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Abstract

The operating model (OM) for the South African amghresource has been updated from that used ®ae®MP-08
given four more years of data and a revised timéeseof commercial catch. A Hockey Stick stockroéenent
relationship, and the same median juvenile andtadhilral mortality rates as in previous assesssnarg used. When
considering the Beverton Holt, Ricker and Hockegksstock recruitment relationships, Al@odel selection criterion do
not show strong support for one relationship oveotler, yet the carrying capacity at the postenwde differs
considerably between the Hockey Stick and otheaticeiships. Two base case hypotheses are chosenestimates
random effects about adult natural mortality ovienet while the other assumes time-invariant annuhlltanatural
mortality. There has been a decrease in recruttnesidual standard deviation and in recruitmenbdearrelation for this
updated OM compared to that used in previous OM® impact of this on the appropriate choices $ladefinition and
threshold for the new OMP to be developed needsetoonsidered. The resource abundance remaing dhenhistoric
average, with a model-estimated 1+ biomass of 2Z2+#lllion tons in November 2010, having providegears of above
average recruitment in the past 11 years. Theelsaproportion over the past 11 years has not eeck@.13.

Introduction

The operating model of the South African anchovgotgce has been updated from the last assessment
(Cunningham and Butterworth 2007, with further updato take account of new data collected betvi2€&7

and 2010. In addition there has been a chandeetodlculation of time series of commercial catatad The
monthly cut-off lengths for recruits now vary on@mual basis in accordance with the cut-off lerggtimated

by the annual recruit survey (de Mogral., 2011). This operating model is to be used ivetiping and

simulation testing OMP-12.

Initial results of the updated operating model éasment) of the South African anchovy resource were
presented by de Moor and Butterworth (2011a,b)is Work led to the conclusion that the use of adlcan
effects model, including autocorrelation, for adoHtural mortality had resolved the former problem
perceived trends in the residuals from the modabfMay recruitment and the November proportioage 1
data (de Moor and Butterworth, 2011a). It alsaltesl in the decision that juvenile natural motyaivould

best be treated as time-invariant, with model sieitgito alternative values to be checked in rdhass tests.

This document presents the updated base case ingemaidels assuming a Hockey Stick stock recruitmen
relationship. One base case model estimates raedfects about adult natural mortality over timeilehhe
other assumes constant (time-invariant) adult ahtarortality. A number of robustness tests are als
considered. There have been some changes to thesith@e the initial results reported in de Mood an
Butterworth (2011b). Results are given at the grost mode only. A separate document will show fille

posterior distributions.

“ MARAM (Marine Resource Assessment and Managemertui, Department of Mathematics and Applied
Mathematics, University of Cape Town, Rondebos@017 South Africa.
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Population Dynamics Model

The operating model used for the South African amghresource is detailed in Appendix A. A glossafwall
parameters used in this document is given in AppeBd The data used in this assessment are ligteld
Moor et al. (2011). The majority of prior distributions forehestimated parameters were chosen to be

relatively uninformative.

Stock recruitment relationship

The following alternative stock recruitment relaships have been considered (Table 1):

Agy — Beverton Holt stock-recruitment curve, withfonm priors on steepness and carrying capacity

Aoy — two Beverton Holt stock-recruitment curves hainiform priors on steepness and carrying capacity
one estimated using data from 1984 to 1999 andttiex from 2000 to 2009

Ar— Ricker stock-recruitment curve, with uniformqps on steepness and carrying capacity

Awmodr — ‘Modified’ Ricker stock-recruitment curve, witiiform priors on steepness, carrying capacity and
shape parameter.

Aus— hockey stick stock-recruitment curve, with onif priors on the log of the maximum
recruitment and on the ratio of the spawning bi@vathe inflection point to carrying capacity

Aons— two hockey stick stock-recruitment curves, wittiform priors on the log of the maximum
recruitment and on the ratio of the spawning bi@ratsthe inflection point to carrying capacity, one
estimated using data from 1984 to 1999 and the fttve 2000 to 2009

Asixeans — hockey stick stock-recruitment curve with a anifi prior on the log of the maximum recruitment,
with the spawning biomass at the inflection peigttequal to 20% oK (to correspond to the

assumption made for the 2007 assessment)

Natural mortality

A number of combinations of juvenile and medianledatural mortality values are tested, covering tange

0.6 to 2.1 yeat, and for the case where a Hockey Stick stock iesent relationship is assumed. For realism,

only combinations withM * > M 2, are tested.

Constant adult natural mortality

As projecting forward and simulation testing a n@WP using an operating model including random ¢sfec
about adult natural mortality is novel, the predg@approach of a constant natural mortality withetirs also
tested:

Acstv — constant annual adult natural mortality, i.eraxadom effects model

Retrospective runs

Ays is run using data from 1984 to 1999, to 2003 an@G07 to compare the base case model estimates to

those which would have resulted from data corredimonto the years used as input to the operatindetso
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used for testing OMP-02, OMP-04 and OMP-08. Nbtd the data used injAand the retrospective runs do

not compare directly with those used for the for@dis due to methodological updates over time a$ agl

corrections to historic time series of data.

Further robustness tests

The following robustness tests tgLare also considered:

A1o— 10cm cut-off length for calculating the proportiof 1-year-olds in the November survey (Tabldé 8eo
Moor et al. 2011)

A105— 10.5cm cut-off length for calculating the projpmm of 1-year-olds in the November survey (Tablef 6
de Mooret al. 2011)

A1; — 11cm cut-off length for calculating the proportiof 1-year-olds in the November survey (Tabldé 8eo
Moor et al. 2011)

Awegg1— Negatively biased egg surveys, i@; 0.75(testing sensitivity to assumption 7 of Appendix A)

Avegg2— PoOsitively biased egg surveys, ik;f‘.; 125(testing sensitivity to assumption 7 of Appendix A)

Aam1 — fix the additional variance (over and abovegherey sampling CV) associated with the recruit
survey(/l{*)2 =0

Aamz — fix the additional variance (over and abovegherey sampling CV) associated with the November
survey(/l’pl )2 =002

A1 — no autocorrelation, i.go = 0 in the residuals oM Qy (de Moor and Butterworth 2011b)

Results

Prior on standard deviation in residuals abouttathtural mortality

Figure 1 shows that the likelihood profile of thigiextive function for a fit assuming the Hockeyc®tstock
recruitment relationship is bi-modal over a ran§dixed o,, values, where, is the standard deviation of

the residuals about the central value of the logdflt natural mortality — see equation A.8. Hoerewby

considering the likelihood profiles of all the in@lual contributions to the objective function #domes clear
that onceo,, < 015 , the model “flips” into a space where it is mpesified. Thus foro,, < 015, the fits to

the May recruitment survey and to the November griign-at-age 1 data become poor (Figure 1) with
apparent trends in the residuals (see de Moor antémvorth 2010); the small residuals about anmahilt
natural mortality cause the steep drop in the lagrgontribution for these residuals evidencedrigure 1.

For alternative stock recruitment relationshipg, same shape is evident for the likelihood profieugh the
0,4 Vvalue at which this ‘flip” occurs differs slightly For this reason a lower bound of 0.20 is useth&

uniform prior ono,,, thus avoiding scenarios which reflect model npisesfication in fits to May recruitment

survey and November proportion-at-age data.
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Natural mortality

Table 2 lists the various contributions to the otije function at the posterior mode for the fudhge of
combinations of juvenile and adult natural monjatiésted. The following criterion was used to idgtiish

“reasonable” from “unrealistic” combinations (unliséc combinations are shaded in Table 2):
* the ratio krA/ kg D[O.S;L.O] , as the November spawner biomass susvexpected to have a greater

coverage of the full distribution of the resourbart the May recruit survey so that the latter sthoul
reflect a smaller relative bias.
One further “reality check” was provided by theermion that the multiplicative bias for the propontat-age 1

in the November surve)kr’f , should not be markediedint from 1.

There is little change in the posterior distribatias I\WjA is changed for a give %, (about 2 likelihood
points, improving asM | decreases). GiveM [*, the posterior distribution indicated an improvido the

data for increasingVl 2, , with a slight deviation from this ‘rule’ foM ;, =18 and M4 =2.1. This latter
feature may, however, be an artefact of the assrgamethodology in that a higher natural mortal@gults in

a higher loss of “memory” of cohorts, making thevidmber survey data easier to fit. Consideriqb nthe

the following combinations were chosen for a sebbluistness tests:

Ans- M[=09 andM/; =09 (base case)

Ay - I\WjA =09 and M/ =06 (robustness test: alternatié 2 , worse objective function value, but a
high k7' value)

Awz- M?=12 andMZ =09 (robustness test: alternativé ", little difference from As in terms of value
of objective function and)

Awz- M =15 andMZ =09 (robustness test: alternativé ", with the objective function value not
substantially worse than that fop,£and little difference irk,’j from Ays)

Aws- M =18 andMz =09 (robustness test: alternativé ", with the objective function value not
substantially worse than that fop,fand little difference irk,’} from Ays)

Ays - I\WjA =12 andM 2 =12 (robustness test: improved objective function carag to A,

thoughk ' = 087 is on the low side).

Stock recruitment relationship

Table 3 lists the various contributions to the objes function at the posterior mode for the alédive stock-
recruitment relationships considered. From a featjst viewpoint, this is strictly a random effect®del as

regards the annual variations in adult natural alitytand recruitment. However, the REML procesgét

4
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unbiased estimates of the variances for these fiexte has not been implemented as the key opgratin

model(s) for use in developing OMP-12 will be Bages Thus the use of AICc to compare between
alternative stock-recruitment relationships is appnate. AICG suggests that the preferred stock-recruitment
relationship is the Hockey stick, with the Bevertéolt and Ricker being close second choices. Hewnehe
estimated carrying capacity differs appreciably agsh these relationships. In particular, the éaggapacity

for the four Beverton Holt and Ricker stock-reamgint alternatives is at the maximum defined byptier
distribution. Although this will likely have li#l effect on the simulation testing of OMP-12, tlesuttant
projected biomass as a proportion of virgin abundanill differ substantially between assumed relaghips!
Sufficient data points are now available to esterthe inflection point of the hockey stick curvEhus A;s is
chosen as the base case operating model for OMRopment, with robustness being testeddgand Ag
(Figures 2 and 3). Models with different stockrretnent relationships before and after the turthefcentury

as well as the Modified Ricker stock-recruitmeriatienship were not well supported by Al@rimarily due

to the greater number of estimable parameters negjdor these models. To enable comparison wigh th
former assessment, the hockey stick curve withxedfiinflection point, Aegns, IS a@lso maintained as an

alternative.

Base case (4) results at posterior mode

The estimated parameter values and key outputs foare listed in Table 4. The population model tiitshe
time series of abundance estimates of Novemberidmass, DEPM estimates of spawner biomass, May
recruitment and proportion-at-age 1 in Novembersti@wn in Figures 4 to 7. The model projected grast
mode estimates of May recruitment in 2010 fall ntbarextremes of the 95% Pl due to the model slingtp
match a sharp decrease in the 1+ biomass estirfiateaarelatively good recruitment estimate. Tinauwl
adult natural mortality is plotted in Figure 8 ttlyger with the estimated residuals. Some autoatiosl

between these residuals is estimated by the mqoael43). The historic annual harvest rates are plotted i

Figure 9.

One new aspect of this operating model, comparedisioric models, is that it has incorporated adcan
effects model for adult natural mortality. At thesterior mode of As, adult natural mortality is estimated to
vary between 0.61 and 1.91. This variability istedarge, with 7 out of the past 10 years havibgve
average adult natural mortality, where the histaxierage is 1.06year The increase in natural mortality at the
turn of the century implies that loss of anchovy piedation exceeded 6 million tons (Table 5). The
autocorrelation in the residuals about adult natorartality will affect future projections. As thiis charting
new territory, the cautious approach adopted isawsider two base case hypotheses with and wittosit

random effects model when simulation testing OMP-12

The alternative base case.{f)

The fit of the model predictions from.4y to the data are also shown in Figures 4 to 7, Wishoric annual

harvest rates plotted in Figure 9. The overaltdithe data is worse than fop/A(Table 4) with trends in the

residuals of the model fit to May recruitment amdpgortion-at-age 1, as discussed in de Moor anteBubrth
5
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(2011a). The difference between the largest andllest annual losses to predation is 4.1 millionsto

compared to 7.3 million tons undep&Table 5).

Retrospective runs

There is little difference in the historic November biomass trajectory and key model parameterghier

retrospective runs (Table 6, Figure 9).

Further robustness tests

The model parameters, contributions to the objediimction and key model outputs at the posteriodenfor
the robustness tests are given in Table 4. Tlere three cases which resulted in an overall ingreent in

the posterior at the mode. In the case gfzAthe larger additional variance on the Novembevesuresults in

a significant improvement in the fit to the recrsiitrvey (Af)z was estimated to be much smaller than jig) A

and at the expense of fitting to the November susgawner biomass. Given the confidence scienglats in

the November survey, and the lack of fit gf,Ato the November survey, this case was not coreiderore
plausible than the chosen base cage A'he improved fit for s is coupled with ak,’j value further removed

from 1 than that for As. The objective function for A is worse primarily due to the larger estimateduahn
deviations abouM 2 , although the model is still able to fit the datell. However, as the cur-off length used
to determine the proportions-at-age 1 decreasesndudel is less able to fit the proportion-at-ageadand for

Ao and Agsthe model is mis-specified resulting in an incneggrend in the residuals abotﬁa’ﬁj .

The risk threshold remains around 1.2 million téois most robustness tests, except faegh and Acegga
which directly affect the scaling of the Novembeouastic surveys. In contrast, the estimated aagrgapacity
differs substantially between alternative robustniests, indicating yet again this is not a rebaparameter

upon which to base future depletion targets.

Discussion

This document has detailed the updated assessmhém &outh African anchovy resource. Two base cas
hypotheses have been chosen, one assuming a raffbmts model for adult natural mortality,,& and one
assuming constant adult natural mortalitysga A Hockey stick stock recruitment relationshipassumed for

the base case hypotheses. Results at the postete have also been presented for a number oftrodss
tests to As. The resource abundance remains above averatjeawmodel-estimated 1+ biomass of 2.2-2.4
million tons in November 2010 under the base cagmtheses, having provided 8 years of above average
recruitment in the past 11 years. The harvestgtimm over the past 11 years has not exceeded(BigGre

11).
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Although both base case hypotheses still lead twesguestions (high variability in adult natural tadity vs

trends in model fits to data), the use of both higpses when simulation testing OMP-12 should adetyua

cover likely possibilities.
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Table 1.The alternative stock-recruitment relationshipssitered. The parametér* denotes the “steepness”

of the stock-recruitment relationship, which is g@portion of the virgin recruitment that is reall at a
spawning biomass level of 20% of average pre-etailon (virgin) spawning biomask * (shown in units of

3 _ _
thousands of tons). For the hockey stick madet,> w,'e™ VL g, e M Ve ;,A

wherew,
-M
a=1 1-e ™M«

is the average of/v@a as defined in Appendix A. For the hockey stickdelp a” denotes the maximum

recruitment (in billions) and” denotes the spawner biomass below which the exfp@ttfor recruitment is

reduced below the maximum.

Test Stock recruitmerjt f(SSBAN ): Parameters
relationship >
Agi Beverton Holt "SB! h* ~u(0215)
B* +sB} K* ~u(010)
5h* -1 X
IBA — K A!l_ hA !
5h* -1
Aoen cBL?r\\l/zrst;m Holt (2 gfssB” y<2000 h#, ~U(0215)
Bl +SB) Ky, ~U(010)
ﬁ if y=2000 al? :LSZK;%
Bl +sBf Y Bng, -1 X
Y2 sph, -1
Ax Ricker ah s e S h* ~U(0215)
K* ~u(010)
A 1/08
gh=L[h”
X | 02
A
. in(h* /02)
08K "
Aniodr Modified Ricker aASSBAe_BA(SSB;” h* ~u(0215)
y
K* ~U(010)
c~Uu(03)
1
A 1(h?)rox
a”==—|—
<52
A_ Inlh* /02
(k*)fh- o028
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Table 1 (continued).

Test Stock recruitmerjt f(%;\N )= Parameters
relationship '
Aus Hockey stick a’ JifSBA 2b* | In@*)~U (072)*
ssr ifsmr<bt | D
AT ! y KA ~U(oy)
KA =gAX 2
Aous CH&(\:/I;(?)/ stick (2 if y<2000: In(aA)~U(0,7.2) 1
a f 883;,\ >b bA
A ——~u(og)
a A ; A A | KA
A sBSLifSSBL <b
b, KA =gAX 2
if y=2000
a ifSSBY = bt
alA
E%;\ , |f8$;\ < blA
Atedrs Hockey stick a’ JifSBA 2b* | In@a*)~U(07.2)
at . _ N b” =02K*
F%y ,|fS$y <b KA =a”X

! Given the lack o& priori information on the scale d”, a log-scale was used, with a maximum correspaniirabout
10 million tons.

2 For consistencyK relates throughout to corresponding MLEs. Thedehei less than the corresponding average pre-
exploitation levels because of the lognormal distiions assumed for recruitment.

9
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Table 2. The contributions to the objective function at {hasterior mode for a range of combinations of

juvenile, M2, and adult,l\Wa’g, natural mortality for models assuming the Hocl8tick stock recruitment

relationship. The ratio of the multiplicative bi@sthe recruit survey to that in the November elyr\k,A/kA :

and the multiplicative bias in the proportion-ataty in the November survey,,’j , are given for diajnos

purposes. Shaded cells represent unrealistic ehaicterms of the criteria applied.

MjA Ma% Poster -In(Likelihood) :n(Prior) — A k"\? k,A/k,ﬁ

-ior Nov Egg Rec Prop &y &y r

06 | 0.6 | 3483 | -6.48 | 6.98 521 | -4.09 | 1833 | 1488 | 1.12 | 1.09 | 0.98 | 1.03

09 | 0.6 | 35.18 | -6.42 | 7.04 514 | -4.09 | 18.63 | 1488 | 1.12 | 0.97 | 0.87 | 1.03

09 | 09 | 27.28 | -6.49 | 7.17 492 | -0.75 | 20.18 | 2.26 | 1.12 | 0.88 | 0.79 | 0.94

12 | 0.6 | 35.59 | -6.38 | 7.08 515 | -4.10 | 1893 | 1490 | 1.12 | 0.87 | 0.78 | 1.03

12 | 09 | 27.75 | -6.32 | 7.22 486 | -0.79 | 20.53 | 2.24 | 112 | 0.79 | 0.70 | 0.95

12 | 1.2 | 2191 | -829 | 6.67 5.01 407 | 2208 | -763 | 1.11 | 0.71 | 0.64 | 0.87

15 | 06 | 36.04 | -6.36 | 7.12 524 | -4.11 | 19.23 | 1492 | 1.12 | 0.78 | 0.69 | 1.03

15| 09| 2811 | -6.39 | 7.25 5.09 | -0.77 | 20.74 | 2.19 | 1.12 | 0.70 | 0.62 | 0.95

15| 12| 2231 | -825 | 6.71 5.13 405 | 2233 | -7.67 | 1.12 | 0.63 | 0.56 | 0.87

15 | 1.5 | 20.36 | -11.63 | 6.01 4.65 9.74 | 23.27 | -11.69 | 1.10 | 0.57 | 0.52 | 0.81

18 | 0.6 | 36,52 | -6.36 | 7.14 542 | -4.14 | 19.52 | 1495 | 1.13 | 0.69 | 0.61 | 1.03

1.8 | 09 | 2864 | -6.26 | 7.28 521 | -0.83 | 21.06 | 2.18 | 1.13 | 0.62 | 0.55 | 0.95

18 | 1.2 | 22.75 | -8.23 | 6.73 5.33 403 | 2257 | -7.70 | 1.12 | 0.56 | 0.50 | 0.87

1.8 | 1.5 | 20.77 | -11.63 | 6.04 4.85 9.76 | 23.48 | -11.73 | 1.11 | 0.51 | 0.46 | 0.81

1.8 | 1.8 | 20.07 | -14.00 | 5.61 5.08 | 13.95 | 23.79 | -14.36 | 1.10 | 0.47 | 0.42 | 0.76

21 | 06 | 37.04 | -6.38 | 7.15 566 | -4.17 | 19.80 | 1498 | 1.13 | 0.62 | 0.55 | 1.03

2.1 [ 0.9 | 31.23 | -13.08 | 5.96 7.51 | 18.97 | 24.08 | -12.21 | 1.16 | 0.45 | 0.39 | 0.78

21 | 1.2 | 27.15 | -14.01 | 5.72 7.33 | 18.64 | 24.60 | -15.14 | 1.14 | 0.43 | 0.38 | 0.77

21 [ 1.5 | 21.32 | -11.74 | 5.96 5.17 | 10.22 | 23.59 | -11.88 | 1.13 | 0.45 | 0.40 | 0.81

2.1 | 1.8 | 46.14 | -14.48 | 5.44 2.52 | 1496 | 23.33 | 13.26 | 1.13 | 0.41 | 0.37 | 0.75

2.1 [ 21 | 60.73 | -15.68 | 5.04 6.23 | 20.28 | 22.38 | 21.14 | 1.13 | 0.37 | 0.32 | 0.68

10
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relationships.
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AgH Azgi Ar Awodr Ans Azus AfixedHs

Objective function 27.34 26.86 27.32 27.32 27.28 26.75 36.06
-In(Lnoy) -6.64 -6.92 -6.6(] -6.62 -6.49 -6.59 -7.97
-In(Lgg) 7.12 6.89 7.13 7.12 7.17 6.99 6.33
-IN(Lge) 5.11 5.23 5.06 5.09 4.92 4.92 6.92
-IN(Lpyoy) -0.56 -0.12 -0.59 -0.57 -0.75 -0.30 0.16
-In(Prior rec residuals) 20.37 19.98 20,33 20.35 20.18 19.58 29.88
-In(Prior Mad residuals) 1.98 1.718 1.99 1.97 2.26 2.15 0.75
# parameters 6y 70 q7 68 67 69 66
Sample size (i.e. data points D0 00 90 90 90 90 90
AIC 188.68 193.69 188.6b 190.65 188.56 191.51 204.13
AIC, 602.86 716.85 602.88 637.51 602.74 674.51 588.64
h” 0.30 0.34 0.31 0.31
KA 10000 4145 10000 10000 6683 3030 2441
c 0.89
a’ 2913 1005 0.212 0.217 834 378 305
b” 13352 3913 0.00005 0.00016 4299 1957 488

A
h, 0.32

A
K3 10000 6653
a, 2726 830
by’ 11850 4298

11
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Table 4. Key parameter values estimated at the joint postenode together with key model outputs. All ushness tests are defined in the main text and all

parameters are defined in the Appendix. Fixedashre given ibold. Numbers are reported in billions and biomas$figusands of tons.

A ix
Aus | Acsim | Asn Ar f jdH Avi | Az | Avs | Aws | Aws Ao | As | Air | Axeggr | Akeggz | Alami | Alamz | Apt
g?ft?;'r\]/e 27.28| 66.75| 27.34 27.3236.06| 35.18| 27.74 28.11 28.64 21.91 40{34 37.99 9636.28.49| 26.32] 30.29 27.08 30.32
-In(Lnov) -6.49 | -352| -6.64 -6.6Q -79Y -642 -6.32 -6.896.26 | -8.29| -12.23 -1221 -801L -6.36 -6.67 -0.69 624, -8.72
-In(Lggg) 7.17 7.90 7.12 7.13 6.33 7.04 7.22 7.25 7.28 6/66.45 6.28 6.30 7.23 7.06 8.79 9.78 6.$8
-In(Lred 4,92 10.84| 5.11 5.06 6.92 5.14 4.86 5.09 5R1 15/07.53 6.97 8.06 4,72 5.19 -250 -1.%1 4.89
-In(Lprop) -0.75 | 28.65| -0.56] -0.59 0.14 -4.09 -0.Y8 -0.7/7 .830| 4.07 | 27.02f 25.13 -150 -0.89 -0.61 2.38 2.0 .691
-In(Prior
rec 20.18 | 22.88| 20.3@7 20.33 29.88 18.63 20|53 2Q.74 062[.22.08| 26.42] 25.78 23.00 20.79 1967 1935 18.2D.34
residuals)
-In(Prior
Mad 2.26 N/A 1.93 1.99 0.75| 1488 2.24 2.19 2.18 -7/634.85| -13.95 9.11 3.00 1.67 2.96 -6.23 8.82
residuals)
Fixed/Estimated parameters
I\WiA 0.9 0.9 0.9 0.9 0.9 0.9 1.2 1.5 1.43 1.p 0/9 0.9 Q.9 0.9 0.9 0.9 0.9 0.9
I\Wéﬁ1 0.9 0.9 0.9 0.9 0.9 0.6 0.9 0.9 0.9 1.p 09 019 Q.9 0.9 0.9 0.9 0.9 0.9
Nﬁmo 162 155 161 161 163 144 211 274 360 234 81 93 14096 1 142 167 170 161
Nf;a31 138 141 137 137 140 105 138 13y 138 178 207 215 144979 113 142 154 150
NJ.A§832 0.005| 0.005| 0.00§ 0.005 0.005 0.0p5 0.005 0.p05 0=0j00.005| 0.005 0.00% 0.005 0.005 0.005 0.005 0.0@005
NlA9833 0.005| 0.005| 0.00§ 0.006 0.005 0.005 0.005 0.p05 050/00.005| 0.005 0.005 0.005 0.005 0.005 0.005 0.0@E005
k,’j 1.12 1.18 1.13 1.13 1.15 1.12 1.12 1.12 1.13 1/11.181 1.17 1.15 0.84 1.4Q 1.04 1.01 1.11
krA 0.88 1.06 0.89 0.89 0.9¢ 0.9y 0.79 0.70 0.62 0{71.90d 0.86 0.94 0.69 1.05 0.82 0.84 0.49
krA/k(,‘ 0.79 0.90 0.79 0.79 0.78 0.8y 0.70 0.62 0.65 0j64.77Q@ 0.73 0.82 0.83 0.75 0.78 0.83 0.41
k;; 1.00 1.00 1.00 1.00 1.0d 1.00 1.00 1.00 1.p0 1/00.001 1.00 1.00 0.75 1.25 1.00 1.00 1.Q0
kﬁ 0.94 0.97 0.95 0.95 0.94 1.08 0.95 0.95 0.p5 0/g87.51d 0.71 1.00 0.95 0.94 0.94 0.9/7 0.96
(Aﬁ )2 0.000| 0.000| 0.000 0.00p 0.000 0.0p0 0.000 0.p00 000/00.000| 0.000; 0.000| 0.000| 0.000 | 0.000 | 0.000 | 0.020 | 0.000
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Table 4 (continued).

A.
Aus | Acsim | Asn Ar Pl Awvr | Avz | Amz | Awa | Aws Ao | As | Air | Axeggr | Axeggz | Alami | Alamz | Apt

(/1{*)2 0.052 | 0.100|{ 0.053 0.058 0.066 0.053 0.052 0.p53 540J00.053| 0.069] 0.065 0.076 0.050 0.054.000 | 0.018 | 0.052
(JF’,*)2 0.0¢ | 0.49 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0/43.38 0.09 0.09 0.09 0.09 0.09 0.09
O .4 0.26 0.26 0.26 0.25 0.42 0.26 0.26 0.26 9.200.2¢ | 0.2¢ | 0.34 0.27 0.26 0.27 0.2d 0.3f
P 0.43 0.43 0.43 0.45 0.44 0.48 0.43 0.43 0.43 0[93.94 0.38 0.42 0.44 0.43 0.48 0.00
a’ 834 402 305 775 1403 146P 2390 11P0 587 837 8310831 687 957 917 817
b” 4299 | 2024 488 4381 5532 4342 5380 4220 2739 304M44 | 5945| 3342 5003 4972 4294
KA 6683 | 3223| 10000 10000 2441 8865 8331 6462 7yV90 5H66W08 | 6709| 6658 8684 5506 7669 7354 64949
hA 0.31 0.32 0.30 0.31 1.00 0.40 0.30 0.30 0.p9 0|27.34Q 0.34 0.30 0.29 0.33 0.31 0.30 0.31
arA 0.53 0.58 0.53 0.53 0.76 0.50 0.53 0.54 0.p4 0|57.67 0 0.65 0.59 0.54 0.52 0.51 0.50 0.43
Model Outputs
Bz’?)lo 2228 | 2368| 2204 2209 2104 2171 2226 2218 2215 2R4301 2 2128| 2064| 2981 1784 2491 2995 2218
Eh’,*ovﬁ 1189 | 1107| 1180 1182 1175 1193 1190 1188 1189 1193321 1137 | 1172 1590 953 1249 12%3  11p7
/72A009 -0.76 | -0.46| -0.59| -0.62 0.34 -0.78 -0.42 -0.y1 7#0/6-0.74| -0.68| -0.76/ -0.63 -0.71 -0.81 -0.67 -0.540.78
sh 0.17 0.22 0.19 0.18 0.63 0.18 0.16 0.18 0.7 0j14.10Q0 0.05 0.13 0.19 0.16 0.10 0.16 0.16

cor

% On lower bound. Note that the exceptionally géibth the proportion-at-age data allows this vada to be small.
“ On lower bound.

®> On lower bound. Note that for both A10 and Al objective function increased with increasingd o 4 and did not appear to be bi-modal. Lower valuesudbcorrelation and
better fits to the November 1+ biomass survey detiee obtained at highey,, values.

® OMP-04 and OMP-08 were developed using Risk ddfme “the probability that adult anchovy biomadks faelow 10% of the average adult anchovy biontats/ieen November
1984 and November 1999 at least once during thegtion period of 20 years”.

13
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Table 5. The annual estimated anchovy loss to predatiori0Qet), PyA in Appendix C, compared to the

annual anchovy catch (in ‘000t).

AHS AcstM
Year Catch Loss tiv Catch: Loss tim Loss toM Catch: Loss tim
1984 265.7 1593.8 0.17 1651.5 0.16
1985 279.9 1301.7 0.22 1363.4 0.21
1986 299.6 1701.2 0.18 1809.0 0.17
1987 600.4 2015.9 0.30 1836.7 0.33
1988 569.7 1952.7 0.29 1563.9 0.36
1989 297.4 1197.8 0.25 957.1 0.31
1990 151.6 896.7 0.17 801.7 0.19
1991 151.0 1372.3 0.11 14735 0.10
1992 349.0 1924.7 0.18 1745.8 0.20
1993 235.8 1734.7 0.14 1228.6 0.19
1994 156.0 916.3 0.17 789.0 0.20
1995 176.8 688.7 0.26 613.5 0.29
1996 425 647.2 0.07 543.4 0.08
1997 60.4 768.7 0.08 850.7 0.07
1998 107.9 1095.5 0.10 1194.3 0.09
1999 178.9 1762.3 0.10 1783.0 0.10
2000 267.5 3550.5 0.08 3442.6 0.08
2001 285.4 6498.1 0.04 4620.0 0.06
2002 215.8 7980.7 0.03 4433.2 0.05
2003 255.8 5235.3 0.05 3672.0 0.07
2004 192.3 3765.3 0.05 2814.0 0.07
2005 282.2 2456.7 0.11 2585.7 0.11
2006 135.6 2287.5 0.06 2209.5 0.06
2007 251.3 2578.2 0.10 2332.3 0.11
2008 259.4 3892.8 0.07 2938.1 0.09
2009 181.2 4847.0 0.04 3204.6 0.06
2010 219.7 4067.6 0.05 2790.1 0.08

14
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Table 6. Key parameter values estimated at the joint postenode for Ais and the retrospective runs

assuming a Hockey Stick stock recruitment relabigns Ajges Azo0z aNd Agos assume data available up to
1999, 2003 and 2006 only. Comparisons are alswrsho the values at the posterior mode from former

operating models used to develop OMP-02, OMP-04Q@éP-08. Note that the (non-peak) carrying capacity

K*, is not directly comparable betweemsfand the retrospective runs on the one hand, apsetfrom
previous assessments on the other, as a bias toonréactor was used for the latter. Numbers aported in

billions and biomass in thousands of tons.

Aus Asoos Asoos Adsso Previous assessments
OMP-02| OMP-04| OMP-08
M 0.9 0.9 0.9 0.9 0.9 0.9 0.9
M4 0.9 0.9 0.9 0.9 0.9 0.9 0.9
K 1.12 1.13 1.15 1.17 0.99 1.22 1.23
k2 0.88 0.81 0.80 0.74 0.84 0.93 1.03
a? 834 875 865 334 179 228 213
bA 4299 4554 4127 1615 360 461 368
KA 6683 7072 6904 2757 1802 2492 292!
hA 0.31 0.31 0.33 0.34 1.00 1.00 1.00
ol 0.43 0.46 0.44 0.34 0.69 0.88 0.86
Biiow 1330 1190 1179 1154 1169 1103
S 0.20 0.18 0.12 -0.05 0.32 0.47 0.43
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Figure 1. Likelihood profile, for models assuming the HogkStick stock-recruitment curve, for a) the

objective function and b)-g) individual contributi® to this objective function over a range of fixedues for
the standard deviation in residuals about aduliradimortality, o,,. The corresponding estimated values of

autocorrelation in these residuals, are plotted in h).
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Figure 2. Model predicted anchovy recruitment (in Novembpitted against spawner biomass from

November 1984 to November 2009 fopsAblack, filled symbols) and &Aw (red, open symbols) with the

Hockey stick stock recruitment relationship. Thetieal thin dashed line indicates the average 1i@8#999

spawner biomass (used in the definition of riskOMP-04 and OMP-08).

The dotted line indicates the

replacement line. The standardised residuals franfit are given in the lower plots, against yaad against

spawner biomass.
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Figure 3. Stock-recruit relationships for a)sA b) Axsn (grey being 2000+ relationship), ckAd) Auvodr, €)

Aaps (grey line showing the 2000+ relationship), an8dkqus.
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Figure 4. Acoustic survey results and model estimates fovedhber anchovy spawner biomass from 1984 to

2010 for Ays (black, connecting filled circles on the right esiglot) and Auw (red). The survey indices are

shown with 95% confidence intervals. The standadligsiduals from the fit are given in the righhdhglot.
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Figure 5. Egg survey results and model estimates for Noegrabhchovy spawner biomass from 1984 to 1991
for Ays (black, connecting filled circles on the rightesidlot) and Auw (red). The survey indices are shown

with 95% confidence intervals. The standardiseaiveds from the fit are given in the right handtplo
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Figure 6. Acoustic survey results and model estimates fahawy recruitment numbers from May 1985 to
May 2010 for Ass (black, connecting filled circles on the rightesiglot) and Aqw (red). The survey indices are
shown with 95% confidence intervals. The standadiresiduals from the fit are given in the right¢hglot.
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Figure 10. The model predicted November anchovy spawner &ésnfor Ais and the retrospective runsgbs
using data up to 2006,,4s using data up to 2003 andghy using data up to 1999.
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Appendix A: Bayesian operating model for the Souttfrican anchovy resource

Model Assumptions

1)
2)
3)
4)

5)
6)
7

8)

9)

All fish have a theoretical birthdate of 1 November

Anchovy spawn for the first time (and are calledladnchovy) when they turn one year old.

A plus group of age 4 is used, thus assuming thtatral mortality is the same for age 4 and oldesag
Two acoustic surveys are held each year: thetfikes place in November and surveys the adult stock
the second is in May/June (known as the recruitesyrand surveys juvenile anchovy.

The November acoustic survey provides a relatidexrof abundance of unknown bias.

The recruit survey provides a relative index ofradance of unknown bias.

The egg survey observations (derived from dataectdtl during the earlier November surveys)
provide absolute indices of abundance.

The survey designs have been such that they resslirvey estimates of abundance whose bias is
invariant over time.

Pulse fishing occurs five months after 1 Novemioerlfyear-old anchovy; for O-year-old anchovy this
occurs 7% months after 1 November prior to 1999 &% months after 1 November from 1999

onwards; these two ages (0 and 1) are the onlytaggsted by the fishery.

10) Catches are measured without error. (Selectiviiigge 0 and age 1 anchovy varies from year to year.

This would prove problematic were model predictattls to be estimated and fitted to observed catch,

but here the observed catches-at-age are diraciyporated into the dynamics.)

11) Natural mortality is year-invariant for juvenilesfi, and age-invariant for adult fish.

Population Dynamics

The basic dynamic equations for anchovy are asvisll wherey, =2010.

Numbers-at-age at 1 November

Npy = (Nj e P2 o pyer Ml 2 y=1984...1998

N2 = (N2 e @M 12 _ cA ye Gy 2 y=1999....y,

N2, = (N, e %0 12 oo p e ™M 12 y=1984....y,

N = Nty e y=1984...,y,

NJa. =NJ e e y=1984

N, = NA e ™Mer +NA,, e e y=1985...,y. (A1)
where

N)’:a is the model predicted number (in billions) of hoey of agea at the beginning of November in ygar
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ch is the model predicted number (in billions) of hoey of agea caught from 1 November in yegr—1

to 31 October in yeay ;

M?# is the annual natural mortality (in y&of juvenile anchovy (i.e. fish of age 0) in yegr and

M Qj,y is the annual natural mortality (in y&of adult anchovy (i.e. fish of age 1+) in year

Biomass associated with the November survey

BA=Y NA WA, y=1984...,y, (A.2)
a=1
where:

A . . . . . . .
B, is the model predicted biomass (in thousand tohs)dult anchovy at the beginning of November in

yeary, which are taken to be associated with the Noversberey; and

W;a is the mean mass (in grams) of anchovy ofaagampled during the November survey of year

Anchovy are assumed to mature at age 1 and thisp#wvening stock biomass is:

4+
SB) =D N Y1984 Yy a3
a=1

Recruitment
Recruitment at the beginning of November is assutndldictuate lognormally about a stock-recruitmeutve

(see Table 1):

N2, = f(ssBf e y=1984...,y. . (A.4)
where
el is the annual lognormal deviation of anchovy réorant.

y

Number of recruits at the time of the recruit survey
The following equation projectdl y‘fo to the start of the recruit survey, taking natanadl fishing mortality into

account, and assuming pulse fishing of juvenilek ldiay (based on historic data).

5M A

" - Cpe)e M2 y=1985....y, (A.5)

A _ A -0.
Ny,r _(Ny—loe
where

Nﬁr is the model predicted number (in billions) ofgmie anchovy at the time of the recruit surveyéar

Y;

Cy‘fObS is the number (in billions) of juvenile anchovyught between 1 November and the day before the star

of the recruit survey in year
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t2 is the time lapsed (in months) between 1 May dred start of the recruit survey that provided the

estimateN". in yeary.

Proportions of 1-year-olds associated with November survey

N A
ply =¥ y=1984...,y, (A.6)
2 NJa
a=1
where

p)’,*,1 is the model predicted proportion of 1-year-oldlavy at the beginning of November in ygawhich

Is taken to be associated with the November survey.

Fitting the Model to Observed Data (Likelihood)

The observations are assumed to be log-normaflitwised, and sampling CVs (squared) of the unfaansd
survey observations are used to approximate thenglag” component of the total variance of the
corresponding log-distributions. The proportiond gear-olds are first logit-transformed beforengeused in

the likelihood. Thus we have:

yn In BA In(kyB; ))

~InL= %y:1984 NI +inf2r{(o )7 +(40)?)]
1 01 A AgAYf
o g {msyegg “int; B2)) et 7]
y=1984 y,egg) (A 7)
1 n |nNA In(kANAr))2 A N2 AN2
+EY—1985{ (ay)+ (A7 )y +|n[277((ay,r) ek )]
i1 f‘, {In pyl/(l pyl)) In(k pyl/( kApy,l)))2 +|n[2n(a"j)2}
o lo2)

B2 is the acoustic survey estimate (in thousand tohajlult anchovy biomass from the November survey
in yeary, with associated C\UQN and constant of proportionality (multiplicativeab) k., ;
is the egg survey estimate (in thousand tonsyaftanchovy biomass from the November survey in

yeary, with associated CWw__ and constant of proportionality” :

y.€99

N” is the acoustic survey estimate (in billions) otlaovy recruitment from the recruit survey in ygar

with associated C\U)’,fr and constant of proportionaliﬂyrA;

" This transformation proved adequate, resultingdrmeteroscedasticity in the residuals of the Ilgitsformed variable.
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f))’,*,l is an estimate of the proportion (by number) gfeafs-old anchovy in the November survey of year

For the base case assessment an average Prodehgigeey is used to derive these proportions;

Ky is a multiplicative bias associated with the pmtipo of 1-year-olds in the November survey;

(A%, )?is the additional variance (over and above theesusampling CVJ;:N,r that reflects survey inter-
transect variance) associated with the Novembeufitezurveys;

o is the standard deviation associated with thegntagn of 1-year-olds in the November survey:

©

Fixed Parameters
Three parameters are fixed externally in this asseat (see main text for reasons and for variatfons

robustness tests):
M fy = 09for all years,(/]ﬁ)2 =0, and kgf =1, as the egg survey estimates of abundance armedso be

absolute.

Adult natural mortality varies around a median\dfy = 09 as follows:
M%, =Mge™ with £)! = pedd) +1- p?n° (A.8)
wheres3 ~ N(O, aﬁd) and

O, -isthe standard deviation in the annual resglabbut adult natural mortality; and

p - is the annual autocorrelation coefficient.

Estimable Parameters and Prior Distributions

The recruitments are assumed to fluctuate logndyrahbut the stock-recruitment curve:
£h~ N(O, (U,A)ZJ , y=1984..y .

The remaining estimable parameters are define@wéadnthe near non-informative prior distributions:
In(k(,*)~U (-100,0.7) (upper bound corresponding kg = ) 2

In(k,A)~U(—1OO,O.7) (upper bound corresponding kd* = ) 2

In(k§)~U (-1000.7) (upper bound corresponding kg =2)

(2) ~u (0100

(62) ~u( 00410

(02 f ~u( 00910

N sssa ~U (0500), a=01

Nisssa ~U (0001, a=23

o,, ~U(02005)
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Further Outputs
Recruitment serial correlation:

yn-2

D EyE

A _ y=1984

Scor -
yn-2 yn-2
2 2
26 | 2
y=1984 y=1984

and the standardised recruitment residual valugdoe:

A
yn-1

ot

r

&

A —
,7yn—l -

are also required as input into the OMP.
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Appendix B: Glossary of parameters used in this dagnent

Annual numbers and biomass:

N;a - model predicted number (in billions) of anch@mfyagea at the beginning of November in yaar

Cfa - model predicted number (in billions) of anchafyagea caught from 1 November in yegr-1 to 31
October in yealty

B;,*,N - model predicted biomass (in thousand tons) aftahchovy at the beginning of November in ygar
which are taken to be associated with the Noversberey

SB” - model predicted spawning stock biomass (in tandgonnes) at the beginning of November in year

W, - mean mass (in grams) of anchovy of ageampled during the November survey of year

Ny, - model predicted number (in billions) of juvendachovy at the time of the recruit survey in ygar

CQObS - number (in billions) of juvenile anchovy caudigtween 1 November and the day before the start of
the recruit survey in year
th - time lapsed (in months) between 1 May and tag sf the recruit survey in yegr

y

Natural mortality:

M;, -annual natural mortality (in yegrof juvenile anchovy (i.e. fish of age 0) in yegar

M Qj,y - annual natural mortality (in yegrof adult anchovy (i.e. fish of age 1+) in yegar

MZ - median adult rate of natural mortality (in y&ar

ad

£y - annual residuals about adult natural mortality

ny® - normally distributed error used in calculatiaff

0, - Standard deviation in the annual residuals abdutt natural mortality

P - annual autocorrelation coefficient in annualdeals about adult natural mortality

Recruitment:

h* - steepness associated with the stock-itecenit curve

K” - carrying capacity

a’ - maximum median recruitment in the HockégkSstock-recruitment curve

b* - biomass above which median recruitmenbisimpaired in the Hockey Stick stock-recruitmeuntve
a” - stock-recruitment curve parameter, linked< * angh” (for Beverton Holt and Ricker curves)
B’ - stock-recruitment curve parameter, linked< A angh” (for Beverton Holt and Ricker curves)
5? - annual lognormal deviation of anchovy recruitinen

o, - standard deviation in the residuals (lognorneadiation) about the stock recruitment curve
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Proportions of 1-year-olds:

pﬁl - model predicted proportion of 1-year-old anchatyhe beginning of November in yaar

Likelihoods:

S A . . . . .

By - acoustic survey estimate (in thousand tons)daftaanchovy biomass from the November survey in
yeary

O,y -survey sampling CV associated Wﬁjf that reflects survey inter-transect variance

k(,‘ - constant of proportionality (multiplicative bias3sociated witfé?

éﬁegg - egg survey estimate (in thousand tons) of aahthovy biomass from the November survey in year
U)/:egg - survey sampling CV associated Wﬁfegg that reflects survey inter-transect variance

k: - constant of proportionality (multiplicative biaa$sociated Witréﬁegg

I\Alfvr - acoustic survey estimate (in billions) of anchoecruitment from the recruit survey in ygar

J;\J - survey sampling CV associated wilﬁy’fr that reflects survey inter-transect variance

krA - constant of proportionality (multiplicative bias$sociated WithN f’r

f))’,*,l - estimate of the proportion (by number) of 1-yelar anchovy in the November survey of ygar

Ky - multiplicative bias associated with the propamtbf 1-year-olds in the November survey

(A%,,)? - additional variance (over and abo&)@fN,r ) associated with the November/recruit surveys

A

o, - standard deviation associated with the propomiol-year-olds in the November survey
Other:
s&. - recruitment serial correlation

Nasos - Standardised recruitment residual value for 2009

A
Wy

- mean mass (in grams) of anchovy of agliring each November survey
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Appendix C: Calculation of Loss to Predation for Archovy

The assessment model assumes catch is takenrigla pulse during the year. The loss in numberagefa

in yeary is calculated by:

PA =NA 10(1_ oM Py ’12j . (Nyw TEM [y 2 _ cyéo)(l- e My ’ﬂj y=1984...1998
P =N, (1— e 8Miy /12) + (N ?_Loe_&SM b2 _ Cy j(l— e My ’12) y=1999...,y,
P = N;*Ll(l— e My ’12) ¥ (N AL e MEs 12 C;fl)(l— e My ’uj y=1984...,y,
P/ = Ny (168 ) y=1984....y,
Pl = Nf_lyg(l— e Ma ) + N4 (1 e_M*ﬁ”) y=1985...,y,

The loss in biomass of fish of ageto predation in yeay is therefore given by:

P |:N ;/A 10 (1_ e_g'SM iA‘y /12) + (N o Loe 8oM jA'y e _ C;\,O j(l— e'3'5M iA‘y /12J:|% (Wy—l,o + Wy,l)

P, = [Nf-n(l e ady/lZJ (NAlle MA, 12 _ le)(l—e ady/lz):|%(wy_l'l+wy'2)y21984’___,yn

-MA l

P _NyAlz[l_e ad‘y)a(""y—Lz"'Wys)’ y=1984...,y,
_M:dy 1 M:dy 1 _

Pl = me(l—e : jE(WY'l3+WYv )+ N?l‘”(l—e )E(Wy_“ +Wy,4) y=1985...,y

The assumption is made thatgg,, =Wigg,, arFl... 4+

The total loss in anchovy biomass to predationgiary is then given by:

4+

_ A

- Z Py a
a=1
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