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South African sardine assessment posterior distributions and sensitivity tests
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A number of sensitivity tests to assumptions underlying the baseline assessment of South African sardine have been
undertaken. Sardine recruitment is highly variable and there is no clear stock recruit relationship for the west or
south components. A Beverton Holt stock recruitment relationship for the west component thus provides a very
similar fit to that achieved by the Hockey Stick relationship assumed for the baseline model. These sensitivity tests
also indicate that sardine natural mortality may have increased and remained at a higher rate after the peak
recruitment years at the turn of the century.

Introduction

The most recent baseline assessment for South African sardine, conditioned to data available from 1984 — 2019, was presented

by de Moor (2020a). This document contains the posterior distributions from the baseline assessment and considers a number of

sensitivity tests to assumptions underlying the baseline assessment.

Methods

The baseline model is detailed in Appendix A and the data in de Moor et al. (2020). For ease of comparison, the changes in the

model since de Moor (2020b) have been highlighted. The parameters are defined in Tables Al and A2. Appendix B details the

method used to estimate alternative stock recruitment relationships for the west component while Appendix C details the method

used to estimate a ‘two-step’ stock recruitment relationship for the south component.

The following sensitivity tests were considered:

Shs

SBH
SR

So.4
Sm

SMad

Swij

Ss
smovl

Smov2

- M]-S = M3, = 1.0. Hockey Stick stock-recruitment curve fit after conditioning for west component, with the proportion
of south component spawner biomass that contributes to the effective spawning biomass on the west coast 1 — & =
0.08. Two-step recruitment model fit after conditioning for south component. Baseline OM.

- Beverton Holt stock-recruitment curve fit after conditioning, with 1 — & = 0.08.

- Ricker stock-recruitment curve fit after conditioning, with 1 — {; = 0.08.

- Hockey Stick stock-recruitment curve fit after conditioning, with 1 — & = 0.2.

- Hockey Stick stock-recruitment curve fit after conditioning, with 1 — &g = 0.4.

WS = WS, = 1.2

- Annually varying adult natural mortality, i.e. random effects model with 0,; = 0.1 and 0.2 (2 alternatives) and
p~U(0,1).

- Annually varying juvenile natural mortality, i.e. random effects model with g; = 0.1 and 0.2 (2 alternatives) and
p~U(0,1).

- No plus group, all remaining fish assumed to die as they reach age 6.

- West-to-south movement and infection occurs on 1 August instead of 1 November.

- West-to-south movement occurs on 1 August instead of 1 November.

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

1



FISHERIES/2020/DEC/SWG-PEL/138

Ssur - standard deviation associated with the survey proportion-at-length data is estimated annually (through closed form
solution and bounded between [0.04,0.1]) and not as a time-invariant standard deviation
Scom - standard deviation associated with the commercial proportion-at-length data is estimated annually (through closed

form solution and bounded between [0.04,0.1]) and not as a time-invariant standard deviation

Sprev - Include samples from between 20 and 22°E in the south component prevalence at length data.
Sko.6 - Acoustic survey bias fixed, kgc = 0.6.
Sia - Acoustic survey bias fixed, k5. = 1.0.
SlamR - Additional variance (over and above the survey sampling CV) associated with the recruit survey, fixed (13)? = 0.02.
SlamN - Additional variance (over and above the survey sampling CV) associated with the November survey, fixed
(13)* = 0.02.
Sweight - Down weight the survey and commercial proportion-at-length data, i.e. w5, and w7, in equations A34 and A35

replaced with 0.3wy;7,,; and 0.3w, 707,

For Smovi the numbers-at-age at 1 August before movement or infection are:

_MS _uS —uS _yS
Nipya = (((stpy 1ae e/ - Cj?p,y,l,a) e Myalt — C}?p.y,z,a) e Mya/t — ijp.ys,a) e Myal®

p=LNl,y, <y<y,0<a<5*

Infection of west component sardine at 1 August:

Nwhiya = (1= 1;)Niniya 1<y<y,0<a<s5?
N%j,y,a_NWIya—}_I NWNIya V<Y<Y, 0<a<5*
N§pya =N§pya p=LNLy, <y<y,0<a<5*
Movement of west component (j = W) sardine to the south component (j = S) at 1 August:
Nivoya = (1 —movey , )Ni% oo p=LNLy; <y<y,0<a<5*
N3hya = N3hya + move, .Nyvt o p=LNLy; <y<y,0<a<5*

The Numbers-at-age at 1 November are:

S S
S _ Skxx -My 4-1/8 S —M3 4—1/8 _
Nj,p,y,a_ (N pya-1€ V47t _Cj,p,y,4,a—1)e ya-t p=LNL,y,<ysy,l<a<4
_ —mS /8 -mMS_,/8
stpy5+ _ (NJS;*; M3 4/8 _ C]Spy,zl-zl-)e M5a/8 (N py5+e M /8 stpy45+>e St

p=LNLy,<y<y

Numbers-at-age mid-way through each quarter (for use in catch equations)

NSyyia = Niyy1qe a/8 p=ILNLy, <y<y,0<a<5"
Nosyaa = (Nioyara = Cloyqr)e e/ p=ILNLy, <y<y,2<q<30<a<5*
Noyyaa=Nysa— ijp,ys)e"”g'a/g p=LNLy, <y<y,0<a<5"

Nit'niyaa = (1- Iy)NVSv’,NI,yA,a y1<y<y,0<a<5*t

NVf;;y4a = stvl,l,y,zt,a + IvaSV’,NI,yA,a V<y<y,0<a<5?t

Npya = NSpya p=LNLy; <y<y,0<a<5"
N¥pya = (1 —movey . )Ny, v a p=LNLy, <y<y,0<a<5"

N3pya = N3pya + move, Ny, oo p=LNLy, <y<y,0<a<5*
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Nipyaa = Nipyaae 54/ p=INLy,<y<y,0<a<5*

For Smov2 the numbers-at-age at 1 August before movement or infection are:

S S S S
se o _ s -MSq/8 _ S MSa/a _ MSa/a _ —MS,q/8
Nipya = (((ijy 1a€ ¢ Cj.p,y,l,a) e "t CprZa) e " ol G

p=LNl,y, <y<y,0<a<5*

Movement of west component (j = W) sardine to the south component (j = S) at 1 August:

S _ S — +

Nivhya = (1 —movey, )N§ o p=LNLy;<y<y,0<a<5
s _ NS S _ +

NSjk[;k,y,a = st’ij‘,y,a + move},,aN‘,\’;,p,y,a p=LNLy; <y<y,0<a<5

The Numbers-at-age at 1 November are:

Skkx S*x —MS _1/8 S —MS _1/8 —
N]pya—(Nj.p.y.a—le yat _Cj.p,y,zt,a—1)e ya-t p=LNLy,<sy<y,l<a<4
S
Sxkx Sxx -Mm3 4/8 _ -MSA./S .5+/8 - CcS - '5+/8
Nipyst = (pry ¢ Cipy 44)6 g Nopyste Cipyast)€

p=LNLy, <y<y,

Infection of west component sardine at 1 November:

N\S/V,Nl,y,a = (1 - Iy)N\S/G,KI,y,a MWEYy<Sy,l<as< 5*
NWIya_NWIya+IyN$j\=IkI,y,a ylﬁySyn,lﬁaS5+
NS,p,y,a=N§E;,a p=['N[ly1$ySyn11SaSS+
Numbers-at-age mid-way through each quarter (for use in catch equations)
szsp,y,l,a = A’]’?p,y—l,ae_Mﬁ'a/B p=LNLy; <y<y,0<a< 5*
_yS
Nioyaa = (Nipya-ta = Cipya-1)e /* p=LNLy;<y<y,2<q<30<a<5"
_uS
N]py4a = (I\G:gp,y,&a - Cfp,ys)e M5.a/8 p=LNLy; <y<y,0<a< 5*
NVpya = (1- move},‘a)N\S,\}‘ll},‘a p=LNLy, <y<y,0<a<5"
N3pya = N3pya + move, Ny o p=LNLy; <y<y,0<a<5"
Nipyaa = Nipysae e pP=ILNLy;<y<y,0<a<5'

Appendices D and E detail the fitting of relationships to be used when projecting the sardine population forward in time (de Moor

2020c).

Results
Table 1 compares the fit to the data, the posterior (objective function) at the joint posterior mode and the posterior distributions

for some key model parameters for all the sensitivity tests.

There is little difference in the fit to stock recruit data between Sys, Sgn, So2 and Ses, although Sys remains the best fit. The fit to
the stock recruit data under Sg is worse than that of Sys, but not significantly so (<2 -LnL points at the median). As expected, the
hinge point increases as the south component’s contribution to the west component effective spawning biomass increases (from

Shs to Soz to Sea) (Figure 1).



FISHERIES/2020/DEC/SWG-PEL/138

Assuming a higher time invariant juvenile and adult natural mortality rate (Swm) results in a better fit to the data. Only a small
improvement in the fit to the data is achieved by allowing juvenile natural mortality to vary annually (Sw;), while there is a
substantial improvement in the fit to the data when adult natural mortality is allowed to vary (Swad). All four of these tests indicate
a higher natural mortality since about 2003-2005 compared to the first half of the modelled time series (Figure 2). Furthermore,
these autocorrelated changes in natural mortality may suggest that this model is not simply estimating changes to natural

mortality to ‘fit to noise’ (Smith et al. 2011).

Smovi and Smov2 resulted in substantially worse fits to the data which did not converge, and thus MCMC chains could not be run to
estimate the posterior distributions. As there remains some interest in these sensitivity tests, attempting to obtain realistic fits to
the data with these alternative assumptions might be re-attempted with a future assessment using a wider range of initial

conditions.

Estimating an annual standard deviation associated with the survey or commercial proportion-at-length data, instead of
estimating a time-invariant standard deviation, resulted in a lower objective function, but this was partially attributable to the
different standard deviations rather than only from an improved fit to the data. Downweighting the survey and commercial
proportion-at-length data (Sweight) results (as expected) in an improvement in the fit to the survey and parasite prevalence data,

with a lower estimate of current biomass and a higher estimate of spawner biomass.

Including parasite prevalence samples from between 20 and 22°E in the south component prevalence at length data resulted in a
substantial reduction in the fit to the May/June recruit survey. These data may include some west component fish mixed with

south component fish.

The results from Sy; and Skos indicate that is it likely that the acoustic survey bias is higher (and thus current biomass and spawner

biomass estimates are lower than the baseline estimates), but less likely that the bias is lower.

The results were relatively insensitive to Ss, Siamg and Siamn. Siamg @and Samn Will likely remain as long-term sensitivity tests; however,

given the lack of sensitivity to the inclusion or exclusion of a plus-group, Ss could be excluded from future assessments.

Discussion

This document has provided a number of sensitivity tests to assumptions underlying the baseline assessment of South African
sardine. It has recently been decided that OMP-18rev will be an anchovy-only OMP, and thus it is unnecessary to test the
robustness of this OMP to alternative sardine operating models. However, these sensitivity tests continue to highlight the
uncertainty about a clear relationship between sardine effective spawning biomass and recruitment — this may be further explored

with alternative stock structure hypotheses during the development of Operating Models for OMP-22.

These sensitivity tests indicate that it is likely that the sardine natural mortality rate has increased following the peak west
component recruitments observed at the turn of the century and have remained high in recent years. This may reflect a density

dependent response from predation by predators on a reduced stock size.
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Four further sensitivity tests have previously been proposed, but were not considered due to time constraints. They may be

considered for the next sardine assessment and/or OMP robustness testing:

_ _ _ o _pS
Sop - Component-specific density dependent natural mortality: Mjfw.j,y = Mgd‘j_y =M+ e By,
Smat - Alternative maturity-at-length relationships over time and between components

Smpuise - Natural mortality assumed to have increased between 2000 and 2005; i.e. 1\711-5 = M3, = 1.5year? between 2000 and
2005 and 1\7I]-S = M3, = 1.0 year™ in all other years. The Hockey Stick stock recruitment relationship was estimated to

correspond to all years excluding 2000 to 2005.*

Ssig - The standard deviation about the west component Hockey Stick stock recruitment relationship is fixed a5 - = 0.9 (Bergh
2018).
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Table 1. The posterior median and 95% probability intervals for key parameters and outputs. The value from the deterministic
fit is given in italics and the individual contributions to the objective function from the deterministic fit at the joint posterior mode
are shown. All robustness tests are defined in the main text and all parameters are defined in Table A.1 and Appendix B. Fixed

values are given in bold. Numbers are reported in billions and biomass in thousands of tons.

Shs SeH Sk So2 Sos Sm
Obj fn 1147.4 1146.5
—InL 1076.0 1073.5
—InLNov 61.6 61.1
—InLrec 40.1 39.5
—InLcompro -442.9 -440.8
—InLsurpro -387.5 -391.5
—InLPrev 1804.8 1805.2
In(k3,) -1.3 14
move,, -30.8 -30.9
s -14.5 -12.6
Ly 117.7 117.6
ju ad
& &ey 0.0 0.0
M 1.0 1.2
Mg, 1.0 1.2
aj - }
Oad - -
o } ]
k?y 0.770.74 0.730.72
[0.63,0.88] [0.62,0.85]
ks - 0.600.74 0.480.70
[0.61,0.87] [0.51,0.84]
kS, 0.580.49 0.480.63
[0.24,0.75] [0.43,0.79]
(5,0) 0.00 0.00
(25,)? 0.00 0.00
(5,,)? 0.00 0.00
(25,)? 0.00 0.00
12.98 14.90 0.38 12.94 12.85 17.33
as [10.44,24.71] [10.68,29.75] [0.25,0.60] [10.44,22.98] [10.38,20.07] [13.47,28.68]
18.0 [3.5,114.0] 10.0[0.1,90.3] 0.008 23.1[5.3,141.6]  29.1[7.7,150.7] 12.7[2.8,73.8]
S [0.004,0.015]
KS 193 [141,377) 213 [147,387) 215 [140,382] 193 [141,349] 192 [140,312] 159 [113,262]
o3, 0.95[0.78,1.10] | 0.95[0.78,1.09]  0.98[0.80,1.15]  0.95[0.79,1.10]  0.95[0.79,1.10]  0.89 [0.76,1.04]
p 0.24 [0.15,0.35] 0.24 [0.15,0.35]
- 0.002 0.002
L
exp(R1) [0.000,0.018] [0.000,0.028]
exp(RL) 2.88[1.66,5.14] 2.71[1.50,5.19]
of 1.93 [1.06,1.83] 1.86 [0.88,2.73]
of 1.40 [1.04,1.83] 1.48[0.99,2.18]
By, 2019 9062 [17,166] 9548 [17,123]
55 385381 319292
$:2019 [207,584] [178,427]
BV 717 [6,49] 68 [3,23]
Bbois 184147 [69,263] 145 108 [57,182]
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Shs SMado.1 SMado.2 Smijo.1 Swmijo.2 Ss
Obj fn 1147.4 1095.6 1117.7 1097.4 1122.0 1146.9
—InL 1076.0 1073.1 1069.4 1075.7 1075.0 1075.5
—InINov 61.6 61.2 60.7 61.4 61.2 61.4
—InLree 40.1 38.6 37.9 40.1 40.1 40.2
—InLcompro -442.9 4422 442.4 -442.8 -442.8 -442.9
—InLsurpro -387.5 -389.3 -391.5 -387.7 -388.0 -387.7
—InLPrev 1804.8 1804.7 1804.6 1804.7 1804.6 1804.4
In(ks,) 13 -1.4 -1.4 13 13 13
move,, -30.8 -30.8 -30.8 -30.8 -30.8 -30.8
n -14.5 -15.1 -15.1 -14.5 -14.5 -14.5
Iy 117.7 117.6 117.6 117.7 117.7 117.7
g & et 0.0 -48.2 224 -49.7 244 0.0
7 1.0 1.0 1.0 0.96-1.03 0.9-1.1 1.0
S, 1.0 1.0-1.2 0.9-1.5 1.0 1.0 1.0
g - - - 0.02 0.02 -
Od - 0.02 0.02 - - -
p - 0.90 0.87 0.86 0.85 -
Ky 0.770.74 0.76 0.74 0.750.73 0.770.74 0.770.76 0.770.76
[0.63,0.88] [0.61,0.89] [0.62,0.86] [0.62,0.89] [0.62,0.91] [0.64,0.90]
kS, 0.600.74 0.570.74 0.550.72 0.600.74 0.610.75 0.590.76
[0.61,0.87] [0.60,0.89] [0.61,0.86] [0.62,0.89] [0.62,0.91] [0.64,0.89]
kS, 0.58 0.49 0.550.49 0.510.48 0.580.48 0.570.48 0.56 0.50
[0.24,0.75] [0.24,0.74] [0.24,0.74] [0.23,0.76] [0.24,0.76] [0.26,0.78]
(25,0 0.00 0.00 0.00 0.00 0.00 0.00
w,N
(254)? 0.00 0.00 0.00 0.00 0.00 0.00
(25,,)° 0.00 0.00 0.00 0.00 0.00 0.00
(25,)° 0.00 0.00 0.00 0.00 0.00 0.00
S,r
12.98 13.23 13.46 12.31 11.54 12.44
as [10.44,24.71] [10.76,24.63] [10.76,24.45] [9.65,22.45] [8.72,21.13] [10.00,24.39]
s 18.0[3.5,114.0] | 18.9[4.5116.0]  20.8[5.1,110.9]  16.0[3.7,112.0]  17.1[3.5,112.5]  17.4[3.3,119.5]
KS 193 [141,377] 191 [147,362] 197 [146,361] 182 [132,336] 168 [121,323] 181 [127,351]
o3, 0.95[0.78,1.10] | 0.92[0.78,1.06]  0.93[0.77,1.07]  0.95[0.80,1.10]  0.94[0.78,1.08]  0.94[0.79,1.09]
P 0.24[0.15,0.35] | 0.26[0.15,0.35]  0.26[0.15,0.35]  0.24[0.15,0.35]  0.24[0.15,0.35]  0.24 [0.15,0.35]
exp (Rl 0.002 0.001 0.002 0.002 0.001 0.002
Pl [0.000,0.018] [0.000,0.010] [0.000,0.016] [0.000,0.012] [0.000,0.011] [0.000,0.017]
exp(R: 2.88[1.66,5.14] | 2.80[1.51,495]  2.89[1.555.16]  2.71[1.44,5.12]  2.61[1.33,4.88]  2.73[1.38,5.19]
os 1.93[1.06,1.83] | 1.88[0.98,2.63]  193[1.042.66] 1.87[0.91,2.72]  1.88[0.91,2.68]  1.90[0.96,2.71]
o 1.40[1.04,1.83] | 1.46[1.042.16]  1.44[1.04,2.15]  1.45[1.03,2.17]  1.46[1.052.15]  1.44[1.02,2.20]
BS 5010 9062 [17,166] 9453 [17,131] 9358 [23,142] 88 58 [22,150] 86 56 [18,145] 9159 [17,156]
55 385381 330329 264278 380368 368367 380345
52019 [207,584] [169,508] [119,441] [207,570] [194,647] [193,541]
B 717 [6,49] 712[3,29] 613 [5,32] 816 [6,42] 6 16 [5,40] 717 [5,46]
B 184147 1[69,263] | 155127[56,228]  11090[30,184] 293144 [71,248] 179 144[65,277] 181 129 [59,230]
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SHS Smov2 Ssur Scom Sprev
Obj fn 1147.4 1305.7 1128.7 1123.6 1432.0
—InL 1076.0 12355 1054.3 1052.9 1362.1
—InLNov 61.6 138.5 61.8 61.5 62.3
—InLree 40.1 100.6 41.3 40.4 52.1
—InLeomPre -442.9 -432.7 -441.8 -466.6 -444.0
—InLSur pTo; -387.5 -380.3 -410.1 -387.8 -386.0
—InlLprev 1804.8 1809.4 1803.1 1805.4 2077.6
In(k3.) -13 1.1 13 13 13
move,,; -30.8 -30.1 -30.6 -30.8 314
ny -14.5 -16.7 -11.8 -14.5 -15.7
_1_y 117.7 117.8 117.7 117.0 117.7
Ju ad
&, &ey 0.0 0.0 0.0 0.0 0.0
M 1.0 1.0 1.0 1.0 1.0
Mg, 1.0 1.0 1.0 1.0 1.0
o'j - - - - -
Oad - - - - -
P . B . B} B
k?y 0.770.74 0.79 0.780.75 0.770.74 0.770.71
[0.63,0.88] [0.63,0.89] [0.63,0.89] [0.61,0.84]
kS, 0.600.74 0.79 0.600.75 0.590.74 0.570.71
[0.61,0.87] [0.63,0.89] [0.63,0.89] [0.60,0.84]
kS, 0.580.49 0.79 0.570.50 0.540.48 0.370.35
[0.24,0.75] [0.26,0.77] [0.24,0.75] [0.19,0.63]
(5, N)Z 0.00 0.00 0.00 0.00 0.00
( /1§N)2 0.00 0.00 0.00 0.00 0.00
(x5, r)z 0.00 0.00 0.00 0.00 0.00
( AET)Z 0.00 0.00 0.00 0.00 0.00
12.98 12.67 13.08 13.24
a [10.44,24.71] [9.86,23.67] [10.45,21.92] [10.46,21.22]
BS 18.0[3.5,114.0] 18.6 [3.6,109.8] 17.5[3.9,100.7] 16.5[3.2,89.8]
KS 193 [141,377] 184 [132,347) 191 [143,318] 208 [152,330]
o5, 0.95 [0.78,1.10] 0.96 [0.80,1.09] 0.93 [0.78,1.06] 0.98 [0.83,1.14]
pt 0.24 [0.15,0.35] 0.24 [0.15,0.38] 0.26 [0.15,0.35] 0.26 [0.15,0.38]
exp(R) 0.002 0.002 0.002 0.002
Pl [0.000,0.018] [0.000,0.022] [0.000,0.015] [0.000,0.012]
exp(RS) 2.88 [1.66,5.14] 2.79 [1.42,5.47) 2.92 [1.50,5.56] 3.29 [1.84,6.00]
o 1.93 [1.06,1.83] 1.90 [0.93,2.69] 1.87[0.99,2.71] 1.94 [1.04,2.66)
o 1.40 [1.04,1.83] 1.43[0.98,2.17] 1.42 [0.99,2.14] 1.41[0.95,2.15]
B3 2019 90 62 [17,166] 1 8053 [20,133] 9754 [20,133] 8352 [16,149]
s 385381 322 352373 398373 416 413
52019 [207,584] [226,570] [226,570] [271,586]
Bt 1o 717[6,49] 1 912[4,32] 812[4,32] 716 [5,40]
BB 184 147 [69,263] 150 163143 [76,346] 180143 [76,246] 143 144 [74,258]

2 The fit to the data for Smov2 Was substantially worse than for Spov1.




Table 1 (continued).
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Shs Sko.6 Sk1 SiamRr Siamn Sweight
Obj fn 1147.4 1151.2 1152.3 1148.1 1148.1 1717.7
—InL 1076.0 1078.0 1076.7 1076.7 1076.8 1652.3
—InNov 61.6 61.6 61.0 61.5 62.5 58.1
—InLTee 40.1 40.1 39.5 41.1 40.0 37.2
—InLeompTq -442.9 -443.2 -441.5 -443.0 -442.9 -126.7
—InLSurpro -387.5 -387.4 -388.4 -387.6 -387.5 -109.2
—InLprev 1804.8 1806.8 1806.1 804.7 1804.7 1792.9
In(k3.) -1.3 08 3.97 -1.3 -1.3 1.1
move,, -30.8 -30.9 311 -30.8 -30.8 -31.0
ny -14.5 -14.5 -15.7 -14.5 -14.5 -18.8
_1,y 117.7 117.6 117.6 117.7 117.7 116.1
) & £ 0.0 0.0 0.0 0.0 0.0 0.0
m? 1.0 1.0 1.0 1.0 1.0 1.0
ME, 1.0 1.0 1.0 1.0 1.0 1.0
O']. - - - - - -
Oad - - - - - -
P B . B . B N
kP y 0.770.74 0.60 1.00 0.770.76 0.770.75 0.790.76
[0.63,0.88] [0.64,0.90] [0.63,0.90 [0.64,0.91]
ks, 0.600.74 0.480.60 0.741.00 0.600.76 0.600.75 0.680.75
[0.61,0.87] [0.57,0.60] [0.88,1.00] [0.64,0.90] [0.63,0.90] [0.64,0.91]
kS, 0.580.49 0.470.41 0.720.57 0.580.49 0.590.49 0.550.53
[0.24,0.75] [0.22,0.59] [0.31,0.96] [0.25,0.77] [0.25,0.76] [0.27,0.79]
(5, N)Z 0.00 0.00 0.00 0.00 0.02 0.00
( /1§N)2 0.00 0.00 0.00 0.00 0.02 0.00
(5, r)z 0.00 0.00 0.00 0.02 0.00 0.00
( /1§r)2 0.00 0.00 0.00 0.02 0.00 0.00
12.98 15.50 10.16 12.46 12.49 12.10
a [10.44,24.71] [12.90,27.99] [8.69,16.32] [9.82,25.06] [9.59,24.59] [9.72,21.52]
BS 18.0[3.5,114.0] 24.9 [4.7,145.6) 12.7 [3.8,68.2] 17.6 [4.1,119.7] 17.8[3.3,110.7] 12.9[2.1,99.5]
KS 193 [141,377] 225 [169,427) 149 [116,241] 178 [128,371] 180 [129,345] 179 [119,327]
oS, 0.95 [0.78,1.10] 0.97 [0.79,1.11] 0.90 [0.76,1.03] 0.94 [0.80,1.09] 0.95 [0.79,1.07] 0.97 [0.82,1.12]
pt 0.24 [0.15,0.35] 0.24 [0.15,0.35] 0.24 [0.15,0.35] 0.24 [0.15,0.35] 0.24 [0.15,0.35] 0.26 [0.15,0.38]
exp(RY) 0.002 0.002 0.002 0.001 0.002 0.002
Pl [0.000,0.018] [0.000,0.016] [0.000,0.012] [0.000,0.014] [0.000,0.025] [0.000,0.010]
exp(RY) 2.88[1.66,5.14] 3.15 [1.66,6.33] 2.33[1.30,4.26) 2.81[1.46,5.50] 2.77 [1.44,5.49] 2.28[1.22,4.29]
of 1.93 [1.06,1.83] 1.94 [1.02,2.78] 1.85[0.82,2.72] 1.82 [0.89,2.70] 1.89[0.89,2.72] 1.91 [0.98,2.64]
of 1.40 [1.04,1.83] 1.43[0.93,2.14] 1.44 [1.06,2.14] 1.46 [1.03,2.14] 1.42 [1.03,2.15] 1.41[0.99,2.11]
B3 5019 90 62 [17,166) 126 72 [27,199] 68 40 [13,105] 90 59 [19,154] 9158 [17,154] 7150 [17,113]
s 385381 462 427 312317 384348 386363 214279
52019 [207,584] [249,632] [178,493] [203,539] [190,556] [120,555]
BEPS o 717 [6,49] 919 [7,50] 683,23 716 [4,42] 716 [5,46] 2322[7,51]
BDS 184 147[69,263] | 226175[93,293] 148123[63,211] 184131[64,231] 186139 [63,241] 133149 [68,327]
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Figure 1. Posterior median stock recruitment relationships corresponding to Sys, SgH, Sr, So2 and Soa.
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Figure 2. The annual juvenile and adult natural mortality rates estimated for Sus, Sm;j (0 = 0.1 or 0.2) and Smad (044= 0.1 or 0.2).
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Appendix A: Bayesian operating model for the South African sardine resource

This assessment provides the generalised operating model for the South African sardine resource (used for this baseline
two mixing-component hypothesis as well as a single stock hypothesis®). The assessment is run from November y; = 1984
to November y,, = 2019, with the following subscript notation:
e quarters g = 1 denoting November y — 1 to January y, ¢ = 2 denoting February to April y, ¢ = 3 denoting May
to July y and g = 4 denoting August to October y;
e agesa=0toaplusgroupofa=>5";
e lengths from a minus group of I = 2.5 cm to a plus group of I = 24 cm;
e components j =W or j=§ denote the west and south components, respectively, where only the west
component equations are used in the single component hypothesis;
e infection p = NI or p = I denote the sardine uninfected and infected with the digenean ‘tetracotyle-type’
metacercarian endoparasite, respectively.

All parameters are defined in Tables A1 and A2.

Population Dynamics

Numbers-at-age at 1 November before movement or infection

N S S S S
Sx _ s “MS . 1/8 _ (S “MS 4 1/4 _ S M5 1/4 _ S “MS 4 1/4 _ S -MS,_./8
Nj,p,y,a = <<((Nj,p,y—1,a—1e y.a-1 Cj,p,y,l,a—l) e Mya-1 Cj,p,y.Z.a—l) e Mya-1 pyaa-1 )€ YeTt Cj,p,y,4,a—1 e Mya-1

p=LNLy, <y<y,1<a<4

s S S S S S
Nf.;yy,5+ B <(<(1fop,y—1.4e Myal8 — jfp,y.l.‘l) e M/t — Cj?p.y.2.4) e Myalt — Cf?p,y,3,4 e Myalt — Cj?p.yAA e Mya/8 4

S S S S S
S -M> _1/8 s -M> /4 s -M> /4 S -M> /4 s -M> _1/8
(((Nf.p.y—l.Ser ye = Cj.p.y.l.5+ e r = Cj.p.y.2.5+ e r = Ci.p.y.3.5’r e r = Cj.p.y.4.5+ e »s
p=LNLy, <y<wy, (A1)

Infection of west component sardine in the two mixing-component hypothesis; in the single component hypothesis I, = 0

as the parasite data have no influence so that they are not included in the likelihood

N\S/Jj\ll,y,a = (1 - Iy)N\S/G,NI,y,a Y1 =< y = Ynr l<as< 5+
N%},y,a = N%,I,y,a + IyN%,NI,y,a Vi<Yy<y,l<as<s*
NSpya =NSpya p=ILNLyy<y<y,l<a<5’ (A2)

Movement of west component (j = W) sardine to the south component (j = S) in the two mixing-component hypothesis;

in the single component hypothesis move, , = 0

Nivpya = (1 —movey, )Ny v a p=ILNLy, <y<y,1<a<5*

3 For the single stock hypothesis, both abundance indices and proportion-at-length data are combined for the full area and parasite
prevalence-by-length is excluded from the likelihood.
12
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N3pya = N3pya + move, Nyt o p=LNLy, <y<y,1<a<5* (A3)

Numbers-at-age mid-way through each quarter (for use in catch equations)

_uS
Nipyia = Nipy-1ae™"e/? p=ILNy, <y<y,0<a<5'
_uS
]pyqa ( jpy.a-1a Cfp,y,q—l)e My.al% p=LNLy; Sy<y,2<q<40<a<5" (A4)

Numbers-at-length at 1 November (after infection and movement)
The model estimated numbers-at-length range from a 2.5cm minus group to a 24cm plus group, denoted 2.5 and 24,

respectively, in the remaining text.

NPy = 2a oAsualeya p=LNLy, <y<y,25cm<l<24*cm (A5)
The model predicted numbers-at-length of ages 1+ only are given by:
N =35l A NS p=LNLy, <y <y, 25 cm<l<24tcm (A6)

The proportion of sardine of age a in component j that fall in length group | at 1 November, ASY" |, is calculated under the

jyals
assumption that length-at-age is normally distributed about a von Bertalanffy growth curve, with a modification to the

somatic growth rate at low ages:

f.l;,ral ( Jya'ﬁf%) !

Lsmall (1 _ e_l-SKJ(a t(SJT;”a)) a<05

Jy—a,co
where Li—1 4 =

Ljw (1 - e t0ira) 0205
and Li—p 0 = Lj o (1 - e"‘i(“‘toff'y‘“)) Y1<y<y,0<a<5%25"cm<I<24%em (A7)°
with to;,, = to; + &5 (A8)©

ny Y=

Andet={
Yoo lptel i +1- (0D, v <y <,

Natural mortality
Natural mortality is modelled to vary annually in an autocorrelated manner around a median as follows (although the

baseline assumes no such correlation — see Table A.1):

M;.a=0 = MS e with 81984— 11954 and ngzu = 95;31 +41- PZTI;zu VISV SEW, (A9)
— ad .
My goqy = M3,e® with e85, = 1§g, and ¢ = peg? 1-pn8,y, <y <y, (A10)

Spawning biomass and biomass associated with the November survey
+ S,
SSBPy = Xp Xi2as- FiyilNipya Wi YISV S (A11)

SSBef h S = &wSSByy, + (1 — &)SSBS,, Y1 <y <y

% Given the allowance for early/late recruitment in varying t,,, estimates annually, there may be some proportion of this distribution
below a length of zero (due to late recruitment). In these cases, this proportion is removed from the proportion-at-length of the minus
length class.

5 The proportion is calculated as the area under the curve between the lower limit and upper limit of length class [. The lower and upper
tails are included in the proportions calculated for the minus and plus groups, respectively.

6 Additive error allows for early or late recruitment. While the timing of recruitment may vary between stocks due to differing
environmental conditions on the west and south coasts, the same autocorrelation parameters are assumed here for simplicity reasons.

13
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5531255 = (1= &w)SSBiy,y + §sSSBS,, ViSYS) (A12)

+
NZp 25N p,ylW 1 VISV Sy (A13)78

Commercial selectivity

0 l <55cm
(1+025-1,,)° 1
Sjyal = Xjy.a€XpP {_ (o5°D)? }"‘ T+ exp— (L1025 —1,,2)/@5)?) 6cm < 1 < gy = 23cm?
Sjy.qtmax 1> lnax
ViSysSynlsqs4 (A14)
Siyaa = 2ie 25 AL a1Sival Vi<Y<Y¥,1<q<40<a<5" (A15)

(2q-1) (2q-1) 2
o 1o (155700 (1 - 252) 8, + 220, )

Lsmall (1 _ e—1.5pcj(a+(2q—1)/8—t§”;’-f;’,‘l_la)) a<05

where [om = 1Y% <
j=1y.q.a Lo (1 — e—kj(a+(2q-1)/8tg a)) a>05
and j.gg}y,q,a =L (1 _ e_Kj(a+(2q_1)/8_t0,j,y—a))

V1 <Y<y,1<g<40<a<5%25cm<I1<24%cm (A16)1°

Bycatch in the anchovy directed fishery

1p.y,q,4" ],y,9,a
1p.y.q.a

0 2<a<5st p=LNLy; <y<y,1<q<4 (A17)
sSas

chveaten _ {NS FPY 0<a<1 ,

Catch in the directed sardine and round herring bycatch fisheries

di bycatch _
Claa = Nipyaa = Cingaa )SivaaFiya p=LNLy, Sy <y, 1<q<40<as<5%A18)
Total catch

bycatch
Coyaa = Cinyaa T Cloyaa p=LNLy, <y <y, 1<q<40<a<5%A19)

Fished proportion of the available biomass from the sardine bycatch with the anchovy directed fishery

12 RLF, fleet=3 RLF,fleet=3
FBy _ Ym=11 Zl<lcuty_1_m Cj,y—l,m,l +Zl<lcuty,m Cj,y,l,l

Jy.q=1a=0 —

5
EpNjpyq=1a=0

7 The biomass in y,, excludes age O fish, although the contribution of age 0 fish to the total biomass should be minor.

8 A time invariant weight-at-length is used in this equation. Previous assessments adjusted the November weight-at-length annually,
informed by the average weight of sardine sampled during the survey, to account for the differing condition factor of sardine at the time
of the survey. However, recent discussions have clarified that the hydro-acoustic survey estimate of total biomass depends on the size
of the fish swim bladder which depends (through the time invariant target strength relationship) on fish length only but not on the
condition (skinniness/fattiness) of the fish at the time of the survey. A time-invariant weight-at-length therefore provides most
appropriate basis to estimate biomass from the population model to correspond to the time series of biomasses from the survey (which
is independent of sardine condition factor).

9The [ + 0.25 denotes the middle of length class [. This function is renormalized to a maximum of 1.

10 The proportion is calculated as the area under the curve between the lower limit and upper limit of length class I. The lower and
upper tails are included in the proportions calculated for the minus and plus groups, respectively.

11 “Selectivity” is incorporated in F]yyq « as the sardine bycaught is typically independent of sardine abundance, but rather correlated

with anchovy recruitment which varies from year to year.
14
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12 RLF,fleet=3 RLF,fleet=3
FBY Zmzll lelcuty_l,m C] V-1, ml + Zl>lcuty.m Cj.y,l,l
jy.q=1a=1 Y N
14 } p,y,q=4,a=1
RLF, fleet=3 RLF,fleet=3
FBY _ T2 Li<lcutym Cj‘y'm},(l FBY _ z:‘Tln=22121€ufy,m Cj.y,ma
,y,4=2,a=0 — S y.q=2,a=1 — S
Iya=sa 2pNjpyq=2,a=o Fya=aa 2pNjpyaq=2a=1
RLF, fleet=3 RLF,fleet=3
FBY 21711:5 Yi<icutym Cj‘y'm],cl FBY _ 277n=521210ufy,m Cj.y,mj.rl
3a=0 — S iy.q=3,a=1 — 5
Iya=sa= 2pNjpyaq=3s.a=o Iya=sa 2pNjpyaq=3a=1
10 RLF, fleet=3 10 RLF, fleet=3
By _ Zm:s Zl<lcuty_m Cj,y_m,l By _ Zm:s lelcuty,m Cj_y,m_l (AZO)
i v.q=4,a=0 — S iv.q=4a=1 — s
j.y.q=4,a=0 TpN5py ata=o jy.a=4a=1 o NSy amsam1
A penalty is imposed within the model to ensure that F ]yq a < 0.95.

Fished proportion of the available biomass from the directed sardine catch and sardine bycatch with round herring fishery

RLF, fleet | o2 RLF, fleet
F z:fl.eet 12%= 1128126cm Cjy_imi X fleet=12126cm Cjy 11
Jyq=1 — bycatch\
Zp z:a=0( ipy1a=Ciyia )Sj.y.l,a
RLF, fleet
F _ 2:fleet 1Zm 221>6cmc jyml
Jyq=2 — bycatch\ .
IpZat ( ipy2aCy2a )Sl,y.z,a
RLF, fleet
F, Z:fleet 1Zm Szl>6cmcjyml
jy.q=3 = bycatch\
ZP Z ( Jjpy.3.a C],y,s,a )Sj.y.s.a
RLF, fleet
F. _ 2:fleet 1Zm 821>6cmcjyml
1yq=4 — bycatch

IpZat 0( TpyaaCiyaa )Si,y.4,a

(A21)

A penalty is imposed within the model to ensure that S; ,,  ,Fj 4 < 0.95. Fish <6cm were seldom?? caught and were thus

not used in fitting this model. Commercial selectivity-at-length is fixed to zero for length classes <6cm (equation A12).

Number of recruits associated with the recruit survey

Jy, = kS <( iNLy,2,0 ~ JSNIyzo)e (1/8+0565/12)M5 Cf?y.obs) e 0N M0/12 1985 < Y<n (A22)
Multiplicative survey bias
kin = kac (A23)
ks =W,r — kgov X kgc (A24)
kj5=5, = k3,5 X k3., X k3. (for the two mixing-component hypothesis only) (A25)
Survey trawl selectivity

0 l=25"cm

survey __ <y <

S {[1 +exp{— (1+0.25 — S5,)/8;}] " 3cm<1<24*cm Yi=Y=In (A26)

12 Less than 6% of the quarters west of Cape Agulhas, less than 2% of the quarters south-east of Cape Agulhas and less than 4% of the

quarters for the whole coast.

15
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Proportion-at-length associated with the November survey

Zp Zl<6cm N] 0y, lssu‘rvey l 6_
= cm
survey
ZPZZ 25 jpylS]l
Zp Ssurvey
JZ’J’l
sy ey 6.5cm <1 < 20.5cm
s _ P &l= 25_ prl il 13 < <
Pjy1 = szl lssu”’@y Vi=Y=W (A27)
=21 N py _
s suey | =21—23.5cm
TpXits-N S
P 4l= 25 JpyLl2jl
Zp pyl sumiey
Jj24 — oa+
survey l=24%cm

szl 25 ]pylsjl

Proportion-at-length of fish infected with the parasite in November
_ N Lyl
2Ny

Py =

Vi <Y<y, 7.5cm <1 < 23cm (A28)
Catch-at-length from the directed and round herring bycatch fisheries

_becatch F
jpy.aq.a 'Jj,p.y.q,a qal]yql J.y.a

p=LNLy, <y<y,1<q<425cm<1<24%cm (A29)

o a1 = Zaco(NS

Proportion-at-length associated with the directed catch and round herring bycatch

[ Zv¢ipyal
W 6cm <1< 22.5cm
PR s NSYSy,lsqs<4 (A30)
ZPZI 23C1pyql [ =23+
5 yzat odir = cm
ZpZiss Cipyal
Fitting the Model to Observed Data (Likelihood)
—InlL = _lnLNov — InlTe — InLsvwr propl __ InLcom propl __ InLprev (A31)
where
5 2/5
| ln(35,)-m(s5,)]
j(af-_y,,vw) (05" 50’
—InINY = 0.5%; st [2m (g5 ne) + @57+ (0)7)]  (a32)
554 |ln( y) Ln(BS )l
[ o) 405" 050"

13 The inclusion of model predicted proportion-at-length 24*cm is deliberate to take into account the zero samples of 24*cm sardine in

the survey.

14 Note the model predicted commercial catch of lengths <6cm is zero, from a zero commercial selectivity in equation A.13. This is

consistent with the range of length classes in the observed commercial proportions-at-lengths.

15 Note the model predicted commercial catch of lengths <6cm is zero, from a zero commercial selectivity in equation A.13. This is

consistent with the range of length classes in the observed commercial proportions-at-lengths.
16
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( N
55 |ln( ]yr ]y'r)|
r KJ(UJS"Y'T” (98) +( } s 2 532 532
—InLree = 053, 3, 4 +n (21 (05, rec)” + (507 + (25,)°)] (A33)
554 |ln( jyr ]yr
j(ajs,y,rec ¢ac ] r
2
P 0-|p
— I Sur propl — 5%111 Z; T 221+ \ Py~ Jyl WPl ln( ]Sur) +(;—y“+)+ ln( }Sur) 16 (A34)
2 J sur) 2(O'j,sur)
( ~S,coml_ Scoml)
—[nLcompropl — 5%%12] y " 1223+ \J iyal A J)yql +lTL( Com) (A35)
2 O— Jcom
LT = 3 TR SR P (P, ) — (NP — ) in(1 — PS,) (A36)

A “robustified likelihood” is used for the contributions from the hydro-acoustic surveys to ensure no undue influence from
any extreme (outlying) values for residuals. The functional form chosen to robustify makes negligible difference for
standardised residuals of magnitude three or less, but essentially treats large standardised residuals as if they do not exceed

five in magnitude.

16 The 21* group in this equation consists of the length classes 21cm, 21.5cm, 22¢m, 22.5cm, 23cm and 23.5cm.
17



FISHERIES/2020/DEC/SWG-PEL/138

Table Al. Assessment model parameters and variables with associated fixed values or prior distributions and, for derived variables, associated equation numbers. As the majority

of prior distributions are uninformative, notes are provided only for informative priors and/or bounds.

Ll

Parameter N Units Fixed Value / Prior .
Variable ! Description Scale/ Distributi/on Equation Notes
s Model predicjced numbers—at_—age a at the beginning of November in ygar y of N ln(me,y,o)/lo ~U(=103.2) AL-A3
Nipya component j that are uninfected (p = NI) or infected (p =1) with the Billions NS —0
endoparasite JLy0
N7, 10830  Initial numbers-at-age a in component j Billions Nini1083,a=1~U(0,50)
Nj‘,S‘NI,1983,a =0,2<a<s5*
NP 10830 =0,0<a<5*
Model predicted numbers-at-age a mid-way through quarter q of year y of
@ I\ijp‘y‘q,a component j that are uninfected (p = NI ) or infected (p =1 ) with the Billions Ad
E endoparasite
‘_g I Proportion of uninfected west component sardine that are infected with the =0,y, <y <2007
2 y endoparasite in year y (two mixing-component hypothesis only) ~U(0,1),2008 <y <y,
S Proportion of west component sardine of age a which move to the south move,, ;~Beta(1.05,1.05)
3 move,, , component at the beginning of November of year y (two mixing-component - move,, ,, = ¢pmove,,
§ hypothesis only) ¢~U(0,1)
‘_E SSB]-Sy Model pre'dicted spawning biomass of component j at the beginning of Thousand ALl
S ’ November in year y tons
< sspeffs Model predicted effective spawning biomass of component j at the beginning of  Thousand AL2
1Ly November in year y tons
BS Model predicted total biomass of component j at the beginning of Novemberin  Thousand A13
1y year y, associated with the November survey tons
3 Proportion of j-component spawner biomass that contributes to the effective &w=1 Altce(:)r:saig:fe\(/jail::es
J spawning biomass on the same coast & =092 robustness tests
w? Mean mass of sardine of component j in length class [ Grams 5.6876 x 1076 x [3.140026 OLSPS (2020)
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Table Al (Continued).
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Parameter /

Variable

Description

Units / Fixed Value / Prior
Scale Distribution

Equation

Notes

[1 + e—(l—17.2)/1.17]_1

1984 < y < 1987
[1 + e—(l—18.6)/1.26]_1

1988 <y < 1995

Refit from data used by
van der Lingen et al.
(2006) using midpoints
of length classes.
Assuming maturity post-
2003 reflects that of
1965-1975 as maturity is

a
©
g
o
2
2
s f]syl Proportion of component j sardine that are mature in length class L in year y - [1 . e‘(l‘19-4)/1-4°]_1 hypothesized to be
8 1996 < y <2003 density dependent (van
§ [1 + e—(z—17.4)/0.9s]‘1 der Lingen et al. 2006)
< d both these periods
= 2004 <y <2018 an P
2 correspond to low
Z biomass following a
peak in abundance
Model predicted number of juveniles of component j at the time of the recruit -
styr P : P J Billions A23
ke survey in year y
Selected based on
maximized joint
osterior, and
S ' ' . M;,=1.0 A9 and poseron,
M; . Rate of natural mortality of age a inyear y Year M5 =10 A10 subject to a
yi+ == compelling reason to
modify from
E previous assessment
*g Mﬁi Median juvenile rate of natural mortality Year! 1.0
E M3, Median rate of natural mortality for 1+ sardine Year? 0.8
2 s;u Annual residuals about juvenile natural mortality rate - A9
2
3 sf}d Annual residuals about natural mortality rate for 1+ sardine - Al10
) Normally distributed error in calculating &;" - N(0,07)
ngt Normally distributed error in calculating e3¢ - N(0,02;)
gj Standard deviation in the annual residuals about juvenile natural mortality - 0 See robustness tests
Oad Standard deviation in the annual residuals about natural mortality for ages 1+ - 0 See robustness tests
p Annual autocorrelation coefficient - 0 See robustness tests
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Table Al (Continued).
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Parameter /

Units /

Fixed Value / Prior

endoparasite, at the time of the November survey in year y

D ipti E i N
Variable escription Scale Distribution quation otes
NS Model predicted numbers-at-length [ at the beginning of November in year y of Billions AS
Iyl component j that are uninfected (p = NI) or infected (p = I) with the endoparasite
s Model predicted proportion-at-length | of component j associated with the i A27
Piyi November survey in year y
sur Proportion of age a of component j sardine that falls in the length group [ in
Ajyal - A7
November of year y
K; Somatic growth rate parameter for component j Year? U(0,3)
L: —ZK'j_L_
Lje = —"1e_zxj 1"3 where
L'Oo . . . . e -
J, Maximum length (in expectation) of component j Cm Lja-1~U(5,25)
g Lj’a:3 - L]"azl"’U(S,ZS)
3 . . . o Liw (1 - e-’fj(d-fo.j,y))
< [small Ma>f|mum length (in expectation) of component j = 1 for the growth curve below cm _
2 Jeoy a = 0.5 yearsin yeary (1 _ e—l.SKj(d—tgf}f;”))
&0
° tojy Age at which the length (in expectation) is zero for component j in year y Year A8
© A 7
£ smau Age at which the length (in expectation) is zero for component j = 1 in year y for Vear 1 | e15xjd=Kj(d=to jy)
< 0.1y the growth curve below a = 0.5 years 1.5k " 1.5 + (1 — 1.5)e *i(d-to)y)
E" . . . . 1 ekj(Lj1_Lj3)
l to,j Average age at which the length (in expectation) is zero Year —In{————"
IS ki \Ljie ™ — Ljs
§_ Ef, Annual autocorrelated residuals about the age at which the length is zero A8
2 nf, Annual uncorrelated residuals about the age at which the length is zero N(0,0.2%)
pt Autocorrelation coefficient in these residuals U(-1,1)
Upper bound precludes
Y, Standard deviation of the distribution about the mean length for age a - U(0,3),a=0,1,2% unrealistically large lengths for
young fish
com.s Model predicted proportion-at-length [ of component j in the directed catch and A30
Jyal round herring bycatch during quarter q of year y
com Proportion of age a of component j sardine that falls in the length group [ mid-way
i y.q.al - Al6
through quarter q of year y
ps Model predicted proportion-at-length [ of component j that are infected with the A28
jyil
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Table Al (Continued).
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Parameter / Description Units / Fixed Value / Prior Notes
Variable Scale Distribution
S;Z’Lrvey Survey selectivity-at-length [ in the November survey for component j - Some smaller fish
Sso,j Length at which survey selectivity is 50% for component j Cm U(2.5,20) escapleratvfuc:ih the
5 Inverse of slf)pe of survey selectivity-at-length ogive when selectivity is 50% for i U(0.05,50)
component j
Sival Commercial selectivity-at-length I during quarter q of year y of component j -
Sivaa Commercial selectivity-at-age a during quarter q of year y of component j -
- i Height of the Gaussian component for component j relative to the height of the i U(0,1) forj=1 No bycatch modelled
S bya logistic component in quarter q of year y =0forj =2 for south component
S L, Mean of the Gaussian distribution for in year y mm N(100,103)
3 Estimated for two
l_2,j,y,1 _ [1‘2000~U(0,150) time periods per
Lo I . T T component: 1984-
I Length at 50% selectivity in the logistic component for component j in quarter g mm lz,j,y,z_— l1,2000_~U(0,150) 1993 1994-2018
2,jy4q of yeary Ljys =y I
_ ey <)Y, (west) and 1984-
bLjy-14 = l2jy12 1997, 1998-2018
(south)
(o7¢H)? Variance parameter of the Gaussian distribution mm U(20,150)
(05°H)? Variance parameter of the logistic distribution mm U(0,100)
kf:N Multiplicative bias associated with the November survey of component j -
kf_r Multiplicative bias associated with the recruit survey of component j -
Appendix B of de
2 k3, Multiplicative bias associated with the hydro-acoustic survey - In(ks.)~N(—0.311,0.0942) Moor and
% Butterworth (2016)
2 Lower bound
é Uniform prior on logit selected in
§' S Multiplicative bias associated with the coverage of the recruits during the recruit transpose of discussions with
§ cov survey in comparison to the coverage of the biomass during the November survey k3., such that scientists on these
03<ki,<1 surveys and their
field experience
s Multiplicative bias associated with the coverage of the south component recruits
kcovS U(O'l)

in comparison to the west component recruits during the recruit survey
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Parameter / Description Units / Fixed Value / Prior Equatio Notes
Variable Scale Distribution n
cs Model predicted number of age a fish of component j caught during quarter q of Billions A19
Jpy.a.a year y that are uninfected (p = NI) or infected (p = I) with the endoparasite
Differ by month and
leut,, Cut off length for recruits in month m of year y Cm de Moor et al. 2020 year as informed by the
recruit surveys
Number of age a fish of component j bycaught in the anchovy-directed fishery in
le_’;;(f;_flh quarter g of year y that are uninfected (p = NI) or infected (p = I) with the  Billions A17
endoparasite
S Number of age a fish of component j caught in the sardine-directed and round
5 C}%g,,q,a herring bycatch fisheries in quarter g of year y that are uninfected (p = NI) or Billions A18
infected (p = I) with the endoparasite
dir Number of length [ fish of component j caught in the sardine-directed and round -
jpy.al herring bycatch fisheries in quarter g of year Billions A29
g by q q ot yeary
By Fished proportion in quarter q of year y for age class a of component j, of bycatch i A20
1y.a.a in the anchovy-directed fishery
F. Fished proportion in quarter g of year y for a fully selected age class a of i A21
1v4a component j, by the directed and round herring bycatch fisheries
_InNov Contribution to the negative log likelihood from the model fit to the November i A32
survey biomass data
_InLree Contribution to the negative log likelihood from the model fit to the recruit survey i A33
data
_ L surpropl Contribution to the negative log likelihood from the model fit to the November i A34
S survey proportion-at-length data
_§ _ JpJ.compropl Contribution to the negative log likelihood from the model fit to the quarterly i A35
< commercial proportion-at-length data
5 _pLsurprev Contribution to the negative log likelihood from the model fit to the November i A36
parasite prevalence-at-length data
3 CV associated with factors which cause bias in the acoustic survey estimates and i -0.227 Appendix B of de Moor
ac which vary inter-annually rather than remain fixed over time ) and Butterworth (2016)
(Aﬁw/r)z Additional variance (over and above (a]fy,Nm,/rec)z and (¢3.)?) associated with ) U(0,10)

the November/recruit surveys of component j
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Parameter / Description Units / Fixed Value / Prior Equation Notes
Variable P Scale Distribution g

sur N . . . To allow for

Wpropl Weighting applied to the remaining survey proportion-at-length data - =0.5x0.167 autocorrelationt?
2
. . . S y + ([ 3

oS Standard deviation associated with the survey proportion-at-length data of ) DA z§=16_< /p].’y'l_ /pj’y'l) & Closed form solution

j,sur :

component j yn_ vaat g
3Ly, Tite-
com N . . . To allow for
propl Weighting applied to the commercial proportion-at-length data = 0.5 x 0.04 autocorrelationl®
+ A
e N (T
yn g4 yost Closed

s Standard deviation associated with the commercial proportion-at-length data of Zy=y; Zg=12I=6 1 B
Oj,com ; form Ojcom

‘ stock solution?® ’

+ N
Ey2y, Zhe T 0525

yn 4 23+
Zyzyl Yg=121=131

17 Based upon data being available ~6 times more frequently than annual age data which contain maximum information content on this.
18 The 21* group in this equation consists of the length classes 21cm, 21.5cm, 22cm, 22.5cm, 23cm and 23.5cm.

19 Based upon data being available ~4x6 times more frequently than annual age data which contain maximum information content on this.
20 A shorter range of lengths is used for the south component given the near absence of data outside this range, resulting in small/zero residuals, which would negatively bias this estimate.
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Table A2. Assessment model data, detailed in de Moor et al. (2020)%.

. . Units /
D
Quantity escription Scale
t; Time lapsed between 1 May and the start of the recruit survey in year y Months
- Number of juveniles of component j caught between 1 May and the day L
Ciyops Billions

before the start of the recruit survey in year y
Number of fish in length class [ landed by fleet in month m of year ) of
componentj. fleet =1 denotes the sardine directed fishery, fleet = 2
Cfxﬂeer denotes the sardine bycatch with round herring (1984-2011) or >14cm Billions
sardine bycatch (2012-19) and fleet = 3 denotes the juvenile sardine
bycatch with anchovy (1984-2011) or <14cm sardine bycatch (2012-19)
PN Acoustic survey estimate of biomass of component j from the November  Thousand

BS
1y survey in year y tons
oS Survey sampling CV associated with ny that reflects survey inter-transect i
JYNov- yariance
NS Acoustic survey estimate of recruitment of component j from the recruit Billions
1yr survey in year y
oS Survey sampling CV associated with I\Aijy‘r that reflects survey inter-transect i
Jyree variance
.5 Observed proportion (by number) of component j in length group [ in the
Pjvi November survey of year y i
~S.com Observed proportion (by number) of the directed catch and round herring
iyal bycatch of fish of component j and length group [ during quarter q of year y i
Number of sardine of component j in length class [ sampled from the
nf;iv November survey in year y that were tested and found to be infected with ~ Numbers
the endoparasite
Number of sardine of component j in length class [ sampled from the
I\Gp;f" November survey in year y that were tested for infection with the  Numbers
endoparasite
21 Note that the expected mass by length class and month, used to calculate C;f;fr'lj’rlleet and (fjfy’ObS, is given by EM,,;,, =

0.0000090193 x [3,066305 N, 1 m for the west component and EM,, ; ,,, = 0.00023041 X 12463739 N, 1. for the south component.
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Appendix B: The procedure used to solve for west component stock recruitment parameters after conditioning, corrected and

expanded from Bergh (2018)

The west component (j = 1) stock recruitment parameters, @ and 85, are estimated by minimising the sum of squares difference
between the logarithm of the recruitment predicted by the stock recruitment relationship and that estimated by the assessment

model from 198522 to 2018, excluding 2000 — 2002 as the peak recruitment years, i.e. minimising:

SS = Yssn, (ln (£(ssBIT)) = n(Nuy, 0)) (8.1)
For the three alternative stock recruitment relationships considered here, this gives:

SSSBeff

2
2
HS: §§ = ZSSB;§f<ﬁ‘y <ln (T) In(N Nl.y.O)) + Zsssﬁgfzﬁy (ln(as) - ln(NJ'?Nl,y.O))

eff

2
SSB; 2
S5 = Zogpersp, (ln(as) _ {zn(zvjfm_y,o) - ln( e )}) + Sosnetrp, (in(a®) = n(NSyi,0))

2
aSsseéf ssBéff

2
_ _ iy _ s _ sy _ s _ iy
BH: SS = ZSSngf In <B5+SSB;‘§f) ln(Nj,Nl,y,o) = ZSSBﬁgf (ln(a ) {ln(Nj,Nz.y.o) In (ﬁy+SSBeff>})

2
eff
R 85= Zssza“’”( ( *SSBye” possnly ) in(N, NIyO)) ZSSBeff<ln(aS)—{ln(l\lj‘?N,’y,o) (SSBeff ~hsSBj, )})

(B.2)
The multi-modal objective function can result in local rather than global solutions being produced, depending on the starting
values used for a® and 85. To ensure a global solution is found when minimising equation (B.2), starting values for a® and 5 are
selected from the minimum SS’ obtained over a grid over 85 = 0, ...,100023 2* in steps of 0.5%, for which a corresponding extreme

a® can be calculated as follows.

Taking the derivative of SS with respect to In(a®) gives:
eff

ass) Sy _ s _ 55Bjy Sy _ S
S —d(ln(as))—ZSSB;J;QByZ(ln(a) {ln(Nj,N,,y,O) ln( 55 +ZSSB;§fzﬁy2(ln(a) ln(Nj,N,‘yjo))

SSBeff
=ZSSB;,;f<ﬁy2ln( 55 )+ZSSBeff2ln(a) ZSSBeffZZn( IEv15.0)

BH: —49)__ _ » 2| In(a®) — ln(N-S ) —In ﬂ
" a(in(a5)) s/ JNLY.0 BS +SSB;§/f
SSB;{,f s s
= 2In | ——>577 21 - 2in(N;
ZSSB;? " (BS+SSB;.3§f > + ZSSB;’;,f n(a”) Zsss}f{f n(Njviyo)

R d(z%si‘?)) = ZSSBeffZ (ln(as) - {ln( Bv1y0) — In (SSBeff BSSSBeff)})

= Zygpery 2ln (s5Bye7 sty )+zssseff2m(a5) Tsspets 2 (Vo) (8.3)

221983 and 1984 are excluded to remove any inconsistencies associated with the non-equilibrium initial starting values.
23 For the Hockey Stick relationship, max(SSB;f;f) =>pS= min(SSB]%’jf).
24 For the Beverton Holt relationship, 55 > 100.
25 For the Ricker relationship, the grid was 85 = 0, ...,10 in steps of 0.005.
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An extreme value for In(a®) can be obtained by setting % = 0 and solving for a’ in terms of B5:
n\a

eff
Codss) B
HS: d(ln(as)) - ZSSB;/;f<[§‘y21n< ,BS ) + ZSSBeffZZn(a ) ZSSBeff 2ln( NI,y,O) =0
ssgéff
ZSSBeff 2ln(a®) = ZSSBeff 2in(Nfyiy0) = ZSSBeff<B Zln( ﬁ’sy>
ssBéff
ln(aS) = _(ZSSBeff ln( N[,y,o) - ZSSB;§f<ﬁy ln< ,B’jsy ))
d(ss) SSBjE,{)f s s
BH: a(in(as)) ZSSBeff 2ln BS+SSB;/;f + Zss:sj{f 2in(e”) - Zsss}‘.ﬁ{/f Zln(Nj.NI.y.O) =0
sséff
Y perr 2In(a®) = X err 2In(N} — XLgggers 2ln <—]ye>
SSB;y SSB;y ( ],NI,y,O) sssﬁy BS+SSB,-§f
ssBéff
In(a®) = ZSSBeff ln( NI,y,O) —In (ﬁs+5;;¢ff>
.y
da(ss) ssBfIy
. d(ln_(as)) = ZSSBeff 2in (SSBeff -BS ) + ZSSBeff Zln(a ) — ZSSBeff ZIn( NI,y,O) =0
-BSsséff
ZSSBeff 2ln(a®) = ZSSBeff 2in(Niviy,0) = Zsssjgf 2ln (SSBf;fe PSSy )
s s eff —pSsse®f
In(a®) = ZSSBeff ln(Nj_N,‘y'O) —In(SSB;, e iy (B.4)

where n is the number of years over which SSB;;:f is available (1985 to 2018 in this case). Substituting (B.4) into (B.2) we get:

, 1 s ssBfl) s ssBjl)
HS: 557 = Zss13}f§f<ﬁy n Zssze}‘.f{f n(Njwiy,0) _ZSSB;£f<By In BS —{n(Niyiy0) — In o

2
1 s ssBflS
+ZSSB;§fZﬁy o Zsssﬁf;f ln(N]',Nl,y,O)_ZSSB]{?’{/f<By In BS —In(N NI,y,O)

2
eff eff
. r_ 1 S _ SSBjy _ S _ SSBjy
BH: 5§ = Zsssj‘?tf,f nZSSB;);f ln(NJ.NI.y.O) In <ﬁ5+SSBje£f ln(NJ.NI.y.O) In ﬁy+533;§f

eff

. §S' = ! s 535;, s eff -pSsseilf
R: SS' = ZSSBW (;{ZSSBW In(N'yiy0) —ZSSB%Q " zn< ﬁlsy )} - {ln(Nj,N,‘yjo) In(SSB/) (B.5)

The standard deviation associated with the stock recruitment relationship for use in projections is calculated as follows:

2
aSsséff

2
ZSSB;§f<By ln( ﬁs]'y ) - ln(IVj?NI,y,O) + Zssy;{/fzﬁy (ln(as) - ln(lvf,gNI,y,O))

HS: ¢ =

! |
N

2
aSsséff

DS = |t
BH: or = 0= ZSSB;/;f in (Bs+5538ff) (N NI.y,O)

N |

2
1 SssB f
R: o7 = \/E {ZSSij,f (ln( SSSBeff - ) - ln(M?NI.y.O)) } (B.6)

Carrying capacity is approximated based on average maturity and weight in the last 5 years only as follows:
HS: K3 = a (Ziﬂl_‘i e T PG e (1 - E—M;‘;d))
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LS — Syt B =5 -0, | 7S =S -4l - s
BH: KW =a (Za:l fw_aWW,ae i (a-1) ad +fw'5+ww'5+e J ad/(l —e ad) _ ﬂ

— _ ¢ _ 0.8
R: KS = In [{as (23:173 B G Ly e Ly e’Mid))} ] /0.8p°
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Appendix C: The procedure used to solve for south component ‘two-step’ recruitment parameters after conditioning, from de

Moor (2018a)

For simulation i, having reordered N]-i,N,,y,O, 1985 < y < 2018 into ascending order Nj‘t ,1<t<N=34:

Ry = E%W (c1)
Ry = B () <cz>
parameter p' was estimated by minimising: Xy, iy (In(Nf,) — R{)2 + Yyespin(n(N},) — Ré)z. (C3)
Calculate of = |(72) eecpin(In(V) = RE)’ (ca)
and ot = J(5tns ) Evemnin (V) = RE)’ (cs)

Ri+el, ifel<p

ln(N-i'pTEd _ . . v .
Ry +eh, ifel=p”

Jj=sy,0/ —

where 83",~Rand0m[0,1], Ei‘y"*N (0, Jliz) and eé,y~N (0, aziz)

and bounded to be within the historically estimated range.
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Appendix D: Fitting a relationship between the proportion of directed sardine catch taken west of Cape Agulhas and the ratio

of baseline sardine biomass to directed sardine TAC, from de Moor and Butterworth (2018)

For each simulation, i=1,...,1000, a relationship was estimated as follows:
d g . ;osi
py ¢ = f(TAC; /BSy_1) = gi(1 — exp{~g3 By, /TACS}) (1)
by minimising a binomial likelihood:
d d
—inl = B3 {=NpyPin(py"*) — N(1 - p3*)in(1 - p;")},
where p)‘ibs is the historically observed proportion of directed sardine catch taken west of Cape Agulhas in year y. The value of the

2019 pred pred
Yy=1087 Py (1—Py

2019 bs_ pred
Ey=1937(p30/ S_py )

variance-determining parameter N was estimated by N = ) (McAllister and lanelli 1997), which yielded 3%¢

for the time series of baseline posterior median biomass; it was assumed that this value could reasonably be applied to all

simulations.

Fitting the relationship to the 1000 draws from the posterior distribution did not result in substantial changes in the relationship
from that estimated using the time series of west component biomass at the posterior median (Figure D1). The median of g was
0.902, with a 90% probability interval of [0.901, 0.904], and the median of g was 0.408, with a 90% probability interval of
[0.402,0.414].

1.2
g 1 °
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2, o .

§ g 0.8 ®

53 0.6 °

&

2 g 0.4 Py

o « 0.2

s O

c%5 O

& 0 10 20 30
o

Bwest(y-1):TAC(y)

Figure D1. The proportion of catch west of Cape Agulhas in year y plotted against the ratio of the posterior median west coast

biomass in November (y-1) : TAC in year y. This relationship (line) was estimated using the posterior median.

26 Although this is a decrease from that estimated by de Moor and Butterworth (2018), in the absence of re-checking the appropriate N for
generating future proportions, de Moor (2020c) uses a larger N to avoid generating proportions above 1.
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Appendix E: Fitting a density dependent movement relationship for the proportion of west component 1-year-old sardine

that move to the south component, from de Moor et al. (2018), using the baseline model

The density dependent movement hypothesis, “MoveD”, assumes a priori that more sardine would move away from the west
coast during years of high west coast biomass. The proportion of 1-year-olds that are modelled to move in November of year y is
assumed to be related to the baseline model estimated biomass on the west coast in November of year y-1. The model fit is linear
in logit space:

Piy = anAq/,y—l +b

mod
and the parameters are estimated by minimising the sum of squares Y. (p{‘y —In (%)) .
7

Fitting the relationship to the 1000 draws from the posterior distribution did not result in substantial changes in the relationship
from that estimated using the time series of west component biomass and movement proportions at the posterior median (Figure
E1). The median of a was 0.0012, with a 90% probability interval of [0.0006, 0.0022], and the median of b was -1.55, with a 90%

probability interval of [-2.09,-1.04]. Figure E1 shows the fits of this linear relationship to historical posterior median values.
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Figure E1. The baseline posterior median proportion of 1-year old sardine modelled to permanently move from the west to the
south coast in November each year, plotted against the median west component biomass in November of the previous year. This

*

is shown in a) logit-transformed space and b) in normal space, with estimated linear relationships in logit space (p1, =

0.00136B;,,,_; — 1.5108 , with SD = 1.521).
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