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and at the same time the rebuilding strategy when the stock approaches
Bim and the probability of being below Biim.

The minister of fishery has sent a letter to ICES where he asks for an analysis of the
likelihood that the spawning stock size in 2015 will increase from the current level of
220 kt when applying the 20% HCR. In addition a reference is made with regards
spawning stock biomass increasing to that which gives maximum sustainable yield.
The work in this report, unlike that of the report from 2004, is thus primarily focused
on evaluation of the risk that the SSB falls below 220 kt. The 220 kt can for all practical
purposes be considered as a proxy for Bim or Bpa and as such the analysis done here
can be considered an evaluation of the HCR relative to ICES precautionary approach.
Additional evaluation of the HCR relative to likely Bmsy candidates is also empha-
sised, reflecting the increasing focus of ICES to guide managers towards decision
rules that meet the requirement of the Johannesburg agreement.

The rule formal rule being, tested is:
D ref
Tac, \,, RB;

Tac =
/y+1
yry 2

where R is the harvest ratio (0.2), Bt is the biomass of 4 years and older based on
catch weights and the years refer to the fishing year starting 1. September in year y
and ending 31. August in year y+1.
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The historical weights at age (figure 2.1.1.1) show that there is some cyclical pattern
in the mean weight at age and that the weights in recent years are at a historical low.
The patterns in the weight at age indicate that there is substantial correlation between
weights of different age groups within a year. This is highlighted when one standard-
ized the weight by (figure 2.1.1.2):

logW,, — logWay

A first order AR model (AR1) gives autocorrelation coefficient around 0.6 for most
age groups (figure 2.1.1.3) and with a cv ranging from 0.08 to 0.2, increasing with in-
creasing age (figure 2.1.1.3). It is most likely that this increase is largely due to de-
crease in sample size with age.

The above auto-correlative patterns should by default be taken into account in the
long term simulation for years beyond the assessment year. The question that re-
mains is what should be the long term mean weight at age used as a basis in the
simulation. It has been hypothesised that the cause for the historical patterns in the
weight at age is linked to the abundance and/or availability of capelin. Looking at the
data there are trends in mean weight at age. The estimated trends are caused by low
mean weight at age in recent years but high in the late seventies when the capelin
stock was very large and the capelin fishery was starting.

For numerous years the NWWG actually used the biomass estimates of capelin to
make direct prediction of weight at age in the advisory year. This statistical approach
has been abandoned in recent years mostly because changes in the capelin distribu-
tion relative to that of cod and due to uncertainty in the capelin assessment and pro-
jections. The causative explanation for the pattern in the cod weights are however
still hypothesised to be largely driven by variability in capelin productivity.

If the above hypothesis with regards to the link between cod weight at age and cap-
elin productivity, the argument for the basis of the mean weight will hinge on what is
the likely future long term productivity of the capelin stock. And in particular given
whatever productivity that may occur will it be available to the cod as prey, this be-
ing said in light of the recent claim of a more northwardly distribution of capelin.
Given that any future scenarios with regards to capelin productivity and distribution
will just be speculative at this time it may be argued that the recent mean average
weights at age should be used in the long term simulations. If however long term
average weights at age are to be used, the auto-correlative settings in the starting year
should be set as negative, since it is unlikely that in the short term the weights at age
will resume normal historical values.

In may be stipulated that if capelin feeding is being displaced northward due to cli-
matic reasons that other species may replace the niece occupied by capelin. In recent
years, observations have been made on numerous species showing northward dis-
placement within the Icelandic ecosystem, including haddock and monkfish. Highly
migratory pelagic species such as herring, blue whiting and mackerel have shown
higher abundance in Icelandic waters than previously thought. In the latter case this
may rather be because of higher abundance rather than any putative climatic events.
All these species are however not really likely to take up the functional role of capelin
as food for cod, at least not for cod of small and medium size. Anectodal information
however indicates that larger cod can prey upon some of these species.

Until now weight at age has been presented as a year and age factor. Mean weight at
age is the result of growth (G) for a number of years and sensible biological model is
most likely Way=Wa1,y1+Ga1y1. Therefore mean weight at age could also depend on
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year class and there are some examples of clear year class effects in Icelandic cod al-
though they are much less than for haddock and saithe. A Shephard Nicholson
model could possibly be used to infer about the measurement error in the data.

In the simulations done here, two catch weights at age scenarios were used:

e Average weight at age based on 2006-2008, rho=0.6, cv=0.12
e Average weight at age based on 1985-2008, rho=0.6, cv=0.12

The same stochastic noise was applied to all age groups within each year. The first
one may be considered as a reasonable proxy for the short term, the second one a rea-
sonable proxy for the more mediumy/long term conditions.

SPAWNING STOCK BIOMASS:

For age groups 4-7 mean weight at age of mature fish was taken from the March sur-
vey but mean weight of age groups 8 and older from the landings. This is because
relatively few mature age 8 and older fish sampled for otholiths in the survey, some-
thing that will probably change with reduced fishing effort.

A relationship between catch weight and survey weights of mature fish for the period
1985-2005 was used by the NWWG to estimate the spawning weights for age groups
4-7 prior to 1985 .

In the simulations done here, two spawning stock weights at age scenarios were
used:

e Average weight at age based on 2006-2008, rho=0.6, cv=0.12
e Average weight at age based on 1985-2008, rho=0.6, cv=0.12

The first one may be considered as a reasonable proxy for the short term, the second
one a reasonable proxy for the more medium/long term conditions. The same error
structure as used in the catch weights were applied to the spawning stock weights in
each iteration.

2.1.2 Maturity at age

Maturity at age in the current assessment set-up is derived from measurements in the
spring survey. This was a change in practice from that done in the in assessment
prior to 2005, when maturity at age was based on samples from landings The reason
for the change was difficulty in getting ungutted fish from the landings. Maturity at
age in the landings was obtained from catches in the period January — May when ma-
turity stage can reliably be detected. As large part of the fisheries in the early part of
the year is targeting spawning fish, maturity at age from the fisheries is overestimat-
ing proportion mature in the stock. In recent years maturity at age in the landing has
been 2-10 times higher than in the survey for ages 4-5.

Since the survey only commenced in 1985, maturity values prior to that were ob-
tained from a relationship between maturity at age in the landings and the survey
from 1985-2004. The sampling procedures from the landings and the fisheries change
in time so the spawning stock over a long time is not a standardized measure. The
same applies of course to spawning stock based on “survey maturity at age compiled
from catch maturity at age”. Therefore the maturity data before 1985 is somewhat
questionable, much more so than catch in numbers and age and catch weights which
can be compiled from both samples of ungutted and gutted fish.
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Maturity at age has not increased much since 1990 but has been higher than before
1990. Maturity at age has shown some oscillations with maturity at age reducing in
periods of poor growth. Part of the oscillations could also be caused by sampling.

Sexual maturity in the medium term simulation done annual by the NWWG has for
now been fixed to that observed in the short term prediction with no CV modelled.
This procedure is repeated here, using the average maturity from the period 2006-
2008. If the trend in maturity at age continues maturity at age might be expected to
increase in the future. However, expected decreases in fishing mortality may also
reverse this trend.

The conventional estimates of SSB are most likely only a crude proxy of the produc-
tivity of the stock. Another estimates of productivity evaluated here was to calculate
a proxy for egg productivity (see chapter on stock recruitment function).

2.1.3 Natural mortality

Inter-annual variations in natural mortality compromise the premises of most as-
sessment models. When natural mortality is above average stock size is overesti-
mated and opposite. The effects are somewhat complicated and best tested by using a
system model with certain pattern in M to generate data that is tested by traditional
assessment model. Inclusions of variation in natural mortality make survey indices
depreciate faster with time. When natural mortality is highly variable or changing
systematically with time the HCR should be based directly on the latest survey
measurements.

Survey data for Icelandic cod may be helpful in order to judge if the variations in
natural mortality are substantial. For this purpose the relationship between age 3 and
age 4 indices from the same year classes were investigated. Age group 3 has hardly
entered the fisheries and since the fisheries of age group 4 is not substantial until after
the March survey measurements, meaning that the variability in fishing mortality
should have minimum influence. The correlation between the non-transformed indi-
ces from these two age groups is quite high (1=0.90, Figure 2.1.3.1) which requires
both low variations in natural mortality and low measurement error in the survey. A
time series plot of the log catch ratio of the two survey indices (Figure 2.1.3.2) indi-
cates that some increase in discounting may have occurred in the beginning of the
time period.

Given the above observation and in light of a lack for a plausible alternative, natural
mortality has been fixed at 0.2 in all simulations.

2.1.4 Stock recruitment function

The development principal metrics of the iCod from 1955 to 2009 are shown in figure
2.1.4.1. Mean recruitment for the period is 173 million at age 3. The figure indicates a
major change in recruitment after year class 1984, with the mean size of year classes
1952-1984 being 205 million and year classes 1985-2006 around 130 million. In the ear-
lier period the smallest year classes were around 130 million but 70 million in the lat-
ter period.

The spawning stock was large in the beginning of the period but it reduced continu-
ously until the early 1970’s. The SSB then increased again due to reduced fishing ef-
fort (exclusion of the foreign fleet from the 200 m EEZ around 1976) and recruitment
of the large 1973 year class to the spawning stock. From 1980 - 1983 the spawning
stock dropped sharply due to increased fishing mortality, reduced weight at age and
reduced influence of the large 1973 year class. After the natives managed to fully re-
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place the foreign fleet fishing power with their own, the fishing mortality rose again
to record levels around 1990. This resulted in the two large year classes from 1983
and 1984 hardly contributing to any spawning biomass increase in around 1990. Ef-
fectively the spawning stock has been relatively small since the early 1980’s, though
increasing a little since 1995 in spite of low average recruitment. Part of this recent
increase is likely due to the implementation of a HCR, first set in place in 1994. This
resulted in significant decline in fishing mortality in the last 10-15 years, relative to
that taking place in the decade prior to the implementation of the HCR. The 4 con-
secutive average year classes from 1997-2000 have also contributed to this increase.
Observed changes in the size/age composition in the SSB are discussed later in this
chapter.

The relationship between spawning stock and recruitment is shown in figure 2.1.4.2.
Some kind of relationship is apparent but it must be kept in mind that all the high
values are in the beginning of the period and the recent low year classes are all clus-
tered in the lower end of the recruitment scatter. The figure indicates that variability
in recruitment might increase with reduced stock size although that could be an arte-
fact of few numbers of observations when spawning was high. The figure also shows
Ricker, Beverton-Holt and Segmented regression functions fitted to the data. The
Ricker function is parameterised in terms or Rma (maximum recruitment) and SSBmax
(spawning stock that gives maximum recruitment) as shown in equation 2 (see be-
low). The residuals from the Ricker function (figure 2.1.4.3) show a time trend in the
residuals, being mostly positive prior to 1985 and negative after that. Same patterns
are apparent if one were to use the other two functions.

Those negative residuals have been recognized by the NWWG for numerous years.
As an example, using the conventional Ricker function results in median prediction
of the 2009 year class of around 180 million, the largest (or second largest) year class
for 25 years. The NWWG has thus opted for using a Ricker function with time trend
allowed in Rmax the short/medium term prognosis of in recent years. The time trend
terminates 5 years before the assessment year. The estimated time trend is around
1.4% per year from 1955-2005 leading to first estimate of a year class today being
around 125 million fishes and future recruitment when the spawning stock becomes
larger will not change much if timetrend in Rmax is allowed. Rather than using a con-
stant change in Rmax with time, an alternative and likely better model would be to
model Rmax over the two time periods 1955-1984 and 1985-2007 as two separate pa-
rameters (keeping the value of SSBmax constant over the full period). Another option
would be to just use the data from 1985. However the range of SSB in the period is so
narrow compared to the variability in recruitment that there is no apparent relation-
ship in data (figure 4.1.4.4). If a Ricker function is applied, the data would give little
information about SSBmax and Rmax. Uncertainty in parameters estimates would in
such cases dominate implemented stochasticity in recruitment. Although it cannot be
excluded that this could reflect the true state of our knowledge, an evaluation based
on such high uncertainty would result in all but an ultra-conservational harvest rule
to be considered precautionary.

Reduced value of Rmax could indicate that the carrying capacity of the ecosystem has
decreased and recruitment may not improve much with increased spawning stock.
Environmental indicators, such as available long term hydrographical and zooplank-
ton measurements in Icelandic waters (see appendix) do not seem to help in explain-
ing neither the recruitment time series nor the time trend in the residuals. However,
part of the time trend seen in the residuals could be a result of the change in the
size/age composition of the spawning stock. In the early period, old and large fish
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were prominent part of the stock, having been replaced with younger and smaller
fish in the last two decades. The development in the mean age in the spawning stock
with time (Figure 2.1.4.5) reflects this change quite well. It is of note that the mean
age in the spawning stock declines significantly at the same time as the reduction in
recruitment occurred. Using age as a covariate in the estimation of recruitment will
lead to less pronounced time trend in the recruitment residuals. It has been hypothe-
sized that older and larger fish may be more effective spawners than younger smaller
ones. However, hypothesis that mean spawning stock age may be a covariate that
influences recruitment is most likely a proxy for some other unexplained variable.

Measurements from the spring groundfish survey show that egg production per unit
biomass increase with the size of the fish (Figure 2.1.4.6), both because the roes in lar-
ger females are relatively larger (Figure 2.1.4.6b) and the proportion of females in-
creases with cod size (Figure 2.1.4.6a). To get a proxy estimate of the total egg
production in the cod stock the above observation can be applied to the mean weight
in the spawning stock of each age group each year by applying the following func-
tion (Figure 2.1.4.6.¢):

SSBwts
j 1)

E =SSB 0.01 + ———=2%<
year,age year,age ( 20000

where E is egg production, SSB spawning stock biomass and SSBwts weight at age in
the spawning stock in grams. The estimated egg production (Figure 2.1.4.7) and the
ratio of egg production and the conventionally estimated spawning stock (Figure
2.1.4.8) show that the egg production has decreased more since 1955. This is largely
because the proportion of large fish in the spawning stock has reduced. Using egg
production instead of the conventional spawning stock biomass will thus lead to a
reduced time trend in the residuals and less predicted change in Rmax.

The stock recruitment functions tested are:

SSB
- SSB |-
The Ricker function: N =R, e e[ SSB’""‘XJ (2)
SSB._,.
~ B
The Beverton and Holt function: N = R__ __ BB 3)
SSB + SSB,,
. . o . SSB
The segmented regression function: N =min| R R = ——— (4)
g g max max SSB
break
i [ELJ,
Egg production Ricker function: N =R __e e ™ (5)
SSB
- SSB |- B
Age covariate Ricker function: N = R__e S<B e[ SSB’""‘X] g Meanase (6)

With constant Rmax all the functions except the Ricker function with mean spawning
stock biomass age as a covariate, it having 2 estimated parameters where o acts as a
multiplier. This function can be considered as an alternative to the model suggested
by Marteinsdéttir and Thorarinsson (1994), where the addition of Shannon index as
covariate, representing the age diversity in the spawning stock was found to signifi-
cantly improve the fit. Use of the Shannon index was considered but it is causes nu-
merical problems when stochastic simulations area linked to optimization.
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The functions were tested with constant Rmax but a linear trend in Rmax and change
after 1985 Rmax were also tested. The egg production function was set up as a Ricker
function with Egg production on both sides, which would be interpreted as density
dependent mortality. Another way would have been to put the exponential term in
terms of spawning stock size or total biomass, interpreted as cannibalism.

Residuals lognormal. The CV was constant but allowing the CV to change with
spawning stock was also tested. The equation for the CV was

SSB Y’
j 7)

v =cv, [—
500

where 8 and CVo are estimated parameters.

The function minimized was (note the use of Greek symbol to make the equations
look more sensible).

A \2
-1
v=3 (logZCVfg ) n,,,logo ®)

Table 2.1.4.1 shows the result of fitting the before mentioned stock-recruitment func-
tions to the estimated SSB from 1985 — 2007. The value of the negative log-likelihood
function is some indication on how well the function fits the data. It is though no
measure of time trends in the data and the value of estimated change in Rmax after
1985 is a better measure of the models ability to capture the change after 1985. The
estimated change in Rmax is smaller when the Ricker function is expressed in terms of
egg production instead of spawning stock biomass and the estimated change in is
Rmax is also small when mean age in the spawning stock is used as a covariate (still
referred to as Hjorleifsson function in the table) is used (20% reduction instead of 33-
40%). Those functions will therefore lead to more optimistic prediction of recruitment
in the future than by just modelling Rmax as function of time, since in the latter model,
the time cannot be reversed in future predictions! It is also interesting to note that the
use of the Beverton and Holt function estimates more changes in Rmax than the Ricker
function.

When CV as function of spawning stock size is estimated the prediction is always
that CV will increase with reduced stock size. The reduction in negative —log-
likelihood is in the range 1 to 3 (2 is around the value that makes the change signifi-
cant) if variability in CV is allowed, but the change in parameter values are small.

One of the products of the Ricker functions is an estimate of SSBmax that is a proxy for
Bmsy if yield per recruit is flat. For the segmented regression function the estimate of
SSBureak can under certain criteria be used as proxy for Bim or in some cases even Bpa. If
the egg production function is used the value in the column indicates the egg produc-
tion giving maximum recruitment. The parameter values given in the table change if
assumption regarding constant Rmax change.

Many of the stock-recruitment functions considered involve estimation of a number
of parameters, often 3-4 if two levels in Rmax are allowed. The parameter values are in
some cases poorly estimated and there is substantial correlation between parameters.
Uncertainty in those parameters is an important source of error in simulations where
stock-recruitment parameters are not fixed.

The goal is not to select any base case in simulations but rather test the robustness of
the HCR against different assumptions. If any model was to be selected as default the



ICES AGICOD REPORT 2009

Egg production model with two levels of Rmax would be the choice. It is also a good
compromise, somewhere in the middle with regard to predicted future recruitment.

In the final stages of this work the review group asked the working group to look at
simulations where the future recruitment is modelled as having box distribution from
70-180 millions fishes (mean 125 million) independent of the spawning stock. This
box distribution represents the distribution of year classes 1985-2007 reasonably well.

2.1.5 Selection pattern

In the annual stock assessment cycle the fishing mortality is estimated for every year
and age. Fishing mortality of each age group was constrained with a random walk
term with standard deviation specified as proportion of the estimated CV in the catch
at age data. In the input file the process error (variability in F) is specified to be larger
than the measurement error for the younger ages but the measurement error is speci-
fied to be larger for the older age groups.

In the predictions the NWWG has used the average selection patterns in the last 3
years both for the short term predictions (assessment and advisory year) and in the
medium term simulations (y+6). This approach may not be appropriate for long term
simulations since the intent of the HCR rule is to apply a lower fishing mortality than
has been experienced in the recent past. Taking longer term average, like e.g. that
experience on the average over the some past decades, is often considered as a de-
fault in HCR simulations.

The annual selection pattern in the iCod fisheries since 1955 is shown in figure 2.1.5.1,
with figure 2.1.5.2 showing the average selection pattern relative to age for each 10
year block. In both cases the reference age is age 8 (selection =1), not in the age group
used in calculating the reference fishing mortality (age groups 5-10). The choice of
using age 8 is based on ad hoc analysis that indicated that this age group was the
pivotal age group in the historical fishing pattern where estimated selection pattern
older age groups in some year blocks declined. Using age group 8 as the reference to
age thus gives a sense of the change in selection pattern in the younger age groups,
independent to changes in the selection pattern of age groups older than 8 — which
may be more prone to be a result of model setups/assumptions. These data indicate:

o The selection pattern in age groups 3 and 4 declined from 1955 to 1974 and
has changed relatively little since then.

e A slight increase in the selection pattern of age group 6 and 7 has occurred
from 1975 onwards.

e The selection pattern in the older age groups imply a dome shaped selec-
tion pattern in the period 1975-1994, followed by a more flat-based section
in the period 1995-2004. The selection pattern in the most recent years
(2005 onwards) imply a significant change compared with that implied in
earlier years, with almost a monotonous increase in selection pattern by
age.

The change in targeting of younger age groups in the beginning of the time series
may be a result of changes in mesh size regulation during this time period (check)
and because around 1974 (the extension of the EEZ to 200 miles) the fisheries changed
from being international to national. Explanation with regards to the changes in the
selection pattern in the older age groups is as present not available, and could thus
potentially be a result of model settings. What is however most likely a model arte-
fact is the fishing pattern estimated in the terminal years (2005-2008).
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Although wrong assumption of the monotonous increase in fishing pattern used in
the short term prediction (2006-2008 average) may have little influence on the results
of the short term predictions, they are most likely not appropriate to use for the long
term simulation.

In the ADCAM separable model used for the simulations (see later), the selection pat-
terns for the period 1955-1975, 1976-1993 and 1994-2008 were modelled separately
(figure 2.1.5.3). These periods coincide with foreign fleets being expelled from the
Icelandic fishing grounds (1976) and the year when significant constraints on the
fishery for cod took place (1994). For the future simulations the selections pattern
from the most recent period (1994-2008).

In F based HCR the predicted selection at age affects the TAC for a given stock size
and assumptions regarding selection can have major effects on the TAC. In the Ice-
landic HCR the TAC is predicted from biomass of age 4+ and assumed selection of
the fisheries does not affect the TAC but of course the age distribution of the land-
ings. This leads to the effects of assumed selection being much less in this rule than
in F based HCR.

2.1.6 Assessment error
BACKGROUND
Indication of assessment error and bias can be obtained from two different sources:

1. A comparison of the historical estimates with that of the current estimates,

2. Aretrospective evaluation using the current framework (data and method
settings).

In both cases, the assumption is that the converged VPA actually reflects the truth,
both in terms of the accuracy of the measurement data as well as model assumptions.

The catch rule dictates that the TAC in the advisory year (y+1) is determined from the
B4+ in the assessment year (y). In this particular case the decision rule is thus not
based on predicted stock in numbers in the beginning of the advisory year or the year
after the advisory year (y+1). Hence, in the case of iCod estimates of assessment er-
rors need only to be based on performance evaluation in the assessment year (y). The
contemporary estimates of the reference biomass with that obtained from the NWWG
2009 assessment is shown in figure 1. The ratio B4+y / B4+2009 (Figure 2.1.6.2,) gives an
indication of the bias, cv and autocorrelation in the historical performance of the MRI
stock assessors. Figure 2 also includes the analytical retrospective ratio, based on the
current model setup and data (catch at age and spring survey) used by the NWWG
2009. Those settings have a bias of 0 %, cv 7% and autocorrelation of 0.4% for the pe-
riod 1998-2006 (there is a negative bias if the period is extended to 1992). Those esti-
mates do not take into account error in the estimates of catch weight at age that is
used in the calculation of the reference biomass. They are though relatively small af-
ter the catch weights at age are predicted from survey weights in the same year.

It should be noted, that the fisheries and fisheries independent stock indices have
changed considerably with time. Until 1993 limitations on cod fisheries were relative-
ly small so the vessels catching cod were really targeting it. After that TAC in the cod
fishery have been more restrictive leading to more complicated behaviour of the fleet
that is often trying to maximize the proportion of what has traditionally been bycatch
species in cod fisheries. This has lead to much difficulty in interpreting data from the
fishing fleet as an indicator of stock size. Using commercial CPUE series as a tuning
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fleet in annual assessment was practiced in the period up to and including the 2000
assessment year.

Over the recent years, the survey series in March that commenced in 1985 has become
longer resulting in improvement in the precision in stock assessment, in particular of
the incoming recruits (3 years and younger). In 1996 another survey in October
started that has now been conducted for 13 years. Although the latter is not yet part
of the tuning in the “final” annual assessment, it is used analytically for evaluation of
alternative state of nature from that obtained using the spring survey. If the surveys
will be continued, the assessment in coming years should be reasonably precise al-
though it cannot be excluded that a number of unprecedented things could take
place. Currently “improvement” of the March survey has been discussed and at the
same time the autumn survey may be conducted every second year. Improvement or
any other manipulations of survey series can be a risky thing in times of change when
a HCR based directly on survey indices might have to be used.

As noted above, there are indications that the analytical retrospective patterns are
much less biased than the retrospective pattern based on contemporary observations.
This is mostly due to changes in model setups that take place when overestimation
becomes evident. The current setup is though very much what should be considered
as the natural setup, tuning with relatively long survey series using it as one index.
The same might be said about the way weights at age are now predicted it done by a
very simple model including just few months of growth.

CV AND AUTOCORRELATION ESTIMATES USED IN THE SIMULATIONS

Bias in assessment can be implemented by increasing the proportion of the reference
biomass that is caught each year. The bias has been on the order of 8% since 1990. The
bias was however not modelled in the simulation per se in the hope/belief that longer
survey series will lead to lesser tendency for overestimation than can be observed in
the historical passed. The analytical retrospective pattern shows that this belief is rea-
sonably well founded.

If assessment bias is to be considered it is reminded that for the Icelandic cod the bias
is the assessment is equivalent to a higher harvest rate, each 1% increase in the har-
vest rate being equivalent to 5% implementation error. A range of harvest rates above
and below 0.2 was thus explored.

Removing the bias, the standard error in the estimate from 1991-2005 is 14 % and
autocorrelation with lag 1 is 0.45 (not significant) as the time series is so short. The
next 3 terms in the autocorrelation function are negative so a smaller value than 0.45
might be considered. The final conclusion was to model the log of the assessment
error as a first order AR model with a CV of 0.15 and autocorrelation of 0.45. In the
first year (2009) an error was applied to the stock in numbers to encapsulate similar
assessment errors in the starting year as those used in the future for B4+.

It must be born in mind that the autocorrelation can be changed by changing the as-
sessment model and the lowest autocorrelation (and probably highest CV) will be
obtained by using only the most recent survey results to calculate the reference bio-
mass. The HCR for Icelandic cod has a the TAC of last fishing year included as a sta-
bilizer and using assessment model with too much inertia might lead to a system that
responds very slowly.

The HCR rule implies that future fishing mortality will be significantly lower than
has been observed since 1990. The effect on the cv is unknown (depends on the con-
stancy if M) but autocorrelation will most likely increase.
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2.1.7 Implementation error

2.1.7.1 Discarding

Discarding of fish of economic value is banned in Icelandic waters. Estimates of an-
nual cod discards (Palsson et al 2006, Palsson et al 2009, in press) since 2001 are in the
range of 1.4-4.3% of numbers landed and 0.4-1.8% of weight landed. Mean annual
discard of cod over the period 2001-2008 was around 2 kt, or just over 1% of landings.
In 2008 estimates of cod discards amounted to 1.1 kt, 0.8% of landings, the third low-
est value in the period 2001-2008. The method used for deriving these estimates as-
sumes that discarding only occurs as high grading but larger fish is usually higher
priced. Given that these low estimates can be applied over the time history since 2001
and assuming similar discarding practice (largely juvenile fish), discarding is likely to
have no impact on the assessment of SSB and the reference fishing mortality esti-
mates (mean of age 5-10), with only minor effect on the estimates of the size of the
recruits at age 3.

Discarding over the whole time history from 1955 is unknown, but anecdotal infor-
mation indicate that they may have substantial even up to and including the period
around 1990. In the absence of any quantifiable data the impact of these discarding
on potential bias in dynamics of cod can however not be evaluated.

2.1.7.2 Implementation error in constraining landings

Since the establishment of a 200 mile EEZ in 1976 a fishery management system based
on scientific recommendation has been developed for the fisheries in Iceland. In the
early years various experimental effort control system where tried, but they did not
result in constraining catches of cod, for various reasons. In 1984 a mixture of a TAC
and effort control system was introduced for vessels larger than 10 GRT. In the early
period the entry into the TAC system for this vessel class was voluntary. Each fishing
vessel in the TAC system received a fraction of the TACs, the fraction being based on
average share in the catches in the three previous years. The effort options for the size
classes larger than 10 GRT was fully abandoned with the Fisheries Management Act
in 1990, that first came into full force for the fishing season 1991/1992. Vessels less
than 10 GRT in size had until 1990 free access to the fisheries. They were under a
mixed ITQ or effort control from 1991-2000. In 2001 boats larger than 6 GRT were all
placed under an ITQ system. In 2003 most boast, including those under 6 GRT were
under ITQ control.

Measurements of landings from the domestic fleet are considered relatively reliable.
By law, all landed catch is measured, either at port or at point of entry into the fish
processing factories. In addition, captains are required to keep a contemporaneous
and compulsory log-book of catches. These log-books record entries as well as ran-
dom spot checking of comparisons of output from processing factories relative to that
which reported to enter are used as a double control measure. The system in the last
10 years has been fully computerized, with information on daily landings by vessel
available on the internet in real time.

Management measures that aim at reducing incentives or likelihood of discarding
have been in place since 1991. These include some allowance for individual vessels
for changing quota from one species to another, although this measure does not ap-
ply to cod. A 5% overshoot of individual vessel quota in one fishing year is permit-
ted, with the consequences that the vessels ITQ in the next year being reduced
equivalently. In addition up to 20% of the quota in one year can be transferred to the
next fishing year, without penalty. A quota leasing market is also in place, where in-
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dividual vessel can lease quota from other vessel owners on a contemporary basis.
The system operates in real time, effectively meaning that if overshoot of catch of a
particular species occurs during a trip, the captain can lease quota prior to landing.
The system is however somewhat limited to the supply relative demand at any par-
ticular time.

In addition to the above flexibilities additional measures to reduce incentives for dis-
carding were set in place in 2001, by allowing vessels to report up to 5% of annual
catches as outside their ITQ allowance. These measures have resulted in total land-
ings of around 2 kt annually in the period 2002/2003 to 2006/2007 large portion being
cod (around 85%).

Since the fishing year 1991/1992 the total allowable catch have been set as follows:
Following the annual assessment and advice and prior to the start of the fishing year,
the TAC is first set (since 1995/1996 based on a catch rule). From that a certain
amount is set aside for various socioeconomic reasons as well that likely to be caught
by the effort control fleet. The remainder is then allocated to the vessels in the ITQ
system, based on their individual share.

A comparison of the set TAC and the landings over the time period since 1984 are
shown in figure 2.1.7.1. A measure of the implementation error in landings can be
derived by taking the ratio of landings to that of the set TAC (figure 2.1.7.2). Since
1991 the implementation error has been positive with two exceptions. The bias is
quite significant in some years, reaching up to 15%-20%. The mean bias is just below
10%.

The overshoot in landings in the period 1991 to 2001 has been attributed to over-
shooting of catches of the fleet in the effort system. This is because the linkage be-
tween that estimated to be caught, and hence subtracted from the TAC prior to the
remainder being allocated to the ITQ vessels, and the allocated effort (number of
days) have been unrealistic. Data to substantiate this was however not available to
the authors at the time of writing of this report.

The overshooting in the period 2001 onwards is however somewhat surprising, given
that by that time almost all boats where under the ITQ system. An explanation of this
is at the time of this writing pending. However, overall the bias in landings over the
whole time period since 1991 is significant and persistent. The massive data that is
collected and available on the operation of the Icelandic fleet should however mean
that most of the landing bias observed are foreseeable and predictable.

As said earlier, the fishing allowance of foreign vessels has never been taken into ac-
count prior to allocation of the TAC. The catches within the Icelandic EEZ have over
the time period been relatively small, within the order of 1-2 kt. In the beginning of
century, Faroese vessels started fishing on the Faroe-Icelandic ridge, just inside their
own EEZ. This resulted in significant catches of cod of Icelandic origin in some years
(5 kt), accounting for additional landing in excess of that intended by the HCR (Fig-
ure 2.1.7.2). It is not known if this phenomenon will persist in the future, but the Ice-
landic management authorities are made fully aware of these catches and have been
advised by MRI to take them as well as all other into account when allocating the
TAC to the ITQ fleets.

2.1.8 Reference points

In the current ICES framework the basis for the annual advice is the precautionary
approach. The concept was first formally introduced in the late 1990’s when for a
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whole sweep of stocks that ICES gives advice on, limit (Blim and Fim) and precaution-
ary reference (Bpa and Fpa) points were defined. At that time a harvest control rule
(25% exploitation rate) for the Icelandic cod stock was already in force. Since it was at
the time it was set (1994) evaluated by ICES to be in conformity with the precaution-
ary approach, no limit reference points were defined for Icelandic cod.

ICES has used the original rule as the basis for the annual advice for Icelandic cod up
to that applicable to the fishing year 2008/2009, where the basis of the advice was
changed to Fo.1. The reason for the change was: “ICES evaluation of the harvest con-
trol rule was based on simulations that did not include implementation error. ICES
has considered that this harvest control rule is consistent with the precautionary ap-
proach provided that the implementation error is minimal. Because of numerous in-
year changes the original rule has not been used as a basis for short-term decision-
making since 2000. ICES is at present unaware of the formal long-term management
plan for this stock.” In such cases, the default fallback position by ICES would be to
base the short term advice on limit and pa-reference points. However, in the absence
of those reference points, the basis for advice for iCod in the last two years has been
Fo.1. The Fo.1 basis is a general reflection of current ICES development, which is to
encourage managers towards decision rules that are based on long term considera-
tions, including those based on the Bmsy and Fmsy proxies.

The shift from limit to MSY approach, as well as the recent establishment of HCR for
many ICES stocks, should in the future lead to less reliance on limit and pa-points as
being the basis for short term advice, which in some cases have implied draconian
management measures if followed to the letter. However, it is unlikely that the limit
reference points will be abandoned in the near future, for the following reasons: 1)
They are defined in international agreements and guidelines; 2) They are currently
the cornerstone of ICES dassifications of contemporary stocks status, as e.g. reflected
in the top table of single species stock summaries, 3) They are currently used by envi-
ronmental NGO’s as well as in “green” certification of fisheries, 4) They are getting
increasing economic importance fishing sector. With regards to the first two cases
mentioned, the limit reference points, and their sibling pa-reference points, have of-
ten served as useful triggers points in many HCR developments. With regards to the
NGO’s and the fishing industry, ICES classification of the current status of fish stocks
is being used as a basis for consumer advice and decisions with regards to what fish
to eat and/or buy.

The basis for the definition of Bim by ICES is that point of the spawning stock below
which recruitment becomes impaired. Any Bim value, be it subjectively based or more
objectively derived, will of course be an arbitrary point along a process that is bio-
logically continuous. Some non-parametric or parametric statistical procedures have
been invented to determine Bim objectively. The prevailing approach used by ICES,
when revising limit reference points in the early 2000’s has been the segmented re-
gression. Considering the stock recruitment pattern for the Icelandic cod over the
whole time period 1955-2008 (figure x) the NWWG 2009 observed that the frequency
of poor recruitment increases when the spawning stock is somewhere below the cur-
rent level (220 kt). A more objective approach based on segmented regression gives a
breakpoint of 245 kt. The cumulative probability distribution of SSBbreak is shown in
figure 2.1.8.1. There it can be seen that the median is a little below the maximum like-
lihood estimate or around 225 kt. The difference is though less than the difference
that can be obtained from the results of different assessment models. The above
analysis indicates that candidate value for Bin, if based on the whole time series is in
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the range of 220-245 kt. The estimated mean recruitment above the segmented regres-
sion breakpoint is 200 millions.

Using the data for the whole time series as a basis for deriving Bim may be questioned
since the large shift in recruitment around 1985 is not easily explained by changes in
size or composition of the spawning stock alone. It may be argued that the recruit-
ment pattern in time may, in addition of course to the history of exploitation rate, be
the controlling factor of the spawning stock biomass development. Factors that there
may have resulted in a reduction in the environmental “carrying capacity” of juve-
niles, or “regime-shift” with time could be:

¢ Reduction in nursery areas of juvenile cod with the deteriorating environ-
mental conditions in Greenlandic waters, starting in the late 1960°s.

o Capelin fisheries. Capelin is considered to be the most important prey for
cod. In the Barents sea reduction in capelin has been linked with increased
cannibalism of cod. Although cannibalism in iCod of the same magnitude
as observed in the North East Arctic cod has not been observed, the in-
creasing harvesting of capelin in Icelandic waters, commencing in the
1970’s may have taken place.

e Damming of major glacial rivers, that feed directly to the major cod
spawning grounds in SW-Iceland, may have had detrimental effect on the
natural environmental conditions, possibly affecting egg and larval sur-
vival rate and or affected natural drift routes during the larval phase.

Direct support for the last hypothesis is none. The capelin-cannibalism hypothesis is
rather weak since cannibalism in iCod of the same magnitude as observed in the
North East Arctic cod has not been observed, despite the increasing harvesting of
capelin in Icelandic waters, commencing in the 1970’s. There are however some
observational support for the Greenland hypothesis. The conceptual framework of
the life history model is that substantial amount of egg and larvae may drift from
spawning ground in Iceland to Greenlandic waters in certain years/periods. When
the fish mature they return back to the spawning grounds in Icelandic waters.
Tagging experiments as early as the 1920’s and 1930’s showed that substantial
migration of adult cod from Greenland to Iceland occurred. In these years Icelandic
waters accounted for 40% of all recaptures of cod tagged in West Greenlandic
waters, with as many as 70% of recaptures of fish tagged in the southernmost
Greenland. At thist time fishing effort in Greenlandic waters was low compared to
what is became after the war. Despite heavy fishing in Greenland afer the war,
recaptures in Icelandic waters still occured, albeit at a much lower rate (7% of all
recaptures from fish tagged in West Greenland). Limited tagging studies in East
Greenland waters in the 1970’s indicate adult immigration from that area as well,
with limited recaptures being recorded from West Greenland waters. Recaptures in
Greenlandic water of cod tagged in Icelandic waters have been relatively rare,
despited extensive tagging experiments. Significant immigration of cod into Icelandic
waters are also observed as anomaly in the catch at age matrix, both in the 1930’s as
well as after the war. These anomalies are actually used for “allowance” of
immigration in particlar age classes in particular years in the assessment framework.
The frequency of immigrants so estimated are quite high prior to 1970, but only two
immigrations are being modelled since 1971. This is not surprising, because
coninciding with the deterioration in the environmetal conditions in Greenlandic
waters in the late 1970’s the stock and the fisheries more or lessed collapsed. The
larvae drift hypothesis from Iceland is supported by density distribution observation
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in annual O-group surveys in the Icelandic and East Greenlandic water, which
commenced in 1970. High densities of cod larvae were observed in East Greenlandic
waters in 1973 and 1984. These year classes resulted in the two but brief pulse
fisheries in Greenlandic waters around 1980 and 1990 as well as anomalies in the
catch at age matrix from Icelandic waters in 1981 and 1990.

If “regime-shift” is a plausible scenario the definition of Bim is not quite straight for-
ward. Allowing Rmax to change after 1984 the stock recruitment relationship leads to
an estimate of SSBureak that is not significantly different from the Bioss or 127 kt. Simi-
lar values of the breakpoint are established if the recruitment period before and after
1984/1985 are analysed separately.

Whatever base for the derivation of Bimis taken (whole period, two different periods,
time trend) it is clear that it is worth the experiment to increase the spawning stock
size above the current level of 220 kt. That value may thus at minimum be defined as
a trigger point in a HCR, which act such that when the stock is below this level the
default harvest rate is reduced, e.g. linearly to Bloss. All analysis undertaken here
indicate that this can be done by reducing the exploitation level from that experi-
enced in the recent decade, despite future recruitment remaining at the low level ob-
served since 1985.

Estimates of Bmsy are dealt with in the result chapter.

Technical description of setup and model runs

2.2.1 ADCAM framework
OPERATING MODEL

The operating model is the virtual world, which is supposed to reflect the true system
in the evaluation framework. The virtual world here is very simple with constant M,
no length based parameters etc.

The biological model is a simple single-species age structured population following
the classical exponential stock-equation:

N,

B —(Fyey,)
atl,y+1 — Naye T

The age groups in the model are 1 to 14 years with age 3 the youngest age in the land-
ings. In the settings here the oldest group (14 years) is not a plus group.

Catches are taken according to the catch-equation:
CAvay - Ja ]—-Za?\/[ (l N ei(FaﬁMay) )Nay

ay @y
Fishing mortality by year and age is modelled as:

Fay =s I )

The time period that where catch at age data are available can be divide in a number
of subperiods with the selection pattern s, estimated separately for each period. The

selection pattern of ages 11-14 is assumed to be identical and defined as 1.
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Spawning stock is calculated by first calculating the total mortality before spawning

pZy,a :pMaMy,a +pFaFy,a

The values pM ,and pF are input from file and describe proportion of M and F
before spawning. The spawning stock is then calculated by
§24

SSB,=> N, W2 p,.e"

where p | is the proportion mature by year and age.

When the spawning stock by year and age has been obtained the egg production is
calculated by equation 1 in section on spawning stock and recruitment (2.1.4).

The predicted recruitment is then calculated from any or the equations in section
2.1.4 generalized as

= f(SSB,)

1 ,y+1

Reference biomass is calculated from

a=14

B ;ef = ZN oW where W are the mean weight at age in the landings.

OBSERVATION MODEL.

The model parameters are estimated by minimizing a negative log-likelihood that is
the sum of 4 components.

Landings in numbers.

C, +9,
log=2—* c o
= Z —l—log(Q c ) where €), is an estimated parameter
oy 2(Q )

but the pattern of the measurement error with age ¢ ,is read from the input files. The

values O, are input from file. They are supposed to reflect the value where the error

goes from being lognormal to multinomial. Typical value could be corresponding to 5
otoliths sampled.

Landings in tonnes.

Jay

—+1ogQ, where C, are the “real” landings in tonnes in year y, C,,

‘PZ

the modelled landings and €, the assumed standard error of the landings. The
value of 0.05 was used for €0, in these runs. The likelihood component ‘¥, is some-

what redundant as it is already incorporated in ¥|. Leaving ¥, out will on the

other hand lead to unacceptable deviation between observed and predicted landings
in numbers.

Survey abundance in numbers.
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I _+6;
log%
_ I, +0,

\P ¥ "
=2 2(Q07)°

a.y

= + log(Qp i )
where 2, is an estimated parameter but the pattern of the measurement error with

age O, isread from the input files. The values 0, are input from file and are simi-

a

lar to 0, in ‘¥, . The predicted survey numbers I o are calculated from the equation

A

1 w = q.N j; . The parameters ¢ and b are estimated parameters. (could be esti-

mated internally by regression). The parameters b_are set to one for age 6 and older
but estimated for the younger age groups. The estimated values b, increase with

decreased age.

Stock — recruitment parameters.

ly

log—

Y, = Zﬁ +1ogQ, where N |, is the estimated recruitment from the stock —
a.y

recruitment function and €,is an estimated parameter. As described in section xx

4

(), can be set as a function of SSB but that option was not used in the simulations

here.

The total objective function to be minimized is
i=4
Y= Z Y
i=1
The estimated parameters in most of the runs are

Effort F , for each year 1955 — 2008

Selection pattern s, for ages 3-10 (set to 1 for ages 11-14) in 3 periods, 1955-1975,
1976-1993 and 1994-2008.

Number of age 1 cod 1956-2009.
Initial number in each age group (usually in 1955).

Migration events (from Greenland) 11 events since 1955, the last two in 1981 and
1990.

Parameters of the stock recruitment function (2-4 depending on the function used). In
addition CV in the stock recruitment function is estimated.

Catchability and power for the survey g, for ages 1-10 and b, for ages 1-10. 3 CV
parameters (2, Q. and €2, for those components of the objective function.

After the estimation is done the estimated variance-covariance matrix was used as
proposal distribution in MCMC simulations (see Admodel builder manuals). The

number of runs was between 300 000 and 1 000 000 and the parameters values were
saved every 250t or 500" time. The saved chain was then used in prediction.

PREDICTION MODEL.
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Natural mortality was fixed.

Maturity at age was fixed.
Future weight at age in the stock (W;y ), the catch (Wa; ) and spawning stock (

W;;b )are modelled as:

s _ N yw
w, =W_e

@y
¢  _ 1frc EY
W =Wee
ssb_ 1yrssh Eyw
W =Wite
where,

E;} = [pwE;}lJer_ pwzgyj
= N(0,])

The error in the weight at age in landings and spawning stock in 2009 was assumed
to be 1/3 of the modelled value as the survey weights for 2009 that can help in pre-
dicting these values do already exist.

The mean values of W; W:y and WSSb are read from file. The selection of those

“average value” has considerable effect on the outcome.

In the prediction recruitment is generated by the estimated stock-recruitment func-
tion. Added to the estimated recruitment is random lognormal noise with CV esti-
mated in by the assessment part of the model. Uncertainty in the stock — recruitment
parameters can be an important part of the total uncertainty in the prediction. Excep-
tion is when future migration was modelled with the box distribution from 70-180
million individuals, in that case the parameters and the distribution were estimated
outside the model by external experts.

The selection pattern used in the prediction is the selection pattern of the last “selec-
tion period” (1994-2008). No stochasticity is modelled in the selection pattern but the
uncertainty in the estimated selection pattern is transferred to the prediction.

Assessment error is modelled as autocorrelated lognormal noise as done for the sto-
chasticity in weight.

B =B7e™

P

The TAC for the next fishing year (y/y+1) is then calculated by

where

D ref
Tac, ,, RB

Tac,,, ., = ) *— | where R s the harvest ration (0.2).
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No implementation error is included in the simulations so

C

y/y+l = Tacy/yH

Transferred to calendar years 1/3 of the TAC for the fishing year y/y+1 is put on cal-
1
+ E Cy/yH

2
endar year y and 2/3 on calendar year y+1. Therefore y = EC yo1ly

2.2.2 FPRESS framework

Simulations based on modified version of FPRESS were run in parallel with that done
in ADCAM as a quality check and to act as a dialogue platform. The outcome from
the FPRESS runs were not used in the final evaluation of the HCR rule and are hence
included in this report as an appendix. For comparative settings and recruitment
models the simulation gave similar results in both frameworks.
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Risk evaluation of spawning stock size in 2015+

Unless explicitly stated all the results from the ADCAM framework represented here
are based on the following settings.

e Stochasticity in mean weight at age CV=0.12, autocorrelation 0.6, the same
number applied to all age groups each year.

e Assessment error lognormal CV=0.15, autocorrelation 0.5, with no bias.

Estimated historical stock trends, based on the separable assumption are shown in
figures 3.2.1 to 3.2.3. The historical estimates match well those of the NWWG 2009
assessment (see figure 2.2.3), the latter being having a random walk process in the
fishing mortality, thus changing selection patterns continuously with time. The close
match is not unexpected, since both models use the same data, assume the same fixed
M and have a relatively stringent criteria on following landed catches (CV=0.05). Cur-
rent stock size is close to the official value from the NWWG 2009 assessment with, the
spawning stock size estimated to be 240 kt in the separable framework compared
with 220 kt estimated by the NWWG 2009 (figure 2.2.3). These results are not driven
by difference in stock in number estimates (table 2.2.1) but by slightly different
weights and maturity values used for 2009 and beyond, in this work, using the aver-
age values from 2006-2008 in the low weight scenario.

Under the 20% catch rule being tested, and the recent low mean weights the probabil-
ity that the spawning stock size in 2015 and 2060 will be lower than 220 kt is less than
5%, irrespective of the recruitment models tested (tables 3.2.1 — 3.2.2). Also using the
low weights the spawning stock in 2015 and 2045 will in all cases but one be below
245 kt (the segmented regression breakpoint based on all data) with less than 5%
probability (tables 3.2.6 and 3.2.7). The exception is the spawning stock in 2015 using
box distribution of recent recruits, excluding information about the 2008 year class
but the probability then becomes 6%.

If the predictions are based on mean weight and maturity at age as mean of 1985 —
2008 the probability of SSB in 2015 or 2060 being below 245 kt is always small or less
than 3% (tables 3.2.7 and 3.2.8).

Increasing the harvest proportion will have much on the size of the spawning stock
and therefore on the probability of being below the reference values (table 3.3.3). A
harvest rate at and above 25% is most likely not precautionary, neither in the short
nor the long term. The runs using the most pessimistic assumptions regarding mean
weight at age and recruitment indicate more than 5% probability of being below 245
kt in the long run if a 22% harvest rate is assumed but if the most pessimistic assump-
tion of either mean weights or recruitment is relaxed the probability is less than 5%.
The results by applying different harvest rates indicate that the HCR is robust to all
the assumptions tested but any bias in implementation or assessment is undesirable.

Relative effect of the assumed assessment error, stochasticity in weight and selection
is shown in table 3.2.11. The effect of the error terms is not negligible but the effect of
selection is not large. The small effect of selection is explained by the fact that the
TAC set is independent of the selection assumed.

Evaluation of Harvest control rule in relation to Bmsy

As described in the introduction one of the requirements of the Johannesburg’s decla-
ration is that management strategies, of which HCR are one element of, should in the
long run result in spawning stock size that is greater than Busy. That is equivalent to
saying that harvest rate should be less than that resulting in MSY in the long run. In
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addition, the Johannesburg’s declaration states that by 2015 the spawning stock
should not be less than Bwsy.

The AD model builder framework was used to evaluate Bmsy, MSY, Harvest rates
leading to MSY and SSB resulting from a harvest rate of 20%, 22% and 25%. The
model was run with different harvest rate and landings and spawning stock biomass
in 2060 were taken as a proxy for long term values. (table 3.3.1 and 3.3.2, figures 3.4.1
to 3.3.5). The results show very flat yield per recruit curve except when Ricker type
spawning stock —relationship is used but in that case the peak in the Ricker function
becomes Bmsy and in those cases the ratio corresponding to MSY is in the range 0.24-
0.26. In other cases MSY ratio can be any number, as the curve is so flat. The commit-
tee appointed by the minister to find the optimum ratio in the HCR used a Ricker
type stock-recruitment function and got MSY ration close to 25%.

The calculations of the MSY in the model was done in 3 different ways, taking the
maximum value from deterministic optimization, mean of memc runs or median of
mcmc runs. For the poorly defined models estimated MSY ratio could vary depend-
ing on which way it was calculated but the Ricker type models were relatively robust
to which basis was used for the derivation of the MSY values.

For the Ricker type models Bmsy varies from 330-530 thousand tonnes, the range in
large part being a result of alternative hypothesis regarding mean weight at age and
the SSB-recruitment function used (egg production, SSB 1 or 2 levels of Rmax).

To estimate MSY or really Fmax properly length based models need to be used taking
into account that the fishery is only targeting the largest individuals of the young age
groups. Therefore increased fishery of incoming age group will decrease mean
weight of the survivors as well as mean age in landings.
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220-2015 low weight

Time period Data Model Assumptions 20 21 22 23 24 25 26 27
1985-2007 Constant Box distribution 0.02 0.05 0.08 0.14 0.20 0.28 0.37 0.47
1985-2008 Constant Box distribution 0.01 0.01 0.02 0.03 0.07 0.11 0.16 0.22
1955-2008 SSB Hockey 1 Rmax 0.00 0.00 0.00 0.01 0.02 0.03 0.05 0.08
1985-2008 SSB Hockey 1 Rmax 0.01 0.01 0.02 0.04 0.06 0.09 0.13 0.19
1955-2008 egg productivity Ricker 1 Rmax 0.00 0.00 0.01 0.01 0.03 0.04 0.06 0.09
1955-2008 SSB, mean age Ricker 1 Rmax 0.00 0.00 0.00 0.01 0.02 0.04 0.06 0.09
1955-2008 egg productivity Ricker 2 Rmax 0.00 0.01 0.01 0.02 0.04 0.06 0.10 0.13
1955-2008 SSB Ricker 1 Rmax 0.00 0.00 0.01 0.01 0.02 0.03 0.05 0.08
1955-2008 SSB Ricker 2 Rmax 0.00 0.01 0.02 0.03 0.05 0.08 0.11 0.16
1955-2008 SSB Beverton-Holt 1 Rmax 0.00 0.00 0.01 0.01 0.02 0.04 0.06 0.09
1955-2008 SSB Beverton-Holt 2 Rmax 0.01 0.01 0.02 0.04 0.07 0.10 0.16 0.21

Table 3.2.1: Summary of the probability that SSB in 2015 falls below 220 kt under the assumption of low weights using different recruitment scenarios

220-2060 low weight

Time period Data Model Assumptions 20 21 22 23 24 25 26 27
1985-2007 Constant Box distribution 0.01 0.05 0.09 0.15 0.22 0.31 0.40 0.48
1985-2008 Constant Box distribution 0.01 0.05 0.09 0.15 0.22 0.31 0.40 0.48
1955-2008 SSB Hockey 1 Rmax 0.00 0.01 0.01 0.03 0.06 0.10 0.15 0.21
1985-2008 SSB Hockey 1 Rmax 0.02 0.04 0.07 0.12 0.19 0.27 0.35 0.45
1955-2008 egg productivity Ricker 1 Rmax 0.01 0.01 0.01 0.01 0.02 0.05 0.09 0.17
1955-2008 SSB, mean age Ricker 1 Rmax 0.03 0.03 0.04 0.05 0.08 0.12 0.18 0.27
1955-2008 egg productivity Ricker 2 Rmax 0.01 0.02 0.03 0.04 0.08 0.14 0.22 0.33
1955-2008 SSB Ricker 1 Rmax 0.00 0.01 0.01 0.02 0.03 0.05 0.08 0.14
1955-2008 SSB Ricker 2 Rmax 0.02 0.03 0.05 0.08 0.13 0.19 0.27 0.37
1955-2008 SSB Beverton-Holt 1 Rmax 0.00 0.00 0.00 0.01 0.02 0.06 0.11 0.16
1955-2008 SSB Beverton-Holt 2 Rmax 0.02 0.04 0.08 0.14 0.20 0.29 0.37 0.46

Table 3.2.2: Summary of the probability that SSB in 2060 falls below 220 kt under the assumption of low weights using different recruitment scenarios
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220-2015 mean weights

Time period Data Model Assumptions 20 21 22 23 24 25 26 27
1985-2007 Constant Box distribution

1985-2008 Constant Box distribution 0.00 0.00 0.01 0.02 0.03 0.05 0.09 0.14
1955-2008 SSB Hockey 1 Rmax 0.00 0.00 0.00 0.00 0.01 0.01 0.03 0.05
1985-2008 SSB Hockey 1 Rmax 0.00 0.00 0.01 0.02 0.03 0.05 0.08 0.12
1955-2008 egg productivity Ricker 1 Rmax 0.00 0.00 0.00 0.00 0.01 0.01 0.03 0.04
1955-2008 SSB, mean age Ricker 1 Rmax 0.00 0.00 0.00 0.00 0.01 0.01 0.03 0.05
1955-2008 egg productivity Ricker 2 Rmax 0.00 0.00 0.00 0.01 0.01 0.03 0.04 0.07
1955-2008 SSB Ricker 1 Rmax 0.00 0.00 0.00 0.01 0.01 0.02 0.03 0.04
1955-2008 SSB Ricker 2 Rmax 0.00 0.00 0.01 0.01 0.02 0.04 0.06 0.09
1955-2008 SSB Beverton-Holt 1 Rmax 0.00 0.00 0.00 0.01 0.01 0.02 0.03 0.05
1955-2008 SSB Beverton-Holt 2 Rmax 0.00 0.00 0.01 0.02 0.04 0.06 0.09 0.14

Table 3.2.3: Summary of the probability that SSB in 2015 falls below 220 kt under the assumption of average weights using different recruitment scenarios

220-2060 mean weights

Time period Data Model Assumptions 20 21 22 23 24 25 26 27
1985-2007 Constant Box distribution

1985-2008 Constant Box distribution 0.01 0.01 0.04 0.09 0.14 0.21 0.30 0.39
1955-2008 SSB Hockey 1 Rmax 0.00 0.00 0.01 0.01 0.03 0.07 0.11 0.16
1985-2008 SSB Hockey 1 Rmax 0.00 0.01 0.04 0.07 0.12 0.19 0.26 0.34
1955-2008 egg productivity Ricker 1 Rmax 0.02 0.02 0.02 0.02 0.03 0.04 0.06 0.10
1955-2008 SSB, mean age Ricker 1 Rmax 0.03 0.04 0.04 0.04 0.06 0.09 0.13 0.19
1955-2008 egg productivity Ricker 2 Rmax 0.03 0.03 0.04 0.05 0.07 0.10 0.15 0.23
1955-2008 SSB Ricker 1 Rmax 0.01 0.01 0.01 0.01 0.02 0.04 0.06 0.10
1955-2008 SSB Ricker 2 Rmax 0.02 0.02 0.03 0.05 0.09 0.13 0.20 0.27
1955-2008 SSB Beverton-Holt 1 Rmax 0.00 0.00 0.00 0.00 0.01 0.03 0.06 0.12
1955-2008 SSB Beverton-Holt 2 Rmax 0.00 0.01 0.04 0.08 0.13 0.20 0.27 0.36

Table 3.2.4: Summary of the probability that SSB in 2060 falls below 220 kt under the assumption of average weights using different recruitment scenarios
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245-2015 low weights

Time period Data Model Assumptions 20 21 22 23 24 25 26 27
1985-2007 Constant Box distribution 0.06 0.10 0.16 0.23 0.31 0.40 0.52 0.61
1985-2008 Constant Box distribution 0.01 0.02 0.04 0.08 0.12 0.18 0.25 0.34
1955-2008 SSB Hockey 1 Rmax 0.00 0.00 0.01 0.02 0.04 0.06 0.09 0.13
1985-2008 SSB Hockey 1 Rmax 0.01 0.02 0.04 0.07 0.11 0.16 0.22 0.30
1955-2008 egg productivity Ricker 1 Rmax 0.00 0.01 0.02 0.03 0.05 0.08 0.11 0.14
1955-2008 SSB, mean age Ricker 1 Rmax 0.00 0.01 0.02 0.02 0.04 0.07 0.10 0.14
1955-2008 egg productivity Ricker 2 Rmax 0.01 0.02 0.03 0.05 0.07 0.11 0.15 0.21
1955-2008 SSB Ricker 1 Rmax 0.00 0.01 0.02 0.03 0.04 0.06 0.09 0.13
1955-2008 SSB Ricker 2 Rmax 0.01 0.02 0.04 0.06 0.08 0.12 0.18 0.24
1955-2008 SSB Beverton-Holt 1 Rmax 0.00 0.01 0.02 0.03 0.04 0.07 0.10 0.14
1955-2008 SSB Beverton-Holt 2 Rmax 0.02 0.03 0.05 0.08 0.12 0.18 0.24 0.33

Table 3.2.5: Summary of the probability that SSB in 2015 falls below 245 kt under the assumption of low weights using different recruitment scenarios

245-2060 low weights

Time period Data Model Assumptions 20 21 22 23 24 25 26 27
1985-2007 Constant Box distribution 0.05 0.09 0.16 0.24 0.33 0.42 0.53 0.62
1985-2008 Constant Box distribution 0.05 0.09 0.16 0.24 0.33 0.42 0.53 0.62
1955-2008 SSB Hockey 1 Rmax 0.00 0.01 0.03 0.06 0.10 0.16 0.22 0.28
1985-2008 SSB Hockey 1 Rmax 0.04 0.08 0.13 0.20 0.28 0.35 0.46 0.56
1955-2008 egg productivity Ricker 1 Rmax 0.01 0.01 0.02 0.03 0.04 0.08 0.14 0.23
1955-2008 SSB, mean age Ricker 1 Rmax 0.04 0.05 0.06 0.09 0.12 0.18 0.26 0.36
1955-2008 egg productivity Ricker 2 Rmax 0.02 0.03 0.05 0.08 0.13 0.21 0.30 0.42
1955-2008 SSB Ricker 1 Rmax 0.01 0.01 0.02 0.03 0.05 0.08 0.13 0.19
1955-2008 SSB Ricker 2 Rmax 0.03 0.05 0.09 0.14 0.19 0.27 0.36 0.47
1955-2008 SSB Beverton-Holt 1 Rmax 0.00 0.00 0.01 0.02 0.05 0.10 0.16 0.23
1955-2008 SSB Beverton-Holt 2 Rmax 0.04 0.08 0.14 0.22 0.30 0.40 0.49 0.58

Table 3.2.6: Summary of the probability that SSB in 2060 falls below 245 kt under the assumption of low weights using different recruitment scenarios
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245-2015 mean weights

Time period Data Model Assumptions 20 21 22 23 24 25 26 27
1985-2007 Constant Box distribution

1985-2008 Constant Box distribution 0.00 0.01 0.02 0.03 0.06 0.10 0.16 0.22
1955-2008 SSB Hockey 1 Rmax 0.00 0.00 0.00 0.01 0.02 0.03 0.05 0.08
1985-2008 SSB Hockey 1 Rmax 0.00 0.01 0.02 0.03 0.06 0.09 0.13 0.19
1955-2008 egg productivity Ricker 1 Rmax 0.00 0.00 0.00 0.01 0.02 0.03 0.05 0.07
1955-2008 SSB, mean age Ricker 1 Rmax 0.00 0.00 0.00 0.01 0.02 0.03 0.05 0.08
1955-2008 egg productivity Ricker 2 Rmax 0.00 0.00 0.01 0.02 0.03 0.05 0.08 0.11
1955-2008 SSB Ricker 1 Rmax 0.00 0.00 0.01 0.01 0.02 0.03 0.05 0.07
1955-2008 SSB Ricker 2 Rmax 0.00 0.01 0.01 0.02 0.04 0.07 0.10 0.15
1955-2008 SSB Beverton-Holt 1 Rmax 0.00 0.00 0.00 0.01 0.02 0.03 0.06 0.08
1955-2008 SSB Beverton-Holt 2 Rmax 0.00 0.01 0.02 0.04 0.06 0.10 0.15 0.21

Table 3.2.7: Summary of the probability that SSB in 2015 falls below 245 kt under the assumption of mean weights using different recruitment scenarios

245-2060 mean weights

Time period Data Model Assumptions 20 21 22 23 24 25 26 27
1985-2007 Constant Box distribution

1985-2008 Constant Box distribution 0.01 0.04 0.09 0.15 0.22 0.31 0.41 0.50
1955-2008 SSB Hockey 1 Rmax 0.00 0.00 0.01 0.03 0.07 0.11 0.16 0.22
1985-2008 SSB Hockey 1 Rmax 0.01 0.03 0.07 0.12 0.19 0.26 0.35 0.45
1955-2008 egg productivity Ricker 1 Rmax 0.02 0.02 0.03 0.03 0.04 0.06 0.09 0.15
1955-2008 SSB, mean age Ricker 1 Rmax 0.04 0.05 0.05 0.07 0.10 0.13 0.18 0.27
1955-2008 egg productivity Ricker 2 Rmax 0.04 0.05 0.06 0.07 0.11 0.14 0.21 0.30
1955-2008 SSB Ricker 1 Rmax 0.01 0.01 0.02 0.02 0.04 0.06 0.09 0.14
1955-2008 SSB Ricker 2 Rmax 0.03 0.04 0.06 0.09 0.14 0.20 0.27 0.37
1955-2008 SSB Beverton-Holt 1 Rmax 0.00 0.00 0.00 0.01 0.02 0.05 0.10 0.16
1955-2008 SSB Beverton-Holt 2 Rmax 0.01 0.04 0.07 0.13 0.20 0.29 0.38 0.48

Table 3.2.8: Summary of the probability that SSB in 2060 falls below 245 kt under the assumption of mean weights using different recruitment scenarios
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15<09 low weights

Time period Data Model Assumptions 20 21 22 23 24 25 26 27
1985-2007 Constant Box distribution 0.05 0.09 0.14 0.23 0.34 0.44 0.56 0.67
1985-2008 Constant Box distribution 0.01 0.02 0.04 0.07 0.10 0.16 0.26 0.35
1955-2008 SSB Hockey 1 Rmax 0.00 0.00 0.01 0.02 0.03 0.06 0.09 0.13
1985-2008 SSB Hockey 1 Rmax 0.01 0.02 0.03 0.05 0.09 0.15 0.22 0.31
1955-2008 egg productivity Ricker 1 Rmax 0.00 0.00 0.01 0.01 0.03 0.05 0.08 0.12
1955-2008 SSB, mean age Ricker 1 Rmax 0.00 0.00 0.01 0.02 0.03 0.05 0.08 0.13
1955-2008 egg productivity Ricker 2 Rmax 0.00 0.00 0.02 0.03 0.05 0.09 0.14 0.20
1955-2008 SSB Ricker 1 Rmax 0.00 0.00 0.01 0.01 0.02 0.04 0.07 0.11
1955-2008 SSB Ricker 2 Rmax 0.00 0.01 0.02 0.04 0.06 0.12 0.17 0.23
1955-2008 SSB Beverton-Holt 1 Rmax 0.00 0.00 0.01 0.02 0.03 0.05 0.09 0.13
1955-2008 SSB Beverton-Holt 2 Rmax 0.01 0.02 0.03 0.06 0.11 0.17 0.24 0.32

Table 3.2.9: Summary of the probability that SSB in 2015 falls below the SSB in 2009 under the assumption of low weights using different recruitment scenarios

15<09 mean weights

Time period Data Model Assumptions 20 21 22 23 24 25 26 27
1985-2007 Constant Box distribution

1985-2008 Constant Box distribution 0.00 0.01 0.02 0.05 0.09 0.13 0.21 0.31
1955-2008 SSB Hockey 1 Rmax 0.00 0.00 0.00 0.01 0.02 0.05 0.07 0.12
1985-2008 SSB Hockey 1 Rmax 0.00 0.01 0.02 0.04 0.07 0.12 0.18 0.27
1955-2008 egg productivity Ricker 1 Rmax 0.00 0.00 0.00 0.01 0.01 0.03 0.05 0.08
1955-2008 SSB, mean age Ricker 1 Rmax 0.00 0.00 0.00 0.01 0.02 0.03 0.06 0.10
1955-2008 egg productivity Ricker 2 Rmax 0.00 0.00 0.01 0.02 0.03 0.06 0.10 0.14
1955-2008 SSB Ricker 1 Rmax 0.00 0.00 0.00 0.01 0.02 0.03 0.05 0.08
1955-2008 SSB Ricker 2 Rmax 0.00 0.00 0.01 0.03 0.05 0.08 0.14 0.20
1955-2008 SSB Beverton-Holt 1 Rmax 0.00 0.00 0.00 0.01 0.02 0.04 0.07 0.11
1955-2008 SSB Beverton-Holt 2 Rmax 0.00 0.01 0.02 0.04 0.08 0.14 0.20 0.28

Table 3.2.9: Summary of the probability that SSB in 2015 falls below the SSB in 2009 under the assumption of mean weights using different recruitment scenarios. The mean
weights are applied to the 2009 values.
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Time period Data Model Assumptions Bmsy  ssb20 ssb22 ssb25 rat
1985-2007 Constant Box distribution

1985-2008 Constant Box distribution 280 384 328 259 0.73
1955-2008 SSB Hockey 1 Rmax 391 541 459 361 0.72
1985-2008 SSB Hockey 1 Rmax 357 419 357 278 0.85
1955-2008 egg productivity Ricker 1 Rmax 518 632 560 432 0.82
1955-2008 SSB, mean age Ricker 1 Rmax 381 520 446 349 0.73
1955-2008 egg productivity Ricker 2 Rmax 411 508 444 341 0.81
1955-2008 SSB Ricker 1 Rmax 468 627 547 432 0.75
1955-2008 SSB Ricker 2 Rmax 334 446 391 306 0.75
1955-2008 SSB Beverton-Holt 1 Rmax 790 659 548 410 1.20
1955-2008 SSB Beverton-Holt 2 Rmax 649 400 340 267 1.62

Table 3.3.1: Estimates of Bmsy and SSB at 20%, 22% and 25% harvest rate. The last column is the
ratio of Bmsy and SSB at 20% harvest rate. Based on low weights, agerage 2006-2008.

Time period Data Model Assumptions msyssb ssb20 ssb22  ssb25  rat
1985-2007 Constant Box distribution

1985-2008 Constant Box distribution 373 443 373 288 0.84
1955-2008 SSB Hockey 1 Rmax 572 625 524 403 0.91
1985-2008 SSB Hockey 1 Rmax 406 483 406 310 0.84
1955-2008 egg productivity Ricker 1 Rmax 482 669 591 482 0.72
1955-2008 SSB, mean age Ricker 1 Rmax 757 603 498 388 1.26
1955-2008 egg productivity Ricker 2 Rmax 383 531 475 383 0.72
1955-2008 SSB Ricker 1 Rmax 521 690 607 478 0.75
1955-2008 SSB Ricker 2 Rmax 370 492 432 342 0.75
1955-2008 SSB Beverton-Holt 1 Rmax 1035 775 635 467 1.34
1955-2008 SSB Beverton-Holt 2 Rmax 387 461 387 298 0.84

Table 3.3.2: Estimates of Bmsy and SSB at 20%, 22% and 25% harvest rate. The last column is the
ratio of Bmsy and SSB at 20% harvest rate. Based on mean weights 1985-2008.
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