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Recommendations

1. That Model 3 presents the best available science for the 2023 Patagonian toothfish stock
assessment in Division 58.5.2

2. That CCAMLR set a catch limit of 2660 tonnes for 2023/24 and 2024/25 in CM-41-08
based on the result of this assessment and the CCAMLR decision rules.

3. That domestically, the AFMA Commission set a lower catch limit of 2400 tonnes for
2023/24 and 2024/25, consistent with a target of 50% BO at the end of a 20-year (instead
of 30-year) projection period to recover the spawning biomass more quickly to target level.

Abstract

This paper presents progress towards the stock assessment for Patagonian toothfish (Dissostichus
eleginoides) at Heard Island and McDonald Islands (HIMI) in CCAMLR Division 58.5.2 for 2023.
The updated assessment model is based on best available estimates of model parameters as well
as the inclusion of (i) catch to the end of 2023, (i1)) commercial catch-at-age data to the end of
2022, (ii1) random stratified trawl survey (RSTS) biomass estimates and ageing data to the end of
2022, and (iv) tag-recapture data to the end of 2022. From these data sources the assessment
models are able to estimate year class strength and selectivity functions of the trawl, longline and
trap sub-fisheries.

All model runs for Model 1 and Model 2 were run in CASAL version 2.30-2012-03-21 rev.4648
(WG-SAM-14) whereas models runs for Model 1 — 3 were also run using Casal2 (version v22.08).
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1. Introduction

A number of stock assessments have been developed in recent years for the fishery for Patagonian
toothfish (Dissostichus eleginoides) at Heard Island and McDonald Islands (HIMI) in CCAMLR
Division 58.5.2 (Candy and Constable 2008, Candy and Welsford 2009, Candy and Welsford
2011, Ziegler et al. 2013, Ziegler et al. 2014, Ziegler and Welsford 2015, Ziegler 2017a, Ziegler
2019a, Ziegler 2021). Following this work, this paper presents progress on a revised integrated
stock assessment for D. eleginoides in Division 58.5.2, using both the CASAL (Bull et. al. 2012)
and Casal2 (Casal2 Development team, 2023) assessment model framework

2. Stock hypothesis

The Kerguelen Plateau is located in the Southern Indian Ocean and stretches from around 45°S to
over 60°S. Almost the entire Kerguelen Plateau is situated within the area managed by the
Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR), with only
a small extension, the William’s Ridge, on the eastern side of the northern part of the Plateau
extending into the Southern Indian Ocean Fisheries Agreement (SIOFA) Statistical Area 7.

On the northern part of the plateau (north of Fawn Trough or roughly 57°S), two large fisheries
for Patagonian toothfish are located in CCAMLR Division 58.5.1 which covers the French
Exclusive Economic Zones (EEZ) around Kerguelen Islands, and Division 58.5.2 which covers
the Australian EEZ around Heard Island and McDonald Islands (HIMI). On the southern part of
the Kerguelen Plateau, Antarctic toothfish (D. mawsoni) which is better adapted to the colder
waters around the Antarctic continent, is the dominant toothfish species.

Based on available genetic information (Toomey et al. 2016), catch composition (Péron et al.
2016) and tag-recapture data from survey and the commercial toothfish fishery (Burch et al. 2017,
Ziegler et al. 2021), Patagonian toothfish are continuously distributed on the northern part of the
Kerguelen Plateau and populations are linked. Within this area, juveniles settling in shallow
waters around the islands and potential exchange between Kerguelen Islands and HIMI (Figure
1). As fish grow larger and older, they move to deeper waters, and major spawning grounds are
located on the western and southern side of the plateau.

Figure 1: Schematic toothfish population structure on the northern part of the Kerguelen Plateau with
Kerguelen Island to the north and Heard Island and McDonald Islands to the south. Juveniles settle in
shallow waters on the plateau around the islands with potential exchange between areas (dark green
arrows). Males (orange arrows) and females (pink arrows) then move into deeper waters as they grow
larger and older, with major spawning grounds on the western and southern side of the plateau. CCAMLR
Divisions are marked by red lines.
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3. Data
3.1 Catch data

Data from random stratified trawl surveys (RSTS) and the commercial fishery in Division 58.5.2
were available for the period from 1997-2022 (Table 1). The haul-by-haul data from the RSTS,
longline, trawl and trap included information on infer alia fishing date, haul latitude and longitude,
fishing depth, gear type, effort, and total catch in weight and numbers. Relevant biological data
collected by observers included the total length and weight of all sampled fish. Biological data
were excluded if the quality of the record had been flagged as being poor. Observers also collected
fish otoliths that were used for ageing fish. For the assessment, catches were summarised by RSTS
and commercial sub-fisheries, and fishing season.

Fishing-induced mortality from lost longline gear was estimated from the numbers of hooks that
were lost. Gear loss was included when more than 100 hooks were lost at a time since incidental
loss of small numbers of hooks and snoods may occur on longline operations without loss of any
line, particularly at the transition between magazines. The numbers of lost hooks were then
multiplied with the mean of catch per hook for that year as recommended by WG-SAM-19 (para.
3.5) (Table 1).

In 2018, the Spanish vessel FV Tronio, and in 2019 a second Spanish vessel, the FV Ibsa Quinto,
fished for Patagonian toothfish on William’s Ridge in SIOFA area 7. Fishing was subsequently
regulated for the 2019/20 season onwards in CMM 2019/15. Total annual catches on William’s
Ridge have been limited to 140 tonnes, and there are also effort limitations in place with no more
than two longline sets with a maximum of 6250 hooks per line to be set per 15°x15grid cell.

Illegal, unreported and unregulated (IUU) catches in CCAMLR Division 58.5.2 were potentially
large in the late 1990s and early 2000s. IUU catches were estimated based on sightings of TUU
vessels, their known fishing capacities, and catch and effort data from the licensed fishery (Table
1). No IUU vessel has been sighted after 2005 and it is likely that no IUU catches have been taken
since then.
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Table 1: Catch limits, reported catch for the random stratified trawl survey (RSTS), trawl, longline and
trap, estimated fishing-induced mortality from lost longline gear, reported or estimated catches in the
SIOFA area, estimated IUU catch, and total removals in tonnes by calendar year for Division 58.5.2.

Year* Catch Division 58.5.2 Reported catch Gear SIOFA Estimated Total
limits RSTS Trawl Longline Trap Total loss catch IUU catch removals
1996 297 0 0 0 0 0 0 0 3000 3000
1997 3800 0 1866 0 0 1866 0 0 7117 8983
1998 3700 1 3784 0 0 3785 0 0 4150 7935
1999 3690 93 3452 0 0 3545 0 0 427 3972
2000 3585 9 3556 0 0 3565 0 0 1154 4719
2001 2995 45 2942 0 0 2987 0 0 2004 4991
2002 2815 35 2717 0 0 2752 0 0 3489 6241
2003 2879 13 2580 270 0 2863 0 0 1274 4137
2004 2873 65 2218 566 0 2849 0 0 531 3380
2005 2787 21 2101 636 0 2758 0 0 265 3023
2006 2584 12 1785 659 72 2528 2 0 112 2641
2007 2427 12 1775 625 0 2412 4 0 0 2415
2008 2500 4 1614 825 0 2443 13 0 0 2455
2009 2500 20 1268 1173 13 2474 36 0 0 2502
2010 2550 28 1239 1216 32 2515 17 0 0 2529
2011 2550 6 1142 1317 33 2498 12 0 0 2508
2012 2730 41 1322 1356 0 2719 25 0 0 2735
2013 2730 8 555 2116 40 2719 15 0 0 2731
2014 2730 13 93 2638 0 2744 40 0 0 2780
2015 4410 26 180 4073 0 4279 50 0 0 4322
2016 3405 52 107 2640 0 2799 30 0 0 2825
2017 3405 20 3 3334 0 3357 27 0 0 3380
2018 3525 41 8 3091 0 3140 12 347°¢ 0 3499
2019 3525 29 38 3333 0 3400 25 169 ¢ 0 3594
2020 3030 &4 34 2919 0 3037 30 71°¢ 0 3135
2021 3030 78 15 2921 4 3018 35 43 0 3096
2022 3010 36 30 2709 0 2775 5 29 0 2809

2023 3010 NA NA NA NA NA NA NA NA 2510°

2 Fishing seasons run from 1 December - 30 November of the following year. Here, years are denoted after the year
with the majority of the season, e.g. 1996/97 is 1997.

® For the assessment, it was assumed that 2510t were taken, with a survey catch of 20 tonnes.
¢ SIOFA data, and from the SIOFA website (Management of Demersal Stocks | SIOFA (apsoi.org)).
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3.2 Random stratified trawl surveys (RSTS)

The RSTS have been conducted in Division 58.5.2 to estimate the abundance and size structure
of D. eleginoides and Champsocephalus gunnari (mackerel icefish) in 1990, 1992, 1993, and
annually since 1997. However, the structure and intensity of the surveys has varied over these
years as the objective for the surveys has changed, and information for survey design and power
has improved (Welsford et al. 2006).

For example, the initial three surveys in the early 1990s were conducted to gain a basic
understanding of the distribution and abundance of fish stocks in the region, occurred at different
seasons, and used a relatively small number of trawls. The surveys in 1997-1998 targeted icefish
and are not suitable to estimate toothfish abundance. Major surveys incorporating a wider range
of toothfish habitats started in 1999, although for the first four years different stratum plans based
on specific research questions for toothfish and icefish resulted in varying effort to survey
toothfish. The large shallow strata sampled in the 1999 survey were subdivided in 2001 and the
deeper strata in 2002, after which the strata boundaries have been stable. In 2000, only a relative
small area was surveyed, and the northern plateaus were not sampled in 2003. After reviewing the
statistical power of the surveys in 2003, trawl allocation to strata with greater fish abundance was
increased (Candy et al. 2004).

Since 2003, an annual survey has consisted of between 120-160 trawl hauls, each taking
approximately 30 mins tow time on the seabed to complete. The entire fishable area in Division
58.5.2 down to 1000 m is divided into ten strata (of which one is excluded from sampling since it
is closed to fishing), each covering areas of similar depth and/or fish abundance (Nowara et al.
2017). A list of random co-ordinates for starting position and prescribed headings for each station
in each stratum is provided to the fishing vessel conducting the survey, including first choice and
reserve positions. In the surveys until 2014, the sampling area of the main trawl fishing ground,
which is around 450 km?, was subdivided into squares of 2 x 2.4 nautical miles (0.5 x 0.5 degrees).
Sampling occurred in a randomly selected subset of 20 out of the total of 30 of these squares, with
details provided in the survey instructions. Since the 2015 survey, the main trawling ground has
been subdivided into two sub-strata, and as in the other strata vessels have been provided with
random co-ordinates for starting positions and headings. The number of stations in the main trawl
ground has also been increased to 25.

Survey observations were separated into a survey biomass index and survey proportions-at-age.
The annual survey biomass and CVs for 2001-2002 and 2004-2018 (‘Survey group 1’ in Ziegler
et al. 2014, Ziegler and Welsford 2015, Ziegler 2017a) were estimated as the sum of biomass
estimates in each surveyed stratum which were derived from a stratified bootstrap of the estimated
fish density in survey hauls. In the assessments up to 2013, this survey group had been assumed
to fully sample the fish stock vulnerable to the fishing gear as quantified by the fishing selectivity
function, with survey catchability ¢ set to 1. For the 2014 assessment, catchability for this survey
group had been estimated using a prior that was derived from comparing abundance estimates of
the survey with abundance estimates calculated from the tag-recaptures data on the main trawl
ground (Ziegler et al. 2014). De la Mare et al. (2015) further investigated the ability to estimate
survey ¢ from survey and tag-based abundance estimates, but concluded from simulations that a
potential bias in the estimate of survey catchability could arise from the need to concurrently
estimate fishing selectivity and that this potential bias could not be corrected given the available
data. Similar to the assessments in 2015 and 2017, a uniform-log prior for survey g was therefore
used in this assessment to account for the multiplicative space within which catchability is applied
(Punt and Hilborn 2001). Annual RSTS biomass estimates for Patagonian toothfish derived from
the RSTS are presented annually to WG-FSA (see Figure 2 following Maschette et al. 2023).
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Figure 2: RSTS biomass estimates (tonnes, mean and 95% Cls) for Patagonian toothfish for the last 10
years (Maschette et al. 2023).

3.3 Commercial sub-fisheries

Data from commercial hauls were pooled into ‘sub-fisheries’ based on systematic trends in the
catch-at-length distributions of fish in hauls following the method developed by Candy et al.
(2013). The definition of sub-fisheries is typically based on gear-specific selectivity and fish
availability in different locations, and sub-fisheries have individual selectivity functions to
achieve a better model fit.

The method by Candy et al. (2013) takes account of the shape of the entire catch-at-length
distribution of single or grouped hauls and fits a Generalised Additive Mixed Model (GAMM)
with cubic smoothing splines for a combination of covariates (e.g. gear type, depth strata and
region). The analysis showed that a split between all gear types and some further splits for longline
hauls were appropriate for the toothfish fishery in Division 58.5.2 (Figure 3). Alternative depth
and regional splits of longline hauls indicated that depth splits at 1500 m and 1200 m provided
similar results, with significantly different splines between shallow and deep hauls. A depth split
at 1500 m was used similar to the 2021 assessment here. Splines from the respective depth strata
on eastern and western fishing grounds were similar, indicating that separate selectivities for
longline by fishing regions was not needed in the assessment.

Based on this analysis, the commercial sub-fishery structure for the assessment consisted of two
trawl (Trawll and Trawl2), one trap (Trap), one shallow longline (LL1) and one deep longline
sub-fishery (LL2). IUU catches from Table 1 were included in the assessment and assumed to
have been taken by longline, with a selectivity function similar to that of the longline sub-fishery
LL1. Similarly, the SIOFA catches were assumed to have been taken with a selectivity function
similar to LL1.
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Figure 3: Predicted splines for length quantiles of trawl, trap and longline (LL). Longline hauls were split
by fishing areas (west and east of around 74°E), and 1500 m depth, whereas ‘1’ is shallow and ‘2’ is deep.
The shaded areas represent the 95% confidence intervals (or two standard errors) of the spline for trawl
(red) and trap (black), or of the difference between pairs of splines for longline (blue). The analysis is based
on hauls pooled by block size of 1/8° latitude * 1/4° longitude (about 4 * 4 nm).

3.4 Tagging data

Tagging of D. eleginoides in Division 58.5.2 commenced in 1998 soon after the fishery had
started. Initially, all tag-releases and recaptures were from trawl. However, trawl effort has been
highly concentrated on a small fishing ground, and Candy and Constable (2008) investigated the
inclusion of trawl tag-release and recapture data in the stock assessment. They concluded that
these tag-recapture data were likely to only estimate the local biomass in the relatively small
fishing area where trawl effort had been concentrated, rather than that of the population biomass
in the entire Division 58.5.2.

Longlining started in 2003 on shallower fishing grounds in the eastern part of the Division and
has expanded substantially to deeper fishing grounds and up to the northwest corner over the
years. Within this trend, the spatial effort distribution has varied substantially between years, with
a substantial increase in the spatial extent of fishing effort between 2003 and 2018 and a
contraction since ( , WG-FSA-15/55).

Annual tag-release and recapture numbers from longline have increased since 2008, and
particularly since 2015 due to a higher catch limit and an increase in tagging rates from 2 fish per
3 tonnes to 2 fish per tonne (Table 2). In total, over 46 000 fish have been tagged and released and
over 8000 have been recaptured since 2012.

While tagged toothfish are unlikely to mix completely within the fished part of the population
(Williams et al. 2003, Welsford et al. 2007, Welsford et al. 2014), only longline-caught fish that
have been tagged and released from 2012 onwards have been used in the previous assessment
(Ziegler 2017a, 2019a, 2021) since longline effort had been spatially more spread out from that
year onwards. For this assessment, the selection of years of release was the same as in the previous
assessment. However, review of locations at which releases occurred appeared to have a few
concentrations over the years when examined at a 0.5 degree latitude*0.25 degree longitude scale
(Figure 5). Checks of recaptures in these same “cells” from identified release events in 2018,
2020 and 2021 found there were some tagged individuals who had not moved from these given
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Figure 4: Annual variations in spatial distribution of longline fishing effort for Patagonian toothfish in
Division 58.5.2 since 2003. Blue cells correspond to locations where at least one longline haul event
occurred.

Table 2: Numbers of longline tag-releases and tag-recaptures reported since 2012. Within-season
recaptures are not used in the assessment.

Releases Recaptures
Year | n ~ . - s © = . . - - ~ =
RS |8 | |8 |8 |R|R |8 |8 |8 |28
2012 | 1435 1 22 40 39 21 44 33 22 14 20 4 260
2013 | 1467 - 6 52 94 37 48 43 19 22 11 9 341
2014 | 1799 - - 10 76 58 78 45 44 34 24 8 377
2015 | 7631 - - - 80 261 336 283 248 173 100 71 1552
2016 | 5290 - - - - 33 221 296 254 146 130 71 1151
2017 | 6735 - - - - - 54 337 | 4006 328 274 178 | 1577
2018 | 5645 - - - - - - 46 444 | 213 379 185 | 1267
2019 | 6344 - - - - - - - 101 228 433 326 | 1088
2020 | 4371 - - - - - - - - 38 227 243 508
2021 | 5895 - - - - - - - - - 47 363 410
Total | 46 330 1 28 102 289 | 410 781 | 1084 | 1538 | 1196 | 1645 | 1458 | 8532
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Figure 5. Comparison of number of tags released in 0.5 degree latitude*0.25 degree longitude “cells”
from 2012-2021. Position along the x-axis is dependent on the number of cells in which tagging occurred
in the given year and therefore is not related to a specific geographic location. Cells in which less than 5
releases were made are not shown.

locations between release and recapture. High spatial concentration of tagged and recaptured fish
in small areas can strongly influence tag-based abundance estimators if individuals are unlikely
to mix within the wider population, and so individuals exhibiting this behaviour were not included
in the tag-recapture data-set or assessment (n = 986).

In the assessment model, the numbers of longline tag-releases and tag-recaptures used were
capped at 6 years at liberty to account for tag-shedding rates in CASAL being specified for fish
tagged with a single tag, while all released fish are double tagged (Candy 2011b; Dunn et al.
2011), and within-season recaptures were excluded (Table 2). Tag-release mortality was assumed
to be 0.1 (Agnew et al. 2006), and a no-growth period after tagging of 0.5 years was assumed
(Agnew et al. 2005).

The tag-detection rate during longline fishing was assumed to be 100%, and tag-shedding rates
were estimated following the method proposed by Adam & Kirkwood (2001) as estimated by
Ziegler (2017b). The parameter of annual tag loss rate in CASAL’s single-tag model was then
approximated for a maximum time at liberty of 6 years as / = 0.021 for 2007-2011 and / = 0.006
for 2012-2015. The same tag-shedding rate of / = 0.006 was also assumed for all tagged fish
released since 2015.
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Table 3: Number of toothfish measured for length or age and used in the assessment for the RSTS and
commercial fisheries. Where numbers are in bold, the ages have been used to calculate age-length keys
(ALKSs). * Not randomly sampled.

Year Length Age

RSTS Commercial Total RSTS Commercial Total
1997 0 11387 11387 0 55% 55
1998 169 11229 11398 0 286 286
1999 2294 14 623 16 917 2 623 625
2000 2258 20 483 22 741 20 807 827
2001 2505 27079 29 584 2 909 911
2002 2965 18 476 21 441 4 829 833
2003 2301 27 298 29 599 14 675 689
2004 2462 33509 35971 4 336 340
2005 2355 28 899 31254 1 1164 1165
2006 2081 31427 33 508 119 1100 1219
2007 2050 22 843 24 893 547 588 1135
2008 1281 31475 32756 652 294 946
2009 1922 44 342 46 264 650 252 902
2010 5893 30 485 36 378 918 312 1230
2011 2484 35568 38 052 520 316 836
2012 6062 37026 43 088 548 337 885
2013 2912 42 736 45 648 266 1247 1513
2014 2769 50417 53 186 570 1223 1793
2015 3869 73 739 77 608 656 627 1283
2016 5630 57078 62 708 316 588 904
2017 2592 65 768 68 360 304 621 925
2018 3787 68 813 72 600 323 651 974
2019 3904 64 341 68 245 278 614 892
2020 4738 33999 38 737 300 547 847
2021 4455 44307 48762 160 735 895
2022 3239 49796 53035 315 968 1283
Total 76977 977149 1054126 7490 16717 24207

Page 10



2020
I

e
o 0
28888888270

IEE T REYY

- 3 i
- (1 [} [}
° * - We - @
2 00 @ OB ° Qe @) (B
= ._..._.:._. - e (G B Bi- Q e
- cae 00 08 0F-00ke @B @ @ @
e @e 00-S0-Slroele @ @ & @ @
- & - e o Q@pad s o QP o < » (] (] ] ¥
- o) OB & , o oD ) @ ©. @D o i
BEla N v Q@ e Qs B @ | : ’
2o G000 - Gfrs@r oD - @ - W J
. - & PP G o 08+ D+ AP+ G @) @& @ %
] + . * 1 [ TR 350X TIET ) BT i B D «B ¥
8 o . . * [ 30 ool T TOEACE vET RN BENC( T BEC R 2
T 34 . - - & & @ o ene s (- @ e G e e
5 o N . L J [ ] & @ DD+ i)+ 0+ <) W- @ - W0 -«
= e e @ @ & -@@eR: ) @ D W W o) -«
: - e 9 @ » @hre e @ @) @) @ W W ) o
. . . 0 e+ 900 - @ @) D - @ og .
. . . O el @ sB - <D D o o .
. . [ ] Q8 b« W ¥ o . &
+ @ o0 @ e O W - - ; ')
L 4 ® o o0 +® - I @ @ Q
o L J [ ] * + @) @ o . &
g * ® * * * . - oy =
- [ ] * - + ] - oy o
[ ] [ ] - . . ¥ - (_) ¥
*« @ = . X @
[ ] . + . o
® * -
. .

+ o3 PDOGI

1980

T T T T T T T T T T T T T T — T T T T T T T T
1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Year

Figure 6: Bubble plot of age observations by year for the survey (red), trawl (Trawll and Trawl2, blue),
longline (LL1 and LL2, grey) and trap (purple).

3.5 Length and ageing data

A large number of toothfish have been measured annually for length and more than 24 000 otoliths
aged in the RSTS and the commercial fishery (Table 3, Figure 6). All ages have been estimated
by technicians that have been trained following the recommendation of the 2012 toothfish ageing
workshop (SC-CAMLR 2012) and the protocols for thin sectioning developed at the Australian
Antarctic Division (AAD; Welsford et al. 2012, Farmer et al. 2014, Ziegler et al. 2021).

Year-specific ALKs, grouped by 50 mm length bins from 150 to 2000 mm were calculated
separately for the survey and the commercial catch from all respective age-length samples. Tables
Al and A2 show an ALK obtained by pooling data over all years showing the overall age-length
relationship for survey and commercial catches.

For all surveys where ALKs were available (2006-2022), catch-at-length data were used to
estimate proportions-at-length, weighted by stratum area. These were then converted to
proportions-at-age, using survey ALKs. The initial ESS for these survey proportions-at-age were
derived by assuming a relationship between the observed proportions-at-age O; and their CVs ¢;
as estimated from bootstrap sampling that accounted for haul-specific proportions-at-length, the
ALK and random ageing error. The estimated effective sample size was then derived using a
robust non-linear least squares fit of log(c;) ~ log(O;) assuming a multinomial distribution.

For the commercial fishery, representative ALKs were available for all years from 1998 - 2022.

Catch-at-length data grouped by 50 mm length bins from 150 to 2000 mm were used to estimate

catch proportions-at-length and converted to proportions-at-age using commercial ALKs for all

available years with catch sampling except for Trawl2 since 2017 where data were omitted due to

small and likely unrepresentative catches. Similar to the survey data, initial ESS for all years and

sub-fisheries except Trap were estimated by fitting a robust non-linear least squares model to the
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observed proportions-at-age against their CVs assuming a multinomial distribution. For Trap, ESS
was set to 1 to allow for the estimation of trap selectivity while the information content of the data
was considered to be poor due to high inter-annual variability in areas and depths fished.

3.6 Length-at-age estimation

Similar to previous assessments, length-at-age data was re-estimated using all randomly sampled
and aged fish from 1997-2022. Fish records with a poor quality flag, missing data, doubtful length
measurements, or poor age reads (e.g. a poor readability score) were excluded. For otoliths with
multiple reads, the median age was taken (rounded to the next integer age).

Similarly, to the 2021 assessment (Ziegler 2021) and as recommended by the CCAMLR
Independent Stock Assessment Review (2018), a von Bertalanfty (VB) growth function was re-
estimated that accounted for length-bin sampling and gear selectivity. The definition of the
likelihood function was based on variable probability sampling due to the pre-specified length-
dependent fishing selectivity function and the effect of length-bin sampling on sampling
probabilities following the approach of Candy et al. (2007). Accounting for a dome-shaped
selectivity function reflected the combined effects of fish selection by the trawl, longline and trap
gear, with lower selectivity of fish smaller than about 500 mm and larger than 1200 mm (Figure
7). Accounting for length-bin sampling was necessary as aged fish were not randomly selected
from the catch, with an over-representation of aged fish smaller than 500 mm and fish between
1000-1500 mm compared to the catch.

The contribution of the over 2 000 newly-aged fish were used to update the 2023 growth model.
This model predicted a similar growth with a slightly lower L. and higher K, and thus lower
estimates of length-at-age for younger and older fish, compared to the 2021 growth model (Figure
8 and Table 4). Accounting for length-bin sampling substantially reduced the estimated growth
rates, while accounting for dome-shape selectivity had only a minor effect on growth estimates,
particularly for the age classes up to 35 years used in the assessment.
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Figure 7: (a) Selectivity function used in the estimation of growth, and (b) number of fish sampled by 50
mm length bins for ageing (black circles) and overall in the fishery (open circles).

Table 4: Parameters estimates of the von Bertalanffy growth functions that accounted for dome-shaped
selectivity and length-bin sampling and were used in the 2017, 2019 and 2021 stock assessments.

Model L, K ty (64

2019 Growth 1504 0.058 -3.30 0.135
2021 Growth 1465 0.061 -3.13 0.137
2023 Growth 1413  0.066 -3.00 0.138
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Figure 8: Length-at-age data (grey), growth model used in the 2021 assessment (‘2021 Growth’, black
line), simple von Bertalanffy model (‘2023 VB’, thin red line), von Bertalanffy model that accounted for
length-bin sampling (‘2023 VB with LB’, red dashed line), and final von Bertalanffy model that accounted
for length-bin sampling and dome-shaped selectivity and was used in the 2023 assessment (‘2023 with LB
and dome Sel’, bold red line) with approximate 95% confidence intervals of the data based on CV (red
shade).

3.7 Length-weight relationship

The same length-weight relationship as estimated for the 2019 stock assessment (Ziegler 2019a)
was used in this assessment (Figure 9).

80
1

80
|

— Constable et al. (1999)
— 2019

Weight (kg)
40
1

20
1

T T T T
0 500 1000 1500

Length (mm)

Figure 9: Estimated length-weight relationship (red line) fitted by Ziegler (2019a) to observations from
all years 1997-2018 (grey dots), and length-weight relationship estimated by Constable et al. (1999) (blue
line).
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3.8 Maturity-at-age

The assumed maturity-at-age function remained unchanged from the 2021 assessment (Ziegler
2021). Between 2006 and 2015, an age-converted maturity-at-length function was used in the
stock assessment. In 2017, a re-estimated maturity function by Yates et al. (2017) was applied,
with aso = 13.9 years and a;o05 = 13.7 years (Figure 9). Yates et al. (2017) considered all stages >
2 as mature since a large proportion of fish that were macroscopically determined to be stage 2
were found to contain cells of higher stages when gonads were examined histologically. This
finding indicated that many fish that had spawned, as confirmed by the presence of post-ovulatory
follicles, return to a resting stage which is macroscopically indistinguishable from maturing fish.
Furthermore, the occurrence of females of all size classes with low gonadosomatic index (GSI)
and low macroscopic gonad stage during the spawning season suggested that a proportion of
mature fish did not spawn every year.

The assumption that all stages > 2 are mature may bias the estimation of age-at-maturity in the
population to some degree as some of stage-2 fish have not spawned in the past. Kock and
Kellermann (1991) argued that the progression from cortical alveoli stage to hydration in
notothenioid fishes can take up to 2 years. When adding an offset of 2 years to all stage-2 fish, the
estimated age-at-maturity parameters were similar although contracted, with aso = 13.7 years and
ai95 = 10.6 years. The influence of the offset on the maturity parameter estimates was relatively
small since maturity of young fish was strongly determined by a large number of stage-1 fish.

WG-FSA-17 considered that this revised maturity-at-age function which predicted that some
young fish in the age range of 1-7 would be mature, was inconsistent with the expectation of the
life-history characteristics of a long-lived deep-water species. Following WG-SAM-19/27 and the
recommendation by WG-SAM-19 (para. 3.6), the maturity function for this assessment (as shown
in Figure 10) assumed that:

(1) Fish aged <5 years: immature

(2) Fish aged > 5 years and < 10 years: Maturity increases linearly to the proportion as estimated
under (3) for fish aged 10 years

(3) Fish aged > 10 years: Maturity follows a function assuming fish of all maturity stages > 2 are
mature, with an age offset of 2 years added to all stage-2 fish.

10

600
|

Frequency
0 400 500
|
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04
Proportion Mature

200
1

100
|

0 5 10 15 20 25 30 35 40 45 50 55
Age (y)

Figure 10: Maturity-at-age functions fitted to data assuming all fish of stage > 2 are mature (black points
and dashed black line, used in the 2017 assessment) and when an offset of 2 years to all fish of stage 2 was
added (red points and dashed red line), and adjusted function assuming that all fish up to the age of 5 years
are immature and maturity then increase linearly up to the estimated value at the age of 10 years (red solid
line, used in this assessment). Shown are also age-frequency histograms and proportions of fish that were
mature pooled in 1-year age bins (points).
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Figure 11: Adjusted maturity-at-age based used in the 2019 and 2021 stock assessments when assuming
all fish of stage > 2 are mature with an added age offset of 2 years to all fish of stage 2 (red line), and
functions used in the 2017 assessment for Subarea 48.3 (blue, WG-FSA-17/53) and in the 2017 assessment
for male (green solid line) and female (green dashed line) D. mawsoni in the Ross Sea (Parker and Grimes
2010). Shown are also the proportions of fish that were mature pooled in 1-year age bins (red points) in
samples from Division 58.5.2.

The assumption that all fish up to the age of 5 years are immature is consistent with that taken for
D. eleginoides in the 2017 assessment for Subarea 48.3 (Earl and Fischer 2017). However, older
fish are estimated to mature later by this revised maturity-at-age function compared to fish in
Subarea 48.3 (Figure 11), and the maturity is in-between the estimated maturity for male and
female D. mawsoni in the Ross Sea (Parker and Grimes (2010) which was used in the 2017 stock
assessment (Mormede 2017a, 2017b).

3.8 Other biological parameters

Other biological parameters are specified in Table 7. Natural mortality was estimated to be 0.155
(Candy 2011a, Candy et al. 2011) and assumed constant across all age classes, and the stock
recruitment relationship was assumed to follow a Beverton-Holt function with steepness # = 0.75
(Dunn et al. 20006).

3.9 Ageing error matrix

In 2014, the method of Candy et al. (2012) to estimate the ageing error matrix (AEM) was revised
by Burch et al. (2014) to address some issues regarding true ages not being the mode at the
extremes of the matrix and a lack of smoothness in the probabilities for ages above 25 years. At
the same time, the reference collection was expanded to include an additional 50 otoliths, read by
four or more readers, that had a mean fish age of 25 years or greater. For this assessment, the same
ageing error matrix was used as for the 2015 — 2021 assessments (Table A.3).

Page 15



4. Methods
4.1 Model configuration

Basic descriptions of the CASAL model population dynamics can be found in Candy and
Constable (2008), Candy and Welsford (2009, 2011), Ziegler et al. (2013, 2014), Ziegler and
Welsford (2015) and Ziegler (2017a, 2019a, 2021). The single-sex CASAL assessment model
(Bull et al. 2012) was age-structured with age classes from 1-35 years. CASAL 2.30-2012-03-21
rev. 4648 was used in all instances, following the recommendation of WG-SAM-14 (WG-SAM-
14, para. 2.29). CASAL was used to run Models 1a —d and Model 2 of the bridging analysis (see
details below and Tables 6 — 8).

All models in the bridging analysis and sensitivity analyses were also run in the Casal2 software
(Casal2 Development team, 2023) (version v22.08). Efficiencies in programming, mathematical
derivations, and increased flexibility in model structure were key factors for the endorsement of
Casal2 in integrated stock assessments for CCAMLR established fisheries (WG-SAM-2022 para.
3.31, Dunn et al. 2022). Initial comparisons and validation of toothfish fisheries, including HIMI,
has been undertaken (Dunn et al. 2022; Masere and Ziegler, 2023) to support a comparative
assessment for 2023 (WG-SAM-2023, para. 6.44-6.46).

Both CASAL and Casal2 assessment models were run for the period from 1982-2023. The annual
cycle was divided into three time steps during which (1) fish recruitment, the first half of natural
mortality, and fishing, (2) the second part of natural mortality and spawning, and (3) ageing
occurred. Given the increased flexibility in sequencing events and processes on an annual basis
in Casal2 models a depiction of the annual cycle of fishing activity, biological processes and
observations in the HIMI toothfish fishery was developed (Table 5). Recognition of the difference
in length (specifically, months) of time steps and timing of the RSTS in recent years were used to
guide changes to settings of time steps in Model 3 (see Section 4.4).

Table 5: An overview of the annual cycle of the HIMI Patagonian toothfish assessment model for 2023.
Some processes such as natural mortality and tag loss would likely occur consistently throughout the year
and so were implemented in each time step. Ageing also occurs throughout the year however is
implemented instantaneously in the third (virtual) time step.

Month | Fishing Biological processes Observations Assigned
time step

Ageing
Recruitment
Natural mortality
Spawning

Tag release

Tag recapture
RSTS survey
IAFs/LFs

Dec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct

Nov

NN || —=]—

et
IN

(virtual)
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4.2 Selectivity functions

Either double-normal (DN) or double-normal-plateau (DNP) fishing selectivity functions were
fitted for the survey and each sub-fishery. The DNP function was calculated as f{x) for age x (Bull
etal. 2012):

2—[(x—al )/o‘L:'2

a

max X< al

f(x)=1<a,.« a,<x<a +a, (1)

N}

A ax 27[{#(“'”2)}/%] x>a; +a,

where a; and a;+ a> define the age range at which the ogive takes the value amax, and oz and or
define the shape of the left-hand and right-hand side of the DNP function such that the ogive takes
the value 0.5amax at a = a; - or and a = a; + a> + or. In all cases, anqax Was not estimated but set to
1, i.e. only four parameters were estimated for all DNPs. When the parameter a> is estimated to
be very small (~ 0.1 year), the DNP collapses to a DN and was replaced with a DN function in the
assessment model. This was the case for the survey, the trawl and longline sub-fisheries and for
longline (see below), while the trap sub-fishery was fitted with DNP functions.

4.3 Model estimating procedure

The assessment models estimated the unfished spawning biomass By, survey catchability g, annual
year class strength (YCS), and the parameters of the selectivity functions for the survey and all
sub-fisheries.

All models included penalties for YCS and catch. A penalty for YCS was intended to force the
average of estimated YCS towards 1. Strong catch penalties prohibited the model from returning
an estimated fishable biomass for which the catch in any given year would exceed the maximum
exploitation rate set at U = 0.995 for each sub-fishery.

Process error was estimated and added in a number of iterations for each model in the bridging
analysis (see below). Iterative data re-weighting followed the method TA 1.8 described by Francis
(2011a and 2011b) to allow for correlations within the observed composition data. The
reweighting was applied first to the commercial catch composition data of all sub-fisheries, then
to the survey composition data, and lastly to the tag-recapture data.

For catch-at-age composition data, the weight w; for each age j observed by a sub-fishery or the
survey was estimated as:

w ! 2)

" Nar [0, ~E) /o, /N,

where O;, is the observed and Ej, is the expected proportions for age or length class i in year y, v;,
is the variance of the expected age or length distribution, and N;, was the number of multinomial
cells. The weight was then multiplied with the sample size from the previous step before re-
running the model. For the re-weighting of the tagging data, Equation (2) was used again.

Initially, a point estimate (maximum posterior density MPD) and its approximate covariance
matrix for all free parameters as the inverse Hessian matrix were estimated. For the final model,
these estimates were used as the starting point for Monte Carlo Markov Chain (MCMC) sampling.
For the MCMCs, the first 500 000 iterations were dismissed (burn-in), and every 1000" sample
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taken from the next 1 million iterations. MCMC trace plots were used to evaluate evidence of non-
convergence.

4.4 Bridging analysis

Similar to previous assessments, a bridging analysis was conducted. The analysis started with the
2021 assessment model that was used to provide management advice in 2021 (WG-FSA-21, para.
3.57 - 3.59) (Table 6).

The starting point of the bridging analysis, the 2021 assessment model (Model 0), included survey
abundance-at-length and abundance-at-age, tag-releases for 2012-2020, and catch-at-age from
sub-fisheries for Trawll, Trawl2, longline LL1 and LL2, and Trap. Year class strength was
estimated for the period from 1986-2015 (Table 6).

In Model 1, the model was extended to 2023. The catch in 2023 was assumed to be 2510t, with
similar catch proportions as in 2022. Complete data sets from 2021 and 2022 for survey index and
proportions-at-age, commercial sub-fisheries catch-at-age, and tag-releases and tag-recaptures
were added with the exception of catch-at-age from Trawl2 since 2017 where data were omitted
due to small and likely unrepresentative catches. Annual ALKs were used as recommended in the
CCAMLR Independent Stock Assessment Review (2018), and the period of estimated year class
strength was extended to 1986-2017. In addition, individuals that were released and then
recaptured in three, relatively small concentrated release events in 2018, 2020 and 2021 (see
Section 3.4 and Figure 5) were omitted.

In Model 2, the parameters of the growth function (Table 4) were updated.

In Model 3, time steps were aligned with processes as outlined in Table 5. Furthermore, an
adjustment to timing of the RSTS survey (and associated otolith ageing) was introduced by
designating these two events to occur at the very end of time step 1 and just prior to time step 2
when fishing occurs. This order of events is more consistent with the yearly biological and fishing
cycles at HIMI.

Table 6: Step-wise, cumulative changes from the 2021 assessment model to the 2023 assessment model.

Step  Description
0 2021 Assessment model (as in Ziegler 2021)

1 Update model to the end of the 2022/23 season including catch, survey, commercial catch-
at-age and tag-recapture data

2 Update growth parameters
3 Update annual cycle

4.5 Calculations of catch limits

Catch projection trials accounted for uncertainty surrounding parameter estimates of the model as
well as future recruitment variability. In order to integrate across uncertainty in the model
parameters, MCMC samples were used for Casal2’s projection procedure to obtain 1000 random
time series samples of estimated numbers of age-1 recruits for the period from 1982-2017,
corresponding to YCS estimates from 1981-2016. The median of the square root of the variance
of the yearly numbers of these age-1 recruits from 1986-2017 provided a robust estimate of the oz
for recruitment required for the lognormal random recruitment generation.
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The estimated CVs were used to generate the random recruitment from 2018 until the end of the
35-year projection period. Based on this sample of projections for spawning stock biomass, long-
term catch limits were calculated following the CCAMLR decision rules:

e Choose ayield y/, so that the probability of the spawning biomass dropping below 20% of
its median pre-exploitation level over a 35-year harvesting period is 10% (depletion
probability).

e Choose a yield y2, so that the median escapement of the spawning biomass at the end of a
35-year period is 50% of the median pre-exploitation level.

e Select the lower of ys and y2 as the yield.

The depletion probability was calculated as the proportion of samples from the Bayesian posterior
where the predicted future spawning biomass was below 20% of Boin the respective sample at
any time over the 35-year projected period. The level of escapement was calculated as the
proportion of samples from the Bayesian posterior where the projected future status of the
spawning biomass was below 50% of Bo in the respective sample at the end of the 35-year
projection period.

Catch limit estimates were based on the assumption of constant annual catches. Future surveys
were assumed to be conducted every year with a catch of 20 tonnes. The entire remaining future
catch was assumed to be taken by longline, with a catch split based on the overall catch distribution
of longline sub-fisheries in the last three years, i.e. 60% of the total catch was attributed to LL1
selectivity and 40% of the total catch was attributed to LL2 selectivity. Finally, for comparison
purposes only, catch limits were calculated in the CASAL framework for Model 2 (see Appendix
— Table A.4).
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Table 7: Population parameters and their values for all evaluated Models in the bridging analysis. New
changes in each model are highlighted in bold with grey shading and then maintained. All introduced
changes were maintained for subsequent model steps. Model 3 made no changes to the values of data or

parameter estimates.

Parameters

0. Model 2021

1. Updated data

2. Growth / 3. Time steps

Assessment period
By

Ry

or for projections

Stock-recruitment
Steepness 4

Estimated YCS
Age classes
Length classes

Size-at-age: vB
L()O
K

10

cv

Ageing error matrix

Weight at length L
(mm to t)

Maturity

Natural mortality M

Survey ¢

Tagging data:
Tag detection

Tag-release mortality

No-growth period

Tag shedding

Emigration correction

1982-2021
Estimated

Derived from By
Calculated from
YCS 1986-2015
Beverton-Holt
h=0.75
1986-2015

1-35y

300 - 2000 mm
(50 mm bins)
Ziegler (2021)
1465

0.061

-3.13

0.137

Burch et al. (2014)
Ziegler (2019a)
c=3.61E-12
d=3.1518

Ziegler (2019a)
Logistic:
asp=13.7

095 = 10.6
Adjusted for agesup to 10y
Candy et al. (2011a)
0.155

Estimated

Ziegler (2017a)

1

Agnew et al. (2006)
0.1

Agnew et al. (2005)
05y

Ziegler (2017b)
2012-2017: 0.006
Burch et al. (2017)

(included in tag shedding 0.01

parameter)

1982-2023
Estimated

Derived from By
Calculated from
YCS 1986-2017
Beverton-Holt
h=0.75
1986-2017

1-35y

300 - 2000 mm
(50 mm bins)
Ziegler (2021)
1465

0.061

-3.13

0.137

Burch et al. (2014)
Ziegler (2019a)
c=3.61E-12
d=3.1518

Ziegler (2019a)
Logistic:
asp=13.7

095 = 10.6
Adjusted for agesup to 10 y
Candy et al. (2011a)
0.155

Estimated

Ziegler (2017a)

1

Agnew et al. (2006)
0.1

Agnew et al. (2005)
05y

Ziegler (2017b)
2012-2017: 0.006
Burch et al. (2017)
0.01

1982-2023
Estimated

Derived from B,
Calculated from
YCS 1986-2017
Beverton-Holt
h=0.75
1986-2017

1-35y

300 - 2000 mm
(50 mm bins)

This document
1412.94

0.0658

-3.002

0.138

Burch et al. (2014)
Ziegler (2019a)
c=3.61E-12
d=3.1518

Ziegler (2019a)
Logistic:
asp=13.7

a5 =10.6
Adjusted for ages up to 10 y
Candy et al. (2011a)
0.155

Estimated

Ziegler (2017a)

1

Agnew et al. (2006)
0.1

Agnew et al. (2005)
Sy

Ziegler (2017b)
2012-2017: 0.006
Burch et al. (2017)
0.01
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Table 6: Continued.

0. Model 2021

1. Updated data

2. Growth / 3. Time steps

Priors for estimated
parameters

By
Starting value
Bounds

Survey ¢
Bounds

YCS
Starting value
Bounds

Fishing selectivities:
Double-normal:

Sub-fisheries

Uniform-log
90000
30000-250000
Uniform-log
0.1-1.5
Lognormal
u=1, Cr=0.6
0.001-200

Uniform

Survey, Trawll, Trawl2,
LL1,LL2

Uniform-log
90000
30000-250000
Uniform-log
0.1-1.5
Lognormal
u=1, Cr=0.6
0.001-200

Uniform

Survey, Trawll, Trawl2,
LL1,LL2

Uniform-log
90000
30000-250000
Uniform-log
0.1-1.5
Lognormal
u=1, Cr=0.6
0.001-200

Uniform

Survey, Trawll, Trawl2,
LL1,LL2

Starting values ar: 4 (1-20) ar: 4 (1-20) ar: 4 (1-20)
(bounds) or: 1(0.1-20) or: 1(0.1-20) or: 1(0.1-20)
or: 7(0.1-20) or: 7 (0.1-20) or: 7 (0.1-20)
Double-normal plateau: Uniform Uniform Uniform
Sub-fisheries Trap Trap Trap
Starting values a;: 10 (1-20) a;: 10 (1-20) ar: 10 (1-20)
(bounds) az: 6 (0.1-20) az: 6 (0.1-20) az: 6 (0.1-20)
or: 1(0.1-20) or: 1(0.1-20) or: 1(0.1-20)
or: 3 (0.1-20) or: 3 (0.1-20) or: 3 (0.1-20)
Amax: 1 (1-1) Amax: 1 (1-1) Amax: 1 (1-1)
N parameters 51 53 53
Data
Catch:
Survey 2001-2021 2001-2023 2001-2023
Trawll 1997-2004 1997-2004 1997-2004
Trawl2 2005-2021 2005-2023 2005-2023
LLI1 2003-2021 2003-2023 2003-2023
LL2 2004-2021 2004-2023 2004-2023
Trap 2006-2021 2006-2023 2006-2023
IUU 1996-2021 1996-2023 1996-2023
SIOFA 2018-2021 2018-2023 2018-2023
Gear loss 2003-2021 2003-2023 2003-2023
Observations:
Survey (RSTS):
Biomass index 2001-2020 2001-2022 2001-2022
Proportions-at-age 2006-2020 2006-2022 2006-2022

ESS

Commercial sub-
fisheries:

Proportions-at-age
ESS

Tag-releases
Years

Tag-recaptures
Years

Estimated using Francis
(2011a, 2011b)

Trawll, Trawl2, LL1, LL2,
Trap

1998-2020

Estimated using Francis
(2011a,2011b) Set to 1 for
Trap

LLI,LL2
2012-2019
LL1,LL2
2013-2020

Estimated using Francis
(2011a, 2011b)

Trawll, Trawl2, LL1, LL2,
Trap

1998-2022

Estimated using Francis
(2011a,2011b) Set to 1 for
Trap

LLI,LL2
2012-2021
LL1,LL2
2013-2022

Estimated using Francis
(2011a, 2011b)

Trawll, Trawl2, LL1, LL2,
Trap

1998-2022

Estimated using Francis
(2011a,2011b) Set to 1 for
Trap

LLI,LL2
2012-2021
LL1,LL2
2013-2022
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S. Results
5.1 Bridging analysis and MPD estimates

The stepwise addition of data was undertaken in the bridging analysis. Four data sources were
added as follows in Model 1: (a) catch to the end of 2023, (b) commercial catch-at-age data to
the end of 2022, (c¢) RSTS biomass and ageing data to the end of 2022, and (d) tag-recapture data
(releases up to 2021 and recaptures up to 2022) as outlined in the Methods section (Table 8).

Table 8: MPD estimates of unfished spawning stock biomass By in tonnes, Ry (mean recruitment in
millions that gives rise to By), survey catchability g, and the number of estimated parameters (N
Parameters). The software package used for each model run is also noted.

Model Description Model '~ SSBstams o S:; VN
m q parameters
0  Assessment 2021 CASAL 69894 045 041 573 1.13 51
Casal2 69590 0.45 - 571 1.13 51
1 Update data:
a) Extend model to 2023 and add CASAL 68 758 041 5.64 1.14 53
catches
b) Update commercial catch-at-age CASAL 69 524 0.40 5.70 1.10 53
¢) Add survey data 2021-2022 CASAL 69072 0.40 5.67 1.12 53
d) Add tag-recapture data (2020- CASAL 66456 040 545 1.25 53
2022)
Casal2 66576 039 5.46 1.25 53
2 a) Update growth estimate CASAL 64 009 0.39 536 1.25 53
Casal2 63 960 0.38 5.35 1.25 53
3 a) Update annual cycle time steps Casal2 65719 0.39 568 1.24 53
b) Align timing of survey with Casal2 66343 0.40 5.74 1.21 53

annual cycle

Estimated biomass By from MPD runs declined slightly during the first three steps of the bridging
analysis (Model 1 a — c), but more substantially from 69 894 t to 66 576 t (using CASAL) and
from 69 590 t to 66 576 t (using Casal2) when the two latest years of tagging data were added
(Model 1d). For both CASAL and Casal2, survey catchability g rose from 1.13 to 1.25 during
these steps. Growth was re-estimated based on the latest two years of data and was associated
with another decline in biomass yet consistent values for g in Model 2. Estimated By was again
slightly higher in Model 3 which introduced two time steps related to time steps proportionate in
length to the number of months of the year in which fishing does and does not occur (Model 3a)
and sequencing the RSTS at the very end of time step 1 prior to the HIMI fishing season (Model
3b).
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Table 9: Contributions to the objective function for all model steps (using Casal2).

Component Modell Model2 Model3b
Survey Index 12.60 12.99 12.44
Survey Age Prop 229.47 229.81 229.78
LL1 Age Prop 369.26 369.42 369.33
LL2 Age Prop 339.52 339.47 339.44
Trawll Age Prop 57.86 57.87 57.87
Trawl2 Age Prop 116.01 115.91 115.87
Trap Age Prop 5.0 5.0 5.0
Tags 2012 98.63 98.83 98.88
Tags 2013 98.53 98.37 98.36
Tags 2014 103.61 103.84 103.88
Tags 2015 173.20 174.31 174.57
Tags 2016 142.23 142.90 142.97
Tags 2017 141.02 142.64 142.49
Tags 2018 112.54 112.72 112.62
Tags2019 145.49 146.56 146.27
Tags2020 48.88 48.92 48.86
Tags2021 24.37 24.46 24.41
MeanYCS 1 1.28 1.21 1.21
Prior for BO 11.11 11.07 11.09
Other priors 5.77 5.63 6.2
Penalties 0 0 0
Total 223493  2240.75  2239.69

Contributions of various components to the log likelihood function were reasonably consistent through the
progress of the bridging analysis with longline, trawl and survey data (especially from which ages were
available) being the most prominent (Table 9). There were also some fluctuations in the contributions of
tagging data with releases from 2015 to 2019 being the most influential of overall model fit.

5.2 Model fits

In general, model fit was reasonable for a variety of characteristics that were explored (Figures 12
— 15, Figures A.1 to A.7). Fits to biomass observations from the RSTS showed clear deviation
between observed values and MPD fits particularly between 2019 and 2021 (Figure 12) however
the most recent year of data was well aligned with model predictions. Variability in recruitment
appears to partially link to this recent maximum through the lag between recruitment and increased
biomass. Regardless there is a dampening of year class strength since 1996 with a minimum value
in 2014 and the maximum being reported in 1990 (Figure 13).
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Figure 12: Observed (black line with 95% CI) and predicted (red line) survey biomass for 2023 assessment
Model 3b.
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Figure 13: Estimated year-class strength from 1986 — 2017 for Model 3b.
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Figure 14: Boxplots of observed age by fishery and predicted median age (red line) for Model 3b.

Generally good fits were obtained for the proportions-at-age datasets of the longline sub-fisheries
although the model tended to underestimate median age for longline caught fish and overestimate
age of fish caught in the RSTS (Figure 14). Fits to trawl and trap data were reasonable. Selectivity
functions for different gear types appear to be consistent with specified distribution and limits
with the possible exception of the left-hand limb of the double normal distribution which is used
to define selectivity for RSTS (survey) data.

The model fits to tagging data were generally good for cohorts released in the earlier years but
fluctuate more for recent release cohorts (since around 2017) (Figures 15 and 16). Two possible
drivers for this may be (1) an increase in tag-release numbers since 2015 (when the tagging rate
was increased from 2 fish per 3 tonnes to 2 fish per tonne) resulting in larger absolute fluctuations
in numbers, and (2) stronger variation in the spatial location of fishing effort and the recent
contraction of fishing footprint in combination with generally low movement rates of fish.
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Inspection of the difference between expected and observed values highlights some particular
patterns. Tags released in 2019 in particular stand out with much higher than expected recapture
numbers in 2020 and lower than expected recapture numbers in 2021 and 2022 (Figure 16b).
These exaggerated values likely reflect changes in fishing effort during this time-frame where
regularly fished areas were omitted from the fishing footprint on particular years.
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Figure 15: Numbers of observed (black) and predicted (red) tag recaptures by 100 mm length bins for tag-
releases in 2012-2021 and tag-recaptures in 2013-2022 for Model 3b.
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5.3 Likelihood profiles

The likelihood profile for Model 3b is shown in Figure 17. While tag-releases in 2013 and to some
degree 2015 indicated that By should be no more than 60 000 tonnes, tag-releases since then and
from 2012 are not as consistent and suggest a larger By was most likely. The survey abundance
index indicated that a By around 65 000 tonnes was most likely.
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Figure 17. Likelihood profiles (-2 log-likelihood) across a range of B0 values for (a) all data sets together
and (b) separate data sets (dots indicate the location of the minimum value) for Model 3b.
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5.4 Sensitivity analyses

A number of sensitivity analyses were run to provide context for the robustness and key influences
on Model 3b estimates (Table 10). In general these assessment runs were consistent with Model3b
with the exception of:

« run(a);: M was decreased from 0.155 to 0.13 and By increased to over 80000t, and

. run (f): ycs was estimated using data from 1996 — 2017 and By decreased to less than
55000t

Table 10: MPD results of Model 3b and sensitivity analyses, with estimates of unfished spawning stock
biomass By in tonnes, SSB status at the end of 2021, Ry (mean recruitment in millions that gives rise to By),
survey catchability ¢, and the number of estimated parameters (N Parameters).

Sensitivity run By SSB status Ry Survey ¢ N Parameters
Reference: Model 3b 66 343 0.40 5.74 1.21 53
a) M=0.13 81159 0.42 4.09 1.28 53
b) h=0.6 65 746 0.39 5.69 1.15 53
c)h=09 65 492 0.39 5.66 1.15 53
d) Estimated YCS: 1982-2017 65 334 0.39 5.65 1.15 58
e) Estimated YCS: 1990-2017 65 023 0.39 5.62 1.15 49
f) Estimated YCS: 1996-2017 54 798 0.41 4.74 1.11 44
g) Estimated YCS: 1986-2018 65 941 0.39 5.70 1.15 54
h) Decrease estimated historical IUU fishing 65 959 0.40 5.53 1.15 53
5.5 MCMC estimates

Model 3b leads to a reduced estimate of the virgin spawning stock biomass By than that obtained
in 2021, with an MCMC estimate of 64 520 (95% CI: 60 419 — 69241 tonnes). The estimated SSB
status at the end of 2023 was 0.39 with a very tight confidence limit around this estimate (Table
11).

The estimated SSB status and SSB have declined since the last assessment but are consistent with
the estimated trajectory (Figure 19). The estimate for g is very similar to the 2021 assessment yet
remains at a slightly more elevated value than would be expected for this quantity. The pattern of
YCS throughout the estimated time span (which now extends to 2017) is heavily leveraged by
very high levels of recruits around 1990. Given that this parameter is standardised through the
time range the resulting dip occurs more recently (around 8 years ago). A general levelling out of
this value yet less variable estimates have been apparent since around 2000 (Figure 18).

The estimated selectivity functions differed distinctly between the survey and the trawl, longline
and trap sub-fisheries (Figure 20). The trawl surveys and the commercial trawl sub-fisheries
observed predominantly young fish, while the longline and trap sub-fisheries concentrated on
older fish, with LL2 in waters deeper than 1500 m catching older fish compared to LL1 in waters
shallower than 1500 m. Trap was estimated to primarily catch fish aged between 10 to 25 years
of age. There was some evidence of correlations in selectivity parameters of the survey, possibly
due to the model bounds at the minimum age, however the resulting selectivity estimates were
tight (Figure 20). While the trace plots for trap selectivity looked poor, this was likely to be without
substantial consequences, since data from the trap fishery have little effect on biomass and YCS
estimates.
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Table 11: MCMC results (median and 95% confidence intervals) for By, SSB status and survey q.

Model By Current SSB Status Survey q
2021 Assessment 69 210 (64 811 - 74 758) 2021: 0.45 (0.44 - 0.47) 1.07 (0.92 - 1.23)
2023 Assessment 64 520 (60 419 — 69241)  2023: 0.394 (0.391 —0.395) 1.08 (0.95-1.24)

YCS

1980 1990 2000 2010 2020
Years

Figure 18: Estimated YCS for Model 3b showing 95% confidence bounds obtained from the MCMC
sample.

The posterior distribution and trace plots of the MCMCs for By, survey ¢, and all estimated YCS
showed acceptable mixing behaviour (Figures 21 and 22, and Appendix Figure A.8) and passed
the Heidelberger & Welch (1983) stationary and half-width tests.
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Figure 19: Estimated trajectory of SSB for Model 3b showing 95% confidence bounds obtained from the
MCMC samples.
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Figure 20: Estimated double-normal-plateau and double-normal fishing selectivity functions for the
survey and commercial sub-fisheries in Model 3b, showing 95% confidence bounds obtained from the
MCMC samples.
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Figure 21: MCMC posterior distribution of By, SSB status in 2021, and survey catchability ¢ (black), and
prior distributions (blue) for Model 3b. Vertical dashed lines indicate the MPD estimates.
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Figure 22: MCMC posterior trace plots for By and survey catchability ¢ for Model 3b.

5.7 Calculations of catch limits

The median CV estimated for the YCS period from 1986-2017 in Model 3b were used to generate
the random recruitment from 2018-2022 and the 35-year projection period from 2023-2058. The
maximum catches that satisfy the CCAMLR decision rules were estimated based on the
assumption of future constant annual catches taken entirely by an annual survey of 20 tonnes and
by longline (60% LL1 and 40% LL2).

Following the CCAMLR decision rules, the yield for Model 3b was estimated to be 2 660 tonnes
(Table 12 and Figure 23). However, over the course of the projection period, the median SSB
status reached a minimum of 33% before increasing to the target level at the end of the 35-year
projection period (Table 13). Alternative consideration of catch limits was also undertaken to
explore other options for setting catch limits along with a more robust sense of risk (Table 13).
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Using the same time span but increasing the target By status to 55% resulted in a catch limit of
2360 tonnes (b). Shortening the time span to 25 years and 20 years but using the target By status
of 50% provided estimates of 2400 and 2120 tonnes, respectively (Table 13, models (c) and (d)).
Prediction of the By status at the 2025 assessment for all four of these catch limit scenarios

Table 12: Estimates of catch limits in tonnes based on MCMC sampling that satisfy the CCAMLR decision
rules, with (i) a median escapement of the spawning biomass at the end of the 35-year projection period of
at least 50% of the median pre-exploitation level (‘Target’), and (ii) a less than 10% risk of the spawning
biomass dropping below 20% of its median pre-exploitation level at any time over the 35-year projection
period (‘Depletion’).

Model Catch limit Target Depletion

2021 Assessment
2023 Assessment (Model 3b) 2 660 0.500 0.00

SSB

0.0

19‘80 20‘00 20‘20 I 20‘40 ZDIISU

Years
Figure 23: Projected SSB status relative to By for the assessment Model 3b and a constant future catch of
2660 tonnes using MCMC samples. The YCS period from 1986-2017 was used to generate random
lognormal recruitment from 2018-2058. Shown are median (black line), 100% confidence bounds (light
grey) and 80% confidence bounds (dark red). Horizontal dotted lines show the 50% and 20% status levels
used in the CCAMLR decision rules, the vertical blue line indicates the current year.
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Table 13: Different catch limit scenarios assuming that future YCS will return to the average pattern from
1986-2017 in the projection period. The plots on the right-hand side show the projected SSB status relative
to By for the assessment Model 3 using MCMC samples. The YCS period from 1986-2017 was used to
generate random lognormal recruitment from 2018-2058 in all scenarios. Shown are median (black line),
100% confidence bounds (light grey) and 80% confidence bounds (dark grey). Horizontal dotted lines
show the 50% and 20% status levels used in the CCAMLR decision rules and the 40% status levels, the
vertical blue line indicates the current year.

Scenario

(a) CCAMLR decision rules:

2660t

Years below Bspe;: 2020 - 2057

Years below Bype;: 2023 - 2038 10

SSB status after 35y: 0.500
Min SSB status: 0.327 in 2029

SSB

0.04

1980 2000 2020 2040 2060

(b) Target of 55% By:

2360t

Years below Bsge: 2020 - 2046
Years below Byge,: 2023 - 2036 101
SSB status after 35y: 0.552
Min SSB status: 0.339 in 2028

SSB

0.04

1980 2000 2020 2040 2060
Years
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(c) Target 50% By at end of 25-
year projection period:

2400t

Years below Bspes: 2020-2047
Years below Bypes: 2023-2036
SSB status after 25y: 0.501
SSB status after 35y:0.544
Min SSB status: 0.337 in 2028

(d) Target 50% By at end of 20-
year projection period:

2120t

Years below Bspe;: 2020 - 2042
Years below Byge;: 2023 - 2034
SSB status after 20y: 0.501
SSB status after 35y: 0.592
Min SSB status: 0.347 in 2028

SSB

SSB

0.0

1980

2000 2020 2040 2060
Years

0.0

1980

2000 2020 2040 2060
Years

Table 14: Median probabilities of status of By at the time of the next assessment (2025) using YCS

reference periods of 1986 - 2017.

Catch limit By status
2120 0.362
2360 0.358
2400 0.358
2660 0.354

6. Discussion

This paper presents an updated assessment for Patagonian toothfish (Dissostichus eleginoides) at
Heard Island and McDonald Islands in Division 58.5.2 with catch until the end of 2023 and
observations until the end of 2022. Starting with the 2021 assessment model that was used to
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provide management advice, this paper presents a bridging analysis and proposes a new
assessment model for 2023. The new model is based on the best available data, estimates of model
parameters and model processes.

Compared to the 2021 assessment that was accepted by WG-FSA-21 to be used for management
advice, this assessment takes into account (1) update the model with catch data to 2023 and
observations to the end of 2022 including new ageing data from the RSTS and commercial fishery,
and (2) updated growth parameters. Models were run using CASAL version 2.30-2012-03-21 rev.
4648 and Casal2 (version v22.08).

The model fits to tagging data varied substantially for recent release cohorts, particularly in 2018,
2020 and 2021. This may be the results of two factors, (1) an increase in tag-release numbers since
2015 resulting in larger absolute fluctuations in numbers, and (2) stronger variation in the spatial
location of fishing effort and the recent contraction of fishing footprint. Further work on how to
better represent the effects of the spatial distribution of fishing effort on tagging data in the model
is needed and planned for the coming years.

The estimates of this stock assessment were slightly lower than those from the 2021 assessment
(Ziegler 2021). The updated assessment model led to a slightly smaller estimate of the virgin
spawning stock biomass By than that obtained in 2021, with an MCMC estimate of 64 520 tonnes
(95% CI: 60 419 — 69241 tonnes). The estimated SSB status at the end of 2023 was 0.39 which is
lower than predicted from the 2021 stock assessment.

The stock assessment model estimated that YCS was above average in the late 1980s and below
average since around 1998. The driver for this YCS trend and whether it is likely to continue into
the future is unclear, i.e. whether below-average YCS should be assumed in the future for the
expected recruitment pattern. Increasing estimates of survey biomass and a corresponding high
proportion of young fish in the survey catch composition indicated that YCS is likely to have
increased in recent years. However, the model did not consider this signal to represent a
recruitment pulse at this stage, maybe due to conflicting information from the longline tagging
and catch-at-age data. The comprehensive monitoring program of the fishery which includes
annual trawl surveys and extensive fish ageing will continue to consolidate and estimate recent
trends in YCS.

The fishery has also switched from trawl in the earlier years to predominantly longline in more
recent years, meaning that some age cohorts have been subjected to a high cumulative fishing
mortality, initially at younger age by trawl and again at older age by longline. This switch together
with the predicted YCS pattern strongly affects the shape of the stock trajectory and projections.

Based on the result of this assessment and the CCAMLR decision rules, we recommend that
CCAMLR set a catch limit of 2660 tonnes for 2023/24 and 2024/25 in CM 41-08 for the
Patagonian toothfish fishery in Division 58.5.2.

Following the intrinsic nature of the CCAMLR decision rules and the fact that the current SSB
status is below target level, the SSB status is expected to remain below the target level just until
the final year of the projection period.

We also recommend further work on evaluating the CCAMLR harvest strategy, particularly on
issues such as (1) the behaviour of the decision rules under different harvest rate scenarios, (2)
how to account for autocorrelation and/or potential regime shifts in the estimated historical YCS,
(3) how to account for uncertain catch histories in the estimation of By, and (4) strategies that
account for the feedback mechanism in fisheries with regular stock assessment and management
advice.
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Appendix A - Model specifications and diagnostics

Length bin (mm)

651-

Age
class
(year)

Table A.1: Length-age frequency of otoliths samples from all surveys combined over the years from 2006-

2022.

851- 951- 1051- 1151- 1251- 1351- 1451-

751-

351- 451- 551-

251-

450 550 650 750 850 950 1050 1150 1250 1350 1450 1550

70
494

350
122
81

14
109
265
426
417
356

130
518
593
413
200
61

539
267
101

26

20

31

95
185
273
258

15
49

82

156
65

22

22
35

86
28

97

160

74
48

22

11

10

11

57
48

10

11

21

24

12
13

23

13

10

14
15

11

16
17
18
19
20
21

22
23

24
25

26
27

28

29

30
31

32
33
34
35
Total

1514 1956 1850 1171 485 163 67 26 14

230
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Table A.2: Length-age frequency of otoliths samples from all commercial sub-fisheries combined over the
years from 1997-2022.

Age Length bin (mm)

class 251- 351- 451- 551- 651- 751- 851- 951- 1051- 1151- 1251- 1351- 1451-
(year) 350 450 550 650 750 850 950 1050 1150 1250 1350 1450 1550

1 76 43 3 0 0 0 0 0 0 0 0 0 0
2 47 269 93 14 0 0 0 0 0 0 0 0 0
3 10 207 316 65 9 1 1 1 1 0 0 0 0
4 0 119 451 252 36 7 1 0 0 1 0 1 0
5 0 32 402 418 119 24 4 0 1 1 0 0 0
6 0 10 207 505 297 53 8 2 2 1 1 0 0
7 0 2 74 482 464 139 35 10 3 1 0 0 0
8 1 1 24 248 489 249 74 14 2 0 0 0 0
9 0 0 10 105 379 360 132 40 7 2 1 0 0
10 0 0 11 41 277 382 248 96 26 7 0 0 0
11 0 0 2 14 119 322 309 135 41 16 3 1 0
12 0 0 0 4 61 214 290 204 79 23 7 0 1
13 0 0 2 4 28 138 266 201 101 38 20 4 2
14 0 0 0 4 16 68 178 190 146 64 30 8 1
15 0 0 1 1 10 47 102 192 155 109 48 14 0
16 0 0 0 0 2 16 89 142 161 106 62 21 4
17 0 0 0 0 4 10 60 109 150 137 68 39 6
18 0 0 0 0 1 7 20 78 122 112 86 40 12
19 0 0 1 0 0 3 17 57 76 122 89 42 17
20 0 0 0 0 1 2 12 33 55 111 71 46 23
21 0 0 0 1 0 3 6 15 57 70 97 49 27
22 0 0 0 0 0 1 3 17 32 62 81 54 27
23 0 0 0 1 0 0 3 7 16 42 42 38 27
24 0 0 0 0 0 0 2 7 22 42 45 37 28
25 0 0 0 1 0 0 0 8 18 17 24 24 17
26 0 0 0 0 0 0 1 5 7 25 22 24 19
27 0 0 0 0 0 0 0 4 6 8 19 14 6
28 0 0 0 0 0 0 0 4 5 9 14 8 6
29 0 0 0 0 0 0 0 1 3 9 7 10 2
30 0 0 0 0 0 0 0 0 4 4 5 5 6
31 0 0 0 0 0 0 0 0 2 6 4 8 4
32 0 0 0 0 0 0 0 0 0 5 9 4 8
33 0 0 0 0 0 0 0 0 4 5 7 5 3
34 0 0 0 0 0 0 0 0 4 4 4 5 2
35 0 0 0 0 0 0 0 1 14 30 51 50 20

Total 134 683 1597 2160 2312 2046 1861 1573 1322 1189 917 551 268
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Table A.3: Ageing error matrix for an average readability score of 3.

True Read Age

Age [ 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

1 ]0.697 [0.252 ]0.042 {0.008 |0.001 [0.001 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 10.204 ]0.548 [0.204 [0.035 ]0.007 {0.001 0.001 |O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3 10.036 [0.200 [0.519 [0.200 [0.036 [0.007 [0.001 [0.001 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

4 10.008 ]0.038 ]0.200 ]0.505 ]0.200 ]0.038 ]0.008 }0.001 [0.001 [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5 10.001 [0.008 ]0.041 [0.202 [0.494 [0.202 ]0.041 [0.008 [0.001 [0.001 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

6 0.002 10.002 [0.009 [0.043 [0.203 (0.482 ]0.203 ]0.043 [0.009 0.002 0.002 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7 0 0.002 ]0.002 0.010 [0.045 [0.205 [0.472 0.205 ]0.045 [0.010 [0.002 [0.002 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

g8 |0 0 0.002 [0.002 [0.011 0.048 ]0.206 0.461 0.206 0.048 0.011 ]0.002 ]0.002 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9 |0 0 0 0.002 10.003 10.012 [0.050 [0.207 [0.451 ]0.207 ]0.050 {0.012 [0.003 [0.002 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10 [0 0 0 0 0.003 10.003 10.013 ]0.053 0.208 ]0.441 0.208 ]0.053 ]0.013 ]0.003 [0.003 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

11 [0 0 0 0 0 0.003 10.003 [0.014 ]0.056 [0.209 0.430 [0.209 0.056 [0.014 ]0.003 0.003 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

12 0 0 0 0 0 0 0.004 {0.004 ]0.015 [0.058 ]0.209 0.420 [0.209 [0.058 [0.015 [0.004 0.004 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

13 |0 0 0 0 0 0 0 0.004 ]0.004 [0.016 |0.061 [0.210 |0.410 |0.210 [0.061 0.016 |0.004 0.004 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

14 [0 0 0 0 0 0 0 0 0.005 [0.005 [0.017 [0.064 10.210 [0.400 [0.210 [0.064 [0.017 |0.005 0.005 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

15 [0 0 0 0 0 0 0 0 0 0.005 ]0.006 [0.018 10.067 [0.209 ]0.389 0.209 0.067 0.018 0.006 0.005 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

16 [0 0 0 0 0 0 0 0 0 0 0.006 [0.006 ]0.020 [0.070 10.209 0.379 10.209 0.070 0.020 0.006 ]0.006 |0 0 0 0 0 0 0 0 0 0 0 0 0 0

17 [0 0 0 0 0 0 0 0 0 0 0 0.007 10.007 [0.021 [0.072 0.208 0.370 ]0.208 0.072 ]0.021 ]0.007 ]0.007 |0 0 0 0 0 0 0 0 0 0 0 0 0

18 [0 0 0 0 0 0 0 0 0 0 0 0 0.007 [0.008 [0.022 [0.075 ]0.207 |0.360 [0.207 [0.075 [0.022 [0.008 [0.007 |O 0 0 0 0 0 0 0 0 0 0 0

19 [0 0 0 0 0 0 0 0 0 0 0 0 0 0.008 ]0.009 10.024 [0.078 [0.206 [0.350 0.206 [0.078 [0.024 [0.009 [0.008 |O 0 0 0 0 0 0 0 0 0 0
20 [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.009 10.010 0.025 0.081 0.205 ]0.341 0.205 ]0.081 [0.025 0.010 [0.009 |0 0 0 0 0 0 0 0 0 0

21 [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.010 [0.011 0.026 (0.083 [0.203 |0.331 0.203 0.083 [0.026 [0.011 0.010 O 0 0 0 0 0 0 0 0
22 [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.012 10.012 0.028 0.086 0.201 ]0.322 [0.201 ]0.086 [0.028 ]0.012 [0.012 |0 0 0 0 0 0 0 0

23 [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.013 ]0.014 10.029 0.089 [0.199 0.313 [0.199 0.089 0.029 0.014 ]0.013 |0 0 0 0 0 0 0
24 [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.014 [0.015 [0.031 [0.091 0.197 |0.304 [0.197 [0.091 [0.031 |0.015 [0.014 |0 0 0 0 0 0
25 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.016 |0.017 [0.032 [0.094 [0.194 ]0.295 0.194 0.094 ]0.032 [0.017 0.016 [0 0 0 0 0
26 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.018 [0.018 ]0.033 [0.096 [0.191 0.286 [0.191 ]0.096 0.033 ]0.018 ]0.018 |0 0 0 0
27 [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.019 10.020 [0.035 [0.098 0.189 ]0.278 ]0.189 0.098 ]0.035 0.020 ]0.019 |0 0 0

28 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.021 10.022 ]0.036 [0.100 [0.185 ]0.270 [0.185 0.100 0.036 ]0.022 ]0.021 |0 0
29 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.023 10.024 10.037 [0.102 ]0.182 0.261 ]0.182 ]0.102 ]0.037 [0.024 ]0.023 |0
30 [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.025 10.027 [0.038 [0.104 [0.179 |0.253 0.179 [0.104 [0.038 [0.027 0.025
31 [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 .027 10.029 ]0.040 [0.106 0.175 0.245 0.175 ]0.106 ]0.040 [0.056
32 [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.030 j0.031 [0.041 ]0.108 0.172 ]0.238 [0.172 ]0.108 [0.102
33 [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.032 ]0.034 [0.042 |0.109 [0.168 0.230 [0.168 0.217
34 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.035 10.037 0.043 0.110 |0.164 ]0.223 ]0.389
35 [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.007 10.013 10.020 ]0.037 |0.061 ]0.863
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Figure A.1: Observed (black) and predicted (red) proportions-at-age for the Survey in Model 3b. Numbers
indicate the effective sample size.
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Figure A.2: Observed (black) and predicted (red) proportions-at-age for Trawll in Model 3b. Numbers
indicate the effective sample size.
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Figure A.3 Observed (black) and predicted (red) proportions-at-age for Trawl2 in
indicate the effective sample size.
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Figure A.4: Observed (black) and predicted (red) proportions-at-age for LL1 in Model 3b. Numbers
indicate the effective sample size.
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Figure A.5: Observed (black) and predicted (red) proportions-at-age for LL2 in Model 3b. Numbers
indicate the effective sample size.
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Figure A.6: Observed (black) and predicted (red) proportions-at-age for Trap in Model 3b. Numbers
indicate the effective sample size. Note that years are not consecutive.

Page 47



Figure A.7: Pearson’s residuals of MPD fits by age and year for the survey and commercial sub-fisheries

in Model 3b.
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Figure A.8: MCMC posterior trace plots for all YCS parameters in Model 3b.
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Table A.4. Catch limit calculations from CASAL Model 2 for comparison. The YCS period from 1986-
2017 was used to generate random lognormal recruitment from 2018-2058 in both scenarios. Shown are
median (black line), 100% confidence bounds (light grey) and 80% confidence bounds (dark grey).
Horizontal dotted lines show the 50% and 20% status levels used in the CCAMLR decision rules and the
40% status levels, the vertical blue line indicates the current year.

Scenario

(a) CCAMLR decision rules:
2660 t

Years below Bsge,: 2020-2053
Years below Bype;: 2023-2038

SSB status after 35y: 0.52
Min SSB status: 0.323 in 2029

08 1.0

Status (SSB/B0)
06

\

02

00

1980 2000 2020 2040 2060

Year

(b) Target 50% By at end of 20-year
projection period:

2100 t

Years below Bsge: 2020-2044
Years below Bges: 2023-2035
SSB status after 35y: 0.60

Min SSB status: 0.336 in 2028
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