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Preface

This report financed by the Danish EMFF program “Fiskeri, natur og miljg - Marin biodiversitet”,
constitutes the professional delivery of the results of the EMFF project "Emergency action for
calculating stock size and reference points in case of massive data deficiency (BREFdata) with
the grant no 33113-B-20-168 which, through national and international collaboration between
researchers, managers and representatives of the fishery, has contributed new modelling tools
for ascertaining stock assessments in a world of rapidly changing fisheries and access to
monitoring and data collection, and by including ocean data and modelling has paved the way
for the best use of available data when assessing fish stocks of great importance for Danish
fisheries. The project leader was Anders Nielsen, and the project period was from June 2020 to
March 2023.

In Danish the project title is “Hasteindsats til beregning af bestandsstarrelser og
referencepunkter ved massive dataudfald” (BREFdata)”.

Lyngby, June 2024

Anders Nielsen
Professor MSO
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1. Summary

This EMFF-project “Emergency action for calculating stock size and reference points in
case of massive data deficiency” has delivered the tasks specified in the project
description.

This project was a timely response to the easily predictable gaps in data caused by the
corona pandemic. The project has developed and implemented statistical rigorous
methods for dealing with such data gaps. One consequence of gaps in the data series is
that the uncertainties become larger --- even when the gaps are handled in the best way
possible. The project has also developed methods to calculate reference points within the
assessment model because that ensures that the (now larger) uncertainties are
propagated correctly to all the results used by managers.

The SAM model, which is used for more than 30 analytical assessments in ICES, is now
capable of handling data situations where individual observations are becoming more
uncertain (due to partially impacted data collection) and situations where individual
observations are completely missing. This works for all types of observations (even of
biological parameters) and for partially observed observations it works when the larger
uncertainty is a known quantity and when it is unknown and needs to be estimated by the
model. The SAM model can now also estimate a range of different reference points (e.g.
Fmsy, Fmax, Fspr, Fb0, Fext, and Flim) internally and these can be based on wide
selection of stock-recruitment relationships (e.g. Ricker, Beverton-Holt, hockey, spline,
Shepherd, power, and Hassel/Deriso). Internal estimation of these reference points
ensures that they are calculated consistently with the assessment model. In combination,
this gives the working groups the tools needed to correctly handle data gaps in
assessment and management.

The project has thoroughly validated the implemented methods to study their
performance and to strengthen confidence that they have been implemented correctly.
The project has documented the developed methods in clear text, code examples, and
mathematical formulas and further made them easily available in software (R package
https://github.com/fishfollower/SAM) and online platform normally used to conduct such
assessments (http://stockassessment.org). The project has presented these methods
and helped apply them at all relevant expert and benchmark working groups.

In the initial stages of the project, it was found that data gaps were also frequently caused
by other factors than a covid pandemic, so this project turned out to be even more useful
and applicable than anticipated. The combination of the techniques from this project and
a previous project on treating biological quantities (e.g. weights and maturities) as
observations gave the added benefit of being able to predict biological quantities where
they are missing. Finally, the ability to predict any observation opens a lot of possibilities
of using prediction-validation or cross-validation to compare the performance of models.
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2. Danish Summary

EHFF-projektet "Hasteindsats til beregning af bestandsstgrrelser og referencepunkter
ved massive dataudfald (BREFdata)" har udfert de opgaver, der blev specificeret i
projektplanen.

Projektet var et rettidigt svar pa de let forudsigelige dataudfald forarsaget af
coronapandemien. Projektet har udviklet og implementeret statistisk stringente metoder
til handtering af sddanne dataudfald. En konsekvens af dataudfald er, at usikkerheden
bliver stgrre - selv nar udfaldene handteres pa bedst mulig vis. Projektet har ogsa
udviklet metoder til at beregne biologiske referencepunkter inden for
bestandsvurderingsmodellen, da det sikrer, at de (nu starre) usikkerheder bliver korrekt
viderefort til alle resultater, der anvendes af forvaltningsmyndighederne.

SAM-modellen, som anvendes til mere end 30 analytiske bestandsvurderinger i ICES, er
nu i stand til at handtere datasituationer, hvor enkelte observationer er mere usikre (pa
grund af delvist pavirket dataindsamling) og situationer, hvor enkelte observationer er helt
manglende. Dette virker for alle typer af observationer (selv biologiske parametre), og for
delvist observerede observationer fungerer det, nar den stagrre usikkerhed er en kendt
starrelse, samt nar den er ukendt og skal estimeres af modellen. SAM-modellen kan nu
ogsa estimere en reekke forskellige referencepunkter (f.eks. Fmsy, Fmax, Fspr, Fb0, Fext
og Flim) internt, og disse kan vaere baseret pa et bredt udvalg af bestands-rekrutterings
modeller (f.eks. Ricker, Beverton-Holt, hockey stick, spline, Shepherd, power og
Hassel/Deriso). Intern estimering af disse referencepunkter sikrer, at de beregnes
konsistent i forhold til bestandsvurderingsmodellen. Samlet set giver dette ICES
arbejdsgrupperne de veerktgjer, der er ngdvendige for korrekt handtering af dataudfald
ved bestandsvurdering og forvaltningsradgivning.

Projektet har grundigt valideret de implementerede metoder for at undersagge deres
virkemade og styrke tilliden til, at de er implementeret korrekt. Projektet har dokumenteret
de udviklede metoder i klartekst, kodeeksempler og matematiske formler og har desuden
gjort dem let tilgeengelige som software (R-pakke https://github.com/fishfollower/SAM) og
pa en online platform, der normalt bruges til denne type bestandsvurderinger
(http://stockassessment.org). Projektet har praesenteret metoderne og hjulpet med at
anvende dem i alle relevante ekspert- og benchmark-arbejdsgrupper.

| de indledende faser af projektet blev det konstateret, at dataudfald ogsa ofte skyldtes
andre faktorer end en covid-pandemi, sa dette projekt viste sig at vaere endnu mere
nyttigt og anvendeligt end forventet. Kombinationen af teknikkerne fra dette projekt og et
tidligere projekt om behandling af biologiske parametre (f.eks. vaegt og modenhed) som
observationer gav den ekstra fordel at modellen nu kan praedikere biologiske starrelser,
hvor de mangler. Endelig abner evnen til at preedikere enhver observation mange
muligheder for at bruge preediktionsvalidering eller krydsvalidering til at sammenligne
modellers ydeevne.
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3. Background for the project

The project was formulated as a timely response to the foreseeable consequences of the
covid-19 pandemic and BREXIT management changes on the assessment community’s
ability to conduct the required assessments of key stocks, and the subsequent calculation
of quantities used by managers.

The covid-19 pandemic was expected to cause two things to occur that would severely
impact the yearly assessment process:

a) Data sources which routinely are used in the assessment models will be missing or be
incomplete. This could be the case for both data from the scientific surveys and from the
fishing fleets.

b) The fishing pattern (and thereby the population development) will be different, because
of lack of demand and thereby falling prices on landed fish.

It will therefore — from year 2021 — be necessary for the assessment models to be able to
handle missing and incomplete data on a scale not seen before. This must be done in a
statistically rigours way to limit the problem to simply having less information. Various ad
hoc schemes (e.g. duplicating information from other years, or simply not using any data
from 2020) will likely make the problem worse. Such approaches are problematic under
normal circumstances, but even more so in 2021, because the stock development in
2020 must be expected to be different (due to b)).

The solution is to properly treat the missing observations as missing in the assessment
model, which means assigning random effects and integrating over these.

Current fisheries management depends on reference points in determining the status of a
stock and, in turn, the exploitation opportunities. However, reference points are estimated
from data through an assessment model. Therefore, reference point estimates are
inherently uncertain. Currently, this uncertainty is not accounted for in fisheries
management.

Another purpose of this project is to improve the current methods for estimating reference
points as well as the subsequent advice and management by quantifying and accounting
for this uncertainty. The project will analyse and develop the methods and principles
behind reference point estimation as well as their implementation in operational
assessment models and multiannual plans through harvest control rules used, for
instance, for stock rebuilding.

This project builds on recent developments from DTU Aqua. DTU Aqua developed a
prototype for allowing missing observations and for estimating reference points and their
uncertainty such that they are consistent with the assessment model used to evaluate the
status of the stock. These approaches will form the basis of the developments in this
project. This project further develops the methods to be directly applicable for
management and conservation of marine living resources. Further, the new reference
point method will be compared to the current method used in ICES, which does not
account for estimation uncertainty. Finally, the importance of accounting for estimation
uncertainty for management and conservation will be quantified and documented.
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4. Development and validation of model
modifications for handling lack of data in time
series

All tasks in this working package have been completed without any unforeseen
challenges or delays. The assessment model now has options for handling completely
missing observations, observations with known or unknown larger uncertainties (e.g.
resulting from incomplete survey coverage) and changing selectivity (e.g. resulting from
changes in consumer preferences or changes in behaviour if the fishing fleet).

4.1 Missing data

The survey of missing data sources was carried out informally by attending the working
groups (sometimes full time, and sometimes in parts) and talking stock coordinators and
chairs. This was necessary, because the data issues often only became apparent during
the working groups, which was also when a solution was needed. It would naturally have
been preferable to have known of any data issues months in advance, but the timeline
between surveys and the working groups is such that much of the data is only combined
a few weeks (or sometimes only a few days) in advance of each working groups. Further,
data has been collected about the commercial sampling and separated into type of
sampling and reason for the sampling being impacted and split into stocks (Fig. 4.1.1).
This showed that solutions to use partial data, leading to assessment input that are more
uncertain in some years, is even more needed that than solutions to allow completely
missing observations. It also showed that impacted sampling is caused by many more
factors than just covid, which only makes the solutions developed in this project more
relevant.

Emergency action for calculating stock size and reference points in case of massive data deficiency 8



1.5 (168) 1.5 (166) 1(38) 1(38)
141(29) 16 12(21) 16)

102) 102) 102)
North Sea oo 1(51) 14(30) 145) 1@9) Batic

(number of answers (number of answers
in brackets) ackels)

B 3 han mpact
12(84) 1(80) 18) 108)

Factor
__H
5

Factor

19(59) 24(38) 19(55) 1(26)

2(36) 18(34) 1(30)

1(89) 16 (%) 13) 164)

10 14 101)

183) 1) 183) 1)

1803 1) 1803 1)

101)
160) 1)
18(3) 101)
183) 1)

101)
16(3) 101)
18(3) 101)
183) 1)

12 101 North Sea stocks, Q1 2022
ntie

1@ 1) North Sea stocks, Q2 2022
12 1) untres

1@ 1a
in brackets) -~ -

Fhan
18) 1 B

2. medumimpact

1803) 101)

20) 1)
16(3) 101) 1-owor o mpact

20) 1)
16(3) 101) 1-owor o mpact

16(3) 12
101) 101)

16(3) 12
101) 101)
1) 101)
13@) 101)
18(3) 1)

1) 101)
13@) 101)
18(3) 1)

Variable Variable

Figure 4.1.1: Survey about of impacts on different parts of the commercial sampling
separated into reason for the sampling being impacted and split into stocks.

4.2 Implemented approaches

Many different model extensions were implemented to account for missing observations.

421 External estimates of increased uncertainties

The first situation to cover is if a missing data point causes partial missing (less certain)
observations. This can happen because the raw observations (e.g. survey hauls) are not
used directly in typical assessment models. Instead, the raw observations are modelled
in a separate step, which calculates an index of stock size at the different ages. In
normal/standard years the survey covers the stock area by the fishing at a specified
number of stations, but in years with special challenges the survey may only be able to
cover fewer stations. The separate pre-processing step may still be able to calculate a
stock index (to be used by the assessment model), but the index will be more uncertain,
as it is based on fewer actual data points.

It is important to account for such higher uncertainty in the stock assessment model. The
higher uncertainty on an index should lead to a lower relative weighting of the affected
data source in the assessment model. If we ignore the fact that a certain index has
become less reliable, then the assessment model could provide a wrong estimate of
stock size and stock status --- simply because it was trusting the wrong index.

The separate pre-processing step may provide estimates of uncertainty, but depending

on the type of pre-processing the estimates of uncertainty may more or less detailed. At
the most detailed level complete covariance matrices are available for each year (where
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the covariance is across age groups). At an intermediately detailed level variances,
standard deviations, or CVs are available each year, but no information about correlation.
At the lowest detail level only relative variance scales are available.

The assessment model has been extended to accommodate all different levels of such
externally supplied uncertainty information. For each data source (e.g. a survey) it is
possible to use the information simply by assigning is as an appropriator "attribute"
(example below).

For instance can data on relative weight be included in SAM. This is done by assigning a
weight attribute to the corresponding survey or catch data before it is passed to
setup.sam.data(). The weight attribute "W" must have the same dimensions as the
corresponding observation matrix, and provide the relative log-scale precision
(1/variance) of each observation. The correlation structures can be estimated internally in
SAM using the configuration "keyCorObs" simultaneously as external weights are
utilized. The following example illustrates key lines where we include data on observation
weight from a fleet:

#Attach the precision to the survey data

attributes (surveys$ surveyName ) $Sweight <- W

#Set up data, the external variances are now included
dat <- setup.sam.data (surveys=surveys,...)

No other part of the assessment model needs updating. The supplied weights are carried
through all the analyzes, and if a for a year the weight is e.g. 1/10, then it corresponds to
the model assigning 10 times less weight to the corresponding observation. In addition to
plain weights, a matrix of variances, a list of covariance matrices, or a list of correlation
matrices can be supplied. These quantities are supplied in a similar way.

The model extension has been documented, with detailed description and coding
examples, along with the other configuration options at the site
http://www.stockassessment.org but can also be found here:
http://www.nielsensweb.org/configurations.html (near the bottom of the page).

4.2.2 Increased uncertainties, but no external estimates

A separate model stock assessment model extension has been implemented to cover the
case where we have reason to believe that in some years (e.g. due to lower coverage)
the produced indices of stock size (at age) is more uncertain than in standard years, but
the data pre-processing gives no quantitative measure of how much the uncertainty has
increased. In this case the assessment model can now be configured to estimate
variance scaling parameters, which allows the model to treat those observations as less
certain.

The new configuration is designed to be as flexible as possible, which unfortunately
makes it a bit cumbersome to set up. For each observation, where a variance scaling
should be estimated, a line must be specified stating the fleet number, the year, the age,
and the parameter coupling. The parameter coupling allows the estimated variance
scaling parameters to be shared across observations (by using the same index). The
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code example below shows such a configuration, where index of all ages (1-5) of the
second fleet are believed to be more uncertain in the years 2021 and 2022. The variance
scaling parameter is assumed top be the same across the ages, but allowed to be
separate in each year.

SkeyXtraSd

An integer matrix with 4 columns ( fleet year age coupling ),
which allows additional uncertainty to be

estimated for the specified observations

2021 1
2021 2
2021 3
2021 4
2021 5
2022 1
2022 2
2022 3
2022 4
2022 5

NN RN N NN o N H S
PR RPRPRRPROO0OoO

4.2.3 Flexible selection pattern

A related model feature, that deserves mentioning here, is the flexible selection pattern,
which is a fairly unique feature in the stock assessment model SAM. This feature was not
developed specifically to deal with covid-19 issues of missing data and changed fishing,
but is very helpful here also. Most commonly applied assessment models will assume
that the relative selection of the fishing of the different age groups is constant in time (or
in blocks of time). This makes sense when thinking about the mechanics of the fishing
gear in isolation, but the fishing fleet can target e.g. different areas and thereby change
the selection towards younger or older fish. In the time of covid-19 many restaurants
were closed and the demand for certain fish species/sizes changed. This could imply that
the selectivity of the fleet changed and hence that the model should allow for that.

4.2.4 When observations are completely missing

In cases where observations are completely missing (e.g. catches-at-age for an entire
year, a survey was not conducted for a year or two, or conducted in a way such that the
expert group would not allow its use), then it is not possible to solve the problem by
allocating or estimating more uncertainty. Consider the case where all information about
catch is missing for all age classes for an entire year. Notice that it is the information
about the catch that is missing, which is not the same as saying that zero catch was
taken. The catch that was taken (quantity unknown to us) still would affect the stock.

The correct way to handle missing information, which may affect the estimates we are
interested in (e.g. stock size and fishing pressure) and which may affect the expectation
w.r.t. other observed quantities (e.g. surveys), is to account for all possible outcomes of
the missing information. In a discrete case this corresponds to summing over all
possibilities (weighted with their probabilities) and in the continuous case it similarly
corresponds to integrating out all the unobserved quantities.

Integrating out multiple missing observations could potentially be a computational

challenging task. However, consistent with the approach used to integrate latent
processes in the assessment model itself the Laplace approximation can be used to
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approximate the required integral (Kristensen et al. 2015). This approach is now
implemented to handle missing observations.

To make the approach to handle missing values most useful and user friendly it works in
exactly the same way for all data types in the assessment model. Whenever an
observation is missing the code for missing 'NA' (not assigned) is put in the data set
where the observation should have been. This is all the user has to do. The assessment
model will then --- internally --- replace the missing code with a latent variable and use
the Laplace approximation to integrate it out. The added uncertainty originating from the
missing observation(s) will automatically be propagated to all estimated quantities of
interest (e.g. estimates of spawning stock biomass and fishing pressure). Further the
added uncertainties will automatically propagate to all derived model validation measures
e.g. Mohn’s rho (Brevik et al. 2023).

4.2.5 When biological observations are missing

A recent project concerned with obtaining better predictions in the forecast period of the
biological parameters (maturity, mortality, stock weight, and catch weights) can be
combined with --- and further utilize --- this way of integrating out missing observations.
Prior to the biological parameter project the biological input were not considered to be
observations (subject to observation noise), but merely as covariates assumed known.
This was unrealistic and the biological parameter project shifted them to be observations
which gave a lot of benefits (20% better predictions of SSB and more realistic
propagation of uncertainties). This project further allows integrating out missing
observations, which allows the added uncertainty from missing biological parameters to
be realistically represented in the estimates of interest.

4.2.6 Further useful in model validation

An additional benefit of using the Laplace approximation to integrate out the missing
observations is actually a side effect of the way the integration is performed. The Laplace
approximation works by approximating the distribution with a normal distribution around
the optimal point, which means that part of the algorithm is to find the optimal point. This
optimal point can at the same time be used as a prediction of the missing observation.
Having the ability to predict missing observations is the key to a number of useful model
validation and model comparison techniques. One such technique is cross-validation,
where models (or configurations within same model) are compared by leaving out
observations and comparing how precisely they are predicted.

4.3 Validation of the implemented approaches

The approaches implemented are all rigorous common-sense statistical methods, but it is
still important to validate them in settings mimicking the actual applications. The scale of
variation, signal to noise ratio, and the amount of data available can affect how well these
methods perform. Furthermore, the actual implementation (code written) could be flawed,
so validation is important to strengthen confidence in its correctness. Hundreds of cases
and simulations were constructed and verified, but here only a few examples will be
demonstrated. As the basis for these comparisons, we pick the assessment of Northeast
Arctic Saithe and then try to modify the observations in different ways to match the
different problems that could occur.
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4.3.1 Accounting for increased uncertainty

There are two main ways to account for increased uncertainty: 1) When a quantitative
measure of the increased uncertainty is (assumed) known from external sources and 2)
when it is believed that the data is less certain in some specific years, but it is not
externally quantified.

To mimic the situation where observations are more uncertain in some years we took the
original data set from the saithe assessment and simulated new observations with a ten
times higher variance (ca. 3 times higher standard deviation). The observations were
simulated on log-scale and for the last three years of the assessment (2018, 2019, and
2020) and in a three-year period in the middle (1990, 1991, and 1992).

If we use the unchanged model, which still assumes unchanged observation uncertainty
in all years, it changes the estimates (e.g. of SSB and Fbar) in the years where the
observations are more uncertain, but also in the neighboring years (Fig. 4.3.1). In this
simulation the estimated SSB became much higher in the final years and Fbar became
lower. This happens because the model wrongly assuming same variance in all years will
follow the highly uncertain (unreliable) observations more than it should (Fig. 4.3.1).

6e+05 -

5e+05 - 6e+05

o5 . iy, /
i pod i e /

0405 | 1]

tg(age 3).

\Recr
b3
b
3
&
1

1e405

0e+00 o

1960

1970

1980

1990

Years

2000

2010

2020

0e+00 o

1960

1970

1980

1990

Years

2000

2010

2020

08 o

06 o

04 -

02 | w S5 x

— Original
00 - +=+| Extra uncertainty (98-92 & 18-20) 04
T T T T T T
1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020

Years Years

Figure 4.3.1: Original estimates based on the original data set (solid black line and gray
confidence area). Estimates from same model, but with simulated uncertain observations in
the years 1990-1992 and 2018-2020 (black/blue dashed line and blue confidence area).

If quantitative estimates of the observation variances are available (from the pre-
processing step), then the extension to the model allows us to use those estimates. If we
use the same data as above (and as in Fig. 4.3.1) and use the correct variance weighting
of setting the relative weight of the simulated uncertain observations to 1/10, then the
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model is able to recover the true estimates much more closely (Fig. 4.3.2). The estimates
are still more uncertain, which is to be expected, but the estimates are not dragged in
some random direction (Fig. 4.3.2). This is because the model has now been informed
that those observations are more uncertain.

When the quantitative estimates of the observation variances are unavailable, but it is still
believed that the uncertainty in certain years are greater than in standard years, then the
model is now able to estimate additional variances. If we use the same data as above
(and as in Fig. 4.3.1) and let the model estimate the additional variance (one per fleet) in
the specified years, then the model is able to recover the true estimates as closely as
when the known variance scaling was given (Fig. 4.3.3 and 4.3.2). The estimates are still
more uncertain, which is to be expected, but the estimates are not dragged in some
random direction. The model is able to estimate the additional variance.
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Figure 4.3.2: Original estimates based on the original data set (solid black line and gray
confidence area). Estimates from model with simulated uncertain observations in the years
1990-1992 and 2018-2020, and where the correct variance weighting is assumed known from
external sources (black/blue dashed line and blue confidence area).
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Figure 4.3.3: Original estimates based on the original data set (solid black line and gray
confidence area). Estimates from model with simulated uncertain observations in the years
1990-1992 and 2018-2020, and where the increased variance weighting is not known, but
estimated within the model (black/blue dashed line and blue confidence area).

4.3.2 Flexible selection pattern

Validating that the model is actually able to follow changing selection pattern, is done in a
bit of an indirect way. A scenario is constructed where two fleets are fishing on the stock.
The selection pattern is relatively constant within each fleet, but the overall selection
pattern is changing dramatically. The overall selection pattern is changing because the
two fleets have the opposite selection pattern and because the catches are shifting from
being dominated by one fleet in the beginning of the time period to being dominated by
the other fleet at the end of the time period (Fig. 4.3.4). The overall selection pattern was
estimated in two ways via a multi-fleet taking this specific scenario into account and via
the standard single fleet model. The results showed that the single fleet model was able
to recover the changing selection pattern and hence validated the flexible selection
pattern implemented in the model. More details about the multi-fleet model and this
validation can be found in (Nielsen et al. 2021).
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Figure 4.3.4: Compared estimates of selectivity from a single- and multi-fleet model in a
simulated scenario where two fleets (X and Y) have very different, but fairly time-invariant
selectivity, but the overall selectivity changes due to a change in the relative catch from the
two fleets.

4.3.3 When observati