Working Paper 1.F.b
July 21, 2008

Further SCAA/ASPM Assessments of Gulf of Maine Cod Including Data for 2007 and
Exploring the Impact of Age-Dependence in Natural Mortality

By

Doug S. Butterworth and Rebecca A. Rademeyer

MARAM (Marine Resource Assessment and Management Group)
Department of Mathematics and Applied Mathematics
University of Cape Town, Rondebosch 7701, South Africa

Groundfish Assessment Review Meeting
Woods Hole, MA

August 4-8, 2008

This information is distributed solely for the purpose of pre-dissemination review under
applicable information quality guidelines. It has not been formally disseminated by
NOAA. It does not represent and should not be construed to represent any agency
determination or policy.

Draft Working Paper for Pre-Dissemination Peer Review Only 1



ABSTRACT

The ASPM (SCAA) Gulf of Maine cod assessments presented at previous GARM meetings are extended to
take account of data for 2007. In response to concerns about the reliability of earlier annual catch data, the
assessments commence in 1964 rather than 1893; this necessitates careful consideration of the parameters
that determine the starting numbers-at-age vector. Further, in response to recommendations from the Panel,
scenarios are investigated which maintain asymptotically flat survey selectivity but increase the value of an
age-independent M or admit an estimable increase in M with age for older ages. Either of these mechanisms
is able to achieve model fits that do reflect the relative paucity of older cod in particularly the proportions-
at-age data for the NEFSC surveys. From 16 assessments presented, a selection is made based on AIC, but
factoring in concerns about the lack of direct evidence for the cryptic older fish implied by domed survey
selectivity, and the biological realism of the higher values of age-independent natural mortality required to
account for the relative paucity of older cod in the surveys. Specifically assessment “Ricker G”, which has
asymptotically flat NEFSC survey selectivity and M increasing above 0.2 for ages above 4, is put forward
as the basis for providing management advice. This option has an AIC-weight of some 10'° relative to the
current default of flat selectivity and an age-independent M of 0.2, which is unable to fit the proportion-at-
age data for older ages adequately. The analysis also provides strong statistical evidence that selectivity for
the commercial fishery is domed even if that for the NEFSC surveys is asymptotically flat. A number of
reasons for preferring ASPM to VPA as the basis for providing management advice for the stock are put
forward.

REFERENCE POINT SUMMARY

B 3007 45
B*Py5y 32
B 3007/ B** sy 1.41
Fapo7 0.18
Fusy 0.43

Note: Biomass units are ‘000 tons; F refers to age 5 where the commercial selectivity peaks; the *
indicates that the deterministic estimate of B¥ 5y has been adjusted for the bias associated with the
lognormal variability of recruitment about the Ricker stock-recruitment curve to which these
results correspond.

U F wuia -related statistics indicated in Table 3 have yet to be computed; this paper will be updated later to
include these.
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INTRODUCTION

This paper extends the SCAA/ASPM assessments of Gulf of Maine cod reported to previous GARM
meetings (Butterworth and Rademeyer 2008a, b, c) by taking data for 2007 (provided by Ralph Mayo,
NEFSC) into account.

Further it pursues some of the recommendations of the Panel at the last GARM meeting that assessments of
this resource examine higher values for natural mortality (1/), and explore higher rates for this mortality at
older ages. The last is an alternative possibility to domed selectivity to account for the greater than
expected paucity of older cod in the catches and surveys (without the need to infer cryptic fish at these ages
which is associated with domed selectivity). For example, each of these two possibilities is considered as a
mechanism to account for similar features in the data available to assess the New Zealand hoki
(Macruronus novaezelandiae) resource (e.g. Francis 2008).

Following concerns expressed at previous GARM meetings about the reliability of annual catch data prior
to about 1960, the assessments reported here no longer commence in 1893, but instead in 1964. For
assessments commencing appreciably earlier than this, transient effects dependent upon initial numbers-at-
age in the population have died out and so have little effect on estimates of quantities pertinent to present
management (Butterworth and Rademeyer 2008a, b). However more care has to be taken about this aspect
for a 1964 starting year, so that some attention is given to the specification/estimation of the parameters of
the model that specify the starting numbers-at-age, namely 6 which is the ratio of the starting spawning
biomass B” to that for the pristine resource K7, and ¢ which effectively specifies the extent to which the
mean Z reflected by the starting age-structure of the population exceeds M (for full details, see Butterworth
and Rademeyer (2008a), equations A.2.13 and 14) (see Table 1 for a full list of the symbols used in this
paper, together with their definitions).
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DATA AND METHODOLOGY

The data used for the assessments reported in this paper are essentially those considered in Butterworth and
Rademeyer (2008a), as updated first for Butterworth and Rademeyer (2008b — see Appendix A), and now
extended further to include data for 2007 (R, Mayo, NEFSC, pers. commn).

The methodology is as detailed in Butterworth and Rademeyer (2008a — Appendix 2, with minor
adjustments as specified in Appendix A of 2008b). The only additional feature considered here is the
possibility of natural mortality at age a, after having a constant value up to age a’, thereafter increasing
exponentially with age, i.e.:

" M a<lda
a Meu(a—u') a 2 a'

where 1) is a parameter estimated when fitting the model to the data.

Introduction of starting numbers-at-age parameters 6 and ¢ is not entirely straightforward, as sometimes the
data typical of those available here contain insufficient information content to estimate one or both of these.
Table 2 shows results for the Reference Case adopted by Butterworth and Rademeyer (2008b), whose
specifications included a Ricker stock-recruitment function, M = 0.2, and estimable survey selectivity at
large ages (which resulted in a dome shape), and which corresponds (aside from the starting year) to what
is referred to in this document as “assessment Ricker A”. These results are for three fixed values of each of
6 and ¢, as well at the best estimate of 6 for each of these ¢ values — the range chosen was informed by
results in Butterworth and Rademeyer (2008b) which suggest a relatively high 6 and low ¢ (as might be
expected since the available data suggest that the 1950s were a period of relatively low catches of cod).
These results suggest that it is reasonable to estimate &; however ¢ is less well determined, though the
highest value considered did show some deterioration in fits to the data. The decision was made to fix ¢ =
0.1, noting that for higher values results tended towards a current spawning biomass in excess of the MSY
level, so that any bias introduced by the 0.1 choice would err on the conservative side. The parameter 6,
though treated as estimable, was constrained to be no greater than 0.95 to allow for the fact that there were
catches immediately before 1964, which suggests a higher spawning biomass (relative to pristine) at that
time to be unlikely.

The results presented focus on the factors found in Butterworth and Rademeyer (2008a, b, c) to be the most
influential on key results:

a) the shape of the stock-recruitment relationship (specifically here Ricker vs Beverton-Holt), and

b) alternative explanations for the relative paucity of older cod: domed selectivity, a higher M, or M

increasing at larger ages.

Unless domed selectivity is specified and hence estimated, selectivity at larger ages for the NEFSC surveys
is taken to be flat. The slope of selectivity at these ages for the commercial fishery remains estimable
however, given evidence in Butterworth and Rademeyer (2008b) that estimating the difference in slope
between the commercial and survey selectivities was statistically justified in AIC terms.

RESULTS

Table 3a lists the results obtained for a Ricker form for the stock-recruitment relationship, and Table 3b for
a Beverton-Holt form. In each case eight combinations of options for domed survey selectivity, different
age-independent values of M, and M increasing from age 4 are considered. Assessments A-C allow for
domed survey selectivity to be estimated for different age-independent values of M, while assessments D-F
give corresponding results when survey selectivity if forced to be flat at large ages; finally assessments G-
H allow different constant values of M to increase above age 4 with survey selectivity forced to be flat. For
only one of these 16 assessment options is BY,y; estimated to be below B” sy (for assessment Beverton-
Holt D).

Because plots of such results will be very familiar from previous presentations (Butterworth and
Rademeyer 2008a, b and c), only a limited number are shown here in the interests of brevity. In most cases,
for reasons explained in the following section, these are for assessment Ricker G, though for selectivity-at-
age and stock-recruitment plots results for some alternative assessments are also shown to illustrate
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contrast. Fig. 1 shows the estimated spawning biomass trajectory, Fig. 2 the fits to the abundance indices,
Figs 3 and 4 the fits to the annual catch-at-age proportions for the surveys and the commercial fishery, Fig.
5 estimated selectivities-at-age, Fig. 6 fitted stock-recruitment curves and recruitment residual time-series,
and Fig. 7 gives results for a retrospective analysis.

The plots shown for assessment Ricker G in Figs 2-4 do not indicate any serious model mis-specification.
Over the last four years there is little retrospective pattern (Fig. 7). For either stock-recruitment
relationship, estimates of B*" )y are less when increasing M at age rather than domed selectivity is the
mechanism which explains the relative paucity of older cod. Essentially this is because the former reflects
that cod are less likely to reach higher ages; therefore such age groups do not make as large a contribution
to spawning biomass as they do under the dome mechanism which indicates such fish to be present but not
available to the survey.

DISCUSSION

Factors not considered in this paper

This paper does not present results for sensitivity to a number of factors fixed for these assessments, as
such sensitivities have been considered and reported upon in detail in previous papers (Butterworth and
Rademeyer 2008a, b), and found to have impacts that are quantitatively quite small, and generally any
associated introduction of further estimable parameters is not justified in AIC terms. These factors have
included:

Use of the Baranov equation rather than the approximate Pope form for the dynamics.

A gear change over 1973-1981 for the NEFSC spring surveys.

Age dependence of M at younger ages.

Changed commercial selectivity-at-age in the past.

Different values for the slopes of selectivity-at-age for the NEFSC spring and autumn surveys.
Different input values for oy , the extent of variability about the stock-recruitment relationship.

e Estimation of the shape parameter y of the generalised Ricker stock-recruitment function (see
equation A2.4 of Butterworth and Rademeyer, 2008a). For assessment Ricker G, estimation of this
parameter yields a value of y > 1, and hence increases the estimated value of BY 550,/ B*7 sy .

e  Starting the assessment in years earlier than 1964.

Note further that all results given in this paper are for a choice of 8+ for the plus-group for the age data
fitted by the assessment model, for reasons that are detailed in Appendix A of Butterworth and Rademeyer
(2008b), though within the model itself the age structure is taken to age 11+.

A choice amongst the assessments presented

The authors’ choice amongst the 16 assessments presented in Tables 3a and b (under the assumption that a
single selection needs to be put forward) is primarily likelihood/AIC based — models which fit the data
better (subject to over-parametrisation considerations which are addressed by AIC) should be preferred
unless there are compelling reasons which suggest otherwise.

The Ricker form of the stock-recruitment relationship consistently outperforms the Beverton-Holt form on
this basis. Furthermore for the latter form, steepness 4 often hits the constraint boundary of 0.98 imposed,
because the data favour some decrease in expected recruitment at larger spawning biomass which this form
cannot admit; in turn this leads to estimates of B” sy that are low compared to K* as well as below most of
the spawning biomasses which occurred over the period assessed, with neither of these features being very
“satisfactory”. Accordingly the Ricker form, which also avoids both of these last two problems, is
preferred.

The current default for the Gulf of Maine cod assessment is an age-independent value of 0.2 for M and flat
selectivity at large ages, corresponding to assessments D in Table 3 which show —InL values ranging from
26 to 39 units higher than all the other options reported. In AIC-weighting terms (Burnham and Anderson
1998), this default thus merits to a relative weight of less than some 107 compared to these other options;
even though the AIC difference may be positively biased to some extent as a result of some of the input
data not being completely independent of each other, this still indicates that the weight accorded to the
default when considering the alternative assumptions should be very low. The primary reason for this low
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relative weight is the poor fit to the survey age proportions at older ages, where the results in this paper are
similar to those presented in Butterworth and Rademeyer (2008a and b) in showing an inability of the
default to reflect the relative paucity of cod at older ages in the surveys (and commercial catches). (Note
that this relative paucity cannot be attributed to the effects of past fishing; what is shown here is an effect
remaining after the assessment has already taken those effects into account.) The default is therefore
statistically incompatible with the data, and must be rejected in favour of alternative models which do fit
these data unless there are compelling reasons to question the reasonableness of those alternatives.

Though the domed survey selectivity option provides the best fit to the data (assessment Ricker B with M =
0.3 is marginally better than assessment Ricker A with M = (.2), in deference to the Panel’s concerns about
making recommendations which rest on indirect inferences about presence of older cod not directly
observed, our choice is restricted to the options for which the -InL is not very much greater than that for
options A or B. This also excludes option E, leaving F, G and H. (The relatively poor result here for option
E compared to B may seen surprising, as in Butterworth and Rademeyer (2008c¢), setting M = 0.3 saw a flat
survey selectivity option virtually compatible statistically with fitting a dome; the reason is that those
results were based on fixing 4 at 0.5, whereas here it has been shown in this paper (see Table 2) that the
data indicate a strong preference for a higher 6 value.)

The results in Table 3 show that an age-independent M value as high as about 0.4 is needed before the
statistical preference for domed-selectivity falls away. An M this high is however pushing the biological
limits of conventional assumptions for cod. For this reason the mechanism of increasing M at larger ages is
preferred, with option G chosen over option H because maintaining the default A = 0.2 at lower ages loses
relatively little in terms of goodness of fit.

Note that for the chosen assessment Ricker G, forcing commercial as well as survey selectivity to be flat at
older ages increases —InL by over 10 units. There is thus strong statistical evidence for concluding that
commercial selectivity-at-age is domed, given also that the alternative of an increasing survey selectivity-
at-age at older ages hardly seems likely. The associated estimate of B*¥)y is dependent on the Ricker
stock-recruitment function assumed; however, if the F ., proxy basis for estimating this reference point is
used instead, the estimate increases by only about 7%, and remains well below the estimate for B ), (see
Table 3a).

The choice of an option with M increasing with age is also consistent with estimates of M from tagging
analyses (Hart and Miller 2008), which suggest an M value both higher than 0.2, and higher still for older
cod, though their results could also be explained as a reflection of domed shaped selectivity, and initial
tagging mortality may also be playing a role. In the authors’ view, the explanation for the relative paucity
of older cod in the surveys and commercial catches is likely a combination of lesser extents of all of the
three mechanisms considered here (domed selectivity, a higher value for age-averaged M, and M increasing
at older ages) than indicated in Table 3, where each of these mechanisms is considered in isolation. The
data considered cannot alone distinguish these effects or their proportional impacts. However it is clear
from the results in Table 3 that whether in isolation or combination, the effect on assessments of
incorporating these to resolve the inability of the M = 0.2/flat selectivity default to account for the relative
paucity of older cod in the surveys and commercial catches, is to indicate that the stock at present is
certainly above its MSY level.

Advantages of an SCAA/ASPM approach over VPA

The current default assessment approach to providing scientific management advice for the Gulf of Maine
cod stock is VPA with an age-independent M = 0.2 and assumed asymptotically flat commercial selectivity.
There are several reasons why the authors consider that an SCAA/ASPM approach is to be scientifically
preferred, in particular compared to the manner in which VPA has been implemented for this stock in the
past.

e VPA is restricted to a period of years for which age data for the commercial fishery is available
throughout (from 1982 in this case). This restricts such analyses to a period where spawning
biomass is relatively low, and thus the contrast required to better estimate the MSY level is limited
compared to the much greater range of years (from 1964) which ASPM assessments can
incorporate. Butterworth and Rademeyer (2008a) show that this approximately doubles the
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precision with which this quantity, which plays a key role in management under the terms of the
Magnusson-Stevens Act, can be estimated.

e Past VPA’s for this stock have assumed asymptotically flat selectivity for the commercial fishery.
However the ASPM assessments provide statistically significant evidence that this selectivity must
be domed, even if the survey selectivity is taken to be flat at large ages so that the issue of cryptic
fish does not arise.

e As pointed out in Butterworth and Rademeyer (2008a, see Appendix 1), there is a mathematical
inconsistency in the manner in which plus-group numbers have been calculated in previous
implementations of VPA for this stock. Given heavy fishing mortality and asymptotically flat
selectivity-at-age, this inconsistency makes little difference to results, essentially because of the
backwards convergence property of VPA as an estimator in these circumstances. However, this
property does not necessarily hold when selectivity is dome shaped, or natural mortality increases
at older ages (at least one of which seems likely for Gulf of Maine cod), and self-consistent
equations are used for the plus-group dynamics. Because of the small numbers caught at large ages
(a problem exacerbated if the age-structure is extended to yet higher ages so as to try not through
aggregation to subsume information pertinent to dependencies on age at these larger ages), treating
the plus-group in a mathematically consistent way requires the addition of a smoothing penalty to
the VPA objective function to stabilise estimates. However, we have recently found that this can
lead to multi-modality in the objective function in the case of Gulf of Maine cod, with the results
consequently not particularly robust to the weight given to this penalty.

e The SCAA/ASPM approach has a statistical basis which infer alia allows the application of model
selection criteria based on likelihoods whose usage in the biological modelling field is now
widespread. In contrast, past implementations of VPA have not been developed in this manner,
which introduces difficulties in selecting amongst alternative variants.

IN SUMMARY

There are a number of sound scientific reasons to prefer SCAA/ASPM to VPA as the basis to develop
scientific recommendations for the Gulf of Maine cod stock. Advised by AIC in considering the fits of
SCAA/ASPM models to the data, but factoring in concerns about the lack of direct evidence for the cryptic
older fish implied by domed survey selectivity, and the biological realism of the higher values of age-
independent natural mortality required to account for the relative paucity of older cod in the survey data in
particular, assessment Ricker G, which has M increasing above 0.2 for ages above 4, is put forward as the
basis for providing management advice. The associated BRP values are summarise immediately below the
Abstract on page 1.
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Table 1: Definitions of symbols used in presenting results (the order follows that used for Table 3). Unless
otherwise indicated biomasses are “deterministic”, i.e. as estimated in the model fit, prior to any bias

adjustment for recruitment variability.

".InL:overall
-InL:Survey/CAL
CAAswmv/CAA/RecRes

h

¥
&

K*®

3
B¥ oy

MSYL®
B¥ sy

@
B* ¥ pisy

MSY
MIY*

F yer

F rebuild
F 2007

Fgog;? {a\' ages —1-5)
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B+ P sy 40%
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Canoe (Fusy)

CEEIEIS' II:F'status quo)

Can09 (F souid)

g spring/autimn
Slope_com/swrv 7/8

apout

M1/AL11+

Total negative log-likelihood

Contributed to -InL from swvey indices/survey catch-at-age proportions/survey catch-at-
length proportions/commercial catch-at-age proportions/ recruitment residuals

Stock recruitment cwve steepness

Parameter of generalized Ricker S/R finction (7=1 for Ricker)
B¥/E® for starting year

7o =M, + ¢ for starting year

Pristine spawning biomass

Spawning biomass in 2007

B¥ M SY-"; £
Spawning biomass at MSY

Spawning biomass at MSY adjusted for recruitment variability by multiplying by exp(-og out’/2)

Mazximum sustainable yield
MSY adjusted for recruitment variability as above

Fishing mortality rate (F) at MSY (corresponds to F at the age at which commercial
selectivity =1)

F to achieve 50% probability that 3¥ recovers to B*% oy by 2014
F for year 2007

Average of 7 on ages 4 and 5 m 2007

F atwhich B¥/R (R =recruitment) equals 40% of itz value when #=0

Spawning biomass corresponding to 7 4, evaluated as (¥ /R for F R where B is
average of recruitment estimates

MSY corresponding to F 4, : evaluated as (¥R for F ) R: shown with * ag based on
average over fluctuations

Catch i 2008, assumed equal to 2007 catch

Projected 2009 catch under Fygey

Projected 2009 catch under Fyp=F 40

Projected 2009 catch under 7,

Multiplicative bias for spring/antumn NEFSC survey swept-area-based biomass estimate
relative to actual survey selectivity-at-age weighted biomass

Selectivity slope given bys; = &~ 5,

Standard deviation of distribution of logs of multiplicative recruitment residuals about

estimated S/R relationship

Natural mortality rate for age 1/11+
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Table 2: Overall negative log-likelihood and current spawning biomass relative to B”

MSY

for a series of @

and ¢ values for assessment Ricker A. For the final column, 6 is estimated rather than fixed.

] 0.93 0.75 0.55 1.00

=u. - overal FAVE . . .
0.03 "InL 1l 20.4 27.0 37.1 19.7
B 3007/B ¥ vy 0.90 0.72 0.50 0.93
é 0.95 0.75 0.55 0.93

=u - OvVeETal . i, . .
0.1 InL 1l 19.5 22.6 313 19.5
B¥ 2009/B ¥ sy 1.04 0.88 0.63 1.04
] 0.93 0.75 0.55 0.69

=U.z - overal A 3. P .
0.2 Il il 31.2 23.6 253 23.1
B 3007/B ¥ vy 1.18 1.21 0.98 1.17
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Table 3a: Estimates of management quantities for the Gulf of Maine cod with a Ricker stock-recruitment
curve. The symbols are defined in the Results section of the text. Values in bold are inputs, and those in
parentheses are Hessian based CV’s. Mass units are ‘000 tons.

Domed survey selectivity

Flat swrvey selectivity

A mer wath age

A4=0.2 M=0.3 M=0.4 M=0.2 =03 M=0.4 AM(4)=0.2 A(4)=0.3
B et r a H
"L:overall 195 19.0 29 58.1 324 236 238 27
" InL:Survey 113 120 122 8.4 13 123 2.1 124
nLCAA -30.4 -39.4 -38.5 -36.0 381 -38.4 -30.5 -30.1
"IL:CAAsuv 312 316 348 55.2 403 355 359 351
" InTRecRes 39.0 388 388 474 417 389 305 30.1
i 130 015 | 109 (014) | 086 (015 | 250 (©15 | 147 (015 | 093 (0.14) | 099 (016} | 095 (0.16)
¥ e - | - 1o - |[1e0 - |10 - | 100 - | L0 - | LOO -
8 093  (0.08) | 005+ . | 095 . | 066 (0.10) | 083 (0.09) | 005+ . | post . | ook .
4 010 - |ew - |0 - |00 - [ew - |ow - | 0w - |00 -
£ 1200 (13) | 907  (©12) | 757  (011) | 635 (0.00) | 651 (0.08) | 701 (0.08) | 603 (0.09) | 608  (0.09)
B0 528 (15 | 505 (14) | 516 (0.13) | 334 (013) | 420 @13) | 503 (0.13) | 445 (013) | 471 (0.13)
B /K 041 (015 | 056 (@15 | 068 (015 | 053  (Q16) | 065 (014 | 072 (©14) | 064 (014) | 068 (0.14)
MSYL? 034 (14) | 036 (01%)| 038 (©17) | 033 (12) | 035 (015 | 037 (016) | 039 (013)| 039  (0.14)
B sy 42 (01D | 326 (©I1)| 285 012) | 209 (008 | 226 (010) | 260 (012) | 273 (010) | 269 (0.11)
B ey $L0 (1) | 375 (11) | 328 (0.12) | 248 (008) | 263 (©10) | 300 (0.12) | 315 (0.10) | 310 (0.11)
B 30 B* P psr 1.04 (015 | 135 (0.14) | 1.57 (©.15) | 135 (0.13) | 1.60 (0.14) | 1.68 (0.15) | 141 (0.14) | 152 (0.14)
i 117 009 | 115 (10) | 116  (012) | 107 ©07) | 112 (010) | 118 (012) | 117 (0.10) | 116 (0.11)
Fries 134 (009 | 132 10) | 134 (012) | 127 ©07) | 131  (010) | 135 (012) | 135 (0.10) | 134  (0.11)
F sy 037 {0.00) | 041 (0.00) | 0490 (0.00) | 049 (0.00) | 0.34 (0.00) | 0.5 (0.00) | 043 (0.00) | 047  (0.00)
Frobuiid N/A N/A N/A N/A N/A N/A N/A N/A
F o 020 (0.16) | 0190 (©1%)| 019 (15 | 023 (@l16) | 020 (015 | 019 (015 | 018 (015 | 018  (0.15)
Fou (vages 4-5) | 010 015 | 018 ©14) | 017  (014) | 022  (@15) | 019 (@14) | 018 (0.14) | 018 (0.14) | 018  (0.14)
Faos 021 {0.00) | 027 (000) | 030 (0.00) | 0.14 (0.00) | 023 (0.00) | 038 (0.00) | 033 (0.00) | 035  (0.00)
B ey 40% 702 0.07) | 441 (006) | 335 (004 | 606 (0.05 | 404 (004) | 320 (0.04) | 334 (©.04) | 320 (0.04)
MSTE_A0% 90 (003 | 98  ©03)| 111 (003)| 93  (©03)| 93 (002 | 109 (0.03) | 108 (0.03) | 108 (0.03)
Coung 5.6 - 56 - 56 - 56 - 56 - 56 - 56 - 56 -
' ynns (Faast) 190 ©017) | 212 (©16) | 238 (015 | 226 (©16) | 251 (015 | 250 (015) | 233 (@15 | 238  (0.15)
3008 (7 stotes o) 70 ©04)| 68 (004 | 66 (004 | 71 (003 | 68 (003 | 66 (004 | 69 (OO4)| 67  (0.04)
oo (F raruid) N/A N/A N/A N/A N/A N/A N/A N/A
g spring 035 (012) | 035 (©11) | 035 (010) | 048 (0.08) | 040 (010) | 036 (0.10) | 032 (0.10) | 034  (0.10)
g autumn 038 (0.10) | 037 (0.10) | 038 (©0.00) | 051 (0.06) | 043 (009 | 038 (0.09) | 034 (0.08) | 036 (0.10)
Slope_com 7/8 050  (0.18) | 030 (0.20) | 020 (0.62) | 0.09 (086) | 019 (062 | 016 (076) | 0.12 (118) | 016 (0.83)
Slope_surv 7/8 047  (©11) | 026 (018) | 006 (079 | 0600 - | 000 - | 000 - | 000 - | 000 -
argout 053 (0.03) | 053 (003)| 053 (003) | 059 (003) | 055 (003) | 053  (0.03) | 054 (0.03) | 053  (0.03)
M1| 0.20 0.30 0.40 0.20 0.30 0.40 0.20 0.30
M2| 020 0.30 0.40 0.20 0.30 0.40 0.20 0.30
M3| 020 0.30 0.40 0.20 0.30 0.40 0.20 0.30
4| 0.20 0.30 0.40 0.20 0.30 0.40 0.20 0.30
Ms| 0.20 0.30 0.40 0.20 0.30 0.40 0.25 033
Mo| 0.20 0.30 0.40 0.20 0.30 0.40 0.30 0.36
M7| 0.20 0.30 0.40 0.20 0.30 0.40 0.37 0.30
Ms| 0.20 0.30 0.40 0.20 0.30 0.40 0.46 0.42
MO 0.20 0.30 0.40 0.20 0.30 0.40 0.56 0.46
Mi0| 0.20 0.30 0.40 0.20 0.30 0.40 0.69 0.50
Mil+| 0.20 0.30 0.40 0.20 0.30 0.40 0.85 0.55
* Constraint boundary
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Table 3b: Estimates of management quantities for the Gulf of Maine cod with a Beverton-Holt stock-
recruitment curve. The symbols are defined in the Results section of the text. Values in bold are inputs, and
those in parentheses are Hessian based CV’s. Mass units are ‘000 tons.

Domed swvey selectivaty

Flat smrvey selectivity

2 wer with age

=02 =03 =04 =02 =03 =04 M(2)=0.2 M(1)=0.3
B D z G H
“InL-overall 250 223 239 621 00 | 350 256 267 250
"L Survey 122 129 120 78 119 132 128 131
lnL:CAA -39.3 -39.3 -38.4 -35.8 -37.8 -38.2 -39.2 -38.8
“InL:CAAsurv 335 331 353 544 0.7 362 370 36.1
"InTRecRes 41 a3 399 513 440 407 s 0.
h 091 (015 | 096 (0.16) | 0.98% - | 098t - | o098t - |098* - | 095 (0.20) | 0.98*% -
v 0 - |10 - |[1e0 - |1eo - |10 - |10 . |[100 . | 100 .
8 065 (0.08) | 080 (016) | 0.95% - | 024 (©12)| 049 (010) | 08 (011) | 081 (0.17) | 088 (0.15)
¢ 010 - |ow - e - |ew - |ew - |o0w - |o0w - | 0w -
r? 2012 (013) | 1185 (012) | 865 (007 | 1640 (0.07) | 1058 (0.07) | 83.5 (0.07) | 85.0 (0.12) | S1.9  (0.08)
B 36 15| 503 (14| 513 (013) | 311 (014) | 398 (013) | 485 (013) | 43.6 (0.13) | 464 (0.13)
BV ® 027 (015)| 042 (016) | 059 (011) | 019 (©14) | 038 (013) | 058 (012) | 051 (0.17) | 057 (0.13)
MSYL® 014 (14| 012 (31) | 007 (003) | 018 (©.04) | 010 (©04) | 017 (©03) | 019 (©.23) | 015 (0.08)
B s 279 (011) | 143 (023) | 151  (0.08) | 296 (0.08) | 1.0 (0.08) | 146 (0.08) | 162 (0.16) | 12.5  (0.08)
By 326 (11) | 166 (023)| 175 (008) | 356 (0.08) | 129 (0.08) | 169 (0.08) | 188 (0.16) | 145  (0.08)
B o B ey 164 (015) | 3.04 (025 | 204 (012)| 087 (0.14) | 308 (0.13) | 286 (@12) | 232 ©18) | 320 (0.13)
157 101 (009) | 113 (©23) | 133 (007 | 97 ©07) | 105 07 | 128 (007 | 112 ©15) | 122 (0.08)
ae 118 (009) | 131 (©.23) | 153 (0.07) | 1L6 (0.07) | 124 (007 | 148 ©07) | 131  ©15) | 142 (0.08)
F g 048  (0.00) | L12 (0.00) | 230 (0.00) | 030 (0.00) | 192 (0.00) | 230 (0.00) | 076  (0.00) | 201  (0.00)
Frabutd A N/A A N/A A N/A N/A
Faopr 020  (0.16) | 020 (0.15) | 019 (015 | 025 (©.17) | 022 (©15) | 020 (015 | 019 (.15 | 019 (0.15)
Fap (vages4-5) | 019 (015) | 019 @14) | 018 (014) | 037 (016 | 021 (015) | 018 (014) | 018 (0.14) | 015  (0.14)
Faoss 022 (0.00) | 027 (0.00)| 039 (0.00) | 0.4 (0.00) | 023 (0.00) | 038 (0.00) | 033 (0.00) | 037 (0.00)
Ty 40% 7L0 (0.07) | 445 (0.06) | 340 (0.04) | 600 (0.06) | 402 (0.04) | 328 (0.04) | 320 o4 | 322  (0.09)
MSTE_40% 00 (003 | 98 (003 | 112 (©03) | 04 (005 | 02 (©02) | 100 (©03) | 100 (003 | 111 (003
€ a0 5.6 . 56 . 5.6 . 5.6 . 56 . 5.6 . 56 . 56 .
Can (Fise) 30 (017 | 405 (015 | 529 (015 | 138 ©17)| 479 (©16) | L8 (015) | 339 (0.15) | 527 (0.15)
o (7 satus quo) 69 (004 | 67 (004 | 66 @0 | 71 (003 | 68 (o) | 66 (04| 68 (004 | 67 (004
Cop (F i) N/A N/A N/A N/A N/A N/A N/A
g spring 033 (012)| 033 (012)| 033 (009) | 0.51 (©.09) | 041 (©10) | 035 (©I1)| 031 (©.12) | 032 (0.12)
g autumn 036 (0.10) | 0.35 (012)| 036 (0.09) | 053 (0.08) | 043 (0.09) | 037 (010) | 033 (0.10) | 034 (0.11)
Slope_com 7/ 061 (018) | 042 (027)| 023 (050) | 0.03 (441) | 019 (0.60) | 018 (0.67) | 011 (L28) | 0.15  (0.86)
Slope_surv 7/8 048 (011) | 028 (018)| 000 (046) | 000 - 000 - | 000 - | 000 - | 000 -
apout 056 (0.03) | 0.55 (0.03)| 054 (003) | 061 (0.03) | 0.57 (©03) | 054 (0.03) | 055 (0.03) | 055 (0.03)
Mi| 0.20 0.30 0.40 0.20 0.30 0.40 0.20 0.30
M2| 0.20 0.30 0.40 0.20 0.30 0.40 0.20 0.30
M3| 0.20 0.30 0.40 0.20 0.30 0.40 0.20 0.30
M4| 0.20 0.30 0.40 0.20 0.30 0.40 0.20 0.30
Ms| 0.20 0.30 0.40 0.20 0.30 0.40 0.25 0.33
Ms| 0.20 0.30 0.40 0.20 0.30 0.40 031 0.37
M7| 0.20 0.30 0.40 0.20 0.30 0.40 0.38 0.40
Ms| 0.20 0.30 0.40 0.20 0.30 0.40 0.48 0.45
M9| 0.20 0.30 0.40 0.20 0.30 0.40 0.50 0.49
Mio| 0.20 0.30 0.40 0.20 0.30 0.40 0.74 0.54
Mil+| 0.20 0.30 0.40 0.20 0.30 0.40 0.91 0.60
* Constraint boundary
Draft Working Paper for Pre-Dissemination Peer Review Only 12




3
S

spawning biomass (t)
w B w (= =2
(=} (=} (=} (=] (=}

P
8

o o
L

\/A\A/ <~/

1960

1970

Fig. 1. Spawning biomass trajectories (in absolute terms and in terms of pre-exploitation level) for
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Fig. 2: Model fits to the abundance indices (survey and CPUE) for assessment Ricker G.
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Fig. 3: Fits to the catch-at-age data (survey and commercial averaged over all the years with data for each
data set) for assessment Ricker G. The dark bars are the data and the white bars the model estimates.
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Fig. 4: Bubble plots of the standardised residuals for the catch-at-age data for assessment Ricker G. The
size (area) of the bubbles represents the size of the residuals. Grey bubbles represent positive residuals and
white bubbles represent negative residuals.
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Fig. 5: Survey and commercial selectivities-at-age for three Ricker assessments.
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Fig. 6: The estimated stock-recruitment curve and estimated recruitment and spawning biomass each year
for assessments Ricker and Beverton-Holt G. The plots to the right show the time series of standardised
stock-recruitment residuals.
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Fig. 7: Retrospective analysis of Gulf of Maine cod for assessment Ricker G for spawning biomass (in
absolute terms, top panels, and relative to pre-exploitation levels, middle panels) and fully selected fishing
mortality (lower panels).

Draft Working Paper for Pre-Dissemination Peer Review Only 17



