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Summary

Various differences between SCAA and ASAP assessments of the Gulf of Maine cod, and their implications, are
investigated further. Amongst the results are that neither all nor very few elements of the starting numbers-at-
age vector for the assessment should be estimated, but rather an intermediate number which depends on the
data available for years close to the starting year selected. This in turn leads to a demonstration that
assessments commencing in 1970 incorporate reliable information about recruitment levels for the preceding
5 years, which therefore ought also to be taken into account in fitting stock-recruitment relationships and
estimating MSY related reference points. Stock-recruitment relationships incorporating a downturn in
recruitment at higher biomass levels are favoured in terms of the AIC statistical model selection criterion for
analyses incorporating those earlier years, and suggest lower values for Bysy as well as that the current status
of the stock is not overfished. Estimation of additional variances in fitting to abundance indices is clearly
justified on statistical grounds, while use of numbers rather than mass in fitting to abundance indices
decreases the precision of estimates of current (2010) spawning biomass. Investigations of the adjusted
lognormal and (an approximation to the) multinomial distributions assumed for fitting proportions-at-age data
for the SCAA and ASAP approaches respectively show that neither is appropriate, with each resulting in
overweighting of data for younger compared to older ages. AIC indicates a preference for separate variance
estimation for each age. It also indicates marginal preference for domed survey selectivity, though this leads to
only relatively small increases in spawning biomass estimates, and in the main does not lead to appreciable
changes in estimates of stock status relative to By,sy. For most of the SCAA model variants considered, the 2010
biomass is estimated in the 15 — 17 thousand ton range, though under the multinomial surrogate distribution
for proportions-at-age data this drops to 14 thousand, while increasing to 20 thousand if number rather than
mass is used in fitting to abundance indices (though reasons are offered for preferring the mass-based
approach), and if a dome in survey selectivity is estimated. Projections under the assessment variant suggested
by these analyses indicates a halving of spawning biomass from 2010 to 2012, primarily as a result of the high
catch estimate of over 11 thousand tons for 2010 (assumed to be repeated in 2011), with an estimate of an
Fuisy catch for 2012 of 5 thousand tons. If instead an assessment mimicking options chosen for the NMFS
(2011) ASAP assessment is used, this drop in spawning biomass is much greater, and the Fsy catch estimate
for 2012 would drop to a few hundred tons. A surprising result obtained in investigating such an ASAP
surrogate is that fitting to abundance indices in terms of numbers rather than biomass radically changes
perceptions for this particular scenario. The assessment then interprets the very high NEFSC spring survey
estimates in 2007 and 2008, as well as high results for the Massachusetts survey in some recent years, as
enhanced recruitment, with an associated strong increase in spawning stock abundance over the last few
years. This points to the need for an improved understanding of the reasons underlying the occasional high
indices of abundance forthcoming from the NEFSC surveys, so as to inform how these should best be treated
in the assessment model fitting process.



Introduction

As is always the case with complex assessments requiring many specifications, the Gulf of Maine
(GoM) cod workshop held in October 2011 (NMFS, 2011), while making considerable progress, had
to refer certain issues for further evaluation to better understand why different methods (ASAP and
SCAA as then implemented) were giving different results. Furthermore, decisions had to be reached
based on analyses that could be prepared before or during the meeting so that, again as always,
such decisions might merit reconsideration based on further analyses whose completion during the
meeting was not possible for reasons of time.

This document provides a progress report on addressing many of those issues, specifically:

A) Pope vs Baranov dynamics

B) Estimation of the starting numbers-at-age vector

C) The selection of the starting year for the assessment

D) Allowance for additional variance in fitting to the time series of abundance indices
E) Fitting abundances indices expressed in terms of mass or of numbers

F) The form of the term for catch-at-age proportions in the log-likelihood

G) Domed vs flat selectivity-at-age for the NEFSC surveys.

The starting point for the analyses reported in respect of data selections and certain assumptions
reflects consensus reached to facilitate comparisons during the October workshop (NMFS, 2011), so
that there are some differences from the specifications of the SCAA assessments reported in
Butterworth and Rademeyer (2011), namely:

e Minor corrections have been effected to the tables for mean weights-at-age

e Spawning is taken to occur three rather than two months into the year

e The Massachusetts autumn and LCPUE abundance indices are omitted when fitting the
assessment model to data

o The stock-recruit residuals penalty term is omitted from the objective function used when
fitting the assessment model to data, except for the 2009 and 2010 recruitments to stabilise
their estimates (this does not affect the estimates of spawning biomass reported below)

e Selectivities-at-age in the NEFSC surveys are fixed flat for ages 6+

e Although the underlying population model takes ages to 11+, when fitting no distinction is
made for ages 9 and above which are grouped as 9+, both as regards data and assessment
model assumptions (e.g. with respect to selectivities-at-age)

e Increases of pre-1982 catches by 25% to allow for levels of discards suggested by more
recent analyses.

Approaches and Results

The starting point for these analyses is the Pope dynamics based SCAA assessment commencing in
1982, the results of which are reported in NMFS (2011). This is shown as case 1) in Table 1.

A) Pope vs Baranov dynamics
For existing assessments, ASAP has used Baranov and SCAA used Pope dynamics. While results for

the two approaches will not differ greatly in most circumstances, differences can become important
if fishing mortalities are high as may occur for GoM cod. Results replacing Pope by Baranov dynamics



for case 1) are shown as case 2) in Table 1, with the spawning biomass trajectories compared in Fig.
1. (Note that here and in subsequent Figures, plots are taken to 2010 even though the assessment
computations continue through until the end of 2011; the reasons are that the recruitment
estimates for 2010 and 2011 are poorly determined by the data, and the 2011 catch is not known
but assumed equal to that in 2010 for computational purposes.)

There is little difference between the results, with the Baranov form yielding a slightly lower
estimate for current spawning biomass. As the Baranov form does not give rise to possible problems
at high fishing mortality, and does not add unduly to the computational burden in this case, it has
been retained for the further investigations below.

B) Estimation of the starting numbers-at-age vector

ASAP obtains separate estimates for each element of the numbers-at-age vector for the starting year
of the assessment, whereas the SCAA assessments of Butterworth and Rademeyer (2011) reduce the
number of estimable parameters to two, the spawning biomass at that time expressed as a
proportion (&) of the pristine level (K*), and a parameter ¢ which mimics recent average fishing
mortality - see equations B10 to B14 of Butterworth and Rademeyer (2011).

This is a model selection question: how many estimable parameters will the available data support?
Table 2a reports the negative log likelihood value commencing from the original SCAA formulation
for the case 2) assessment (start year 1982) (indicated by “N, estimated”), and for successively
estimating additional elements of the stating vector, leaving only the remaining estimates linked
through the estimable parameter ¢. Under the AIC criterion, which requires an improvement of at
least one log-likelihood point for each extra parameter estimated from the data, it is clear that there
is justification for estimating some, though not all of the elements of the starting vector — in this case
estimation to about age 6 is justified.

Table 2b reports results for a related analysis: estimating all elements of the starting vector and
showing the associated Hessian-based CVs. For an assessment starting in 1982, it is evident that the
CV starts to indicate unacceptably imprecise estimates at about the same age as the AIC approach of
Table 2a suggests that independent estimation is no longer justified. Given this close relationship,
this second approach (which is less onerous to implement) has been used to select the number of
elements of the starting vector whose separate estimation can be justified for different starting
years for the assessment. Thus for the cases shown in Table 2b, selections of age 6 for 1970, age 4
for 1967, and age 2 for 1965 and 1964 have been made. The reason this number drops for these
earlier starting years is the absence of proportions-at-age data for the NEFSC surveys prior to 1970.

Thus the best approach is neither the ASAP “maximalist” nor the SCAA “minimalist”, but rather an
intermediate choice of the number of elements of the vector to be estimated, with the result
depending on the data available for years close to the starting year. This approach has been followed
for subsequent results reported in this document, for example case 3) which is a variant of case 2) of
the assessment starting in 1982 but with ages up to 6 estimated separately for the numbers-at-age
vector for 1982. Results in Table 1 and Fig. 1 show that this change has little impact on spawning
biomass estimates.

q) The selection of the starting year for the assessment
The primary SCAA results of Butterworth and Rademeyer (2011) commenced assessments in 1964,

co-incident with the first year for which survey data are available. This is in the general spirit of the
SCAA approach which does not require values for (in particular) catch proportions-at-age every year,



but instead makes use of assumptions about the selectivity-at-age vectors. A particular motivation
for this is to be able to extend assessments further back in time to achieve better contrast and hence
make allowance for better informed estimates of, for example, reference points related to MSY.

The baseline ASAP assessment reported in NMFS (2011), however, extends back only to 1982,
though reference point choices were based on inferences drawn from taking the assessment back to
1970. This last decision was because the results from the assessment starting in 1970 (unlike that
starting in 1982) made clear that more recent recruitments corresponding to lower spawning
biomasses tended to be lower than recruitments for the higher spawning biomasses of the 1970s.
Hence any stock-recruitment relationship informing reference point selection would need to take
account of a drop in expected recruitment as spawning biomass is reduced.

Two reasons were advanced for preferring this approach to that of a 1964 start as chosen for the
original SCAA analyses. The first was that proportions-at-age data were not available for commercial
catches to inform commercial selectivities-at-age prior to 1982, or for surveys prior to 1970 to
inform survey selectivities-at-age prior to 1970, so that to an increasing extent for assessments
started further back in time, the SCAA estimates were more reliant on assumptions and less on data.
(The second is addressed under iii) below.)

The decision to commence the assessment in 1970 rather than in 1964 to inform reference point
selection has important consequences. The SCAA assessment starting in 1964 estimates the
recruitments of the late 1960s, at relatively high spawning biomasses, to have been low, and these
values are particularly influential in estimating the stock-recruitment relationship. The argument not
to consider them because the absence of any age data prior to 1970 renders them uncertain,
appears sound and reasonable at first sight.

However, it needs to be remembered that there is information about recruitment strength in the
late 1960s from the proportions of older animals in the commercial catches and particularly the
surveys of the early 1970s, and the newer SCAA procedure adopted here of estimating some of the
elements of the numbers-at-age vector for the start year allows such information to be utilised.
Table 3 and Fig. 2 contrast estimates for the 1970 numbers-at-age vector for two alternative
assessments: case 5) commencing in 1970 and case 8) commencing in 1964. What is immediately
evident is that up to age 5, these two estimated vectors are effectively identical (and with very
similar CVs). In turn this means that the assessment starting in 1970 already incorporates
information sufficient to demonstrate (at a reasonable level of precision) that the recruitments of
the late 1960s were low, so that if recruitment estimates from 1970 onwards are deemed
sufficiently reliable to inform reference point selection, those from the late 1960s must be as well.

Results for SCAA assessments for a range of alternative starting years from 1970 to 1964 are
reported as cases 5) to 8) in Table 1. These results are contrasted for recruitment and for spawning
biomass in Fig. 3, with precision for a “New Base Case” (NBC) starting in 1964 illustrated in Fig. 4,
with its associated fit diagnostics shown in Fig. 5, and selectivity-at-age estimates in Fig. 6. Note that
catch selectivity is for convenience termed “commercial” in such plots, although strictly it covers
recreational catch and discards as well.

Stock-recruitment relationships have been fitted to the estimates of recruitment and spawning
biomass provided by these various assessments to provide a basis to estimate reference points. Note
that these are now estimated externally to the assessment itself, rather than internally as in
Butterworth and Rademeyer (2011), so that assumptions about the form of the relationship do not
influence the assessment results quoted here. This is achieved by minimising the following negative
log-likelihood:
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y0 s the "observed" (assessment estimated) recruitment in year y,
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N, isthe stock-recruitment model predicted recruitment in year y,

Op is the standard deviation of the log-residuals, and
CVy is the Hessian-based CV for the "observed" recruitment in year y.

Note that the differential precision of the assessment estimates of recruitment, which is lower for
earlier years (e.g. see Fig. 4b), is taken into account, and that the summation ends at 2008 because
little by way of direct observation is as yet available to inform estimates of recruitment for 2009 and
2010.

Some parameters of the various stock-recruitment curves fitted are reported in Table 4, with the fits
of some of these to the “data” from the assessments shown in Fig. 7. In addition to the familiar
Beverton-Holt and Ricker forms for a stock-recruitment relationship, results are also shown for a
“Beverton-Holt adjusted” relationship:
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where

a, B, B*and oy are spawning biomass-recruitment relationship parameters, all estimated in the
model fitting process of equation (1), and

B, is the spawning biomass from the assessment for year y.

The reason for including this last relationship is to have a form for which the shape at low spawning
biomass as determined by data in that spawning biomass domain does not influence the shape at
high biomass (distinct from what would occur for the Ricker relationship, for example). With this
Beverton-Holt adjusted form, inferences about any decrease in recruitment at higher biomasses is
determined entirely by the parameter oy, which in turn depends on the data at high biomass only.

Table 4 includes estimates for MSY related reference points based on these stock-recruitment
relationships. Hessian-based CV’s are given which are conditioned on the point estimate for Fysy
(though the CV associated with that will be low because M is assumed known and the commercial
selectivity at age is precisely estimated). Where ratios of the 2010 spawning biomass to reference
points are shown, the associated CVs assume independence of numerator and denominator. This
will not be exactly true, and furthermore the estimates of precision take no account of the
estimation errors associated with the assessment-based spawning biomass estimates that are input
to calculations using equation (1). For this reason results for case 9) (which estimates the Ricker
relationship internally within the assessment) have been added to Table 4, as those do take specific
account of both those aspects. The results for CVs for case 9) do not differ greatly from those for the



comparative assessment with external stock-recruitment relationship estimation, which suggests
that any errors arising from the approximations/assumptions in the procedure adopted are not very
large.

It is clear from the results in Table 4 and the plots of Fig. 7 that once recruitment estimates from the
late 1960s are taken into account in the reference point computations, a very different picture
emerges. There is clear statistical evidence supporting a downturn in recruitment at higher
biomasses for starting years of 1967 and earlier (in fact this holds also for a start in 1968), with AIC
favouring Ricker over Beverton-Holt, and Beverton-Holt adjusted over Ricker. Even for Beverton-
Holt, starting the assessment in 1964 results in a pristine spawning biomass estimate reduced by
nearly 50% from that estimated for the assessment starting in 1970 (see Fig. 8). Fig. 8 also shows
how estimates of the current status of the resource depend on the start year for the assessment and
the stock-recruitment relationship assumed. Note that unlike for the Beverton-Holt form, for
assessments starting in 1967 or earlier, both the Ricker and the Beverton-Holt adjusted form
indicate that the GoM cod stock is NOT overfished.

A key result from the investigations thus far is therefore that some pre-1970 recruitments are well
estimated from the available data despite the absence of proportions at age data prior to 1970;
further when these are taken into account, statistical model selection approaches favour models
showing a downturn in recruitment at higher biomasses, which has important implications for
inferences concerning the current status of the resource.

Three reservations might be raised about these conclusions.

i) Assumptions have had to be made about the commercial (note effectively including
recreational and discard) selectivity-at-age over the pre-1982 period, for which no
associated proportions-at-age data are available. To address this sensitivities 10) and 11)
reflecting considerable differences in this selectivity vector over this period were also run
(see Fig. 9); the results are shown in Fig. 10, and indicate hardly any sensitivity of the
resultant estimates of spawning biomass and recruitment to such differences. While other
sensitivities of this nature could also be run (and a limited set of suggestions would be
welcome), these results already suggest that it is hardly likely that they could result in
qualitative changes to the conclusions above.

ii) Results in Table 3 and Fig. 3a suggest that estimates of recruitment and spawning biomass
for 1964 are not as reliable as those for immediately following years. Nevertheless estimates
of reference points and current stock status do not change meaningfully for assessments
that start in 1965 compared to those that start in 1964 (see Table 4 and Fig. 8), so that this
point has no real bearing on the reliability of the overall inferences.

iii) Comments have been made at GoM cod meetings/workshops that simulation studies have
shown that estimates based on an assumed Ricker stock-recruitment function are biased, for
example along the lines that assuming Ricker when Beverton-Holt holds will result in a
negatively biased estimate of By;sy. At the simplest level, one could respond that equally
assuming a Beverton-Holt form when a Ricker applies will result in a positively biased
estimate of Bysy (precautionary considerations may be pertinent here, but they apply only in
respect of decisions by management authorities, and should not be a consideration in
selecting an assessment required to be based on the best available science.) There is a
potential bias that arises with estimates for Ricker-like forms which derives from the simple
argument that the highest spawning biomass observed can only have been so because it
produced a recruitment below the expectation for that spawning biomass (and vice versa for
the lowest spawning biomass), but that is not universally valid, as having for example the
highest biomass occur in a particular year might rather be a consequence of a very large
catch later that year. In any case in this instance of GoM cod, the inference about lower
recruitment at the highest biomasses is not based on estimates for a single year, but at least
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four years in the late 1960s. Ultimately if arguments based on simulation studies are to be
raised, those simulation studies need to be tabled so that checks can first be made as to
whether they correspond sufficiently closely to the situation under consideration to bear any
relevance. In any case, for reliable inference, simulation studies need to be conditioned on
the situation at hand in a manner whose details are agreed by the scientists in debate on the
issue before the studies are conducted, so that any final agreed inferences can be arrived at
objectively and efficiently.

D) Allowance for additional variance in fitting to the time series of abundance indices

ASAP assumes additional variances associated with indices of abundance are zero, whereas SCAA
estimates values separately for each of the three series of abundance indices used in fitting the GoM
cod assessment model. Cases 4) and 12) (see Table 1) set additional variances to zero for SCAA
assessments starting in 1982 and 1964 respectively. In both cases the negative log likelihood
deteriorates by some 60 points with the loss of estimability of three parameters.

Statistical selection criteria thus overwhelmingly favour estimation of these parameters for the GoM
cod assessment. The impacts on estimates of spawning biomass and recruitment are however not
particularly large (see Table 1 and Fig. 10).

E) Fitting abundance indices expressed in terms of mass or of numbers

ASAP routinely fits to abundance estimates expressed in terms of numbers, whereas SCAA instead
uses mass. Cases 13) and 14) in Table 1 show results for the SCAA assessments starting in 1982 (case
3)) and 1964 (case 8), the NBC) respectively, with the corresponding estimated spawning biomass
trajectories compared in Fig. 11.

This change to numbers results in slightly higher estimates of current spawning biomass approaching
20 thousand tons, though these are less precisely estimated than their counterparts based on mass.
It should be noted that the move to numbers is associated with changes in estimates of additional
variance. These lead to greater weight being accorded to the NEFSC surveys, and less to the
Massachusetts survey, which is a possible reason for the change in the point estimate for current
spawning biomass. The lesser precision is not unexpected given that the relative contributions of the
different ages to the overall index are more skewed towards the younger ages for numbers. This
together with the results from section F) below, which suggest greater variance associated with the
younger ages, would seem to point towards a preference for the use of mass rather than numbers
when fitting abundance indices for GoM cod assessment models, at least.

F) The form of the term for catch-at-age proportions in the log-likelihood

ASAP assumes a multinomial form for the distribution of proportion-at-age residuals in constructing
the negative log likelihood to be minimised, whereas SCAA assumes an “adjusted” lognormal. The
contribution of the proportions-at-age data (whether from catches or surveys) under the latter
assumption is given by:
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where

Dyals the observed proportion of fish caught in year y that are of age a,



faw is the model-predicted proportion of fish caught in year y that are of age a,

and

ocm I the standard deviation associated with the catch-at-age data, which is estimated in the
fitting procedure by:
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where the summations exclude instances where the observed proportion is zero because the
numerator contributions are structurally exactly equal to zero in such instances.

To compare this to the multinomial, it is convenient to approximate the latter in a manner that
allows the same framework to be used. For the small proportions involved in this case, the
multinomial approximates a Poisson (with variance equal, or at least proportional, to mean), and this
in turn is reasonably approximated, on taking square roots of the proportions concerned, by a
normal distribution with constant variance.

For this multinomial-equivalent "sqrt(p)" form then:
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where these summations include all years and ages as no numerator contribution is structurally
zero.

Thus variance is conveniently estimated within the ML process without the need for external
specification of effective sample size.

For minimum variance estimates, residuals should be homoscedastic, so that a first comparative test
of the appropriateness of the adjusted lognormal to the multivariate assumption for this case is
provided by checking which better achieves such homoscedasticity. This in turn has been examined
by using equations (4) and (6) without their summations over ages to provide residual variance

estimates by age (effectively estimates of o which should, for homoscedasticity, show no trend

com,a

with age).

Results of this check are shown in Fig. 12. Contrary to the trendlessness sought, there are very clear
downward trends for all three surveys and for the catch. Both distributional assumptions are near
equally bad, and it is clear that both are effectively overweighting the data for smaller ages, and
underweighting those for larger ages which for some reason are inherently less variable.

This though does NOT mean that the assessment results under either method are fatally flawed.
Since there are no unequivocal signs of model misspecifications in the diagnostic plots of Fig. 5, for
example, the resultant estimates are not necessarily biased. They are however reflecting greater
variance than need be the case. Clearly though the assumption of a multivariate distribution for the
proportions-at-age data for GoM cod seems wrong (and also the adjusted lognormal), and needs
improvement; factors other than sampling variation in ageing data (presumably more inter-annual
variability in selectivity-at-age) render these data more variable for lower ages.



Table 5 shows results for both the adjusted log-normal and the sqrt(p) error forms for contributions
to the log likelihood under estimation of a single o, for each series and of a separate value for
each age. The latter is preferred under AIC for both forms. More parsimonious parameterisations of
the age dependence of o, were explored, but a log-linear trend with age rendered estimation

somewhat unstable, while splitting into age-blocks to estimate only three variance parameters for
each series was not preferred under AIC. Thus further evaluations focused on estimating a separate
variance for each age in each series.

G) Domed vs flat selectivity-at-age for the NEFSC surveys

Settling the debate on whether the data favour domed over flat selectivity-at-age for the NEFSC
surveys rests heavily on the use of model selection approaches to fits to the data in each case, and in
particular on appropriately structured log likelihoods. In turn this first required resolution of the
issue in section F) about how best to construct the likelihood for the proportions-at-age data.

Given the choice indicated above of estimating a separate variance for each age for each
proportions-at-age series, two parameterisations of dome-shaped selectivity for the NEFSC surveys
were compared to the assumption of the NBC that these selectivities are flat from age 6. The first
estimated separate parameters for selectivities at ages 7, 8 and 9+ for both series (i.e. 6 additional
estimable parameters), while the second estimated selectivity at age 7 for the spring survey and
thereafter an exponential decline, and an exponential decline from age 6 for the autumn survey (i.e.
three additional estimable parameters). The latter option was preferred under AIC for the adjusted
lognormal error distribution, though there is little to choose between this and flat survey selectivity
for the sqrt(p) multivariate surrogate case. Fig. 13 shows the selectivity vectors estimated for both
distributional assumptions when domed survey selectivity is admitted. Given the smoother
behaviours of the commercial selectivities with age, coupled to a continued decrease with age at
older ages for the Massachusetts spring survey, both of which seem more plausible, the adjusted
lognormal is preferred here with the associated case 17) assessment with this selectivity dome
defining a “Newer Base Case” (NBC2) assessment.

The fit diagnostics for the NBC2 assessment are shown in Fig. 14. Note that the bubbles in the plots
of the standardised proportions-at-age residuals are typically of similar size with age, in contrast to
the declining size with age evident for the NBC assessment results in Fig. 5; this follows from
estimating a separate variance for each age for these error distributions. There are no obvious
indications of model mis-specification in these plots. Furthermore Fig. 14 also includes the
standardised proportions-at-age residuals bubble plots for the sqgrt(p) equivalent of the NBC2
assessment; comparison of the two sets of bubble plots provides no obvious reason to prefer the
one associated error distribution assumption over the other.

Fig. 15 shows the sensitivities of estimated time series for spawning biomass and recruitment under
different assumptions for the error distribution form for and variance of the proportions-at-age
data, and the admittance of domed-shaped NEFSC survey selectivity. Recruitment estimates hardly
differ, but with domed-shaped survey selectivity, the spawning biomass estimates increase
somewhat, though not substantially. Fig. 16 shows estimates of mainly relatively small Hessian
based 95% Cls for spawning biomass and recruitment time series for the NBC2 assessment. These
increase somewhat for the most recent recruitment estimates, and for both this recent period and
the pre-1982 period for the spawning biomass. Fig. 17 shows retrospective assessment results for
NBC2. A tendency for over-estimation for the most recent years is evident for both spawning
biomass and recruitment, with estimates of the latter for the most recent two years evidencing
some lack of reliability. (The very high values for the most recent recruitment estimates for the



assessment to 2004 are a consequence of the unusually high abundance index from the NEFSC
autumn survey in 2002.)

Table 6 shows the dependence of estimates of reference points and associated quantities to
changed assumptions for the error distribution form for and variance of the proportions-at-age data,
and the admittance of domed-shaped NEFSC survey selectivity, in relation to the year the
assessment commences and the form assumed for the stock-recruitment relationship. The lack of
convergence for the Ricker form for an assessment commencing in 1982 is not surprising, given the
lack of contrast in the associated estimates of spawning biomass. Compared to the corresponding
results under the NBC assessment, allowance for age dependence in the variance of the proportions-
at-age data and for domed-shaped NEFSC survey selectivity generally leads to improved estimates of
resource status relative to Bysy and to larger estimates for a 2010 catch under Fy;sy. However the
differences are appreciable only for the Beverton-Holt stock-recruitment function. Under the sqrt(p)
multivariate surrogate assumption for the log likelihood contribution of the proportions-at-age data,
these quantities are less but again appreciably so only for the Beverton-Holt form. Fig. 16 shows that
for the NBC2 assessment coupled to a Ricker stock-recruitment function, there is hardly any
retrospective trend in estimates of B sy.

Concluding Remarks

A striking feature of the results in Tables 1 and 5 for the estimates of the current (2010) spawning
biomass for GoM cod is their closeness over a wide range of “sensitivity” tests, with variation
essentially between 15 and 17 thousand tons. Pope vs Baranov dynamics, the number of elements of
the starting numbers-at-age vector, the selection of the starting year for the assessment, and taking
additional variance in the time series of indices of abundance into account all make little difference.
Three instances that lead to estimates outside this range are use of the multinomial surrogate
(sqrt(p)) approach for the proportions-at-age contributions to the log likelihood (14 thousand tons),
and the replacement of mass by numbers in fitting to abundance indices or introducing a dome in
the survey selectivity (20 thousand tons, but see also below). The reason for the difference with the
corresponding ASAP estimate (NMFS 2011) of about 12 thousand tons has thus not been entirely
resolved. However changes from mass to numbers in fitting the abundance indices also lead to
changes to the additional variance estimates (and hence the relative weights) accorded to these
indices, so that there are interactions amongst the effects of some of the ASAP-SCAA differences,
and further explorations of different combinations of choices might still yield a case of closer
agreement. With the exception of cases fitted to numbers rather than mass, the SCAA estimates of
survey g (corresponding to the Bigelow) in Table 1 and 5 lie between 0.71 and 0.95, and
consequently do not require any need to postulate gear herding effects.

The main result from this work concerns MSY-related reference point estimation. If assessments
starting in 1970 are acceptable for this purpose, so must be the (low) estimates of recruitment in the
late 1960s already evidenced in those assessments. Those estimates in turn indicate much reduced
estimates of pristine spawning biomass compared to a Beverton-Holt form fitted to the 1970+
spawning biomass and recruitment estimates only (as in NMFS 2011), and further provide statistical
justification for preferring a dome-shaped relationship for which recruitment decreases at higher
biomasses. These reduced pristine estimates in turn suggest that the status of the GoM cod stock in
2010 is NOT overfished (see Tables 4 and 6).

Management implications

Table 7 provides estimates of reference points and projected management-related quantities for the
NBC2 assessment. The analyses above suggest this as the assessment most preferred, although for
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some of the aspects for which choices amongst different options had to be made, that choice was
not as clear as for others. In using the NBC2 assessment results to compute MSY-related reference
points, of the two dome-shaped stock-recruitment functions examined, the Ricker has been
preferred here for the Table 7 computations simply because it is more conventional. Results quoted
thus far have applied to the year 2010, but management advice for the present naturally needs
analyses to be extended to 2012. This requires assumptions to be made both for the catch taken in
2011, and concerning recent recruitments for which the assessment does not provide particularly
reliable estimates.

For the Table 7 base case computations, the 2011 catch has been set equal to that for 2010, and
recruitments for 2010 and 2011 set equal to those expected under the Ricker stock-recruitment
function assumed (note “expected”, so that the bias correction factor for the lognormal distribution
about the estimated relationship is taken into account). These base case projections are indicated as
“Nadj” in Table 7, because the 1- and 2-year-old numbers at the start of 2012 estimated by the NBC2
assessment have been “adjusted” to conform to the Ricker relationship. Arguably such an approach
should include the 2009 recruitment as well, as there are few data input to the assessment to inform
on the strength of that cohort either. Because of the uncertainties associated with these
assumptions (there are, for example, questions as to whether the recreational component of the
2011 catch has been over-estimated), sensitivities have also been computed for the 2010 and 2011
catches each reduced by one third, and for no adjustment to the 2010 and 2011 recruitments
estimated in the assessment.

This then allows for projections to be made to compute the spawning biomass at the start of 2012,
together with the catch for that year under Fysy. Furthermore projections can be continued further
under the same assumption for generating future recruitments from the Ricker relationship. This
admits the computation of a five-year replacement yield (RY) catch which would see the spawning
biomass in five years (i.e. at the start of 2017) equal to its 2010 value. The utility of such RY values is
in giving some indication of the level of catch which would (in expectation terms) avoid short- to
medium-term biomass reduction.

It is informative to compare such results with ones which attempt to mimic the current ASAP
assessment of NMFS (2011) as closely as possible within the SCAA framework used here. There are
essentially eight differences between the choices amongst options made for the NBC2-Ricker results
in Table 7, and such an “ASAP-like” approach. Compared to the former, the latter:

1) Starts the assessment in 1982 instead of 1964.

2) Estimates values for all the elements of the starting numbers-at-age vector, rather than a
reduced set as indicated by AIC.

3) Does not incorporate additional variance associated with the abundance indices used for the
model fit.

4) Assumes the extent of variability in proportions-at-age data to be dependent on age in a
manner that relates only to the relative numbers of that age which are sampled/caught,
rather than estimating this separately for each age.

5) Assumes a sqrt(p) form for the contribution of the proportions-at-age data to the log
likelihood, rather than the adjusted lognormal form.

6) Fits to abundance indices in terms of numbers rather than mass.

7) Assumes the NEFSC surveys to have asymptotically flat selectivities rather than a possible
dome with some reduction at older ages.

8) Use an F% proxy for Fysyrather than calculating MSY-related quantities directly by making
use of a stock-recruitment function estimated from the results of the assessment.

Note that together 4) and 5) serve as a surrogate for the multinomial assumption of the NMFS
(2011) ASAP assessment for the error distribution of proportions-at age data. Furthermore for these
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“ASAP surrogate” computations shown in Table 7, adjusted recruitment options set 2010+
recruitments equal to their average value over 1982 to 2008 (consistent with the implicit assumption
of no stock-recruitment relationship), and an F40% proxy is used for F,s. The same sensitivities as
for the NBC2-Ricker case are examined, with the addition of one which replaces the F40% proxy by
an F35% proxy for Fysy.

Fig. 18 compares plots of spawning biomass and recruitment estimates for NBC2, the NMFS (2011)
ASAP assessment, and the SCAA-based ASAP surrogate (“ASAP surr”). For reasons discussed below
ASAP surr makes all the changes listed under points 1) to 8) above except for 6), which involves
fitting to abundance indices expressed in terms of numbers rather than mass. Recruitment estimates
for all three assessments are very similar, although the most recent estimates for ASAP surr are a
little lower. The spawning biomass estimates all have similar trends, with NBC2 higher than ASAP in
absolute terms, and ASAP surr intermediate. However “ASAP surr*”, which makes the change of 6)
as well to fit instead to indices in terms of numbers, behaves qualitatively very differently over the
most recent years, showing a continued large increase in spawning biomass over the last few years
as well as appreciably higher recruitment. The reasons for this are the high NEFSC spring survey
results for 2007 and 2008, as well as some recent high Massachusetts surveys (all of which, relatively
speaking, are higher still in terms of numbers — compare Fig. 19 to Fig. 5 or 14). Most assessments
effectively “ignore” these values in the sense that the survey abundance time series predicted by the
model fit hardly reacts to them (e.g. see Figs 5 and 14), interpreting them rather as large upward
fluctuations in catchability. Instead the ASAP surr* assessment attempts to explain these high
values, in part, by increased recruitment around that time, and consequently shows upward spikes
in the predicted survey abundance series (see Fig. 19).

Table 7 results for the NBC2-Ricker scenario indicate a spawning biomass reduction from 2010 to
2012 of about 50%, which consequently virtually halves the 2012 Fys, catch estimate for 2012
compared to the comparative value for 2010 to provide an estimate of about 5 thousand tons. This
value is not too sensitive to alternative assumptions about recent recruitment, but is very sensitive
to the values used for the 2010 and 2011 catches (unsurprisingly as these were high in the context of
estimates of MSY for the stock, and so might be expected to lead to reduction in abundance). In
contrast, the five-year replacement yield estimate is sensitive to both of these factors.

The ASAP surr results for spawning biomass and an Fysy catch in 2010 are lower than their NBC2-
Ricker equivalents , and consequently comparative values for 2012 are lower still, with the spawning
biomass in 2012 only about 25% of the NBC2 estimate, and the corresponding Fysycatch well below
one thousand tons. Unsurprisingly, immediate catches cannot be too high if the 2010 spawning
biomass level is to be recovered in the next five years (by 2017) in terms of the scenarios shown.
Obviously comparable results based on the ASAP surr*assessment would be much more positive.

Summary and Future Work

Clearly immediate management implications are strongly dependent on the option choice made for
a number of aspects of the assessment. The work above suggests that on scientific grounds better
choices are possible for a number of these than were made for the ASAP assessment of NMFS
(2011); the indications are strong for some of these aspects (e.g. taking additional variance into
account), but weak for others (e.g. allowing for doming in NEFSC survey selectivities).

In extensions of this work it would be desirable to include the stock-recruitment relationship
estimation within the assessment on self-consistency grounds, and to facilitate variance
computation (including a possible extension to Bayesian estimation). However, that might better
await further discussion to seek first consensus on choices amongst options for at least some of the
aspects of the assessments examined above, so as to avoid producing a plethora of results for a
large number of option-choice combinations which might obscure wood for trees. The Beverton-Holt
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adjusted stock-recruitment function might be a better choice than the Ricker at that stage, to reduce
retrospective influences on reference point estimation through recent recruitment estimates at
lower abundances unduly influencing the shape of the stock-recruitment function over a higher
biomass range.

For many of the option choices made above, AIC has served as the selection criterion. However this
assumes independence of data input to the assessment. This matter merits attention, as if there is
positive correlation in these data, AIC would tend towards favouring estimation of too many
parameters unless adjustments are made to take such correlation into account.

The lack of robustness of the ASAP surrogate assessment to fitting abundance indices in terms of
numbers rather than mass is a concern. The 2004 recruitment retrospective in Fig. 17, being also
linked to an especially high NEFSC survey result, raises a similar concern. The ASAP surr* result
arises from a different “interpretation” of the survey data, and therefore points not as much to
issues of choices amongst different assessment methodology options, as to the need first for an
improved understanding of the reasons underlying these occasional high survey indices of
abundance evident in the NEFSC and Massachusetts survey time series, so as to inform how these
should best be treated in the assessment model fitting process.
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Table 1: Estimates of abundance and related quantities for the Gulf of Maine cod for a series of assessment sensitivities. Values in parentheses are Hessian

based CV's. Mass units are '000 tons. y1 refers to the start year for the assessment. Ny, is in millions. Refer to Appendix B of Butterworth and Rademeyer

(2011) for definition of some of the symbols used. Note that the estimation procedure used bounds os4q above by 0.5.

1) 2) 3) 4) 5) 6) 7) 8) 9) 10) 11) 12) 13) 14)
P i As3) startin As NBC, with  As NBC, with As NBC,
ope, startin As 3) survey As3)startin  As3)startin 1964, N, o- As New Base s o wit s o wit s !
1982, flat As 1) N 0 -, ) y A option 1 for  option 2 for survey ) As 8) = NBC
additional As 3)startin 1967, N0~ 1965, N 10 Nyz 2 Case, Ricker L As 3) fitto .
survey sel., & As 1) Baranov Ny g . T . pre-1982 pre-1982 additional fit to
e variances set 1970 Nyi s Ny estimated SR fit within . . . numbers
and ¢ estimated T o commercial commercial variances set numbers
. to 0 estimated estimated (New Base  assessment
estimated sel. sel. to0
Case = NBC)
Startyeary 1 1982 1982 1982 1982 1970 1967 1965 1964 1964 1964 1964 1964 1982 1964
-InL: overall | 41.9 37.6 21.3 79.3 -20.0 -27.0 -25.9 -30.6 5.6 -28.3 -24.4 31.7 62.3 23.2
-InL: survey | -16.4 -16.3 -16.8 32.2 -31.1 -34.2 -35.2 -36.4 -35.9 -36.1 -36.5 13.8 25.6 19.9
-InL: comCAA | -79.3 -85.9 -96.4 -94.1 -93.4 -93.2 -93.2 -93.2 -92.9 -93.2 -92.1 -90.2 -96.2 -91.9
-InL: survCAA | 136.5 138.9 133.4 140.2 103.7 89,5 101.6 98.1 99.7 100.1 103.3 106.9 131.9 94.2
-InL: RecRes 1.1 1.0 1.0 11 0.9 0.9 1.0 0.9 34.7 0.8 0.9 1.2 0.9 0.9
8 0.21 (0.07) 0.16 (0.35) - - - - - - - - - - - - - - - - - - - - - -
Noyo 15.9 (0.04) 15.7 (0.04) 15.8 (0.06) 153 (0.06) 5.7 (0.14) 3.9 (0.19) 4.0 (0.21) 85 (0.18) 82 (0.17) 9.6 (0.17) 7.6 (0.17) 85 (0.17) 159 (0.06) 8.7 (0.18)
¢ 0.49 (0.05) 0.54 (0.06) 0.13 (1.28) 0.10 (0.00) 0.55 (0.40) 0.52 (0.30) 0.55 (0.33) 0.10 (0.00) 0.10 (0.00) 0.10 (0.00) 0.10 (0.01) 0.10 (0.00) 0.17 (0.97) 0.21 (1.02)
B* 010 17.4 (0.10) 1e6.5 (0.15) 1e.4 (0.15) 15.1 (0.09) 15.7 (0.11) 15.5 (0.10) 15.5 (0.11) 15.5 (0.10) 16.2 (0.10) 15.7 (0.12) 15.6 (0.10) 15.3 (0.09) 19.4 (0.18) 19.9 (0.19)
B 1om 315 (0.05) 30.3 (0.05) 31.1 (0.07) 33.2 (0.05) 30.4 (0.05) 30.3 (0.05) 30.1 (0.04) 30.3 (0.04) 30.7 (0.04) 31.7 (0.04) 29.5 (0.04) 31.1 (0.04) 30.4 (0.06) 30.4 (0.05)
B*,, 315 (0.05) 30.3 (0.05) 31.1 (0.07) 33.2 (0.05) 33.5 (0.08) 30.2 (0.10) 19.7 (0.20) 34.7 (0.13) 351 (0.12) 32.9 (0.11) 38.2 (0.10) 35.9 (0.10) 30.4 (0.06) 25.0 (0.50)
q T pdd q T add q T add q T ndd q F pdd q F pdd q T pdd q F add q T pdd q T pdd q T pdd q T pdd qx103 F add q.\(.wj T pdd
NEFSC spring | 0.75 0.24 0.82 0.26 0.84 026 085 000 073 020 074 0.19 074 o019 074 0.19 074 019 0.72 018 072 019 071 000 106 0.16 0.96 0.14
NEFSC fall 0.52 0.14 057 013 058 0.13 059 0.00 0.60 0.11 0.61 0.11 062 010 0.62 0.10 063 0.09 0.62 010 059 0.09 0.64 000 054 0.06 0.61 0.14
MADMF spring| 0.15 0.12 0.15 0.12 0.15 0.12 0.15 0.00 0.15 0.10 0.15 0.10 0.15 0.0 0.15 0.10 015 0.10 0.15 010 015 0.10 0.15 000 046 0.50 046 0.50
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Table 2a: Overall negative log-likelihood for different estimations of the starting numbers-at-age

vector for a 1982 start year for the assessment.

1982 N vector: -InL: overall
N p estimated 37.6
N g-N 1 estimated 37.6
N g-N ; estimated 36.1
N g-N ; estimated 25.8
N g-N 5 estimated 25.6
N g-N 5 estimated 24.9
N g-N ¢ estimated 21.3
N g-N 7 estimated 20.6
N g-N z estimated 20.6
N g-N g estimated 20.6
N g-N 1p estimated 20.6
N g-N 11 estimated 20.5

Table 2b: Start year numbers-at-age vectors (all ages estimated) and Hessian-based CVs for

assessments starting in different years.

Start in 1964 Start in 1965 Start in 1967 Start in 1970 Start in 1982
N 1964 4 cv N 19654 cv N 19670 cv N 19700 v N 19820 cv
0 9137900 0.181 4556500 0.212 3988100 0.191 5681000 0.141 15792000 0.063
1 12832000 0.174 7455300 0.180 2085600 0.251 5889900 0.120 11476000 0.069
2 2276800 0.588 (10414000 0.164 3031600 0.212 1754500 0.207 13012000 0.063
3 149% 21.262 1741600 0.563 4567300 0.176 1916900 0.189 5472000 0.094
4 149*  20.306 149* 12.764 5617300 0.155 823580 0.246 3269700 0.112
5 150 28.725 149*% 14,905 808090 0.576 865010 0.207 1815300 0.139
6 150 34.019 1326 92.544 149* 7.985 1092000 0.180 182000 0.505
7 2659200 1.153 536 129.176 151 31.892 1275300 0.173 272340 0.494
8 149* 21.738 3113600 0.253 4396 41.655 192220 0.591 227910 1.054
9 150 28.269 149*% 22.603 323 117.899 149*  3.629 157450 60.937
10 149* 19.490 919 124.098 1605600 0.261 149* 7.687 50871 42.793
11 1404600 1.660 6843 59.008 472 B89.794 645440 0.240 114700 77.922

* lower boundary
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Table 3: 1970 numbers-at-age vectors with Hessian-based CVs for Cases 5 (start in 1964) and 8 (start

in 1970).

Case 5) Start in 1970
N 19702 v

Case 8) Start in 1964
N 1970, v

PEwwo~wo bk wN R O|R

5603600 0.142
5766400 0.121
1707400 0.208
1879300 0.189
803200 0.246
843430 0.207
1433100 0.142
803410 0.123
433260 0.161
190980 0.232
136210 0.214
338810 0.250

5638400 0.141
5837300 0.120
1739700 0.206
1905700 0.188
817840 0.245
855840 0.206
1080300 0.178
1258700 0.170
163010 0.227
1068590 0.291
100100 0.237
518790 0.181
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Table 4: Estimates of reference points from fits to stock-recruitment data showing dependence on the choice of starting year for the assessment and stock-
recruitment relationship. Values in parentheses are Hessian based CV's (for o; these are typically of the order of 0.004). Mass units are '000 tons. Note that

2
F refers to fishing mortality on age 5, and MSY is as calculated for the most recent commercial selectivity-at-age vector, and multiplied by the e(a") /2 bias
correction factor to reflect mean rather than median recruitment.

Beverton-Holt Ricker Beverton-Holt adjusted
Startyeary 1 1964 1965 1967 1970 Case 9 1964 1965 1967 1970 1964 1965 1967 1970
-InL 7.2 8.2 4.8 0.5 34.7 5.2 7.7 4.3 0.5 1.9 7.4 1.6 0.5
h 0.95 (0.06) 0.93 (0.06) 0.91 (0.06) 0.86 (0.06)| 2.66 (0.17) 2.83 (0.16) 2.53 (0.17) 2.49 (0.17) 2.16 (0.18) 3.14 (1.85) 13.45 '(0.01) 14.01 '(0.01) 16.12 (12.29)
o 0.66 (0.00) 0.68 (0.00) 0.64 (0.00) 0.60 (0.00)| 0.61 (0.03) 0.65 (0.00) 0.67 (0.00) 0.64 (0.00) 0.60 (0.00)| 0.61 (0.00) 0.67 (0.00) 0.64 (0.00) 0.60 (0.00)
K* 219.95 (0.19) 239.45 (0.23) 275.63 (0.26) 406.72 (0.39)| 83.04 (0.17) 69.64 (0.12) 76.24 (0.16) $82.04 (0.19) 112.22 (0.32)| 41.72 (0.14) 44.96 (0.14) 50.10 (0.15) 106.47 (198.11)
F sy 0.33 0.31 0.29 0.26 0.39 0.59 0.54 0.53 0.47 0.63 0.55 0.64 0.48
MSYL™® 0.22 (0.06) 0.23 (0.06) 0.24 (0.05) 0.26 (0.05)| 0.33 (0.13) 0.33 (0.12) 0.34 (0.13) 0.34 (0.13) 0.36 (0.13)| 0.65 (0.00) 0.61 (0.00) 0.48 (0.00) 0.38 (0.00)
B psy 48.89 (0.14) 55.91 (0.18) 67.13 (0.21) 107.34 (0.34)| 27.53 (0.08) 23.09 (0.07) 25.97 (0.08) 27.98 (0.10) 39.89 (0.21)| 27.24 (0.14) 27.51 (0.14) 24.23 (0.15) 40.98 (198.11)
MsY 12.40 (0.14) 13.28 (0.18) 14.67 (0.21) 20.05 (0.35)| 13.60 (0.08) 11.99 (0.07) 12.28 (0.08) 12.79 (0.10) 15.29 (0.21)| 15.07 (0.14) 13.45 (0.14) 14.01 (0.15) 16.12 (198.11)
C 2010(F wmsy ) 4.18 3.95 3.78 3.46 5.13 6.88 6.40 6.35 5.81 7.25 6.55 7.39 5.91
B 310 15.50 (0.10) 15.51 (0.11) 15.51 (0.10) 15.69 (0.11)| 16.17 (0.10) 15.50 (0.10) 15.51 (0.11) 15.51 (0.10) 15.69 (0.11)| 15.50 (0.10) 15.51 (0.11) 15.51 (0.10) 15.69 (0.11)
B™ o/BF sy | 0.32 (0.18) 0.28 (0.21) 0.23 (0.23) 0.15 (0.36)| 0.59 (0.13) 0.67 (0.13) 0.60 (0.14) 0.55 (0.14) 0.39 (0.23)| 0.57 (0.18) 0.56 (0.17) 0.64 (0.18) 0.38 (198.11)
B¥ /K® | 0.07 (0.22) 0.06 (0.25) 0.06 (0.28) 0.04 (0.41)| 0.19 (0.21) 0.22 (0.16) 0.20 (0.19) 0.19 (0.21) 0.14 (0.34)| 0.37 (0.18) 034 (0.17) 0.31 (0.18) 0.15 (198.11)
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Table 5: Estimates of abundance and related quantities for the Gulf of Maine cod for a series of assessment sensitivities. Values in parentheses are Hessian
based CV's. Mass units are '000 tons. y1 refers to the start year for the assessment. Ny, is in millions. Refer to Appendix B of Butterworth and Rademeyer
(2011) for definition of some of the symbols used. Note that the estimation procedure used bounds os4q above by 0.5.

8) 15) 16) 17) 18) 19) 20) 21)
As 15),
As 15), domed As 19), As 19),
As NBC, domed survey As NBC As 18), domed domed
New Base sigma_com survey selectivity, 3 ! sigma_com survey survey
Case = NBC estimated for selectivity, 8 parameters Sgljz)r:z: estimated for selectivity, 8 selectivity, 3
each age parameters estimated each age parameters  parameters
estimated (Newer Base estimated estimated
Case = NBC2)
Startyeary 1 1964 1964 1964 1964 1964 1964 1964 1964
-InL: overall | -30.6 -179.8 -187.5 -186.9 -2349 -2454 -2497 -2497
-InL: survey | -36.4 -39.0 -38.7 -38.9 -35.7 -36.9 -36.4 -36.0
-InL: comCAA | -93.2 -143.0 -143.0 -143.4 -685.5 -734.1 -734.3 -734.2
-InL: survCAA | 98.1 1.7 -6.2 -4.9 -1629 -1723 -1727 -1727
-InL: RecRes 0.9 0.5 0.3 0.3 1.4 0.2 0.4 0.8
g - - ; - - ; - - ; - - ; - - ; -
N0 85 (0.18) 7.9 (0.13) 7.7 (0.14) 7.7 (0.14)] 85 (0.20) 8.3 (0.16) 7.7 (0.16) 7.6 (0.16)
é 0.10 (0.00) 0.13 (0.57) 0.10 (0.00) 0.10 (0.13)] 0.15 (1.44) 0.19 (0.78) 0.17 (0.82) 0.16 (0.93)
- R 15.5 (0.10) 16.4 (0.13) 18.2 (0.14) 18.2 (0.14)| 13.8 (0.09) 14.3 (0.12) 14.7 (0.12) 15.1 (0.13)
B o5 30.3 (0.04) 31.2 (0.03) 34.2 (0.08) 33.8 (0.06)| 26.7 (0.04) 28.7 (0.03) 30.3 (0.05) 30.1 (0.04)
B* 4 34.7 (0.13) 30.8 (0.20) 45.8 (0.19) 44.2 (0.15)| 33.5 (0.29) 31.1 (0.25) 39.2 (0.34) 42.6 (0.30)
q T add q T add q T ndd q T add q T add q T ndd q T add q T add
NEFSCspring | 0.74 0.19 0.80 019 090 0.18 089 0.19 | 0.86 0.20 0.86 0.20 095 0.20 0.94 0.20
NEFSC fall 0.62 0.10 0.7 010 066 008 067 0.09 )| 062 0.10 062 010 062 009 060 0.09
MADMF spring| 0.15 0.10 0.10 0.10 0.10 0.10 0.10 0.10 | 0.13 0.10 0.17 0.10 0.17 0.10 0.16 0.10
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Table 6a: Estimates of reference points from fits to stock-recruitment data, showing dependence on specifications for the CAA error variance and allowance
for domed survey selectivity as well as on the form assumed for the stock-recruitment relationship, with assessments commencing in 1964 in all cases.

Values in parentheses are Hessian based CV's (for ok these are typically of the order of 0.004). Mass units are '000 tons. Note that F refers to fishing

2
mortality on age 5, and MSY is as calculated for the most recent commercial selectivity-at-age vector, and multiplied by the e(gk) /2 bias correction factor to
reflect mean rather than median recruitment.

Beverton-Holt Ricker Beverton-Holt adjusted
. NBC, NBC2 (domed . NBC, NBC2 (domed . NBC, NBC2 (domed
NBC sigma_com survey NBC sigma_com survey NBC sigma_com survey
estimated for .. estimated for .. estimated for ..
selectivity) selectivity) selectivity)
each age each age each age
Startyeary1 1964 1964 1964 1964 1964 1964 1964 1964 1964
-InL 7.2 5.1 6.4 5.2 4.1 3.1 1.9 3.0 -1.1
h 0.95 (0.06) 0.94 (0.06) 0.96 (0.06)| 2.83 (0.16) 2.76 (0.17) 2.78 (0.14)| 3.14 (1.85) 3.24 (1.96) 3.02 (1.60)
Or 0.66 (0.00) 0.64 (0.00) 0.65 (0.00)| 0.65 (0.00) 0.63 (0.00) 0.62 (0.00)| 0.61 (0.00) 0.62 (0.00) 0.58 (0.00)
K 219.95 (0.19) 229.69 (0.20) 211.35 (0.17)| 69.64 (0.12) 71.21 (0.14) 72.98 (0.10)|41.72 (0.14) 42.66 (0.15) 49.07 (0.14)
F psy 0.33 0.35 0.43 0.59 0.59 0.63 0.63 0.65 0.59
MSYL™ 0.22 (0.06) 0.21 (0.06) 0.18 (0.07)| 0.33 (0.12) 0.33 (0.13) 0.32 (0.12)| 0.65 (0.00) 0.58 (0.00) 0.67 (0.12)
B yisy 48.89 (0.14) 48.90 (0.15) 38.34 (0.11)|23.09 (0.07) 23.58 (0.07) 23.55 (0.07)|27.24 (0.14) 24.63 (0.15) 32.80 (0.23)
MSY 12.40 (0.14) 12.42 (0.15) 11.34 (0.11)|11.99 (0.07) 11.88 (0.07) 11.92 (0.07)|15.07 (0.14) 13.97 (0.15) 14.57 (0.23)
C a010(F psy ) 4.18 4.62 5.88 6.88 7.27 8.13 7.25 7.85 7.67
B 010 15.50 (0.10) 16.43 (0.13) 18.25 (0.14)|15.50 (0.10) 16.43 (0.13) 18.25 (0.14)|15.50 (0.10) 16.43 (0.13) 18.25 (0.14)
B ,00/B¥ wey | 0.32 (0.18) 0.34 (0.15) 0.48 (0.11)| 0.67 (0.13) 0.70 (0.07) 0.77 (0.07)| 0.57 (0.18) 0.67 (0.15) 0.56 (0.23)
B ,p0/K® | 0.07 (0.22) 0.07 (0.20) 0.09 (0.17)| 0.22 (0.16) 0.23 (0.14) 0.25 (0.10)| 0.37 (0.18) 0.39 (0.15) 0.37 (0.14)
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Table 6b: Estimates of reference points from fits to stock-recruitment data, showing dependence on the starting year for the assessment, and the forms
assumed for the CAA error distribution and the stock-recruitment relationship. Values in parentheses are Hessian based CV's (for o these are typically of
the order of 0.004). Mass units are '000 tons. Note that F refers to fishing mortality on age 5, and MSY is as calculated for the most recent commercial

2
selectivity-at-age vector, and multiplied by the e(“") /2 bias correction factor to reflect mean rather than median recruitment.

Beverton-Holt Ricker
NBC2, sqrt(p) NBC2, sqrt(p)
NBC2 NBC2 NBC2 NBC2 NBC2 NBC2
for CAA error for CAA error
Start year y 1 1964 1964 1970 1982 1964 1964 1970 1982
-InL 6.4 15.4 1.6 1.9 3.1 0.3 1.4
h 0.96 (0.06) 1.00 (0.05) 0.87 (0.06) 0.86 (0.07)| 2.78 (0.14) 3.20 (0.13}) 2.17 (0.16)
R 0.65 (0.00) 0.74 (0.01) 0.61 (0.00) 0.62 (0.00)| 0.62 (0.00) 0.68 (0.01) 0.61 (0.00)
K 211.35 (0.17) 184.93 (0.15) 333.62 (0.29) 439.54 (0.68)| 72.98 (0.10) 64.30 (0.08) 103.92 (0.21)
F sy 0.43 0.28 0.35 0.27 0.63 0.61 0.55
o S/R curve fit
MSYL 0.18 (0.07) 0.24 (0.04) 0.22 (0.06) 0.26 (0.07)| 0.32 (0.12) 0.33 (0.09) 0.34 (0.13) G not
Id no
B sy 38.34 (0.11) 43.66 (0.11) 74.42 (0.23) 112.14 (0.62)| 23.55 (0.07) 21.36 (0.07) 34.95 (0.12) converge
MsY 11.34 (0.11) 12.31 (0.11) 15.34 (0.23) 18.08 (0.62) | 11.92 (0.07) 12.84 (0.07) 13.58 (0.12)
C 2p10(F asy ) 5.88 3.70 5.39 7.74 8.13 7.12 7.86
B 2010 18.25 (0.13) 15.15 (0.13) 20.38 (0.13) 14.74 (0.13)|18.25 (0.13) 15.15 (0.13) 20.38 (0.13)
B* 301/B*¥ sy | 0.48 (0.11) 0.35 (0.11) 0.27 (0.23) 0.13 (0.62)| 0.77 (0.07) 0.71 (0.07) 0.58 (0.12)
B y010/K 0.09 (0.17) 0.08 (0.15) 0.06 (0.29) 0.03 (0.68)| 0.25 (0.10) 0.24 (0.08) 0.20 (0.21
* 2010/K” (0.17) (0.15) (0.29) (0.68) (0.10) (0.08) (0.21)
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Table 7: Estimates of reference points and projected management-related quantities for the NBC2
assessment linked to a Ricker stock-recruitment curve. Results are also shown for sensitivities to
assumptions concerning recent recruitment (see text) and the 2010 and 2011 catch levels.
Furthermore for comparative purposes results are shown for a surrogate to the ASAP assessment of
NMFS (2011) as detailed in the text, for which future recruitments are set equal to the average of
the estimates for 1982 to 2008. For these ASAP surrogate results an F4 proxy is used to define MSY
(F3s% in one sensitivity). The replacement yield C(RY) is taken to be the annual catch over 2012 to
2017 which would see the spawning biomass five years hence (i.e. at the start of 2017) at the same
level as estimated for 2010. In cases marked * where the resource is immediately too small to allow
a largish catch immediately, the catch for 2012 is set to 4 thousand tons, with the value shown
applying for the following four years. In the sensitivity test marked **, abundance in 2011 is
insufficient for the catch assumed for 2011 to be taken under the constraint imposed in the
assessment of fishing mortality on all ages not exceeding 5. Results for sensitivities are not shown
where they are identical to those for the corresponding base case. Note that F refers to fishing
mortality on age 5 for the most recent commercial selectivity-at-age vector. Mass units are '000
tons.

NBC2 ASAP surrogate
Nadj Nadj Nnoadj| Nadj Nadj Nnoadj Nadj

+ F a5y,
SR Ricker Rav
Startyeary1l 1964 1982
Catches in 2010 and 2011 | 11.39 7.60 11.39 | 11.39 7.60 11.39 11.39
B 2010 18.25 13.22
B 1010/B” sy 0.77 0.17 0.21
B 3012 9.47 16.80 879 | 235 925 1.86 2.35
B 2012/B” sy 0.40 071 037 | 0.03 012 002 0.04
F wsy/F a0% /F 35% 0.63 0.12 0.15
C2010(F psy ) 9.66 1.79 2.73
Cap12(F psy ) 5.04 8.91 4.71 0.26 1.28 0.25 0.04
C(RY) 7.25 9.88 4.85 7.83* 9.65 o 7.83*
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Fig. 1: Spawning biomass trajectories cases 1 to 4.
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Fig. 3a: Spawning biomass trajectories cases 4 to 8.
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Fig. 3b: Trajectories of recruitment (N, o) for Cases 4 to 8.
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Fig. 4a: Spawning biomass trajectory for Case 8 (New Base Case), with Hessian-based 95% Cls,
assuming lognormality.
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Fig. 4b: Trajectory of recruitment (N,p) for Case 8 (New Base Case), with Hessian-based 95%Cls,
assuming lognormality.
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Fig. 5: Fits to the abundance indices (top row) and to the survey and commercial catch-at-age data for Case 8 (New Base Case). The middle row plots
compare the observed and predicted CAA as averaged over all years for which data are available, while the bottom row plots show the standardised
residuals, with the size (area) of the bubbles being proportional to the magnitude of the corresponding standardised residuals. For positive residuals, the
bubbles are grey, whereas for negative residuals, the bubbles are white.
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Fig. 10a: Spawning biomass trajectories Cases 8 to 12 - sensitivities on the New Base Case (Case 8).
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Fig. 10b: Trajectories of recruitment (N, ) for Cases 8 to 12 - sensitivities on the New Base Case
(Case 8).
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Fig. 11: Spawning biomass trajectories for Cases 3 and 13 (left-hand plot: start in 1982, fitting to
survey biomasses (3) or numbers (13)) and Cases 8 and 14 (left-hand plot: start in 1964, fitting to
survey biomasses (8) or numbers (14)).
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Fig. 12: 6,m for each age (relative to overall 6., (equation 6) in each case) for the adjusted

lognormal (Case 8) and sqrt(p) error distributions (Case 18) for proportions-at-age data.
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Fig. 14: Fits to the abundance indices (top row) and to the survey and commercial catch-at-age data for Case 17 (New Base Case 2). The second row plots
compare the observed and predicted CAA as averaged over all years for which data are available, while the third row plots show the standardised residuals,
with the size (area) of the bubbles being proportional to the magnitude of the corresponding standardised residuals. For positive residuals, the bubbles are
grey, whereas for negative residuals, the bubbles are white. The last row plots show the comparable standardised residuals for Case 21 (sqrt(p)).
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Fig. 15a: Spawning biomass trajectories for Cases 8 (NBC), 15 and 17 (left-hand plot), and Cases 17
(NBC2), 18, 19 and 21 (right-hand plot).
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Fig. 15b: Trajectories of recruitment for Cases 8 (NBC), 15 and 17 (left-hand plot), and Cases 17
(NBC2), 18, 19 and 21 (right-hand plot).
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Fig. 16a: Spawning biomass trajectory for Case 17 (New Base Case 2), with Hessian-based 95% Cls,

assuming lognormality.
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Fig. 16b: Trajectory of recruitment (N, ) for Case 17 (New Base Case 2), with Hessian-based 95%Cls,

assuming lognormality.
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function used in the estimation of B sy.
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Fig. 18: Trajectories of spawning biomass and recruitment for NBC2, and for the ASAP assessment of
NMFS (2011). Note that recruitment (age-0) estimates for the latter were obtained by adjusting

abundance estimates provided for age-1 fish the following year for losses to natural mortality
(M=0.2). Details of the two SCAA-based surrogates for the ASAP assessment are provided in the

text.
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Fig. 19: Fits to the abundance indices (top row) and to the survey and commercial catch-at-age data for the ASAP surr* assessment which commences in
1982 (see text for further details). Note that the abundance indices here are expressed in terms of numbers rather than mass of fish. The middle row plots

compare the observed and predicted CAA as averaged over all years for which data are available, while the bottom row plots show the standardised

residuals, with the size (area) of the bubbles being proportional to the magnitude of the corresponding standardised residuals. For positive residuals, the

bubbles are grey, whereas for negative residuals, the bubbles are white.
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