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1 Operating model

1.1 Operating model conditioning

The conditioning of the age-structured stochastic operating models for plaice followed the ap-

proach set out by ICES (2019) and Fischer et al. (2023). This means that the operating models

were based on the model fits of the state-space assessment model SAM (Nielsen & Berg, 2014)

to data. SAM estimates processes (stock numbers at age, recruitment, fishing mortality), obser-

vations (catch numbers, survey indices), as well as uncertainties (parameter uncertainty, process

error, observation error) and uncertainty structures of estimated parameters, and this can be

used in the conditioning of the operating models.

The uncertainty was implemented into the operating models by generating 1,000 different

but self-consistent simulation replicates. Each replicate represented one parameter set derived

by the sampling from the variance-covariance matrix of the SAM model fit and represents one

possible outcome of the model (ICES, 2019).

The baseline operating model was based on the SAM model fit considered most plausible

by WKBPLAICE. The following sections describe the operating model and are based on this

baseline operating model. The creation of the alternative operating models is described in

Section 2.

The framework for conducting the management strategy evaluation (MSE) was based on the

Fisheries Library in R (FLR; Kell et al., 2007) and its mse package (https://github.com/flr/mse).

Essentially, the work for this benchmark is an update of Fischer et al. (2023) and this document

is based on the Supplementary Material of Fischer et al. (2023).

The full code and input data for creating the operating models is available on GitHub at

https://github.com/shfischer/WKBPLAICE2024 ple.27.7e MSE.

1.2 Population dynamics

Population dynamics were simulated with age-structured operating models. Population dy-

namics mimicked the internal dynamics of the state-space SAM model (Nielsen & Berg, 2014).

Stock numbers were calculated as

Na,y,i =


Ry,i a = 1

Na−1,y−1,i e
−Fa−1,y−1,i−Ma−1,y−1,i eεa,y,i 1 < a < A(

Na−1,y−1,i e
−Fa−1,y−1,i−Ma−1,y−1,i +Na,y−1,i e

−Fa,y−1,i−Ma,y−1,i
)
eεa,y,i a = A

(1)

where Na,y,i are stock numbers for age a, year y and simulation replicate i, with a = 1 being

the first age class, A the last age class (plusgroup), R are recruits, F is the fishing mortality, M

the natural mortality, and ε the multivariate normal survival process error, εa,y,i ∼ N(0, σ2
i ),

where σ is estimated by SAM.

For this plaice stock, the survival process error was set independently for the recruits (age

2) and a common value was used for all other ages (ages 3–10+). For the historical part of the

operating model (1980–2023), the survival process error was already included in the simulation
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replicates derived by sampling from the variance-covariance matrix of the SAM model fit. For

the projection period, it was included following Equation 1. The median survival process error

for the recruits in the baseline operating model was σ ≈ 0.4577 and σ ≈ 0.1359 for all other

ages. In the projected period of the MSE, the survival process error for the recruitment age

was superseded by a recruitment process error (see Section 1.3).

Catch numbers were calculated following the Baranov catch equation (Sharov, 2021):

Ca,y,i =
Fa,y,i

Fa,y,i +Ma,y,i
Na,y,i

(
1− e−Fa,y,i−Ma,y,i

)
(2)

The simulation was based on total catches, combining landings and discards. However, catch

numbers at age were also split into landings and discards based on the landings ratio, so that

alternative discarding scenarios could be explored (see Section 2).

Figure 1 illustrates the historical population dynamics (catch, recruitment, fishing mortality,

and SSB) of the baseline operating model in comparison to the SAM model fit on which it is

based. Figure 2 shows the first five of the 1000 simulation replicates.
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Figure 1: Comparison of the baseline operating model metrics to the output from the SAM
model fit. For the operating model, the median (black curve) and 50% confidence intervals
(shaded in dark grey) and 95% confidence intervals (shaded in light grey) are shown. For
the SAM model fit, the point estimates (red curve) and 95% confidence intervals (dashed red
curves) are shown. Please note that the uncertainty of the operating model catch appears much
smaller than the uncertainty of the SAM model catch; however, different metrics are shown.
The operating model catch is the modelled catch consistent with the stock numbers at age
and the fishing mortality, derived by sampling from the variance-covariance matrix of the SAM
model. The SAM model fit catch shows the catch and its uncertainty as returned by the SAM
model. For details on how catch observations are generated in the MSE projection, see Section
1.8.1 for details).
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Figure 2: The baseline operating model and the first five simulation replicates (coloured curves).

1.3 Recruitment modelling

Recruitment was modelled by fitting a stock-recruitment model to historical SSB-recruitment

pairs. For this plaice stock, a Beverton-Holt model was used:

Ry,i =
αi SSBy,i

βi + SSBy,i
eγy,i , (3)

where γ is the recruitment process error (recruitment residuals, see following paragraphs for

details).

The Beverton-Holt model was chosen because no clear stock-recruitment relationship is

evident for this plaice stock. A hockey-stick model was considered unrealistic because it implies

a discrete breakpoint below which recruitment is impaired, but such a value is unknown, and

the model was considered biologically implausible.

The recruitment model was fitted individually to each of the 1,000 simulation replicates

(Figure 3).

Variability in future recruitment values (process error, implemented with recruitment resid-

uals) was introduced by taking model log-residuals (the difference between the recruitment

observations and the modelled recruitment for a given SSB), fitting a kernel density smoother

to the residuals (R function density()), and sampling from this distribution (Figure 4). This

process allowed a wider range of residuals to be generated compared to bootstrapping residuals.

Auto-correlation of future residuals was included if lag-1 auto-correlation was statistically sig-

nificant in historical residuals (as tested with R’s acf()) as a first-order auto-regressive (AR1)

process (ICES, 2019; Kaitala and Ranta, 2001):

γ′y,i = ρ γ′y−1,i +
√

1− ρ2 γy,i, (4)

where γ are the default recruitment residuals, ρ the auto-correlation, and γ′ the recruitment
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Figure 3: Recruitment model (Beverton-Holt) of the baseline operating model. Red points
indicate the medians of the SSB-recruitment pairs and are surrounded by small black points
representing the SSB-recruitment pairs for the 1,000 simulation replicates. The thin black
curves represent the recruitment models for the 1,000 simulation replicates, and the red curve
represents a recruitment model based on the medians of the model parameters.

residuals after including the auto-correlation. For the baseline operating model, residuals exhib-

ited a statistically significant auto-correlation (ρ ≈ 0.5439) and so the residuals were modified

to also include this auto-correlation.

The model fitting and generation of recruitment residuals were done independently for each

simulation replicate.

Recruitment is one of the main factors defining the productivity of the stock in the MSE.

Consequently, it is important to check that modelled recruitment values are similar to values

observed in the past (Figure 5). For the comparison in Figure 5, recruitment was modelled with

the approach deployed in the MSE projection for historical years for which recruitment estimates

existed (Equations 3 and 4), and showed that the modelled recruitment and its distribution were

similar to historical data and therefore appropriate for use in the MSE.

0

5

10

15

0 2 4 6 8

SSB (1000t)

R
ec

ru
itm

en
t (

10
00

s)

(a)

0

2

4

6

8

10

0.0

0.2

0.4

0.6

0.8

1.0

−1 0 1

Log residuals

R
es

id
ua

l c
ou

nt

D
en

si
ty

kernel
density

(b)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

−2 −1 0 1 2

Log residuals

D
en

si
ty

(c)

Figure 4: Visualisation of recruitment modelling for the baseline operating model. Panels (a)
and (b) illustrate the process for the median stock-recruit pairs. Shown are (a) the Beverton-Holt
recruitment model fit (solid black curve; points are stock-recruit pairs) and (b) the distribution
of log residuals (histogram). Residuals for the projection are sampled from the kernel density
distribution (red curve in b). Panel (c) illustrates the kernel densities for all 1,000 simulation
replicates.
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Figure 5: Comparison of recruitment data as estimated by SAM and recruitment values gen-
erated by the recruitment modelling approach as used in the MSE simulation for the baseline
operating model. The top row shows the stock-recruitment pairs, and the bottom row shows
the empirical cumulative distribution of the recruitment values. Columns 1–3 show individual
simulation replicates, and in the last column, all 1000 were replicates combined.

1.4 Biological data and fisheries selectivity

Biological data (weights at age for the stock and catch, natural mortality, and maturity) of

the operating model for the historical period (for which data existed and are used in the ICES

stock assessments) were identical to those used in the stock assessment and the same for each

simulation replicate. Time-varying fishery selectivity (assuming a single fleet) is estimated by

SAM. Consequently, the selectivity differed by simulation replicate in the historical period.

For the projected period (20 years) in the closed-loop simulation, variability was introduced

for biological parameters and fishery selectivity by resampling from the historical period. Values

were resampled from the last five historical years (Figure 6). The discard weights for age 10+

were very low and lower than those for younger ages. This was caused by very low discards for

age 10+ and consequently very low sampling but it did not affect the MSE because discards

were very low.

The resampling process was implemented by randomly selecting a year from the pool of years

(the last five historical years, i.e., 2019–2023, indicated by the area highlighted in red in Figure

6) and taking all biological parameters for all ages in this year so that possible correlations

between ages or different biological parameters were maintained. This process was repeated for

fishery selectivity, independently for each simulation replicate and separate from the biological

resampling (Figure 7).

1.5 Intermediate year

The input data for the SAM model on which the operating models were conditioned used data

until 2023. The implementation of the management procedures in the MSE loop started in 2025,
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the year after the benchmark. This means that 2024 was an intermediate year for which no data

were available. This year was modelled by extending the operating model to 2024 by specifying

a target catch value and following the stock dynamics as described in the previous sections,
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including the survival process error (Equations 1–3), and the fisheries selectivity described

in the previous section (Figure 7). This approach of extending the operating model for the

intermediate year was the same as deployed by ICES (2019). The catch target was set to the

ICES catch advice for 2024 for plaice in Division 7.e of 1219 tonnes. This catch target was

then reduced for the discard survival, if relevant for the respective operating models. The catch

was split into landings and discards based on the average discarding pattern of the last 5 years

(2019–2023, 21.6%), i.e. the total catch of 1219 tonnes was assumed to consist of 956.0 tonnes

of landings and 263.0 tonnes of discards. For example, the baseline operating model assumed a

discard survival of 50%, which means that the total 2024 catch was 1087.5 tonnes (956.0 tonnes

of landings and 131.5 tonnes of discards).

1.6 Uncertainty characterisation and MCMC

The operating models were conditioned on the model fit of a SAM model and simulation repli-

cates were generated by sampling from the variance-covariance matrix of the model fit. An

alternative approach is to use a Markov chain Monte Carlo (MCMC) approach to sample from

the model fit (i.e. the probability distribution of estimated parameters) to generate the simu-

lation replicates.
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Figure 8: Comparison of SSB and F of the operating model (generated by sampling from the
variance-covariance matrix of a SAM model fit) and an alternative approach using Markov chain
Monte Carlo (MCMC). Shown are the median, surrounded by 50% and 95% confidence intervals
(shaded areas).

An MCMC approach was used to compare it to the default approach. This was implemented

with the R package tmbstan and run with 10 chains, with 10,000 warmup iterations and then

generating 1,000 sampling iterations. Figure 8 shows a comparison of SSB and F from the

MCMC approach and the variance-covariance approach. The results are very similar, indicating

that the approach adopted for generating the operating model for plaice is appropriate for use

in the MSE.

1.7 Reference points

1.7.1 MSY reference points

Operating model maximum sustainable yield (MSY) reference points were estimated using the

simulation framework (including the survival process error and recruitment variability) and
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projecting forward for 100 years with constant F s.

Table 1: Operating model reference points for the baseline operating model. Shown are fishing
mortality (arithmetic mean over ages 3-6, F ), catch, spawning stock biomass (SSB), total stock
biomass (TSB), and Recruitment (R). F is the value targeted in a 100-year projection to
determine MSY; Catch, SSB, TSB and R are the medians over the last 10 years and 1,000
simulation replicates.

F Catch (t) SSB (t) TSB (t) R (1,000)

MSY 0.233 1,201 5,476 6,349 6,533
Unfished 0 0 21,020 22,031 7,192

MSY was derived by maximising the long-term catch when fishing at constant F . The

long-term catch was defined as the last 10 years of a 100-year projection and calculated as the

median over this time period and the 1,000 simulation replicates. This means a single value

was used for all simulation replicates. The F that led to the highest catch (FMSY = 0.233,

MSY = 1201t) was found with a golden-section search (R function optim()) and is illustrated

in Figure 9. Table 1 summarises the MSY reference points.

Figure 10 illustrates the 100-year projection for F = FMSY and Figure 11 for F = 0.

These figures are also a good check to see if the MSE projections make sense and only include

process error (survival process error, recruitment variability) but no observation error. For the

F = FMSY projection (Figure 10), BMSY quickly reached its terminal value after only a few years

and then stayed relatively stable. For the F = 0 projection (Figure 11), the stock dynamics

stabilised after around 20 years, which is also the suggested duration for the implementation of

the management procedures.
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1.7.2 Blim

The biomass limit reference point (Blim) requires careful consideration because it is used in the

calculation of risk in the ICES precautionary approach. Blim is meant to represent the SSB

below which recruitment is impaired (ICES, 2021a). In this MSE, recruitment was modelled

with a Beverton-Holt stock-recruitment model, which does not have any obvious breakpoint on

which Blim could be based.

Following the current ICES guidelines on calculating reference points for data-rich stocks

(ICES, 2021a), this plaice stock can be classified as stock type 5, i.e. a stock showing no

evidence of impaired recruitment or with no clear relation between stock and recruitment (see

Figure 3). In this case, ICES (2021a) suggest using the lowest observed SSB value Bloss as the

basis for Blim and this approach was adopted here. The lowest SSB occurred in 2008 and led to

Blim = 2352t (Figure 12). This SSB value corresponds to 0.112B0 (proportion of unfished SSB)

and 0.430BMSY. The equilibrium recruitment value at Blim (from the stock-recruitment model)

corresponded to 0.794R0 (proportion of unfished recruitment), i.e. indicated a recruitment

impairment of 21%. Furthermore, the observed recruitment value corresponding to Blim (Figure

3) was fairly high and above the median (86th percentile) of the recruitment distribution.
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Figure 12: Basis for the biomass limit reference point Blim, defined as the lowest SSB observed
in 2008.

There are currently considerations to revise the definition of reference points within ICES as

part of the WKREF (ICES, 2022c,d) and WKNEWREF (meeting in 2024, report not finalised in

time for WKBPLAICE) workshops. WKNEWREF did not come up with a definite definition of

reference points and noted that deviations from the guidelines are possible if justified. However,

the workshop proposed that for a type 5 stock, Blim may be based on a proportion of B0 (yet to

be defined, but should not be below 0.1 B0) or could be estimated empirically as the lowest SSB

resulting in good (above median) recruitment. Although this is only a preliminary proposal of

WKNEWREF and may not be implemented by ICES (another workshop is planned), Blim for

this plaice stock already meets the new conditions suggested by WKNEWREF and also follows

the previous guidelines.

1.8 Observations

Observations were generated from the operating model and passed to the management proce-

dure. The data generated by the operating model for the historical period were identical to

the data observed in reality. For the projection years, the error structure from SAM was used

12



to model the observations, and these observations were added to the historical observations.

All operating model uncertainty estimates (residuals) were generated before the simulations so

that they were identical in all simulations of the same operating model to facilitate comparisons

between different management procedures.

1.8.1 Catch observations

Catch observations were based on the operating model catch numbers of Equation 2 and included

an observation error term:

Cobs
a,y,i = Ca,y,i e

εa,y,i , (5)

with εa,y,i ∼ N(0, σ2
a,i) and σ being the age-specific observation standard deviation estimated

by SAM. The SAM model configuration for this plaice stock specified that all ages were coupled

and used the same standard deviation (median σ ≈ 0.1737 for the baseline operating model).

Following ICES (2019), the catch residuals for historical years (eεa,y,i in Equation 5 for

y ≤ 2023) were adapted so that these catch observations exactly matched the values observed

in reality, as estimated by the ICES assessment working group. This ensured that in the first

year of the MSE projection, the management procedures received the same data as would be

available in reality.

The total catch CT was derived by multiplying catch numbers with the individual weight

(WC) and aggregating over all operating model age classes:

CT
y,i =

A∑
a=1

Cobs
a,y,i W

C
a,y,i. (6)

1.8.2 Indices

Two surveys (Q1SWBeam and UK-FSP) were included in the SAM assessment and modelled

in the MSE.

Survey index observations J were generated from the operating model with

Ja,y,s,i = qa,s,i Na,y,i e
−ts(Fa,y,i+Ma,y,i) eεa,y,s,i , (7)

where subscript s indicates the survey (Q1SWBeam and UK-FSP), q the catchability (time-

independent, see Figure 13), t the timing of the survey during the year (t = 0.125 for the quarter

1 survey Q1SWBeam and t = 0.775 for the quarter 3 UK-FSP), and εa,y,s,i ∼ N(0, σ2
a,s,i) the

observation error with standard deviation σ estimated by SAM. As with catch observations, age

coupling is common, and the SAM model for this plaice stock specified that all ages were coupled

and used the same standard deviation (median σ ≈ 0.5305 for Q1SWBeam and σ ≈ 0.5315 for

UK-FSP for the baseline operating model). The SAM model did not specify a covariance

structure of the survey observation error between ages within the same years, so a covariance

structure was consequently also not included in the MSE.
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Figure 13: Survey catchabilities (q) for the two surveys (constant over time, as estimated by
SAM).

Biomass indices I were generated from the surveys with

Iy,s,i =

amax,s∑
a=amin,s

Ja,y,s,i W
I
a,y,s,i, (8)

where amin and amax are the minimum and maximum ages for survey s (amin = 2 for both

surveys, amax = 9 for Q1SWBeam and amax = 8 for UK-FSP), J the observed index values

from Equation (7), and W I the weights at age in the index. Weights at age for the projection

period were derived from the last five years of data (2019–2023, Figure 14).
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Figure 14: Survey catch weights at age for the two survey indices. The area highlighted in red
(2019–2023) indicates the time period from which values were randomly resampled for the MSE
projection.

Figure 15 illustrates the survey index generation for the historical years by the observation

error model of the MSE in comparison to the values observed in reality (as estimated by the ICES

assessment working group). This comparison shows that the survey index modelling appears

appropriate for use in the MSE and the uncertainty covers the range observed in reality.

Following ICES (2019), the survey index residuals for historical years (eεa,y,s,i in Equation 7

for y ≤ 2023) were adapted so that these survey index observations exactly matched the values

observed in reality, as estimated by the ICES assessment working group. This ensured that in
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the first year of the MSE projection, the management procedures received the same data as

would be available in reality. For projected years, survey observations were generated following

Equations 7 and 8.
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Figure 15: Illustration of the survey index generation. The red curves show the index values
observed in reality and passed on to the management procedure. The black curves show the
index values (including observation error) generated from the operating model (surrounded by
50% and 95% confidence intervals shaded in grey) as generated by the observation error model
in the MSE.

1.8.3 Length data

The operating models were age-structured and did not use lengths internally. However, some

data-limited management procedures require length data from the catch (in this MSE, only

the rfb rule requires length data). Therefore, the age frequencies of the catch were converted
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into length frequencies with stock-specific age-length keys (ALKs). The ALKs describe the

distribution of lengths for each age class of the operating model. These ALKs were applied to

the catch at age data and the catch numbers aggregated by length class to generate the catch

at length distribution:

Cobs
L,y,i =

∑
a

Cobs
a,y,i κa,L,y,i, (9)

where Cobs
L are the catch numbers at length L, Cobs

a the observed numbers at age from Equation

(5), and κa,L is the proportion of length L in age a.

For historical years for which yearly ALKs were available, these were used. For the remaining

historical years, the available ALKs were combined into a pooled ALK. For the projected years

in the closed-loop simulation, length distributions were derived by randomly choosing from the

ALKs of the last five historical years (2019–2023), the same years from which other biological

parameters were sampled (Section 1.4). This was done separately for each simulation year and

replicate.

The final observed length distributions were generated by sampling from the operating model

length distribution (described in the previous paragraphs). In each year, 2,000 length samples

were drawn, which is a typical sampling level for plaice in previous years (ICES, 2021b).

Subsequently, the mean length of the catch L̄ was calculated as the average of the length

classes (L) above the length of first capture (Lc), weighted by the number of fish in these length

classes (CL):

Ly =

∑
L>Lc

L Cobs
L,y,i∑

L>Lc
Cobs
L,y,i

. (10)

1.8.4 Biological data

Biological data (weights at age, M , maturity, etc.) were passed from the operating model to

the management procedure. For the historical period (prior to implementing the management

procedures), the biological data passed to the management procedure were identical to those

observed in reality. For the projection period, the biological data were the average of the values

of those years from which the operating model biological values were sampled (last 5 historical

years).

2 Alternative operating models

2.1 Alternative operating model approach

The baseline operating model described in the previous section was conditioned on a specific

SAM model fit. For this SAM model, specific decisions about the input data (e.g. about discard

mortality) and assumptions (e.g. about natural mortality M) were made. However, there is a

degree of uncertainty about these decisions and further specifications of the MSE simulation.

To address this, a range of alternative operating models were developed (Table 2) to ensure

that the proposed management procedure is robust to such uncertainties. This approach is a

best practice in MSE (Punt et al., 2016) and recommended by ICES (ICES, 2020). For the
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alternative operating models, one characteristic (e.g. catch) was changed at a time and they

were not combined (factorial design) to reduce computational complexity.

Table 2: Alternative operating models.

# Category ID Difference SAM
refit?

Operating
model
type

1 Baseline Baseline – – Baseline

2 Catch Catch: no discards No discards (100%
survival)

Yes Reference

3 Catch: 100% discards All discards die (0%
survival)

Yes Reference

4 Catch: +10% Catch always 10% above
TAC

No Robustness

5 Catch: -10% Catch always 10% below
TAC

No Robustness

6 Catch: no migration Catch from 7.d excluded Yes Reference

7 Natural
mortality
(M)

M: -50% M 50% below baseline Yes Reference

8 M: +50% M 50% above baseline Yes Reference
9 M: Gislason Age-dependent M

following Gislason et al.
(2010)

Yes Reference

10 Recruitment R: no AC No auto-correlation
(AC) in recruitment
resiudals

No Reference

11 R: failure Recruitment failure in
years 2025–2029

No Robustness

12 R: +20% Recruitment always
20% higher

No Robustness

13 R: -20% Recruitment always
20% lower

No Robustness

14 Uncertainty Uncertainty: index Higher uncertainty
(observation error) for
index

No Robustness

The previously described baseline operating model was considered the most plausible oper-

ating model by WKBPLAICE 2024. This operating model is part of a “reference” set of more

plausible operating models. Furthermore, there is a separate “robustness” set that includes less

plausible operating models that are meant to test the robustness of management procedures

with more extreme (less plausible) scenarios.

The main changes for the different operating models happened inside the operating model,

but the data passed to the management procedure by the observation (error) model did not pass

on these changes. This approach is meant to ensure testing of the robustness of the management

procedures if reality is not what it is thought to be and follows the typical approach of MSEs,

e.g. by ICES (2019). This meant, for example, when an alternative operating model had an

alternative natural mortality, the management procedure assumed natural mortality did not
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change. The same principle was applied to all observations of biological and fishery data.

For some operating models, the SAM model on which the models were conditioned had to

be refitted. This was the case if the input data (e.g. catch) changed. Other operating models

only concerned elements during the MSE projection (e.g. higher observation error), in which

case the baseline operating model could be re-used.
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Figure 16: Comparison of the alternative operating models to the baseline operating model.
Shaded areas are 50% and 95% confidence intervals. Horizontal dashed lines indicate MSY
reference values and horizontal dotted lines Blim. Operating models that were based on the
same historical data as the baseline operating model are excluded from the figure (but identical
to the top row).
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M: Gislason R: −20% R: +20% R: failure R: no AC

Baseline Catch: 100% discards Catch: no discards Catch: no migration M: −50% M: +50%

0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15

0 5 10 15
0

10

20

0

10

20

SSB (1000t)

R
ec

ru
itm

en
t (

10
00

s)

Figure 17: Recruitment models of the alternative operating models. Shown are the median
SSB-recruitment pairs (points) and the median recruitment models (curves). For the recruit-
ment failure scenario, the dashed curve indicates the recruitment model during the years of
recruitment failure and the solid curves the recruitment model for the remaining years. In all
panels, the baseline recruitment model is shown in red for comparison.

A comparison of the alternative operating models is illustrated in Figure 16 and Figure 17

shows the corresponding recruitment models.

2.2 Catch

2.2.1 Discard survival

The baseline operating model assumed that 50% of the discards die and the remaining 50%

survive. This assumption was the best estimate of discard survival of WKBPLAICE based

on published scientific research (see the working document on the data for this stock). Two

alternative operating models with the two extremes for discard survival were developed:

• Catch: no discards (reference set) – Assume all discards survived, i.e. only landings

contribute to the catch

• Catch: 100% discards (reference set) – Assume all discards die (100% discard mortality)

For these two operating models, the input data to the SAM model differed, so SAM was

refit. The changes in discards also affected the total catch weights, which were calculated as

the average of the landings and discards weights at age, weighted by the landings and discards

numbers.

The best estimate of discard survival of WKBPLAICE was 50%, and so the data passed to

the management procedure retained the assumption of 50% discard survival (Table 3). This

was done because, in reality, an ICES assessment and advice would be based on the best

available science (i.e. assume 50% discard survival). The two operating models with alternative

assumptions, therefore, explored what happens if the discard survival assumption is wrong.

This means there was a discrepancy between the catch of the operating model and the observed

catch. The observed catch for Catch: no discards was higher than the operating model catch
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Table 3: Comparison of operating model catches and catch observations passed to the manage-
ment procedure for the operating models with different discard survival assumptions.

Operating model Discard survival assumption
Operating model Management procedure

Baseline 50% die, 50% survive 50% die, 50% survive
Catch: no discards 0% die, 100% survive 50% die, 50% survive
Catch: 100% discards 100% die, 0% survive 50% die, 50% survive

and lower for Catch: 100% discards than the operating model catch (Table 3). These changes

were implemented into the MSE as an observation error for the catch.
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2.2.2 Implementation error

Two implementation error operating models were developed:

• Catch: +10% (robustness set) – Catch always 10% above TAC (overcatch)

• Catch: −10% (robustness set) – Catch always 10% below TAC (undercatch)

These changes only affected the operating model, but the catch observations were adjusted

with an observation error, so this change was not visible to the management procedure.

2.2.3 Migration

The baseline operating model catches include catches from the adjacent Division 7.d, which are

assumed to belong to the 7.e stock. One operating model was developed that did not include

these catches:

• Catch: no migration (reference set) – Use only catches from Division 7.e; 7.d catches

excluded

This change was implemented by treating the 7.e catches (discards and landings) as landings

and 7.d catches (discards and landings) as discards. This allowed setting a 100% discard survival,

i.e. removing the 7.d catches, and adjusting the catch weights at age accordingly. The observed

catches passed to the management procedure included an observation error so that the observed

catches still included the catches from 7.d. This operating model required a refit of SAM.

2.3 Natural mortality
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Figure 18: Natural mortality of the baseline operating model and alternative operating models.

Natural mortality M of the baseline operating model was around 0.1825 for all ages. Three

alternative operating models were developed with alternative assumptions about M and all

three required a refit of SAM (Figure 18). The first two were changes to the age-independent

M of the baseline operating model:

• M : +50% (reference set) – M 50% higher, i.e. M = 0.2737

• M : −50% (reference set) – M 50% lower, i.e. M = 0.0912
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The third operating model used an age-dependent M following Gislason et al. (2010):

• M : Gislason (reference set) – age-dependent M

2.4 Recruitment

Four alternative operating models with alternative recruitment modelling choices were created.

The first one considered the generation of the recruitment residuals:

• R: no AC (reference set) – exclude auto-correlation for recruitment residuals

and meant that ρ in Equation 4 was set to 0. A robustness test was included by simulating a

recruitment failure:

• R: failure (robustness set) – recruitment failure in years 2025–2029

and meant that in the first five years of the projection (2025–2029) recruitment was reduced by

90%. Two further robustness tests with consistent changes to recruitment were created:

• R: +20% (robustness set) – recruitment 20% higher

• R: −20% (robustness set) – recruitment 20% lower

This affected all projected years and meant that the stock’s productivity was higher (R: +20%)

or lower (R: −20%) compared to the baseline operating model, also affecting MSY reference

points.

2.5 Uncertainty

Finally, an operating model with changes to the level of observation error was created. The

only observation routinely used in the application of the chr rule (after it has been set up) is

a biomass index. Therefore, an operating model with changes to the survey index uncertainty

was created:

• Uncertainty: index (robustness set) – higher observation error for the index (default:

+20%)

Survey observations were created following Equation 7. To increase the uncertainty, the

standard deviation σ defining ε in Equation 7 was increased by 20%. Additionally, if time

permits, a sensitivity analysis with a range of values for σ (0–1) will be conducted for the final

management procedure parameterisation.

2.6 Reference points

MSY Reference points for alternative operating models were calculated following the approach

set out in Section 1.7. For the operating models that were based on the baseline operating

model and did not change operating model characteristics (recruitment failure or alternative

observation error levels), the baseline reference points were retained.
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Figure 19 illustrates the calculation of MSY reference points for the alternative operating

models. FMSY estimates differed between the operating models, and the levels of SSB and Catch

(BMSY and MSY) also showed substantial differences. Table 4 summarises the reference points.

Table 5 shows several options for calculating Blim for the alternative operating models. Blim

of the baseline operating model was defined as the lowest SSB, which was observed in 2008

(Section 1.7.2). Selecting Blim based on a year or the year with the lowest SSB is potentially

arbitrary because it is not based on biological processes or relationships and may refer to

different levels of depletion or productivity, depending on the operating model (Table 5).

One exploration to estimate Blim was to link it to recruitment impairment relative to un-

fished recruitment (R0). In the baseline operating model, the recruitment at Blim corresponded

to R(SSB=Blim) = 0.79R0, i.e. recruitment was impaired by 21%. This impairment and the op-

erating model-specific stock-recruitment model can be used to define Blim (Table 5). However,

this led to some implausible values. For example, for the operating model without discards

(Catch: no discards), the recruitment steepness is high (Figure 17) and so Blim would have

been extremely low (28 tonnes). For other alternative operating models, Blim would have been

above BMSY (Table 5).

The final Blim values were calculated with the depletion from the baseline operating model

(Blim = 0.11B0) and applied to the operating model specific B0. This means that Blim is based

on depletion and Blim values ranged from 0.42BMSY to 0.62BMSY, which seemed a reasonable

range (Figure 17, Table 5).

Baseline Catch: no discards Catch: 100% discards Catch: no migration M: −50%

C
at

ch
 (

10
00

t)
S

S
B

 (
10

00
t)

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.5

1.0

1.5

0
10
20
30
40
50

mean F (ages 3−6)

M: +50% M: Gislason R: no AC R: +20% R: −20%

C
at

ch
 (

10
00

t)
S

S
B

 (
10

00
t)

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.5

1.0

1.5

0
10
20
30
40
50

mean F (ages 3−6)

Figure 19: Visualisation of the MSY estimation for all operating models. The points are the
long-term averages (median of the last 10 years of a 100-year stochastic projection), the blue
curves are a loess smoother fitted to these values. MSY estimates are highlighted with the red
vertical lines.
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Table 4: Reference points for all operating models. B0 and R0 are unfished spawning stock biomass (SSB) and recruitment; FMSY, MSY BMSY,
and RMSY are fishing mortality, catch, SSB, and recruitment at MSY; and Blim is the biomass (SSB) limit reference point.

Operating model B0 (t) R0 (1000) FMSY MSY (t) BMSY (t) RMSY (1000) Blim (t)

Baseline 21020 7192 0.223 1201 5476 6533 2352
Catch: no discards 17916 6258 0.400 1286 3234 5979 2005
Catch: 100% discards 24789 8475 0.188 1208 6882 7170 2774
Catch: no migration 17677 6000 0.263 1117 4069 5454 1978
M: −50% 45529 5494 0.130 1617 10983 5313 5095
M: +50% 14217 9573 0.333 1070 3789 7907 1591
M: Gislason 22594 11278 0.209 1105 5519 9572 2528
R: no AC 21325 7132 0.240 1243 5338 6416 2386
R: +20% 25387 8703 0.224 1474 6696 8004 2841
R: −20% 16613 5685 0.217 932 4359 5087 1859

Table 5: Several options for calculating Blim values for all operating models, including Blim relative to BMSY and B0. Options shown are the Blim

based on the lowest observed SSB (Bloss), recruitment impairment relative to unfished recruitment (0.79R0), and depletion relative unfished SSB
(0.11B0). The final Blim values used in the MSE (Table 4) were those based on depletion. SSB in tonnes.

Operating model B0 BMSY Blim based on Bloss Blim based on 0.79R0 Blim based on 0.11B0

SSB SSB SSB/B0 Year SSB SSB/B0 SSB/BMSY SSB SSB/B0 SSB/BMSY SSB SSB/B0 SSB/BMSY

Baseline 21020 5476 0.261 2008 2352 0.112 0.430 2352 0.112 0.430 2352 0.112 0.430
Catch: no discards 17916 3234 0.181 2008 2156 0.120 0.667 28 0.002 0.009 2005 0.112 0.620
Catch: 100% discards 24789 6882 0.278 2008 2547 0.103 0.370 6914 0.279 1.005 2774 0.112 0.403
Catch: no migration 17677 4069 0.230 2008 1988 0.112 0.489 1434 0.081 0.352 1978 0.112 0.486
M: −50% 45529 10983 0.241 2008 1916 0.042 0.174 1068 0.023 0.097 5095 0.112 0.464
M: +50% 14217 3789 0.266 2008 3048 0.214 0.804 4639 0.326 1.224 1591 0.112 0.420
M: Gislason 22594 5519 0.244 2008 2754 0.122 0.499 4391 0.194 0.796 2528 0.112 0.458
R: no AC 21325 5338 0.250 2008 2352 0.110 0.441 2352 0.110 0.441 2386 0.112 0.447
R: +20% 25387 6696 0.264 2008 2349 0.093 0.351 2352 0.093 0.351 2841 0.112 0.424
R: −20% 16613 4359 0.262 2008 2349 0.141 0.539 2352 0.142 0.540 1859 0.112 0.426
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