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[SAWSS Editor’s Note: The SARC-55 review panel did
not recommend adopting the GOM cod Statistical
Catch-at-Age (SCAA) assessment results that are in
Appendices A.2 — A.5. These appendices are included in
this report to document and demonstrate the work that
was done by the SAW Working Group for the
December 2012 peer review. |

Appendix A.2. Preferred Statistical Catch-at-Age Assessments of Gulf of Maine Cod,
November 2012.

Introduction

This Appendix summarizes the development of the Statistical Catch-at-Age (SCAA)
methodology applied to Gulf of Maine cod as presented to the NEFMC SSC in March
2012 (Butterworth and Rademeyer 2012) and further refined during deliberations at
SAW/SARC 55 Working Group meetings held at Woods Hole over 15-19 October and
30 October-2 November 2012. It also summarises the process leading to the authors’
choice of their “preferred” variant of the approach at this time. The primary reason for
adopting the SCAA methodology is that it allows age-based assessments to be extended
to cover a longer period without, for example, requiring catch-at-age data to be available
for every year, and thus tends to provide the enhanced contrast desirable for more precise
estimates of Biological Reference Points (BRPs) related to MSY.

The text first outlines the methodology used, and then provides estimates for current
stock status and BRPs for a set of four final assessments which cross two factors to which
results are particularly sensitive:
e Natural mortality: M = 0.2 and time invariant, or ramping linearly from a
constant 0.2 to a constant 0.4 yr”' over the period from 1988 to 2003 (M ramp).

e Stock-recruitment functional form: Ricker or Beverton-Holt (BH).

It concludes with a summary of the results as they relate to the SAW/SARCS55 TORs.
Methodology

The algebraic details of the methods used for the SCAA assessments, BRP estimation and
future projections are set out in Appendix A3.

For the SCAA assessments, there are a number of factors for which choices amongst
different options (as detailed in Appendix A3) may be made. The options chosen for the
assessments reported here are specified (where this is relevant) in bold at the end of each
section of Appendix A3. In broad terms, the primary reasons underlying these choices
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were AIC-based selection or lower variance of estimates. However in cases where these
criteria did not lead to clear-cut guidance (e.g. domes in selectivity) and/or the impact on
results was small (e.g. refining of the Bigelow-Albatross calibration function within the
assessment) relative to factors such as natural mortality or stock-recruitment function
choice, the choices made reflect a consensus agreed for practical purposes during the
recent Working Group meetings referenced above, rather than necessarily the options the
authors’ consider to be the most appropriate.

These choices have also been informed by extensive sensitivity tests reported in papers
presented to those Working Group meetings, and reproduced here as Appendices A4 and
A5'. These showed, for example, that the assumptions that have to be made about
commercial selectivity for the period prior to 1982 for which commercial catch-at-age
data are not available, have very little impact on estimates of past spawning biomass and
recruitment trajectories, as well as on BRP estimates. Those tests included a comparison
of internal (within assessment) compared to external estimation of stock-recruitment
relationships and hence of BRPs, revealing that this made little difference to results. The
former was preferred for the results that follow because it take full account of the
variance-covariance structure of the estimates of recruitment and spawning biomass used
to obtain these relationships (rather than only of the variance of recruitment estimates
treated as independent in external estimation), and hence provides more reliable estimates
of their precision.

The choice of an early starting year for these assessments is to be consistent with the
intent of using as long a time-series of data as possible to potentially better inform BRP
estimates. The specific choice of 1932 is not critical, as the information content of
available abundance index and size/age data extends back only to year-classes from about
1960. However commencing calculations earlier is convenient in allowing transient
effects associated with uncertainties linked to the estimation of the components of the
initial numbers-at-age vector to damp out before the abundance index and size/age
information start having an influence on the results.

Results

App. A2, Table A2.1 lists estimates of primary parameters and management-related
quantities for Gulf of Maine cod for the four final assessments listed above, together with
estimates for BRPs and projected future catches under a 0.75F)sy strategy evaluated on
the basis set out in the final section of Appendix A3. BRP and current stock status
estimates are summarized in App. A2, Table A2.2.

As the Ricker is preferred over the BH form of the stock-recruitment relationship for
reasons given below, a number of the plots that follow show results for only the two
Ricker assessments, rather than for all four variants. App. A2, Fig. A2.1 shows point
estimate trajectories for spawning biomass, recruitment (0-year class strength) and fully

1 An error was subsequently found in the code used to estimate the stock-recruitment
function parameters in this paper. This does not change results qualitatively. The error
has been corrected for the results reported in this paper.
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selected fishing mortality for the four assessments, while App. A2, Fig. A2.2 repeats
some of these plots for the two Ricker assessments with the addition of Hessian based
estimates of precision, together with a similar plot for the input time-series of annual
catches. Note that moving backwards in time, recruitment estimates are generally
reasonably precise up to and including the low estimates of the mid- to late 1960s, but are
poorly estimated prior to that, whereas the precision of the spawning biomass estimates
reduces in the 1970s and reduces further before that in a manner that depends on the
natural mortality assumptions made.

App. A2, Fig. A2.3 shows survey and commercial selectivity-at-age estimates for the two
Ricker assessments, and App. A2, Fig. A2.4 the (mean-unbiased) stock-recruitment
curves fitted internally, together with the associated “data” for all four assessments. For
M = 0.2 assessments, higher recruitments tend to occur only for intermediate spawning
biomass levels, whereas for M ramp assessments these are absent at the higher spawning
biomass levels only, leading to the BH curve estimated hitting an upper bound for the
steepness parameter 4. These features have an impact on the estimates of the spawning
biomass at MSY, which are indicated on each plot as well as reported in App. A2, Tables
A2.1 and A2.2.

Diagnostics for the fits of the two Ricker assessments to the abundance indices and catch-
at-age and —at-length proportions for commercial catches and surveys (as relevant) are
shown in App. A2, Figs A2.5 and A2.6, and Fig. A2.7 shows the retrospective analyses
for these two cases.
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Preference amongst four final assessments

Some WG members prefer the Ricker to the BH based assessments based on the former’s
better fits to the “data”. This is a reflection of the six or seven points at the highest
spawning biomasses in App. A2, Fig. A2.4 which all correspond to the rather low but still
reasonably precisely determined recruitments in the 1960s (see App. A2, Fig. A2.2).
More quantitatively, Ricker is preferred over BH by 3 log-likelihood points for M = 0.2,
and by a more substantial 8 points for M ramp (see App. A2, Table A2.1). Of course a
continuum is possible across the BH to Ricker shapes and beyond. If the shape parameter
y of the modified Ricker (equation A3.6 of Appendix A3) is estimated, the result is
greater than 1 in both cases, suggesting stronger doming than for the classical Ricker
form, and increasing the log-likelihood points difference for BH to 5 for M = 0.2.

Of the two Ricker assessments, the authors prefer the M ramp case for three reasons:

¢ the indications from tagging data (see Working Group reports) that M is distinctly
larger than 0.2, at least in the 2000s;

e an 11 point improvement in the log-likelihood (see App. A2, Table A2.1),
reflecting mainly improved fits to the survey indices of abundance and to the
stock-recruitment function; and

o a lesser retrospective pattern (see App. A2, Fig. A2.7).

Relationships to ToR
ToR 5 (relating to assessment results)

The assessment results required are to be found in App. A2, Table A2.1 and Figs A2.1-3
and A2.5-7. No survey catchability g estimate exceeds 1. Model details are provided in
Appendix A3.

Historical retrospective results are shown in App. A2, Fig. A2.8. They are referenced by
the time at which they were developed, as they don’t always correspond to the times of
advice given in GARM/SAW exercises, and did not always correspond to the authors’
preference at the time. For example the Ricker G option of August 2008 was the final
documented “preference” in GARM lll, but invoked increasing natural mortality at age
rather than domed selectivity in response to the preference of the penultimate GARM
panel that year — a preference with which the final GARM panel disagreed. The 2007 and
March 2012 assessments estimate domed survey selectivity, but the other two shown
force this to be asymptotically flat. There is a notable difference in post-1990 estimated
trends between the two earlier and two later assessments in this set of four. The reason
relates primarily to a revision of the catch (and discard) inputs with their associated age
structure information in the intervening period. The earlier data were statistically
incompatible with the joint assumptions of M = 0.2 and asymptotically flat survey
selectivity. After revision of these data, the evidence against this option became much
less clear-cut, and the size of any possible effect on assessment results also much less.
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ToRs 6 and 7 (relating to stock status and BRP estimates)

The requisite information here is provided in App. A2, Table A2.2. In terms of the
authors’ preferred assessment (Ricker and M ramp), at present the stock is not overfished
and overfishing is not taking place. Estimates of the precision of BRP estimates may be
found in App. A2, Table A2.1.
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ToR 8 (relating to projections)

Projected catches under a 0.75F sy harvesting strategy are given in App. A2, Table A2.1.
These and their implications are discussed further in the main text.
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Appendix A.2 Tables

App. A2, Table A2.1: Estimates of abundance, MSY -related biological reference points
(BRPs), and related quantities for the Gulf of Maine cod SCAA assessments for all
combinations of two assessment factors: the form of the stock-recruitment relationship,
and the time dependence of natural mortality M (see text for further details). Values in
round parentheses are Hessian based CV's, while maximum gradient refers to the quantity
reported with the ADMB estimation results. Mass units are '000 tons. y1 refers to the start
year for the assessment. Recruitment Nyio is in millions. Refer to Appendix A3 for
definitions of some of the symbols used.

Start year 1932 Start year 1932
M=0.2 M ramp
Ricker BH Ricker BH
-InL: overall -2748 -2745 -2759 -2751
-InL: survey -24.2 -24.1 -29.8 -31.8
-InL: comCAA -786.7 -786.6 -783.4 -783.3
-InL: survCAA -1812.6 -1813 -1812.6 -1812
-InL: survCAL -160.7 -160.2 -161.6 -160.2
-InL: RecRes 32.8 35.6 25.0 31.8
-InL: Catch 34 3.0 3.2 4.0
Maximum gradient 0.620* 0.172* 0.000 1.544"
Nyso 31.40 (0.66) 2442  (341.15) | 5.51 (1.39) 18.28  (497.47)
é 0.96 (0.75) 0.72  (383.39) | 0.12 (4.13) 0.58  (520.66)
B yom 14.51 (0.05) 14.38 (0.05) 13.73 (0.05) 12.74 (0.05)
B o 22.12 (0.17) 22.16 (0.16) 21.55 (0.15) 21.64 (0.14)
B¥,, 4.45 (1.61) 8.12  (740.87) | 44.16 (2.32) 10.49  (870.98)
q O add q O add q O add q O add
NEFSC spring 0.84 0.16 0.84 0.16 0.79 0.11 0.79 0.11
NEFSC fall 0.67 0.10 0.68 0.10 0.64 0.12 0.64 0.11
MADMF spring 0.22 0.30 0.22 0.30 0.15 0.24 0.15 0.24
K 62.32 (0.12) 193.02 (0.22) 29.54 (0.08) 33.97 (0.09)
h 2.62 (0.14) 0.92 (0.06) 1.15 (0.17) 0.98" (0.00)
MSY 12.84 (0.08) 13.29 (0.18) 7.17 (0.14) 5.51 (0.09)
F sy 0.75 0.31 0.95 0.95
B sy 20.91 (0.08) 46.31 (0.18) 11.18 (0.14) 8.57 (0.09)
B s/ K 0.34 (0.11) 0.24 (0.05) 0.38 (0.17) 0.25 (0.02)
B 5011/B " asy 0.69 (0.08) 0.31 (0.18) 1.23 (0.14) 1.49 (0.09)
Projected catch:
2013| 8.423 3.870 5.803 5.066
2014 7.621 4.336 4.507 3.847
2015| 8.424 5.229 5.020 4.041

* This occurs for the selectivity parameters for ages 3 and 4 in the Massachusetts survey. The selectivity is
constrained not to increase with age, and the estimation in these cases hits this bound. + This occurs for a
single selectivity parameter (age 4) for the period 1982-1988 of the commercial selectivity. ++ This
steepness estimate is at its upper bound.
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App. A2, Table A2.2: Biological Reference Points and current status for four SCAA
assessments of Gulf of Maine cod.

Start year 1932 Start year 1932
M=0.2 M ramp
Ricker BH Ricker BH
B sy 20.91 46.31 11.18 8.57
1/2 B sy 10.45 23.15 5.59 4.29
MSY 12.84 13.29 7.17 5.51
F sy 0.75 0.31 0.95 0.95
0.75 F j1sy 0.56 0.23 0.71 0.71
B 5011 14.51 14.38 13.73 12.74
F 5011 0.52 0.53 0.61 0.66
B 501./(1/2 B usy) 1.39 0.62 2.46 2.97
F 3011/ F sy 0.70 1.73 0.64 0.70
Not overfished Overfished Not overfished Not overfished
Status No overfishing Overfishing No overfishing No overfishing
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App. A2, Fig. A2.1: Spawning biomass, recruitment (0-year-class strength) and fully
selected fishing mortality trajectories for the two Ricker and two Beverton-Holt SCAA

assessments.
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App. A2, Fig. A2.2: Spawning biomass, recruitment and catch trajectories for the Ricker
internal assessment, with the start in 1932, and with M = 0.2 (top row) and M ramp

(bottom row) with CIs based on Hessian CVs and the assumption of distribution

lognormality.
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App. A2, Fig. A2.4a: Stock-recruitment curve and estimated recruitment for assessments
starting in 1932 for the Ricker internal cases (top row), with M = 0.2 (left) and M ramp
(right), and for the Beverton-Holt cases (bottom row), with M = (.2 (left) and M ramp
(right). Only values reasonably informed by the data (from 1960 onwards) are shown.
Replacement lines are shown dashed; for the M ramp cases these correspond to the
current M value of 0.4.
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App. A2, Fig. A2.4b: Time series of stock-recruit residuals ¢, (see equation A3.5 of
Appendix A3) for the two Ricker and two Beverton-Holt assessments.
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App. A2, Fig. A2.5a: Fits to the abundance indices (top row) and to the survey and
commercial catch-at-age data for the Ricker internal assessment, with the start in 1932,
and with M = (0.2. 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.
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App. A2, Fig. A2.5b: Fits to the abundance indices (top row) and to the survey and
commercial catch-at-age data for the Ricker internal assessment, with the start in 1932,
and with M ramp. 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.
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App. A2, Fig. A2.6a: Fits to the survey catch-at-length data for the Ricker internal
assessment, with the start in 1932, and with M =0.2. The first row plots compare the
observed and predicted CAL as averaged over all years for which data are available (the
spikes correspond to minus and plus groups), 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.
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App. A2, Fig. A2.6b: Fits to the survey catch-at-length data for the Ricker internal
assessment, with the start in 1932, and with M ramp. The first row plots compare the
observed and predicted CAL as averaged over all years for which data are available (the
spikes correspond to minus and plus groups), 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.
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App. A2, Fig. A2.7a: Retrospective analysis for the Ricker internal assessment, with the

start in 1932 and M = 0.2.
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App. A2, Fig. A2.7b: Retrospective analysis for the Ricker internal assessment, with the
start 1932 and M ramp.
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App. A2, Fig. A2.8: Comparison of spawning biomass and fishing mortality trajectories
from previous SCAA assessment of Gulf of Maine cod, including "2007" (Reference
Case of Butterworth and Rademeyer, 2008a), "Aug 2008" (Ricker G of Butterworth and
Rademeyer, 2008b), "Mar 2012" (NBC2 of Butterworth and Rademeyer, 2012) and "Nov
2012" (Ricker, M ramp, this analysis). The fishing mortality shown is the fully selected
fishing mortality, but this corresponds to different ages for the different assessments: ages
5 for "2007", 5 for "Aug 2008", 4 (pre 1991) or 5 (post 1990) for "Mar 2012" and 6+ for
"Nov 2012”. The fishing mortality plot for “2007 after 1995 is virtually identical to that
for “Aug 2008”, and hence is not readily evident over that period in the plot.
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[SAWSS Editor’s Note: The SARC-55 review panel did
not recommend adopting the GOM cod Statistical
Catch-at-Age (SCAA) assessment results that are in
Appendices A.2 — A.5. These appendices are included in
this report to document and demonstrate the work that
was done by the SAW cod Working Group for the
December 2012 peer review. |

Appendix A.3. Algebraic details of the Statistical Catch-at-Age Model.

The text following sets out the equations and other general specifications of the Statistical
Catch-at-Age (SCAA) assessment model applied to Gulf of Maine cod, followed by
details of the contributions to the (penalised) log-likelihood function from the different
sources of data available and assumptions concerning the stock-recruitment relationship.
Quasi-Newton minimization is applied to minimize the total negative log-likelihood
function to estimate parameter values (the package AD Model Builder'", Otter Research,
Ltd is used for this purpose).

Where options are provided under a particular section, the section concludes with a
statement in bold as to which option was selected for the final assessment run selected.

A3.1. Population dynamics
A3.1.1 Numbers-at-age

The resource dynamics are modelled by the following set of population dynamics

equations:

Nyao=R, (A3.1)
N un =N, e for0<a<M-2 (A3.2)
Nyuw =N, e " +N, e (A3.3)
where

N,, 1is the number of fish of age a at the start of year y,

R, is the recruitment (number of 0-year-old fish) at the start of year y,

m is the maximum age considered (taken to be a plus-group).
Z,,=FS, ,+M, is the total mortality in year y on fish of age a, where

F
S

is the fishing mortality of a fully selected age class in year y, and

<

m,  denotes the natural mortality rate for fish of age a,
y.a

is the commercial selectivity at age a for year y.

Note that for the “M ramp” scenario for which M increases linearly from 0.2 to 0.4 over
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the period from 1988 to 2003, M is year dependent but this complication is omitted from
the equations above to avoid clutter.

A3.1.2. Recruitment

The number of recruits (i.e. new 0-year old) at the start of year y is assumed to be related
to the spawning stock size (i.e. the biomass of mature fish) by either a modified Ricker or
a standard or adjusted Beverton-Holt stock-recruitment relationship, allowing for annual
fluctuation about the deterministic relationship.

For the modified Ricker:
S s ( y*(o'k)z/z)
R, =aB” expl- A(B7Y k° (A3.4)

for the (standard) Beverton-Holt:
B o}/

R =—"¢ (A3.5)
i’ B+BY

and for the adjusted Beverton-Holt:

aB? )
— if BY <B*
B+BY !
R = ] 5 (A3.6)
g aB* B -B* o s
5 €XP| — < if BY >B*
p+B Oy
where
a, B, 7, B*and oy are spawning biomass-recruitment relationship parameters,
Sy reflects fluctuation about the expected recruitment for year y, which is assumed to

be normally distributed with standard deviation or (which is input in the
applications considered here); these residuals are treated as estimable parameters
in the model fitting process.

B?  is the spawning biomass at the start of year y, computed as:

a’’y,a

Br =Y fwN, e (A3.7)
a=1

because spawning for the cod stock under consideration is taken to occur three months
after the start of the year and some mortality has therefore occurred,
where

why is the mass of fish of age a during spawning, and
/. is the proportion of fish of age a that are mature.

Section A43.2.6 details the procedure adopted when recruitment is not assumed to be
related to spawning biomass , at least internal to the assessment.

For the final run, the modified Ricker, with y fixed to 1, has been used, i.e. the
classical Ricker function.
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A3.1.3. Total catch and catches-at-age

The total catch by mass in year y is given by:
" mi S mi ~Zya

C)’ = Zwyﬂd Cy,a = Zwyﬂd Ny,a Sy7a F;f (1 —e )/Zy,a (A38)
a=1 a=1

where

witd denotes the mass of fish of age a landed in year y,

C,, 1sthe catch-at-age, i.e. the number of fish of age @, caught in year y,

The model estimate of survey index is computed as:

_Zy,aTMm /12

B;urv — ZW;?;VSsurvNy’ae (A39)
a=1

for biomass indices and

N;urv — ZS;urvNy,ue—Z}-,aTsuﬂ’/12 (A3 1 0)

a=1

for numbers indices

where
S 1is the survey selectivity for age a, which is taken to be year-independent.

7™ 1is the season in which the survey is taking place (7" =1 for spring surveys and
7™ =3 for fall surveys), and

w,"" denotes the mass of fish of age a from survey surv year y.

For the Massachusetts spring survey, the summation is taken from age 1 to age 6.

The final run is fitted to numbers indices.

A3.1.4. Initial conditions

For the first year (yy) considered in the model, the numbers-at-age are estimated directly

for ages 0 to a®’, with a parameter ¢ mimicking recent average fishing mortality for ages
above a®”, i.e.

N, o= Nowa for 0<a<a® (A3.11)
and

Nstart,a = stteut,a—le_MLF1 (1 - ¢Sa—1) for aest <alm —1 (A3 12)
Nstan,m = ]\'/vstart,m—le_MVni1 (1 - ¢Sm—1)/(l - e—Mm (l - ¢Sm )) (A3 1 3)

For the final run which starts in 1932 only the number for age 0 is estimated, with
equation A3.12 applying from age 1.
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A3 B.2. The (penalised) likelihood function

The model can be fit to (a subset of) CPUE and survey abundance indices, and
commercial and survey catch-at-age and catch-at-length data to estimate model
parameters (which may include residuals about the stock-recruitment function, facilitated
through the incorporation of a penalty function described below). Contributions by each
of these to the negative of the (penalised) log-likelihood (-/nL) are as follows. Details
related to fitting to CPUE series are not included below, as such series are not considered
in the analyses of this paper.

A3.2.1. Survey abundance data

The likelihood is calculated assuming that a survey biomass index is lognormally

distributed about its expected value:
I;HT‘V — I;MVV exp (g;urv) ()I' g:vurv — /gn(];llrv )_ gn(I;ler) (A3.14)

where
I  is the survey biomass index for survey surv in year y,

I, =g""B,"" is the corresponding model estimate, where

g is the constant of proportionality (catchability) for the survey biomass series surv,
and

g  from N(O, (O‘;"W)Z)

The contribution of the survey biomass data to the negative of the log-likelihood function
(after removal of constants) is then given by:

Sty [ N e R e B T o o R Cre ) SR

surv y

where
Surv

o is the standard deviation of the residuals for the logarithm of index i in year y

(which is input), and
o' 1s the square root of the additional variance for survey biomass series surv, which

is estimated in the model fitting procedure, with an upper bound of 0.5.

Surv

The catchability coefficient g
maximum likelihood value:
g™ =\n,,, S (In 1 —in ) (A3.16)

y

for survey biomass index surv is estimated by its

A3.2.3. Commercial catches-at-age

The contribution of the catch-at-age data to the negative of the log-likelihood function
under the assumption of an “adjusted” lognormal error distribution is given by:

—In L™ = ZZ lﬁn (O';"'” INDP,.a )+ py,a(fn Py —In f)y,a)z /2(0'5”’" )ZJ (A3.17)
v a
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where
Pya=Coal z « C, o 18 the observed proportion of fish caught in year y that are of age a,

Pra=Coal Z « C, o 1s the model-predicted proportion of fish caught in year y that are of

age a,
where

A ~Zya

Cu=N,u 8, F (1= )z, (A3.18)
and
o 1s the standard deviation associated with the catch-at-age data, which is estimated

a

in the fitting procedure by:
o = \/Zpy’a (En Pya—tnp,, )2 /Zl (A3.19)
y y

Evaluations in Butterworth and Rademeyer (2012) demonstrated the need for allowing
for age dependence in o " .

Commercial catches-at-age are incorporated in the likelihood function using equation
(A3.17), for which the summation over age a is taken from age aminys (considered as a
minus group) to @pius (@ plus group).

In application of this approach ages are often aggregated to avoid values of p, , or p .
that are too small in the interests of estimation robustness. In this paper individual ages
have been maintained between the selected minus and plus-groups to provide potential
discrimination of different shapes for the selectivity functions at older ages in particular.

This however does mean that there are certain cells for which p, , values are zero. That

does not cause any problems because the limit of p, , (ln py’a)z as p,,—>0 is 0, so these

terms can be omitted from the summation in equation B17. One could argue that they
should nevertheless be included in the summations in equation B18, but exclusion seems
more appropriate as the structural zero contributions then included would seem likely to
bias the estimates of 6" downwards.

In addition to this “adjusted” lognormal error distribution, some computations use an
alternative “sqrt(p)” formulation, for which equation A3.20 is modified to:

Y ZZ[ﬁn (o=m)+ (1/ Py =P )Z /2(0‘20‘“)2} (A3.21)
and equationyB21 is adjusted similarly:

6" = \/Z(@ b )2/21 (A3.22)

This formulation mimics a multinomial form for the error distribution by forcing a near-
equivalent variance-mean relationship for the error distributions.

The final run uses “sqrt(p)” formulation for the error distribution of the
commercial catches-at-age, survey catches-at-age and survey catches-at-length.
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A3.2.4. Survey catches-at-age

The survey catches-at-age are incorporated into the negative of the log-likelihood in an
analogous manner to the commercial catches-at-age, assuming an “adjusted” lognormal
error distribution (equation (A19)) where:

surv

Pya =Cou/ Z +Coa 1s the observed proportion of fish of age @ in year y for survey

Sury,

A Surv

p,. 1s the expected proportion of fish of age @ in year y in the survey surv, given by:

m

ASury __ Qsurv ny’aTs””’/lz surv ~Z, T /12

P =8,"N, e D SUN, e , (A3.23)
a'=1

For the Massachusetts spring survey, the summation is taken from age 1 to age 6.
A3.2.5. Survey catches-at-length
In some runs, catches-at-length are also incorporated in the likelihood function. These

data are incorporated in the similar manner as the catches-at-age. When the model is fit to
catches-at-length, the predicted catches-at-age are converted to catches-at-length:

Py = Zij ;LZVA:;I (A3.24)
for the spring survey, and

ASUrV __ Asurv gmid

= ;py,a A7) (A3.25)

for the fall survey,
where 47 and A;’fjd are the proportions of fish of age a that fall in the length group / (i.e.,

Z A" =1 and ZA;" ““=1 for all ages) at the beginning of the year and at the middle of
! /

the year respectively.
The matrices A and A"/ are calculated under the assumption that length-at-age is

normally distributed about a mean given by the von Bertalanffy equation, i.e.:

L Nle (1 B efx(af,‘g)(a:m)zJ (A3.26)
for the spring survey and

£~ N (e ey o (A3.27)
for the fall survey,

where

0" and @™ are the standard deviation of begin and mid-year length-at-age a
respectively, which are modelled to be proportional to the expected length-at-age a, i.e.:

9;”’ — ﬂ[Lw (1 _ e—r((a—tu))]y (A328)
and
eamid — ﬂ[Lw (1 _ e—;((a+045—t“))]7 (A329)

with S an estimable parameter and » =0.5(a value which was found to lead to reasonable
fits to the data).
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L, =150.93cm,

-1

k=011yr ",
t,=0.13 yr,

The following term is then added to the negative log-likelihood:

- =, S5 5 |nlot o e pir (i - iV 12l |
g (A3.30)

The w,, weighting factor may be set to a value less than 1 to downweight the

contribution of the catch-at-length data (which tend to be positively correlated between
adjacent length groups because the length distributions for adjacent ages overlap) to the
overall negative log-likelihood compared to that of the CPUE data. The value used for

w,, 1s 0.1, being roughly equivalent to the ratio of the number to length groups to the

number of age groups considered. Instances of observed proportions of zero are dealt
with in the same manner as for catches-at-age, as is the alternative “sqrt(p)” error
distribution formulation.

The final run incorporates these catch-at-length data and uses the “sqrt(p)”
formulation.
A3.2.6. Stock-recruitment function residuals

The stock-recruitment residuals are assumed to be lognormally distributed and serially
correlated. Thus, the contribution of the recruitment residuals to the negative of the (now
penalised) log-likelihood function is given by:

—tnr = [ /202 (A31)
y=y+l

where

g, from N(O,(GR)Z),

ox is the standard deviation of the log-residuals, which is input.

Equation A3.31 is used when the stock-recruitment curve is estimated internally. In some
analyses reported in this paper where BRP estimates are based on stock-recruitment
curves estimated “externally” using the assessment outputs,, this “stock-recruitment”
term is included for the last two years only, simply to stabilise these estimates which are
not well determined by the other data. In these cases, the ¢, are calculated as the

deviations from the mean log recruitment for the ten preceding years, i.e. recruitment
estimates for 2010 and 2011 are shrunk towards the geometric mean recruitment over the
preceding decade.

A3.2.7. Catches

nC. —inC
_EnLCaICh:z{ n ¥y 2n y]

L 20 (A3.32)

where
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C, is the observed catch in year y,

C , 1s the predicted catch in year y (equation A3.8), and

o 1s the CV input: 0.4 for pre-1964 catches, 0.2 for catches between 1964 and 1981 and
0.05 for catches from 1982 onwards.

A3.2.8 Incorporation of Bigelow vs Albatross survey calibration

The survey data provided are adjusted for the years 2009 to 2012 which were obtained
from Bigelow surveys have been adjusted to “Albatross equivalents” through use of
calibration factors estimated independently from paired tow experiments (Miller et al.,
2010). However the survey data before and after the switch of vessels also provide
information on the calibration factors because they sample the same cohorts.
Incorporation of this information in assessments in this paper has been effected by
treating the estimates, with their variance-covariance matrix, as a form of “joint-prior”
which is effectively updated in the penalised likelihood estimation when fitting the
model. The process is as follows.

First Bigelow length frequency distributions are converted to A/batross equivalent length
frequency distributions:

cryt =t IF, (A3.33)
where
Cyy "% is the measured catch-at-length for the Bigelow in year y for survey surv,

C 4 is the inferred catch-at-length for the Albatross equivalent in year y for survey

surv,
I is the length-based calibration factor (Bigelow/Albatross),

The Albatross equivalent length distributions are then converted to age distributions:
Csu}v A Z Csurv AALKsurv (A334)

v,a,l
i

where
ALK "', is the age-length key (proportion of fish of length / that have age a) in year y for

survey surv.

Indices are then obtained from the Albatross equivalent age distributions as follows:
Isurv A — z Csurv A, surv (A335)

for blomass indices and
Lt =y ey (A3.36)

for numbers indices,
where
surv

w" is the weight-at-age in year y for survey surv.

v.a
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The calibration factor has four parameters, three of which are estimable and the other
input: X,;=20cm, X;, F; and F,
]*2 if 1< X,
(FZ_Fl)H FX,~ X)) if X1<I<X, (A3.37)
(XZ_XI) (Xz_X1)
F, if /> X,
The following contribution is therefore added to the negative log-likelihood in the
assessment:

—In L = %ln|)2| + %(X —n)' T (x—p)

/

(A3.38)

where the parameters X,, F'; and F, are components of the vector X,

2 is the variance covariance matrix as estimated by Miller ef al. (2010), and

M 1s a vector which contains the Miller et al. (2010) estimates of the parameters.
These estimates and the variance-covariance matrix are given in table A3.1 below:

In the final run, the calibration parameters are fixed to those estimated by Miller et
al. (2010).

476
55th SAW Assessment Report Gulf of Maine Cod; Appendix A3



App. A3, Table A3.1: Estimates and variance-covariance matrix for the calibration
parameters (Miller, pers. commn).

M In(F,) In(F1-F,)  In(X,-X )

0.4713 1.4163 3.5086

x In(F,)  In(F4-F5) In(X,-X1)
In(F,)  0.006674 -0.002515 -0.002559
In(F,-F,) -0.002515 0.051592 -0.007601

In(X,-X,) -0.002559 -0.007601 0.006757

A3.3. Estimation of precision
Where quoted, CV’s or 95% probability interval estimates are based on the Hessian.

A3.4. Model parameters
A3.4.1. Fishing selectivity-at-age:

For the NEFSC offshore surveys, the fishing selectivities are estimated separately for
ages | to age 6 and are flat thereafter. For the Massachusetts inshore spring survey, the
selectivities are estimated separately for ages 1 to 4. The estimated proportional decrease
from ages 3 to 4 is assumed to continue multiplicatively to age 6; this decrease parameter
is bounded by 0, i.e. no increase is permitted. For all three surveys, age 0 is not
considered.

The commercial fishing selectivity, S,, is estimated separately for ages aminus t0 dpius (1 to

9) It is taken to differ over four periods: a) pre-1982, b) 1982-1988, ¢)1989-2004, and d)
2005-present. The selectivities are estimated directly for the last three periods. For the
pre-1982 period, the selectivity is taken as that for the 1989-1988 block, but shifted one
year to the left. For the implementations in this paper, given that there were difficulties
with imprecise estimates at larger ages for period d) given its shortness, a common
selectivity at age was estimated across all periods for ages 7 and above.

In the final run, the commercial fishing selectivities are taken to be flat from age 5
onwards.
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A3.4.2. Other parameters

Model plus group
m 9
Commercial CAA
Aminus™ 1
plus 9
Survey CAA NEFSC spr NEFSC fall MASS spr
Arminus™ 1 1 1
Aplus 9 9 4
Natural mortality:

M | Age independent:
1) 0.2 for all years
i) 0.2 until 1988, thereafter a linear increase to 0.4 in 2003 and

constant at 0.4 thereafter
Proportion mature-at-age:

fa Input, see main text
Weight-at-age:
wya input, see main text
Wy, input, see main text
W input, see main text
Stock recruit residuals std dev:
Ok 0.6
Initial conditions :
Nyoa estimated directly for ages 0 to xx depending on AIC criterion
¢ estimated

* Strictly not a minus group anymore since the catches at age zero are ignored.

A3.5.Biological Reference Points (BRPS)

It is possible to estimate BRPs internally within the assessment by fitting the stock-
recruitment relationship directly within the assessment itself. The Fysy estimate is
obtained by using a bisection routine to find where the derivative of the equilibrium catch
vs F relationship has a zero derivative. This has to be based on point estimates, so that the
estimate of other BRPs are conditional on this point estimate of Fysy, with no Hessian
based CV available for this quantity.

For some results reported here, however, the stock-recruitment relationships are fitted to
the estimates of recruitment and spawning biomass provided by the various assessments
to provide a basis to estimate BRPs. The rationale for estimation external to the
assessment itself is to avoid assumptions about the form of the relationship influencing
the assessment results. These fits are achieved by minimising the following negative log-

likelihood, where the e 2 term is added for consistency with equation A3.4, i.e. the
stock-recruitment curves estimated are mean-unbiased rather than median unbiased:
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2
ORr

In(N, ;) —In| N y’oe_ 2

—InL =

~ (o, ) +lCV,

” o)+, f) (A3.39)
where
N, is the "observed" (assessment estimated) recruitment in year y,

N 0 is the stock-recruitment model predicted recruitment in year y,

Or is the standard deviation of the log-residuals which is input (and set here to 0.6),
and
Cv, isthe Hessian-based CV for the "observed" recruitment in year y.

Note that the differential precision of the assessment estimates of recruitment is taken
into account, and that the summation ends at 2009 because little by way of direct
observation is as yet available to inform estimates of recruitment for 2010 and 2011.

For the final run, the stock-recruitment relationship and hence also the BRP’s are
estimated internally in the model fitting minimisation process.

A3.6. Projections

The first step in the projections process is generating a future catch vector corresponding
to a harvesting strategy, with 0.75F,, being the strategy chosen for this purpose, where

this corresponds to a fishing mortality vector with a maximum F of 0.75F, and a

selectivity-at-age equal to that estimated for the most recent commercial block (2005-
2011).

The starting numbers at age vector for ages 0 to 9+ is the best estimate obtained from the
assessment for the start of the year 2012. Error is included for ages 0 to 3 because these
are poorly estimated in the assessment given limited information on these year-classes;

thus: N,,, = Ny, 6™ with g, from N (0, (o, )2) For subsequent years, age-0 recruitment

is determined by the stock-recruitment relationship of equation (A3.4), i.e. incorporating
a stochastic component with o, set to the same value as used in the assessment, i.e. 0.6.

For 2012, for which a fixed catch estimate of 3767 t is provided, the catch equation is
solved to provide a value for F. For subsequent years, the harvest strategy chosen
determines the F' vector, and the catch taken is calculated from that together with the
projected numbers-at-age vector.

A total of 1000 forward simulations are run incorporating recruitment variability. This
provides a distribution of catches for each future year. For the selected catch vector, the
value for each year is then set equal to the median of the distribution calculated for that
year.
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For “consequences” plots, the process set out above provides the results reported in the
main text for the case where the catches are implemented for a real situation
corresponding to the assessment from which those catches were derived. However, when
the catches implemented were derived from a different assessment, the process is then
repeated, though now with fixed input catches for each year to which the catch equation
is applied to find the corresponding full-selectivity F value, and hence project the
numbers-at-age vector forwards. This then yields 1000 values each year for quantities
such as spawning biomass and fully selected fishing mortality. The medians of these
distributions for each year then provide the trajectories for the quantities shown in the
consequences plots.

Weights-at-age for the projections are taken as the average of the 2009-2011 values
(tables in main text) to compute spawning biomass and catches.
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[SAWSS Editor’s Note: The SARC-55 review panel did not
recommend adopting the GOM cod Statistical Catch-at-Age
(SCAA) assessment results that are in Appendices A.2 — A.5.
These appendices are included in this report to document and
demonstrate the work that was done by the SAW cod Working
Group for the December 2012 peer review. |

Appendix A.4. Applications of Statistical Catch-at-Age Assessment Methodology to Gulf
of Maine cod, October 2012.

Summary

The Statistical Catch-at-Age assessment conducted by the authors
earlier in 2012 is updated to take account of more recent data, and
refined by introducing two new features: fitting to length
distribution data for the NEFSC surveys in the 1960s for which
age information is not available, and adjusting the externally
provided estimates of the Bigelow-Albatross calibration function
through adding the calibration information contained in cohorts
present both before and after the survey vessel change to the
model fitting process. The options selected for the Base Case
assessment are those motivated in the assessment conducted
earlier in the year. The resultant estimate of the 2011 spawning
biomass is 12.0 thousand tons with a CV of 13%. The survey
calibration function is slightly modified, resulting in an increase
of about 3% in the 2011 spawning biomass. The survey catch-at-
length data are consistent with previous estimates of poor
recruitments from relatively large spawning biomasses in the
1960s. This last result is robust under a range of sensitivity tests,
and is suggestive of a Ricker-like stock-recruitment relationship
for the stock. These sensitivity tests also suggest that the 2011
spawning biomass estimate of 12.0 thousand tons is robustly
determined. The range of this estimate across these sensitivities is
9.9 to 16.6 thousand tons, with lower values arising from the
sqrt(p) weighting approach for proportions data and from forcing
selectivities above age 6 to be flat, and the higher values coming
from inclusion of the stock-recruitment function in the assessment
and increasing the value of M. The evidence for commercial
selectivities to be domed relative to the NEFSC surveys appears
reasonably strong, but less so that for the selectivities for these
surveys themselves to be domed.
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Introduction

This paper is an extension of the Statistical Catch-at-Age (SCAA) assessment advocated
in Butterworth and Rademeyer (2012) which was presented to a meeting of the NEFMC
SSC in March earlier this year (2012). The NBC2 variant selected there is extended here
to incorporate one further year’s data, and refined to also take account of length
distribution data available for the un-aged pre-1970 NEFSC surveys, and to use the
population model fit to improve estimates of the Bigelow-Albatross survey calibration
relationship.

The paper also checks the sensitivity of results for its Base Case assessment to some of
the factors on which discussions at the SSC indicated an absence of unanimity. For the
most part, only single factor changes to the Base Case have been run. Further runs
combining more than one change to such factors could be specified by the coming
October assessment meeting, and run during its duration, if required.

This paper focuses on assessment aspects, with a further paper on the estimation of
reference points to follow shortly.

Data and Methodology

The catch and survey based data (including catch-at-length information) and some
biological data used for the analyses are listed in Tables in App. A4, Appendix A.

The details of the SCAA assessment methodology are provided in App. A4, Appendix B
of this appendix.

Results

Results are given for a Base Case (Run 1) and various sensitivities. As indicated in the
Introduction, this Base Case makes choices for various options in the assessment in line
with those motivated in Butterworth and Rademeyer (2012), specifically:
e Startin 1964
e [Estimate the first three numbers-at-age for 1964, and then the parameter ¢ (see
equation B11) to provide estimates for the numbers at older ages — note that
unlike in Butterworth and Rademeyer (2012), the value of ¢ is not restricted by
bounds in this estimation process
e Set M = 0.2 for all ages
e Use the “adjusted” lognormal formulation of equation B.16 to describe the
distribution of proportions-at-age (in relation to numbers of fish)
e Admit the possible estimation of domed selectivity for the NEFSC surveys and
for the commercial fishery
e Do not fit the stock-recruitment function is within the population model fitting
procedure
e Make allowance for additional variance when fitting to time series of abundance
indices
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o Fit to the aggregated abundance indices as expressed in terms of biomass rather
than numbers.

In addition, this Base Case incorporates what are considered to be improvements to the
model:

o Allow the assessment data to update the independent estimate of the Bigelow-
Albatross calibration function parameters that have been determined from
experimental paired trawls (see section B.2.7)

e Incorporate data on NEFSC survey length compositions from the 1960s when
catches from these surveys were not aged.

App. A4, Tables 1-4 list results for Base Case and various sensitivities, focusing on the
contributions to the assessment period considered, as well values for the survey
catchabilities g.

App. A4, Figs 1-4 provide estimates and diagnostic plots for the Base Case fit, while
App. A4, Fig. 5 shows how the Bigelow-Albatross survey calibration function has been
updated. App. A4, Figs 6-12 and 14-15 show results for various sensitivities to the Base
Case, while App. A4, Fig. 13 shows results for a retrospective analysis of the Base Case.

Discussion

The Base Case results in App. A4, Table 1 and Fig. 1 show a spawning biomass that has
been decreasing somewhat over the last two years, essentially as a consequence of a
decline in recruitment since 2005. As to be expected, the precision of spawning biomass
estimates is less in the 1960s and 70s when less age information is available, and also
drops for the most recent few years. In contrast the annual recruitment estimates are all
fairly precise except for the final year (2011). Survey catchability (g) estimates are all
below 1, and non-trivial levels of additional variance are estimated for all three
abundance indices. The 2011 spawning biomass is estimated at 12.0 thousand tons with
an associated CV of 13%.

For this Base Case, both commercial and NEFSC survey selectivities are estimated to be
appreciably domed (Fig. 2). Standard fit diagnostics for both abundance indices and
proportion-at-age data in Fig. 3 show broadly reasonable fits, though there is some
evidence of systematic trends in the proportion-at-age residuals for the Massachusetts
Spring survey and for the commercial catch. The last might be ameliorated by allowing
for a change in the recent commercial selectivity pattern (for whose values the model
often struggles to obtain convergence) to occur in the mid-2000s. The fits to the survey
proportions-at-length data over the 1960s (App. A4, Fig. 4) is fair, but does evidence
some data conflict with proportions at the smaller lengths underestimated for the spring
surveys and overestimated for the autumn surveys, with the reverse effect at larger
lengths.

Updating the Bigelow-Albatross calibration function in the model suggests that the results
from the paired trawls experiment slightly overestimated the factor at larger lengths, but
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similarly underestimated it at smaller lengths (App. A4, Fig. 5). Using the existing
Bigelow-Albatross calibration function without this model-fitting refinement would result
in a slightly lower 2011 spawning biomass of 11.7 thousand tons

Moving on to sensitivity tests, alternative starting years for the assessment have a
negligible impact on estimates of the current spawning biomass, but there is some
sensitivity shown by the estimates of spawning biomass in the 1960s, though these still
remain high relative to estimates for the last two decades (App. A4, Table 1, Runs 2a-d
and App. A4, Fig. 6). For a 1982 start, the catchability coefficient (¢) estimate for the
NEFSC Spring survey increases above 1 to 1.09.

The parameter ¢ related to the starting numbers-at-age vector for 1964 is estimable, but
with quite a high CV of 47%, so that it is not surprising that the starting spawning
biomass is not that well determined (App. A4, Table 1, Runs 3a-e and App. A4, Figs 1
and 6). The selection of how many ages to estimate starting numbers-at-ages to estimate
in this starting vector is clearly suggested to be three (ages 0-2) for the Base Case by the
process of considering successive improvements in —InL as this number is increased
(App. A4, Table 2, Runs 4a-h). Alternative selections for both these factors have minimal
impact on estimates of the 2011 spawning biomass.

Increasing the weight given to the survey catch-at-length data from the 1960s suggests a
slight decrease in recruitment in the 1960s (App. A4, Table 3, Runs 5a-b and Fig. 8§, so
that these data do not contradict earlier inferences of poor recruitment over this period
(when spawning biomass was relatively high) which were made in the absence of this
information (Butterworth and Rademeyer, 2011 and 2012). If less weight is placed on the
input information for the Bigelow-Albatross calibration function, the calibration factor
moves still lower at higher lengths, and still higher at lower lengths (App. A4, Table 3,
Run 6 and Fig.9). This indicates that the information on calibration provided by the
presence of common cohorts in both the pre- and post-vessel-change periods points
somewhat differently from the independent experiment in regard to the values of the
calibration function, so that estimates of this may change further as more data from these
cohorts accumulates over the next few years.

Including estimation of a Ricker stock recruitment function in the assessment leads to a
higher estimate of the 2011 spawning biomass of about 14 thousand tons as a result of
increased estimates of recruitment over recent years (App. A4, Table 3, Run 7 and Fig.
10). In contrast using the sqrt(p) option of weighting proportion-at-age data in the log
likelihood in place of the “adjusted” lognormal see this estimate drop to some 11
thousand tons (App. A4, Table 3, Run 8). App. A4, Fig. 3 also shows the fit residuals for
age and length distribution data under this alternative; there is no obvious improvement
or deterioration in the pattern of these residuals for the sqrt(p) compared to the “adjusted”
lognormal run, and so no clear reason from these plots to prefer one distributional form
over the other.

Sensitivities which modify the commercial selectivity-at-age for the pre-1982 period to
reflect a relatively greater catch of smaller fish (Palmer, pers. commn, advises that nets in
that period tended to have smaller mesh sizes) have scarcely any impact on spawning
biomass trends, and are somewhat less preferred in likelihood terms (App. A4, Table 3,
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Runs 9a-b, and Fig. 11). Increasing natural mortality M from 0.2 to 0.3 increases
spawning biomass estimates as would be expected, and is slightly preferred in likelihood
terms (App. A4, Table 3, Run 10 and Fig. 12).

App. A4, Fig. 13 shows the results from a retrospective analysis for the Base Case
assessment. There is a large difference evident for assessments carried out in 2007 and
2008 (possibly linked to the high NEFSC Spring survey estimates at that time), but
thereafter any retrospective effect is fairly small.

Runs 11 and 12 in Table 4 show the consequences of forcing either the survey selectivity
or both the survey and commercial selectivities to be flat at older ages above 6. These
correspond to estimating 3 or 9 fewer parameter values, with associate deterioration in —
InL by some 7 or 24 points respectively. Assuming domes is thus AIC justified in both
cases. Forcing this flatness results in lower spawning biomass (App. A4, Fig. 14), though
most of this effect comes from forcing flatness in the commercial selectivity function,
e.g. with the survey selectivities only forced to be flat, the 2011 spawning biomass
estimate drops only from 12.0 to 11.6 thousand tons (a 4% effect).

App. A4, Table 4 and Fig. 15 show results from repeating the flat selectivity sensitivities
of Runs 11 and 12, but here under the sqrt(p) weighting approach for proportions data in
place of the “adjusted” lognormal distribution assumption. Again the assumption of a
dome in the commercial selectivity is AIC justified, but the extension of that to the
NEFSC survey data is marginal in that respect. Butterworth and Rademeyer (2012) found
that the Massachusetts Spring survey showed a selectivity pattern which was flat for the
sqrt(p) case rather than decreasing at ages above 3 as in the case of the “adjusted”
lognormal, which they considered of questionable realism given the more near-shore area
which this survey covers. However this argument for preferring the “adjusted” lognormal
is less clear for these updated computations. These results may be compromised by
failure to achieved convergence in some of these runs (see App. A4, Tables 3 and 4
captions), though as this arises only from sensitivity of the process to estimation of the
commercial selectivity parameters for the more recent period, this seems unlikely to have
a great influence on abundance estimates and trends. Overall the case for a dome in the
commercial relative to the NEFSC survey catches seems reasonably strong, but that for a
dome in these survey selectivities themselves less so.

Conclusions

Key features of these results are:

a) Although there is some uncertainty about spawning biomass estimates in the
1960s, nevertheless these are robustly estimated to be towards the higher end of
the range of spawning biomasses through the 1964-2011 period considered.
Further the recruitments at that time are precisely and robustly estimated to have
been towards the low end of the range of recruitment levels throughout this
period. This is suggestive of a Ricker-type stock-recruitment relationship,
something that is not a priori surprising for a cod stock given the species’
cannibalistic behaviour.
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b) The spawning biomass in 2011 is relatively robustly estimated at 12.0 thousand
tons. The range of this estimate across the sensitivities examined is 9.9 to 16.6
thousand tons, with lower values arising from the sqrt(p) weighting for
proportions data and from forcing selectivities above age 6 to be flat, and the
higher values coming from including the stock-recruitment function in the
assessment and increasing the value of M.

Some Working Group members prefer including a stock recruitment relationship in
fitting assessment models. This was not included in the Base Case here so that other
sensitivities could be examined without the inclusion of the relationship perhaps
confounding interpretation of the results.
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Appendix A4. Tables
App. A4, 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. Nyi is in
millions. Refer to Appendix for definition of some of the symbols used. Note that Runs 2a) to 2d) were conducted with the same
number of ages in the starting numbers-at-age vector as for the Base Case (viz. ages 0-2); later starting years, it is probable that
extending this estimation to further ages is statistically justifiable.

1) Base Case 2) Alternative start year 3) Alternative fixed values of ¢
2a) 2b) 2c) 2d) 3a) $=0.0 3b) $=0.05 3c) $=0.1 3d) ¢=0.2 3e) $=0.3
Startyear 1964 1965 1967 1970 1982 1964 1964 1964 1964
-InL: overall  -162.8 -158.9 -148.5 -147.9 -95.0 -160.2 -161.7 -162.3 -162.2 -159.4
-InL: survey -37.5 -37.4 -35.5 -32.4 -17.3 -37.5 -37.5 -37.5 -37.3 -36.8
-InL: comCAA -129.6 -129.6 -129.5 -129.5 -120.8 -129.6 -129.6 -129.3 -129.7 -129.5
-InL: survCAA  -13.9 -6.4 6.8 17.7 47.6 -13.2 -13.7 -13.9 -13.5 -12.6
-InL: survCAL 221 18.1 13.3 0.0 0.0 24.0 23.1 22.3 221 23.5
-InL: RecRes 1.3 1.3 1.3 1.3 1.2 1.3 1.3 1.3 1.3 1.3
-InL: calibration  -5.2 -5.0 -5.0 -5.1 -5.6 -5.2 -5.2 -5.3 -5.2 -5.2
Ny1o 749 (0.13) 4.15 (0.17) 3.63 (0.17) 4.21 (0.16) 12.94 (0.07) 7.55 (0.13) 753 (0.13) 7.42 (0.13) 745 (0.13) 7.43 (0.13)
) 0.14 (0.47) 045 (0.14) 0.29 (0.5 0.0 (0.70) 0.52 (0.07) 0.00 - 0.05 - 0.10 - 0.20 - 0.30 -
B 01 12,02 (0.13) 12.01 (0.13) 11.97 (0.14) 1198 (0.16) 12.03 (0.17) 12.03 (0.14) 12.03 (0.13) 12.04 (0.13) 12.03 (0.13) 12.00 (0.13)
B 1og2 32,25 (0.06) 32.24 (0.07) 32.25 (0.06) 3225 (0.12) 3231 (0.10) 32.25 (0.06) 32.25 (0.06) 32.40 (0.06) 32.21 (0.06) 32.25 (0.06)
Bs"yl 42,40 (0.24) 25.32 (0.20) 42.52 (0.16) 45.17 (0.32) 32.31 (0.10) 56.88 (0.15) 51.58 (0.14) 46.82 (0.14) 36.68 (0.14) 28.46 (0.14)
q G add q O Add q O add q O Add q 9 add q O add q T add q T add q O add q G add
NEFSC spring  0.91 0.19 0.91 0.19 0.91 0.19 0.91 0.19 1.09 0.24 0.91 0.19 0.91 0.19 0.90 0.19 0.91 0.19 0.91 0.19
NEFSC fall 0.83 0.07 0.84 0.07 0.84 0.07 0.84 0.07 0.73 0.10 0.82 0.07 0.83 0.07 0.83 0.07 0.84 0.07 0.85 0.07

MADMF spring  0.20 0.13 0.20 0.13 0.20 0.13 0.20 0.13 0.20 0.16 0.20 0.13 0.20 0.13 0.20 0.13 0.20 0.13 0.20 0.13
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App. A4, Table 2: Estimates of abundance and related quantities for the Gulf of Maine cod for a series of assessment sensitivities
relating to the initial numbers-at-age vector. Values in parentheses are Hessian based CV's. Mass units are '000 tons. y1 refers to the
start year for the assessment. Ny o is in millions. Refer to Appendix B for definition of some of the symbols used.

4) Fewer or more N, , values estimated

4c) ages 0-2
) g 4d) ages 0-3 4e) ages 0-4 4f) ages 0-5 4g) ages 0-6 4h) ages 0-7

4a) age 0 4b) ages 0-1 (BC)
Startyear 1964 1964 1964 1964 1964 1964 1964 1964
-InL: overall -146.7 -147.4 -162.8 -163.1 -163.7 -163.8 -164.9 -164.9
-InL: survey -36.8 -36.7 -37.5 -37.3 -37.4 -37.3 -37.6 -37.6
-InL: comCAA  -129.7 -129.8 -129.6 -129.8 -129.6 -130.0 -129.6 -129.5
-InL: survCAA -1.1 -2.2 -13.9 -13.7 -13.9 -13.5 -14.0 -14.0
-InL: survCAL 24.6 25.0 221 21.7 21.1 20.9 20.2 20.2
-InL: RecRes 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
-InL: calibration -5.0 -5.0 -5.2 -5.2 -5.2 -5.2 -5.2 -5.2
Ny1o 793 (0.08) 7.7 (0.14) 7.49 (0.13) 7.48 (0.13) 757 (0.13) 7.71 (0.13) 756 (0.13) 7.57 (0.13)
o 038 (0.15) 040 (0.16) 0.14 (0.47) 0.19 (0.45) 0.29 (0.44) 043 (0.44) 068 (0.39) 087 (1.19)
B0 12.01 (0.13) 12.02 (0.13) 12.02 (0.13) 12.01 (0.13) 12.01 (0.18) 11.97 (0.14) 12.03 (0.13) 12.03 (0.13)
B 105 3229 (0.07) 3234 (0.08) 3225 (0.06) 32.39 (0.06) 32.29 (0.06) 32.58 (0.06) 32.31 (0.06) 32.31 (0.06)
B* 26.88 (0.24) 26.20 (0.24) 42.40 (0.24) 3990 (0.25) 38,50 (0.24) 36.46 (0.24) 34.55 (0.22) 33.95 (0.23)

y1
q G add q O add q O add q O add q G add q O ndd q G add q O add

NEFSCspring  0.91 0.19 0.92 0.19 0.91 0.19 0.91 0.19 0.91 0.19 0.90 0.19 0.91 0.19 0.91 0.19
NEFSC fall 0.84 0.07 0.84 0.07 0.83 0.07 0.83 0.07 0.83 0.07 0.82 0.07 0.83 0.07 0.83 0.07
MADMF spring 0.20 0.13 0.20 0.13 0.20 0.13 0.20 0.13 0.20 0.13 0.20 0.13 0.20 0.13 0.20 0.13
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App. A4, Table 3: 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 o is in
millions. Refer to Appendix B for definition of some of the symbols used. Runs marked * did not converge fully. The associated
sensitivity of the fitting process arises in estimating the selectivity vector for the second commercial period. In all such cases, a rerun
was conducted with this vector fixed at the best estimates that had been achieved thus far, and convergence was readily achieved.

6) L ight 8) sqrt ti
. . ) e-ss welg 7) Ricker ) sart(p) option 9) Alternative pre-1982 .
1) Base Case 5) Higher weight for CAL input ) for CAA and CAL . . 10) Higher M
. : internal o commercial selectivity
calibration weighting
5a) Wea =1 5b) W, =5 9a) option 1 9b) option 2 10a) M =0.3
Start year 1964 1964 1964 % 1964  * 1964 1964 * 1964 1964 1964 *
-InL: overall -162.8 15.1 660.2 -160.2 -125.5 -2503.7 -161.2 -158.4 -164.6
-InL: survey -37.5 -37.6 -39.1 -38.0 -35.4 -36.7 -37.8 -37.8 -37.9
-InL: comCAA -129.6 -129.3 -131.0 -129.7 -129.5 -737.6 -128.8 -128.0 -131.3
-InL: survCAA  -13.9 2.1 89.6 -16.1 -12.6 -1611.9 -13.0 -10.8 -12.9
-InL: survCAL 22.1 183.9 744.8 22.1 22.0 -113.4 22.2 22.3 21.8
-InL: RecRes 13 1.2 13 1.3 35.3 1.4 1.2 1.2 0.7
-InL: calibration -5.2 -5.2 -5.3 1.8 -5.3 -5.5 -5.2 -5.2 -5.0
Ny1o 7.49 (0.13) 6.89 (0.12) 7.45 (0.11) 7.52 (0.13) 7.26 (0.13) 7.23 (0.14) 819 (0.13) 8.65 (0.13) 16.30 (0.13)
¢ 0.14 (0.47) 0.11 (1.21) 0.18 (0.23) 0.14 (0.46) 0.08 (0.99) 0.17 (0.37) 012 (0.48) 0.12 (0.45) 0.01 (0.03)
B* 5011 12.02 (0.13) 12.89 (0.48) 11.38 (0.14) 12.04 (0.19) 14.03 (0.17) 10.83 (0.10) 11.94 (0.13) 11.88 (0.11) 16.61 (0.11)
B 0sn 32.25 (0.06) 33.72 (0.25) 29.91 (0.07) 32.24 (0.06) 33.30 (0.07) 2891 (0.03) 33.29 (0.07) 3396 (0.04) 39.23 (0.06)
Bf‘p\,1 42,40 (0.24) 5853 (0.86) 34.60 (0.26) 42.15 (0.25) 53.65 (0.29) 33.69 (0.19) 42,54 (0.24) 42,54 (0.18) 7473 (0.11)
q T add q T add q T add q T add q T add q T add q T add q T add q T pdd
NEFSCspring  0.91 0.19 0.86 0.18 0.89 0.17 0.91 0.19 0.89 0.20 0.95 0.19 0.92 0.18 0.93 0.17 0.63 0.19
NEFSC fall 0.83 0.07 1.03 0.08 1.57 0.07 0.84 0.07 0.82 0.07 0.85 0.07 0.86 0.08 0.87 0.08 0.58 0.07
MADMF spring  0.20 0.13 0.19 0.13 0.20 0.13 0.20 0.13 0.19 0.14 0.32 0.13 0.20 0.13 0.20 0.13 0.13 0.12
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App. A4, Table 4: 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. yl refers to the start year for the assessment. Ny is in
millions. Refer to Appendix B for definition of some of the symbols used. Runs marked * did not converge fully. The associated
sensitivity of the fitting process arises in estimating the selectivity vector for the second commercial period. In all such cases, a rerun
was conducted with this vector fixed at the best estimates that had been achieved thus far, and convergence was readily achieved.

1) Base Case

11) Flat NEFSC
survey

12) Flat NEFSC
survey and

commercial

8) sqrt(p) option
for CAA and CAL

13) sqrt(p)
option and flat

14) sqrt(p)
option and flat
NEFSC surv and

selectivities L weighting NEFSC surv sel
selectivities com sel
Start year 1964 1964 * 1964 * 1964 1964 * 1964 *
-InL: overall -162.8 -155.6 -138.5 -2503.7 -2501.0 -2491.6
-InL: survey -37.5 -39.3 -36.8 -36.7 -37.8 -37.1
-InL: comCAA -129.6 -129.2 -120.5 -737.6 -737.3 -735.0
-InL: survCAA -13.9 -6.8 1.3 -1611.9 -1609.3 -1601.5
-InL: survCAL 22.1 23.3 21.6 -113.4 -112.4 -113.8
-InL: RecRes 1.3 1.4 1.4 1.4 1.4 1.5
-InL: calibration -5.2 -5.0 -5.4 -5.5 -5.5 -5.7
Nyzo 7.49 (0.13) 7.39 (0.13) 6.89 (0.13) 7.23 (0.14) 7.56 (0.13) 670 (0.14)
¢ 0.14 (0.47) 0.17 (0.35) 0.17 (0.36) 0.17 (0.37) 020 (0.31) 017 (0.37)
B,0n1 12.02 (0.13) 11.63 (0.11) 9.94 (0.10) 10.83 (0.10) 10.78 (0.10) 10.03 (0.09)
B ogs 32.25 (0.06) 29.80 (0.03) 28.09 (0.03) 28.91 (0.03) 2856 (0.03) 27.03 (0.03)
B¥ 1 42.40 (0.24) 31.88 (0.15) 29.72 (0.16) 33.69 (0.19) 28.61 (0.16) 30.19 (0.16)
q G add q O add q O add q O add q O add q G add
NEFSC spring 0.91 0.19 0.75 0.18 0.90 0.19 0.95 0.19 0.84 0.19 0.92 0.19
NEFSC fall 0.83 0.07 0.73 0.07 0.87 0.07 0.85 0.07 0.79 0.07 0.84 0.07
MADMF spring 0.20 0.13 0.20 0.13 0.20 0.14 0.32 0.13 0.32 0.13 0.32 0.13
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Appendix A4. Figures.
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App. A4, Fig. 1: Spawning biomass and recruitment trajectories for the Base Case with
+2 s.e.
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App. A4, Fig. 2: Survey and commercial selectivities-at-age estimated for the Base Case.
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App. A4, Fig. 3: Fits to the abundance indices (top row) and to the survey and commercial catch-at-age data for the Base Case. 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 8 (sqrt(p)).
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App. A4, Fig. 4: Fits to the survey catch-at-length data for the Base Case. The first row
plots compare the observed and predicted CAL 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.
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App. A4, Fig. 5: Comparison of calibration results for the calibration factor estimated within the assessment (Base Case) and

calibration factor given.
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App. A4, Fig. 6: Spawning biomass trajectories for the Base Case and four sensitivities
with different starting year.
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App. A4, Fig. 7: Spawning biomass trajectories for the Base Case and two sensitivities
with different fixed ¢ values. For the Base Case, ¢ is estimated (¢=0.14).
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App. A4, Fig. 15: Selectivities and spawning biomass trajectories for the Base Case and
the sqrt(p) cases (Cases 8, 13 and 14).

499

55th SAW Assessment Report Gulf of Maine Cod — Appendix 4-Figures



Appendix A4 (Appendices A and B within App. A4)

APPENDIX A — Data
App. A4 (Append. A), Table Al: Total catch (incl. USA, DWF and recreational landings,
and discards) (thousand metric tons) of Atlantic cod from the Gulf of Maine (NAFO
Division 5Y), 1964-2012 (Michael Palmer, pers. commn). The revised discard mortality
assumptions have been applied. Note that pre-1982 catches have been increased by 25%
in the Base Case to allow for levels of discards suggested by recent analyses by the
NEFSC. The 2012 catch is assumed to be 6.830 thousand metric tons, as in 2011; some
assumption is needed to be able to take account of the Spring 2012 NEFSC survey given
that this occurs though equation B.9 which requires this input.

Year  Total catch Year  Total catch Year  Total catch
1964 3.242 1980 12.515 1996 7.757
1965 3.759 1981 16.512 1997 5.814
1966 4,225 1982 17.096 1998 4,578
1967 5.824 1983 16.487 1999 3.078
1968 6.137 1984 12.868 2000 5.823
1969 8.155 1985 14.391 2001 8.055
1970 7.961 1986 12.572 2002 6.509
1971 7.475 1987 12.005 2003 6.497
1972 6.927 1988 10.333 2004 5.766
1973 6.138 1989 13.371 2005 5.441
1974 7.550 1990 19.314 2006 4.268
1975 8.788 1991 20.978 2007 5.527
1976 9.894 1992 12.347 2008 7.375
1977 11.993 1993 9.960 2009 8.355
1978 11.890 1994 9.060 2010 7.670
1979 10.972 1995 7.566 2011 6.830
500
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App. A4 (Append. A), Table A2: Mean weight-at-age (kg) at the beginning of the year
for the Gulf of Maine cod stock. Values derived from aggregated commercial landings
and discard mean weight-at-age data (mid-year) using procedures described by Rivard
(1980) (Michael Palmer, pers. commn) and applying the revised mortality assumptions.
Pre-1982, the 1982-1991 average mean weight-at-age is assumed; for 2012, the 2002-
2011 average mean weight-at-age is used.

0 1 2 3 4 5 [5 7 8 9 10 11+
1982 0.0024 0.241 0.594 1.165 2.127 4.635 7.622 9.289 9.037 13.235 15.592 18.240
1983 0.0077 0.050 0.501 1.114 1.894 3.136 5.539 6.549 9,962 10.565 12.076 18.713
1984 0.0001 0.075 0.372 1.019 2.021 2.952 4.593 7.118 7.845 11.843 12.834 16.087
1985 0.0146 0.014 0.403 0910 2.013 3.532 4.608 6.863 9.700 11.147 13.591 14.610
1986 0.0009 0.104 0.316 1.077 1.917 3.670 5504 6.908 9,315 12.169 13.018 18.102
1987 0.0007 0.028 0.406 0.777 2.273 3574 ©5.889 8.079 9.487 11.842 14.008 16.407
1988 0.0003 0.022 0.293 0980 1709 4.010 4.927 6.705 10.069 10.761 15.633 12.054
1989 0.0223 0.027 0.292 0.887 2.179 3.172 ©5.578 6.945 8799 13.032 14.593 24.532
1990 0.0063 0.095 0.431 0937 1742 3.627 5750 8.043 10.440 13.894 16,575 22.637
1991 0.0069 0.071 0.450 1.083 1.689 2.846 5.654 8.972 11518 13.416 9.721 24.937
1992 0.0116 0.028 0.476 1.215 2.026 2.564 4.629 8.832 10.453 12.827 17.092 23.406
1993 0.0116 0.046 0.191 1.254 1702 3.449 4,083 7.388 12,219 12.332 15.361 23.790
1994 0.0095 0.038 0.236 1.003 2.244 2571 5294 6.601 11.095 11.435 17.872 22.643
1995 0.0122 0.051 0.275 0.946 2.021 3.934 4722 8.526 10.045 15.741 14.877 22.643
1996 0.0223 0.060 0.356 1.462 1.784 2971 6.185 8.967 12.844 14.654 19.623 22.643
1997 0.0049 0.049 0.391 1.466 2407 2571 3.973 8.245 11,940 14.994 17.039 17.655
1998 0.0015 0.059 0.256 1.445 2.245 3.423 3.558 5.739 10.442 14.585 15.340 17.655
1999 0.0224 0.044 0.343 1196 2.237 3.139 4752 5301 8.351 12.198 17.158 17.655
2000 0.0092 0.120 0.461 1.063 2257 3.422 4773 5508 7.882 11.040 13.348 18.741
2001 0.0229 0.097 0.456 1.305 2.420 3.851 5091 6.513 6.912 9.042 14.823 16.934
2002 0.0115 0.089 0.465 1.050 2.249 3.247 5296 6.514 7.924 10.032 9.746 18.741
2003 0.0217 0.089 0.346 1.053 1742 2977 4.118 6.837 8.011 9.693 11.538 15.128
2004 0.0105 0.066 0.351 0.971 2110 2.620 4.199 5.908 8.627 10.747 12.280 15.612
2005 0.0082 0.060 0.248 0.821 1.654 3.338 3.841 5.758 7.593 10.204 13.212 15.649
2006 0.0428 0.089 0.295 0.808 1.890 2467 4.076 4.912 6744 8.837 11.620 16.704
2007 0.0086 0.124 0.450 0.925 1771 3.005 3.723 5.020 6.329 8703 10979 15.470
2008 0.0464 0.085 0.420 1.117 1.888 2.892 3.630 5.147 6.803 8.308 12.351 16.157
2009 0.0137 0.171 0.480 1.248 2283 2908 3.658 4.735 6735 9.047 9.942 15516
2010 0.0061 0.100 0.589 1.168 2.328 3.198 3.685 4.778 7.153 8.815 10.755 14.649
2011 0.0836 0.087 0.492 1.353 1972 3.262 4114 4788 5751 10.189 11.448 18.157
2012 0.0253 0.096 0.414 1.052 1989 2.991 4.034 5440 7.167 9.457 11.387 16.178
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App. A4 (Append. A), Table A3: Mean weight-at-age (kg) of landings for the Gulf of
Maine cod stock applying the revised mortality assumptions (Michael Palmer, pers.
commn). Pre-1982, the 1982-1991 average mean weight-at-age is assumed.

0 1 2 3 4 5 6 7 8 9 10 11+
1982 0.013 0.356 0.858 1.514 2.606 5.067 7.065 9.620 9.772 12.642 19.230 18.240
1983 0.024 0224 0768 1542 2.418 3.808 6.055 6.071 10.317 11.424 11535 18.713
1984 0.001 0.234 0.653 1.478 2.678 3.609 5.540 8.368 10.138 13.595 14.419 16.087
1985 0.039 0.206 0733 1.404 2.819 4.658 5.884 8502 11.244 12.256 13.587 14.610
1986 0.005 0.277 0501 1.699 2.774 4.778 6.504 8.109 10.207 13.170 13.827 18.102
1987 0.004 0.154 0.642 1.323 3.090 4.668 7.259 10.036 11.099 13.739 14.899 16.407
1988 0.003 0122 0577 1.667 2.360 5.206 5.200 6.193 10.103 10.434 17.787 12.054
1989 0.046 0.237 0752 1518 2.959 4.282 5.980 9.276 12.519 16.810 20.410 24.532
1990 0.021 0.193 0.811 1.349 2141 4474 7.721 10.820 11.750 15.440 16.344 22.637
1991 0.014 0.236 1.113 1.601 2.281 3.894 7.144 10.429 12.261 15276 6.122 24.937
1992 0.023 0.055 1.033 1.530 2.747 2.976 5.588 10.921 10.483 13.418 19.072 23.406
1993 0.021 0.081 0.690 1.748 2.150 4.420 5.670 9.817 13.673 12.332 17.586 23.790
1994 0.022 0.058 0730 1.712 3.085 3.251 6.335 7.684 12.542 9.563 22.008 22.643
1995 0.027 0103 1.288 1591 2.649 5.090 6.865 11.466 13.128 19.756 23.143 22.643
1996 0.033 0.100 1.293 2.096 2.260 3.462 7.558 11.728 14.455 16.269 19.490 22.643
1997 0.017 0.064 1.351 2.128 3.022 3.074 4.699 9.000 12.156 15.625 17.749 17.655
1998 0.008 0.202 1.071 1.931 2.633 3.972 4.255 7.122 12.118 17.500 15.060 17.655
1999 0.052 0.222 0.635 1.723 2.777 3.892 5.670 6.704 9.811 12.279 16.823 17.655
2000 0.030 0.282 1.081 2.150 3.316 4.325 5.898 5.352 9,331 12.401 14.506 19.056
2001 0.045 0316 0.890 2.176 3.144 4.666 6.140 7.273 9.072 8.788 17.660 15.417
2002 0.032 0185 0.795 1797 2.906 3.792 6.132 6.969 8.809 11.036 10.796 19.056
2003 0.038 0.202 0.809 1.843 2.378 3.654 5112 7.649 9.191 10.871 11.890 15.176
2004 0.025 0.111 0483 1.606 2.965 3.547 5350 7.220 9.764 12,557 13.931 15.657
2005 0.027 0.126 0.558 1.625 2.401 4.233 4502 6.350 8.002 10.698 13.899 15.627
2006 0.071 0.289 0.648 1.493 2.932 3.357 4463 5562 7.430 9.779 12.646 16.704
2007 0.025 0220 0744 1731 2.922 3.735 4771 6.167 7.302 10.554 12.338 15.470
2008 0.085 0.247 0.862 2.179 2.818 3.530 3.988 ©5.819 7.528 9.464 14.461 16.174
2009 0.032 0337 0911 2153 3.126 3.575 4.368 5.959 8.000 10.894 10.454 15.523
2010 0.023 0.264 1.200 1.995 3.203 3.914 4.447 5708 8730 9.967 10.628 14.650
2011 0.0856 0.3289 0.9331 2.0561 2.874 3.8696 4.839 5.7166 5.9528 11.876 13.15 18.157
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App. A4 (Append. A), Table A4: Mean weight-at-age (kg) in the NEFSC spring and fall
surveys, used to compute Albatross converted survey biomass indices.

0 1 2 3 4 5 6 7 8 9 10 11+

NEFSC spring survey

2009 0.000 0.031 0.523 1.441 2.067 2.601 2.876 8.067 9.930 0.000 12919 -

2010 0.000 0.076 0.356 1.203 2.805 3.849 4.602 7.314 10.712 10.247 22.407 17.019

2011 0.000 0.064 0.453 1.177 1.717 2.706 3.509 5.906 8.521 - - -

2012 0.000 0.082 0.517 1.299 2.060 2.462 3.235 5.047 11.576 6.323 - -
NEFSC fall survey

2009 0.035 0.555 1.174 3.366 4,503 10.575 6.618 - - - - -

2010 0.019 0.335 1.170 1.774 3.904 4,784 4,548 3.461 - - - 25.000

2011 0.022 0.286 0.942 1775 2.323 4.581 4,931 10.775 7.135 - - -

App. A4 (Append. A), Table AS: Total (commercial and recreational landings and
discards) catches-at-age for the Gulf of Maine cod stock, applying the revised mortality
assumptions (Michael Palmer, pers. commn).

0 1 2 3 4 5 6 7 8 9+
1982 1346 448849 2926542 2287192 1430682 748755 65880 94051 72553 90055
1983 13645 597496 2462037 2913215 1201593 704010 452680 50022 62542 56198
1984 18275 370324 2129556 1675931 1643588 437453 219625 105649 9495 53395
1985 67101 505660 1944327 2405137 1151815 738096 161362 107192 48359 33213
1986 17767 760701 1747046 2747811 991982 279282 202725 48016 38188 47527
1987 100702 281794 2018317 1568334 1574499 345353 89415 81032 14459 37549
1988 3446 415081 1542790 2086633 1156925 447729 67430 25560 26247 9267
1989 43 166436 1247203 2385088 1651856 521108 87147 70289 9369 19564
1990 0 65527 812544 5547767 2717623 541353 189069 29703 36417 43315
1991 3251 121627 499588 942731 5561272 1037852 150670 55540 25983 15805
1992 23803 370302 830147 867564 502084 2189957 226167 80181 6044 5530
1993 26570 105929 512307 2149041 944709 103328 497117 41561 11264 0
1994 11734 123996 201923 1525603 1294203 266291 66224 74158 28714 7870
1995 11572 78932 319462 1321833 1260435 221653 29931 6521 18184 2808
1996 22067 37536 111569 627693 2003886 405881 36651 4039 491 1623
1997 1472 69144 137484 519557 467768 869161 72472 5523 2272 1029
1998 917 5941 171062 492301 628941 152820 205873 28696 5168 2257
1999 63 739438 90853 347840 336596 172344 53699 59469 12388 1067
2000 0 24758 485043 556537 813684 176640 85157 12485 10521 0
2001 0 584 393951 1163770 684449 385530 106600 57232 8262 11577
2002 0 16831 41591 374949 912638 323797 163476 66392 28087 20263
2003 22873 44899 125587 167812 582079 706098 186022 75694 29224 26844
2004 187 149420 105917 609344 259720 407447 251632 68378 33017 27442
2005 1487 23545 180064 159581 945815 89223 246596 109148 28457 31674
2006 231 19249 59082 426566 290132 461742 30341 79655 39016 27343
2007 430 12171 108471 299416 976424 137404 230163 7947 19244 21999
2008 415 12156 130508 598424 707392 780450 86355 110576 4041 16558
2009 29 10651 101492 622453 1093273 477852 304754 20896 30506 9646
2010 213 8159 83580 394486 888549 668256 164291 71683 11213 7611
2011 653 8683 60526 322164 589583 573856 339910 34926 38408 9433
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App. A4 (Append. A), Table A6: Standardized stratified mean numbers per tow at age and
standardized mean weight (kg) per tow of Atlantic cod in NEFSC offshore spring research
vessel bottom trawl surveys in the Gulf of Maine, 1968-2012 (Michael Palmer, pers.
commn).

Stratified
mean
0 1 2 3 4 5 3] T 2 E) 10 11+ wt/tow v
1968 17.480 (0.153)
1969 13.100 (0.329)
1970 0.000 0.159 0.124 0053 0.098 0.290 0475 0589 0072 0.045 0076 0.210 11.089 (0.237)
1971 0.000 0.069 0.109 0099 0.280 0.086 0.096 0.280 0.207 0.142 0.050 0.013 7.004 (0.211)
1972 0.053 0300 0.153 0499 0.208 0205 0052 0.083 0119 0300 0027 0.059 8.031 (0.233)
1973 0.000 0.053 4.273 0917 0614 0384 0144 0106 0186 0.276 0186 0.386 18.807 (0.415)
1974 0.164 0.311 0.081 1.534 0177 0.231 0.082 0.000 0064 0.038 0.080 0131 7.419 (0.199)
1975 0.012 0094 0707 00985 1139 0246 0073 0.000 0006 0.025 0028 0.088 6.039 (0.249)
1976 0.000 0.052 0253 1114 0150 0870 0131 0056 0038 0.000 0.036 0.081 7.556 (0.166)
1977 0.000 0068 0.264 0460 2015 0139 0775 0000 0114 0.000 0000 0.038 B8.541 (0.208)
1978 0.000 0070 0.083 0297 0383 0764 0084 0226 0013 0.108 0000 0.022 7.697 (0.207)
1979 0.034 0426 1407 0186 0470 0301 0545 0.054 0104 0,013 0031 0.020 7.555 (0.178)
1980 0.070 0037 0500 0436 0123 0.294 0226 0337 0000 0.105 0026 0.000 6.232 (0.182)
1931 0.000 1.091 0.619 0.850 1.335 0.318 0304 0080 0144 0.091 0.000 0.000 10.650 (0.205)
1882 0.014 0357 1040 0498 0.737 08428 0082 0135 0000 0040 0010 0.000 8.616 (0.223)
1983 0.013 0.610 0.9628 1.042 0453 0.336 0.250 0.060 0000 0.071 0.033 0.077 10.962 (0.225)
1984 0.000 0.151 1.309 0987 0.853 0.229 0.047 0.090 0000 0.000 0.000 0.000 6.143 (0.324)
1985 0.000 0.029 0.238 0676 0612 0707 0094 0109 0026 0.026 0000 0.000 7.645 (0.223)
1986 0.000 0537 0.25 0767 0.218 0.075 0.046 0.038 0000 0.000 0000 0.018 3.476 (0.197)
1987 0.000 0030 0471 0191 0222 0075 0000 0.068 0011 0.000 0000 0.015 1.976 (0.314)
1988 0.029 0719 0926 0791 0.283 0205 0099 0.036 0020 0.020 0000 0.000 3.603 (0.281)
1988 0.000 0025 0609 0712 0630 0069 0068 0.000 0000 0.000 0000 0.000 2,424 (0.207)
1990 0.000 0.009 0.233 1325 0.669 0076 0.032 0018 0000 0.000 0.000 0.000 3.077 (0.280)
1991 0.000 0028 0.077 0233 1750 0.247 0041 0.018 0000 0.000 0000 0.000 2.891 (0.240)
1992 0.000 0.050 0.247 0.223 0.248 1.368 0213 0.073 0.000 0.012 0.000 0.000 B.627 (0.374)
1593 0.000 0201 0507 0804 0364 0.084 0446 0055 0023 0.000 0023 0.000 5.875 (0.347)
1594 0.000 0015 0316 0407 0201 0083 0.053 0.142 0009 0.027 0.012 0.000 2.428 (0.218)
1995 0.000 0.037 0.1837 1.165 0.321 0.147 0.034 0000 0.011 0.000 0.028 0.000 2.432 (0.257)
1996 0.000 0.057 0.022 058 1.355 0.385 0060 0000 0000 0.000 0.000 0.000 5.427 (0.275)
1997 0.000 0.159 0.139 0.390 0.271 0.874 0244 0115 0000 0.000 0.000 0.000 5.616 (0.192)
1992 0.000 0018 0228 0359 0512 0143 0408 0021 0020 0000 0.000 0.000 4.180 (0.324)
1999 0.000 0.166 0.342 0726 0.351 0.305 0.134 0.266 0.000 0.000 0.000 0.011 5.090 (0.320)
2000 0.026 1.173 0.737 0438 0485 0.099 0092 0011 0022 0.000 0000 0.000 3.211 (0.155)
2001 0.000 0.029 0.355 0683 0510 0342 0.065 0.097 0055 0.000 0011 0.000 6.215 (0.327)
2002 0.000 0.340 0.045 0548 1584 0606 0342 0.185 0057 0.017 0000 0.000 10.934 (0.215)
2003 0.000 0.075 0.825 0.059 0.718 1.072 0.387 0.340 0.081 0.082 0030 0.011 9.495 (0.368)
2004 0.000 0.136 0.045 0230 011 0.208 0213 0011 0011 0.010 0000 0.000 2.412 (0.293)
2005 0.000 0029 0739 0081 0623 0011 0138 0128 0015 0.000 0000 0.000 2,701 (0.248)
2006 0.028 0184 0.237 0434 0.049 0197 0023 0126 0069 0.000 0015 0.000 2.702 (0.249)
2007 0.000 0100 3422 3077 4446 0437 079 0075 0041 0.000 0000 0.000 15.811 (0.540)
2008 0.000 0079 1165 3,930 1.582 1.0 0053 0.082 0000 0.000 0000 0.000 10.823 (0.609)
2009 0.000 0.063 0.279 1.0s0 1135 0600 0438 0.008 0022 0.000 0.004 0.000 7.161 (0.491)
2010 0.000 0059 0279 0335 0197 0229 0113 0.043 0016 0.010 0005 0.010 3.336 (0.264)
2011 0.000 0.005 0.024 0140 0383 0.189 0086 0.033 0035 0.000 0000 0.000 2.133 (0.201)
2012 0.000 0069 0.105 0224 0243 0155 0051 0.03¢ 0.004 0.002 0000 0.000 1.645 (0.209)
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App. A4 (Append. A), Table A7: Standardized stratified mean numbers per tow at age and
standardized mean weight (kg) per tow of Atlantic cod in NEFSC offshore autumn research
vessel bottom trawl surveys in the Gulf of Maine, 1964-2011 (Michael Palmer, pers.
commn).

Stratified
mean
0 1 2 3 4 5 3] T 2 9 10 11+ wt/tow v
1964 . " - - - - - . " . . - 22.799 (0.496)
1965 - - - - - - - - - - - - 12.089 (0.273)
1966 LS - - . - - » - - - . - 12.838 (0.227)
1967 - . - . . - - . . - . . 9.313 (0.219)
1968 - - - - - - - - - - - - 19.437 (0.198)
1969 - - - - - - - - - - - - 15.154 (0.217)
1970 0.743 0938 0.254 0520 0.33¢ 0487 0424 083 0130 0090 0037 0.110 16.442 (0.248)
1571 1.334 0207 0.224 0190 0607 0444 0509 0.222 0280 0193 0031 0.121 16.529 (0.307)
1972 0.031 5.663 1.118 1,595 0.181 0072 0122 0031 0121 0351 0000 0.016 12,988 (0.199)
1973 0.638 0327 2146 0179 0540 0.1%1 0055 0.018 0039 0.182 0122 0.016 B8.764 (0.267)
1974 0.265 1.131 0.267 1922 0125 0276 0.000 0.052 0036 0.066 0000 0.189 B8.959 (0.201)
1975 0.006 0.223 3.028 0139 2354 0.250 0105 0.020 0000 0.000 0000 0.018 B8.619 (0.153)
1976 0.000 0209 0.216 0578 0104 0.835 0044 0.095 0000 0.000 0083 0.000 6.740 (0.214)
1977 0.000 0046 0446 0456 1151 0.133 0604 0.024 0083 0.021 0061 0.048 10.199 (0.126)
1978 0.241 1.411 0.359 1.141 0.661 1.450 0101 0.269 0.012 0.082 0000 0.047 12,899 (0.151)
1979 0.000 0.364 0.617 0.131 069 0319 0754 0056 0135 0.000 0.053 0.013 13.927 (0.128)
1980 0.027 1.319 2558 1664 0518 0236 0402 0192 0022 0.012 0.000 0.085 14,202 (0.153)
1981 0.010 0581 0.388 0469 0509 0.092 0081 0031 0099 0000 0028 0.000 7.533 (0.233)
1982 0.000 0.835 3.264 2476 0971 0.222 0000 0.000 O0.000 0.000 0.000 0.000 15.919 (0.670)
1983 0.000 0.305 0905 0757 0.267 0.250 0.219 0.000 O0.000 0.000 0.018 0.065 8.416 (0.188)
1984 0.000 0.513 0.418 0586 0.38¢ 019 0194 0.062 0000 0.016 0000 0.080 8.735 (0.334)
1985 0.218 0445 0917 0627 0201 0.246 0.064 0.000 0.034 0.070 0.000 0.000 8.264 (0.354)
1986 0.000 0.394 0404 0626 0368 0.073 0041 0000 0.000 0.045 0.000 0.000 4.715 (0.228)
1987 0.128 0570 1.388 0586 0198 0125 0000 0.000 0000 0.000 0000 0.000 3.394 (0.234)
1988 0.000 1.889 2.366 1.069 0.367 0.146 0.000 0.044 0000 0.011 0011 0.000 6.616 (0.232)
1989 0.000 0145 2.468 1.458 0.283 0.138 0.053 0.000 0009 0.000 0000 0.000 4,535 (0.181)
1990 0.000 0.057 0.218 1.788 0.611 0.255 0.048 0.010 0000 0.000 0.000 0.000 4,912 (0.204)
1991 0.008 0144 0.151 0230 0621 0075 0000 0.023 0000 0.000 0000 0.000 2.782 (0.246)
1992 0.058 0.289 0448 0144 0.041 0327 0126 0.000 0000 0.000 0000 0.000 2.448 (0.243)
1993 0.031 0.210 0575 0361 0.017 O.000O 0038 0.000 0000 0.000 0000 0O.000 1.003 (0.283)
1594 0.032 0.184 0502 0816 0093 0051 0000 0.045 0000 0Q.000 0000 0.000 2.737 (0.292)
1995 0.008 0.068 0.308 1.22¢6 0.304 0082 0011 0.000 0000 0.000 0000 0.000 3.665 (0.325)
1996 0.029 0.122 0.37%9 0.231 0516 0050 0000 0000 0000 0.000 0.000 0.000 2.352 (0.249)
1997 0.000 0.297 0.081 0.165 0.168 0.151 0000 0.000 0.000 0.000 0.000 0.000 1.872 (0.307)
1992 0.050 0085 0342 0110 04185 0041 0031 0000 0000 0000 0.000 0.000 1.501 (0.287)
1999 0.025 0.432 0.375 0590 0.244 0122 0.019 0.000 0.000 0.000 0.000 0.000 3.505 (0.193)
2000 0.008 0540 0981 0399 04% 0140 0010 0.000 0.034 0.000 0.000 0.000 4.652 (0.332)
2001 0.018 0000 0171 0720 0478 035 0124 0.092 0000 0.023 0000 0.000 7.324 (0.279)
2002 0.000 0.269 0.104 0.333 2.683 1.070 0.75%0 0.077 0.043 0.000 0000 0.000 24,659 (0.686)
2003 0.542 0461 0.186 0216 0518 0451 0071 0062 0000 0.011 0000 0.011 5.988 (0.251)
2004 1.369 0.661 0.172 0577 0.254 0,250 0149 0.057 0023 0.010 0011 0.000 4,908 (0.214)
2005 0.034 0153 0378 0078 0456 0023 0090 0.082 0023 0.021 0000 0.000 2.897 (0.228)
2006 0.064 1.241 0.59% 1.007 0.252 0.293 0.037 0053 0036 0.000 0000 0014 4,229 (0.188)
2007 0.011 0136 0863 0395 04% 0023 0067 0000 0000 0.000 0000 0.000 2,714 (0.277)
2008 0.165 0.650 1.227 1.060 0.189 0.139 0.000 0.000 0000 0.010 0.021 0.000 5.307 (0.285)
2009 0.020 0660 209 0314 0277 0045 0035 0.000 0000 0.000 0000 0.000 5.845 (0.429)
2010 0.008 0094 0.132 0290 0.28B8 0.052 0023 0.013 0000 O0.000 0000 0.006 2.572 (0.304)
2011 0.03& 0060 0051 0210 0304 0.175 0078 0005 0031 0.000 0000 0.000 2.647 (0.336)

505
55th SAW Assessment Report Gulf of Maine Cod — Appendix 4; A-Data



App. A4 (Append. A), Table A8: Stratified mean catch per tow in numbers and weight (kg)
of Atlantic cod in State of Massachusetts inshore spring bottom trawl surveys in territorial
waters adjacent to the Gulf of Maine (Mass. Regions 4-5), 1978-2012 (Michael Palmer, pers.
commn).

Stratified
mean
0 i ! 2 3 4 5 6 7 & 9 10 11+ wt/tow v
1978 11.058 (0.138)
1979 14.276 (0.219)
1580 14.509 (0.128)
1581 18.689 (0.265)
1982 1.668 13.218 6.649 2921 1024 0216 0049 0.046 0,050 0000 O0.000 0.000 12.161 (0.175)
1933 0.718 30.253 17.570 4.710 0.347 1121 0.075 0.023 0.033 0.000 0.000 0.000 18.746 (0.153)
1984 0.257 1.8e8 5.090 2101 0.751 0.147 0.086 0.000 0.000 0.000 0.000 0.000 7.240 (0.259)
1985 1.569 1.670 2.695 2.024 0.498 0.000 0.000 0.000 0.000 0.000 0.000 0.000 4,785 (0.194)
1986 1.075 18.031 3376 0903 058 0100 0023 0.000 0.000 0000 0.000 0.000 7.841 (0.354)
1987 0.725 8622 5376 2.045 0.168 0147 0.053 0000 0.000 0.070 0.000 0.000 7.865 (0.271)
1588 1.885 10409 6.750 1.927 1.211 0.01¢ 0.033 0.000 0.000 0000 O0.000 O0.000 7.703 (0.237)
1989 0.298 21.463 22947 6.868 0512 0108 0048 0000 0.000 0.000 0.000 0.000 17.246 (0.342)
1990 4.930 4972 5938 14182 2149 0155 0.08%3 0000 0.000 0.000 0.000 0.000 15.879 (0.241)
1991 0.355 5.331 2,295 1.801 3.669 0249 0000 0.000 0.000 0.000 0.000 0.000 8.730 (0.122)
1992 1.506 4,379 5699 3444 0.484 1.301 0.066 0.044 0.000 0.000 0.000 0.000 8.768 (0.321)
1993 80.090 2,842 6,100 2509 0879 0166 0074 0.000 0.000 0000 0.000 0.000 5.861 (0.270)
1594 4.627 5406  3.B83 1.703 0608 0131 0000 0.000 0000 0000 0.000 0.000 4,334 (0.241)
1995 11998 5985 2420 2408 0525 0.028 0000 0.000 0.000 0000 O0.000 O0.000 3.893 (0.225)
1996 2.843 0.777 0497 0.955 1.590 0.299 0.000 0.000 0.000 0.000 0.000 0.000 3.152 (0.305)
1997 12431 2910 1.035 0920 0.190 0.383 0.018 0.000 0.000 0.000 0.000 0.000 2.500 (0.250)
1998 23.481 1487 0924 0779 0.637 0.034 0.211 0.017 0.000 0.000 0.000 0.000 3.250 (0.468)
1999 143.000 11.832 2407 2.275 0.735 0.630 0.036 0.127 0.017 0000 0.000 0.000 8.997 (0.281)
2000 2,151 35360 6.995 2371 2316 0784 0.863 0.052 0.073 0000 0.000 0.000 20.604 (0.459)
2001 25,987 0.084 4998 4710 3.448 1961 0.323 0.227 0106 0000 0.000 0.000 26.445 (0.5386)
2002 0924 19.340 0.220 1379 1145 0561 0318 0111 0253 0025 0049 0.012 11.158 (0.380)
2003 0.000 17.109 549 0.43%9 1938 05937 0.221 0.074 0.014 0025 0.000 0.014 10.984 (0.219)
2004 116.135 8.927 1.882 2.827 0.361 1.082 0455 0.076 0.0289 0000 0.014 0.000 £.147 (0.278)
2005 179.479 5524 4141 0.795 1955 0.263 0.663 0.243 0.094 0.105 0.000 0.000 10.402 (0.197)
2006 0.000 99882 7139 3930 0.525 1532 0109 0057 0.000 0.017 0028 0.000 9.177 (0.121)
2007 49,323 3.776 3.078 2.303 2.163 0.343 0.519 0.025 0.046 0.000 0.000 0.000 8.430 (0.251)
2008 456.954 7.275 10.336 3.242  2.287 1.695 0.155 0.155 0.000 0.000 0.000 0.000 12.229 (0.215)
2009 466.098 8,907 2,350 1.654 1045 0348 0.112 0.000 0000 0000 0.000 0.000 4.489 (0.187)
2010 1.165 2.415 1.393 1.423 0819 0678 0129 0.000 0.000 0000 0052 0.000 5.645 (0.456)
2011 55.378 0326 1.001 0621 0533 0558 0139 0.086 0.021 0000 0000 0.000 4,519 (0.424)
2012 6.239 3368 0671 0446 0304 0415 0.021 0000 0.000 0.000 0.000 0.000 2.276 (0.401)

App. A4 (Append. A), Table A9: Percentage of mature females for each age for the Gulf of
Maine cod stock (Michael Palmer, pers. commn).

0 1 2 3 4 5 6 7 8 9 10 11+
0.025 0.092 0.287 0.613 0.862 0.961 0.990 0.997 0.999 1.000 1.000 1.000
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App. A4 (Append. A), Table A10: Length frequency distributions for NEFSC offshore spring
and autumn research vessel bottom trawl surveys in the Gulf of Maine conducted by the

Bigelow (Michael Palmer, pers. commn).

Year
~25em
28em
27em
28cm
29em
30cm
31em
32em
33cm
34em
35em
36cm
37em
3Bem
38cm
40cm
4lem
42em
43cm
ddem
45cm
46cm
47em
48cm
49cm
S0em
Slem
52em
53cm
Sdcm
55cm
S6em
57em
58cm
58cm
60cm
6lcm
62em
&3em
Bdcm
65cm
66cm
67cm
G8cm
B9em
70em
7iem
TZem
T3em
Tdem
75em
76cm
T7cm
78em
79em
&0cm
Blem
Elem
83cm
Bdem
&5cm
&6cm
&7em
EEem
83cm
90cm
9lem
9Zem
93cm
9dem
95cm
96cm
97em
98cm
99em
100em+

55th SAW Assessment Report

2009
0.5634
0.0496
0.0425
0.0638
0.0553
0.0283
0.0544
0.0142
0.0213
0.0958
0.0743
0.0887
0.0685
0.1204
0.1748
0.1559
0.1629
0.1771
0.1565
0.2125
0.22B7
0.2196
0.1913
0.2371
0.2017
0.2240
0.1845
0.3077
0.2122
0.2517
0.3245
0.1948
0.2048
0.2358
0.2347
0.2537
0.2547
0.1164
0.2003
0.1725
0.0341
0.0611
0.0850
0.0414
0.0370
0.0923
0.0387
0.0287
0.0259
0.0128
0.0199
0.0704
0.0058
0.0115
0.0058
0.0270
0.0270
0.0000
0.0283
0.0115
0.0115
0.0071
0.0188
0.0058
0.0058
0.0071
0.0000
0.0058
0.0000
0.0058
0.0058
0.0128
0.0000
0.0000
0.0000
0.0115

2010
0.4138
0.0189
0.0756
0.1501
0.0945
0.1134
0.1397
0.0945
0.0935
0.1572
0.1407
0.1029
0.0853
0.0945
0.0567
0.0283
0.0283
0.0276
0.0378
0.0378
0.0378
0.0283
0.0189
0.0095
0.0283
0.0647
0.0095
0.0953
0.0000
0.1236
0.0322
0.0646
0.0276
0.0370
0.0455
0.0444
0.0000
0.0081
0.0180
0.0227
0.0000
0.0189
0.0544
0.0276
0.0000
0.0632
0.0161
0.0719
0.0322
0.0423
0.0000
0.0081
0.0161
0.0181
0.0563
0.0181
0.0343
0.0000
0.0000
0.0489
0.0081
0.0262
0.0081
0.0000
0.0161
0.0081
0.0000

0.0000
0.0081
0.0000

0.0000
0.0081
0.0175
0.0403

MNEFSC spring survey

2011
0.0286
0.0000
0.0000
0.0000
0.0000
0.0000
0.0486
0.0113
0.0113
0.0000
0.0227
0.0000
0.0340
0.0113
0.0000
0.0431
0.0227
0.0599
0.0793
0.0907
0.0340
0.0214
0.0340
0.0340
0.0214
0.0793
0.0441
0.0768
0.0680
0.0826
0.0340
0.0700
0.0441
0.0582
0.0000
0.0227
0.0803
0.0214
0.0113
0.0214
0.0302
0.0467
0.0101
0.0227
0.0372
0.0259
0.0101
0.0322
0.0345
0.0113
0.0101
0.0000
0.0000
0.0101
0.0227
0.0101
0.0000
0.0101
0.0000
0.0000
0.0259
0.0101
0.0000
0.0000
0.0000
0.0113
0.0000
0.0000
0.0000
0.0340
0.0000
0.0000
0.0000
0.0000
0.0000
0.0214

2012
0.4159
0.0113
0.0057
0.0170
0.0057
0.0113
0.0057
0.0237
0.0113
0.0404
0.0170
0.0582
0.0283
0.0207
0.0659
0.0548
0.0453
0.0639
0.0564
0.0860
0.0746
0.0380
0.0434
0.0283
0.0394
0.0510
0.0284
0.0944
0.0394
0.0567
0.0453
0.0491
0.0377
0.0644
0.0519
0.0349
0.0511
0.0227
0.0154
0.0406
0.0227
0.0170
0.0521
0.0154
0.0154
0.0170
0.0097
0.0057
0.0000
0.0097
0.0000
0.0000
0.0196
0.0057
0.0057
0.0040
0.0054
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0057
0.0000
0.0000
0.0000
0.0057
0.0000
0.0000

MEFSC call survey

2009
0.3967
0.1330
0.1731
0.1251
0.1330
0.2330
0.2834
0.4412
0.5951
0.9068
0.7147
0.6659
0.5014
0.6155
0.3400
0.2516
0.2088
0.3103
0.2834
0.3400
0.3280
0.2776
0.1901
0.2692
0.2125
0.1700
0.0951
0.1199
0.0992
0.0809
0.0708
0.0000
0.0492
0.0384
0.0686
0.0425
0.0447
0.0307
0.0142
0.0874
0.0142
0.0667
0.0201
0.0196
0.0142
0.0283
0.0142
0.0696
0.0350
0.0108
0.0101
0.0283
0.0142
0.0000
0.0283
0.0000
0.0000
0.0101
0.0000
0.0000
0.0000
0.0000
0.0000
0.0142
0.0000
0.0101
0.0000
0.0000
0.0101

2010
0.0605
0.0283
0.0142
0.0000
0.0283
0.0567
0.0283
0.1134
0.0425
0.0567
0.0142
0.0394
0.0278
0.0425
0.0142
0.0242
0.0425
0.0850
0.0425
0.0283
0.0384
0.0283
0.0242
0.0425
0.0343
0.0283
0.0394
0.0778
0.0142
0.0425
0.0384
0.0425
0.0567
0.0242
0.0257
0.0142
0.0242
0.0401
0.0236
0.0142
0.0336
0.0401
0.0242
0.0848
0.0000
0.0z201
0.0353
0.0236
0.0310
0.0142
0.0360
0.0840
0.0000
0.0201
0.0283
0.0101
0.0000
0.0000
0.0000
0.0454
0.0236
0.0101
0.0000
0.0101
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000

0.0000
0.0000

0.0101

2011
0.2489
0.0850
0.0283
0.0142
0.0000
0.0142
0.0136
0.0377
0.0142
0.0506
0.0283
0.0142
0.0000
0.0000
0.0543
0.0283
0.0364
0.0380
0.0401
0.0222
0.0640
0.0567
0.0000
0.0364
0.0623
0.0647
0.0364
0.0383
0.0425
0.0506
0.0330
0.0592
0.0000
0.0000
0.0161
0.0383
0.0588
0.0383
0.0222
0.1130
0.0222
0.0303
0.0303
0.0401
0.0481
0.0581
0.0283
0.0259
0.0420
0.0081
0.0081
0.0222
0.0222

0.0108
0.0000
0.0540
0.0222
0.0161
0.0000
0.0081
0.0000
0.0000
0.0142
0.0000
0.0000
0.0000
0.0142
0.0081
0.0000
0.0081

0.0000
0.0081

0.0081
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Age-length keys for NEFSC offshore spring research

vessel bottom trawl surveys in the Gulf of Maine conducted by the Bigelow (Michael Palmer,

App. A4 (Append. A), Table Allb
pers. commn).
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App. A4 (Append. A), Table A12: Age-length keys for NEFSC offshore autumn research vessel bottom trawl

surveys in the Gulf of Maine conducted by the Bigelow (Michael Palmer, pers. commn).
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Appendix B (within App. A4) - The Statistical Catch-at-Age Model

The text following sets out the equations and other general specifications of the SCAA
followed by details of the contributions to the (penalised) log-likelihood function from
the different sources of data available and assumptions concerning the stock-recruitment
relationship. Quasi-Newton minimization is then applied to minimize the total negative
log-likelihood function to estimate parameter values (the package AD Model Builder™,
Otter Research, Ltd is used for this purpose).

For the convenience of readers, details which are changed or newly added relative to the
specifications used for the analyses reported in Butterworth and Rademeyer (2012) are
shown highlighted.

B.1. Population dynamics
B.1.1 Numbers-at-age

The resource dynamics are modelled by the following set of population dynamics
equations:

o= (B1)
Noprw =N, e for0<a<M-2 E2)
N}"*l,m = ]\']y,mfle_zr‘m_l + Ny,me_zrw (B3)
where

N,, is the number of fish of age a at the start of year y,

R, is the recruitment (number of 0-year-old fish) at the start of year y,

m is the maximum age considered (taken to be a plus-group).

Z,,=F,S, +M,is the total mortality in year y on fish of age a, where

M denotes the natural mortality rate for fish of age a,

a

F, is the fishing mortality of a fully selected age class in year y, and

S,. 18 the commercial selectivity at age a for year y.

B.1.2. Recruitment

The number of recruits (i.e. new 0-year old) at the start of year y is assumed to be related
to the spawning stock size (i.e. the biomass of mature fish) by either a modified Ricker or
a standard or adjusted Beverton-Holt stock-recruitment relationship, allowing for annual
fluctuation about the deterministic relationship.

For the modified Ricker:
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Ry — O/B;p exp— ’B(B;pYF(gy—(UR)z/D (B4)

for the (standard) Beverton-Holt:

aB” (0w P
Ry — Y = e(gy ( R) /2) (BS)
B+B,
and for the adjusted Beverton-Holt:
sp
B, if BY < B*
B+BY !
R, = ] > (B6)
aB * BY —B* I
exp| —-| — if B >B*
p+B* Oy
where
a, B, 7, B*and oy are spawning biomass-recruitment relationship parameters,
Sy reflects fluctuation about the expected recruitment for year y, which is assumed to

be normally distributed with standard deviation or (which is input in the
applications considered here); these residuals are treated as estimable parameters
in the model fitting process.

BY  is the spawning biomass at the start of year y, computed as:

S| c Str -M, /4
BY =D [N, e (B7)
a=0

because spawning for the cod stock under consideration is taken to occur three months
after the start of the year and some mortality has therefore occurred,

where

wi™ is the mass of fish of age a during spawning, and

y.a
/. is the proportion of fish of age a that are mature.

Section B.2.6 details the procedure adopted when recruitment is not assumed to be related
to spawning biomass , at least internal to the assessment.

B.1.3. Total catch and catches-at-age
The total catch by mass in year y is given by:

Cy = iw;r’uad Cy’a = iwj’]j;d Nyaa Syaa F;’ (1 - eizyva )/Zyaa (B8)
a=0 a=0

where
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w;f;d denotes the mass of fish of age a landed in year y,
C,, 1sthe catch-at-age, i.e. the number of fish of age a, caught in year y,

The model estimate of survey biomass is computed as:
L -Z, 7" /12

By = D WS N, e (B9)
a=!

where

S is the survey selectivity for age a, which is taken to be year-independent.

T*" 1is the season in which the survey is taking place (7" =1 for spring surveys and

7" =3 for fall surveys), and

wi" = w)" for spring surveys and w?"’ = w" for fall surveys.

B.1.4. Initial conditions

For the first year () considered in the model, the numbers-at-age are estimated directly
for ages 0 to a®’, with a parameter ¢ mimicking recent average fishing mortality for ages

t .
above a*', i.e.

N, =N for 0<a<a™ (B10)
and

Nstart,a = stan,a—leiﬁ/lai1 (1 - ¢Sa71) fOI' aESt <a S m_l (Bl 1)
Nyartm = Noarmre "1 (1= ¢S, )/ —e™m(1-48,,) (B12)

B.2. The (penalised) likelihood function

The model can be fit to (a subset of) CPUE and survey abundance indices, and
commercial and survey -catch-at-age and catch-at-length data to estimate model
parameters (which may include residuals about the stock-recruitment function, facilitated
through the incorporation of a penalty function described below). Contributions by each
of these to the negative of the (penalised) log-likelihood (-/nL) are as follows. Details
related to fitting to CPUE series are not included below, as such series are not considered
in the analyses of this paper.

B2.1. Survey abundance data

The likelihood is calculated assuming that a survey biomass index is lognormally
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distributed about its expected value:

e = (1 )= (i) (B13)

V

I;ZH"V — iiurv exp(giurv) ()I'

where

I is the survey biomass index for survey surv in year y,
Tsurv __ Asurv psurv 3 h di del : h
1" = ¢™" B"" is the corresponding model estimate, where

g"" s the constant of proportionality (catchability) for the survey biomass series surv,
and

g"  from N(O, (dysm)z)

The contribution of the survey biomass data to the negative of the log-likelihood function
(after removal of constants) is then given by:

STy [ N R e B T R R Cr ) TR

surv y

where

o is the standard deviation of the residuals for the logarithm of index i in year y

" (which is input), and

surv

o' 1s the square root of the additional variance for survey biomass series surv, which
is estimated in the model fitting procedure, with an upper bound of 0.5.

The catchability coefficient g™ for survey biomass index surv is estimated by its
maximum likelihood value:

g™ =1fn,, 3 (™ ~in ) (B15)

y

B.2.3. Commercial catches-at-age

The contribution of the catch-at-age data to the negative of the log-likelihood function
under the assumption of an “adjusted” lognormal error distribution is given by:

— LM = ZZ [fn (O';""’ IND,.a )+ Dy (En Py —In fow)z /2(0';”’" )ZJ (B16)
y a

where

Pya=Coal z « C, o 18 the observed proportion of fish caught in year y that are of age a,

Pra=Cy0lD. o C,, is the model-predicted proportion of fish caught in year y that are of
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age a,
where

éyya = Nyva Syya Fy (1 - eizyﬂ )/Z,Vwa (B17)

and

com

o™ 1is the standard deviation associated with the catch-at-age data, which is estimated
in the fitting procedure by:

" = \/Zpy,a(ﬁnpy’a - ﬁnﬁy,a)z/ZI (B18)
y y

Commercial catches-at-age are incorporated in the likelihood function using equation
(B16), for which the summation over age a is taken from age aminys (considered as a
minus group) to apius (a plus group).

In application of this approach ages are often aggregated to avoid values of p , or p .

that are too small in the interests of estimation robustness. In this paper individual ages
have been maintained between the selected minus and plus-groups to provide potential
discrimination of different shapes for the selectivity functions at older ages in particular.
This however does mean that there are certain cells for which p, , values are zero. That

does not cause any problems because the limit of p, , (ln py’a)z as p,,—>0 is 0, so these

terms can be omitted from the summation in equation B16. One could argue that they
should nevertheless be included in the summations in equation B18, but exclusion seems
more appropriate as the structural zero contributions then included would seem likely to
bias the estimates of 6" downwards.

In addition to this “adjusted” lognormal error distribution, some computations use an
alternative “sqrt(p)” formulation, for which equation B19 is modified to:

— [ = ZZ[&Z (O';"’")+ (pr’a ~\Pya )2/2(0';0‘“)2} (B19)
y a
and equation B21 is adjusted similarly:

o= [ZWp b [z 320

This formulation mimics a multinomial form for the error distribution by forcing a near-
equivalent variance-mean relationship for the error distributions.

B.2.4. Survey catches-at-age

The survey catches-at-age are incorporated into the negative of the log-likelihood in an
analogous manner to the commercial catches-at-age, assuming an “adjusted” lognormal
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error distribution (equation (B19)) where:

Do =C)0/ z +Cha 1s the observed proportion of fish of age @ in year y for survey

<)

urv,

A Ssury

P,y 1s the expected proportion of fish of age a in year y in the survey surv, given by:

a'=0

I");i’l;'\i — SZmNy’ae_Z”“Tm/lz/ZS;?WNy’a. e—Zy,a.Ts“”’/lz ' (B21)
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contribution of the catch-at-length data (which tend to be positively correlated between
adjacent length groups because the length distributions for adjacent ages overlap) to the
overall negative log-likelihood compared to that of the CPUE data. The value used for

w,, 1s 0.1, being roughly equivalent to the ratio of the number to length groups to the

number of age groups considered. Instances of observed proportions of zero are dealt
with in the same manner as for catches-at-age, as is the alternative “sqrt(p)” error
distribution formulation.

B.2.6. Stock-recruitment function residuals

The stock-recruitment residuals are assumed to be lognormally distributed and serially
correlated. Thus, the contribution of the recruitment residuals to the negative of the (now
penalised) log-likelihood function is given by:

_ ol = i[gj /267 ] (B26)

y=n+l
where

g, from N (0, (or) ),

ox is the standard deviation of the log-residuals, which is input.

In the analyses reported in this paper, unless otherwise stated, this “stock-recruitment”
term is included for the last two years only, simply to stabilise these estimates which are
not well determined by the other data. The ¢, are calculated as the deviations from the

mean log recruitment for the ten preceding years, i.e. recruitment estimates for 2010 and
2011 are shrunk towards the geometric mean recruitment over the preceding decade.

B.2.7 Incorporation of Bigelow vs Albatross survey calibration

The survey data provided are adjusted for the years 2009 to 2012 which were obtained
from Bigelow surveys have been adjusted to “Albatross equivalents” through use of
calibration factors estimated independently from paired tow experiments (Miller et al.,
2010). However the survey data before and after the switch of vessels also provide
information on the calibration factors because they sample the same cohorts.
Incorporation of this information in assessments in this paper has been effected by
treating the estimates, with their variance-covariance matrix, as a form of “joint-prior”
which is effectively updated in the penalised likelihood estimation when fitting the
model. The process is as follows.

First Bigelow length frequency distributions are converted to A/batross equivalent length
frequency distributions:

Gt =Gt [, (B27)
where

Cr " is the measured catch-at-length for the Bigelow in year y for survey surv,

C 4 is the inferred catch-at-length for the Albatross equivalent in year y for survey
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In(F 1-F ;)

In(X,-X 1)
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B.3. Estimation of precision

Where quoted, CV’s or 95% probability interval estimates are based on the Hessian.

B.4. Model parameters

B.4.1. Fishing selectivity-at-age:

The commercial fishing selectivity, S,, as well as the fishing selectivities for the

Massachusetts inshore spring survey, are estimated separately for ages @minus t0 apius. The
estimated proportional decrease from ages apus-1 to apus 1S assumed to continue
multiplicatively to age 9+ for the commercial selectivity and to age 11+ (the model plus
group) for the Massachusetts spring survey (if not otherwise specified) (see Table below
for aminus to apius). For the NEFSC offshore surveys, the fishing selectivities are estimated
separately for ages aminus to age 7 for the spring survey, and to age 6 for the fall survey,
and thereafter an exponential decline to age 9+ is estimated separately for each survey.

The commercial selectivity is taken to differ over the 1893-1991 and 1992+ periods. The
decision to incorporate a change after 1991 was made to remove non-random residual
patterns in the fit to the commercial catch-at-age data if time-independence in selectivity
was assumed.
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B.4.2. Other parameters

Model plus group

m 11
Commercial CAA
a minus 1
aplus 9
Survey CAA NEFSC spr  NEFSCfall MASS spr
a minus 1 1 0
@ plus 9 9 4

Natural mortality:
M| 0.2 and age independent
Proportion mature-at-age:
fo| input, see Table A8
Weight-at-age:

stm input, see Table A2

Wyo mid input, see Table A3
Initial conditions for a 1964 starting year:

Nyoo| estimated directly for ages 0to 2

@¢| estimated, eqns B9-B10 for ages 3+

B.5.Reference points
It is possible to estimate reference points internally within the assessment by fitting the
stock-recruitment relationship directly within the assessment itself.

For most results reported here, however, the stock-recruitment relationships are fitted to
the estimates of recruitment and spawning biomass provided by the various assessments
to provide a basis to estimate reference points. The rationale for estimation external to the
assessment itself is to avoid assumptions about the form of the relationship influencing

the assessment results. These fits are achieved by minimising the following negative log-
likelihood:

L= zfi’ (ln(Ny,o) - ln(ﬁ%o))z N ln( (o, + (CV )z)

= 2o, )+, .

=yl

2| o +ter ) o
where

N, is the "observed" (assessment estimated) recruitment in year y,

N so  Isthe stock-recruitment model predicted recruitment in year y,

Or is the standard deviation of the log-residuals, and

Cv, isthe Hessian-based CV for the "observed" recruitment in year y.

Note that the differential precision of the assessment estimates of recruitment is taken
into account, and that the summation ends at 2009 because little by way of direct
observation is as yet available to inform estimates of recruitment for 2010 and 2011.
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[SAWSS Editor’s Note: The SARC-5S5 review panel did
not recommend adopting the GOM cod Statistical
Catch-at-Age (SCAA) assessment results that are in
Appendices A.2 — A.5. These appendices are included in
this report to document and demonstrate the work that
was done by the SAW cod Working Group for the
December 2012 peer review. |

Appendix A.5. Further Statistical Catch-at-Age Assessment Results together with
Biological Reference Point estimates for Gulf of Maine cod, October 2012

Summary

The Statistical Catch-at-Age assessments of the Gulf of Maine cod
stock by Butterworth and Rademeyer (2012) are extended, with a
particular focus on the estimation of Biological Reference Points
(BRPs). The analysis supports starting these assessments from an early
year to provide precise estimates of these BRPs, and the estimation n of
the Ricker form of the stock —recruitment relationship within the
assessment is found to be preferred. Across a wide range of sensitivity
tests the 2011 spawning biomass is robustly estimated at about 14
thousand tons with specific estimates ranging from about 12.5 to 16
thousand tons. When starting the assessments in the 1960s or earlier
with a Ricker stock-recruitment function, most estimates of the
spawning biomass which provides MSY are around 25 thousand tons
for the M = 0.2 scenario, and around 13 thousand tons for the M
increasing scenario; the corresponding estimates of MSY itself are
about 13 and 6 thousand tons respectively. The AIC selection criterion
and a reduced retrospective pattern suggest that greater weight should
be accorded to results for the M increasing compared to the M = 0.2
scenario.

Introduction

This paper continues from that (Butterworth and Rademeyer, 2012) submitted to the
earlier SAW/SARC 55 Modeling Meeting. Taking account of advances made and some
agreements reached at that meeting, it extends SCAA assessment analyses for Gulf of
Maine cod, now particularly focusing also on the estimation of MSY-related biological
reference points. (BRPs)

Data and Methodology

The catch and survey based data (including catch-at-length information) and some
biological data used for the analyses are listed in Tables in Appendix A (within Appendix
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AS). These have been updated in a few respects in the light of discussions at the earlier
Modeling Meeting; the consequent changes are indicates through highlighting.

The details of the SCAA assessment methodology are provided in Appendix B (within
Appendix AS). As in Appendix A, there are some recent changes which are highlighted.

Results

Results are first given for variants on an assessment run which incorporates the following
choices, based primarily on those made for a comparison exercise with ASAP outputs run
during the Modeling Meeting. These include:

e Use the sqrt(p) formulation of equation B.21 to describe the distribution of
proportions-at-age (in relation to numbers of fish).

e No refinement of the Bigelow-Albatross -calibration function within the
assessment.

e Force flat selectivity at ages of 5/6 and above for the NEFSC autumn/spring
surveys (though estimation of a common doming trend in the commercial
selectivities is allowed — see Section B.4.1).

e Make allowance for additional variance when fitting to time series of abundance
indices

e Fit to the aggregated abundance indices as expressed in terms of numbers
(equation B10) rather than biomass.

e Where pertinent given the starting year, incorporate data on NEFSC survey length
compositions from the 1960s when catches from these surveys were not aged.

The first sensitivity exercise conducted is run conduct assessments comprising a full
cross of the following factors:

a) Start in 1963 (estimating the first three numbers-at-age in the starting vector and
then the parameter @) vs start in 1982 (estimating all elements of the starting
numbers at age vector).

b) M =0.2 vs M increasing linearly from 0.2 prior to 1989 to 0.4 from 2003

c) Internal (equation B31) vs external (equation B39) estimation of the stock-
recruitment relationship; note that with external estimation, the assessment
shrinks only the last two recruitment estimates as detailed in section B.2.6

d) Use of a Ricker (equation B4 with y = 1) vs a Beverton Holt (equation B5) stock-
recruitment relationship.

App. AS, Tables 1 and 2 list the results of this examination, showing log likelihood
contributions and model parameter estimates, and also now estimates of BRPs.

For the purpose of further evaluation, a Reference Case (RC) is selected from the cases
considered above, with the same specifications for each of the M = 0.2 and M increasing
scenarios. This RC starts the assessment in 1963, and estimates a Ricker stock-
recruitment curve internally.

App. AS, Table 3 shows results for sensitivities to the RC for M = 0.2. First sensitivities
to different starting years are shown, and then some other factors investigated. For the
different starting years, the numbers of ages which are estimated individually in the
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starting vector are (1, 3, 3, 4, 5, all, all) for the years (1934, 1963, 1964, 1965, 1967, 1970
and 1982) respectively. These choices were made on an AIC basis. App. A5, Table 4 is
similar to Table 3, but for the RC with M increasing and with somewhat fewer
sensitivities.

App. AS, Table 5 gives results for the authors’ “preferred” runs for the two different M
scenarios. These “preferred” runs differ from the RC only in starting in 1934 rather than
1963, and in incorporating refinement of the Bigelow-Albatross calibration function
within the assessment. The reasons for the various choices made for these “preferred”
runs are given in the Discussion section following.

App. AS, Figs 1-7 are constructed to illustrate some of the sensitivities associated with
different choices for a number of the factors requiring specification in the assessment.
App. AS, Figs 1-3 show various trajectory plots for spawning biomass and recruitment,
some of which also show approximate Hessian-based 95% Cls, and Fig. 1 also shows the
total catch trajectory. Fig. 4 plots some of the selectivity functions that differ across the
sensitivities investigated, while Fig. 5 compares spawning biomass trajectories for the
two different M scenarios for the RC. App. AS, Figs 6-7 compare different estimated
stock recruitment functions.

App. A5, Figs 8-13 show diagnostic plots for the “preferred” case with M = 0.2. These
include spawning biomass and recruitment trajectories showing approximate 95% Cls,
selectivity-at-age plots, fits/residuals to abundance indices and proportions-at-age and -at-
length data, refined Bigelow-Albatross calibration functions, and retrospective analyses.
App. AS, Figs 14-19 repeat these same plots for the other “preferred” case with M
increasing. App. AS, Fig. 20 shows the fitted stock-recruiment relationships for each
case.

Discussion

Several features are evident from the exploratory results in App. A5, Tables 1 and 2:

e Starting the assessment in 1982 provides no basis to discriminate alternative
stock-recruitment relations, and the estimates of spawning biomass at MSY are
hopelessly imprecise for the M = 0.2 case.

e Fora 1963 start to the assessment, the Ricker form is preferred over the Beverton-
Holt form in terms of AIC, particularly for the M increasing scenario. For M =
0.2, the Beverton-Holt estimate of spawning biomass at MSY is appreciably
larger than its Ricker counterpart.

e Internal estimates of the spawning biomass at MSY for a 1963 start to the
assessment are both somewhat higher and less precise than their external
estimation counterparts, but this last result is not unexpected since the internal
estimates take account of errors in estimates of spawning biomass and correlations
amongst estimates over time, unlike the external estimates.

e [Estimates of current (2011) spawning biomass are typically 1000 tons lower
without internal estimation of the stock-recruitment function.

With BRP estimation in mind, and given the results summarised in the first three bullets
above, preference is indicated for internal estimation using a Ricker form for the stock-
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recruitment relationship, and for starting the assessment in an early year. Hence the
Reference Case (RC) was selected to include these specifications, and with a 1963 start
because that corresponded to the beginning of the NEFSC survey time series.

Further results shown in App. AS, Table 3 and plotted in App. AS, Figs 1-7 suggest little
sensitivity of recruitment estimates to most of the assessment options examined, and also
of the spawning biomass trajectory except for some variability in the early years
depending on the 1960s starting year chosen (App. AS, Figs 1-3). However when the
starting year is taken back to 1934, this results in a clear and relatively precise trend in
spawning biomass of an increase over the 1950s and early 1960s co-incident with the low
catches over that period (App. AS, Fig. 2). The survey CAL data from the 1960s also
support this trend (lowest left plot in Fig. 3). Another feature of the results for BRPs is
that once the contrast provided by the assessment estimates from the 1960s is lost, the
ability for precise estimation of the stock-recruitment relationship, and hence of BRPs
such as the spawning biomass at MSY, is lost with it (App. A5, Table 3 and Fig. 7).
Comparison of relationships found by internal and external stock-recruit function
estimation shows little difference (App. A5, Fig. 6).

The above points towards preferring an earlier start to the assessment than the 1963 of the
RC, as the combination of the data and the stock-recruit relationship assumption inform
the overall BRP estimation process further through providing meaningful information on
stock dynamics back into the 1950s at least.

Regarding the other sensitivity tests for M = 0.2, alternative assumptions about
selectivity-at-age pre-1982 make little difference to results (App. AS, Table 3 and Fig.3,
third row). Fitting to abundance indices in terms of biomass rather than numbers
decreases the current spawning biomass estimate slightly, but makes little difference
otherwise (App. AS, Table 3, and Fig. 3, second row). Use of the adjusted log-normal
form for the proportions data appreciably increases the variance of the BRP estimates
(App. AS, Table 3). A domed survey selectivity is preferred under AIC, but trends into
the 1960s (App. AS, Fig. 3, second row) seem at variance with the pattern suggested by
Fig. 1 when earlier years are included in the assessment. Inclusion of the Bigelow
calibration refinement has little impact on results (App. A5, Table 3).

Where examined, these same features seem broadly present for the increasing M case,
though to lesser extents. Unsurprisingly once M becomes higher, both spawning biomass
and recruitment estimates increase (App. A5, Fig. 5).

Based on these results, the authors’ preference is to leave the RC specifications
unchanged except to move to a 1934 starting year to make maximal use of data contrast
in estimating BRPs, and to include the Bigelow calibration refinement because of its in
principle desirability.

In broad terms the diagnostics for both the consequent “preferred” cases in App. A5, Figs
8-19 are satisfactory. The M increasing scenario shows an appreciably reduced
retrospective pattern compared to the M = 0.2 case (App. AS, Fig. 19 compared to Fig.
13), and further is preferred in AIC terms (App. AS, Table 5). Accordingly it would seem
that more weight should be placed on the results provided by the M increasing scenario.
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Conclusions

Key conclusions from these results are:

Assessments should start from as early a year as possible to maximise the contrast
in data required to provide BRP estimates with better precision.

Internal over external estimation of stock-recruitment functions is preferred to
best take the variance-covariance of spawning biomass and recruitment estimates
into account. The Ricker form for this relationship is AIC preferred to the
Beverton-Holt form.

Across a wide range of sensitivity tests (including treatment of the stock-
recruitment relationship), the 2011 spawning biomass is robustly estimated at
about 14 thousand tons with specific estimates ranging from about 12.5 to 16
thousand tons.

Given a start to the assessments in the 1960s or earlier, with internal estimation of
a Ricker stock-recruitment function, most estimates of the spawning biomass
which provides MSY are around 25 thousand tons for the M = 0.2 scenario, and
around 13 thousand tons for the M increasing scenario; the corresponding
estimates of MSY itself are about 13 and 6 thousand tons respectively.

The AIC selection criterion and a reduced retrospective pattern suggest that
greater weight should be accorded to results for the M increasing compared to the
M = 0.2 scenario.
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Appendix AS. Tables

App. AS, Table 1: Estimates of abundance, MSY-related biological reference points (BRPs), and related quantities for the Gulf of
Maine cod for a comparative exercise across four assessments factors: start date, internal or external estimation of the stock-
recruitment relationship, the form of the stock-recruitment relationship, and the time dependence of natural mortality M (see text for
further details). Values in round parentheses are Hessian based CV's, while maximum gradient refers to the quantity reported with the
ADMB estimation results. Negative log-likelihood values shown in square parentheses denote non-comparability with values given in
adjacent columns. Mass units are '000 tons. y1 refers to the start year for the assessment. Recruitment Ny is in millions. Refer to
Appendix B for definitions of some of the symbols used.

Start in y1=1963 Start in y1=1982
M=0.2 M increasing M=0.2 M increasing
Ricker internal BH internal No SR Ricker internal  BH internal No SR Ricker internal  BH internal No SR Ricker internal BH internal Neo SR
-InL: overall -2765 -2763 -[2797] -2774 -2769 -[2801] -2128 -2128 -[2145] -2137 -2137 -[2151]
-InL: survey -24.2 -24.0 -25.4 -30.2 -30.6 -31.4 -15.5 -15.5 -17.0 -24.1 -24.3 -25.5
-InL: comCAA -787.0 -786.9 -785.6 -783.9 -785.6 -782.4 -793.8 -793.8 -792.3 -791.1 -791.2 -790.1
-InL: survCAA -1819 -1819 -l821 -1819 -1818 -1821 -1329 -1329 -1330 -1329 -1329 -1330
-InL: survCAL -160.5 -160.4 -161.0 -161.0 -160.8 -161.5 = F 0.0 7 = 0.0
-InL: RecRes 29.3 31.9 [0.0] 24.4 28.6 [0.0] 15.2 15.2 [0.0] 13.1 12.1 [0.0]
-InL: Catch 31 3.0 21 3.2 3.8 25 14 14 14 11 11 1.1
-InL: calibration -6.7 -6.7 6.7 8.7 -6.7 -6.7 -6.7 -6.7 «&.7 -6.7 -6.7 -6.7
Maximum gradient| 0.000 0.000 0.000 0.000 0.000 0.000 2.600* 2.589* 1.073* 0.000 0.000 0.000
Nyo 15,10 (0.14) 15.88 (0.14) 15.18 (0.14) 15.10 (0.14) 15.91 (0.14) 1551 (0.14)| 13.30 (0.07) 1330 (0.07) 13.27 (0.07) 1352 (0.07) 13,52 (0.07) 13.50 (0.07)
¢ 0.08 (1.06) 019 (0.58) 0.16 (0.64) 0.08 (0.86) 016 (0.62) 0.16 (0.63)| - - . . . .
B%in 14,51 (0.16) 14.26 (0.16) 13.13 (0.17) 13.57 (0.14) 13.18 (0.14) 1257 (0.15)| 13.51 (0.16) 13.52 (0.16) 12.59 (0.17) 13.54 (0.14) 13.40 (0.14) 12.67 (0.15)
B a5 22,83 (0.05) 22.93 (0.05) 22,53 (0.05) 22.27 (0.05) 22.51 (0.05) 22.15 (0.05)| 26.37 (0.04) 26.36 (0.04) 26.27 (0.04) 26.08 (0.04) 26.10 (0.04) 26.09 (0.04)
B ”},: 4341 (0.28) 29.78 (0.34) 33.38 (0.31) 4290 (0.22) 3249 (0.31) 3276 (0.31)| 26.37 (0.04) 26.36 (0.04) 26.27 (0.04) 26.08 (0.04) 26.10 (0.04) 26.09 (0.04)
q T add q T pad q T ada q T add q T add q T add q & asd q T aga q T add q T aga q F add q T add
MNEFSC spring 0.84 0.1 0.24 0.16 0.24 0.16 0.79 0.11 0.79 0.11 0.78 0.11 0.96 0.18 0.98 0.18 0.96 0.18 0.83 0.12 0.83 0.12 0.83 0.11
MEFSC fall 067 010 068 010 068 010 064 012 064 012 064 012 | 054 006 054 006 054 005 047 006 047 0.068 047 005
MADMPF spring 0.22 0.30 0.22 0.30 0.22 0.30 0.15 0.24 0.15 0.24 0.15 0.24 0.22 0.20 0.22 0.20 0.23 0.30 0.15 0.24 0.15 0.24 0.15 0.24
K 70.79 (0.13) 245.16 (0.26) 31.22 (0.08) 36.39 (0.09) 157.95 (1.35) 625.38 (1.47) 31.26 (0.26) 43.49 (0.35)
h 244 (0.14) 0.88 (0.05) 1.00 (0.16) 098" (0.00) 179 (0.25) 0.80 (0.08) 094 (0.29) 0.82 (0.39)
MSY 13.48 (0.10) 15.27 (0.22) 6.31 (0.16) 5.83 (0.09) 23.77 (1.17) 36.66 (1.40) 588 (0.17) 576 (0.23)
F sy 0.59 0.27 0.67 0.95 0.42 0.22 0.60 0.86
B sy 23.88 (0.10) 57.05 (0.23) 11.54 (0.16) 8.27 (0.10) 58.07 (1.17) 168.72 (1.40) 11.80 (0.17) 879 (0.23)
B¥ el K? 0.34 (0.11) 023 (0.08) 0.37 (0.17) 023 (0.03) 0.37 (0.20) 027 (0.08) 0.38 (0.32) 0.20 (0.50)
B B sy 0.61 (0.10) 025 (0.23) 1.18 (0.16) 159 (0.10) 0.23 (1.17) 0.08 (1.40) 115 (0.17) 153 (0.23)

* This applies to the gradient for the age 4 parameter for selectivity in the first 1982-1988 block. All other estimated parameters have gradient <107,
+ Estimate on bound of #=0.98 imposed on Beverton-Holt stock-recruitment curve fits.
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App. AS, Table 2: An extension of Table 1 which provides BRP values for external estimation of the stock-recruitment functions.

Start in 1963 Start in 1982

M=0.2 M increasing M=0.2 M increasing
Ricker Beverton-Holt Ricker Beverton-Holt Ricker Beverton-Holt Ricker Beverton-Holt

-InL 8.7 11.4 1.5 6.1 2.8 2.7 -1.9 -1.8
h 2.65 '(0.14) 0.91 (0.05) 1.14 '(0.16) 1.00  (0.00)| 2.16 (0.24) 0.86  (0.08) 1.18 (0.29) 1.00 (0.00)
K 66.41 '(0.13] 220.04 '(0.22] 29.83 '(0.06] 36.86 '(0.09] 89.51 '(0.65] 324.35 '(0.76) 27.22 '(0.17] 39.44 (0.11)

F sy 0.87 0.38 1.11 5.00* 0.67 0.31 1.20 5.00*
MSYL ™ 0.33 '(0.11] 0.22 '(0.05] 0.36 '(0.16] 0.11 '(0.00] 0.35 '(0.18] 0.26 '(0.07) 0.36 '(0.29] 0.11  (0.00)
B sy 21.94 '(0.09] 49.41 '(0.18] 10.88 '(0.15) 3.87 '(0.09] 31.57 '(0.50] 83.96 '(0.69) 9.86 '(0.18] 4.15  (0.11)
MSY 13.55 "(0.09) 14.32 (0.18) 7.01 (0.15) 6.59 ~(0.09)| 15.62 '(0.50) 20.36  (0.69) 6.65 (0.18) 7.05 (0.11)
B o 13,11 (0.17) 13.11 (0.17) 12,57 (0.15) 12.57 (0.15)| 12.59 (0.17) 12,59 (0.17) 12.67 (0.17) 12.67 (0.15)
B 011/BF sy | 0.60 '(0.09] 0.27 '(0.18] 1.16 '(0.15] 3.25 '(0.09] 0.40 '(0.50] 0.15 '(0.69) 1.29 '(0.18] 3,05 (0.11)
B /K 0.20 '{0.13] 0.06 ':0.22] 0.42 '{0.06] 0.34 '(0.09] 0.14 ':0.65] 0.04 '{0.76] 0.47 '{0.17] 0.32 (0.11)

* Estimate on upper bound of F=5.00 imposed on the search for F)sy, which may occur in the limit of #=1 for the Beverton-Holt form. (Note that unlike for the
internal estimation where a bound of #=0.98 is imposed, the bound imposed here is #=1.)

55th SAW Assessment Report

527

Gulf of Maine Cod — Appendix A-5-Tables



App. AS, Table 3: Estimates of abundance, MSY-related BRPs, and related quantities for the Gulf of Maine cod for different
sensitivities about the Reference Case (start in 1963 with a Ricker stock-recruitment curve estimated internally) with M = 0.2, which
is shown in bold. Values in round parentheses are Hessian based CV's, while maximum gradient refers to the quantity reported with
the ADMB estimation results. Negative log-likelihood overall values shown in square parentheses denote non-comparability with
values of all likelihood components given in adjacent columns. Mass units are '000 tons. y1 refers to the start year for the assessment.
Recruitment Ny o 1s in millions. Refer to Appendix B for definitions of some of the symbols used.

| Adjusted log-  Fitto biomass Domed NEFSC Alt e 1083 Bigelow
Different start year normal CAA instead of survey e _|ve Rre i internal Mo CAL data
oa commercial selectivities ) A
error numbers selectivity calibration
Shifted 2
Reference Case Same as 82-88 Iiec.eyrs
Start year y1= 1534 18963 1964 1865 1867 1870 1982 1963 1963 1963 1963 1963 1963 1863
-InL: overall {27621 2765 -[2748] {2732] -[2697] -[2610] -[2128] | -[298)] -[27771 -2781 -2768 -2761 2766 -[2605]
<InL: survey -24.5 -24.2 -25.4 -25.1 -23.2 -19.4 -15.5 -24.2 -37.5 -25.3 -24.7 -23.8 -25.3 -24.1
-InL: comCAA -787.0 -787.0 -787.0 -786.8 -786.6 -787.2 -793.8 -177.8 -786.3 -786.7 -790.6 -788.6 -787.0 -787.2
-InL: survCAA -1819 -1819 -1819 -1820 -1820 -1820 -1329 -134 -1818 -1828 -1817 -1815 -1821 -1819
-InL: survCAL -160.0 -160.5 -141.6 -126.1 -89.3 5 = 16.6 -160.3 -162.1 -160.6 -160.2 -160.6 0.0
-InL: RecRes [31.9] 293 [29.1] [28.7] [26.4] [21.3] [15.2] [25.0] [29.9] 26.0 279 0.1 286 [28.7]
-InL: Catch 3.2 3.1 3.0 29 2.4 19 1.4 2.9 25 25 3.1 3.3 3.2 31
-InL: calibration 6.7 -6.7 -8.7 -6.7 8.7 -8.7 -6.7 6.7 -6.7 -6.7 -6.7 -6.7 -5.4 -68.7
Maximum gradient | 0.000 0.000 0.000 0.000 0.000 0.000 2.600" 0.000 0.000 0.000 0.000 30.774 18‘5"' 0.000
Ny1o 952 (76.22) 15.10 (0.14) 856 (0.7 465 (0.20) 3.25 (0.21) 4.84 (0.19) 13.30 (0.07) | 16.02 (0.11) 1541 (0.14) 16.29 (0.14) | 14.08 (0.14) 15.41 (0.15) | 15.09 (0.14) 1517 (0.16)
é 025 (152.54) 0.09 (1.06) 0.04 (205 014 (0.78) 0.16 (0.73) - - 0.21 (0.35) 009 (0.91) 001 (0.08)| 0.02 (0.97) 008 (L08)| 009 (105 001 (0.02)
B%un 1425 (0.16) 1451 (0.16) 1442 (0.16) 14.33 (0.16) 1435 (0.16) 1422 (0.16) 1351 (0.16) | 16.04 (0.17) 1359 (0.15) 1530 (0.17) | 1430 (0.16) 14.39 (0.16) | 14.67 (0.16) 14.50 (0.16)
[ 22,92 (0.05) 22.83 (0.05) 22.84 (0.05) 22.96 (0.05) 22,99 (0.05) 22.94 (0.05) 26.37 (0.04)| 26.19 (0.05) 22.94 (0.05) 28.63 (0.09)| 22.37 (0.05) 23.29 (0.05)| 22.81 (0.05) 22.94 (0.05)
B¥,, 4117 (140.75) 43.41 (0.28) 4674 (0.24) 3480 (0.27) 38.66 (D.13) 2458 (0.10) 26.37 (0.04) | 28.24 (0.23) 3948 (0.23) 10212 (0.17) | 4422 (D.26) 4124 (0.32) | 4330 (0.28) 51.87 (0.13)
q Facg q F e q T ada gq L P q L T q L q L q T ada q Ly P T q T add q F pge q T g q T el aq L P
MNEFSC zpring 0.84 0.16 0.84 0.16 0.84 0.16 0.84 0.16 0.84 0.1 0.84 0.17 0.96 0.18 0.89 0.16 0.83 0.15 0.86 0.16 0.84 0.16 0.85 0.16 0.84 0.16 0.84 0.16
NEFSC fall 0.67 0.10 0.67 0.10 0.66 0.09 0.65 0.09 0.64 0.10 0.64 0.11 0.54 0.086 0.79 0.11 0.66 0.07 0.69 0.09 0.66 0.10 0.68 0.10 0.67 0.10 0.66 0.10
MADMF spring 0.22 0.30 0.22 0.30 0.22 0,30 0.22 0,30 0.22 0.30 0.22 0.30 0.22 0.30 | 0.20 0.29 0.19 0,18 0.21 0.30 0.22 0.30 0.22 0.30 0.22 0.30 0.22 0.30
K 7478 (0.9) 7079 (0.43) 7011 (0.14) 7518 (0.19) 94.80 (0.27) 383.89 (1.81) 157.95 (1.35) | 95.45 (0.29) 7139 (0.15) 97.48 (0.12) | 66.28 (0.12) 75.81 (0.16)|70.73 (0.14) 72.03 (0.12)
h 2.24 {0.15) 244 (0.14) 246 (014) 232 (0.16) 211 (0.16) 1.65 (0.18) 1.79 (0.25)| 1.99 (0.18) 2.39 (0.15) 203 (0.12)| 245 (0.14) 241 (0.14)| 243 (0.14) 240 (0.13)
MSY 13.34  (0.12) 13.48 (0.10) 13.44 (0.10) 13.75 (0.12) 1609 (0.19) 5341 (1.68) 23.77 (1.17)| 15.26 (0.18) 13.39 (0.10) 15.69 (0.10) | 12.69 (0.09) 14.35 (0.10) | 13.46 (0.10) 13.76 (0.10)
F pasy 0.53 0.59 0.59 0.56 0.50 0.38 0.42 0.48 0.58 0.53 0.60 0.57 0.59 0.58
B”M;\. 2573 (0.12) 2388 (0.10) 2359 (010) 25.61 (0.12) 3296 (0.19) 140.96 (1.69) 58.07 (1.17)| 32.92 (0.19) 2414 (0.10) 32.85 (0.12) | 22.41 (010) 25.88 (0.11) | 23.87 (0.10) 24.70 ({0.10)
8¥ Msw’l\""‘ 0.34 (0.12) 0.34 (0.11) 0.34 (011) o034 (0.13) 0.35 (0.13) 0.37 (0.15) 0.37 (0.20)| 0.34 (0.15) 034 (0.12) 034 (011)| 024 (011) 034 (012)| 0.34 (0.11) 0.34 (0.11)
8% /8%y | 055 (0.12) 061 (010) 061 (0.10) 056 (0.12) 044 (0.18) 010 (169) 023 (1.17)| 049 (0.19) 056 (0.10) 047 (0.12)| 064 (010) 056 (0.41) | 061 (0.10) 059 (0.10)
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App. AS, Table 4: Estimates of abundance, MSY-related BRPs, and related quantities for the Gulf of Maine cod for different
sensitivities about the Reference Case (start in 1963 with a Ricker stock-recruitment curve estimated internally) with M increasing
from 0.2 until 1988 to 0.4 in 2003 and constant at 0.4 thereafter. This case is shown in bold. Values in round parentheses are Hessian
based CV's, while maximum gradient refers to the quantity reported with the ADMB estimation results. Negative log-likelihood
overall values shown in square parentheses denote non-comparability with values given for all likelihood components in adjacent
columns. Mass units are '000 tons. y1 refers to the start year for the assessment. Recruitment Ny o is in millions. Refer to Appendix B

for definition of some of the symbols used.

55th SAW Assessment Report

Adjusted log-
Different start year normal CAA
error
Start year yl= 1934 1963 1964 1965 1967 1970 1982 1963
-InL: overall -[2772] -[2774] -[2757] -[2740] -[2705] -[2615] -[2137] -[311]
-InL: survey -30.1 -30.2 -31.4 -31.1 -29.9 -26.4 -24.1 -29.2
-InL: comCAA -785.1 -783.9 -785.9 -785.8 -784.5 -785.8 -791.1 -176.2
-InL: survCAA -1818 -1819 -1818 -1818 -1820 -1819 -1329 -139
-InL: survCAL -160.9 -161.0 -142.1 -126.1 -80.3 0.0 0.0 16.0
-InL: RecRes [25.8] [24.4) [23.8] [24.4] [22.7] [20.1] [13.1] [21.0]
-InL: Catch 3.4 3.2 31 3.1 2.7 2.0 a [ § 35
-InL: calibration 6.7 -6.7 -6.7 -6.7 -6.7 -6.7 -6.7 -6.7
Maximum gradient | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Myra 10.74 (1.98) 15.10 (0.14) ¢&.70 (0.17) 479 (0.20) 356 (0.21) 5.23 (0.19) 1352 (0.07) | 1593 (0.11)
¢ 033 (245 008 (0.86) 0.03 (2.09) 0.08 (1.02) 013 (0.84) 0.18 (0.40)
B¥ 13.64 (0.15) 1357 (0.14) 1354 (0.14) 13.55 (0.14) 13.57 (0.14) 13.58 (0.15) 1354 (0.14)| 15.07 (0.15)
B* 0 2217 (0.05) 2227 (0.05) 2238 (0.05) 22.46 (0.05) 22.33 (0.05) 22.54 (0.05) 26.08 (0.04) | 25.71 (0.05)
B ”’w 25.81 (2.11) 4290 (0.22) 46.72 (0.19) 28.85 (0.21) 38.64 (0.13) 323.05 (0.10) 26.08 (0.04) | 3243 (0.20)
q T agd q =gy ¥} q L=y ] q T add q T ady q T add q & Ay q i
NEFSC spring 0.80 0.11 0.79 0.11 0.79 0.11 0.79 0.11 0.79 0.11 0.78 0.11 0.83 0.12 0.78 0.11
NEFSC fall 0.64 0.12 064 012 0.63 011 062 011 061 011 059 012 047 006 | 070 013
MADMEF spring 0.15 0.24 0.15 0.24 0.15 0.24 0.15 0.24 0.15 0.24 0.15 0.24 0.15 0.24 0.13 0.24 |
K 31.64 (0.08) 31.22 (0.08) 31.26 (0.08) 31.03 (0.08) 33.59 (0.11) 44.77 (0.27) 31.26 (0.26) | 32.72 (0.08)
h 1.02 (0.16) 1.00 (0.16) 1.01 (0.16) 1.01 (0.17) 091 (0.18) 0.72 (0.21) 094 (0.29)| 0.85 (0.20)
MSY 6.50 (0.15) 6.31 (0.16) 6.37 (0.15) .32 (0.18) 6.16 (0.15) 6.27 (0.16) 5.88 (0.17)| ©.24 (0.18)
F ansy 0.69 0.67 0.68 0.68 0.58 0.39 0.60 0.57
B 11.66 (0.15) 11.54 (0.16) 1154 (0.16) 11.46 (0.16) 12.72 (0.16) 17.95 (0.16) 11.80 (0.17) | 12.22 (0.18)
B el K™ 037 (018 037 (0.17) 037 (0.17) 037 (0.18) 038 (0.20) 0.40 (0.25) 038 (0.32)| 037 (0.22)
B¥ . e¥ o 117 (0.15) 1.18 (0.16) 1.17 (0.16) 1.18 (0.16) 1.07 (0.16) 0.76 (0.16) 1.15 (0.17)| 1.23 (0.18)
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App. AS, Table 5: Estimates of abundance, MSY-related BRPs, and related quantities for the Gulf of Maine cod for the preferred
cases for the two different M scenarios. Values in round parentheses are Hessian based CV's, while maximum gradient refers to the
quantity reported with the ADMB estimation results. Mass units are '000 tons. yl refers to the start year for the assessment.
Recruitment Ny o 1s in millions. Refer to Appendix B for definitions of some of the symbols used.

M=0.2 M increasing
Start year y1= 1934 1934
-InL: overall -2764 -2773
-InL: survey -25.4 -30.8
-InL: comCAA -787.0 -785.2
-InL: survCAA -1821 -1820
-InL: survCAL -160.1 -161.0
-InL: RecRes 321 26.0
-InL: Catch 3.2 3.4
-InL: calibration -5.4 -5.6
Maximum gradient | 18.5*% 15.5
Ny10 11,21 (175.51) 10.78 (1.97)
] 0.32 (231.12) 0.33 (2.14)
B% 0n 14.49 (0.05) 13.79 (0.05)
B% lom 22,90 (0.16) 22.15 (0.15)
BSPW 32.69 (222.39) 25.73 (2.10)
q O add q O add
NEFSC spring 0.84 0.16 0.80 0.11
NEFSC fall 0.67 0.10 0.65 0.12
MADMF spring 0.22 0.30 0.15 024
K 7470 (0.19) 31.58 (0.08)
h 224 (0.15) 1.02 (0.16)
MsY 13.33  (0.12) 6.49 (0.15)
F sy 0.53 0.69
B ey 2570 (0.12) 11.64 (0.15)
B /K 0.34  (0.12) 0.37 (0.18)
B 2011/B % sy 0.56 (0.12)  1.18 (0.15)

* This applies to the gradient for the third calibration parameter F2. All other estimated parameters have gradient <107,
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Appendix AS. Figures
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App. AS, Fig. 1: Spawning biomass and recruitment trajectories for the Ricker internal
case with M = (.2 and different starting years. The time series of catches is also shown
(including the 32% increase pre-1982 to take account of discards).
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App. AS, Fig. 2: Spawning biomass and recruitment trajectories for the Ricker internal
case with M = (.2, start in 1934 (top row) and start in 1963 (bottom row) with +2 se’s
shown to reflect approximate 95% Cls.
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App. AS, Fig. 3: Spawning biomass and recruitment trajectories for various sensitivities
about the Reference Case (RC - Ricker internal start in 1963) for M = 0.2.
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App. AS, Fig. 4: Pre-1982 commercial selectivities for the RC for M = 0.2and the two
sensitivities relating to the pre-1982 commercial selectivity, and then for the NEFSC
survey selectivities for the RC (flat) and the domed selectivity sensitivity.
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App. AS, Fig. 5: Spawning biomass and recruitment trajectories for the Reference Case
with M = 0.2 and the corresponding case with M increasing.
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App. AS, Fig. 6: Stock-recruitment curve and "observed" recruitment for the Ricker and
Beverton-Holt relationships estimated internally for the RC choice of a 1963 start year.
The dashed lines show the corresponding estimated curves for external estimation.
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App. AS, Fig. 7: Stock-recruit relationship for the Reference Case with M = 0.2 and the
cases with different start year. To improve discrimination, the very imprecisely estimated
1970 curve which goes to much higher levels than these others is omitted.
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App. A5, Fig. 8. Spawning biomass and recruitment trajectories (with +2 se’s to reflect
approximate 95% Cls) for the "preferred" run, M = 0.2.
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App. A5, Fig. 9. Survey and commercial selectivities estimated for the "preferred" run, M
=0.2.
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App. A5, Fig. 10: Fits to the abundance indices (top row) and to the survey and commercial catch-at-age data for the "preferred" run,
M = 0.2. 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.
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App. A5, Fig. 11: Fits to the survey catch-at-length data for the "preferred" run, M = 0.2.
The first row plots compare the observed and predicted CAL 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.
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App. AS, Fig. 12: Comparison of Bigelow-Albatross calibration function estimated
within the assessment ("preferred" run, M = (0.2) and calibration function given.
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App. AS, Fig. 13: Retrospective analysis for the "preferred" run, M = 0.2.
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App. AS, Fig. 14. Spawning biomass and recruitment trajectories (with £2 se’s to reflect
approximate 95% Cls) for the "preferred" run, M increasing.
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App. AS, Fig. 15. Survey and commercial selectivities estimated for the "preferred" run,
M increasing. Note that for the Massachusetts survey as the age 4 selectivity is estimated
to be greater than that for age 3, the selectivities for ages 5 and 6 are set equal to those for
age 4 rather than continuing the trend from age 3 to age 4.

55th SAW Assessment Report

540

Gulf of Maine Cod — Appendix A-5-Figures



NEFSC Spring survey NEFSC Autumn survey Massachussets Spring survey Commercial

14 60
. .
- 1 P o | .
% 5 g - .
£ >
2 1o g
= H 2 w
ST ¢ . iy =
Eg . E g 2
- -
22 £2 £
5= - BT 2
B . 2 H
5 5 g
T 4 .t - B L
o - m =
A, .s S e & =
- . - a® % E
0 o -
1960 1870 1960 1990 2000 2010 1960 1870 1980 1900 2000 2010 1960 1970 1880 1990 2000 2010
0.25 0.30 0.50 0.3s
0.45 —_
0.20 LS 0.40 i
- 0.35 0.25
s 0.15 s s 0.30 g 020
< z 0.15 B 0.25 <
2 010 2 2 o0 £
2 2 p1o 2 2
= = & pas & pap
0.10
Zes 0.05 I]
Noem o oo +— -

(4] 1 2 i 4 5 () 7 B8 9 4] 1 2 i 4 5 6 7 8 9
9 9 @ Goe D00
©-COCE- REIHD+0o)
7 7 28919, (00
5]

85 g5 ‘,(.r 3

< Qoo ( 3OO < (@Y
3 (@ CLLITO-CD0 3 SOOI T OACHA NS0
COUQ s A @{(@@ (e
14 ©CEP Lo EP ) 1 €@ @ gis (e (@ oe

11965 1975 1985 1995 2005 11965 1975 1985 1955 2005 11965 197% 1985 1995 200G 11965 1975 1985 19495 2005

App. A5, Fig. 16: Fits to the abundance indices (top row) and to the survey and commercial catch-at-age data for the "preferred" run,
M increasing. 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.
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App. AS, Fig. 17: Fits to the survey catch-at-length data for the "preferred" run, M
increasing. The first row plots compare the observed and predicted CAL 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.
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App. AS, Fig. 18: Comparison of Bigelow-Albatross calibration function estimated
within the assessment ("preferred" run, M increasing) and calibration function given.
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App. AS, Fig. 19: Retrospective analysis for "preferred" run, M increasing.
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App. AS, Fig. 20: Stock-recruitment curves and "observed" recruitment (pre-1963 data
are shown as open circles) for the "preferred" runs M = 0.2 (left-hand plot) and M
increasing (right-hand plot).
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Appendix AS (Apendices A and B within App. AS)

APPENDIX A — Data

Note that the tables following, and the analyses reported in the main text, now exclude
any 2012 data.

App. AS (Append. A), Table Al: Total catch (incl. USA, DWF and recreational landings,
and discards) (thousand metric tons) of Atlantic cod from the Gulf of Maine (NAFO
Division 5Y), 1964-2012 (Michael Palmer, pers. commn). The revised discard mortality
assumptions have been applied. Note that pre-1982 catches have been increased by 32%
in the Base Case to allow for levels of discards suggested by recent analyses by the

NEFSC.

Year  Total catch Year  Total catch Year  Total catch Year  Total catch
1934 11.619 1954 3.411 1974 7.550 1994 9.060
1935 9.679 1955 3.171 1975 8.788 1995 7.566
1936 7.442 1956 2.693 1976 9.894 1996 7.757
1937 7.432 1957 2.562 1977 11.993 1997 5.814
1938 7.547 1958 4,670 1978 11.890 1998 4,578
1939 5.504 1959 3.795 1979 10.972 1999 3.078
1940 5.836 1960 3.448 1980 12.515 2000 5.823
1941 6.124 1961 3.216 1981 16.512 2001 8.055
1942 6.679 1962 2.989 1982 17.096 2002 6.509
1943 9.397 1963 2.595 1983 16.487 2003 6.497
1944 10.516 1964 3.242 1984 12.868 2004 5.766
1945 14,532 1965 3.759 1985 14.391 2005 5.441
1946 9.248 1966 4.225 1986 12.572 2006 4.268
1947 6.916 1967 5.824 1987 12.005 2007 5.527
1948 7.462 1968 6.137 1988 10.333 2008 7.375
1949 7.033 1969 8.155 1989 13.371 2009 8.355
1950 5.062 1970 7.961 1990 19.314 2010 7.670
1951 3.567 1971 7.475 1991 20.978 2011 6.830
1952 3.011 1972 6.927 1992 12.347

1953 3.121 1973 6.138 1993 9.960
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App. AS (Append. A), Table A2: Mean weight-at-age (kg) at the beginning of the year
for the Gulf of Maine cod stock. Values derived from aggregated commercial landings
and discard mean weight-at-age data (mid-year) using procedures described by Rivard
(1980) (Michael Palmer, pers. commn) and applying the revised mortality assumptions.
Pre-1982, the 1982-1991 average mean weight-at-age is assumed.

0 1 2 3 4 5 6 7 8 9+
1982 0.0024 0.241 0.594 1.165 2.127 4.635 7.622 9.289 9.695 15.664
1983 0.0077 0.050 0.501 1.114 1.894 3.136 5.539 6.549 9.962 13.325
1984 0.0001 0.075 0.372 1.019 2.021 2.952 4,593 7.118 7.845 14.828
1985 0.0146 0.014 0.403 0.910 2.013 3.532 4.608 6.863 9.700 13.676
1986 0.0009 0.104 0.316 1.077 1.917 3.670 5.504 6.908 9.315 14.646
1987 0.0007 0.028 0.406 0.777 2.273 3.574 5.889 8.079 9.487 14.582
1988 0.0003 0.022 0.293 0.980 1.709 4.010 4927 6.705 10.069 12.993
1989 0.0223 0.027 0.292 0.887 2.179 3.172 5578 6.945 8.799 20.913
1990 0.0063 0.095 0.431 0.937 1.742 3.627 5750 8.043 10.440 18.718
1991 0.0069 0.071 0.450 1.083 1.689 2.846 5.654 8.972 11.518 14.060
1992 0.0116 0.028 0.476 1.215 2.026 2.564 4.629 8.832 10.453 14.483
1993 0.0116 0.046 0.191 1.254 1.702 3.449 4.083 7.388 12.219 15.708
1994 0.0095 0.038 0.236 1.003 2.244 25571 5294 6.601 11.095 11.846
1995 0.0122 0.051 0.275 0.946 2.021 3.934 4,722 8.526 10.045 22.443
1996 0.0223 0.060 0.356 1.462 1.784 2.971 6.185 8.967 12.844 16.357
1997 0.0049 0.049 0.391 1.466 2.407 2.571 3,973 8.245 11.940 16.938
1998 0.0015 0.059 0.256 1.445 2.245 3.423 3,558 5.739 10.442 16.676
1999 0.0224 0.044 0.343 1.196 2.237 3.139 4,752 5301 8.351 12.279
2000 0.0092 0.120 0.461 1.063 2.257 3.422 4773 5508 7.882 12.661
2001 0.0229 0.097 0.456 1.305 2.420 3.851 5.091 6.513 6.912 9.538
2002 0.0115 0.089 0.465 1.050 2.249 3.247 5.29 6.514 7.924 12,152
2003 0.0217 0.089 0.346 1.053 1.742 2977 4.118 6.837 8.011 12.023
2004 0.0105 0.066 0.351 0.971 2.110 2.620 4,199 5.908 8.627 13.288
2005 0.0082 0.060 0.248 0.821 1.654 3.338 3.841 5.758 7.593 12.546

2006 0.0428 0.089 0.295 0.808 1.890 2.467 4.076 4912 6.744 12137
2007 0.0086 0.124 0.450 0.925 1.771 3.005 3.723 5.020 6.329 12.394

2008 0.0464 0.085 0.420 1.117 1.888 2.892 3.630 5147 6.803 12.040
2009 0.0137 0.171 0.480 1.248 2.283 2.908 3.658 4.735 6.735 12.878
2010 0.0061 0.100 0.589 1.168 2.328 3.198 3.685 4.778 7.153 11.612
2011 0.0836 0.087 0.492 1.353 1.972 3.262 4.114 4.788 5.751 12.995
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App. AS (Append. A), Table A3: Mean weight-at-age (kg) of landings for the Gulf of
Maine cod stock applying the revised mortality assumptions (Michael Palmer, pers.
commn). Pre-1982, the 1982-1991 average mean weight-at-age is assumed.

0 1 2 3 4 5 6 7 8 9+
1982 0.012 0.356 0.858 1.514 2.606 5.067 7.065 9.620 9.771 15.664
1983 0.024 0.224 0.768 1.542 2.418 3.808 6.055 6.071 10.317 13.325
1984 0.001 0.234 0.653 1.478 2.678 3.609 5540 8.368 10.138 14.828
1985 0.039 0.206 0.733 1.404 2.819 4.658 5.884 8.502 11.244 13.676
1986 0.005 0.277 0.501 1.698 2.774 4.778 6.504 8.109 10.206 14.646
1987 0.004 0.154 0.642 1.323 3.090 4.668 7.259 10.036 11.099 14.582
1988 0.003 0.122 0.577 1.666 2.360 5.205 5.200 6.193 10.103 12.993
1989 0.046 0.236 0.752 1.518 2.959 4.282 5980 9.276 12.519 20.913
1990 0.021 0.193 0.811 1.349 2.141 4.474 7721 10.820 11.750 18.718
1991 0.014 0.236 1.113 1.601 2.281 3.894 7.144 10.429 12.261 14.031
1992 0.023 0.055 1.033 1.530 2.747 2976 5.587 10.921 10.483 14.483
1993 0.021 0.081 0.690 1.748 2.150 4.420 5.670 9.817 13.673 15.701
1994 0.022 0.058 0.730 1.712 3.085 3.251 6.335 7.684 12.542 11.846
1995 0.027 0.103 1.288 1.591 2.649 5.0890 6.865 11.466 13.128 22.443
1996 0.033 0.100 1.293 2.096 2.260 3.462 7.558 11.728 14.455 16.269
1997 0.017 0.0e4 1.351 2.128 3.022 3.074 4.699 9.000 12.156 16.938
1998 0.008 0.202 1.071 1.931 2.633 3.972 4,255 7.122 12,118 16.676
1999 0.052 0.222 0.635 1.723 2,777 3.892 5.670 6.704 9.811 12.279
2000 0.030 0.282 1.081 2.150 3.316 4.325 5.898 5.352 9.331 12.680
2001 0.045 0.316 0.890 2.176 3.144 4.666 6.140 7.273 9.072 9.559
2002 0.032 0.185 0.795 1.797 2,906 3.792 6.132 6.969 8.808 12.205
2003 0.038 0.202 0.809 1.843 2.378 3.654 5112 7.649 9.191 12.058
2004 0.025 0.111 0.483 1l.606 2.965 3.547 5350 7.220 9.764 13.303
2005 0.027 0.126 0.558 1.625 2.401 4.233 4,502 6.349 8.002 12.549

2006 0.071 0.289 0.648 1.493 2,932 3.357 4.463 5562 7.430 12146
2007 0.025 0.220 0.744 1.731 2,922 3.735 4771 6.167 7.302 12.394

2008 0.085 0.247 0.862 2.179 2.818 3.530 3.988 5.819 7.528 12.044
2009 0.032 0.337 0911 2153 3.126 3.575 4.368 5.959 8.000 12.887
2010 0.023 0.264 1.200 1.995 3.203 3.914 4.447 5708 8.730 11.612
2011 0.0856 0.3289 0.9331 2.0561 2.874 3.8696 4.839 5.7166 5.9528 12.984
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App. A5 (Append. A), Table A4: Total (commercial and recreational landings and
discards) catches-at-age for the Gulf of Maine cod stock, applying the revised mortality
assumptions (Michael Palmer, pers. commn).

1 2 3 4 5 6 7 8 9+
1982 448849 2926542 2287192 1430682 748755 65880 94051 72553 90055
1983 597496 2462037 2913215 1201593 704010 452680 50022 62542 56198
1984 370324 2129556 1675931 1643588 437453 219625 105649 9495 53395
1985 505660 1944327 2405137 1151815 738096 161362 107192 48359 33213
1986 760701 1747046 2747811 991982 279282 202725 48016 38188 47527
1987 281794 2018317 1568334 1574499 345353 89415 81032 14459 37549

1988 415081 1542790 2086633 1156925 447729 67430 25560 26247 9267
1989 166436 1247203 2385088 1651856 521108 87147 70289 9369 19564
1990 65527 812544 5547767 2717623 541353 189069 29703 36417 43315
1991 121627 499588 942731 5561272 1037852 150670 55540 25983 15805
1992 370302 830147 867564 502084 2189957 226167 80181 6044 5530
1993 105929 512307 2149041 944709 103328 497117 41561 11264 0
1994 123996 201923 1525603 1294203 266291 66224 74158 28714 7870
1995 78932 319462 1321833 1260435 221653 29931 6521 18184 2808
1996 37536 111569 627693 2003886 405881 36651 4039 491 1623
1997 69144 137484 519557 467768 869161 72472 5523 2272 1029
1998 5941 171062 492301 628941 152820 205873 28696 5168 2257
1999 73948 90853 347840 336596 172344 53699 59469 12388 1067
2000 24758 485043 556537 813684 176640 85157 12485 10521 0
2001 584 393951 1163770 684449 385530 106600 57232 8262 11577
2002 16831 41591 374949 912638 323797 163476 66392 28087 20263
2003 44899 125587 167812 582079 706098 186022 75694 29224 26844
2004 149420 105917 609344 259720 407447 251632 68378 33017 27442
2005 23545 180064 159581 945815 89223 246596 109148 28457 31674
2006 19249 59082 426566 290132 461742 30341 79655 39016 27343
2007 12171 108471 299416 976424 137404 230163 7947 19244 21999
2008 12156 130508 598424 707392 780450 86355 110576 4041 16558
2009 10651 101492 622453 1093273 477852 304754 20896 30506 9646
2010 8159 83580 394486 888549 668256 164291 71683 11213 7611
2011 8683 60526 322164 589583 573856 339910 34926 38408 9433
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App. AS (Append. A), Table AS: Standardized stratified mean numbers per tow at age and
standardized mean numbers and mean weight (kg) per tow for ages 1+ of Atlantic cod in
NEFSC offshore spring research vessel bottom trawl surveys in the Gulf of Maine, 1968-
2011 (Michael Palmer, pers. commn).

Stratified Stratified
mean mean
numbers/ wt/tow
1 2 3 4 5 6 7 8 9+ tow oV (kg) v
1968 5.329* (0.127)  17.480* (0.153)
1969 3.215*  (0.328)  13.100* (0.329)
1970 0.159 0.124 0.053 0.098 0.290 0475 0.589 0.073 0.330 2,191 (0.214) 11.089 (0.237)
1971 0.069 0.109 0.099 0.280 0.086 0.096 0.280 0.207 0.204 1.429 (0.190) 7.004 (0.211)
1972 0.300 0.153 0.499 0.208 0.205 0.052 0.083 0.119 0.386 2.004 (0.208) 8.031 (0.233)
1973 0.053 4.273 0.917 0.614 0.384 0.144 0.106 0.186 0.848 7.525 (0.328) 18.807 (0.415)
1974 0.311 0.081 1.534 0.177 0.231 0.082 0.000 0.064 0.258 2.738 (0.188) 7.417 (0.199)
1975 0.094 0.707 0.095 1.139 0.246 0.073 0.000 0.006 0.140 2.500 (0.222) 6.039 (0.249)
1976 0.052 0.253 1.114 0.150 0.870 0.131 0.056 0.038 0.117 2.782 (0.181) 7.555 (0.166)
1977 0.068 0.264 0460 2.015 0.139 0.775 0.000 0.114 0.038 3.872 (0.269) 8.541 (0.208)
1978 0.070 0.083 0.297 0.383 0.764 0.084 0.226 0.013 0.131 2.050 (0.191) 7.697 (0.207)
1979 0.426 1.407 0.186 0470 0.301 0.549 0.094 0.104 0.064 3.599 (0.234) 7.555 (0.176)
1980 0.037 0500 0436 0.123 0.294 0.226 0.337 0.000 0.132 2.084 (0.171) 6.231 (0.182)
1981 1.091 0.619 0.850 1.335 0.318 0.304 0.080 0.144 0.091 4.832 (0.194) 10.651 (0.205)
1982 0.357 1.040 0498 0.737 0.848 0.083 0.135 0.000 0.050 3.749 (0.219) 8.616 (0.223)
1983 0.610 0968 1.042 0453 0.336 0.250 0.060 0.000 0.181 3.900 (0.263) 10.962 (0.225)
1984 0.151 1.309 0.987 0.853 0.229 0.047 0.090 0.000 0.000 3.667 (0.443) 6.143 (0.324)
1985 0.029 0.238 0.676 0612 0707 0.094 0.109 0.026 0.026 2.517 (0.202) 7.645 (0.223)
1986 0.537 0.259 0.767 0218 0.075 0.046 0.038 0.000 0.018 1.957 (0.314) 3.476 (0.197)
1987 0.030 0.471 0.191 0.222 0.075 0.000 0.068 0.011 0.015 1.082 (0.257) 1.976 (0.314)
1988 0.719 0926 0.791 0.283 0.205 0.099 0.036 0.020 0.020 3.099 (0.211) 3.603 (0.281)
1989 0.025 0.609 0.712 0.630 0.069 0.068 0.000 0.000 0.000 2.112 (0.184) 2.424 (0.207)
1990 0.009 0.233 1.325 0.668 0.076 0.032 0.018 0.000 0.000 2.362 (0.249) 3.077 (0.280)
1991 0.028 0.077 0.233 1.750 0.247 0.041 0.018 0.000 0.000 2.393 (0.251) 2.891 (0.240)
1992 0.050 0.247 0.223 0.248 1.368 0.213 0.073 0.000 0.012 2.435 (0.317) 8.627 (0.374)
1993 0.201 0507 0.804 0.364 0.084 0.446 0.055 0.023 0.023 2.507 (0.223) 5.875 (0.347)
1994 0.015 0.316 0.407 0.201 0.083 0.053 0.142 0.009 0.045 1.271 (0.223) 2.428 (0.216)
1995 0.037 0.187 1.165 0.321 0.147 0.034 0.000 0.011 0.028 1.930 (0.273) 2.432 (0.257)
1996 0.057 0.022 0.586 1.355 0.385 0.060 0.000 0.000 0.000 2.465 (0.240) 5.427 (0.275)
1997 0.159 0.139 0.390 0.271 0.874 0.244 0.115 0.000 0.000 2,192 (0.168) 5.615 (0.192)
1998 0.018 0.228 0.359 0513 0143 0408 0.021 0.020 0.000 1.711 (0.344) 4,180 (0.324)
1999 0.166 0.342 0726 0351 0305 0.134 0.266 0.000 0.011 2.301 (0.242) 5.090 (0.320)
2000 1.173 0.737 0.438 0.485 0.099 0.092 0.011 0.022 0.000 3.057 (0.221) 3.211 (0.155)
2001 0.029 0.355 0.683 0.510 0.342 0.065 0.097 0.055 0.011 2.147 (0.311) 6.215 (0.327)
2002 0.340 0.045 0.548 1.584 0.606 0.342 0.185 0.057 0.017 3.724 (0.203) 10.934 (0.215)
2003 0.075 0.825 0.059 0.718 1.072 0.387 0.340 0.081 0.122 3.677 (0.223) 9.494 (0.368)
2004 0.136 0.045 0.230 0.116 0.208 0.213 0.011 0.011 0.010 0.981 (0.256) 2.412 (0.293)
2005 0.029 0.739 0.081 0.623 0.011 0.138 0.128 0.015 0.000 1.764 (0.241) 2,701 (0.248)
2006 0.184 0.237 0.434 0.049 0.197 0.023 0.126 0.069 0.015 1.334 (0.203) 2.702 (0.249)
2007 0.100 3.422 3.077 4446 0437 0.796 0.075 0.041 0.000 12.393 (0.665) 15.811 (0.540)
2008 0.079 1.165 3.930 1582 1.099 0.053 0.082 0.000 0.000 7.990 (0.716) 10.824 (0.609)
2009 0.063 0.279 1.050 1.135 0.600 0.438 0.008 0.022 0.004 3.599 (0.531) 7.161 (0.491)
2010 0.059 0.279 0.335 0197 0229 0.113 0.043 0.016 0.025 1.296 (0.243) 3.336 (0.264)
2011 0.005 0.024 0.140 0,383 0,189 0.086 0.033 0.035 0.000 0.894 (0.279) 2,133 (0.201)

* Aggregate index for ages 0+ as numbers-at-age and biomasses-at-age are not available pre-1970.
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App. AS (Append. A), Table A6: Standardized stratified mean numbers per tow at age and
standardized mean numbers and mean weight (kg) per tow for ages 1+ of Atlantic cod in
NEFSC offshore autumn research vessel bottom trawl surveys in the Gulf of Maine, 1963-
2011 (Michael Palmer, pers. commn).

Stratified Stratified
mean mean
numbers/ wt/tow
1 2 3 4 5 6 7 8 9+ tow cv (kg) cv
1963 5.914*  (0.250) 17.950* (0.391)
1964 4015 (0.412) 22.799*  (0.496)
1965 4500  (0.274) 12.089*  (0.273)
1966 3720 (0.217) 12.838*  (0.227)
1967 2.602*  (0.223) 9.313*  (0.219)
1968 4.374*  (0.181) 19.437*  (0.198)
1969 2.758%  (0.152) 15.154*  (0.217)
1970 0.938 0.254 0.520 0.336 0.487 0424 0.836 0.130 0.237 4.162 (0.318) 16.437 (0.248)
1971 0.207 0.224 0.190 0.607 0.444 0509 0.222 0.280 0.345 3.027 (0.205) 16.196 (0.307)
1972 5.663 1.118 1595 0.181 0.072 0.122 0.031 0.121 0.367 9.269 (0.535) 12.988 (0.199)
1973 0.327 2146 0.179 0.540 0.191 0.055 0.018 0.039 0.320 3.814 (0.151) 8.758 (0.267)
1974 1.131 0.267 1.922 0.125 0.276 0.000 0.052 0.036 0.255 4,063 (0.260) 8.959 (0.201)
1975 0.223 3.028 0.139 2,354 0.250 0,105 0.020 0.000 0.018 6.137 (0.226) 8.619 (0.153)
1976 0.209 0.216 0.578 0.104 0.835 0.044 0.099 0.000 0.063 2.148 (0.197) 6.740 (0.214)
1977 0.046 0.446 0456 1.151 0.133 0.604 0.024 0.083 0.130 3.073 (0.124) 10.199 (0.126)
1978 1.411 0.359 1.141 0.661 1.450 0.101 0.269 0.012 0.129 5.531 (0.188) 12.895 (0.151)
1979 0.364 0.617 0.131 0.696 0.319 0.754 0.056 0.135 0.071 3.142 (0.112) 13.927 (0.128)
1980 1.319 2.558 1.664 0.518 0.236 0.402 0.192 0.022 0.097 7.007 (0.261) 14.202 (0.153)
1981 0.581 0.399 0.469 0.509 0.092 0.081 0.081 0.099 0.028 2.339 (0.224) 7.533 (0.233)
1982 0.835 3.26e4 2476 0971 0.222 0.000 0.000 0.000 0.000 7.769 (0.636) 15.919 (0.670)
1983 0.305 0.905 0757 0.267 0.250 0.219 0.000 0.000 0.083 2.786 (0.170) 8.416 (0.188)
1984 0.513 0.418 0586 0.384 0.196 0,194 0.062 0.000 0.096 2.449 (0.220) 8.735 (0.334)
1985 0.445 0.917 0.627 0.201 0.246 0.064 0.000 0.034 0.070 2.604 (0.176) 8.261 (0.354)
1986 0.394 0.404 0.626 0.368 0.073 0.041 0.000 0.000 0.045 1.950 (0.230) 4.715 (0.228)
1987 0.570 1.388 0.586 0.198 0.125 0.000 0.000 0.000 0.000 2.868 (0.308) 3.393 (0.234)
1988 1.889 2366 1.069 0.367 0.146 0.000 0.044 0.000 0.022 5.903 (0.349) 6.616 (0.232)
1989 0.145 2.468 1458 0.283 0.138 0.053 0.000 0.009 0.000 4,553 (0.223) 4,535 (0.181)
1990 0.057 0.218 1.788 0.611 0.255 0.048 0.010 0.000 0.000 2.986 (0.190) 4,912 (0.204)
1991 0.144 0.151 0.230 0.621 0.075 0.000 0.023 0.000 0.000 1.243 (0.267) 2.782 (0.246)
1992 0.289 0.448 0.144 0.041 0.327 0.126 0.000 0.000 0.000 1.375 (0.213) 2.447 (0.243)
1993 0.210 0.575 0.361 0.017 0.000 0.038 0.000 0.000 0.000 1.201 (0.259) 1.002 (0.263)
1994 0.184 0.909 0.816 0.093 0.051 0.000 0.045 0.000 0.000 2.098 (0.309) 2.736 (0.292)
1995 0.068 0.308 1.226 0.304 0.082 0.011 0.000 0.000 0.000 2.000 (0.301) 3.664 (0.325)
1996 0.122 0.379 0.231 0.516 0.050 0.000 0.000 0.000 0.000 1.299 (0.254) 2,351 (0.249)
1997 0.297 0.091 0.165 0.168 0.151 0.000 0.000 0.000 0.000 0.872 (0.299) 1.872 (0.307)
1998 0.085 0.342 0.110 0.185 0.041 0.031 0.000 0.000 0.000 0.793 (0.346) 1.499 (0.287)
1999 0.432 0.375 0.590 0.244 0.122 0.019 0.000 0.000 0.000 1.782 (0.181) 3.504 (0.193)
2000 0.540 0.981 0.399 0.492 0.140 0.010 0.000 0.034 0.000 2.596 (0.306) 4.652 (0.332)
2001 0.000 0.171 0720 0.478 0.356 0,124 0.092 0.000 0.023 1.963 (0.271) 7.323 (0.279)
2002 0.269 0.104 0.333 2.683 1.070 0.750 0.077 0.043 0.000 5.328 (0.578) 24.659 (0.686)
2003 0.461 0.186 0.216 0.518 0.451 0.071 0.062 0.000 0.022 1.988 (0.307) 5.974 (0.251)
2004 0.661 0.172 0.577 0.254 0.250 0.149 0.057 0.023 0.021 2.165 (0.327) 4.903 (0.214)
2005 0.153 0.378 0.078 0.456 0.023 0.090 0.082 0.023 0.021 1.304 (0.065) 2.896 (0.228)
2006 1.241 0.599 1.007 0.252 0.293 0.037 0.053 0.036 0.014 3.531 (0.301) 4,229 (0.188)
2007 0.136 0.863 0.395 0.49 0.023 0.067 0.000 0.000 0.000 1.981 (0.368) 2,714 (0.277)
2008 0.650 1.227 1060 0.189 0.139 0.000 0.000 0.000 0.031 3.295 (0.389) 5.292 (0.285)
2009 0.660 2.096 0.314 0.277 0.045 0.035 0.000 0.000 0.000 3.427 (0.535) 5.844 (0.429)
2010 0.094 0.132 0.290 0.288 0.092 0.023 0.013 0.000 0.006 0.940 (0.233) 2.571 (0.304)
2011 0.060 0.091 0.210 0.304 0.175 0.078 0.005 0.031 0.000 0.954 (0.304) 2.647 (0.336)

* Aggregate index for ages 0+ as numbers-at-age and biomasses-at-age are not available pre-1970.
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App. A5 (Append. A), Table A7: Stratified mean numbers at age per tow and mean number
and mean weight (kg) for ages 1 to 6 of Atlantic cod in State of Massachusetts inshore spring
bottom trawl surveys in territorial waters adjacent to the Gulf of Maine (Mass. Regions 4-5),
1982-2011 (Michael Palmer, pers. commn).

Stratified Stratified
mean mean
numbers wt/tow
1 2 3 4 5 6 /tow ov (kg) v
1982 13.218 6.649 2,921 1.024 0.216 0.049 24.078 (0.221) 9.783 (0.175)
1983 30.253 17.570 4.710 0.347 1.121 0.075 54.076 (0.166) 15.639 (0.153)
1984 1.898 5.090 2,101 0.751 0.147 0.086 10.073 (0.289) 7.042 (0.259)
1985 1.670 2.695 2.024 0.498 0.000 0.000 6.886 (0.206) 4,535 (0.194)
1986 18.031 3.376 0.903 0.582 0.100 0.023 23.014 (0.552) 4,778 (0.354)
1987 8.622 5.376 2.045 0.168 0.147 0.053 16.411 (0.221) 6.305 (0.271)
1988 10.409 6.750 1.927 1.211 0.016 0.033 20.347 (0.206) 7.389 (0.237)
1989 21.463 22,947 6.868 0.513 0.108 0.048 51.946 (0.268) 15.801 (0.342)
1990 4.972 5.938 14.182 2.149 0.155 0.083 27.479 (0.288) 15.612 (0.341)
1991 5.331 2295 1.801 3.669 0.249 0.000 13.344 (0.219) 8.123 (0.122)
1992 4.379 5.699 3.444 0.484 1.301 0.066 15.374 (0.287) 8.417 (0.321)
1993 2.842 6.100 2508 0.879 0.166 0.074 12.569 (0.340) 5.666 (0.270)
1994 5.406 3.883 1.703 0.608 0.131 0.000 11.731 (0.227) 3.908 (0.241)
1995 5.985 2420 2408 0.525 0.028 0.000 11.366 (0.262) 3.695 (0.225)
1996 0.777 0.497 0.955 1.590 0.299 0.000 4.119 (0.218) 3.086 (0.305)
1997 2910 1.035 0920 0.190 0.383 0.018 5.456 (0.240) 2.281 (0.250)
1998 1.487 0.924 0.779 0.637 0.034 0.211 4.072 (0.261) 3.098 (0.468)
1999 11.832 2.407 2,275 0735 0.630 0.036 17.914 (0.369) 7.219 (0.261)
2000 35.360 6.995 2371 2316 0.784 0.663 48.488 (0.391) 16.294 (0.459)
2001 0.084 4,998 4710 3.448 1.961 0.323 15.524 (0.435) 24,860 (0.536)
2002 19.340 0.220 1.379 1.145 0.561 0.318 22.964 (0.096) 6.924 (0.390)
2003 17.109 5.496 0.439 1.938 0.937 0.221 26.139 (0.507) 8.674 (0.219)
2004 8.927 1.882 2.627 0.361 1.083 0.455 15.335 (0.459) 7.044 (0.278)
2005 5.524 4,141 0.795 1.955 0.263 0.663 13.342 (0.223) 7.798 (0.197)
2006 9.992 7.139 3930 0.525 1.532 0.109 23.227 (0.337) 7.001 (0.181)
2007 3.776 3.078 2.303 2.163 0.343 0.519 12.181 (0.274) 7.937 (0.251)
2008 7.275 10.336 3.242  2.287 1.695 0.155 24.991 (0.204) 10.673 (0.215)
2009 8.907 2.350 1.654 1.045 0.348 0.112 14.417 (0.352) 3.839 (0.187)
2010 2415 1.393 1423 0.819 0.678 0.129 6.858 (0.234) 4.953 (0.456)
2011 0.326 1.001 0.621 0.933 0.558 0.139 3.579 (0.534) 4.027 (0.424)

App. A5 (Append. A), Table A8: Percentage of mature females for each age for the Gulf of
Maine cod stock (Michael Palmer, pers. commn).

1 2 3 4 5 6 7 8 9+
0.092 0.287 0.e13 0.862 0.961 0.990 0.997 0.999 1.000
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App. A5 (Append. A), Table A9: Length frequency distributions for NEFSC offshore spring
and autumn research vessel bottom trawl surveys in the Gulf of Maine conducted by the

Bigelow (Michael Palmer, pers. commn).

Year

NEFSC spring survey

2009

2010

2011

NEFSC call survey

2009

2010

2011

-25cm
26cm
27em
28Bcm
29cm
30cm
31lcm
32cm
33cm
34cm
35cm
36cm
37cm
38cm
38cm
40cm
4lem
42em
43em

67cm
68cm
69cm
70cm
Tiem
Ticm
T3em
Tdem
75em
Toem
77em
T8em
79cm
80cm
8lem
82em
83cm

85cm
86cm
87cm
B8cm
89cm
A0cm
91cm
92em
93cm
Sdcm
95cm
96cm
97cm
98cm
99em
100cm+
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0.5634
0.0456
0.0425
0.0638
0.0553
0.0283
0.0544
0.0142
0.0213
0.0858
0.0743
D.08E7
D.0695
0.1204
0.1748
D0.1558
D.1629
0.1771
D.1565
0.2125
0.2287
0.2198
0.1913
0.2371
0.2017
0.2240
0.1845
0.2077
0.2122
0.2517
0.3245
0.1948
0.2045
0.2358
0.2347
0.2537
0.2547
0.1164
0.2003
0.1725
0.0341
0.0611
0.0850
0.0414
0.0370
0.0923
0.0387
0.0287
0.0258
0.0128
0.0199
0.0704
0.0058
0.0115
0.0058
0.0270
0.0270
0.0000
0.0283
0.0115
0.0115
0.0071
0.0186
0.0058
0.0058
0.0071
0.0000
0.0058
0.0000
0.0058
0.0058
0.0128
0.0000
0.0000
0.0000
0.0115

0.4138
0.0189
0.0756
0.1501
0.0945
0.1134
0.1357
0.0945
0.0935
0.1572
0.1a07
0.1029
D.0853
0.0945
0.0567
D0.0283
D0.0283
0.0278
0.0278
0.0278
0.0278
D.02E3
D.01E9
0.0095
0.0283
0.0647
0.0095
0.0953
0.0000
0.1236
0.0322
0.0546
0.0276
0.0370
0.0455
0.0444
0.0000
0.0081
0.0180
0.0227
0.0000
0.0189
0.0544
0.0276
0.0000
0.0632
0.0161
0.0719
0.0322
0.0423
0.0000
0.0081
0.0161
0.0181
0.0563
0.0181
0.0343
0.0000
0.0000
0.0489
0.0081
0.0262
0.0081
0.0000
0.0161
0.0081
0.0000
0.0000
0.0000
D.0081
0.0000
0.0000
0.0000
D.0081
0.0175
D.0403

0.0286
0.0000
0.0000
0.0000
0.0000
0.0000
0.0486
0.0113
0.0113
0.0000
o0.0z227
0.0000
0.0340
0.0113
0.0000
0.0431
0.0227
0.0599
0.0793
0.0907
0.0240
0.0214
0.0240
0.0240
0.0214
0.07983
0.0441
0.0768
0.0680
0.0826
0.0340
0.0700
0.0441
0.0582
0.0000
Q.0227
0.0803
0.0214
0.0113
0.0214
0.0302
0.0467
0.0101
0.0227
0.0372
0.0259
0.0101
0.0322
0.0349
0.0113
0.0101
0.0000
0.0000
0.0101
0.0227
0.0101
0.0000
0.0101
0.0000
0.0000
0.0259
0.0101

0.0000
0.0000
0.0113
0.0000
0.0000
0.0000
0.0340
0.0000
0.0000
0.0000
0.0000
0.0000

0.0214 |

0.3967
0.,1330
01731
0.1251
0.1330
0.2330
0.2834
0.4412
0.5851
0.5068
0.7147
0.6659
0.5014
0.6155
0.3400
0.2516
0.2888
0.3103
0.2834
0.3400
0.3280
0.2776
0.1901
0.2692
0.2125
0.1700
0.0851
0.1198
0.0982
0.0208
0.0708
0.0000
0.0452
0.0384
0.0686
0.0425
0.0447
0.0307
0.0142
0.0874
0.0142
0.0667
0.0201
0.0196
0.0142
0.0283
0.0142
0.0696
0.0350
0.0108
0.0101
0.0283
0.0142
0.0000
0.0283
0.0000
0.0000
0.0101
0.0000
0.0000
0.0000
0.0000
0.0000
0.0142
0.0000
0.0101
0.0000
0.0000
0.0101
0.0000
0.0000
0.0000
0.0142
0.0000
0.0000
0.0000

0.0605
0.0283
0.0142
0.0000
0.0283
0.0567
0.0283
0.1134
0.0425
0.0567
0.0142
D.0324
0.0278
0.0425
0.0142
0.0242
0.0425
D.0850
D.0425
D.0283
D.0224
D.0283
0.0242
D.0425
0.0243
0.0283
0.0z94
0.0778
0.0142
0.0425
0.0284
0.0425
0.0567
0.0242
0.0257
0.0142
0.0242
0.0401
0.0236
0.0142
0.0336
0.0401
0.0242
0.0848
0.0000
0.0201
0.0253
0.02386
0.0310
0.0142
0.0360
0.0840
0.0000
0.0201
0.0283
0.0101
0.0000
0.0000
0.0000
0.0454
0.0236
0.0101
0.0000
0.0101
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0101

0.2489
0.0850
0.0283
0.0142
0.0000
0.0142
0.0136
0.0377
0.0142
D.0506
D.0z83
D.0142
D.0000
D.0000
D.0543
D.0z83
D.0364
D.0380
D.0401
D.0222
D.0&40
D.0587
D.0000
D.0264
0.0623
0.0647
0.0364
0.0383
0.0425
0.0506
0.0330
0.0593
0.0000
0.0000
0.0161
0.0383
0.0588
0.0383
0.0222
0.1130
0.0222
0.0303
0.0203
0.0401
0.0481
0.0581
0.0283
0.0259
0.0420
0.0081
0.0081
0.0222
0.0222
0.0000
0.0108
0.0000
0.0540
0.0222
0.0161
0.0000
0.0081
0.0000
0.0000
0.0142
0.0000
0.0000
D.0000
D.0142
D.0081
D.0000
D.0081
D.0000
D.0000
D.0081
D.0000
D.00E1
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App. A5 (Append. A), Table A10b: Age-length keys for NEFSC offshore spring research vessel bottom trawl

surveys in the Gulf of Maine conducted by the Bigelow (Michael Palmer, pers. commn).

iflccocccocccocococococococococoooCcocCocCoCOoCOCOoOoOoOoDCOCoCOoCoc0OOoDCcCOoO0oC0OOCOo0o0D0O00OC0O0O0O0OoOCc0OOoO0OOCOOoCOoOoDOCCCoGCOoCOo|
mUOUUUUUﬂUUUUUUUUU.UUUUﬂnvﬂ.UUUUUOUUﬂUﬂUUUUUOUUUUUO0UUUUUUHUUUUUUUUUUGUUUUOUHUUU
- E- - - - - I — - I~ N~ - - O~ A~ Y~ T~ A - I - B~ - - R~ A - I~ B — A~ B - -~ O B~ I~ - — Y B~ B~ Y — -~ B~ B~ I~ 0~ - Y~ -~ I~ N~ — I — O~ O — - - B — I~ B~ I — B - O — Y~ - - T A~ - B~ O~ I~ ]
R — I — I I -~~~ I I~ - - - - - - — -~~~ - - - - - I -~ -~ - A~ - - - — I — I — - - — I — I — I — i — -~ I~~~ A~ - - - - - - - I — O - - - B I~ ]
mﬂa0u0000Du0000Du0000uuUDOOu_UUOODu_UUO!.._DUOIDODuDDI.Iu0000011100000001000100000000
L= E— T - — I — I — I — O — i — i — I — I — I — i — I I R — I — = O — i — I — I — I B R B B I — I — T T — I — I — I — i — i — i — I — I — I — I — I — i~ - — - - - - - - - - - - - - - ]
U =T — I — I — T — T — T — O — O — N — T — T — T — i — i — Y — T — T — R — o I B — B — B i e o R R I — I o B R T I B I T T — T — R T — T — T — N — I — N — T — T — T — N — O — N — " — T — T — T — Y — Y — i — T — T — T — O — I — 0 — T —
u4000000DDOOOODDOOOI_J_.I.J-AAJ.ZJ.I!._-E5_J._..D.rln...__rDI._._)_]6?.32D30«-.[000000000000000000000000000000
w30000000000020|36571r9.\-33=|_..1_J.In-._n.._ﬂ:__.J].\-n—.ll_:_looooD0000DD0000000000000000000000000000
.m?_31_33.[1.|.43.-1_2._3_J__J._3.\..3-.\__J_1_looD00000D0000000000000000D00000000000000000000000000000
WD1D0000nUUGOODD0000D00000D0000BDuooﬂDDoﬂoﬂ_DD000nD0000nuuoooauuoooanuoooounono
IlmeoococoocooCcooooooCoooOooOoDoocoooCoooCoOoCoCoooOCooooooCooooooooocoooooooooooooooooooCoood
mnvD0000HUUUUODUUUUODD000nDUUUODDUUUDDUUUUDDn.UUUDD0000HUUUUUODUUUUODDUUUUHDUUU
oD o C o CcCC OO OO oo OO0 o000 0o o000 00000 C o000 0C0C00DOCD000D000COoO0000C0C000C0C0CCcCOoO0OC0CCCcCOODOTO
O OO O O O OO D O O O DO O O 0D DO D00 C 0000000000000 ~N000000C0000C0CC0CO0DOODmMmOOOo—
D OO C C OO0 O o O 00O 00000000 C 0000000000000 ~00C0~,00C000C00C0000~00000C00~00000C00O00—
-
,,ﬁUUUUUUUGUﬂﬂﬂGGUUUOGUUUUUUUUUUUUUUUOGT.U[.[.T.T.ﬂ000T.T.UIUUUIIOUUOUUIUUOGUUUUUOUUUU
Mo OO0 oo 00D O OO0 0O0O000C00 =000 0 0 ==m~mO00=m=~OoCf=~=00MN~0~-00N00O0O0CC0C0—~=—-0000~000oo0ooDoooOoCoOoODoOoO
i e e e = e L B B B e e i e e e e
w.sDD0000.I.I00]0_)_.Iﬂ-.ﬂl-l_:_u0000.I]000_J.D]Dn—.oDu0000Du0000D0000000000000000000000000000
.ml0D0000_)_D.I.OloDu0'0'Du000DD0000DD00000u0000uu000DD0000D00000000000000000000000.
H]1-D0000D00000DD0000DD000000000000000Du0000DD000DD0000000000000000000000000000
7]
WDOD0000D00000000000DD000D00000D0000000000000000DD0000000000000000000000000000
= =
mm_mw.%mmn_,_.s_HMBMw_mwwuuuu.._.ﬁmﬂmwmﬂ_ﬂsﬁﬁmﬂmmwmﬁﬁammmﬁmmnnHMHMﬂmwwmmmmm%mmwwmwﬁww%w%%m
—

Gulf of Maine Cod — Appendix A-5; A-Data

553

55th SAW Assessment Report



10 11+

g 9

40 00000000 0
00 0 0 0

Age
7

0O 00 0 0 0

00 0 0 0 0 0
00 0 0 0 0 0
00 0 0 0 0 0
0 00 0 0 0 O
0

1

00 0 0 0 0 0

5 6
0O 0 0 0 0 0 0 0

i 000000 0 Q

1

0 00 0 00 00
0 00 0 00 00
0 0 0 0 00 00
000 00 0 0 0
000 00 0 0 0

4
3
3
1]
1
3
2

000 0 0 0 0 00
2

00 0 000 00 0
1

000 000 00 0
00 0 000 00 0

3
1
1
1
1
2
1
3
1
1
1
1

000 0 0 0 0 0 00
0 00 0 0 0 00 00
000 0 0 0 00 00
000 0 0 0 00 00
000 0 0 0 00 00
0 00 0 0 O0O0O0O0CO0
2
1
1
1
2
]
1
1
1
1

o
1
2
2

1
1
1
I
1
2
1
1
1

NEFSC Autumn, 2011

0 00 0 0 0 O

8§ 910114 0

Age

7
00 000 OO0 0 0 015
00 00 0 00 0 0 0 0
00 00 0000 00 0

6
00 0 0 0 0000 0

5
¢ 00 000 O0COOCO0ODCO0OCOCO0ODO0DO0OO0O0OO0 0O O

¢ 000 0O0O0OOO0OO0OTO0OCO0OCTOCO0OOCO0OO0 0O OO0
¢ 00 000 O0O0O0O0C0

¢ 00 0 00 0O0O0O0C0
000 0 00 0 000

0 00 000 O0O0O0O0CO0
000 0 00 0 000
000 0 00 0 000

00 0 0 00 0 000

¢ 00 000 O0OO0CO0C0

1
1
1
1
1

¢ 0 0 0 00 0 0 00
¢ 0 0 0 00 0 0 00
¢ 00 0 00 0 OO0

000 0 00 0 000
000 0 00 0 000

4
o0 00O0O0O0OO0OCO0OQO0CODTOCO0ODOODDO0OO0ODO0ODO0 OO

1
00 0 0 00 00O O0O0OO0
2
1
1

2

00 0 0 0 0 0 0 00
0O 00 0 0 00 0 OO0
0O 0 0 00 00 0 000

3
1
2
2
1
2
2
1
1
2
2
1
3
1
2
2

00 0 0 0 000 O0COO0OO0OCCOCOO0OO0OO0CO0OO0OO0 OO0

00 0 0 0 0 0 0 0 OO0
00 0 0 0 0 0 0 0 OO0
00 0 0 0 00 0 0 OO0
000 000 00O O0O0OO0

2
1
2
1
1
2
1
1
1
1
1
1
1

1
1
2
1
3
5
5
1
2
2
1
1

NEFSC Autumn, 2010

0 ¢ 00 0 0 O0O0O0O0OD0 3
0O ¢ 00 0 0000 0
0 ¢ 0 0 0 0000

0 ¢ 0 0 0 0000

g 9 10114 0

Age
7
00 0 0 0 0 0 0 02

6
¢ 00 0 0 0 000

5
0 ¢ 0 0 0 0 0 000
0 ¢ 00 0 00 O0O0O0O0
1

0 00 0 00 OO0 0

¢ 0 ¢ 0 0 0 0 0000
0 ¢ 0 0 0 0 0 OO0 0O

4
2
0O 0 0 00 O0O0CO0CO0O0OOD0 OO OO0

1

00 ¢ 0 0 0 0 0 00
0 0 ¢ 0 0 0 0 0 00
O3 000 O0O0CO0COO0OO0OCO0CODOO0OO0OCOCOO0OO0CO0OO0OO0OOO0OOCO0

00 ¢ 0 0 0 0 0 00
00 ¢ 0 0 0 0 0 0 0 3

00 0 0 0 0 0 0 0 0°C0
00 ¢ 0 0 0 0 0 00
00 ¢ 0 0 0 0 0 0 0
¢ 0 ¢ 0 0 000 O0O0CO0O0
¢ 0 ¢ 0 0 0 0 0 000
¢ 0 ¢ 0 0 0 0 0000
¢ 0 ¢ 0 0 0 0 0 000
0 00 000 O0O0CO0OO0OO0OD0D 3

200 000 0 0 0 00

4

000 0 00 00 OO0 O0
000 0 00 00 000
000 0 00 00 000
¢ 0 ¢ 0 0 0 0 0 000
¢ 0 ¢ 0 0 0 0 0 000

000 0 00 0 0 00

3

500000000 O0QO0O0
200 0 00 0 00 00

2
2
1
2
2
1
1
4
1
3
1
5
4
1
3
7
3
2
1
3

0 1
9 11
4
4
4
0 3
0 1
0 1
0 0
00 200000000 O0OQO0
0 2
0 1
0 1
0: A
00
00
00
00
00
00
00
00
1]
00
1]
00 0
1]

NEFSC Autumn, 2009
0

¢ 00 0 0 0 0 0 0 O

=1

<25
28
30
3l
34
35
36
37
38
39
40
43
44
46
47
48
49
50
51
52
53
54

Length

App. A5 (Append. A), Table Al11: Age-length keys for NEFSC offshore autumn research
vessel bottom trawl surveys in the Gulf of Maine conducted by the Bigelow (Michael Palmer,

wy
el

pers. commn).

0

0 0 0 0
0

0 0 0 0
0

0 0 0 0 0
¢ 00 00
¢ 0 0 0 0
¢ 00 00
00 0 0 0
000 0 0
1
00 0 0 0
1

00 00 00
00 0 0 0 0
00 0 0 0 0
0
1

00 0 0 00
00 0 0 00

1
1
1
1
0
1
1

0o o0 00 0 O
000 00 00
000 00 00

0 00 0 0 0 O
0 00 0 0 0 O
0
1
0
0
0
0
2 0 &4 00

1
2
2
1
1
1
1
02 0000 00
1
1
1
1
1

000 0 0 0 0 0 O
1

000 00 0 0 0 0

2
1
1

1
2
1

0

0 0

0 0

0 0

0 0

]

0 0

0 0

0 00 0 0 0 0 0

1

Gulf of Maine Cod — Appendix A-5; A-Data

00 0 0 0 0 0
0 0 0 0 0 0 0 0 4 6
¢ 0 0 0 0 0 0 0
00 0 0 0 0 0 0 0 0
o0 0 0 00000 O 4 O0OD0O0CO0 OO0
o0 0 00
o0 0 00
o0 0 00
o0 0 00
o0 0 00
0 0 0 00 0 0 0 00

1
1

1

1

¢ 0 0 0 0 000 00
1

1

0 0 0 0 0 000 0 0 0
0

1

¢ 0 0 0 0 O0O0O0O0O0CO0O0CO0OCO0OO0OO0 0O

¢ 00 0 0 O0O0O0O0O0 3
¢ 0 0 0 0 000 O0 0 3
0 0 0 0 0 000 0 0 0 2
0 0 0 0 0 000 0 0 0 0

¢ 0 0 0 0 000 00
¢ 0 0 0 0000000

0
1]

1]
0O 6 0 0 0 0 0

0O 6 0 0 0 0 0

00 00 00 O0O0O0O0O0O0CCO0CO0CO0 0000
0O 6 0 0 0 0 0

1
1

0O ¢ 0 0 0 000000 2 2
6 0 ¢ 0 00 0 O0OO0O0O0OO0

1

0

1
0
0
1
2
1
1
1
1
1

00 0000 00 00002
554

200000 O0OO0OO0DOD0ODOD0
300 000 00O0O0O0OC0

1
0
0
1
10
18 3l
2
1
2
1
1 0
1
1
1
1
1]
1]
0
000 0 0 O0O0O0CO0OO0O0CO0OO0COO0OO0OO0CO0OO0OO0CCO0CO0OO0OO0O0O0

1
1
1

o 0 0 0 000 0 O0 0 4 0 0 0 0 0 O OO0CO0COCO0OO0O 2 00 00 0 0
o0 00 o0O0O0OOCODOOCTO0COCO0COOOOOOCCOO2ZO0O0OO0OCO0 OO0

0 0 0 0 00 00
6 00 0O0O0OOCODO0ODO0OCOCOOCO0OTO0OODODOOOCOCOOCOCO0OCO0OCO0O0O OO0

¢ ¢ 0 00 o00O0OO0O0CO0O0OCO0OCO0CO0O0CO0O0O OO0

00 0 0 0 OO0 0O

1
2

1

0 00 0 00 OO0 0
0 00 0 00 OO0 0
0 00 0 00 OO0 0

0 ¢ 0 0 0 0 0 OO0 0O
0O 00 0 0 0 00 0 O
0 0 0 0 0 0 OO0 00D
0 0 0 0 00 000 OD0 O
0 0 00 O0O0OOCO0DDDOS3 0O
1
00 0 0 O0O0OO0CO0OCD0 O 2
00 0 0 00 OO0 O0 0 O
00 0 0 O0O0OO0COOCD O 2O
o 000 o0O0O0OO0ODO0OOCZ2 O0O0CO0OCO0CO0CO0O0O0O0O OO0 O
O 00 0 0 0 0 0 0 0 0

1

i}
1

6 00 00 O0O0COOOCD0D OO0
1

0 0 0 00 0 O0OOO0OOD
2 00 00 O0O0O0OQ]O0COCD0 OO0

2
2
6 00 00 O0O0COOOODO
1
3
2 0000 O0O0CO0CO0OCO0OCDO 3
1
1
2
1
1
2
1
0
0
1]

1
3
2
1
1

1
0
0
1

1]
0

]
00 00O0O0©O0OO0OD0DODOOO0O0OO0OO0OCOCODTOCODODOO0OOOOOCO0OCOCOOOCODO0OO0O OO

o0 00O0OO0OO0CODOTOTOCOOOTOOCOOTOOCOOOOOOOOODOOOCO0OO0OO0OO0
0 0 00 00O OO O0COODOO0OOCOCO0OCO0O0CO0OO0OO0O0 O

o0 0 0O0O0OCO0CODOO0OCOCOOOCOCOCODOCOCOCOOOOODOOOCODOOOO0OO0OOOO
00 0 0 0

o0 00 0 O0CO0O0OO0COO0OOQODO OO

o0 00 0 O0CO0O0O0CO0OO0OOQOO0O OO0

o0 0 0 00 0O0CO0CO0O0O0OOD0CO0OO0 OO0

00 0 00 O0O0CO0DO0OO0OC0COOO0OCO0CODO0OO0OC

0 ¢ 00O0O0®O0O0ODOODOOQOCOCOCO0OOCODCO0ODO0OCO0O0OOCOOCO0O OO0 OO0 O

00 0 4

0

0

00 0 2
00 00

0

0 ¢ 0 0 00
0 0 0 2
00 00
00 00
00 0 0 0
00 0 2
000
00 0 2

0 0 Q D

0 0 Q D

0 0 Q D
00 0 0 0 0O
00 0 0 0 0
0 0 Q D
00 00
o0 0 0
o0 0 0
o0 0 0

o o 0 0
00 00 0

56
59
61
63
64
65
66
67
68
69
70

P
74
75
76
77
78
80
81
82
83
84
85
88
89
G0
91
93
M
96
97
98
99

=100

55th SAW Assessment Report



App. A5 (Append. A), Table Al2a: Mean weight-at-age (kg) from NEFSC offshore spring
surveys. Pre-1970, the 1970-1979 average mean weight-at-age is assumed (Michael Palmer,
pers. commn). Note that for some years certain values at older ages have been determined by
interpolation techniques as there were no data available.

1 2 3 4 5 6 7 8 9+
1970 0.043 0.297 0.641 1.562 2.468 4,789 5.327 8.547  12.439
1971 0.201 0.507 1.340 2,225 4,484 3.570 6.379 8.557 9.301
1972 0.046 0.355 1.659 2,512 3.596 5.453 6.227 7.706  10.783
1973 0.043 0.180 0.972 2.898 3.730 4,518 7.229 6.216 13.401
1974 0.035 0.188 0.688 2,706 5.668 8.000 6.874 7.300 13.269
1975 0.030 0.255 1.027 1.898 3.883 7.050 6.874 8.413 14.817
1976 0.101 0.239 0.713 1.692 3.136 5.546 10.777 11.463 16.635
1977 0.112 0.328 0.780 1.058 2.315 4,787 6.874 9.953 21.006
1978 0.131 0.469 1.139 1.813 3.137 5.737 7.694 10.633 14.303
1979 0.078 0.404 1.367 1.972 3.056 4.093 7.685 7.159 17.912
1980 0.047 0.351 1.291 2,143 3.461 3.881 5.574 8.513 11.037
1981 0.125 0.460 1.103 2.477 4,056 6.138 7.568 8.456 11.041
1982 0.106 0.438 1.350 2.579 4,139 4,072 8.031 8.513 12.301
1983 0.094 0.463 1.475 2,513 5.110 6.693 11.352 8.513 20.470
1984 0.071 0.574 1.431 2,551 4,940 4.324 5.035 8.513 14.596
1985 0.045 0.426 1.329 2.707 4,293 5.492 6.065 13.198 16.558
1986 0.086 0.485 1.564 2.955 3.554 7.734 12,633 8.513 20.134
1987 0.065 0.348 0.729 2.585 3.058 5.084 6.378 5.420 25.016
1988 0.049 0.175 1.039 1.724 5.060 5.545 4,947 9.493 7.202
1989 0.043 0.182 0.728 1.828 2.631 6.784 6.874 8.513 14.596
1990 0.076 0.243 0.786 2.029 3.447 6.554 8.200 8.513  14.596
1991 0.078 0.197 0.875 1.190 1.524 2.557 6.008 8.513 14.596
1992 0.061 0.453 1.012 2.871 4,178 5.644 6.721 8.513 13.953
1993 0.057 0.323 1.368 1.963 3.809 5.255 10.622 11.372 16.642
1994 0.033 0.192 0.856 2.318 2.519 2.861 5.654 6.582 7.255
1995 0.111 0.240 0.681 1.277 2.825 3.956 6.874 2.828  20.994
1996 0.076 0.318 1.799 2.068 3.296 4,847 6.874 8.513  14.596
1997 0.064 0.445 1.416 2.658 2.954 3.745 6.749 8.513 14.596
1998 0.057 0.448 1.188 2.033 3.216 4,537 6.502 8.004 14.596
1999 0.088 0.335 0.994 1.949 3.123 5.723 5.574 8.513  31.105
2000 0.079 0.436 1.037 2.482 4,127 5.327 4.540 8.612 14.596
2001 0.119 0.474 1.107 2,738 4,242 8.950 9.035 14.481 16.784
2002 0.069 0.318 1.170 2.718 3.240 6.032 6.014 13.284 3.580
2003 0.123 0.198 0.820 1.588 2.661 3.991 5.783 6.627 10.133
2004 0.044 0.349 0.849 2.536 3.662 4,388 3.764 3.764 11.576
2005 0.031 0.211 1.031 1.739 2.628 3.979 5.597 5.494  14.596

2006 0.070 0.262 0.790 1.862 3.102 6.050 5.442 8.729 9.927
2007 0.092 0.388 0.876 1.649 3.059 3.244 4,130 5.428 14.596

2008 0.049 0.400 1.053 1.655 2.489 5.609 6.928 8.513  14.59
2009 0.031 0.523 1.441 2.067 2.601 2.876 8.067 9.930 12,919
2010 0.076 0.356 1.203 2.805 3.849 4.602 7.314 10.712 15.374
2011 0.064 0.453 1.177 1.717 2.706 3.509 5.906 8.521 14.596
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App. A5 (Append. A), Table A12b: Mean weight-at-age (kg) from NEFSC offshore autumn
surveys. Pre-1970, the 1970-1979 average mean weight-at-age is assumed (Michael Palmer,
pers. commn). Note that for some years certain values at older ages have been determined by
interpolation techniques as there were no data available.

1 2 3 4 5 6 7 8 9+
1970 0.199 0.598 1.407 3.840 3.016 6.197 6.925 8.647 12,980
1971 0.241 1.201 1.688 2,916 4.818 5.392 6.853 9.008 14.100
1972 0.136 0.744 2.240 3.570 3.680 6.655 6.631 12,278 12.002
1973 0.111 0.458 2.093 4,229 4.814 5.814 9.916 6.042 10.734
1974 0.076 0.497 1.208 2,759 6.452 6.293 8.010 12,857 12.664
1975 0.249 0.439 1.041 2,290 2.775 5.598 8.472 12.044 14.086
1976 0.348 0.843 1173 1.481 3.869 7.508 9.737 12.044 17.898
1977 0.201 0.531 1.238 1.843 3.809 5.940 7.696 11.211 15.843
1978 0.202 0.734 1.367 2.270 3.099 4.060 7.607 12,247 17.003
1979 0.385 0.878 2.644 3.347 5.462 6.791 10.187 11930 21.717
1980 0.324 0.718 1.899 3.071 6.694 5.996 6.408 15.249 16.793
1981 0.232 1,102 2.116 4,419 5.583 8.130 8.390 12,349 22,998
1982 0.493 1.408 2.488 3.320 6.889 6.293 8.131 12.044 16.731
1983 0.236 1.082 1.732 3.583 4.878 9.825 8.131 12.044 20.891
1984 0.287 1.008 2.295 3.699 6.565 7.550 11.342 12.044 20.333
1985 0.208 1.054 2.503 3.879 7494 10403 8,131 20.320 23.705
1986 0.347 0.703 2.497 3.339 7.927 8.012 8.131 12,044 13.192
1987 0.151 0.648 1.502 3.596 6.505 6.293 8.131 12.044 16.731
1988 0.175 0.670 1.854 3.195 6.010 6.293 8.841 12.044 12.403
1989 0.276 0.410 1.176 2,727 4,911 3.877 8.131 13.292 16.731
1990 0.225 0.430 0.961 2.562 4,837 4,926 5.448 12.044 16.731
1991 0.172 0.715 1.703 2.566 5.374 6.293 11.513 12.044 16.731
1992 0.213 0.892 1.236 2.689 3.365 4,757 8.131 12,044 16.731
1993 0.122 0.512 1.529 3.547 5.284 1.778 8.131 12.044 16.731
1994 0.289 0.530 1.503 3.483 6.476 6.293 7.058 12.044 16.731
1995 0.125 0.876 1.597 2,612 7.143 4,318 8.131 12,044 16.731
1996 0.283 0.723 2.194 2.414 5.779 6.293 8.131 12.044 16.731
1997 0.151 0.903 1.761 4,593 4,518 6.293 8,131 12,044 16.731
1998 0.192 0.754 1.869 3.286 4.530 7.387 8.131 12.044 16.731
1999 0.302 1.013 2.100 3.862 5.499 7.563 8,131 12.044 16.731
2000 0.220 0.866 1.941 3.699 3.558 9.768 8.131 14548 16.731
2001 0.239 0.755 1.819 2,721 6.266 9.096 10.713 12.044 11.023
2002 0.140 0.975 2,192 4,091 5.288 7.722 8,395 16.787 16.731
2003 0.373 0.654 2.304 2,708 5.232 6.267 8.633 12.044 19.375
2004 0.125 0.627 1.694 3.452 4.499 4,471 8.560 8.478 18.167
2005 0.109 0.453 1.599 2.162 5.916 3.464 6,592 10.172 17.780

2006 0.207 0.480 1.024 1.715 3.489 5.965 5.126 14.241 14.759
2007 0.166 0.528 1.018 2,639 4276 6.346 8.131 12,044 16.731

2008 0.317 1.015 1.986 2.486 5.421 6.293 8.131 12.044 16.613
2009 0.555 1.174 3.366 4,503 10.575 6.618 8.131 12,044 16.731
2010 0.335 1.170 1.774 3.904 4,784 4.548 3.461 12.044 24.490
2011 0.286 0.942 1.775 2,323 4,581 4,931 10.775 7.135 16.731
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App. AS (Append. A), Table Al2c: Mean weight-at-age (kg) from State of Massachusetts
inshore spring surveys(Michael Palmer, pers. commn). Note that for some years certain
values at older ages have been determined by interpolation techniques as there were no data
available.

1 2 3 4 5 6 7 8 9+
1982 0.116 0.453 1.106 2.031 5.606 5.073 6.778 10.426 10.361
1983 0.083 0.388 1.020 1.634 2,381 10.539 4,511 15.422 10.361
1984 0.104 0.415 1.295 1.884 3.717 2.893 4,519 7.652 10.361
1985 0.128 0.517 0.999 2.252 2.829 4,556 4,519 7.652  10.361
1986 0.170 0.453 1.592 2,271 3.638 5.563 4,519 7.652 10.361
1987 0.057 0.564 0.791 3.213 3.963 10.103 4.519 7.652 15.241
1988 0.030 0.335 1.216 2.041 6.171 6.392 4,519 7.652  10.361
1989 0.072 0.340 0.946 1.660 3.709 5.363 4,519 7.652 10.361
1990 0.053 0.409 0.654 1.317 3.311 6.779 4,519 7.652 10.361
1991 0.114 0.331 1.118 1.282 2.609 4,556 4,519 7.652  10.361
1992 0.049 0.447 0.753 1.410 1.716 5.513 3.018 7.652 10.361
1993 0.037 0.355 0.764 1.033 2.839 2.829 4,519 7.652 10.361
1994 0.079 0.279 0.842 1.685 2.791 4,556 4,519 7.652  10.361
1995 0.048 0.395 0.809 1.374 2.555 4,556 4,519 7.652 10.361
1996 0.081 0.426 0.806 1.010 1.664 4,556 4,519 7.652 10.361
1997 0.073 0.555 0.925 1.702 1.328 1.252 4,519 7.652  10.361
1998 0.063 0.390 1.085 1.756 2.496 3.266 2.431 7.652 10.361
1999 0.094 0.484 1.134 2.070 2.904 3.383 4,140 3.869 10.361
2000 0.094 0.466 1.366 2.031 2.802 4,363 5.546 9.013 10.361
2001 0.042 0.470 1.571 2.346 2,738 5.127 3.672 6.875 10.361
2002 0.039 0.230 0.945 1.947 3.012 5.184 5.928 7.440  11.027
2003 0.067 0.216 0.486 1.883 3.100 3.253 5.414 6.562 8.618
2004 0.039 0.383 0.810 1.760 2.143 2,730 3.770 8.342  12.697
2005 0.035 0.177 1.011 1.659 3.125 3.309 5.233 5.913 4,846

2006 0.048 0.116 0.568 1,136 2.048 1930 4783 7.652 9.447
2007 0.056 0.172 0.675 1.414 2.317 3.860 3.768 3.446 10.361

2008 0.064 0.277 0.747 1.375 1.013 3.419 5.194 7.652 10.361
2009 0.048 0.199 0.872 1.044 1.357 3.248 4,519 7.652  10.361
2010 0.060 0.230 0.647 1.634 2.482 5.356 4,519 7.652  10.652
2011 0.046 0.291 0.869 1.459 2.494 3.178 3.605 6.869 10.361
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(Appendix B within Appendix AS5)
Appendix B - The Statistical Catch-at-Age Model

The text following sets out the equations and other general specifications of the SCAA followed
by details of the contributions to the (penalised) log-likelihood function from the different
sources of data available and assumptions concerning the stock-recruitment relationship. Quasi-
Newton minimization is then applied to minimize the total negative log-likelihood function to
estimate parameter values (the package AD Model Builder™, Otter Research, Ltd is used for this
purpose).

For the convenience of readers, details which are changed or newly added relative to the
specifications used for the analyses reported in Butterworth and Rademeyer (2012) are shown
highlighted. Note that summations over ages now all exclude age a=0.

B.1. Population dynamics
B.1.1 Numbers-at-age

The resource dynamics are modelled by the following set of population dynamics equations:

o= B1)
Ny+l,a+l = Ny,ue_zy'a fOI‘ O S a S M— 2 (Bz)
N = JVy’m,le_Z‘“””1 + Ny’me‘zm (B3)
where

N,,  1is the number of fish of age a at the start of year y,

R, is the recruitment (number of 0-year-old fish) at the start of year y,

m is the maximum age considered (taken to be a plus-group).

Z,,=F,S, +M,is the total mortality in year y on fish of age a, where

M denotes the natural mortality rate for fish of age a,

a

F, is the fishing mortality of a fully selected age class in year y, and

S,. 1sthe commercial selectivity at age a for year y.

B.1.2. Recruitment

The number of recruits (i.e. new 0-year old) at the start of year y is assumed to be related to the
spawning stock size (i.e. the biomass of mature fish) by either a modified Ricker or a standard or
adjusted Beverton-Holt stock-recruitment relationship, allowing for annual fluctuation about the
deterministic relationship.

For the modified Ricker:
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s s (6,~ox)/2)
R, = OByp exp[— B (ByPYJe - (B4)
for the (standard) Beverton-Holt:

SP
B, (lonf

R = (BS)
Y Ny
p+BY
and for the adjusted Beverton-Holt:
sp
B, if BY < B*
B+ B g
R, = ) 2 (B6)
aB * BY -B* o s
exp| —-| — if BY >B*
p+B* Oy ’
where
a, B, 7, B*and oy are spawning biomass-recruitment relationship parameters,
Sy reflects fluctuation about the expected recruitment for year y, which is assumed to be

normally distributed with standard deviation [g (which is input in the applications
considered here); these residuals are treated as estimable parameters in the model fitting
process.

B is the spawning biomass at the start of year y, computed as:

/4

S - S _Zy,a
By =) fWiN, e (B7)
a=1

because spawning for the cod stock under consideration is taken to occur three months after the
start of the year and some mortality has therefore occurred,

where

why, 1s the mass of fish of age a during spawning, and

/. is the proportion of fish of age a that are mature.

Section B.2.6 details the procedure adopted when recruitment is not assumed to be related to
spawning biomass , at least internal to the assessment.

B.1.3. Total catch and catches-at-age

The total catch by mass in year y is given by:
! mi v mi 2y 4

Cy = Zwy,“d Cy,“ = ZWJ’sad Ny’” SJ’sa F;’ (l_e )/Zy,” (BS)
=1 a=1

where

559
55th SAW Assessment Report Gulf of Maine Cod — Appendix A-5; B-SCAA



w;f;d denotes the mass of fish of age a landed in year y,
C,, 1s the catch-at-age, i.e. the number of fish of age a, caught in year y,

The model estimate of survey index is computed as:

m
surv Surv Qsury ~Z, T 112
B =) wiSTN, e (B9)
a=1
for biomass indices and
m
surv surv ~Z, T /12
N¥™=3"S""N e (B10)
a=1

for numbers indices

where

S is the survey selectivity for age a, which is taken to be year-independent.

7™ 1is the season in which the survey is taking place (7" =1 for spring surveys and 7" =3
for fall surveys), and

w;" denotes the mass of fish of age a from survey surv year y (Table A12).

For the Massachusetts spring survey, the summation is taken from age 1 to age 6.

B.1.4. Initial conditions

For the first year (yy) considered in the model, the numbers-at-age are estimated directly for ages

est

0 to a®’, with a parameter ¢ mimicking recent average fishing mortality for ages above a®”, i.e.

N, o=Nyna for 0<a<a®™ (B11)
and

Nstart,a = start,a—le_MLF1 (1 - ¢Sa—1) for aest <as<m _1 (B 12)
Nstart,m = stz:lrt,m—le_j\/[”k1 (1 - ¢Sm—1)/(1 - e—Mm (1 - ¢Sm)) (B 1 3)

B.2. The (penalised) likelihood function

The model can be fit to (a subset of) CPUE and survey abundance indices, and commercial and
survey catch-at-age and catch-at-length data to estimate model parameters (which may include
residuals about the stock-recruitment function, facilitated through the incorporation of a penalty
function described below). Contributions by each of these to the negative of the (penalised) log-
likelihood (- /nL ) are as follows. Details related to fitting to CPUE series are not included below,
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as such series are not considered in the analyses of this paper.

B2.1. Survey abundance data

The likelihood is calculated assuming that a survey biomass index is lognormally distributed
about its expected value:

" = I L exp (8‘;""”) or g = fn([ o )— Kn(f ;""V) (B14)

where

I is the survey biomass index for survey surv in year y,
Tsurv __ Asurv Hsurv h d d 1 : h
1™ = g™ B)" is the corresponding model estimate, where

qg"" is the constant of proportionality (catchability) for the survey biomass series surv, and

g  from N(O, (d;m)z).

The contribution of the survey biomass data to the negative of the log-likelihood function (after
removal of constants) is then given by:

- = Y3 (o Frlof el Bl ooy s

surv y

where

o, s the standard deviation of the residuals for the logarithm of index i in year y (which is
input), and

surv

o' 1s the square root of the additional variance for survey biomass series surv, which is
estimated in the model fitting procedure, with an upper bound of 0.5.

The catchability coefficient g™ for survey biomass index surv is estimated by its maximum
likelihood value:

g =1/n,, S (In 1" —1n B (B16)
y

B.2.3. Commercial catches-at-age

The contribution of the catch-at-age data to the negative of the log-likelihood function under the
assumption of an “adjusted” lognormal error distribution is given by:

— LM = Zz I_En (0'5"’" /NPy )+ Py (En P,.—tnp,, )Z /2(0‘5"”’)2J (B17)
v a

561
55th SAW Assessment Report Gulf of Maine Cod — Appendix A-5; B-SCAA



where

Pra=Cral Z « C, . 18 the observed proportion of fish caught in year y that are of age a,
Pya=CrulY. o C, . is the model-predicted proportion of fish caught in year y that are of age a,
where

. 2,

C..=N,, S Fl-e” )z, (B18)
and

com

ol is the standard deviation associated with the catch-at-age data, which is estimated in the

fitting procedure by:
" = \/Zpy’a(ﬁn Py.—In f)y,a)z /Zl (B19)
y y

Commercial catches-at-age are incorporated in the likelihood function using equation (B17), for
which the summation over age a is taken from age aminus (considered as a minus group) to apiys (a

plus group).
In application of this approach ages are often aggregated to avoid values of p, , or p,  that are

too small in the interests of estimation robustness. In this paper individual ages have been
maintained between the selected minus and plus-groups to provide potential discrimination of
different shapes for the selectivity functions at older ages in particular. This however does mean
that there are certain cells for which p  values are zero. That does not cause any problems

because the limit of py’a(ln py,a)2 as p,,—>0 is 0, so these terms can be omitted from the

summation in equation B17. One could argue that they should nevertheless be included in the
summations in equation B18, but exclusion seems more appropriate as the structural zero
contributions then included would seem likely to bias the estimates of 6 downwards.

In addition to this “adjusted” lognormal error distribution, some computations use an alternative
“sqrt(p)” formulation, for which equation B20 is modified to:

—ni = Y3 o)+ e )Z/Z(G;om)j B21)
y a
and equation B21 is adjusted similarly:

5" = \/Z(@ DY, (B22)

This formulation mimics a multinomial form for the error distribution by forcing a near-
equivalent variance-mean relationship for the error distributions.
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B.2.4. Survey catches-at-age

The survey catches-at-age are incorporated into the negative of the log-likelihood in an
analogous manner to the commercial catches-at-age, assuming an “adjusted” lognormal error
distribution (equation (B19)) where:

surv

. =Cl Z +Ci 18 the observed proportion of fish of age @ in year y for survey surv,

A Survy

p,..  1s the expected proportion of fish of age a in year y in the survey surv, given by:

m
ASUry __ QISurv —Zy,aTWV/lz surv —Zy,a'Tsm/lz
Pl =SSN, e D SIN, e . (B23)

a'=1

For the Massachusetts spring survey, the summation is taken from age 1 to age 6.

B.2.5. Survey catches-at-length

In some runs, catches-at-length are also incorporated in the likelihood function. These data are
incorporated in the similar manner as the catches-at-age. When the model is fit to catches-at-
length, the predicted catches-at-age are converted to catches-at-length:

ASury __ A Surv gstrt
Py = ;Py,a 4, (B24)
for the spring survey, and

ASUrV ~surv gmid
py,l = Zpy,a Aa,l (B25)

a

for the fall survey,

where 4, and A:f}d are the proportions of fish of age a that fall in the length group / (i.e.,

ZAZT =1 and ZA;" " =1 for all ages) at the beginning of the year and at the middle of the year
1 1

respectively.

The matrices 4.} and A" are calculated under the assumption that length-at-age is normally
distributed about a mean given by the von Bertalanffy equation, i.e.:

R AR O] =29

for the spring survey and

2 ~ N, (- e=eros ) (g ¥ | (B27)

for the fall survey,

where

0" and 9" are the standard deviation of begin and mid-year length-at-age a respectively,
which are modelled to be proportional to the expected length-at-age a, i.e.:

563
55th SAW Assessment Report Gulf of Maine Cod — Appendix A-5; B-SCAA



0 = BlL, (1- e )] (B28)

and
g = ,B[Lw(l—ef'((ﬁo'sft"))]y (B29)

with £ an estimable parameter and ¥ =0.5(a value which was found to lead to reasonable fits to
the data).

L, =150.93cm,
Kk=0.11yr",
t,=0.13 yr,

The following term is then added to the negative log-likelihood:

it = S Y o o i i - m i ¥ 120 ¥
surv y 1 (B30)

The w,, weighting factor may be set to a value less than 1 to downweight the contribution of the
catch-at-length data (which tend to be positively correlated between adjacent length groups
because the length distributions for adjacent ages overlap) to the overall negative log-likelihood
compared to that of the CPUE data. The value used for w,,, is 0.1, being roughly equivalent to
the ratio of the number to length groups to the number of age groups considered. Instances of

observed proportions of zero are dealt with in the same manner as for catches-at-age, as is the
alternative “sqrt(p)” error distribution formulation.

B.2.6. Stock-recruitment function residuals

The stock-recruitment residuals are assumed to be lognormally distributed and serially
correlated. Thus, the contribution of the recruitment residuals to the negative of the (now
penalised) log-likelihood function is given by:

—tr = [ /207 (B31)
y=y+l
where

g, from N(O, (o )2),

ox is the standard deviation of the log-residuals, which is input.

Equation B31 is used when the stock-recruitment curve is estimated internally. In some analyses
reported in this paper where BRP estimates are based on stock-recruitment curves estimated
“externally” using the assessment outputs,, this “stock-recruitment” term is included for the last
two years only, simply to stabilise these estimates which are not well determined by the other
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data. In these cases, the &, are calculated as the deviations from the mean log recruitment for the

ten preceding years, i.e. recruitment estimates for 2010 and 2011 are shrunk towards the
geometric mean recruitment over the preceding decade.

B.2.7. Catches

oo _ Z{zn C,-nC, }

2
y 20¢

(B32)
where

C, is the observed catch in year y,

C , 1s the predicted catch in year y (eqn B8), and

o 1s the CV input: 0.4 for pre-1964 catches, 0.2 for catches between 1964 and 1981 and 0.05
for catches from 1982 onwards.

B.2.8Incorporation of Bigelow vs Albatross survey calibration

The survey data provided are adjusted for the years 2009 to 2012 which were obtained from
Bigelow surveys have been adjusted to “Albatross equivalents” through use of calibration factors
estimated independently from paired tow experiments (Miller ef al., 2010). However the survey
data before and after the switch of vessels also provide information on the calibration factors
because they sample the same cohorts. Incorporation of this information in assessments in this
paper has been effected by treating the estimates, with their variance-covariance matrix, as a
form of “joint-prior” which is effectively updated in the penalised likelihood estimation when
fitting the model. The process is as follows.

First Bigelow length frequency distributions are converted to Albatross equivalent length
frequency distributions:

Csurv,A — Csurv,B /E (B33)

.1 .1
where
Cr #is the measured catch-at-length for the Bigelow in year y for survey surv,
Cr ! is the inferred catch-at-length for the Albatross equivalent in year y for survey surv,

F; is the length-based calibration factor (Bigelow/Albatross),

The Albatross equivalent length distributions are then converted to age distributions:

C f”;’”‘ = Z C;f’;V’AALK N (B34)
!

yia,l

where
ALK "), 1s the age-length key (proportion of fish of length / that have age a) in year y for survey

Surv.
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Indices are then obtained from the A/batross equivalent age distributions as follows:

surv,A __ surv, A surv
Iy - ch,a Wy.a (B35)
a

for biomass indices and

I;urv,A — z C;tt;v,A (B36)

for numbers indices,

where

Surv

wi', 1s the weight-at-age in year y for survey surv.

The calibration factor has four parameters, three of which are estimable and the other input:
X1=20cm, X,, F; and F>

F, if 1< X,
F = (E_FI)H(FIXZ_BXI) if X1</<X, (B37)
(XZ_XI) (X2_Xl)
F, if 1> X,

The following contribution is therefore added to the negative log-likelihood in the assessment:

—In L = l1n|21| + l(X - u)TZ'] (X - p)
2 2 (B38)

where the parameters X,, F'; and F, are components of the vector X,

2 is the variance covariance matrix as estimated by Miller et al. (2010), and

M 1s a vector which contains the Miller et al. (2010) estimates of the parameters.

These estimates and the variance-covariance matrix are given in table B1 below:

Table B1: Estimates and variance-covariance matrix for the calibration parameters (Miller, pers.
commn).

M In(F ;) In(F1-F;)  In(X;,-X)

0.4713 1.4163 3.5086

x In(F,)  In(F1-F,) In(X,-X4)
In(F,)  0.006674 -0.002515 -0.002559
In(F,-F,) -0.002515 0.051592 -0.007601

In(X,-X,) -0.002559 -0.007601 0.006757
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B.3. Estimation of precision

Where quoted, CV’s or 95% probability interval estimates are based on the Hessian.

B.4. Model parameters
B.4.1. Fishing selectivity-at-age:

For the NEFSC offshore surveys, the fishing selectivities are estimated separately for ages 1 to
age 6 and are flat thereafter. For the Massachusetts inshore spring survey, the selectivities are
estimated separately for ages 1 to 4. The estimated proportional decrease from ages 3 to 4 is
assumed to continue multiplicatively to age 6; this decrease parameter is bounded by 0, i.e. no
increase is permitted. For all three surveys, age 0 is not considered.

The commercial fishing selectivity, §,, is estimated separately for ages aminus t0 @pius (1 to 9) It is
taken to differ over four periods: a) pre-1982, b) 1982-1988, ¢)1989-2004, and d) 2005-present.
The selectivities are estimated directly for the last three periods. For the pre-1982 period, the
selectivity is taken as that for the 1989-1988 block, but shifted one year to the left. For the
implementations in this paper, given that there were difficulties with imprecise estimates at
larger ages for period d) given its shortness, a common selectivity at age was estimated across all
periods for ages 7 and above.
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B.4.2. Other parameters

Model plus group
m 9
Commercial CAA
aminus* 1
Aplus 9
Survey CAA NEFSC spr NEFSC fall MASS spr
aminus* 1 1 1
Aplus 9 9 4
Natural mortality:
Age
M | independent:
1) 0.2 for all
years

11) 0.2 until 1988, threafter a linear increase to 0.4 in
2003 and constant at 0.4 thereafter

Proportion mature-at-age:

fa input, see Table A8

Weight-at-age:

strt

Wya input, see Table A2
wye™ | input, see Table A3
W input, see Table A12
Stock recruit residuals std
dev: op 0.6
Initial conditions :
estimated directly for ages 0 to xx depending on AIC
Ny, | criterion
1 estimated

* Strictly not a minus group anymore since the catches at age zero are ignored.

B.5.Biological Reference Points (BRPs)
It is possible to estimate BRPs internally within the assessment by fitting the stock-recruitment
relationship directly within the assessment itself.

For some results reported here, however, the stock-recruitment relationships are fitted to the
estimates of recruitment and spawning biomass provided by the various assessments to provide a
basis to estimate BRPs. The rationale for estimation external to the assessment itself is to avoid
assumptions about the form of the relationship influencing the assessment results. These fits are
achieved by minimising the following negative log-likelihood, where the e 2 term is added for
consistency with equation B4, i.e. the stock-recruitment curves estimated are mean-unbiased
rather than median unbiased:
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2 2 1
In(N, ;) —In| ]\Afy € 2

2009

—InL=
2 Ao, P eler

2 Aoy eny) "™
where
N, is the "observed" (assessment estimated) recruitment in year y,
N

)0 is the stock-recruitment model predicted recruitment in year y,

Op is the standard deviation of the log-residuals which is input (and set here to 0.6), and

CV, is the Hessian-based CV for the "observed" recruitment in year y.

Note that the differential precision of the assessment estimates of recruitment is taken into

account, and that the summation ends at 2009 because little by way of direct observation is as yet
available to inform estimates of recruitment for 2010 and 2011.
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Appendix A.6. Additional ASAP sensitivity runs

This appendix (tables and figures in next section) provides results from sensitivity runs that were
conducted on the SAW 55 ASAP reference model (SAWS55 BASE) except where noted. These
sensitivity runs fell into two categories: 1) determining whether an alternate model formulation
offered improved fit to the data; and 2) evaluating the sensitivity of the model with respect to a
range of assumptions.

A.6.1. Survey calibration coefficients

A number of operational changes have been made to the NEFSC spring and fall surveys during
over the assessment times series including a changes in vessel (Delaware/Albatross historically
and introduction of the Bigelow in 2009), trawl doors (during 1984-85) and trawl net (Yankee
36/41 in spring survey). The changes are summarized in Table A.52. Trends in the calibrated and
uncalibrated surveys indices were very similar and with the exception of the fall 2009 abundance
index (Fig. A.95). Overall, the effects of the Bigelow calibration were less than the historical
door/vessel calibration effects. The SAW 55 WG recommended that the adjusted series of each
NEFSC survey time series be used during SAW 55; however, the WG recommended that
sensitivity analyses be undertaken during the modeling to explore the impact of uncertainty in
the calibration coefficients.

Results of the sensitivity of the SAWS55 BASE model to the upper and lower 95% confidence
intervals of the calibration factors are provided in Table A.6.1 and Figure A.6.1. The main effect
of the calibration coefficients was an increase in the uncertainty in recent biomass rather than
adding bias. The 2011 spawning stock estimate ranged from 9,804 mt (upper 95% CI) to 15,098
mt (lower 95% CI) with the calibrated estimate of 11,974 mt (SAW55_BASE). Over the
majority of the time series the effects of the calibration coefficients were minimal.

A.6.2. Use of survey numbers vs. biomass indices

Analyses were undertaken to compare the use of either survey aggregate abundance
(numbers/tow) or biomass (weight/tow) in the model fitting. The abundance indices at age are
presented in Tables A.57, A.59, and A.63 for the NEFSC spring, NEFSC fall, and MADMF
spring survey respectively. Biomass indices at age are presented in Tables A.58, A.60, and A.64
for the NEFSC spring, NEFSC fall, and MADMEF spring survey respectively. To correctly
convert indices-at-age to numbers (which are the units that the ASAP model is tuning to) the
model requires input of survey weights-at-age (e.g., Fig. A.11 and A.12). The survey weight-at-
age matrices contained several holes for age/year combinations, particularly among the older
ages. The missing values were imputed using a time series average weight-at-age. The ASAP
sensitivity was conducted on the ASAP preferred model SAWS5 3BLOCK BASE which was
tuned to the survey abundance (numbers) indices. A comparable model was constructed using
the biomass indices as described above. To provide an equal comparison across models, the
biomass model, SAW55 3BLOCK BASE BIOMASS was run initially and then the second
stage Francis (2011) ESS multipliers were applied. The final biomass-based model is
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SAWS5 3BLOCK BASE BIOMASS ADJ. The adjusted biomass model had improved model
diagnostics relative to the unadjusted model (Table A.6.2).

The working group discussed the preferred metric to evaluate model preference and agreed that
the coefficient of variation (CV) on the terminal (2011) estimate of spawning stock biomass
should be used. The two indices provided similar results in terms of biomass trends (Fig. A.6.2)
with the terminal (2011) estimates differing by 1,662 mt. The CVs on the 2011 spawning stock
biomass were 0.176 for the abundance-based model and 0.181 for the biomass-based model.
While the differences were small, the WG concluded to use abundance (numbers) indices for the
final ASAP preferred model.

A.6.3. Survey catchability and an evaluation of biomass scale

The scale of model estimates of biomass can be affected by assumptions of the estimated
efficiency of the surveys. Further work on the ASAP model was conducted to 1) evaluate the
sensitivity of the SAW55 BASE model results to alternate assumptions of survey catchability
(9), and 2) generate model-independent estimates of total biomass and compare to the model
estimates to determine whether the model results are reasonable. The second analyses were
originally conducted for the SAW 53 assessment (NEFSC 2012a), however given the nearly
identical biomass scales between the SAW 53 and SAW 55 assessment results (Fig. A.138), the
analyses remain relevant.

Model profiling across a range of NEFSC spring survey q values

The sensitivity of the SAWS5 BASE model to alternate assumptions of survey catchability was
evaluated by profiling across a range of ¢ values from 0.1 to 1.3 in 0.1 increments. Priors were
specified for catchability values by setting the input CV on catchability to 0.1 and setting lambda
values at 1 (i.e., the initial g values were given little latitude to deviate from the initial conditions
and a penalty was imposed for any deviations).

Results of the sensitivity runs are summarized in Fig. A.6.3. On the basis of the objective
function, the model preferred ¢ values in the range of 0.6 to 1.2. There was a general tendency
for the model to estimate higher [lower] ¢ values than inputted when the inputted ¢ was below
[above] the model preferred value of 0.89. Within the 0.6 to 1.2 range there was little impact in
terms of SSB scaling (<8% difference from SAW55 BASE run). Even when forcing ¢ to a
minimum believable range (=0.4) the SSB scaling differences only amount to <18% difference
from the base run g preference of 0.89. The tradeoff in lower g reduces the overall fit in the
NEFSC spring survey and by necessity, reduces g on the NEFSC fall survey. Additionally, a
lower ¢ requires an approximate 22% decrease in the selectivity on the oldest age in the second
fishery selectivity block (i.e., a considerable increase in the doming assumption). The profiling
across a range of ¢ values shows strong model preference for the BASE model results, with little
impact in terms of SSB within the range of believable alternatives.
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Sensitivity of BASE results and estimates of survey q to area expansion factors

The Gulf of Maine cod stock boundary (Fig. A.1) encompasses a surface area of approximately
54.5 thousand km?. The survey strata used in the Gulf of Maine cod stock assessment (Fig. A.85)
encompasses 61.4 thousand km?; approximately 17.1% larger than the stock area. Included in the
survey strata set are three strata (29, 30 and 36) that extend beyond the United States Exclusive
Economic Zone (EEZ) into Canadian waters. A sensitivity analyses was conducted to evaluate
whether using a survey strata set that included only survey strata contained entirely within the
US EEZ would affect model results and estimates of survey gq.

NEFSC spring and fall survey indices, including indices at age, were recalculated using only
strata 26-28 and 37-40 (excluded 29, 30 and 36). The revised survey area has a surface area of
34.2 thousand km? (37.2% smaller than the stock area).The recalculated aggregate abundance
indices were nearly identical in terms of trends, but tended to be slightly higher (Fig. A.6.4). The
rescaling of the survey indices is a product of dropping survey strata that have historically not
contained high abundances of cod, thus increasing the stratified mean number/tow without
impacting overall survey trends. When converted to area swept indices by accounting for the
survey trawl area and revised surface area, the indices tended to be lower than those that
included in the full strata set. The raising factor used to convert the mean number per tow to their
area-swept equivalents was disproportionately smaller than the increases in the stratified mean
number per tow. The revised survey indices were inputted into a revised ASAP model

(SAW55 REV_SURV_STRATA).

The SAWS55 REV_SURV_STRATA model is nearly identical to the BASE model with respect
to the SSB, F and the age 1 recruitment time series (Fig. A.6.5). The slight deviations in the two
runs are likely due to the small differences in the survey indices when calculated using the
reduced strata set. While there were no major differences in estimates of SSB and F, using the
reduced strata sets resulted in g estimates that were much lower relative to the BASE model. The
NEFSC spring q went from 0.89 to 0.56, NEFSC fall from 0.53 to 0.41 and the MADMF spring
survey went from 0.21 to 0.20 (Fig. A.6.6). Model estimates of g are highly sensitive to the
estimated survey area used to expand mean number per tow survey indices to their area-swept
equivalents. In addition to the assumptions about total survey area considered here, estimates of
q are also likely to be sensitive to assumptions about the total trawl area, effective trawl sweep
and the extent of cod herding that occurs in the survey net.

Model independent estimates of total biomass

All previous analyses have examined the sensitivity of the biomass estimates to different
assumptions on model parameters. While these analyses show that the model-based biomass
estimates are robust to alternate model configurations, they do not provide a sense for whether
the model-based estimates are realistic relative to model-independent estimates of total stock
biomass. Several different model-independent approaches are taken below to evaluate whether
the ASAP estimates of biomass are realistic.
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Model independent estimates of total biomass from the Bigelow survey years (2009-2011)

The conversion of Bigelow survey catches to Albatross equivalents is an uncertain, but necessary
step in order to maintain a consistent time series and fully utilize the short Bigelow time series.
To avoid any confounding effects of the Bigelow conversion in deriving model-independent
estimates of biomass, an attempt was made to use raw (i.e., unconverted) Bigelow time series
data (2009 — 2011) to estimate total biomass. Total survey area-swept biomass can be estimated
using Appendix 6 Equation 1.

(1) Buw=1/1000 * A/f* 1/g

where:
B.w = Area swept biomass
I = survey index
A = survey area
f=trawl area
g = survey catchability

The survey area depends on the strata set included. For the purposes of these analyses, the
inshore survey strata were included to better characterize total catch across all age classes (strata
57-69) in addition to the offshore survey strata (strata 26-30, 36-40). The nearshore area that
makes up the inshore survey strata has higher abundance of juveniles relative to the offshore
areas. During the Bigelow survey years, these strata have been consistently sampled. The
differences in availability of young age classes between the inshore and offshore regions is
evident when comparing the selectivity of NEFSC offshore surveys to the MADMEF survey in the
SAWS55 3BLOCK BASE model (Fig. A.177). The total surface area of strata 26-30, 36-40 and
57-69 is 63.8 thousand km? and 36.5 thousand km? when strata 29,30 and 36 are excluded. The
total trawl area of the Bigelow is 0.024 km® when using wing spread to define the effective trawl
area and 0.061 km® when using door spread. Comparatively, the Albatross tow area in terms of
wing spread is 0.038 km”.

Assumptions on the effective trawl area and g can have large impacts on survey-based estimates
of total biomass. Moving from a g of 1.0 to 0.2 will result in a fivefold increase in terms of
biomass (Fig. A.6.7). Assuming that the door spread best characterizes the effective trawl area
results in biomass estimates less than half that compared to calculations made using wing spread.
If there is herding between the doors and an assumption of wing spread is used to determine area
swept biomass, biomass estimates may be inflated (or in the case of the model, ¢ estimates, may
be higher than reality). The true effective trawl area and survey catchability is not known, but an
assumption that a wing spread-based estimate of effective trawl area and 80% efticiency (¢=0.8)
appears reasonable. Using these assumptions to estimate a survey-based estimate of total
biomass yielded results similar to the SAW 53 BASE model estimates of total biomass at the
time of the survey (i.e., total January 1 biomass decremented by total mortality, Z, occurring
before the survey; Fig. A.6.8). In 2009 and 2010 the BASE biomass estimates are all within the
80% bootstrap CI of the Bigelow-based biomass estimates. Excluding the offshore survey strata
does not impact the overall perception of Bigelow-based total biomass.
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Given an assumption that the Bigelow survey ¢=0.8, it’s reasonable to conclude that a
comparative g for the Albatross survey is approximately 0.5 if the Bigelow to Albatross
conversion coefficient of 1.602 on fish > 54 cm is used as a rough estimate of differences in
catchability (i.e., the Bigelow survey is 60% more efficient at catching cod compared to the
Albatross survey). By performing a similar analysis on the Albatross survey series, but using a g
assumption of 0.5, a time series of survey-estimated total biomass can be constructed. The
survey-based time series is not inconsistent with the BASE model estimates of total biomass at
the time of the survey (Z-decremented to the time of the survey). The BASE biomass estimates
generally fall within the 80% CI of both the NEFSC spring and fall survey-based biomass
estimates (Fig. A.6.9). While the estimates are not exact, they are all of the same relative scale,
suggesting that the scale of the biomass estimated by the ASAP model is realistic.

Thinking of q in terms of the catchability of ‘survey-able’ biomass

The BASE model estimate of NEFSC spring survey ¢ (0.92) seems unreasonably high when
thought of in terms of total survey efficiency. However, when interpreting the model g values,
the impact of survey selectivity on the g estimates needs to be considered. Effectively, the ASAP
model g estimates represent the ¢ in terms of fully selected fish (i.e., after accounting for survey
selectivity). To examine whether the SAW 53 BASE ¢ estimates were reasonable, the model
estimates have been used to estimate survey-based total biomass as was done above. Unlike the
previous analysis that incorporated the inshore survey strata, only the offshore survey strata are
included here, as this is consistent with the NEFSC survey indices used in the SAW 53 BASE
model. This maintains consistency between the survey index and model-based estimates of ¢ and
selectivity at age. Survey-based biomass indices were generated using both the full offshore
strata set (26-30, 36-40) and with strata 29,30 and 36 excluded. The model estimates of ¢ applied
to estimate total biomass were: NEFSC spring = 0.92 (full strata set), 0.57 (exclude 29, 30 and
36) and NEFSC fall = 0.53 (full strata set), 0.42 (exclude 29, 30 and 36).

Total survey-based estimates of biomass were compared to the ‘survey-able’” biomass estimated
from the SAW 53 BASE model. ‘Survey-able’ biomass was estimated by decrementing the
January 1 biomass (NEFSC 2012a, Table A.63) by total Z between January 1 and the time of the
survey (spring vs. fall) and filtering the Z-decremented biomass through the survey selectivity
ogive. The SAW 53 BASE-estimated ‘surveyable’ biomass generally fell within the 80% survey
CI on total biomass for both the spring (Fig. A.6.10) and fall (A.6.11) surveys. How ¢ is defined,
whether in terms of absolute efficiency or in terms of the fully selected ages, does impact the ¢
value. However, when the ¢ is properly applied in a model-independent exercise, the calculations
yield biomass estimates that are comparable with those estimated by the BASE model.

A.6.4. Multiple fleet definitions

Preliminary ASAP runs attempted to break the fishery catch into separate fleets (commercial and
recreational). Selectivity was fit non-parametrically (selectivity-at-age) with two selectivity
blocks per fleet. The timing of the selectivity block varied slightly by fleet, but generally the split
between blocks occurred during the 1990s. The SAWS55 BASE model treats commercial and
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recreational catch (landings and discards) as a single fleet. Three different alternate fleet
formulations were explored: 1) for each fleet (commercial and recreational), catch was divided
into retained and discarded catch, with each disposition constituting its own fleet such that there
were 4 fleets total (SAWS5 4FLEET); 2) catch was divided into commercial and recreational
catch with each catch input treated as a separate fleet (SAWS5 2FLEET); 3) catch was divided
into landed and discarded catch with each catch input treated as a separate fleet
(SAWS55 _SPLIT LAND DISC).

All of the split fleet models suffered from severe diagnostic issues. Most notably there was
strong residual patterning in the fits to catch at age (Figs. A.6.12-A.6.14). Compared to the
SAWS55 BASE models, the split fleet models had lower estimates of 2011 spawning stock
biomass and equal or higher estimates of age 5 fishing mortality (Table A.6.3). Given the
problems experienced with these complex ASAP formulations and robustness of the assessment
results, the SAW 55 WG supported the decision to use a simplified, single fleet, model
formulation.

A.6.5. Inclusion of catch-per-unit-effort indices

During the SAW 55 Data Working Group (SAW 55 WG 2012a) commercial and recreational
landings-per-unit-effort (LPUE) indices were presented. The WG expressed several concerns
with the use of these indices which are summarized in detail in the assessment report. Because of
these concerns, the WG recommended that the LPUE indices not be included in the GOM cod
assessment model.

Sensitivity runs were however conducted to evaluate the impacts of including these LPUE
indices in the SAWS55 BASE model. The LPUE indices were inputted into the model both
separately (SAWS55 COM_LPUE and SAWS55 REC LPUE) and combined (SAWS55 LPUE).
Summary diagnostics of all runs are presented in Table A.6.4.

Initial attempts to fit the commercial LPUE indices revealed a poor fit the index with strong
residual patterning (Fig. A.6.15). At the Data WG meeting there was considerable discussion
about the contraction of the commercial fishery and intense aggregation of the fishery that
occurred between 2006 and 2010. In the fits the commercial LPUE index there was a strong
residual pattern that indicated differences in fleet catchability pre- and post-2006. Based on the
similarities of the residual patterning to observed behavior of the fleet, a second commercial
LPUE model was constructed that split the commercial LPUE index into two separate series
(SAW55 _COM_LPUE_SPLIT): one series included years 1982-2005 and the second included
the years 2006-2011. The split model fits to the LPUE series were considerably better than those
of the single series (Fig. A.6.15). There was three-fold increase in catchability (q) between the
pre- and post-2006 periods. Interestingly, the model estimates of spawning stock biomass,
fishing mortality and age 1 recruitment were nearly identical to that of the SAWS55 BASE model
(Fig. A.6.16).

Similar to the commercial LPUE index, the model fit to the recreational index was poor. There
was a string of positive residuals early in the time series (pre-2002) and negative residuals in the
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second half of the time series (Fig. A.6.17). Attempts to fit both LPUE indices (commercial and
recreational) within a single model suffered from the same problems observed in the individual
runs (Fig. A.6.18).

Because the LPUE indices do not have catch-at-age components, rather they are linked to the
selectivity of the fishery, there was concern that the poor fits to the survey indices were due to
attempting to link commercial or recreational LPUE indices to selectivities that included
combined commercial and recreational catch patterns. Attempts were made to run LPUE models
on the SAWS55 2FLEET model described previously to address these concerns; however, these
model runs did not converge.

A.6.6. Inclusion/exclusion of survey indices

To better understand how the model results are being influenced by each of the survey indices
the SAWS55 BASE model was run using only one index at a time. The three sensitivity runs
were SAWS5 NEFSC _SPRING (NEFSC spring survey), SAWS5 NEFSC FALL (NEFSC fall
survey) and SAWS55 MADMF_SPRING (MADMEF spring survey). In all three sensitivity runs
all other model configurations were left unchanged.

All three models had similar starting biomass values in 1982 ranging from 21,628 to 25,513 mt
(Table S.6.7) however the MADMEF spring survey model exhibited a large increase in spawning
stock biomass over time such that by 2011, the spawning stock biomass was estimated at 34,137
mt compared to the 11,874 mt of the SAWS55 BASE model. The survey fits from each of the
models relative to the SAW55 BASE model was similar (Fig. A.6.19), however the large
difference between models was due to a large buildup of age 9" fish in the MADMEF spring
survey (Fig. A.6.20). The increase in older age fish is a product of the declining selectivity with
age in the MADMEF spring survey (Fig. A.176). The MADMEF survey contains very little
information on older fish in the population; with only this survey in the model there is nothing to
constrain build-up of biomass in the 9” group.

A.6.7. Survey selectivity assumptions (dome vs. flat topped) and plus group assumption (age 9*
vs. 117)

Explorations were conducted to evaluate the impacts of: a) extending the age matrices out to age
117 (SAW55_11PLUS) compared to the 9" formulation used in the SAW55 BASE model; and
b) allowing the NEFSC survey selectivities to be domed (SAW55 DOME) relative to the flat-
topped assumed in the SAWS5 BASE model. Additionally a combined model was run that
allowed doming of the NEFSC survey selectivity and included extended age structure out to age
11" (SAWS55 DOMEI1).

The SAW55 BASE model was insensitive to the plus group specification; the BASE and
BASE 11 models achieved nearly identical results (67 mt difference) with respect to estimates
of 2011 spawning stock biomass (Table A.6.6). The survey selectivities of ages 10 and 11 were
poorly estimated as evidenced on the large CVs on these ages in both fishery blocks 1 and 2
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(Table A.6.7). Selectivity of age 10 in block 1 hit a boundary at 1. Given the insensitivity of
model results to the choice of the plus group and the poorly estimated selectivities on older ages,
the base model configuration using an age 9" group is supported.

Relative to the SAWS55 BASE model, the influence of allowing survey selectivities to be domed
resulted in a positive rescaling of spawning stock biomass (e.g., 46% increase in 2011 SSB) and
a decrease in age 5 fishing mortality from 0.59 to 0.50. Based on the evidence presented earlier,
there is little biological or scientific evidence to support such strong doming, additionally, there
was little model support for this with an increase of 6 parameters and an improvement of only 4
objective points. The improvement in the objective function was identical between the
SAWSS5 11PLUS and SAWS5 DOMEI1 I runs. Given the lack of external evidence for domed-
shaped survey selectivities, the lack of model preference for domed selectivity and the cautions
highlighted in Legault (2012), the WG supported the assumption of flat-topped survey
selectivity.

A.6.8. Assessment starting points (e.g., 1964, 1970 vs. 1982)

The SAWS55 BASE assessment begins in 1982. The rationale for this approach is described in
detail the main report. Two alternate start points were explored within the framework of the
SAWS55 BASE model: 1964 (SAWS5 HIST 1964) and 1970 (SAWS55 _HIST 1970). Extending
the time series back in time results in a loss of information content as described in the main
report. For all historical runs the same adjustments described for the 1932 Beverton-Holt ASAP
runs were applied to the SAWS55 BASE historical runs. A summary of model diagnostics is
presented in Table A.6.8. The historical runs, BASE 1970 and BASE 1964, did not alter the
perception of the stock. Nearly identical trends were observed in spawning stock biomass,
fishing mortality and age 1 recruitment (Fig. A.6.21). With respect to evaluating the current
condition of the stock, the choice in starting year has little impact. Where the starting year does
make a difference is in establishing reference points. Extending the time series back in time
established additional contrast in the spawner-recuit relationship, however there remains no clear
functional form to the relationship even when the assessment time series is extended back to
1964 (Fig. A.6.22). Given the experience of the GARM III, caution should be taken in placing
too much weight on recruitment estimates driven entirely off of survey information (as are the
recruitment estimates pre-1982) that cannot be corroborated with catch-at-age information.

A.6.9. Catch precision assumptions

At SARC 53, the Panel expressed concern that the CVs on the aggregate catch used in the base
model (CV=0.05) assumed higher precision than was warranted given the CV estimates of 0.11 —
0.38 for commercial discards (Table A.25) and recreational catch percent standard errors (PSE)
around 20% (Table A.43). Given that the same assumption has been made in SAW 55,
explorations have been conducted evaluating the sensitivity of the model to both higher and
lower CVs. In these sensitivity runs only the CVs on the aggregate catch were adjusted; all
model inputs and parameters were held constant. Four different CVs were assumed in the model:
0.01, 0.10, 0.20, and 0.30. The model runs and summary diagnostics are presented in Table
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A.6.9. Increasing catch CVs lead to slight improvements in the model fits to the survey indices,
but only marginally (Appendix Fig. A1.11). The root mean square error on the total index fit
went from 1.08 under the SAWS55 BASE model to 1.00 in the 0.30 CV model. The primary
effect of the higher CVs was reduced fit to the aggregate catch with very little overall change in
the residual patterns, only in the magnitude of the residuals (Fig. A.6.23). The 2011 estimates of
spawning stock biomass ranged from 11,990 mt to 10,535 mt with biomass decreasing with an
increasing CV. Overall, increasing CVs on the aggregate catch had negligible impacts on the
assessment results.

A.6.10. Stock structure considerations

Most of the discussion related to stock structure occurred during the SAW 55 Data WG.
However, there were questions raised following the completion of the SAW 53 assessment that
alternative definitions of stock structure could potentially change the perception of the cod
resource(s). Here two different explorations have been conducted: 1) evaluate the likely outcome
of considering only a western Gulf of Maine cod assessment; and 2) evaluate the likely outcome
if the Georges Bank and Gulf of Maine cod resources were assessed as a single unit stock.

A western Gulf of Maine (wWGOM) assessment model was constructed by first developing
western Gulf of Maine survey indices. The western Gulf of Maine was defined at strata 26, 27
and 40 (Fig. A.6.24). These strata coincide with the region of highest cod density in the Gulf of
Maine over the past five years (Fig. A.6.25). A comparison of the wGOM survey indices to those
of the entire Gulf of Maine show that the survey trends from the wGOM are nearly identical to
those of the Gulf of Maine as a whole (Fig. A.6.26). Conversely, the eastern Gulf of Maine have
exhibited sharper declines in survey abundance relative to the Gulf of Maine as a whole. The
declines seen in the eastern Gulf of Maine have only minimal effects on the full Gulf of Maine
indices due to the dominance of the western Gulf signal. This effect can be better understood by
examining the scale of the eastern Gulf of Maine survey indices relative to the Gulf of Maine as
a whole (Fig. A.6.27). The abundance indices in the eastern component are approximately two to
five times lower than those of the Gulf of Maine as a whole. The survey indices at age from the
wGOM compared to the full GOM strata are nearly identical for both the spring (Fig. A.6.28)
and (Fig. A.6.29).

Estimates of western Gulf of Maine catch were obtained by calculating the annual fraction of
total Gulf of Maine commercial landings coming from statistical areas 513 and 514. Between
1982 and 2011, these two statistical areas have accounted for > 60% of the total Gulf of Maine
cod landings and > 90% over the last five years (Fig. A.6.30). The annual fractions where then
applied to the aggregate landings and discards (Table A.8) as well as the catch-at-age matrices
(Tables A.17 and A.29). No changes were made to the recreational fishery catches since this
fishery operates primarily in the western Gulf of Maine. A combined catch-at-age matrix was
constructed using the revised catch inputs and the weight-at-age matrix was updated based on a
numbers-weighted approach that incorporated the revised catches.

The SAWS55 BASE model inputs were then modified by updating the NEFSC survey indices
(aggregate, at-age and input CVs) and the catch inputs (aggregate catch, catch-at-age, weights-at-
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age). All other model inputs and configurations were left the same. A comparison of the
summary diagnostics of the SAWS55 BASE and the SAW55 WESTERN models is provided in
Table A.6.10. The trends in spawning stock biomass in the western Gulf of Maine have varied,
but don’t exhibit as large of long-term decline as seen over the entire Gulf of Maine region (Fig.
A.6.31). While this could imply large declines in the eastern Gulf of Maine biomass, given non-
linearities in the models the eastern Gulf of Maine biomass does not necessarily equal the total
minus that of the wGOM. It’s important to note that the 2011 estimates of spawning stock
biomass and fishing mortality are nearly identical between the two models. This suggests that the
current perception of the resource is not dramatically different if only the western Gulf of Maine
is considered. Given that spawner-per-recruit (SPR) reference points are likely to be similar
between the wGOM-only and GOM regions given the dominance of the wGOM signal in the
SPR inputs, consideration of a wGOM only assessment would likely not alter the current stock
status.

To construct a combined Georges Bank-Gulf of Maine assessment
(SAWS5 COMBINED GOM GBK) the following steps were taken:

e Started the model in 1982 and used age9" formulation.
0 Gulf of Maine assessment starts in 1982 with age 9" group.
0 Georges Bank assessment starts in 1978 with age 10" group.
e Treated Gulf of Maine and Georges Bank catches as separate fleets.

0 Used fleet-specific catch weights.

e Re-calculated Georges Bank catch weights to age9" formulation using numbers weighted
approach.

e Re-calculated aggregate catch weights-at-age using numbers-weighted approach.

e Re-estimated stock/SSB weights-at-age using Rivard approach back to January 1.

e Assumed a mean spawning period at end of February (0.167), which is the mean
spawning period used in the Georges Bank assessment.

0 It should be noted that this will have only marginal impacts on the assessment
model since it is not directly used in the assessment solution, only in the
calculation of spawning stock biomass.

e Used Gulf of Maine maturity ogive.

0 Similar to the spawning period assumption, this will have marginal impacts on the
results because it is not directly used in the assessment solution.

¢ Indices inputted as stock-specific indices.

0 Both MADMF spring and DFO survey indices were included.

The combined GOM/GBK run was compared to the individual Gulf of Maine (SAWS55 BASE)
and Georges Bank (GBCOD BASE ASAP) model results as well as the sum of the individual
assessments. The sum of the individual stock spawning stock biomasses and agel recruitment are
similar to the combined model results (Fig. A.6.32). The aggregate fishing mortality is an
approximate average of the stock-specific fishing mortalities. Given these similarities, it is not
likely that alternate stock structure assumptions will results in considerably different perceptions
of resource status. Regardless of the assumptions on stock structure spawning stock biomasses
are severely depleted from the highs observed in the early 1980s. Currently the Gulf of Maine
assessment has a minor retrospective pattern relative to that observed for the Georges Bank

579
55th SAW Assessment Report Gulf of Maine Cod — Appendix A-6



assessment. Combining the two stocks in to a single unit stock assessment does not resolve the
retrospective pattern (Fig. A.6.33). Given the retrospective patterns observed in the combined
assessment it’s likely that a combined unit-stock approach would effectively degrade the quality
of management information with respect to the Gulf of Maine resource.

It should be noted that the exploratory analyses conducted here, both with respect to the western
Gulf of Maine and unit stock assessment are preliminary. A number of critical issues with
respect to data inputs would need to be addressed before undertaking future such analyses in a
more formal manner.
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Appendix A.6. Tables

Table A.6.1. Summary of model diagnostics from a sensitivity analysis of the Gulf of Maine Atlantic cod SAW55 BASE assessment
model to the upper and lower 95% confidence intervals of the survey calibration factors used throughout the history of the assessment
time series.

Model SAWS55_BASE SAWS55_SURV_CONV_LOWER SAWS55_SURV_CONV_UPPER

Parameters 101 101 101

Objective function 2554 2563 2559

Suvey age
con);psg 860 866 858
Catch age

Components of comps 395 396 398
objective function Index fit 794 708 799
Catch fit 211 211 211

Recruit devs 293 293 294

Catch 0.29 0.30 0.28

Index1 1.14 1.19 1.13

RMSE Index2 0.97 1.04 1.09
Index3 1.13 1.14 1.14

Index total 1.08 1.12 1.12

Recruit devs 1.42 1.38 1.45

Fleetl 1.34 1.34 1.38

Mean age RMSE Index1 1.50 1.61 1.63
Index2 1.74 1.67 1.77

Index3 1.37 1.36 1.37

NEFSC spring 0.89 0.87 0.95

Survey catchability (9) NEFSC fall 0.53 0.50 0.54
MADMF spring 0.21 0.20 0.21

SSB19s2 (mt) 23320 23086 23299

SSB2011 (mt) 11874 15098 9804

Fages, 2011 0.59 0.52 0.73
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Table A.6.2. Summary of model diagnostics from a sensitivity analysis of the Gulf of Maine Atlantic cod SAWS55 3BLOCK BASE
assessment to the use of survey biomass indices relative to abundance (numbers) indices.

Model SAWS55_3BLOCK BASE SAW55_3BLOCK_BASE BIOMASS SAWS55 3BLOCK BASE BIOMASS_ADJ
Selectivity blocks 3 3 3
Year splits 1989, 2005 1989, 2005 1989, 2005
Parameters 93 93 93
Objective function 2055 2192 1997
Maximum gradient 9.2E-05 3.7E-05 3.4E-05
Suvey age
comps 602 685 573
Componen Catch age
ts of comps 390 396 350
objective  Index fit 794 838 806
function  Catch fit 210 213 210
Recruit
devs 59 59 59
Catch 0.21 0.50 0.20
Index1 1.13 1.75 1.09
Index2 0.97 1.27 0.97
RMSE  ngex3 114 1.87 091
Index total 1.08 1.65 0.99
Recruit
devs 1.51 1.49 1.47
Fleetl 0.96 1.13 0.94
Mean age  Index1 1.02 1.49 0.99
RMSE ' Index2 L18 1.63 121
Index3 1.06 0.87 1.00
SSBi9s2 (mt) 22036 23610 22795
SSB2011 (mt) 9903 7607 8281
Fages, 2011 0.78 1.04 0.94
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Table A.6.3. Summary of model diagnostics from a sensitivity analysis of the of Maine Atlantic

cod SAWS5 BASE assessment to the incorporation of multiple fleet definitions.

Model SAW55 BASE  SAWS55_4FLEET SAWS55 2FLEET  SAWS55_SPLIT_LAND_DISC
Commerical landings, discards .

d tional Commercial and Modelled landi d discard

Model description Base model from SAW 55 21¢ fecreationa recreational fleets odefled fandings and discards

landings/discards treated as

modelled separately
separate fleets

separately

Number of parameters 101 239 147 147
Objective function 2554 3716 2970 2981
Suvey age comps 360 888 859 861
Components of Catch age comps 395 1199 632 672
objective Index fit 794 794 794 794
function

Catch fit 211 546 392 361
Recruit devs 293 289 293 293
Fleet 1 0.29 0.21 0.23 0.27
Fleet 2 0.05 0.20 0.12

Fleet 3 0.05

Fleet 4 0.01
RMSE Total catch 0.29 0.11 0.21 0.21
Index1 1.14 1.13 1.14 1.13
Index2 0.97 0.96 0.97 0.96
Index3 1.13 1.13 1.13 1.13
Recruit devs 1.14 1.30 1.42 1.08
Fleetl 1.34 1.31 1.24 1.50
Fleet2 1.37 0.89 1.70

Fleet3 1.48

Mean age RMSE Fleet4 1.65
Index1 1.50 1.49 1.43 1.45
Index2 1.74 1.83 1.74 1.76
Index3 1.37 1.36 1.38 1.38
SSB19s2 (mt) 23,320 24,396 23,359 24,331
SSB2011 (mt) 11,874 10,657 11,635 10,755
Fages, 2011 0.59 0.70 0.59 0.61
Index 1 0.839 0.90 0.91 0.91
f:tzle:mi wig mdex 053 0.53 0.54 0.54
Index 3 0.21 0.21 0.21 0.21
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Table A.6.4. Summary of model diagnostics from a sensitivity analysis of the Gulf of Maine Atlantic cod SAW55 BASE assessment
to the incorporation of commercial (COM_LPUE), recreational (REC LPUE) and combined (_ LPUE) landings-per-unit-effort

indices.
Model SAW55_BASE SAW55_COM_LPUE SAW55_COM _LPUE SPLIT SAWS55_COM LPUE SPLIT V2  SAWS55 REC_LPUE SAWS55_LPUE SAWS55_LPUE V2

Parameters 101 102 103 102 102

Objective function 2554 2572 2568 2565 2582

Suvey age comps 860 860 860 860 860

Components of Catch age comps 395 395 395 Did not converge 395 395 Did not converge

objective Index fit 794 813 808 804 823
function Catch fit 211 211 211 211 211
Recruit devs 293 293 293 293 293

Catch 0.29 029 029 0.28 0.29

Index1 1.14 1.15 1.14 1.14 1.15

Index2 0.97 0.99 097 0.97 0.98

Index3 1.13 1.13 1.13 1.13 1.13

RMSE Index5 0.55 0.24 0.56

Index6 0.27

Index7 0.37 0.38

Index total 1.08 0.99 0.95 1.00 0.93

Recruit devs 1.42 141 142 1.43 1.41

Fleetl 1.34 1.32 1.34 1.34 1.33

Mean age Index1 1.50 1.50 1.50 1.50 1.50
RMSE Index2 1.74 1.74 173 1.73 1.74
Index3 1.37 1.37 1.37 1.37 1.37

SSBi9s2 (mt) 23320 23310 23383 23315 23301
SSB2011 (mt) 11874 13853 11985 11635 13018

Fages, 2011 0.59 0.52 0.59 0.60 0.53
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Table A.6.5. Summary of model diagnostics from a sensitivity analysis of the Gulf of Maine
Atlantic cod SAWS55 BASE assessment to inclusion of only a single survey index at one time.

Model SAWS55 BASE SAWS55_NEFSC_SPRING SAWS55 NEFSC_FALL SAWS55_MADMF _SPRING
Parameters 101 91 91 89
Objective function 2554 1508 1459 1348
Suvey age
con);psg 860 345 312 197
Componen Catch age 305
ts of comps 390 391 386
objective = Index fit 794 271 256 266
function  Catch fit 211 210 210 210
Recruit
devs 2k 292 291 290
Catch 0.29 0.21 0.17 0.14
Index1 1.14 1.14
Index2 0.97 0.97
RMSE  ndex3 113 1.08
Index total 1.08 1.14 0.97 1.08
Recruit
devs 1.42 1.39 1.34 1.20
Fleetl 1.34 1.27 1.26 1.04
Mean age  Index1 1.50 1.51
RMSE | Index2 1.74 1.74
Index3 1.37 1.34
SSB19s2 (mt) 23320 22217 25513 21628
SSB2011 (mt) 11874 11254 12345 34137
Fages, 2011 0.59 0.64 0.56 0.28
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Table A.6.6. Summary of model diagnostics from a sensitivity analysis of the Gulf of Maine
Atlantic cod SAWS55 BASE assessment to the implementation of domed selectivity in the
NEFSC survey indices and extension of the age structure out to an 117 group.

Model SAW55 BASE SAW55 DOME SAW55 11PLUS SAW55 DOME11

Parameters 101 107 107 117

Objective function 2554 2550 2582 2578
Suvey age comps 860 859 875 874
Components of Catch age comps 395 395 408 409
‘;b’“tf‘ve Index fit 794 793 794 792
URCHOM Caten fit 211 210 211 210
Recruit devs 293 293 293 293

Fleet 1 0.29 0.24 0.29 0.24

Index 1 1.14 1.11 1.14 1.11

RMSE Index 2 0.97 0.96 0.97 0.95
Index 3 1.13 1.11 1.13 1.11

Recruit devs 1.42 1.38 1.42 1.38

Fleetl 1.34 1.34 1.33 1.34

Mean age Index1 1.50 1.47 1.49 1.48
RMSE Index2 1.74 1.75 1.73 1.74
Index3 1.37 1.37 1.37 1.36
S Index 1 0.89 0.52 0.89 0.71
ey Index 2 0.53 0.34 0.53 0.44

catchability (q)

Index 3 0.21 0.25 0.21 0.21

SSB19s2 (mt) 23320 37315 22640 39066

SSB3¢11 (mt) 11874 17279 11807 18670

Fages, 2011 0.59 0.50 0.59 0.49
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Table A.6.7. Summary of selectivity parameter estimates and corresponding coefficients of
variation (italics) from a sensitivity analysis of the Gulf of Maine Atlantic cod SAWS55 BASE
assessment to the implementation of domed selectivity in the NEFSC survey indices and
extension of the age structure out to an 117 group.

Model SAWS55_BASE SAWS55_DOME SAWS5_11PLUS SAWS55_DOMEI1 1
Agel 0.04 0.18 0.04 0.18 0.04 0.18 0.04 0.18
Age2 0.25 0.10 0.26 0.10 0.25 0.10 0.26 0.11
Age3 0.57 0.09 0.58 0.10 0.57 0.09 0.59 0.10
Aged 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
Age5 1.00 1.00 1.00 1.00
Block 1 Age6 0.78 0.25 0.74 0.26 0.75 0.25 0.69 0.26
Age7 1.00 0.07 0.88 0.41 0.84 0.36 0.64 0.40
Age8 1.00 0.00 1.00 0.00 0.69 0.53 0.50 0.59
Age9/+ 0.33 0.45 0.10 0.67 0.55 0.76 0.42 0.86
Agel0 1.00 0.01 0.85 1.51
Agell+ 0.27 0.81 0.04 1.35
Agel 0.02 0.18 0.02 0.19 0.02 0.18 0.02 0.19
Age2 0.07 0.11 0.08 0.12 0.07 0.11 0.08 0.13
Age3 0.32 0.08 0.36 0.10 0.32 0.08 0.37 0.10
Aged 0.79 0.07 0.87 0.08 0.79 0.07 0.88 0.09
Age5 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
Block 2 Age6 1.00 1.00 1.00 1.00
Age7 0.92 0.17 0.64 0.22 0.92 0.17 0.62 0.23
Age8 0.88 0.27 0.44 0.37 0.87 0.27 0.42 0.38
Age9/+ 0.77 0.50 0.13 0.60 0.70 0.44 0.25 0.58
Agel0 0.86 0.63 0.16 0.79
Agell+ 1.00 0.01 0.04 1.03
Agel 0.04 0.19 0.05 0.21 0.05 0.18 0.05 0.22
Age2 0.14 0.16 0.17 0.19 0.14 0.15 0.17 0.19
Age3 0.30 0.15 0.35 0.18 0.30 0.15 0.37 0.19
Age4 0.51 0.15 0.61 0.17 0.53 0.14 0.63 0.18
Age5 0.75 0.15 0.83 0.16 0.76 0.15 0.85 0.16
Index 1 Age6 1.00 1.00 1.00 1.00
Age7 1.00 1.00 0.00 1.00 1.00 0.00
Age8 1.00 0.56 0.40 1.00 0.51 0.40
Age9/+ 1.00 0.16 0.55 1.00 0.38 0.60
Agel0 1.00 0.37 0.75
Agell+ 1.00 0.05 1.02
Agel 0.17 0.15 0.20 0.17 0.17 0.14 0.20 0.17
Age2 0.40 0.14 0.46 0.16 0.40 0.13 0.47 0.16
Age3 0.59 0.14 0.66 0.15 0.58 0.13 0.68 0.16
Aged 0.89 0.14 0.97 0.15 0.89 0.13 0.99 0.15
Age5 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
Index 2 Age6 1.00 1.00 1.00 1.00
Age7 1.00 0.62 0.38 1.00 0.58 0.38
Age8 1.00 0.42 0.61 1.00 0.38 0.61
Age9/+ 1.00 0.20 0.61 1.00 0.54 0.67
Agel0 1.00 0.16 1.37
Agell+ 1.00 0.10 0.97
A50 ascend 0.00 3000.30 0.00 3000.05 0.00 3316.67 0.00 3316.88
Index 3 Slope ascend 10.00 10.00 1.00 10.00
A50 descend 0.00 2994.57 0.00 3000.00 0.00 3316.65 0.00 3316.48
Slope descend 3.50 0.18 3.16 0.15 3.064 0.18 3.15 0.15
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Table A.6.8. Summary of model diagnostics from a sensitivity analysis of the Gulf of Maine
Atlantic cod SAWS55 BASE assessment to the assessment starting year.

Model SAWS55_BASE SAWS5_HIST 1970 SAWS5_HIST 1964

Starting year 1982 1970 1964
Parameters 101 133 145
Objective function 2554 3267 3439
Maximum gradient 0.0016 0.0005 0.0000

Suvey age
comps 860 1130 1131

Components Catch age
of objective comps 395 396 396
function Index fit 794 1019 1089
Catch fit 211 307 352
Recruit devs 293 415 472
Catch 0.29 0.28 0.27
Index1 1.14 1.15 1.13
RMSE Index2 0.97 1.14 1.08
Index3 1.13 1.13 1.13
Index total 1.08 1.14 1.11
Recruit devs 1.42 1.43 1.43
Fleetl 1.34 1.34 1.34
Mean age Index1 1.50 1.35 1.35
RMSE Index2 1.74 1.66 1.67
Index3 1.37 1.37 1.37
Survey  NEFSCspring 0.89 0.74 0.76
catchability NEFSC fall 0.53 0.59 0.61
@ MADMF spring 021 021 021
SSB1964 (mt) 14330
SSB1970 (mt) 33836 34381
SSB19s2 (mt) 23320 23349 23228
SSB2011 (mt) 11874 12198 11776
Fages, 2011 0.59 0.58 0.60
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Table A.6.9. Summary of model diagnostics from a sensitivity analysis of the Gulf of Maine Atlantic cod SAW55 BASE assessment
to the assumed precision of the aggregate catch input. Precision is expressed in terms of the coefficient of variation (CV).

Model SAWS55_CATCH_CV01 SAWS55_BASE SAWS55_CATCH_CV10 SAWS55_CATCH_CV20 SAWS55_CATCH_CV30
Catch CV 0.01 0.05 0.10 0.20 0.30
Parameters 101 101 101 101 101
Objective function 2507 2554 2572 2584 2588
Suvey age
con);psg 861 860 859 856 852
Catch age

Cm:;}:l;::? of compsg 396 395 394 392 389
function Index fit 795 794 792 788 787
Catch fit 161 211 234 259 273

Recruit devs 294 293 292 289 287

Catch 0.06 0.29 0.51 0.75 0.83

Index1 1.15 1.14 1.11 1.03 0.99

RMSE Index2 0.98 0.97 0.95 0.95 0.97
Index3 1.14 1.13 1.11 1.06 1.04

Index total 1.09 1.08 1.06 1.02 1.00

Recruit devs 143 1.42 1.40 1.35 1.32

Fleetl 1.34 1.34 1.33 1.31 1.29

Mean age Index1 1.50 1.50 1.49 1.46 1.43
RMSE Index2 1.74 1.74 1.72 1.69 1.67
Index3 1.37 1.37 1.37 1.36 1.36
SSB19s2 (mt) 23460 23320 22924 21702 20249
SSB2011 (mt) 11990 11874 11597 11026 10535
Fages, 2011 0.59 0.59 0.60 0.60 0.59
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Table A.6.10. Summary of model diagnostics from a sensitivity analysis of the Gulf of Maine
Atlantic cod SAWS55 BASE assessment to considering only data from the western Gulf of
Maine (NEFSC offshore survey strata 26, 27, 40).

Model SAWS55 BASE SAWS55 WESTERN

Model description Base model from SAW55 gf;ffi S;Lftz f;ﬁ;?i(;’)nly
Number of parameters 101 101
Objective function 2554 2550
Suvey age 860 885
Components f;ﬁlcpl; 8¢ 395 398
of objective 1, pox fit 794 778

function
Catch fit 211 204
Recruit devs 293 285
Fleet 1 0.29 0.25
Index 1 1.14 1.21
RMSE Index 2 0.97 1.14
Index 3 1.13 1.07
Recruit devs 1.42 1.33
SSB19s2 (mt) 23,320 16,526
SSB2011 (mt) 11,874 12,690
Fages, 2011 0.59 0.53
Survey Index 1 0.89 0.51
catchability  Index 2 0.53 0.37
@ Index 3 0.21 0.25
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Appendix A.6. Figures
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Figure A.6.1. Sensitivity of the Gulf of Maine Atlantic cod SAWS55 BASE assessment model to
the upper and lower 95% confidence intervals of the survey calibration factors used throughout

the history of the assessment time series.
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Figure A.6.2. Sensitivity of the Gulf of Maine Atlantic cod SAWS55 3BLOCK BASE
assessment to the use of survey biomass indices relative to abundance (numbers) indices.
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Figure A.6.3. Sensitivity analysis showing the response of the Gulf of Maine Atlantic cod ASAP
SAWS55 BASE model to different assumptions of survey catchability (¢) of the Northeast

Fisheries Science Center spring survey.
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Figure A.6.4. Gulf of Maine Atlantic cod NEFSC spring (bottom) and fall (top) survey indices of
abundance (numbers per tow) when estimated from all NEFSC offshore strata (26, 27, 28, 29,
30, 36, 37, 38, 39, 40; black line) and when strata 29, 30, and 36 are excluded (red line).
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Figure A.6.5. Comparison of Gulf of Maine cod spawning stock biomass (top), age 5 fishing
mortality (F) (middle) and age-1 recruitment (thousands of fish; bottom) between the
SAWS55 BASE model (all survey strata) and the SAWS5 REV_SURV_STRATA (excludes

offshore survey strata 29, 30 and 36).
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Figure A.6.6. ASAP model estimates of NEFSC survey catchability (¢) for Gulf of Maine
Atlantic cod when estimated by the SAWS55 BASE model which includes swept area estimates
from all survey strata and when estimated by the SAW55 REV_SURV_STRATA model which

excludes offshore survey strata 29, 30, and 36.
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Figure A.6.7. Area swept estimates of total Gulf of Maine Atlantic cod biomass under different
assumptions of NEFSC spring Bigelow survey catchability (¢) and effective trawl area (wing
spread vs. door spread). The 80% bootstrap confidence interval (CI) is shown by the dashed

lines.
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Figure A.6.8. Area swept estimates of total Gulf of Maine Atlantic cod biomass from 2009 to
2011 based on the NEFSC spring (top) and fall (bottom) Bigelow survey when the effective area
is set equal to the wing spread and the survey is assumed to be 80% efficient (¢=0.8). Biomass
has been estimated using the full strata set (red line, with 80% bootstrap confidence intervals)
and using a strata set that excludes strata 29,30 and 36 (blue line). In these analyses, the full
strata set also includes inshore survey strata 57-69. Biomass estimates are compared to the
annual total biomass estimated from the ASAP base model (black line) after accounting for total
mortality between January 1 and the survey seasons. *NEFSC fall 2011 survey information were
not available at the time of this report.
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Figure A.6.9. Area swept estimates of total Gulf of Maine Atlantic cod biomass from 1982 to
2011 based on the NEFSC spring (top) and fall (bottom) survey when a the effective trawl area is
set equal to the wing spread and strata set 29, 30 and 36 are excluded from the indices
calculation. In these analyses, the full strata set also includes inshore survey strata 57-69. Survey
efficiencies of 50% (q=0.5) and 80% (q=0.8) were assumed for the Albatross IV (1982-2008)
and Bigelow (2009-2011) survey time series respectively (the vertical blue line delineates the
split in survey time series). The 80% bootstrap confidence intervals of area swept estimates of
biomass area shown by the dashed red lines. Biomass estimates are compared to the annual total
biomass estimated from the ASAP base model (black line) after accounting for total mortality
between January 1 and the survey seasons. *NEFSC fall 2011 survey information were not
available at the time of this report.
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Figure A.6.10. Comparison of the SAW 53 ASAP estimated total ‘survey-able’ biomass (metric
tons; black line) and the 80% confidence intervals (red lines) of area swept estimates of total
Gulf of Maine cod biomass from 1982 to 2011 based on the NEFSC spring survey. Area swept
biomass indices have been calculated using all strata (strata 26- 30 and 36- 40; top) and
excluding strata 29, 30 and 36 (bottom). Survey efficiency was set at ASAP model estimates of
¢=0.92 when using all strata and g=0.53 when excluding strata 29, 30 and 36. ASAP ‘survey-
able’ biomass was derived from total biomass by accounting for both total mortality since
January 1 and survey selectivity at age.
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Figure A.6.11. Comparison of the SAW 53 ASAP estimated total ‘survey-able’ biomass (metric
tons; black line) and the 80% confidence intervals (red lines) of area swept estimates of total
Gulf of Maine cod biomass from 1982 to 2011 based on the NEFSC fall survey. Area swept
biomass indices have been calculated using all strata (strata 26- 30 and 36- 40; top) and
excluding strata 29, 30 and 36 (bottom). Survey efficiency was set at ASAP model estimates of
g=0.57 when using all strata and g=0.42 when excluding strata 29, 30 and 36. ASAP ‘survey-
able’ biomass was derived from total biomass by accounting for both total mortality since
January 1 and survey selectivity at age.
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Figure A.6.12. Residual plots of the Gulf of Maine Atlantic cod catch-at-age fits compared between the SAWS55 BASE model (left)
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Figure A.6.13. Residual plots of the Gulf of Maine Atlantic cod catch-at-age fits compared between the SAWS55 BASE model (left)
and the SAWS55 2FLEET (right).
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Figure A.6.14. Residual plots of the Gulf of Maine Atlantic cod catch-at-age fits compared between the SAWS5 BASE model (left)
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Figure A.6.15. Model fits of variants of the Gulf of Maine Atlantic cod ASAP SAW55 BASE
model to the commercial landings-per-unit-effort (LPUE) index. The SAW55 COM_LPUE uses
the commercial LPUE index as a single series. The SAW55 COM_LPUE_SPLIT model splits
the commercial LPUE series between 2005 and 2006.
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Figure A.6.16. Comparison of the Gulf of Maine Atlantic cod assessment results between the
ASAP SAWS5 BASE model and the SAWS5 COM_LPUE_SPLIT model.
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Figure A.6.17. Model fit of a variant of the Gulf of Maine Atlantic cod ASAP SAW55 BASE
model, SAWS55 REC LPUE, to the recreational landings-per-unit-effort (LPUE) index.
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Figure A.6.18. Model fits of a variant of the Gulf of Maine Atlantic cod ASAP SAWS55 BASE
model, SAWS55 LPUE, to the commercial (Index 5) and recreational landings-per-unit-effort
(Index7) indices.
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Figure A.6.19. Model fits of variants of the Gulf of Maine Atlantic cod ASAP SAW55 BASE
model to the aggregate catch, NEFSC spring, NEFSC fall and MADMF spring survey indices.
Each of the alternate models only included a single survey index.
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Figure A.6.20. Comparison of the Gulf of Maine Atlantic cod ASAP model estimates of numbers

of age 9" fish over time between models exploring the sensitivity of the SAW55 BASE model to
individual survey indices.
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Figure A.6.21. Comparison of the Gulf of Maine Atlantic cod assessment results from models
using different starting years. All models are based on the SAW55 BASE model which starts in
1982. The SAWS5 HIST 1964 and SAWSS5 HIST 1970 models started in 1964 and 1970
respectively.
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Figure A.6.22. Scatter plots of Gulf of Maine Atlantic cod age 1 recruits vs. spawning stock
biomass from the SAWS55 BASE, SAWS55 HIST 1970, and SAW_HIST 1964 ASAP models.
The starting year for each of the models was 1982, 1970 and 1964 respectively.

612
55th SAW Assessment Report Gulf of Maine Cod — Appendix A-6-Figures



SAWSE_BASE SAWAS_CATCH_CVO1 SAWSS_CATCH_CW10 SAWSE_CATCH_CV20 SAWSE_CATCH_CV30

7.5

5.0

In(catch)

25

-25

1982 1990 1998 2006 1982 1990 1898 2006 1982 1990 1898 2006 1982 1990 1898 2006 1982 1990 1998 2006
Year

| 0g) sCale std. residuals @ In(Ohserved) s |n{Predicted)

Figure A.6.23. Model fits of variants of the Gulf of Maine Atlantic cod ASAP SAWS55 BASE model to the aggregate catch. The level
of precision assumed for the aggregate catch was varied between models. The SAWS55 BASE model assumed 0.05 coefficient of
variation (CV) on the catch. The SAW55 CATCH_CVO01, CV10, CV20, CV30 assumed 0.01, 0.10, 0.20 and 0.30 respectively.
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Figure A.6.24. Map of the northeast United States continental shelf showing sub-regions used to
characterize NEFSC survey trends of Atlantic cod.
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Numbers/tow

Figure A.6.25. Distribution of Gulf of Maine Atlantic cod between 2007 and 2011 from the
NEFSC bottom trawl surveys (fall and spring combined).
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Figure A.6.26. Northeast Fisheries Science Center (NEFSC) spring (left) and fall (right) bottom trawl survey abundance
(numbers/tow) indices for Gulf of Maine Atlantic cod from 1963 to 2012 expressed as z-scores ([x-u]/c). Plots on the top compare the
indices for the entire Gulf of Maine region (red) to those from only the western Gulf of Maine (blue). Plots on the bottom compare the
indices for the entire Gulf of Maine region (red) to those from only the eastern Gulf of Maine (blue).
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Figure A.6.27. Gulf of Maine Atlantic cod Northeast Fisheries Science Center (NEFSC) bottom trawl survey abundance indices
(numbers/tow) from the spring (left) and fall (right) surveys showing the differences in scale between indices from the entire Gulf of
Maine region (red) and those from only the eastern Gulf of Maine (blue).
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Figure A.6.28. Comparison of Notheast Fisheries Science Center (NEFSC) spring bottom trawl survey numbers at age indices for
Gulf of Maine Atlantic cod calculated using all offshore strata (grey) and only those strata in the western Gulf of Maine (26, 27, 40;
green).

618
55th SAW Assessment Report Gulf of Maine Cod — Appendix A-6-Figures



Gulf of Maine cod NEFSC fall survey numbers-at-age, 1970 to 2011 Western Gulf of Maine cod NEFSC fall survey numbers-at-age, 1970 to 2011

1970 - ’ @ © = @ 1970 - ® o . : .
Q @ » <] L] . L]
1972 g ! s e Q - 1972 ‘ ' ! , - - -
@ ] [ ° @ [+] . ' ® [ - . ] & .
1974 - @ @ ° Q 1974 - ‘ ] .
[-] - - " [ - .
1976 ° ° 1976 - @ -
s o . ] '] I e . - .
1978 - : @ . a o 1978 ’ @ . . * .
a ] - . ® L @ *
15980 - ] ] . 9 1980 - o - & . -
1682 - : b . ? 1 982 ‘ ; i 3
@ © o TR = . .
1984 - @ @ o . e 1984 1 = @ @ o - .
@ o . - @ s e ® .
1986 : ® 4 1986 - © o - . .
& - L]
1988 - o o . 1988 - . ® - o
o o L ol @ ® -
@ 15490 - Q ° ' o 1990 - . : L] -
— a - > | . @ a8 ®
1992 - @ o 1992 4 - : e = @
L - . L[]
1994 - b . 1994 . L] ‘ ’ -
-] ] L]
1948 ; 1996 - e @ : 4
- " -
1988 - 4 . i
= -l R i
2000 - @ = . [ 2000 -| e s .
o Ll &
2002 ’ ‘ ° a 2002 - . i , ’ : ] i
e . ' ] ® ] - .
2004 - e o & . 2004 - . & @ & s+ .
- Q@ [ ] L) " - [ ] ] - )
2006 @ - ° o N 2006 - - ® ¥ » . -
. 8 M ® " ®
2008 - L] . . 2008 e e @ . .
° ° | | = @ . .
o R ' 2010 e o
Q o . | . [ ] e @ 9 L] .
L] 1 I T 1 ! T T T T T T T T T T
5 6 7 & 9 10 N 0 1 2 3 4 5 6 7 8 9 10 11
Age (years) Age (years)

Figure A.6.29. Comparison of Notheast Fisheries Science Center (NEFSC) fall bottom trawl survey numbers at age indices for Gulf
of Maine Atlantic cod calculated using all offshore strata (grey) and only those strata in the western Gulf of Maine (26, 27, 40; green).
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Figure A.6.30. Fraction of Gulf of Maine Atlantic cod commercial landings from statistical areas
513 and 514 between 1982 and 2011.
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Figure A.6.31. Comparison of time series plots of spawning stock biomass, age 5 fishing
mortality and age 1 recruitment from a western Gulf of Maine Atlantic cod stock assessment
model to the SAW55 BASE assessment model which includes the entire western Gulf of Maine.
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Figure A.6.32. Time series plots of spawning stock biomass, age 5 fishing mortality and age 1
recruitment from a combined Gulf of Maine-Georges Bank Atlantic cod stock assessment model.
The model results from individual stock assessment models and the cumulative results are also
shown.
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Figure A.6.33. Retrospective plots for spawning stock biomass, age 5 fishing mortality and age 1
recruitment from a combined Gulf of Maine-Georges Bank Atlantic cod stock assessment model.
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[SAWSS Editor’s Note: The SARC-55 review panel did not recommend
adopting the GOM cod Statistical Catch-at-Age (SCAA) assessment results
that are in Appendices A.2 — A.5 and referred to in Appendix A.7. Those
results are included in this report to document and demonstrate the work that
was done by the SAW cod Working Group]

Appendix A.7. Comparison of the four assessment models recommended by the SAW 55
Working Group and subsequent consequence analysis.

This appendix summarizes the comparison of the four assessments models and the corresponding
reference points and short-term projections that were developed by the 55™ Stock Assessment
Workshop Working Group (SAW 55 WG) for consideration by the 55" Stock Assessment
Review Committee (SARC 55) Panel. The four models for the Gulf of Maine Atlantic cod stock
differed both in use of pre-1982 information and natural mortality (M) assumptions. Two main
assessment model variants were configured as follows:

e Stock-recruit dynamics based on spawner per recruit analysis (SPR) of short-term (1982 —
present) dataset with either natural mortality constant (M = 0.2) for the entire time series or
M ramping up (linearly) from 0.2 during 1982 — 1988 period to 0.4 during 2003 — 2011 (M-
ramp). These models were constructed using the statistical catch-at-age model ASAP (Age
Structured Assessment Program) and are described in the main assessment report. It is
important to note that there are differences in the estimation of the M-ramp reference
points and short-term projections advanced by the SAW 55 WG compared to those
ultimately accepted by the SARC 55 Panel. The details of the final M-ramp reference
points and short-term projections accepted by the SARC 55 Panel are described in the
main assessment report while the details of those forwarded by the SAW 55 WG are
provided below.

e Stock-recruit dynamics based on a stock recruitment model (SR) using long-term (1932 —
present) dataset with either M constant (0.2) for the entire time series or M ramping up
(linearly) from 0.2 during 1932 — 1988 to 0.4 during 2003 — 2011. These models were
constructed using the Statistical Catch-at-Age (SCAA) formulation and are described in
Appendix A.2 and A.3.

While the SAW 55 WG could not reach consensus on which model should serve as the basis of
current stock status determination and management advice, it agreed that the ‘newly proposed
model’ should be that of each lead scientist. Thus, for the ASAP formulation, the model which
uses the 1982 — present dataset with M constant (0.2) for the entire time was preferred, while for
the SCAA formulation, the model which uses the 1932 — present dataset with M ramping up
from 0.2 to 0.4 was preferred. Notwithstanding this, the WG concurred that lack of consensus
should not be interpreted as implying equal support for the models and developed pros and cons
of the main features of each model to indicate their relative level of support.

M=02
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The features that lend support to the assumption that M has remained constant throughout the
time series are those features which do not support the M ramp assumption, which is discussed
below. The main feature against the assumption of constant M is the presence of a retrospective
pattern. However, there is some evidence to suggest that this may be transitory and becoming
less of an issue (SAW 55 WG, 2012c¢). It was for this reason that no adjustment for the
retrospective pattern was made to any of the models.

M-ramp

One of the main features supporting the assumption of a recent change in natural mortality is that
it employs an M = 0.4 which is generally consistent with the results of the 2003 — 2006 GMRI
tagging data and associated analyses (if one assumes a 50% reporting rate of high reward tags).
The tagging analysis indicated that M could be as high as 0.6. Tag reporting rates would have to
be very low in order to be consistent with an M of 0.2.

Another line of support for this assumption is the model fits. The value of the objective function
for the M ramp model was lower (by 8-10 log-likelihood points depending on the specific
formulation) than that of the constant M model. Further, compared to the constant M model,
assuming that M had changed more recently reduces the retrospective pattern.

The final observation supporting a recently elevated M in Gulf of Maine cod is evidence of
increasing M in the adjacent NAFO Div. 4X cod stock based on both tagging analyses and
assessment model fits.

A number of features don’t lend support to a recently increasing M. There is no evidence for
increased predation, either by fish or pinnipeds, in the diet compositional data collected by the
NEFSC. Regarding the GMRI tagging analyses, if reporting rates of high reward tags were less
than 50%, natural mortality would be less than 0.4. It is unfortunate that there are little or no
historical tagging studies to which the results of the GMRI study could be compared. Besides
using different assumptions, these earlier studies did not formally incorporate parameters to
estimate movement. For these reasons, the tagging studies which suggested higher M (> 0.2) in
4X may not apply to Gulf of Maine Cod (SAW 55 WG 2012a).

Regarding model fits, the likelihood profile of M for the 2003 — 2011 period was relatively flat,
with estimates between 0.1 and 0.6 potentially possible. Exploratory runs indicated that M
profiling was sensitive to which years to include in the recent period of high M. A change of two
years would result in a more informative profile (favoring higher M).

The final lines of evidence against a recently elevated M relate to the life history information.
Compared to adjacent stocks, there have been little or no long-term changes in maturity at age,
fish condition and growth. Meta-analyses of life history parameters suggest an M of 0.2 with no
trend over time.
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Long-term (1932 — present): recruitment productivity based on SR model

One of the features in support of using the longer term time series is the NEFSC survey dataset
which contains information on Gulf of Maine cod year-class strengths during the 1960s (size
frequency information during 1963 — 69 and indices of abundance at age during 1970 — 81).
Sensitivity analyses (e.g. on catch CVs) did not indicate qualitative differences in the estimated
reference points and alternative assumptions about fishery selectivities during the pre-1982
period also made minimal differences in the estimated reference points. Overall, the estimation
process has explicitly taken into account the agreed levels of uncertainty in the catch and
sampling during the historical period.

Use of the longer-term time series allows analytical estimation of MSY based reference points,
due to the presence of more contrast in population dynamics, which thus avoids resorting to the
use of proxies. Model fits indicate that there is a preference for Ricker stock-recruit over BH
relationships, with even stronger domes in the former suggested, though as highlighted below,
the model preference for a Ricker SR was small. Ricker-based estimates of Bysy are reasonably
precise (CVs of approx. 15%) although the 2011 spawning stock biomass is more precisely
estimated when a BH relationship is assumed. Use of a Ricker relationship is consistent with
evidence for cannibalism observed in other Cod stocks (Puvanendran et al., 2008) although there
has been no evidence of post-larval cannibalism in either Gulf of Maine or Georges Bank Cod.

A number of features don’t lend support to use of the long-term dataset. Models run with either
the Ricker or BH relationship starting in 1970 provide relatively the same estimates of spawning
biomass and recruitment, indicating that it is primarily the information in the 1960s which is
providing the basis for differing stock-recruit relationships. This is a time period during which
there is no age compositional data and fisheries statistics are most uncertain. Issues with the
historical data quality are discussed in SAW 55 WG (2012a). Further, the survey aggregate
numbers indices for the 1960s contains data on age 0 cod which cannot be removed from the
analysis, although when aggregate biomass indices are used (in which age 0 cod would play a
less prominent role), the assessment results are qualitatively similar.

Regarding model fits, there is little difference in the value of the objective function when using
either a Ricker or BH relationship in a model starting in 1932 (about 3 points for M = 0.2 or 8
points for the M-ramp). For both M scenarios, the difference in log likelihoods between Ricker
and BH was due to stock - recruit residuals during 1963 — 1969, the period with no age
composition data. A pattern of positive residuals exists for both relationships during 1977 — 87,
a period with high catches.

Simulation studies have indicated a propensity to fit domed stock -recruit relationships (i.e.
Ricker), even when a BH is true (De Valpine and Hastings, 2002). However, the results of these
studies depend heavily on the scenario being simulated (e.g. length of time series) and may not
apply to the current situation. Fysy (0.53) estimated using a Ricker model is generally larger than
Fumax, although this is to be expected when the stock-recruitment relationships are domed. On the
other hand, spawning biomass did decline after the 1970s when the resource experienced fishing
mortalities consistent with the Ricker-based Fysy.
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There is an overall concern that if there have been long-term stock productivity changes,
analytically-derived estimates of Bysy and Fysy based on 1932 — present stock dynamics, which
can be considered a weighted average over the entire time series, may not reflect current
conditions.

Short-term (1982 — present): recruitment productivity based on SPR

The main feature supporting use of the shorter-term time series is that this is the period which
has the highest data density. Data are available on the quantity and size composition of the
landings and discards, both commercial and recreational. A number of survey indices are
available, each with aggregate indices of abundance and biomass, along with data on age/size
composition. Biological information such as growth, maturity and length / weight relationships
are also available.

Regarding model fits, the estimates of biomass and fishing mortality, as well as the reference
points are robust to a wide range of model assumptions and uncertainties.

The main issue against using the short-term time series is that it does not provide sufficient
contrast to estimate stock-recruit relationships, and thus requires the use of Bysy and Fysy
proxies which in turn has associated uncertainties (i.e. selection of percentage spawner per
recruit).

Differences in the estimation of the M-ramp reference points and short-term projections
advanced by the SAW 55 WG compared to those accepted by the SARC 55 Panel

There was consensus among the SAW 55 WG that a proxy reference point approach was the
preferred approach for the ASAP 1982 models. A yield per recruit (YPR) analysis was
performed using a 3-year average of weights-at-age which was consistent with the approach used
in SAW/SARC 53 and supported by recent observed trends. The remaining YPR inputs were
time invariant (maturity-at-age) or were constant in the most recent time block of the assessment
model (selectivity, natural mortality). For the M-ramp model the SAW 55 WG assumed that M
would remain at 0.4 and carried forward this assumption when setting reference points.
Contrary to the decisions made by the SAW 55 WG, the SARC 55 Panel concluded that
«...for long-term projections that [the] Review Panel decided that M should be 0.2, because
the longer-term historical evidence seems to indicate that M = 0.2 is more plausible” (SARC
55 2012). This had implications for the determination of appropriate Fysy proxy as well as
the estimation of SSBysy and MSY. Unlike the M-ramp Fysy proxy accepted by the SARC 55
Panel which were based on an F409, SPR assuming M = 0.2, the SAW 55 WG M-Ramp Fysy
proxy was based on Fsy, assuming M = 0.4. The basis for the existing (SAW 53; NEFSC 2012a)
overfishing reference points was derived at GARM III (NEFSC 2008), and is based on Fagq;
however this decision was based on an assumed natural mortality of M = 0.2. Additional
analyses by the SAW 55 WG evaluated various proxies for Fusy by comparing estimated SSB
and recruitment ratios (SSB/R) with expected spawning biomass per recruit (SPR) over a range
of fishing mortalities (F=20% to F80% in 5% increments) to investigate the potential for
replacement under equilibrium assumptions (i.e. constant harvest rate and biology over the
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lifespan). An analysis of replacement lines under recent productivity (approximately last 10
years) indicated that for the M = 0.2 option, Fa¢, (0.18) was still appropriate. When the M was
increased to 0.4 (M-ramp), the replacement lines became steeper with F4ge, rising to 0.44 (Fig.
A.7.1). It was noted that the Fy;sy proxy for Georges Bank cod for the M-ramp model was set by
the SAW 55 WG at Fsq, based upon Fy,q considerations. Recognizing that it is a judgment call,
the WG decided that the Fygy proxy for the GOM cod M-ramp model should be based on Fsgo,
(0.29), consistent with the Fysyproxy used for Georges Bank cod. It should be noted that
subsequent to the SAW/SARC 55 work was presented at SAW 56 WG that invalidates the
replacement line approach for determining an appropriate spawning potential ratio (Legault and
Brooks 2013).

To arrive at estimates for SSBysy and a corresponding MSY, long term projections were run
sampling from the empirical distribution of recruitment estimates from the preferred ASAP
model (recruitment estimates from 1982-2009, final two years excluded). Based on suggestions
made by the SARC 53 Panel, the modeling approach was modified to better account for
uncertainty in projections at low stock sizes. The revised projection model samples from a
cumulative density function derived from estimated age-1 recruitment. However, the revised
model adjusts projected recruitment when SSB falls below some specified spawning biomass
threshold based on a linear function that declines to zero at zero spawning stock biomass.
Consistent with the SAW 53 assessment, the ‘hinge’ was set at the lowest observed SSB in the
time series. For the M = 0.2 scenario, this was 6,300 mt and 7,900 mt for the M-ramp scenario.
To approximate the distribution of the SSB and MSY distributions, the long term projections
were made from 1000 estimates of numbers at age in 2011, which were estimated by performing
MCMC simulation of the ASAP base model (described above under TOR 5). *Note that the
2011 age 1 estimates were based on sampling from the empirical distribution of recruitment
estimates from only the ten year period 2000-2009. All projections were conducted with the
AGEPRO software (Age Structured Projection Model v4.1). The ASAP, 1982 start year
reference points forwarded to the SARC 53 Panel for review are summarized in Table A.7.1.

Similar to the assumptions made for estimating reference points, the SAW 55 WG conducted
short-term projections for each of the ASAP, 1982 start year scenarios assuming natural
mortality to remain equal to the M in the terminal year of the assessment model. Short-term
projections (3 years; 2013-2015) were conducted using 3-year averages of weights-at-age which
was consistent with the approach used in SAW 53 and supported by recent observed trends. The
remaining YPR inputs were time invariant (maturity-at-age) or were constant in the most recent
time block of the assessment model (selectivity, natural mortality). The short term projections
were conducted based on the current assessment results without accounting for retrospective
bias. Numbers-at-age in 2012 were derived from 1000 different vectors of numbers-at-age
produced from the MCMC chain with 2011 age 1 estimates based on sampling from the
empirical distribution of recruitment estimates from only the ten year period 2000-2009. Short
term projections have used an assumed catch in 2012 of 3,767 mt. This estimate is based on the
current commercial and recreational catches as well as the expected catch over the remainder of
the year which has been extrapolated using the harvest trajectories from the past two years
(NEFMC PDT, T. Nies pers. comm.).
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Recruitment was sampled from a cumulative density function (CDF) of estimated age 1
recruitment from 1982 to 2010. The same AGEPRO model used for reference point
determination was used to conduct short-term projections (i.e., model adjusts projected
recruitment based on a linear function that declines to zero at zero SSB when SSB falls below
some ‘hinge’ SSB-level corresponding to the lowest SSB observed in the time series). For the
M=0.2 scenario, the ‘hinge’ SSB value was set at 6,300 mt and 7,900 mt for the M-ramp
scenario. All projections were run under the assumption of 75% Fysy (M = 0.2 scenario = 0.14,
M-ramp scenario = 0.22). It is important to note that the 75% Fysy assumption for the SAW
55 WG M-ramp projections differs from the 75% Fusy proxy accepted by the SARC 55
Panel (75% of 0.18 = 0.14).

Projection results for both the M = (0.2 and M-ramp models are summarized in terms of median
SSB and fishery catch (yield) in Table A.7.2. Under 75% Fusy exploitation, the stock is
projected to rebuild under the M = 0.2 and M-ramp scenarios by 2022 and 2019 respectively.

Consequence Analysis

Biological reference points associated with each of the four models are presented in Table A.7.3.
The risks associated with management actions taken during 2013 — 2015 were examined by
undertaking short-term stock projections under the competing assumptions for the state of nature.
For instance, if the true state of nature is that natural mortality has remained unchanged at 0.2
and that stock productivity is best reflected by the 1982 — present dataset (SPR, M = 0.2 model),
then the consequences of management actions by setting projected catch according to 75% Fusy
based on the three alternative states of nature were examined (short-term (SPR) with M-ramp,
long-term (SR) with M = 0.2 and long-term (SR) with M-ramp). In all cases, the 2012 catch was
provided by the NEFMC Groundfish Plan Development Team. Projections were only conducted
until 2015. There may be longer term consequences which might be revealed through a more
extensive analysis. This is beyond the current terms of reference.

In these explorations, the assessments using the long-term dataset assumed a Ricker stock-
recruitment relationship. Use of a BH relationship produced results for future catches under 50%
Fumsy within the range of the other alternate states of nature, indicating that the analyses presented
below bracket the risks to the stock of assuming one state of nature while another might be true.
It should be pointed out that while these runs are not presented in detail here, the results of these
BH runs are also plausible.

The column headers in Table A.7.4 and Figure A.7.2 represent the ‘true’ states of nature
considered, these being:

e ASAP, 1982 start, M = ().2: stock dynamics and assessment based on 1982 — present
dataset with M = ().2 for the time series

e ASAP, 1982, M-ramp: stock dynamics and assessment based on 1982 — present dataset
with M ramped from 0.2 to 0.4 during 1989 — 2002

e SCAA, 1932 start, Ricker, M = 0.2: stock dynamics and assessment based on 1932 —
present dataset with M = (.2 for the time series
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e SCAA, 1932, Ricker, M-ramp: stock dynamics and assessment based on 1932 — present
dataset with M ramped from 0.2 to 0.4 during 1989 — 2002

The row headers in Table A.7.4 indicate the basis of the management action during the
projection period (2013 — 2015). Thus, the row header ‘SCAA, 1932, Ricker, M-ramp’ indicates
that catch was projected assuming that the stock conditions and reference points were as per
these dynamics. All projections were conducted at 75% Fysy, based on the assumed state of
nature and thus which establishes the catch in each cell. This is the ‘planned’ catch. The cells of
the table indicate the SSB and fully recruited fishing mortality (#,;) which are a consequence of
applying the catch based on the assumed state of nature to the SSB of the ‘true’ state of nature.
The diagonal rows represent the situation in which the management actions based upon the
assumed state of nature are in fact correct. In these stochastic projections (see TOR 8a), there
were cases in which the projection attempted to harvest more fish than exist in the population’s
exploitable biomass. The fraction of feasible projections for the eight combinations of states of
nature and basis of management action are provided in Table A.7.5.

The consequence analysis is summarized in Figure A.7.2. As with Table A.7.3, the column
headers indicate one of the ‘true’ states of nature. The row headers indicate whether or not catch,
SSB or Fj.1s being displayed along the row. The content of each cell summarizes the
consequences (reflected by the medians of the distributions in question) of assuming one state of
nature when another is true. The black line in each cell indicates the catch, SSB and F,; for the
‘true’ state of nature. The coloured lines (for the projected period only) indicate the catch, SSB
and F,; which result when the 75% Fsy estimated catch is incorrectly based upon an alternate
state of nature. The dashed lines in each figure are the Bysy, Fiusy and MSY for the “true’ states
of nature.

When management actions are correctly based upon a particular state of nature (the diagonals of
Table A.97), a modest increase in SSB is projected until 2015 for the two ASAP and one of the
SCAA (M = 0.2) options. Only in the case of the SCAA, 1932, Ricker, M-ramp option is SSB
projected to decline, though this is a consequence, at least in part, of the harvest strategy being
applied where the resource is estimated to be above SSBysy. The 2011 SSB estimates range
9,903 - 10,221 t and 13,735 - 14,509 t for the two ASAP and SCAA options respectively. Fully
recruited fishing mortality declines for the two ASAP options (from 0.86 — 0.9 to 0.14 — 0.22),
increases slightly (from 0.52 to 0.56) for the SCAA, 1932, Ricker, M = 0.2 option, and increases
(from 0.61 to 0.71) for the SCAA, 1932, Ricker, M-ramp option. Catch for the two ASAP
options declines from 6830t in 2011 to 1,929 — 2,030 t in 2015. For the SCAA, 1932, Ricker, M
= 0.2 option, catch increases from 6830 tin 2011 to 8,424 t in 2015 while it declines to 5,020 t
over the same period for the SCAA, 1932, Ricker, M-ramp option. If the management actions are
correctly based upon the ‘true’ state of nature, the two ASAP models indicate that, in 2013, the
stock is in an overfished state (Table A.7.6). In contrast, the two SCAA models indicate that the
stock would not be in an overfished state in 2013. In all cases, overfishing is not occurring in
2013.

It is useful to consider the consequences of mis-specifying natural mortality separately from
stock — recruit dynamics (based on either the ASAP or SCAA models). For the two ASAP
models which base stock-recruit dynamics on spawner per recruit considerations, mis-specifying
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the natural mortality is inconsequential, with catch, SSB and Fg,; being very similar.
Consequently, the 2013 stock status would remain as overfished but that overfishing is not
occurring. The natural mortality assumption is slightly more of an issue when stock dynamics are
based on the long-term derived stock-recruitment relationship (SCAA models). Assuming an M-
ramp when M is actually equal to 0.2 results in a lower than ‘planned’ fishing mortality and catch
and higher than ‘planned’ SSB. Status in 2013 would still be not overfished and overfishing not
occurring. When M is assumed to be 0.2 but an M-ramp is correct, fishing mortality and thus
catch would be considerably higher than ‘planned’ with the result that in 2013 the stock would
be experiencing overfishing although it would not be overfished (Table A.7.6).

The consequences of mis-specifying the stock-recruit dynamics are overall more severe than
mis-specifying natural mortality. If management actions during 2012 — 2015 are based on stock-
recruit dynamics assuming SPR dynamics (the ASAP models) when those based on SR
dynamics should have been used (the SCAA models), fishing mortality and thus catch would be
lower than ‘planned’ while SSB would be higher than ‘planned’. There would, nevertheless, be
no change in the 2013 status.

If management actions during 2012 — 2015 were based on stock-recruit dynamics assuming an
SR function (the SCAA models), when those based on SPR should have been used (the ASAP
models), fishing mortality and thus catch would be much higher than ‘planned’ while SSB would
decline more than ‘planned’, particularly if M had also been assumed to be 0.2. This would result
in the stock being determined as overfished as well as overfishing occurring in 2013 regardless
of the natural mortality.

To summarize, mis-specification of stock-recruit dynamics has greater implications for
management actions during 2012 — 2015 than mis-specification of natural mortality. Mis-
specification of natural mortality is inconsequential if stock-recruit dynamics conform to SPR
considerations but are more of an issue when recruitment is based on an SR function (in this case
a Ricker relationship).
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Appendix A.7 Tables
Table A.7.1. Yield per recruit proxy reference points for Gulf of Maine Atlantic cod under both the ASAP SAWS55 3BLOCK BASE
and ASAP 3BLOCK BASE M SPLIT models.

F Medi 1 Hi
Model MSY By SSB sy (mt) MSY (mt) edianagel — ¢op | inoe (mey TLN8e
(proxy) recruitment year
SAW55 3BLOCK_BASE F40%  0.18 54,743 (40207 - 73,354) 9.399 (6,806 - 13,153) 5254 6300 1998
SAWS55 3BLOCK BASE M SPLIT F50% 0.9 19,605 (14746 - 25,782) 43840 (3,586 - 6,435) 9,446 7900 1994
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Table A.7.2. Short-term projections (3 years) for Gulf of Maine Atlantic cod under an assumed harvest of 75% Fysy based on the
ASAP SAWS55 3BLOCK BASE and SAWS55 3BLOCK BASE M SPLIT (M-ramp) models. *Note, the projections have not been
adjusted for retrospective bias.

Rebuild year at 75% Fmsy = 2022

SAWSS_3BLOCK_BASE

SAW55 3BLOCK_BASE M_SPLIT
Rebuild year at 75% Fmsy = 2019

Year Input Spawning stock Spawning stock
Catch (mt) biomass (mt) Frun Catch (mt) biomass (mt) Frun
2000 Result 5,823 9,070 0.62 5,823 12,976 0.45
2001 Result 8,055 11,885 0.72 8,055 17,222 0.51
2002 Result 6,509 11,951 0.57 6,509 17,208 0.40
2003 Result 6,497 10,005 0.67 6,497 13,966 0.48
2004 Result 5,766 8,594 0.68 5,766 11,878 0.50
2005 Result 5,441 7,213 0.92 5,441 9,831 0.70
2006 Result 4,268 6,752 0.78 4,268 9,311 0.60
2007 Result 5,527 8,725 0.75 5,527 11,693 0.60
2008 Result 7,375 10,282 0.94 7,375 13,297 0.77
2009 Result 8,355 11,457 0.98 8,355 14,332 0.83
2010 Result 7,670 11,141 0.87 7,670 12,979 0.79
2011 Result 6,830 9,903 0.86 6,830 10,221 0.90
2012 Assumed catch 3,767 8,995 0.46 3,767 7,711 0.58
2013 Projection 1,249 9,406 0.14 1,289 6,825 0.22
2014 Projection 1,503 12,143 0.14 1,396 8,426 0.22
2015 Projection 2,030 16,802 0.14 1,929 11,456 0.22
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Table A.7.3. Reference points associated with states of nature of Gulf of Maine cod.

Reference Point ASAP, 1982 start SCAA, 1932 start, Ricker
M=0.2 M-ramp M=0.2 M-ramp
SSBumsy (Btarget) 54,743 19,605 20,910 11,180
1/2 SSBumsy (Bthreshold) 27,372 9,803 10,455 5,590
MSY 9,399 4,840 12,840 7,170
Fusy 0.18 0.29 0.75 0.95
75% Fumsy 0.14 0.22 0.56 0.71
634

55th SAW Assessment Report Gulf of Maine Cod — Appendix A-7-Tables



Table A.7.4. Results of consequence analysis of Gulf of Maine cod; column and row headers indicate ‘true’ state of nature and basis
of management action (75% Fusy for 2013 — 2015) under assumed states of nature; cells provide projections of SSB and fully
recruited fishing mortality for ‘true’ states of nature for catch set according to assumed state of nature; diagonals (shaded) indicate that
management actions were correctly specified for the state of nature.

States of Nature

Management actions - catches in

ASAP, 1982 start, M=0.2

ASAP, 1982 start, M-ramp

SCAA, 1932 start, Ricker, M=0.2

SCAA, 1932 start, Ricker, M-ramp

2013-2015 Year Input SSBmsy = 54,743 mt MSY = 9,399 mt Fsy = 0.18/ SSBmsy = 19,605 mt MSY = 4,840 mt Fysy = 0.29| SSBmsy = 20,910 mt MSY = 12,840 mt Fusy = 0.75| SSBmsy = 11,180 mt MSY = 7,170 mt Fusy = 0.95

Catch (mt) SSB (mt) Frun Catch (mt) SSB (mt) Frun Catch (mt) SSB (mt) Frun Catch (mt) SSB (mt) Frun
2011 Result 6,830 9,903 0.86 6,830 10,221 0.90 6,830 14,509 0.52 6,830 13,735 0.61
2012 Assumed catch 3,767 8,995 0.46 3,767 7,711 0.58 3,771 16,427 0.25 3,771 12,582 0.37
ASAP, 1982 start, M=0.2 2013 Projection 1,249 9.406 0.14 1,249 6,833 0.21 1,249 17,661 0.07 1,249 10,921 0.12
2014 Projection 1,503 12,143 0.14 1,503 8,436 0.24 1,503 24,375 0.06 1,503 13,527 0.13
2015 Projection 2,030 16,802 0.14 2,030 11,432 0.23 2,030 33,073 0.06 2,030 16,709 0.15
2011 Result 6,830 9,903 0.86 6,830 10,221 0.90 6,830 14,509 0.52 6,830 13,735 0.61
2012 Assumed catch 3,767 8,995 0.46 3,767 7,711 0.58 3,771 16,427 0.25 3,771 12,582 037
ASAP, 1982 start, M-ramp 2013 Projection 1,289 9,389 0.14 1,289 6,825 0.22 1,289 17,661 0.07 1,289 10,921 0.13
2014 Projection 1,396 12,145 0.13 1,396 8,426 0.22 1,396 24,328 0.06 1,396 13,488 0.12
2015 Projection 1,929 16,937 0.13 1,929 11,456 022 1,929 33,161 0.06 1,929 16,791 0.14
2011 Result 6,830 9,903 0.86 6,830 10,221 0.90 6,830 14,509 0.52 6,830 13,735 0.61
2012 Assumed catch 3,767 8,995 0.46 3,767 7,711 0.58 3,771 16,427 0.25 3,771 12,582 0.37
SCAA, 1932 start, Ricker, M=0.2 2013 Projection 8,423 7215 1.41 8,423 4,942 2.63 8,423 17,661 0.56 8,423 10,921 1.10
2014 Projection 7,621 4,719 277 7,621 3,231 5.00 7,621 16,266 0.56 7,621 7,706 191
2015 Projection 8,424 5,134 3.09 8,424 4,043 4.89 8,424 18,367 0.56 8,424 7,032 242
2011 Result 6,830 9,903 0.86 6,830 10,221 0.90 6,830 14,509 0.52 6,830 13,735 0.61
2012 Assumed catch 3,767 8,995 0.46 3,767 7,711 0.58 3,771 16,427 0.25 3,771 12,582 037
SCAA, 1932 start, Ricker, M-ramp 2013 Projection 5,803 8,214 0.81 5,803 7,711 1.46 5,803 17,661 0.34 5,803 10,921 0.71
2014 Projection 4,507 7,354 0.81 4,507 5,450 1.84 4,507 19,447 0.25 4,507 9,252 0.71
2015 Projection 5,020 9,159 0.76 5,020 4,636 1.46 5,020 25272 0.22 5,020 10,385 0.71
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Table A.7.5. Fraction of feasible projection runs from the Gulf of Maine Atlantic cod consequence analysis. Infeasible runs occur
when the projection is attempting to harvest more fish than exist in the population’s exploitable biomass will allow; Column headers
indicate state of nature and row headings indicate basis of management action

Model ASAP, 1982 start, M=0.2 ASAP, 1982 start, M-ramp SCAA, 1932 start, Ricker, M=0.2 SCAA, 1932 start, Ricker, M-ramp
SAW55 3BLOCK BASE 1.00 1.00 1.00 1.00
SAWS55 3BLOCK BASE M _SPLIT 1.00 1.00 1.00 1.00
SCAA 1932 RICKER 0.44 0.13 1.00 0.69
SCAA 1932 RICKER M RAMP 0.97 0.93 1.00 1.00

Note:

SAWS55 3BLOCK _BASE = ASAP, 1982 start, M =0.2

SAWS55 3BLOCK BASE M SPLIT = ASAP, 1982 start, M-ramp

SCAA 1932 RICKER = SCAA, 1932 start, Ricker, M = 0.2

SCAA 1932 RICKER M RAMP = SCAA, 1932 start, Ricker, M-ramp
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Table A.7.6. Status of 2013 spawning stock biomass and fishing mortality of Gulf of Maine cod;
column and row headings indicate ‘true’ state of nature and basis of management action
respectively; cells indicate 2013 stock status resulting from application of management actions
under assumed state of nature (rows) to ‘true’ state of nature.

True state of nature

ASAP, 1982 start SCAA, 1932 start, Ricker
M=0.2 M-ramp M=0.2 M-ramp
o % Overfished, overfishing is
& = not occuring
o
St
8
v
(o]
>
(=)
o
2 ﬁ &
§ = g Overfished, overfishing is
= | < EI not occuring
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9
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=
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g
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e
S 2 ? Not overfished,
= é = overfishing is occuring
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Appendix A.7 Figures

Replacement Lines Using Recent Productivity
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Figure A.7.1. Comparison Gulf of Maine Atlantic cod replacement lines under a range of percent
spawner per recruit values based on an M-ramp (0.2->0.4) assumption (based on

SAWS5 3BLOCK BASE M _SPLIT model). The most recent ten years of recruitment
observations (2001-2010) are highlighted green.
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ASAP, 1982, M-ramp ASAP, 1932, M=0.2 SCAA, 1932, Ricker, M-ramp SCAA, 1932, Ricker, M=0.2
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Figure A.7.2. Trends in Gulf of Maine cod SSB (top row), fully recruited fishing mortality (middle row) and catch (bottom row)
during 2000 — 2015; column headers indicate ‘true’ state of nature; cells provide trend in indicator under ‘true’ state of nature when
catch during projection period (based on 75% Fysy is correctly specified (black) and mis-specified (red: ASAP, 1982, M = 0.2; blue:
ASAP, 1982, M-ramp; green: SCAA, 1932, Ricker, M = 0.2; grey: SCAA, 1932, Ricker, M-ramp; MSY — based reference points
indicated in dashed line on each pl
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