~ N(0,D;1/A) where D, is the diagonal matrix of the positive eigenvalues of S.
In the mixed effects model representation of the cubic spline smoother, the number of fixed
effects is 2 and the number of random effects is therefore K — 2. Smoothing effects are
transformed into shrinkage of random effects in the fitting of random deviations, and can be
integrated into complex mixed effects models commonly used in fisheries science (Thorson and
Minto 2015).

Additional random effects can be incorporated into the mixed effects model to address
variations in the relative catch efficiency related to each station,

log(p;(1) = X;(Bf +8;) +XI(b+e),

where §; ~ N(0,X) and €; ~ N(0,D;1/¢). When station variation is considered, the cubic
smoothing over length applies to p; (1) at each station i. The random variables 8; and ¢; allow
for deviations of the length-based conversion at each station and are derived from a similar re-
parameterization of the cubic spline smoother. For cubic smoothing, X is a two-dimensional,
diagonal covariance matrix of the random effects corresponding to the random deviations thus
containing three parameters. & controls the degree of smoothness of the random smoothers and
the smoother at each station can differ.

A summary of the above binomial mixed model is as follows,
Ci(D) = Cu (D) + Cpi (D),
Cai (D) ~ BI(C; (D), pai (1)),
logit(pai(D) = log(p;(D) + o;,
log(pi(D)) = Xf (Bs + 8) + X (b +€).

The model is estimated via maximum likelihood estimation using all observations (i =
1,2,---,m) and the marginal likelihood integrating out random effects is

LBsZ48) = [ (ITE [ [ f(YilXr. Xy, By, b, 8, €)f (8:12)f (€:1§)d8;de; ) f (b| )db.

The binomial mixed model can be adapted for various assumptions on the smoother and
potential station variation to accommodate different underlying density of a species and data
limitations especially in length measurements. A set of binomial models considered in the
present analyses is provided in Table 3.

2.2.2. Beta-binomial models

The binomial assumption for the catch can be extended to a beta-binomial distribution to explain
over-dispersion at the stations (Miller 2013):




Cai(D) ~ BB(Ci(D), pai(D), $: (D))

The beta-binomial distribution is a compound of the binomial distribution and a beta distribution.
The beta distribution amounts to a “prior” distribution for the expected proportion of catch from
gear A across stations to accommodate for increased variance in the catch. More specifically,
the expected catch by gear A has a variance of

i+Ci
var(Cy;) = Cipi(1 = py) q;iﬂ,

where ¢ is the over-dispersion parameter that captures the extra-binomial variation.

The same smoothed length effect can be applied to the over-dispersion parameter,
log(¢;(1)) = Xfy +XTg,

where y are fixed effects and g are random effects, g ~ N(0,D;1/7). This length effect models
the variance heterogeneity and is particularly useful for projecting uncertainty. However,
estimation of a length-based variance parameter typically requires sufficient catch at length
data, which is usually not available for less abundant species.

A summary of the beta-binomial mixed model is as follows,
Gi(D) = Cu(D) + Ci (D),
Cai(D) ~ BB(Ci (D), pai (D), ¢: (D)),
logit(pai()) = log(p;(D) + o;,
log(pi(D)) = XF(Br + 8;) + X7 (b +€),
log(¢:(1)) = Xfy +XTg.
The marginal likelihood is

L(Bf!Y' Z,A, 5' T) =
J TS [ FOGIX Xy, By by, 8 8, €)f (8:1)f (€:18)d8;de; ) f (b| 1) f (g]7) dbdg.

Likewise, various smoothing assumptions can be applied to the variance parameter. Table 4
presents a set of beta-binomial mixed models.

2.2.3. Model fitting and selection

In the analysis of each comparative fishing experiment, the conversion factor was developed for
a pre-specified length range at an interval of 1 cm. The length range was usually selected as
from the minimum to the maximum observed length from the comparative fishing survey.
Extremely large or small individuals of sporadic catches may be excluded from the analysis to
avoid disproportional impact from these high leverage cases.

The binomial and beta-binomial models in Tables 3 and 4 were implemented in TMB
(Kristensen et al 2016) which were compiled into objective functions and subsequently
optimized in R. The basis functions for the cubic smoothing spline and the corresponding
penalty matrices were generated using the R package mgcv (Wood 2011) based on 10 knots
(K = 9) equally-spaced within the pre-specified length range in each comparative fishing
analysis. This value was that used in the original analyses by Miller (2013) and appeared
reasonable given that length measurements generally ranged between 6 to 72 cm, depending
on the survey. Nonetheless, we tested different values for K by comparing model estimates and
AIC values and found there to be little sensitivity of results to this choice. In addition to the




maximum likelihood estimation of the conversion factor, TMB automatically calculates a
standard error using the delta method (Kristensen et al. 2016) to inform prediction uncertainty.

There were in total 13 candidate models for estimating the conversion factors. The best model
for each species and each comparative fishing survey was selected by AIC (Akaike information
criterion) to maximize model fitting, while avoiding over-fitting of more complicated models
especially in cases without adequate data. In each analysis, the estimated u (expected
proportion of catch by gear A) from all converged models were compared along with the sample
proportions (aggregated by stations and averaged for each length) to provide a more rigorous
interpretation of the results. The estimated p (expected relative catch efficiency, or conversion
factor) from the best model is presented here and validated with estimation from other studies,
when available.

2.2.4. Calibration of survey catch

The conversion factors estimated from the comparative fishing experiments were applied to the
annual bottom trawl survey catches from the vessels E.E. Prince, MV Lady Hammond and the
CCGS Alfred Needler in the respective survey areas to calibrate to catches equivalent to those
that would be made by the CCGS Teleost fishing the Campelen trawl, Crc. For most surveys
this involved applying sequential length dependent conversion factors:

Crc= p(l)nu—1c Cnu, for catches by the Needler fishing the URI trawl in the nGSL survey;
Crc= p()nu=tc p(l)Lw—nu Crw, for catches by the Lady Hammond fishing the WIIA trawl;

Crc= p(nu=tc p(l)tw—nu p(l)Lw—py Cpy, for catches by the Prince fishing the Yankee 36 trawl in
the sGSL survey;

Crc= p()nu=tc p(l)Lw—nu p(I).w—nw Cnw, for catches by the Needler fishing the WIIA trawl in the
sGSL survey; and finally,

Crc= p()nu—tc p(l)cw—nu p(I)cw—nw p(I)nw—Tw Crw, for catches by the Teleost fishing the WIIA
trawl in the sGSL survey.

In this report we proceed with calibrations as they have traditionally been employed in time
series produced by DFO, that is without propagating their uncertainty to the estimated
uncertainty in catch related estimates, such as abundance indices. Propagation of uncertainty is
reasonably straightforward in an integrated survey analysis model, or using computer intensive
approaches such as bootstrapping, and is planned for the analysis of these survey data in the
future.

To verify that the sequential application of calibration factors results in an adequate calibration,
we compared the annual calibrated survey catches in both the nGSL and sGSL surveys in their
area of overlap (Figure 4). Provided that estimated calibration factors are accurate, that the
densities of fish in the area do not differ between surveys despite being conducted sequentially,
and given that catches from all surveys are converted to a common vessel and gear, catches by
the nGSL and sGSL surveys in the area of overlap should have similar magnitude every year.

Length-dependent relative catch efficiency was estimated only over the range of length
available in the respective comparative fishing experiments. When applying these estimates to
lengths below or above this range to calibrate survey catches, we assumed constant efficiencies
equal, respectively, to those at the minimum and maximum lengths of the range in the
estimation.




2.3. CALIBRATED SURVEY DATA ANALYSIS

Analyses were based on data from the surveys in the nGSL for 1984—-2020 and the sGSL for
1971-2020. First we constructed abundance indices for the common 1984—-2020 period. Then,
we quantified the relationship between indices for the sGSL survey and the whole GSL for the
common period, and applied that relationship to indices from the sGSL for 1971-1983 to infer
whole GSL estimates for that period. Finally, we consider those indices in light of landings in the
fishery to derive estimates of an annual exploitation rate.

Combining the two surveys to derive abundance indices required adopting a common
stratification scheme. This was accomplished most efficiently by replacing strata 415, 425 and
439 in the sGSL with strata 401-406 in the nGSL (Figure 4). This removed any overlap between
the two surveys, resulting in a continuous stratification scheme that covered the entire Gulf
survey area. Sets in the sGSL survey in the area of overlap were assigned to strata 401-406
based on their geographic position. A small number of sGSL sets occurring in the southeast
portion of stratum 439 not covered by the nGSL survey were dropped from the analyses (Figure
7). A lack of overlap between the two surveys in the northwestern portion of nGSL strata 403
and 406 results in uneven set densities in that area compared to the other part of those strata
(Figure 7). This heterogeneity was ignored in the present analyses because the surface area in
question is small relative to the GSL area and Greenland halibut density was assumed
homogenous within strata, however future analyses should validate whether these assumptions
are valid.

All surveys except those by the E.E. Prince operated 24 hours per day. However, previous
analyses found that catchability of Greenland halibut to the sGSL surveys did not vary over the
diel cycle (Benoit and Swain 2003b), consequently no adjustments were required for the
inclusion of the E.E. Prince survey. The 2003 sGSL survey was undertaken by the CCGS
Wilfred Templeman, the sister ship to the CCGS Alfred Needler, and their catchability was
assumed equal for our analyses.

Catches were standardized to a common Teleost-Campellen equivalent and were adjusted for
area. For analyses that combined data from both surveys, hauls in each of the overlapping
strata were assumed to have resulted from random sampling, irrespective of survey, given that
original selection was random by survey. Of course this assumption is incorrect for the
northwestern portion of strata 403 and 406 sampled only by the nGSL survey (Figure 4);
however, the impacts on the estimated abundance index are expected to be minor given the
small surface area involved.

All analyses were based on a common set of strata sampled every year, or almost, in each
survey. Specifically the analyses retained strata 415 to 439 in the sGSL survey and strata 401—
414, 801-824 and 827-832 in the nGSL survey. Strata 401-403 from the sGSL survey were
excluded because Greenland halibut do not occur there and these strata are excluded from
sGSL specific time series for this species that begin in 1971 (Gauthier et al. 2020). Strata 835-
841 from the nGSL survey were excluded because they only began being sampled in 1990
(Figure 3). Densities of Greenland halibut in these strata and stratum 433 are typically very
small and exclusion of these strata to produce a single index for the entire GSL should not result
in bias.

In both surveys, strata are occasionally left unsampled in a given year due to operational
constraints (e.g., Figure 3). To ensure that abundance indices were proper, the mean and
variance of catches in unsampled stratum-year combinations were imputed using linear models
of log(catch+1) as a function of fixed effects for stratum and year (both as factors), based on
catches in the survey in the year in question and the three preceding it. The only exception was




for unsampled strata in 1984—1987, where a five-year data window was employed to ensure
sufficient data for imputation.

Relative abundance and biomass indices, with 95% confidence intervals, were estimated using
the common estimators for stratified random samples. Abundance indices were estimated for
size-aggregated catch, and for the size classes used in the assessment of the stock. Biomass
indices were estimated based on the estimated weight of individual Greenland halibut derived
from sex-specific annual length-weight relationships from the nGSL survey.

Analyses revealed that Greenland halibut have shown density dependent expansion into the
northern portion of the sGSL when abundance increased, and retreat as it decreased. This
results in an asymptotic relationship between the whole GSL indices of abundance and those
for the sGSL. This relationship was modelled using a function analogous to the Beverton-Holt
model, specifically:

SGSL
16SL — *lgi
gt B+ IggSL1

where IS?" is the whole GSL abundance index for size group g in year t, I55°" is the index for
the sGSL, and a and 8 are parameters to be estimated. Parameters were estimated separately
for the four size groups commonly used in the assessment of 4RST Greenland halibut (Gauthier
et al. 2020): [0, 20] cm; ]20, 30] cm; 130, 40] cm; and >40 cm. The model was fitted using non-
linear least squares, via the nls() function in R. The model and parameters were then used to

predict whole GSL indices for the 1971-1983 period, [J$", based on estimates of I;$°". To

evaluate model fit, relative residuals were calculated as ([5$"-I;¢°")/ IJ3".

We also estimated a relative exploitation rate by dividing 4RST fishery landings by the
estimated trawlable biomass of Greenland halibut >35 cm. Trawlable biomass was estimated
using annual length-weight relationships and length specific catch rates in the surveys. Normally
the exploitation rate used in the assessment for this stock is based on individuals >40 cm;
however, the length range was extended slightly here because the fishery prior to 1990
captured smaller individuals compared to the later years (Gauthier et al. 2020).

3. RESULTS AND DISCUSSION
3.1. RELATIVE CATCH EFFICIENCY

For each of the five comparative fishing analyses, 13 candidate binomial and beta-binomial
models were fitted to the data. Model convergence was rigorously checked by the maximum
gradient and Hessian matrix in each model fitting to ensure proper convergence. The nGSL
2004-2005 comparative fishing survey had sufficient data for more complicated models while
data from the other surveys typically only fit more simple models successfully. Model AlCs were
computed whenever there was proper convergence. Table 5 presents the difference in AIC from
the model giving lowest AIC. The best model for each analysis was selected by the lowest AIC
for the nGSL 1990, nGSL 2004-2005, sGSL 1992 and sGSL 2004—-2005 comparative fishing
analyses from all converged models. In the analysis of sGSL 1985 comparative fishing
experiment, the candidate models were reduced to the three models without a length effect, i.e.
BI0, BI1 and BBO, and the best model was subsequently selected by the lowest AIC among
these three models. The models with a length effect were excluded from the selection because
this survey did not result in sufficient data for accurate estimation of the length effect. More
specifically, the number of nontrivial observations (a pair of tows with at least one catch) is 1.9
on average over length bins. In addition, the estimated conversion factors from these more




complicated models such as BI2, BI3 and BB2 indicated a lack of evidence for a significant
length effect, despite their convergence and marginal improvements in AIC from BBO.

For each analysis, the expected proportion of catch from the old vessel u(L) from each
converged model was compared to the sample proportion of catch (computed for each station
and for an average across stations) in Figures 8-12 to assess the effectiveness of different
model assumptions.

The length effect was not significant or was subtle in all pairs except for nGSL 1990 between
Alfred Needler-URI and Lady Hammond-WIIA (Figure 8). As a result, this length dependency of
the relative catch efficiency between URI and WIIA estimated from nGSL 1990 provided
information for the calibration of all other sGSL catches from WIIA.

A random station effect typically improved model fit, except for nGSL 1990, where BI2 without a
station effect performed slightly better than BI3 with a station effect, but estimation results were
effectively the same (Figure 8). A conversion factor developed by Bourdages et al. (2007) based
on a parametric exponential model (length effect as an exponential function) was included in the
results comparison of the nGSL 2004—-2005 comparative fishing analysis. Results from the
smoothing length effect differed from the exponential length effect for smaller sizes (< 20cm)
and the inclusion of a station effect in BB5 indicated a slightly lower conversion factor (Figure 9)
as results from the exponential model were close to BI2.

In order to assess model fits, prediction residuals were derived from the best models in each
comparative fishing analysis. Residual diagnostics using normalized randomized quantile
residuals (Dunn and Smyth 1996) did not show significant deviations related to either length or
station (Figures 13-17). Residuals from sGSL 1985 (Figure 15) and 1992 (Figure 16) indicated
relatively higher prediction bias for a few length bins, and higher prediction uncertainty overall
likely mostly due to small sample size.

The estimated relative catch efficiency (conversion factor) between each pair of vessel-gears
was estimated from the best selected model (Figure 18), and subsequently calibrated to
Teleost-Campelen by sequential multiplication (Figure 19). These were then applied to
respective survey catches to convert to Teleost-Campelen equivalents (calibrated catch). Figure
20 shows the survey-aggregated annual catches at length by each vessel, in each survey, for
the area of survey overlap. This figure indicates that although length-dependent patterns in
calibrated catches matched well between the two surveys, the sGSL surveys tended to catch
more Greenland halibut in most years, including during the 1980s when the two surveys
employed the same vessel and gear. In years when there are differences between the vessels,
the magnitude of the difference is similar across years. Superficially this suggests that
catchability or density of Greenland halibut differs between the sGSL and nGSL surveys due to
factors other than the changes in vessels and gear, or differences in swept area, which were
accounted for in the analysis. In other words, the calibration appear to correctly adjust the
catches for vessel, gear and protocol related changes. There are two principal factors that differ
between the surveys that could explain the differences in catches, namely the months in which
they take place and station locations.

On average, there is a one-month difference in the timing of sampling of stations by the two
surveys in the area of overlap. Seasonal movements into the area of overlap, either downslope
from the shallower areas of the sGSL or upslope from the Laurentian channel could result in an
increase in catch in the sGSL survey. This mechanism appears to be a plausible explanation for
the differences observed. Catch rates in the area of overlap, particularly the northwestern
portion with latitude > 48.0 N tend to be greater in the sGSL survey in most years, particularly
for fish > 30 cm (Figure 21). This suggests an increase in local density from August to
September; however, it is not possible to determine the provenance of these additional fish
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(either from shallower or deeper areas) with these survey data, although this might be possible
by comparing catches in the sGSL September survey with those in the sGSL sentinel mobile
gear survey, which has taken place annually in August since 2003 (Savoie 2016). Identifying the
source of these fish could improve the accuracy of abundance indices that combine the nGSL
and sGSL because if the fish result from upslope movements, then some double counting will
occur, producing a likely small positive bias, while downslope movements may be less
problematic if fish are only moving with the sGSL area and not moving outside that area and
therefore not being counted.

Sampling by the two surveys in the area of overlap is not homogenous. Notably, the sGSL
generally samples a more restricted and temporally variable set of depths compared to the
nGSL survey (Figure 22). Additionally, the sGSL survey tends to have more sets in the
northwest corner of the area of overlap (latitude >49.0 N) where catches are greater (Figure 21),
likely contributing to the differences in mean catches observed between the surveys.

Although the difference in catches between the nGSL and sGSL surveys in the area of overlap
may indicate a possible bias for a combined index, its magnitude is likely to be small given that
this area constitutes a small portion of the overall combined survey areas and of the depths
favoured by Greenland halibut in the GSL, approximately 200 to 400 m (Figure 2). Furthermore,
given that the difference in mean catch rates appeared roughly similar across most years
(Figure 20), it may be that any bias is stationary over time, which would pose no problem for the
abundance indices given they are treated as relative, i.e., the bias would effectively be
confounded with catchability to the surveys.

3.2. CALIBRATED SURVEY DATA ANALYSIS

Size-class specific indices of abundance (Figure 23) and biomass (Figure 24), and length
aggregated survey indices (Figure 25) were nearly identical to those presented previously
based on the nGSL survey alone for the common 1990-2018 period (Gauthier et al. 2020).
Although the scale of the indices is lower with the addition of the sGSL survey, where a large
proportion of sets catch no Greenland halibut, the interannual patterns differ very little with those
of the nGSL survey only. Abundance indices for the sGSL survey are presented and discussed
later in this section.

Abundance and biomass of individuals 0-20 cm was low and decreasing from 1984-1988, then
increased to a small peak before dropping again in 1993 (Figure 25). They then increased to a
much higher average level about which they have fluctuated since. Abundance of individuals
>20 to 30 cm generally lagged those of the smaller class by 1 year, beginning in 1984 at a
relatively elevated, albeit highly uncertain level. Abundance of individuals >30 cm to 40 cm
showed a first peak around 1985-1986 and again around 1992, before rising steeply with
incoming recruitment. Following a peak in the early 2000s, the index declined consistently,
perhaps leveling off in the last five years. Abundance of individuals >40 cm peaked in 1986,
rose again around 1995 before increasing to a high level in 2004. The index has since declined
over the past decade. Abundance by size class in the nGSL has previously been reported to
demonstrate clear cohort dynamics for the post 1990 period (Gauthier et al. 2020). The new
results presented here confirm that this pattern also occurred prior to 1990.

The size aggregated mean number per tow declined from 1984 to 1989, and displayed a small
peak in the early 1990s before rising to an elevated level around 2000 (Figure 25, top panel).
The index has fluctuated largely without trend since the mid-2000.

Trawlable suvey biomass displayed a small peak around 1987, and increased to a high level
beginning in the late 1990s (Figure 25, bottom panel). After fluctuating without major trends for
much of the 2000s, biomass declined consistently over the 2010s, increasing slightly in 2020.
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During the late 1980s, size-aggregated catches of Greenland halibut were elevated only in the
St. Lawrence estuary (Figure 26). Catches were progressively smaller in the eastward direction.
Over time, catch magnitude increased particularly in the Laurentian, Anticosti and Esquiman
channels. Beginning in the late 1990s both the occurrence and biomass of Greenland halibut
increased in Baie des Chaleurs and the Cape Breton Trough. Catches also spread onto parts of
the Magdalen shallows, although these comprised mainly smaller individuals (results not
shown). Recent declines in biomass catch rates have occurred mainly in the eastern portion of
the Gulf. These distributional patterns appear to reflect density dependent expansion and the
retreat from a core area situated in the St. Lawrence estuary.

The relationship between whole GSL and sGSL only indices is consistent with density-
dependent distributional change. The asymptotic model fit this relationship reasonably well in
absolute terms, particularly for the two larger size groups and the sGSL index was thus a
reasonable predictor of the whole GSL index (Figure 27). However, relative residuals for all size
groups tended to be larger and positive for the early portion of the series when abundance was
lower. Different density-dependent model formulations, possibly including a temporal random
walk for parameters, should be explored in the future before using the predicted series in the
assessment for this stock. Nonetheless, the predicted indices for the 1971-1983 period display
the aforementioned cohort dynamics, characterized by the appearance of strong cohorts in the
mid 1980s, early 1990s, and late 1990s through much of the 2000s. They also suggest that
peaks in the abundance of larger Greenland halibut in the late 1970s, mid to late 1980s and
then the 2000s were characterized by increasing densities over time leading to an increase in
stock abundance.

There were important peaks in fishery landings in the late 1970s and late 1980s. These were
associated with large increases in relative exploitation rate for individuals >35 cm (Figure 28).
The peak in exploitation rate in the 1980s, for which whole GSL trawlable biomass indices were
directly available, was around 25%. The same peak based on inferred trawlable biomass from
the sGSL survey index and the density-dependent relationship was much higher (around 65%),
indicating that inferred biomass was underestimated. It is therefore likely that inferred
exploitation rates prior to 1984, which were very high at times, were also overestimated by this
approach, which is a consequence of model underprediction of abundance prior to the early
1990s (Figure 27). Nonetheless, the results suggest that exploitation rates prior to the 1990s
were much higher than in the subsequent period. They also indicate that the fishery rapidly
increased removals each time the abundance of Greenland halibut > 30 cm increased, rapidly
reducing these abundances to very low levels (Figures 27 and 28). In each case, increases in
the abundance of larger Greenland halibut appears to have resulted from single large year
classes (Figure 27).

Exploitation rates dropped below 5% for the first time in the mid 1990s and again around 2000
(Figure 28). These lower rates, combined with strong year classes born in the early 1990s and
in many years of the 2000s, appear to be principal factors in the high levels of large fish
abundance in the 2000s (Figure 27). Overall, these dynamics suggest that 4RST Greenland
halibut were likely recruitment overfished during the 1980s and early 1990s. Although favorable
environmental conditions may also have contributed to increased recruitment in the latter
portion of the 1990s, recovery from fishery-related impairment may have been a much more
important contributor than previously believed. Size-based analytical population modelling of
this stock would help to elucidate the relative roles of fishing and environmental change on
recruitment.

Basic density-dependent modelling of survey indices presented here suggests there is strong
potential to develop abundance indices for 4RST Greenland halibut that begin in 1971. Further
work is required to refine the use of sGSL survey information to inform whole-stock indices and
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to develop confidence intervals that incorporate both survey sampling error and prediction error.
Notably, the exploitation rate analysis indicates that whole GSL abundance is likely
underestimated by the current density-dependent relationship with the sGSL index and
therefore efforts to improve those predictions, which occur at low abundance, could reduce this
bias.
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6. TABLES

Table 1. Parameters for the vessels and summary of the protocols used in the RV surveys of the southern
Gulf of St. Lawrence (sGSL) and northern Gulf of St. Lawrence (nGSL).

E.E. Prince Lady Hammond CCGS Alfred Needler CCGS Teleost

Regular sGSL: 1971- sGSL: 1985-1991 sGSL: 1992-2005 sGSL: 2004-
S oereion 1985 NGSL: 1984-1990  nGSL: 1990-2005 present

P NGSL: 2004-

present

Vessel type Stern trawler Stern trawler Stern trawler Stern trawler
Tonnage 406 897 959 2,405
Length (m) 40 58 50 63
Operating Daylight only 24-hr 24-hr 24-hr
hours (7:00-19:00)
Standard tow 3.5 3.5 sGSL: 3.5 sGSL: 3.5

speed (knots) nGSL (1990-1993): 2.5 nGSL: 3.0

nGSL (1994-2005): 3.0

Standard tow 30 30 sGSL: 30 sGSL: 30
duration (min) nGSL (1990-1992): 20  nGSL: 15
nGSL (1993-2005): 24

Standard tow 1.75 1.75 sGSL: 1.75 sGSL: 1.75
distance (nm) nGSL (1990-1992): nGSL: 0.75
0.83

nGSL (1993): 1.00

nGSL (1994-2005):
1.20
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Table 2. Parameters for the trawls used in the RV surveys of the southern Gulf of St. Lawrence (sGSL)

and northern Gulf of St. Lawrence (nGSL).

Yankee 36 Western 1A URI 81/114 Campelen
Years in operation sGSL: 1971-1984 sGSL: 1985- nGSL: 1990-2005 nGSL: 2004-
present present
nGSL: 1984-1990
Footgear 7 inch (outer 21 inch (outer) and information not Rockhopper
sections) and 14 18 inch (inner) available
inch (inner rubber bobbins and
sections) rubber  6.75 inch diameter
disc spacers + 17 7 inch long rubber
Ib. iron spacers spacers
Footrope length (m) 24 .4 32.3 34.8 35.6
Headline length (m) 18.3 22.9 24.7 29.5
Headline height (m) 2.7 4.6 5.5 -
Wingspread (m) 10.7 12.5 14-15 16-17
Door type Steel bound Portuguese (all Morgére Polyvalent
wood steel)
Lengthening piece 31.75 31.75 44.0 44.0
liner (mm)
Codend liner (mm) 6.35 19.0 19.0 12.7

Table 3. A set of binomial models with various assumptions on the length effect and station effect in the
relative catch efficiency. A smoothing length effect can be considered and the station effect can be added
to the intercept, without interaction with the length effect, or added to both the intercept and smoother to
allow for interaction between the two effects.

Model log(p) Length Effect Station Effect
BIO Bo constant not considered
BI1 Bo + 6o constant intercept
BI2 X}Bf +XTb smoothing not considered
BI3 X7 Bs +XIb + &, smoothing intercept
Bl4 XI(Br+8)+X[(b+e) smoothing intercept, smoother
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Table 4. A set of beta-binomial models with various assumptions on the length effect and station effect in
the relative catch efficiency, and the length effect on the variance parameter. A smoothing length effect

can be considered in both the conversion factor and the variance parameter. A possible station effect can
be added to the intercept, without interaction with the length effect, or added to both the intercept and the
smoother to allow for interaction between the two effects.

Model log(p) log(¢) Length Effects Station Effect

BB, Bo Yo constant/constant not considered

BB, Bo + 6o, Yo constant/constant intercept

BB, XfBs +XIb Yo smoothing/constant not considered

BB, XfBs +XIb Xfy+Xg smoothing/smoothing not considered

BB, X}Bf +XTb + 6, Yo smoothing/constant intercept

BBs XfBs + XIb + & Xfy+Xlg smoothing/smoothing intercept

BBy Xf(Br+68)+XI(b+e) Yo smoothing/constant intercept, smoother
BB, Xf(Br+68)+XI(b+¢€) Xfy+Xg smoothing/smoothing intercept, smoother
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Table 5. Difference in AIC from the model giving lowest AIC for each of the 13 candidate models and
each comparative fishing analysis. The best model (indicated in bold) was selected by the lowest AIC.
However, in sGSL 1985, the best model was selected by the lowest AIC among models without length
effect (BIO, Bl1 and BB1). A dash indicates a model that was either not attempted due to lack of data or
for which convergence could not be achieved.

Model nGSL1990 NGSL.2004.2005 | sGSL.1985 | sGSL.1992 | sGSL.2004.2005
BIO 162 1068 105 228 278
BI1 179 192 114 0 209
BI2 0 987 93 97 140
BI3 17 135 97 - 77
Bl4 - ; ] _ )
BBO 158 639 105 230 248
BB1 - 160 - 5 211
BB2 2 587 94 120 114
BB3 - 463 0 - 0
BB4 - 107 - - 79
BB5 - 0 - ] ]
BB6 - - ; ] ]
BB7 - - - - -
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7. FIGURES
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Figure 1. Stratification scheme for the southern Gulf of St. Lawrence multi-species bottom-trawl survey.
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Figure 2. Stratification scheme for the northern Gulf of St. Lawrence multi-species bottom-trawl! survey.
Strata 401-408, 801-824 and 827-832 constitute a core group of strata included annually in the sampling

design since at least 1985. Additional strata, located in NAFO area 3Ps (southwest Newfoundland) and
sampled only in 1987 and 1993-2003 are not shown.
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Figure 3. Summary of the number of survey sets made in each stratum and year in the northern Gulf of
St. Lawrence survey. Strata indicated in red are not used in the estimation of survey abundance series for
any taxa because of inconsistent sampling over the years. (Figure courtesy of Jordan Ouellette-Plante,
DFO Québec region).
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Figure 4. A close-up map of the strata from the southern Gulf of St. Lawrence (in red; strata 415, 425,
439) and northern Gulf of St. Lawrence (in black; strata 401-406) surveys in the area along the southern
slope of the Laurentian channel where the two surveys overlap.
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Figure 5. Location of comparative fishing sets in four comparative fishing experiments in the Gulf of St.
Lawrence: a) 1985 (o) and 1992 (+) comparative fishing experiments in the southern Gulf survey (from
Benoit and Swain 2003), b) 2004 (+) and 2005 (o) comparative fishing experiments in the southern Gulf
survey (from Benoit 2006), and c) 2004 (o) and 2005 (+) comparative fishing experiments in the northern
Gulf survey (from Bourdages et al. 2007).
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Figure 6. Location of successful comparative fishing tows during the August 1990 northern Gulf of St.
Lawrence bottom-trawl survey.
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Figure 7. Location of successful fishing sets by the northern Gulf survey (black points) and the southern
Gulf survey (red points) in nGSL strata 401-406. Also shown are locations of survey sets by the southern

Gulf survey in stratum 439, which do not fall in nGSL strata 401-406 and which were not retained in the
analyses (blue points).
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Figure 8. Comparative fishing analysis of the Lady Hammond-WIIA and Alfred Needler-URI catches in the
nGSL during 1990: Estimated proportion of catch over length by the Lady Hammond-WIIA from the
candidate binomial and beta-binomial models (red solid line for the selected best model and blue dashed
lines for other converged models), compared to the sample proportion of catch by length (gray dots for
each paired tow within each station and black circles for the average across stations).
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Figure 9. Compatrative fishing analysis of the Alfred Needler-URI and Teleost-Campelen catches in the
nGSL during 2004-2005: Estimated proportion of catch over length by the Alfred Needler-URI from the
candidate binomial and beta-binomial models (red solid line for the selected best model and blue dashed
lines for other converged models) and from the exponential model by Bourdages et al. (2007) (yellow
solid line), compared to the sample proportion of catch by length (gray dots for each paired tow within
each station and black circles for the average across stations).
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Figure 10. Comparative fishing analysis of the EE Prince-Yankee and Lady Hammond-WIIA catches in
the sGSL during 1985: Estimated proportion of catch over length by the EE Prince-Yankee from the
candidate binomial and beta-binomial models (red solid line for the selected best model and blue dashed
lines for other converged models), compared to the sample proportion of catch by length (gray dots for
each paired tow within each station and black circles for the average across stations). The best model
was selected by the lowest AIC among models without length effect.

27



N o oo © e o
2
o |
o
o]
< ° :
=
B
- . o o ©
E o 7
E * ’
5 o
BI2~=-=—
- e T
® BIO A —— -
g e
3 96 o reeaenaeaas
- O : ; . BB2
o © ’
: [e]
S . ° =
E (]
a
A
o
o
" O ) . e n o o0 o0 o
| I [ | I l I
10 20 . “ ” ; ’

Length

Figure 11. Comparative fishing analysis of the Lady Hammond-WIIA and Alfred Needler-WIIA catches in
the sGSL during 1992: Estimated proportion of catch over length by the Lady Hammond-WIIA from the
candidate models (red solid line for the selected best model and blue dashed lines for other converged
models), compared to the sample proportion of catch by length (gray dots for each paired tow within each
station and black circles for the average across stations).

28



1.0

= o (o] 00 00 o o o

0.8
L

0.6

0.4

Proportion of Alfred Needler|WIIA

0.2

0.0

10 20 30 40 50 60

Length

Figure 12. Comparative fishing analysis of the Alfred Needler-WIIA and Teleost-WIIA catches in the sGSL
during 2004-2005: Estimated proportion of catch over length by the Alfred Needler-WIIA from the
candidate models (red solid line for the selected best model and blue dashed lines for other converged
models), compared to the sample proportion of catch by length (gray dots for each paired tow within each
station and black circles for the average across stations).
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Figure 13. Comparative fishing analysis of the Lady Hammond-WIIA and Alfred Needler-URI catches in
the nGSL during 1990: normalized randomized quantile residuals for each length bin (top panel) and for

each station (bottom panel) did not indicate significant deviations.
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Figure 14. Comparative fishing analysis of the Alfred Needler-URI and Teleost-Campelen catches in the
nGSL during 2004-2005: normalized randomized quantile residuals for each length bin (top panel) and for
each station (bottom panel) did not indicate significant deviations.
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Figure 15. Comparative fishing analysis of the EE Prince-Yankee and Lady Hammond-WIIA catches in
the sGSL during 1985: normalized randomized quantile residuals for each length bin (top panel) and for
each station (bottom panel. The bias is higher for some lengths due to small sample size (number of
effective observations).
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Figure 16. Comparative fishing analysis of the Lady Hammond-WIIA and Alfred Needler-WIIA catches in
the sGSL during 1992: normalized randomized quantile residuals for each length bin (top panel) and for

each station (bottom panel). The bias is higher for some lengths due to small sample size (number of
effective observations).
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Figure 17. Comparative fishing analysis of the Alfred Needler-WIIA and Teleost-WIIA catches in the sGSL
during 2004-2005: normalized randomized quantile residuals for each length bin (top panel) and for each
station (bottom panel) did not indicate significant deviations.
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Figure 18. Estimated relative catch efficiency from each comparative fishing experiment. Shaded areas
indicate plus/minus one standard error. The horizontal red line indicates equal efficiency.
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Figure 19. Estimated catch efficiency relative to Teleost-Campelen for each vessel-gear based on
sequential multiplication of the estimated relative catch efficiencies from the five comparative fishing
analyses. The horizontal red line indicates equal efficiency.
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Figure 20. Survey-aggregated annual mean adjusted catches at length by each vessel, in each survey (distinguished by colour), for the area of
survey overlap in the Laurentian channel.
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Figure 21. Standardized (adjusted) catches in individual nGSL and sGSL survey tows as a function of latitude and year, and grouped by length
class and vessel-gear for the area of survey overlap in the Laurentian channel. Circle size and shading indicate magnitude of total catch; note the
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Figure 23. Abundance indices (mean number per tow) for Greenland halibut, by size class (rows), in
combined nGSL and sGSL surveys (left column) and the nGSL surveys only (right column) for 1984-

2020.
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Figure 24. Biomass indices (mean kg per tow) for Greenland halibut, by size class (rows), in combined
nGSL and sGSL surveys (left column) and the nGSL surveys only (right column) for 1984-2020.
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Figure 25. Size-aggregated abundance index (mean number per tow; top panel) and trawlable biomass
(tonnes; bottom panel) for Greenland halibut in the combined nGSL and sGSL surveys, 1984-2020.
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Figure 26. Distribution of Greenland halibut biomass (kg per tow; size-aggregated) in 6 or 7 year blocks in
the joint nGSL and sGSL survey, 1984-2020. Interpolation is based on Delaunay triangles. To avoid the
inappropriate formation of Delaunay triangles between distant points and points topologically separated
by barriers, a blanking distance of 0.7 degrees was used as the distance limit between data points at

which Delaunay triangles were removed. If one or more sides of a Delaunay triangle had a length that
exceeded this value the triangle was not contoured.
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Figure 27. Length-group specific abundance indices (mean number per tow; left column) for the whole
GSL index (black dots and 95% confidence interval), the sGSL index (blue line) and the whole GSL index
predicted from the sGSL index using the density-dependent relationship (red dotted line). The panels in
the middle column show the whole GSL indices (y-axis) as a function of the sGSL indices (x-axis), as well
as the modelled density-dependent relationship between them (red line). The panels in the right column
show the relative residuals from the density-dependent relationship, (observed-predicted)/predicted, as a
function of year. Note that in the left panels the sGSL indices were arbitrarily multiplied by two to make
their magnitude closer to those of the whole GSL indices for plotting purposes.
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Figure 28. a) Total annual fishery landings of Greenland halibut (tonnes) in 4RST and b) the associated
relative exploitation rate (percent) for Greenland halibut >35 cm based on the whole GSL estimated
trawlable biomass (black circles and line) and estimate based on the sGSL biomass index and the density
dependent relationship with whole GSL trawlable biomass (red line).
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