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Executive summary

WKNSMSE (Workshop on North Sea stocks Management Strategy Evaluation) took place over
two physical meetings (19-21 November 2018 and 26-28 February 2019, but at ICES HQ, Copen-
hagen) and several WebEx meetings, was chaired by José De Oliveira (UK) and included 30 par-
ticipants from Denmark, Germany, Netherlands, Norway, Sweden, UK and the European Com-
mission, and two reviewers from South African and New Zealand. The purpose of this work was
to evaluate long-term management strategies for jointly-managed stocks in the North Sea (cod,
haddock, whiting, saithe and autumn-spawning herring) between the European Union and Nor-
way, following a request from EU-Norway. The first physical meeting provided an ICES inter-
pretation of the EU-Norway request, agreed the specifications of the MSE, decided on the tools
and approaches to use, and developed a work plan, while the second meeting (and subsequent
follow-up WebEx meetings) discussed results, developed conclusions, ensured the minimum re-
quirements for conducting MSEs (developed by WKGMSE2) were met, and finalised the report.
ICES were tasked to find “optimal” combinations of harvest control rule parameters (Ftarget and
Burigger) for management strategies with or without stability mechanisms (TAC constraints and
banking and borrowing scenarios). “Optimal” combinations were defined as those combinations
of Frarget and Buigger that simultaneously maximised long-term yield while being precautionary
(long-term risk3<5%). The request also asked for sensitivity tests once the management strategies
were “optimised”. The approach adopted for all stocks was to include the assessment and fore-
cast in a full-feedback MSE simulation, and to condition the baseline operating model on the
benchmarked ICES assessment. The one exception was haddock, where it was not possible to
include TSA in the full-feedback simulation because it was too slow to converge and requires
manual intervention; SAM was used instead as a reasonable approximation. The approach also
considered alternative operating models to capture a broader range of uncertainties. Full-feed-
back simulations were computationally challenging and required the use of parallelisation and
high-performance computing; it also meant that the time-frame for the work was extremely tight,
and in some cases, analyses were restricted. Nonetheless, the work was completed for all stocks,
and “optimal” combinations for most management strategies were found. There were some no-
table issues that arose through this suite of MSEs, including that some management strategies
that were precautionary in the long-term could have unsavoury and avoidable features in the
short term (depending on the management strategy), and that reference points estimated by
EqSim were, in many cases, no longer found to be precautionary in the MSE.
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1 Terms of Reference

WKNSMSE- Workshop on North Sea Stocks Management Strategy Evaluation

2018/2/ACOMS61 A Workshop on North Sea Stocks Management Strategy

Evaluation, chaired by José De Oliveira, United Kingdom and reviewed by (Carryn de
Moor), and (Matthew Dunn), will meet at ICES HQ, Copenhagen

19-21 November 2018 to:

1.

Provide an ICES interpretation of the EU-Norway Special request to evaluate manage-
ment strategies for key North Sea roundfish stocks (cod, haddock, saithe, whiting, au-
tumn-spawning herring); this interpretation should make clear what will be evaluated
in computer code (including the stability scenarios).

Agree on the specifications of the MSE; this should include the operating models to be
used, performance statistics to be presented, and criteria to be used to draw conclu-
sions on the performance of the various management strategies.

Decide on the tools to be used for each stock.

Develop a work plan leading up to the final meeting in 2019. This should include stra-
tegic WebEx meetings to check progress on the work.

26-28 February 2019 to:

1.

Analyse the results of the MSE for all stocks, and develop conclusions in relation to ICES
guidelines on whether the management strategies are precautionary or not.

Ensure that the minimum requirements for conducting MSE, as developed by
WKGMSE2, are met for the MSEs presented

Produce a report describing the management strategies evaluated, the specifications of
the MSE, results and conclusions for each stock.

WKNSMSE will report by 15t March 2019 for the attention of ACOM.
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Introduction

This workshop was initiated following a request from EU-Norway to evaluate long-term man-
agement strategies for joint stocks (North Sea cod, haddock, whiting, saithe and autumn-spawn-
ing herring) between the European Union and Norway (Annex 2). Two meetings were held, the
first (19-21 November 2018) was to provide an ICES interpretation of the request, agree the spec-
ifications of the Management Strategy Evaluation (MSE), decide on the tools to use, and derive
a work plan. The second meeting (26-28 February 2019) was to analyse the result of the MSE for
all stocks, develop conclusions, ensure the minimum requirements for conducting an MSE were
met, and finalise this report. The agendas for the two meetings are provided in Annex 4, and
participants listed in Annex 1. In between these two meetings, a series of three WebEx meetings
were held (11 December 2018, 21 January 2019 and 12 February 2019) to report on progress, help
familiarise the reviewers with the work and incorporate any feedback. In addition to this, a work-
shop was held at the JRC in Ispra during the week of the 215t January 2019 to support implemen-
tation of the a4a framework for MSEs for those needing such support. A number of follow-up
WebEx meetings were held (two each for herring and the remainder) following the second phys-
ical meeting in order to finalise work.

2.1 Management strategies

Management strategies comprise the harvest control rule (HCR) in combination with the stability
mechanism (TAC constraints and banking and borrowing scheme). The HCRs associated with
the long-term management strategies are illustrated in Figure 2.1 (for cod, haddock, whiting and
saithe) and Figure 2.2 (for autumn-spawning herring) without the stability mechanisms as de-
fined in the request (TAC constraints and banking and borrowing; Annex 2). Frarget and Birigger are
control parameters in the HCRs, and the request asks for the combination of these control pa-
rameters to be found that simultaneously maximises long-term yield and meets the precaution-
ary criterion (risk3<5%!; Annex 2). We have termed this process (maximising long-term yield
while ensuring the precautionary criterion is met) “optimising” the management strategy. The
Biim used in the HCRs are the currently-accepted Biim for the stocks, resulting from the most recent
benchmark assessment (and shown in the most recent advice sheet; for saithe the most recent
estimate follows an inter-benchmark held January/February 2019). These are listed in Table 2.1.

Table 2.1. By, values used as part of the HCR in each of the management strategies evaluated.

Stock Biim

Cod 107 000 t
haddock 94000 t
whiting 119970t
saithe 107 297 t
autumn-spawning herring 800 000 t

1risk3 is defined as the maximum of the annual P(SSB<Biim) over a pre-defined period.
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HCRs A
F — B
C
Ftarget
i
1/‘Ftarget E
B|im Btrigger SS B

Figure 2.1. Harvest Control Rules A, B and C for cod, haddock, whiting and saithe. The bottom left corner of the plot is
the origin (F=0 and SSB=0).

HCRs for 2+ ringers

BIim Btrigger SS B

HCRs for 0-1 ringers

— B

B|im Btrigger SS B

Figure 2.2. Harvest Control Rules for autumn-spawning herring 2+ ringers (top) and 0-1 ringers (bottom). The bottom left
corner of both plots is the origin (F=0 and SSB=0).
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Stability mechanisms for cod, haddock, whiting and saithe

For cod, haddock, whiting and saithe, in addition to HCRs A, B and C, illustrated in Figure 2.1,
which did not include stability mechanisms, the request asks for versions of each of these that
do include stability, as follows:

A+D: this is HCR A (Figure 2.1), with the addition of a TAC constraint (the TAC may not be more
than 25% above or 20% below the previous TAC). In addition, banking and borrowing is allowed
up to 10% of the TAC, according to paragraphs 1-3 in Annex 3. In this case, both the TAC con-
straint and the banking and borrowing scheme apply only when SSB at the start of the TAC year
is at or above Btrigger; they are suspended when SSB<Btrigger. There is an additional requirement for
saithe to consider a 15% TAC constraint (i.e. the TAC may not be more than 15% above or below

the previous TAC) under the same conditions as the TAC constraint described above; this has
been labelled A1+D.

B+E: this is HCR B (Figure 2.1), with the addition of a TAC constraint (the TAC may not be more
than 25% above or 20% below the previous TAC). In addition, banking and borrowing is allowed
up to 10% of the TAC, according to paragraphs 1-3 and 5 in Annex 3. In this case, the TAC con-
straint applies only when SSB at the start of the TAC year is at or above Buigger, and is suspended
when SSB<Buigger. In contrast to A+D, the banking and borrowing scheme applies throughout (i.e.
regardless of whether SSB at the start of the TAC year is above or below Burigger), but in order to
offer additional protection, paragraph 5 of Annex 3 is invoked.

C+E: As described above for B+E, replacing HCR B with C (Figure 2.1).

Stability mechanisms for autumn-spawning herring

For autumn-spawning herring, in addition to HCRs A and B illustrated in Figure 2.2 for 2+ and
0-1 ringers, which do not include stability mechanisms, the request asks for versions of each of
these that do include stability, as follows:

A+C: thisis HCR A (Figure 2.2), with the addition of a TAC constraint (the TAC may not be more
than 25% above or 20% below the previous TAC). In addition, banking and borrowing is allowed
up to 10% of the TAC, according to paragraphs 1-3 in Annex 3. In this case, both the TAC con-
straint and the banking and borrowing scheme apply to the directed fishery only, and only when
SSB at spawning time in the TAC year is at or above Buigger; they are suspended when SSB<Burigger.

A+D: this is the same as A+C, but both the TAC constraint and the banking and borrowing
scheme apply to the entire fishery (i.e. not just to the directed fishery).

B+E: this is HCR B (Figure 2.2), with the addition of a TAC constraint (the TAC may not be more
than 25% above or 20% below the previous TAC). In addition, banking and borrowing is allowed
up to 10% of the TAC, according to paragraphs 1-3 and 5 in Annex 3. In contrast to A+D, both
the TAC constraint and the banking and borrowing scheme apply throughout (i.e. regardless of
whether SSB at spawning time of the TAC year is above or below Buigger), but in order to offer
additional protection, paragraph 5 of Annex 3 is invoked for banking and borrowing. Both the
TAC constraint and the banking and borrowing scheme apply to the entire fishery (i.e. not just
to the directed fishery). [Note, there is an error in the request, asking for B+D instead of B+E.]

Requested outputs

The request asks that for each of the management strategies (A, B, C, A+D, B+E, C+E for cod,
haddock, whiting and saithe, and A, B, A+C, A+D and B+E for autumn-spawning herring), the
combination of the control parameters Frarget and Buigger be found that maximises long-term yield

ICES
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while also meeting the precautionary criterion that risk3<5%. This requires a search over a grid
0f Frarget and Bigger values. Once the “optimum” combination is found for each management strat-
egy, the request then asks for the following four additional scenarios for each management strat-
egy: 0.9Ftarget, 1.1Ftarget, FMsy-lower, and Fwmsy-upper, where the latter two are the reference points from
the most recent benchmark (in the case of saithe, this would be from the latest inter-benchmark
in January/February 2019 — see table below). It should be noted that Fumsv-ower and Fumsy-upper has
not been defined for autumn-spawning herring, so these two options are not supplied for this
stock. Furthermore, there is an additional request for haddock for management strategies A and
A+D, namely that in combination with the “optimum” Frarge, the following multiples of the “op-
timum” Buigger be given: 1.5Btigger and 2Burigger.

Table 2.2. Fysy-iower and Fusy-upper Values used as part of the additional scenarios in the request.

Stock Fimsy-lower Fmsy-upper
Cod 0.198 0.46
haddock 0.167 0.194
whiting 0.158 0.172
saithe 0.210 0.536
autumn-spawning herring N/A N/A

An additional request was received for autumn-spawning herring late in the process (email re-
ceived 11 February 2019) asking for an additional scenario where Frarget is set to zero for 0-1 ring-
ers for management strategy A+C (both for Al and A2 in Annex 2 for herring). Because of the
lateness of the request, this will be treated as a sensitivity test on the original A+C, rather than
looking for the “optimum” combination of Farget and Buigger that maximise long-term yield and
meets the precautionary criterion.

Interpretation of request

As is inevitable with written requests, it is often not possible to convert such requests directly
into computer code without further clarification. This was indeed the case for this request. The
obvious candidate was the text of paragraph 5 of the banking and borrowing scheme (Annex 3):

The inter-annual quota flexibility scheme should be terminated if the stock is estimated to
be under the precautionary biomass level (Bps) and the fishing mortality is estimated to be
above the precautionary mortality level (Fpa) the following year, or if the SSB is estimated
to be below Bya in two consecutive years.

In this text, it is not clear which year “the following year” refers to, and furthermore which years
the “two consecutive years” refer to. Our interpretation was that “the following year” referred
to the TAC year, and the “two consecutive years” were the TAC year and the year thereafter. For
additional clarification, Bpa and Fpa were taken from the most recent benchmark (in the case of
saithe from the inter-benchmark held in January/February 2019), as follows:
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Table 2.3. B, and F, values used in paragraph 5 of the banking and borrowing scheme (Annex 3).

Stock Bpa Foa
Cod 150000 t 0.39
haddock 132000 t 0.274
whiting 166 708 t 0.33
saithe 149 098 t 0.446
autumn-spawning herring 900 000 t 0.30

The request for herring included five management strategies, namely A, B, A+C, A+D and B+D.
The way the request was structure implied that B+D was not correct and should have been B+E.
We therefore only explored B+E (and not B+D). Furthermore, for herring, Fuvsy-ower and Fusy-upper
are not defined for this stock, so the sensitivity analyses for these options were not possible.

General specifications of the MSE

We followed the general approach for “full” MSEs (i.e. we did not follow a “short-cut” ap-
proach), as described in ICES (2013) and Punt et al. (2016). A flowchart of the approach is pro-

vided in Figure 2.3.

Operating Management

Model Procedure

Management
. regulations
Implementation

Biology and
Fishery

Monitoring
data

Observation

Management

Performance objectives

Figure 2.3. A flowchart of the Management Strategy Evaluation approach followed.
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Under the terminology of Figure 2.3, the Operating Model (OM) represents the true underlying
dynamics related to the biology and the fishery, and includes the observation model which adds
observation error to OM quantities to derive monitoring data that is passed to the Management
Procedure (MP), and the implementation model, which converts the management regulation
(e.g. TAC) into a realised catch. The only communication between the OM and MP is through
the monitoring data that the OM passes to the MP, and the management regulation that the MP
passes back to the OM. The MP consists of an estimation model (e.g. the working group assess-
ment model and forecast procedure), which is used to parameterise the decision model (the man-
agement strategies that are being evaluated). The performance of the management strategies is
evaluated by performance statistics that are closely related to management objectives (e.g. max-
imising yield and minimising risk).

A key part of the MSE is the inclusion of uncertainty, and this is introduced through the OM by
including parameter estimation error (using e.g. a variance-covariance matrix derived from fit-
ting a model to data,), process error (e.g. in recruitment and survival), observation error (when
deriving monitoring data), and implementation error (e.g. introduced by the banking and bor-
rowing scheme). Uncertainty can also be introduced by defining alternative OMs, and from the
fact that the estimation model in the MP does not have to be the same as the model the OM is
conditioned on.

An important principle in our approach is that uncertainty is included in a self-consistent man-
ner. For example, where 1000 replicates are used, each replicate will represent a single parameter
set (typically obtained using a variance-covariance matrix) which represents a replicate popula-
tion and its associated observation and process error parameters. A stock-recruit function is fit-
ted to a given period of stock-recruit pairs from that replicate and future recruitment is generated
for that replicate based on that stock-recruit function (see section 2.3.2). Survival process error
will be defined for that replicate and used in projecting its associated population forward in time.
Data will be generated from that replicate population based on the observation error parameters
for that replicate. In this way, each replicate is self-consistent.

23.1 The baseline operating model and alternatives

Because of the amount of time available for the evaluations, pragmatic decisions were made dur-
ing the first meeting for how to set up the MSE.

We decided to use the current ICES assessment (from the most recent benchmark, or in the case
of saithe, from the January/February 2019 inter-benchmark meeting) as the baseline operating
model (OM1). This would be the primary focus of the evaluation. The only exception was had-
dock, where it was demonstrated that SAM was an adequate approximation to TSA used for the
ICES assessment, and was therefore used to condition the baseline assessment, while the TSA
assessment was used to condition one of the alternative operating models (see haddock section
for more details).

The search for combinations of Frarget and Buigger that maximise long-term yield while fulfilling the
ICES precautionary criterion (risk3<5%), termed here the “optimal” combination, was only con-
ducted for the baseline OM1 for each of the management strategies. Furthermore, because we
were conducting full MSEs, each Frarget-Burigger combination took almost 40 hours to run on a single
core (although this time could be greatly improved with parallelised computing). It was there-
fore not always possible to obtain a full grid of Frrget-Buigger combinations, and the search was
mostly over an incomplete grid, focussing on the area where long-term yield was maximised
while simultaneously meeting the precautionary criterion. The details of the search process are
provided in the stock-specific sections.
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We also considered a number of alternative operating models (OM2, OM3, etc.), which we
treated as robustness tests to compare with OM1 (i.e. we would take the “optimal” combination
Of Frarget and Brrigger derived for each management strategy based on OM1, and check the impact
of alternative OMs on the performance of the management strategies for these “optimal” combi-
nations of Ftarget and Buigger). It should be noted here that Bim used in the OM (for calculation of
the risk performance statistics) was re-estimated, if necessary, for the alternative OMs (i.e. if these
OMs required the assessment model to be re-fitted). The Bim used in the OM was therefore spe-
cific to that OM.

We also decided to conduct the projections for OM1 based on the same choices for modelling
recruitment and other biological and fishery parameters as was made when estimating reference
points for each stock (i.e. the same choices as used for EqSim). Details are provided in each stock-
specific section, including any deviations from this general approach.

2.3.2 Modelling recruitment

Generally, the approach was to resample residuals (with replacement) from a stock-recruit func-
tion (e.g. segmented regression) fitted to stock-recruit pairs from a selected period in the recent
past, where the fitting and resampling is done within each replicate. During discussions, concern
was raised that this approach left gaps in the way the resampling was conducted, so an approach
that smoothed over these gaps was derived. An example R-code to illustrate the approach used
is given in the table below. Essentially, the approach fits a kernel density function to the selected
residuals, and uses this function to resample for residuals that will be applied to the fitted stock-
recruit relationship in future.

Table 2.4. Example R-code for generating smooth residuals.

# one start sample
x<-rnorm(20)

# smooth sampling function
smooth.sample <- function(N, x)}{
bw <- density(x)$bw
mu <- sample(x, N, replace = TRUE)
rnorm(N, mu, sd=bw)

}

# test

xx<-smooth.sample(100000,x)

plot(density(x), lwd=10, col="red")

hist(xx, probability=T, add=TRUE, col="blue", 100)
rug(x, lwd=3)
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Any deviations from this approach are covered in the stock-specific sections. The presence of
significant autocorrelation is investigated, and if significant is included. A validation check is
conducted in each case to ensure that recruitment that is generated in future is consistent with
that “observed” in the past (for the given period of recruitment and associated SSBs).

233 Generating data from the Operating Model (observation error)

The general principle for generating data is that the same likelihood formulation that is used to
fit to the data when conditioning the operating model would then be used for generating data.
This includes any correlations among data that is assumed in the model fit. Details are provided
in the stock-specific sections.

The way this has been coded in all cases is that the real historical data are passed to the estimation
model in the management procedure (Figure 2.3), and as future data are generated in subsequent
time-steps, these are added to the real historical data and they are together passed to the man-
agement procedure. Therefore, at the start of the projection period, the estimation model in the
management procedure will have almost the identical data that was used in the most recent ICES
assessment.

234 Implementation error (including banking and borrowing)

It is impossible to model exactly the behaviour of the banking and borrowing scheme (described
in Annex 3), because we have no way of knowing to what extent it will be used each year, or
what underlies the decision to bank/borrow each year. The approach we have taken has therefore
been to model an extreme version of banking and borrowing, namely that of alternatively bank-
ing and borrowing (cod, haddock, whiting and saithe), or banking first and always borrowing
thereafter (herring). The banking and borrowing algorithm used is explained below. Banking
and borrowing is applied after the TAC constraint, and is modelled as implementation error (i.e.
banking and borrowing does not affect the TAC from year to year, but rather the catch that is
associated with the TAC).

Additional implementation error is included for herring because of the uncertainty related to the
transfer of quota among fleets and quota uptake. Details of this are provided in the herring sec-
tion.

Another form of implementation error sometimes encountered during simulations is that the
TAC may imply an F in the operating model that is large — the a4a MSE framework includes a
cap on F (it cannot exceed 2), which may mean that the catch realised in the operating model
differs from that intended by the decision model in the MP. The number of times the cap is im-
plemented is reported in each section (apart from herring where no cap was implemented).

Banking and borrowing algorithm:
Assume banking and borrowing scheme is tested for years 1,2,..., where “1” is the first year of
application of the scheme.

Let Yhcr(y) denote the yield (=catch) that direct application of the management strategy gives for
year y. It is assumed that the quota for year y is set accordingly (i.e. = Yhcr(y)).

The actual realised yield in year y, Y(y), is calculated by modifying Yhcr(y) to account for bank-
ing and borrowing, as follows:

Y(y) = Yher(y) (1 + o(y)) — o(y-1) Yhcr(y-1), for y=1,2,....
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where 0(0)=0 and, for y>1, o(y) depends on the type of banking and borrowing scenario followed.
In order to mimic alternate banking and borrowing, we assume that o(y) =-0.1 for years 1,3,5,...,
and o(y) =0.1 for years 2,4,6,... (cod, haddock, whiting, saithe), and in order to mimic banking
first followed by continual borrowing, we assume o(y) = -0.1 for year 1, and o(y) = 0.1 for all sub-
sequent years (herring).

Table 2.5 provides an illustration of what the banking and borrowing would be for the two ex-

treme schemes tested, while Figure 2.4 provides an example application given some hypothetical
TACs.

Table 2.5. Realisations of the two extreme banking and borrowing scenarios tested. In the examples shown, H,, repre-
sents the TAC from the decision model in year y(and following implementation of any TAC constraints that are applicable
for that year).

year 1 2 3 4 5 6
Cod, haddock, whiting, saithe 0.9H, 1.1H,+0.1H, 0.9H; — 0.1H, 1.1H, + 0.1H, 0.9H; — 0.1H,  etc.
autumn-spawning herring 09H, 1.1H,+ 0.1H, 1.1H; — 0.1H, 1.1H, — 0.1H, 1.1H; — 0.1H, etc.

Demersal (alternative banking and borrowing) Herring (bank 1st year, then repay and borrow every year)

140000 20000
80000 80000

——nc J—
60000 © oo ™
20000 N 20000

~—_ —

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

Figure 2.4. An illustration of the banking and borrowing scheme for demersal stocks (cod, haddock, whiting and saithe;
left plot) and autumn-spawning herring (right plot) given a series of hypothetical TACs (blue line, same for both cases).
The result of the application of the banking and borrowing scheme is shown in orange.

2.3.5 The management procedure

The management procedure is the component of the MSE that houses the estimation model and
the decision model. The estimation model receives monitoring data from the operating model,
in the same way that an assessment working group would collect data to fit to the assessment
model. In our approach, the estimation model is exactly the assessment model that ICES would
use to conduct annual assessments (following the stock annex), and would have exactly the same
model setting and use exactly the same type of data. It would also incorporate, as far as possible,
the same assumptions used for conducting a short-term forecast through the intermediate year
to the start of the TAC year, after which the management strategy being evaluated in the decision
model takes over for providing the TAC. It was not possible to reproduce the forecast procedure
exactly in some cases (e.g. whiting and haddock) because the forecast is based on deterministic
multi-fleet forecast software that was not possible to include in the management procedure, so
the SAM stochastic forecast approach is used, taking the medians to represent the deterministic
forecast. This is assumed to be a reasonable representation of the deterministic forecast. For her-
ring, the forecast procedure was very similar, but not identical, to the one actually used (in real-
ity, the selection pattern from a multi-fleet assessment is used, while the MSE uses proportional
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catch-at-age to divide the estimated single-fleet selection pattern into four fleets; differences are
negligible).

The haddock estimation model in the management procedure is not the same as that used by
ICES because it was simply impractical to evaluate TSA (the current assessment model) due of
the amount of time this model takes to run, and due to its reliance on manual intervention. In
this case, SAM (a closely-related model, both being state-space models) has been used to approx-
imate the behaviour of TSA (see the haddock section for details).

2.3.6 Performance statistics and technical checks

Performance statistics

At a minimum, the request asks for a tabulation of the long-term yield, long-term SSB, interan-
nual TAC variability and risk of SSB falling below Biim, for the management strategies evaluated.
We have recorded these performance statistics for the short- (herring: years 1-3, others: years 1-
5), medium- (herring: years 4-8, others years 6-10) and long-term (final 10 years of the projection).
In addition to these we also show the realised F (compared to Fumsy and Fiim) and SSB (compared
to Biim and Bpa).

Our long-term yield is defined as long-term catch, and interannual TAC variability as interan-
nual catch variability (ICV), which would encompass the impact of the banking and borrowing
scheme.

Both risk1 (average of the annual probabilities of SSB being below Biim for a specified period) and
risk3 (maximum of the annual probabilities of SSB being below Bim for a specified period) has
been calculated (ICES 2013), with risk3 being the main one of interest.

ICV has been calculated as follows:

. |G
ICV = median over yand i of |———1

Gy

Technical checks

Technical check for the number of replicates for which the estimation model failed at least once
in the MP, and for the number of times the cap on F (=2) was breached in the OM, were included,
and statistics for these reported. Those replicates which included at least one failure of the esti-
mation model were excluded from the calculation of performance statistics.

Tools for conducting the MSE

The a4a MSE framework (https://github.com/flr/mse), as developed by the JRC, has been used
for four out of the five stocks (cod, haddock, whiting and saithe). Although this framework has
not been used for autumn-spawning herring, FLR (Kell et al. 2007), which forms the basis of the
a4a MSE framework, has been used in this case. All code has been stored on GitHub via the ICES
TAF facility (https://github.com/ices-taf/wk WKNSMSE).

11
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Minimum requirements for MSE

The ICES MSE summary template was filled in for all stocks, and is given in Annex 5. This tem-
plate helped ensure that the minimum requirements for conducting MSEs were carried out. Fur-
thermore, several participants in this work attended the WKGMSE2 meeting (ICES 2019a), and
the chair presented an outline of the work and approach used at this meeting, receiving a positive
response and some useful input (e.g. regarding reference points for alternative OMs).

Discussion

This workshop was the first time that so many full MSEs were undertaken under one umbrella,
an ambitious undertaking for any organisation. A full MSE means that the ICES assessments and
forecasts, as conducted annually for each stock, are included in the simulation loop (resulting in
20000 assessments and forecasts for each management strategy tested based on 1000 replicates
and a 20-year projection period). This posed some challenges for finding an “optimum” on an
Frarget-Buigger grid, and these have been reflected in the recommendations for future similar under-
takings (Section 2.8). Several other issues were raised during this work, as discussed below.

Number of projection years

The number of projection years to use in the MSE was explored for cod, and to a limited extent
for autumn-spawning herring (see those sections for more details). The conclusion of these in-
vestigations was that a 20-year projection period was long enough that the effects of initial num-
bers had largely disappeared by the time the long-term phase had been reached (final 10 years)
and median SSB had stabilised; a 20-year period was therefore deemed adequate for our pur-
poses, and this was adopted for all stocks considered.

Nevertheless, it was discovered that, even though the median of SSB stabilises in the long-term,
the 5% percentile of the distribution does not necessarily stabilise. Figure 2.5 plots annual risk
(P(SSB<Bim)) for the five stocks, which shows that for whiting and herring, there appears to be a
trend in the medium- and long-term periods, which is not present to the same extent for cod,
haddock and saithe. This may be due to the inclusion of auto-correlation in recruitment for whit-
ing and herring that is not included for the other stocks; the additional inclusion of auto-correla-
tion in biological parameters and the modelling of fishery selectivity as a correlated random walk
may also contribute to this feature for herring. Extending the projections for a further 20 years
for herring (for 200 replicates only) indicated the trend continued (see herring section for further
details).

Results continue to be presented on the basis of a 20-year projection, where the long-term period
(final 10 years) is used for “optimising” the management strategies, but the above feature should
be noted; however, it should also be noted that results can be used to make relative comparisons
among management strategies for the long-term period (final ten years), regardless of the above
feature.
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Figure 2.5. Annual risk (P(SSB<B;im)) for “optimised” management strategy A (except for herring, where Fiarg:=0.23 and
Burigger=1.4MT were used for A instead of the “optimised” combination). The horizontal hashed lines separate the short-
medium- and long-term projection periods used for the performance statistics for each stock. A total of 1000 replicates
were used to produce these plots.

Number of replicates

The number of replicates to use in the MSE was explored for cod, and to a limited extend for
autumn-spawning herring (see those sections for more details). Current guidelines suggest 1000
replicates should be the default. The conclusion of these investigations (based on considering
risk1l) was that 1000 replicates were adequate for our purposes, and this was adopted for all
stocks considered.

However, on closer inspection (Figure 2.6), it appears that risk3 was both positively biased and
relatively slow to converge, features that were noted by ICES (2013). Furthermore, it is not clear
whether, even for a case which appears to stabilise (cod in Figure 2.5), risk3 will converge to risk1
(right-most plot in Figure 2.6, although note that the values are quite low). Given that risk3 be-
comes increasingly positively biased the lower the number of replicates, and given that
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risk3>risk1, by definition, the use of risk3 with 1000 replicates can be considered a conservative
approach.

ICES defines risk3 as the appropriate measure for precaution, and we have adopted that for “op-
timising” the management strategies in all cases, based on 1000 replicates.

i I i3 e

median and
95% conf. int

. risk1

T . = risk3

P(SSB < Bi)

001

[ 2800 5000 7500 10000 ) 2500 5600 7500 10600 ) 2500 5000 7500 10500
number of replicates

Figure 2.6. Calculation of riskl (i.e. the average of the annual P(SSB<B)in)) and risk3 (i.e. the maximum of the annual
P(SSB<Bjim)) for years 11-20 of the projection period. A total of 10000 replicates based on OM1 and management strategy
A* for cod were projected forward in time (see cod section for more details). The y-axis gives the distribution of 1000
calculations of risk1 (first plot) and risk3 (second plot), where each calculation uses the number of replicates shown on
the x-axis that were re-sampled with replacement from the original 10000 replicates. In the box and whisker plots, the
heavy horizontal line within the box indicates the median, the edges of the box the 25t and 75t percentiles, the whiskers
the 2.5t and 97.5t percentiles, the remaining points the circles outside the whiskers, and the red hashed lines the median
for 10000 replicates. The final plot combines the other two plots with linked dots indicating the medians, and shaded
areas the 95% confidence bounds.

Precaution in the short- and long-term

Finding a management strategy precautionary in the long-term did not necessarily mean it was
precautionary in the short term, even for a stock like saithe, that is considered to be in a healthy
state currently (well above MSY Burigger). Nevertheless, there are certain management strategies
that have features in them (such as HCR B, with extra protection immediately below Biim) that,
when optimised for the long-term, can allow higher exploitation than otherwise (e.g. compared
to HCR A) that ultimately affects short-term performance. In the saithe example, both A and B
are precautionary in the long-term, but only A is precautionary in the short-term because its
“optimised” combination of Frarget and Brrigger implies lower exploitation to start with compared
to B.

In the case of cod, there exists no management strategy (not even F=0) that is precautionary in
the short-term, simply because the stock is currently close to Bim. Similarly, for whiting, none of
the management strategies explored were precautionary in the short-term, although in this case
F=0 would be precautionary in the short-term.

MSE and EqSim reference points

There are several differences between the MSE framework used here and EqSim that mean ref-
erence points between the two frameworks are likely to differ, despite making similar assump-
tions about biological parameters and recruitment. These differences include that the MSE is a
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much more comprehensive framework for handling uncertainty and includes the actual imple-
mentation of the ICES assessment and forecast, although EqSim performs a much longer projec-
tion. Table 2.6 highlights the Fros value that can be extracted from the MSE for management
strategy A* (which is similar to the ICES MSY approach for the stock, and the same as the advice
rule used in EqSim), and compares this to the EqSim-based F reference points. In all cases except
haddock, Fumsy-upper (Where available) would no longer be considered precautionary, and in the
case of whiting, none of the EqSim-based reference points would be considered precautionary,
and for herring, Fusy would not be considered precautionary.

Table 2.6. Comparing fishing mortality reference points from the MSE (based on HCR A*, which is similar to the ICES MSY
approach rule) and from EqSim. Those reference points not considered precautionary are coloured red. For the MSE
reference point Fp o5, where a range is supplied, it is because the search grid is only partially filled in, so possible values
are indicated.

MSE EqSim
Stock Fmsy-tlower Fivisy-upper
Fp.os Fmsy
Cod 0.37 0.198 0.31 0.46
Haddock 0.23-0.26 0.167 0.194 0.194
Whiting 0.10-0.11 0.158 0.172 0.172
Saithe 0.37-0.42 0.210 0.363 0.536
Autumn-spawning herring 0.22 N/A 0.26 N/A

Ability to recover from low stock size

The MSEs conducted largely did not explore the lower end of the HCRs (region below Biim; see
Figures 2.1 and 2.2), resulting in not much discrimination between A and C, for example. In order
to investigate further differences between A, B and C, and also test whether these HCRs were
able to recover the stock from a very low stock size, additional projections were conducted for
cod. Results indicated that when the stock was forced to a very low SSB (with recruitment fail-
ure), HCRs A, B and C reacted appropriately by reducing catch, and all three HCRs were able to
recover the stock once recruitment improved. As expected (Figure 2.1), A is the most precaution-
ary followed by B and C, with recovery to above Bim being delayed for the latter two compared
to A.

Discontinuities in the rule

Discontinuities exist in HCR B (the sudden drops shown in Figures 2.1 and 2.2), which is consid-
ered bad practice. This is because of the increase in variability to annual advice it introduces, and
the arguments that ensue about which side of the cliff-edge the stock is. For this reason, discon-
tinuities or sharp changes in HCRs are not recommended.

There are also sharp changes related to the application (or not) of the stability mechanisms, but
the effect of these changes was not explored.
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General conclusions

This MSE work on five North Sea stocks was an ambitious undertaking, and arguably not suffi-
ciently resourced, both in terms of the time available to carry out the work, and the computing
resources needed for high-performance computing. Both of these issues need to be addressed in
any future, similar undertaking.

The a4a MSE framework used for four of the five stocks, and supported by the JRC, and the use
of ICES’ GitHub TAF facility worked well and meant that code could be shared amongst analysts
(thus saving large amounts of time), facilitated easier cross-checking of code, and allowed all
participants to freely check the code if they wished. Including relatively diverse stocks in this
work also enhanced sharing of ideas and experience.

Stock-specific conclusions are covered in each of the stock sections.

Recommendations

It is recommended that:

*  Guidelines be developed for when and how reference points should be extracted from an
MSE when one is conducted. [ACOM]

*  Guidelines be developed for how to treat the results of alternative operating models. In the
current MSE approach, these have been used as robustness tests on the “optimised” combi-
nation for each management strategy. [ACOM]

*  The relationship between estimated risk and assumed levels of uncertainty included in the
MSE be investigated. Risk and uncertainty are closely related, and including more uncer-
tainty affects the estimated level of risk from the MSE. [ACOM]

*  More efficient ways of conducting searches over a grid to the required level of precision be
investigated. This is needed because of the high-performance computing requirements for
full MSEs. This work could include investigating statistical properties that relate sample size
to required precision, GAMs to interpolate over an incomplete grid, etc. [WGMG, WKGMSE]

*  The provision of high-performance computing facilities be investigated to ensure resources
for conducting full MSEs are available when required. This was a significant problem for the
work of WKNSMSE, caused substantial delays in obtaining results and limited the scope of
the work [ACOM]
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Cod (Gadus morhua) in Subarea 4, Division 7.d, and
Subdivision 20 (North Sea, eastern English Channel,
Skagerrak)

Baseline operating model (OM1)

3.1.1 Model and settings

The baseline operating model was conditioned on the latest SAM assessment for North Sea cod
(ICES 2018a). For simulations, the assessment-estimated catch multipliers for the years 1993—
2005 were used to adjust the catch in those years and estimation of the multipliers subsequently
removed. The following plots show the assessment summaries and fits to data.
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Figure 3.1.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Anticlockwise from top left, point-wise estimates and 95%
confidence intervals of spawning stock biomass (SSB), total stock biomass (TSB), recruitment (R(age 1)), the catch multi-
plier, catch and mean fishing mortality for ages 2—4 (F(2-4)), from the SAM final run (catch multiplier estimated for 1993—
2005 only). The heavy lines represent the point-wise estimate, and the light lines point-wise 95% confidence intervals.
The open circles given in the catch plot represent model estimates of the total catch excluding unaccounted mortality,
while the solid lines represent the total catch including unaccounted mortality for 1993-2005. The horizontal broken
lines in the SSB plot indicate Blim=107 000t and Bpa=150 000t, and in the Fbar plot Flim=0.54, Fpa=0.39 and Fmsy=0.31.
The horizontal broken line in the catch multiplier plot indicates a multiplier of 1. Catch, SSB and TSB are in tonnes, and R
in thousands.
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Figure 3.1.2. Cod in Subarea 4, Division 7.d and Subdivision 20: Fits to catch-at-age data.
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Figure 3.1.3. Cod in Subarea 4, Division 7.d and Subdivision 20: Fits to the IBTS-Q1 survey data.
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3.1.2 Parameter uncertainty

Parameter uncertainty, including survival process error, is derived from the variance-covariance
matrix of the estimable parameters from the SAM assessment. The variance-covariance matrix
was used to derive 1000 parameter sets resulting in 1000 North Sea cod replicates reflecting the
historical and current status of the stock and associated uncertainty.

3.13 Recruitment

Recruitment was generated based on a segmented regression curve from 1998 onwards. Alt-
hough reference points for North Sea cod were calculated based on the period 1988+ (ICES
2015a), the very low recruitment period from 1998 is used as a precautionary check of the Fumsy
range and to conduct short term forecasts. An alternative operating model (OM2) considers the
period 1988+

A segmented regression curve was fit to each of the 1000 replicates individually. The breakpoint
of the segmented regression was estimated and there were only two replicates where the break-
point was estimated to the right of the stock-recruit pairs. Residuals for future recruitments were
drawn from smoothed distributions of the residuals for each replicate. Autocorrelation was not
included because it was not significant (Figure 3.1.7).
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Figure 3.1.6. Cod in Subarea 4, Division 7.d and Subdivision 20: Fit of the segmented regression stock-recruit relationship
to the original assessment point estimates for the recruitment period 1998+.
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Figure 3.1.7. Cod in Subarea 4, Division 7.d and Subdivision 20: Autocorrelation function applied to the assessment esti-
mates of recruitment for the period 1998+.

Figures 3.1.8-10 compare generated recruitments with corresponding (i.e. based on the same SSB)
historical recruitments and indicate that the approach followed provides a plausible basis for
generating recruitment.
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Figure 3.1.9. Cod in Subarea 4, Division 7.d and Subdivision 20: A comparison of historical and generated recruitments
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using empirical cumulative distribution function (ecdf in R) for the stock recruit pairs shown above.
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Figure 3.1.10. Cod in Subarea 4, Division 7.d and Subdivision 20: An overall comparison of historical (red) and generated
(black) recruitment combining all 100 replicates.

3.1.4 Mean weights, maturity, natural mortality and selection

Simulation of biological parameters follows the same assumptions as in the estimation of refer-
ence points. Reference points for North Sea cod were last updated in 2017 (ICES 2017) on the
same basis as for ICES (2015a; see WD2 in Annex 8 of that report). Future mean weights, maturity
and natural mortalities were modelled by selecting a year at random with replacement from the
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period 2013-2017 for each future year and allocating the biological parameters for all ages in that
year to the given future year. This process was done independently for each replicate and is
consistent with the EqSim approach for estimating reference points, where a five-year time pe-
riod was chosen for North Sea cod due to the increasing trends in mean weights and natural
mortality observed at the time (ICES 2015a, WD2 in Annex 8 of that report). The only exception
to this is maturity in 2018, for which IBTS-Q1 data are available.

16
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Figure 3.1.11. Cod in Subarea 4, Division 7.d and Subdivision 20: Mean weight at age in the catch for ages 1-9.
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Figure 3.1.12. Cod in Subarea 4, Division 7.d and Subdivision 20: Annually varying maturity-at-age. Dots are the raw val-
ues estimated from IBTS—-Q1 data while lines are the smoothed values that feed into the assessment. Values for 1963—
1972 are the former constant maturity values used for cod.
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Figure 3.1.13. Cod in Subarea 4, Division 7.d and Subdivision 20: Smoothed, annually varying natural mortality from the
2017 key run (ICES 2018b). Values for 1963-1972 are set equal to the 1973 value, while 2017 is set equal to 2016.

Selection is also resampled with replacement from the period 2013-2017 but separately to the
biological parameters, following the EqSim approach for estimating reference points. Although
no change in exploitation pattern was detected in the preceding 10 years, a five-year time period
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was chosen to avoid the years 2004-2005, which had substantial unallocated removals (ICES
2015a, WD2 in Annex 8 of that report).
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Figure 3.1.14. Cod in Subarea 4, Division 7.d and Subdivision 20: Selection pattern for the years 2000-2017.

3.15 Generating data from the operating model

Catch was generated when projecting the stock with the fwd function in FLR package FLash.
Catches from the operating model were multiplied by an error term e®2y when being passed to
the management procedure, where ¢,,,~N(0,0Z) and ¢ are observation standard deviations for
catch as estimated by SAM.

Survey observations were generated from the operating model as follows:
— —tiZ, £ i
Ia,y,i - qa,iNa,ye ey erayt

where N and Z are stock numbers and total mortalities from the operating model, the a, y and i
subscripts denote age, year and survey (IBTS-Q1 or IBTS-Q3) respectively, g are survey catcha-
bilities and &,,,;~N (0, o2) with o standard deviations as estimated by SAM, and ¢ is the timing
of the survey (0.125 for Q1 and 0.625 for Q3) (Nielsen and Berg 2014).

Biological parameters for the management procedure were taken as the mean of those parame-
ters in the operating model for the years 2013-2017.

3.1.6 Implementation error

Banking and borrowing has been introduced as implementation error. Once the management
strategy produces a TAC, this TAC is adjusted by the effects of the banking and borrowing
scheme (see Annex 3). Implementation error also occurs because of a cap on the operating model
F of 2.
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3.1.7 Number of replicates and projection years

The number of replicates to be used for the MSE was justified using an MSE with 10000 replicates
(based on OM1 and management strategy A*). Figure 3.1.15 gives the distributions of risk1 (i.e.
average P(S5SB<Biim)) calculated for a set period of years and for increasing numbers of replicates
resampled 1000 times each. Although this performance statistic is quite variable in the short-
term, 1000 replicates appeared to be an adequate number for the period of interest (years 11-20
of the projection period).
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Figure 3.1.15. Calculation of risk1 (i.e. the average annual P(SSB<Bi)) for a given range of years. A total of 10000 repli-
cates based on OM1 and management strategy A (with Figet=0.31 and Byigeer=150000, labelled A*; note that this is not
the “optimal” combination of these control parameters), were projected forward in time. The y-axis gives the distribution
of 1000 calculations of risk1, where each calculation uses the number of replicates shown on the x-axis that were re-
sampled with replacement from the original 10000 replicates.

The number of years to use in the projection period was also investigated by projecting the op-
erating model (OM1) forward with F=0, and based on management strategy A (Figure 3.1.16).
The F=0 projection indicates that SSB reaches a plateau within a 20-year projection period, and
following management strategy A for an arbitrary combination of Frarget and Burigger, this is reached
even sooner. A projection period of 20 years was therefore considered adequate for cod.
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Figure 3.1.16. Summary projections (Rec, SSB, Catch and F(2-4)) based on OM1 for the case where F=0 (top four plots)
and for management strategy A (with arbitrary Fiarget=0.37 and Birigger=150000; note that this is for illustrative purposes
only and is not the “optimal” combination of these control parameters).

Alternative operating models

3.2.1 OM2 - Alternative recruitment period (1988+)

The first alternative operating model (OM2) bases recruitment on the period from 1988 onwards.
This recruitment period was used to derive Fumsy reference points for North Sea cod and includes
the SSB used to set Biim (=5SB in 1996, the last reasonably sized recruitment; ICES 2015a).
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As for OM1, a segmented regression curve was fit to each replicate individually with breakpoint
estimated. For 62 replicates, the breakpoint was estimated to the right of the stock-recruit pairs.
Serial correlation was shown to be significant only at the third and fifth lags and was therefore
not included (Figure 3.2.1.2). Residuals for future recruitments were again drawn from smoothed
distributions of the residuals for each replicate.
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Figure 3.2.1.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Fit of the segmented regression stock-recruit relation-
ship to the original assessment point estimates for the recruitment period 1988+.
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Figure 3.2.1.2. Cod in Subarea 4, Division 7.d and Subdivision 20: Autocorrelation function applied to the assessment
estimates of recruitment for the period 1988+.

Figures 3.2.1.3-5 compare generated recruitments with corresponding (i.e. based on the same
SSB) historical recruitments and indicate that the approach followed provides a plausible basis
for generating recruitment.
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Figure 3.2.1.3. Cod in Subarea 4, Division 7.d and Subdivision 20: Historic stock-recruit pairs (red dots), with stock recruit
relationships fitted to these (black lines) and generated recruitments (black dots) for a subset from 100 simulations.
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Figure 3.2.1.4. Cod in Subarea 4, Division 7.d and Subdivision 20: A comparison of historical and generated recruitments
using empirical cumulative distribution function (ecdf in R) for the stock recruit pairs shown above.

33



34

ICES SCIENTIFIC REPORTS 1:12

4e+06

3e+06

rec

2e+06

1e+06

Oe+00

8 53'3.
it 4. .

50000 100000 150000

SSB

1.00

0.757

>0.50

0.007

Oe+00 1e+06

2e+06 3e+06 4e+08
rec

Figure 3.2.1.5. Cod in Subarea 4, Division 7.d and Subdivision 20: An overall comparison of historical (red) and generated
(black) recruitment combining all 100 replicates.

3.2.2

OMS3 - Year effects in the IBTS surveys

The second alternative operating model (OM3) includes year effects in the surveys. This is justi-
fied by the latest assessment of North Sea cod, which saw a downscaling of SSB in recent years,
partially caused by lower-than-expected catch rates of older cod in the 2018 IBTS-Q1, and to a
lesser extent the 2017 IBTS-Q3 surveys (ICES 2018a). Data analyses conducted by WGISDAA
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2018 (report not yet available) found year effects in the recent survey indices, although the rea-
sons for this remain unclear.

Year effects were included by introducing correlated errors between age classes for the survey
indices (Berg and Nielsen 2016). A single correlation parameter was estimated for each survey
(Table 3.2.2.1) and, although this made little improvement to the observation residuals (which
are still mostly negative in the last instance), led to a significant improvement in negative log
likelihood terms, and to a better AIC (Table 3.2.2.2).

Table 3.2.2.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Observation covariance structure configuration for the
alternative OM with year effects in the survey indices.

1-2 2-3 3-4 4-5 5-6+
Catch ID ID ID ID ID
IBTS-Q1 0 0 0 0 -
IBTS-Q3 1 1 1 ; .

Table 3.2.2.2. Cod in Subarea 4, Division 7.d and Subdivision 20: Model fitting diagnostics for the alterative assessment
with correlated residuals and the accepted assessment for 2018 (baseline).

Model log(L) No.par AIC Pval
Correlated survey residuals (OM3) -164.98 36 401.96
Assessment 2018 (OM1) -169.79 34 407.57 0.008176

Figures 3.2.2.1-6 compare assessment summaries from the alternative and baseline models and
show fits of the alternative SAM model to data.
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Figure 3.2.2.3. Cod in Subarea 4, Division 7.d and Subdivision 20: Fits to the IBTS—Q1 survey data.
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Figure 3.2.2.4. Cod in Subarea 4, Division 7.d and Subdivision 20: Fits to the IBTS—Q3 survey data.
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Figure 3.2.2.5. Cod in Subarea 4, Division 7.d and Subdivision 20: Normalized residuals for total catch, IBTS—-Q1, IBTS-Q3,
the recruitment and survival process error, and the fishing mortality process error. Blue circles indicate a positive residual
and red circles a negative residual.
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Figure 3.2.2.6. Cod in Subarea 4, Division 7.d and Subdivision 20: Estimated observation correlation matrices.

Survey observations were generated in a similar way to the other OMs except that observation
errors were drawn from a multivariate normal distribution:

gy,i~N(0; Zl)

Where Zi are the covariance matrices between age classes within years for each survey i, obtained
from the SAM fit.

Biim was re-estimated because OM3 is based on an alternative SAM configuration, and therefore
an alternative assessment. As for the accepted assessment (OM1), Bim was taken as the SSB asso-
ciated with the last reasonably sized year class (SSB in 1996 = 108,000 t). This new Bim was used
for the purposes of calculating performance statistics, while the management procedure compo-
nent of the MSE continued to employ the current value of Bim = 107,000 t, on the basis that the
management procedure should mimic current practices for assessment and advice.
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3.23 OM4 - Density-dependent M

Cannibalism is an important part of natural mortality for younger cod and predation levels on
these early age classes may change as the stock recovers. The third alternative operating model
(OM4) considers density-dependence in natural mortality. The stock assessment of cod uses es-
timates of natural mortality derived from multispecies analysis, updated by the Working Group
on Multispecies Stock Assessment Methods (WGSAM) every three years in so called “key runs”.

Future Ms were simulated according to relationships of partial predation mortality (pM2) be-
tween younger age classes of cod (1-3) and their main predators (cod, whiting, grey seal and
porpoise). These relationships were obtained by fitting GLMs to data for each combination of
predator and prey from the last SMS key run (ICES 2018b):

ln(pMza,pr) = Ca,pr + bl,a,pr ln(Na) + b2,a,pr ln(Npr)

where the subscripts denote cod prey aged a and predator pr and N are abundances, b regression
coefficients and c the intercept. Abundances of external predators (whiting, grey seal and por-
poise) are fixed at their 2016 abundances while abundances of cod are updated in each time step
of the simulation.

Table 3.2.3.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Parameters describing the partial predation mortalities
of cod and their main predators. Note that the intercept and regression coefficients are given on a log scale.

Interaction Capr bl,a,pr bz_a,,,r Nopyr (000)
Cod1~Grey seall -5.050965689 -0.246109496 1.410438034 88
Cod2~Grey seall -6.862945372 -0.166796428 1.554528004 88
Cod3~Grey seall -6.958168035 -0.122533958 1.38999513 88
Cod1~H. porpoisel 2.324555922 -0.250388948 NA 224
Cod2~H. porpoisel 2.585418729 -0.301430919 NA 224
Cod1~Cod2 -13.3757484 -0.124047368 1.075964403

Cod1~Cod3 -10.48454551 -0.088211003 0.923879933

Cod1~Cod4 -9.684056523 -0.074631755 0.884622061

Cod1~Cod5 -9.237195478 -0.060384673 0.83574969 Dynamic
Cod1~Cod6 -9.353143483 -0.059836816 0.860453772

Cod2~Cod5 -11.9181104 0.18738728 0.768133054

Cod2~Cod6 -9.734754887 -0.038695018 0.864268236

Cod1~Whiting5 -18.49326447 -0.459320543 1.919397959 27701
Cod1~Whitingb -11.39386054 -0.242620422 0.971044622 20949
Cod1~Whiting7 -10.20859553 -0.230527818 0.808415326 9388

Cod1~Whiting8 -10.56068345 -0.240002154 0.854289965 8150
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Total predation mortality (M2) on each age class is given by summing the partial M2s over all
predators:

M2, = Z pM2,
pr

And total natural mortality as the sum of non-predation (M1 = 0.2 for all ages) and predation
(M2) mortality:

M, =02+ M2,

Three-year means of natural morality were generated from the operating model to simulate the
process of key runs. Each key run year mean Ms from the previous three years were generated
from the operating model and passed to the management procedure, with these mean Ms being
retained until the next key run year. The R code in Table 3.2.3.2 demonstrates this process.

Table 3.2.3.2. Cod in Subarea 4, Division 7.d and Subdivision 20: R code to generate three-year means of M from the

gy,

operating model on key run years. “ay” is the current assessment year within the MSE, “observations$stock” the ob-
served stock and “stk” the operating model.

if (tis.null(dd_M) & (ay %% 3 == 1)) {
m(observations$stk)[, ac(ay:(ay+2))] <- yearMeans(m(stk)[, ac((ay-3):(ay-1))])

}

Management procedure

The management procedure (MP) comprises of the estimation model and the decision model.
The decision model comprises the management strategies that are being evaluated (Section 2.1),
and the estimate of SSB needed by the decision model is supplied by the estimation model. For
cod, the estimation model is identical to the SAM model used on an annual basis for advice, and
includes the forecasting procedure needed to derive the annual advice. The model settings and
forecast assumptions are therefore the same, and are as described in the stock annex for this
stock.

Results

34.1 Search grid for “optimal” combination of Fiarget and Btrigger

The search for “optimal” combinations of Frrget and Brrigger (i.e. those that maximise long-term
yield while fulfilling the ICES precautionary criterion of risk3<5%), was only conducted for the
baseline OML1 for each of the six management strategies. The grid searches are shown in Figures
3.4.1.1-6. Most of the grids are only partial because each cell in the grid takes just under 40 hours
on a single core computer. Furthermore, the search was conducted in steps of 0.01 for Farget, and
10000 t for Buigger. The “optimal” combination is highlighted in each plot with a black border
around the corresponding cell. Table 3.4.1.1 summarises the result of the search for the “optimal”
combinations. The grid for management strategy A (Figure 3.4.1.1) came at the cost of a total
CPU runtime of around 18,500 hours (i.e. 2.1 years) and used exclusively 40 high performance
computing nodes with a total of 1,600 CPU cores and 15 terabytes of memory for more than 10
hours.
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Table 3.4.1.1. Cod in Subarea 4, Division 7.d and Subdivision 20: “optimal” combinations for Fiarget and Byyigger for the
baseline OM1 and six management strategies. Also reported are the median long-term values for catch, SSB, realized
mean F (ages 2-4), interannual catch variability (ICV), interannual TAC variability (ITV), risk3, risk1, the number of times
the SAM assessment did not converge during the simulation and the number of times mean F reached the maximum of

2.0.
Manage-  Fiarget Btrigger Catch SSB F(2- ICV ITV risk3 riskl  convergence Fmaxed
ment 4) failed
strategy
F=0 0.00 - 0 701275 0.000 0.000 0.000 0.0% 0.0% -
A* 0.31 150000 52610 195959 0.311 0.113 0.113 1.1% 0.7% 0
A*+D 0.31 150000 51880 195477 0.305 0.315 0.128 1.1% 0.7% 0
A 0.38 170000 54597 167536 0.362 0.171 0.171 3.6% 3.0% 0
B 0.38 160000 54790 165561 0.369 0.166 0.166 4.0% 3.6% 0
C 0.38 170000 54597 167536 0.362 0.171 0.171 3.6% 3.0% 0 0
A+D 0.4 190000 52532 167587 0.351 0.260 0.211 3.8% 3.1% 0 0
B+E 0.36 130000 52728 168381 0.356 0.329 0.151 4.6% 3.6% 0 0
C+E 0.36 140000 52440 168157 0.353 0.318 0.149 49% 3.6% 0 0
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Figure 3.4.1.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Grid search for “optimal” combination of Fia: and
Burigger fOr management strategy A for the long-term (i.e. final 10 years of the 20-year projection). The top-left plot is
median long-term catch, top-right the long-term risk3, bottom left the median long-term inter-annual catch variability
and bottom right the median long-term SSB. The “optimal” combination is surrounded by a black box. The combinations
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Figure 3.4.1.2. Cod in Subarea 4, Division 7.d and Subdivision 20: Grid search for “optimal” combination of Fia: and
Burigger fOr management strategy B for the long-term (i.e. final 10 years of the 20-year projection). See caption to Figure

3.4.1.1 for further details.
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Figure 3.4.1.3. Cod in Subarea 4, Division 7.d and Subdivision 20: Grid search for “optimal” combination of Fiae: and
Burigger fOr management strategy C for the long-term (i.e. final 10 years of the 20-year projection). See caption to Figure
3.4.1.1 for further details.
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Figure 3.4.1.5. Cod in Subarea 4, Division 7.d and Subdivision 20: Grid search for “optimal” combination of Fiarge: and
Burigger fOr management strategy B+E for the long-term (i.e. final 10 years of the 20-year projection). See caption to Figure
3.4.1.1 for further details.
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Figure 3.4.1.6. Cod in Subarea 4, Division 7.d and Subdivision 20: Grid search for “optimal” combination of Fiarg: and
Burigger fOr management strategy C+E for the long-term (i.e. final 10 years of the 20-year projection). See caption to Figure
3.4.1.1 for further details.

3.4.2 Summary projections

Summary projections for recruitment (age 1), SSB, catch and mean F (ages 2-4) for the baseline
OML1 are given for F=0 in Figure 3.4.2.1, for a version of management strategy A that sets
Ftarge=Fmsy=0.31 and Burigger=MSY Burigge:=150000 t (labelled A*) in Figure 3.4.2.2, and for a version
of A* that includes the stability mechansims (labelled A*+D) in Figure 3.4.2.3. Summary projec-
tions for the six “optimised” management strategies (see Table 3.4.1.1) are given in Figures
3.4.2.4-9. Figure 3.4.2.10 plots the annual risk for “optimised” management strategy A, which
indicates that annual risk has stabilised from around 2025 onwards.
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Figure 3.4.2.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for F=0. Top plot is recruitment
(age 1), second plot SSB, third plot catch and bottom plot mean F (ages 2-4). The vertical black line separates the historical
period from the projection period. The SSB plot includes B,a=MSY Byigeer (horizontal solid line) and Bjim, (horizontal hashed
line), while the mean F plot includes Fns, (horizontal solid line) and Fim (horizontal dashed line). The actual plots show
medians (solid black line) with the darker shaded area indicating the 25t and 75t percentiles, and the light shaded area
the 5t and 95t percentiles. The coloured lines represent the values from the first five replicates.
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Figure 3.4.2.2. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for management strategy A* (i.e.
With Fiarget=Fmsy=0.31 and Birigger=MSY Byigeer=150000 t). See the caption to Figure 3.4.2.1 for further details.
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strategy A (see Table 3.4.1.1). See the caption to Figure 3.4.2.1 for further details.
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Figure 3.4.2.5. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for “optimised” management
strategy B (see Table 3.4.1.1). See the caption to Figure 3.4.2.1 for further details.
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Figure 3.4.2.6. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for “optimised” management
strategy C (see Table 3.4.1.1). See the caption to Figure 3.4.2.1 for further details.
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Figure 3.4.2.9. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for “optimised” management
strategy C+E (see Table 3.4.1.1). See the caption to Figure 3.4.2.1 for further details.
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strategy A. The horizontal hashed lines separate the short- medium- and long-term projection periods used for the per-
formance statistics.
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343 Comparison of management strategies for the baseline OM1

The performance of F=0, a version of management strategy A that sets Ftarger=Fmsy=0.31 and Buig-
ger=MSY Burigger=150000 t (labelled A*), and the six “optimised” management strategies are com-
pared in terms of catch, riskl and risk3, inter-annual catch variability and SSB in the short- (first
five years), medium- (years 6-10) and long-term (final 10 years) in Figures 3.4.3.1-3.4.3.3. Two
additional performance statistics were calculated for cod to account for the fact that the latest
assessment predicts the stock to be below MSY Brrigger ICES 2018a): the proportion of replicates
that recover to above Bpa=MSY Brigge:=150000 t within the 20-year simulation period and the num-
ber of years it takes for each replicate to recover above Bpa=MSY Burigger. These results are pre-
sented for F=0, A* and the six “optimised” management strategies in Figure 3.4.3.4.

Short-term comparisons (Figure 3.4.3.1) indicate that none of the management strategies (and
not even closing the fishery) has an associated risk3 lower than 5%, which is an indication of
current stock status (SSB close to Biim). This implies that there are no management strategies that
would be deemed precautionary in the short-term for cod. Recovery is quick, however, and all
management strategies are precautionary in the medium- (Figure 3.4.3.2) and long-term (Figure
3.4.3.3). An interesting result is that management strategy A* (essentially the current MSY ap-
proach for cod) results in similar long-term catch as the other six “optimised” management strat-
egies, but at much lower risk and interannual catch variability, and higher long-term SSB (Figure
3.4.3.3).
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Figure 3.4.3.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Comparing the performance of management strategies
in the short-term (first five years). Individual plots are as indicated by the label on the y-axis. Within each plot, the man-
agement strategies are FO (i.e. F=0), A* (i.e. management strategy A With Fiarget=Fmsy=0.31 and Birigger=MSY Byrigger=150000
t, and the six “optimised” management strategies (A, B, C, A+D, B+E and C+E). In the box and whisker plots, the heavy
horizontal line within the box indicates the median, the edges of the box indicate the 25t and 75t percentiles, and the
whiskers extend to the largest and smallest values within 1.5 times the inter-quartile range (IQR) from the edges, and
the remaining points indicated as dots outside the whiskers are the outliers to 1.5*IQR from the edges. The red horizontal
line corresponds to the median (box and whisker plots) or actual value (risk plots) for management strategy A* for com-
parison.
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Figure 3.4.3.2. Cod in Subarea 4, Division 7.d and Subdivision 20: Comparing the performance of management strategies

in the medium-term (years 6-10). See Figure 3.4.3.1 for more details.
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Figure 3.4.3.3. Cod in Subarea 4, Division 7.d and Subdivision 20: Comparing the performance of management strategies
in the long-term (final 10 years). See Figure 3.4.3.1 for more details.
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Figure 3.4.3.4. Cod in Subarea 4, Division 7.d and Subdivision 20: Recovery statistics for the various management strate-
gies (as described in Figure 3.4.3.1). The left plot indicates the proportion of replicates that recover above B,,=MSY Byigger,
while the right plot indicates the number of years taken to recover above B,.=MSY Byrigger for the first time, indicated as
box and whisker plots (see Figure 3.4.3.1 for a description).
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344 Sensitivity of management strategies for the baseline OM1

The sensitivity of performance statistics for the six “optimised” management strategies (A, B, C,
A+D, B+E and C+E) to five fishing pressure scenarios (0.9*Ftarget, Frarget, 1.1%Farget, FmsY tower=0.198
and Fumsy upper=0.46) in the short- (first five years), medium- (years 6-10) and long-term (final 10
years) are presented in Figures 3.4.4.1-3.4.4.3. Sensitivity of recovery statistics for the manage-
ment strategies to the same fishing pressure scenarios are presented in Figure 3.4.4.4.

The management strategies have been tuned (using control parameters Frarget and Brigger) to max-
imise catch in the long-term, but with a check that the ICES precautionary criterion is met
(risk3<5%). For cod, this often meant that the “optimal” combination of Frarget and Brrigger was on
the edge of the precautionary and non-precautionary zones of the grid for risk3 (see e.g. Figure
3.4.1.1), and consequently that there was not a lot of slack for F (i.e. selection of a slightly higher
F than the “optimal” Furget would quickly become non-precautionary). For this reason, none of
the management strategies are precautionary when F is increased to 1.1Frget and Fmsy-upper. On
the other hand, long-term catch is hardly affected when decreasing F to 0.9Ftrget., but setting it at
Fumsy-ower leads to markedly lower long-term catch.
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Figure 3.4.4.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Sensitivity of performance statistics for the “optimised”
management strategies to changes in F in the short-term (first five years). Individual plots are as indicated by the label
on the y-axis. In the box and whisker plots, the heavy horizontal line within the box indicates the median, the edges of
the box indicate the 25t and 75t percentiles, and the whiskers extend to the largest and smallest values within 1.5 times
the inter-quartile range (IQR) from the edges, and the remaining points indicated as dots outside the whiskers are the
outliers to 1.5*IQR from the edges.

v
150000 020 020
f — «©
s B 0159 B 015
£ 100000 £ £
= @ @
ki = <
g E 0104 E 010
E S E]
= o i+
= 2 g
£ 50000 £ £
0.054 0.05
0 0.00 000
CE A B C AD BE CE
T
z BT Se+05+
5 i I
& :
= de+05
£ 10 e
K =
] @
™ W 3e+d54
g £
g 2
8 s £ ze+059
£ 5
E g
;‘.:: 1e+054
: 1
3
3 “V
2
E 0o Oe+00+
A B c AD BE C‘E A B c AD BE CE
scenario | Fmsylower | 08°Ftrgt -] Fegt || 1.1°Fwgt || Fmsyupper

Figure 3.4.4.2. Cod in Subarea 4, Division 7.d and Subdivision 20: Sensitivity of performance statistics for the “optimised”
management strategies to changes in F in the medium-term (years 6-10). See Figure 3.4.4.1 for more details.
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Figure 3.4.4.3. Cod in Subarea 4, Division 7.d and Subdivision 20: Sensitivity of performance statistics for the “optimised”
management strategies to changes in F in the long-term (final 10 years). See Figure 3.4.4.1 for more details.
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Figure 3.4.4.4. Cod in Subarea 4, Division 7.d and Subdivision 20: Sensitivity of recovery statistics for the “optimised”
management strategies (as described in Figure 3.4.4.1) to changes in F. The left plot indicates the proportion of replicates
that recover above B,,=MSY Bygger, While the right plot indicates the number of years taken to recover above
Bpa=MSY Biigger for the first time, indicated as box and whisker plots (see Figure 3.4.4.1 for a description).
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3.45 Robustness of management strategies across alternative OMs

Robustness of the “optimised” management strategies (A, B, C, A+D, B+E and C+E) across alter-
native operating models (OMs 1-4, described in Sections 3.1-3.2) is evaluated in the short (first
five years), medium (years 6-10) and long (final 10 years) term. Performance statistics for each
“optimised” management strategy are compared across operating models and to performance
statistics for F=0 and a version of management strategy A that sets Frarger=Fmsy=0.31 and Burig-
ger=MSY Burigger=150000 t (labelled A¥) in Figures 3.4.5.1-3.4.5.3. Similar plots comparing recovery
statistics for the various management strategies across alternate operating models are presented
in Figure 3.4.5.4.

Figure 3.4.5.3 reveals that none of the “optimised” management strategies are precautionary in
the long-term under alternative operating model OM3 (year-effects in the IBTS surveys); how-
ever, management strategy A* (the current MSY approach for cod) remains precautionary in the
medium- and long-term under all alternative operating models.
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Figure 3.4.5.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Performance statistics for the various management
strategies with alternate operating models in the short-term (first five years). Individual plots are as indicated by the
label on the y-axis. Within each plot, the management strategies are FO (i.e. F=0), A* (i.e. management strategy A with
Ftarget=Fmsy=0.31 and Byrigger=MSY Burigger=150000 t, and the six “optimised” management strategies (A, B, C, A+D, B+E and
C+E). The operating models are OM1 (cod4), OM2 (cod4_altl), OM3 (cod4_alt2) and OM4 (cod4_alt3) described in Sec-
tions 3.1-3.2. In the box and whisker plots, the heavy horizontal line within the box indicates the median, the edges of
the box indicate the 25t and 75t percentiles, and the whiskers extend to the largest and smallest values within 1.5 times
the inter-quartile range (IQR) from the edges, and the remaining points indicated as dots outside the whiskers are the
outliers to 1.5*IQR from the edges.
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Figure 3.4.5.2. Cod in Subarea 4, Division 7.d and Subdivision 20: Performance statistics for the various management
strategies with alternate operating models in the medium-term (years 6-10). See Figure 3.4.5.1 for more details.
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Figure 3.4.5.3. Cod in Subarea 4, Division 7.d and Subdivision 20: Performance statistics for the various management
strategies with alternate operating models in the long-term (final 10 years). See Figure 3.4.5.1 for more details.
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Figure 3.4.5.4. Cod in Subarea 4, Division 7.d and Subdivision 20: Recovery statistics for the various management strate-
gies (as described in Figure 3.4.5.1) with alternate operating models (see Figure 3.4.5.1 for definitions). The left plot
indicates the proportion of replicates that recover above B,,=MSY Byigger, While the right plot indicates the number of
years taken to recover above B,,=MSY Bygger for the first time, indicated as box and whisker plots (see Figure 3.4.5.1 for
a description). [Note for OM3 (labelled cod4_alt2), MSY Bigeer Was not re-calculated, but because B, for OM3 was so
close to the B, for OM1, MSY Btrigger were almost the same.]

Figure 3.4.5.5a plots the discrepancy between the management procedure and the underlying
“truth” for each alternate operating model under “optimised” management strategy A. Because
the estimation model component of the management procedure revises historical estimates of
stock numbers, fishing mortality and any derived metrics with each new estimation, only the
final year of the management procedure is plotted in each time step. The peak in F near the
beginning of the projection period results from the slow response of the management procedure
to the sharp decline in F under “optimised” management strategy A: this slow reaction is a con-
sequence of the high correlation parameter for increments of log(F) across ages estimated by
SAM (p = 0.86).

There is some indication of a slight positive bias in SSB when comparing the MP to the OM
(Figure 3.4.5.5a). This is not unexpected for cod given the slight tendency to overestimate SSB,
as highlighted by the 5-year retrospective plot from the most recent SAM assessment (Figure
3.4.5.5b).
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Figure 3.4.5.5a. Cod in Subarea 4, Division 7.d and Subdivision 20: Discrepancy in estimates of F and SSB from the man-
agement procedure compared to the underlying “truth” for each alternative operating model (see Figure 3.4.5.1 for def-
initions). Values > 1 indicate an overestimation by the management procedure while values < 1 indicate an underestima-
tion.
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Figure 3.4.5.5b Cod in Subarea 4, Division 7.d and Subdivision 20: Retrospective estimates (5 years) from the SAM assess-
ment (October update assessment; ICES 2018a). Estimated yearly SSB together with corresponding point-wise 95% con-
fidence intervals.

Figure 3.4.5.6 plots natural mortality-at-age and SSB for the baseline operating model (OM1) and
the alternative operating model considering density-dependent M (OM4; see Section 3.2) both
for “optimised” management strategy A, showing Ms for ages 1-3 to be higher and more variable
when including density-dependence.
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Figure 3.4.5.6. Cod in Subarea 4, Division 7.d and Subdivision 20: Natural mortality-at-age and SSB for the baseline
(base=OM1) and density-dependent M (ddM=0M4) operating models under “optimised” management strategy A. Note
that M-at-age for OM2 and OM3 will be the same as for the baseline OM1.

Given that “optimised” management strategies A and C yield the same results (Table 3.4.1.1), a
fourth alternative operating model (OMb5) was considered to explore the space where the three
harvest control rules differ (i.e. where SSB < Biim for HCR B and SSB < 0.25*Btrigger for HCRs A and
C; see Figure 2.1). Generated recruitments (see Section 3.1.3) were reduced by 99% for the first
15 years of the projection period and the time taken from the following year for the SSB of each
replicate to exceed Biim recorded. The distribution of SSBs when at the lowest (2034; the year after
the last low recruitment) and of time taken for SSB to exceed Bim are shown in Figure 3.4.5.7.
Summary projections for recruitment (age 1), SSB, catch and mean F (ages 2-4) are given for the
three HCRs (A, B and C) in Figure 3.4.5.8.

These results indicate that when the stock is forced to a very low SSB (with recruitment failure),
HCRs A, B and C react appropriately by reducing catch, and all can recover the stock once re-
cruitment improves. As expected, A is the most precautionary followed by B and C, with recov-
ery to above Biim being delayed for the latter two compared to A.
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Conclusions

“Optimised” combinations without stability

* A and C have identical “optimised” control parameters because SSBs do not drop low
enough to result in a difference. Burigge:=170000 t and Farget=0.38 in both cases.
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B results in a slightly higher median long-term catch, but also lower SSB and higher risk.
Btrigger=160000 tand Ftarget=0.38.

When the stock is forced to a very low SSB (with recruitment failure), all rules react ap-
propriately by reducing catch, and all can recover the stock once recruitment improves.
As expected, A is the most precautionary followed by B and C, with recovery to above
Biim being delayed for the latter two compared to A.

In all three cases, the median long-term SSB is close to the Btrigger value, implying that the
rule will often operate “on the slope”, resulting in ICVs of around 17%.

“Optimised” Combinations with stability

.

When stability mechanisms are included, median long-term catch is slightly reduced,
and ICV substantially increased in all cases. The increase in ICV is due to the extreme
banking and borrowing scenario implemented.

Farget and Burigger are increased for A+D, but reduced for B+E and C+E. This is likely due
to the differences in the application of the banking and borrowing scheme (only when
SSB2Buigger for A, but throughout for B and C; additional safeguards [paragraph 5] for B
and C compared to A).

Compared to MSY advice rule approach and F=0

The MSY approach advice rule produces a similar long-term yield as the six manage-
ment strategies, but with a much lower risk and ICV, and higher SSB.

None of the management strategies are precautionary in the short-term: short-term risk
is much higher than 5% for all management strategies, including the MSY approach ad-
vice rule and F=0; this is because the SSB for cod is currently close to Biim.

Recovery to above Bpa is 2-3 years in all cases, but with a slight delay for B+E and C+E

Sensitivity for “Optimised” Combinations

Short-, medium- and long-term catches are similar across the F ranges for the sensitivity
tests, except for Fumsy-lower, which has a consistently lower value.

Long—term risk is above 5% for l.lFtarget and FMSY-upper.

For Buigger=150000 t (MSY Burigger), Fmsy-upper, would not be considered precautionary. This
is in direct contrast to EqSim, which concludes that Fusy-upper is precautionary. From this
study the equivalent to Fr.s is 0.37, whereas Fusy-upper is 0.46.

Robustness tests against alternative operating models

All optimised management strategies fail the precautionary check (i.e. risk3>5%) under
the alternative operating model that includes year effects in the IBTS surveys.

This result indicates that were future assessments of cod to indicate that year effects in
the survey should be included, then more precautionary combinations of Frarget and Brigger
would be needed than the “optimised” combinations derived for the baseline operating
model.
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Computational considerations

The simulations required for this MSE were computationally very expensive and it was
not possible to run the full grid for all management strategies. During the workshop,
an opportunity arose to test a commercial state-of-the-art high-performance computing
system and a full grid search was conducted for management strategy A for cod (as
shown in Figure 3.4.1.1). This simulation alone, however, came at the cost of a total
CPU runtime of around 18,500 hours (i.e. 2.1 years) and used exclusively 40 high per-
formance computing nodes with a total of 1,600 CPU cores and 15 terabytes of memory
for more than 10 hours.
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Haddock (Melanogrammus aeglefinus) in Subarea
4, Division 6.a, and Subdivision 20 (North Sea, West
of Scotland, Skagerrak)

4.1 Baseline operating model (OM1)

4.1.1 Model and settings

The baseline operating model has been conditioned using a version of SAM that is based on the
same data and approximates well the latest TSA stock assessment for Northern Shelf haddock
(WGNSSK ICES, 2018a). The reason why this approach is used is because TSA cannot be used in
the MP because it takes a long time to converge and requires manual input. An approach was
attempted where the OM was conditioned on the TSA assessment, while SAM was used to ap-
proximated TSA in the MP, but this approach led to a systematic bias between the OM and the
MP that is not representative of the retrospective pattern in the TSA assessment, and therefore
TSA cannot be used as the baseline OM either. The approach used here was therefore to condi-
tion the OM with SAM (baseline OM1), and use SAM to approximate TSA in the MP, and to
introduce, as a robustness test, an alternative OM (OM2) that is conditioned on TSA, but is used
together with SAM in the MP. Section 4.3.1 provides a comparison between SAM and TSA.

A comparison of Figure 4.1.1.1 below with the 2018 assessment results for haddock indicates that
reference points will be very similar between TSA and SAM, so the current reference points for
haddock (ICES, 2018a) have been adopted for all three OMs for the calculation of performance
statistics.

The stock spawning biomass has been above the MSY Buigger value of 132 000 t for most years
since 2002 and fishing mortality has fluctuated mostly above Fmsy but remains at a historical
minimum (ICES, 2018a). The SAM assessment results and fit to data are shown in the following
plots (Figures 4.1.1.1-5).
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wise estimate, and the grey shading represent the approximate point-wise 95% confidence intervals. The black crosses
represent the observed values of catch. The horizontal broken lines in the SSB plot indicate Bjix=94 000t and MSY By.
ger=Bpa=132 000t, and in the Fbar plot F;»=0.384, F,,=0.274 and Fusy=0.194. Catch, TSB and SSB are in tonnes, and R in
millions.
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Figure 4.1.1.3. Haddock in Subarea 4, Division 6.a and Subdivision 20: Fits to the IBTS—Q1 survey data.
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Northern Shelf haddock comprises of 4 catch components of which 3 are pooled together before
conducting the stock assessment. The same method is used here so that the operating model
comprises of landings and discards where discards include industrial bycatch and BMS (below
minimum size landings). While industrial bycatch of haddock represented 10-15% of the catch
in the 1970s it has decreased in importance over time and represents less than 0.2% of the total
catch in recent years (Figure 4.1.1.6). BMS landings have only been reportable for haddock since
2016 and so far represent less than 0.5% of the total catch. TAC advice arising from the stock
assessment is given as total catch.
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Figure 4.1.1.6. Haddock in Subarea 4, Division 6.a and Subdivision 20: Yield from each catch components

4.1.2 Parameter uncertainty

Parameter uncertainty, including survival process error, is derived from the variance-covariance
matrix of the estimable parameters from the SAM assessment. The variance-covariance matrix
was used to derive 1000 parameter sets resulting in 1000 Northern Shelf haddock replicates re-
flecting the historical and current status of the stock and associated uncertainty.

4.1.3 Recruitment

Northern Shelf haddock is characterised by sporadically high recruitment which leads to domi-
nant year classes in the fishery (Figure 4.1.1.1). These large year classes occur in 1974, 1979 and
1999; however, smaller peaks in recruitment seem to occur throughout the time series. Recruit-
ment has been markedly reduced in recent years, specifically in the size of the recruitment peaks
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which have diminished in magnitude over time (ICES 2018a). The period since 2000 encapsulates
this reduced recruitment.

Future residuals for recruitment were generated by fitting a segmented regression curve and
sampling from a smoothed distribution of the residuals. The segmented regression was fitted to
a recent period of recruitment (2000 onwards) following the EqSim assumptions used for calcu-
lating reference points for Northern Shelf haddock (IBPHaddock ICES, 2016).

No significant autocorrelation was found in the 2000+ period (Figure 4.1.3.1) and so is not ac-
counted for in this OM. The model fit diagnostics to the original assessment point estimates are
shown in Figure 4.1.3.2. Stock-recruit pairs and empirical cumulative distributions for individual
replicates are shown in Figures 4.1.3.3 and 4.1.3.4 respectively, which compare estimates from
the recruitment period to the recruitment generated from the future residuals. Overall, the re-
cruitments generated from the smoothed distribution of residuals compare well with historical
data. The median breakpoint value is 84 435 tonnes with an interquartile range of 11 909 tonnes.
The residuals for future recruitment to be used in the MSE are shown in Figure 4.1.3.5 and the
residuals for 10 replicates are shown in Figure 4.1.3.6.
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Figure 4.1.3.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: Autocorrelation function applied to the assessment
estimates of recruitment for the period 2000 onwards
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Figure 4.1.3.5. Haddock in Subarea 4, Division 6.a and Subdivision 20: Distribution of recruitment residuals for all repli-
cates for the recent recruitment period (2000 to 2017) from which future recruitment residuals (2018-2038) are
resampled.
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Figure 4.1.3.6. Haddock in Subarea 4, Division 6.a and Subdivision 20: Recruitment residuals for randomly selected repli-
cates (2000-2038)

4.1.4 Mean weights, maturity, natural mortality and selection

Future biological parameters (mean weights-at-age, maturity, natural mortality) were generated
by random resampling, with replacement, from the last 10 years (2008-2017) (Figure 4.1.4.1-2).
The values across all ages in each sampled year were allocated to the future year. This is con-
sistent with the EqSim procedure for calculating reference points for Northern Shelf haddock
(ICES, 2016). Each parameter was checked for autocorrelation and nothing significant was found.
There were some notable increases in mean weights in the most recent years; however, this was
only seen in some ages and the last 10-year period encapsulates most of the range in mean weight
at age over the entire time series. The effect of larger year classes in recent years (2005, 2009, 2014)
on growth was also examined (Figures 4.1.4.3—4). It would be expected that larger year classes
would grow more slowly and have lower weights at age compared to other cohorts due to den-
sity dependent effects. However, though the 2005 and 2009 cohorts are amongst the slower-
growing cohorts, they do not appear to be considerably different to other cohorts. Furthermore,
the 2014 cohort has a relatively average growth rate. Therefore, it was decided there wasn’t
enough evidence to deviate from the standard method of following the EqSim settings, so the
last 10-year time period was used to remain consistent with these settings.

Future selectivities were generated in a similar way to the biological parameters (i.e. resampling
with replacement) though the sampling was performed separately to the biological parameters
to produce a different sequence of years in addition to using only the last 5 years of data (2013-
2017). This approach differs from the EqSim approach which uses a 10-year period. The selection
curves for 2008-2017 are shown in Figure 4.1.4.5 and a considerable difference is seen in the
selectivities for 20082012 and 2013-2017. Due to this trend, only the last 5 years are used in the
resampling. Another check was performed to assess if variability in the selection curves might
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be being driven by the occurrence of the moderately large 2005, 2009 and 2014 year-classes. This
comprised of a paired t-test between the selection curves for each year and the 5-year mean
(2013-2017). No statistical difference was found between the selection curves for 2013-2017 and
the 5-year mean.
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Figure 4.1.4.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: Top — time series of mean weight-at-age in the
stock and catch (ages 0 to 8+). Bottom — time series of mean weight-at-age and distribution of future values. The mean
weight-at-age in the stock is assumed to be the same as in the catch.
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Figure 4.1.4.3. Haddock in Subarea 4, Division 6.a and Subdivision 20: Comparison of weights at age for cohorts of recent
large year classes (2005, 2009, 2014) and other years since 2000. Cohorts from 2000 onwards used as these cohorts will
contribute to the weights at age in the last 10 years of the time series from which future mean weights are resampled.
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Figure 4.1.4.4. Haddock in Subarea 4, Division 6.a and Subdivision 20: Growth rate for each cohort since 2000 with recent
large year classes (2005, 2009 and 2014) highlighted in blue.
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Figure 4.1.4.5. Haddock in Subarea 4, Division 6.a and Subdivision 20: Selection curves for 2008-2017. 10 year, 5 year
(2008-2012 and 2013-2017) and 3-year means are also shown. The 20-year mean is also shown for comparison.

4.1.5 Generating data from the operating model

Catch was generated when projecting the stock with the fwd function in FLR package FLash.
Catches from the operating model were multiplied by an error term e®»» when being passed to
the management procedure, where ¢,,,~N(0,0Z) and ¢ are observation standard deviations for
catch as estimated by SAM.

Survey observations were generated from the operating model as follows:
— ~tiZay pEayi
loy; = qqiNgye "y eavt

where N and Z are stock numbers and total mortalities from the operating model, the a, y and i
subscripts denote age, year and survey (IBTS-Q1 or IBTS-Q3) respectively, g are survey catcha-
bilities and &,,,;~N (0, o2;) with o standard deviations as estimated by SAM, and ¢ is the timing
of the survey (0.125 for Q1 and 0.625 for Q3) (Nielsen and Berg 2014).

Biological parameters for the management procedure were taken as the mean of those parame-
ters in the operating model for the years 2008-2017.
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4.1.6 Implementation error

Banking and borrowing has been introduced as implementation error. Once the management
strategy produces a TAC, this TAC is adjusted by the effects of the banking and borrowing
scheme (see Annex 3).

4.1.7 Number of replicates and projection years

The operating model is set up with 1000 replicates and 20 projection years. There was not time
to conduct runs to test for the ideal number of replicates and simulation years for Northern Shelf
haddock and so the decision was made to use 1000 replicates and 20 projection years respectively
in line with what was decided for North Sea cod. However, during the runs, one replicate in
OM2 was found to consistently fail during the stock assessment in the estimation model. There-
fore, OM2 was run with 1001 replicates from which the failed replicate was removed added as
time constraints prevented a thorough investigation into why this replicate failed.

4.2 Alternative operating models

4.2.1 OM2 - Alternative assessment model — TSA

This alternative operating model (OM2) has been conditioned using the latest stock assessment
for Northern Shelf haddock (ICES, 2018a). Full details of the assessment results can be found in
the WGNSSK 2018 report (ICES, 2018a). The assessment results and fit to data are shown in the
following plots (Figure 4.2.1.1-8).
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Figure 4.2.1.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: Anticlockwise from top left, point-wise estimates
and approximate 95% confidence intervals of catch, mean fishing mortality for ages 2—4 (F(2-4)), recruitment (R(age 0)),
spawning stock biomass (SSB), landings and discards, from the TSA final run. The red lines (or points) represent the point-
wise estimate, and the grey shading/bars represent the approximate point-wise 95% confidence intervals. The black
circles represent the observed values of catch, landings and discards. Catch, landings, discards and SSB are in tonnes, and
R in millions.
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Figure 4.2.1.2. Haddock in Subarea 4, Division 6.a and Subdivision 20: Fits to catch-at-age data.
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Figure 4.2.1.3. Haddock in Subarea 4, Division 6.a and Subdivision 20: Fits to the IBTS—Q1 survey data.
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Figure 4.2.1.4. Haddock in Subarea 4, Division 6.a and Subdivision 20: Fits to the IBTS—Q3 survey data.
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Figure 4.2.1.5. Haddock in Subarea 4, Division 6.a and Subdivision 20: Standardized TSA landings prediction errors by age.
These indicate the discrepancy between the model prediction and observation as the model steps through the data from

the start to the end.
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Figure 4.2.1.6. Haddock in Subarea 4, Division 6.a and Subdivision 20: Standardized TSA discards (discards+BMS+IBC)
prediction errors by age. These indicate the discrepancy between the model prediction and observation as the model
steps through the data from the start to the end.
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Figure 4.2.1.7. Haddock in Subarea 4, Division 6.a and Subdivision 20: Standardized TSA IBTS Q1 prediction errors by age.
These indicate the discrepancy between the model prediction and observation as the model steps through the data from

the start to the end.
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Figure 4.2.1.8. Haddock in Subarea 4, Division 6.a and Subdivision 20: Standardized TSA IBTS Q3 prediction errors by age.
These indicate the discrepancy between the model prediction and observation as the model steps through the data from
the start to the end.

Parameter uncertainty

Replicates for the initial populations were simulated from TSA. This was done by first generating
replicates for f-at-age and using those to simulate forwards from replicates of recruitment (age
0) and n-at-age in the first year of the time series (1972) (Figures 4.2.1.9-10). The replicates of
recruitment and first-year n-at-age were generated using their estimate and standard error from
the latest TSA stock assessment (ICES, 2018a).

Replicates of f-at-age were generated using the variances of transitory effects in f-at-age esti-
mated by TSA. Variability in fishing mortalities in TSA comprises of persistent and transitory
effects in both the age component and year component of the model. Replicates in f-at-age were
generated using the variances in the transitory effects and adding them to the estimates of per-
sistent changes of fishing mortalities. Temporal correlations in the fishing mortalities are in-
cluded implicitly in using this method. This method was chosen as using a variance-covariance
matrix to generate parameter uncertainty is not feasible with TSA. This process is described in
more detail below and is taken from the description of TSA given in Fryer (2002). Some simple
checks were conducted to check the replicates looked reasonable. These included checking for
negative values, checking that maxima and minima occurred at realistic ages and years and
checking that cohorts decreased in size over time.
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Generating f-at-age replicates

The state equations for fishing mortalities in TSA are given by:

logF(a,y) = U(a,y) +V(y) + NID(0, (H(a)or)?*) 1)
U(a,y) =U(a,y—1) + NID(0,03) a<a, <A ()
U(a,y) =U(amy) a>ap @3)

With the constraint that Y,;™ U(a,y) = 0. This is necessary for identification purposes.

V(y) =Y(y) + NID(0,07) (4)
Y(y) =Y(y — 1) + NID(0, 6¢) ©)

The key features of these equations are:

Log fishing mortality is separated into an age component (U(a,y)) and a year compo-
nent (V(y)) and both evolve over time (equation 1)

a, is the age above which fishing mortality is assumed to be constant except for local
transitory departures. This is set to age 7 for Northern Shelf haddock.

H(a) allows the variability at specific ages to be adjusted. For Northern Shelf haddock,
its value is set to 2 for ages 0 and 1 and 1 for all other ages as the fishing mortalities for
these younger ages are more variable than at older ages.

Variance terms:

The o term induces persistent changes in fishing mortality through the year compo-
nent, V

The oy term induces transitory changes in fishing mortality through the year compo-
nent, V

The o term induces persistent changes in fishing mortality through the age compo-
nent, U

The o# term induces transitory changes in fishing mortality around the separable
model U+V

These steps were taken to generate the replicates of fishing mortality at age:

1.

1000 replicates of the variance terms inducing transitory changes

(NID (0,03) and NID(0, (H(a) ap)z)) were generated by randomly sampling from a nor-
mal distribution with mean of 0 and standard deviation of /aZ and /62 respectively.
The H(a) term is a multiplier used to account for more variability in the fishing mortal-
ities at younger ages.

The parameter estimates of U(a, y) and Y (y) were extracted from the latest TSA fit
(ICES 2018a). The sum of these parameters describe the persistent changes in fishing
mortality at age over time. These were then summed together with the 1000 replicates
of NID(0, 0¢) and NID(0, (H(a)or)?) and the exponent taken to get 1000 replicates of f-
at-age over time.

Generating n-at-age replicates

The 1000 replicates of n-at-age were generated using these fishing mortalities replicates. The n-
at-age time series was initiated by generating 1000 replicates of the recruits (age 0, all years) and
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n-at-age in the first year of the time series (all ages in 1972) by randomly sampling from a normal
distribution using the n-at-age estimate as the mean and it’s standard error as the standard de-
viation. The n-at-age estimates and standard errors used came from the TSA fit arising from the
latest stock assessment (ICES 2018a).

The time series is then filled by simulating forward with the f-at-age replicates. The f-at-age rep-
licates are first summed together with the natural mortality time series used as input to the as-
sessment and this total mortality is used to calculate n-at-age for each cohort, through time, using
the usual equation (with the usual adjustments for plus groups).

N(a+1,y+1) =exp(—Z(a,y))N(a,y) (6)

Process error

The way the replicates of f-at-age and n-at-age are generated mean that the n-at-age and f-at-age
in a specified replicate correspond to each other and therefore process error does not need to be
accounted for. This is different to other stocks which condition the OMs on SAM, where the
method used to generate the initial populations needs an estimate of process error. Despite this,
it has been shown in Section 4.3.1 that SAM (and everything that occurs within SAM) can be
used as a close approximation of TSA and so process error does not explicitly need to be consid-
ered further as a component of the OM based on TSA.
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Figure 4.2.1.9. Haddock in Subarea 4, Division 6.a and Subdivision 20: stock n-at-age (age indicated in plot heading. Age
8 is a plus group). Coloured bars denote the 5% and 95% confidence intervals.
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Figure 4.2.1.10. Haddock in Subarea 4, Division 6.a and Subdivision 20: fishing mortality at age (age indicated in plot
heading. Age 8 is a plus group). Coloured bars denote the 5% and 95% confidence intervals.

Recruitment

Future residuals for recruitment for OM2 were generated in the same way as for the baseline OM
(OM1) though using the results from the TSA stock assessment. The corresponding diagnostic
plots are shown in the following plots (Figures 4.2.1.11-16).
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Figure 4.2.1.11. Haddock in Subarea 4, Division 6.a and Subdivision 20: Autocorrelation function applied to the assess-

ment estimates of recruitment for the period 2000 onwards
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Figure 4.2.1.12. Haddock in Subarea 4, Division 6.a and Subdivision 20: Fit of the segmented regression stock recruit
relationship to the original assessment point estimates for the recruitment period 2000 onwards.
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Figure 4.2.1.13. Haddock in Subarea 4, Division 6.a and Subdivision 20: Stock-recruit pairs (top) and empirical cumulative
distributions (bottom) of recruitment for recruitment period 2000-2017 (red) and future recruitments sampled from
smoothed distribution (black). Title indicates the replicate number which were chosen at random
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Figure 4.2.1.14. Haddock in Subarea 4, Division 6.a and Subdivision 20: Stock-recruit pairs (top) and empirical cumulative
distributions (bottom) of recruitment for recruitment period 2000-2017 (red) and future recruitments sampled from
smoothed distribution (black). All replicates are combined on this plot (1000 in total).
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Figure 4.2.1.15. Haddock in Subarea 4, Division 6.a and Subdivision 20: Distribution of recruitment residuals for all repli-
cates for the recent recruitment period (2000 to 2017) from which future recruitment residuals (2018-2038) are
resampled.
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Figure 4.2.1.16. Haddock in Subarea 4, Division 6.a and Subdivision 20: Recruitment residuals for randomly selected rep-
licates (2000-2038)

Selectivities

For this alternative OM (OM2), future selectivities were generated in a similar way to the baseline
OM (OM1) though with a longer time period from which to resample. In this case, no strong
trend was seen over time in the selection curves as with the baseline OM. Therefore, a 10-year
period was used for the resampling (20082017 with replacement) which is consistent with the
EqSim approach. The selection curves for 20082017 are shown in Figure 4.2.1.17 and are quite
variable, though the 10-year, 5-year (2008-2012 and 2013-2017) and 3-year means are all quite
similar and are all fairly similar to the 20-year mean.

Another check was performed to assess if variability in the selection curves might be being
driven by the occurrence of the moderately large 2005, 2009 and 2014 year-classes. This com-
prised of a paired t-test between the selection curves for each year and the 10-year mean (2008-
2017). The selection curve in 1 year (2013) was seen to be statistically different to the 10 year mean
in which the 2009 year-class contributes almost 40% to the total stock biomass. However, this
effect was not seen in other years where moderately large year classes dominate the stock to a
similar extent.



104

ICES SCIENTIFIC REPORTS 1:12

Selection curves 2008-2017

w2
(=) — 2003
2009
2010
2011
2012
2013
| — 20
— 20135
— 2016
— 27
— 20 T MESN
10 yr mean
o7 S yr mean (03-12)
[ T Sy mean (13-17)
4? 3 yr mean
=
=1
[
@
Lab]
O
o)
A
=
= |
o)

age

Figure 4.2.1.17. Haddock in Subarea 4, Division 6.a and Subdivision 20: Selection curves for 2008-2017. 10 year, 5 year
(2008-2012 and 2013-2017) and 3 year means are also shown. The 20-year mean is also shown for comparison.

Generating data from the operating model

Catch was generated when projecting the stock with the fwd function in FLR package Flash.
Catches from the operating model were multiplied by an error term e®2y when being passed to
the management procedure, where &,,~N(0,0;) and ¢ are observation standard deviations for
catch as estimated by TSA.

Survey observations were generated from the operating model as follows:
- ~tiZay pEayi
Ia,y,i - Qa,iNa,ye ay etant

where N and Z are stock numbers and total mortalities from the operating model, the a, y and i
subscripts denote age, year and survey (IBTS-Q1 or IBTS-Q3) respectively, g are survey catcha-
bilities and ¢,,,;~N (0, 02;) with o standard deviations as estimated by TSA, and t is the timing
of the survey (0.125 for Q1 and 0.625 for Q3).

In TSA, the standard deviation (o) of both the catch and survey observations are multiplied by
two terms, Q, and Q, . Q, represents external cv multipliers to account for measurement error
at age. These were made available for the catch data and survey indices at IBPHaddock (ICES
2016). @4,y represents cv multipliers used to downweight specific data points in the catch and
survey data. All cv multiplier settings are described in ICES (2018a).

Replicates of survey catchabilities and the error terms on the survey indices and catch-at-age
were estimated from a variance-covariance matrix of the TSA parameters. The parameters esti-
mated by TSA cover fishing selection and mortalities, catch variability, recruitment, discard rates
and survey catchabilities and variability (see Table 4.2.1.1). Parameters can be fixed to specific
values or estimated by TSA. To generate a usable variance-covariance matrix, a subset of the key
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TSA parameters was used to form the matrix due to numerical difficulties with some ill-defined
parameters and to reduce the computation time needed. This subset of parameters included the
CV for landings and discards, the survey age selectivities and the two survey CVs (sigma and
eta). All other parameters were fixed at the final estimated values from the WGNSSK 2018 as-
sessment fit (ICES, 2018a). The parameters beta and omega were fixed for generating the vari-
ance-covariance matrix. Beta describes the persistent changes in catchability through time and is
fixed at 0 in the WGNSSK assessment as it is assumed there is no trend in the catchability of the
surveys. Omega is an inflation term to increase the survey CV when survey index values are low
as the uncertainty in the index values is higher when stock levels are low and not as many fish
are encountered during the survey. The omega term is not well defined for haddock as the sur-
vey indices have not been low enough in the past for this term to become important, and so it
was decided to fix this parameter at its final estimate from the WGNSSK 2018 assessment (ICES,
2018a).

Table 4.2.1.1. Haddock in Subarea 4, Division 6.a and Subdivision 20. TSA final assessment parameter estimates from
WGNSSK 2018 (ICES, 2018a).

estimate lower bound  upper bound Estimated on bound
FageO 0.0384 0.005 0.1 TRUE FALSE
Fagel 0.0881 0.05 0.15 TRUE FALSE
Fage2 0.8525 0.6 1 TRUE FALSE
Fage7 1.2893 1 1.4 TRUE FALSE
sd F 0.1599 0.01 0.2 TRUE FALSE
sd U 0.0721 0.01 0.15 TRUE FALSE
sdV 0.1977 0.01 0.2 TRUE FALSE
sdY 0.1258 0.01 0.25 TRUE FALSE
cv landings 0.1459 0.1 0.3 TRUE FALSE
cv discards+bycatch+bms 0.2729 0.2 0.4 TRUE FALSE
log mean recruitment at start 7.1087 7 9 TRUE FALSE
sd of random walk 0.0803 0 0.25 TRUE FALSE
recruitment cv 0.4834 0.3 0.6 TRUE FALSE
discards sd transitory 0.0054 0 0.35 TRUE FALSE
discards sd persistent 0.3375 0.25 0.5 TRUE FALSE
NSQ1 selection age 1 0.2869 0.1 0.3 TRUE FALSE
NSQ1 selection age 2 0.7025 0.4 0.8 TRUE FALSE
NSQ1 selection age 3 0.7202 0.6 0.9 TRUE FALSE

NSQ1 selection age 4 0.5925 0.4 0.8 TRUE FALSE
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estimate lower bound  upper bound Estimated on bound
NSQ1 selection age 5 0.4529 0.4 0.8 TRUE FALSE
NSQ1 cv sigma 0.3728 0.1 0.4 TRUE FALSE
NSQ1 cv eta 0.1745 0.1 0.8 TRUE FALSE
NSQ1 cv omega 0.073 0 0.3 TRUE FALSE
NSQ1 cv beta 0 0 0.1 FALSE TRUE
NSQ3 selection age 0 0.2685 0.1 0.4 TRUE FALSE
NSQ3 selection age 1 0.3919 0.2 0.6 TRUE FALSE
NSQ3 selection age 2 0.5931 0.2 0.8 TRUE FALSE
NSQ3 selection age 3 0.5019 0.2 0.8 TRUE FALSE
NSQ3 selection age 4 0.3917 0.2 0.8 TRUE FALSE
NSQ3 selection age 5 0.3492 0.2 0.8 TRUE FALSE
NSQ3 cv sigma 0.2557 0.1 0.4 TRUE FALSE
NSQ3 cv eta 0.0818 0 0.3 TRUE FALSE
NSQ3 cv omega 0.105 0 0.3 TRUE FALSE
NSQ3 cv beta 0 0 0.1 FALSE TRUE

4.2.2 OMS3 - Alternative recruitment — fixed regularity of recruitment
spikes

This alternative OM for haddock (OM3) models future recruitment by fixing the timing of re-
cruitment spikes. In the recent period of recruitment, the 2005, 2009 and 2014 year-classes are
considerably larger than other years. In the Baseline OM (OM1) the residuals for these year clas-
ses are randomly resampled. OM3 samples the residuals for these year classes at a specified in-
terval so that spikes in future recruitment happen at a certain regularity. The future residuals for
recruitment for OM3 are shown in Figure 4.2.2.1 and some individual iterations are shown in
Figure 4.2.2.2.

The timing of the recruitment spikes is modelled following the approach of Skagen (2012). A
segmented regression was fitted to the recent period of recruitment (2000 onwards) as done for
the Baseline OM (OM1). Future recruitment is initially generated from residuals that are
resampled from all years except for the 2005, 2009 and 2014 year-classes. The timing of the spikes
is then modelled as follows:

1. A random number (xi) is drawn from a uniform distribution in (0,1) with mean 0.5
xi is then multiplied by a variability factor, s, to generate a distribution in (0,s) with mean
s/2

3. The timing of the next spike, yiis calculated as: yi = mean interval x (sxi + 1 —s?). yihas a

uniform distribution in (mean interval x (1-s2), mean interval x (1+s2)).
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4. This number yi is then rounded to the nearest integer to set the year of the next recruit-
ment spike.

For OM3 the mean interval was set at 4.5 years (mean interval between the 2005, 2009 and 2014
year-classes) and s was set to 0.5 (intermediate regularity of spikes). Recruitment residuals for
the spike years were randomly sampled from the residuals for the 2005, 2009 and 2014 year-
classes. The timing of the spikes is shown in Figure 4.2.2.3.

The influence of the value of s (variability factor) was investigated. This variable controls the
variability in the interval between spike years. Lower values of s result in more regular spike
intervals than higher values. This is shown in Figure 4.2.2.4. A value of 0.1 for s gives spike in-
tervals of either 4 or 5 years whereas a value of 1 for s results in intervals that vary from 3 to 6
years. Since the value of yi is rounded to the nearest integer, a value of 0.5 or higher for s is
needed to prevent the variability introduced by s being reduced by the rounding. The values of
s was set at 0.5 as this was seen to be a compromise between having very regular intervals be-
tween spikes (at lower values of s), which are potentially unrealistic, and having higher variabil-
ity in the spike interval (at higher values of s), which would not be consistent with the purpose
of this OM3 (to have a regularity to the occurrence of spike years).

NN~

0-
2000 2010 2020 2020

Figure 4.2.2.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: residuals for OM3 future recruitment with fixed
regularity of recruitment spikes.
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Figure 4.2.2.2. Haddock in Subarea 4, Division 6.a and Subdivision 20: recruitment residuals (2000-2038) for selected

replicates.
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Figure 4.2.2.3. Haddock in Subarea 4, Division 6.a and Subdivision 20: timing of first, second, third and fourth recruitment

spikes when s = 0.5.
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Figure 4.2.2.4. Haddock in Subarea 4, Division 6.a and Subdivision 20: influence of variability factor (s) on interval be-
tween spikes. Black circles represent the years selected as recruitment “spike” years for 1000 replicates at different val-
ues of s and green dots represent the years selected as recruitment “spike” years for 1 replicate.

4.3 Management procedure

The management procedure (MP) comprises of the estimation model and the decision model.
The decision model comprises the management strategies that are being evaluated (Section 2.1),
and the estimate of SSB needed by the decision model is supplied by the estimation model.

The estimation model (SAM) is the same as that which is used to condition OM1 and OM3. How-
ever, OM2 is conditioned using TSA which is the actual assessment model used in the annual
stock assessment of Northern Shelf haddock. It is simply impractical to use TSA in the manage-
ment procedure (MP; see Figure 2.3) due to the length of time it takes to converge (approximately
2 hours) and the ad hoc adjustments to settings that are needed as TSA does not have the robust-
ness to deal with atypical situations. A solution to this problem is to use SAM in the MP instead
as an approximation for using TSA. It is therefore important to demonstrate that SAM is a rea-
sonable approximation as a working group assessment model for TSA, and the focus of this sec-
tion is to demonstrate this.

4.3.1 Comparison of TSA with SAM

At the last benchmark for Northern Shelf haddock (ICES, 2014), TSA and SAM were both con-
sidered as candidate stock assessment models. TSA was first developed by Gudmundsson (1994)
and was re-implemented and extended by Fryer (2002) to allow joint modelling of landings-at-
age and discards-at-age. SAM (Nielsen and Berg 2014) is inherently similar to TSA since it is also
a development of Gudmundsson’s time-series approach. The state vectors and survival and
catch equations are the same, but there are small differences between the two models (i.e. the
state equations for fishing mortality, various model options). Both models are based on similar
assumptions, both treat catches as observations with noise and both allow for time varying se-
lectivity.
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TSA and SAM were compared during WKHAD (ICES, 2014) and were found to be “almost
equally plausible” as assessment models for Northern Shelf haddock with estimates from both
models being very similar. The main differences were:

o The confidence intervals for SAM were wider for SSB and recruitment.
. Recruitment estimates differ in years with large year classes due to the use of the lambda
multiplier in TSA to give a higher variance to large year classes.

The reason for the difference in confidence intervals was not clear although may arise from the
ad hoc adjustments that can be utilised in TSA but not in SAM, such as down-weighting catch
and survey outliers, and the use of measurement error/recruitment variability multipliers.

WKHAD (ICES, 2014) concluded that TSA should be used as the principal stock assessment
method for the following reasons:

. TSA models landings and discardstbycatch separately which is more likely to produce
more robust results given that the two components have different age compositions and
error structures.

. Northern Shelf haddock recruitment has sporadic, very large year classes that are diffi-
cult to model using standard distributional approaches. The log-normal distribution
used in SAM may underestimate the very large year classes. TSA allows for increasing
the variance on estimates of large year classes. This ad hoc solution in TSA isn’t elegant
but is probably a closer approximation than the approached used in SAM (though this
was not a strong conclusion).

. A practical consideration is that the developer of TSA (Rob Fryer) and stock assessor are
both based at the Marine Laboratory in Aberdeen, Scotland. This means any issues aris-
ing from using TSA can be quickly resolved.

SAM is run alongside TSA each year during WGNSSK as an exploratory method. A comparison
of the assessment results from TSA and SAM during WKNSSK 2018 show that the results for
SSB, recruitment and F are reasonably similar (Figure 4.3.1.1, ICES 2018a). The SSB estimate is
quite close between the two models over the majority of the time series, though TSA has given a
noticeably higher estimate of SSB since approximately 2004. The overall trends in SSB are the
same between the two models. The agreement between the two models in recruitment is good
in recent years, though there is less agreement further back in time. The estimate of F in SAM is
smoother over time compared to TSA, though the overall trend is very similar. The confidence
intervals for SSB and recruitment in SAM are generally wider than in TSA, though they overlap
along much of the time series.

A comparison of the assessment estimates from both models in previous working groups (ICES
2016, 2017) is shown in Figures 4.3.1.2 and 4.3.1.3. The degree of agreement between the models
from WGNSSK 2017 (ICES, 2017) is similar to that of WGNSSK 2018 (ICES, 2018a). However, the
SAM estimate of F appears smoother in IBPHaddock (ICES, 2016) in addition to the recent values
of SSB in SAM being lower than the TSA estimate. A comparison of N-at-age between TSA and
SAM for WGNSSK 2018 show good agreement between the two assessment models, though, in
general, SAM tends to underestimate peaks in abundance (Figure 4.3.1.4). The agreement in the
age 8+ group in recent years between the models is not as great as for other age classes. TSA is
known to overestimate the abundance in the plus-group; however, this has not been a significant
issue in the past as the plus-group comprises a small part of the overall stock. Nevertheless, the
importance of the plus-group may increase over time as more fish survive to older ages. SAM
again has generally similar trends over time to TSA for F at age though there is less agreement
in ages 0 and 1 prior to the mid-1980s, and F-at-age is generally higher in SAM since the mid-
1990s for ages 6-8 (Figure 4.3.1.5).
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Figure 4.3.1.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: Comparison of spawning stock biomass (SSB), re-
cruitment and fishing mortality (age 2-4) (F(2-4)) estimates from TSA (blue line) and SAM (red line) from WGNSSK 2018.
Dashed blue lines and the red shaded area represent the approximate point-wise 5% and 95% confidence intervals of the
TSA and SAM estimates respectively.
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Figure 4.3.1.2. Haddock in Subarea 4, Division 6.a and Subdivision 20: Comparison of spawning stock biomass (SSB), re-
cruitment and fishing mortality (age 2-4) (F(2—-4)) estimates from TSA and SAM from WGNSSK 2017. Dashed blue lines
and the red shaded area represent the approximate point-wise 5% and 95% confidence intervals of the TSA and SAM
estimates respectively.
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Figure 4.3.1.3. Haddock in Subarea 4, Division 6.a and Subdivision 20: Comparison of spawning stock biomass (SSB), re-
cruitment and fishing mortality (age 2-4) (F(2—-4)) estimates from TSA and SAM from IBPHaddock 2016 (ICES, 2016).
Dashed blue lines and the red shaded area represent the approximate point-wise 5% and 95% confidence intervals of the
TSA and SAM estimates respectively.
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Figure 4.3.1.4. Haddock in Subarea 4, Division 6.a and Subdivision 20: Comparison of N-at-age for TSA and SAM from
WGNSSK 2018. Dashed blue lines and the red shaded area represent the approximate point-wise 5% and 95% confidence
intervals of the TSA and SAM estimates respectively.
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Figure 4.3.1.5. Haddock in Subarea 4, Division 6.a and Subdivision 20: Comparison of fishing mortality-at-age estimates
from TSA and SAM from WGNSSK 2018. Dashed blue lines and the red shaded area represent the approximate point-
wise 5% and 95% confidence intervals of the TSA and SAM estimates respectively.

4.3.2 Assessment settings

This section describes the settings used in the estimation model when conducting the stock as-
sessment given the change in model from TSA to SAM. The input data types and characteristics
used in SAM are the same as those used in TSA. The only difference is that SAM uses only catch
input rather than separating landings and discards as done in TSA. The initial parameters used
in SAM are set to the final parameter estimates from a SAM fit to data provided at WGNSSK
2018 (ICES, 2018a).
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SAM settings used:
Configuration saved: Mon Jan 7 14:02:50 2019

Same number indicates same parameter used

#
#
# Where a matrix is specified rows corresponds to fleets and columns to ages.
#
# Numbers (integers) starts from zero and must be consecutive

#

$SminAge

# The minimium age class in the assessment
0

SmaxAge

# The maximum age class in the assessment
8

SmaxAgePlusGroup

# Is last age group considered a plus group (1 yes, or 0 no).
1

SkeyLogFsta

# Coupling of the fishing mortality states (nomally only first row is used).
0 1 2 3 4 5 6 7 7
-7 -1 -1 -1 -1 -1 -1 -1 -1
-7 -1 -1 -1 -1 -1 -1 -1 -1

$corFlag
# Correlation of fishing mortality across ages (0 independent, 1 compound symmetry, or 2 AR(1l
2

SkeyLogFpar
# Coupling of the survey catchability parameters (nomally first row is not used, as that is covered
by fishing mortality).
-7 -1 -1 -1 -1 -1 -1 -1 -1
-1 0 1 2 3 3 -1 -1 -1
4 5 6 7 8 8 -1 -1 -1

SkeyQpow

# Density dependent catchability power parameters (if any).
-7 -1 -1 -1 -1 -1 -1 -1 -1
-7 -1 -1 -1 -1 -1 -1 -1 -1
-7 -1 -1 -1 -1 -1 -1 -1 -1

SkeyVarF
# Coupling of process variance parameters for log(F)-process (nomally only first row is used)
0 0 0 0 0 0 0 0 0
-7 -1 -1 -1 -1 -1 -1 -1 -1
-7 -1 -1 -1 -1 -1 -1 -1 -1

SkeyVarLogN
# Coupling of process variance parameters for log(N)-process
011111111

SkeyVarObs
# Coupling of the variance parameters for the observations.
0 0 0 0 0 0 0 0 0
-1 1 1 1 1 1 -1 -1 -1
2 2 2 2 2 2 -1 -1 -1

SobsCorStruct
# Covariance structure for each fleet ("ID" independent, "AR" AR(1l), or "US" for unstructured). |
Possible values are: "ID" "AR" "US"

wipm wipm wip"

$SkeyCorObs
# Coupling of correlation parameters can only be specified if the AR(1l) structure is chosen above.
# NA's indicate where correlation parameters can be specified (-1 where they cannot).

#V1 V2 V3 V4 V5 V6 V7 V8
NA NA NA NA NA NA NA NA
-1 NA NA NA NA -1 -1 -1
NA NA NA NA NA -1 -1 -1

$stockRecruitmentModelCode
# Stock recruitment code (0 for plain random walk, 1 for Ricker, and 2 for Beverton-Holt).
0

SnoScaledYears
# Number of years where catch scaling is applied.
0

SkeyScaledYears
# A vector of the years where catch scaling is applied.

SkeyParScaledYA
# A matrix specifying the couplings of scale parameters (nrow = no scaled years, ncols = no ages).
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$fbarRange
# lowest and higest age included in Fbar
2 4

SkeyBiomassTreat
# To be defined only if a biomass survey is used (0 SSB index, 1 catch index, and 2 FSB index) .
-1 -1 -1

$obsLikelihoodFlag
# Option for observational likelihood | Possible values are: "LN" "ALN"
WIN" ULN" "IN

$fixVarToWeight
# If weight attribute is supplied for observations this option sets the treatment (0 relative weight,
1 fix variance to weight).

0

4.3.3 Forecast settings

The forecast settings used in the decision model follow the settings used at WGNSSK as far as
possible. Some changes were necessary due to the difference in the decision model used. The
forecast conducted at WGNSSK for Northern Shelf haddock uses MFDP which allows for fore-
casting of multiple fleets (e.g. human consumption/directed fishery and industrial bycatch).
Forecasting with SAM does not allow for fleet separation; however, in this MSE, the IBC catch
component has been amalgamated with the human consumption catch because it makes up such
a small part of the total catch.

Initial stock size

The initial stock size used at WGNSSK is taken as the deterministic starting populations from
the TSA survivors’ estimates. This is repeated for the MSE though using the SAM fit survivors’
estimate rather than TSA.

Maturity
Knife edge at age 3 (0 for ages 0-2, 1 for ages 3+). This is identical to WGNSSK.

Natural mortality

An average of the final three years of assessment data is used. This is identical to WGNSSK.

Weight at age

Future weights at age for the catch are calculated using a linear cohort-based approach (Jaworski
2011) since density dependent effects may result in large year classes growing more slowly than
smaller year classes. This modelling of future weights is reproduced in the decision model. The
weight at age in the stock is assumed to be the same as the weight at age in the catch.

Weights at age a for cohort c are fitted with the linear model:
Wee = ac+ Bea

where parameters a. and S, are cohort-specific. For the most recent cohorts, less than three data
points exist, therefore weights-at-age are taken as an average of three previous weights at the
same age. Similarly, for cohorts where there is insufficient information, a three-year average is
used.
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Exploitation pattern

This is set to be the same as the previous year. This is identical to WGNSSK.

Intermediate year assumptions

At WGNSSK, the fishing mortality estimate for the current year is taken to be the same as the
final year. Where this results in landings that overshoot the TAC, a TAC constraint should be
considered. At ICES-WKBENCH (ICES, 2011), recent haddock catches had seen to be increasing
and some segments of the Scottish fleet were exhausting their quota, whereas this had not been
an issue in the past. The exhausting of quota was likely due to restrictions in cod catch, and so a
TAC constraint was recommended for the haddock forecast. This process was not replicated in
the decision model due to the additional computational and time requirements needed to con-
duct the TAC constraint procedure. However, a test simulation of the A* management scenario
(a version of management strategy A that sets Ftaget=Fmsy=0.194 and Buigger =MSY Burig-
ger =132 000 t) showed that a TAC constraint was applied in the first few years of the projection
(up to approximately 2025) after which the conditions needed to apply a TAC constraint were
never met.

Stock recruitment model used

At WGNSSK the recruits in the intermediate and TAC years are taken as the TSA estimate of
forecasted recruits at age 0 in the intermediate year. This ensures consistency between assess-
ment and forecast. The SAM forecast resamples recruitment from a specified period. This was
limited to the recent period of lower recruitment (2000 onwards), which is congruent with the

recruitment period used to determine the stock reference points in the EqSim analysis (ICES
2016).

4.4 Results

III

44.1 Search grid for “optimal” combination of Fiarget and Birigger

Only the baseline OM1 was used to search for the “optimal” combinations of Ftarget and Brrigger (i.e.
those that maximise long-term yield while fulfilling the ICES precautionary criterion of
risk3 < 5%) for each of the six management strategies. The grid searches are shown in Figures
4.4.1.1-6. The grids are only partially complete because each cell in the grid takes just under
80 hours on a single core computer. The search was conducted in steps of 0.01 for Frarget, and
10 000 t for Buiggerand was focussed on complying with the 5% threshold in risk3 while maximis-
ing catch after an initial set of runs were completed. The runs for Northern Shelf haddock took
much longer compared to other demersal stocks with a longer amount of time being taken by
the estimation model to complete the stock assessment. The “optimal” combination is high-
lighted in each plot with a black border around the corresponding cell.

Table 4.4.1.1 summarises the result of the search for the “optimal” combinations. The mean F
reached the maximum of 2.0 in 1 replicate in two of the scenarios. In this replicate, there is a run
of low recruitment following a recruitment “spike”. Fmax is reached due to the slow response of
the HCR to the sustained period of low recruitment, possibly as a result of recruitment being
over-estimated in the forecast during that time.
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Table 4.4.1.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: “optimal” combinations for Fiarget and Byrigger for the
baseline OM1 and six management strategies. Also reported are the median long-term values for catch, SSB, realized
mean F (ages 2-4), interannual catch variability (ICV), interannual TAC variability (ITV), risk3, risk1, the number of times
the SAM assessment did not converge during the simulation and the number of times mean F reached the maximum of
2.0. The results for F = 0 and management strategy A* (i.e. With Fiarget = Fvsy = 0.194 and Birigger = MSY Btrigger = 132 000 t)
and A*+D are provided for comparison.

Manage-

ment Fiarget  Birigger  Catch SSB ICV ITV  riskl risk3 il.:::l; Conv_failed F_maxed
strategy

A 0.28 180000 51358 196587 0.275 0.273 4.5% 4.9% 0.262 0 0
B 0.29 190000 51574 194672 0.296 0.295 4.4% 4.8%  0.265 0 1
C 0.28 180000 51350 196587 0.275 0.273 4.5% 4.9% 0.262 0 0
A+D 0.28 180000 49628 196781 0.348 0.275 4.5% 5.0% 0.256 0 0
B+E 0.27 170000 49831 200267 0.393 0.274 4.2% 49% 0.256 0 0
C+E 0.26 160000 49398 203534 0.378 0.253 4.4% 5.0% 0.251 0 1
A* 0.194 132000 45296 252152 0.207 0.208 1.6% 1.9% 0.203 0 0
A*+D 0.194 132000 44480 251788 0.361 0.207 1.6% 2.1% 0.201 0 0

F=0 0 - 0 578988 0 0 0 0 0 - 0
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Figure 4.4.1.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: Grid search for “optimal” combination of Fg: and
Btrigeer fOr management strategy A for the long-term (i.e. final 10 years of the 20-year projection). The top-left plot is
median long-term catch, top-right the long-term risk3, bottom left the median long-term inter-annual catch variability
and bottom right the median long-term SSB. The “optimal” combination is surrounded by a black box. The combinations
that meet the precautionary criterion (risk3 < 5%) are in black text, while those that don’t are in red.
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Figure 4.4.1.4. Haddock in Subarea 4, Division 6.4 and Subdivision 20: Grid search for “optimal” combination of F;arge: and
Burigger fOr management strategy A+D for the long-term (i.e. final 10 years of the 20-year projection). See caption to Figure
4.4.1.1 for further details.
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Figure 4.4.1.5. Haddock in Subarea 4, Division 6.4 and Subdivision 20: Grid search for “optimal” combination of F;arge: and
Burigger fOr management strategy B+E for the long-term (i.e. final 10 years of the 20-year projection). See caption to Figure

4.4.1.1 for further details.
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Figure 4.4.1.6. Haddock in Subarea 4, Division 6.4 and Subdivision 20: Grid search for “optimal” combination of Fi,g: and
Btrigeer fOr management strategy C+E for the long-term (i.e. final 10 years of the 20-year projection). See caption to Figure
4.4.1.1 for further details.

4.4.2 Summary projections

Summary projections for recruitment (age 0), SSB, catch and mean F (ages 2—4) for the baseline
OM1 are given for F=0 in Figure 4.4.2.1, a version of management strategy A that sets
Frarget = Fmsy = 0.194 and Buigger = MSY Buigger = 132 000 t (labelled A¥) in Figure 4.4.2.2, and a ver-
sion of A* that includes the stability mechanisms (labelled A*+D) in Figure 3.4.2.3. Summary
projections for the six “optimised” management strategies (see Table 4.4.1.1) are given in Figures
4.4.2.4-9. Figure 4.4.2.10 plots the annual risk for “optimised” management strategy A, which
indicates that annual risk stabilises from around 2033 onwards.

In all six management strategies, the projections show an initial decline in SSB towards the Bigger
value, followed by a short-term fall in Fvar and catch, before SSB, Fvar and catch rise again and
reach equilibrium. The plots of individual replicates better demonstrate the differences between
the scenarios. The zig-zag nature of the banking and borrowing in management strategies A+D,
B+E and C+E can be seen clearly in the projections of Frar, total catch and to a lesser extent in SSB.
The plots of individual replicates show that the year to year changes in total catch and Fvar and
more dramatic in management strategies A+D, B+E and C+E than A, B and C.
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Figure 4.4.2.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for F = 0. Top plot is recruit-
ment (age 0), second plot SSB, third plot catch and bottom plot mean F (ages 2—-4). The vertical black line separates the
historical period from the projection period. The SSB plot includes By, = MSY Byiger (horizontal solid line) and By, (hori-
zontal hashed line), while the mean F plot includes Fysy (horizontal solid line) and Fj,, (horizontal dashed line). The actual
plots show medians (solid black line) with the darker shaded area indicating the 25" and 75 percentiles, and the light
shaded area the 5t and 95 percentiles. The results for 5 individual replicates are shown in solid coloured lines.
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Figure 4.4.2.2. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for management strategy A*

(i.e.

With Fiarget = Fumsy = 0.194 and Byrigger = MSY Burigger = 132 000 t). See the caption to Figure 4.4.2.1 for further details.
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Figure 4.4.2.3. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for management strategy
A*+D (i.e. With Fearget = Fmsy = 0.194 and Birigger = MSY Buigger = 132 000 t). See the caption to Figure 4.4.2.1 for further de-
tails.
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Figure 3.4.2.4. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy A (see Table 4.4.1.1). See the caption to Figure 4.4.2.1 for further details.
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Figure 3.4.2.5. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy B (see Table 4.4.1.1). See the caption to Figure 4.4.2.1 for further details.
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Figure 3.4.2.6. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy C (see Table 4.4.1.1). See the caption to Figure 4.4.2.1 for further details.
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Figure 3.4.2.7. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy A+D (see Table 4.4.1.1). See the caption to Figure 4.4.2.1 for further details.
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Figure 3.4.2.8. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy B+E (see Table 4.4.1.1). See the caption to Figure 4.4.2.1 for further details.
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Figure 3.4.2.9. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy C+E (see Table 4.4.1.1). See the caption to Figure 4.4.2.1 for further details.
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Figure 4.4.2.10. Haddock in Subarea 4, Division 6.a and Subdivision 20: Annual risk (P(SSB<Blim)) for “optimised” man-
agement strategy A. The horizontal hashed lines separate the short- medium- and long-term projection periods used for
the performance statistics.

4.4.3 Comparison of management strategies for the baseline OM1

The performance of F =0, a version of management strategy A that sets Frarget = Fmsy = 0.194 and
Btrigger = MSY Brrigger = 132 000 t (labelled A*), and the six “optimised” management strategies are
compared in terms of catch, risk 1 and 3, inter-annual catch variability and SSB in the short (first
five years), medium (years 6-10) and long (final 10 years) term in Figures 4.4.3.1-4.4.3.3. Two
additional performance statistics were calculated: the proportion of replicates that recover past
Bpa = MSY Burigger = 132 000 t within the 20-year simulation period and the number of years it takes
for each replicate to recover above Bpa = MSY Burigger. These results are presented for A* and the
six “optimised” management strategies in Figure 4.4.3.4.

The long-term performance of the six “optimised” management strategies is summarised in Ta-
ble 4.4.3.1 and Figure 4.4.3.3 is quite similar in terms of total catch and SSB with a range of ap-
proximately 2000 t and 9000 t respectively across the scenarios. The optimal combinations for
each management strategy are similar, though in general, the values of Frarget and Buigger for A+D,
B+E and C+E (the scenarios with stability mechanisms) are lower than for management strategies
A, B and C. All six management strategies lead to a long term SSB of approximately 200 000 t,
which is roughly a third of the long-term SSB when the fishery is closed (F = 0).

Management strategy B has the highest Frarget value and gives the highest long term catch, but
correspondingly, has the lowest long term SSB. The lowest Frarget and highest Burigger values are
seen for management strategy C+E which results in the lowest catch of the 6 strategies. Manage-
ment strategies A+D, B+E and C+E have slightly lower total catches, slightly higher interannual
catch variability and slightly higher SSB values than their corresponding management strategies
which do not include banking and borrowing and a TAC constraint (A, B and C).

135



136

ICES SCIENTIFIC REPORTS 1:12

The long-term performance of the six management strategies are similar to that of the A* strategy
(Ftarget = Fmsy and Berigger = MSY Btrigger) in terms of long-term median catch. However, the interan-
nual variability in catch for the six optimised strategies is higher than A* with larger interquartile
ranges and SSB is lower than A*. The A* strategy is found to be precautionary and has very low
values for risk 1 and 3 compared to the 6 “optimised” management strategies in the long term
(though these are all within the 5% threshold).

SSB increases in all the scenarios through each time period (short to medium to long term). The
values of risk 1 and risk 3 exceed the 5% threshold in the short and medium term for all scenarios
but are seen to fall to below 5% in the long term. The A* scenario is seen to be precautionary in
the medium- and long-term. When F =0, the risk is well below 5% throughout all time periods.

The recovery statistics show that the recovery potential in all the strategies is very high since the
stock is currently well above its MSY Buigger (Figure 4.4.3.4).

Table 4.4.3.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: performance statistics for F = 0 and the “optimised”
six management strategies. Statistics are reported for three time periods, short (first five years), medium (years 6-10)
and long (final 10 years) term. Other statistics reported include the interannual variability (iav) in the catch and TAC, the
mean proportion of years across all replicates where the management strategy is operating “on the slope”, the number
of replicates where the estimation model (SAM) failed to converge, the number of replicates where Fmax (Fmax = 2) was
reached, the proportion of replicates that recover above By, = MSY Byrigger and the number of years taken to recover above
Bpa = MSY Birigger for the first time.

Performance statistic F=0 A* A B C AD BE CE

Ftarget 0 0.194 0.28 0.29 0.28 0.28 0.27 0.26
Btrigger - 132000 180000 190000 180000 180000 170000 160000
risk1 long term 0.000 0.016 0.045 0.044 0.045 0.045 0.042 0.044
risk1 short term 0.012 0.056 0.087 0.082 0.087 0.087 0.091 0.092
riskl medium term 0.000 0.027 0.056 0.053 0.056 0.055 0.052 0.056
risk3 long term 0.000 0.019 0.049 0.048 0.049 0.050 0.049 0.050
risk3 short term 0.033 0.090 0.153 0.148 0.153 0.151 0.147 0.143
risk3 medium term 0.001 0.041 0.061 0.055 0.061 0.062 0.060 0.070
lav catch long term - 0.207 0.275 0.296 0.275 0.347 0.393 0.378
lav catch short term - 0.300 0.213 0.225 0.213 0.232 0.348 0.329
lav catch medium term - 0.221 0.289 0.310 0.289 0.342 0.400 0.374
Median catch long term 0 45296 51358 51574 51350 49628 49831 49398
Median catch short term 0 30699 39799 39181 39799 39715 42829 42961
Median catch medium term 0 43300 50486 50969 50486 47690 46946 46427
Median ssb long term 578988 252152 196587 194672 196587 196781 200267 203534
Median ssb short term 213913 167527 155855 156911 155855 156038 156338 156057

Median ssb medium term 427970 222095 185040 183986 185040 184419 185816 187096
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Performance statistic F=0 A* A B C AD BE CE

Median Fbar long term 0.203 0.262 0.265 0.262 0.256 0.256 0.251
Median Fbar short term 0.189 0.238 0.236 0.238 0.236 0.237 0.236
Median Fbar median term 0.205 0.263 0.268 0.263 0.254 0.248 0.243
lav TAC long term 0.207 0.273 0.295 0.273 0.275 0.274 0.253
lav TAC short term 0.225 0.294 0.316 0.294 0.296 0.307 0.278
lav TAC medium term 0.221 0.289 0.310 0.289 0.291 0.295 0.274
Slope long term 0.11 0.26 0.26 0.26 0.26 0.26 0.25
Slope short term 0.15 0.24 0.24 0.24 0.24 0.24 0.24
Slope medium term 0.22 0.26 0.27 0.26 0.25 0.25 0.24
Convergence failure 0 0 0 0 0 0 0
Fmax reached 0 0 1 0 0 0 1
Recovery proportion 1 1 1 1 1 1 1
Recovery time 1 1 1 1 1 1 1
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Figure 4.4.3.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: Comparing the performance of management strat-
egies in the short-term (first five years). Individual plots are as indicated by the label on the y-axis. Within each plot, the
management strategies are F=0, A* (i.e. management strategy A With Fiarget = Fmsy = 0.194 and Birigger = MSY Byyig.
ger = 132 000 t, and the six “optimised” management strategies (A, B, C, A+D, B+E and C+E). In the box and whisker plots,
the heavy horizontal line within the box indicates the median, the edges of the box indicate the 25t and 75" percentiles,
and the whiskers extend to the largest and smallest values within 1.5 times the inter-quartile range (IQR) from the edges,
and the remaining points indicated as dots outside the whiskers are the outliers to 1.5*IQR from the edges. The red
horizontal line corresponds to the median (box and whisker plots) or actual value (risk plots) for management strategy
A* for comparison.
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Figure 4.4.3.2. Haddock in Subarea 4, Division 6.a and Subdivision 20: Comparing the performance of management strat-
egies in the medium-term (years 6-10). See Figure 4.4.3.1 for more details.
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Figure 4.4.3.3. Haddock in Subarea 4, Division 6.a and Subdivision 20: Comparing the performance of management strat-
egies in the long-term (final 10 years). See Figure 4.4.3.1 for more details.
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Figure 4.4.3.4. Haddock in Subarea 4, Division 6.a and Subdivision 20: recovery statistics for the various management
strategies (as described in Figure 4.4.3.1). The left plot indicates the proportion of replicates that recover above
Bpa=MSY Byigeer, While the right plot indicates the number of years taken to recover above By, =MSY Byigger for the first
time, indicated as box and whisker plots (see Figure 4.4.3.1 for a description).
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4.4.4 Sensitivity of management strategies for the baseline OM1

The sensitivity of performance statistics for the six “optimised” management strategies (A, B, C,
A+D, B+E and C+E) to five fishing pressure scenarios (0.9*Ftarget, Frarget, 1.1*Frarget, FMsY lower = 0.167
and Fusy upper = 0.194) in the short (first five years), medium (years 6-10) and long (final 10 years)
term are presented in Figures 4.4.4.1-4.4.4.3. Sensitivity of recovery statistics for the management
strategies to the same fishing pressure scenarios are presented in Figure 4.4.4.4. For haddock, the
sensitivity of the performance statistics for the management strategies A and A+D to two addi-
tional scenarios (1.5*Buigger and 2*Buigger) are also presented.

The median total catches are similar across the 0.9*Farget, Ftarget, 1.1*Frarget range in the short-, me-
dium- and long-term. Correspondingly, interannual variation in the catch increases and SSB de-
creases with increasing F in the medium and long term. Both Fumsy lower and Fumsy upper have lower
catches compared to the other scenarios because these values of F are much lower than the Frarget.

The six “optimised” management strategies are found to be within the 5% risk threshold in the
long term for all but 1 (1.1*Farget) of the sensitivity scenarios.

The scenarios that increase Brrigger to 1.5 and 2*Burigger result in lower catches, lower risk, higher
interannual variation in the catch and higher SSB in the long term. This is because the higher
Burigger values mean the rules are operating “on the slope” and lead to more variation in the real-
ised F.
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Figure 4.4.4.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: Sensitivity of performance statistics for the “opti-
mised” management strategies to changes in F in the short-term (first five years). Individual plots are as indicated by the
label on the y-axis. In the box and whisker plots, the heavy horizontal line within the box indicates the median, the edges
of the box indicate the 25! and 75t percentiles, and the whiskers extend to the largest and smallest values within 1.5
times the inter-quartile range (IQR) from the edges, and the remaining points indicated as dots outside the whiskers are
the outliers to 1.5*IQR from the edges.
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Figure 4.4.4.2. Haddock in Subarea 4, Division 6.a and Subdivision 20: Sensitivity of performance statistics for the “opti-
mised” management strategies to changes in F in the medium-term (years 6-10). See Figure 3.4.4.1 for more details.
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Figure 4.4.4.3. Haddock in Subarea 4, Division 6.a and Subdivision 20: Sensitivity of performance statistics for the “opti-
mised” management strategies to changes in F in the long-term (final 10 years). See Figure 4.4.4.1 for more details.
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Figure 4.4.4.4. Haddock in Subarea 4, Division 6.a and Subdivision 20: Sensitivity of recovery statistics for the “optimised”
management strategies (as described in Figure 4.4.4.1) to changes in F. The left plot indicates the proportion of replicates
that recover above By, = MSY Byiger, While the right plot indicates the number of years taken to recover above
Bpa = MSY Byrigger for the first time, indicated as box and whisker plots (see Figure 4.4.4.1 for a description).
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4.4.5 Robustness of management strategies across alternative OMs

Robustness of the “optimised” management strategies (A, B, C, A+D, B+E and C+E) across alter-
native operating models (OMs 1-3, described in Sections 4.1-4.2) is evaluated in the short (first
five years), medium (years 6-10) and long (final 10 years) term. Performance statistics for each
“optimised” management strategy are compared across operating models and to performance
statistics for F = 0 and a version of management strategy A that sets Frarget = Fmsy = 0.194 and Burig-
ger = MSY Buigger = 132 000 t (labelled A¥) in Figures 4.4.5.1-4.4.5.3. Similar plots comparing recov-
ery statistics for the various management strategies across alternate operating models are pre-
sented in Figure 4.4.5.4.

OM2 uses an operating model conditioned on a different assessment model (TSA). Compared to
the baseline OM (OM1), this alternative OM results in higher catches, interannual variation in
catch and SSB. Risk 1 and risk3 were both lower for OM2, most probably reflecting the fact that
the management procedure (SAM) thinks there are less fish than there are in the OM (TSA) since
there is a bias in the estimates of F and SSB from the management procedure compared to the
underlying “truth” of the operating model (see Figure 4.4.5.5). This bias between the OM and
MP means that the management decisions taken will be more precautionary than if this bias did
not exist (as in OM1). This implies the converse is true, i.e. if the OM was SAM and TSA was the
management procedure (as currently used by the WGNSSK), then a more precautionary man-
agement strategy would be needed to counter the bias. Additionally, for at least 1 replicate in
each scenario run, the stock assessment fit in the management procedure failed to converge for
this alternative OM (in one case 8 replicates failed to converge). These replicates were removed
before any further analysis. The reason for the non-convergence of the stock assessment fit is
thought to be related to the initial parameters used but would need further investigation.
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OM3 is conditioned on the results from a SAM stock assessment fit but fixes the regularity of
“spikes” in recruitment. Compared to the baseline OM (OM1), this alternative OM results in
higher catches and higher SSB across the short, medium and long term and lower risk in the
short and medium term. The interannual variation in catch for this OM is mostly lower or has
similar values compared to the baseline (OM1). Risk 3 in the medium term has similar values for
both OMs. The fixed regularity of spikes in recruitment prevents long periods of poor recruit-
ment, which increase the risk of SSB falling below Biim.
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Figure 4.4.5.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: Performance statistics for the various management
strategies with alternate operating models in the short-term (first five years). Individual plots are as indicated by the
label on the y-axis. Within each plot, the management strategies are FO (i.e. F = 0), A* (i.e. management strategy A with
Ftarget = Fumsy = 0.194 and Byrigger = MSY Byrigger = 132 000 t and the six “optimised” management strategies (A, B, C, A+D, B+E
and C+E). The operating models are OM1 (Baseline), OM2 (Alt1) and OM3 (Alt2) and are described in sections 4.1-4.2. In
the box and whisker plots, the heavy horizontal line within the box indicates the median, the edges of the box indicate
the 25t and 75t percentiles, and the whiskers extend to the largest and smallest values within 1.5 times the inter-quartile
range (IQR) from the edges, and the remaining points indicated as dots outside the whiskers are the outliers to 1.5*IQR
from the edges.
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Figure 4.4.5.2. Haddock in Subarea 4, Division 6.a and Subdivision 20: Performance statistics for the various management
strategies with alternate operating models in the medium-term (years 6-10). See Figure 4.4.5.1 for more details.
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Figure 4.4.5.3. Haddock in Subarea 4, Division 6.a and Subdivision 20: Performance statistics for the various management
strategies with alternate operating models in the long-term (final 10 years). See Figure 4.4.5.1 for more details.
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Figure 4.4.5.4. Haddock in Subarea 4, Division 6.a and Subdivision 20: Recovery statistics for the various management
strategies (as described in Figure 4.4.5.1) with alternate operating models (see Figure 4.4.5.1 for definitions). The left
plot indicates the proportion of replicates that recover above By, = MSY Byigger, While the right plot indicates the number
of years taken to recover above By, = MSY Byigger for the first time, indicated as box and whisker plots (see Figure 4.4.5.1
for a description).

1.00

recovery proportion
o o
i o
2 3

recovery time [years]

o
0
&

0.00

Figure 4.4.5.5 plots the discrepancy between the management procedure and the underlying
“truth” for each alternate operating model under “optimised” management strategy A. Because
the estimation model component of the management procedure revises historical estimates of
stock numbers, fishing mortality and any derived metrics with each new estimation, only the
final year of the management procedure is plotted in each time step. The rise in F near the begin-
ning of the projection period results from the slow response of the management procedure to the
decline in F under “optimised” management strategy A.
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Figure 4.4.5.5. Haddock in Subarea 4, Division 6.a and Subdivision 20: Discrepancy in estimates of F and SSB from the
management procedure compared to the underlying “truth” for each alternative operating model (see Figure 4.4.5.1 for
definitions). Values > 1 indicate an overestimation by the management procedure while values < 1 indicate an underes-
timation.

4.5 Conclusions

“Optimised” combinations without stability

*  The performance of management strategies A and C are very similar because SSB does
not drop low enough in the majority of replicates to result in a difference. Buigger =
180 000 t and Frarget = 0.28 in both cases.

* Management strategy B results in a slightly higher median long-term catch and lower
SSB with higher interannual variability in the catch. Bigger = 190 000 t and Frarget = 0.29.

¢ The short-term risk 3 is well above the 5% threshold for A, B and C. The medium-term
risk 3 is just over the 5% threshold for all three management strategies.

* Inall three cases, the median long-term SSB is above the Brrigger value, indicating the rules
are mostly operating “on the plateau”. The high interannual variation in catch is driven
by the sporadic nature of haddock recruitment.
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“Optimised” combinations with stability

The effect of including stability mechanisms is a reduction in the median long-term
catch, an increase in the long-term SSB and an increase in the interannual variation in
catch; the latter is a result of the extreme banking and borrowing implementation used.

Ftarget and Buigger are reduced in 2 of the 3 management strategies with stability mecha-
nisms (B+E and C+E). This is likely due to the exclusion of the stability mechanisms being
used in A+D when SSB is less than Biigger.

The management strategy C+E results in the highest long-term SSB, though management
strategy B still gives the overall highest long-term catch.

Risk 3 is over the 5% threshold for all 3 management strategies in the short- and medium-
term.

Compared to MSY advice rule approach

.

The MSY approach advice rule gives lower long-term catch and higher SSB compared to
the six management strategies and has a lower risk and interannual variation in catch.

The MSY approach advice rule is precautionary in the medium and long term.

The recovery time to above MSY Burigger is 1 year and the recovery proportion is 100% for
all management strategies.

Sensitivity for “Optimised” Combinations

Short-, medium- and long-term catches are similar across the F range from 0.9-1.1*Ftarget.
Fusy-lower and Fusy-upper both have consistently lower catches.

The long-term risk is above 5% for 1.1*Farget for all management strategies. Both Fmsy-lower
and Fusy-upper are found to be precautionary.

The interannual variation in catch increases and SSB decreases with higher F in the long
term.

Increasing Brrigger to 1.5 and 2*Buigger results in lower catches, lower risk, higher interan-
nual variation in catch and higher SSB. This is because the higher Buigger values mean the
rules are operating “on the slope” and lead to more variation in the realised F.

Robustness tests against alternative operating models

The alternative operating model OM2 results in higher catches, interannual variation in
catch and SSB and lower risk 3 in most cases across the short, medium and long term.
The lower risk compared to the baseline OM (OM1) most probably reflects the bias be-
tween the estimates of F and SSB in the management procedure compared to the under-
lying “truth” in the OM. In this case, the MP (SAM) estimates less fish than there are in
the OM (TSA). A bias in the opposite direction is likely to exist if we had tested OM=SAM
and MP=TSA (currently WGNSSK uses TSA), but it was not possible to test this scenario
(see Section 4.3); since it is plausible that such a bias exists, management strategies may
need to be more precautionary than those optimised under the baseline OM1 to counter
it.

The alternative OM3 results in higher catches, higher SSB, lower interannual variation
in catch and lower risk in most cases across the short, medium and long term. The

ICES



ICES

WKNSMSE 2019

fixed regularity of spikes in recruitment prevents long periods of poor recruitment;
such periods which would increase the risk of SSB falling below Biim.

These results indicate that good recruitment events at regular intervals reduce the risk
of SSB falling below Bim. However, if recruitment falls below the level tested here (i.e.
the downwards trends in the size of recruitment spikes continues) then more precau-
tionary HCRs may be needed.

Computational considerations

The simulations required for this MSE were computationally very expensive and it was
not possible to run the full grid for all management strategies. Computing facilities avail-
able in-house were used together with external resources.

The maximum number of convergence failures seen was 8 replicates, but most runs ex-
perienced 0 convergence failures. At least 1 replicate in all simulation runs using OM2
had a convergence failure during the stock assessment fit. The choice of initial parame-
ters is thought to be the cause. Convergence failures were almost exclusively an issue
with OM2.

Care needs to be taken when using a different assessment model within the MSE to that
which is used for conditioning the OM to ensure that any bias introduced is plausible.
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5 Whiting (Merlangius merlangus) in Subarea 4 and
Division 7.d (North Sea and eastern English Chan-
nel)

5.1 Baseline operating model (OM1)

5.1.1 Model and settings

A management strategy evaluation (MSE) was conducted in FLR (a4a MSE framework) with
code in R developed for WKNSMSE 2018. Simulations were conditioned based on the WGNSSK
2018 assessment data (ICES 2018a). The current stock assessment for whiting in Subarea 4 and
Division 7d is classified as an update assessment. The assessment model is SAM fitted to com-
bined catches (landings, discards, industrial bycatch). The most recent benchmark took place in
WKNSEA 2018 (ICES, 2018c). The age range includes individuals aged 0 to 8+. The input data
includes survey indices (Q1, Q3), catch data, stock weights at age, smoothed maturity estimates
(ICES, 2018a), smoothed natural mortality estimates (WGSAM, 2017 key run; ICES, 2018b), and
survey indices from NS-IBTS Q1 and Q3 (Table 5.1.1.1). The operating model was conditioned
on the historical data from the SAM assessment result from spring 2018 (ICES 2018a). The base-
line operating model was developed guided by the current SAM assessment model, to represent
estimated autocorrelation in recruitment, assumed process and observation error structure, as
well as assumptions made in the EqSim to determine reference points (ICES 2018c). The projec-
tion period covered 20 years with 1000 replicates.

Table 5.1.1.1 Whiting in Subarea 4 and Division 7.d. Assessment settings used in the current stock assessment settings
WGNSSK 2018 (ICES 2018a).

Assessment setting (WGNSSK)

First tuning year 1983

Last data year 2018

Ages 0-8+

Plus group 8+

Catch at age 1978-2017

Tuning indices IBTS Q1 1983-2018, ages 1-5
IBTS Q3 1991-2017, ages 0-5

Assessment model SAM

The EqSim analysis was conducted for North Sea whiting during the benchmark in 2018 (ICES
2018c). Smoothed maturity and natural mortality, and observed weights at age, were used, in-
cluding the recent 10 years of biological data and recent 3 years for selectivity. The recruitment
time series was included since 1983, and the underlying recruitment model was assumed to fol-
low a segmented regression. Due to the lack of a clear spawning stock-recruitment relationship,
it was assumed that Bim=Bioss. Recruitment residuals were assumed to be autocorrelated with lag
1. SSB is estimated at the beginning of the year. Current reference points and MSY ranges are
listed in Table 5.1.1.2 and Table 5.1.1.3.
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Table 5.1.1.2 Whiting in Subarea 4 and Division 7.d. Reference points derived at the benchmark 2018 using EqSim (ICES
2018c).

MSY Btrigger Bpa Biim Fpa Fiim Fr.os FMSY?unconstr Fmsy
value 166708 166708 119970 0.33 0.458 0.172 0.392 0.172

Table 5.1.1.3 Whiting in Subarea 4 and Division 7.d. MSY ranges.

Technical basis

Reference point Value (EqSim)
Fmsy-lower 0.158 Fr.05-lower
Fmsy 0.172 Fr.os
FMSY-upper 0.172 Fr.os

SAM, a state-based assessment model, is described in detail by Nielsen and Berg (2014). It con-
nects observed (log-transformed survey, catches) to unobserved states (log-transformed stock
size, fishing mortality). The underlying process in the model is considered as the unobserved
random variables.

Observed state process:

Logarithms of total catches were assumed to be independently distributed with observation er-
ror variance being coupled for all ages except age 0 (recruits). The logarithms of survey indices
are estimated assuming observation error with correlation between age classes of order 1. Cor-
relation parameters were coupled for all age pairs except 1-2 in IBTS Q1, and for Q3 parameters
were coupled for 0-1 and 1-2 and all other pairs were coupled separately. A common observation
variance was assumed for all ages, for Q1 and Q3 separately. The survey catchabilities were cou-
pled only for the oldest two age groups in each survey separately (age 4 and 5).

Unobserved state process:

SAM allows for uncertainty in the observed states and produces estimates of the unobserved
variables without the need to specify variances directly. Instead the distribution of process error
can be defined. The prediction noise is assumed to be Gaussian with zero mean and three vari-
ance parameters (recruitment, other age groups, fishing mortality). The component of process
error relating to stock size at age was assumed to be uncorrelated. Process variance of stock size
was coupled for all ages except for age 0 (recruitment). A correlation structure for prediction
noise in fishing mortalities at age was specified. The model allowed for time-varying selectivity
which determines fishing mortality at age. Fishing mortality states were coupled only for two
oldest age groups, age 7 and 8. Process variance for fishing mortality was coupled across all age
groups.

The stock recruitment relationship was modelled as a plain random walk. The current stock as-
sessment results are illustrated in Figure 5.1.1.1. Diagnostic including retrospectives, fits and re-
siduals are shown in Figure 5.1.1.2-.7.

These setting of the SAM assessment were used in the MSE. The SAM variance-covariance matrix
representing variances and correlation structures were used create uncertainty in the historical
period and the projection period.
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Figure 5.1.1.1 Whiting in Subarea 4 and Division 7.d. SAM assessment fit WGNSSK (ICES 2018a). SAM estimates and 95%
confidence intervals of spawning stock biomass (SSB), recruitment (age 0), mean fishing mortality for ages 2—6 and catch.
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Figure 5.1.1.1. Whiting in Subarea 4 and Division 7.d. SAM retrospectives in 2018 assessment (ICES 2018a).
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Figure 5.1.1.2 Whiting in Subarea 4 and Division 7.d. Predicted line and observed points (log scale) for the catch fleet
(ICES 2018a).
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Figure 5.1.1.3 Whiting in Subarea 4 and Division 7.d. Predicted line and observed points (log scale), for survey fleet IBTS
Q1 (ICES 2018a).
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Figure 5.1.1.4 Whiting in Subarea 4 and Division 7.d. Predicted line and observed points (log scale), for survey fleet IBTS
Q3 (ICES 2018a).
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Figure 5.1.1.5 Whiting in Subarea 4 and Division 7.d. SAM standardized one-observation-ahead residuals for catches and
surveys (ICES 2018a). Blue circles indicate positive residuals and red circles negative residuals.
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Figure 5.1.1.6 Whiting in Subarea 4 and Division 7.d. SAM standardized single-joint-sample residuals of process incre-
ments (for stock size N and fishing mortality F processes) (ICES 2018a). Blue circles indicate positive residuals and red
circles negative residuals.

5.1.2 Parameter uncertainty

Uncertainty in the historical period was estimated using variance-covariance matrix of all model
parameters from the recent SAM assessment. Replicate sets were produced, each set containing
parameters and variables needed to run the operating model forward. In the historical time pe-
riod biological parameters were assumed constant across replicates, and are assumed to be the
same as in the 2018 SAM assessment.

Process error in the projection period is included. Stock numbers at age (ages 1-8) use standard
deviation from the historical SAM assessment (Figure 5.1.2.1). The generation of recruitment (age
0) and residuals is detailed in the following section.
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Figure 5.1.2.1 Whiting in Subarea 4 and Division 7.d. Process error on numbers at age in the projected period (value 1 for
recruits coming from stock-recruit relationship). Median values and 25th, 75th, 5th and 95th percentiles in red.

5.1.3 Recruitment

The spawning stock recruitment relationship was modelled as a segmented regression and esti-
mated based on historical data. Two data periods were compared including years a): 1983-2017
or b) 2002-2017. Segmented regressions were estimated for each historical replicate, separately
(Figure 5.1.3.1).
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Figure 5.1.3.1 Whiting in Subarea 4 and Division 7.d. Diagnostics for estimated SSR relationship for one replicate, data
since 1983.

The residuals for the stock-recruitment relationship were generated for each replicate from his-
torical observations by resampling from the smoothed frequency distribution of residuals with
mean zero. The residuals should take into account autocorrelation if the historical time series
indicates it. Significant autocorrelation was found for the time series since 1983 (lag 1, Figure
5.1.3.10), but not for the time series since 2002. Residuals were generated for 1983 data series with
autocorrelation in lag 1, and for 2002 data series without autocorrelation.

Autocorrelation in residuals Rest with lag 1 were included as:

Res; = pRes;_; + /1 — p2¢,

with autocorrelation coefficient of p (lag 1, Figure 5.1.3.2), and &, the sampled residuals in each
replicate derived through re-sampling of the smoothed recruitment period residuals.

The autocorrelation coefficient was retrieved using the R function acf(data, lag.max=1). Residuals
were then transformed from additive error (mean zero) to multiplicative error (mean 1).

In individual replicates, spawning stock recruitment pairs as well as cumulative distributions
showed good agreement between simulated and observed estimates (Figures 5.1.3.3-4). Overall,
simulated residuals led to occasionally higher recruitment, as expected using smoothed distri-
butions; otherwise there is good agreement (Figures 5.1.3.5-6).
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Figure 5.1.3.2 Whiting in Subarea 4 and Division 7.d. Autocorrelation in recruitment for the time series of 1983-2017 (left)
and for the time series of 2002-2017 (right). Autocorrelation coefficient in lagl in the title of plot.
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Figure 5.1.3.3 Whiting in Subarea 4 and Division 7.d. Observed vs. estimated SSR pairs for individual replicates (data since
1983, AR(1)), red observed, black simulated.
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Figure 5.1.3.4 Whiting in Subarea 4 and Division 7.d. Observed vs. estimated cumulative distributions for individual rep-
licates (data since 1983, AR(1)), red observed, black simulated.
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Figure 5.1.3.5 Whiting in Subarea 4 and Division 7.d. Comparison all pairs SSR using simulated residuals on historical data,
observed in red, simulated in black.
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Figure 5.1.3.6 Whiting in Subarea 4 and Division 7.d. Cumulative distribution for all replicates combined (data since 1983,
AR(1)), observed in red, simulated in black.

5.1.4 Mean weights, maturity, natural mortality and selection

For the projection period, variability in biological parameters and selectivity in the operating
model were created by sampling from the recent 10 years and 3 years of historical data, respec-
tively (following EqSim assumptions). This appears to be a reasonable assumption also for the
MSE.

If more recent biological parameters were included (recent 3 or 5 years), the Fusy estimates in-
creased in the EqSim analysis. As biological parameters were variable and future developments
were uncertain, the recent 10-year average was used, representing sufficiently-well the shift in
natural mortality, maturity and stock weights at age in recent years.

Natural mortality has been relatively stable across recent years for most ages. At age 0, a steep
increase around 2000 was observed (Figure 5.1.4.1). The recent 10 year period should be repre-
sentative for the MSE simulation. Using maturity data in the recent 10 years from which to sam-
ple in the projection period allows some variability observed in recent years but avoids lowest
values observed in the early 2000s (Figure 5.1.4.2). Similarly, catch and stock weights at age in
the recent 10 years allows some variability observed in recent years but avoids lowest observed
values in the early 2000s (Figures 5.1.4.3-4). Fisheries selectivity has been relatively constant
across periods (Figure 5.1.4.5); the most recent 3 year period was used in MSE representing recent
fishing patterns (Figure 5.1.4.6).
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Figure 5.1.4.1 Whiting in Subarea 4 and Division 7.d. Natural mortality estimates for the historical period have been
relatively stable in recent years (left panel, ages 6+ identical). Natural mortality for the projected years (right panel).
Median values and 25th, 75th, 5th and 95th percentiles in red.

0.050-
0.025- ®
0.000- ?
0.025- s
0.050 -

coood
ohvwhS
| :abe

o
o
8

2 :abe

1.2
<3
N
&
¢ :abe

10
o
o
8

 :abe

G :abe

Proportion mature
06
I
coa
o
358
9 :abe

0.4

02

1
coo=
nONS
R3S
 :abe

o
0
3

g :abe

T T T T T 0.25-
0.00- ' ' ' '
1990 1995 2000 2005 2010 2015 1980 2000 2020 2040

Year

Figure 5.1.4.2 Whiting in Subarea 4 and Division 7.d. The proportion mature at age in the historical period (left, prior
1991 constant) and together with simulated residuals for the projection period (right). Median values and 25th, 75th, 5th
and 95th percentiles in red.
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Figure 5.1.4.3 Whiting in Subarea 4 and Division 7.d. Mean catch weights at age in historical periods (left). Catch mean
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Figure 5.1.4.5 Whiting in Subarea 4 and Division 7.d. Fishing selectivity at age by year and averages for the recent 3, 5,
10, 20 years.
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Figure 5.1.4.6 Whiting in Subarea 4 and Division 7.d. Fishing mortality at age in the historical time period (left), together
with fishing mortality with estimated residuals (Fstatus quo) for the projection period (right). Median values and 25th,
75th, 5th and 95th percentiles in red.

5.1.5 Generating data from the operating model

Observation error is included on “true” survey indices and catch at age. Deviances to the ob-
served survey indices in the projection period were simulated using the variance-covariance ma-
trix for survey indices to account for observation error correlated between ages (Figure 5.1.5.1).
Three replicates are plotted for IBTS Q1 in Figure 5.1.5.2 and for IBTS Q3 in Figure 5.1.5.3. Survey
observations were generated from the operating model as follows:

_ —tiZay afayi
loy; = qqiNgye "y eavt

where N are stock numbers at age a and year y; Z are total mortalities at age and year from the
operating model; g are survey catchabilities at age; f is the timing of the survey (0.125 for IBTS
Q1 and 0.625 for IBTS Q3). The observation errors follow a multivariate normal distribution:
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ga,y,i~N(O: Zi)

Where i are the covariance matrices between age classes within years for each survey i, as esti-
mated in the current SAM assessment (Nielsen and Berg 2014).

Observation error is included on catches at age as multiplicative lognormal error using standard
deviations from the historical estimated catches of the SAM assessment (Figure 5.1.5.4).
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Figure 5.1.5.1 Whiting in Subarea 4 and Division 7.d. Survey deviation in the historical period (SAM estimated uncer-
tainty) and for the projection period (including correlated error) for IBTS Q1 (left) and IBTS Q3 (right).
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Figure 5.1.5.2 Whiting in Subarea 4 and Division 7.d. Three replicates of survey deviations, IBTS Q1 for ages 1-5.
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Figure 5.1.5.3 Whiting in Subarea 4 and Division 7.d. Three replicates of survey deviations for IBTS Q3 for ages 0-5.
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Figure 5.1.5.4 Whiting in Subarea 4 and Division 7.d. Observation noise on catch at age.

5.1.6 Implementation error

The banking and borrowing algorithm used is explained in Section 2.3.4.

In the alternative operating model OM3, an extra implementation error is included because of
the uncertainty related to industrial bycatch (Section 5.2.2).
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5.1.7 Number of replicates and projection years

The number of replicates was 1000, based on a simulation study performed by North Sea cod
(see section 3.1.7). During webex 2 in late January, it was agreed that if stock coordinators had
time to do a similar study, they should do so, but if not, to default to 1000 replicates.

Twenty years were used for the projection period. This was again based on the simulation study
performed by North Sea cod (see section 3.1.7), where SSB was found to plateau after 20 years.

5.2 Alternative operating models

Alternative operating models consider a different, more pessimistic, recruitment scenario and
implementation error in catches to account for uncertainty in catches due to variability industrial
bycatch unrelated to the management procedure.

In Figure 5.1.1, we can see that recruitment for North Sea whiting has not exceeded 20 000 000
since 2002 and is fluctuating around a lower level since. It is not clear whether this is due to a
regime shift in the North Sea and the pattern will continue in the future. Regime shifts have been
discussed for cod in the North Sea (Engelhard et al. 2014). One of the major factors inducing a
regime shift was climate anomalies which can affect recruitment and spatial distribution of fish
(Engelhard et al. 2014, Stige et al. 2017). To ensure sustainable management, the possibility of a
regime shift to lower productivity (i.e. recruitment level) since the early 2000s is accounted for
in the two alternative operating models by using a more pessimistic recruitment scenario.

Two alternative operating models were constructed for 1000 replicates and 20 years of projection
period. In the first alternative operating model (OM2) random recruitment level shifts to a lower
level are applied. In the second operating model (OM3) random recruitment level shifts to a
lower level are applied together with extra implementation error to account for variability in
industrial bycatch proportion (OM3).

Operating models 2 and 3 are both more pessimistic in terms of recruitment, because in some
years (randomly selected periods of 1-4 years) recruitment shifts to a lower level (by factor 0.75).
The effect of industrial bycatch variability of implementation error on the catch target was ap-
plied to the pessimistic recruitment scenario (Table 5.2.1).

Table 5.2.1 Whiting in Subarea 4 and Division 7.d. Alternative operating models

Assump- | OM1 (baseline) OM2 (alternative) OM3 (alternative)
tion
SSR Since 1983, AR(1), Since 1983, AR(1), Since 1983, AR(1),
Segmented  re- Segmented regression, Segmented regression,
gression occasional periods (1-4 years) of occasional periods (1-4 years) of
low recruitment low recruitment
IBC No extra imple- No extraimplementation Extra IBC implementation error
mentation error
error
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5.2.1 OM2 - pessimistic recruitment

As an alternative operating model, a worst-case scenario for recruitment was developed to match
projected recruitment to observed levels since 2002.

This was done by allowing occasional recruitment level shifts. The recruitment shift to lower
level was done using a multiplier (0.75) on the prepared multiplicative autocorrelated residuals.
The time periods (duration 1-4 years) and the respective recruitment level (multiplier 1 or 0.75)
were both randomly selected.

When comparing the residuals for data series since 1983 (AR(1)) and 2002, it was found that the
residuals for the short time series (since 2002) show narrower confidence intervals, which do not
cover the lower ranges of observed recruitment (Figure 5.2.1.1). In contrast, the longer time series
(since 1983) shows larger recruitment confidence intervals, with an upper bound larger than ex-
pected from the most recent time period since 2002.

Residuals calculated using either time series with recruitment level shift, decreases the lower and
upper bound of the confidence interval (Figure 5.2.1.2). Therefore, the long time series (since
1983) appears to capture the lower range values and still allow peaks in recruitment at a level
characteristic for the period since 2002. The short time series (since 2002) shows that the upper
bound of the confidence interval is now lower than in the recent past. It is therefore recom-
mended to use the longer time series (since 1983) with recruitment level shift to capture the char-
acteristics of the recruitment time series since 2002 (Figure 5.2.1.2, left panel). In Figure 5.2.1.3 it
is shown that including the recruitment-level shift maintained variability but shifts individual
data point downwards by factor 0.75.
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Figure 5.2.1.1 Whiting in Subarea 4 and Division 7.d. Recruitment residuals data since 1983 (AR(1)) (left) and since 2002
(right).
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Figure 5.2.1.2 Whiting in Subarea 4 and Division 7.d. Recruitment residuals data since 1983 (AR(1)) (left) and since 2002
(right), with recruitment level shift.
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Figure 5.2.1.3 Whiting in Subarea 4 and Division 7.d. Left Panel: Spawning stock recruitment pairs using the 1983 data
series (AR(1)) original (red) compared to the data series 1983 (AR(1)) with recruitment level shifts (black). Right panel:
frequency distribution of residuals.

5.2.2 OMS3 - pessimistic recruitment and variability in industrial by-
catch

The IBC decreased over time, and has been relatively stable since 1996 (Figure 5.2.2.1). The per-
centage of IBC of total catch is relatively noisy and there is no trend over time (Figure 5.2.2.2).
The proportion of IBC in the catch cannot be explained by the SSB of the stock. The variability in
catch proportion of IBC should be considered by applying additional implementation error on
total catches (Figure 5.2.2.3). The implementation error is added to an alternative operating
model as a robustness test.
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Figure 5.2.2.1 Whiting in Subarea 4 and Division 7.d. Catch components since 1978. In the years since 1996 IBC has been
on a lower level.
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Figure 5.2.2.2 Whiting in Subarea 4 and Division 7.d. Left SSB vs percentage of IBC since 1996. Right: Percentage of IBC
since 1996 by year.
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Figure 5.2.2.3 Whiting in Subarea 4 and Division 7.d. Implementation error in total catches to account for variability in
I1BC.

5.3 Management procedure

The MSE uses a “full approach” in the management procedure by using SAM as the assessment
model to estimate stock status. The SAM settings are the same as in the current routine assess-
ment (described in stock annex for this stock).

In the management procedure, the assessment results are used to forecast catches following the
respective HCR to give catch advice. Assessment and forecast in the MSE are done using SAM.
For this stock, the HCRs deliver a target catch given as total catches (for the total assessment area,
including unwanted, wanted catch and industrial bycatch).

For North Sea whiting, catch advice is given as total catches at annual WGNSSK ICES expert
group. In the ICES advice, total catches are split per area 4 and 7d and catch components (IBC,
human consumption catches). The TAC is then set for human consumption catches in area 4 and
7d separately. The TAC for the Eastern Channel (7d) is given together with the rest of area 7
(except 7a), which is assessed separately. Due to the mismatch of assessment and management
units for the North Sea whiting stock, it is difficult to use TAC directly in the MSE. Furthermore,
the amount of catch due to IBC does not depend directly on the TAC for whiting but is a result
of fishing regulations and fisheries dynamics of industrial fisheries fleet for sprat, Norway pout
and sandeel.

Therefore, in the MSE, the catch target is given as the total catch advice, which implicitly includes
the human consumption TAC of area 4 and 7d as well as IBC, to be used as removals in the
operating model during the projection period.

The forecast performed in the MSE with SAM uses similar assumptions as used during WGNSSK
(Table 5.3.1). A simulated population is fished, surveyed and assessed using SAM assessment
model with the settings from the current routine assessment. The TAC was set following a two-
year forecast.
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WGNSSK: MFDP short term forecast

In the forecast for the assessment in WGNSSK, the MFDP software is used for a deterministic
short term-forecast. This allows for fleet separation of human consumption and industrial by-
catch fleet. The initial stock size is taken from the current SAM assessment. In the intermediate
year, numbers at age (ages 1-8+) are assumed to be the survivors of the final year of the current
SAM assessment. The recruitment (age 0) is set as the geometric mean of recruitment since 2002
in the intermediate and advice year. In the autumn update, the RCT3 estimate, calculated using
most recent survey information, is used as the recruitment for the intermediate year if the differ-
ence between assumption and estimate is significant. Biological parameters (maturity at age,
weights at age, natural mortality) and exploitation pattern follow the recent three-year average
in the intermediate and TAC year. In the intermediate year, generally no TAC constraint is ap-
plied, and fishing mortality is set to Fstatusquo. In the advice year fishing mortality is set to the
respective target F (Fucr).

MSE: SAM short-term forecast

In the MSE, the operating model and management procedure operates on total catch. Industrial
bycatch is not explicitly modelled, but included in the total catch. Uncertainty in the proportion
of industrial bycatch relative to total catch was considered in alternative operating model OM3
as a simple implementation error on the total catch target. The forecast covers the intermediate
and advice year. The forecast uses the SAM assessment results, including survivors of the num-
bers at age in the final year of the current assessment. The recent three-year average of biological
parameters and exploitation pattern are used in the intermediate and TAC year. In the interme-
diate year, generally no TAC constraint is applied, and fishing mortality is set to Fstatus-quo. Re-
cruitment is estimated by sampling from the historical recruitments (since 2002). In the advice
year, fishing mortality is set to the respective target F (Fucr).

Differences in settings between forecast in WGNSSK and MSE are summarized in Table 5.3.1.
Harvest control rules are used to adjust catch targets in the projection years. They aim to reduce
Frarget when SSB falls below thresholds. The reduction of fishing mortality below Biim varies in rule
A, B and C (Figure 2.1). In addition, stability mechanisms such as TAC constraint and banking
and borrowing are implemented by combining the three HCRs with stability rules D and E. The
following HCRs were evaluated A, B, C, A+D, B+E, C+E (see Section 2.1). Banking and borrowing
was implemented in option D and E, assuming that banking and borrowing alternates between
years. In the alternative operating model OM3, an implementation error on the final catch target
is applied (after TAC constraint and banking and borrowing,), representing the variability in
proportion of industrial bycatch.
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Table 5.3.1 Whiting in Subarea 4 and Division 7.d. Summary comparison forecast settings at WGNSSK 2018 and for MSE

Forecast settings in assessment (WGNSSK)

Biological parameters
Selectivity

Intermediate year TAC constraint
Recruitment (year+1)
Recruitment (year+2)

Software

Recent 3 year average

Recent 3 year average by catch-component
scaled to final historical year

none

RCT3 estimate in autumn update or geometric
mean of historical assessment (since 2002)

Geometric mean of historical assessment
(since 2002)
MFDP

Forecast settings in MSE projection

Biological parameters
Selectivity

Recent 3 year average
Recent 3 year average scaled to final historical

Intermediate year TAC constraint
Recruitment (year+1, year+2)

Software

year
none

Sampled from historical assessment (since

2002)
SAM

Comparison shorterm-forecast SAM and MFDP

The short-term forecast was compared between SAM and MFDP. For both the SAM survivors in
2018 and SAM median recruitment 2018 was used. In the following years SAM uses the sampled
recruitment since 2002, MFDP the geometric mean since 2002. Results for the Fistatusquo, Fmsy and
Fim scenarios are shown (Table 5.3.2-4). Results are reasonable similar. There are ongoing efforts
to implement the forecast in SAM to allow for fleet separation in the forecast.

Table 5.3.2. Whiting in Subarea 4 and Division 7.d. Forecast SAM vs. MFDP, Fstatus quo for all years (note: here the SAM
median recruitments and SAM survivors for 2018 are used, such that results differ from spring advice). For SAM, median
values are given.

Year F Rec SSB Catch Rec SSB Catch

(SAM) (SAM) (SAM) | (MFDP) (MFDP) (MFDP)
2018 0.218 8593208 182080 31094 8593208 178083 32400
2019 0.218 11793614 168054 31787 11964329 165862 31563
2020 0.218 11793614 157767 11964329 154781

Table 5.3.3. Whiting in Subarea 4 and Division 7.d. Forecast SAM vs. MFDP, Fstatus quo, Fmsy, Fmsy (nOte: here the SAM
median recruitments and SAM survivors for 2018 are used, such that results differ from spring advice). For SAM, median

values given.
Year F Rec SSB Catch Rec SSB Catch
(SAM) (SAM) (SAM) | MFDP) (MFDP) (MFDP
)
2018 0.218 8593208 182080 31094 8593208 178083 32400
2019 0.172 11793614 168054 25502 11964329 165862 24637
2020 0.172 11793614 162379 11964329 159712
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Table 5.3.4. Whiting in Subarea 4 and Division 7.d. Forecast SAM vs. MFDP, Fstatus quo, Fjn, Fim (note: here the SAM
median recruitments and SAM survivors for 2018 are used, such that results differ from spring advice). For SAM, median
values given.

Year F Rec SSB Catch | Rec SSB Catch
(SAM) (SAM) (SAM | MFDP) (MFDP) (MFDP
) )

2018 0.218 8593208 182080 31094 | 8593208 178083 32400
2019 0.458 11793614 168054 61986 | 11964329 165862 62762
2020 0.458 11793614 137619 11964329 133066

5.4 Results

III

5.4.1 Search grid for “optimal” combination of Fiarget and Birigger

A grid search was performed to determine the “optimal” combination of Farget and Bigger for each
of the six management strategies under the baseline operating model. The “optimal” pairs were
selected to produce maximum yield while risk3<5% in the long-term. risk1 is calculated as the
average of the annual probability of SSB being below Biim and risk3 is the maximum of the annual
probability of SSB being below Biim, both over a specified period. Due to limited time and com-
putational capabilities, first only a coarse grid followed by a finer grid of Frarget and Buigger combi-
nations were run.

First, a range of Buigger values up to the maximum observed SSB since 1983 (in steps of 10000)
were used in the grid search. To find the “optimal” pair, the grid search was extended for higher
Brrigger values, which led to “optimal” Beigger values larger than the observed SSB since 1983. Grid
search results are plotted in Figures 5.4.1.1-6.
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(risk3 < 5%), Ftarget=0.14, Byrigger=220 000t. The combinations with risk3 < 5% values are in black, otherwise in red.
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Figure 5.4.1.5 Whiting in Subarea 4 and Division 7.d. Grid search for optimal combination for management strategy B+E.
Long-term results (final 10 years of the 20-year projection) median catch, risk3, median inter-annual catch variability and
median SSB. The “optimal” combination delivers maximum long-term catch while meeting the precautionary criterion
(risk3 < 5%), Ftarget=0.16, Burigger=210 000. The combinations with risk3 < 5% values are in black, otherwise in red.
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Figure 5.4.1.6 Whiting in Subarea 4 and Division 7.d. Grid search for optimal combination for management strategy C+E.
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5.4.2 Summary projections

Projections are summarized for the “optimal” pairs for each management strategy using the
baseline operating model in terms of recruitment (age 0), SSB, catch and mean F (age 2-6) (Figure
5.4.2.3-8). For comparison, projection results for a fishing moratorium with Frarge=0 is plotted in
Figure 5.4.2.1. Results for HCR A* that sets Frarger=Fmsy=0.172 and Buigge=MSY Buigger=166 708t
while using HCR A are summarized in Figure 5.4.2.2. Individual replicates are plotted alongside
percentiles.

Management strategies A+D, B+E and C+E show the typical zigzag patterns in percentiles of
catch and mean F expected from the extreme banking and borrowing scheme modelled (Figures
5.4.2.6-8).

Figure 5.4.2.9 plots the annual risk for “optimised” management strategy A, which indicates that
there is a trend in annual risk. This is similar to herring, and is likely to be caused by the inclusion
of auto-correlation in recruitment (these two stocks were the only ones that included this fea-
ture).
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Figure 5.4.2.1 Whiting in Subarea 4 and Division 7.d. Summary projections Fiarge:=0 (FO). MSY Brigger (SSB, black horizontal
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Figure 5.4.2.3 Whiting in Subarea 4 and Division 7.d. Summary projections for HCR A (F:arget=0.14 and Byrigger=220 000 t).
MSY Birigger (SSB, black horizontal line), Biim (SSB, black dashed horizontal line), Fiim (dashed black), Fusy (solid black). Me-
dian values (black) and 25th, 75th, 5th and 95th percentiles in red. Coloured lines: 5 replicate worm plots.
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Figure 5.4.2.4 Whiting in Subarea 4 and Division 7.d. Summary projections for HCR B (F;arget=0.16 and Byigger=200 000 t).
MSY Buigger (SSB, black horizontal line), Bym (SSB, black dashed horizontal line), Fii (dashed black), Fusy (solid black). Me-
dian values and 25th, 75th, 5th and 95th percentiles in red. Coloured lines: 5 replicate worm plots.
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Figure 5.4.2.5 Whiting in Subarea 4 and Division 7.d. Summary projections for HCR C (Farget=0.14 and Byigger=220 000 t).
MSY Birigger (SSB, black horizontal line), Biim (SSB, black dashed horizontal line), Fiim (dashed black), Fusy (solid black). Me-
dian values and 25th, 75th, 5th and 95th percentiles in red. Coloured lines: 5 replicate worm plots.
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Figure 5.4.2.6 Whiting in Subarea 4 and Division 7.d. Summary projections for HCR A+D (Ftarget=0.16 and Brigger=250 000
t). MSY Burigger (SSB, black horizontal line), Biim (SSB, black dashed horizontal line), Fim (dashed black), Fusy (solid black).
Median values and 25th, 75th, 5th and 95th percentiles in red. Coloured lines: 5 replicate worm plots.
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Figure 5.4.2.7 Whiting in Subarea 4 and Division 7.d. Summary projections for HCR B+E (F:arget=0.16 and Birigger=210 000 t).
MSY Byrigger (SSB, black horizontal line), Bjim (SSB, black dashed horizontal line), Byigger (SSB, grey horizontal line), Fiim
(dashed black), Fusy (solid black). Median values and 25th, 75th, 5th and 95th percentiles in red. Coloured lines: 5 repli-
cate worm plots.
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dian values and 25th, 75th, 5th and 95th percentiles in red. Coloured lines: 5 replicate worm plots.
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5.4.3 Comparison of management strategies for the baseline OM1

The performance of F=0, a version of management strategy A that sets Frarget=Fmsy=0.172 and Big-
ger=MSY Brigger=166 708 t (labelled A*), and the six “optimised” management strategies are com-
pared in terms of catch, riskl and risk3, inter-annual catch variability, SSB and realized F in the
short (first five years), medium (years 6-10) and long (final 10 years) term in Figures 5.4.3.1-3.

Figure 5.4.3.3 and Table 5.4.3.1a illustrate long-term characteristics and illustrates that manage-
ment strategies A and C perform similarly in terms of catch and SSB. In comparison, the “opti-
mised” pair for B has higher Frget and lower Buigger leading to catches that are slightly higher
while SSB is slightly lower (Table 5.4.3.1a). This indicates that for SSB below Biim the SSB/Buigger
ratio drives the fishing mortality in C (in a similar way to A).If SSB falls below Biim, B leads to
stronger reduction in fishing mortality (0.25*Ftarget) allowing for a higher “optimal” Frarget value.

Due to higher catches for management strategies B and B+E, risk3 and riskl in the short and
medium term are slightly higher than for the other management strategies (Figure 5.4.3.1-2).
Short-term results are listed in Table 5.2.1b. All management strategies were found to be non-
precautionary in the short-term, apart from F=0. The MSY rule, Frarget=Fmsy together with MSY Btrig-
ger using HCR A (HCR A¥) was found to be non-precautionary, even in the long-term.

All management strategies lead to a stock with SSB around 200 000t in the long-term. AD, BE
and CE lead to higher interannual catch variability compared to the other management strate-
gies. For all management strategies, median SSB is below “optimal” Buigger and realized F is below
“optimal” Frarget. In all simulations, the SAM estimation converged and the maximum value of
F=2 was never reached (Table 5.4.3.1a-b). As the stock is currently very close to MSY Burigger, the
recovery potential is very high among all tested HCRs (Figure 5.4.3.4).

Table 5.4.3.1a Whiting in Subarea 4 and Division 7.d. MSE results for F=0, MSY rule (A*), and for “optimised” pairs of
Ftarget and Byrigger from grid search to ensure risk3 not below 5% and maximum yield in the long-term (last 10 years). Me-
dian catch, SSB, interannual catch variability (icv), interannual TAC variability (itv), risk3, risk1, realized F in the long-term,
as well as number of replicates with convergence failure, times to hit Fmax=2.

Real- conv_fai
HCR Frgt Btrigger catch SSB icv itv risk3 risk1 izedF led F_maxed
FO 0 - 0 259460 1 NA 0.01 0.007 0 0 0
A* 0.172 166708 27974 189125 0.118 0.118 0.084 0.068 0.163 0 0
A 0.14 220000 22832 202702 0.140 0.139 0.050 0.037 0123 O 0
B 0.16 200000 26308 195791 0.131  0.131 0.049 0.042 0.146 O 0
C 0.14 220000 22844 202678 0.140 0.139 0.050 0.037 0.123 0 0
A+D 0.16 250000 22534 201011 0.205 0.16 0.050 0.038 0124 0 0
B+E 0.16 210000 24846 196370 0.369 0.142 0.050 0.041 0139 0 0
C+E 0.15 230000 22855 200634 0.363 0.15 0.050 0.040 0124 0 0
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Table 5.4.3.1b Whiting in Subarea 4 and Division 7.d. MSE results for F=0, MSY rule (A¥*), and for “optimised” pairs of
Frarget aNd Byigger from grid search to ensure risk3 not below 5% and maximum yield in the short-term (first 5 years).
Median catch, SSB, interannual catch variability (icv), interannual TAC variability (itv), risk3, risk1, realized F in the short-

term, as well as number of replicates with convergence failure, times to hit Fmax=2.

Real- conv_fai

HCR Firgt Brrigger catch SSB icv itv risk3 risk1 izedF led F_maxed
FO 0 - 0 185794 1 NA 0.036 0.034 0 0 0
A* 0.172 166708 23784 162835 0.11 0.159 0.149 0.118 0.149 O 0
A 0.14 220000 15813 170586 0236 0.179 0.093 0.077 0.095 O 0
B 0.16 200000 19410 167463 0.226  0.175 0.104 0.087 0.118 O 0
C 0.14 220000 15728 170630 0234 0.178 0.092 0.077  0.095 0 0
A+D 0.16 250000 15898 170506 0.245 0.181 0.093 0.077 0.096 O 0
B+E 0.16 210000 18505 168266 0.345 0.178 0.099 0.081 0114 0 0
C+E 0.15 230000 16292 170233 0.341 0.182 0.098 0.078 0.099 0 0
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Figure 5.4.3.1 Whiting in Subarea 4 and Division 7.d. HCR comparison (short-term: years 1-5) for baseline OM. Boxplots
for catches, risk1, risk3, inter-annual catch variability, SSB, realized F (mean age 2-6). Where HCR FO represents a fishing
moratorium (Ferget=0), HCR A* represents HCR A With Fiarget=Fmsy and Birigger=MSY Brigger. FOr comparison, the red horizon-
tal line corresponds to the value for HCR A*.
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Figure 5.4.3.2 Whiting in Subarea 4 and Division 7.d. HCR comparison (medium-term: years 6-10) for baseline OM. Box-
plots for catches, risk1, risk3, inter-annual catch variability, SSB, realized F (mean age 2-6). Where HCR FO represents a
fishing moratorium (Firget=0), HCR A* represents HCR A with Fiarget=Fmsy and Byrigger=MSY Btrigger. FOr comparison, the red
horizontal line corresponds to the value for HCR A*.
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Figure 5.4.3.3 Whiting in Subarea 4 and Division 7.d. HCR comparison (long-term: last 10 years) for baseline OM. Boxplots
for catches, risk1, risk3, inter-annual catch variability, SSB, realized F (mean age 2-6). Where HCR FO represents a fishing
moratorium (Farget=0), HCR A* represents HCR A with Fiarget=Fmsy and Birigger=MSY Btrigger. FOr comparison, the red horizon-
tal line corresponds to the value for HCR A*.
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Figure 5.4.3.4 Whiting in Subarea 4 and Division 7.d. Recovery statistics for the HCRs, proportion of replicates that recover
above Bp,=MSY Byrigger until the end of the projection period (left). The number of years taken to recover above B,.=MSY
Burigger fOr the first time (right).
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5.4.4 Sensitivity of management strategies for the baseline OM1

The sensitivity of performance statistics for the six “optimised” HCRs (A, B, C, A+D, B+E and
C+E) to five fishing scenarios (0.9*Ftarget, Frarget, 1.1*Ftarget, Fmsy-lower=0.158 and Fusy-upper=0.172) in the
short (first five years), medium (years 6-10) and long (final 10 years) term are presented in Fig-
ures 5.4.4.19-21.

The different Furget values are listed in Table 5.4.4.1. Three of the fishing scenarios, 1.1*Ftarget, Fmsy
and Fmsy-upper, are not precautionary in the long-term (Figure 5.4.4.21). For management strategies
A, C and C+E, Fmsy-lower is larger than Frarget, and Fmsy-lower was found to be non-precautionary in the
long term.

Table 5.4.4.1 Whiting in Subarea 4 and Division 7.d. Sensitivity runs.

0.9Ftarget  Frarget 1.1Ftarget  Burigger
0.126 0.14 0.154 220 000
0.144 0.16 0.176 200 000
0.126 0.14 0.154 220 000
+D 0.144 0.16 0.176 250 000
B+E 0.144 0.16 0.176 210000
C+E 0.135 0.15 0.165 230000
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Figure 5.4.4.1 Whiting in Subarea 4 and Division 7.d. HCR comparison (short-term: first 5 years) to a range of F values
0.9F:arget; 1.1Ftarget, Fwmsy-lowers Fwsy-upper- BOXplots for catches, risk1, risk3, inter-annual catch variability, SSB, realized F

(mean age 2-6).
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Figure 5.4.4.2 Whiting in Subarea 4 and Division 7.d. HCR comparison (medium-term: years 6-10) to a range of F values
0.9F:argets 1.1Ftarget, Fmsy-owers Fwsy-upper- BOXplots for catches, risk1, risk3, inter-annual catch variability, SSB, realized F

(mean age 2-6).
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Figure 5.4.4.3 Whiting in Subarea 4 and Division 7.d. HCR comparison (long-term: last 10 years) to a range of F values
0.9F:argets 1.1Ftarget, Fmsy-lowers Fwsy-upper. BOXplots for catches, risk1, risk3, inter-annual catch variability, SSB, realized F
(mean age 2-6).

5.4.5 Robustness of management strategies across alternative OMs

Robustness of the “optimised” management strategies (A, B, C, A+D, B+E, C+E) across alterna-
tive operating models (OM2 and OM3, described in Sections 5.2) is evaluated in the short, me-
dium and long term. Performance statistics for each management strategy are compared across
operating models and to performance statistics for F=0 and HCR A* (for which Frarge=Fmsy=0.172
and Buigger=MSY Burigger=166 708t) (Tables 5.4.5.1a-b and 5.4.5.12-b; Figures 5.4.5.1-4). The risk in-
creases with OM2 and OM3 due to the lower recruitment level simulated for the projection pe-
riod. Both SSB and catches are lower using the alternative operating models. Including extra
implementation error on catch leads to only minor differences under lower recruitment option
(OM3). For OM3 in comparison to OM2, risk3 increases only slightly for the HCRs, and inter-
annual catch variability is slightly larger as would be expected. The extra implementation error
did not affect median SSB, realized F and median catches.

In Figure 5.4.5.5, the ratios of SSB and F between the management procedure and the underlying
operating are shown for “optimised” management strategy A. This illustrates how well percep-
tion reflects the “true” status. The peak in F near the beginning of the projection period indicates
overestimation of F and underestimation of SSB, which is likely due to a period of adjustment
for SAM due to a change in management strategy at the start of the projection period (Figure
5.4.2.3). However, in the long term, as F and SSB stabilize, the difference disappears and median
F and median SSB in the management procedure and operating model are similar.
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Table 5.4.5.1a Whiting in Subarea 4 and Division 7.d. Short-term MSE results for alternative operating model OM 2 using
optimized pairs of Fiarger and Byrigger. Median catch, SSB, interannual catch variability (icv), risk3, risk1, realized F in the
short-term (first 5 years), as well as number of replicates with convergence failure, times to hit Fmax=2.

Real- conv_
HCR Fegt Burigger catch SSB icv risk3 risk1 izedF  failed F_maxed
FO 0 166708 0 178126 1 0.057  0.049 0 0 0
A* 0.172 166708 21984 155431 0.12 0.236  0.165 0147 0 0
A 0.14 220000 14972 163183 0.232 0.154 0.108  0.093 0 0
B 0.16 200000 17922 160197 0.225 0163 0.121 0.115 0 0
C 0.14 220000 14972 163183 0.232 0.154 0.108  0.093 0 0
A+D 0.16 250000 15036 163123 0.237  0.155 0.108  0.093 0 0
B+E 0.16 210000 17062 160898 0.352 0.157 0.117 0.11 0 0
C+E 0.15 230000 14978 162899 0.338  0.151 0.11 0.096 0 0

Table 5.4.5.1b Whiting in Subarea 4 and Division 7.d. Long-term MSE results for alternative operating model OM 2 using
optimized pairs of Fiarger and Berigger. Median catch, SSB, interannual catch variability (icv), risk3, risk1, realized F in the
long-term (last 10 years), as well as number of replicates with convergence failure, times to hit Fmax=2.

Real- conv_
HCR Frgt Btrigger catch SSB icv risk3 risk1 ized F  failed F_maxed
FO 0 166708 0 224171 1 0.037 0.026 O 0 0
A* 0.172 166708 22673 161703 0.141 019 0182 0152 O 0
A 0.14 220000 17118 175545 0.16 0.124 0109 0.108 O 0
B 0.16 200000 19918 169603 0.15 0.133  0.12 0.131 0 0
C 0.14 220000 17118 175545 0.159 0.124 0.109 0.108 O 0
A+D 0.16 250000 17072 174824 0.193 0125 0.11 0.108 O 0
B+E 0.16 210000 19163 170321 038 0.134 0117 0124 O 0
C+E 0.15 230000 17179 174024 0365 0126 0.113 0109 O 0

Table 5.4.5.2a Whiting in Subarea 4 and Division 7.d. Short-term MSE results for alternative operating model OM 3 using
optimized pairs of Fiarget and Byigeer. Median catch, SSB, interannual catch variability (icv), risk3, risk1, realized F in the
short-term (first 5 years), as well as number of replicates with convergence failure, times to hit Fmax=2.

Real- conv_
HCR Frgt Btrigger catch SSB icv risk3 risk1 ized F  failed F_maxed
FO 0 166708 0 178126 1 0.057 0.049 O 0 0
A* 0.172 166708 21895 155339 0.137 0235 0165 0145 O 0
A 0.14 220000 14606 163175 0247 0156 0.108 0.092 0 0
B 0.16 200000 17815 160138 0.215 0.166 0.121 0115 0 0
C 0.14 220000 14658 163094 0248 0.156 0.108 0.092 0 0
A+D 0.16 250000 14735 163041 0253 0.156 0.108 0.093 O 0
B+E 0.16 210000 17071 160995 0352 0.157 0116 0109 O 0
C+E 0.15 230000 15055 163066 0.358 0.152 0.11 0.095 0 0
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Table 5.4.5.2b Whiting in Subarea 4 and Division 7.d. Long-term MSE results for alternative operating model OM 3 using
optimized pairs of Fiarger and Byrigger. Median catch, SSB, interannual catch variability (icv), risk3, risk1, realized F in the
long-term (last 10 years), as well as number of replicates with convergence failure, times to hit Fmax=2.

Real- conv_

HCR Fegt Burigger catch SSB icv risk3 risk1 ized F  failed F_maxed
FO 0 166708 0 224171 1 0.037 0.026 O 0 0
A* 0.172 166708 22532 161506 0.157 0.198 0.183 0.151 0 0
A 0.14 220000 17098 175421 0.173 0126 0.109 0.108 O 0
B 0.16 200000 19910 169582 0.171 0.133  0.12 0.131 0 0
C 0.14 220000 17088 175430 0.172 0126 0.109 0.108 O 0
A+D 0.16 250000 17053 174641 0.203 0.128 0.111 0.108 O 0
B+E 0.16 210000 19089 170284 0386 0.133 0117 0123 0 0
C+E 0.15 230000 17171 173681 0369 0.128 0.114 0.108 O 0
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Figure 5.4.5.1 Whiting in Subarea 4 and Division 7.d. HCR comparison (short-term: first 5 years) to alternative operating
models. Boxplots for catches, risk1, risk3, inter-annual catch variability, SSB, realized F (mean age 2-6). Where HCR FO
represents a fishing moratorium (Fiarget=0), HCR A* represents HCR A with Fiarget=Fmsy and Birigger=MSY Brigger.
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Figure 5.4.5.2 Whiting in Subarea 4 and Division 7.d. HCR comparison (medium-term: years 6-10) to alternative operating
models. Boxplots for catches, risk1, risk3, inter-annual catch variability, SSB, realized F (mean age 2-6). Where HCR FO
represents a fishing moratorium (Fiarget=0), HCR A* represents HCR A With Fiarget=Fmsy and Birigger=MSY Byrigger.
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Figure 5.4.5.3 Whiting in Subarea 4 and Division 7.d. HCR comparison (log-term: last 10 years) to alternative operating
models. Boxplots for catches, risk1, risk3, inter-annual catch variability, SSB, realized F (mean age 2-6). Where HCR FO
represents a fishing moratorium (Fiarget=0), HCR A* represents HCR A With Fiarget=Fmsy and Burigger=MSY Burigger-
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Figure 5.4.5.4 Whiting in Subarea 4 and Division 7.d. HCR comparison (log-term: last 10 years) to alternative operating
models. Boxplots for catches, risk1, risk3, inter-annual catch variability, SSB, realized F (mean age 2-6). Where HCR FO
represents a fishing moratorium (Fearget=0), HCR A* represents HCR A with Fiarget=Fmsy and Birigger=MSY Birigger.
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Figure 5.4.5.5 Whiting in Subarea 4 and Division 7.d. Comparison of projection results for HCR A across different operating
models (1, 2, 3) between estimated F and SSB (MP) and “true” F and SSB (OM). Shown are median ratios and 25th, 75th,
5th and 95th percentiles.

5.5 Conclusions

“Optimised” combinations without stability

* A and C perform similarly because the optimal Ftarget and Brrigger are the same and because
these HCRs would result in the same catch target unless SSB is at very low level.

* B results in a slightly higher long-term catch and slightly lower SSB. While long-term risk3
is around 0.05 for all HCRs (optimised to the long-term), in the short term, B produces
slightly higher risk3 than the other management strategies. In the short term, risk3 was low-
est for A, C, A+D.

»  For all management strategies, the short term risk3 is above 5%.

* Inall management strategies, median SSB in the long-term is below the respective Buigger and
realized F is below Frarget, indicating the HCRs are operating “on the slope”.

“Optimised” combinations with stability

*  When stability mechanisms are included, median long-term catch is slightly reduced, and
ICV increased for all management strategies (but to a lesser degree for A+D) due to the ex-
treme banking and borrowing scheme implemented.
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Burigger are higher for the management strategies that include stability mechanisms, particu-
larly A+D. This is likely due to the differences in the application of the banking and borrow-
ing scheme (only when SSB>Buigger for A+D, but throughout for B+E and C+E as long as cer-
tain safeguarding conditions are met).

Frarget and catches are highest for B+E, but catches are still lower compared to B.

For all management strategies, the short term risk3 is above 5%.

Compared to MSY advice rule approach and F=0

The MSY approach advice rule (A*) produces a slightly higher long-term catch than the six
“optimised” management strategies, but with a much higher risk and ICV, and lower SSB.

The MSY approach advice rule (A¥) is not precautionary in the long-term and short-term.
Short-term risk is lower than 5% only if F=0.

Recovery to above MSY Buigger is 1 year in all cases, and recovery proportion approaches
100% for F=0.

Sensitivity for “Optimised” Combinations

Short-, medium- and long-term catches are similar across the F ranges for the sensitivity
tests, but lowest for 0.9Frget, which has a consistently lower value.

For A, C and C+E, Fusy-lower is larger than the respective Frget, and therefore leads to long-
term risk above 5%.

Long-term risk is always above 5% for 1.1Farget and Fumsy-upper.

Robustness tests against alternative operating models

All “optimised” management strategies fail the precautionary check [risk3<5%] under the
alternative operating models that includes recruitment level shifts (pessimistic recruitment
scenarios).

The effect of catch variability due to industrial bycatch can lead to very slight increases in
risk3, but are less concerning than the recruitment effects

This result indicates that if future recruitment remains at a relatively low level compared to
the data series since 1983, more precautionary management strategies are needed.

Computational considerations

The simulations required for this MSE were computationally very expensive and it was not
possible to run the full grid for all management strategies. Computing facilities available in-
house were used together with external resources.
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Saithe (Pollachius virens) in subareas 4 and 6, and in
Division 3.a (North Sea, Rockall and West of Scot-
land, Skagerrak and Kattegat)

6.1 Baseline operating model (OM1)

6.1.1 Model and settings

The baseline operating model was conditioned on the IBP SAM assessment for North Sea saithe
(ICES 2019b). The assessment includes the year effects in the IBTS Q3 survey by introducing
unstructured correlated errors between age classes (Berg and Nielsen 2016). Figures 6.1.1-6 show
the assessment summaries and fits to data.
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Figure 6.1.1. Saithe in Subareas 4 and 6 and Division 3a: Clockwise from top left, estimates and 95% confidence intervals
of spawning stock biomass (SSB), mean fishing mortality for ages 4-7, total stock biomass (TSB), catch, and recruitment
(R(age 3)) from the final SAM assessment. The heavy lines represent the point-wise estimate, and the shaded areas the
confidence intervals. The horizontal broken lines in the SSB plot indicate Bji»w=107 297 t and B,,=149 098 t, and in the
mean F plot Fin=0.62, F,,=0.45 and Fysy=0.36. Catch, SSB and TSB are in tonnes, and R in thousands.
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Figure 6.1.2. Saithe in Subareas 4 and 6 and Division 3a: Fits to catch-at-age data.
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Figure 6.1.3. Saithe in Subareas 4 and 6 and Division 3a: Fits to exploitable biomass index data.
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Figure 6.1.5. Saithe in Subareas 4 and 6 and Division 3a: Estimated correlations between age groups for catch-at-age (top;
no correlations modelled) and IBTS Q3 index-at-age (bottom).
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Figure 6.1.6. Saithe in Subareas 4 and 6 and Division 3a: Standardized one-step ahead residuals for the SAM assessment,
for total catch, IBTS—-Q3, and the exploitable biomass index, and the normalized residuals for the recruitment and survival
process error and the fishing mortality process error. Blue circles indicate a positive residual and red circles a negative
residual.
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6.1.2 Parameter uncertainty

Parameter uncertainty, including survival process error, was derived from the variance-covari-
ance matrix of the estimable parameters from the SAM assessment. The variance-covariance ma-
trix was used to derive 1000 parameter sets resulting in 1000 North Sea saithe populations re-
flecting the historical and current status of the stock and associated uncertainty.

6.1.3 Recruitment

Recruitment was generated based on a segmented regression curve from 1998 onwards, where
the inflection point was forced to be the lowest observed spawning stock biomass from the entire,
untruncated, time period (from 1967). This followed the procedure used for the estimation of
reference points (ICES 2019b).

A segmented regression curve was fit to each of the 1000 replicates individually, and residuals
for future recruitments were drawn from smoothed distributions of the residuals for each repli-
cate. Autocorrelation was not included because it was not significant (Figure 6.1.8).
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Figure 6.1.7. Saithe in Subareas 4 and 6 and Division 3a: Fit of the segmented regression stock-recruit relationship to the
original assessment point estimates for the recruitment period 1998+.



202

ICES SCIENTIFIC REPORTS 1:12

1.0

ACF

00 02 04 06 08
I

04

Lag

Figure 6.1.8. Saithe in Subareas 4 and 6 and Division 3a: Autocorrelation function applied to the assessment estimates of
recruitment for the period 1998+.

Figures 6.1.9-10 compare generated recruitments with corresponding (i.e. based on the same SSB)
historical recruitments for all 1000 replicates and indicate that the approach followed provides
an appropriate basis for generating recruitment.
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Figure 6.1.9. Saithe in Subareas 4 and 6 and Division 3a: Historical stock-recruit pairs (red dots), with recruitment gener-
ated from the fitted stock-recruit relationship (black dots) for 1000 replicates.
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Figure 6.1.10. Saithe in Subareas 4 and 6 and Division 3a: A comparison of historical (red line) and simulated recruitments
(black line) using empirical cumulative distribution function (ecdf in R) for the stock recruit pairs shown in Figure 6.1.9.

6.1.4 Mean weights, maturity, natural mortality and selection

Simulation of biological parameters followed the same assumptions as in the estimation of ref-
erence points. Reference points for North Sea saithe were last updated during the IBP in 2019
(ICES 2019b). Future mean weights were modelled by selecting a year at random with replace-
ment from the period 20082017 and allocating the biological parameters for all ages in that year
to the given future year. This process was done independently for each replicate and is consistent
with the EqSim approach for estimating reference points, where the default ten-year time period
was chosen for North Sea saithe due to the absence of notable trends (ICES 2019b).
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Figure 6.1.11. Saithe in Subareas 4 and 6 and Division 3a: Trends in stock weights for ages 3-10+.

Maturity (Table 6.1.1) and natural mortality (M = 0.2) were constants.

Table 6.1.1. Saithe in Subareas 4 and 6 and Division 3a: Maturity ogive.

2 3 4 5 6 7

8+

Proportion mature 0.0 0.0 0.0 0.20 0.65 0.84 0.97

1.00

Selection was also resampled with replacement from the period 2013-2017 but separately to the
biological parameters, following the EqSim approach for estimating reference points (ICES
2019b). The 5-year average was used because clear declines in selectivity for age 4 were present

in the last 5 years (Figure 6.1.12).
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Figure 6.1.12. Saithe in Subareas 4 and 6 and Division 3a: Trends in F over the last 10 years, with emphasis on the last 3,
5, and 10 years; values were standardized to mean F.

6.1.5 Generating data from the operating model

Observation error is included on “true” survey indices and catch at age. Deviances to the ob-
served survey index (IBTS Q3) in the projection period were simulated using the variance-covar-
iance matrix for the survey index to account for observation error correlated between ages. Sur-
vey observations were generated from the operating model as follows:

— —tiZ, Eay,i
Ia,y,i - qa,iNa,ye ey erayt

where N are stock numbers at age a and year y; Z are total mortalities at age and year from the
operating model; g are survey catchabilities at age for survey i (IBTS-Q3); ¢ is the timing of the
survey (0.575 for IBTS Q3). The observation errors follow a multivariate normal distribution:

Ea,y,i~N(0: Z:i)

where Xi is the covariance matrix between age classes within years for survey i (IBTS-Q3), as
estimated in the current SAM assessment (Nielsen and Berg 2014).

Observation error is included on catches at age as multiplicative lognormal error using standard
deviations from the historical estimated catches of the SAM assessment.

The saithe assessment includes a commercial CPUE index, which is treated as an exploitable
biomass index and generated from the operating model as follows:

— c -0.5Z, &
ly=q Z SayWa,yNa,ye i l e
a

where N and Z are as before; g is the catchability of the commercial CPUE index; w€ are the catch
weights at age a and year y; 0.5 indicates projection to mid-year; S is the relative fishing mortality,
F, for age a and year y, calculated as follows:

Say = a.y/ZaFa.y

and gy~N (0,0%), with ¢ from the SAM assessment.
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6.1.6 Implementation error

Banking and borrowing were introduced as implementation error. Once the management strat-
egy produces a TAC, this TAC was adjusted by the effects of the banking and borrowing scheme
(see Annex 3).

6.1.7 Number of replicates and projection years

The number of replicates was 1000, based on a simulation study performed by North Sea cod
(see section 3.1.7). During webex 2 in late January, it was agreed that if stock coordinators had
time to do a similar study, they should do so, but if not, to default to 1000 replicates.

Twenty years were used for the projection period. This was again based on the simulation study
performed by North Sea cod (see section 3.1.7), where SSB was found to plateau after 20 years.
Time constraints did not allow for investigating the projection period for saithe.

6.2 Alternative operating models

6.2.1 OM2 - Natural mortality of 0.1

The first alternate model investigated the possibility that natural mortality is over-estimated and
that the M is lower in the real population. Natural mortality was set to 0.1 in the OM but was 0.2
in the MP. All other parameters were as described in Section 6.1, and SAM refitted under the
alternative M=0.1 assumption. Biim for this OM was 90 094 t.

6.2.2 OM3 - Natural mortality of 0.3

The second alternate model investigated the possibility that natural mortality is under-estimated
and that the M is higher in the real population. Natural mortality was set to 0.3 in the OM but
was 0.2 in the MP. All other parameters were as described in Section 6.1, and SAM refitted under
the alternative M=0.3 assumption. Bim for this OM was 133 650 t.

6.3 Management procedure

The management procedure (MP) comprises of the estimation model and the decision model.
The decision model comprises the management strategies that are being evaluated (Section 6.1),
and the estimate of SSB needed by the decision model is supplied by the estimation model. For
saithe, the estimation model is identical to the SAM model used on an annual basis for the May
advice and includes the forecasting procedure needed to derive the annual advice. The model
settings and forecast assumptions are therefore the same and are as described in the IBP (ICES
2019b) and stock annex for this stock.
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6.4 Results

6.4.1 Search grid for “optimal” combination of Fiarget and Btrigger

The searches for “optimal” combinations of Frarget and Buigger (i.e. those that maximise long-term
yield while fulfilling the ICES precautionary criterion of risk3<5%), were conducted only for the
baseline OM for each of the seven management strategies. Note that North Sea saithe was asked
to evaluate scenario A+D with a TAC constraint of -15% and +15% (called A1+D below).

Time constraints meant that first a coarse grid was run to find the optimal search area, and then
a finer grid was run. The grid search was conducted in steps of 0.01 for Frget and 10000 t for
Btrigger. The same number of blocks (90) were used during parallelization to ensure that the ran-
dom number generated at each year step during the forecast was the same for all runs. Despite
this, non-smooth behaviour exists, e.g. Figure 6.4.1.1, long-term risk3 at Farget = 0.36, which indi-
cates that SAM is responding to small changes and that behaviour is not controllable, particularly
because the convergence tolerance was re-set to speed up the run time. Each run comes close to
an optimum solution, but the criteria for optimization is slightly less strict. The differences in the
grid were not due to SAM failing and the random number sequence among cells in the grid was
inspected and was the same.

Table 6.4.1.1 summarises optimal combinations and diagnostics for each of the seven scenarios.
HCR options B, B+E, and A+D are not precautionary in the short-term. Frarget and Btrigger combina-
tions that would make these scenarios precautionary in the short-term are in Table 6.4.1.2.

The grid searches are shown in Figures 6.4.1.1-7. The optimal combination is highlighted in each
plot by surrounding the cell with a black border. Figures 6.4.1.8-10 shows the grid searches for
those management strategies that were not precautionary in the short-term in Table 6.4.1.2.
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Table 6.4.1.1. Saithe in Subareas 4 and 6 and Division 3a: “optimal” combinations of Farget and Byrigger for the baseline OM
for the seven management scenarios, F=0 and A* (Fiarget = Fumsy and Burigger = MSY Byrigger); A1+D is the +/- 15% TAC constraint
scenario requested for saithe. Also reported are the median values for catch, SSB, realized mean F (ages 4-7), interannual
catch variability (ICV), interannual TAC variability (ITV), risk3, and risk1. Statistics are reported for three time periods,
short (first five years), medium (years 6-10) and long (final 10 years) term. Scenarios in red are not precautionary in the
short-term.

Scenario F=0 A* A B C A+D B+E C+E A1+D
Frarget - 0.363 0.35 0.39 0.35 0.41 0.39 0.36 0.36
Brigger - 149098 250000 200000 250000 210000 220000 230000 230000
Median catch long term 0 115270 116700 116835 116700 112250 112562 112351 112377
Median SSB long term 1493002 265531 292067 254513 292013 249213 263268 285057 284997
Realized mean F long term 0 0.36 0.34 0.38 0.34 0.38 0.36 0.34 0.34
ICV long term - 0.151 0.177 0.186 0.177 0.335 0.364 0.360 0.360
ITV long term - 0.151 0.177 0.186 0.177 0.206 0.205 0.185 0.185
risk3 long term 0 0.019 0.015 0.034 0.015 0.043 0.032 0.015 0.015
risk1 long term 0 0.014 0.010 0.027 0.010 0.033 0.020 0.010 0.010
Median catch medium term 0 116577 123747 118752 123747 117009 120358 122037 122050
Median SSB medium term 1088600 268913 302726 263398 302726 262907 275878 295801 295801
Realized mean F medium term 0 0.36 0.35 0.38 0.35 0.39 0.38 0.36 0.36
ICV medium term - 0.158 0.185 0.197 0.185 0.361 0429 0414 0.414
ITV medium term - 0.153 0.179 0.192 0.179 0.209 0.206 0.184 0.185
risk3 medium term 0 0.018 0.015 0.032 0.015 0.037 0.027 0.012 0.012
riskl medium term 0 0.014 0.010 0.026 0.010 0.028 0.019 0.009 0.009
Median catch short term 0 107192 92464 113492 92464 106994 101448 91833 91833
Median SSB short term 441818 228781 251973 219954 251973 211176 220310 238535 238535
Realized mean F short term 0 0.37 0.31 0.40 0.31 0.42 0.38 0.34 0.34
ICV short term - 0.102 0.204 0.114 0.204 0.255 0.305 0.309 0.309
ITV short term - 0.142 0.186 0.167 0.186 0.178 0.178 0.177 0.177
risk3 short term 0.004 0.044 0.020 0.064 0.020 0.092 0.075 0.037 0.037
risk1 short term 0.001 0.028 0.010 0.040 0.010 0.048 0.037 0.017 0.017
Convergence failure 0 0 0 0 0 0 0 0 0
Fmax reached 0 3 11 2 15 8 2
Recovery proportion 1 1 1 1 1 1 1 1 1
Recovery time 1 1 1 1 1 1 1 1 1
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Table 6.4.1.2. Saithe in Subareas 4 and 6 and Division 3a: combinations of Fiarget and Byyigger for the baseline OM for the
three management scenarios B, A+D and B+E comparing the “optimised” Fiarget-Burigeer cOMbinations (Table 6.4.1.1) with
those combinations that make these management strategies precautionary in the short-term. A*+D (A* with stability
mechanism D) is included for comparison. See caption to Table 6.4.1.1 for further details.

Scenario B B A+D A+D B+E B+E A*+D
precautionary precautionary precautionary
Frarget 0.39 0.38 0.41 0.37 0.39 0.36 0.363
Brigger 200000 210000 210000 230000 220000 210000 149098
Median catch long term 116835 116649 112250 111538 112562 112300 | 111330
Median SSB long term 254513 262704 249213 271506 263268 273801 263568
Realized mean F long term 0.38 0.37 0.38 0.34 0.36 0.34 0.35
ICV long term 0.186 0.183 0.335 0.333 0.364 0.357 0.345
ITV long term 0.186 0.183 0.206 0.193 0.205 0.187 0.165
risk3 long term 0.034 0.029 0.043 0.027 0.032 0.021 0.019
risk1 long term 0.027 0.022 0.033 0.017 0.020 0.013 0.014
Median catch medium term 118752 119621 117009 121133 120358 121736 118374
Median SSB medium term 263398 272078 262907 282148 275878 286395 269537
Realized mean F medium term 0.38 0.37 0.39 0.36 0.38 0.36 0.37
ICV medium term 0.197 0.194 0.361 0.353 0.429 0.418 0.391
ITV medium term 0.192 0.189 0.209 0.188 0.206 0.181 0.159
risk3 medium term 0.032 0.026 0.037 0.017 0.027 0.015 0.018
riskl medium term 0.026 0.021 0.028 0.015 0.019 0.012 0.0136
Median catch short term 113492 111121 106994 103307 101448 96453 97372
Median SSB short term 219954 224138 211176 232668 220310 231951 227642
Realized mean F short term 0.40 0.38 0.42 0.35 0.38 0.34 0.36
ICV short term 0.114 0.115 0.255 0.196 0.305 0.302 0.29
ITV short term 0.167 0.168 0.178 0.178 0.178 0.166 0.147
risk3 short term 0.064 0.050 0.092 0.037 0.075 0.049 0.052
risk1 short term 0.040 0.033 0.048 0.022 0.037 0.023 0.027
Convergence failure 0 0 0 0 0 0 0
Fmax reached 11 10 15 4 2 2
Recovery proportion 1 1 1 1 1 1 1
Recovery time 1 1 1 _ 1 1 1
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Frgt

Figure 6.4.1.1. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Fiaget and Byrigger for
management strategy A for the long-term (i.e. final 10 years of the 20-year projection). The top-left plot is median long-
term catch, top-right the long-term risk3, bottom left the median long-term inter-annual catch variability and bottom
right the median long-term SSB. The “optimal” combination is surrounded by a black box. The combinations that meet

the precautionary criterion (risk3 < 5%) are in black text, while those that do not are in red.
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Figure 6.4.1.2. Saithe in Subareas 4 and 6 and Di
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ion 3a: Grid search for “optimal” combination of Fiarget and Birigger for
management strategy B for the long-term (i.e. final 10 years of the 20-year projection). See caption to Figure 6.4.1.1. for
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Figure 6.4.1.3. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Fiarget and Byrigger for
management strategy C for the long-term (i.e. final 10 years of the 20-year projection). See caption to Figure 6.4.1.1. for
further details.
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Figure 6.4.1.4. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Fiarget and Burigger for
management strategy A+D for the long-term (i.e. final 10 years of the 20-year projection). See caption to Figure 6.4.1.1.
for further details.
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Figure 6.4.1.6. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Fiarget and Byrigger for
management strategy C+E for the long-term (i.e. final 10 years of the 20-year projection). See caption to Figure 6.4.1.1.
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Figure 6.4.1.7. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Fiarget and Byrigger for
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Figure 6.4.1.8. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Fiage: and Byrigger for
management strategy B for the short-term (i.e. first 5 years of the 20-year projection). See caption to Figure 6.4.1.1. for
further details.
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management strategy A+D for the short-term (i.e. first 5 years of the 20-year projection). See caption to Figure 6.4.1.1.
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Figure 6.4.1.10. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal”
management strategy B+E for the short-term (i.e. first 5 years of the 20-year projection). See caption to Figure 6.4.1.1.

for further details.
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6.4.2 Summary projections

Summary projections for recruitment (age 3), SSB, catch, and mean F (ages 4-7) for the baseline
OM1 are given for F=0 (Figure 6.4.2.1) and management strategy A, where Ftarget = Fmsy = 0.363
and Brrigger = MSY Burigger= 149098 t (A*) (Figure 6.4.2.2). Summary projects for the seven optimized
management strategies (see Table 6.4.1.1) are given in Figures 6.4.2.3-9. Because HCR options B,
B+E, and A+D were not precautionary in the short-term, the optimized strategies that were pre-
cautionary in the short-term are included in Figures 6.4.2.10-12. Figure 6.4.2.13 plots the annual
risk for “optimised” management strategy A, which indicates that annual risk fluctuates without
trend (note the risk values are low).
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Figure 6.4.2.1. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for F=0. Top plot is recruitment (age 3),
second plot SSB, third plot catch, and bottom plot mean F (ages 4-7). The vertical black line separates the historical period
from the projection period. The SSB plot includes B,,=MSY Bygger (horizontal solid line) and B;m (horizontal hashed line),
while the mean F plot includes Fysy (horizontal solid line) and Fji, (horizontal dashed line). The plots show medians (solid
black line) with the darker shaded area indicating the 25t and 75t percentiles, and the light shaded area the 5t and 95t
percentiles. The coloured lines represent the values from five replicates (replicates 100-105).
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Figure 6.4.2.2. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy A* (Fiarget = Fmsy
=0.363 and Byrigger = MSY Burigger = 149098 t). For further details, refer to the caption to Figure 6.4.2.1.
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Figure 6.4.2.3. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy A (see Table
6.4.1.1). For further details, refer to the caption to Figure 6.4.2.1.




ICES | WKNSMSE 2019 [ 217

Se+05

4e+05

3et+05

[0001] 93y

2e+05

1e+05

0e+00

Be+05

4e+05

Hass

2405

Oe+00

4e+05

38405

2e+05

[ yme

1e+05

Oe+00

{4~y sabe) 4

1880 2000 2020 2040

Figure 6.4.2.4. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy B, which is not
precautionary in the short-term (see Table 6.4.1.1). For further details, refer to the caption to Figure 6.4.2.1.
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Figure 6.4.2.5. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy C (see Table
6.4.1.1). For further details, refer to the caption to Figure 6.4.2.1.
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Figure 6.4.2.6. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy A+D, which is
not precautionary in the short-term (see Table 6.4.1.1). For further details, refer to the caption to Figure 6.4.2.1.
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Figure 6.4.2.7. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy B+E (see Table
6.4.1.1). For further details, refer to the caption to Figure 6.4.2.1.




ICES | WKNSMSE 2019 [ 219

Se+05

4e+05

3et+05

[0001] 93y

2e+05

1e+05

0e+00

Ge+05

4e+05

Hass

2e+05

Oe+00

4e+05

38405

[ yme

2e+05

1e+05

Oe+00

{4~y sabe) 4

1880 2000 2020 2040

Figure 6.4.2.8. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy C+E, which is
not precautionary in the short-term (see Table 6.4.1.1). For further details, refer to the caption to Figure 6.4.2.1.

Se+05

4e+05

3et05

[ooo1] 93y

2e+05

1e+05

0e+00

Be+05

4e+05

Hass

2e+05

Oe+00

4e+05

3e+05

2e+05

[ uaeo

1e+05

Oe+00

{4~y sabe) 4

1880 2000 2020 2040

Figure 6.4.2.9. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy A;+D (see Table
6.4.1.1). For further details, refer to the caption to Figure 6.4.2.1.
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Figure 6.4.2.10. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy B, which was
precautionary in the short-term (see Table 6.4.1.1). For further details, refer to the caption to Figure 6.4.2.1.
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Figure 6.4.2.11. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy A+D, which
was precautionary in the short-term (see Table 6.4.1.1). For further details, refer to the caption to Figure 6.4.2.1.
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Figure 6.4.2.12. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy B+E, which
was precautionary in the short-term (see Table 6.4.1.1). For further details, refer to the caption to Figure 6.4.2.1.
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Figure 6.4.2.13. Saithe in Subareas 4 and 6 and Division 3a: Annual risk (P(SSB<B;in)) for “optimised” management strat-
egy A. The horizontal hashed lines separate the short- medium- and long-term projection periods used for the perfor-
mance statistics.
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6.4.3 Comparison of management strategies for the baseline OM1

The performance of management strategy A, where Frarget= Fumsy = 0.363 and Berigger= MSY Btrigge =
149 098 t (labelled A%), and the seven optimised management strategies are compared in terms
of catch, riskl and risk3, inter-annual catch variability and SSB in the short- (first five years),
medium- (years 6—10) and long-term (final 10 years) in Figures 6.4.3.1-4. HCR options B, B+E,
and A+D are not precautionary in the short-term (risk3>0.05).
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Figure 6.4.3.1. Saithe in Subareas 4 and 6 and Division 3a: Comparing the performance of management strategies in the
short-term (first five years). Individual plots are as indicated by the label on the y-axis. Within each plot, the management
strategies are F=0 (F0), A* (i.e. management strategy A with Fiarget = Fmsy = 0.363 and Byrigger = MSY Byrigger = 149 098 t, and
the seven optimised management strategies (A, B, C, A+D, B+E, C+E, and A;+D). In the box and whisker plots, the heavy
horizontal line within the box indicates the median, the edges of the box indicate the 25" and 75t percentiles, the whisk-
ers extend to the largest and smallest values within 1.5 times the inter-quartile range (IQR) from the edges, and the
remaining points, indicated as dots outside the whiskers, are the outliers to 1.5*IQR from the edges. For comparison, the
red horizontal line corresponds to the median (box and whisker plots) or actual value (risk plots) for the management
strategy A*.
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Figure 6.4.3.2. Saithe in Subareas 4 and 6 and Division 3a: Comparing the performance of management strategies in the

medium-term (years 6-10). See Figure 6.4.3.1 for more details.
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Figure 6.4.3.3. Saithe in Subareas 4 and 6 and Division 3a: Comparing the performance of management strategies in the
long-term (final 10 years). See Figure 6.4.3.1 for more details.
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Figure 6.4.3.4. Saithe in Subareas 4 and 6 and Division 3a: Recovery statistics for the management strategies as described
in Figure 6.4.3.1. The left plot indicates the proportion of replicates that recover above B, = MSY Byrigger, While the right
plot indicates the number of years taken to recover above By, = MSY Byrigger for the first time, indicated as box and whisker
plots (see Figure 6.4.3.1 for a description).

6.4.4 Sensitivity of management strategies for the baseline OM

The sensitivity of performance statistics for the seven optimised management strategies (A, B, C,
A+D, B+E, C+E, and Ai+D) to five fishing pressure scenarios (0.9*Ftarget, Frarget, 1.1*Frarget, Fmsy
lower=0.210 and Fumsy upper=0.563) in the short- (first five years), medium- (years 6-10) and long-term
(final 10 years) are presented in Figures 6.4.4.1-3. Sensitivity of recovery statistics for the man-
agement strategies to the same fishing pressure scenarios are presented in Figure 6.4.4.4.
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Figure 6.4.4.1. Saithe in Subareas 4 and 6 and Division 3a: Sensitivity of performance statistics for the optimised manage-
ment strategies to changes in F in the short-term (first five years). Plots include median catch, risk1, risk3, inter-annual
catch variability, and SSB, as indicated by the label on the y-axis. In the box and whisker plots, the heavy horizontal line
within the box indicates the median, the edges of the box indicate the 25t and 75! percentiles, and the whiskers extend
to the largest and smallest values within 1.5 times the inter-quartile range (IQR) from the edges, and the remaining points
indicated as dots outside the whiskers are the outliers to 1.5*IQR from the edges.
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Figure 6.4.4.2. Saithe in Subareas 4 and 6 and Division 3a: Sensitivity of performance statistics for the optimised manage-
ment strategies to changes in F in the medium-term (years 6-10). See Figure 6.4.4.1 for more details.

225



226 | ICES SCIENTIFIC REPORTS 1:12 | ICES

5e+05
46405
021 02
= ~ ©
5 K] T <
S geus] - ] a
] : 2 2
£ g g
] 2 z
o 2 2 o014 2 o1
c [} o
S 2 8
16+05
0e+00 * 004 0o
A B C AD BE CE ADD A 8 C AD BE CE AIDD
4 .
2z 12000004 1
3
@
]
= 3
= =l [IEN
5 = HY
E} @ 8000007 ||i;
17
@ 2]
H 2 £
5 g
k) 2
£ & 4000001
E 1
3
&
2
9
0 o4
A B C AD BE CE ADD
scenario | Fmsylower [ 0Fugt | Figt [ 11°Fgt | Fmsyupper

Figure 6.4.4.3. Saithe in Subareas 4 and 6 and Division 3a: Sensitivity of performance statistics for the optimised manage-
ment strategies to changes in F in the long-term (final 10 years). See Figure 6.4.4.1 for more details.

[
FT EECUTUY U IS PO DU S S scenario
[ Fmsylower
= k | 0.9Frgt
= Firgt
................................... R
== Fmsyupper
P’y O U S N DU SN DU .
o

0.004

recovery proportion
o °
& 3
3 B

recovery time [years]

=
e
&

A B C AD BE CE A1D A B Cc AD BE CE A1D

Figure 6.4.4.4. Saithe in Subareas 4 and 6 and Division 3a: Sensitivity of performance statistics for the optimised manage-
ment strategies to changes in F. The left plot indicates the proportion of replicates that recover above By,=MSY Birigger,
while the right plot indicates the number of years taken to recover above B,.=MSY Byrigger for the first time, indicated as
box and whisker plots. See Figure 6.4.4.1 for more details.
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6.4.5 Robustness of management strategies across alternative OMs

Robustness of the “optimised” management strategies (A, B, C, A+D, B+E, C+E, and A1+D) across
alternative operating models (described in Sections 6.2.1-6.2.2) were evaluated in the short- (first
five years), medium- (years 6—10) and long-term (final 10 years). Performance statistics for each
“optimised” management strategy were compared across operating models and to a version of
management strategy A that sets Frarget=Fmsy=0.363 and Btrigger=MSY Btrigger=149 098 t (labelled A¥)
in Figures 6.4.5.1-3.
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Figure 6.4.5.1. Saithe in Subareas 4 and 6 and Division 3a: Performance statistics for the various management strategies
with alternate operating models in the short-term (first five years). Plots include median catch, risk1, risk3, inter-annual
catch variability, and SSB, as indicated by the label on the y-axis. Within each plot, the management strategies are A*
(i.e. management strategy A with Fiarget=Fmsy= 0.363 and Birigger=MSY Byrigger= 149 098 t, and the seven optimised manage-
ment strategies (A, B, C, A+D, B+E, C+E, and A;D). The operating models are the base OM (base), M = 0.1 (M01), and M =
0.3 (MO03), as described in Sections 6.2.1 and 6.2.2. In the box and whisker plots, the heavy horizontal line within the box
indicates the median, the edges of the box indicate the 25t and 75t percentiles, and the whiskers extend to the largest
and smallest values within 1.5 times the inter-quartile range (IQR) from the edges, and the remaining points indicated as
dots outside the whiskers are the outliers to 1.5*IQR from the edges.
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Figure 6.4.5.2. Saithe in Subareas 4 and 6 and Division 3a: Performance statistics for the various management strategies
with alternate operating models in the medium-term (years 6-10). See Figure 6.4.5.1 for more details.
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Figure 6.4.5.3. Saithe in Subareas 4 and 6 and Division 3a: Performance statistics for the various management strategies
with alternate operating models in the long-term (final 10 years). See Figure 6.4.5.1 for more details.
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The discrepancies between the management procedure and the underlying “truth” for the HCR
A for the three operating models, base, M = 0.1, M = 0.3, are in Figure 6.4.5.4. The plot should not
be considered as a continuous time series plot but is instead a discrete plot of the final year of
the management procedure for each time step. The estimation model component of the manage-
ment procedure revises historical estimates of stock numbers, fishing mortality and any derived
metrics with each new estimation, so only the final year in each time step is shown. The dip and
then peak in F near the beginning of the projection period indicates first an under- and then over-
estimation of F with the start of HCR A; SAM can take time to adjust to changes in F under some
model configurations (e.g. this happens for cod also). In the long-term, F stabilizes and the me-
dian for F and SSB for the baseline OM1 in the management procedure and the operating model
are the same. For the alternate OMs, the deviation in F and SSB are expected. In the M = 0.1 OM,
the “true” natural mortality is lower than the perception, so F is underestimated and SSB is over-
estimated in the management procedure in the long-term. With M = 0.3, the opposite occurs.
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Figure 6.4.5.4. Saithe in Subareas 4 and 6 and Division 3a: Discrepancy in estimates of F and SSB from the management
procedure compared to the underlying “truth” for each alternative operating model (see Figure 6.4.5.1 for definitions).
Values > 1 indicate an overestimation by the management procedure while values < 1 indicate an underestimation. The
plot should not be considered as a continuous time series plot but is instead a discrete plot of the final year of the man-
agement procedure for each time step.
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6.5 Conclusions

In general, saithe is in a reasonably healthy state at the start of the management procedure. This
stock has a relatively flat yield curve, where there is not much change in yield over a range of Fs
for a given Btrigger.

“Optimised” combinations without stability

The median long-term SSB is above Buigger for all optimised management strategies without
stability, indicating that the rules are operating mostly on the plateau.

The ICV is relatively low for all options.

The performance of A and C are very similar because SSB does not drop low in the major-
ity of the replicates to trigger a change in F. Buigger = 250 000 t and Fugt = 0.35 for both op-
tions.

The performance of B indicated that some replicates were in a region of low SSB. B results
in a marginally higher median catch but lower SSB. Brigger = 200 000 t and Firgt = 0.39.

While the stock avoids extremely low stock sizes (well below Biim), the functional form of B
is inherently more conservative than A because it reduces F more rapidly below Buigger. As a
result, the MSE analysis presented here indicated that a higher Frarget and lower Buigger is sus-
tainable and precautionary in the long-term for B compared to A. However, there is greater
variability in the short-term stock development than in the long-term (partly as a result of
moving to a different management strategy).

For A and C, the short-term risk (risk3) level remains under the 5% level, and the quoted
Blrigger and Frarget levels are precautionary in both the short- and long-term. However, for B,
the short-term risk goes over 5%, and reaches 6.4%. Although B is precautionary in the
long- and medium-term, at the quoted Frarget levels, it is not precautionary the short-term.

“Optimised” Combinations with stability

Optimised management strategies including stability resulted in decreased median catch,
greater ICV for all options. The increase in the ICV resulted from the extreme banking and
borrowing implementation used.

SSB was lower for A+D, A1+D, and C+E than the corresponding management strategies
without stability.

Farget was higher and Buigger was lower for all management strategies expect B+E, when com-
paring to corresponding management strategies without stability.

For optimised B+E, Buigger was higher but Fearget was the same as B without stability. This re-
sulted in a lower median catch, but higher SSB and higher ICV than B without stability.
The short-term risk (risk3) is over the 5% threshold for A+D and B+E. For A+D, it reaches
9.2%, and for B+E, 7.5%. Although these management strategies are precautionary in the
long- and medium-term, at the quoted Frarget levels, they are not precautionary the short-
term.

Compared to MSY advice rule approach

The MSY approach advice rule produces a similar long-term yield as the seven manage-
ment strategies but with a lower ICV. Risk is higher and long-term SSB lower for the MSY
approach rule (A¥) than for A, C, C+E, and Ai1+D. For B, A+D, and B+E (i.e., those that are
not precautionary in the short-term), A* has a lower long-term risk and slightly higher
long-term SSB.

Short-term risk is more than 5% for B, A+D, and B+E.

Recovery to above Bypa is 1 year (i.e. the stock is above Bpa from the first year of the projec-
tion) and the recovery proportion is 100% for all management strategies
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Sensitivity for “Optimised” Combinations

Short- and long-term catches are broadly similar across the F ranges for the sensitivity tests;
Fusy-lower and Fumsy-upper have slightly lower values.

Medium-term catches show a gradient across the F ranges, from low with Fusv-ower to a high
with FMSY-upper.

Long-term risk3 is above 5% for Fumsy-upper for all HCR options, and for 1.1*Fegt for B, A+D,
and B+E. Fmsy-upper is not precautionary for any of these management strategies.

These analyses have been conducted to analyse the yields and risk of fishing at the Frarget
level. They have not been conducted to ensure that F above Frarget (for example within Fumsy
ranges) is precautionary. The analysis suggests that for some HCRs, F levels even 10%
above Furget are not precautionary. For B, A+D, and B+E, any fishing above the Frarget calcu-
lated here is considered non-precautionary. Consequently, if management strategies B,
A+D, or B+E are selected, the upper end of any F-range should be set to the F-target level
presented here.

ICES is encouraged to consider, for future MSE exercises conducted within Common Fish-
eries Policy areas (or other cases where an F-range may be advised), that the HCR should
be selected based on a requirement that the upper value of a target F-range (e.g., Fmsy-upper)
is precautionary.

Robustness tests against alternative operating models

All management strategies tested were precautionary under the alternate operating model
M=0.1 in the long-, medium- and short-term.

Management strategies B, A+D, or B+E were not precautionary under the alternate operat-
ing model M=0.3 in the long-term. Furthermore, none of the management strategies were
precautionary under this alternative operating model in the medium- or short-term.

If the assumption that M=0.2 is incorrect and natural mortality is actually higher in the
population, the management strategies investigated here are not precautionary. More work
should be completed to ensure that M is not under-estimated for North Sea saithe.

Computational considerations

The simulations required for this MSE were computationally very expensive and it was not
possible to run the full grid for all management strategies. Computing facilities available
in-house were used together with external resources, some of which were not free.
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Herring (Clupea harengus) in Subarea 4 and divi-
sions 3.a and 7.d, autumn spawners (North Sea,
Skagerrak and Kattegat, eastern English Channel)

7.1 Baseline operating model

7.1.1 Model and settings

The assessment for autumn-spawning herring in the North Sea is performed using the SAM
model (Nielsen and Berg 2014). This is run during the herring assessment working group
(HAWG) and extensive results can be seen in corresponding reports. The assessment also re-
cently went into benchmark (ICES, WKPELA, 2018). The management for autumn spawning
herring in the North Sea involves four different fleets operating on the stock:

¢  A-fleet: human consumption in the North Sea and Eastern Channel

e  B-fleet: bycatch of herring (catches of herring taken as by-catch in fisheries using nets with mesh

sizes smaller than 32 mm) in the North Sea
e  C-fleet: human consumption in Division 3.a
¢ D-fleet: bycatch of herring (catches of herring taken as by-catch in fisheries using nets with mesh

sizes smaller than 32 mm) in Division 3.a

For both the B- and the D-fleet the main by-catch of herring is taken in the sprat fishery, and only
smaller quantities in the Norway pout and Sandeel fishery, which are the two other fisheries
where nets with mesh sizes smaller than 32 mm are used. While the main assessment carried out
during the working group is single fleet, a multi-fleet assessment is also run in order to determine
the fishing selectivity for the different fleets. These selection patterns are used for short term
projections. Overall, the input to the assessment consists of catch data and data from five survey
indices.

Catch data span from 1947 to 2017 for a single fleet and 1997 to 2017 for multiple fleets. These
data consist of:

e  Weight at age in the catch
e Total catch (discards considered negligible)
e Catchatage

Five different surveys are conducted yearly and provide the following indices:

e IHLS survey (early larvae index) providing the LAI index (spawning component index)

e IBTS-Q1 survey (trawl survey) providing the IBTS0 index (late larvae index) and the IBTS-Q1
index (age 1)

e IBTSQ3 survey (trawl survey) providing the IBTS-Q3 index (age 1 to 5)

e  HERAS survey (acoustic survey) providing the HERAS index (age 1 to 8) and mean weight in
the stock.

Results from the latest assessment are shown for: (1) the residuals for the different input sources
(Figure 7.1.1.1); (2) the observation error (Figure 7.1.1.2), i.e. the contribution of the different in-
put data to the assessment outputs; (3) the stock trajectory (Figure 7.1.1.3).
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For this management strategy evaluation (MSE), the conditioning of the baseline operating
model is based on the latest assessment (ICES HAWG, 2018) but excluding the LAI index. The
LAl index consists of four components and is treated differently from conventional survey indi-
ces in the SAM model. In order to simplify the implementation of the current MSE, the exclusion
of the LAI index was explored. The results are shown in Figure 7.1.1.4 and show that this index
has marginal influence on the results of the assessment. As a result, it was decided to carry out
the MSE without the LAI index.

The Management Strategy Evaluation (MSE) considers four components. The biological stock
unit of herring in the North Sea [1], the four fisheries targeting the stock unit [2], the fisheries-
independent surveys [3], the stock assessment procedure to obtain a perceived status of the stock
unit and is used to set management targets [4]. The framework includes feedback loops, where
over time, the result of set-ting management targets affects the stock unit the year after, and
thereby also affects the fisheries and management. In order to reflect the uncertainties related to
stock dynamics, fisheries dynamics and management implementation, the simulations are run
with 1000 replicates, each representing a different but likely version of the true dynamics of the
stock unit and fisheries. The combination of all replicates together indicates the range in out-
comes and risk for a given stock and management structure assumption. ICES assessment result
from the North Sea Autumn-Spawners (NSAS) is used to condition the model for the years 1947-
2017. Simulations were run until 2037 (i.e. 20 years into the future).

233



ICES SCIENTIFIC REPORTS 1:12

(@)

Residuals by year Catch

oo oo
-0eed) o0 @-ceire
@.....@.,‘.O..@D.
Co L - JlU B 0
S SR,
owoily - olfpo ool wnie
'-'m”@@.

T L T S

age
-

T T T T
1080 1980 2000 2020

year

(©)

Residuals by year IBTSQ1

o DeC- {16CO @@ oo

age

T T T
1300 2000 2010
year
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Q1. (d) IBTS-Q3. Extracted from the 2018 HAWG report (ICES, HAWG, 2018).
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Figure 7.1.1.2: North Sea herring. Observation variance by data source as estimated by the assessment model. Obser-
vation variance is ordered from least (left) to most (right). Colours indicate the different data sources. Observation
variance is not individually estimated for each data source thereby reducing the parameters needed to be estimated
in the assessment model; in such cases, observation variances have equal values. Extracted from the 2018 HAWG
report (ICES, HAWG, 2018).
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Figure 7.1.1.3: North Sea herring. Stock summary plot of North Sea herring with associated uncertainty for SSB (top
panel), F ages 2—6 (middle panel) and recruitment (bottom panel). Extracted from the 2018 HAWG report (ICES,
HAWG, 2018).
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Figure 7.1.1.4: North Sea herring. Impact of the exclusion of the LAl index. Left column: Comparison of stock trajecto-
ries between assessment including and excluding the LAl index. Right column: Assessment retrospective pattern per-
formances (Mohn’s rho) for the assessment including and excluding the LAl index.

7.1.2 Parameter uncertainty

The output of the stock assessment model, carried out at ICES (ICES, HAWG, 2018), was used to
populate the age-structured (ages 0-8) population model for North Sea Herring. Different repli-
cates for the historical stock numbers at age and fishing mortality-at-age were drawn from a
multivariate normal distribution using the variance/covariance matrix estimated using the SAM
model with the data available at HAWG 2018 (excluding LAl index). For this study, 200 and 1000
replicates were generated for further input to the operating model. The 200 set of replicates was
used for the Frarget/Burigger grid search, while the 1000 set of replicates was used for fine tuning of
Frarget/Burigger optima and evaluation runs of the operating model.

7.1.3 Recruitment

Recruits are being added to the future population assuming two types of stock-recruitment rela-
tionships: Ricker and Segmented regression. These are fitted to stock-recruit pairs from 2002-
2016 (corresponding to a low productivity phase for the stock). The models are weighted in the
1000 and 200 replicate sets according to a 85-15% split (respectively, ricker-segmented regres-
sion). This is in agreement with the EqSim analyses that was used to define reference points at
the ICES 2018 benchmark of North Sea herring (ICES, WKPELA, 2018). Residuals of the fit for
each replicate was used to generate future deviations from the stock-recruitment curve. This was
modelled using an ARIMA process (stats package in R) to account for auto-correlation in recruit-
ment, following:

X[t]=al1]X[t-1]+ ... + alp]X[t-p] + e[t] + b[1]e[t-1] + ... + blgle[t-q]

where X are recruitment residuals, t is time, a and b are the parameters of the autoregressive
model, p is number of autoregressive terms, q is the number of lagged errors and e is the error
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term. In the future period, median residuals are expected to be around 0 but do cover the total
variation of recruitment residuals observed.
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Figure 7.1.3.1: North Sea herring. Fitted stock-recruitment relationships for the ricker curve (left) and the segmented
regression curve (right)
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Figure 7.1.3.2: North Sea herring. Predicted recruitments from the model from the ricker curve (in black) and the
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Figure 7.1.3.3: North Sea herring. Spread in recruitment residuals over time as simulated from the fitted SR-curves

7.1.4 Mean weights, maturity, natural mortality and selection

To maintain a certain level of autocorrelation, previously observed natural mortality vectors (all
ages at once) are sampled in blocks up to ten years (2007-2017), similar to the low productivity
phase for the stock, and glued together until the entire projection period is filled. Additionally,
to maintain a degree of correlation between maturity-at-age and weight-at-age (both in the stock
and in the fishery), year ranges are shared among these processes. These block of years for nat-
ural mortality, weight at age and maturity at age are randomized (length of blocks, years in block
of years) for each replicate. There is no evidence that M and weight-at-age or maturity-at-age are
correlated and hence M-at-age vectors are drawn separate from the other biological parameters.
Catches and survivors in the forecasted years of the stocks are calculated using the (natural and
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fishing) mortality rates. Pre-smoothed natural mortality estimates from the 2017 SMS keyrun
(WGSAM 2018) are used in the OM.

Fishing mortality may be caused by a variety of fisheries, each associated with different selection
patterns and catch targets. The fishing mortality encountered by a stock unit therefore depends
on the sum of the fishing mortalities from each fishery.

The four fleets targeting the herring stock units consist of:

e A:North Sea human consumption (targeting Herring in area 4 and 7d)

e B: North Sea industrial (catches of herring taken as by-catch in fisheries using nets with
mesh sizes smaller than 32 mm)

e (C:Division 3.a human consumption (targeting Herring)

e D: Division 3.a industrial (catches of herring taken as by-catch in fisheries using nets

with mesh sizes smaller than 32 mm)

Each of these fleets catch fish at different ages following a certain selection-at-age pattern. The
selection pattern that is obtained from the multi-fleet assessment is used for this purpose. The
sum of multi-fleet selection is identical to the single-fleet estimated selection. The future selection
patterns are assumed to follow an age-correlated random walk (similar to the design in the as-
sessment). Starting from the 2017 estimated selection pattern, each following years’ selection is
obtained by modelling a change in selection-at-age to the next year. All steps from one year to
the next for the entire time-series follows a normal distribution with mean 0 and variance esti-
mated based on the covariance of log-transformed F-at-age change (from year y to year y+1) over
the years 2007-2017 for NSAS. To prevent extreme changes, steps outside the 95% CI of the dis-
tribution were excluded.
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Figure 7.1.4.1: North Sea herring. Simulated catch-weight-at-age
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Figure 7.1.4.2: North Sea herring. Simulated stock-weight-at-age
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Figure 7.1.4.3: North Sea herring. Simulated maturity-at-age
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Figure 7.1.4.5: North Sea herring. Simulated selection pattern over time (x-axis). Ages range from 0 (bottom-left) to 8
(top-right)

7.1.5 Generating data from the operating model

Future catchabilities for the surveys are drawn from the variance-covariance matrix and are used
to calculate future index values by multiplying OM estimated numbers-at-age by the catchability
and added uncertainty based on residuals drawn from a log-normal distribution with mean 0
and sd, taken from the observation variance estimated by the SAM model without the LAI index
that was used to condition the OM.

Catches are generated by the fishing fleet applying their selection patterns scaled such that they
match the set TACs. Catch input to the stock assessment is taken as the catch generated by the
fishing fleet with added uncertainty based on residuals drawn from a log-normal distribution
with mean 0 and sd, taken from the observation variance estimated by the SAM model without
the LAl index that was used to condition the OM.

7.1.6 Implementation error

The TAC setting procedures and allocation of catch to each of the fleets follows from the man-
agement strategy and potential transfers from one fleet to another. In practice, optimisation of
the catches in the A-fleet according to the management strategy is also conditional on the B-fleet
Ferget given by the management strategy and the catches simulated for the C- and D-fleets. Both
the C-fleet and D-fleet catches are assumed to derive from fixed quotas of 48 427 t (WBSS TAC
set in 2018) and 6659 t (fixed TAC), respectively, with the C-fleet transferring between 40-50% of
its quota to the A-fleet based on the last 10 years’ observations. In the A, C and D fleets, however,
the catches do not consist of one herring species alone, but contains a mixture of both NSAS
(North Sea autumn-spawners) and WBSS (Western Baltic spring-spawners). As the MSE evalu-
ated how precautionary the stocks were to certain management strategies, the mixed nature of
the catches has to be accounted for in the simulations.
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Over the past 10 years, on average, 32% of the C-fleet catch consists of NSAS and 68% of WBSS.
On average, 64% of the D-fleet catch consist of NSAS and 36% of WBSS. The proportion of the
A-fleet that comprises WBSS is negligible and is therefore ignored. The impact of this level of
mixing for the catches of NSAS in the D-fleet is mimicked in the simulations by assuming that
catches of NSAS in this fleet follows a normal distribution with mean equal to the 10-year aver-
age mix and variability equal to half the standard deviation (to prevent values smaller or bigger
than 1, resulting in values that are in the same range as observed). For the C-fleet, this mixing is
encapsulated in the pc_peer parameter (see equations below). The utilisation of the B and D fleets
are taken into account and simulated by taking a normal distribution with mean equal to the
average utilisation and variability half the standard deviation (to prevent values smaller or big-
ger than 1, resulting in values that are in the same range as observed). The C-fleet catch after
transfer is derived based on an F-constraint. Analyses of the past 10 years showed that the C-
fleet had a varying contribution, though without a trend, in Fvar between 1 and 2%.in blocks up
to ten years (2007-2017), similar to natural mortality, weight at age and maturity at age. In sum-
mary the catch for each of the fleets is set or derived as follows:

CatchNSAS¢ = CatchTot - Trans

where CatchTot, = 48427 t;Trans ~ U(0.4,0.5)
CatchNSASZ = catch resulting from application of: pc.geet * Fo—¢ target of the management strategy

where pc_fieet i the proportion of F for the C-fleet sampled in blocks up to ten years (2007-2017)
CatchNSASp = CatchToty - Mix,, - Util,

where CatchTot, = 6659 t; Mix, ~ N(0.64, (65/2)?) ; Util, ~ N(mean last 10 years, (65 /2)?)

CatchNSASg = CatchTotg - Utilg

where CatchTotg results from the F,_, target of the management strategy ; Utily~N(mean last 10 years, (65/2)?%)

CatchNSAS, = Catch resulting from F,_g target from the management strategy + CatchNSAS}

CatchNSAS1o = CatchNSAS, + CatchNSASg + CatchNSAS2 + CatchNSAS,

7.1.7 Number of replicates and projection years

For the grid search, 200 replicates were used; for the final evaluations, 1000 replicates were used.
The grid-search for 200 replicates was more extensive and showed a clear and consistent rela-
tionship with decreasing Frarget (lower risk) and decreasing Buigger (higher risk) (Figure 7.1.7.1).
This guided the analyses for the 1000 replicates. The OM was projected forward using 1000 rep-
licates and 20 years.
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Figure 7.1.7.1. North Sea herring. Relationship between F, g (coloured lines), Byigger (horizontal axis) and risk3, based on
200 replicates.

7.2 Management procedure

The perception of the stock unit status in the period after 2017 is generated through explicit in-
clusion of stock assessments in the simulation, which is based on fishery-independent (surveys)
and -dependent (catch) data.

The stock assessment process results in fishing mortality estimates for year y-1 (the final year of
catch data), and survivor and SSB estimates for year y (the intermediate year, i.e. the year during
which the assessment is conducted). The assessment output estimates may deviate from the true
stock unit characteristics as modelled in the biological operating model because of the observa-
tion error associated with the data sources that go into the assessment.

A short-term forecast is used within the MSE to set annual TACs as described below. The short-
term forecast for NSAS is similar to the multi-fleet forecast as currently used within the North
Sea herring assessment, but ignores any catches that could be realized by the C and D fleet.
Through this approach we disconnect the TAC setting procedure for North Sea herring from the
Western Baltic TAC setting procedure.

Selectivity by fleet in the intermediate (y) and advice year (y+1, the year for which the manage-
ment strategy provides advice) follow the exploitation pattern as estimated within the stock as-
sessment multiplied with the proportional catch numbers by fleet. Recruitment in the advice
year (y+1) is fixed to the weighted geometric mean of the period [y-10 : y-1], while recruitment
in the intermediate year (y) is taken from the assessment prediction. Stock and catch weight-at-
age and time of spawning are similar to the intermediate year settings (i.e. taken from terminal
year of the assessment), while maturity in the intermediate and advice years equals the average
maturity estimate over the past three years and natural mortality is averaged over the most re-
cent five years. The exploitation pattern by fleet is scaled up or down to ensure that the catch
equals the TAC in the intermediate year. In the advice year, the management strategy determines
the increase or decrease in fleet effort and proposes a TAC for the A- and B-fleet. The short-term
forecast is an exact replication of the way the short-term forecast is executed in the ICES assess-
ment working group.
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However, the proposed TAC is calculated based on numbers, landings selectivity and fleet se-
lectivity obtained from the assessment results which differ from the numbers, landings selectiv-
ity and fleet selectivity in the ‘true’ stocks. Hence, the fishing mortality needed to realise catch
equalling the TAC is not identical with the target fishing mortality as set within the management
plan. As there is no analytical solution to this equation, an optimisation method is used (based
on a combination of golden section search and successive parabolic interpolation (Brent, 1973))
to calculate ‘true’ fishing mortality.

7.3 Results

These results are bounded by the assumption that optimal strategies can be selected taking a 20-
year projection period, 1000 replicates and risk3<5% over the last 10 years of the simulation into
account. If one would change any of these settings, it is likely that results and optimal strategies
change, given that the risk criteria does not stabilize in the medium to long term. The results are
therefore conditional on the assumptions and indicate that these HCRs are only precautionary
within the 20 years tested and would require re-evaluation before ~2035.

Note that no optimal strategy for scenario B+E could be found. This is discussed in the discussion
and conclusion sections. The “optimised” combinations for all the other management strategies,
along with sensitivity analyses, are shown in Table 7.4.1.
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Figure 7.3.1.1: North Sea herring. Grid search for management strategy A (no stabilizers). Risk calculated over the last 10

years of the time-series.
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Figure 7.3.1.3: North Sea herring. Grid search for management strategy A+D (with TAC inter-annual variation cap on fleet
A and B and banking and borrowing applicable to fleet A and B). Risk calculated over the last 10 years of the time-series.
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Figure 7.3.1.4: North Sea herring. Grid search for management strategy A+C (with TAC inter-annual variation cap on fleet
A and banking and borrowing applicable to fleet A). Risk calculated over the last 10 years of the time-series.

7.3.2

Summary projections

All projections (excluding management strategy B+E) show that SSB increases under current Fusy
and MSY Buigger levels to ~1.35Mt (Table 7.4.1). In each of the management strategies evaluated,
optimal Btrigger is estimated above this level, between 1.4-1.5Mt. This implies that in all cases,

management focusses on the slope of the HCR rather than the plateau.

The optimal Frarget values are somewhat smaller than the Fusy reference points as estimated by
ICES (2018). One clear reason for this is the overshoot of the TAC owing to several biological
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process and managerial decisions in place. North Sea herring reside part of their life in Division
3.a where they are caught by the 3.a fishery. These catches are not accounted for in the 4-7.d
fishery for North Sea herring, for which TACs are agreed upon. This has an additional impact
on herring. Furthermore, in the past decade, herring quota was transferred from Division 3.a to
the North Sea, imposing additional mortality on North Sea herring. Both aspects are fully con-
sidered in the MSE, but are accounted for in the OM and not in the MP (Figure 2.3), which allows
ICES to advise on the A and B fleet in a precautionary manner.

Management strategy A+D (with TAC inter-annual variation cap on fleet A and B and banking
and borrowing applicable to fleet A and B), gave an optimal Furget value of 0.23 compared to
Fusy=0.26. Both using the same SSB reference point (MSY Buigger and Brrigger) of 1.4 Mt (1.4 Mt). This
option gave on average a B-fleet TAC of 17 365 tons.

There were no convergence issues in any of the simulations.

The optimal strategy of HCR A including stock trends are given in the figure below. Summary
projections for all management strategies that were “optimised” are given in Annex 11.
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Figure 7.3.2.1: North Sea herring. Stock trends of the OM for the optimal HCR A strategy. Top panel shows recruitment,
followed by SSB, followed by catch and finally Fbar on 2-6 (adult fishery). Individual replicates are shown as worm plots.

In general, there is less than 0.2% difference in long-term yield between these evaluated scenar-
ios, while all being precautionary. As such, managers can decide what stability measures they
would prefer because they appear to have a similar impact on the stock (Annex 11).

HCR B+E gives markedly different outcomes. The figure below shows that the uncertainty bound
on SSB is very high from the start and only slowly reduces towards the end of the simulations.
The results, from a random selection of the runs performed to illustrate the dynamics, are for an
Frarget level of 0.16 with Buigger equal to 1.6Mt, i.e. much lower Frarget and higher Brrigger than in any
of the other optimized HCRs.
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Figure 7.3.2.2: North Sea herring. Stock trends of the OM for one run under HCR B+E strategy. Top panel shows recruit-
ment, followed by SSB, followed by catch and finally Fbar on 2-6 (adult fishery). Individual replicates are shown as worm
plots.



254

ICES SCIENTIFIC REPORTS 1:12

733 Sensitivity of management strategies for the baseline OM

Three sensitivity runs were undertaken.

1. A run for which F was set to zero, to evaluate maximum stable biomass in the long term.
This scenario is key to indicate how long it takes for the stock to stabilize in terms of SSB
and to investigate the long-term risk.

2. A run in which an alternative implementation of the C-fleet catches is calculated. In this
scenario, the C-fleet catch is calculated as 5.7% of the A-fleet TAC + 41% of the fixed WBSS
catch multiplied with the mixing rate of WBSS vs NSAS to only account for the outtake of
NSAS in Division 3.a.

3. A run in which the TAC of the bycatch fleets (B & D) was set to 0. This is implemented as
setting the expected catches to 1% of their originally assigned TAC as for both numerical

and practical reasons a 0-catch is highly unlikely in both these areas.

7.3.3.1 Zero F sensitivity scenario

Under a no-fishing regime, SSB increases rapidly after 2018 to around 2.7Mt in the long term. At
around 2024 it reaches this level and fluctuates around the dynamic equilibrium. The assumption
made in our study that a 20-year projection period would suffice in the need to reach a dynamic
equilibrium hence seems valid. There are no replicates out of a 1000 that suggest the stock to go
down Biim. The uncertainty interval of future SSB shows a stable trajectory for both the 5% and
95t percentile. Note that the uncertainty interval of recruitment shows minor spikes. This does
not affect the SSB stable trajectory as the fish need to grow older by ~2 years before they reach
maturity.
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Figure 7.3.3.1.1: North Sea herring. Stock trajectories under a situation when no fishing mortality is applied. Individual
replicates are shown as worm plots.

7.3.3.2  Alternative scenario on C-fleet catches

A comparison plot of the default C-fleet expected catches compared to the alternative formula-
tion of the C-fleet catches are given below. Default (green) is plotted on top of the alternative
(red). The figure clearly shows there is hardly any difference in the results.



256

ICES SCIENTIFIC REPORTS 1:12

8.0e+07
1

2 0e+07
|

Recruitment {thousands)

1980 1990 2000 2010 2020 2030

2000000
1

S5E (tonnes)
I

500000
1

1950 1990 2000 2010 2020 2030

1e+06
1

Be+05
|

iZatch (tonnes)

2e+05
1

1950 1990 2000 2010 2020 2030

Fog

02 03 04

01

1950 1980 2000 2010 2020 2030

Figure 7.3.3.2.1: North Sea herring. Stock trajectories for case A (i.e. HCR A without IAV or banking and borrowing) using
the default (red) and alternative (green) options for handling the C-fleet (200 replicates).

7.3.3.3  No catches of the B and D fleet

When minimal catches in the B and D fleet are assumed to be taken under “optimised” manage-
ment strategy A+C (Frarget of 0.22 and MSY Buigger of 1.4 Mt), the stock increases to above 1.5Mt in
the medium- to long-term, well-above the 1.3Mt that was observed in the same scenario where
B and D fleet catches are taken. There is an expected increase of around 15000t in the A-fleet TAC
while the B-fleet TAC drops from 17 434 t in the long term to close to zero and the D fleet from
6659 t to close to zero. If one would optimize the scenario without B and D fleet catches, it is
likely that A-fleet catches could increase even further as long term risk3 drops to 2.9% compared
to the 4.8% in the optimized scenarios with B and D fleet catches.
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Figure 7.3.3.3.1: North Sea herring. Stock trajectories for the optimal management strategy A+C (red) and under a situa-
tion when catches of the B and D fleet are minimal (green). Individual replicates for the situation where there are no
catches for the B and D fleets are shown as worm plots.

7.3.3.4 1000 vs 2000 replicates

There was concern raised that risk3 was not stable when 1000 replicates were used (see Section
2.6 in the main document). This would imply that the precautionary nature of the MSE would
change if more (or less) replicates was used. It was tested whether increasing the number of
replicates in the simulation would change this perception (Figure 7.3.3.4.1).

It should be noted that the runs shown in Figure 7.3.3.4.1 are based on different initialisations of
the OM and therefore cannot be compared 1:1; however, the trends in each of these can be com-
pared and here the overall trend seemed to be independent of the number of replicates.
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be compared.

7.4 Discussion and Conclusions

Optimal strategies and the 0.9*Ftarget, 1.1¥Frarget scenarios are shown below. There are minimal dif-
ferences among the management strategies for the short- and long-term yield. The development
in SSB is very similar, as can be expected if outtakes are similar too.
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Table 7.4.1: Short-, medium- and long-term vyield (total catch) and SSB for the “optimised” strategies (in bold), for the sensitivity tests of 0.9Ftarget and 1.1Ftarget, and for Fysy given the
“optimal” Birigger. Cases where risk3>5% are in red text. B+E is not included since no “optimum” was found for it. The time period are: short=2019:2021, med=2022:2026, long=2027:2036.
Management strategies with an asterisk indicate Fiarget=Fmsy and Birigger=MSY Burigger.

Management Yield SSB risk3 IAV Realised mean F(2-6)
F case Ftarget | Birigger

Strategy short med long short med long short med Long short med long short med long
F=0 F=0 0 0 0 0 0 2310249 2643789 2687033 0 0 0 0 0 0 0 0 0
A Ftarget 0.22 1400000 | 269747 339827 345646 1293350 1461235 1471026 0.037 0.025 0.046 0.186 0.147 0.151 0.179 0.219 0.219
A Frarget*0.9 | 0.198 1400000 | 253590 324564 333095 1317390 1520520 1537223 0.029 0.018 0.033 0.184 0.138 0.140 0.163 0.198 0.198
A Frarget*1.1 | 0.242 1400000 | 283261 352466 352414 1271944 1415111 1415210 0.053 0.039 0.058 0.188 0.155 0.160 0.192 0.237 0.236
A* Fmsy 0.26 1400000 | 296446 361936 358346 1253241 1370185 1363961 0.065 0.053 0.072 0.190 0.164 0.168 0.205 0.253 0.248
B Frarget 0.22 1400000 | 271574 338313 344582 1291883 1456469 1467080 0.037 0.029 0.05 0.183 0.147 0.149 0.179 0.219 0.219
B Frarget*0.9 | 0.198 1400000 | 255254 323178 332739 1316342 1513492 1533322 0.027 0.02 0.035 0.178 0.138 0.139 0.164 0.198 0.198
B Frarget*1.1 | 0.242 1400000 | 286813 351588 352563 1268880 1403626 1406114 0.052 0.039 0.058 0.186 0.156 0.159 0.194 0.238 0.237
B* Fmsy 0.26 1400000 | 298388 359776 356365 1250953 1360849 1354684 0.061 0.054 0.081 0.188 0.165 0.168 0.205 0.251 0.247
A+C Frarget 0.22 1400000 | 269690 335932 345095 1293654 1469648 1473686 0.037 0.025 0.048 0.186 0.158 0.157 0.179 0.219 0.219
A+C Frarget*0.9 | 0.198 1400000 | 253640 320005 332873 1318603 1527892 1539721 0.028 0.017 0.031 0.185 0.151 0.148 0.164 0.198 0.198
A+C Frarget*1.1 | 0.242 1400000 | 283265 348086 352091 1274062 1421444 1419083 0.05 0.036 0.053 0.187 0.164 0.165 0.192 0.237 0.236
A*+C Fusy 0.26 1400000 | 296510 359024 358001 1253728 1377431 1365667 0.062 0.051 0.076 0.190 0.172 0.171 0.205 0.253 0.249
A+D Frarget 0.23 1400000 | 276805 342173 349286 1283906 1446680 1446241 0.048 0.03 0.049 0.186 0.162 0.159 0.186 0.228 0.228
A+D Frarget*0.9 | 0.207 1400000 | 260193 326776 338388 1308013 1504939 1513855 0.034 0.02 0.035 0.185 0.154 0.150 0.170 0.207 0.207
A+D Frarget*1.1 | 0.253 1400000 | 292294 355934 356450 1260687 1394828 1384855 0.056 0.044 0.072 0.188 0.169 0.169 0.201 0.249 0.245
A*+D Fmsy 0.26 1400000 | 296510 359438 358937 1253750 1378526 1368652 0.061 0.047 0.076 0.189 0.171 0.171 0.205 0.254 0.249
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No “optimum” could be found for HCR B+E within the projected time-frame (20 years). The
design of the management strategy allows TAC constraints even if the stock is below Bim. Given
that the stock is on a downward trend in the most recent years, the TAC requires a substantial
decrease to counter the downward trend. Under scenario B+E this reduction in TAC is not pos-
sible and for some replicates this results in very high F on the short term which on its turn require
much longer time-frames to recover from. If one would need an optimal value for B+E, a longer
projection period would be necessary in which the stock has given enough time to recover. This
was beyond the scope of this study as the risk on the short term would be far too great.

There were concerns regarding the trend in risk which seems to increase over time. This could
be due to auto-correlation in recruitment or in the biological processes such as maturity-at-age
and weight-at-age. Given that these processes are observed in the data available, it was consid-
ered advisable to include these in the MSE. The increasing risk over time however puts a limit to
the due-date of the MSE results. Within 20-years’ time, the MSE should be re-evaluated in order
to remain precautionary.

The sensitivity run, reformulating the process to simulate the C-fleet catches, shows no difference
to the default approach and is therefore considered appropriate. The benefit of the default ap-
proach is that it is no longer dependent on rules stipulated for Western Baltic spring-spawning
herring and can therefore remain in place even if the advice procedure for WBSS changes. Sub-
stantially reducing the B and D fleet catch shows a clear reduction in risk and allows the A-fleet
to catch more herring. These results are in line with previous results as obtained in ICES 2015
(WKHerTAC).

The current reference points as estimated using EqSim shows an Fusy of 0.26 in combination with
an MSY Brrigger of 1.4mt. The analyses in this study show a risk > 5% for that specific combination
for HCR A (most similar to the EqSim design). There are fundamental differences in the way
EqSim and the MSE evaluate risk and make use of implementation error. To illustrate this, the
MSE does not take catches of the C and D fleet into account in calculating a TAC for the advice
year in the MP (although it is accounted for in the OM through the implementation model),
which automatically results in an overshoot of the TAC as these fleets do catch NSAS. These
dynamics are not explicitly modelled in EqSim and hence will result in different outcomes.

Time required to run a 1000 replicate scenario was around 500h (one single core computing,
around 50 evaluated). Thus, the time needed goes well beyond the time available to address the
request and high-performance clusters were necessary to do the job. Even in that situation, it
took more than 3 weeks to evaluate all these scenarios, excluding time to build, check and vali-
date the MSE model.
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Annex 2: EU-Norway Request

AGREED RECORD OF CONSULTATIONS ON LONG-TERM MANAGEMENT
STRATEGIES ON JOINT STOCKS BETWEEN NORWAY AND THE EUROPEAN
UNION

LONDON, 7 JUNE 2018

1 A Norwegian Delegation, headed by Ms Ann Kristin WESTBERG, and a European
Union Delegation, headed by Mr Jacques VERBORGH, met in London from 6 to 7 June 2018
to consult on long term management strategies for the jointly managed stocks in the North Sea,
as agreed in point 5.16.1 of the Agreed Record of fisheries consultations between Norway and
the European Union for 2018 signed in Bergen on 1 December 2017.

2 The Delegations reiterated their determination to cooperate, in their mutual interest,
in securing continued responsible fisheries and ensuring the long-term conservation and
sustainable exploitation of the marine living resources for which they are responsible.

3 The Delegations agreed to request ICES to evaluate long-term management strategies
for cod, haddock, saithe, whiting and North Sea autumn spawning herring, as outlined in Annex
Tand IL

The Delegations request ICES to provide the advice no later than 1 February 2019.

London 7 June 2018

For the Norwegian Delegation For tHe European Union Delegation
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a)

REQUEST TO ICES CONCERNING THE LONG-TERM MANAGEMENT STRATEGY FOR COD,

HADDOCK, SAITHE, AND WHITING

The Strategy consists of the following elements:

Objective

The Parties agree to manage fishing opportunities, on the basis of a fishing pressure that
maximises sustainable yield from the stock given additional elements regarding stability,
consistent with a precautionary approach.

A | Long-term yield

1. | When the spawning stock (SSB) at the start of the TAC year is at or above
Birigger the yearly TAC will be set as to correspond to a fishing pressure equal
Fla[gcln

2. | Should SSB in the start of the TAC year be below Buigger, the TAC shall be set
corresponding to a fishing mortality of Frarger* SSB/Birigger.

B | Long-term yield

1. | When the spawning stock (SSB) at the start of the TAC year is at or above
Birigger the yearly TAC will be set as to correspond to a fishing pressure equal to
Flargct-

2. | Should SSB in the start of the TAC year be below Buiigger but above Biim, the
TAC shall be set corresponding to a fishing mortality of Frarget* SSB/Burigger.

3. | Where the SSB is estimated to be below Biim at the start of the TAC year, the
TAC shall be set at a level corresponding to a fishing mortality rate at
0.25*F target.

C | Long-term yield

1. | When the spawning stock (SSB) at the start of the TAC year is at or above
Birigger the yearly TAC will be set as to correspond to a fishing pressure equal
Flargel-

2. | Should SSB in the start of the TAC year be below Buigger but above Biim, the
TAC shall be set corresponding to a fishing mortality of Farget* SSB/Burigger.

3. | Where the SSB is estimated to be below Bim at the start of the TAC year, the
TAC shall be set at a level corresponding to a fishing mortality rate being the
greater of Frarger*SSB/Burigger. and 0.25%Fiarger.

D | Stability
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1. | Where the rule in paragraph Al leads to a TAC that deviates more than 25% up
or 20% down from the preceding year, the change is limited to 25% up or 20%
down'.

2. | The TAC given by paragraph Al and DI can be deviated with up to 10%
according to the inter-annual quota flexibility provided for in paragraphs 1-3 of
Annex VII of the Agreed Record of fisheries consultations between Norway
and European Union for 2018 signed in Bergen on 1 December 2017. (the
“banking and borrowing” scheme)

E | Stability

1. | Where the rule in paragraph Bl or C1 leads to a TAC that deviates more than
25% up or 20% down from the preceding year, the change is limited to 25% up
or 20% down,

2. | The TAC given by paragraph [B1, B2, B3 and E1] or [C1, C2, C3 and El] can
be deviated with up to 10% according to the “banking and borrowing” scheme.

Evaluation

ICES is asked to tabulate the long-term yield, long term SSB, inter annual TAC variability
and risk of SSB falling below Biim for the range of combinations of Birigger and Frarge values
evaluated.

ICES will for each of the stocks be requested to estimate the combination of Frager and Burigger
that maximises yield given the rules set out in six “sets” defined in the table above. The six
sets are A, B, C, A+D, B+E and C+E.

ICES will be requested to evaluate the performance of the six sets of rules with corresponding
pairs of Furger and Buigger. Thereafter ICES is requested to evaluate the additional fishing
pressure scenarios of 0.9*Frarget, Frarger, 1.1*Frarget, FMsy lower and Fusy upper. (5 pairs, 6 sets =30
scenarios per stock)

ICES will for haddock be requested to evaluate the two additional scenarios of Fipge &
1.5*Buigger and Fuarger & 2*Buigger. (2 pairs, rule sets A and A+D = 4 scenarios)

o)

! In addition, for saithe, where the rule in paragraph A1 leads to a TAC that deviates more than 15% up or down
from the preceding year, the change is limited to 15% up or down.

&%
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AUTUMN SPAWNING HERRING

The Strategy consists of the following elements.

Objective

REQUEST TO ICES ON THE LONG-TERM MANAGEMENT STRATEGY FOR NORTH SEA

The Parties agree to manage fishing opportunities on the basis of a fishing pressure that
maximises sustainable yield from the stock, consistent with a precautionary approach.

Long-term yield

When the SSB in the autumn (spawning time) of the TAC year is estimated to
be above [Buigge], yearly TAC will be set as to correspond to a {ishing pressure
at Furge for 2-ringers and older and at 0.05 for 0-1 ringers.

Should the spawning stock (SSB) in the autumn of the TAC year be below
[Buigger], the TAC will be set to correspond to a fishing mortality at
Frarger* SSB/[Buigge] for 2-ringers and older and at 0.05*SSB/[Buigger] for — 0 to 1
ringers.

Long-term yield

When the SSB in the autumn (spawning time) of the TAC year is estimated to
be above [Buigger], yearly TAC will be set as to correspond to a fishing pressure
at Fuarger for 2-ringers and older and at 0.05 for 0-1 ringers.

Should the spawning stock (SSB) in the autumn of the TAC year be below
[Btrigger] but above Blim, the TAC will be set to correspond to a fishing
mortality at Frage*SSB/[Burigger] for 2-ringers and older and at 0.05 for 0-1
ringers.

Should the spawning stock (SSB) in the autumn of the TAC year be below Biim
the TAC will be set to correspond to a fishing mortality at 0.1 for 2 ringers and
older and at (.04 for 0-1 ringers.

Stability

Where the rule in paragraph Al leads to a TAC in the directed fishery that
deviates more than 25% up or 20% down from the preceding year, the change is
limited to 25% up or 20% down.

The TAC given in the directed fishery by paragraph A1 and C1 can be deviated
with up to 10% according to the inter-annual quota flexibility provided for in
paragraphs 1-3 of Annex VII of the Agreed Record of fisheries consultations
between Norway and European Union for 2018 signed in Bergen on 1

al)
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December 2017. (the “banking and borrowing” scheme)

D | Stability

1. | Where the rule in paragraph Al leads to a TAC that deviates more than 25% up
or 20% down from the preceding year, the change is limited to 25% up or 20%
down.

2. | The TAC given by paragraph Al and DI can be deviated with up to 10%
according to the inter-annual quota flexibility provided for in paragraphs 1-3 of
Annex VII of the Agreed Record of fisheries consultations between Norway
and European Union for 2018 signed in Bergen on 1 December 2017. (the
“banking and borrowing” scheme)

E | Stability

1. | Where the rules in paragraphs B1, B2 or B3 leads to a TAC that deviates more
than 25% up or 20% down from the preceding year, the change is limited to
25% up or 20% down.

2. | The TAC given by paragraph B1, B2, B3 and E! can be deviated with up to
10% according to the “banking and borrowing” scheme.

Evaluation

ICES is asked to tabulate the long-term yield, long term SSB, inter annual TAC variability
and risk of SSB falling below Biim for the range of combinations of Birigger and Fiager values

evaluated.

ICES will be requested to estimate the combination of Fiarger and Burigger that maximises yield
given the rules set out in five “sets” defined in the table above. The five sets are A, B, A+C,

A+D and B+D.

ICES will be requested to evaluate the performance of the four sets of rules with
corresponding pairs of Fuurge and Buigger and the additional fishing pressure scenarios of

0.9*Fuarget, Frarget, 1.1 *Flarget, Fumsy tower and Fusy upper. (5 pairs, 5 sets =25scenarios)

o)

7
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Annex 3: Banking and Borrowing Scheme

This text is taken from Annex VII of the Agreed Record of Fisheries Consultations between Nor-
way and the European Union for 2018, signed in Bergen on the 15t of December 2018.

INTER-ANNUAL QUOTA FLEXIBILITY

1. The Inter-annual quota flexibility scheme as described in this Annex is applicable for
the quotas of herring, haddock, saithe, plaice and whiting established in this Agreed
Record.

2. Each Party may transfer to the following year unutilised quantities of up to 10% of the
quota allocated to it. The quantity transferred shall be in addition to the quota allocated to
the Party concerned in the following year. This quantity cannot be transferred further to
the quotas for subsequent years.

3. Each Party may authorise fishing by its vessels of up to 10% beyond the quota
allocated. All quantities fished beyond the allocated quota for one year shall be deducted
from the Party’s quota allocated for the following year.

4. Complete catch statistics and quotas for the previous year should be made available to
the other Party no later than 1 April in the format as set out below. The Delegations
agreed that in order to ensure transparency in the operation of inter-annual quota
flexibility, more detailed information on catch utilisation shall be exchanged.

5. The inter-annual quota flexibility scheme should be terminated if the stock is estimated
to be under the precautionary biomass level (Bpa) and the fishing mortality is estimated to
be above the precautionary mortality level (Fpa) the following year, or if the SSB is
estimated to be below Bp, in two consecutive years,
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Annex 4: Agenda

WKNSMSE: Meeting 1 (19-21 November 2018)

Provisional Agenda
Monday 19 November
Morning (09:30-13:00)
1. Introductions and ToRs
2. EU-Norway Request and Presentation
3. Current guidelines and general practice for conducting MSEs
4. So how are we doing it?
Afternoon (14:00-18:00)
5. Look at individual stocks

a. Autumn-spawning herring (Benoit Berges/Niels Hintzen)
b. Cod (Nicola Walker)

c¢. Haddock (Harriet Cole)

d. Saithe (Jennifer Devine)

e. Whiting (Tanja Miethe)

Presentations to cover input data, assessment and diagnostics, benchmark issues for possible
alternative operating models, modelling recruitment, any other important feature for MSE
Item 11 may be moved here if time to make more room for sub-group work on Tuesday.
Tuesday 20 November
Morning (09:00-13:00)
6. GitHub presentation (Colin Millar)
7. Example MSE (Molly Brooks)
8. FLR MSE framework (Ernesto Jardim)
9. Cod application of FLR framework (Simon Fischer)
10. Banking and borrowing scenarios — how was it done? (David Miller)
Afternoon (14:00-18:00)
11. General themes and specifications of MSE, including
a. Modelling uncertainty
b. Generating data
c.  Modelling recruitment
12. Commence sub-group work
Wednesday 21 November
Morning (09:00-13:00)
13. Continue sub-group work
Afternoon (14:00-16:00)
14. Agree work plan for coming weeks
15. Wrap up
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WKNSMSE: Meeting 2 (26-28 February 2019)
Provisional Agenda

Tuesday 26 February
Morning (09:30-13:00)

1.
2.
3.
4.

Introductions and recap of ToRs

Recap of Work Plan and decisions

WKGMSE2 guideline template and additional request on herring
General outline of report

Afternoon (14:00-18:00)

5.

Look at individual stocks (operating models and results)
a. General plenary for Cod (Nicola Walker/Simon Fischer)

Then we break into two groups, with the first continuing the plenary to discuss the remaining ga-
doids, and the second (Subgroup 2) to discuss autumn-spawning herring. Herring will be brought
back to plenary on Wednesday morning.

Smaller plenary (Subgroup 1)
b. Haddock (Harriet Cole)
c.  Whiting (Tanja Miethe)
d. Saithe (Jennifer Devine)

Subgroup 2
e. Autumn-spawning herring (Benoit Berges/Niels Hintzen)

Presentations to cover the baseline operating model (OM) in detail and the alternative OMs, the
grid-optimisation, and results. Results should cover a comparison of the management strategies for
the baseline OM, and sensitivity of these. Then any results for the alternative OMs, comparing the
performance of each management strategy across the alternative OMs (thus looking at robustness).

Wednesday 27 February
Morning (09:00-13:00)

6.
7.
8.

General Plenary for Autumn-spawning herring
Discussion of what to include in the report
Continue any work needed/start working on report

Afternoon (14:00-18:00)

9.

Continue any work needed/work on report

Thursday 28 February

Morning (09:00-13:00)

10. Progress update on work and report

11. Continue any work needed/work on report
Afternoon (14:00-16:00)

12. Agree conclusions for each stock

13. Continue any work needed/work on report
14. Wrap up

ICES



ICES

WKNSMSE 2019

Annex 5: Template Summaries

A5.1. Cod

Operating Model (OM) conditioning

Biology and Fishery Model (Base Case)

Basis for the Base Case

The Base Case operating model (OM1) corresponds to the ICES stock assessment for cod
(SAM; ICES 2018a).

Recruitment

Segmented regression fitted to recent time period (1998-2017), including estimation of
breakpoint. Modelled stochastically, with resampling smoothed residual frequencies rela-
tive to the spawning stock-recruitment relationship. Autocorrelation not included (not sig-
nificant).

Growth

Resampled from recent 5 years (2013-2017), unsmoothed weights at age, no density de-
pendence (following EqSim settings). Resampling for growth, maturity and natural mor-
tality vectors (within replicate) done by selecting a year at random and taking all vectors
together for this year.

Natural mortality

Resampled from recent 5 years (2013-2017) of smoothed WGSAM estimates (following EqSim set-
tings).

Maturity

Resampled from recent 5 years (2013-2017) smoothed maturity ogives, no density depend-
ence (following EqSim settings).

Fishery selectivity

Resampled F at age over recent 5 years (2013-2017), but separately to growth, natural mor-
tality and maturity (following EqSim settings).

Initial stock numbers

From the stock assessment agreed by ICES for the stock (SAM), including a range of uncer-
tainty defined by the variance-covariance matrix from this assessment.

Technical interactions
(mixed fisheries)

Not included.

Biological interactions

Not included other than implicitly through multi-species Ms in the historical period.

Biology and Fishery Model (alternative dynamics)

|Alternative biology and
fishery scenarios

OM2: same as OM1, but the recruitment period is extended back in time (1988-2017).
OM3: same as OM1, but refits the SAM model under the assumption that there are year-
effects in the IBTS Q1 and IBTS Q3 surveys (so includes observation error correlations for
these surveys.

OM4: same as OM1, but models density-dependent Ms for the projection period (no need
to refit the SAM model because historical multispecies Ms already account for density-de-
pendent Ms).

Observation Model

Simulation of input data
for a stock assessment or
for direct use in a harvest
rule (e.g. for survey-based
harvest rule)

This is a full MSE, where the management procedure includes the ICES assessment and
forecast, so data are generated from the operating model for the projection period and are
added to the already-existing historical data. Therefore, at the start of the projection pe-
riod, the management procedure produces an ICES assessment and forecast that should be
near-identical to the most recent actual ICES assessment and forecast.

Data were generated consistent with the way these data were fitted in the operating
model. This implies that if, for example, the data were fitted assuming age-dependent vari-
ability, or assuming they were correlated across ages, then the data were generated under
these same assumptions.

Input data:
Catch-at-age (lognormal with variance parameters from SAM)

IBTS Q1 and Q3 indices-at-age (lognormal with variance parameters from SAM; note that
for OM3, observation errors for the IBTS Q1 and Q3 surveys include correlation structure,
with variance-covariance parameters from SAM)

273



274

ICES SCIENTIFIC REPORTS 1:12

Weights-at-age, maturity and natural mortality were the means from the selected periods
described above (so the operating model contained the variable re-sampled quantities,
while the estimation model received the means)

Implementation Model

Implementation error

Where included, banking and borrowing is modelled as implementation error. Further-
more, the operating model mean fishing mortality is not allowed to exceed a value of 2, so
when this is breached, it becomes an additional source of implementation error.

Management Procedure

Estimation Model (stock assessment for model-based harvest rules)

If a full assessment is con-
ducted in MSE loop

The estimation model in the management procedure is exactly the same as the assessment
model used by ICES for advice (i.e. identical model configuration).

If a short-cut approach (in-
stead of a full assessment)
is used in the MSE loop

Not applicable.

Harvest rules requiring a
stock assessment followed
by a short-term forecast

The forecast is exactly the same as the forecast used by ICES for advice (i.e. the same code
is used).

In the forecast, recruitment is sampled from historic series (since 1998), and no autumn up-
date with survey data from IBTS Q3 is included. Furthermore, the forecast uses an average
over the 3 most recent years for biological parameters and selectivity (the exception being
an additional year for maturity; see stock annex for this stock).

Decision Model (Harvest rule)

Harvest rule design

The EU-Norway request asks to evaluate very specific management strategies (harvest
control rules with/without stability mechanisms; see Annex 2). The harvest control rules
(A, B, C)) require an input of SSB, as estimated by the ICES assessment and forecast, while
the stability mechanism (D, E) include checks on SSB, but in some cases also include checks
on F (Annex 3).

The harvest control rules define an F dependent on SSB at the start of the TAC year, with a
constant F (=Frarget) when SSB is at or above Btrigger, and an initial linear reduction in F when
SSB is below Buigger. The harvest control rules differ when SSB is below Biim, and one of
them (B) has a discontinuity. Fearget and Brigger are treated as control parameters, and the re-
quests asks for the combination of Frarget and Buigger that maximises long-term yield, while
conforming to the ICES precautionary criterion, risk3<5%.

Harvest rules that include
stabilizers

An asymmetric TAC constraint (+25%, -20%) is applied in combination with baking and
borrowing for some management strategies (A+D, B+E, C+E). TAC constraints are only ap-
plied when SSB at the start of the TAC year is at or above Burigger, but banking and borrow-
ing is applied differently for D compared to E; for the former, it only applies when SSB at
the start of the TAC year is above Buigger, but for the latter, it is applied regardless of SSB,
but with additional safeguarding checks (see paragraph 5 of Annex 3).

Duration of decisions

Annual advice

Conditions for re-evaluat-
ing the MSE in the future

There is no revision clause in the EU-Norway request. This leaves two main situations un-

der which the MSE would be re-evaluated in future:

e If the performance of the stock assessment used to apply the decision rule deteriorates
substantially relative to what was assumed in the MSE

e  If the observed conditions of the stock and/or fishery depart considerably from what
was assumed in the MSE

Running the MSE simulation

Number of replicates (num-
ber of independent realities
simulated in the MSE)

An analysis for cod deemed 1000 replicates to be sufficient.

Projection time (number of
future years included in the
MSE)

This was not indicated by clients, but projecting the MSE forward based on F=0 and based
on the MSY approach showed that a 20-year projection period was sufficient for cod.

Reporting outputs

Search grid (partial) for “optimal” combination of Frarget and Burigger.
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Summary projections for recruitment, SSB, F and catch.

Comparison of “optimised” management strategies against performance statistics for the
baseline OM1.

Sensitivity of each “optimised” management strategies to alternative Fs for the baseline
OMI1.

Robustness of each “optimised” management strategy against the alternative operating
models (OM2, OM3 and OM4).

[“Optimised” means finding the Frarget-Buigger combination that maximises long-term yield
and simultaneously conforms to the ICES precautionary criterion of risk3<5%.]

Reality checks (for different
components of MSE simula-
tion)

F=0 projection performed.

Recruitment generation approach checked against historical recruitment based on the
same SSB.

Summary projections indicated no obvious breaks between past and future dynamics, and
included worm plots of selected replicates.

Observation errors for future data consistent with estimated observation error structure,

assuming the ICES assessment provides a plausible and acceptable model fit.

Reference points

Reference points used in the
MSE

Reference points in the operating model are relevant to the operating model. Since operat-
ing models OM1, OM2 and OM4 use the same model configuration and assumptions as
the ICES assessment for cod, there was no need to re-estimate reference points and the cur-
rent Bim is used in the operating model to calculate P(SSB<Biim). For OM3, which required
SAM to be refitted assuming observation error correlations for the IBTS Q1 and Q3 sur-
veys, Bim was re-estimated, but was very close to the Bim for the other operating models
(108000t for OM3 compared to 107000t for the others).

The reference points used in the management procedure (in the decision model) are the
reference points as used by the ICES assessment working group (according to the most re-
cent benchmark for the stock). In this instance, these reference points are the same in the
operating model and management procedure (i.e. the same Bim is used in both cases), and
only differ for OM3 (here Bim=108000t in the operating model, while Bin=107000t in the

management procedure).

Performance statistics and precautionary criterion

Performance statistics

Clients specifically requested the following performance statistics:

e  Long-term yield

e Long-term SSB

e Interannual TAC variability

e  Risk of SSB falling below Biim

We define short-, medium- and long-term as years 1-5, 6-10 and 11-20 respectively in the
projection period. We define “yield” as catch, and we calculate interannual catch variabil-
ity ICV). We use risk3 for the long-term in order to “optimise” the management strategies
(i.e. search for the Frarget-Buigger combination that maximises long-term yield while simulta-
neously conforming to long-term risk3<5%).

In addition to the above, we calculate realised F in the long-term, and check the number of
times there is non-convergence of the estimation model in the management procedure (any]|
replicates that have non-convergence of the estimation model are removed when calculat-
ing the performance statistics). We also track the number of times F is capped to the value
of 2 in the operating model. Time to recovery above MSY Btrigger is also calculated.

Risk type

risk3, defined as the maximum of the annual P(SS5B<Biim) for over a given period. For the
purpose of “optimising” the management strategy, the long-term (defined as the final 10
years of the projection period) is used.

riskl (average of the annual P(SSB<Blim) for a given period) is also calculated.

Precautionary criterion

risk3<5% over all years included in the management strategy (short-, medium- and long-

terms).
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Experiences and comments

Use of ICES guidelines for {The guidelines for MSE were followed as closely as possible through participation of sev-
IMSE from WKGMSE2 eral scientists from WKNSMSE in the WKGMSE2 meeting, despite the guidelines not being
(ICES 2019a) completed in time for the WKNSMSE series of meetings.




ICES

WKNSMSE 2019

A5.2. Haddock

Operating Model (OM) conditioning

Biology and Fishery Model (Base Case)

Basis for the Base Case

The Base Case operating model (OM1) corresponds to a stock assessment for haddock us-
ing SAM developed from the exploratory SAM stock assessment fit used during WGNSSK
as agreed during the most recent benchmark (ICES 2014).

Recruitment

Segmented regression fitted to recent time period (2000-2017) with freely-estimated break-
point for each replicate. Modelled stochastically, with resampling smoothed residuals rela-
tive to the spawning stock-recruitment relationship.

Growth

Resampled from recent 10 years unsmoothed weights at age, no density dependence (fol-
lowing EqSim settings). Resampling for growth, maturity and natural mortality vectors
(within replicate) done by selecting a year at random and taking all vectors together for this
year.

Natural mortality

Resampled from recent 10 years of smoothed WGSAM estimates, no density dependence (following
EqSim settings).

Maturity

Maturity ogives are knife-edged at age 3 and are fixed over time (following EqSim set-
tings).

Fishery selectivity

Resampled F at age over recent 5 years (this deviates from EqSim settings due to strong
trends in selectivity over the last 10 years).

Initial stock numbers

From the stock assessment for the stock (SAM), including a range of uncertainty defined by
the variance-covariance matrix from this assessment.

Technical interactions
(mixed fisheries)

Not included.

Biological interactions

Not included other than implicitly through multi-species Ms in the historical period.

Biology and Fishery Model (alternative dynamics)

Alternative biology and
fishery scenarios

(OM2: conditioned on the stock assessment for haddock using TSA as agreed at the last
benchmark. Resampling of fishery selectivities is over 10 years (following EqSim assump-
tions as no trend in selectivity is seen from TSA). Initial stock parameters are simulated
from TSA parameter estimates. Estimates of recruits (all years) and n-at-age (1st year) and
their standard errors are used to generate replicates. Time series of each replicate is filled
by simulating forwards with replicates of fishing mortalities. The replicates of fishing mor-
talities at age are generated using the variances in F from transitory effects in the age and
year model components.

(OM3: same as OM1, but “spikes” in recruitment are fixed to occur at semi-regular intervals.

Observation Model

Simulation of input data
for a stock assessment or
for direct use in a harvest
rule (e.g. for survey-based
harvest rule)

This is a full MSE, where the management procedure includes the ICES assessment and
forecast, so data are generated from the operating model for the projection period and are
added to the already-existing historical data. Therefore, at the start of the projection period,
the management procedure produces an ICES assessment and forecast that should be near-
identical to the initial SAM assessment.

Data were generated consistent with the way these data were fitted in the operating model.
This implies that if, for example, the data were fitted assuming age-dependent variability,
or assuming they were correlated across ages, then the data were generated under these
same assumptions.

Input data:
Catch-at-age (lognormal with variance parameters from SAM)
IBTS Q1 and Q3 indices-at-age (lognormal with variance parameters from SAM)

Weights-at-age, maturity and natural mortality were the means from the selected periods
described above (so the operating model contained the variable re-sampled quantities,

'while the estimation model received the means)
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Implementation Model

Implementation error

Where included, banking and borrowing is modelled as implementation error. Further-
more, the operating model mean fishing mortality is not allowed to exceed a value of 2, so
when this is breached, it becomes an additional source of implementation error.

Management Procedure

Estimation Model (stock assessment for model-based harvest rules)

If a full assessment is con-
ducted in MSE loop

The estimation model in the management procedure is not exactly the same as the assess-
ment model used by ICES for advice, although it is used as an exploratory assessment
model to compare to the model used for advice as it gives similar results.

If a short-cut approach
(instead of a full assess-
ment) is used in the MSE
loop

Not applicable.

Harvest rules requiring a
stock assessment followed
by a short-term forecast

[t was not possible to replicate the deterministic fleet-based forecast that is actually used for
the ICES forecast for haddock (MFDP), so the stochastic forecast included with SAM is
used (so no fleet separation). Therefore, total catch (implicitly including human consump-
tion catches and industrial bycatch) is modelled without explicitly accounting for the pro-
portion of industrial bycatch (though this is a very small (<1%) component of the stock.

In the forecast, recruitment is sampled from historic series (since 2000) instead of using the
final year estimate from the assessment model, and no autumn update with survey data
from IBTS Q3 is included. The forecast uses an average over the 3 most recent years for nat-
ural mortality, maturity is knife-edged at age 3 and does not vary over time, future weights
at age are derived through linear modelling of cohort growth, selectivity is assumed to be
the same as the previous year (i.e. final data year).

Decision Model (Harvest rule)

Harvest rule design

The EU-Norway request asks to evaluate very specific management strategies (harvest con-
trol rules with/without stability mechanisms; see Annex 2). The harvest control rules (A, B,
C)) require an input of SSB, as estimated by the ICES assessment and forecast, while the
stability mechanism (D, E) include checks on SSB, but in some cases also include checks on
F (Annex 3).

The harvest control rules define an F dependent on SSB at the start of the TAC year, with a
constant F (=Ftarget) when SSB is at or above Buigger, and an initial linear reduction in F when
SSB is below Buigger. The harvest control rules differ when SSB is below Bim, and one of them
(B) has a discontinuity. Frarget and Buigger are treated as control parameters, and the request
asks for the combination of Frarget and Brrigger that maximises long-term yield, while conform-
ing to the ICES precautionary criterion, P(SSB<Biim)<5%.

Harvest rules that include
stabilizers

An asymmetric TAC constraint (+25%, -20%) is applied in combination with baking and
borrowing for some management strategies (A+D, B+E, C+E). TAC constraints are only ap-
plied when SSB at the start of the TAC year is at or above Brigger, but banking and borrow-
ing is applied differently for D compared to E; for the former, it only applies when SSB at
the start of the TAC year is above Buigger, but for the latter, it is applied regardless of SSB,
but with additional safeguarding checks (see paragraph 5 of Annex 3).

IDuration of decisions

Annual advice

Conditions for re-evaluat-
ing the MSE in the future

There is no revision clause in the EU-Norway request. This leaves two main situations un-

der which the MSE would be re-evaluated in future:

e If the performance of the stock assessment used to apply the decision rule deteriorates
substantially relative to what was assumed in the MSE

e If the observed conditions of the stock and/or fishery depart considerably from what
was assumed in the MSE.

Running the MSE simulation

Number of replicates (num-
ber of independent realities

simulated in the MSE)

This was not investigated for haddock specifically, but following an analysis for cod, 1000
replicates were deemed sufficient.
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Projection time (number of
future years included in the
MSE)

This was not indicated by clients, and was not investigated for haddock specifically, but
following an analysis of cod and whiting, a 20-year projection period was deemed suffi-
cient.

Reporting outputs

Search grid (partial) for “optimal” combination of Frarget and Burigger.

Summary projections for recruitment, SSB, F and catch.

Comparison of “optimised” management strategies against performance statistics for the
baseline OMI1.

Sensitivity of each “optimised” management strategies to alternative Frarget and Brigger values
(the latter for A and A+D only) for the baseline OM1.

Robustness of each “optimised” management strategy against the alternative operating
models (OM2 and OM3).

[“Optimised” means finding the Frarget-Brigger combination that maximises long-term yield
and simultaneously conforms to the ICES precautionary criterion of risk3<5%.]

Reality checks (for different
components of MSE simula-
tion)

Recruitment generation approach checked against historical recruitment based on the same
SSB.

Summary projections indicated no obvious breaks between past and future dynamics, and
included worm plots of selected replicates.

Observation errors for future data consistent with estimated observation error structure,
assuming the SAM assessment (used by ICES as an exploratory alternative to TSA) pro-
vides a plausible and acceptable model fit.

Comparison of stock assessment results from TSA (used for advice but incompatible with
high performance computing) and SAM (used in baseline OM1 and in management proce-
dure) showed similar results indicating that SAM is a viable alternative to using TSA in the
MSE.

Reference points

Reference points used in the
MSE

Reference points in the operating model are relevant to the operating model. A comparison
of stock assessment results from SAM to the results in the 2018 advice sheet for haddock
indicated that they would be similar enough that there was no need to re-estimate reference
points and the current Bim is used in the operating model to calculate P(SSB<Biim).

The reference points used in the management procedure (in the decision model) are the ref-
erence points as used by the ICES assessment working group (according to the most recent
lbenchmark for the stock). In this instance, these reference points are the same in the operat-

ing model and management procedure (i.e. the same Bim is used in both cases).

Performance statistics and precautionary criterion

Performance statistics

Clients specifically requested the following performance statistics:

e  Long-term yield

e Long-term SSB

e Interannual TAC variability

e  Risk of SSB falling below Biim

We define short-, medium- and long-term as years 1-5, 6-10 and 11-20 respectively in the
projection period. We define “yield” as catch, and we calculate interannual catch variability
(ICV). We use risk3 for the long-term in order to “optimise” the management strategies (i.e.
search for the Frarget-Buigger combination that maximises long-term yield while simultane-
ously conforming to long-term risk3<5%).

In addition to the above, we calculate realised F in the long-term, and check the number of
times there is non-convergence of the estimation model in the management procedure (any
replicates that have non-convergence of the estimation model are removed when calculat-
ing the performance statistics). We also track the number of times F is capped to the value
of 2 in the operating model. Time to recovery above MSY Brrigger is also calculated.

Risk type

risk3, defined as the maximum of the annual P(SSB<Biim) for over a given period. For the
purpose of “optimising” the management strategy, the long-term (defined as the final 10
years of the projection period) is used.

risk1 (average of the annual P(SSB<Blim) for a given period) is also calculated.
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Precautionary criterion  [risk3<5% over all years included in the management strategy (short-, medium- and long-
terms).

Experiences and comments

[Use of ICES guidelines for|The guidelines for MSE were followed as closely as possible through participation of sev-
MSE from WKGMSE2 eral scientists from WKNSMSE in the WKGMSE2 meeting, despite the guidelines not being
(ICES 2019a) completed in time for the WKNSMSE series of meetings.
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A5.3. Whiting

Operating Model (OM) conditioning

Biology and Fishery Model (Base Case)

Basis for the Base Case

The Base Case operating model (OM1) corresponds to the ICES stock assessment for whit-
ing (SAM) agreed during the most recent benchmark (ICES 2018c).

Recruitment

Segmented regression fitted to recent time period (1983-2017) with freely-estimated break-
point for each replicate. Modelled stochastically, with resampling smoothed residual fre-
quencies relative to the spawning stock-recruitment relationship, including autocorrelated
error (AR(1)).

Growth

Resampled from recent 10 years unsmoothed weights at age, no density dependence (fol-
lowing EqSim settings). Resampling for growth, maturity and natural mortality vectors
(within replicate) done by selecting a year at random and taking all vectors together for this
year.

Natural mortality

Resampled from recent 10 years of smoothed WGSAM estimates, no density dependence (following
EqSim settings).

Maturity

Resampled from recent 10 years smoothed maturity ogives, no density dependence (follow-
ing EqSim settings).

Fishery selectivity

Resampled F at age over recent 3 years (following EqSim settings).

Initial stock numbers

From the stock assessment agreed by ICES for the stock (SAM), including a range of uncer-
tainty defined by the variance-covariance matrix from this assessment.

Technical interactions
(mixed fisheries)

Not included.

Biological interactions

Not included other than implicitly through multi-species Ms in the historical period.

Biology and Fishery Model (alternative dynamics)

Alternative biology and
fishery scenarios

OM2: same as OM1, but allows for jumps to lower recruitment level, in random periods of
1-4 years duration.

(OM3: same as OM2, but models variability in amount of industrial bycatch that occurs
every year as additional implementation error.

Observation Model

Simulation of input data
for a stock assessment or
for direct use in a harvest
rule (e.g. for survey-based
harvest rule)

This is a full MSE, where the management procedure includes the ICES assessment and
forecast, so data are generated from the operating model for the projection period and are
added to the already-existing historical data. Therefore, at the start of the projection period,
the management procedure produces an ICES assessment and forecast that should be near-
identical to the most recent actual ICES assessment and forecast.

Data were generated consistent with the way these data were fitted in the operating model.
This implies that if, for example, the data were fitted assuming age-dependent variability,
or assuming they were correlated across ages, then the data were generated under these
same assumptions.

Input data:

Catch-at-age (lognormal with variance parameters from SAM)

IBTS Q1 and Q3 indices-at-age (lognormal, but including correlation structure, with vari-
ance-covariance parameters from SAM)

Weights-at-age, maturity and natural mortality were the means from the selected periods
described above (so the operating model contained the variable re-sampled quantities,
while the estimation model received the means)

Implementation Model

Implementation error

Where included, banking and borrowing is modelled as implementation error. Further-
more, the operating model mean fishing mortality is not allowed to exceed a value of 2, so
when this is breached, it becomes an additional source of implementation error. Finally,

(OM3 includes variable industrial bycatch as another source of implementation error.
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Management Procedure

Estimation Model (stock assessment for model-based harvest rules)

If a full assessment is con-
ducted in MSE loop

The estimation model in the management procedure is exactly the same as the assessment
model used by ICES for advice.

If a short-cut approach
(instead of a full assess-
ment) is used in the MSE
loop

Not applicable.

Harvest rules requiring a
stock assessment followed
by a short-term forecast

[t was not possible to replicate the deterministic fleet-based forecast that is actually used for
the ICES forecast for whiting (MFDP), so the stochastic forecast included with SAM is used
(so no fleet separation). Therefore, total catch (implicitly including human consumption
catches and industrial bycatch) is modelled without explicitly accounting for the propor-
tion of industrial bycatch (apart from OM3).

In the forecast, recruitment is sampled from historic series (since 2002) instead of using the
geometric mean (since 2002), and no autumn update with survey data from IBTS Q3 is in-
cluded. Furthermore, the forecast uses an average over the 3 most recent years for biologi-
cal parameters and selectivity.

Decision Model (Harvest rule)

Harvest rule design

The EU-Norway request asks to evaluate very specific management strategies (harvest con-
trol rules with/without stability mechanisms; see Annex 2). The harvest control rules (A, B,
C)) require an input of SSB, as estimated by the ICES assessment and forecast, while the
stability mechanism (D, E) include checks on SSB, but in some cases also include checks on
F (Annex 3).

The harvest control rules define an F dependent on SSB at the start of the TAC year, with a
constant F (=Ftarget) when SSB is at or above Buigger, and an initial linear reduction in F when
SSB is below Buigger. The harvest control rules differ when SSB is below Bim, and one of them
(B) has a discontinuity. Frarget and Buigger are treated as control parameters, and the requests
asks for the combination of Frarget and Brrigger that maximises long-term yield, while conform-
ing to the ICES precautionary criterion, P(SSB<Biim)<5%.

Harvest rules that include
stabilizers

An asymmetric TAC constraint (+25%, -20%) is applied in combination with baking and
borrowing for some management strategies (A+D, B+E, C+E). TAC constraints are only ap-
plied when SSB at the start of the TAC year is at or above Buigger, but banking and borrow-
ing is applied differently for D compared to E; for the former, it only applies when SSB at
the start of the TAC year is above Buigger, but for the latter, it is applied regardless of SSB,
but with additional safeguarding checks (see paragraph 5 of Annex 3).

IDuration of decisions

Annual advice

Conditions for re-evaluat-
ing the MSE in the future

There is no revision clause in the EU-Norway request. This leaves three main situations un-

der which the MSE would be re-evaluated in future:

o If the performance of the stock assessment used to apply the decision rule deteriorates
substantially relative to what was assumed in the MSE

o If the observed conditions of the stock and/or fishery depart considerably from what
was assumed in the MSE

e  Beyond a period of 20 years

The reason for the last point is because there is some indication of non-stationarity for whit-
ing, and long-term performance statistics are therefore dependent, to some extent, on the

length of period modelled.

Running the MSE simulation

Number of replicates (num-
ber of independent realities
simulated in the MSE)

This was not investigated for whiting specifically, but following an analysis for cod, 1000
replicates were deemed sufficient.

Projection time (number of
future years included in the
MSE)

This was not indicated by clients, but projecting the MSE forward based on F=0 showed
that a 20-year projection period was sufficient for whiting.

Reporting outputs

Search grid (partial) for “optimal” combination of Frarget and Burigger.

Summary projections for recruitment, SSB, F and catch.
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Comparison of “optimised” management strategies against performance statistics for the
baseline OMI1.

Sensitivity of each “optimised” management strategies to alternative Fs for the baseline
OML1.

Robustness of each “optimised” management strategy against the alternative operating
models (OM2 and OM3).

[“Optimised” means finding the Frarget-Burigger combination that maximises long-term yield
and simultaneously conforms to the ICES precautionary criterion of risk3<5%.]

Reality checks (for different
components of MSE simula-
tion)

F=0 projection performed.

Recruitment generation approach checked against historical recruitment based on the same
SSB.

Summary projections indicated no obvious breaks between past and future dynamics, and
included worm plots of selected replicates.

Observation errors for future data consistent with estimated observation error structure,
assuming the ICES assessment provides a plausible and acceptable model fit.

Implementation error for industrial bycatch modelled based on past observations of indus-

trial bycatch.

Reference points

Reference points used in the
MSE

Reference points in the operating model are relevant to the operating model. Since all oper-
ating models use the same model configuration and assumptions as the ICES assessment
for whiting, there was no need to re-estimate reference points and the current Bim is used in
the operating model to calculate P(SSB<Biim).

The reference points used in the management procedure (in the decision model) are the ref-
erence points as used by the ICES assessment working group (according to the most recent
lbenchmark for the stock). In this instance, these reference points are the same in the operat-

ing model and management procedure (i.e. the same Bim is used in both cases).

Performance statistics and precautionary criterion

Performance statistics

Clients specifically requested the following performance statistics:

e Long-term yield

e Long-term SSB

e Interannual TAC variability

e  Risk of SSB falling below Biim

We define short-, medium- and long-term as years 1-5, 6-10 and 11-20 respectively in the
projection period. We define “yield” as catch, and we calculate interannual catch variability
(ICV). We use risk3 for the long-term in order to “optimise” the management strategies (i.e.
search for the Frarget-Birigger combination that maximises long-term yield while simultane-
ously conforming to long-term risk3<5%).

In addition to the above, we calculate realised F in the long-term, and check the number of
times there is non-convergence of the estimation model in the management procedure (any
replicates that have non-convergence of the estimation model are removed when calculat-
ing the performance statistics). We also track the number of times F is capped to the value
of 2 in the operating model. Time to recovery above MSY Buigger is also calculated.

Risk type

risk3, defined as the maximum of the annual P(SSB<Biim) for over a given period. For the
purpose of “optimising” the management strategy, the long-term (defined as the final 10
years of the projection period) is used.

riskl (average of the annual P(SSB<Blim) for a given period) is also calculated.

Precautionary criterion

risk3<5% over all years included in the management strategy (short-, medium- and long-

terms).
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Experiences and comments

[Use of ICES guidelines for|The guidelines for MSE were followed as closely as possible through participation of sev-
IMSE from WKGMSE2  |eral scientists from WKNSMSE in the WKGMSE2 meeting, despite the guidelines not being
(ICES 2019a) completed in time for the WKNSMSE series of meetings.
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A5.4. Saithe

Operating Model (OM) conditioning

Biology and Fishery Model

(Base Case)

Basis for the Base Case

The Base Case operating model (OM1) corresponds to the ICES stock assessment for
saithe (SAM) agreed during the most recent inter-benchmark (ICES 2019b).

Recruitment Segmented regression fitted to recent time period (1998-2017), break-point at Biss, where
Bioss is from the time period from 1967. Modelled stochastically, with resampling
smoothed residual frequencies relative to the spawning stock-recruitment relationship.
Autocorrelation in recruitment not included (not significant).

Growth Resampled from recent 10 years unsmoothed weights at age, no density dependence (fol-
lowing EqSim settings). Resampling for growth vectors (within replicate) done by select-
ing a year at random.

Natural mortality Constant (M=0.2)

Maturity Time-invariant maturity-at-age

Fishery selectivity Resampled F at age over recent 5 years (2013-2017, following EqSim settings).

Resampling procedure similar to growth, but they were not coupled.

Initial stock numbers

From the stock assessment agreed by ICES for the stock (SAM), including a range of un-
certainty defined by the variance-covariance matrix from this assessment.

Technical interactions
(mixed fisheries)

Not included.

Biological interactions

Not included.

Biology and Fishery Model

(alternative dynamics)

|Alternative biology and
fishery scenarios

OM2: same as OM1, but assumes M=0.1
OM3: same as OM1, but assumes M=0.3.

Observation Model

Simulation of input data for
a stock assessment or for di-
rect use in a harvest rule
(e.g. for survey-based har-
vest rule)

This is a full MSE, where the management procedure includes the ICES assessment and
forecast, so data are generated from the operating model for the projection period and are
added to the already-existing historical data. Therefore, at the start of the projection pe-
riod, the management procedure produces an ICES assessment and forecast that should
be near-identical to the most recent actual ICES assessment and forecast.

Data were generated consistent with the way these data were fitted in the operating
model. This implies that if, for example, the data were fitted assuming age-dependent
variability, or assuming they were correlated across ages, then the data were generated
under these same assumptions.

Input data:

Catch-at-age (lognormal with variance parameters from SAM)

IBTS Q3 indices-at-age (lognormal, but including correlation structure, with variance-co-
variance parameters from SAM)

Commercial CPUE index (treated as an exploitable biomass index; lognormal with vari-
ance parameter from SAM)

Weights-at-age were the means from the selected periods described above (so the operat-
ing model contained the variable re-sampled quantities, while the estimation model re-
ceived the means)

Implementation Model

Implementation error

Where included, banking and borrowing is modelled as implementation error. Further-
more, the operating model mean fishing mortality is not allowed to exceed a value of 2,

so when this is breached, it becomes an additional source of implementation error.
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Management Procedure

Estimation Model (stock assessment for model-based harvest rules)

If a full assessment is con-
ducted in MSE loop

The estimation model in the management procedure is exactly the same as the assess-
ment model used by ICES for advice (i.e. identical model configuration).

If a short-cut approach (in-
stead of a full assessment) is
used in the MSE loop

Not applicable.

Harvest rules requiring a
stock assessment followed
by a short-term forecast

The forecast is exactly the same as the forecast used by ICES for advice (i.e. the same code
is used).

In the forecast, recruitment is sampled from historic series (since 1998), and no autumn
update with survey data from IBTS Q3 is included. Furthermore, the forecast uses an av-
erage over the 10 most recent years for biological parameters and 5 most recent years for
selectivity (as described in the stock annex for this stock).

Decision Model (Harvest rule)

Harvest rule design

The EU-Norway request asks to evaluate very specific management strategies (harvest
control rules with/without stability mechanisms; see Annex 2). The harvest control rules
(A, B, ©)) require an input of SSB, as estimated by the ICES assessment and forecast,
while the stability mechanism (D, E) include checks on SSB, but in some cases also in-
clude checks on F (Annex 3).

The harvest control rules define an F dependent on SSB at the start of the TAC year, with
a constant F (=Frarget) when SSB is at or above Buigger, and an initial linear reduction in F
'when SSB is below Buigger. The harvest control rules differ when SSB is below Biim, and one
of them (B) has a discontinuity. Frarget and Buigger are treated as control parameters, and the
requests asks for the combination of Frarget and Birigger that maximises long-term yield,
while conforming to the ICES precautionary criterion, P(SSB<Biim)<5%.

Harvest rules that include
stabilizers

An asymmetric TAC constraint (+25%, -20%) is applied in combination with baking and
borrowing for some management strategies (A+D, B+E, C+E). A special case of symmetric
TAC constraints (+15%, -15%) is also tested (A1+D). TAC constraints are only applied
when SSB at the start of the TAC year is at or above Buigger, but banking and borrowing is
applied differently for D compared to E; for the former, it only applies when SSB at the
start of the TAC year is above Buigger, but for the latter, it is applied regardless of SSB, but
with additional safeguarding checks (see paragraph 5 of Annex 3).

IDuration of decisions

Annual advice

Conditions for re-evaluating
the MSE in the future

There is no revision clause in the EU-Norway request. This leaves two main situations
under which the MSE would be re-evaluated in future:

e If the performance of the stock assessment used to apply the decision rule deterio-
rates substantially relative to what was assumed in the MSE

e If the observed conditions of the stock and/or fishery depart considerably from what

was assumed in the MSE

Running the MSE simulation

Number of replicates (number
of independent realities simu-
lated in the MSE)

This was not investigated for saithe specifically, but following an analysis for cod, 1000
replicates was deemed sufficient.

Projection time (number of fu-
ture years included in the
MSE)

This was not indicated by clients, but an analysis for cod, projecting the MSE forward
based on F=0 and under the MSY approach, showed that a 20-year projection period was
sufficient.

Reporting outputs

Search grid (partial) for “optimal” combination of Frarget and Berigger.
Summary projections for recruitment, SSB, F and catch.

Comparison of “optimised” management strategies against performance statistics for the
baseline OMI1.

Sensitivity of each “optimised” management strategies to alternative Fs for the baseline
OM1.

Robustness of each “optimised” management strategy against the alternative operating

models (OM2 and OM3).
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[“Optimised” means finding the Frarget-Buigger combination that maximises long-term yield
and simultaneously conforms to the ICES precautionary criterion of risk3<5%.]

Reality checks (for different
components of MSE simula-
tion)

Recruitment generation approach checked against historical recruitment based on the
same SSB.

Summary projections indicated no obvious breaks between past and future dynamics,
and included worm plots of selected replicates.

Observation errors for future data consistent with estimated observation error structure,
assuming the ICES assessment provides a plausible and acceptable model fit.

Reference points

Reference points used in the
MSE

Reference points in the operating model are relevant to the operating model. Since SAM
is refitted for OM2 and OMS3, reference points used in the operating model to calculate
performance statistics are re-estimated for these two operating models. Whereas
Biim=107297t for OM1, Biim=90094t for OM2, and Bim=133650t for OM3.

The reference points used in the management procedure (in the decision model) are the
reference points as used by the ICES assessment working group (according to the most
recent inter-benchmark for the stock). Therefore, Bim=107297t is used in the management
procedure, regardless of the operating model.

Performance statistics and precautionary criterion

Performance statistics

Clients specifically requested the following performance statistics:

e Long-term yield

e Long-term SSB

e Interannual TAC variability

e  Risk of SSB falling below Biim

We define short-, medium- and long-term as years 1-5, 6-10 and 11-20 respectively in the
projection period. We define “yield” as catch, and we calculate interannual catch variabil-
ity (ICV). We use risk3 for the long-term in order to “optimise” the management strate-
gies (i.e. search for the Fuarget-Burigger combination that maximises long-term yield while sim-
ultaneously conforming to long-term risk3<5%).

In addition to the above, we calculate realised F in the long-term, and check the number
of times there is non-convergence of the estimation model in the management procedure
(any replicates that have non-convergence of the estimation model are removed when
calculating the performance statistics). We also track the number of times F is capped to
the value of 2 in the operating model. Time to recovery above MSY Burigger is also calcu-
lated.

Risk type

risk3, defined as the maximum of the annual P(SSB<Bim) for over a given period. For the
purpose of “optimising” the management strategy, the long-term (defined as the final 10
years of the projection period) is used.

risk1 (average of the annual P(SSB<Blim) for a given period) is also calculated.

Precautionary criterion

risk3<5% over all years included in the management strategy (short-, medium- and long-
terms).

Experiences and comments

Use of ICES guidelines for
MSE from WKGMSE2 (ICES

2019a)

The guidelines for MSE were followed as closely as possible through participation of sev-
eral scientists from WKNSMSE in the WKGMSE2 meeting, despite the guidelines not be-

ing completed in time for the WKNSMSE series of meetings.
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A5.5. Autumn-spawning herring

Operating Model (OM) conditioning

Biology and Fishery Model

(Base Case)

Basis for the Base Case

The Base Case and only operating model corresponds to the ICES stock assessment for
herring (SAM) agreed during the most recent benchmark (ICES 2018d), apart from the
omission of the LAI index (shown to have a small impact on the assessment) for compu-
tational tractability.

Recruitment

A mixture of models (15% segmented regression, 85% Ricker) fitted to recent time period
(2002-2016). Future recruitment modelled stochastically, with residual used to generate
future deviations from a stock-recruit curve (using an ARIMA process to account for
auto-correlation).

Growth

To maintain a degree of correlation over time and between maturity-at-age and weight-
at-age (both in the stock and in the fishery), previously observed vectors are sampled
together (all ages at once) in blocks of up to ten years (2007-2017), similar to the low
productivity phase for the stock, with year ranges shared among these processes. These
blocks of years are glued together until the entire projection period is filled, and are
randomized for each replicate.

Natural mortality

To maintain a certain level of autocorrelation, previously observed natural mortality
vectors (all ages at once) are sampled in blocks up to ten years (2007-2017), similar to the
low productivity phase for the stock, and glued together until the entire projection period
is filled, and are randomised for each replicate. There is no evidence that M and weight-
at-age or maturity-at-age are correlated, and hence M-at-age vectors are drawn separate
from the other biological parameters.

Maturity

See growth above.

Fishery selectivity

Four fleets included (human consumption fleets A and C, and bycatch fleets B and D,
with A and B operating in the North Sea, and C and D in Division 3.a). Selection pattern
obtained from multi-fleet assessment, with future selection patterns assumed to follow an
age-correlated random walk (similar to the design in the assessment). All steps from one
year to the next for the entire time-series follow a normal distribution with mean 0 and
variance estimated based on the covariance of log-transformed F-at-age change (from
year y to year y+1) over the years 2007-2017. To prevent extreme changes, steps outside
the 95% CI of the distribution were excluded.

Initial stock numbers

From the stock assessment agreed by ICES for the stock (SAM; LAl index omitted), in-
cluding a range of uncertainty defined by the variance-covariance matrix from this as-

sessment.
Technical interactions Not included.
(mixed fisheries)
Biological interactions Not included.

Biology and Fishery Model

(alternative dynamics)

Alternative biology and
fishery scenarios

No alternative operating models considered, save for a different implementation of the
transfer from fleet C to fleet A (implementation model).

Observation Model

Simulation of input data for
a stock assessment or for di-
rect use in a harvest rule
(e.g. for survey-based har-
vest rule)

This is a full MSE, where the management procedure includes the ICES assessment and
forecast (excluding the LAI index), so data are generated from the operating model for
the projection period and are added to the already-existing historical data. Therefore, at
the start of the projection period, the management procedure produces an ICES assess-
ment and forecast that should be near-identical to the most recent actual ICES assessment
and forecast.

Data were generated consistent with the way these data were fitted in the operating
model. This implies that if, for example, the data were fitted assuming age-dependent
variability, or assuming they were correlated across ages, then the data were generated
under these same assumptions.
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[nput data:

Catch-at-age (lognormal with variance parameters from SAM)

IBTS Q1 survey providing the IBTSO (late larval) and IBTS1 (age 1) indices
IBTS Q3 survey providing the IBTS Q3 index (ages 1-5)

HERAS survey providing HERAS index (ages 1-8)

Implementation Model

Implementation error

Optimisation of the catches in the A-fleet according to the management strategy is also
conditional on the B-fleet Fo1 target given by the management strategy and the catches
simulated for the C- and D-fleets. This implies implementation error as realised catches
will differ from catches advised by the management strategy due toy catches by the C
and D fleets.

Also, banking and borrowing is modelled as implementation error for specific fleets de-
pending on the scenario:

A+C: banking and borrowing implemented for fleet A only

A+D: banking and borrowing implemented for fleet A and B

B+E: banking and borrowing implemented for fleet A and B

Management Procedure

Estimation Model (stock assessment for model-based harvest rules)

If a full assessment is con-
ducted in MSE loop

The estimation model in the management procedure is exactly the same as the assess-
ment model used by ICES for advice, apart from the exclusion of the LAI index.

If a short-cut approach (in-
stead of a full assessment) is
used in the MSE loop

Not applicable.

Harvest rules requiring a
stock assessment followed
by a short-term forecast

The forecast procedure was very similar, but not identical, to the one actually used.
Whilst during the working groupd the selection patterns for the different fleets are
inferred from a multi-fleet assessment, the MSE uses a age-correlated random walk of
selection patterns (drawn from latest multi-fleet assessment) over years 2007-2017. This
ensures correlation

Decision Model (Harvest rule)

Harvest rule design

The EU-Norway request asks to evaluate very specific management strategies (harvest
control rules with/without stability mechanisms; see Annex 2). The harvest control rules
(A, B) require an input of SSB, as estimated by the ICES assessment and forecast, while
the stability mechanism (C, D, E) include checks on SSB, but in some cases also include
checks on F (Annex 3).

The harvest control rules 2-6 ringers (fleet A) define an F dependent on SSB at the spawn-
ing time of the TAC year, with a constant F (=Ftarger) when SSB is at or above Buigger, and an
initial linear reduction in F when SSB is below Buigger. The harvest control rules differ
when SSB is below Biim, and one of them (HCR B) has a discontinuity. The harvest control
rules for 0-1 ringers (fleet B) differ below Brigger, using a specific target for 0-1 ringers Fo-
1=0.05, with one linearly declining to zero below Buigger, and the other remaining constant
below Buigger, but reducing to a lower constant level below Biim (at Fo-1=0.04). Frarget and Buig-
zer are treated as control parameters, and the requests asks for the combination of Frarget
and Brrigger that maximises long-term yield, while conforming to the ICES precautionary
criterion, P(SSB<Biim)<5%.

Harvest rules that include
stabilizers

An asymmetric TAC constraint (+25%, -20%) is applied in combination with banking and
borrowing for some management strategies (A+C, A+D, B+E). TAC constraints and bank-
ing and borrowing are applied differently for stability mechanisms C and D compared to
E; for the former two, they only apply when SSB at spawning time of the TAC year is
above Buigger, but for the latter, the TAC constraint applies regardless of SSB, while bank-
ing and borrowing applies with additional safeguarding checks on Bpa/Fpa (see paragraph
5 of Annex 3). Stability mechanism C applies to the directed fleet only, while D applies to
both directed and bycatch fleets.

IDuration of decisions

Annual advice
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Conditions for re-evaluating
the MSE in the future

There is no revision clause in the EU-Norway request. This leaves three main situations
under which the MSE would be re-evaluated in future:

e If the performance of the stock assessment used to apply the decision rule deterio-
rates substantially relative to what was assumed in the MSE

e  If the observed conditions of the stock and/or fishery depart considerably from what
was assumed in the MSE

e  Beyond a period of 20 years
The reason for the last point is because there is some indication of non-stationarity for
herring, and long-term performance statistics are therefore dependent, to some extent, on

the length of period modelled.

Running the MSE simulation

Number of replicates (number
of independent realities simu-
lated in the MSE)

Comparison of 2000 versus 1000 replicates (to check effect on estimation of risk3), and
200 versus 1000 replicates; 1000 replicates used for “optimisation” of management strate-
gies, while 200 replicates used for initial grid search.

Projection time (number of fu-
ture years included in the
MSE)

Projection period of 20 years used.

Reporting outputs

Search grid (partial) for “optimal” combination of Frarget and Burigger.

Summary projections for recruitment, SSB, F and catch.

Comparison of “optimised” management strategies against performance statistics for the
baseline OM.

Sensitivity of each “optimised” management strategies to alternative Fs for the baseline
OM, and a sensitivity test for management strategy A+C to check the impact of near-zero
catches for the B and D fleets.

Robustness of the “optimised” management strategy A against an alternative formulation
for transfer of C-fleet TAC to A-fleet catches.

[“Optimised” means finding the Frarget-Birigger combination that maximises long-term yield
and simultaneously conforms to the ICES precautionary criterion of risk3<5%.]

Reality checks (for different
components of MSE simula-
tion)

F=0 projection performed.

Recruitment generation approach checked against historical recruitment.

Summary projections indicated no obvious breaks between past and future dynamics,
and included worm plots of selected replicates.

Observation errors for future data consistent with estimated observation error structure,
assuming the ICES assessment (minus the LAI index) provides a plausible and acceptable
model fit.

Implementation error resulting from fleet allocations checked against historical observa-

tions.

Reference points

Reference points used in the
MSE

Reference points in the operating model are relevant. Since the baseline operating model
uses the same model configuration and assumptions as the ICES assessment and forecast
for herring (apart from omitting the LAI index), there was no need to re-estimate refer-
ence points. Therefore, the current Bim is used in the operating model to calculate
P(SSB<Biim).

The reference points used in the management procedure (in the decision model) are the
reference points as used by the ICES assessment working group (according to the most
recent benchmark for the stock). In this instance, these reference points are the same in
the operating model and management procedure (i.e. the same Biim, Bps, Fpa are used in

both cases).

Performance statistics and precautionary criterion

Performance statistics

Clients specifically requested the following performance statistics:
e Long-term yield
e Long-term SSB

ICES
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e Interannual TAC variability

e  Risk of SSB falling below Biim

We define short-, medium- and long-term as years 1-5, 6-10 and 11-20 respectively in the
projection period. We define “yield” as catch, and we calculate interannual catch variabil-
ity (ICV). We use risk3 for the long-term in order to “optimise” the management strate-
gies (i.e. search for the Frarget-Buigger combination that maximises long-term yield while sim-
ultaneously conforming to long-term risk3<5%).

In addition, we checked the number of times there is non-convergence of the estimation
model in the management procedure. There were no instances of non-convergence.

Risk type

risk3, defined as the maximum of the annual P(SSB<Biim) for over a given period. For the
purpose of “optimising” the management strategy, the long-term (defined as the final 10
years of the projection period) is used.

risk1 (average of the annual P(SSB<Biim) for a given period) is also calculated, and was
used during the initial stage of the grid search,

Precautionary criterion

risk3<5% over all years included in the management strategy (short-, medium- and long-
terms).

Experiences and comments

[Use of ICES guidelines for
MSE from WKGMSE2 (ICES

2019a)

The guidelines for MSE were followed as closely as possible through participation of sev-
eral scientists from WKNSMSE in the WKGMSE2 meeting, despite the guidelines not be-
ing completed in time for the WKNSMSE series of meetings.
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Annex 6: Reviewers’ report

Review of the Workshop on North Sea Stocks Management Strategy Evaluation
(WKNSMSE)
Matt Dunn? and Carryn de Moor?
March 2019

Carryn de Moor and Matthew Dunn acted as the external reviewers for the Workshop on North
Sea Stocks Management Strategy Evaluation (WKNSMSE). This review covers the technical as-
pects of the Management Strategy Evaluations (MSEs) carried out on North Sea cod (Gadus
morhua), haddock (Melanogrammus aeglefinus), saithe (Pollachius virens), whiting (Merlangius mer-
langus) and autumn-spawning herring (Clupea harengus), in response to an EU-Norway special
request to evaluate alternative Management Strategies (MS). The review included attendance at
the 274 workshop that took place from 26-28™ February 2019 at the ICES Headquarters, as well
as attendance at prior webex meetings, and access to working documents. Comments provided
here are based on these meetings and the draft report of WKINSMSE available on 20t March 2019,
which covered general aspects as well as the detailed methods and results for cod, saithe and
whiting. The draft report section of herring, available on 29t March 2019, was also considered.
The haddock section of the report was not completed in time for this review. This report reflects
solely the views of the external reviewers.

The work undertaken was generally of a very high standard, and all participants are congratu-
lated on undertaking these MSEs in a relatively short time period. Additionally, it appeared that
there was some benefit from having similar MSs evaluated simultaneously for multiple species:
it ensured some consistency in the implementation of the MSEs and analysists appeared to ben-
efit from each other’s help and advice when facing similar obstacles, this particularly so in cases
where the same computing tools were used across stocks.

The interpretation of the request appeared appropriate as was the choice of performance statis-
tics, such as interannual catch variability rather than interannual TAC variability.

An MSE consists of two primary components: the Operating Model (OM) and the Management
Procedure (MP). In order to most accurately mimic the decision-making process within ICES,
which involves Working Groups undertaking annual assessments to provide estimates of
Spawning Stock Biomass (SSB) for use in Harvest Control Rules (HCRs), the MPs simulation
tested during these MSEs were assessment-based rather than empirical MPs. The estimators
used were SAM, which is either the assessment method currently used by the WGs concerned,
or a close approximation thereof. This facilitates a good simulation of the future expected actual
decision-making process under each alternative Management Strategy evaluated. For a particu-
lar species, the same estimator was correctly used for all alternative OMs, all alternative HCRs,
and all simulations.

The OM is a means to model the underlying reality of the managed system, and alternative OMs
facilitate the capturing of uncertainty about the true dynamics of the resource. The OM need not
be the same as the estimator which is designed to mimic the Working Group’s assessment. Thus
the “short-cut’ method previously employed by some MSEs within ICES would fail to accurately
mimic the WG’s assessment if SSBs were generated directly from the OM in cases where the OMs
differ from the estimator. While MSEs can facilitate the simulation testing of alternative MSs
under a wide range of uncertainties, practical time constraints commonly constrain the range of
uncertainties (OMs) considered during an MSE. In these MSEs, the analysists selected a baseline

2 National Institute of Water & Atmospheric Research (NIWA), Wellington, New Zealand

3 Marine Resource Assessment and Management (MARAM) Group, University of Cape Town, South Africa
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OM based on the most recent benchmark or inter-benchmark assessment. In doing so, the ana-
lysts ensured their baseline OMs represented the most recently accepted evaluation of the as-
sessed species. This decision also facilitated a quicker start to the process as the assessment was
already available and conditioned on historical data (a potentially time-consuming step to un-
dertake). The optimisation of each MS was conducted based on this baseline OM only. Para-
metric uncertainty was incorporated by re-sampling OM parameters using the variance-covari-
ance matrix.

How uncertainties were incorporated differed slightly between species (Table 1). Resampling
recent data, e.g., from within the last 10 years, was consistent with the approach used in the
assessments to estimate reference points. However, some stocks have demonstrated substantial
temporal changes and trends in biological parameters, and more historical observations do not
fall within the range considered in the OMs (examples are large historical YCS in haddock, lower
maturity-at-age in cod and whiting, higher weights-at-age for whiting). For example, the ma-
turity-at-age for age 3 cod, which has recently dominated the SSB along with age 4, has decreased
over the last decade, and if this trend were to continue in future years the maturity-at-age would
decline below the range considered in the OM. There were also trends in some fishery parame-
ters, for example for saithe, where selectivity was resampled from a shorter period than the bio-
logical parameters, “because of clear declines in selectivity for age 4”. As a result, the results of
the MSE should be recognised as plausible only within the range of recent stock dynamics. If the
stock dynamics move outside of the OM range, then the MSE should be revised. Time permitting,
simulations could check the robustness of the selected Management Strategy to changes in these
parameters back to pre-2000 values. Integration of the stock assessment and MSE working
groups may help such issues to be identified and incorporated into advice.
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Table 1: Summary of settings used for MSEs. Year ranges shown are those from which parameters were resampled. Se-
lectivity was resampled separately from the biological parameters. Recruitment was resampled as residuals from a
smoothed stock-recruit relationship, except for herring.

Cod Haddock Whiting Saithe Herring
Fish weight, 2013-2017 | Weight and M Resampled weights, and | Weights 2008-2017; resampled
maturity, and 2008-2017. Ma- smoothed maturity and | 2008-2017. | in blocks of years.
natural mor- turity fixed. M, from 2008-2017. Maturity
tality (M) and M

fixed.
Recruitment 1998-2017 | 2000-2017 1983-2017 with autocor- | 1998-2017 | 2002-2016
relation.
Selectivity 2013-2017 | 2008-2017 2015-2017 2013-2017 | 2008-2017 resampled
in blocks of years.

Alternative OM2: Re- | OM2: OM2: OM2: None regarding the
OMs cruitment | Random peak re- | Including occasional pe- | Lower M | population dynamics.

from 1988- | cruitments in the | riods of low recruit- =0.1. One alternative OM

2017. future based on ment. OM3: considered imple-

OM3: 2005, 2009, 2014. OM3: Higher mentation uncer-

Year ef- * Including occasional pe- | M=0.3 tainty of C-fleet

fects in riods of low recruitment catches.

surveys. and additional IBC im-

OM4: plementation error.

Density

dependent

M.

* In the revised haddock MSE, OM2 will use TSA for the operating model (which will be SAM in
OM1), and OM2 listed here will become OM3.

Key uncertainties were considered via robustness tests using alternative OMs (Table 1). These
were selected by the analysts involved with each stock, given their opinion of the uncertainties
most pertinent. While there is scope for further uncertainties to be considered (such as stock
structure, some time-varying or trending parameters), we consider this method sufficient, par-
ticularly considering the time, computing and personnel constraints of this project. However,
unfortunately no structural uncertainties were tested for herring.

The 5% level of acceptable risk was determined based on a particular (implicit) level of uncer-
tainty. The more uncertainty that is included, the greater the risk. Whilst major uncertainties
were included in the current MSEs, we would recommend that future research evaluate whether
any further uncertainties substantially change risk and therefore should be included when de-
termining the acceptable level of risk for a stock (e.g., M-at-age estimates from the Working
Group on Multi Species Stock Assessment Methods do not include uncertainty). Alternatively,
the issue of additional uncertainty not considered when setting the risk threshold of 5% might
be encompassed by presenting results for a higher risk threshold (e.g., 10%).

Results showed that for management strategy A, risk3 had likely stabilised for cod and saithe.
For whiting, risk3 continued to decrease with time. This trend would not be concerning in a
precautionary sense, but if longer projections were run it might have been possible to select HCR
parameters that allowed for a higher average catch while still satisfying risk3<5%. For some
herring models, however, risk3 apparently continued to increase with time (Figure 2.5 for MS
A). This would be concerning should the MS be in place for an extended period. However,
Figure 7.3.2.1, also for MS A, does not indicate a decrease in the projected SSB 5%ile which would
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be expected were risk3 for MS A increasing. The text does not explain this apparent contradic-
tion.

Given the wide range of dynamics that have been observed in long-term monitoring of these
stocks, it would be wise to include a ‘get-out clause’, i.e., a recognition of “Exceptional Circum-
stances”, which would allow the analyses to be revised should reality prove to be very different
from the range of uncertainty considered when the MS was simulation tested (Rademeyer et al.
2008, Punt et al. 2016). Examples would include invoking the ‘get out clause’ if a future survey
observation is outside the 95% CI of what was generated during simulation testing of the Man-
agement Strategy.

We note that the Management Strategies requested could result in discontinuous Harvest Con-
trol Rules, depending on the final selected Buigger and Frarget values. Discontinuities in HCRs can
be potentially problematic, giving rise to arguments about the best estimate of, in this case, the
SSB, given the substantial impact on the resultant quota. One case of discontinuity is demon-
strated for HCR B in Figure 2.1 of the report, where the level of F used to calculate the catch quota
could decrease substantially for only a minor decrease in SSB if it is near to Bim. A more discon-
certing discontinuity can arise if the selected Buigger is more than 4 times greater than Bim (Figure
1).

HCRs

Foo el

target

VaF

target

B

Figure 1. Harvest Control Rule B for cod, haddock, whiting and saithe where Byigger>4XBiim, indicating the F can be lower
when SSB>Bj, than it is once SSB<B;,. The same shape would arise for Harvest Control Rule B for herring 2+ ringers if
0-1XBtrigger>FtargetXBlim-

Validation checks were carried out to ensure future dynamics were consistent with that of the
past, e.g. where parameters were randomly drawn from recent years, and particularly, that the
generation of future recruitment would be consistent with that in the past time period selected
given the same historical spawning biomass.

The decision to simulation tests the MS’s for cod, saithe and whiting with 1000 different repli-
cates and 20 years projection was based on a study undertaken only on cod. A separate similar
study was undertaken for herring. Ideally such a study should be undertaken separately for each

trigger SS B
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species as, for example, fish life span and recovery time can differ widely between species. How-
ever, it is understood that time constraints limited such analyses, and all five MSEs thus used
1000 replicates with 20 years projection.

In all cases the HCR was simulated to produce a total catch allowance. For example, the HCR
calculated catch for haddock was assumed to cover directed catches as well as industrial bycatch,
discards and below minimum size fish. For some species, this total catch allowance was assumed
to cover any directed catches as well as bycatches. It is recommended that this always be clearly
communicated (e.g. as in the whiting section 5.3) so that managers do not mistakenly assume the
HCR calculated catch is for directed catch only, and then allow further bycatch over and above
that limit (thereby potentially increasing the risk to the resource from that which was simulation
tested).

We list further notable stock-specific comments here:

e Many of the biological parameters are drawn randomly from the most recent 10 year period
for use in whiting projections. It appears strange, therefore that a 3 year period, rather than
a 10 year period was used for selectivity. Unless there are compelling circumstances, one
would expect the same time period to be used for all biological parameters. However, the
impact of this may be small, impacting primarily the age 5 and to a lesser extent age 6 fish
(Figure 5.1.19), and this is consistent with what the WG chose to use in their calculation of
reference points for whiting.

e Asingle selectivity curve is used for combined directed catch and industrial bycatch of whit-
ing. However, we understand IBC contains mostly small fish representing a very different
selectivity pattern to that of the directed fishery. It is recommended that future OMs estimate
separate selectivity curves for the two different sets of landings. This would better facilitate
the testing of variable IBC levels as the changing proportions of IBC would be applied to a
different selectivity pattern.

e The conclusion section for saithe notes that “the functional form of [Management Strategy]
B is inherently more conservative than A”. Note that B is only more conservative than A for
a limited range below Biim; once SSB falls below 0.25Buigger HCR A gives lower F values than
HCRB and C.

e The decision to exclude the LAI index from the set of data to which the herring models were
conditioned appears justifiable.

e The sections on whiting, cod and saithe provide comparative plots (For example, Figure
3.1.10) between the range of historically estimated recruitments given SSB, and the corre-
sponding recruitments that would be generated using their projection framework, should
the exact same SSBs arise. This enables an easy check if the method to generate future re-
cruitments will span the same range as that observed historically. The section on herring
does not include such a plot making it difficult to perform such a check. Figure 7.3.2.1 indi-
cates the future range of SSB is likely to be lower than that between 2002 — 2016. Figure
7.1.3.3 indicates future recruitment residuals will be higher than that estimated between 2002
and 2016. The residuals should span a similar range to that estimated historically. Further-
more, Figure 7.1.3.2 appears to indicate that the range of SSB over which the segmented re-
gression curve is applied is lower than that over which the Ricker curve is applied. This latter
concern may be an artefact of the method of plotting, but as future recruitments are gener-
ated randomly from both methods (with more recruitment generated using the Ricker
curve), one would expect a similar SSB range for both.

e Figure 7.1.4.5 of the herring section shows changes over time in selectivity for each age sep-
arately. It would be useful to see the changes in the selectivity-at-age patterns over time, i.e.
a plot with age on the x-axis, selectivity on the y-axis and different curves indicating the
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different years. This was requested by the reviewers, but not provided in time for review.
Future selection patterns are assumed to follow an age-correlated random walk based on
that estimated between 2007 and 2017 (section 7.1.4), but the appropriateness of that choice
cannot be reviewed by considering Figure 7.1.4.5 alone.

Summary

The reviewers agreed that the MSEs conducted for cod, whiting, and saithe were well-conducted
and an acceptable compromise between an ideal MSE analysis, and what could be achieved in
the available time. In most cases, reasonable technical decisions were made. Our most substantial
recommendation is that further OMs should be considered (for example, two initially intended
robustness tests for saithe could not be completed in the time given). In addition, and given this
recommendation, ‘get-out’ clauses in the implementation of the HCR are recommended. The
MSE conducted for herring was revised after the February meeting, and ultimately not as thor-
oughly implemented. The MSE conducted for haddock encountered problems, associated with
the use of different assessment software for the OM and the estimator, and these analyses are
being revised. Overall, we agree that the analyses and results were acceptable for answering the
request, subject to the qualifications described above.
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Appendix to Reviewers Report

There was substantial discussion during the 2nd workshop with regards to whether or not his-
torical data should be treated as unchanged during future simulations. The herring MSE was
ultimately revised to be consistent with the approach used for the other stocks. Nevertheless, the
issues underlying the discussion are described here. The herring simulations initially changed
the time series of historically observed data provided to the Management Procedure’s estimator
(SAM) between simulations during projections.

When conducting an MSE, the following method is considered best-practice:
1) A single OM is conditioned to a single set of historical data, say D200 to D2017.

2) Parametric uncertainty is incorporated into the projections through the use of, for example,
the variance-covariance matrix or Bayesian posterior distributions. For each simulation 7,
then, there will be one set of parameter values. These =1 to 1000 sets of parameter values
have, however, all resulted from conditioning the model to one set of historical data and
then taking the estimated parameter uncertainty into account.

3) When projecting into the future, future “data” are generated from the OM. Thus, in a model
projecting to 2020, the full time series of data available during simulation i would be D200 to
D201z and D2o1s to D202, Each simulation will thus differ in the future data it provides to the
estimator (this in part based on the feedback mechanisms), but the historical data remain
unchanged.

4) Another way of explaining this is that the MSE is designed to test a particular Management
Procedure, which in the case of ICES, includes assessment-based Management Procedures.
The estimator of the MP should thus mimic the annual assessment conducted by the WG as
far as possible. This is because it is these assessments which will provide the estimate of
spawning stock biomass to go into the HCR formula. The WGs in future years are expected
to continue to fit their assessments to the unchanged historically observed data, and any
future data (2018+) they receive.

5) Alternative OMs can be conditioned to alternative plausible sets of historical data, and the
OMs can either be combined (each OM would be assigned a relative weight) to form a refer-
ence set of OMs, or alternative OMs used as robustness tests (as done for e.g. cod with time
varying catchability)

In summary, a MP can be tested against multiple OMs. But when simulation testing a particular
MP against a particular OM, the historical data (D20 to D2017) should remain the same for all
simulations (=1 to 1000).

In the initial MSE for herring, after steps (1) and (2) above, the analysts additionally generated a
new set of historical data (e.g. D200 to D2017) corresponding to each of their draws from the vari-
ance covariance matrix. They did not condition the parameters i to historical data i. Thus, the
method outlined in (5) above was not followed, where uncertainty in historical data is considered
via alternative OMs. In simulation testing of a particular MS against their OM, this historical data
changed between simulations. We would typically expect the WG’s assessment in the first year
of simulation, e.g. 2018, to be very close to that simulated, given they would only differ by one
year of data (that which is generated in 2018). However, in the case of herring, the estimator in
2018 in the initial MSE varied widely, because the input data varied widely from the data the
assessment WG would use.
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A key part of MSE is the ability to incorporate uncertainty, and this should be done via the OMs.
One cannot alter what the estimator is based upon for simulations from a single OM. For one set
of simulations (e.g., i = 1-1000) of one Management Procedure (estimator + HCR) on one OM, the
MP, and thus the estimator, cannot change. An example of the result of failing to pre-define the
estimator and its data in a MSE was the International Whaling Commission’s New Management
Procedure, which needed to be replaced by the Revised Management Procedure to ensure the
HCR, estimator and data input were all pre-defined as part of the Management Strategy (Butter-
worth 2007).
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Annex 7: Additional Results for cod
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Figure A7.1.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Grid search for “optimal” combination of Frarget and

Buigger for management strategy A for the short-term (i.e. first five years of the 20-year projection). The top-left plot is

median short-term catch, top-right the short-term risk3, bottom left the median short-term inter-annual catch varia-

bility and bottom right the median short-term SSB. No combinations meet the precautionary criterion (risk3<5%) and

hence no “optimum” is found.
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Management strategy B
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Figure A7.1.2. Cod in Subarea 4, Division 7.d and Subdivision 20: Grid search for “optimal” combination of Frarget and
Bigger for management strategy B for the short-term (i.e. first five years of the 20-year projection). See caption to Figure

A7.1.1 for further details.
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Figure A7.1.4. Cod in Subarea 4, Division 7.d and Subdivision 20: Grid search for “optimal” combination of Frarget and
Btigger for management strategy A+D for the short-term (i.e. first five years of the 20-year projection). See caption to

Figure A7.1.1 for further details.
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Figure A7.1.1 for further details.
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A7.2. Summary projection plots for OM2 (recruitment 1988+)
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Figure A7.2.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM2 with F=0. Top plot
is recruitment (age 1), second plot SSB, third plot catch and bottom plot mean F (ages 2-4). The vertical black line
separates the historical period from the projection period. The SSB plot includes Bpa=MSY Btrigger (horizontal solid
line) and Biim (horizontal hashed line), while the mean F plot includes Fmsy (horizontal solid line) and Fiim (horizontal
dashed line). The actual plots show medians (solid black line) with the darker shaded area indicating the 25% and

75t percentiles, and the light shaded area the 5t and 95t percentiles. The coloured lines indicate the first five repli-
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OM2, Management strategy A
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Figure A7.2.2. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM2 with management
strategy A. See the caption to Figure A7.2.1 for further details.
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Figure A7.2.3. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM2 with management
strategy B. See the caption to Figure A7.2.1 for further details.
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OM2, Management strateqy C
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Figure A7.2.4. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM2 with management
strategy C. See the caption to Figure A7.2.1 for further details.
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Figure A7.2.5. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM2 with management
strategy A+D. See the caption to Figure A7.2.1 for further details.
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OM2, Management strategy B+E
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Figure A7.2.6. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM2 with management
strategy B+E. See the caption to Figure A7.2.1 for further details.
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Figure A7.2.7. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM2 with management
strategy C+E. See the caption to Figure A7.2.1 for further details.
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A7.3. Summary projection plots for OM3 (year-effects in IBTS
surveys)

[Note, for OM3, the Bim used in the OM and for performance statistics is re-calculated, and is
108 000 t instead of 107 000 t; the Bim in the MP remains at 107 000 t (Table 2.1)]
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Figure A7.3.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM3 with F=0. See the
caption to Figure A7.2.1 for further details.
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OM3, Management strategy A
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Figure A7.3.2. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM3 with management
strategy A. See the caption to Figure A7.2.1 for further details.
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Figure A7.3.3. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM3 with management
strategy B. See the caption to Figure A7.2.1 for further details.
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OM3, Management strategy C
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Figure A7.3.4. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM3 with management
strategy C. See the caption to Figure A7.2.1 for further details.
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Figure A7.3.5. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM3 with management
strategy A+D. See the caption to Figure A7.2.1 for further details.
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OM3, Management strategy B+E
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Figure A7.3.6. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM3 with management

strategy B+E. See the caption to Figure A7.2.1 for further details.
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Figure A7.3.7. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM3 with management

strategy C+E. See the caption to Figure A7.2.1 for further details.
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A7.4. Summary projection plots for OM4 (density-dependent
Ms)
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Figure A7.4.1. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM4 with F=0. See the
caption to Figure A7.2.1 for further details.
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Figure A7.4.2. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM4 with management
strategy A. See the caption to Figure A7.2.1 for further details.
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OM4, Management strategy A+D
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Figure A7.4.5. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM4 with management
strategy A+D. See the caption to Figure A7.2.1 for further details.

(¢-Z sabe) §

1980

OM4, Management strategy B+E

3e+06

2e+06

1e+06

0e+00

3e+05

Figure A7.4.6. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM4 with management

2000
year

2020

2040

[ooo4] 93

hlgss

1) uzied

(¢-Z sabe) §

1980

2000
year

strategy B+E. See the caption to Figure A7.2.1 for further details.

2040

ICES



ICES

WKNSMSE 2019

OM4, Management strategy C+E

1e+06
\
il

2e+06

J'N//I;‘ A
= LAY WL MA_

[o001]) 93y

e AU A e e B

Mass

[ yaren

(t-z safie) 4

0.00

1960 1980 2000 2020 2040

Figure A7.4.7. Cod in Subarea 4, Division 7.d and Subdivision 20: Summary projections for OM4 with management
strategy C+E. See the caption to Figure A7.2.1 for further details.

A7.5. More detailed results for baseline OM1

Table 7.5.1. Cod in Subarea 4, Division 7.d and Subdivision 20: “optimal” combinations of Firget and Byrigger for the
baseline OM and nine management strategies, F=0 indicates no fishing and A* uses MSY values (Fiarget = Fmsy and Byigger =
MSY Buigger. Also reported are the median values for catch, SSB, realized mean F (ages 2-4), interannual catch variability
(ICV), interannual TAC variability (ITV), risk3, and risk1. Statistics are reported for three time periods, short-term (first
five years), medium-term (years 6-10) and long-term (final 10 years). Other statistics reported include the number of
replicates where the estimation model (SAM) failed to converge, the number of replicates where Fpax (Fmax =2) was
reached, the proportion of replicates that recover above B,,=MSY Byigeer and the number of years taken to recover above
Bpa=MSY Birigger for the first time. Weights are in tonnes.

Scenario F=0 A* A*+D A B C A+D B+E C+E
Frgt 0 0.31 0.31 0.38 0.38 0.38 0.40 0.36 0.36
Birigger 150000 150000 170000 160000 170000 190000 130000 140000
long-term median catch 0 52610 51880 54597 54790 54597 52532 52728 52440
long-term median SSB 701275 195959 195477 167536 165561 167536 167587 168381 168157

0.311 0.305 0.362 0.370 0.362 0.351 0.356 0.353
0.113 0.315 0.171 0.166 0.171 0.260 0.329 0.318
0.113 0.126 0.171 0.166 0.171 0.209 0.148 0.148
0.011 0.011 0.036 0.04 0.036 0.038 0.046 0.049
0.007 0.007 0.030 0.036 0.030 0.031 0.036 0.036
medium-term median catch 52778 54678 54538 54511 54538 52372 55593 55503
medium-term median SSB 541240 196723 198034 166656 165212 166656 166935 171711 171516
0.312 0.321 0.368 0.372 0.368 0.357 0.374 0.372
0.113 0.335 0.164 0.161 0.164 0.253 0.350 0.345
0.113 0.123 0.164 0.161 0.164 0.210 0.141 0.138
0.010 0.008 0.039 0.043 0.039 0.044 0.040 0.042
0.007 0.006 0.032 0.037 0.032 0.035 0.030 0.030
39294 37344 41474 43681 41474 40426 41126 39725

long-term realized mean F
long-term ICV

long-term ITV

long-term risk3

long-term risk1

o O O O © O

medium-term realized mean F
medium-term ICV
medium-term ITV
medium-term risk3

medium-term risk1

o O O O © O

short-term median catch
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Scenario F=0 A* A*+D A B C A+D B+E C+E
short-term median SSB 245098 170544 170092 163969 164684 163969 165455 158558 157559
short-term realized mean F 0 0.254 0.240 0.286 0.299 0.286 0.274 0.296 0.284
short-term ICV 0 0.305 0.384 0.324 0.392 0.324 0.407 0.323 0.349
short-term ITV 0 0.305 0.304 0.324 0.392 0.324 0.359 0.300 0.273
short-term risk3 0.185 0.185 0.185 0.185 0.185 0.185 0.185 0.185 0.185
short-term risk1 0.038 0.054 0.055 0.059 0.058 0.059 0.057 0.072 0.073
convergence failure 0 0 0 0 0 0 0 0
Fmax reached 0 0 0 0 0 0 0 0 0
recovery proportion 1 0.998 0.998 0.995 0.995 0.995 0.997 0.996 0.994
median recovery time 2 2 2 2 2 2 2 3 3

Table A7.5.2. Cod in Subarea 4, Division 7.d and Subdivision 20: sensitivity of performance statistics for the “optimised”
six management strategies. Statistics are reported for three time periods, short-term (first five years), medium-term
(years 6-10) and long-term (final 10 years). Other statistics reported include the number of replicates where the estima-
tion model (SAM) failed to converge, the number of replicates where Fmax (Fmax =2) was reached, the proportion of
replicates that recover above Bpa=MSY Btrigger and the number of years taken to recover above Bpa=MSY Btrigger for

the first time. Weights are in tonnes.

Optlm,l sed Performance statistic FMsY lower Fugt ¥ 0.9 Fugt Fugt * 1.1 FMSY upper
scenario

A Ftrgt 0.198 0.342 0.38 0.418 0.46
A Btrigger 170000 170000 170000 170000 170000
A long-term median catch 48032 54026 54597 53922 52829
A long-term median SSB 292228 181946 167536 156606 146779
A long-term realized mean F 0.2 0.335 0.362 0.385 0.405
A long-term ICV 0.088 0.142 0.171 0.202 0.238
A long-term ITV 0.088 0.142 0.171 0.202 0.238
A long-term risk3 0 0.018 0.036 0.07 0.117
A long-term risk1 0 0.014 0.03 0.061 0.109
A medium-term median catch 46276 54059 54538 53503 51873
A medium-term median SSB 279227 182680 166656 154419 143116
A medium-term realized mean F 0.197 0.338 0.368 0.389 0.406
A medium-term ICV 0.091 0.137 0.164 0.193 0.229
A medium-term ITV 0.091 0.137 0.164 0.193 0.229
A medium-term risk3 0 0.014 0.039 0.083 0.158
A medium-term risk1 0 0.012 0.032 0.068 0.122
A short-term median catch 30758 40340 41474 42634 43620
A short-term median SSB 197709 170375 163969 158050 151642
A short-term realized mean F 0.162 0.263 0.286 0.309 0.333
A short-term ICV 0.349 0.334 0.324 0.313 0.304
A short-term ITV 0.349 0.334 0.324 0.313 0.304
A short-term risk3 0.185 0.185 0.185 0.185 0.185
A short-term risk1 0.043 0.054 0.059 0.068 0.083
A convergence failure 0 0 0 0 0
A Fmax reached 0 0 0 0 0
A recovery proportion 1 0.998 0.995 0.99 0.982
A median recovery time 2 2 2 2 3
B Ftrgt 0.198 0.342 0.38 0.418 0.46
B Btrigger 160000 160000 160000 160000 160000
B long-term median catch 48052 53760 54790 55489 55832
B long-term median SSB 292134 179994 165561 154982 146219
B long-term realized mean F 0.2 0.339 0.37 0.397 0.426
B long-term ICV 0.088 0.136 0.166 0.205 0.258
B long-term ITV 0.088 0.136 0.166 0.205 0.258
B long-term risk3 0 0.023 0.04 0.076 0.153
B long-term risk1 0 0.018 0.036 0.069 0.118
B medium-term median catch 46241 53785 54511 54858 53964
B medium-term median SSB 279215 181658 165212 152679 142656
B medium-term realized mean F 0.197 0.34 0.372 0.399 0.424
B medium-term ICV 0.091 0.134 0.161 0.197 0.242
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Optlm,l sed Performance statistic FMsY lower Fugt * 0.9 Furgt Fugt * 1.1 FMSsY upper
scenario

B medium-term ITV 0.091 0.134 0.161 0.197 0.242
B medium-term risk3 0 0.016 0.043 0.092 0.176
B medium-term risk1 0 0.015 0.037 0.075 0.128
B short-term median catch 30930 42033 43681 45107 46000
B short-term median SSB 197452 170700 164684 158565 152271
B short-term realized mean F 0.163 0.271 0.299 0.326 0.353
B short-term ICV 0.443 0.416 0.392 0.349 0.296
B short-term ITV 0.443 0.416 0.392 0.349 0.296
B short-term risk3 0.185 0.185 0.185 0.185 0.185
B short-term risk1 0.044 0.054 0.058 0.069 0.083
B convergence failure 0 0 0 0 0
B Fmax reached 0 0 0 0 0
B recovery proportion 1 0.998 0.995 0.993 0.987
B median recovery time 2 2 2 3 3
C Ftrgt 0.198 0.342 0.38 0.418 0.46
C Btrigger 170000 170000 170000 170000 170000
C long-term median catch 48032 54026 54597 53922 52829
C long-term median SSB 292228 181946 167536 156606 146779
C long-term realized mean F 0.2 0.335 0.362 0.385 0.405
C long-term ICV 0.088 0.142 0.171 0.202 0.238
C long-term ITV 0.088 0.142 0.171 0.202 0.238
C long-term risk3 0 0.018 0.036 0.07 0.118
C long-term risk1 0 0.014 0.03 0.061 0.109
C medium-term median catch 46276 54059 54538 53503 51873
C medium-term median SSB 279227 182680 166656 154419 143116
C medium-term realized mean F 0.197 0.338 0.368 0.389 0.406
C medium-term ICV 0.091 0.137 0.164 0.193 0.229
C medium-term ITV 0.091 0.137 0.164 0.193 0.229
C medium-term risk3 0 0.014 0.039 0.083 0.158
C medium-term risk1 0 0.012 0.032 0.068 0.122
C short-term median catch 30758 40340 41474 42634 43620
C short-term median SSB 197709 170375 163969 158050 151642
C short-term realized mean F 0.162 0.263 0.286 0.309 0.333
C short-term ICV 0.349 0.334 0.324 0.313 0.304
C short-term ITV 0.349 0.334 0.324 0.313 0.304
C short-term risk3 0.185 0.185 0.185 0.185 0.185
C short-term risk1 0.043 0.054 0.059 0.068 0.083
C convergence failure 0 0 0 0 0
C Fmax reached 0 0 0 0 0
C recovery proportion 1 0.998 0.995 0.99 0.982
C median recovery time 2 2 2 2 3
A+D Ftrgt 0.198 0.36 0.4 0.44 0.46
A+D Btrigger 190000 190000 190000 190000 190000
A+D long-term median catch 47452 51934 52532 52220 51981
A+D long-term median SSB 292209 179982 167587 157887 153503
A+D long-term realized mean F 0.197 0.328 0.351 0.372 0.38
A+D long-term ICV 0.338 0.257 0.26 0.272 0.281
A+D long-term ITV 0.098 0.178 0.209 0.239 0.252
A+D long-term risk3 0 0.016 0.038 0.067 0.079
A+D long-term risk1 0 0.013 0.031 0.056 0.074
A+D medium-term median catch 47930 52447 52372 51577 51110
A+D medium-term median SSB 281574 180454 166935 155267 150220
A+D medium-term realized mean F 0.206 0.338 0.357 0.374 0.381
A+D medium-term ICV 0.359 0.253 0.253 0.259 0.264
A+D medium-term ITV 0.101 0.177 0.21 0.236 0.25
A+D medium-term risk3 0 0.014 0.044 0.085 0.114
A+D medium-term risk1 0 0.011 0.035 0.065 0.085
A+D short-term median catch 28958 39275 40426 41493 42102
A+D short-term median SSB 200804 171481 165455 159819 157187
A+D short-term realized mean F 0.145 0.252 0.274 0.295 0.306
A+D short-term ICV 0.505 0.434 0.407 0.388 0.38
A+D short-term ITV 0.368 0.372 0.359 0.346 0.339
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Optlm,l sed Performance statistic FMsY lower Fugt * 0.9 Furgt Fugt * 1.1 FMSsY upper
scenario

A+D short-term risk3 0.185 0.185 0.185 0.185 0.185
A+D short-term risk1 0.042 0.052 0.057 0.063 0.068
A+D convergence failure 0 0 0 0 0
A+D Fmax reached 0 0 0 0 0
A+D recovery proportion 1 0.999 0.997 0.994 0.99
A+D median recovery time 2 2 2 2 2
B+E Ftrgt 0.198 0.324 0.36 0.396 0.46
B+E Btrigger 130000 130000 130000 130000 130000
B+E long-term median catch 47333 52094 52728 53627 55123
B+E long-term median SSB 291653 186333 168381 155572 140349
B+E long-term realized mean F 0.198 0.323 0.356 0.388 0.438
B+E long-term ICV 0.342 0.326 0.329 0.349 0.425
B+E long-term ITV 0.096 0.13 0.148 0.175 0.255
B+E long-term risk3 0 0.025 0.046 0.116 0.194
B+E long-term risk1 0 0.014 0.036 0.074 0.16
B+E medium-term median catch 47433 54809 55593 56050 56172
B+E medium-term median SSB 278066 189508 171711 157012 139159
B+E medium-term realized mean F 0.206 0.338 0.374 0.407 0.453
B+E medium-term ICV 0.369 0.35 0.35 0.357 0.425
B+E medium-term ITV 0.097 0.126 0.141 0.161 0.226
B+E medium-term risk3 0 0.013 0.04 0.089 0.229
B+E medium-term risk1 0 0.011 0.03 0.067 0.162
B+E short-term median catch 28467 38688 41126 43491 48572
B+E short-term median SSB 191216 165162 158558 152767 142810
B+E short-term realized mean F 0.158 0.264 0.296 0.328 0.379
B+E short-term ICV 0.497 0.379 0.323 0.272 0.333
B+E short-term ITV 0.35 0.308 0.3 0.259 0.169
B+E short-term risk3 0.185 0.185 0.185 0.185 0.185
B+E short-term risk1 0.046 0.062 0.072 0.088 0.123
B+E convergence failure 0 0 0 0 0
B+E Fmax reached 0 0 0 0 0
B+E recovery proportion 1 0.998 0.996 0.99 0.98
B+E median recovery time 2 2 3 3 3
C+E Ftrgt 0.198 0.324 0.36 0.396 0.46
C+E Btrigger 140000 140000 140000 140000 140000
C+E long-term median catch 47340 52090 52440 52340 52332
C+E long-term median SSB 291651 186509 168157 154060 136303
C+E long-term realized mean F 0.197 0.321 0.353 0.38 0.422
C+E long-term ICV 0.343 0.323 0.318 0.316 0.324
C+E long-term ITV 0.096 0.13 0.148 0.169 0.223
C+E long-term risk3 0 0.025 0.049 0.104 0.219
C+E long-term risk1 0 0.014 0.036 0.076 0.175
C+E medium-term median catch 47414 55014 55503 55283 53885
C+E medium-term median SSB 277977 189368 171516 156598 136501
C+E medium-term realized mean F 0.206 0.338 0.372 0.403 0.445
C+E medium-term ICV 0.37 0.352 0.345 0.339 0.339
C+E medium-term ITV 0.097 0.124 0.138 0.155 0.205
C+E medium-term risk3 0 0.013 0.042 0.095 0.224
C+E medium-term risk1 0 0.011 0.03 0.069 0.169
C+E short-term median catch 28473 37731 39725 41585 44281
C+E short-term median SSB 191406 164252 157559 151016 140810
C+E short-term realized mean F 0.154 0.255 0.284 0.313 0.364
C+E short-term ICV 0.396 0.352 0.349 0.307 0.224
C+E short-term ITV 0.313 0.281 0.273 0.267 0.212
C+E short-term risk3 0.185 0.185 0.185 0.185 0.185
C+E short-term risk1 0.045 0.062 0.073 0.09 0.13
C+E convergence failure 0 0 0 0 0
C+E Fmax reached 0 0 0 0 0
C+E recovery proportion 1 0.998 0.994 0.987 0.95
C+E median recovery time 2 2 3 3 3
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Annex 8: Additional Results for haddock

A8.1. Sensitivity and robustness of management strategy re-

sults

Table A8.1.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: sensitivity of performance statistics for the “opti-
mised” six management strategies to a range of Fiarget and Burigger SCENArios. Statistics are reported for three time periods,
short (first five years), medium (years 6-10) and long (final 10 years) term. Other statistics reported include the interan-
nual variability (iav) in the catch and TAC, the proportion of replicates where the management strategy is operating “on
the slope”, the number of replicates where the estimation model (SAM) failed to converge, the number of replicates
where Fmax (Fmax =2) was reached, the proportion of replicates that recover above By.=MSY Byrigger and the number of years
taken to recover above B,,=MSY Byigger for the first time.

HCR FMsY-lower FMsY-upper 0.9*Frarget Farget 1.1*Ftarget  1.5*Burigger 2*Btrigger
A Ftarget 0.167 0.194 0.252 0.28 0.308 0.28 0.28
A Btrigger 180000 180000 180000 180000 180000 270000 360000
A risk1 long term 0.005 0.010 0.029 0.045 0.065 0.016 0.006
A risk1 short term 0.037 0.046 0.071 0.087 0.107 0.045 0.031
A riskl medium term 0.012 0.016 0.039 0.056 0.079 0.020 0.011
A risk3 long term 0.008 0.012 0.032 0.049 0.074 0.019 0.010
A risk3 short term 0.056 0.069 0.127 0.153 0.185 0.066 0.045
A risk3 medium term 0.021 0.025 0.050 0.061 0.086 0.026 0.016
A Iav long term 0.208 0.222 0.256 0.275 0.296 0.310 0.323
A Iav short term 0.370 0.374 0.258 0.213 0.218 0.419 0.449
A Iav medium term 0.225 0.240 0.270 0.289 0.306 0.317 0.331
A Median catch long term 42432 45573 49987 51358 51940 45634 40764
A Median catch short term 25205 28849 36372 39799 43085 27880 21475
A Median catch medium term 40330 43720 48841 50486 51231 44639 39647
A Median ssb long term 283535 257030 213106 196587 183433 220068 242822
A Median ssb short term 176689 171340 160675 155855 151362 171601 180174
A Median ssb medium term 247880 229724 197966 185040 173163 208546 228860
A Median Fbar long term 0.172 0.196 0.243 0.262 0.279 0.225 0.192
A Median Fbar short term 0.148 0.170 0.216 0.238 0.258 0.174 0.136
A Median Fbar median term 0.173 0.197 0.243 0.263 0.282 0.225 0.191
A Iav TAC long term 0.207 0.220 0.255 0.273 0.295 0.309 0.322
A Iav TAC short term 0.272 0.273 0.288 0.294 0.304 0.318 0.331
A Tav TAC medium term 0.223 0.239 0.269 0.289 0.306 0.319 0.336
A Slope long term 0.20 0.27 042 0.49 0.54 0.72 0.84
A Slope short term 0.28 0.34 0.47 0.52 0.57 0.73 0.85
A Slope medium term 0.67 0.70 0.75 0.77 0.78 0.89 0.94
A Convergence failure 0 0 0 0 0 0 0
A Fmax reached 0 0 0 0 1 1 1
A Recovery proportion 1 1 1 1 1 1 1
A Recovery time 1 1 1 1 1 1 1
B Ftarget 0.167 0.194 0.261 0.29 0.319
B Btrigger 190000 190000 190000 190000 190000
B risk1 long term 0.019 0.024 0.043 0.024 0.014
B risk1 short term 0.006 0.010 0.029 0.017 0.007
B risk1 medium term 0.053 0.059 0.075 0.045 0.031
B risk3 long term 0.013 0.017 0.039 0.019 0.011
B risk3 short term 0.008 0.012 0.033 0.021 0.010
B risk3 medium term 0.086 0.098 0.138 0.066 0.045
B Iav long term 0.021 0.028 0.050 0.025 0.016
B Iav short term 0.352 0.345 0.342 0.341 0.335
B Iav medium term 0.336 0.316 0.257 0421 0.456
B Median catch long term 0.332 0.329 0.333 0.343 0.343
B Median catch short term 41460 44310 48354 45400 40860
B Median catch medium term 27912 31241 37375 27880 21475
B Median ssb long term 38628 41440 46001 44674 39647
B Median ssb short term 282300 256938 212999 219849 242819
B Median ssb medium term 170045 167092 159693 171601 180212
B Median Fbar long term 244023 226940 196621 207976 228359
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HCR FMsY-lower FMsY-upper 0.9*Ftarget Farget 1.1*Frarget ~ 1.5*Brigger 2*Brigger
B Median Fbar short term 0.170 0.194 0.238 0.221 0.191
B Median Fbar median term 0.156 0.176 0.217 0.174 0.136
B Iav TAC long term 0.167 0.190 0.235 0.222 0.190
B Iav TAC short term 0.207 0.219 0.255 0.309 0.321
B Iav TAC medium term 0.346 0.325 0.297 0.318 0.332
B Slope long term 0.226 0.240 0.275 0.325 0.338
B Slope short term 0.20 0.27 0.42 0.72 0.84
B Slope medium term 0.28 0.34 0.47 0.73 0.85
B Convergence failure 0.71 0.72 0.75 0.89 0.94
B Fmax reached 1 1 1 1 1
B Recovery proportion 1 1 1 1 1
B Recovery time 0 0 0 0 0
C Ftarget 0.167 0.194 0.252 0.28 0.308
C Btrigger 180000 180000 180000 180000 180000
C risk1 long term 0.015 0.020 0.042 0.058 0.079
C risk1 short term 0.005 0.010 0.029 0.045 0.065
C riskl medium term 0.037 0.046 0.071 0.087 0.107
C risk3 long term 0.012 0.016 0.039 0.056 0.079
C risk3 short term 0.008 0.012 0.032 0.049 0.074
C risk3 medium term 0.056 0.069 0.127 0.153 0.185
C Iav long term 0.021 0.025 0.050 0.061 0.086
C Iav short term 0.208 0.222 0.256 0.275 0.296
C Iav medium term 0.370 0.374 0.258 0.213 0.218
C Median catch long term 0.225 0.240 0.270 0.289 0.306
C Median catch short term 42432 45573 49987 51350 51931
C Median catch medium term 25205 28849 36372 39799 43085
C Median ssb long term 40330 43720 48841 50486 51231
C Median ssb short term 283535 257030 213106 196587 183433
C Median ssb medium term 176689 171340 160675 155855 151362
C Median Fbar long term 247880 229724 197966 185040 173163
C Median Fbar short term 0.172 0.196 0.243 0.262 0.279
C Median Fbar median term 0.148 0.170 0.216 0.238 0.258
C Iav TAC long term 0.173 0.197 0.243 0.263 0.282
C Iav TAC short term 0.207 0.220 0.255 0.273 0.295
C Iav TAC medium term 0.272 0.273 0.288 0.294 0.304
C Slope long term 0.224 0.239 0.269 0.289 0.306
C Slope short term 0.20 0.27 0.42 0.49 0.54
C Slope medium term 0.28 0.34 0.47 0.52 0.57
C Convergence failure 0.67 0.70 0.75 0.77 0.78
C Fmax reached 1 1 1 1 1
C Recovery proportion 1 1 1 1 1
C Recovery time 0 0 0 0 0
A+D Ftarget 0.167 0.194 0.252 0.28 0.308 0.28 0.28
A+D Btrigger 180000 180000 180000 180000 180000 270000 360000
A+D risk1 long term 0.019 0.024 0.043 0.058 0.079 0.024 0.014
A+D risk1 short term 0.006 0.010 0.029 0.045 0.066 0.017 0.007
A+D riskl medium term 0.053 0.059 0.075 0.087 0.107 0.045 0.031
A+D risk3 long term 0.013 0.017 0.039 0.055 0.079 0.019 0.011
A+D risk3 short term 0.008 0.012 0.033 0.050 0.075 0.021 0.010
A+D risk3 medium term 0.086 0.098 0.138 0.151 0.182 0.066 0.045
A+D Iav long term 0.021 0.028 0.050 0.062 0.084 0.025 0.016
A+D Iav short term 0.352 0.345 0.342 0.347 0.356 0.341 0.335
A+D Iav medium term 0.336 0.316 0.257 0.232 0.235 0.421 0.456
A+D Median catch long term 0.332 0.329 0.333 0.342 0.357 0.343 0.343
A+D Median catch short term 41460 44310 48354 49628 50277 45400 40860
A+D Median catch medium term 27912 31241 37375 39715 42983 27880 21475
A+D Median ssb long term 38628 41440 46001 47690 48754 44674 39647
A+D Median ssb short term 282300 256938 212999 196781 183455 219849 242819
A+D Median ssb medium term 170045 167092 159693 156038 151374 171601 180212
A+D Median Fbar long term 244023 226940 196621 184419 172462 207976 228359
A+D Median Fbar short term 0.170 0.194 0.238 0.256 0.273 0.221 0.191
A+D Median Fbar median term 0.156 0.176 0.217 0.236 0.256 0.174 0.136
A+D Iav TAC long term 0.167 0.190 0.235 0.254 0.271 0.222 0.190
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HCR FMsY-lower FMsY-upper 0.9*Ftarget Farget 1.1*Frarget ~ 1.5*Brigger 2*Brigger
A+D Iav TAC short term 0.207 0.219 0.255 0.275 0.298 0.309 0.321
A+D Iav TAC medium term 0.346 0.325 0.297 0.296 0.304 0.318 0.332
A+D Slope long term 0.226 0.240 0.275 0.291 0.313 0.325 0.338
A+D Slope short term 0.20 0.27 0.42 0.48 0.54 0.72 0.84
A+D Slope medium term 0.28 0.34 0.47 0.52 0.57 0.73 0.85
A+D Convergence failure 0.71 0.72 0.75 0.77 0.78 0.89 0.94
A+D Fmax reached 1 1 1 1 1 1 1
A+D Recovery proportion 1 1 1 1 1 1 1
A+D Recovery time 0 0 0 0 0 0 0
B+E Ftarget 0.167 0.194 0.243 0.27 0.297
B+E Btrigger 170000 170000 170000 170000 170000
B+E risk1 long term 0.023 0.028 0.042 0.057 0.075
B+E risk1 short term 0.006 0.011 0.027 0.042 0.059
B+E risk1l medium term 0.064 0.069 0.078 0.091 0.106
B+E risk3 long term 0.014 0.019 0.036 0.052 0.076
B+E risk3 short term 0.010 0.015 0.030 0.049 0.071
B+E risk3 medium term 0.114 0.114 0.130 0.147 0.168
B+E Iav long term 0.023 0.031 0.051 0.060 0.090
B+E Iav short term 0.374 0.374 0.385 0.393 0.409
B+E Iav medium term 0.430 0.400 0.362 0.348 0.352
B+E Median catch long term 0.364 0.370 0.385 0.400 0414
B+E Median catch short term 41598 44580 48382 49831 50577
B+E Median catch medium term 30561 34290 40439 42829 44876
B+E Median ssb long term 38407 41670 45466 46946 48062
B+E Median ssb short term 280600 255015 216624 200267 186847
B+E Median ssb medium term 168198 165606 159718 156338 151444
B+E Median Fbar long term 241525 223754 198538 185816 174896
B+E Median Fbar short term 0.172 0.196 0.236 0.256 0.273
B+E Median Fbar median term 0.158 0.181 0.217 0.237 0.256
B+E Iav TAC long term 0.167 0.191 0.228 0.248 0.265
B+E Iav TAC short term 0.206 0.219 0.253 0.274 0.302
B+E Iav TAC medium term 0.386 0.350 0.309 0.307 0.319
B+E Slope long term 0.229 0.242 0.275 0.295 0.318
B+E Slope short term 0.16 0.23 0.36 0.42 0.48
B+E Slope medium term 0.24 0.30 0.40 0.46 0.51
B+E Convergence failure 0.65 0.66 0.69 0.70 0.72
B+E Fmax reached 1 1 1 1 1
B+E Recovery proportion 1 1 1 1 1
B+E Recovery time 0 0 0 0 0
C+E Ftarget 0.167 0.194 0.234 0.26 0.286
C+E Btrigger 160000 160000 160000 160000 160000
C+E risk1 long term 0.024 0.030 0.044 0.059 0.079
C+E risk1 short term 0.007 0.013 0.027 0.044 0.063
C+E risk1l medium term 0.066 0.072 0.083 0.090 0.109
C+E risk3 long term 0.017 0.022 0.039 0.056 0.080
C+E risk3 short term 0.011 0.017 0.031 0.050 0.080
C+E risk3 medium term 0.114 0.114 0.134 0.143 0.166
C+E Iav long term 0.028 0.036 0.054 0.070 0.099
C+E Iav short term 0.373 0.372 0.375 0.378 0.382
C+E Iav medium term 0413 0.383 0.349 0.329 0.322
C+E Median catch long term 0.362 0.362 0.367 0.374 0.385
C+E Median catch short term 41528 44620 47921 49398 50468
C+E Median catch medium term 31131 34809 40094 42961 44835
C+E Median ssb long term 38320 41456 44880 46427 47628
C+E Median ssb short term 279911 253574 220928 203534 188684
C+E Median ssb medium term 167376 164321 159193 156057 151320
C+E Median Fbar long term 239878 221410 200369 187096 175336
C+E Median Fbar short term 0.172 0.198 0.232 0.251 0.269
C+E Median Fbar median term 0.162 0.186 0.217 0.236 0.258
C+E Iav TAC long term 0.168 0.192 0.224 0.243 0.261
C+E Iav TAC short term 0.204 0.214 0.237 0.253 0.271
C+E Iav TAC medium term 0.356 0.316 0.283 0.278 0.289
C+E Slope long term 0.224 0.236 0.257 0.274 0.288
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HCR FMsY-lower FMsY-upper 0.9*Ftarget Farget 1.1*Frarget ~ 1.5*Brigger 2*Brigger
C+E Slope short term 0.14 0.20 0.30 0.37 0.43
C+E Slope medium term 0.21 0.26 0.35 0.40 0.46
C+E Convergence failure 0.42 0.43 0.46 0.47 0.49
C+E Fmax reached 1 1 1 1 1
C+E Recovery proportion 1 1 1 1 1
C+E Recovery time 0 0 0 0 0
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Table A8.1.2. Haddock in Subarea 4, Division 6.a and Subdivision 20: Performance statistics for the various management strategies with alternate operating models. The operating models are OM1

(Baseline), OM2 (Alt1) and OM3 (Alt2) and are described in Sections 4.1-4.2.
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OoM Baseline (OM1) Alt1 (OM2) Alt2 (OM3)

Scenario Fo A* A B C AD BE CE Fo A* A B C AD BE CE Fo A* A B C AD BE CE
Ftarget 0 0.194 0.28 0.29 0.28 0.28 0.27 0.26 0 0.194 0.28 0.29 0.28 0.28 0.27 0.26 0 0.194 0.28 0.29 0.28 0.28 0.27 0.26
Btrigger - 132000 180000 190000 180000 180000 170000 160000 - 132000 180000 190000 180000 180000 170000 160000 - 132000 180000 190000 180000 180000 170000 160000
risk1 long term 0.000 0.016 0.045 0.044 0.045 0.045 0.042 0.044 0.000 0.012 0.032 0.032 0.027 0.028 0.032 0.032 0.000 0.023 0.026 0.023 0.025 0.021 0.020 0.023
risk1 short term 0.012 0.056 0.087 0.082 0.087 0.087 0.091 0.092 0.000 0.011 0.028 0.029 0.023 0.026 0.029 0.028 0.011 0.077 0.072 0.077 0.076 0.081 0.081 0.077
risk1l medium term 0.000 0.027 0.056 0.053 0.056 0.055 0.052 0.056 0.000 0.022 0.027 0.027 0.026 0.025 0.026 0.027 0.000 0.035 0.035 0.035 0.038 0.032 0.032 0.035
risk3 long term 0.000 0.019 0.049 0.048 0.049 0.050 0.049 0.050 0.001 0.017 0.043 0.044 0.035 0.037 0.043 0.044 0.000 0.033 0.034 0.033 0.035 0.033 0.029 0.033
risk3 short term 0.033 0.090 0.153 0.148 0.153 0.151 0.147 0.143 0.000 0.022 0.040 0.043 0.035 0.037 0.043 0.039 0.033 0.143 0.139 0.143 0.142 0.141 0.137 0.143
risk3 medium term 0.001 0.041 0.061 0.055 0.061 0.062 0.060 0.070 0.000 0.029 0.045 0.047 0.040 0.040 0.047 0.045 0.001 0.060 0.055 0.060 0.064 0.061 0.066 0.060
Iav catch long term 0.207 0.275 0.296 0.275 0.347 0.393 0.378 0.228 0.048 0.057 0.049 0.045 0.058 0.049 0.276 0.294 0.276 0.354 0.384 0.376 0.276
Tav catch short term - 0.300 0.213 0.225 0.213 0.232 0.348 0.329 - 0.321 0.318 0.417 0.439 0.352 0.406 0.317 - 0.206 0.217 0.206 0.234 0.347 0.330 0.206
Tav catch medium term - 0.221 0.289 0.310 0.289 0.342 0.400 0.374 - 0.248 0.216 0.273 0.291 0.234 0.278 0.218 - 0.289 0.309 0.289 0.375 0.410 0.395 0.289
Median catch long term 0 45296 51358 51574 51350 49628 49831 49398 0 49121 0.328 0.424 0.450 0.361 0.412 0.329 0 61102 61861 61102 59583 59683 58781 61102
Median catch short term 0 30699 39799 39181 39799 39715 42829 42961 0 31536 53866 51733 52647 53934 52328 53945 0 40256 39627 40256 40195 44627 43655 40256
Median catch medium term 0 43300 50486 50969 50486 47690 46946 46427 0 50066 40693 37032 37494 40042 36527 40663 0 57821 58565 57821 54875 54552 53559 57821
Median ssb long term 578988 252152 196587 194672 196587 196781 200267 203534 618791 271438 212799 212860 218274 210487 220464 212625 649283 222951 219772 222951 223225 227141 231818 222951
Median ssb short term 213913 167527 155855 156911 155855 156038 156338 156057 221786 177686 167494 167462 167597 168354 167672 167495 220984 163099 164056 163099 163663 163366 163486 163099
Median ssb medium term 427970 222095 185040 183986 185040 184419 185816 187096 478222 246554 201708 203480 207469 201938 208345 202117 468220 201472 199337 201425 200533 203450 206123 201472
Median Fbar long term 0 0.203 0.262 0.265 0.262 0.256 0.256 0.251 0 0.184 0.228 0.223 0.223 0.231 0.219 0.228 0 0.275 0.279 0.275 0.269 0.266 0.260 0.275
Median Fbar short term 0 0.189 0.238 0.236 0.238 0.236 0.237 0.236 0 0.181 0.226 0.218 0.219 0.225 0.217 0.226 0 0.244 0.244 0.244 0.242 0.242 0.239 0.244
Median Fbar median term 0 0.205 0.263 0.268 0.263 0.254 0.248 0.243 0 0.189 0.234 0.236 0.236 0.238 0.232 0.233 0 0.275 0.281 0.275 0.265 0.260 0.254 0.275
Iav TAC long term - 0.207 0.273 0.295 0.273 0.275 0.274 0.253 - 0.225 0.318 0.325 0.333 0.351 0.300 0.316 - 0.274 0.294 0.274 0.275 0.267 0.251 0.274
Tav TAC short term - 0.225 0.294 0.316 0.294 0.296 0.307 0.278 - 0.240 0.298 0.304 0313 0.321 0.283 0.299 - 0.292 0.312 0.292 0.293 0.305 0.276 0.292
Tav TAC medium term - 0.221 0.289 0.310 0.289 0.291 0.295 0.274 - 0.249 0.328 0.336 0.340 0.361 0.310 0.327 - 0.282 0.304 0.282 0.278 0.276 0.258 0.282
Slope long term - 0.11 0.26 0.26 0.26 0.26 0.26 0.25 - 0.20 0.55 0.55 0.50 0.58 0.46 0.55 - 0.37 0.43 0.37 0.37 0.31 0.24 0.37
Slope short term 0.15 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.55 0.55 0.50 0.58 0.46 0.55 0.44 0.48 0.44 0.43 0.36 0.30 0.44
Slope medium term - 0.22 0.26 0.27 0.26 0.25 0.25 0.24 - 0.27 0.78 0.78 0.63 0.81 0.49 0.78 - 0.70 0.74 0.70 0.70 0.64 0.42 0.70
Convergence failure - 0 0 0 0 0 0 0 - 2 8 6 5 4 5 6 - 0 0 0 0 0 0 0
Fmax reached 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Recovery proportion 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Recovery time 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1




324 | ICES SCIENTIFIC REPORTS 1:12 | ICES

A8.2. Summary projections for alternative OM2 (Alt1)
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Figure A8.2.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for FO (i.e. F=0) for OM2 (Alt1).
Top plot is recruitment (age 0), second plot SSB, third plot catch and bottom plot mean F (ages 2-4). The vertical black
line separates the historic period from the projection period. The SSB plot includes By,=MSY Bigeer (horizontal solid line)
and Bijim (horizontal hashed line), while the mean F plot includes Fns, (horizontal solid line) and Fm (horizontal dashed
line). The actual plots show medians (solid black line) with the darker shaded area indicating the 25t and 75t percentiles,
and the light shaded area the 5t and 95 percentiles. The results for 5 individual replicates are shown in solid coloured
lines.
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Figure A8.2.2. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for management strategy A*
(i.e. with Fiarget=Fmsy=0.194 and Birigger=MSY Birigeer=132000 t) for OM2 (Alt1). See the caption to Figure A8.2.1 for further
details.
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Figure A8.2.3. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for management strategy A
for OM2 (Alt1). See the caption to Figure A8.2.1 for further details.
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Figure A8.2.4. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy B for OM2 (Alt1). See the caption to Figure A8.2.1 for further details.
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Figure A8.2.5. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy C for OM2 (Alt1). See the caption to Figure A8.2.1 for further details.
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Figure A8.2.6. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy A+D for OM2 (Alt1). See the caption to Figure A8.2.1 for further details.
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Figure A8.2.7. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” man-
agement strategy B+E for OM2 (Alt1). See the caption to Figure A8.2.1 for further details.
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Figure A8.2.8. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy C+E for OM2 (Alt1). See the caption to Figure A8.2.1 for further details.
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A8.3. Summary projections for alternative OM3 (Alt2)
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Figure A8.3.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for FO (i.e. F=0) for OM3 (Alt2).
Top plot is recruitment (age 0), second plot SSB, third plot catch and bottom plot mean F (ages 2-4). The vertical black
line separates the historic period from the projection period. The SSB plot includes By,=MSY Bigeer (horizontal solid line)
and Byim (horizontal hashed line), while the mean F plot includes Fns, (horizontal solid line) and Fi, (horizontal dashed
line). The actual plots show medians (solid black line) with the darker shaded area indicating the 25t and 75t percentiles,
and the light shaded area the 5" and 95" percentiles. The results for 5 individual replicates are shown in solid coloured
lines.
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Figure A8.3.2. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for management strategy A*
(i.e. with Fiarget=Fmsy=0.194 and Birigger=MSY Birigeer=132000 t) for OM3 (Alt2). See the caption to Figure A8.3.1 for further
details.
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Figure A8.3.3. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for management strategy A
for OM3 (Alt2). See the caption to Figure A8.3.1 for further details.
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Figure A8.3.4. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy B for OM3 (Alt2). See the caption to Figure A8.3.1 for further details.
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Figure A8.3.5. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy C for OM3 (Alt2). See the caption to Figure A8.3.1 for further details.
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Figure A8.3.6. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy A+D for OM3 (Alt2). See the caption to Figure A8.3.1 for further details.
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Figure A8.3.7. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy B+E for OM3 (Alt2). See the caption to Figure A8.3.1 for further details.
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Figure A8.3.8. Haddock in Subarea 4, Division 6.a and Subdivision 20: Summary projections for “optimised” management
strategy C+E for OM3 (Alt2). See the caption to Figure A8.3.1 for further details.

A8.4. Results of management strategy A*+D

Table A8.4.1. Haddock in Subarea 4, Division 6.a and Subdivision 20: sensitivity of performance statistics for the A*+D
management strategy (i.e. With Fiarget=Fmsy=0.194 and Birigger=MSY Birigger=132000 t). Statistics are reported for three time
periods, short (first five years), medium (years 6-10) and long (final 10 years) term. Other statistics reported include the
interannual variability (iav) in the catch and TAC, the proportion of replicates where the management strategy is oper-
ating “on the slope”, the number of replicates where the estimation model (SAM) failed to converge, the number of
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replicates where Fuax (Fmax =2) was reached, the proportion of replicates that recover above Bp,=MSY Birigger and the num-
ber of years taken to recover above B,,=MSY Bygger for the first time.

Performance statistic A*+D
Ftarget 0.194
Btrigger 132000
risk1 long term 0.016
risk1 short term 0.077
riskl medium term 0.030
risk3 long term 0.021
risk3 short term 0.126
risk3 medium term 0.046
Iav long term 0.361
Iav short term 0.338
Iav medium term 0.346
Median catch long term 44480
Median catch short term 35820
Median catch medium term 41328
Median ssb long term 251788
Median ssb short term 162502
Median ssb medium term 218557
Median Fbar long term 0.201
Median Fbar short term 0.194
Median Fbar median term 0.197
Iav TAC long term 0.208
Iav TAC short term 0.283
Iav TAC medium term 0.222
Slope long term 0.10
Slope short term 0.15
Slope medium term 0.26
Convergence failure 0
Fmax reached 0
Recovery proportion 1
Recovery time 1
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Annex 9: Additional Results for whiting

A9.1. Cannibalism

Considerable predation mortality by whiting on whiting (cannibalism) in the historical period
was observed for age 1 as estimated by WGSAM (ICES 2018, Figure A9.1.1). To evaluate, whether
cannibalism (and thereby predation mortality) varies with whiting stock size, the relationship
between SSB and predation mortality at age 1 was plotted (Figure A9.1.2). SSB is dominated by
individuals aged 2+, and a small proportion of 1-year-olds. However, there appears to be no
relationship between SSB and predation mortality M2 (age 1) (Figure A9.1.2). There for no den-
sity-dependent effects in natural mortality were considered. As it is not expected, that whiting
stock size affects the degree of cannibalism in the future, natural mortality is assumed to be in-
dependent from the stock size in the MSE. Therefore, no density-dependent effects in natural
mortality were considered in the MSE.
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Figure A9.1.1. Whiting in Subarea 4 and Division 7.d. Predation mortality on whiting as estimated by WGSAM
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Figure A9.1.2. Whiting in Subarea 4 and Division 7.d. SSB and predation mortality at age 1.

A9.2. Search grids for short-term, baseline OM1
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Figure A9.2.1. Whiting in Subarea 4 and Division 7.d. Short-term results grid search for management strategy A, OM1
(short-term: first five years of the 20-year projection). The top-left plot is median short-term catch, top-right the short-
term risk3, bottom left the median short-term inter-annual catch variability and bottom right the median short-term

SSB. No combinations meet the precautionary criterion (risk3<5%) and hence no “optimum” is found.
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Figure A9.2.2. Whiting in Subarea 4 and Division 7.d. Short-term results grid search for management strategy B, OM1.

See caption Figure A9.2.1 for details.
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Figure A9.2.3. Whiting in Subarea 4 and Division 7.d. Short-term results grid search for management strategy C, OM1.
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A9.3. MSE results alternative operating model OM2

Figure A9.3.1. Whiting in Subarea 4 and Division 7.d. Summary MSE results with individual replicates for F=0, alter-
native OM2. Solid black horizontal line MSY Buigger or Fmsy, dashed black horizontal line Biim or Fiim. Top plot is re-
cruitment (age 0), second plot SSB, third plot catch and bottom plot mean F (ages 2-6). The vertical black line separates
the historical period from the projection period. The actual plots show medians (solid black line) with the darker
shaded area indicating the 25t and 75t percentiles, and the light shaded area the 5t and 95t percentiles. The coloured
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Figure A9.3.2. Whiting in Subarea 4 and Division 7.d. Summary MSE results with individual replicates for manage-
ment strategy A, alternative OM2. Solid black horizontal line MSY Btrigger, Fmsy, dashed black horizontal line Biim, Fiim.
See caption Figure A9.3.1 for details.
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Figure A9.3.3. Whiting in Subarea 4 and Division 7.d. Summary MSE results with individual replicates for manage-
ment strategy B, alternative OM2. Solid black horizontal line MSY Beigger, Fmsy, dashed black horizontal line Biim, Fiim.
See caption Figure A9.3.1 for details.
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Figure A9.3.4. Whiting in Subarea 4 and Division 7.d. Summary MSE results with individual replicates for manage-
ment strategy C, alternative OM2. Solid black horizontal line MSY Btrigger, Fmsy, dashed black horizontal line Blim, Fiim.
See caption Figure A9.3.1 for details.

de+07

3e+07

2e+07

[0001] 289

1e+07

Oe-+00

de+05

3e+05

[ass

2e+05

1e+05

Oe-+00
250000

200000

150000

[yorea

100000

50000

(9-2 safe) 4

1 E'BU 20‘00 ZU'QU 20‘40
year
Figure A9.3.5. Whiting in Subarea 4 and Division 7.d. Summary MSE results with individual replicates for manage-
ment strategy C, alternative OM2. Solid black horizontal line MSY Btrigger, Fmsy, dashed black horizontal line Biim, Fiim.
See caption Figure A9.3.1 for details.
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Figure A9.3.6. Whiting in Subarea 4 and Division 7.d. Summary MSE results with individual replicates for manage-
ment strategy B+E, alternative OM2. Solid black horizontal line MSY Btrigger, Fmsy, dashed black horizontal line Biim,
Fiim. See caption Figure A9.3.1 for details.
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Figure A9.3.7. Whiting in Subarea 4 and Division 7.d. Summary MSE results with individual replicates for manage-
ment strategy C+E, alternative OM2. Solid black horizontal line MSY Btrigger, Fmsy, dashed black horizontal line Biim,
Fiim. See caption Figure A9.3.1 for details.
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A9.4. MSE results alternative operating model OM3

4e+07

3e+07

2e+07

[0001] 38y

1e+07

0e+00

4e+05

3e+05

[lass

2e+06

1e+05

0e+00
250000

200000

150000

[ yarea

100000

50000

(9-g sabe) 4

1980 2000 2020 2040
year
Figure A9.4.1. Whiting in Subarea 4 and Division 7.d. Summary MSE results with individual replicates for F=0, alter-
native OM3. Solid black horizontal line MSY Btrigger, Fmsy, dashed black horizontal line Biim, Fiim. See caption Figure
A9.3.1 for details.
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Figure A9.4.2. Whiting in Subarea 4 and Division 7.d. Summary MSE results with individual replicates for manage-
ment strategy A, alternative OM3. Solid black horizontal line MSY Btrigger, Fmsy, dashed black horizontal line Biim, Fiim.
See caption Figure A9.3.1 for details.
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Figure A9.4.4. Whiting in Subarea 4 and Division 7.d. Summary MSE results with individual replicates for manage-
ment strategy C, alternative OM3. Solid black horizontal line MSY Btrigger, Fmsy, dashed black horizontal line Biim, Fiim.
See caption Figure A9.3.1 for details.
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Figure A9.4.5. Whiting in Subarea 4 and Division 7.d. Summary MSE results with individual replicates for manage-
ment strategy A+D, alternative OM3. Solid black horizontal line MSY Btigger, Fmsy, dashed black horizontal line Biim,
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Figure A9.4.6. Whiting in Subarea 4 and Division 7.d. Summary MSE results with individual replicates for manage-
ment strategy B+E, alternative OM3. Solid black horizontal line MSY Btrigger, Fmsy, dashed black horizontal line Biim,
Fiim. See caption Figure A9.3.1 for details.
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A9.5. More detailed results for baseline OM1

Table A9.5.1. Whiting in Subareas 4 and Division 7d: “optimal” combinations of Farget and Byigger for the baseline OM for
the six management scenarios, F=0 and A* (Fiarget = Fumsy and Brrigger = MSY Birigger). Also reported are the median values for
catch, SSB, realized mean F (ages 3-6), interannual catch variability (ICV), interannual TAC variability (ITV), risk3, and
risk1. Statistics are reported for three time periods, short (first five years), medium (years 6-10) and long (final 10 years)
term. Scenarios in red are not precautionary in the short-term.

Scenario F=0 A* A B C A+D B+E C+E
Farget 0 0.172 0.14 0.16 0.14 0.16 0.16 0.15
Burigger - 166708 220000 200000 220000 250000 210000 230000
Median catch long term 0 27974 22832 26308 22844 22534 24846 22855
Median SSB long term 259460 189125 202702 195791 202678 201011 196370 200634
Median realized F long term 0 0.163 0.123 0.146 0.123 0.124 0.139 0.124
ICV long term - 0.118 0.14 0.131 0.14 0.205 0.369 0.363
ITV long term - 0.118 0.139 0.131 0.139 0.16 0.142 0.15
risk3 long term 0.01 0.084 0.05 0.049 0.05 0.05 0.05 0.05
risk1 long term 0.0069 0.0679 0.0369 0.0419 0.0369 0.0378 0.0409 0.0395
Median catch medium term 0 26102 20202 23578 20198 20132 21705 19516
Median SSB medium term 236594 179523 193216 186925 193208 191932 187488 191256
Median realized F medium term 0 0.157 0.115 0.139 0.115 0.116 0.127 0.112
ICV medium term - 0.129 0.154 0.142 0.153 0.197 0.368 0.352
ITV medium term - 0.176 0.203 0.254 0.202 0.223 0.256 0.213
risk3 medium term 0.027 0.135 0.083 0.091 0.083 0.085 0.091 0.088
riskl medium term 0.0202 0.1134 0.068 0.0736 0.0678 0.0686 0.0734 0.07
Median catch short term 0 23784 15813 19410 15728 15898 18505 16292
Median SSB short term 185794 162835 170586 167463 170630 170506 168266 170233
Median realized F short term 0 0.149 0.095 0.118 0.095 0.096 0.114 0.099
ICV short term - 0.11 0.236 0.226 0.234 0.245 0.345 0.341
ITV short term - 0.159 0.179 0.175 0.178 0.181 0.178 0.182
risk3 short term 0.036 0.149 0.093 0.104 0.092 0.093 0.099 0.098
risk1 short term 0.0344 0.1184 0.077 0.0866 0.0768 0.077 0.0814 0.0778
Convergence failure 0 0 0 0 0 0 0 0
Fmax reached 0 0 0 0 0 0 0 0
Recovery proportion 0.995 0.953 0.973 0.972 0.973 0.973 0.972 0.973
Recovery time 1 1 1 1 1 1 1 1

Table A9.5.2. Whiting in Subareas 4 and Division 7d: sensitivity of performance statistics for the “optimised” six manage-
ment strategies to a range of Fiarget and Byigger SCENArios. Statistics are reported for three time periods, short (first five
years), medium (years 6-10) and long (final 10 years) term. Other statistics reported include the number of replicates
where the estimation model (SAM) failed to converge, the number of replicates where Fmax (Fmax =2) was reached, the
proportion of replicates that recover above By,;=MSY Byigeer and the number of years taken to recover above Bp,=MSY By
ger foOr the first time.

HCR FMsy-lower O.Q*Ftrgt Fh’gt l.l*Fh'gt FMSY-upper
A Frarget 0.158 0.126 0.14 0.154 0.172
A Burigger 220000 220000 220000 220000 220000
A Median catch long term 24349 21540 22832 24030 25436
A Median SSB long term 198289 206615 202702 199230 194840
A Median realized F long term 0.136 0.113 0.123 0.133 0.146
A ICV long term 0.146 0.135 0.14 0.145 0.151
A ITV long term 0.145 0.134 0.139 0.144 0.15
A risk3 long term 0.055 0.045 0.05 0.055 0.059
A risk1 long term 0.0438 0.0331 0.0369 0.0426 0.0486
A Median catch medium term 21704 18930 20202 21374 22795
A Median SSB medium term 189130 196414 193216 189993 185886
A Median realized F medium term 0.128 0.105 0.115 0.125 0.137
A ICV medium term 0.159 0.15 0.154 0.158 0.163
A ITV medium term 0.209 0.198 0.203 0.208 0.214
A risk3 medium term 0.094 0.077 0.083 0.092 0.1
A risk1 medium term 0.0766 0.0616 0.068 0.075 0.0832
A Median catch short term 17588 14259 15813 17185 18975
A Median SSB short term 168803 172097 170586 169224 167723
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HCR FMsY-lower 0.9*Frgt Fuegt 1.1*Frgt FMsY-upper
A Median realized F short term 0.107 0.086 0.095 0.104 0.116
A ICV short term 0.236 0.233 0.236 0.235 0.238
A ITV short term 0.179 0.176 0.179 0.179 0.18
A risk3 short term 0.103 0.084 0.093 0.101 0.112
A risk1 short term 0.084 0.0716 0.077 0.0824 0.09
A Convergence failure 0 0 0 0 0
A Fmax reached 0 0 0 0 0
B Frarget 0.158 0.144 0.16 0.176 0.172
B Brigger 200000 200000 200000 200000 200000
B Median catch long term 26150 24833 26308 27555 27256
B Median SSB long term 196231 200042 195791 191953 192844
B Median realized F long term 0.145 0.133 0.146 0.159 0.156
B ICV long term 0.131 0.126 0.131 0.136 0.135
B ITV long term 0.13 0.125 0.131 0.136 0.134
B risk3 long term 0.049 0.046 0.049 0.056 0.054
B risk1 long term 0.0414 0.036 0.0419 0.0466 0.0452
B Median catch medium term 23400 22184 23578 24802 24536
B Median SSB medium term 187437 190631 186925 183421 184370
B Median realized F medium term 0.137 0.126 0.139 0.151 0.148
B ICV medium term 0.142 0.138 0.142 0.146 0.145
B ITV medium term 0.253 0.245 0.254 0.266 0.263
B risk3 medium term 0.09 0.086 0.091 0.101 0.099
B riskl medium term 0.0732 0.0686 0.0736 0.0808 0.0798
B Median catch short term 19204 17722 19410 20954 20581
B Median SSB short term 167607 169085 167463 165846 166197
B Median realized F short term 0.117 0.107 0.118 0.13 0.127
B ICV short term 0.232 0.237 0.226 0.168 0.183
B ITV short term 0.175 0.174 0.175 0.175 0.176
B risk3 short term 0.101 0.092 0.104 0.117 0.115
B risk1 short term 0.085 0.078 0.0866 0.0952 0.0938
B Convergence failure 0 0 0 0 0
B Fmax reached 0 0 0 0 0
C Frarget 0.158 0.126 0.14 0.154 0.172
C Blrigger 220000 220000 220000 220000 220000
C Median catch long term 24348 21554 22844 24028 25424
C Median SSB long term 198296 206621 202678 199221 194879
C Median realized F long term 0.136 0.113 0.123 0.133 0.146
C ICV long term 0.146 0.134 0.14 0.145 0.151
C ITV long term 0.145 0.134 0.139 0.144 0.15
C risk3 long term 0.056 0.045 0.05 0.055 0.059
C risk1 long term 0.0439 0.0332 0.0369 0.0426 0.0486
C Median catch medium term 21685 18926 20198 21385 22784
C Median SSB medium term 189111 196411 193208 189980 185884
C Median realized F medium term 0.128 0.105 0.115 0.125 0.137
C ICV medium term 0.159 0.15 0.153 0.158 0.163
C ITV medium term 0.209 0.198 0.202 0.207 0.213
C risk3 medium term 0.094 0.077 0.083 0.092 0.1
C riskl medium term 0.0766 0.0616 0.0678 0.075 0.083
C Median catch short term 17668 14333 15728 17254 19009
C Median SSB short term 168698 172058 170630 169177 167650
C Median realized F short term 0.107 0.086 0.095 0.104 0.116
C ICV short term 0.238 0.234 0.234 0.237 0.238
C ITV short term 0.18 0.178 0.178 0.179 0.181
C risk3 short term 0.103 0.084 0.092 0.102 0.113
C risk1 short term 0.0844 0.0718 0.0768 0.0828 0.0908
C Convergence failure 0 0 0 0 0
C Fmax reached 0 0 0 0 0
A+D Frarget 0.158 0.144 0.16 0.176 0.172
A+D Brrigger 250000 250000 250000 250000 250000
A+D Median catch long term 22364 21225 22534 23713 23450
A+D Median SSB long term 201498 204796 201011 197410 198260
A+D Median realized F long term 0.123 0.114 0.124 0.134 0.132
A+D ICV long term 0.205 0.206 0.205 0.204 0.204
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HCR FMsY-lower 0.9*Frgt Fuegt 1.1*Frgt FMsY-upper
A+D ITV long term 0.159 0.155 0.16 0.164 0.162
A+D risk3 long term 0.05 0.045 0.05 0.055 0.054
A+D risk1 long term 0.0373 0.0339 0.0378 0.0433 0.0419
A+D Median catch medium term 19959 18900 20132 21280 21010
A+D Median SSB medium term 192490 195320 191932 188751 189576
A+D Median realized F medium term 0.115 0.106 0.116 0.126 0.124
A+D ICV medium term 0.198 0.197 0.197 0.198 0.199
A+D ITV medium term 0.222 0.218 0.223 0.227 0.226
A+D risk3 medium term 0.084 0.077 0.085 0.092 0.091
A+D riskl medium term 0.0674 0.0622 0.0686 0.0752 0.0734
A+D Median catch short term 15711 14411 15898 17346 16994
A+D Median SSB short term 170703 171945 170506 169056 169416
A+D Median realized F short term 0.095 0.087 0.096 0.105 0.103
A+D ICV short term 0.245 0.244 0.245 0.245 0.245
A+D ITV short term 0.182 0.181 0.181 0.182 0.181
A+D risk3 short term 0.091 0.085 0.093 0.103 0.099
A+D risk1 short term 0.0766 0.073 0.077 0.0832 0.082
A+D  Convergence failure 0 0 0 0 0
A+D Fmaxreached 0 0 0 0 0
B+E Frarget 0.158 0.144 0.16 0.176 0.172
B+E Btrigger 210000 210000 210000 210000 210000
B+E Median catch long term 24659 23253 24846 26263 25901
B+E Median SSB long term 196843 200429 196370 192558 193452
B+E Median realized F long term 0.138 0.127 0.139 0.151 0.148
B+E ICV long term 0.369 0.369 0.369 0.369 0.369
B+E ITV long term 0.141 0.135 0.142 0.146 0.146
B+E risk3 long term 0.049 0.043 0.05 0.057 0.055
B+E risk1 long term 0.0397 0.0349 0.0409 0.0449 0.0444
B+E Median catch medium term 21550 20432 21705 22796 22582
B+E Median SSB medium term 187988 191150 187488 184143 184951
B+E Median realized F medium term 0.125 0.116 0.127 0.137 0.135
B+E ICV medium term 0.368 0.366 0.368 0.366 0.368
B+E ITV medium term 0.255 0.244 0.256 0.267 0.262
B+E risk3 medium term 0.088 0.082 0.091 0.101 0.098
B+E riskl medium term 0.0726 0.0652 0.0734 0.0802 0.0768
B+E Median catch short term 18305 16952 18505 19953 19657
B+E Median SSB short term 168413 169856 168266 166871 167184
B+E Median realized F short term 0.112 0.103 0.114 0.125 0.122
B+E ICV short term 0.345 0.353 0.345 0.346 0.343
B+E ITV short term 0.178 0.176 0.178 0.177 0.179
B+E risk3 short term 0.098 0.092 0.099 0.113 0.109
B+E risk1 short term 0.0808 0.0754 0.0814 0.0904 0.087
B+E Convergence failure 0 0 0 0 0
B+E Fmax reached 0 0 0 0 0
C+E Frarget 0.158 0.135 0.15 0.165 0.172
C+E Burigger 230000 230000 230000 230000 230000
C+E Median catch long term 23496 21544 22855 24000 24492
C+E Median SSB long term 198585 204447 200634 197126 195372
C+E Median realized F long term 0.13 0.113 0.124 0.135 0.14
C+E ICV long term 0.362 0.364 0.363 0.361 0.361
C+E ITV long term 0.154 0.145 0.15 0.156 0.159
C+E risk3 long term 0.055 0.046 0.05 0.055 0.058
C+E risk1 long term 0.0425 0.0349 0.0395 0.0448 0.0468
C+E Median catch medium term 20081 18365 19516 20527 20997
C+E Median SSB medium term 189561 194934 191256 188145 186756
C+E Median realized F medium term 0.117 0.102 0.112 0.122 0.126
C+E ICV medium term 0.352 0.353 0.352 0.353 0.353
C+E ITV medium term 0.216 0.208 0.213 0.218 0.22
C+E risk3 medium term 0.094 0.082 0.088 0.098 0.1
C+E risk1 medium term 0.0742 0.0646 0.07 0.0776 0.0818
C+E Median catch short term 16977 14922 16292 17589 18200
C+E Median SSB short term 169556 171683 170233 168791 168311
C+E Median realized F short term 0.104 0.09 0.099 0.108 0.113
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HCR FMsY-lower 0.9*Frgt Fuegt 1.1*Frgt FMsY-upper
C+E ICV short term 0.34 0.384 0.341 0.323 0.315
C+E ITV short term 0.182 0.181 0.182 0.182 0.183
C+E risk3 short term 0.102 0.088 0.098 0.105 0.111
C+E risk1 short term 0.0806 0.072 0.0778 0.0838 0.0874
C+E Convergence failure 0 0 0 0 0
C+E Fmax reached 0 0 0 0 0
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Annex 10: Additional Results for saithe

A10.1. Search grids for short-term, baseline OM1

Management strategy A

median short-term cateh [t] short-term risk 3
0.5+ 133334 i S 054 D KRN e LEEd
yield maximum short-term
merwses o ames im area [t] i wasr meme oos risk 3
111000 e 0% e 0055 0.25
049 e 110000 044 - 07 e B8 aen " g 020
“oasB 08T NGz, gl e oais cows §EE 0P S oo O G
——— g 109000 ooar wogr qaar g 0 O G0 ESS BIE Sb B2 A g 015
D ot e s e v Fice Rt O pome % s % ooe O G 000 BRI RN
o sasze 1 searn ! s T gy = 108000 . wazn " s s " 010
£ o3y 10 1921 01908 914 B1AZ MO0 G o 107000 o34 DB DDIE G01B 69 G0 DOI DB 0013 005
106000 ||
024 esssT o esear a8 1 risk <= 0.05 Q2+ 6208 o0 om0 608 == risk <= 0.05
FALSE 2 FALSE
< TRUE < TRUE
014 24807 awia 2000 e 014 ooz 0.008 LL oros
130 140 150 180 170 160 190 200 210 220 230 240 250 260 270 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280
Brgger [10001] Bingger [10001]
median short-term inter-annual catch variability median short-term SSEB (t]
054 sw  mam mmw e median 054 vemn  wem wmm s median
short-term
- short-term
o s mie o inter-annual s teme g mms SSB [f
onm  mmw mn o cateh variability R - -—
049 By 030 04+ e T 350000
ftz @S vins § s - B2 oo 0132 0120 P I - e
5163 oros aer s B 8103 81 0i1 oer 025 s e e R S ey 300000
T i i3 b G e i ey
S e e B IR 2 BEE w TR o  aeews S MR Gy
o e G T T BT ST SoabeeTEa]
o wies * ates * e a5 020 - B T e 250000
£ o3q 0189 0197 DBD 0156 0208 0212 0235 02 £ osq 2EEAIS N0 2 A TS 2282
015 200000
|
0.2+ I 024 s swes gwoss s o risk <= 0.05
risk <= 0.05 '
2 FALSE
< FALSE
s TRUE
0.14 P s TRUE 014 s swen s s

130 140 150 160 170 180 190 200 210 220 230 240 250 280 270 280
Buigoer [1000(]

130 140 150 180 170 180 190 200 210 220 230 240 250 280 270 280
Brrigger [10001]

Figure A10.1.1. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Ftarget and Burigger

for management strategy A for the short-term (i.e. first five years of the 20-year projection). The top-left plot is median

short-term catch, top-right the short-term risk3, bottom left the median short-term inter-annual catch variability and

bottom right the median short-term SSB.
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Figure A10.1.2. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Frarget and Brrigger

for management strategy B for the short-term (i.e. first five years of the 20-year projection). See the caption to Table

A10.1.1 for more details.
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Figure A10.1.3. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Frarget and Burigger

for management strategy C for the short-term (i.e. first five years of the 20-year projection). See the caption to Table

A10.1.1 for more details.
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Figure A10.1.4. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Frarget and Brrigger

for management strategy A+D for the short-term (i.e. first five years of the 20-year projection). See the caption to

Table A10.1.1 for more details.
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Management strateqy B+E
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Figure A10.1.5. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Frarget and Brrigger

for management strategy B+E for the short-term (i.e. first five years of the 20-year projection). See the caption to Table
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Figure A10.1.6. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Frarget and Burigger

for management strategy C+E for the short-term (i.e. first five years of the 20-year projection). See the caption to Table

A10.1.1 for more details.
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Management strategy Ai+D
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Figure A10.1.7. Saithe in Subareas 4 and 6 and Division 3a: Grid search for “optimal” combination of Frarget and Brrigger

for management strategy Ai+D for the short-term (i.e. first five years of the 20-year projection). See the caption to

Table A10.1.1 for more details.
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A10.2. Summary projection plots for OM2 (M=0.1)

Management strategy A

4e+05 -

[oooL] 0ay

28405+

0e+00+

750000«

500000+

[ ess

250000 =

0-

de+05+=

3e+05-

bl yaen

Ze+05-

1e+05+

(i-vsafel 4

1980 2000 year 2020 2040
Figure A10.2.1. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy A with
individual replicates, alternative OM2 (M=0.1). Top plot is recruitment (age 0), second plot SSB, third plot catch and
bottom plot mean F (ages 4-7). The vertical black line separates the historic period from the projection period. The
SSB plot includes Bpa=MSY Buigger (horizontal solid line) and Biim (horizontal hashed line), while the mean F plot
includes Fmsy (horizontal solid line) and Fiim (horizontal dashed line). The actual plots show medians (solid black line)
with the darker shaded area indicating the 25t and 75t percentiles, and the light shaded area the 5% and 95t percen-

tiles. The results for 5 individual replicates are shown in solid coloured lines.
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Management strategy B
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Figure A10.2.2. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy B with

individual replicates, alternative OM2 (M=0.1). Solid black horizontal lines are MSY Beigger and Fmsy, dashed black

horizontal lines are Biimand Fiim. See caption Figure A10.2.1 for details.
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Figure A10.2.3. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy C with
individual replicates, alternative OM2 (M=0.1). Solid black horizontal lines are MSY Btigger and Fmsy, dashed black

horizontal lines are Biimand Fiim. See caption Figure A10.2.1 for details.
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Management strateqy A+D
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Figure A10.2.4. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy A+D with
individual replicates, alternative OM2 (M=0.1). Solid black horizontal lines are MSY Btrigger and Fmsy, dashed black

horizontal lines are Biimand Fiim. See caption Figure A10.2.1 for details.
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Management strateqy B+E
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Figure A10.2.5. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy B+E with
individual replicates, alternative OM2 (M=0.1). Solid black horizontal lines are MSY Beigger and Fmsy, dashed black

horizontal lines are Biimand Fiim. See caption Figure A10.2.1 for details.
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Figure A10.2.6. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy C+E with
individual replicates, alternative OM2 (M=0.1). Solid black horizontal lines are MSY Btigger and Fmsy, dashed black

horizontal lines are Biimand Fiim. See caption Figure A10.2.1 for details.
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Management strategy Ai+D
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Figure A10.2.7. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy Ai1+D with
individual replicates, alternative OM2 (M=0.1). Solid black horizontal lines are MSY Btrigger and Fmsy, dashed black

horizontal lines are Biimand Fiim. See caption Figure A10.2.1 for details.
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A10.3. Summary projection plots for OM3 (M=0.3)

Management strategy A
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Figure A10.3.1. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy A with
individual replicates, alternative OM3 (M=0.3). Top plot is recruitment (age 0), second plot SSB, third plot catch and
bottom plot mean F (ages 4-7). The vertical black line separates the historic period from the projection period. The
SSB plot includes Bpa=MSY Buigger (horizontal solid line) and Biim (horizontal hashed line), while the mean F plot
includes Fmsy (horizontal solid line) and Fiim (horizontal dashed line). The actual plots show medians (solid black line)
with the darker shaded area indicating the 25t and 75t percentiles, and the light shaded area the 5% and 95t percen-

tiles. The results for 5 individual replicates are shown in solid coloured lines.
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Figure A10.3.2. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strate
individual replicates, alternative OM3 (M=0.3). Solid black horizontal lines are MSY Buigger and Fmsy, dashed black

horizontal lines are Biimand Fiim. See caption Figure A10.3.1 for details.
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Figure A10.3.3. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy C with
individual replicates, alternative OM3 (M=0.3). Solid black horizontal lines are MSYBtrigger and Fmsy, dashed black

horizontal lines are Biimand Fiim. See caption Figure A10.3.1 for details.
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Figure A10.3.4. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for

2040

management strate,

A+D with

individual replicates, alternative OM3 (M=0.3). Solid black horizontal lines are MSYBtigger and Fmsy, dashed black

horizontal lines are Biimand Fiim. See caption Figure A10.3.1 for details.
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Figure A10.3.5. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for

2040

management strate

B+E with

individual replicates, alternative OM3 (M=0.3). Solid black horizontal lines are MSYBuigger and Fmsy, dashed black

horizontal lines are Biimand Fiim. See caption Figure A10.3.1 for details.
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Figure A10.3.6. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for

2020

management strate

C+E with

individual replicates, alternative OM3 (M=0.3). Solid black horizontal lines are MSYBtrigger and Fmsy, dashed black

horizontal lines are Biimand Fiim. See caption Figure A10.3.1 for details.
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Figure A10.3.7. Saithe in Subareas 4 and 6 and Division 3a: Summary projections for management strategy A1+D with
individual replicates, alternative OM3 (M=0.3). Solid black horizontal lines are MSYBtigger and Fmsy, dashed black
horizontal lines are Biimand Fiim. See caption Figure A10.3.1 for details.

A10.4. Sensitivity and robustness of management strategy re-
sults

Table A10.4.1. Saithe in Subareas 4 and 6 and Division 3a: sensitivity of performance statistics for the “optimised”
six management strategies to a range of Frarget and Brrigger Scenarios. Statistics are reported for three time periods, short
(first five years), medium (years 6-10) and long (final 10 years) term. Other statistics reported include the number of
replicates where the estimation model (SAM) failed to converge, the number of replicates where Fmax (Fmax =2) was
reached, the proportion of replicates that recover above Bpa=MSY Btrigger and the number of years taken to recover
above Bpa=MSY Bhrigger for the first time.

HCR Fuvsy-lower 0.9*Frgt Fuegt 1.1*Fuegt Fumsy-upper
A Ftarget 0.21 0.315 0.35 0.385 0.536
A Btrigger 250000 250000 250000 250000 250000
A Median catch long term 111553 115998 116700 115951 105512
A Median SSB long term 466707 319029 292067 269275 201446
A Realized mean F long term 0.212 0.309 0.336 0.358 0.424
A ICV long term 0.123 0.154 0.177 0.206 0.359
A risk3 long term 0.000 0.005 0.015 0.033 0.224
A risk1 long term 0.000 0.003 0.010 0.023 0.166
A Median catch medium term 115113 124307 123747 122434 108711
A Median SSB medium term 470809 332337 302726 278572 230145
A Realized mean F medium term 0.216 0.321 0.350 0.370 0.386
A ICV medium term 0.141 0.168 0.185 0.210 0.369
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HCR Fumsy-lower 0.9*Ferge Frgt 1.1*Fugt Fumsy-upper
A risk3 medium term 0.001 0.005 0.015 0.031 0.188
A riskl medium term 0.000 0.003 0.010 0.025 0.124
A Median catch short term 64241 84663 92464 100068 130018
A Median SSB short term 320470 269121 251973 238157 186001
A Realized mean F short term 0.177 0.276 0.312 0.350 0.525
A ICV short term 0.291 0.245 0.204 0.146 0.166
A risk3 short term 0.006 0.014 0.020 0.027 0.215
A risk1 short term 0.002 0.005 0.010 0.018 0.136
A Convergence failure 0 0 0 0 0
A Fmax reached 0 1 2 11 287
B Ftarget 0.21 0.351 0.39 0.429 0.536
B Btrigger 200000 200000 200000 200000 200000
B Median catch long term 111595 116147 116835 116200 107045
B Median SSB long term 466061 280862 254513 233126 185709
B Realized mean F long term 0.212 0.346 0.379 0.407 0.464
B ICV long term 0.120 0.159 0.186 0.223 0.358
B risk3 long term 0.000 0.013 0.034 0.072 0.258
B risk1 long term 0.000 0.010 0.027 0.058 0.189
B Median catch medium term 112444 119555 118752 116681 110076
B Median SSB medium term 463001 289849 263398 245202 215686
B Realized mean F medium term 0.214 0.348 0.377 0.397 0.419
B ICV medium term 0.138 0.172 0.197 0.234 0.408
B risk3 medium term 0.001 0.014 0.032 0.068 0.230
B riskl medium term 0.000 0.010 0.026 0.055 0.138
B Median catch short term 68262 104210 113492 122190 136360
B Median SSB short term 307063 235739 219954 204247 167825
B Realized mean F short term 0.192 0.349 0.399 0.452 0.607
B ICV short term 0.223 0.112 0.114 0.123 0.262
B risk3 short term 0.006 0.037 0.064 0.105 0.371
B risk1 short term 0.002 0.020 0.040 0.067 0.216
B Convergence failure 0 0 0 0 0
B Fmax reached 0 0 11 27 309
C Ftarget 0.21 0.315 0.35 0.385 0.536
C Btrigger 250000 250000 250000 250000 250000
C Median catch long term 111553 115998 116700 115946 105105
C Median SSB long term 466707 319029 292013 269184 200777
C Realized mean F long term 0.212 0.309 0.336 0.358 0.422
C ICV long term 0.123 0.154 0.177 0.206 0.356
C risk3 long term 0.000 0.005 0.015 0.033 0.222
C riskl long term 0.000 0.003 0.010 0.023 0.164
C Median catch medium term 115113 124307 123747 122434 108398
C Median SSB medium term 470809 332337 302726 278572 229557
C Realized mean F medium term 0.216 0.321 0.350 0.370 0.385
C ICV medium term 0.141 0.168 0.185 0.210 0.369
C risk3 medium term 0.001 0.005 0.015 0.031 0.188
C riskl medium term 0.000 0.003 0.010 0.025 0.124
C Median catch short term 64241 84663 92464 100068 130018
C Median SSB short term 320470 269121 251973 238157 185972
C Realized mean F short term 0.177 0.276 0.312 0.350 0.525
C ICV short term 0.291 0.245 0.204 0.146 0.166
C risk3 short term 0.006 0.014 0.020 0.027 0.215
C risk1 short term 0.002 0.005 0.010 0.018 0.136
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HCR Fumsy-tower 0.9%Furg Fuegt 1.1*Furgt Fumisy-upper
C Convergence failure 0 0 0 0 0
C Fmax reached 0 1 2 11 283
A+D Ftarget 0.21 0.369 0.41 0.451 0.536
A+D Btrigger 210000 210000 210000 210000 210000
A+D Median catch long term 107988 111781 112250 110654 103949
A+D Median SSB long term 464418 267908 249213 222015 187787
A+D Realized mean F long term 0.206 0.347 0.380 0.402 0.443
A+D ICV long term 0.364 0.337 0.335 0.345 0.387
A+D risk3 long term 0.000 0.024 0.043 0.110 0.265
A+D risk1 long term 0.000 0.016 0.033 0.079 0.183
A+D Median catch medium term 113727 119551 117009 114394 107607
A+D Median SSB medium term 463087 281003 262907 240807 217189
A+D Realized mean F medium term 0.220 0.362 0.385 0.389 0.402
A+D ICV medium term 0.405 0.371 0.361 0.365 0.409
A+D risk3 medium term 0.000 0.018 0.037 0.091 0.224
A+D riskl medium term 0.000 0.015 0.028 0.065 0.128
A+D Median catch short term 80037 98333 106994 115466 130509
A+D Median SSB short term 287929 227936 211176 197507 168794
A+D Realized mean F short term 0.198 0.356 0.416 0.460 0.570
A+D ICV short term 0.280 0.255 0.255 0.257 0.276
A+D risk3 short term 0.013 0.051 0.092 0.152 0.347
A+D risk1 short term 0.005 0.027 0.048 0.091 0.213
A+D Convergence failure 0 0 0 0 0
A+D Fmax reached 0 6 15 57 298
B+E Ftarget 0.21 0.351 0.39 0.429 0.536
B+E Btrigger 220000 220000 220000 220000 220000
B+E Median catch long term 108041 112214 112562 111413 103027
B+E Median SSB long term 464202 282358 263268 236341 190758
B+E Realized mean F long term 0.206 0.331 0.364 0.385 0.433
B+E ICV long term 0.361 0.358 0.364 0.378 0.446
B+E risk3 long term 0.000 0.014 0.032 0.079 0.255
B+E risk1 long term 0.000 0.010 0.020 0.056 0.180
B+E Median catch medium term 114524 122411 120358 118709 111740
B+E Median SSB medium term 464755 295423 275878 252672 225351
B+E Realized mean F medium term 0.222 0.357 0.383 0.394 0.412
B+E ICV medium term 0.414 0.416 0.429 0.455 0.534
B+E risk3 medium term 0.000 0.011 0.027 0.060 0.195
B+E riskl medium term 0.000 0.010 0.019 0.048 0.122
B+E Median catch short term 79972 93257 101448 109598 130138
B+E Median SSB short term 289121 238649 220310 207129 170766
B+E Realized mean F short term 0.197 0.328 0.380 0.422 0.556
B+E ICV short term 0.280 0.305 0.305 0.302 0.304
B+E risk3 short term 0.013 0.037 0.075 0.120 0.336
B+E risk1 short term 0.005 0.018 0.037 0.063 0.204
B+E Convergence failure 0 0 0 0 0
B+E Fmax reached 0 1 8 34 307
C+E Ftarget 0.21 0.324 0.36 0.396 0.536
C+E Btrigger 230000 230000 230000 230000 230000
C+E Median catch long term 108059 112074 112351 111995 102769
C+E Median SSB long term 464353 305913 285057 256130 193460
C+E Realized mean F long term 0.206 0.309 0.339 0.361 0.422
C+E ICV long term 0.360 0.356 0.360 0.367 0.432
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HCR Fumsy-lower 0.9*Ferge Frgt 1.1*Fugt Fumsy-upper
C+E risk3 long term 0.000 0.008 0.015 0.043 0.250
C+E risk1 long term 0.000 0.004 0.010 0.029 0.171
C+E Median catch medium term 115116 123581 122037 120936 109583
C+E Median SSB medium term 466117 319800 295801 267874 224006
C+E Realized mean F medium term 0.222 0.336 0.364 0.382 0.401
C+E ICV medium term 0.413 0.407 0.414 0.432 0.506
C+E risk3 medium term 0.000 0.005 0.012 0.034 0.192
C+E riskl medium term 0.000 0.004 0.009 0.028 0.119
C+E Median catch short term 79642 84851 91833 99234 125950
C+E Median SSB short term 290488 254805 238535 223323 175019
C+E Realized mean F short term 0.195 0.290 0.336 0.369 0.538
C+E ICV short term 0.280 0.306 0.309 0.313 0.306
C+E risk3 short term 0.013 0.018 0.037 0.066 0.304
C+E risk1 short term 0.005 0.009 0.017 0.033 0.183
C+E Convergence failure 0 0 0 0 0
C+E Fmax reached 0 1 2 12 301
A+D Ftarget 0.21 0.324 0.36 0.396 0.536
A+D Btrigger 230000 230000 230000 230000 230000
A+D Median catch long term 108063 111960 112377 112003 103361
A+D Median SSB long term 464403 305582 284997 256261 194569
A+D Realized mean F long term 0.206 0.308 0.339 0.361 0.425
A+D ICV long term 0.360 0.355 0.360 0.368 0.431
A:+D risk3 long term 0.000 0.007 0.015 0.043 0.248
A:+D riskl long term 0.000 0.004 0.010 0.029 0.170
A+D Median catch medium term 114881 123407 122050 120936 108785
A+D Median SSB medium term 465419 321098 295801 267938 222640
A+D Realized mean F medium term 0.221 0.335 0.364 0.382 0.402
A:+D ICV medium term 0.412 0.412 0.414 0.432 0.512
A+D risk3 medium term 0.000 0.005 0.012 0.034 0.196
A+D riskl medium term 0.000 0.004 0.009 0.028 0.122
A+D Median catch short term 78681 88746 91833 99234 120068
A+D Median SSB short term 286146 250541 238535 223323 178851
A+D Realized mean F short term 0.196 0.296 0.336 0.369 0.524
A:+D ICV short term 0.237 0.294 0.309 0.313 0.319
A:+D risk3 short term 0.016 0.024 0.037 0.066 0.303
A+D risk1 short term 0.005 0.011 0.017 0.033 0.167
A+D Convergence failure 0 0 0 0 0
A+D Fmax reached 0 1 2 12 295

Table A10.4.2. Saithe in Subareas 4 and 6 and Division 3a: Performance statistics for the various management strate-

gies with alternate operating models. The operating models are OM2 (M=0.1) and OM3 (M=0.3) and are described in
Sections 6.1-6.2.

HCR A B C A+D B+E C+E A+D A B C A+D B+E C+E A+D
OM oM2 oM2 oM2 oM2 oM2 om2 om2 oM3 oM3 oM3 om3 om3 om3 om3

Frarget 035 039 0.35 041 039 036 036 035 039 035 0.41 039 036 036
Buigger 250000 200000 250000 210000 220000 230000 230000 250000 200000 250000 210000 220000 230000 230000
Median catch long term 124462 121712 124462 116003 117901 119564 119564 117393 120134 117353 116240 115653 114223 114351
Median SSB long term 342538 288173 342538 269399 290196 324552 324552 315278 277186 315445 266187 280137 300738 300706
Realized mean F long term 0355 0.398 0355 0.401 0385 0.357 0.357 0308 0.354 0.308 0.352 0.335 0.310 0.310
ICV long term 0.142 0.146 0.142 0.340 0350 0346 0.345 0.191 0.205 0.191 0.322 0.370 0.363 0.363
risk3 long term 0.002 0.010 0.002 0.016 0.009 0.005 0.005 0.025 0.054 0.025 0.090 0.061 0.032 0.032
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risk1 long term

Median catch medium term
Median SSB medium term
Realized mean F medium term
ICV medium term

risk3 medium term

riskl medium term

Median catch short term
Median SSB short term
Realized mean F short term
ICV short term

risk3 short term

risk1 short term
Convergence failure

Fmax reached

0.001
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Annex 11: Additional Results for autumn-spawning herring

Summary projections for the management strategies that were “optimised” (A, B, A+C, A+D),
showing worm plots for the same randomly selected replicates. Note, it was not possible to “op-
timise” B+E, as explained in the main text.

Recraiment Monsands

20eHT e0eHT 1RH2

100m  20mm
I

=58 (D e

M
I

1e+D5
1

CACH (D E)
[,
1

Ze+I5
1

F25
03 04
I

o2

0.4

Figure A11.1: North Sea herring. Stock trends of the OM for the optimal HCR A strategy (Ftarget=0.22, Brigge:=1400000).
Top panel shows recruitment, followed by SSB, followed by catch and finally Fbar on 2-6 (adult fishery). Individual

replicates are shown as worm plots.
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Figure A11.2: North Sea herring. Stock trends of the OM for the optimal HCR B strategy (Ftarget=0.22, Brigge:=1400000).
Top panel shows recruitment, followed by SSB, followed by catch and finally Fbar on 2-6 (adult fishery). Individual

replicates are shown as worm plots.
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Figure A11.3: North Sea herring. Stock trends of the OM for the optimal HCR A+C strategy (Ftarget=0.22, Brig-
g:=1400000). Top panel shows recruitment, followed by SSB, followed by catch and finally Fbar on 2-6 (adult fishery).

Individual replicates are shown as worm plots.
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Figure A11.4: North Sea herring. Stock trends of the OM for the optimal HCR A+D strategy (Ftarget=0.23, Brig-
g=1400000). Top panel shows recruitment, followed by SSB, followed by catch and finally Fbar on 2-6 (adult fishery).

Individual replicates are shown as worm plots.
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