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Summary (English):

To establish a management plan for northern shrimp (Pandalus borealis) in the Barents Sea, the Norwegian-Russian
Fisheries Commission requested in 2023 a proposal for a harvest control rule (HCR). Based on discussions with
stakeholders, six different HCRs were defined and evaluated against three performance criteria: 1. precautionarity
(less than 5% risk of falling below limit reference point for spawning stock biomass, Bjiy), 2. achieving a high long-
term sustainable yield, and 3. stability (minimizing median interannual catch variability). All six HCRs were based on
a standard hockey-stick HCR that differed only in the role of Bji, (whether fishing ceases at By, or not) and the
definition of target fishing mortality. To reduce interannual fluctuations in catches, a catch constraint was added that
capped year-to-year changes of total catch to 20%. The HCRs were evaluated with a full-loop management strategy
evaluation based on the current stock assessment, using a surplus production model parametrized with assessment
estimates as operating model and the assessment model SPICT as observation model. The results showed that
only the four HCRs without any fishing below B, were precautionary, while the two HCRs with a slope to the origin
did not fulfill the precautionary criteria. The four remaining HCRs traded off long-term yield with stability and risk,
with the two HCRs where target fishing mortality was set to 80% or 90% of Fysy resulting in lower risk and higher
stability but also lower median yield. The four HCRs also remained precautionary under a scenario of a substantial
decrease in productivity due to environmental change. The northern shrimp stock in the Barents Sea has not been
heavily fished over longer periods since the onset of its fishery, representing a challenge for the estimation of the
productivity and resilience of the stock at lower biomass levels. This increases the uncertainty of the stock
assessment and, subsequently, the management strategy evaluation. Relevant uncertainty is therefore linked to the
stock's response to an increase from current catch levels to fishing at or near Fysy, suggesting that constraining the
year-to-year increase in total catch is of particular importance when phasing in a management plan. The MSE
framework and its results were endorsed at the March meeting 2024 between IMR and VNIRO and evaluated
through an external review.
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1 - Introduction

1 - Introduction

1.1 - Request summary

The need to establish a management plan for the shrimp fishery in ICES areas | and Il has been discussed in
the Joint Norwegian-Russian Fisheries Commission (JNRFC) in both 2021 and 2022. In 2023, the INRFC
requested the development and evaluation of harvest control rules (HCR) for shrimp as priority. The results are
to be presented at the meeting of the INRFC in October 2024 to decide on the adoption of a new HCR, to be
applied as basis for the total allowable catch (TAC) of the stock in 2025.

In the first half of 2023, the Institute of Marine Research (IMR) developed a Management Strategy Evaluation
framework (MSE) to investigate possible HCRs. The Directorate of Fisheries organized a meeting on 4 July
2023 between the Ministry of Business and Fisheries, IMR and the Directorate of Fisheries, where HI presented
the shrimp MSE framework and discussed various alternative HCRs to test. This was followed by a stakeholder
meeting on 29 August 2023 between the Institute of Marine Research, Directorate of Fisheries, and industry
representatives from Fiskarlaget, Fiskebat, Sjgmat Norge and Norges Réfisklag to present the MSE framework
and candidate HCRs. At this meeting, it was agreed that the proposed MSE framework would be used to
evaluate the consequences of a set of alternative HCRs (Figure 1), defined as follows:

« HCR A: Fis set equal to Fyysy when biomass is above Byigger and reduced linearly from Fygy at Byigger to 0.0
at biomass equal to Bjim.

« HCR B: Like HCR A, but Fis reduced linearly from Fysy at Byigger t0 0.5 Fysy at Bjim, and then directly to 0.0
when below Bjjy,.

*« HCR C: Like HCR A, but Fis reduced linearly from Fysy at Byigger to 0.0 at biomass equal to 0.0.
« HCR D80 and D90: Like HCR A, but Faget is set to a) 80% of Fysy (D80) or b) 90% of Fysy (D90).
« HCR E: Like HCR B, but where Fremains at 50% of Fysy when bioamss is below Bjj,.

Burigger and Bjm were defined relative to the biomass that produces maximum sustainable yield as Byigger = 0.5
Bwmsy and Bjim = 0.3 Busy, Whereas Fiarget Was defined as either equal to the fishing mortality producing
maximum sustainable yield, Fysy, or a fraction thereof, depending on the HCR. All HCRs include a catch
constraint that limits changes in total allowable catch (TAC) from year to year to +20%/-20%.

Per agreement, all HCRs were evaluated based on three main performance criteria:
1. The probability of SSB falling below Bji,, in any single year should not exceed 5%.

2. High long-term yield should be achieved in respect to median long-term yield attained by fishing at the
deterministic Fysy.

3. Median biomass should be above Bysy.

The performance of the HCRs were assessed in a short- (5 years), medium-(10 years), and long-term (40
years) perspective. In addition to the main performance criteria, the following metrics were considered:
probability of biomass falling below Byigger; biomass relative to Bysy; Frelative to Fysy; mean relative change in
TAC from year to year. In response to requests on evaluating the robustness of HCRs against potential
ecosystem shifts, all HCRs were tested against a scenario where the underlying productivity of the stock is
reduced. The low productivity scenario was modelled by reducing the carrying capacity by 50%, simulating a
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regime shift towards lower ecosystem productivity due to e.g. climate change.
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Figure 1: Proposed HCRs for Barents Sea shrimp. Each panel shows one candidate HCR (thick colored line) overlaid over the other
HCRs (thinner gray lines). The HCRs are defined in respect to the reference points Byigger (0.5 B/Bysy), Biim (0.3 B/BMSY) and at an

Fiarger at 1.0, 0.9 or 0.8 Fysy, respectively.
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2 - The MSE framework

2.1 - Overview

The MSE framework for shrimp in the Barents Sea was developed using the framework described in Punt et

al. (2016). In general, an MSE is a closed-loop simulation where all feedbacks between management, fishing,
and fish biology are captured by and linked through mathematical models. These models typically include an: 1.
operating model, which simulates the ‘true’ population dynamics and the fishery; 2. observation model, which
generates survey and catch information by simulating the sampling and fishery of the true population
abundances with observation error; 3. estimation model, which uses the generated data from the operating
model as input for a stock assessment model to estimate stock size and parameters from the simulated data; 4.
decision model, which uses the estimates and forecasts (e.g. biomass) from the estimation model to compute a
target exploitation rate (e.g. fishing mortality) via a harvest control rule (HCR), and translates this target to the
actual advice value (e.g. TAC); 5. implementation model, which converts the management advice (TAC) to the
actual catch taken from the ‘true’ population (i.e. with or without error).

The catches projected from the implementation model are fed into the operating model, and this model
sequence is repeated over many years. The estimation and decision models together form the management
procedure, while the observation and implementation models may be considered part of the operating model
(Punt 2016). Furthermore, different starting population abundances, random errors, and parameter values
should be used to simulate different iterations of potential population dynamics and fishing trajectories.
Simulating many different trajectories aims at capturing the different sources of uncertainty, especially future
recruitment variability and errors in monitoring data. Finally, performance metrics are computed from all
simulated trajectories to quantify across iterations how well each management procedure meets management
objectives, such as maximizing yield and minimizing risk.

A key purpose of MSE is to test the robustness of management strategies against uncertainty, as measured by
the pre-defined performance metrics. Uncertainty can and should be represented by using different operating
models in addition to different parameter values and randomly generated errors used in each iteration of the
MSE simulations. Alternative operating models may include “worst-case” or other alternative scenarios that are
configured and conditioned based on expert judgment and additional/ancillary information. With each different
operating model, the MSE loop is re-run with a different set of iterations and the performance statistics are re-
calculated. Generally, one baseline operating model is used as the most ‘realistic’ scenario, which all possible
management strategies are tested against. Alternative operating models may represent other plausible or even
pessimistic scenarios and used to test all or a candidate subset of strategies.

We used the ‘mse’ package available in FLR (https://github.com/flr/mse) to develop and run the code for the
shrimp MSE. The ‘mse’ package has been used to code and run other MSEs to fulfill HCR requests for ICES
stocks (ICES 2019a, ICES 2019b) and for which R scripts are often made publicly available on Github. The
‘mse’ package is part of the FLR collection of libraries (Kell 2007), which has built-in tools to condition and
flexibly parameterize each model of the MSE, easily setup a variety of pre-configured stock assessment models
for the MSE estimation model and contains pre-configured ICES standard HCRs for use in the decision model.

The scripts used for the MSE are available at https://github.com/FBZimmermann/NEAshrimpMSE.

2.2 - Baseline operating model (OM1)
2.2.1 - Model and settings
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The structure of the baseline operating model OM1 was based on the current stock assessment for shrimp in
the Barents Sea (Hvingel and Zimmermann 2024). The assessment uses SPiCT, a continuous-time surplus
production model that is fitted to time series of catches and stock indices (here standardized survey and
commercial CPUE indices) to estimate the parameters of a generalized state-space surplus production model
(Pedersen and Berg 2017, Berg 2021). A discrete annual time-step is used for projection with OM1, in contrast
to the sub-annual time steps used within the stochastic differential equations of SPIiCT. An annual time-step
avoids assuming an arbitrary process model for fishing, whereas SPICT forces a seasonal structure or pattern
on fishing. Projections are started from the most recent assessment year (2023).

Surplus production with parameter
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Figure 2: lllustration of the main uncertainties incorporated into the operating model for shrimp in the Barents Sea. The operating
model was parameterized with stock assessment estimates using SPICT to generate a surplus production model with both parameter
uncertainty and process error models. Left: standard summary figure from SPICT. Uupper right: alternative realizations of the
production model based on parameter values sampled from the parameter distribution estimated in the assessment model. Lower
right: observed historical and simulated pairs of biomass and production and corresponding biomass trajectories.

2.2.2 - Surplus production model

The population dynamics of OM1 are generally modelled by two components: 1) an equation that updates the
biomass from year to year and 2) an equation that computes biomass surplus production based on the intrinsic
growth rate (/) and carrying capacity (K) of the population (example curves from these components shown in
Figure 2). Interannual changes in biomass are the sum of biomass in the current year, the total annual removal
of biomass due to catches, and a surplus production term. For surplus production, a stable parameterization
(Fletcher 1978) of the generalized Pella-Tomlinson model (Pella and Tomlinson 1969) was used. The Fletcher
version of the production equation avoids direct estimation of rsince it is highly correlated with K. The growth
rate rcan be derived from the alternative parameters that are estimated in this model. The parameter values for
this model are based on the parameter distributions estimated in the stock assessment.

2.2.3 - Parameter uncertainty
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To include parameter uncertainty for OM1, we used the variance-covariance matrix of the fixed effect parameter
vector from SPICT fit of the 2023 assessment to simulate new parameter vectors from a multivariate normal
distribution (Figure 3). A unique parameter vector was generated for each iteration of the MSE. SPIiCT also
estimates process noise to account for other factors (e.g. environmental drivers) that are not intrinsic to the
production model, and a similar model was included in OML1 to simulate future process errors. To condition a
process error simulation model, we first computed annual production terms for the historical period using SPICT
estimated biomasses at the start of each year and annual catches. The historical annual process errors were
then calculated as the difference between these annual production estimates and the annual production
predicted from the Fletcher surplus production equation, using the starting biomass of each year (Figure 4).
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Figure 3: Simulated historical trafectories of shrimp biomass, fishing, surplus production, and process error around production curve,
based on parameter uncertainty from SPICT. A total of 2000 trajectories were simulated (black), and a random subsample of five
trajectories are shown in color.
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Figure 4: Two-dimensional kernel density estimation of shrimp production as a function of biomass. The left plot shows the density
surface of estimates of the historical surplus production-biomass pairs (left) resulting from random parameter sets and estimated
process errors (i.e. conditional random effects) generated from parameter uncertainty and correlation (i.e. the joint precision matrix
estimated within SPICT). The right plot shows the density surface of production-biomass pairs resulting from simulated process errors
(and random parameter sets) used in the operating model.

2.2.4 - Process error

The simulation model of future process errors used a random normal distribution with parameters equal to the
sample mean and standard deviation of the estimated annual process errors. As with the fixed effect
parameters, each iteration of the MSE was based on stochastically drawn mean and standard deviation for the
random normal process errors. Example simulated distributions of the process errors and the corresponding
trajectories of biomass and catch over the historical period are shown in Figure 5.

Alternative models for the simulation of process noise were explored. A first-order autoregressive model
produced similar annual variability as the simple normal model, while a random walk model resulted in
unrealistically high biomass compared to historical SPICT estimates. Consequently, the aproach using random
normal errors was retained.
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Figure 5: Historical distributions and trajectores generated from parameter uncertainty alone (grey/black), and newly simulated
distributions and trajectories generated from parameter uncertainty with new process errors (red). Shown from top to bottom are
empirical cumulative distributions for each iteration, historical biomass trajectories for each iteration, and corresponding catches based
on uncertainty in fishing mortalities.
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2.3 - Observation model

Survey and CPUE indices were computed in log-space as the product of a scalar (g) and ‘true’ biomass from
the OM with additional simulated random normal error. SPIiCT allows user specification of sub-annual timing for
stock indices (as a fraction of the year), therefore the index parameter estimates from SPIiCT cannot be directly
applied to our observation model that operates on annual time-steps. As a workaround, survey-specific g and its
standard deviation were recalculated by computing the log-mean and standard deviation of the differences
between the log of the observed index values and log of the SPIiCT estimated biomass at the start of each year.
Assuming the same biomass index equation used in SPICT (/og / =log ¢/ B +¢€), the log-mean of the residuals
described in the previous sentence is the new /0g g. This equation can be rewritten as /og /=/og q +/og B,

then /og g =log I -log B. The standard deviation of these residuals is the standard deviation of the ‘new’
observation error. This simplification implicitly incorporates the sub-annual production and process error from
SPICT into these new g values and their uncertainty. Annual observation errors are assumed independent
random draws from the estimated normal distribution. Example simulations to illustrate the generated errors are
shown in Figure 6.

Only two of the four survey indices, the biomass index from the Barents Sea ecosystem survey (BESS), and the
commercial CPUE index, were generated from the observation model as these are the only indices based on
ongoing data collection (two indices are based on historic surveys that have been replaced by the BESS).
Indices of the projected biomass are then fed into the estimation model within the MSE simulation loop.
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Figure 6: Example simulations of observation error for the two stpcl indices and catches in the observation model. The vertical red
dashed line denotes the starting year for projections. Black lines to the left of this line represent observation error trajectories as
randomly generated from SPICT parameters (with uncertainty). Black lines after the start of projections represent errors generated
with the normal error model described in the text. The horizontal red dashed line represents no error.

2.4 - Implementation model

No implementation error is accounted for in the MSE. The realized catch in the OM will match the TAC from the
decision model if the ‘true’ biomass exceeds the TAC. Historically, the shrimp fishery has operated de facto as
an open-access fishery, but with catches corresponding to estimated F values far below the most recent
estimated Fysy (IMR-PINRO 2023). This is likely because of shrimp prices and fuel costs as limiting factors,
resulting in a fishing mortality that optimize net revenues for the fishery below the estimated Fysy (Lancker
2023). This current understanding has informative implications for perfect implementation of the proposed HCR
using Fusy and Bysy as control parameters; realized fishing will likely remain below the advised Figrget from the
proposed HCR under current price and cost constraints. If any of the proposed HCR is precautionary according
to the ICES risk criterion (<5% risk of falling below By;,), any other implementation scenario attempting to
emulate historical fishing behavior with lower Fthan Figee Will be even less risky and can, thus, be assumed to
be precautionary. Furthermore, assuming no mismatch between the advice and realized catch in the MSE
avoids arbitrary and potentially misleading scenarios for management performance under future fishing, as well
as the difficulties of configuring models for scenarios that do not implement the HCR but include other, extrinsic
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(e.g. economic) dynamics. However, the configuration of the implementation model should be revisited in the
future based on an improved understanding of past or present fleet dynamics or if Fin the fishery is close to or
exceeds Fysy.

25 - Management procedure
2.5.1 - Estimation model

The assessment model (SPICT) was used as the estimation model, with the same model configurations and
data inputs. The data inputs were updated in every projection year with the simulated stock indices and total
catch. For running the short-term forecast (STF), the same settings as in the assessment and the built-in
functions within the spict R package were used.

The sequence of computations in the estimation model, STF and TAC implementation were as follows:
1. The estimation model estimated biomass at the start of year y using data inputs up through year y-1.

2. The STF projected the biomass at the start of year y forward to year y+1 using the target F output from
the HCR. There is currently no lag in management as the annual stock assessment is conducted at the
end of the year ahead of the new TAC year of the shrimp fishery. Surplus production was also projected in
year y. The catch corresponding advised F was used as the TAC for yeary.

3. The TAC from the STF was translated to ‘realized’ catch in the implementation model.

The estimation model outlined above is typical of a ‘full-loop’ MSE (ICES 2019a). However, additional
modifications had to be made to the estimation model in order to allow the SPICT model to converge in a
majority of the MSE simulations. These modifications are further detailed in the section "2.9 Tailored
configuration for the shrimp MSE".

2.5.2 - Candidate management strategies in the decision model

The decision model comprises both the HCR, TAC computation, and any subsequent modification of the TAC.
The candidate HCR’s proposed for the Barents Sea shrimp are illustrated in Figure 1.

Ftarget and Bygger are control parameters in the HCRs, and Bjiy, is the reference point defining the general
biomass level below which production becomes compromised. The control parameters and By, are determined
by the MSY reference points (Fysy and Bysy) estimated by SPIiCT every year. Ftarget is set to the Fysy or a
fraction thereof, Byigger is Set to 0.5 * Bysy, and Bjiy, is approximated by 0.3 * Bysy (IMR-PINRO 2023).

A stability mechanism for catches is included with all HCR options in the form of a TAC constraint. The
constraints proposed are that TAC may not be more than 20% above (i.e. TAC(y+1) <= 1.2 TAC(y) ) or 20%
below (i.e. TAC(y+1) >= 0.8 TAC(y)) the previous TAC.

2.6 - Alternative operating model: Shift in carrying capacity (OM2)

Northern shrimp stocks have been observed to vary substantially (Hvingel 2021). These dynamics are to some
extent attributed to changes in the stock production, likely driven by environmental changes and/or changes in
predation pressure. Historically, the Barents Sea stock has been relatively stable, but evidence from other
shrimp stocks suggests that low production periods may also occur in the Barents sea. The Flemish Cap stock,
for instance, showed large fluctuations linked to variation in predator stocks (Pérez-Rodriguez 2012), and the
West Greenland shrimp stock experienced a doubling in catches when it shifted from a period of high to one of
low predation intensity (Hvingel 2006). The West Greenland stock is comparable in size to the one in the
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Barents Sea and has shown similar resilience to environmental changes (in contrast to the Pacific stock and the
North Atlantic stocks further south). While an increase in productivity could promote greater yield, a sudden drop
in productivity can increase the risk of overfishing and is therefore a management concern. To simulate such a
drop in productivity, OM2 therefore assumed a reduction in the current estimated carrying capacity (K) by half
midway through the projection period of MSE simulations. The large assumed decrease in K ensures OM2
represents a robustness scenario to test the set of precautionary HCRs under OM1.

2.7 - Number of replicates and projection years

The number of replicates or iterations in a MSE is an important consideration for the computation of risk as
defined by ICES, which relies on the tails of the simulated biomass distribution from the MSE (ICES 2019a). We
simulated 2000 iterations where each iteration varied the starting biomass, set of parameters, and time series of
future process and observation errors. Generally, 2000 iteration were considered adequate in other MSE (ICES
2019a) when using the risk3 definition for the precautionary criterion (ICES 2022, ICES 2019a). HCR
performance can be sensitive to the specific risk definition (Thorpe and De Oliveira 2019), but here we followed
standard ICES procedures and did not explore the risk sensitivity.

A projection period of 40 years is used in the MSE so that management performance may be evaluated over a
sufficiently long term, while being similar to the projection times of previous MSE for other stocks (ICES 2019a,
ICES 2019b, ICES 2024).

2.8 - Performance statistics

The performance statistics directly represent the metrics listed in the request. Specifically, the short-term is
interpreted as 2025-2029, medium-term is 2030-2039, and long-term is 2040-2064. For the values of biomass
relative to Bysy, yield relative to MSY, and fishing mortality relative to Fysy, each are first calculated for each
iteration and year (where there are unique Bysy, MSY, and Fysy values for each iteration), then the median
taken across years within each respective term (short-, medium-, and long-term) for each iteration, and then the
median of these values across iterations within each term. For the probability of biomass falling below By, we
use the risk3 definition from ICES workshop on guidelines for MSE (ICES 2019a), which involves two
computational steps: 1) calculate the proportion of iterations where biomass is less than By, for each year
(where By, is defined as 0.3 Bysy) then 2) take the maximum proportion across years. A probability (risk3) is
calculated for the short-, medium-, and long-terms. The probability of the biomass falling below Byigger (0.5
Bumsy) is calculated in the same manner. Finally, the average percent quota change is computed as the mean of
the absolute value of the relative differences in the TAC (i.e. divided by the previous year’s TAC), first taken over
the years within a specific term and then over iterations.

2.9 - Tailored configurations for the shrimp MSE

During the setup and initial projections of the shrimp MSE, a high number of MSE iterations were encountered
where the estimation model did not converge in at least one projection year. Upon further investigation, it
became evident that the large range of population biomasses used at the start of the projection period in the
operating model resulted in observations that the SPiCT model had difficulties fitting. This was largely due to
informative priors on the carrying capacity (K) and starting depletion level (B/K). By using less informative priors
in the estimation model, the convergence rate across iterations and years improved.

Instances of non-convergence persisted, however, necessitating further adjustments. Per the spict package
guidelines, non-convergence can be addressed by shortening the catch time series to match the time span of
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the survey biomass indices. Implementing this option on its own improved SPIiCT convergence across iterations,
but did not entirely resolve the issue. Thus, a semi-iterative model-fitting approach was implemented in the
estimation model to sequentially check SPiCT non-convergence, modify input, and refit until convergence
occurs. The implemented procedure emulated, therefore, a (limited) model tuning approach, as commonly
applied in reality, increasing the ‘realism’ of the estimation model. This iterative procedure resulted in most
estimation models converging across MSE iterations and years. The code for this semi-iterative procedure is
shown in the Annex.

The third issue regards the treatment of zero catch observations within the SPiCT model. The fit.spict function
from the spict package removes zero catch observations before model fitting, and treats them as missing where
SPICT still estimates fishing in these zero catch years. This proved problematic in MSE simulations because
some of the proposed HCRs will output #= 0 when estimated B<Bji,, resulting in zero TAC and subsequently
zero catch observations. The estimation of fishing by SPiCT when it is known that no fishing occurred induces
otherwise avoidable bias in the estimation model and produces incorrect advice. This SPiCT behavior is not
easily resolvable within the base code. A quick workaround was implemented in the MSE by setting Fto a very
low value (e.g. 0.01) instead of B, in the decision model to produce catches in all years. The biggest caveat is
that this modification creates HCRs that are not the proposed HCRs, although in a realistic setting it can be
expected that even under a closed fishery the shrimp stock would experience some minor fishing mortality (from
scientific surveys, by-catch in other trawl fisheries, etc). The resulting very low catches had minor impacts on
performance metrics, and even less so on ranking of the HCRs.
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3.1 - HCR performance against OM1

Under OM1, all HCRs showed similar relative biomass and catch trajectories with wide uncertainty (Figures 7
and 14). All HCRs resulted in biomass decline during the first ten years, as most starting biomass (in 2024) was
at or above Bysy and fishing ramped up to Fiarget (€qual to or less than Fysy, depending on the HCR). Fishing
stabilized in the long-term, while biomass slowly and continuously increased. No HCRs caused average Fto
exceed Fysy. Similarly, average biomass remained above Bysy under all HCRs. HCRs D80 and D90 differed
most from the other trajectories, maintaining the highest average biomass, but lowest average vyield.

The annual risk of each HCR causing the stock to drop below Bj;y, was similar across HCRs (Figure 8). In
general, the greatest risk occured in the short-term, when fishing ramps up in accordance with each HCR
starting from biomass well above each HCR'’s Byigger.

17/34



Management strategy evaluation for northern shrimp in the Barents Sea (ICES subareas 1 and 2)

3 - Results

ASWG/E

ASIN/D

)\SW:I/:I

1975 2000 2025 2050
Year

Figure 7: Historical and future MSE projections of main population and fishing-related metrics with uncertainty for each HCR. The
shaded areas show the inner 50th and 95th quantiles. Distributions of the metrics are computed over all iterations.
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Figure 8: Lower extent of relative biomass (B/Bysy) values across simulations in the MSE projection period for each HCR. For each
HCR and year, the bottom of the thin line represents the minimum and the thick line the 5th percentile. The horizontal black line
denotes By, which is set as B/Bysy = 0.3. Distributions of the metrics are computed over 2000 iterations.

The TAC stability mechanism of +/-20% was frequently triggered at the start of the projection period, but then
the frequency rapidly dropped in the short-term, and continued to gradually decline in the long-term (Figure 9).
Importantly, without the mechanism, fishing in the short-term would increase more rapidly, likely increasing the
risk of stock collapse. The frequencies for each HCR are similar (e.g. within approximately 0.10 of each other),
although HCR A triggered the TAC constraint most frequently in the long term.
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Figure 9: Frequency of TAC stability constraints being triggered under each HCR. Frequency is defined as the proportion of iterations
where the TAC constraint of +/- 20% (of the previous year) was used to set the TAC.

The performance metrics for the pre-specified time periods were similar across all HCRs with some key
differences (Figure 10). First, HCRs C and E caused a risk (i.e. P(B<Bji)) greater than 0.05 in the medium-
term, violating the criterion for precautionarity. HCRs that are not precautionary should not be further considered
by management, and thus we focused on comparing the remaining precautionary HCRs. In general, all HCRs
showed the highest relative biomass and catch in the short-term, reflecting the median starting point of the
simulations at biomass above Bysy. Both biomass and catch stabilized at lower levels in the longer term, as a
result of the HCRs. All precautionary HCRs maintained average biomass above Bysy and average catches
relatively close to MSY (e.g. within 0.75 of C/MSY) in all periods.

Between the precautionary HCRs, the main differences were caused by the definition of Fiarger. HCRs Aand B
with Fiarget = Fmsy resulted in higher median catches, but also higher risk, lower biomass and slightly higher
catch variability compared to HCRs D80 and D90 with Feget < Fmsy. The latter were generally more
precautionary, trading off less risk and higher biomass levels with lower median catches. This contrast in
performance was most pronounced between HCRs B and D80, although the differences between A and B were
very marginal. The differences between D80 and D90 were larger, with D80 producing the lowest catches while
allowing the highest relative biomass in the long-term, lowest catch variability, and lowest recurrence of biomass
falling below Byigger (i.€. low P(B<Byigger)). While HCRs D80 and D90 may appear to show greater relative
contrast from HCRs A and B, when accounting for between-iteration variability in median relative biomass and
catch, the resulting distributions mostly overlap (Figure 11).
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Figure 10: Performance metrics for each HCR in the short-term (2025-2029), medium-term (2030-2039), and long-term (2040-2064)
under OM1.

21/34



Management strategy evaluation for northern shrimp in the Barents Sea (ICES subareas 1 and 2)

3 - Results
Medium-term Long-term
l‘ " i ‘~
Yau % @ A
2 G ‘o o B
31 . e ® D80
.
" * D90

> % .
%) .o --~
G 21 i " -
c . " . *
8 ; b e s
5 . . i
o} e . K
= “ .

14 " 5

0' . 3
LY - i :
04 .
0 1 2 3 0 ¥ 2 3

B/Busy

Figure 11: Tradeoff in relative catch (C/MSY) and biomass (B/Bysy) for each HCR in the medium- (2030-2039), and long-terms (2040-
2064). The points represents the median relative catch and biomass of all iterations, the inner (solid) contour approximates the inner

50th quantile of the bivariate distribution of iteration specific medians, and the outer (dashed) contour approximates the inner 95th
quantile of this distribution.

3.2 - HCR performance against OM2

While a reduction in the carrying capacity reduced the absolute biomass immediately after occurring due to
reduced production, the relative biomass (B/Bysy) showed an increase because the reduced carrying capacity
also reduced the Bysy reference point (Figure 12 and 15). Importantly, all HCRs caused a prompt reduction in
fishing and relative catches, largely due to the estimation model being able to quickly adjust biomass estimates
(even without explicit incorporation of a shift in carrying capacity).

The HCRs that were precautionary under OM1 remained precautionary under OM2. However, during the period
after the reduction in carrying capacity, more contrast was found between the HCR performance compared to
the performance under OM1 (Figure 13). Notably, HCR A showed the highest catch variability, but was similar to
HCR B in terms of probability of decreasing below Byigger (Where HCR A < HCR B), median relative biomass
(where HCR A > HCR B), and median relative catch (where HCR A < HCR B). As under OM1, HCRs D80 and
D90 remained more conservative than HCRs A and B, with very low probability of biomass falling below Byigger
and higher relative biomass, but lower relative catch compared to HCRs A and B (with biomass from HCR D80
> HCR D90, and catch from HCR D80 < HCR D90). A noteworthy difference compared to OM1 was a higher
catch variability of D90 under OM2 compared to B.
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Figure 12: Relative biomass, catch, and fishing biomass projections under OM2 (shift-like reduction in carrying capacity in 2044) for
the precautionary HCRs determined from OM1. The shaded areas show the inner 50th and 95th quantiles. Distributions of the metrics
are computed over 1990 iterations.
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Figure 13: Performance of each HCR (those that were precautionary under OM1) under OM?2 in the period after the reduction in
carrying capacity.

3.3 - Extreme stock conditions

The wide uncertainty in starting absolute biomass projected from 2024 resulted in few iterations with absolute

biomass levels that were lower than the TAC produced from the HCRs. To prevent the stock from going
negative (which is computationally problematic), fishing was still simulated in these instances, but at the

previous year’s fishing mortality instead of the advised TAC. Because this may not reflect the true management

response in such cases, these iterations were removed from the following performance metrics and projections
calculated below. Under OM1, 10 of 2000 iterations were removed, or 0.5% of all simulations. As a check, we
computed the performance metrics with all 2000 iterations and there was no difference in the comparative

performance of the HCRs and precautionary determinations (not shown).

24/34



Management strategy evaluation for northern shrimp in the Barents Sea (ICES subareas 1 and 2)
4 - Conclusions

4 - Conclusions

Out of six HCR evaluated, the four without any fishing at biomass levels below By;,, were found to be
precautionary. Of these precautionary HCRs, all performed similarly in simulations and thus may be viable
HCRs for management to implement. Contrasts in performance were mostly linked to the definition of Fiaget,
with the HCRs D80 and D90 being more risk-averse as a result of using a Fiarget at 80% and 90% of Fysy,
respectively. A key management decision is therefore between HCRs D80 and D90 vs A and B, weighing less
risk, higher median stock biomass and less catch variability against lower catches relative to MSY on average
for D80 and D90 compared to A and B. The median catches of D80 and, to a lesser degree, D90 may be
considered undesirably low at less than 80% of MSY, especially under OM2. However, they represent still a
significant increase compared to current total catches that have been at less than 50% of MSY for most of the
past two decades.

There is substantial uncertainty linked to the simulated increase of catches from the current fishing mortality to a
Frarget @t or near Fysy, and many differences between the HCRs can be considered negligible in this context.
This applies in particular on differences between HCRs A and B that were very marginal. From a practical
standpoint, however, the vertical cutoff of fishing at By, (fishing drops immediately to zero from that equal to
0.5*Fysy) may be undesirable for the fishery stability, even though it has the benefit of decreasing TACs more
slowly when biomass is below Byigger and simulations did not show a substantial effect of the cutoff (e.g. in
terms of higher catch variability). Furthermore, any scenario where future total catches remain for economic or
other reasons below the adviced TAC based on any of the four precautionary HCRs can be considered
precautionary as well.

4.1 - Recommendations

A subset of candidate HCRs performed well, including under an alternative scenario of decreased productivity,
and can therefore be considered robust. However, to improve on the current results and address main sources
of uncertainty, it was recommended to explore the following points in future MSE analyses and research:

« Uncertainty from the stock assessment propagates into the MSE as wide distributions of starting values.
Higher fishing mortality based on the HCRs may help to improve stock estimates by providing the
assessment model more information about how the stock responds to higher fishing pressure and, thus, its
productivity. Fine-tuning and integration of additional data into the assessment model as previously
recommended (Hvingel and Zimmermann 2024) may also contribute to reduced uncertainty. An updated MSE
and re-evaluation of HCRs is therefore recommended after fishing mortality has been at higher levels for
several years.

As an important forage species in the Barents Sea, northern shrimp is subject to bottom-up and top-down
pressures from the environment and predation, respectively. The MSE has accounted indirectly for many of
these environmental-ecological dynamics by including uncertainty between iterations (both process and
observation errors), and by testing an alternative scenario of drastically reduced carrying capacity. Thus, the
evaluated HCRs can be considered robust against impacts of environmental change or ecosystem dynamics.
The MSE showed, furthermore, the capability to detect and account for large shifts in stock productivity with
the current assessment framework. Nevertheless, potentially positive effects of the current large decrease in
the Northeast Arctic cod stock, a major shrimp predator, and the expected negative impacts of climate
change (Kjesbu 2022) should be investigated and quantified, with the goal to explore these dynamics more
explicitly in a future MSE. Considering the important predator-prey link of cod and shrimp, future MSEs and
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management strategies should ideally include explicit species interactions in a multi-species framework.

» The MSE focused solely on biological dynamics and performance, ignoring the real-world fleet dynamics and
economic constraints of the fishery that may likely prevent a sudden increase of fishing effort to levels
needed to achieve Fiyget Of the HCRs. From a management perspective, this is not problematic as logic
dictates that any level of fishing below Fiaget (i.€. the underfishing of advice based on the evaluated HCRs)
remains precautionary. However, considering the characteristics of the fishery, it is recommended to
investigate the fleet dynamics further and expand the current MSE framework with bioeconomic components
that allow for a more realistic simulation of the fishery. The incorporation of economic reference points and
targets such as maximum economic yield should be considered in a future MSE.
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6.1 - Estimation model tuning

Code that was used to implement conditional model-tuning for the estimation model to handle failed
convergence:

# Fit spict with default / standard model setting

fit <- fit.spict (input,...) convd <- O if (fit $ opt $ convergence == 0 & all ( is.finite (fit $ sd)))}{
# If model has converged, set an integer code indicating convergence occurred on first try
convd <- 1} else { # If non-convergence, set weaker priors

input$priors$logK <- ¢ (7.4, 1.4, 1) # Carrying capacity

input$priors$logbkfrac <- ¢ (log (0.75), 0.5, 1) # Initial depletion

# Re-fit

fit <- fit.spict(input,...)

if(fitSopt$convergence == 0 & all ( is.finite (fit$sd))){

# If model has converged, set an integer code indicating

# convergence occurred on second try (weaker priors)

convd <- 2 } else { # If STILL non-convergence, shorten catch time frame

input <- shorten.inp(input, mintime= 1980)

# Re-fit

fit <- fit.spict (input,...)

if(fitopt$convergence == 0 & all (is.finite (fit $ sd))){

# If model has converged, set an integer code indicating

# convergence occurred on third try (shortened catches)

convd<-3}}}

6.2 - Simulation trajectories
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Figure 14: Historical and future MSE projections of main population and fishing-related metrics with uncertainty focused on the future

projection period (2025-2064) under OM1. The shaded areas show the inner 50th and 95th quantiles. Distributions of the metrics are
computed over all iterations.
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Figure 15: Historical and future MSE projections of main population and fishing-related metrics with uncertainty focused on the future

projection period (2025-2064) under OMZ2. The shaded areas show the inner 50th and 95th quantiles. Distributions of the metrics are
computed over all iterations.
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6.3 - Reviewer reports
Reviewed by: J.Jonasson, HAFRO, Iceland.

The reviewer wants first to commend the authors and their team for a great and thorough management strategy
evaluation on the northern shrimp (Pandalus borealis) stock in the Barents Sea (ICES subareas 1 and 2). Six
candidate HCRs were tested, based on agreement from stakeholders on the 29th of August 2023, between the
Institute of Marine Research, Directorate of Fisheries, and industry representatives from Fiskarlaget, Fiskebat,
Sjgmat Norge and Norges Rafisklag. The four candidate HCRs that halted fishing when Blim was reached
surpassed the precautionary criteria of less than 5% risk of falling below limit reference point for spawning stock
biomass, Bjim. In the history of the assessment, now carried out with the assessment model SPICT, the
estimated Fvalues are far below the most recent estimated Fysy and it has operated in fact as an open access
fishery, as discussed in the report. This is not an ideal situation for MSE evaluation, but as talked about, it
warrants that future work should include or explore external or economic dynamics as well.

The report also analysed an alternative scenario (OM2), were there was an abrupt shift in carrying capacity, as
can occur through change in productivity or increase in predation. This in an important addition to the MSE for a
sensitive species like the northern shrimp. All the four candidate HCRs performed well under the OM2 scenario
and the more conservative HCRs of D80 and D90, had lower probability of biomass falling below Byigger and
maintained higher relative biomass. The relative catches for HCRs A and B are of course higher then for HCRs
D80 and D90, but the latter are expected to maintain higher biomass and in most cases lesser variability in
catches, which is closer to historical fishing pattern. Impressingly, the estimation model quickly adjusted the
biomass estimates, and all HCRs caused a sharp reducion in harvest under the changing scenario.

Recommendation put forward look unerring and touch upon important issues. Adopting more complicated model
that would include predation of species like the Atlantic cod in the estimation model might help to explore and
understand the dynamics of the stock better. However, as shown in this work, current model and proposed
HCRs seem to deal quite well with changes in productivity, that might stem from either top down or bottom up
processes.
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