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Introduction
Further work towards choosing a base case singtBngastock hypothesis operating model has been

undertaken. This work extends that reported iMider and Butterworth (2011).

Population Dynamics Model

The updated generalised operating model for thehSafrican sardine resource, applying to both the
single and two stock hypotheses, is detailed ineflydix A. The data used in this assessment asallist
in de Mooret al. (2011). The model is now fit to survey propantiat-length data in addition to the

other survey and commercial data previously used.

Some changes have occurred in the use of priorildisbns on the multiplicative bias parameters

relating to the November and May hydroacoustic eysy The prior distribution formerly developed for
the bias on the November survelny, has now been correctly termed a bias on the lagdtgstic

survey, k3, (see Appendix B). The assumption is made thaté@werage of the sardine abundance is

obtained during the November survey. The May suisesubject to the same estimated hydroacoustic

bias parameter as well as an additional parametbéchwmodels the coverage of the sardine recruit

S
cov *

abundance in May as a ratio of the 1+ biomass eovar November k Given that not all of the

recruitment is assumed to be available to the gusyamid-May, this ratio is constrained by a maximu
of 1.

Random effects about juvenile natural mortalitydhaew also been included in the model. Initialitess
estimated similar annual autocorrelation coeffitseim annual residuals of adult and juvenile ndtura
mortality. As a result a single autocorrelatiorefficient is now estimated for both adult and julen

natural mortality.

The results presented in this document assume lkeyaatick stock recruitment curve, with parameters

differing between peak (2000-2004) and non-peaksyed@hese results are also based on the assumption

Y MARAM (Marine Resource Assessment and Managemenouy®, Department of Mathematics and Applied
Mathematics, University of Cape Town, Rondebos@017 South Africa.
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of M3 =06 andM > =10. Note thatM 3, and M are the central values (prior median) about which

adult and juvenile natural mortality varies ovenéi

Results and Discussion

A likelihood profile on the standard deviation letannual residuals about adult natural mortadty,,

has been plotted (results not shown). Unlike foch@vy, the likelihood profile is monotonic with a
better (smaller) objective function value obtaif@dsmallero,, values. This is primarily a result of the
large contribution to the likelihood from the logqr on the residuals about adult natural mortality
contrast, the fit to the hydroacoustic survey eatéa of November 1+ biomass improve for higbeg

values. Due to the need to fit the latter timeéesewell, and since an alternative of no randoractff on

natural mortality will be considered as a robustrtest, and possibly an alternative hypothesisteghge

for o,y has been constrained to [0.2, 0.5] as for anchovy.

The updated population model fits to the time sedkabundance estimates of November 1+ biomass
and May recruitment are shown in Figures 1 ande@pectively. Figures 3 and 5 show the fits to the
time series of survey and commercial proportioage-data, respectively. The model estimated survey
and commercial selectivities at age are plottedrigures 4 and 6, respectively. Figure 7 shows the
residuals from the fit to the November survey prtipo-at-length data and Figure 8 shows the ressdua
from the fit to the quarterly commercial proportiatlength data. The model predicted November
spawner biomass and recruitment at the posterialenaoe plotted in Figure 9, together with the model

estimated hockey-stick stock-recruitment curve @mstant recruitment from 2000 to 2004.

Finally, the model estimated annual juvenile andltadhtural mortality are plotted in Figure 10 tdos
with the estimated residuals. The autocorrelabietween these residuals is estimated to be rdiative
high with the standard deviation in these residoalshe lower bound of the uniform prior distrilarti
(Table 1).

The estimated parameter values and other key cugatlisted in Table 1 together with the individua
contributions to the objective function at the goistr mode. Note that these results presentedmay
be at the posterior mode as a non positive defti@gsian results. The corresponding values exajudi

random effects about juvenile natural mortalitynfirde Moor and Butterworth (2011) are also shown.

Summary and Future Work

This document has detailed further work towardsselrase single sardine stock hypothesis. Theteffe

of alternative stock recruitment relationships atigrnative values for median natural mortalityl sti
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need to be tested before a decision on the chbiadase case can be made and robustness testirgj to

base case undertaken.
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Table 1. Key model parameter values and model outputs astinat the joint posterior mode for the
model given in this document, including random etfeon I\WjS as well as that excluding random effects

on I\WjS from de Moor and Butterworth (201@]5. Values fixed on input are given lild. Numbers

are reported in billions and biomass in thousaridesrmes.

Including random| Excluding random Including random| Excluding random
effects on I\WJS effects on I\WJS effects on I\WJS effects on I\WIS

Parameter Parameter

0.09 from '84- 0.25 from '84-
Objective function 36.84 58.87 qul, 06, then 0.20 06, then 0.47

from '07-10 from ‘07-10

—In LNV 7.33 9.45 Sq2: 0.33 0.52
—InLe 24.40 27.39 S, 0.63 0.49
— | LS propa 0.17 0.78 S, 1.00 1.00

2.00 from '84- 2 from ‘84-06,
— | LLSom propa 1.52 4.21 S., 06, then 0.90 | then 0.85 from

from '07-10 ‘07-10
ml | mi

= In L PreRe 1.93 1.97 NS s 2.52 2.60
~ I Leom pron 15.12 1503 | B ' 615 612
— | LS proplmin 0.23 K> 2037 1645
— | L prop 1.74 K Sk 2267 2126
= In(priors) -15.61 0.05 as 33.8 27.3
M > 1.0 10 bS 696.0 579.9
M3 0.6 0.6 cS 37.6 35.2
kP\ =k3 0.75 0.73 o’ 0.40 0.46
kS 0.67 0.72 Oy ek 1.08 0.84
kP, /KDy 0.90 0.99 03 0o 0.700 0.463
Sy 1.10 0.90 Ser 0.448 0.474
Sirid 0.90 0.90 L, 19.5 20.2
Sa 0.90 1.10 K 0.59 0.57
Sl 1.00 1.00 to -17 17
Ssr 0.90 1.10 I 0.26 0.19
(1) 0.016 0.030 , 0.15 0.08
() 0.309 0.424 3 0.08 0.06

! OMP-04 and OMP-08 were developed using Risk defae “the probability that 1+ sardine biomass fa#tow
the average 1+ sardine biomass between Novembdr d&8® November 1994 at least once during the piojec
period of 20 years”.
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Table 1 (continued).

Including random| Excluding random Including random| Excluding random
effects on I\WJS effects on I\WJS effects on I\WJS effects on I\WIS
Parameter Parameter
g; 0.20 J, 0.06 0.06
O 0.20 0.20 e, 0.06 0. 06
p 0.67 0.67
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Figure 1. Acoustic survey observed and model predicted Ndezrnsardine 1+ biomass from 1984 to
2010. The observed indices are shown with 95%idente intervals. The standardised residuals from

the fits are given in the right hand plot.
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Figure 2. Observed and model predicted sardine recruitmambers from May 1985 to May 2010. The
observed indices are shown with 95% confidenceniats. The standardised residuals from the fit are

given in the right hand plot.
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Figure 3. Observed and model predicted sardine proportieagas 1 (at the top) to 5+ (lowest plot)
associated with the November surveys from 1993002 The residuals from the fits are given in the

right hand plots.
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Figure 4. The model estimated November survey selectiviggeat
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Figure 5. Observed and model predicted sardine proporticagas 1 (at the top) to 5+ (lowest plot)
associated with the quarterly commercial catch f&@@4 to 2009. The residuals from the fits aregiv

in the right hand plots.
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Figure 6. The model estimated commercial selectivity at ageéhe open diamonds represent the
selectivity at ages 1 and 5+ estimated from 2002Gd0, while the solid diamonds for these ages

represent the selectivity from 1984 to 2006.
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Figure 7. Residuals from the fit of the model predicted mmipn-at-length in the November survey to the obse proportions. The left panels show the

residuals for the minus length class (9cm) anditie panels show the residuals for the remainamgth classes.
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Figure 8. Residuals from the fit of the model predicted mmbjpn-at-length in the commercial catch to theawlied proportions. The left panels show the

residuals for the minus length class (12cm) anditgid panels show the residuals for the remaifhéngth classes.
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Figure 9. Model predicted sardine recruitment (in Novemb@otted against spawner biomass from
November 1984 to November 2009, with the ‘hockégkststock recruitment curve and the constant
recruitment between 2000 and 2004 also shownMgy = 0.8 (top left panel) andM 3, = 0.6 (top right
panel). The open diamonds denote the 2000 to R@@émber spawner biomass and recruitment. The
vertical thin dashed line indicates the averagel1®91994 spawner biomass (used in the definition o
risk in OMP-04 and OMP-08). The dotted line indésathe replacement line for normal recruitment.

The standardised residuals from the fits are ginetine lower plots, against year and against spawne

biomass forM 3, = 08 (black) andM 3, = 0.6 (red).
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Figure 10. Model estimated annual juvenile (red) and adulidk) natural mortality forﬁjS =10 and

M2 = 06. The random effects are plotted in the right hpauel.
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Appendix A: Bayesian age-structured operating model for the South African sardine resource

Base Case Model Assumptions

1) Allfish have a theoretical birthdate of 1 November

2) Sardine spawn for the first time when they turn twears old.

3) A plus group of age five is assumed.

4) Two surveys are held each year: the first takesepla November (known as the November
survey) and surveys the adult (1+) stock; the s&c®m May/June (known as the recruit survey)
and surveys juvenile (0-year-old) sardine (alstedalecruits).

5) The November survey provides a relative index oinalance of unknown bias.

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

7) The survey strategy is such that it results in sys\of invariant bias over time.

8) Pulse fishing occurs four times a year, in the neidd each quarter after the birthdate.

9) Natural mortality is year-invariant for juvenilechadult fish, and age-invariant for adult fish.

Population Dynamics

The basic dynamic equations for sardine, basedope’'® approximation (Pope, 1984), are as follows,

wherey, =1984 and y, =2010. The numbers-at-age are modelled at 1 Novemiwdr yzar.
Catch is taken at four intervals during the yeaerehg =1 is from Novembery -1 to Januaryy,

g =2 from February to Aprily, g =3 from May to Julyy and q =4from August to Octobey :

Numbers-at-age at 1 November

s 1,8 s M3, /4 _ ~s 1,14 s 1y /4 s 1,8
Nj,ya_(((((N]yLa—le =ty —Ciyiaa)e J Cj,y,2,a—1je =iy Cj,y,S,a—lje =ty Cj,y,4,a—lje iy

Y=Y,y ¥, a=1... .4

S S S S S
S "y 18 S -MZ, /4 _ ~S -M7y /4 _ ~S -Mz, /14 _ ~S -Mz, /8
Nj,y,5+ _{((((NI y- L4e = _Ci ,y,L4)e Y J Ci ,y,2,4je v Cj,y,3,4je v Cj,y,4,4Je "

s -MS, /8 _ ~sS -MS, /4 s M;,ym S -MS, /4 _ ~S M;,y/s
' ([(((Niy—l&e Clyas )e ~Clyas Ciyas € CJ y A5+

Y=Y Y (A.1)

where
NJSya is the model predicted number (in billions) ofdiae of agea at the beginning of November in

year y of stock | ;

12
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C/y.aq Is the model predicted number (in billions) ofdsae of agea of stock J caught during quarter

g ofyeary;

M :y is the rate of natural mortality (in y&auof sardine of age in yeary .

Movement
In the two stock hypothesis, movement of west stork1) recruits to the east stoclf € ) at the

beginning of November, i.e. when the recruits @ge 1, is modelled as follows:

NP, = (l move )Nf'*y1

N3, . =move, N3 , Y=Y Ya

where N Syl is simply the numbers-at-age 1 given by equatkot)(prior to movement, and

move, is the proportion of west stock recruits which raig to the east stock at the beginning of

November of yealy .

Biomass associated with the November survey
_kSNZNJya iy.a Y=Y Yn (A.2)

where

ny is the model predicted biomass (in thousand tgnmfeadult sardine of stock at the beginning
of November in yeay, associated with the November survey;

ka is the constant of proportionality (multiplicatitéas) associated with the November survey of
stock j ; and
wS is the mean mass (in grams) of sardine ofeagestock j sampled during the November survey

of yeary (de Moor et al. 2011).
The multiplicative bias in the November surveysswamed to be equal to that resulting from the d@eous

survey only; hence it is assumed that the fullrttigtion of sardine is covered by the survey, i.e.
kPy =ks
where

kS is the multiplicative bias associated with thewst survey (see Appendix B).

Sardine are assumed to mature at age two andit@spawning stock biomass is:

Zlea j.ya Y=Y ¥ (A.3)

13
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Proportion at age and length associated with the November survey

The model predicted proportion-at-age in the suisey

gney S
,a ,Y,a
Plya=5 — — Y= Y1 Yy @515+ (A.4)

survey Ny S
Z Sia Niya
a=1
where
S;a? s the survey selectivity at agein the November survey for stock.

The model predicted proportion-at-length associatigld the November survey is:

5+ | min
pis,y,l min = Z Z Al pjs,y,a Y=Y Yy (A5)
a=l 1=1
S < S
Py =D A P, Y= Yie ¥y 1 =Imint 1.1 max (A.6)
a=1
where
A?,J;J is the proportion of sardine of agein stock j that fall in the length group in November.

The matrix Af“’, is calculated under the assumption that lengthgatis normally distributed about a

a,

von Bertalanffy growth curve:

N et (A7)
where
L~ denotes the maximum length of sardine of stpck
K, denotes the annual growth rate of sardine of sfack

denotes the age at which the growth rate is ziesardine of stockj ; and

o denotes the variance about the meal length foragestock j .

Catch

Sardine are landed by three major fisheries: thdirsexdirected fisheryflget=1), the red-eye-directed
fishery (leet=2), and the anchovy-directed fishefle¢t=3). Landings from the former two fisheries
comprise mainly adult sardine while bycatch frone imchovy-directed fishery is primarily juvenile
sardine. The assumption is made that all sardiveler than a pre-determined cut-off length aree@ry

olds:

3 1

Clyw= 2 2, 2.Clm™

fleet=1m=11<lcut, .,

3 4

Cisyy,ZVO = z z ZCFE/melleet

fleet=1m=2I<lcut, ,

14
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RLF, fleet
1y30 Z Z chyml

fleet=1 m=5I<lcut,,

1y40 z z ZCJRI;meIIeet Y=Y Y (A.8)

fleet=1 m= 8|<Icut

where

CRymI is the number of fish in length clasdanded in monthm of yeary of stock j (the ‘raised

length frequency’); and

Icut, ., is the cut off length for recruits in month of yeary (see de Moor et al. (2011) for details).

y,m
The remaining sardine bycatch from the anchovyeti fishery are assumed to be 1-year olds, while

the remaining directed sardine and redeye bycatehsplit between ages using a model estimated

selectivity:
bycatch Z ZCRLF fleet=3
1 yll jy.m)l
m=11>=lcut,
bycatch CRLF fleet=3
1 y21r = jy.m,l
m= 2I>—Icut
bycatch CRLF fleet=3
] y.31 j,y,m|l
m=51>=lcut,
bycatch CRLF fleet=3
l y.41 j.y.m,|l
m= 8I>—Icut
bycatch _ —_ — —
CXlaa=0 Y=V, ¥y, 0=1...4,a=2..5+
—M /8 bycatch)
CPyia (N ~Ciyia PiyaaFiya
— -M§/8 _ (bycatch _ ~S )E—M§/4 _ bycatch)
1 y.2.a (( Cj,yylya Cl yla Cj,y,2,a SJ vy,2,aFJ,yv2
— -Masl8 _ (~bycatch _ ~S )e-M§/4 _ (~bycatch _ ~S )E—M§/4 _ bycatch)s
l y3a "~ ((( jy= 1a CJ',y,lya Cva,la Cj,y,ZVa CJ y.2a Cj,y,a,a j,y,3,aFj,y,3
S —
C] y.aa

S —M§/8_ bycatch _ ~S )e—M§/4_ bycatch _ ~S )e—MaSM_ bycatch _ ~S %—MEM_ bycatch)
((((N y-1a€ Ciyia ~Ciyia Civea ~Ciyz2a Civaa ~Ciyaa CivaalSiyaaFiya

y:y]_!'--!ynl a=01---15+ (Ag)

S, yaqa IS the commercial selectivity at ageduring quartery of yeary of stock j; and

F,yq Is the fished proportion in quarter of yeary for a fully selected age clagsof stock |, by the

directed and redeye bycatch fisheries.
In the equations above the difference in the yabsaript between the catch-at-age and initial nusibe

at-age is because these numbers-at-age pertaioventtber of the previous year.

15
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The fished proportion from the directed and redeyeatch fisheries is estimated by:

2 12 . 2 a
RLF, fleet RLF, fleet
> 2 2Chm X Xcii
= _ fleet=1m=11>=lcut, fleet=1I>=lcut,
jyl ™ 5+
S -MS/8 _ bycatch)
Z(Ni,y—l,ae Ci,y,La Sj yla
a=1
2 4
RLF, fleet
2 2 2Cin
fleet=1 m=21>=lcut
Fiyo= o

jy.2 5+
S -M3/8 _ ~bycatch _ ~S %—M Si4 _ bycatch)
Z ((Nj,y—lae Ci yla Ci yla Cj y.2.a Si y.2.a

2 7

RLF, fleet
Z Cj y.ml

fleet=1m=5I>=lcut,

Fiyy3 5+ ((( < s <
S -M7; /8 _ ~bycatch _ ~S %—Ma /4 _ ~bycatch _ ~S %—Ma /4 _ bycatch)
D INFyae Civia ~Ciyia Civza ~Ciyea CiyaaSiyaa
a=0
ijy,4

2 10
PIPIPIcivitn

fleet=1m=81>=lcut,

5+
S -MS/8 _ ~bycatch _ ~S -MS/4 _ ~bycatch _ ~S -MS/4 _ ~bycatch _ ~S -MS /4 _ ~bycatch
z ((((N jy-1a€ " Ci yla Ci ,yla)e ’ Ci Y2, Ci Y2, : CJ y3a Ci y3a : Ci y.4a Si y.4a

a=0

(A.10)
A penalty is imposed within the model to ensuré tRg, , < 095.

Recruitment

For the base case assessment of a single stockhlegs) a Hockey Stick stock-recruitment curve is
currently assumed for all years outside of the kpg@ars, during which a constant recruitment (ine.
respect of distribution median and independentpafming biomass) is assumed. Recruitment at the
beginning of November is assumed to fluctuate logradly about the stock-recruitment curve. For the

single stock hypothesis a change in the maximumuiteeent is assumed during the peak years:

aSe™ JifSBS, 2b?
NS, 0=1aS . y=1984...19992005...,2010
—SB> e ifSB, <b?
bP ' '
NS = CSeS‘S'y =200
jyo = y=200Q...,2004 (A.11)

while for the two stock hypothesis, the same cisuwaken to apply to all years, but differ by steick

16
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ase™ ifSBS, 2b°
NS = S =
iy.0 aj s &8 . S S Y=Y ¥n
F%]’ye Iy ’IfS$J,y<bJ
J
where
a’ is the maximum recruitment of stogk (in billions) (i.e. median of the distribution question);

I

b is the spawner biomass above which there shoutw lvecruitment failure risk in the hockey
stick model for stockj ;
c® is the constant recruitment (distribution medidajing the “peak” years of 2000 to 2004; and

E: is the annual lognormal deviation of sardine riéorent.

Number of recruits at the time of the recruit survey
The number of recruits at the time of the recruivgy is calculated taking into account the rectaitch
during quarters 1 and 2 (November to April) andeatimate of the recruit catch between 1 May and the

start of the survey:

s _|S S -M$/8 _ ~S -M$/4 _ ~S %—o.aystos/lz_ s -05t5xMg /12
Ny ‘ki,r(((Ni,y—Loe Ciywole Ciyao Cly.om J€

Y=Y Yn (A.12)

where

ny,r is the model predicted number (in billions) ofgmie sardine of stock at the time of the

recruit survey in yeay,

kfr is the constant of proportionality (multiplicagibias) associated with the recruit survey;

CNJjS’yVObS is the number (in billions) of juvenile sardinesdbck j caught between 1 May and the day

before the start of the recruit survey (see de Moead. 2011); and

ty is the time lapsed (in months) between 1 May &edstart of the recruit survey in yaafsee de

Moor et al. 2011).
The multiplicative bias in the recruit survey isamed to be equal to that resulting from the adoust
survey as well as the proportion of the recruitrad@nce which the survey covers in comparison to the
November survey. In addition, for the two stockpbthesis, the proportion of the east stock recruit

abundance covered compared to that of the wedt atmmdance is also required. Thus

S LS S
k:Lr - kcov X kac

and for the two stock hypothesis;, =k, x ko, XK,

covE cov

where
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k>, is the multiplicative bias associated with the emage of the recruits by the recruit survey in
comparison to the 1+ biomass by the November syamey
kS.e Is the multiplicative bias associated with the exage of the east stock recruits by the recruit

survey in comparison to the west stock recruitsnguthe same survey.

Proportion at age and length associated with the commercial catch
The model predicted proportion-at-age in the coneiaéicatch from the directed and redeye bycatch

fisheries is:
cS
p;:o)r/nqsa = i.y.aa Y=V, d=1...4,a=1...5+ (A.13)
25;(:J y.0,a

The model predicted proportion-at-length in the pwrcial catch from the directed and redeye bycatch

fisheries is:
s 5+ I min s
P iinn = 20 2, Altes Pios VYo AL (ALY
a=1 I=1

5+

p;:o)r/ngls ‘ZAJ om p?o;]qsa Y=Y Yy =14, I =Imint 1... max (A.15)
a=1

where

Af‘;mal is the proportion of sardine of agein stock j that fall in the length group in quarterq.

The matrix A%" i q.al 1S calculated under the assumption that lengtgatis normally distributed about a

von Bertalanffy growth curve:

A N of-ebeeed) s, ) (A.16)
A <N e bEal) g ) (A.17)
AT N[ L-eleel) g ) (A.18)
A N[ el g ) (A.19)

Fitting the Model to Observed Data (Likelihood)
The survey observations are assumed to be logngrmisiributed. The standard errors of the log-

distributions for the survey observations of adhittimass and recruitment numbers are approximated by

the CVs of the untransformed distributions and réhier additional variance parameter. The estimated
proportions-at-age are also assumed to be lognlyrmligtributed, with variance inversely proportibna

to the number of samples used to calculate the Ab# the observed proportion, while the variance for

18
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the proportions-at-length are inversely proportidnathe observed proportion. Thus the negatige lo
likelihood function is given by:

—InL==In LN —In L' — | LS Propa |y |_oom pro

. . (A.20)
—-In Lsur propl min __ In Lsur propl _ In Lcom propl min __ In Lcom propl

where

n [ (in(BS, )-nes,)f
- LNov -1 1y 1y
L 0w U

j,y,Nov

+ In[2/7((cffy,mov)2 + (A5 )2)]

—InLre =%Z S (In(I\AI js,y,r )_ In(Nis,y,r)) + |n[277((0-1_3’y’rec)2 + (/]J_Syr)z)]
i

S 2 S 2
j y=yl+l (Uj,y,rec) +(/]j,r)

T 3>293) LLILE Gt ulL i) N ST T

propa 2 S\2
j ys a=l (ap)

5 | pcom ﬁcom,s (In(ﬁcom,s )_ In(pcom,s ))2
_ com propa _ ,,,C0m y,q Mly.q.a ly,q.a ly,q.a [ S 2 com ~ com,S ]
InL - Wpropazzz (US )2 +In|271(T corm) /(ny,q ply,q,a)
yc qc a=1 com

s z in: b}s,y,l min (In(ﬁjs,y,l min )_ |n(p}s,y,| min ))2 st,l min 2

propl min + |n

ioy=n1 2(O-JSI min )2 \ @js,y,l min
—In L propl _ W z in“ If“x ﬁiy,l (In(ﬁiy,l )_ In(pﬁyJ ))2 st,l 3

Lsur propl min

-In =w

+In

propl 2 A
i y=yll=imin+1 Z(Jﬁ,) \ pjs,y,l
n & [ pems (in(pems ) jn(pen )P s
—In Loom propl min _ Wcom Z Z z pJ ,y.g,l min In p] y,q.] min In p] y,q,l min +In J],ooml min 4
= Wpropl min Z ( S )2 [~ coml,s
I y=vlg=l 2 I § comi min Pj.y.almin
yn 4 Imax A‘?Om'vs(m(”?omvs)—m( coml ))2 o3
— | Leom Propl — W(;cr)cr)r;)I Z z z Piyal Piyal Pjyal +In j,com 5 (A.21)
el o o S 2 | acoml,S
i y=ylg=ll=1min+1 2(0']-‘00“1 ) pj,y,q,|
Here
ny is the acoustic survey estimate (in thousanderuids) of adult sardine biomass of stgckrom

the November survey in year, with associated C\bfy,Nov;

NS

iyr Is the acoustic survey estimate (in billions) afdsne recruitment numbers of stogkfrom the

recruit survey in yeay, with associated C\bﬁyv,ec; and

2 Note that the years over which the sum occursuebesl those for which survey proportion-at-age de¢aused.
% Although strictly there may be bias in the profmns of length-at-age data, no bias is assumekisrassessment.
The effect of such a bias is assumed to be small.
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(A5 n,r)? s the additional variance (over and above tieesusampling CVo ;o that reflects
survey inter-transect variance) associated wighNbvember/recruit surveys of stogk
ﬁ)js,yva is an estimate of the proportion (by number)astigie of age in stock j in the November

survey of yeary;

Nsy is the number of fish from the November survewtsan yeary used to compile the

age-length key for calculatin@fy,a:

S

p)2 is the overall variance-related parameter fordlgetransformed survey proportion-at-age

(o
observations 7, , [note variance {0 3)? /(n, B},..)1;

ys denotes the years for which ALKs are availabledlrulate proportion-at-age in the November

survey (‘93, ‘94, '96, '01, '03, '04, '06-'10);

survey

Wpropa

is the weighting applied to the survey proportadrage data;

~com,S

Pyqa 5 IS an estimate of the proportion (by number)iogle-stock or “west stock” sardine of agén

the commercial catch of quartgrof yeary (calculated using the raised length frequencies of

the directed and redeye-bycatch fisheries — sédate et al. 2011);

com

nyyq

is the number of fish from the commercial trawigjuarterq of yeary used to compile the

AcomsS .,

age-length key for calculating .

(035.)° is the overall variance-related parameter folddigetransformed commercial proportion-

A~ com,S

at-age observation)Sqs [note variance {og,,)? /(n

com ~ com,Sy 7.
y.q py,q,a ]’

yc/qc denotes the years/quarters for which ALKs arelalvie to calculate quarterly proportions-at-age

in the commercial catch ('04 Q1-4, '06 Q2-4, '07-3108 Q4, '09 Q1);

com

Wpropa

is the weighting applied to the commercial projporat-age data;

f)iy’, is the observed proportion (by number) of sardinength group in the November survey of

yeary;

sur

Wropi min IS the weighting applied to the survey proportivteagth data for the minus length class;

sur

VVpropl

is the weighting applied to the remaining surveypportion at length data;

o’ is the variance-related parameter for the log-fransed survey proportion-at-length data of the

minus length class, which is estimated in thenfitprocedure by the closed form solution:

* Note that the years and quarters over which te eacurs excludes those for which quarterly comiakrc
proportion-at-age data are used.
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L aS s 2 /e
JImln - z j,y .l min (In pj,y,l min =In pj,y,l min) zl ; and
y=yl y=yl
o’ is the variance-related parameter for the logsfiemmed survey proportion-at-length data, which

is estimated in the fitting procedure by the clofed solution:

| max yn | max ;
Z Zprl(In prl =In prl) Z Zl
y=yll=1min+1 y=yll =1min+1

coml,S

P’ iyal Isthe observed proportion (by number) of theated and redeye bycatch commercial catch in
length groupl of during quarterq (gq=1 for Nov-Jan,q= 2for Feb-Apr,q= 3for May-Jul,
gq=4 for Aug-Oct) of yeary;

W,C;r’[}"p, min IS the weighting applied to the commercial promortat length data for the minus length class;

Wiron IS the weighting applied to the remaining commarproportion at length data;

ol is the variance-related parameter for the log-faanged commercial proportion-at-length data

coml min

of the minus length class, which is estimated afitiing procedure by the closed form solution:

yn 4
jcoml min _\/zz pfo)r/Tiqlsmln (In pfo)r/Tiqlsmln =In p] yqlmln) zzls; and

y=ylg=l y=ylg=1

oS, is the variance-related parameter for the logsfiamed commercial proportion-at-length data,

which is estimated in the fitting procedure by ¢hesed form solution:

) 4 | max

4 | max
,m—Jzz S gt g et /03 S0

y=y1g=1=1min+1 y=y1qg=1I1=1min+1

Fixed Parameters

Six parameters were fixed externally in this model:

M ,-S,y = I\WfJ =1 for all years. Adult natural mortality varies analia median oM 3 = 0.8 as follows:
MS, =M35e™ for a=1...5+ with £ = e, +,/1- p?7 "8

wheren® ~N(0,02, ) and

® This is not stock-dependent as only ALKs for the&t” coast are available.

® Note that the years and quarters over which the eacurs excludes those for which quarterly comiaerc
proportion-at-age data are used.

" Note that the years and quarters over which the eacurs excludes those for which quarterly comiaerc
proportion-at-age data are used.

® Note that the years and quarters over which the eacurs excludes those for which quarterly comiaerc
proportion-at-age data are used.

° Note that the years and quarters over which the sacurs excludes those for which quarterly comiakrc
proportion-at-age data are used.
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O, -lsthe standard deviation in the annual resglabbut adult natural mortality; and
p - is the annual autocorrelation coefficient.
Sardine of age 4 are taken to be fully selectdzbth the survey and commercial trawls:

S =1,for y=vy,,....,y,, q=1....4 andeS"ZVeyzl.

iya4
Kk x L, =114957 andt, =-1.7087 obtained from fitting a von Bertalanffy growth gerto the available

ageing data (Durholtz and Mtengwane pers. commn.)
The weighting on the commercial proportion-at-léngthould be a quarter of that on the survey

proportion-at-age as there could be up to four masens per year. However, as the survey proporti

at-age data appears to conflict within L™, we havewsc™ = 0001 and wiy,,, = 001.

com
propa *

woel i =Wor = 0.0025 since there are 23 length classes and 5 ages thiguarter ofv

propl min propl
The survey proportion-at-length data are not culyenincluded in the assessment, thus
Wcom :Wcom :0.

propl min propl

Estimable Parameters and Prior Distributions

The recruitments are assumed to fluctuate logndyraslout the stock-recruitment curve. For the lging
stock hypothesis, the variance about the stocliiteoent curve is assumed to differ between peak and

non-peak years, i.e.the prior pdfs for the recraittresiduals are given by:

€3, ~N[0,(J,S)2] . y=vy,,...19992005.... . .

E0, ~ N(O. (afpeak)z) , y=200Q...,2004

while for the two stock hypothesis, the variancewtihe stock recruitment curves is assumed terdiff

between stocks, but not over years, i.e.

gjs,y~N(o'(JjS,r)2) v Y=Y Yna

kS ~N(0737,00772), see Appendix B
L,—,w ~ N(19.741622) , Where 19.7416 is the value @f obtained from fitting a von Bertalanffy

growth curve to the available ageing data (Durhaltwl Mtengwane pers. commn) and a standard
deviation of 2 does not allocate too much probgbit the 23.5-24 cm length class which is thedatg

observed historically in the November survey
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14 16 18 20 22 24

L. (in cm)

The remaining estimable parameters are definedaasd the following near non-informative prior
distributions:

kS, ~uU(031)

k(i)vE ~U(0’1)

Sia® ~U (0911) %, a= 1235+

(yase =Sisa s With S;1.2,S, .. ~U (02  y=y,,...,2006

m

S S

jyal = jla;

1
mi

Siya1=Simr Sjyas = Siswn » With Sjg.0,Sj s ~U (02) y=2007,...,Y,

Siyaa=Sia WithS,,~U@©02)  y=vi,...,Y,, a=23

Iog(ajs)~U (0,8) (given the lack of priori information on the magnitude af°, a log-scale was used)
Iog(cs)~ u(08)

b7 /K ~U(0)

For the single stock hypothes(:srrs)2 ~U(01610) and (ofpeak )2 ~U(01610)

While for the two stock hypothesigﬂfr )2 ~U(01610)

logl(e%)?)~U (-100,04)

log((@S,,)?)~U (-100,04)

N;gg3 ~U (050) billion

s _ —(Finit—ﬁ-s—(a—l)ﬁs)
N 10832 = N1gs ' *
e—(pmn—m,.su -ams,)

S _ . Lo
NJ 19835+ — N1983W y W|th Finit = 001

19 By design, surveys aim to achieve equal selegtiwer all ages. Age 1 sardine distributed inshoag be under
caught in comparison to other ages. On the othed lolder, faster fish may be more able to avoidtitae trawls

and thus be under represented in any day-time {ataptrawl samples. It is, however, most likelgttiselectivity
of ages 3 to 5+ is flat (Coetzee pers comm.).
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9, ~U(0012)
0,4 ~U(02005)
p~U(01)

Further Outputs
Recruitment serial correlation:

yn-2
zgivygj,yﬂ

sS = vl (A.22)

j,cor
yn-2 yn-2
2 2
[Z‘gi,yJ[ Z‘gi ,y+1j
y=yl y=yl

and the standardised recruitment residual valug2@6e:

ES
j 2009 A
17 2000 =3 (A.23)

j.r

are also required as input into the OM.

For the single stock hypothesis, a separate czgﬂt;dlpacity,st (essentially thijS'N value where the

replacement line and the stock recruit functiorensgct) is calculated representing the period aekpe

abundance (2000 — 2004) to that for the remaineays.

a-1 4
4 =M Mg 1
Ki=a’ ) w> e +w>,e= —— (A.24)
i i ia 5 MS
a=1 1_ e 5*
a-1 4
S S : S i Mi S _ZME 1
Kok =C°| D Whe @ +Wj,.e = PPy (A.25)
a=1 -e

(calculated assuming maximum recruitment in theeabs of fishing), while for the two stock scenaio

single carrying capacity is assumed for all yediféering by stocks. Here
Wfa is the mean mass (in grams) of sardine ofaafyjem stock | sampled during each November

survey, averaged over all November surveys focwhin estimate of mean mass-at-age is
available (de Moor et al. 2011).

Note that we work with median rather than meamesgs ofKiS and thus a bias correction factor for

the log-normal distribution above is not used.
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APPENDI X B: Calculating the biasin estimates of sardine from the May and November hydro-

acoustic surveys

A probability density function (pdf) for the bias the May and November survey that relate directly

the acoustic survey, rather than, for example twemmge of the stockk>

~ » was calculated by drawing
ten thousand samples from the individual pdfs &mhesource of constant error, together with theiamed
values of the individual pdfs of each source ofialzle error (see Table B.1, Anon. 2000). Constant
error relates to a factor whose value is not knewectly, but whatever it is, it is the same fortegear.

In contrast variable errors relate to a factor vehtose value will change from one year to the néxpdf

of the inter-transect variancéAjS'N)z, was then calculated by drawing ten thousand ssripbm the

individual pdfs for each source of variable err@he resultant pdfs on the model predicted bionfiass
the inverse of the pdf calculated using the erprowvided), together with normal distributions fdtéo
these pdfs are given in Figures B.1 and B.2. Theag, however, still be systematic errors relatmg

the target strength that are unaccounted for isethedfs. These are taken into account through

sensitivity tests using alternative’ values.

Table B.1. Individual error factors for hydro-acoustic surgegf sardine biomass, where the values
define trapezium form pdfs. Note that these diaotors apply to the observed biomass, i.e. thégate

the inverse of the multiplicative bias (appliedhie model predicted biomass) in this document.

Error Minimum Likely Likely Likely Maximum Nature
(lower) (midpoint) (upper)

Calibration

(On-axis sensitivity) 0.90 0.95 1.00 1.05 1.10 Variable?
(Beam factor) 0.75" 0.90 1.00 1.10 1.25 Constant
Surface Schooling 1.00 1.05 1.075 1.10 1.15 Vagiah)
Target Identification 0.50 0.90 1.00 1.10 1.50 whbté
Weather Effects 1.01 1.05 1.15 1.25 2.00 Variab

1 This was originally reported as 0.8 in Anon 2000t subsequently corrected (I
2 This was recorded in Anon. (2000) as random edimroting that it would be positive or negative eatthan
purely positive or negative.
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Multiplicative bias in the estimate of sardine
abundance from the November survey

== Pdf

=== Normal distribution

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Multiplicative bias

Figure B.1. The probability density function for the overald® in the estimate of sardine abundance
from the November survey, calculated by drawing(DD samples from the individual probability
distribution functions for each source of constambr, together with the median values of the iittlial

probability distribution functions for each soummievariable and random error. The normal distiitout

fitted to this pdf isk3 ~ N(0737,00772).

Additional standard deviation in the estimate of
sardine abundance from the November survey

== Pdf

=== Normal distribution

0.2 0.7 1.2 1.7 2.2
Multiplicative bias

Figure B.2. The probability density function for the additibreiandard deviation in the estimate of
sardine abundance from the November survey, cadmlitay drawing 10 000 samples from the individual

probability distribution functions for each soummievariable and random error. The normal distiitout

fitted to this pdf isA®, ~ N(0969,0215).
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Appendix C: Glossary of parametersused in this document

Annual numbers and biomass:

N7, . - model predicted number (in billions) of sardafeagea at the beginning of November in

year y of stock |

S . . . . - . .
B,y - model predicted biomass (in thousand tonnesgjdaft sardine of stock at the beginning of
November in yeay, associated with the November survey

SSB>. - model predicted spawning stock biomass (in taodstonnes) of stock at the beginning of

November in yeay

- mean mass (in grams) of sardine of agé stock j sampled during the November survey

iy.a
of yeary
ny,r - model predicted number (in billions) of juvendardine of stockj at the time of the recruit
survey in year y
tf - time lapsed (in months) between 1 May and tag sf the recruit survey in yegr

move, - proportion of west stock recruits which migrédehe east stock at the beginning of

November of yeary

Natural mortality:

M iy - rate of natural mortality (in yedrof sardine of age in yeary
M}, - median juvenile rate of natural mortality (iray&)

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

&y - annual residuals about adult natural mortality

ny® - normally distributed error used in calculatiaff

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

p - annual autocorrelation coefficient in annualdeals about adult natural mortality

Catch:

nyya,q - model predicted umber (in billions) of sardirfeagea of stock j caught during quartey of
yeary

C S - number of fish in length clagslanded in monttm of yeary of stock j (the ‘raised

length frequency’)

lcut, , - cut off length for recruits in montm of yeary
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cfvyca;;cg - the number of fish of aga>1 from the anchovy-directed fishery in quarterof yeary

S| yaa - COMmercial selectivity at age during quarterg of yeary of stock |

F;,q - fished proportion in quartey of yeary for a fully selected age classof stock |, by the
directed and redeye bycatch fisheries

(ﬁfjs”y'ObS - number (in billions) of juvenile sardine of sko¢ caught between 1 May and the day before

the start of the recruit survey

Proportions at age:

pjs,yva - model predicted proportion-at-ag®f stock j in the November survey of yegr

S;a ) -survey selectivity at again the November survey for stock

com,S

P Vaa - model predicted proportion-at-agef stock j in the directed and redeye bycatch

commercial catch of quartey of yeary

Recruitment:

S

a, - maximum recruitment of stock (in billions)

bjS - spawner biomass above which there should becraitment failure risk in the hockey stick
model for stock]j

c® - constant recruitment (distribution median) dgrihe “peak” years of 2000 to 2004

Efy - annual lognormal deviation of sardine recruittnen

afr - standard deviation in the residuals (lognorneadiation) about the stock recruitment curve of

stock |

afpeak - standard deviation in the residuals (lognormewNiaktion) about the stock recruitment curve

during peak years in the single stock hypothesis

Proportions at length and growth curve:

piy’, - model predicted proportion-at-lendtbf stock j associated with the November survey in year

y
A?,JQJ - proportion of sardine of age of stock j that fall in the length group in November

coml,S

P;yqr - model predicted proportion-at-lendtbf stock | in the directed and redeye bycatch
commercial catch of quartey of yeary
A™" - proportion of sardine of age of stock j that fall in the length group in quarterq

j,q.a,l

L. - maximum length of sardine of stogk

],®
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K - annual growth rate of sardine of stogk

to - age at which the growth rate is zero of sardingtock |

)]

J,, - variance about the meal length for agef sardine of stock

Likelihoods:

—In LN - contribution to the negative log likelihood fratre model fit to the November 1+ biomass
data

—In L' - contribution to the negative log likelihood fratre model fit to the May recruit data

—In L™ P%2_ contribution to the negative log likelihood frahe model fit to the November survey
proportion-at-age data

—In L™ P2 _ contribution to the negative log likelihood frahre model fit to the quarterly commercial
proportion-at-age data

—[n L PePimin_ contribution to the negative log likelihood fraihe model fit to the November survey
proportion-at-length data for the minus length lasly

—InL> P° _ contribution to the negative log likelihood fraihve model fit to the November survey
proportion-at-length data for the minus length lasly

— [n L™ PoRimin _ contribution to the negative log likelihood frahe model fit to the quarterly
commercial proportion-at-length data for the mifergyth class only

—In L®™ PP _ contribution to the negative log likelihood frahe model fit to the quarterly commercial

proportion-at-length data for the remaining lengtsses

35S . . . . . .
B;y - acoustic survey estimate (in thousands of tgnoleadult sardine biomass of stogkfrom
the November survey in year

ny,NOV - survey sampling CV associated Wny that reflects survey inter-transect variance

ka - constant of proportionality (multiplicative bjasssociated with the November survey of

stock |
k> - multiplicative bias associated with the acousticvey
N js,y’r - acoustic survey estimate (in billions) of saediecruitment numbers of stogkfrom the
recruit survey in yeay
afy,rec - survey sampling CV associated wilﬁszyyvr that reflects survey inter-transect variance
kfr - constant of proportionality (multiplicative bjaassociated with the recruit survey of stock
kS, - multiplicative bias associated with the coveragthe recruits by the recruit survey in

comparison to the 1+ biomass by the November survey
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k>,e - multiplicative bias associated with the coverafjthe east stock recruits by the recruit survey
in comparison to the west stock recruits duringstéue@e survey

(AJ-S'N ,+)? - additional variance (over and abo:Vé’Nov,rec) associated with the November/recruit

surveys of stockj
ﬁ,—s,y,a - estimate of the proportion (by number) of saeddf agea in stock j in the November survey of

yeary

Nsy - number of fish from the November survey trawlyeary used to compile the age-length key

for calculating p}, .

5)2

(o,

- overall variance-related parameter for the lags¢formed survey proportion-at-age

observations p?, , [note variance {o5)* /(n, P}, )]

ys - years for which ALKSs are available to calculpteportion-at-age in the November survey (‘93,

‘94, ’96, '01, '03, '04, '06-'10);

survey

Wpropa

- weighting applied to the survey proportion-aé-agta

~com,S

Pyqa - €stimate of the proportion (by number) of sirgfieck or “west stock” sardine of agen the

commercial catch of quartey of yeary

com

nyq - number of fish from the commercial trawls in geaq of yeary used to compile the age-
length key for calculating“)ﬁf’l;*";aS
(03,,)? - overall variance-related parameter for the l@gsformed commercial proportion-at-age

A com,S

observationspi% [note variance og,,)* /(n

- ,S
v Pygs )]

yc/ gc - years/quarters for which ALKs are availablectdculate quarterly proportions-at-age in the

commercial catch ('04 Q1-4, '06 Q2-4,'07 Q1-3, 'Q4, '09 Q1);

com

Wpropa

- weighting applied to the commercial proportidrage data

~coml,S

Piyaqr - Observed proportion (by number) of the dire@ad redeye bycatch commercial catch in

length groupl of during quarterg of yeary;

com

Woronimin - Weighting applied to the commercial proportiorestgth data for the minus length class

com

VVpropl

- weighting applied to the remaining commercialgartion at length data

05 min - Variance-related parameter for the log-transfare@mmercial proportion-at-length data of the

minus length class

oo - variance-related parameter for the log-transémrmommercial proportion-at-length data
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Other:

F... - rate of fishing mortality assumed in the inityaar

init

S
j,cor

S - recruitment serial correlation for stogk

/7]-52009 - standardised recruitment residual value for 200%tock |

st - carrying capacity for stock

Kﬁeak - carrying capacity during peak years (only forgé stock hypothesis)

Wfa - mean mass (in grams) of sardine of ag®@m stock j sampled during each November survey,

averaged over all November surveys for which @gimese of mean mass-at-age is available
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