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Summary

Statistical Catch-at-Age (SCAA) assessment methodology is applied to the Greenland
halibut resource, with full algebraic specifications of the approach provided in an
Appendix. Results are reported for a baseline run and eight sensitivities. These are
all duplicated given that the estimates of historical biomass are very sensitive to
whether or not the commercial catch-at-age data for the first two years are included
in fitting the assessment model. In most cases current biomasses are estimated to
be above Busy and increasing, with MSY estimates typically close to 25000t.

Introduction

This document provides baseline Statistical-Catch-at-Age (SCAA) assessments of the Greenland halibut
resource based on data provided following NAFO WebEx meetings to discuss appropriate choices. A number of
sensitivity results are also reported, related to different choices for biological parameter inputs and fitting to
different combinations of survey series.

Data and Methodology

The catch and survey based data (including catch-at-age information) and some biological data are listed in
Tables in Appendix A. Table 1 lists the different combinations of survey series considered for the various

assessments.

The details of the SCAA assessment methodology are provided in Appendix B.
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Results

Historical biomass estimates were found to be very sensitive to which commercial catch-at-age (CAA) data

were included in the assessment model fit, so that two baseline assessments were specified for which the
historical levels of biomass differed substantially:

a)

b)

Baseline StartA:14+ for the plus group, M=0.2, h=0.9,Wca4=0.1 for both survey and commercial CAA.
Survey series, see Table 1.
Baseline StartB: As baseline StartA but omitting 1975 and 1976 commercial CAA from the fit.

Results are given in Table 2 and Figures 1 and 2.

All sensitivities are carried out for both StartA and StartB baseline specifications:

c) 10+ instead of 14+ for the plus group: Tables 3a and 3b, Figures 3a and 3b

d) M=0.12 instead of 0.2: Tables 3a and 3b, Figures 3a and 3b

e) 10+ for the plus group and M=0.12 instead of 0.2: Tables 3a and 3b, Figures 3a and 3b

f) 01, 02 and 03: different survey series used, see Table 1: Tables 3a and 3b, Figures 4a and 4b and Figures

5-7

g) h=0.5 instead of h=0.9: Tables 3a and 3b, Figures 8a and 8b

h) M increase: M is 0.2 for ages 0 to 10 then increase linearly to 0.5 at age 14+ Tables 3a and 3b, Figures 8a
and 8b

Table 4 gives MSY-related estimates for the various assessments, together with Hessian-based 95% Cls. Fygy
is in terms of the apical F - the fishing mortality on the age class with a maximum selectivity of 1. The

computation of Fyy requires the iterative solution of a non-linear equation; hence no Hessian-based CI is
available, and other MSY-related values are conditional on the MLE of Fj;sy.

Discussion

Some notable features of the results are as follows.

Unsurprisingly, given the wide differences in historical estimates of abundances for the StartA and
StartB assessments, CI estimates for biomasses early in the period of the assessment are much higher
than for more recent years

Estimates of current biomasses are generally somewhat above Bumsy, but drop below this for lower
steepness values and the 01 and 02 choices of abundance indices.

There is a lack of fit of the two baseline runs to the EU 3M 0-700m catch-at-age data: there is a clear
pattern in the residuals and the models predict too many 8 year olds on average.

There are no other obvious indications of lack of fit for the baseline runs (we have yet to fully check all
the sensitivities).

Recent spawning and exploitable biomasses are increasing except for the sensitivity with a 10+ plus
group and M=0.12 (both StartA and StartB baselines) and for the sensitivity with the 02 choices of
abundance indices.

MSY estimates are typically close to 25000 tons, unless steepness h is set lower than 0.9. However note
that the model fit for this lower value of his notably worse in terms of the (penalised) log likelihood
(see Tables 3a and 3b).

Northwest Atlantic Fisheries Organization www.nafo.int



Table 1: Survey data series used in the various sensitivity runs, showing the period covered by each survey.

Survey Baseline 01 02 03

Can. Fall 213K 1966-2015 1996-2015 1996-2015 1996-2015
Can. Spring 3LNO  1996-2014 1996-2014 1996-2014 1996-2014
EU3M 0-700m  1995-2003 1995-2015 1995-2015 1995-2003

EU 3M 0-1400m  2004-2015 2004-2015
EU 3m 700-1400m 2004-2015 2004-2015
EU 3L 2006-2015
EU 3NO 1967-2015 1997-2015 1997-2015
Can. Fall 3LNO 1996-2015 1996-2015 1996-2015
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Table 2: Results of SCAA baseline runs StartA and StartB; values shown in bold are fixed on input. Hessian-
based CVs are shown in parentheses.

StartA StartB
-InL:Overall -104.50 -104.42
-InL:Index -InL:CAA |-InL: index -InL: CAA

Can. Fall 2I3K -7.56 -3.96 -7.73 -3.88
EU 3M 0-700m -5.09 0.97 -5.11 095
EU 3M 0-1400m -0.25 -4.21 -0.11 -4.20
EU 3m 700-1400m - - - -
Can. Spring 3LNO 14.62 -1.10 14.66 111
EU 3L - - - -
EU 3NO - - - -
Can. Fall 3LNO - - - -
Commercial -9.15 -8.91
-InL:RecRes -33.10 -33.19
-InL:CatchPen -55.69 -55.80
h 0.90 0.90
M 0.20 0.20
g 0.09 (2.93) 0.46 (0.63)
k¥ 597 (0.09) 625  (0.14)
B¥ 1975 362 (149) 46 (206)
B¥ 015 131 (041) 138 (043)
B¥5/KF 22 (0.3%) 22 (034)
B¥2015/B¥ jo75 036  (1.52) 3.01  (223)
B 1975 196 (0.60) 167 (036)
B 15 27 (0.19) 132 (021)
B 3015/B” 1075 0.65  (0.63) 079  (047)

oindex & CAA oindex & CAA
Can. Fall 2I3K 0.16 0.15 0.16 0.15
EU 3M 0-700m 0.15 0.23 0.15 022
EU 3M 0-1400m 0.24 0.11 0.24 0.11
EU 3m 700-1400m - - - -
Can. Spring 3LNO 0.55 0.19 0.55 0.19
EU 3L - - - -
EU 3NO - - - -
Can. Fall 3LNO - - - -
Commercial 0.15 0.14
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Table 3a: Results of various SCAA variants based on baseline run StartA. Hessian-based CVs are shown in parentheses.

10+ plus group, 7 M increase (linear from
StartA 10+ plus group M=012 =012 o1* 02 03 h=035 0.2age 10 to 0.5 age
14+)
-InL:Overall -104.50 -106.22 -104.32 -107.75 -75.43 -71.08 -92.04 -101.86 -104.72
-InL:Index -InL:CAA |-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA

Can. Fall 213K -7.56 -3.96 -731 -3.66 -7.80 -3.72 -7.83 -4.05 -6.13 -4.53 -6.16 -445 -742 -4.08 -7.19 -333 -7.74 -3.67
EU 3M 0-700m -5.09 0.97 -5.21 1.13 -5.18 1.05 -6.00 0.63 13.19 -0.04 12.65 -0.18 -5.20 0.55 -2.04 -0.52 -4.72 0.76
EU 3M 0-1400m -0.25 -4.21 -0.16 -4.22 -0.28 -4.39 -1.24 -3.90 - - - - -043 _426 0.27 -4.26 -0.07 -4.06
EU 3m 700-1400m - - - - - - - 1.77 _5.45 225 _5.03 - - - - - -
Can. Spring 3LNO 1462 -1.10 1432 -123 14.80 -1.06 1329 -0.86 14.03 -1.68 13.74 -1.74 14.14 -136 14.11 -1.06 14.45 -1.19
EU 3L - - - - - - - - -4.16 071 - - - - - - - -
EU 3NO - - - - - - - - 8.66 1.39 9.00 1.15 6.88 191 - - - -
Can. Fall 3INO - - - - - - - - 381 S1.34 326 “1.18 354 _0.93 - - - -
Commercial -9.15 -10.79 -9.10 -9.61 -8.40 -8.05 -8.67 -8.66 -9.08
-InL:RecRes -33.10 -33.17 33.06 -32.62 -31.18 -3145 -31.65 -32.80 -33.51
-InL:CatchPen -55.69 -55.93 -55.57 -55.57 -54.67 -54 86 -55.07 -56.38 -55.89
h 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
M 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
3 0.09  (293) 0.06  (28.18) 0.01 (43.29) 0.00  (1000.00) 000 . 0.00  (53.91) 0.0 (3.12) 0.19  (0.76) 007  (394)
K¥ 597 (0.09) 544 (0.08) 1210 (0.10) 881 (0.10) 531 - 520 (0.07) 585 (0.08) 2171 (0.46) 366 (0.07)
B"ij 362 (1.49) 444 (1.67) 1312 (1.50) 1479 (0.61) 919 - 826 (1.38) 386 (1.41) 252 (0.46) 232 (1.35)
B¥ 5 131 (0.41) 107 (0.36) 278 (041) 109 (0.44) 70 - 59 (0.45) 131 (0.34) 310 (p28) 109 (0.30)
B¥ 5/ KF 22 (035) 020 (033) 023 (033) 012 (040) 013 . 011 (045) 22 (0.29) 014 (061) 030 (0.25)
BF3015/BF o075 0.36 (1.52) 0.24 (1.68) 0.21 (1.36) 0.07 (0.76) 0.08 - 0.07 (1.31) 0.34 (1.42) 1.23 (0.43) 047 (137)
35'91973 196 (0.60) 174 (0.83) 226 (0.76) 277 (0.61) 350 - 320 (0.71) 203 (0.58) 187 (0.22 209 (0.55)
B s 27 (019) 109 (0.17) 121 (0.18) 82 (015 98 88 (0.16) 118 (0.16) 181 (024) 136 (017
B 301587 1975 065 (0.63) 0.65  (0.85) 0353 (0.74) 029 (0.64) 028 . 027 (0.68) 058 (0.61) 0.7 (0.32) 065 (0.58)

oindex o CAA oindex g CAA gindex 5 CAA oindex o CAA oindex g CAA oindex & CAA oindex & CAA oindex o CAA oindex o CAA
Can. Fall 213K 0.16 0.15 0.16 0.16 0.16 0.16 0.16 015 0.18 0.15 017 015 0.16 015 017 0.16 0.16 0.16
EU 3M 0-700m 0.15 0.23 0.15 0.23 0.15 0.23 0.15 0.21 0.45 0.20 0.44 0.20 0.15 0.21 0.19 0.18 0.15 .22
EU 3M 0-1400m 0.24 0.11 0.24 012 0.24 0.11 0.22 0.12 - - - 0.23 0.11 0.25 0.11 0.24 0.12
EU 3m 700-1400m - - - - - - - 028 0.10 0.2 0.10 - - - -
Can. Spring 3LNO 0.55 0.19 0.54 0.19 0.55 0.19 0.51 0.20 0.53 0.18 0.52 0.18 0.53 0.19 0.53 0.19 0.54 0.19
EU 3L - - - - - - - - 0.16 0.17 - - - - - - - -
EU 3NO - - - - - - - - 038 0.20 0.39 0.20 035 0.21 - - - -
Can. Fall 3INO - - - - - - - - 0.30 0.18 0.29 0.18 029 0.18 - - - -
Commercial 0.15 0.14 0.15 0.15 0.15 0.15 0.15 0.15 0.15

* Not converged
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Table 3b: Results of various SCAA variants based on baseline run StartB. Hessian-based CVs are shown in parentheses.

10+ plus group, 7 M increase (linear from
StartB 10+ plus group M=012 M=0.12 o1* 02* 03 h=035 0.2 age 10 to 0.5 age
14+)
-InL:Overall -104.42 -106.17 -103.94 -107.89 -75.09 -70.71 -91.85 -101.94 -104.59
-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA |-InL: index -InL: CAA

Can. Fall 213K -7.73 -3.88 -7.53 -3.51 -7.75 -3.71 -7.96 -4.14 -6.06 -4.53 -6.02 -427 -747 -4.05 -7.24 -332 -7.86 -3.59
EU 3M 0-700m -5.11 0.95 -5.36 1.15 -5.24 1.07 -6.03 0.51 13.10 -0.06 10.74 -0.99 -5.24 0.55 -2.00 -0.59 -4.82 0.78
EU 3M 0-1400m -0.11 -4.20 0.02 -4.27 -0.20 -4.36 -1.43 -3.75 -0.40 -4.23 0.30 -4.25 -0.03 -4.05
EU 3m 700-1400m - - 1.77 -5.39 3.06 _458 - -
Can. Spring 3LNO 14.66 -1.11 1434 -1.25 14.79 -1.08 13.06 -0.80 13.99 -1.70 1324 -2.06 1415 -137 14.13 -1.10 14.49 -1.19
EU 3L - - - - - - - - -4.10 -0.73 - - - - - - - -
EU 3NO - - - - - - - - 8.69 137 10.13 0.78 6.86 1.94 - - - -
Can. Fall 3INO - - - - - - - - 3.76 11.33 162 S1.11 3358 0.92 - - - -
Commercial -8.91 -10.42 -8.77 -9.18 -8.03 -5.83 -8.44 -8.72 -8.86
-InL:RecRes -33.19 -33.31 -33.10 -32.63 -31.19 -30.78 -31.69 -32.80 -33.51
-InL:CatchPen -55.80 -56.05 -55.59 -5554 -54.65 -54.63 -55.13 -56.34 -55.95
h 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
M 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
3 046 (0.63) 0.53 (0.90) 0.25 (1.76) 0.00 (1000.00) 0.16 - 0.02 - 0.37 (1.05) 0.28 (0.53) 046 (0.73)
K 625 (0.14) 561 (0.12) 1225 (0.11) 860 (0.11) 530 - 486 - 594 (0.10) 2413 (0.57) 373 (0.09)
B"ij 46 (2.06) 53 (2.87) 447 (232) 2068 (0.68) 455 _ 1227 _ 91 (2.41) 190 (0.53) 33 (2.10)
B'(le; 138 (0.43) 108 (037) 263 (0.41) 116 (0.47) 66 _ 32 _ 130 (0.35) 297 (0.28) 112 (031)
B¥ys/K¥F 22 (0.34) 0.19 (0.32) 0.21 (0.35) 0.13 (0.44) 0.13 - 0.07 - .22 (0.30) 0.12 (0.73) 0.30 (0.25)
BF3015/BF o075 3.01 (2.23) 2.02 (2.97) 0.59 (2.26) 0.06 (0.71) 0.15 - 0.03 - 1.43 (2.47) 1.56 (047) 3.33 (2.18)
35'91973 167 (0.36) 153 (0.40) 192 (0.66) 388 (0.68) 326 - 505 - 187 (0.46) 206 (0.22 179 (0.37)
B s 132 (021) 110 (0.18) 120 (0.18) 82 (0.16) 9% . 68 119 (017 176 (0.24) 138 (0.18)
B 301587 1975 079 (0.47) 072 (047) 062 (0.67) 021 (0.69) 029 . 014 #DIV/O! 064 (0.52) 085  (0.32) 077 (0.45)

oindex o CAA oindex g CAA gindex 5 CAA oindex o CAA oindex g CAA oindex & CAA oindex & CAA oindex o CAA oindex o CAA
Can. Fall 213K 0.16 0.15 0.16 0.16 0.16 0.16 0.16 015 0.18 0.15 018 015 0.16 015 017 0.16 0.16 0.16
EU 3M 0-700m 0.15 .22 0.15 0.23 0.15 0.23 0.15 0.21 0.45 0.20 0.40 0.19 0.15 0.21 0.19 0.18 0.15 .22
EU 3M 0-1400m 0.24 0.11 0.24 012 0.24 0.11 0.21 0.13 - - - - 0.23 0.11 0.25 0.11 0.24 0.12
EU 3m 700-1400m - - - - - - - 028 0.10 031 0.11 - . - R
Can. Spring 3LNO 0.55 0.19 0.54 0.19 0.55 0.19 0.50 0.20 0.53 0.18 0.50 0.18 0.53 0.19 0.53 0.19 0.54 0.19
EU 3L - - - - - - - - 0.16 0.17 - - - - - - - -
EU 3NO - - - - - - - - 038 0.20 041 0.20 035 0.21 - - - -
Can. Fall 3INO - - - - - - - - 029 0.18 026 0.18 029 0.18 - - - -
Commercial 0.14 0.14 0.15 0.14 0.15 0.16 0.15 0.15 0.14

* Not converged
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Table 4: MSY and related quantities for the various SCAA variants based on baseline run StartA (top two rows) and baseline run StartB (bottom two

rows).
M increase
StartA 10+ plusgroup |  M=0.12 10_‘&?12;_81‘?‘“” o1* 02 03 h=0.5 ;gl;nfzrtfsgﬁ de
14+)
MSY 26.58 (0.08) 25.47 (0.08) 25.51 (0.08) 22.05 (0.09) 24.46 - 24.41 (0.07) 26.10 (0.07) 43.56 (0.46) 28.23 (0.06)
Frsy 0.60 0.58 0.58 0.60 0.56 0.52 0.62 0.21 0.58
BP sy 90.16 (0.25) | 88.63 (0.23) | 194.57 (0.24) | 149.57 (0.18) | 80.82 - 79.75 (0.39) | 88.17 (0.22) | 695.25 (0.51) | 54.65 (0.26)
B® sy K7 0.15 (0.23) | 0.16 (0.21) | 0.16 (0.24) | 0.17 (0.14) | 0.15 - 0.15(0.38) | 0.15(0.21) | 032 (0.20) | 0.15 (0.25)
BPasBPusy | 145 (0.43) | 121(0.39) | 143 (047) | 073 (037) | 0.87- 0.74 (0.35) | 148 (0.35) | 045 (0.67) | 1.99 (0.37)
B \sy 110.89 (0.11) | 103.39 (0.10) | 98.70 (0.12) | 84.13 (0.10) | 104.70 - 105.59 (0.12) | 109.10 (0.10) | 377.99 (0.49) | 117.15 (0.11)
B> 105/B* ey 114 (0.18) | 1.06 (0.17) 122 (0.19) | 097 (0.13) | 0.93 - 0.83 (0.15) | 1.08(0.16) | 048 (0.61) | 1.16 (0.18)
M increase
StartB 10+ plusgroup |  M=0.12 10—;31:;?5;@; o1* o2* 03 h=0.5 ;gl;nfgrtg%ﬁ g'gze
144)
MSY 27.78 (0.12) 26.53 (0.12) 25.86 (0.09) 21.27 (0.10) 2448 - 24.70 - 26.48 (0.09) 48.49 (0.57) 28.75 (0.08)
Fsy 0.60 0.56 0.58 0.62 0.55 0.39 0.62 0.21 0.58
BP sy 94.46 (0.26) | 92.55 (0.24) | 196.93 (0.25) | 143.97 (0.19) | 80.70 - 79.13 - 89.44 (0.23) | 772.64 (0.61) | 55.71 (0.26)
B® /K7 0.15 (0.24) | 016 (0.23) | 0.16(0.24) | 0.17 (0.15) | 0.15 - 0.16 - 0.15 (0.21) | 0.32 (0.19) | 0.15 (0.25)
BPysB¥usr | 146 (0.43) | 1.17(0.39) | 133 (0.46) | 0.80(0.38) | 0.82 - 0.40 - 146 (035) | 038 (0.78) | 2.00 (0.37)
B \sy 115.79 (0.14) | 107.47 (0.12) | 100.11 (0.12) | 81.55 (0.10) | 105.02 - 106.40 - 110.77 (0.11) | 420.65 (0.60) | 119.30 (0.12)
BB usr| 114 (0.18) | 1.03(0.17) | 120(0.19) | 1.01 (0.13) | 0.91 - 0.64 - 1.07 (0.16) | 0.42(0.72) | 1.16 (0.18)

* Not converged
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Fig. 1. Results for SCAA baseline variants StartA and StartB.
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Fig. 3a. Biomass (spawning, 5-9 and total) and recruitment trajectories for baseline run StartA and the three
variants: 10 instead of 14 plus-group, M=0.12 instead of M=0.2 and a combination of the two: M=0.12
and 10+.
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Fig. 3b. Biomass (spawning, 5-9 and total) and recruitment trajectories for baseline run StartB and the three
variants: 10 instead of 14 plus-group, M=0.12 instead of M=0.2 and a combination of the two: M=0.12
and 10+.
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Fig. 4a. Biomass (spawning, 5-9 and total) and recruitment trajectories for baseline run StartA and the three
variants based on different survey series.
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Fig. 4b. Biomass (spawning, 5-9 and total) and recruitment trajectories for baseline run StartB and the three
variants based on different survey series.
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Northwest Atlantic Fisheries Organization www.nafo.int



13

Canadian Fall survey EU survey 0-700m EU survey 700-1400m Canadian Spring survey EU 3NO CanFall 3LNO
2 2 140 4 5. 1 s-
s . . ]
30 30 . 120 . 1 N
s o]
2 25 M 100 - a4 2 . 5
. 2] . . 10 . . L.
2 2 . 50 . 2] . .
. 2] . . . /W
15 15 60 21
. 2 5 N o
10 10 40 2 . .
. .. ] . 1l .
s B . 2 N N s
o - - o - - - ° - - - o - - - o - - - ° - - -
1990 15 200 aes 200 2005 199 15 200 20 200 2005 1  1s 200 s 0 ows 19 ams 200 205 200 2005 199  asss 200 2005 0 2018 10 ams w00 205 200 2005
30 20 0 20 50 10
20 20 20 20 s 20
00 00 00 \ /_\ 00 0.0 /\1 A L /\J\ AVA
(R YAV N S A o i) Vs Sy R A Ay (i m——_ ,,v e i ey ety 8 e\ o A Ve
10 10 10 10 10 10
20 20 20 20 20 20
50 30 0 a0 50 a0
040 040 o040 040 040 040
035 03s 035 035 035 035
010 020 020 020 030 020
< 025 <02 oz < 025 < oas < 025
5o 5020 H B 5 020 5 020 5 020
£o1s £ o &oas & o1s £ oas & o1s
010 o0 010 010 o0 010
o005 ﬂ ﬂ 005 I-‘ ﬂ I'l IW 005 ﬂ ﬂ n o005 005 005 n
N, oo | ML, 1l | JOSN 111 18111 | S Mom PO 1110181111
n:z:‘ssAéEusmnulzm Olzzoseéssmnlznu alzaass;ssmnlznu 0122456 s s wunL n|234557ssmnunu L A
10 101 10 10 10
0200«
s I s o 05O s 5
° <0000 200 0000 060000« © O o
% .o o EXS 600005 - 000 $e 00000000@AA0 § ¢ o %
00 000 1) O . 000
B @0 0500000 T X0 » e 3 00-0 a ° a o000 o
00 00D o ou 0000
2 . 2 000 2 2 o Q,o 2
00000 @D~
o . - - o ; g . . o . - o - -
1990 15 200 205 2010 205 1% 18s 00 2005 200 2015 1890 15 200 205 200 205 1m0 s 2o ws a0 205 190 1 200 205 200 20 1990 1 20 20 200 os

Fig.6. Fits to the survey biomass indices and catch-at-age data for variant 02 based on StartA baseline run.

Northwest Atlantic Fisheries Organization

o
1970

1980

Commercial

..

00123456, 80910111211
Age

1590 2000 2000

www.nafo.int



14

Canadian Fall survey EU survey 0-700m EU survey 0-1400m Canadian Spring survey EU 3NO CanFall 3LNO Commercial
2 2 s0 5. 1
. 45 M 5 .
30 30 . 14
40 s
25 2 35 4l 2
10
% » 0 3] .. .
2 . . .
15 13 A .
20 2 .
15 2 NS TN —
10 0 .
. 10 14 . .
s B . o e
s- N 2
o - - o - - - ° - - - o - - - o - - - - - -
1990 15 200 aes 200 2005 199 15 200 20 200 2005 1  1s 200 s 0 ows 19 ams 200 205 200 2005 199  asss 200 2005 0 2018 10 ams w00 205 200 2005
30 50 0 50 10
20 20 20 s 20
" M w \ /A o v A VR INA AN
o\l A\ A i ] aw | e o o o | [ Y [\ s 3w e e e Vs
10 10 10 10 10
20 20 20 20 20
50 201 30 50 a0
040 040 o040 040 040 040 o
035 03s 035 035 035 035 035
010 020 020 020 030 020 010
< 025 | <02 < 025 < 025 | < oas < 025 <oas |
5o 5020 5 020 5 020 5 020 5 020 5 020
£o1s £ o &oas & o1s £ oas & o1s & oas |
010 o0 010 010 o0 010 o0
005 ﬂ ﬂ oos n h 005 i ﬂ i 005 | 00s 005 I 00s ﬂ ﬂ
U 118 (8 1) 1017, PS————RA 813111111 1| SR — T ORI (8111811 [ S (1 114111 181018 - U 8118 0111/ PS———-— ] 1111
012345 6,7 89001211 012345 6,7 89510112118 012345 6,78 9510111211 00123456, 8 9011213 00123 456,78 91001211 0123456, 8 5012 001234 56,8 91001211
e ke Afe ke age ke ke
(D0 - o u
10 101 10 10 10 10 N
000000
8 o) 8 s o e 0+ +00e 8 5 s 10
Qro Q00-0000:0¢0 . .
% oo e} FER 0o e 00000000 % o - %o H
00 000 o °0 (¢ 6
4 Q0000000 CD-0d ) 4l o a Q0 a a- a
0000 e 00: 0000 o c8 41
2 - Q0 2 @) 2 2 21 2 2]
200000 QD S
o . . - ; g . . o . - o - o o o - - -
1990 15 200 205 2010 205 1% 18s 00 2005 200 2015 1890 15 200 205 200 205 190 15 200 205 200 2005 1990 1990 1970 1m0 190 w00 o0

Fig.7.  Fits to the survey biomass indices and catch-at-age data for variant O3 based on StartA baseline run.
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APPENDIX A - Data

Table A1: Landings (tons) for Greenland Halibut in Sub-area 2 and Div. 3KLMNO.

Year Landings (1)

Year Landings (t)

1975 28817
1976 24608
1877 32047
1978 39069
1879 34102
1980 32867

1981 30756
1982 26277
1983 27863
1984 26711
1985 20347
1986 17981

1987 32447
1988 19219
1989 19229

1990 45416
1991 69197
1992 62372
1993 63545
1994 46040
19895 15087

1996 17715
1997 19201
1968 19863

1999 23488
2000 33850
2001 38425
2002 33975
2003 35432
2004 25126
2005 22866
2006 23075
2007 22229
2008 22191
2009 23

2010 25681
2011 18290
2012 23385
2013 19659
2014 21353
2015 15080
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Table A2. Catch at age matrix (000s) for Greenland Halibut in Sub-Area 2 and Divisions 3KLMNO.

Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14+
1975 0 0 0 0 334 2819 5750 4956 3961 1688 702 135 279 288
1976 0 0 0 0 17 610 3231 5413 3769 2205 829 260 101 53
1977 0 0 0 0 534 5012 10798 7346 2933 1013 220 130 116 84
1978 0 0 0 0 2982 B415 8970 7576 1865 1438 723 367 222 258
1979 0 0 0 0 2386 8727 12824 6136 1169 481 287 149 143 284
1980 0 0 0 0 209 2086 9150 9679 5398 3828 1013 128 53 27
1981 0 0 0 0 863 4517 9806 11451 4307 890 256 142 43 69
1982 0 0 0 0 269 2299 6319 5763 3542 1684 596 256 163 191
1983 0 0 0 0 701 3557 9800 7514 2295 692 209 76 106 175
1984 0 0 0 0 902 2324 5844 7682 4087 1259 407 143 106 183
1985 0 0 0 0 1983 5309 5913 3500 1380 512 159 99 87 86
1986 0 0 0 0 280 2240 6411 5091 1469 471 244 140 70 117
1987 0 0 0 0 137 1902 11004 8935 2835 853 384 281 225 349
1988 0 0 0 0 206 3186 8136 4380 1288 465 201 105 107 129
1989 0 0 0 0 181 1988 7480 4273 1482 767 438 267 145 71
1990 0 0 0 85 1102 6758 12632 7557 4071 2692 1204 885 434 318
1991 0 0 0 220 2862 7756 13152 107% 7145 3721 1865 1216 558 422
1992 0 0 0 1064 4180 10922 20639 12205 4332 1762 1012 738 395 335
1993 0 0 0 1010 9570 15928 17716 11918 4642 1836 1055 064 401 182
1994 0 0 0 5395 16500 15815 11142 6739 3081 1103 811 422 320 215
1995 0 0 0 323 1352 2342 3201 2130 1183 540 345 273 251 201
1996 0 0 0 190 1659 5197 6387 1914 956 504 436 233 143 89
1997 0 0 0 335 1903 4169 7544 3215 1139 606 420 246 137 89
1998 0 0 0 552 3575 5407 5787 3653 1435 541 377 161 02 51
1999 0 0 0 2907 2149 5625 8611 3793 1659 623 343 306 145 151
2000 0 0 0 271 2029 12583 21175 3299 973 528 368 203 129 104
2001 0 0 0 448 2239 12163 22122 5154 1010 495 439 203 156 75
2002 0 0 37 479 1662 7239 17581 6607 1244 659 360 224 126 81
2003 0 0 203 1279 4491 10723 16764 6385 1614 516 290 144 76 85
2004 0 0 17 897 4062 8236 10542 4126 1307 529 289 184 87 75
2005 0 0 40 534 1652 5099 10313 3996 1410 444 244 114 64 46
2006 0 0 10 216 1869 6450 12144 4902 1089 372 136 47 32 40
2007 0 0 0 88 570 3731 11912 5414 1230 472 163 80 41 29
2008 0 0 0 29 448 3312 10697 5558 1453 393 115 46 26 15
2009 0 0 0 61 476 3121 8801 7276 1949 508 206 67 31 34
2010 0 0 0 146 825 5077 11202 6171 2134 520 214 64 22 21
2011 0 0 430 690 1385 4101 7257 3953 1255 455 155 66 21
2012 0 0 1216 706 1982 3422 7618 5520 1992 657 287 134 36 20
2013 0 0 127 481 1966 4850 5894 5370 1263 401 03 35 15 17
2014 0 0 119 263 1106 3818 5784 7441 1314 302 85 34 11 15
2015 0 0 59 89 429 1237 4037 5546 1571 223 58 22 9 19
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Table A3. Catch weights-at-age (kg) matrix for Greenland Halibut in Sub-Area 2 and Divisions 3KLMNO.

Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14+
1975 0.000 0.000 0.126 0.244 0609 0.760 0.955 1.190 1.580 2.210 2.700 3.370 3.880 5.764
1976 0.000 0.000 0.126 0.244 0609 0.760 0.955 1.190 1.580 2.210 2.700 3.370 3.880 5.144
1977 0.000 0.000 0.126 0.244 0609 0.760 0.955 1.190 1.580 2.210 2.700 3.370 3.880 5.992
1978 0.000 0.000 0.126 0.244 0609 0.760 0.955 1.19%0 1.580 2.210 2.700 3.370 3.880 5.8594
1979 0.000 0.000 0.126 0.244 0609 0.760 0.955 1.190 1.580 2.210 2.700 3.370 3.880 6.077
1980 0.000 0.000 0.126 0.244 0514 0.659 0.86% 1.050 1.150 1.260 1.570 2.710 3.120 5.053

1981 0.000 0.000 0.126 0.244 0392 0.598 0.780 0985 1240 1.700 2460 3.510 4.790 7.416
1982 0.000 0.000 0.126 0.244 0.525 0.684 0.891 1.130 1.400 1.790 2.380 3.470 4510 7.359
1983 0.000 0.000 0.126 0.244 0412 0.629 0.861 1.180 1.650 2.230 3.010 3.960 5.060 7.061
1984 0.000 0.000 0.126 0.244 0377 0.583 0.826 1.100 1460 1.940 2.630 3.490 4490 7.016
1985 0.000 0.000 0.126 0.244 0568 0.745 09541 1.240 1.690 2.240 2950 3.710 4.850 7.010
1986 0.000 0.000 0.126 0.244 0350 0.584 0.811 1.100 1.580 2.120 2.890 3.800 4.950 7.345
1987 0.000 0.000 0.126 0.244 0364 0.589 0.836 1.160 1.590 2.130 2.820 3.600 4.630 6.454
1988 0.000 0.000 0.126 0.244 0363 0.569 0.805 1.163 1.661 2216 3.007 3.925 5.001 7.164
1989 0.000 0.000 0.126 0.244 0400 0.561 0.767 1.082 1.657 2.237 2997 3.862 4919 6.370
1990 0.000 0.000 0.090 0.181 0.338 0.546 0.766 1.119 1.608 2.173 2.854 3.731 4.691 6.391
1991 0.000 0.000 0.126 0.244 0.383 0.592 0.831 1.228 1.811 2461 3.300 4142 5333 7.081
1992 0.000 0.000 0.175 0.28% 0430 0577 0793 1.234 1.816 2.462 3.122 3.972 5.009 6.648
1993 0.000 0.000 0.134 0.232 0368 0.547 0.80% 1.207 1.728 2300 2,999 3965 4.816 6.480
1994 0.000 0.000 0.080 0.196 0.330 0.514 0.788 1.179 1.701 2.268 2.990 3.766 4.882 6.348
1995 0.000 0.000 0.080 0.288 0363 0.531 0.808 1.202 1.759 2446 3.122 3.813 4.893 6.790
1996 0.000 0.000 0.161 0242 0360 0.541 0.832 1.272 1.801 2478 3.148 3.856 40953 6.312
1997 0.000 0.000 0.120 0.206 0336 0.48% 0771 1.159 1.727 2.355 3.053 3.953 5108 6.317
1998 0.000 0.000 0.119 0228 0373 0.543 0.810 1.203 1.754 1213 3.095 4.010 5132 6.124
1999 0.000 0.000 0.176 0.253 0.358 0.533 0.825 1.253 1.675 2.287 2.888 3.509 4456 5.789
2000 0.000 0.000 0.000 0.254 0346 0.524 0.787 1.192 1.774 2279 2.895 3.645 4486 5531
2001 0.000 0.000 0.000 0.24% 0376 0.570 0.830 1.168 1.794 2367 2950 3.715 4585 5438
2002 0.000 0.000 0.217 0251 0.36% 0.557 0.841 1.193 1.760 2277 2.896 3.579 4407 5477
2003 0.000 0.000 0.188 0.247 0.389 0.564 0.822 1.199 1.651 2166 2.700 3.404 4377 5409
2004 0.000 0.000 0.180 0.249 0376 0.535 0.808 1.196 1.629 2.146 2.732 3.538 4.381 5.698
2005 0.000 0.000 0.252 0301 0396 0.564 0.84% 1.247 1.691 2177 2705 3464 4264 5224
2006 0.000 0.000 0.129 0.267 0405 0.605 0.815 1.092 1495 1.874 2396 3.139 3.747 4.701
2007 0.000 0.000 0.000 0276 0.38% 0.581 0.833 1.137 1.500 1.948 2.607 3.057 3.869 4.954
2008 0.000 0.000 0.000 0.278 0404 0.617 0.891 1.195 1.605 2.038 2.804 3.247 4232 4721
2009 0.000 0.000 0.000 0.27% 0.3%0 0.599 0.862 1.158 1.611 2.099 2.549 3.118 3.432 4431
2010 0.000 0.000 0.000 0.250 0.350 0.570 0.840 1.210 1.650 2.100 2.610 3.310 4.180 5.220
2011 0.000 0.000 0.125 0215 0314 0.541 0.870 1.270 1.755 2.250 2.818 3.610 4.489 5.840
2012 0.000 0.000 0.170 0.240 0.300 ©0.570 0.8%0 1.280 1.750 2.290 2.810 3.620 4.400 5.730
2013 0.000 0.000 0.140 0270 0420 0.630 0.870 1.230 1.820 2470 3.310 3.850 4.440 5.790
2014 0.000 0.000 0.150 0.240 0400 0.613 0.8%0 1.280 1.900 2.550 3.360 3.930 4.600 5.530
2015 0.000 0.000 0.160 0.240 0410 0.630 0.850 1.220 1.760 2.490 3.270 3.810 4.360 5.390

—

Table A4: Proportion mature-at-age for Greenland Halibut in Sub-Area 2 and Divisions 3KLMNO.

1 2 3 4 5 6 7 8 Y 10 11 12 13 14+

0 0 0 0 0 0 0 0 0 1 1 1 1 1
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Table A5: Survey catch-at-age data (numbers) and biomass indices (mean weight (kg) per tow) for Greenland

Halibut in Sub-Area 2 and Divisions 3KLMNO.
Canadian Fall 3J3K

Year 0 1 2 3 4 5 6 7 8 9 w1 12 13 14e  Mean
weight/tow
1996 492 98.68 47.82 3201 954 628 247 084 019 0.8 004 002 001 002 001 21.60
1997  2.18 28.05 58.62 43.61 21.13 1037 501 200 064 020 006 003 002 00l 000 24.80
1998 1.52 2335 2507 31.19 21.87 1086 445 207 057 013 006 003 002 001 000 23.80
1999 646 1599 3442 2407 2828 2004 1053 381 070 0.4 007 002 001 003 000 32.50
2000 3.08 38.60 22.09 1648 1329 1390 7.27 217 050 006 003 002 000 000 001  23.90
2001 849 43.90 2272 17.00 14.07 9.77 7.59 340 0.69 011 002 001 000 001 000  22.70
2002 830 40.67 24.08 1250 9.68 6.03 1.97 072 019 004 00l 000 000 000 000 14.10
2003 9.94 4570 26.67 11.69 049 6390 227 089 027 004 002 001 001 000 000 1530
2004 415 3249 32.93 13.89 1231 921 268 120 036 008 003 001 000 00l 000 17.50
2005  5.07 1606 1615 8.56 13.84 1098 6.85 396 0.66 012 003 003 001 001 001  20.30
2006  3.75 3234 17.98 850 17.60 13.03 911 4.18 1.5 018 003 002 00l 000 000 2570
2007 221 3261 1451 1281 1877 9.57 1035 617 214 034 008 004 002 001 001  29.10
2009 549 50.62 19.15 11.40 842 9.89 540 359 139 025 008 002 00l 00l 001  19.90
2010 19.54 5094 3925 1481 945 674 377 220 1.02 018 007 004 002 001 001  19.50
2011 481 44.14 42.06 2097 1879 1032 550 3.15 126 033 013 006 002 0.00 001 2670
2012 516 1228 9.61 1127 11.86 1096 9.03 431 1.69 029 011 005 002 001 002 23.50
2013 0.10 2432 1292 674 740 1091 9.09 7.76 3.96 050 0.15 004 002 0.02 001  29.60
2014 310 22.08 3041 1139 454 796 7.38 892 6.62 097 020 004 002 00l 004 3330
2015 050 17.17 13.98 15.14 7.7 682 418 391 3.92 0.5 014 006 001 0.0l 0.02  22.30
Canadian Spring 3LNO
Year 0 1 2 3 4 5 6 7 8 9 0 11 12 13 14e  Mean
weight/tow
1996 0.00 162 424 460 2.8 083 028 006 000 000 000 000 000 000 000 1.0
1997 000 1.16 392 516 323 146 051 010 001 000 000 000 000 000 000  2.50
1998 0.00 023 084 3.8 622 496 124 033 007 001 000 000 000 000 0.00  4.60
1999 000 029 055 1.15 198 3.39 1.00 024 005 001 000 000 000 000 0.00  2.80
2000 002 079 107 1.07 151 195 204 056 003 001 000 000 000 000 000  3.00
2001 0.00 057 071 074 068 0.80 072 028 002 000 000 000 000 000 000 150
2002 0.00 0.64 057 060 058 061 021 005 001 000 000 000 000 000 000  0.70
2003 000 053 214 1.66 157 106 021 005 001 000 000 000 000 000 000 150
2004 0.00 0.66 057 118 118 1.6 026 0.04 002 000 000 000 000 000 000 110
2005 000 035 031 1.0 095 137 082 021 003 000 000 000 000 000 000 170
2007 0.00 1.60 052 0.80 040 141 149 112 018 002 000 000 000 000 0.00  3.00
2008 0.00 044 077 096 071 125 075 0.64 028 002 00l 000 000 000 000  2.10
2009  0.00 027 022 018 039 045 026 0.3 007 001 000 000 000 000 0.00  0.70
2010 0.00 077 0.66 052 040 084 1.08 035 014 002 00l 000 000 000 000 170
2011 000 1.6 140 092 065 062 020 0.16 010 001 000 000 000 000 000  1.00
2012 002 032 080 248 140 1.16 050 0.8 006 002 000 000 000 000 000  1.90
2013 000 1.28 0.8 005 038 0.61 023 011 004 000 000 000 000 000 000  0.70
2014 000 1.62 119 032 020 024 024 0.4 006 00l 000 000 000 000 000  0.70
Canadian Fall 3LNO
Year 0 1 2 3 4 5 6 7 8 9 w11 12 13 14e  Mem
weight/tow
1996 025 527 492 384 141 1.00 040 008 000 000 000 000 000 000 000  2.52
1997 024 122 333 446 363 1.88 048 011 004 000 000 000 000 000 000  2.76
1998  0.06 053 176 1.86 299 410 150 032 008 001 000 000 000 000 000  3.08
1999 022 004 062 073 104 197 167 039 004 00l 00l 000 000 000 000  2.82
2000 012 176 124 039 078 121 135 047 004 001 000 000 000 000 000  2.39
2001 049 140 062 068 139 075 115 061 005 001 000 000 000 000 000  2.01
2002 013 128 050 1.04 101 051 039 0.7 004 001 000 000 000 000 000  1.40
2003 017 1.79 107 1.55 187 081 028 005 002 000 000 000 000 000 000  1.59
2004 006 1.8 132 156 169 151 039 0.10 001 000 000 000 000 000 000  1.99
2005 0.08 0.60 089 050 176 158 1.4 056 006 001 000 000 000 000 000  2.67
2006 0.6 0.85 049 012 068 133 135 059 013 001 000 000 000 000 000 242
2007 0.10 0.83 047 027 08 061 124 075 021 002 00l 000 000 000 0.00  2.38
2008 026 095 028 082 113 090 100 076 044 004 000 000 000 000 000  2.87
2009 023 215 024 042 047 088 061 030 014 003 001 000 000 000 000 158
2010 044 195 062 085 068 0.68 067 031 011 002 00l 000 000 000 000 166
2011 033 130 413 120 202 093 067 032 006 002 00l 000 000 000 000 221
2012 033 062 020 045 119 093 070 027 008 001 000 000 000 000 000 171
2013 008 277 100 037 041 102 106 0.62 026 001 001 001 00l 000 000  2.59
2015 005 078 0.0 033 031 025 034 0.7 010 00l 000 000 000 000 0.00  0.87
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EU 3M 0-700m
Year 0 1 2 3 4 5 6 7 g 9 w1 12 13 14 Mem
weight/tow
1005  0.00 1241 254 223 101 266 510 3.77 212 131 026 007 002 000 001  13.52
1996 0.00 584 7.97 241 3.04 420 582 249 1.62 042 009 0.03 004 000 001 1442
1997  0.00 333 378 6.00 650 7.1 846 499 215 0.66 022 0.03 002 002 002 2001
1908 0.00 274 213 7.68 11.00 12.33 1130 7.84 262 075 020 0.03 001 002 000 3013
1990 0.00 1.06 070 3.01 1047 13.41 1258 555 1.82 035 010 001 000 000 001 2637
2000 000 375 029 060 216 7.09 1410 540 232 045 011 005 000 000 000  21.08
20001 000 803 143 181 099 279 779 663 321 018 004 001 000 000 000 17.25
2002 0.00 408 294 279 167 379 559 573 128 0.3 006 002 00l 000 000 1505
2003 000 220 1.00 061 151 248 294 193 047 0.3 010 002 000 000 000  7.73
2004 000 219 320 437 197 696 7.80 254 064 020 013 008 005 001 000 1528
2005 000 054 081 3.18 250 6.80 759 292 061 011 012 006 002 000 000 1455
2006 000 0.68 039 065 118 597 746 331 077 022 018 013 006 001 000 14.56
2007 000 037 008 057 034 344 737 576 151 031 021 008 005 001 000 1622
2008 000 020 010 0.5 019 1.50 570 616 1.3 035 026 012 005 002 001 1491
2000 000 008 001 004 010 075 3.61 405 080 0.19 027 008 006 004 002 967
2010 000 005 001 004 006 111 307 294 08 032 017 006 003 001 000 828
2011 0.00 000 000 000 008 1.08 3.58 346 068 021 011 002 00l 001 001 805
2012 000 000 001 005 011 1.02 227 175 044 0.14 010 007 002 001 002 534
2013 000 001 000 001 014 080 216 089 020 005 006 002 001 001 001 348
2014 000 003 000 000 012 135 28 195 035 008 008 003 00l 002 001  6.43
2015 000 0.05 002 000 006 089 428 260 061 0.15 014 006 002 000 000 818
EU 3M 0-1400m
Year 0 1 2 3 4 5 6 7 g 9 10 11 12 13 14 Mean
weight/tow
2004 000 140 219 292 154 680 0.16 495 146 0.73 037 026 0.16 015 0.17  23.33
2005 000 036 053 209 173 528 679 342 099 026 041 023 013 006 005 16.71
2006 0.00 045 026 044 091 585 856 468 139 042 036 030 0.5 005 004 1917
2007 000 025 005 039 020 3.8 909 857 288 072 059 030 0.7 007 007 2510
2008 000 0.3 007 0.10 016 2.03 900 1253 318 1.14 087 044 025 013 022  32.3%
2009 000 005 001 003 008 113 680 1143 355 093 1.03 036 028 025 024 2944
2010 000 003 001 002 011 200 601 7.8 250 0098 083 031 017 012 019  22.13
2011 000 000 000 001 009 1.85 670 849 257 111 122 046 026 022 019 2615
2012 0.00 000 001 004 016 242 578 500 1.92 075 074 048 0.9 010 027  19.20
2013 000 001 000 001 032 211 7.03 453 164 053 084 034 020 013 022 1911
2014 000 002 000 001 016 278 804 687 1.62 045 064 033 015 019 022  23.92
2015 0.00 0.03 001 001 012 254 1485 1404 462 1.67 141 078 029 017 041  47.52
EU 3M 700-1400m
Year 0 1 2 3 4 5 6 7 8 9 w1 12 13 14 Mem
weight/tow
2004 000 002 000 006 073 599 1236 057 3.15 159 084 061 036 040 049  38.72
2005 000 0.00 000 002 026 222 526 437 170 0.55 096 057 035 018 016  20.85
2006 000 000 000 004 040 561 1065 7.20 256 079 071 063 032 011 014 2800
2007 0.00 0.03 000 005 020 460 1239 13.93 551 151 131 072 040 017 021  42.10
2008 0.00 0.00 000 000 012 3.05 1533 2473 7.00 267 202 1.05 062 033 064 6572
2000 000 000 000 002 005 1.83 1290 2556 864 233 248 088 060 064 067  67.28
2010 0.00 0.00 000 002 005 1.83 1290 2556 8.64 233 248 088 060 0.64 067  48.64
2011 000 0.00 000 003 011 333 12.66 1800 6.15 285 334 129 075 063 053  60.79
2012 000 000 000 0.02 027 500 1249 1123 476 1.93 196 127 052 027 074 4573
2013 0.00 0.00 000 002 067 462 1638 1147 440 144 234 095 081 035 063  49.00
2014 000 000 000 001 025 551 1791 1630 406 115 1.70 091 041 053 060  57.41
2015 000 000 000 002 024 560 3508 3594 1228 457 3.86 217 083 050 1.19 12281
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EU 3L

Mean

Year 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14+ 1
weight/tow
2006 0.00 858 395 230 336 1141 715 236 041 007 013 006 001 003 002 15.32
2007 0.00 556 133 216 082 922 858 416 063 0.18 015 0.06 0.01 0.01 0.03 16.64
2008 0.00 344 062 573 164 6.61 1100 7.85 154 043 032 017 004 005 0.16 24.40
2009 0.00 7.1 148 116 250 7.54 820 577 163 037 040 0.09 0.07 0.03 011 20.75
2010 0.00 120 350 212 332 739 814 454 167 084 053 016 018 017 0.20 2341
2011 0.00 460 157 1.80 157 354 526 237 146 069 032 033 013 006 0.11 14.61
2012 0.00 318 258 865 241 413 566 227 066 040 033 018 010 003 0.06 14.67
2013 0.00 13.05 172 111 400 619 692 330 066 037 031 013 013 009 0.14 17.31
2014 0.00 849 998 256 143 733 692 547 1.83 084 045 033 022 008 020 24.09
2015 000 151 471 258 262 299 88 38 262 062 0.81 025 027 012 0.23 23.90
EU 3NO
Year 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14+ Mc@
weight/tow

1997 0.00 992 552 349 381 224 197 122 060 0.07 0.05 0.05 002 001 003 7.73
1998 000 171 524 909 847 506 277 1.10 066 021 0.08 0.03 0.03 0.02 0.03 11.73
1999 0.15 438 481 721 931 629 292 078 049 023 009 003 005 003 005 12.00
2000 0.00 292 049 080 139 384 442 256 071 028 008 006 004 005 012 9.48
2001 0.00 887 59 118 1.07 284 39 156 022 006 005 004 005 005 006 8.17
2002 0.00 291 064 102 070 1.14 092 044 023 002 001 002 002 001 002 2.64
2003 000 356 240 169 191 1.58 090 078 026 006 004 001 007 001 002 5.10
2004 000 122 69 209 206 124 085 051 021 005 003 001 003 002 002 3.68
2005 0.00 1.07 097 1.81 104 132 144 068 019 008 006 003 003 002 002 3.39
2006 000 231 112 041 155 1.38 082 052 023 005 003 002 002 001 001 3.03
2007 0.00 1.81 065 051 032 148 140 1.02 0290 010 009 003 003 000 002 3.98
2008 0.00 062 099 090 069 094 270 250 074 040 015 010 003 002 004 7.66
2009 0.00 070 322 221 261 273 494 567 085 035 019 014 003 002 012 14.78
2010 0.00 037 221 094 073 342 558 516 124 039 026 024 004 002 005 14.80
2011 0.00 220 130 048 062 095 201 212 043 023 024 005 006 002 010 7.09
2012 0.00 0.08 1.8 134 044 109 171 200 054 040 034 011 005 006 012 7.37
2013 000 027 045 023 081 1.18 148 1.22 033 021 024 013 009 003 009 5.46
2014 0.00 051 128 026 015 054 165 1.75 045 021 023 018 011 005 010 6.24
2015 000 093 062 020 021 047 181 338 094 044 035 019 010 003 0.12 9.49
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Appendix B
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 Greenland halibut, 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 baseline run selected.

B.1. Population dynamics
B.1.1 Numbers-at-age
The resource dynamics are modelled by the following set of population dynamics equations:

Nyi10 = Rys1 (B.1)
Nyi1041 = Nyge e for0<a<m-2 (B.2)
Nyiim = y,m—le_zy'm_1 + Ny,me_zy'm (B.3)
where

Ny q 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).

Zya = E,Sy 4 + 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,

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

Sya is the commercial selectivity at age a for year y.

B.1.2. Recruitment

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

By (py-(oR)?/2)
Ry =g e™ (B.4)
where

aand f are spawning biomass-recruitment relationship parameters,

®y 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;p is the spawning biomass at the start of year y, computed as:

S
Byp =Xa-1fa W;ﬁ;tNy,a (B.5)
where

w5t is the mass of fish of age a during spawning, and

fa 1s the proportion of fish of age a that are mature.
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In order to work with estimable parameters that are more biologically meaningful, the stock-recruitment relationship
is re-parameterised in terms of the pre-exploitation (virgin) equilibrium spawning biomass B, and the steepness, 4, of
the stock-recruitment relationship, which is the proportion of the virgin recruitment R, that is realised at a spawning
biomass level of 20% of the virgin spawning biomass:
4hRg
a=—"
5h-1
and

_ By(1-h)
B = 5h—1

where

(B.6)
(B.7)

strt ex”(_ D Ma’)

RO = BO/ 221;11 faW;g,ratexp(_ ZZ’_:lo Mal) + fmwyo,m 1—exp(—Mm) (B8)

For baseline run, # is fixed to 0.9 and or=0.2.

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

The total catch by mass in year y is given by:

Cy = a=o W}Ttid Cya= a=o W}TtidNy,aSy,aFy 1- e_Zy'a)/Zy,a (B.9)
where

W}’Zféd denotes the mass of fish of age a landed in year y,

C

v.a is the catch-at-age, i.e. the number of fish of age a, caught in year y.

B.1.4. Initial conditions
As the first year for which data are available for the Greenland halibut stock considered clearly does not correspond
to the first year of (appreciable) exploitation, one cannot necessarily make the conventional assumption in the
application of SCAA’s that this initial year reflects a population (and its age-structure) at pre-exploitation equilibrium.
For the first year (yo) considered in the model therefore, the starting numbers-at-age are estimated directly for ages 0
to am, and an average fishing mortality is applied for ages a, +1 to m:

estimated for0<a<a,

Nypo = Nyo,a—le_Ma_l(l - 195y0,a_1) fora,, <a<m (B.10)
N

o€ M1 (1= 98, 1)/ (1= eMm(1-9S,,,,))  fora=m

where ¥ characterises the average fishing proportion over the years immediately preceding yo.

For baseline run, 9 is estimated directly in the model fitting procedure and a,, = 5.

B.2. The (penalised) likelihood function

The model can be fit to (a subset of) survey biomass indices, and commercial and survey catch-at-age and catch-at-
age 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.

B.2.1. Survey biomass data
The likelihood is calculated assuming that a survey biomass index is lognormally distributed about its expected value:

Ii=1e® or & =n(L})—n(l) (B.11)
where
13", is the survey index for survey 7 in year y,
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>

P

= §'B}, is the corresponding model estimate, where

y
gt is the constant of proportionality (catchability) for the survey biomass series 7, and
83!', from N (0, (0},)2).

The model estimate of survey biomass index is computed as:

Bl =TI o W} aSiNy ge~2vaT /12 (B.12)

where

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

T is the month in which the survey is taking place (see Table B1), and

W)i,,a denotes the mass of fish of age a from survey i in year y.

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

i 2
o {ln( (o1 + (a,;'ddf) " #} (B.13)
2((”}!) +("Add) )
where
Jf; is the standard deviation of the residuals for the logarithm of index i in year y, and

0lqa s the square root of the additional variance for survey biomass series i, which is estimated in the model fitting
procedure, with an upper bound of 0.5.

In this case, however, external estimates of 03", (from survey sampling variance) are not available. So homoscedasticity
of residuals is assumed, so that estimation of additional variance falls away and O'JL; = ¢! is estimated in the fitting

procedure by its maximum likelihood value (with a minimum estimate of 0.15 imposed to prevent overweighting
through overfitting):

. 1 . Lo 2
ol = Jﬁzy (i1} - in(qB})) (B.14)
The constant of proportionality q' for survey biomass index i is estimated by its maximum likelihood value:
. 1 . .
Ing' = ;zy(lnl; — InB} (B.15)

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:

gom n 2
—InL = wi Y Y, [ln (%) +pya(inpy, — Ind,,,) /2(05"’”)2] (B.16)
where

Pya = Cya/Xar Cya is the observed proportion of fish caught in year y that are of age a,
Dya = Ay_a / Ya Cy_a, is the model-predicted proportion of fish caught in year y that are of age a,
with

Cra = NyuSyoFy (1 — e ) /7, , (B.17)
and
of°™ s the standard deviation associated with the catch-at-age data, which is estimated in the fitting procedure by:

6.\gom = \/Zy Py.a (lnpy,a - lnpAy,a)z/Zy 1 (B.18)
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The w4 weighting factor in equation B.16 may be set to a value less than 1 to downweight the contribution of the
catch-at-lage data (which tend to be positively correlated between adjacent age groups) to the overall negative log-
likelihood compared to that of the survey biomass data.

Commercial catches-at-age are incorporated in the likelihood function using equation (B.16), for which the summation
over age « is taken from age aminss (considered as a minus group) to apius (@ plus group).

For the baseline run, wé44 = 0.1.

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 (B.16)) where:

pji,,a = f,,a /Y C},,a, is the observed proportion of fish of age a in year y for survey i,

ﬁj",,a is the expected proportion of fish of age @ in year y in the survey i, given by:

pA;./,a — S(iNy,ae_Zy'aTi/lz/Zal S‘i’Ny’a’e—Zy,alTi/lz (Blg)

B.2.5. Stock-recruitment function residuals
The stock-recruitment residuals are assumed to be lognormally distributed. Thus, the contribution of the recruitment
residuals to the negative of the (now penalised) log-likelihood function is given by:

—InLPen = 332 (@2/208) (B.20)
where

@y from N (0, 63),

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

B.2.7. Catches

—lniceeh =y, MGy (B21)

205
where
C, is the observed catch in year y,

C'y is the predicted catch in year y (equation B.9), and
oc = 0.1 is the input CV input.

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 surveys, the fishing selectivities are either estimated separately for ages a; to age a» or are modelled by a
double normal shape:

_ 2
exp (— w;%")) fora < ajqy
_ left
Sa - (a—amax)2 (B22)
exp B — fora > a;q,
rig

where Oj¢f¢, Origne and Qg are estimable parameters.
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B.4.2. Other parameters

b: Model parameters

Stock-recruit standard dev.

(o] 0.2
Model plus group

m 14
CAA minus and plus groups s g a plus T
Can. Fall 2J3K 1 8 9
Can. Spring 3LNO| 1 8 3
EU 3M 0-700m 1 9 ]
EU 3M 0-1400m 4 11 6
EU 3m 700-1400m 4 11 6
EU 3L 1 10 ]
EU 3NO 1 10 6
Can. Fall 3LNO 0 8 9

Commercial 5 12

Natural mortality:
M |0.2, age-independent
Proportion mature-at-age:
fo|input, see Table A4

Weight-at-age:
Wig *input, see Table A3

mid

W,o |input, see Table A3

W mi input, see Table A3
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