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ABSTRACT

McDonald, R.R., Hubley, B., Li, L., den Heyer, C.E., and Mills Flemming, J. 2023. Formulating
a spatio-temporal model to analyze longline survey data for the Atlantic Halibut fishery. Can.
Tech. Rep. Fish. Aquat. Sci. 3529: vi+ 35 p.

The Industry-DFO Atlantic halibut (Hippoglossus hippoglossus) longline survey has been running
since 1998 (using a fixed stations design) with the aim of providing a reliable index of halibut
abundance. A 2016 review of modelling approaches recommended the use of a multinomial
exponential model (MEM) to account for hook competition and the abundance of non-target
species and further to survey redesign. A new stratified random survey was initiated in 2017.
Since then, this new stratified survey was run in parallel with the fixed station survey, but with

a reduced number of fixed stations. The new survey has more standardized fishing protocols
and additional hook condition data are collected to inform the MEM. The aim of this report is

to present a new spatio-temporal version of MEM that is able to successfully model data from
both the fixed stations and the stratified random sampling design within a unified framework.

It also incorporates additional fixed and random effects, where the random effects account

for the among-group variability associated with fishing vessels. The analysis demonstrates

the potential bias in abundance estimates associated with modelling changes in halibut and
non-target distributions and abundance over time that would occur using only the fixed stations
design. It furthers shows that the switch to a stratified random sampling design was timely and
helped better quantify the increase in halibut catch rates observed since 2017.



RESUME

McDonald, R.R., Hubley, B., Li, L., den Heyer, C.E., and Mills Flemming, J. 2023. Formulating
a spatio-temporal model to analyze longline survey data for the Atlantic Halibut fishery. Can.
Tech. Rep. Fish. Aquat. Sci. 3529: vi+35p.

Le relevé a la palangre de lindustrie et du MPO pour le flétan atlantique (*Hippoglossus
hippoglossus*) est en cours depuis 1998 utilisant des stations fixes de collection de données et
ayant comme objectif d'obtenir de l'information plus approprié sur I'abondance du flétan. Un
examen des modeéles utilisés sur ces données en 2016 a recommandé |'utilisation d'un modéle
multinomiale exponentiel (MME) capable de prendre en compte la compétition pour les
crochets de péche et I'abondance des espéces cibles et non cibles en plus de recommander un
changement au protocole de collecte de données. Cette recommandation a motivé
l'implémentation d'un plan d'échantillonage aléatoire stratifie en 2017. Concurrent au plan
d'échantillonage de stations fixes dont le nombre de stations a été réduit, ce nouveau protocol
d'échantillonage a des protocoles de péche plus standardizé et recueille plus d'information sur
la condition des crochets pour informer le MME. L'objectif principal de ce rapport est la
présentation d'une nouvelle version spatio-temporelle du MME capable de modeéliser les
données provenant des stations fixes et de I'échantillonage aléatoire stratifié a l'intérieur du
méme modeéle. Ce modéle inclut également de nouveaux effets fixes et aléatoires ou ces
derniers prennent en compte la variabilité associée avec les navires de péche. L'analyse
souligne des problémes potentiels provenant du relevé d'échantillonage utilisant des stations
fixes et démontre que I'implémentation du relevé d'échantillonage aléatoire stratifié fut opportun
car il a permis au modele de mieux capturer l'augmentation des taux de captures de flétan en
2017.

Vi



1 Introduction

Survey data for the Atlantic halibut (Hippoglossus hippoglossus) population on the Scotian
Shelf were originally obtained as part of the Fisheries and Ocean’s (DFO) summer Research
Vessel (RV) bottom trawl survey (den Heyer et al. 2015). This survey provides indices of
abundance, indices of biomass, and biological samples for groundfish and other components

of the ecosystem. Some commercially valuable fish and invertebrate stocks are not well sampled
by trawl gear, such as halibut (Zwanenburg et al. 2003), and alternate methods to monitor
abundance are used. In the case of halibut, the Industry-DFO Halibut longline survey was
initiated in 1998 using longline gear to provide indices of abundance. A fixed stations design was
adopted and fishing was completed by commercial fishermen, with at-sea observers recording
data on the catch by weight of target species (Atlantic halibut) and non-target species (anything
else) (Zwanenburg and Wilson 2000; Trzcinski et al. 2009; den Heyer et al. 2015). The aim of
this new survey was to obtain information on size composition, diet, movement and bycatch
species for stock assessment purposes (Zwanenburg and Wilson 2000). Initially, the stratified
mean catch per hook was used as an index of abundance. In 2009, a generalized linear model
was implemented to obtain standardized survey catch rates of halibut weight (Trzcinski et al.
2009; Smith 2016).

An extensive review of methods to estimate catch per unit effort for longline gear (Smith

2016) concluded that catch per unit effort standardization methods ignored the presence and
abundance of non-target species and both intra- and inter-species competition for hooks. A
multivariate Multinomial Exponential Model (MEM) originally developed by Rothschild (1967)
and later reformulated by Etienne et al. (2013) was recommended. The switch to this model
required hook condition data, such as the number of baited and unbaited hooks, in addition to
total numbers of target and non-target species caught (Smith 2016). In 2017, a new stratified
random survey was established with more standardized protocols and strata that encompassed
the entire management unit (DFO 2021). To obtain the data for the MEM model, this new survey
also required the collection of hook condition data. To calibrate the new stratified random survey,
a subset of fixed station sets have also been completed to provide the opportunity to calibrate
the surveys.

While the MEM showed great promise and could easily be modified to incorporate covariates
(Smith 2016), its original formulation could not account for any spatial patterns in catch rates
(Luo et al. 2022) which are likely to exist due to the scale and environmental complexity of the
Atlantic halibut management areas (Shackell et al. 2021). Recent work utilizing geostatistics
was able to harness this previously ignored information to obtain improved estimates of both
station-specific and overall catch rates (Luo et al. 2022). However, this work focused exclusively
on the data from the stratified random sampling design (2017 onwards), leaving 19 years of
data unused. Given the importance of this survey for halibut management, the Atlantic Halibut
Council sponsored the extension of this strictly spatial approach to a fully spatio-temporal
model that could include data from both surveys to provide an index from 1998 to the present.
The Term of Reference for this work (including the agreed-upon deliverables) are provided in
Appendix A. This report aims to present a fully spatio-temporal MEM and a comparative analysis
when utilizing data from the Scotian Shelf and the Southern Grand Banks (NAFO divisions
3NOP4VWX) on the eastern coast of Canada. It further aims to assess the ability of only the
fixed stations data to account for temporal changes in the abundance of Atlantic halibut.



2 Methods

2.1 Study Area
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Figure 1. NAFO divisions on the Scotian Shelf and the Southern Grand Banks. The
3NOPs4VWX5Zc Atlantic halibut stock survey area is denoted by the coloured area, with five
area strata: 4X5YX (blues), 4W (oranges), 4V (purples), 3P (greens), and 3NO (reds), and three
depth strata: 30 to 130 m (light colour), 131 to 250 m (medium colour), and 251 to 750 m (dark
colour). NAFO subdivisions are labelled, and separated by solid lines. The exclusive economic
zones of Canada and France are shown with dashed lines. NAFO subdivision 3Pn is not part of
the stock area, but has been included in the survey since 2017.

There are 2 Atlantic Halibut management units in Canada. The focus of this work is the Scotian
Shelf and Southern Grand Banks management unit which encompasses the North Atlantic
Fisheries Organization (NAFO) divisions BNOPs4VWX5Zc. The other NAFO division 4RST
encompasses the Gulf of St. Lawrence and will not be included in this analysis. The definition
of these management units was mostly based on tagging studies that showed Atlantic halibut
moving throughout most of the Canadian North Atlantic (DFO 2021), and subsequently has
been supported by recent genetic analysis (Kess et al. 2021). Halibut is caught throughout the
management unit and on the tail of the Grand Banks outside of Canada’s exclusive economic
zone (EEZ), mostly along the continental shelf (DFO 2021), see Figure 1.

Due to the nature of spatial modelling and our desire to scale station-specific indices up to an
overall index representing the whole area, the area modelled is bounded by the continental shelf
(750 m contour) as shown in Figure 1. Since no survey ever extends outside of these edges and
we do not wish to extrapolate outside the bounds of the observations, restricting our model to this
area was determined to be appropriate.



2.2 Survey designs

As mentioned previously, there are 2 surveys with different sampling designs contributing to this
analysis: a survey that follows a fixed stations design (1998 to 2021), and a survey following a
stratified random sampling design (2017 to 2021).

2.2.1 Fixed Stations Design

Initially, the formulation of this survey followed a stratified design with 222 fixed stations, where
30 were reserved for the BNOPs subdivision (den Heyer et al. 2015). The strata were defined
based on observed halibut landings by trips between 1993 and 1997 using 3 categories: high
catches (>250 kg), medium catches (50-249 kg) and low catches (<49 kg) with the number of
planned stations proportionally allocated following a ratio of 5:7:10 for the low, medium, and
high strata respectively (Zwanenburg and Wilson 2000; Zwanenburg et al. 2003; den Heyer
et al. 2015; Smith 2016). Station coverage has been inconsistent over time as not all stations
have been covered every year and new stations were added in the mid-2000s (den Heyer et
al. 2015). The number of fixed stations decreased to around ~100 per year in 2017 due to
the implementation of a new stratified random survey. See Table 1 for the number of stations
sampled every year.

The survey fishing protocol was to set 1000 hooks (Mustad circle hooks #14 or greater) per
station and soak for 10 hours between 4 am and noon. Variations in both number and size of
hooks (size #16 hooks becoming more common later in the time series) did occur (den Heyer
et al. 2015). The start or end of the longline was supposed to be within 3 nautical miles of the
station. Vessel and captain participation varied over time due to many different factors, with 66
different vessels sampling the fixed stations since 2000. The number of halibut (including sub-
legal size fish) and non-target species were counted in each set.

Table 1. Number of successfully sampled stations by sampling design between 1998 and 2021.

Year Fixed Stations Stratified Stations Total Stations

1998 174 N/A 174
1999 166 N/A 166
2000 216 N/A 216
2001 190 N/A 190
2002 199 N/A 199
2003 188 N/A 188
2004 215 N/A 215
2005 164 N/A 164
2006 163 N/A 163
2007 241 N/A 241
2008 281 N/A 281
2009 205 N/A 205
2010 215 N/A 215
2011 217 N/A 217
2012 217 N/A 217



Year Fixed Stations Stratified Stations Total Stations

2013 233 N/A 233
2014 232 N/A 232
2015 232 N/A 232
2016 227 N/A 227
2017 98 141 239
2018 100 150 250
2019 98 123 221
2020 99 148 247
2021 98 131 229

2.2.2 Stratified Random Design

The survey follows a stratified random sampling design, where the strata are the 5 NAFO
subdivisions (4X5YZ, 4W, 4V, 3P, 3NO) each with 3 depth strata (30-130 m, 131-250 m, 251-
750 m) and includes 3Pn and some areas outside of Canada’s EEZ, which were not part of the
management unit (Cox et al. 2018; Luo et al. 2022). The depth bounds (30-750 m) based on
exploratory analyses of catch rates by depth from the fixed stations (Cox et al. 2018), contained
most of the survey sets as well as most of the Atlantic halibut habitat. Approximately 150
survey stations per year were randomly assigned to strata with the number in a given stratum
proportional to its size (Cox et al. 2018; Luo et al. 2022). The fishing protocol was similar to the
fixed stations protocol but notably more strictly defined, with each set containing 1000 baited
hooks (size #15 hooks) set for between 6 and 12 hours (Luo et al. 2022). Fourty different vessels
have participated in the stratified survey sampling design, with 19 of those also sampling some
of the fixed stations at some point (meaning 21 vessels have only participated in the stratified
random survey).

Unlike the fixed stations, the observers collecting the stratified random survey data also recorded
hook condition data on a subset of hooks for each set. Based on a pilot study that aimed to
calculate the quantity of hooks required to be broadly representative of the whole set (Doherty
et al. Unpublished), 10 samples of 30 hooks across the line were chosen for a total of 300 per
1000 hooks (Luo et al. 2022). Instead of simply counting the number of halibut (including sub-
legal size fish) and non-target species caught, the condition of each hook (baited, unbaited,
broken, missing) is also recorded for this subsample. See Table 1 for the number of stations
sampled every year.

2.3 Model Formulation
2.3.1 MEM

The original aim of the MEM was to account for hook competition in longline fishing as proposed
by Rothschild (1967) and reformulated by Etienne et al. (2013). There are two different
formulations of the MEM, which will respectively be called the Full MEM and the Reduced MEM.



The Reduced MEM allows for three possible outcomes for every hook following the summation
N; = Np;+N7,;+ Nnt,4, Wherein the total number of hooks N; on a longline set i is the sum of the
number of hooks with non-target species Ny, the number of hooks with target species N,
and the number of hooks without any animals that are assumed to still be baited N ;. Assuming
that the time to catch a target or non-target species follows independent exponential distributions
with rates A and Ay, then the the vector (Np i, Nri, Ny7;) follows a multinomial distribution
(Etienne et al. 2013; Luo 2020; Luo et al. 2022):

(NB,is N1iy NNT,i) ~ M(Nj, o) where (1)
A A
a; = (7, (1= e )T (1 - e )2, )

S; is the soak time of longline set i, and A = Ap + An7.

This formulation does not account for the condition of hooks that return without catching animals,
as these are not guaranteed to still be baited. Etienne et al. (2013) therefore reformulated this
MEM into the Full MEM, wherein hooks can also come back unbaited (which includes broken
or missing hooks). These empty hooks are assumed to come from interactions with animals,
but due to identifiability concerns another assumption has to be made as to whether they are
caused by target or non-target species (Etienne et al. 2013). Since the gear is more likely to be
oriented towards catching target species and that non-target species are likely more abundant
(encompassing many more species than just the main target), it seemed more reasonable to
assume that empty or broken hooks were caused by non-target species (Etienne et al. 2013;
Luo et al. 2022). Furthermore, while this is likely to lead to a negative bias in the estimated catch
rates, it is the most conservative choice as it guarantees there will be no positive bias caused
by the assumption of escapes only caused by target species or target and non-target species
having the same probability of escape (see results when this assumption is made in Appendix B).
This extra outcome is therefore added to the multinomial model, which now follows the following
distribution:

(NBi, N1, NNT3i, NEG) ~ M(Niy o) where (3)

—AS; A A ASAA _ASAA
a; = (€%, (1= e )T (1= e M) S (1 = py), (1 — e72%) ST, (4)

Ng,; is the number of empty hooks, and pyr is the probability of escape of non-target animals.
In this formulation, py7 shows up in the calculation of Ny, as it impacts the catch rates of non-
target species. As this component is present in the Reduced MEM and those non-target species
would be similarly able to escape as in the Full MEM, we modified the Reduced MEM so that
the multinomial component Ny, is obtained as (1 — e™*%)242 (1 — pyr). While it is unlikely
that this version of the Reduced MEM can reliably estimate py, it should be able to borrow the
information from the Full MEM when both datasets are analyzed in the same framework.

2.3.2 MEMSpa

While the MEM model achieved its goal of incorporating hook competition to improve estimates
of catch rates, it did not account for spatial patterns in the survey data. Previous work (Luo 2020;
Luo et al. 2022) incorporated geostatistical approaches to modify both versions of the MEM
through the use of Gaussian Random Fields (GRF).



The observation level of this new MEMSpa remained almost the same as described in the
previous section, but the rates A and Ay were modified to incorporate the location of a given
longline set i:

A1 = exp(Br + wri) (5)

ANT,i = exp(BNT + WNT)) (6)

where Ar; and A\yr,; are the exponential rates for target and non-target species at the location
of longline set i, 7 and By are intercept parameters, and wr; and wyr,; are the values of the
underlying GRF.

These modifications allow the model to incorporate spatial patterns present in the data to obtain
station-specific catch rates. An additional requirement is to be able to obtain a single overall
estimated rate for the entire modelled area to be treated as an index of relative abundance. Due
to the computational load of utilizing kriging to obtain this index, a Dirichlet method is preferred
wherein the modelled area is divided into disjoint tiles based on the survey station locations, and
each station is associated with a specific region and assumed to be representative of it (Luo et al.
2022). One can then obtain a spatially-weighted survey index for the whole area as follows:

L AN

Overalllndex = <
Zi:l A

(7)

where 4; is the area of the Dirichlet tile associated with station i, J\; is the corresponding
estimated catch rate at this station, and I is the total number of stations. An alternative general
index could also be considered in the yearly intercepts, as these would represent the expected
catch rate after accounting for the effect of space and vessels.

As the data from the stratified random survey only has a subset of its hooks where the hook
condition was recorded, a product likelihood approach was taken so as to incorporate all the
available data inside a unified framework. This consists of separately fitting the Reduced
MEMSpa to the data without hook condition and the Full MEMSpa to the data with hook
condition, and multiplying their likelihoods together (see Luo et al. (2022) for more details on
MEMSpa).

2.3.3 Spatio-Temporal MEM

The improvements brought forward by the inclusion of spatial patterns in MEMSpa were very
clear when fitted to the stratified dataset using the product likelihood method to combine both
the 300 and 700 hook subsets, but there still remained years of available information from the
fixed stations that had not been analyzed. Furthermore, MEMSpa could only be fit to a single
year’s data at a time and hence did not account for any temporal patterns in halibut or non-target
species distributions and abundance. Incorporating the spatio-temporal variability in catches in
the MEMSpa would result in a fully spatio-temporal MEM.

As we aim to retain the inclusion of spatial patterns through the residual structure as done in
MEMSpa, we chose to incorporate the temporal aspects in the mean structure. There are many
different approaches for incorporating temporal patterns in the mean and these usually involve
random effects, with common approaches including random intercepts (Venables and Dichmont



2004; Kai et al. 2017; Pedersen et al. 2018), random slopes (Venables and Dichmont 2004;
Swain et al. 2009), random walks (Swain et al. 2009; Li et al. 2019), or autoregressive models
(Schnute and Richards 1995; Kai et al. 2017). These last two could also be seen as more
structured versions of other approaches wherein the random walk or autoregressive structure
would be on the random intercept. Furthermore, we also decided to account for variability among
different survey vessels by including random vessel effects. While it is likely that there will be
some confounding between vessel effects and spatial and temporal effects because some
vessels will be restricted to specific years or areas, including them should still help separate

the impact of most vessels from the effects of interest. The novel formulation takes the following
form:

ATy = exp(Nry + V1) + Wriy) (8)
iy = exp(Br + N1y + vrj + wriy) 9)

where Ar; , is the exponential rate for the target species at station ¢ in year y, vr; is the random
effect of vessel j (vr; ~ N(0,02)), nr,, is the random intercept for target species in year y or,
in Equation 9, the random slope in year y with global intercept 1. wr; , are the GRF values for
target species at station i in year y. In Equation 8, nry ~ N(uz,int, 07 ,,), While for Equation 9
wr,int = 0. For the random walk and autoregressive models, they follow the same formulation as
Equation 8 with the following added structure on 7z ,:

nTyy - nT7y—1 + fy, Ey N(O, 0’%) (1 0)

Nry = ¢+ ¢nry—1+ €y, € N(0, (7727) (11)

where ¢, is an error term (e, ~ N (0, 0?7)). The autoregressive model in Equation 11 is a first order
autoregressive (AR(1)) process with constant mean ¢ and autoregressive parameter ¢ bounded
between -1 and 1 to ensure stationarity. Non-target rates follow the same structure as above with
non-target specific parameters.

These models are fit to the data from both surveys. As the fixed stations data do not contain any
information on hook condition, only the Reduced MEM can be fit to it. Model selection will be
done by comparing root mean squared errors (RMSE), and by calculating AlIC and BIC values
for the 4 different model fits to every data subsets examined. These subset include the following:
the stratified data (2017 to 2020), the fixed stations (1998 to 2020), both datasets in overlapping
years (2017 to 2020) and both datasets for all years (1998 to 2020). There are 2 types of errors
to consider in this model, one being the GRF at the hierarchical level of the catch rates A and the
other being the difference between the observations and the expected observations based on
the probabilities obtained from the multinomial distribution. Either way, the RMSE is calculated
as:
Zi\il 612
N

where ¢; is the error, either the GRF value w; , for rate i in year y or the total difference between
the observed and expected value of target, non-target and hooks for a given longline set i.

RMSE = (12)

AIC (Akaike 1974) and BIC (Schwarz 1978) are both information criterion that are used to
compare different models fit to the same data and try to balance between better model fit
(through higher likelihood) and number of parameters. They are respectively calculated as:

AIC = 2K —2log(L) (13)
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BIC = Klog(n) — 2log(L) (14)

where K is the number of parameters, log(-) is the natural log, L is the maximized likelihood, and
n is the number of data points.

Using the best model identified for the fit with both datasets from 2000 to 2021, a 10-fold cross-
validation is performed to test the predictive ability of this model. This means that both datasets
are split into 2 portions containing 90% (training set) and 10% (test set). The model is then fit to
the training set to estimate parameters and predict random effects, after which the model output
is used to predict the data from the test set. Ordinary kriging is used to obtain the GRF values
at the locations of the test sets. The differences between the predictions of the test sets and the
actual observations can then be observed using out-of-sample RMSE calculated as before.

2.4 Data

Models were fit to different data subset: the stratified data (2017 to 2020), the fixed stations
(1998 to 2020), both datasets in overlapping years (2017 to 2020) and both datasets for all years
(1998 to 2020). For comparative purposes, the nominal catch rate in each year is calculated by
dividing the observed number of halibut caught at each station by the product of the number of
hooks and the soak time of each station. This was done separately for both datasets combined
and for the fixed station dataset. Code used to analyze the data is available at https://github.
com/RaphMcDo/TechRepMEM/tree/master/Analysis’20Scripts.

2.5 Persistence of spatial patterns

The ability of the fixed stations data to accurately capture changes in the relative abundance

of Atlantic halibut and non-target species abundance was explored. Generally, obtaining an
unbiased estimate of population abundance when only using fixed stations is very difficult

due to the absence of reliable design-based estimators (Li et al. 2015; Lee and Rock 2018).
Furthermore, an underlying assumption of a fixed station survey design is that the spatial
distribution of the population of interest is consistent over time (Li et al. 2015; Lee and Rock
2018), as changes in this spatial distribution would lower the ability of this design to track
changes over time and reduce the efficiency of the strata used for the original choice of stations.
In our case, this means that the distribution of Atlantic halibut and non-target species would have
to be consistent with their spatial distribution between 1995 and 1997. The fixed stations design
was able to detect changes in abundance (den Heyer et al. 2015; Trzcinski and Bowen 2016; Li
et al. In press), but there was concern that catch rates might not be proportional to abundance
(Smith 2016; Cox et al. 2018). As this stock recovered, the distribution of the commercial fishery
changed and expanded (den Heyer et al. 2015; Li et al. In press), highlighting the need for
survey coverage throughout the management unit.

A relatively straightforward approach to test the fixed stations for their ability to appropriately
track population abundance change over time is test the persistence of these distributions over
time (Lee and Rock 2018). Given that the counts transformed to catch rates violated the basic
assumptions of the traditional ANOVA approach chosen by Lee and Rock (2018) (as our data
was not normally distributed), we evaluated persistence by conducting a series of pairwise
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comparisons of halibut and non-target species catch rates between years. The statistic was
calculated as follows (Warren 1994; Li et al. 2015):

s2/4

Y 52 —s2/4

(15)
where w is the measurement of the degree of persistence where a smaller value indicates
a greater degree of persistence, sf/ is the difference in catch rates of the same site between
compared years, and s? is the difference in catch rates between different sites in the same year.
These last 2 variables are calculated as:

2 a1 Tyia(wy — 7y)°

s2 = (16)

my +mg — 2

sp = (di —d)?/(m—1) (17)
=1

where z;, is the observed catch rate in site i and year y, z, is the mean observed catch rate of
year y, m; is the number of fixed stations in the first year included in the pairwise comparison
while ms is the same for the second year, d; is the difference in catch rate between two years in
site i and d is the mean catch rate difference. An important note here is that, as the coverage
of stations changed over time, there are often more stations included in the s2 than 32 as all
stations in both years are included in s2, but only the stations fished in both years can be
included in sg. Since no p-values are used in this approach, no explicit multiple comparison
corrections (e.g., Bonferonni correction) can be performed, but the large number of pairwise
comparisons should temper any conclusions drawn from this analysis. Furthermore, this analysis
is meant as a quick exploration to help identify potential reasons why the Spatio-Temporal MEM
might identify different patterns when fit to both datasets or just the fixed station data.

3 Results

3.1 Model Selection

Due to issues fitting the 1999 data to all model formulations, the analysis focuses on the data
starting in 2000 and does not incorporate the data from 1998 and 1999.

All 4 models converged for every data subset tested here. The RMSE, AIC and BIC values from
this model validation process can be seen in Table 2. These values appear to indicate that there
is little difference between the model fits when it comes to RMSE. According to the AIC and BIC
values, the best model would be the random walk as it has the lowest values for both metrics.
This was the case for every single fit with the exception of the fit using both datasets from 2017
to 2021, where the random intercept and random slope models where equal in their AIC and BIC
values (see Appendix C). However, closer analysis of both fits showed that the Hessian matrices
were not positive-definite, which made it unable to estimate the standard error of some variance
parameters and potentially indicating issues with convergence. Rejecting those models, the next
best model was the random walk model as for the other fits. The model used for all analysis
moving forward is therefore the random walk model.
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Table 2. Outputs for model selection approaches when fiting random walk model to both datasets
from 2000 to 2021, including root mean squared errors (RMSE), Akaike Information Criterion
(AIC) and Bayesian Information Criterion (BIC).

Model Observation RMSE  Target Field RMSE  Non-Target Field RMSE AIC BIC
Random Intercept 0.6711552 1.310907 1.705889 230,747.7 230,819.0
Random Walk 0.6711413 1.301179 1.712035 230,686.6 230,757.8
Random Slope 0.6711552 1.310907 1.705885 230,747.7 230,819.0
AR(1) Process 0.6711544 1.311352 1.706027 230,750.3 230,834.5

3.2 Model Validation

Table 3. RMSE (in predicted numbers) and RMSE standard error obtained from 10-fold cross-
validation output using the random walk model to both datasets from 2000 to 2021

RMSE Type RMSE SE

Overall RMSE 43.185422 1.5553442
Target RMSE 5.564864 0.4198784
Non-Target RMSE  56.908617  3.0792351

The RMSE calculated from the 10-fold cross-validation can be seen in Table 3. In this case, the
Overall RMSE aggregates the RMSE for target species, non-target species, and empty hooks
(including baited and unbaited hooks in the stratified dataset) and therefore represent the total
number of hooks with the wrong outcome (e.g., 1 hook predicted to have a target species when it
was actually empty) when predicting on the test dataset. The RMSE for target species, the main
variable of interest for this model, is fairly small as it represents ~0.5% of the average number
of hooks (1000). This is not surprising as the target species usually represents the smallest
component of a given set, as there are usually more non-target species and empty hooks than
halibut. An important caveat here is that 2 of the fits resulted in false convergence, but their
RMSE and parameter estimates were not substantially different from the other folds. As the
datasets have a substantial amount of zeroes and present complex spatio-temporal patterns,

it is not entirely surprising that it would be difficult to work with when some data is removed.
There were no obvious differences in the training data used for these specific folds with the only
potential explanation that the peak observed number of halibut was higher in the test datasets
for these folds, which might indicate that these strong tows contain a lot of information from the
perspective of the model. Overall, there were no substantial differences in the RMSE calculated
for each fold (see Appendix C).

3.3 Fits to Alternative Data Subsets

As the best model was considered to be the random walk approach for all data combinations,
that model was the one fit to the varying data subsets. As for model selection, data from 1998
and 1999 were not included in the analysis.
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The model successfully converged when fit to all data subsets, but the fits to the subsets with
data from 2017 to 2021 showed signs of overparameterization as all of them have at least 1
variance parameter related to the random intercepts that is estimated arbitrarily close to 0 (see
Table 4). Most other parameters are estimated very similarly for all fits with the exception of p,,;
(the probability of escape for non-target animals) and p,; (the mean of the random intercept
distribution for 2000). p,,; is estimated at a very low value when only the fixed stations are
included with a correspondingly lower estimate of y,,:, while estimates based on fits to the
stratified data are substantially higher for both parameters.

Table 4. Estimated values of parameter for each different model fit with standard error in
parentheses.

Parameter ~ Both Datasets (Full)  Fixed Stations (Full) ~ Both Datasets (2017+)  Fixed Station (2017+)  Stratified Data (2017+)

Pt 0.788 (0.001) 0.129 (0.009) 0.881 (0.0005) 0.246 (0.015) 0.903 (0.0005)
b 0.050 (0.002) 0.053 (0.002) 0.054 (0.005) 0.060 (0.007) 0.058 (0.007)
Hnt 0.048 (0.001) 0.060 (0.002) 0.015 (0.002) 0.046 (0.005) 0.051 (0.005)
ot 1.619 (0.032) 1.468 (0.032) 1.956 (0.085) 1.408 (0.080) 1.985 (0.101)
Ot 1.915 (0.030) 1.599 (0.029) 1.493 (0.038) 1.582 (0.074) 0.885 (0.029)
Cuess.t 0.760 (0.099) 0.601 (0.083) 0.735 (0.228) 0.485 (0.174) 0.505 (0.214)
Cvess,nt 0.882 (0.091) 0.744 (0.088) 0.746 (0.108) 0.748 (0.187) 0.624 (0.092)
Cint.t 0.114 (0.038) 0.185 (0.048) 0.0003 (0.043) 0.00010 (0.083) 0.00005 (0.030)
Cintint 0.293 (0.074) 0.078 (0.058) 0.158 (0.119) 0.233 (0.220) 0.0002 (0.038)
L -12.590 (0.221) -12.866 (0.264) -12.012 (0.181) -11.133 (0.174) -12.262 (0.164)
Lt -7.531 (0.384) -9.432 (0.202) -6.319 (0.225) -9.559 (0.381) -6.015 (0.117)

The distribution of vessel effects are very similar between model fits, with more variability and

a wider distribution when more data is incorporated (i.e., fits with just the fixed stations or just
the stratified data from 2017 onwards tend to have lower variance and tighter distribution, see
Figure 2). This can be caused by many factors including the stricter protocol for the stratified
random sets that could result in less variability between vessels or differences between individual
vessels and the areas and years they fished. The overparameterization of fits to data subsets
that only contain data from 2017 onwards is very visible in Figure 3 where most intercepts do
not vary annually due to the model not being able to estimate the variance around them (the
uncertainty around them represents the uncertainty around their estimated mean parameters,
which are well estimated). For the fits that have data starting in 2000, there are clear changes
over time in the random intercepts. Non-target species intercepts are always lower when only
the fixed stations are considered, as expected with the difference in the estimated value of

pnt- Notably, the stratified random survey, with the additional hook condition data, suggests an
increase in overall average expected non-target catch rates starting in 2016 which does not show
up when the model is fit only to fixed station data.

The pattern for the target species (halibut) are a lot more similar between model fits, with both
capturing an overall increase in expected catch rates over the time series. However, the fit with
just the fixed stations has a slightly larger increase. For the indices themselves (\; and \,;),
there are large differences when looking at the fits that only include data from 2017 onwards
(Figure 4). The fit with just the fixed stations has a completely different pattern than the other 2
fits. Those other 2 fits have similar trends, but the estimates when both datasets are included are
more than twice as large as when just the stratified data is included. However, as all these fits
are from a model that is overparameterized for the length of time present in the data, it is difficult
to find clear links between the datasets and the modelling output.
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For the fits that incorporate data starting in 2000, the trends between the two fits are very similar
but the fit with both datasets always has larger indices than the one with just fixed stations.
Notably, the model estimates a low p,,; for the fixed stations, which implies that the abundance
of non-target species is much larger than the number caught and results in lower capture rates
(Ant, Figure 5). The one year where trends appear to differ between the two is in 2015, where
the fit with both datasets has a spike noticeably absent from the fit with just the fixed stations.
This is mostly caused by a couple sets that, due to the difference in p,; and the large number
of non-target species captured in those same sets, have a noticeably higher estimated halibut
catch rate. Since these are located on the eastern edge of the area (see Figure 6), they end up
being being weighted heavily due to our spatially weighted average approach, which results in
the spike in that given year which is not reflected as strongly in the random intercepts, which
represent the expected catch rate after accounting for the vessel effects and the effect of space.
Looking at the outcomes spatially for the fit to both datasets, the locations of high halibut catch
rates appeared to be generally focused around the Scotian Shelf in the western part of the
modelled area, with some spikes around the Laurentian Channel and a few isolated spikes on
the eastern edge of the modelled area (Figure 6). For non-target catch rates, the highest spikes
are consistently located on the western edge of the area towards the Gulf of Maine and the Bay
of Fundy, with other less common spikes located east of the Laurentian Channel. The spatial
outcomes from the fit with just the fixed stations has similar patterns (figures in Appendix B).

3.4 Persistence

The persistence index of the spatial pattern for target species (halibut) indicated that the fixed
stations are extremely likely (>98% with the highest persistence at ~0.1, see table in Li et al.
(2015)) to capture the abundance changes of this population abundance over time as the index
is extremely low for all year pairings. However, the persistence of non-target species exhibits a
different pattern (Figure 8, rescaled figure for target species available in Appendix B) wherein
there appears to be a spatial shift in their distribution between early in the time series (mid-
2000s) and the peak halibut abundance late in the time series (2017 to 2020). This would
represent a higher chance that the fixed stations would miss changes in their distribution which,
due to the nature of the multinomial model, would impact the estimation of target catch rates.
There is some evidence of this happening in the fits with data from 2000 to 2021 in that the
expected catch rate for non-target species increases in the late 2010s when the stratified data
is included, but not when only the fixed stations are analyzed (Figure 3. However, these years
also match up with a clear drop in the number of fixed stations (from ~150 to ~100). While the
persistence analysis accounts for different numbers of stations between years, it is possible
that the dropped stations were important for the distribution of non-target species, which should
hopefully be compensated by the presence of the stratified random stations in the full analysis.

4 Discussion

This novel spatio-temporal MEM is able to successfully capture the changes of the halibut
distribution and abundance over time and space for all available data with the exception of
the first two years, including two different survey designs. It is the only model examined within
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that is able to include all this information in a unified framework while extracting the maximum
amount of information from the available data as possible. Furthermore, since this model is able
to output both station-specific estimated catch rate and an overall estimated catch rate for the
entire region, it both increases the amount of information available to manage this fishery while
being directly comparable to current methods utilized to obtain an index of abundance.

The halibut stock assessment model requires indices of biomass instead of numbers of fish
caught or catch rates (Trzcinski and Bowen 2016; Cox et al. 2018), meaning that the estimated
catch rates from this model cannot be directly utilized by the assessment model. As the dataset
contain average fish weight by set, it is a potential transformation away from having catch rates in
biomass per hook per minute instead of in number of fish, which are then much more applicable
and can still retain and propagate uncertainties forward through the delta method (Bickel and
Doksum 2015). However, more work is necessary to be able to obtain the biomass output as
stations that did not catch any halibut will still have an expected catch rate (albeit extremely low),
but no fish weight associated with it, meaning that thought has to be put into how one would
transform these low catch rates into biomass.

Similarly to previous versions of the MEM, our spatio-temporal MEM and our analysis of its
performance on the Atlantic halibut fishery emphasizes the importance of accounting for the
abundance of non-target species for a multivariate approach. The inability to estimate the
probability of non-target escapes without hook condition information, illustrated very well in the
fits that do not include the stratified dataset, demonstrates this impact very well. This underlines
the importance of having a reliable estimate of the abundance of these non-target species.

The modelling output themselves show that overestimating the abundance of these non-target
species will likely result in an underestimation of the halibut population abundance. On the flip
side, underestimating their abundance would likely result in the opposite, and completely ignoring
them is likely to result in unpredictable and variable biases.

An interesting outcome of this analysis is that there is some evidence that, while the fixed
stations were likely appropriate to capture the large changes of halibut abundance, they are
likely not capturing changes in distribution and abundance of non-target species in recent years
which would subsequently impact the estimation of halibut abundance. The persistence analysis
on its own provides only relatively weak evidence due to having a high number of pairwise
comparisons and because of the fact that the number of fixed stations dropped by a third in 2017,
both which could be impacting the ability of the fixed stations to track the distribution of non-
target species. However, because the intercepts obtained from the model when using only the
fixed stations stay consistent but spike when using the stratified random stations, a change in the
distribution of non-target species that would not have been captured by the fixed station design
cannot be completely rejected. As the longline gear catches a great number of other species
(e.g., cod, dogfish, etc.), it is not too surprising that their overall joint spatial distribution might
shift which would then have an impact on the halibut catch rates. No matter if the true reason for
the change is a shift in abundance or a drop in the number of fixed stations, the proportion of the
catch that is non-target increased with the new stratified survey design in 2017. It is fortunate
that with the implementation of this new design additional data on hook condition is collected
such that this new model model could be fit to more accurately estimate halibut abundance.
Furthermore, the estimates from the stratified random design will only get more accurate and
precise as years are added to the time series.
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While the spatio-temporal MEM was developed for this specific longline survey, it could easily be
applied to any longline fisheries or other passive sampling gear that would be impacted by hook
or bait competition and promises to improve indices of abundance used for stock assessment
models. For multi-species fisheries, the spatio-temporal MEM could be of great value to further
modify the multinomial equation used by our approach to expand on the non-target species to
include multiple specific species. More specifically, if there are a finite amount of other species
being caught aside from the target, it would likely lead to improvements in estimated catch rates
for the target species.
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Figure 2. Distribution of estimated vessel effect using data from the fixed stations and stratified

survey design both together and separately between 2000 and 2021 and between 2017 and
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Figure 7. Station-specific estimated non-target species catch rates (number of animal per hook
per minute) obtained using data from both the fixed stations and stratified survey design.
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APPENDIX A

2 September 2021

Selected Terms of Reference (TOR)

Statistical innovations for obtaining and validating Atlantic halibut longline survey indices of
exploitable biomass through implementation of a multinomial, hook occupancy model.

Objectives of the Requirement

To extend the proposed spatial modeling to include the fix station and explore spatial temporal
model to provide an index over time from the beginning of the survey until current time.

Background, Assumptions and Specific Scope of the Requirement

Together, the Atlantic Halibut Council and the Department of Fisheries and Oceans Canada
(DFO) have used an annual longline survey to monitor Atlantic halibut exploitable biomass since
1988. The survey was originally stratified into areas of Low, Medium and High catch based on
data from commercial fishing logs (1995-1997). Stratified estimates were used until the
assessment by Trzcinski et al. (2009) when the stratification system was no longer utilized
(although the strata were still part of the survey design). Starting in 2009, a standardized catch
rate calculated from a negative binomial (NB) generalized linear model (GLM) replaced the
stratified estimate of mean weight per standard longline set (den Heyer et. al., 2013).

The simple stratified mean adjusted catch rate and the NB GLM both assume that halibut are the
only species being caught by the longline hooks with no accounting for other species competing
for hooks. In addition, these methods implicitly assume that all hooks that do not have halibut
would still have been able to catch halibut had there been more of these fish in the area.
However, some number of hooks will be occupied by species other than halibut and other hooks
will be empty with bait still attached or missing. Smith (2016) recently recommended replacing
the NB GLM with a multinomial model that accounted for both the number of halibut caught, and
the number of hooks occupied by other species or missing bait.

The Atlantic halibut longline survey was designed to provide an annual index of abundance
(numbers or weights) to monitor the status of the stock for management purposes. Based on the
work has been done by now, it is useful to extend that spatial modeling to include the fix station
as well, also explore spatial temporal model to provide an index over time from the beginning of
the survey until current time. In other words, we will have one index to include in our assessment
model for the longline survey data both from fixed station and stratified random.

Tasks, Activities and Deliverables

The deliverables for the project will be to:

1) Develop spatiotemporal multinomial model for stratified random station survey 2017-2020

2) Develop spatiotemporal multinomial model for the fixed station survey data 1998-2020 (app
230 station 1998-2016 and 100 stations 2017-2020)
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3) Develop a spatiotemporal model that simultaneously analyzes the data from the four years,
2017-2020, for which there are both fixed and stratified random station data.

4) Develop a spatiotemporal model for the entire time series, 1998-2020, of fixed station and
random survey data

5) A technical report.
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Figure B.1. Histogram of proportion of each category in each set for fixed stations data.
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Figure B.5. Station-specific estimated target species catch rates obtained using data from only
the fixed stations.
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Figure B.6. Station-specific estimated non-target species catch rates obtained using data from
only the fixed stations.
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APPENDIX C

Table C.1. Outputs for model selection approaches when fitting various models to both datasets
from 2017 to 2021, including root mean squared errors (RMSE), Akaike Information Criterion
(AIC) and Bayesian Information Criterion (BIC).

Model Observation RMSE  Target Field RMSE  Non-Target Field RMSE AIC BIC
Random Intercept 0.7678375 1.587530 1.381389 108,129.9 108,185.8
Random Walk 0.7678405 1.587320 1.375622 108,181.7 108,237.5
Random Slope 0.7678375 1.587530 1.381383 108,129.9 108,185.8
AR(1) Process 0.7678409 1.584584 1.374446 108,189.7 108,255.8

Table C.2. Outputs for model selection approaches when fitting various models to the fixed
stations dataset from 2000 to 2021, including root mean squared errors (RMSE), Akaike
Information Criterion (AIC) and Bayesian Information Criterion (BIC).

Model Observation RMSE  Target Field RMSE  Non-Target Field RMSE AIC BIC
Random Intercept 0.0017602 1.187879 1.463658 56,782.04 56,851.63
Random Walk 0.0017645 1.190783 1.469420 56,698.79 56,768.37
Random Slope 0.0017602 1.187879 1.463655 56,782.01 56,851.59
AR(1) Process 0.0017605 1.187945 1.463765 56,785.64 56,867.87

Table C.3. Outputs for model selection approaches when fitting various models to the fixed
stations dataset from 2017 to 2021, including root mean squared errors (RMSE), Akaike
Information Criterion (AIC) and Bayesian Information Criterion (BIC).

Model Observation RMSE  Target Field RMSE  Non-Target Field RMSE AIC BIC
Random Intercept 0.0012898 1.168684 1.431670 7,459.491 7,505.696
Random Walk 0.0012912 1.168679 1.434893 7,449.267 7,495.472
Random Slope 0.0012898 1.168684 1.431671 7,459.483 7,505.688
AR(1) Process 0.0012882 1.167309 1.433463 7,455.844  7,510.450

Table C.4. Outputs for model selection approaches when fitting various models to the stratified
stations dataset from 2017 to 2021, including root mean squared errors (RMSE), Akaike
Information Criterion (AIC) and Bayesian Information Criterion (BIC).

Model Observation RMSE  Target Field RMSE  Non-Target Field RMSE AIC BIC
Random Intercept 0.7932118 1.556453 0.8235129 84,070.09 84,120.04
Random Walk 0.7932118 1.556453 0.8235128 84,065.74 84,115.70
Random Slope 0.7932118 1.556453 0.8235036 84,076.36  84,126.31
AR(1) Process 0.7932122 1.557215 0.8223264 84,079.74 84,138.77
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Table C.5. RMSE obtained from 10-fold cross-validation output for each fold using the random
walk model to both datasets from 2000 to 2021

CV Fold Overall RMSE Target RMSE Other RMSE

1 44.70686 6.630367 60.38271
2 43.65656 6.211522 57.48138
3 41.96582 4.933174 54.23545
4 42.77388 5.864730 56.85416
5 48.66753 5.720658 64.42231
6 43.31645 4.954222 58.60077
7 39.43232 4.880780 50.27927
8 45.40232 5.721324 59.55889
9 40.26005 4.799672 53.77724
10 41.67242 5.932196 53.49398
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