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Abstract

Sequential population analysis (SPA) is used to estimate the size of the Div. 3NO cod stock. QLSPA (see
Cadigan, 1998; Cadigan 2000) is used for estimating SPA parameters. This method is compared with the standard
estimation method (ADAPT), and it is shown that the two methods produce nearly identical results when used with
the same data and modelling assumptions. An aternative QLSPA formulation, based on fewer modelling
assumptions than those used in the comparison analysis, produced an SSB estimate of 15 000 tons in 2001, which is
very low compared to historic values.

Introduction

In this paper several SPA formulations for cod in NAFO Div. 3N and 30 are presented. QL SPA (see Cadigan,
1998; Cadigan, 2000) is used for estimating SPA parameters. The data used for estimation are:

1. Canadian Spring Research Vessel Survey (1984-2000, ages 2-12),
2. Canadian Fall Research Vessdl Survey, and (1990-2000, ages 2-12)
3. Canadian Juvenile Research Vessel Survey (1989-1994, ages 2-12).

The cohort model is based on commercia catch-at-age data for 1959-2000 and ages 2-12 (no plus group). The
SPA m parameter was fixed at 0.2 for all ages and years. The catchability (g) was assumed to be different for each
age and survey, but otherwise constant each year.

Comparison Run

The first SPA formulation we consider is nearly identical to the ADAPT approach that has been used for the
assessment of 3NO cod. The only differenceis that the ADAPT cohort model assumes continuous fishing mortality each
year, whereas QLSPA uses Pope's approximation (Pope, 1972). We present this run for comparison purposes. The
ADAPT formulation uses survey indices for ages 2-10, and the fishing mortality at age 12 in 1959-1994 was constrained
to be equal to the average of the fishing mortality on ages 6-9 in the same year. Other cohort survivors (numbers at age 12
in 1996-2001, numbers at ages 3-11 in 2001) were estimated. We use the same fishing mortality constraints in this
QLSPA formulation, and also freely estimate the size of the same cohort.

We cannot directly estimate cohort survivors for the oldest age group in the cohort model using QLSPA. However,
we can estimate the ratio of fishing mortalities each year, which can be equivaent to estimating the cohort survivors.
More specifically, using QLSPA we can estimate the o parameter in the relationship



Fo=a, F,,

where F,, is an average F for some younger age classes in year y. Fredly estimating o, is equivalent to freely estimating
F, or N, because N,, is aone-to-one function of F,,.

Some QLSPA results are presented in Appendix A. The most relevant part of these results is Figure 1, where
ADAPT and QLSPA edtimates of stock abundance and biomass are compared. The conclusion we reach from this
analysisisthat ADAPT and QLSPA can produce very similar results when their structures are made similar. Most of the
differences are related to the bias correction procedurein ADAPT. Thisfeatureis not availablein QLSPA.

Preferred Run
This run differs from the comparison run in three aspects:

1.Estimation method.
2.Range of agesin the stock size indicesthat are used for estimation.
3.Constraints on the fishing mortality at age 12.

QL SPA offers some choice with respect to estimation and inference methods. This is determined by the choice of the
SPA variance model. The quadratic variance model (see Cadigan, 2000) seems preferable for 3NO cod because it better
describes the SPA variability in the survey indices, as measured by the extended quasi-likelihood function. Extensive
unreported simulations suggest that the extended quasi-likelihood function can be used to reliably diagnose the correct
variance model. The benefit of using the correct variance modd is more accurate and precise stock size estimators,
athough in some situations the gainsin precision and accuracy may not be that large. Vaues of zero in tuning indices can
also be used with no adjustment. Thisiswhy we can use theindices a ages 11 and 12 for SPA estimation. The approach
of zero-weighting zero's will result in biased stock size estimators, and it should not be used.

QLSPA aso dlows for "self-weighting”, which is equivalent to estimating separate variance models for each set of
tuning indices. The potential benefit of "self-weighting” is the ability to discount the influence of noisy indices on
inferences; however, the consequences of self-weighting are not well understood in general.

We employ a shrinkage approach to dealing with the fishing mortdlity constraints at age 12 in the SPA. The basic
approach is to estimate the ratio of F, to the average F at ages 9-11. We do this separately each year, except for the
historic part of the time series for which there is no data available to estimate the F ratio's with. For these yearswe smply
assume that the F ratio is constant for 1959-1986. This gives three years of datain the Spring survey to estimate the
ratio with. As previoudy mentioned, estimating the F ratio at age 12 each year is equivalent to estimating NV,, each year.
There can be difficulties (confounding with ¢'s) when separately estimating the size of completed cohorts. Our solution is
to pendize the squared differences between the F ratios and one. The penalty weight is determined as that vaue that
results in an increase of four units (arbitrary) in the fit function compared to the un-penalized value. This gives the
estimates that fit the data amost as well as un-pendized estimates, but have smaler variationsin the F's at older ages. In
particular, if thereis a"dome" in the un-penalized estimated pr then this approach will result in less "dome", which may
be more reasonable.

Results are given in the tables and figuresin Appendix B. Thisrun gives an SSB estimate of 15 000 tons, which is
8 000 tons more that the comparison run. The standard errors and cv's for this run have not been properly adjusted for the
shrinkage approach to estimation. More research is required to understand how to do this. Nonetheless, this run fits the
survey data substantially better than the comparison run. The overdl fit function is lower even though more data was
used for estimation.

The higtoric pr (1959-1986) is domed (see Figures 4 and 5) even though the amount of dome was penaized. This
suggests that a stock reconstruction with domed F'sfit the data substantially better than a reconstruction with flat F's.

The estimated stock-recruit curve (Figure 7) is somewhat different from the comparison run as well. It suggests that low
levels of recruitment have been observed historically when SSB isless than 80 000 tons.



There are some patternsin the residuas (Figures 9-14). In particular, there are large residuals in some years, and year
effects are aso apparent. It would be useful to understand the sensitivity of the SPA estimates to the weight that the
indices get in estimation. The residua patterns in the bottom panels of Figures 9-11 suggest that estimating the correct
variance model may be difficult for Div. 3NO cod. The small nhumber of large predicted survey vaues may mean that the
variance parameter estimates are overly influenced by a small number of indices. This is because the variance parameter
estimates attempt to model how the SPA survey variability changes in terms of the magnitude of the indices, and a small
number of largeindices may have too much influence on the variance parameter estimates.

Discussion and Conclusions

In all SPA formulationsin this paper, the Div. 3NO cod stock is estimated to be much smaller than historic
levels.
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Appendix A: Comparison Run
Log Errors SPA for cod
Cohort model for years 1959 - 2000 , and ages 2 - 12

All index for years 1984 to 2000 , and ages 2 to 10. Var = Log Constant

Extended Deviance = 750.92 , df = 261 , #Parms = 17
Penalty = 0.00
Var scale = All 0.757
Age Survivors cv 95% L 95% U

2 4865.75 0.61 1461.71 16197.13

3 4224 .64 0.42 1850.40 9645.24

4 1021.88 0.29 576.47 1811.42

5 213.13 0.26 128.41 353.75

6 503.96 0.30 277.70 914.55

7 365.15 0.28 211.95 629.09

8 136.58 0.26 82.34 226.55

9 67.88 0.27 39.69 116.09

10 342.30 0.27 199.69 586.75

11 537.15 0.31 292 .87 985.18
F Constraint Estimate CV 95% L 95% U
F10/ave(F6-F9)_1994 0.085 0.370 0.041 0.175
F11/ave(F6-F9)_1994 0.002 0.486 0.001 0.005
F12/ave(F6-F9)_ 1959-94 1.000 . . .
F12/ave(F6-F9)_1997 1.242 0.353 0.621 2.482
F12/ave(F6-F9)_1998 1.300 0.367 0.633 2.671
F12/ave(F6-F9)_1999 0.656 0.390 0.305 1.410
F12/ave(F6-F9)_ 2000 0.482 0.350 0.243 0.956
Q_CONST Estm (x1000) cv 95% L 95% L
FALL_02 1.1483 0.262 0.6795 1.9406
FALL_03 1.1256 0.262 0.6661 1.9022
FALL_04 0.9004 0.262 0.5328 1.5216
FALL_05 0.6834 0.262 0.4044 1.1549
FALL_06 0.5920 0.262 0.3503 1.0004
FALL_O7 0.3774 0.262 0.2234 0.6378
FALL_08 0.4002 0.262 0.2368 0.6763
FALL_09 0.3793 0.275 0.2188 0.6576
FALL 10 0.5172 0.275 0.2983 0.8966
JUVN_02 3.5240 0.355 1.7319 7.1706
JUVN_03 1.8772 0.355 0.9226 3.8197
JUVN_04 1.3776 0.355 0.6770 2.8030
JUVN_05 1.1425 0.355 0.5615 2.3247
JUVN_06 0.8521 0.355 0.4187 1.7338
JUVN_07 0.6516 0.355 0.3202 1.3259
JUVN_08 0.5321 0.355 0.2615 1.0827
JUVN_09 0.3612 0.355 0.1775 0.7349
JUVN_10 0.3525 0.355 0.1732 0.7173
SPRG_02 1.1370 0.211 0.7455 1.7340
SPRG_03 1.5402 0.211 1.0100 2.3490
SPRG_04 0.7574 0.211 0.4966 1.1550
SPRG_05 0.4511 0.211 0.2958 0.6880
SPRG_06 0.3116 0.211 0.2043 0.4752
SPRG_07 0.3389 0.211 0.2222 0.5169
SPRG_08 0.3537 0.211 0.2319 0.5394
SPRG_09 0.4786 0.211 0.3138 0.7298
SPRG_10 0.5866 0.211 0.3846 0.8945



Population Numbers

1959

Spawner

1959
1960

2
64234
1E5
132E3
95641
137E3
198E3
257E3
224E3
123E3
156E3
98118
103E3
75915
42678
44565
28019
33171
54962
50229
20994
23819
33265
26278
42746
50201
39332
10663
7843
15727
15559

3
53702
52590
82051
108E3
78305
112E3
163E3

21E4
183E3
101E3
128E3
80332
84372
62154
34942
36487
22940
27158
44999
41124
17188
19501
27235
21515
34998
41101
32202
8730
6422
12700
12507
4967
5268
14495
6292
624
451
957
1134
377
1346
4225
3975

Biomass at

ejeoleoJolololololololololololoNoNa) V)
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25224
15463
12326
25517
17457
26491
35214
35927
19433
23547
15381
20912
19637
21273
15140

8492
10593

2+
273533
293071
334472
335518
397568
496393
613913
683917
621796
519220
388391
363032
329258
242796
194592
130273
99448
116999
128657
118885
112839
110130
108664
124457
143972
149910
125709
95255
77454
67174
47400
35476
41003
30687
18046
9636
5503
5736

2+
88878
75454
74071
71009
78710
85872
112138
106072
88938
79974
67939
70286
77068
74699
66960
64179
32141



1976 0 1 80 1177 1964 1694 2921 1053 930 712 253 10786
1977 0 3 66 485 1974 2341 1637 2518 951 769 640 11384
1978 0 0 51 873 3006 5435 2335 1213 1443 391 309 15057
1979 0 2 193 2791 6140 5751 5135 1813 871 895 272 23864
1980 0 15 243 4060 10241 9255 5619 4959 1754 799 859 37805
1981 0O 460 1705 4209 18032 19331 11560 6219 5668 1722 704 69611
1982 0 2 119 1534 7008 30335 22118 11399 5205 4362 1237 83318
1983 0 3 96 2225 7683 13149 33001 16519 7304 3087 2404 85473
1984 0 0 35 1205 11858 15057 14238 27713 11134 4698 2245 88185
1985 0 0 47 1396 6425 16531 13242 12031 22950 6961 3559 83141
1986 0 0 31 928 4714 9014 14256 13274 11991 20296 4421 78927
1987 0 2 61 2202 8454 10325 11198 13362 10899 8657 16909 82069
1988 0 1 20 313 4677 10526 10995 9019 7068 5603 3765 51988
1989 0 3 165 972 3589 10143 11539 11363 6600 3515 2953 50842
1990 0 2 101 871 1283 2443 6519 8557 10482 5426 2111 37795
1991 0 16 120 871 1299 1353 2645 4910 6324 7189 4215 28942
1992 0 1 25 378 1788 1338 713 1328 1556 2778 2725 12630
1993 0 0 58 216 813 1410 773 414 697 440 1029 5850
1994 0 2 93 689 303 395 781 534 272 266 2 3336
1995 0 4 8 247 1452 277 208 824 489 278 343 4130
1996 0 1 4 54 873 2619 240 450 752 632 217 5842
1997 0 9 28 89 130 1297 2160 503 403 948 485 6051
1998 0 2 28 207 219 205 1053 4460 436 490 701 7802
1999 0 0 0 6 53 161 146 2109 3880 533 352 7240
2000 0 0 0 2 54 322 222 323 1850 4589 400 7763
2001 0 0 1 4 10 314 455 480 281 2294 3487 7328
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Fig. 1. A comparison of recruitment and SSB estimates from ADAPT and QLSPA. Both SPA formulations are
nearly identical, and the same estimation method is used. In the bottom panel we show the difference in
SSB estimatesin 2001 and the maximum difference over the entire time series.



Appendix B:

Quasi-likelihood SPA for cod

Cohort model for yea

Fall RV

rs

index for years
Juvenile RV index for years

1959 - 20

00 , an

d

1990 to 2000
1989 to 1994
1984 to 2000

Preferred

ag

es

2 -

, and ages
, and ages
, and ages

Run

12

2 to 12. Var
2 to 12. Var
2 to 12. Var

Quadratic
Quadratic
Quadratic

Spring RV index for years
Extended Deviance = 579.51 , df
Penalty = 20.00
Var scale = Fall RV 0.488
Juvenile RV 0.120
Spring RV 0.632

Quadratic Var Beta Std. Err
Fall RV 1.208 0.064 1.
Juvenile RV 1.305 0.104 1.
Spring RV 1.096 0.039 1.
Age Survivors cv 95% L

2 3073.01 0.50 1157.21

3 3173.09 0.34 1637.90

4 1326.94 0.27 780.16

5 178.51 0.27 105.07

6 389.22 0.29 219.08

7 299.08 0.28 171.48

8 215.49 0.26 130.33

9 127.01 0.28 73.94

10 662.07 0.23 424 .45

11 1360.97 0.22 884 .86
F Constraint Estimate
F10/ave(F7-F9)_1994 0.099
F11/ave(F8-F10) 1994 0.007
F12/ave(F9-F11) 1959-86 0.619
F12/ave(F9-F11) 1987 0.928
F12/ave(F9-F11)_ 1988 0.781
F12/ave(F9-F11) 1989 0.958
F12/ave(F9-F11) 1990 0.712
F12/ave(F9-F11) 1991 0.628
F12/ave(F9-F11)_ 1992 0.894
F12/ave(F9-F11) 1993 0.996
F12/ave(F9-F11) 1994 0.018
F12/ave(F9-F11) 1997 0.850
F12/ave(F9-F11)_ 1998 1.178
F12/ave(F9-F11) 1999 1.257
F12/ave(F9-F11) 2000 0.863
Q_CONST Estm (
FALL_02
FALL_03
FALL_04
FALL_05
FALL_06
FALL_O7
FALL_08
FALL_09
FALL_10
FALL_11
FALL_12
JUVN_02
JUVN_03
JUVN_04

= 313

#Parms = 2

95% L 95% U

066 1.369
064 1.600
015 1.182

95% U
8160.45
6147.18
2256.90

303.29
691.48
521.63
356.29
218.18
1032.72
2093.25

Ccv
0.526
0.393
0.341
0.361
0.424
0.307
0.366
0.292
0.316
0.307
0.387
0.267
0.220
0.222
0.250

x1000)
2.0417
1.4931
1.0459
0.7634
0.6578

[ejoJololoJolololooJololoNe]
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95% U
0.278
0.015
1.207
1.882
1.791
1.748
1.460
1.112
1.661
1.817
0.039
1.433
1.813
1.943
1.407

95% L
.2272
.8818
-5951

8

95% L
.8561
.1044
-4967
-1190
.9817
.5919
-4649
.4852
.5143
.5511
-5831
-9459
.0154
.4998

PNWOOOOOOORFLNN



JUVN_05
JUVN_06
JUVN_07
JUVN_08
JUVN_09
JUVN_10
JUVN_11
JUVN_12
SPRG_02
SPRG_03
SPRG_04
SPRG_05
SPRG_06
SPRG_07
SPRG_08
SPRG_09
SPRG_10
SPRG_11
SPRG_12

Population Numbers

1959

2
73785
104E3
135E3
101E3
141E3

2E5
257E3
224E3
123E3
157E3
99074
105E3
76554
43164
45871
29380
37294
59572
49162
23092
25714
35156
28405
43771
51220
40977
10991
7949
16176
15974

3
56521
60410
85213

11E4
83063
115E3
164E3
211E3
184E3
101E3
128E3
81115
85725
62677
35340
37556
24054
30534
48774
40250
18906
21053
28783
23256
35837
41935
33549
8999
6508
13067
12847
5096
5669
18575
7589
821
665
810
925
325
1719
3173
2507

at age

4
97469
44727
47789
69032
89429
67723
88595
133E3
172E3
132E3
67967
97561
64507
69326
51253
19833
24935
19087
21331
39383
32122
15414
16996
23109
18765
28274
34281
27416
7229
4861
10448
8784
3209
3644
11129
5024
462
545

746
263
1327
2276

0.9561
0.6814
0.5001
0.3722
0.2611
0.2128
0.3224
0.2667
1.5982
2.0008
1.1713
0.6553
0.4450
0.3802
0.3375
0.3875
0.4454
0.5258
0.5470

cleloloJojololojolololoJoolooioNol o)

w
\,
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2+
298718
317218
356411
357386
418847
515497
630082
697649
633646
528754
396772
370488
335573
248097
199594
135299
107476
128095
136597
127406
121665
119142
117986
133043
151967
157957
132474
100443
81639
71134
50567
38349
48129
37870
24053
14703
9290
8545



Fishing Mortalities

2
1959 0.000
1960 0.000
1961 0.000
1962 0.000
1963 0.000
1964 0.000
1965 0.000
1966 0.000
1967 0.000
1968 0.000
1969 0.000
1970 0.000
1971 0.000
1972 0.000
1973 0.000
1974 0.000
1975 0.000
1976 0.000
1977 0.000
1978 0.000
1979 0.000
1980 0.000
1981 0.000
1982 0.000
1983 0.000
1984 0.000
1985 0.000
1986 0.000
1987 0.013
1988 0.018
1989 0.022
1990 0.063
1991 0.257
1992 0.010
1993 0.036
1994 0.000
1995 0.000
1996 0.002
1997 0.003
1998 0.001
1999 0.014
2000 0.004
Commercial

2
1959 0.000
1960 0.000
1961 0.000
1962 0.000
1963 0.000
1964 0.000
1965 0.000
1966 0.000
1967 0.000
1968 0.000
1969 0.000
1970 0.000
1971 0.000
1972 0.000
1973 0.000
1974 0.000
1975 0.000
1976 0.000

3
.034
.034
.011
.010
.004
.061
.007
.004
.129
.197
.073
.029
.012
.001
.378
.210
.031
-159
.014
.026
.004
.014
.020
.015
.037
.002
.002
.019
.092
.024
.180
.262
.242
.312
.212
375
.000
.005
.014
.010
.059
.132

[ejeojeolololololololololololololololololololololojolojololololoolololololololololoNe]

catch

3
1711
1846

812.0
1026
313.0
6202
1013
753.0
20086
16359
8154
2105
950.0
69.00
10058
6425
671.0
4054

4
.160
175

.064
.074
.293

-166
.514
.643

.253
.618
.379

.754
-493
.573

-130
.141
.079

-099
.039
.040

-123
.067
.075

.837
.264
.769

717
.189
.010

-036
.189
.332

[ejeojeolololololololololololololololololololololojolojololololoolololololololololoNe]

13036
6503
4400
3882
5757

15555
7611

18413

62442

56775

12924

19703

26900

19797

27600
9501
8781
7534

5
-329
.444

.072
.266
.381

-402
.918
.017

.317
776
.648

.236
.714
.748

.202
.445
.204

-146
-130
.112

.328
.216
.364

-306
.435
.613

.222
.011
.011

.045
.215
774

[ejejeolololololololol Jeololololololololololololojoio) Jeololoolol JeleleolololololoNe]

5068
22050
11696

2206
11210
19496

7619
19681
50317
48608
26949
10799
30300
12289
15098
10907

3528

5945

6
479
.343

-128
.223
-305

.660
.843
.125

.637
.680
.007

.085
-156
-496

.203
-359
.185

-143
.157
.234

-483
-293
.767

-902
.531
.527

.286
.011
.012

.032
-114
.194

[ejejeolololololololololololololololololololoololaol ) Jel Jeleoleol Jelejleololeolololole]

[ejejeolololololololololololololololololololololojol JolololoololololololololololoNe]

7
.407
.351

.297
.228
.155

.673
.620
-805

-498
.513
.911

.786
-119
.254

-163
.352
-156

177
-136
.237

-319
.237
.650

-391
-830
.462

-420
.006
.008

-028
.057
.081

8
377
-495

.257
.601
.197

.073
.029
.431

-486
778
.502

.922
.162
.218

.167
177
-139

-290
.197
.206

.283
.221
.316

-410
.714
.444

.083
.000
.012

-030
.042
.064

[ejejeojololololololololololololololololololololojol Jeololololololol ) Jeleoleolololole]

1084 211.0 238.0

9
.220
.267

-323
773
.231

-438
-133
.272

.269
.266
-179

.791
.574
.118

-184
-135
.086

.265
.240
.237

.263
.440
-305

.378
.669
-419

-039
.004
.017

.021
.031
.035

[ejejeojololololololololololololololololololololojol JolojolojolololojleololololololoNe]

10
-165
.166

.255
.552
.513

-109
.068
-140

-101
-150
.176

.881
-105
.208

2112
.075
-099

.288
.161
.269

.243
-394
.415

.370
.663
-304

.018
.000
.015

-025
.037
.022

[ejejeoleololololololololololololololololololololojo) Jeolololojolololo) JeololeolololoNe]

11
.428
.239

.227
-306
.056

-129
-110
.044

-314
.091
.080

-804
.033
.072

.045
.035
.046

.307
-170
-100

.208
-444
-353

-188
.648
.431
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Fig. 2. A comparison of QLSPA estimates of recruitment and SSB from the comparison and "preferred” runs. In
the bottom panel we show the difference in SSB estimates in 2001 and the maximum difference over the
entire time series.
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Partial Recruitment at Age
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Fig. 4. Time series of partial recruitment (pr) estimates. The bubble areais proportional to the pr value.
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Observed and predicted survey index
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Standardized Juvenile RV Residuals
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Standardized residual for Fall RV Index
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Fig. 12. Time series of standardized residuals for the fall research survey indices.




Standardized residual for Juvenile RV Index
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Fig. 13. Time series of standardized residuals for the juvenile research survey indices.




Standardized residual for Spring RV Index
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Fig. 14. Time series of standardized residuals for the spring research survey indices.



