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Abstract

We present research progress on state-space assessment mod€é5SAM)for 3NO cod which addresses
concerns about the reliability of catch statistics, inclusion of a plus group, changes in stock productivity, and
inclusion of the EUSpain survey indicesThe SSAM fit the assessment data well and did not have serious
retrospective patterns. SSAM estimais of SSB since 1990 were broadly similar to ADAPT estimates.
Estimates of SSB during 1960990, on the other hand, demonstrated larger differences between the two
modelsasaresult of different M assumptions, thenclusion/exclusion of aplus group, andthe use ofdifferent
fish weights-at-age SSAM and ADAPT estimates of F were also broadly similar and more so at ageésvbere
the specification of M in each model was more similar. SSAM results were very similar for a range of bounds
on fishery catches hat were chosen to account for uncertainty in this information for 3NO cod. Hence, we
conclude that unless uncertainty in catch statistics is substantially different from our sensitivity runs, this
uncertainty will not have much effect on stock status corasions. Conclusions may, however, be affected by
structural uncertainties regarding M.Most of the dfferences between the SSAM and ADAPT estimaiesg.,
recruitment) can be attributed to the different M assumptions and such differences may lead to diat
conclusions regarding reference points. Current results from the SSAM indicate that poor recruitment
occurred below 150 000 t of SSB while the ADAPT indicated 60 00G-tture researchon time-varying M and
simulation testing istherefore required before the SSAM should be consided for stock advice.

Introduction

The stock of Atlantic Cod on the southern Grand Bank (Divs. 3NO) collapsed during the early 1990s and has
demonstrated little or no sign ofrecovery since that time even thoughthe stock has been under a

moratorium to directed fishing since1994. Based on the poor strength of recent year classes, NAFO Scientific
Council has stated that the mediunterm prospects for the stock are not good (NAB 2021).Sock

productivity has varied over time and under recent conditions evelow levels of bycatchmay remove most

of, or even exceed, the surplus production of thetock (Shelton and Morgan, 2005; Morgan et al. 2014a,;
2014b).

The assessment for thistock has long been based on a sequential population analysis using the ADAPT
framework (Gavaris, 1988)and the model formulation has not changed in over two decadeSeveral concerns
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have been raised in recent years with respect to the use of a VPA to assess this steak NAFQ018; NAFO
2019; Rideout et al. 2021a; 2021 A major concern isthat VPAs assume that there is no uncertainty in the
catch data. However, recent assessments have emphasized that the quality of catch information for this stock
is poor, with very limited and sporadic sampling of commercial catche®r lengths, ages, etc Assessments

have largely relied on applying agdength keys from one fishing fleet to thdength distribution of catches of
another fleet, applying agelength keys from one yeato a subsequent yearor applying research vessel

survey agelength keys tocommercial catcheslt has repeatedly been suggested that without improved catch
information, the catch assumptions of the VPA are likely violated and other modelling approaches should be
considered.

Another concern regarding the current 3NO cod VPA igat it only considers ages 3.2 and does not utilize a
plus-group to monitor older ages. Instead, fislare artificially removed from the virtual population after age
12. Recruitment to the stock has generally been very low in recent decades but the 200&¥elass tracked
through the population as relatively strong andwhen this year class approached age 12 there was an
increased emphasis on the need to include a pkggoup to ensure that the artificial removal of fish after age
12 was not significantly andunduly influencing the perception of stock trends and statu§NAFO 2018; 2019.
Attempts to improve the VPAmodel diagnostics by including a plusggroup were not successfu(Rideout et al.
2021a) and the most recent assessment (Rideout et al. 208Llwas still based onthe old model formulation,
without the plus group. Although the 2006 yearclass did not appear to still be strong at older ages, and the
plus-group would not have accounted for much of the biomass in recent years, it was still considdr
important to explore the inclusion of a plus group in any proposed new model formulation.

A further criticism of the current assessment model is that it uses data from three Canadian R\veys but
does not use data from the Et$pain survey(Garrido et al. 2022)on the tail of the Grand Bank in thiNAFO
Regulatory Area(NRA). The rationale for this has historically been that the Canadian surveys cover the entire
spatial extent of the stock area, whereas the EBpain survey only covers the NRA, whicls & relatively small
portion of the stock area. Hence, concerns have been raised as to whether trends in theEain survey truly
represent stock trends or are just a result of fish moving in and out of the portion of the stock covered by that
survey. Previous attempts to usethe EUSpain survey data as an additional input to the assessment VPA
resulted in poorer model fits (Morgan 2006; Rideout et al. 2021aHowever, it has been noted that in recent
years the majority of the stock biomasappears to belocated in the NRAand the EU-Spain survey coverage of
the NRA is much more intensive than the Canadian survegRideout et al. 2013. It is also worth noting that
NAFO SC assessments are not consistent with respect to decisions to use/exclude data tlerEU Spain
survey (for example, see the assessment for 3LNO American plaice, Wheeland €2Gf1). Discussions
regarding theinclusion/exclusion of the EUSpain survey have failed to come up with a way to account for
only partial stock coverage and thepotential confounding impacts of fish movementn and out of the survey
area.

Another concern with respect to the current VPA assessment model is that natural mortality is treated as
constant (with an assigned value of 0Yacross all ages and years. Thisacommon assumption in traditional
fisheries dynamics models with data needed to directly estimate M being very rare (Punt et al. 2021).
However, ife history theory suggests that natural mortalitycan varybetween sexes as well as over time

(Punt etal. 2021) andshould decrease with age as a result of outgrowing potential predatoftorenzen

2000). NAFO Scientific Council recommended exploring more flexible models to address the shortcomings of
the current VPA, including the potential to not impose ssumptions about stationary natural mortality (NAFO
2021).

We present a bespoke statspacestock assessmenmodel (SSAM)to address the issues that have been
identified for 3NO cod; that is, our modell) accounts for potential uncertainty in total fishery catch estimates
and the age composition estimates of this catch; )cludes a plus group at age 10; 3) includsprocess error

in population dynamics that can account for variable productivity; 4) includes indices from the three
Canadian RV surveys and the ESpain survey. SSAMsaccountfor measurement errors in the dataseparately
from process error or variability in population dynamics (see e.g., Nielsen and Berg, 2014, Cadigan, 201
Perreault et al., 2@0; Stock and Miller, 2023, which is an improvement to approaches that treat the fishery
catch-at-agedata as known with negligible error.SSAMsare considered to be aressential part of the next
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generation stock assessment package (Punt et al., 202T0he 3NO cod model is customized for the stock but
most of the procedures and programming modules have been tested with other stocks or included in the
software we used (desribed below).

Methods

We first describe the data available for the stock assessment model which will motivate some modelling
choices.

Data

This stock has been under a moratorium to directed fishing since 1994 and therefore recent raped

landings (bycatch) have been very low compared to levels prior téhe 1990s (Figure 1). Methods used by

NAFO Scientific Council testimate landings have changed over time (Brodie 2013) and in at least some cases
uncertainties associated with methods have been used to inform catch bounds (i.e. rather than point
estimates) for assessment purposege.g. Perrault et al. 2020)Sufficientinformation is not available to

evaluate the accuracy of thé AT A Estingaie®©

Data from sampling of the length and agecompositions of the catches &ve been used to estimate catecht-
age (C@A) in abundancgFigure 2 and Figure 3) from the landings estimates.The catch at age time series for
this stock suggests that catclat-age 2 pior to 1987 was always zero Figure 3), despite data for catches of
age 2 fish in some older reports (e.g. Pinhorn and Wells 1978)e assume that these zero values are a
reporting error and treat the data as missing rather than zero&Vhile some cohorts haveclearly tracked
through the agecompositions (Figure 4 and Figure 5), sometimes there are relatively large catch proportions
at older ageseven for cohorts thatwere relatively weak at younger ages The latter may be due to
measurement errors rather than variable population dynamicsand theseerrors seem larger atages 23 and
11-13. Cohorts since 2008have not tracked well through the C@ARigure 5) which may be due to low
betweenyear variation in cohort strength as well as poor age sampling.

Unfortunately, the length and agecompositional data sources and the algorithms used to dervthe C@A

throughout the entire time-series are not available to us. This limits our ability teffectively account for age

composition measurement errors in a SSAM pragmatic and partial solutionis to aggregate data for poorly

sampled ages. However, mmuch aggregation will result in a loss ofhformation about cohort strength and

morality rates. Figure 3 - Figure 5 suggest that 10 is a good age to aggregate C@nl includeas a plus group

Ei A 331-8 !l AAAEOEIT Al AATAZEO | £ ACCOACARKElE & O AC.
(Figure 3). Thisis important because our observation model for the catch ageompositions assumes all

proportions are non-zeroAT A U A @ithér teatdd@Amissing (i.ecatches of age 2 cogrior to 1987) or

replaced with a small positive value

The survey indices available to includdor estimating a SSAM are shown iRigure 6 - Figure 8. Age 13 is a
plus group age for the Spring, Fall, andU-Spainsurveys in these figuresThe Juvenile survey indices are a
short historical series that will probably have little impact on SSM estimates.The trends in theEU-Spain
indices at ages 9.3 are different than the Canadian Fall and Spring indice§igure 7). Betweensurvey
correlations of log index deviations (from their agespecific means) also demonstrate better correlations
between the three surveys at ages-8 (Figure 9 and Figure 10) than at ages 913 (Figure 11). Indices with
zero values were treated as missing in these figureat ages 14 the indices are all reasonably correlated
betweensurveys. At ages & the Spring and Fall indices have less correlation with each other than they do
with the EU-Spainindices (Figure 10), but the reverse occurs at age 8 and agesl3 (Figure 11). All the
surveys have trackedsomecohorts well (Figure 12), except the Spring and Fall indices at age 1 for the
Campelen converted years (Spring, 1984995; Fall, 19901994). However, cohorts do not seem to track as
well at older ages, and the Sprig indices do not seem to track cohorts as well as the Fall aktl-Spainsurvey
indices.There are many zero values in the survey indice${gure 8), and further aggregaton from 13+ to 10+
xEl1l OAAOAA OEEO POIT Al Al xEAT EEOOEI C 33!-80 OOEIC Ii1C¢C
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Other assessment inputs are the stockeights (see Cadigan and Rideout, 2022nd catch weighs,and the
proportion mature -at-age Figure 13).

Natural Mortality Rate

Natural mortality rates (Ms) are often considered to beamongthe most important parameters in a fish stock
assessment, but they are also among the most difficult parameters to estimate using commonly available data
(Punt at al., 202). We treat Ms as model inputs, although our SSAM will involve process errors that can
partially account for uncertainty about M valuesWe used the Lorenzen method to specify M from body

weight estimates (Lorenzen, 1996,

0 0w, @

where 0 j isthe natural mortality at ageain yeary, @ j is the stock weightat-age,0 is a scaling
parameter, andb is an allometric scaling factorThe basic idea with Eq. (1) is that 8 O sm&ll fish are larger
because of predation effects/Ve use b =0.305 which is the value for ocean systems inorenzen (1996). This
valuewas also used irMiller and Hyun (2018) and Kumar et al. (2020.

The scaling parameter was chosen so thaﬁtﬁE i} T LThe M values are shown ifrigure 14. We consider
OEAOA OAI BAG 061 AA ODPOAI EI ET AOU6 AT A OEAU OEI 01 A AA 0Ob.
Stock Assessment ProcessModel

The stochastic cohort model with a plusgegroup Ais

i 1T& AN | ®w oh, .. (2
h i + A@bPd | 0r ADDGO; 1 +h & oh

where U  is stock abundance at again yeary,&dy G 0 j is the total mortality rate, "O; is the fishing
mortality rate, and]  is process error.For the 3NO cod SSAMh¢ ages are 410+ and years are 19592019.
Equation (2) is the typical cohort model used in fish stock assessment.

The recruitment vector,’Y 0§ ;880  , is assumed to be a lognormal random vector variable,
1Texowd ho, (3)

where the Yx1parameter vector’ consists ofthree time-blocks with constant values: 1o p w X 3}
pwyx pw p wlgand 3)w p w wihese timeblocks were chosen to account for major changes in
recruitment levels. s the stationary covariance matrix of an AR(1) process defined hy andes . The

correlation betweeni "¢ andi 1€ ise¥ =

The numbers at age'd-10+ in the first year are treated as unknown and free parameters to estimatéhey
are technically modelled as random effects with no distribution (i.e. a flat improper distribution)The]
process errors are assumed tte independent for all ages angears andhave anormal distribution with
meanzero and variance,

Catches atiges 2 to 10+are modelled using the Baranov catch equation,

p ADDO} "Ohs (4)
©p

6r U

There are no reported catches at age 1 so we assume tids zero at this ageF6 &e modelled as a stochastic
process abouta small number ofmean values similar to recruitment. The* OO0 AOA [ APPAA O ¢ O/
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blocks of ages and yearéeeFigure 15) to account for shifts in mearF because of the moratorium on fishing
that started in 1994, andbecauseages 2 and 3 coare historically not targeted the same as older and larger
sized cod. The F deviations atage @,z | | "Q; ‘ &, are modelled as independent normal random
variables,w pr* 0 mh, 8If Fis an(A-2)Yxlvector of allFayd O  AI3CL0+AtI@EA O

1T 0 0o R, )

Similar to the process errors 1 1 < is modelled as an AR(1) stochastic process in age and year,

and the elements of are based on
8¢ wppMms s bR R R PETdRRR § *h "8 ©)
Note that there is no correlationbetween F deviations at age 2 and those at agesa@d older.

Our SSAM internally calculates the cateht-age in abundance and biomass, and we suwer ages to calculate

total catch-weight each year.

The stock sizeN6 O AT A AEOEEFSQ TAGOATAA WA A8 OT 1T AGAOOAAT Aq O
statistical inferences for. These random variabkehave probability distributions with a small number of mean

and covariance parameters that need to be estimated. We use survey and catch data to estimate these

parameters via observation equations thatve describe in the next section.

Observation equations

We use marginal maximum likelihood for estimation of model parameters. This involves 1) modelling the

probabilities of the data conditional on the states oNd O H8 IOA ghde®aliah equations, and then 2)

integrating over all the likely states ofNG O HBIOA 0T CAO OEA 1 AOCET Al AEOOOEAOQOET
marginal likelihood is based on. The Template Model Builder (TMB) packagkr{stensen et al. 201§ is a

state-of-the-art tool for this purpose, and we use this software to calculate the mairtal negative

loglikelihood (mnll) for our 3NO cod SSAM. We estimate model parameters using thiminb() function in R.

AEA 1TT11 EO AAOEOAA &EOI 1T A OEITETO6 111 NaBRdEARIthEO OEA 00
T 1 1 8lé&ndH. B uss the Laplace approximation tantegrate the joint nll over the random effects to

calculatethemnll4a EA AT T AEOQET 1 Al the dbbsedv@ioniedratioris.A AAOA AOA

TMB also provides predictions of random effects and functions of random effects and nedgharameters (i.e.
derived quantities), and provides generalized deltamethod O O O A TefkoksOfér these derived quantities.

The standard errors are actuallymarginal (with respect to the distributions of N and F) mean squared errors
which are more apprriate for inferences about the values oN and Fthan actual standard errors (i.e. Zheng
and Cadigan, 2021)These derived quantities can include those that are the focus of stock assessment, such as
spawning stock biomass $SB, averageF6 O /&I O ,@ic.i A ACAO

A critical part of arealistic and reliable stock assessment model is to use observations equations that

effectively account for sampling variabilityand other measurementerrors in the data. However, in stock

AOOAOOI AT O OEEO EO A 1 AET O AEAI T AT CA AAkNOBdesitEA OAAOA,
of complexestimation procedures. The uncertainty in these assessment inpuis difficult to quantify

accurately and often not available irpractice. This is the case for 3N©od. Pragmatic assumptions and

simplifications are required to make progress. The validity of these assumptions must be examined during

model fitting which creates an additional layer of model building €.g. selectingbservation likelihoods) in

addition to the stochastic process equations to describe stock dynamidsowever, there are some basic

principesO1 &1 117 xh OOAE AO OEAO OEA AiTAEOEITAI 11180 1T £ E
of each data source.
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Fishery Catches

We modelreported landings and estimates of the catch ageompositions separately because these twdata
sources come from differentand mostly independent sampling programs, although catckat-age may be
aggregated across fleets using relative landings estimates so there are some complex dependencies in these
data sources that we ignore for simplicity.

There are uncertainties and possible biases in fishegndings information that are difficult to quantify. We
use the censored likelihoodapproach (e.g.Cadigan, 2016; Van Beveren et al., 201Perreault et al., 2020 to
address these uncertainties.The censored likelihood isbased on subjective assumptionabout potential
inaccuracies in landing. However, we examine the sensitivity of key assessment outputs to a range of
assumptions abouttheseinaccuracies.The reliability of the landings is quantified by lower and upper bounds
that are assessment model iputs. In fact, our SSAM does not directly use 3NO cod landings estimates; we
only use the bounds. Ify denotes the true but unknown landings in yeay, andd ; and0 j are the lower
and upper bounds (i.ethe data), then theconditional censorednll landings observation equationfor the

stock assessment model parameters (collected in a vectpy is

(7)
¢ a4 5D ; ‘I'I'%;,lla;h i %ollll;h & h

where %o is the cumulative distribution function of a standard normal random variableand the, parameter
controls the sharpness of the boundgeffect illustrated in Figure 15).We set,, T8t such thatthe nll
surface isalmost flat within the landings bounds and increases rapidly outside of the bounds. Hence, the
assessment estimation will only keep predicted landings within or just outside of the bounds, and otherwise
predicted landings will be estimated to be consistent wittother data sourcesWe can control how much
influence thebounds onlandings have on the assessment by changing the width of the bounds.

The time-series of catch abundance proportion at agap h 8 #, which we refer to asthe catch age
compositions, are malelled using the multiplicative logistic multivariate normal distribution based on the
continuation ratio logit (crl) transformation of the proportions, which are computed as followsWe index
assessment model ages & € wHer@ A £ Qwhich corresponds to stock agesp h 8 h v Tt O

1. For each age and year, compute 5 i - 8

2. Compute* 7 01 £@QQEQQO ﬁﬂ: o pied oo

3. Compute the continuationratio logit (crl), & 1 1 %hh ho phdd ps8

The crl is applied toboth the observed and the model predicted catches. Note that there are oiyL A O1 8 O

derived from A catch proportions because catch proportions only contributéd-1 independent observations

sinceB 0y p8

OOET O O pwyxy A O o./ AIT A OEAOA AOA 11 AAOAEAOGNOADIT OOA,
this time-period. However, our SSAM predicts catches at agerlthis time-period but these ae not used for

fitting the catch age compositions. In effect, our model assumes these age 2 catches are missing but not zero.

If other observed catchat-ageproportions are zero then the crl is not defined. FOBNOcod, estimated catches

at ages?, 3, 8 ad 10+in 1995, and age 2 in 1994were zero(see Fig. 3) These values were replaced with half

the minimum non-zero estimated catchNote that catches were aggregated at ages-I3+ in Fig. 3, andnany

i £ OEA UAROI 60 AO i1 AA dGsudipdadse the 1000gieGateEaiOONdt zdkcdDA 11 O Al
The observation equationnll for the vector® I £ T AOAOOA AisBagddondO ET UAAO

(A (A -ﬁﬁ-ﬁX'L‘)(bf)Td’V] h (8)
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Where®d EO OEA OAAOT O T &£ 11 &ARQ1) DOk AEhAv&ridnte parénieter) addl A
correlation « . That is, we assume the crl errors are AR(1) correlated within years but independent between
years.

Survey Indices

Let"G,; denotethe observed agebased abundance index for survey. Letobe the midpoint of the survey
dates which is expressed in a fraction of the year. The model predicted index is

0Qr NAi0 A@DF 78 9

TheA @BF i term projects beginning-of-year abundance to the time of the survey. Thg 's are
catchability parameters to estimate, possibly with constraintsor blocking among ages (see below) et

“hrn 0 E@MQGi a € i a € Qf 0,08 (20)
The index observation equation is
O€Qr 'Rk - RR8 (11)

WeassumeEA rR T AOAOOAOGEIT 1T A-Qex160m, A Othe dirdr dafiahokdard lockéd for

all ages and years for each survey, but these variances can be split further if residual diagnostics indicate a
need for this.We useEquation (11) for all survey ages and years, including the plus group age for plus group
survey indices.Within-year correlation in errors is common and our SSAM can be easily modified to account
for such correlations.

We drop Canadian Fall survey indices at age 1 prior to 1995 because these indices were based on the Engel

trawl survey which had very low catchalility for age 1 cod and do not provide reliable stock trend

information. We also drop Spring survey indices at age 1 prior to 1996 for the same reas@therwise,there

are some indices with zero values that are treated as missing because they cannot bedusith Equation

(11). For the fall survey (e.gFigure 8) there are 3 zero indices at age 8 in 2008, and ages 9 in 1996 and 2009.

For the EU-Spainsurvey there are 7 zero indices at ages 1 in 1997, age 7 in 2002, age 8 in 2003, age 9 in 1997

and 2001, and age 10+ in 1997 and 2006. OEAO ET AA@ T AOGAOOAOGEIT 1O i1 AA1 6 OEAO
(e.g.Perreault et al., 2020; however, therearenott AT U T £ OEAOA UAOT 60 AT A xA AT T 8¢
much difference with the 3NO cod SSAM formulation and the age#@roup.

Stock assessment model estimation of mortality rates is usually more reliable if at least one survey has
asymptotic catchability. For the 3NO cod SSAM we assume the fall sunggyO A OA  Aadtbdt iy O E A
covers the whole stock area and the trawl selectivity is expected to be flaipped.

The EU-Spainsurvey covers a relatively small part of the total 3NO arealthough as we indicatel in the
Introduction section, in recent years the majority of the stock biomaskas beenlocated in the NRA which is
covered by theEU-Spainsurvey. However, this also suggests that the fraction of the stock available to this
survey may have changed over time. We accommodate potentigldrift for the EU-Spainsurvey by using a
separableg-model,

GEMyy GéfM rrh O %BWDPAEGODAU (11)
wherethef ;6 O AOA 11T AAT T AA AO A -walldwith varladed,l . The ©5l O\ 1 £ECA 1G\H A
Spainsurvey are treated as fixeeeffects parameters to estimate just like the other surveys, Hence, th&)

Spainsurveygd O A AT A E A ttagyBar bEQHe ratiold#@ @ any two yearsare assumed to behe
same for all ages
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Average fishing mortalities at ages % and ages 6 are reported in annual for assessmergof 3NO cod. These
averages areN-weighted. We use TMB taerive delta methods standard errors for theseN-weighted
averages.

Prior to 1994 we assume the bounds on landings aré: ; 1@ ;M ; ¢0 5,whered | arethe
reported landings. Since 1994 we assum& ; 0 . We exylore three options for{

1. ML:0 ; pg& O j
2. M2:0 5 p®0
3. M3:0 5 ¢80

Assessment Model Results

We focus on the landings boundfrmulation M2 and compare assessment model resultgith models M1
and M3at the end of this section.

Total biomass and SSB estimate§igure 17) are substantially higher than ADAPT estimates prior to 1975 but
are more similar since 1995The SSAM has a plus group at age 10 whereas the ADAPT model only accounts
for ages 212; hence, sme differences in biomass are expecte&SAM agespecific estimates of abundance

and biomass Figure 18) demonstrate that the 10+ group has never been large in ternmaf numbers but it was
large in terms of biomass in the first part of the assessment timseries. Comparisons with ADAPT age
specific estimates provided at the end of this sectiorF{gure 33 and Figure 35) demonstrate that there are

plus group differences in abundance compared to ADAPT, but differences in stegkights (comparison
provided in Cadigan and Rideout, 202Palso contribute to the Homass differences inFigure 17

Uncertainty in SSAMdiomassestimates is also substantially higher in the first part of the assessment time
series(Figure 17). We expect thisis because there are no survey indices in this period to provide information
about biomass levels.

Average values of (Figure 19) are broadly comparable, although the SSAM estimates usually have less inter
annual variation which is expected because this model assumé® O A OA Adro&sQdats Ard Agé&lso
seeFigure 20 and Figure 21), and that there are measurement errors in the catches so the model does not
have to fit the catchesexactly. The ADAPT moddF-values fit catches exactly.

Recruitment estimates from the SSAM are substantially different thathose from ADAPT(Figure 22). This is
iTo601u AOA OI OEA OOAOOAT OEAT T U AEAEEAOAT O -860 OOAA AU
recruitment represents; that is,age 1 for the SSAM and age 2 for ADAHTe recruitment trends relative to

the mean during 197601990 are more similar, although the relative size of some cohorts differed

substantially between the SSAM and ADAPThe predicted logrecruitment deviations (Figure 23) show

some temporal patternsand further refinement of the SSAM recruitment modelpossibly including a stock

recruitment relationship, may be warranted However, the recruitment values are strongly affected by the

choice of M andwve suggest thathe priority should be to first get more accurate estimates of M at all ages,

and whether M changes over time, before finetuning how recruitment is modelled asa function of SSB.

As indicated in the Methods section, we constrained Fall survey catchabilitiegd O q  a@yimptdtid(Figure

24). In effect, we blockedid O O1 A A A K@ 4ot the/Ehll GurvAydécBusecin preliminary runs thed O

decreased if theblocking was applied at older ages. Partlpecause othis blocking, the fully selectedq for the

Fall survey is estimated withhigh precision. The Spring surveyd © AOA AOOEI AOAA MEOAAT U A& C
estimates also have relatively high precisionTherefore,biomass confidence intervals are relatively narrow in

time-periods with survey indices (Figure 17). Uncertainty in theEU-Spainsurveyqd © EO OA1 AOEOAI U EE
because these indices cover fewer years than the DFO Spring and Fall surveys, but also because of the SSAM

g-drift applied to the Spanish indices. Thg-drift estimates (Figure 25) indicate that the catchability of the

Spanish survey indices increasedverall during 1997-2015 but declinedsincethen.
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'T EIi b1 OOAT O AAAOOOA 1T &£ 33! -80 EO HBBRO @dieAdsthyO AOOT 08 0
negative at ages 410+ since about 2000 Figure 26 and Figure 27). This indicates that cohorts have declined

more thanAAOOA A A UA ®Ssible reasdn @r this is an increase in M compared to the assumed values

used in the model.

There are some retrospective patterns in assessment resultEigure 28 and Figure 29), although
retrospective estimates are usually contained within the confidence intervals for the full timaeries. This
indicates that this SSAM has reasonably accounted fancertainty in 3NO cod stock dynamics. Other odel fit
diagnostics are provided in Appendix AFigure Al - Figure A8). They do not indicate serious model
misspecification.

The choice of landingsipper bounds since 1994 had little impact on SSBRigure30q 1T O A OKigueeCA &8 0O j
31). Model M1 and M3 fit the data similarly and retrospective patternsHigure A9 - Figure Al2) were similar
to M2 (Figure 28 and Figure 29).

The M2 biomass levels aremaller than Fall and Spring survey sweptirea biomass estimatesKigure 32) but
the differencesare not substantial andcould be caused by biases in the swept area calculatiqns particular,
the area swept by a trawlFigure 32 does not indicate the scale of the M2 biomass estimates is seriously
wrong.

Differences in ADAPT an@SAMestimates oftotal biomassand SSBare partly related to differences in

estimates of abundanceRigure 33). Thesedifferenceswere small at ages 6.0+ since 1995(Figure 34),

except for the size of the 2006 @hort at ages 8 and %and in the 10+ group. Dfferencesin abundanceat

younger ages are strongly influenced by the different M assumptions used in the ADAPT assessment and the
SSAMDifferences in biomass estimates at older ages are larger than the difaces in abundance (compare
Figure 33 and Figure 35) and this is because of the differences in stock weights used in these two models.
However, since 1995piomassat-age from both approachesKigure 36) are more similar in most yearsA
significant differencein the SSAM model compared to the ADAPT assessment is the historic size of the 10+
group which may be much less of an issue more recently becauseapparently poorer survival of 3NO cod.

The stockrecruit patterns from ADAPT (igure 37) are substantially different than the SSAMKigure 38 ;M2
formulation). The SSAM suggsts a much higher breakpoint for good recruitment. Recruits per spawnéRPS)
from ADAPT do not decline at higher levels of SSB which is oppositendfat density-dependance theory
predicts. The time trends in RPS should follow the opposite pattern of theottom panel in Figure 37. The
SSAM RPS resultg-{gure 38) are more consistent with basic densitydependence theory, although RPS when
SSB > 150 Kt still seems high relative to values at lower SSB\nother related factor is that the recruitment
egimates will be sensitveto AOOOI AA OA1 OAO T &£ -h ATA EE£ - AO EOOATEI AC
lower than the values we assumedA 1 | BAOAA Ofthe®tAidhwllllimpact tte &PS relationship and
bring it even morein line with density dependence theory.This would also have large impacts mreference
points.As is often the case in stock assessmetiie values we chose for M areomewhatspeculative and
better information about M would facilitate a more realistic stock asgssment.

Discussion

The statespace assessment model (SSAME developedfor 3NO cod addressed concerns about the
reliability of catch statistics, inclusion of a plus group, changes in stock productivity, and inclusion of the EU
Spain surveyindices.However, SSAM estimates of SSB since 1986re still broadly similar to ADAPT
estimates. Estimates of SSB during 1960990, on the other hand, demonstrated larger differences between
the two modelsasaresult of different M assumptions, theénclusion/exclusion of aplus group, andthe use of
different estimates of fish weightsat-age We did not parse the specific impacts of these changesA8Sand
ADAPT estimates of F weralsobroadly similar and more so at ages-® where the specification of Min each
model was more similar The SSAM results wereery similar for a range of bounds on fishery catches that
were chosen to account for themorphous uncertainty in this information for 3NO cod Hence, we conclude
that unless uncertainty in catch stattics is substantially different from our sensitivity runs, this uncertainty
will not have much affect on stock status conclusions.
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The SSAM fit the data well. There were no substantial residual patterns in the fits to survey indices or fishery
age compodiions. As a result, the SSAM did not have serious retrospective patterns. The scale of the SSAM
biomass estimates was about 75% of the DFO Fall RV survey swapta biomass values which is reasonably
close. This implies that the fully selected swepareaQwas about 1.3and this difference from 1 could easily
be accounted for by errors in the swepfarea biomass estimation. The good fitting of the SSAM was achieved
by using 1) process error, and 2) drift in the ELSpain surveyQ (to account for the fact the EUSpain survey
covers only a small portion of the stock area and therefore selectivity can change if fish move in/out of the
survey area) The cost of using these modelling devices is increased uncertainty. Although we did no
simulation test the model to check for bias and the accuracy of the uncertainty evaluationise retrospective
fitting indicated that confidence intervals captured estimation uncertainty. However, simulation testing
should be conducted beforémplementing a new stock assessment model. The simulation sé#st (e.g.
Derobaet al., 2015) is a minimum requirementand this should be conducted in the futurdefore the 3NO cod
SSAMs considered for stock advice

An important difference between the 3NO cod S$Aand ADAPT was in the relationship between recruitment
and parental SSB, and implications for biomass limit reference points. The SS#ddults indicated poor
recruitment occurred below about 150 000 tonnes of SSB, whereas the ADAPT moeults indicated poor
recruitment below about 60 000 tonnes. Thiglifferenceis due to the combined effects of including a plus
group in the assessment model, different estimates of stock weightiifferent choices for M, and including
process error in the SSAM. The releinship between stock size and subsequent recruitment is notoriously
difficult to estimate. Ideally, we expect the relationship to exist for SSB and egg production, datking the
necessary data testimate egg production, we use recruitmenat an older ggeas a proxy. Gnceptually, stock
abundanceat age one should provide a better proxjor egg production than abundance at older ages.
However, a problem is that we expected natural mortality to be higher and have more interannual variation
for younger ages, but we have little information about this. For example, if Mt age 1 has shifted over time
(higher or lower) then this will have a direct impact on the stockrecruit relationship. This is a sourceof
uncertainty that the SSAM does not account fand suggests that the SSAMNnd ADAPTstock-recruit
relationships are highly uncertain, especially for the purpose of finding breakpoints in the relationship
Defining recruitment at an older ageonly compounds this problem becauseof variation in M between age 1
and an older age (e.g. age S¥based reference points may be less sensitive to tenuous assumptions about
M at young ages.

Our 3NO codSSAMhas process error which may partially account for timevariation in M, but not completely.
The process errors only directly affect the cohort survival equation and doot directly affect the Baranov
catch equation M should affect both equationsThis is what Aldrin et al. (2019 2020) recommended.Cadigan
(2016) included multiplicative process error for M but used extensive tagging data teelp estimate how M
has changed over time for coin NAFO Divisions 2J3KIn the 2022 assessment frameworlof cod in NAFO
Divisions 3Pn4RSastate-space modelwas accepted (pending minor revisions) withtime-varying M and
implemented without using tagging data for model fitting, althoughtime-varying (age-invariant) M has been a
part of the 3Pn4RS cod assessment since the late 1998®wever, including time-varying M can lead to
convergence issues and possibly a lack of robustness (ICES, 202@)this type of models not always
straight-forward to develop. The statespace assessment model for 3Ps c¢BFO, 2021)usedinformation on
changesin body condition asan index of M partially motivated by the positive relationship between the
fraction of 2J3KL cod in poor condition and the assessment model estimates of Re@ularet al., 2022).This
has also recently been investigated foicelandic cod(Bjornssonet al, 2022). Assessment models for other
stocks are currently being developed that include estimation of timearying M. Zhang et al. (2020) found
large-scale synchronized dynamics ofscillating but overall decreasing juvenilecod mortality rates during
1994-2016 for stocks off the casts of Newfoundland and LabradarExtending ther investigations to include
updated and longer survey index timeseriesand paential drivers of M variation could inform the
specification of M at young ages in the 3NO cod SSAlnce, we conclude that the treatment of M in our 3NO
cod SSAM requires further research.

Another issue involves the treatment of age composition informtéon. In many stock assessments (e.g. Stock

synthesis; Methot and Wetzel, 2018 the agecomposition sampling information and sample sizesre used
when modelling the uncertainty in composition data The sample sizesare often highly influential on fishing
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mortality rate estimates. However, this information is not readily available for 3NO cod, especially for

AEOEAOEA O b OHhe@ppich eEndplempenterim@stgragmatic solution but it does not directly

account for the sampling uncertainty in ge compositons/ 00 ADPDBOI AAE EO OEA -06DI 1 O Al O
the-art for modelling age compositionsAlso, gge-compositions of catches have borrowed some information

from surveys in the same year, and fishery sampling in previous years. Hence, thexa lack of independence

in the agecompositions that our model has only partially addressed. Ideally, a model should usmgth

composition data and agdength keys for the various fleets where the data exists. A fylintegrated model

does not need reglar age samplingbut the model estimation simproved when annual information is

available.

The $anish survey ¢drift estimatessuggeststhat the fraction of the stock in the NRA increased during 1997
2015 but has declined since thert will be useful to investigate if theDFORV spring/fall spatial survey
information also indicate that the stockdistribution in 2016 -2019 shifted away fromthe NRA Spring/Fall
centers of gravity time-seriescould give this information. This will provide some validation, or not, of the
Sanish survey gdrift estimates.

Although the maturities are modelled bycohort, there are still some large betweeryear change in maturity
and further analyses of this temporal variation seems useful (e.g., Cadigan et al., 2@enget al., 2020. The
same can be said for lengtat-age and weightat-length, the latter of which is currently under way to
understand how 3NO cod andition hasvaried over space, time, and size.

References

Aldrin, M., Aanes, S. and Subbey, S., 2019. Comments on incongruous formulations in the SAM-&iate
assessment model) model and consequences for fish stock assessment. FishdRiesearch, 210,
pp.224-227.

Aldrin, M., Tvete, I.F., Aanes, S. and Subbey, S., 2020. The specification of the data model part in the SAM
model matters. Fisheries Research, 229, p.105585.

Bjornsson, B., S6lmundsson, J. and Woods, P.J., 2022. Natuwahlity in exploited fish stocks: annual
variation estimated with data from trawl surveys. ICES Journal of Marine Science.

Brodie, W. 2013. History of catch estimation in NAFO. NAFO SCR Doc. 13/051, 4pp.

Cadigan, N.G., Morgan, M.J. and Brattey, J.420thproved estimation and forecasts of stock maturitesusing
CAT AOAT EOAA 1 ETAAO TEQGAA 11T AAI O xEOE AOOT ZzAT OOAT AOA
Ecology, 21(5), pp.343356.

Cadigan, N. G. 2@l A statespace stock assessment model for northern cod, including undeeported

catches and variable natural mortality rates. Canadian Journal of Fisheries and Aquatic Sciences,
73(2): 296-308. http://dx.doi.org/10.1139/cjfas -2015-0047.

Cadigan, N. G. and Rideout, R.2022. A MixedEffects Model to Smooth and Extrapolate Survey Weightd-
Age for 3NO Cod. Working paper.

Deroba, J.J., Butterworth, D.S., Methot Jr, R.D., De Oliveira, J.A.AanBem C., Nielsen, A., Cadrin, S.X., Diekey
Collas, M., Legault, C.M., lanelli, J. and Valero, J.L., 2015. Simulation testing the robustness of stock
assessment models to error: some results from the ICES strategic initiative on stock assessment
methods.ICES Journal of Marine Science, 72(1), pp-B9.

DFO. 2021. Stock Assessment of NAFO Subdivision 3Ps Cod. DFO Can. Sci. Advis. Sec. Sci. Advis. Rep.
2021/031.

Northwest Atlantic Fisheries Organization www.nafo.int


http://dx.doi.org/10.1139/cjfas-2015-0047

12
Gavaris, S. MS 1988. An adaptive framework for the estimation of population size. CAFBAE Doc. 88/29,
12p.

Garrido, I.,GonzalezTroncoso, D., GonzéleZostas, F., Roman, E., and Ramilo, L. 20R&sults of the Spanish
survey in NAFO Division SNONAFO SCR Doc. 22/005.

ICES. 2020. Workshop on the Review and Future of State Space Stodegsment Models in ICES
(WKRFSAM)ICES Scientific Reports. 2:32. 23 pbttp://doi.org/10.17895/ices.pub.6004

Kristensen, K., Nielsen, A., Berg, C.W., Skaug, H., and Bell, B. M. 2016ATMB1atic differentiation and
Laplace approximation. Journal of Statistical Software, 70:26.
https://doi.org/10.18637/jss.v070.i05

Kumar, R., Cadigan, N.G., Zheng, N., Varkey, D.A. and Morgan, M.J., 2020-gpataespatial surveybased
stock assesment (SSURBA) model to inform spatial variation in relative stock trends. Canadian
Journal of Fisheries and Aquatic Sciences, 77(10), pp.163858.

Lorenzen, K., 1996. The relationship between body weight and natural mortality in juvenile and adult fish:
comparison of natural ecosystems and aquaculture. Journal of fish biology, 49(4), pp.6242.

Lorenzen, K. 2000. Allometry of natural mortality as a basis for assessing optimal release size in-sbcking
programmes. Canadian Journal of Fisheries adjuatic Sciences 57: 23742381.

Methot Jr, R.D., and Wetzel, C.R. 2013. Stock synthesis: a biological and statistical framework for fish stock
assessment and fishery management. Fisheries Research, 142:986

Miller, T.J. and Hyun, S.Y., 2018. Evaluatiavidence for alternative natural mortality and process error
assumptions using a statespace, agestructured assessment model. Canadian Journal of Fisheries
and Aquatic Sciences, 75(5), pp.69103.

NAFO. 2018. Report of the Scientific Counddl-14 June 2018, Halifax, Canada. NAFO SCS Doc. 18/19
NAFO. 2019. Report of the Scientific Council, 31 M&3 June 2019, Halifax, Canada. NAFO SCS Doc. 19/20
NAFO. 2021Report of the Scientific Council, 27 Mayl1 June 2021. NAFO SCS Doc. 21/14

Nielsen, A., and C.W. Berg. 2014. Estimation of timarying selectivity in stock assessments using statspace
models. Fisheries Research, 158: 9801. http://dx.doi.org/10.1016/j.fishres.2014.01. 014.

Perreault, A.M., Wheeland, L.J., Morgan, M.J. and Cadigan, N.G., 2020. Aaatestock assessment model for
American plaice on the Grand Bank of Newfoundland. Journal of Northwest Atlantic Fishery Science,
51, p.45.

Punt, A.E., Dunn, A., Elvarmss, B.b., Hampton, J., Hoyle, S.D., Maunder, M.N., Methot, R.D. and Nielsen, A., 2020.
Essential features of the nexgeneration integrated fisheries stock assessment package: a
perspective. Fisheries Research, 229, p.105617.

Punt, A.E.Castillo-Jordan, C., Hamel, O.S., Cope, J.M., Maunder, M.N. and lanelli, J.N., 2021. Consequences of
error in natural mortality and its estimation in stock assessment models. Fisheries Research, 233:
105759.

Regular, P.M., Buren, A.D., Dwyer, K.S., CadifgG., Gregory, R.S., Keg&lonso, M., Rideout, R.M., Robertson,

G.J., Robertson, M.D., Stenson, G.B. and Wheeland, L.J., 2022. Indexing starvation mortality to assess
its role in the population regulation of Northern cod. Fisheries Research, 247, p. 10801

Northwest Atlantic Fisheries Organization www.nafo.int


http://doi.org/10.17895/ices.pub.6004
http://dx.doi.org/10.1016/j.fishres.2014.01.014

13

Rideout, R.M., Gorditez-Troncoso, D., GonzaleZostas, F., Morgan, M.J. 2013. A preliminary examination of
differential survey trends in recent years between the Canadian Spring and Expain surveys for
3NO cod. NAFO SUbBvc.13/043, 11 pp.

Rideout, R.M., Regular, P.M., Varkey, D. 2021a Exploration of alternative ADAPT model formulations for the
assessment of Atlantic Cod in Divs. 3NO. NAFO $12R.21/030, 39 pp.

Rideout, R.M., Rogers, B., Ings, D.W. 262 updated assessment of the codack in NAFO Divisions 3NO.
NAFO SCP®oc.21/031, 57 pp.

Stock, B.C. and Miller, T.J., 2021. The Woods Hole Assessment Model (WHAM): A generakstate
assessment framework that incorporates timeand agevarying processes via random effects and
links to environmental covariates. Fisheries Research, 240, p.105967.

Van Beveren, E., Duplisea, D., Castonguay, M., Deviatroze, T., Plourde, S., and Cadigan, N. 2017. How catch
underreporting can bias stock assessment and advice in northwest Atlantic maaletand a possible
resolution using censored catch. Fisheries Research. Fisheries Research, 194:-134,
https://doi.org/10.1016/].fishres.2017.05.015.

Wheeland, L., Dwyer, K., Kumar, R., Rideout, R., Perreault, A., Rogers, B. 2021. Assessment of ArRéaica
in Div. 3LNONAFO SCR Doc. 21/035, 63 pp.

Zhang, F., Rideout, R.M. and Cadigan, N.G., 2020. Spatiotemporal variations in juvenile mortality and cohort
strength of Atlantic cod Gadus morhuaoff Newfoundland and Labrador. Canadian Journal of
Fisheries and Aquatic Sciences, 77(3), pp.6&35.

Zheng, N., Robertson, M., Cadigan, N., Zhang, F., Morgan, J. andaitidel, 2020. Spatiotemporal variation in
maturation: a case study with American plaiceHippoglossoides platessoidesn the Grand Bnk off
Newfoundland. Canadian Journal of Fisheries and Aquatic Sciences, 77(10), pp.1&899.

Zheng, N. and Cadigan, N., 2021. Frequentist deltariance approximations with mixed-effects models and
TMB. Computational Statistics & Data Analysis, 160,10.7227.

Northwest Atlantic Fisheries Organization www.nafo.int



14

Figures
5 -
4 -
200- o
1~
0 -I 1 | 1 1 1
1995 2000 2005 2010 2015 2020
_ 150
3
(2]
()]
=
2 100+
©
—
50-
0 -
1960 1980 2000 2020
Year

Figure 1. Estimates of total fishery landings of cod in NAFO Divisions 3NO. The inset figure shows landings
since 1995.
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Figure 13. Proportion mature at age for cod in NAFO Divs. 3NO
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Figure 17. M2 estimates of SSB and total biomass compared to ADAPT results. Line colors indicate
assessment models which are defined at the top. Shaded regions indicate 95% confidence
intervals. Inset figures focus on estimates since 1990.
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Figure 19. M2 estimates of average F at ages6land 69 compared to ADAPT results. Line colors indicate

assessment models which are defined at the top. Shaded regions indicate 95% confidence
intervals.
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Figure 22. Top panel:M2 estimates of recruitment (red lines) at age 1 compared to ADAPT results (black
lines). The dashed red lines indicate the recruitment means estimate for three tirt@ocks.
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Figure 23. M2 recruitment deviations.
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Figure 27. M2 process error predictions for eat age (panels).
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Figure 28. M2 retrospective estimates ofSSB (top panel) and recruitment (bottom panel). Shaded regions
indicate 95% confidence intervals based on the full timeeries of data. Inset figures show trends
since 2005.
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Northwest Atlantic Fisheries Organization www.nafo.int



38

Age 10 is a plus group for SSM and ages 10-12 for ADAPT

800 - 1

600 -
400~
200~

O -

200~

Abundance (millions)

10

0- 1 1 1
1960 1980 2000

Figure 33. Comparison of 3NO cod abundaneat-A CA  EOT |

3
400-
300 -
200 -
100 -
0_
120-
90-
60 -
30-
0- type
—— ADAPT
— U=1.25x
— U=1.50x

—— U=2.00x

30+
20
10+

0-

6-

4-

2

0- '
1960 2020

1 I
1980 2000

2020
Year

O E OW3A with differerd @ppey - p

bounds on landings since 1994 (U option line colors shown in legend) and ADAPT estimates.

Northwest Atlantic Fisheries Organization

www.nafo.int



Age 10 is a plus group for SSM and ages 10-12 for ADAPT
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Figure 34. Comparison of 3NO cod abundaneat-A CA OET AA pwwuv AOMI) witDdEf@rdrA 33! - § 0O
upper bounds on landings since 1994 (U option line colors shown in legend) and ADAPT
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Figure 38. Stockrecruit relationship from SSAM M2Top panel: recruitment versus SSB; middle panel:
Recruits per spawner (RPS) versus SSB; bottom panel: RPS versus yelatting symbol colors
indicate cohort which is described at the top of the figure.
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Appendix : SSAM Dagnostic Figures
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Figure A1l. Grey lines are the landings bounds and the black lines ak&2 model predicted landings. Points
are reported landings which are not used by the SSAM. The inset figure shows tresitsce 2005.

Northwest Atlantic Fisheries Organization www.nafo.int



45

Observed Model

Year

Figure A2. Observed (left) and M2 model predicted (right) catchat-age.
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Figure A3. Observed (points) and M2 model predicted (lines) catch proportiorat-age.
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Figure A9. M1 retrospective estimates of SSB (top panel) and recruitment (bottom panel). Shaded regions
indicate 95% confidence intervals based on the full timeeries of data. Inset figures show trends
since 2005.
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Figure A10.M1 retrospective estimates of average F at ages64(top panel) and 69 (bottom panel). Shaded
regions indicate 95% confidence intervals based on the full timeeries of data. Inset figures
show trends since 2005.
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Figure A11.M3 retrospective estimates of SSB (top panel) and recruitment (bottom panel). Shaded regions
indicate 95% confidence intervals based on the full timeeries of data. Inset figures show trends
since 2005.
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