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Assessing the South African sardine resource: two stocks rather than one?

CL de Moor and DS Butterworth

Supplementary Material

This supplementary material contains three sections:
S1) Further methods, results and discussion
S2) Bayesian assessment for the South African sardine resource

S3) Calculating the bias in estimates of sardine from the May and November hydro-acoustic surveys



S1) Further methods, results and discussion

The Bayesian integration was implemented numerically using Markov Chain Monte Carlo (Gelman et al.
1995) in AD Model Builder (Fournier et al. 2012). Convergence to the posterior distribution was tested
using the Bayesian Output Analysis package (Smith 2005). A chain was accepted as having converged
only once the diagnostics from the tests of Geweke (1992), Gelman and Rubin (1992), Raftery and Lewis
(1992) and Heidelberger and Welch (1983) were satisfactory. The chains from which resampling was
conducted for the results presented in this paper were based on 50 000 000 samples. A burn-in of
2 000 000 for the single stock hypothesis and 10 000 000 for the two stock hypothesis was discarded and
the remaining chain was thinned by 2 000 for the single stock hypothesis and 1 000 for the two stock
hypothesis to reduce any autocorrelation. The additional survey variance parameters and, for the two
stock hypothesis only, standard deviation about the mean length of 2+ sardine (Table S2) were found to
mix slowly during initial test simulations, and were thus fixed at their values from the joint posterior
mode (Table S1) as the posterior distributions for remaining parameters were found to be insensitive to
realistically small changes in these fixed values. The standard deviation in the residuals about the stock
recruitment curve were also found to mix slowly. Multiple chains of different fixed values were run (see

footnote 1 on page 4).

The 90% probability intervals of the Bayesian model are shown in Figures S1 and S2. Although there is a
run of positive residuals from the model fit to the south stock November survey estimates of 1+ biomass
(Figure 2 of the main text), these residuals are not large, with the model predicted values being within
the 95% confidence intervals of the survey estimates. As this has no substantial effect on the
productivity of the south stock, with the peak in the south stock biomass being primarily dependent on
the influx of recruits from the west stock, no adjustment to the model was merited. The largest residual
for the model fit to the recruit survey data is for the south stock in May 2001 (see Figure 3 of the main
text). A larger recruitment than observed is predicted by the model as non-negligible 0-year-old catch
occurred to the east of Cape Agulhas before November 2001, while the model is limited by the
assumption that recruits move in a single pulse in November. In reality, the continuous movement of
recruits during the latter half of the year was likely substantial in 2001, resulting in recruits originating

from the west stock being caught to the east of Cape Agulhas before November.

The bias associated with the hydro-acoustic survey is estimated to be very similar for the two stock-
structure hypotheses (Figure S3a), while the coverage of the recruit survey in comparison to that of the

November survey is estimated to be higher under the two stock hypothesis (Figure S3c). The coverage of
the south stock recruits relative to those from the west stock during the recruit survey, k>, is estimated

to be 100% at the joint posterior mode, and is robust to the choice (if any) of stock-recruitment



relationship. Convergence of this parameter to the posterior distribution was, however, difficult due to

correlation primarily with the south stock maximum recruitment parameter, and thus MCMC chains

were run with k>

wy fixed at different values (e.g. Figures S3 to S5). The recruit survey is estimated, at the

posterior mean, to survey 38% of the true recruitment assuming a single stock hypothesis, 47% (if

ks, =1)or53% (if kg, =0.4) of the west stock, and 47% (if k5, =1) or 21% (if k3, =0.4) of the south
stock (Figure S3b), compared to 68% of the November biomass (Figure S3a). The lower bias for the south
stock (and corresponding higher bias for the west stock) corresponds to higher maximum recruitment (in
median terms) being estimated for the south stock (Figure S4), so that the model predicted recruitment

corresponding to the survey remains the same.
The rapid juvenile growth is reflected in the estimated growth curve (Figure S6). The variability about
this growth curve is estimated to be larger for the smallest age groups, reflecting the extended spawning

season for sardine (Figure S7).

Table S1 lists the parameter estimates at the joint posterior mode and posterior median.



Table S1: Key model parameter values estimated at the joint posterior mode and posterior median for

both the two stock and single stock hypotheses.

Numbers are reported in billions and biomass in

thousands of tonnes. =1 denotes the “west” stock and j=2 denotes the “south” stock. Bold values

denote those fixed for MCMC simulations.

Parameter Single stock Two stock Parameter Single stock Two stock
i k5 ° & 9 s ° k5
@) © O o (@) © o ©
> 3 > = > = > 3
= = = =
kP in =Ka: 072 068 075 069 aj, 58.6 67.1 79.1  101.14
K on =Ka 0.75 069 aj, 26 2.9
Keow 054 056 067 068 b}, 596 749 540 740
Kows .00 100 b, 0.4 2.5
K3 039 038 050 046 K3, 2203 2524 2857 3651
K o 050 046 K}, 105 121
Ky / Kiun 054 056 067 068 Oy, 0.40 0.45" 0.40 0.5"
S
k>, [k Ojar OF
J 2‘/ J=2N 0.67  0.68 ’S 0.89 1.50 0.40 0.5
r, peak
s 2 L
Aian 0.00 000 000 0.0 ictoo 19.9 19.9 19.1 18.44
2
(/1?:2 N ) 000 000 L;,, 19.7 19.20
2
(/1?:1 ] ) 000 0.00 000 000 K 1.07 1.04 1.22 1.41
2
(/ﬁzz . ) 0.00 000 K, 118 135
N J.S:lllgggyo 6.83 849 556 660 t, 0.09 0.06 0.11 0.16
N f:lylgssyl 439 550 243 332 : 3.0 2.6 3.0 3.0
N 1.5111983‘2 <0.001 0.03 <0.001 002 2.4 2.5 2.7 2.80
N5 1083.0 001 004 %, 1.6 1.6 1.8 2.09
Finit; 057 051 050 050 Finit;, <0.001  0.07

! Higher standard deviations were selected as a precautionary measure, for use in the Operating Models when
simulating testing candidate Management Procedures. Alternative Operating Models, called robustness tests, based

on different fixed values were also constructed.
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Figure S1: Acoustic survey estimated and associated model predicted posterior median and 90% probability intervals for sardine 1+ biomass from November
1984 to 2011 under both the two stock and single stock hypotheses. The observations are shown together with their 95% confidence intervals. The combined

west and south stock biomass is shown by the grey line together with the biomass estimated under the single stock hypothesis.
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Figure S2: Acoustic survey estimated and associated model predicted posterior median and 90% probability intervals for sardine recruitment from May 1985 to
2011 under both the two stock and single stock hypotheses. The observations are shown together with their 95% confidence intervals. Note the scale of the
vertical axis for the south stock is different from the others. The combined west and south stock recruitment is shown by the grey line together with the

recruitment estimated under the single stock hypothesis.
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Figure S3: Posterior distributions for the multiplicative bias associated a) with the hydro-acoustic survey, k:c = kjS'N , b) the recruit survey of stock |, kj'r ,and c)

the coverage of the recruits by the recruit survey in comparison to the 1+ biomass by the November survey, kcsov . Distributions for the two stock hypothesis are

plotted for two possibly extreme alternative values for kcsovS , denoted by “k=1" and “k=0.4" in the legend.
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Figure S4: Posterior distributions for the maximum recruitment for each stock, af . Distributions for the two stock hypothesis are plotted for two possibly

extreme alternative values for kcso\,S , denoted by “k=1" and “k=0.4" in the legend.



Single
......... West (k=1)
— — —West (k=0.4)

......... South (k:]_)
— — = South (k=0.4)

/7 N\
Y Mo
r— / Y ~ -
0 1 2 3 4 0 0.005 0.01 0.015
"Kink" Point (million t) "Kink" Point (million t)

Figure S5: Posterior distributions for the spawner biomass below which the expectation for recruitment is reduced from the maximum for each stock, bjS (the

“kink” point on that stock-recruitment curve). Distributions for the two stock hypothesis are plotted for two possibly extreme alternative values for kcsovs,

denoted by “k=1" and “k=0.4" in the legend.
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Figure S6: The von Bertalanffy growth curve estimated at the joint posterior mode.
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Figure S7: Proportions-at-length estimated at the joint posterior mode for a) age 0 and b) age 1 corresponding to the middle of each quarter of the year when

commercial catches are assumed to be taken and c) ages 2 to 5+, corresponding to the middle of the first quarter.



$2) Bayesian assessment for the South African sardine resource

The assessment is run from November y, =1984 to November y =2011, with quarters gq=1 denoting

November y-1 to January Yy, q=2 denoting February to April y, q=3 denoting May to July y and

gq=4 denoting August to October y. All parameters are defined in Table S2.

Population Dynamics

Numbers-at-age at 1 November

-M$,/8 S -M$ /4 S -M$ /4 S -M$ /4 S -M3,/8
(((((Njyla & T =Cya)e ) Ciy2a 1)9 P =Cysaa T =Clyaan '
y,<y<y,, 1<a<4

sS* -Mj /8 S —M; /4 S —-M; /4 S -Mj /4 S -M; /8
NJ)’5+_(((((NJY 148 —Ciyia)e ~Ciy2a ~Ciyaa ~Ciyaa

-MS, /4 -MZ, 14 -MZS, /4 S -MZ5, /8
)e ) ij25+% * ij35+ ij45+

YiSYy<Yy,

N

jya =

-MS, /8 S
+((Njy—15+ ° ij15+
(S1)

Movement of west stock ( j=1) recruits to the south stock ( j = 2 ) in the two stock hypothesis; in the
single stock hypothesis move, =0
s s*
Npys = (1— move, )Nl,y,l
NS . =N5"
2y1 =Ny, +move lel

y,<y<y,, 2<a<5+ (S2)

S _ N S*
lea Njya

Spawning biomass and biomass associated with the November survey

SSBj, ZNJya yi<y<y, (S3)
BS, =kjn ZNJya yi<Sy<y, (S4)
St
where st,y,l = — — -
W W
s 205 305 N 5+ (S
NSyt B8NP+ NP s+ END 4 I
WJ 1 WJ 1 WJ 1 Wj,l
S
S S Wj,a
Wiya = WJylws y,<y<y,, 2<a<b+ (S5)
i



Recruitment

aje if SSBY, >b
NS ~={a$ 2 y,<y<y.’
iy.0 j s e3,-08(3, f . S s ! n
—SSBj e if SSB;, <b;

Carrying Capacity
4 _ _
KS :ase—O-S(oir)zzv—vs oMMy o mieany 1
J J ) BvE
a=1 1—g Ma
4 _ _
S _ 48 —0-5(05, eak)z =S ~Mi-(@a-DMy | — -M§-3M3 1
Koo =aje el N s e + W5, ——y
a=1 - a

Number of recruits associated with the recruit survey

s S -Mg /8 S -M$ /14 -05t;xMg /12 X 70.5t§ng/12
Njyr kj,r(((Njy—loe _Cj,y,l,o)e ijZO ijObs

YiSYy<Yy,
Multiplicative survey bias
s s
kj,N = kac
klsr = k(:Sov x ks
k =k3,s xkS xk> (for the two stock hypothesis only)
Numbers-at-length
5+
NSy =D AMINT . y,<y<y,, 3.5cm<l<23cm
a=0
where A7 ~ N (Lij (1—e7'("(a7t°)) '912,a) 0<a<5+, 3.5cm<1<23cm
Proportion-at-length associated with the November survey
Z N survey
i yl
D yamin =0y yi<ysy
J,y,Imin Z N Ssurvey 1=7=1Jn
INA !
S survey
J v <y< Imin <l <1
plY' ZNSyISsurvey Yisysy,, Imnsisimax
z NS S S survey
iyl
s Il
pj,y,lmax = Zma[i] survey Y. <Y<y,
i yl

S
2(7

(S6)

(S7)

(S8)

(S9)
(S10)

(S11)

(512)

(S13)

(S14)

(S15)

(S16)

jr is replaced with af peak 0Uring the peak years of 2000-2004 in the single stock hypothesis (see Table S2).
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Commercial selectivity

0 | <5.5cm
(1+025-1,,f [in(0+0.25 - 23.5)(7,,, - 23.5))f

N =

Y, <y<y, (517)

iyl T X eXpq— 6cm<1<23cm

where the 23.5cm is one length class above the maximum for which observations can be predicted.

qua ZAfoqmal il y,<y<y,,1<q<4,0<a<5+ (S18)

Bycatch in the anchovy directed fishery

bycatch __ RLF, fleet=3 RLF, fleet=3 bycatch RLF, fleet=3 RLF, fleet=3
Cj,y,l,O _Z ZCJylml + ZCJyll CJyll _Z ZCJylml + chyll

m=11 I<leut, I<lcuty m=11 I>=leut, I>=lcuty
4 4
bycatch __ RLF,eret=3 bycatch __ RLF, fleet=3
CJ',y,2,0 Z Z jiy.ml Cj,y,Zvl _Z ZCJ y.m,l
m=2 I<lcut,, m=2 I>=lcut, ,
7 7
bycatch __ RLF, fleet=3 bycatch __ RLF, fleet=3
Cj,y,3,0 _Z ZCJymI Ci,y,S-l Z chyml
m=5 I<lcut m=5 I>=lcut,
bycatch __ RLF, fleet=3 bycatch RLF, fleet=3
Cj,y,4,0 Z ZC y.ml CJV“‘Z ZC y,ml
m=8 I<leut, , m=8 I>=lcut,
bycatch __
Ciyaa =0 y,<y<y,,1<q<4,2<a<5+ (S19)

Catch in the directed sardine and round herring bycatch fisheries
Ciyia = (N TR _C?ch,alt,?)sj,y,l,a':J,y,l

?I; 2a ~ ( jy-1a€ 7M " _CJ yla)eiMaSM _CTyycath: )Sj,y,ZvaFjvy,Z

?I;3a ((( I y—la 7M§/8 _CJ'S,yvlva}5 M4 CJ y2a)aiM§/4 _C?,y;,a;?:)sj,yﬁ,a':j,y,S
Cdlr

—MSIS S -M3 /4 S -M3 /4 S -M3 /4 bycatch
iy.4a (((( jy1a€ _Cj,y,l,a}a ’ _CJVZak ) _Cj,y,&ak ) Cy4a)si,y,4,a|:j,y,4 (520)

Total catch

Clyaa =Ciiact+Ci y<y<y,,1<g<4,0<a<5+ (S21)

Fished proportion of the available biomass from the directed catch and round herring bycatch fisheries

RFL, fleet RFL, fleet
DI AIHECTRED D Wetirt

F _ fleet=1m=11I>6cm fleet=11>6cm
byl ™ 5+
S —M5/8 bycatch
Z(N —la t Cj,y,l,a %j,y,l,a
a=0
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> 3 S

= _ fleet=1 m=21>6cm
J,y.2 5+ s s
S -M; /8 S -M; 74 bycatch
Z((Nj,y—l,ae ) CJ yla% ’ _Cj,y,Z,a)Sj,y,z,a
a=0

Z Z ZCJRF;meIIeet

fleet=1m=51>6¢cm
E —

e T & S /g S S bycatch
S -M S -M; /4 S -M; /4 ycatc
Z(((N,-,y_l,ae : Cj,y,l,a)e =Gy a)e . —Cj,y,s,a)S,-,y,g,a

a=0
RFL, fleet
Z Z ZCJ y.ml
fleet=1 m=8 1>6¢cm
Fiyve =5 (S22)
S -M3/8 S -M3 /4 S )?—Mjm S }Q—Mjm _ bycatch)s
Z((((Nj,y—lvae CJyla)g CJVZa CJySa Cj,y,4,a iy.4a
a=0
A penalty is imposed within the model to ensure that S; , . . F;, , <0.95. Fish <6cm were caught in less

than 10% of the quarters and were thus not used in fitting this model. Commercial selectivity-at-length
is fixed to zero for length classes < 6cm (equation S17)
Catch-at-length from the directed and round herring bycatch fisheries

5+
dir  _ S g™ S8 bycatch | com
Cj vyl _Z(Nj y—la : _Cj,y,l,a )Aj,l,a,lsj,y,l Fj,y,1

a=0

5+
dir _ S -MS/8 S -MS/4 bycatch |5 com
CJy2|_Z((NJV—1a —ijla)e ) ‘Cj,y,z,a)Aj,z,a,l iy Fiye

a=0

5+
dir  _ S —MS/8 S -MS/4 S -MS /4 bycatch | com
CJ y.31 _Z(((NJ y-1a& 7 Cj,y,l,a)e ’ _Cj,ylla)e ) _ijy,S,a iv3vavlsi,yv|Fivyv3

a=0

5+
dir S - S -MS /4 S M3 /4 S -MS /4 bycatch |5 com
CJ y.4. _Z((((NJ y 1a® CJ yla)e ’ _Cj,y,la)e CJ VSa)e ’ _Cj,y,4,a B4al~ gyl Fi,y,4

a=0
y,<y<y,,3.5cm<I1<23cm (523)

where A%~ N(L,, [1—e i EIew)) g2 | 0<a<5+, 3.5cm << 23cm (524)

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

Cdll’
pfo;mqsi _ chyd'?l y,<y<y,,1<q<4,3.5cm<|<23cm (S25)
jy.al

Initial numbers-at-age

S NS —Finit,-MJ
N 119834 = Ni1og3,a-1€ ¢ 3<ac<4
S _ NS —Finit,-M S
N2 10832 = N210g3,a1€ : 1<ac<4
e—Finitj—M;
s s
NS =N: - S26
j1983,5+ j,1983,4 Lo M (S26)
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Fitting the Model to Observed Data (Likelihood)

CINL =~ In LN — LT — L3 PR Min_j L0 OBl _ |y  com prop (s27)
where
5 2/5
In(B$, )~ In(8s, )
" J(aiy,m)%( S F+050)? 2
HLLEEY g +|n[2ﬁ[(afww)2 +(g3) +(1§,N)2ﬂ
T In(B$, )~ n(8s, )
@ ) + 65 F +(250)°
2/5
- In(<3,,, )~ In(ns, )
e || ot +bEF + ) :
_In L :%Z : + In[27z((0'js%rec)2 +( :c) + (i?yr)zﬂ
ioy=y . ‘In Jyr) In(NjS,y,r)
Vi3 + 3T + 25,7

[ sur proplmin _\, sur Z Z p, ylmm( ( JS Imln) In (pjs,y,lmin))z O_S ,surl min

—In
propl min ] ( S,surl mm)Z
y=yl p] y,I min

yn 1 max S, surl

—| Lsur propl sur pjyl(ln( jS ) (pJSy|))2 O-
n proplz );H 1%;”1 ( su )2 \/pj N

+1In

propl S,coml A S,coml
Ioy=yla=lI>= 2(61' V Piyal

A “robustified likelihood” is used for the contributions from the hydro-acoustic surveys to ensure no

e W'—wmzzz pf;":“:(ln(pfm) n(pp)f [ oo (528)

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).

The prior on the variance-related parameters for the log-transformed survey proportion-at-length data

S surl min

for the minus length class of stock j, , is taken to be proportional to ( S,surl m'”) This has the

S,surl min

convenience that integration over oy

can be performed analytically and leads to the result that

this parameter can be substituted by its maximum likelihood estimate following this integration (Walters

and Ludwig 1994). This holds similarly for all the variance-related parameters in equation (S28):
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yn
AS ~s s 2
2 pj,y,lmin (In pj,y,lmin —In pj,y,lmin)

Gs,surl min _ | y=y1 (529)
J yn
>1
y=yl
yn Imax A~
S, surl 21 |—1%n+1 pjs’y"(ln pjs'y" ~n p?’y")z
O.j,SUr = [ yn | max (530)
z 21

y=yl I=1min+1

$3 S psem (i piem i ps,
js‘c0m| _ |y=ytal I>=6cm — (531)
I

y=yl gq=1 I>=6cm

o
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Table S2: Assessment model parameters and variables. As the majority of prior distributions are uninformative, notes are provided only for informative priors

and/or bounds.

Parameter /

Units /

Fixed Value / Prior

Variable Description Scale Distribution Equation Notes
s Model predicted numbers-at-age a at the beginning of November in year y of . S1,S2 and
N7, . . Billions
by, stock S6
Selected based on
maximized joint
posterior, but
subject to
=10, a=0
s i = ’ <k’ k3, <
M Rate of natural mortality of age a Year 08, 1<a<5+ 0.5_k”/k11N <1
@ and a compelling
g reason to modify
._g from previous
© assessment
; move Proportion of west stock recruits which move to the south stock at the beginning =0, y, <y<1993
2 y of November of year y (two stock hypothesis only) ) ~U(0,1),1994<y<y,
g 5B Model predicted spawning biomass of stock ] at the beginning of November in Thousand 3
© by year Y tons
§( BS Model predicted 1+ biomass of stock j at the beginning of November inyear ¥,  Thousand sa
1y associated with the November survey tons
s Mean mass of age a from stock j sampled during the November survey of year
Wi, a y Grams S5
Yn
- 2 Wiy
s Mean mass of age a from stock ] sampled during each November survey, - '
W, Grams Ih
) averaged over all years y —y, +1
n 1
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Table S2 (Continued).

Parameter/ Description Units / Fixed Value / Prior Equation Notes
Variable P Scale Distribution a
Single stock hypothesis:
S S
W) W)
L2 =140, % =169
Wi, Wi,
S S
A W} Wi,
% 1% =1.88, —2-=2.00
5 Wi W
2 Two stock hypothesis: From the von
& ws s S Bertalanffy growth
g 12 Average ratio of mean mass of stock j aged a toagel - s =139, —==165, curve (D Durholtz
o W$ Wiy Wiy
c il and C Mtengwane
2 wy wy ers comm.
= b _1.80, -5 ~1.89 P )
g S WS
g 11 11
< S WS
2 =139, —2>=168
W2,1 W21
S S
w
21 =189, 2= =2.02
Wi 24
Uninformative on
log-scale as scale is
not known a priori,
af’ Maximum recruitment of stock j in the hockey stick model Billions In(ajS )~ U (0,5,6) with the maximum
corresponding to
g about 10 million tons
S for st
>
b b Spawner biomass below which the expectation for recruitment is reduced below  Thousand bS /K s .U (0 1)
o f . - N s ,
the maximum for stock tons ] ]
K S Carrying capacity for stock | Thousand S7
) tons
s . . Cw ” . . Thousand
erak Carrying capacity during “peak” years (single stock hypothesis only) tons S7
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Table S2 (Continued).

survey

Parameter / Description Units / Fixed Value / Prior Equation Notes
Variable P Scale Distribution q
2
gis,y - N(O’ (O'js,r) )
Reflects the
Except for assumption of a
gjsy Annual lognormal deviation of recruitment of stock j - S N 0 ( S )2 different distribution
' €1y 1\O'r, peak ’ ;
applying over the
£ 2000 <y <2004 for peak period
g single stock hypothesis
5 ( s )2 Variance in the residuals (lognormal deviation) about the stock recruitment ~U (O 16 10) Lower bound chosen
é Oir curve of stock j ) o to restrict the
influence of the
( s )2 Variance in the residuals (lognormal deviation) about the stock recruitment i ~U (0 16 10) stock recruitment
O, peak curve during “peak” years (single stock hypothesis only) o curve on the
assessment results
s Model predicted number of juveniles of stock j at the time of the recruit survey
N7, . Billions S8
1y inyear y
k_SN Multiplicative bias associated with the November survey of stock j } s9
is
kjsr Multiplicative bias associated with the recruit survey of stock j - Sl;)lalnd
" S T . . . . 2 Supplementary
Multipl h the h - - ~ ( . . ) . .
£ K ultiplicative bias associated with the hydro-acoustic survey N(0.714,0.077 Material Section S3
< Lower bound
§ selected in
= s ultiplicative bias associated with the coverage of the recruits by the recruit iscussions wit
° K Multiplicative bi iated with th f th its by th i i ~U(O31) di i ith
5 cov survey in comparison to the 1+ biomass by the November survey - scientists on these
= surveys and their
field experience
Multiplicative bias associated with the coverage of the south stock recruits by
kf’ovs the recruit survey in comparison to the west stock recruits during the same - ~U (0,1)
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Table S2 (Continued).

Parameter / Descriotion Units / Fixed Value / Prior Notes
Variable P Scale Distribution
NS Model predicted numbers-at-length | at the beginning of November in year y of .
.. . Billions
R4 stock j
S Model predicted proportion-at-length | of stock j associated with the November
Pl survey inyear y i
Selected to ensure
reasonably positive
proportions for all
| min Minus length class used when fitting the model to survey proportion-at-length cm -9 years for simplicity of
data N programming and to
%’ avoid undue
2 influence of small
§ samples
© Imax Plus length class used when fitting the model to survey proportion-at-length data Cm =20
oo
'(% Jsuarl Proportion of age @ of stock | that falls in the length group | in November -
g" p?orms Model predicted proportion-at-length | of stock j in the directed catch and round ]
< ly.al herring bycatch of quarter q of year y
© .
& j':?q”,]a,l Proportion of age a of stock j that falls in the length group | in quarter ¢ -
o
t L;.. Maximum length (in expectation) of stock j Cm ~U (10,30) K;xL;, assumed
3 : :
g same for both stocks.
K; Somatic growth rate parameter for stock j Year! KjxLj,~U (0,10) Bounds informed by
data
t, Age at which the length (in expectation) is zero Year ~U (— 4,4)
Assumed same for
both stocks. Upper
bound chosen to
9. Standard deviation of the distribution about the mean length for age @ of stock | - ~U (0.01, 3), a=012+ preclude

unrealistically large
lengths for very
young fish
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Table S2 (Continued).

Parameter / Description Units / Fixed Value / Prior Equation Notes
Variable Scale Distribution
Only allowed to differ
from 1 for the minus
and plus group. The
smaller lower bound
Sjgulrvey ~U(0.6,1.1), for the minus group
' reflected a trade-off
35<1<9 between the
S Survey selectivity-at-length | in the November survey for stock ] - =1, 9.5<1<195 requirement to be
S J§u|rvey ~U (09’11) ) able to reflect the
' data and also not to
20<1<23 depart too far from
the flat selectivity
Z one hopes will be
% achieved by the
% survey’s design
< iyl Commercial selectivity-at-length | during year y of stock ] - S17
Sj’y’q’a Commercial selectivity-at-age @ during quarter ( of year Y of stock | - S18
7 Height of the near-normal curve component for stock | relative to the height of ) ~U (0 1)
) the near-lognormal component 7
I_1j Mean of the near-normal distribution for stock | cm ~U(5,15) Bounds reflect a
B B ~ trade-off between
|21j Median of the near-lognormal distribution for stock ] Cm I, i~ I, i~ U (0,15) not wanting to
) influence the data
(O'lsel) Variance parameter of the near-normal distribution - ~U (217) and ensuring that
) results remained
(O-;e') Variance parameter of the near-lognormal distribution - ~U (0,2) realistic
s Model predicted number of age a fish of stock | caught during quarter ( of Billions 1
< lya.a year y
5 Differ by month and
|Cu'[y'm Cut off length for recruits in month M of year y Cm de Moor et al. 2012 year as informed by

the recruit surveys
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Table S2 (Continued).

Parameter / Description Units / Fixed Value / Prior Equation Notes
Variable P Scale Distribution q
bycatch Number of age a fish of stock j bycaught in the anchovy-directed fishery in .
Civaa Billions S19
quarter g of year y
dir Number of age @ fish of stock j caught in the sardine-directed and round .
Cj'y'q'a herring bycatch fisheries in quarter ( of year y Billions 520
=
(8]
S c dir Number of length | fish of stock j caught in the sardine-directed and round Billi 3
; illions
Lyl herring bycatch fisheries in quarter ( of year y
= Fished proportion in quarter  of year Yy for a fully selected age class a of 22
hy-a stock j, by the directed and round herring bycatch fisheries i
Nov Contribution to the negative log likelihood from the model fit to the November i 528
—InL 1+ survey biomass data
rec Contribution to the negative log likelihood from the model fit to the recruit i $28
—InL survey data
— [n LsurProplT Contribution to the negative log likelihood from the model fit to the November i $28
survey proportion-at-length data for the minus length class only
ur propl Contribution to the negative log likelihood from the model fit to the November i 528
—InL survey proportion-at-length data
B _|nLemeropl - Contribution to the negative log likelihood from the model fit to the quarterly i $28
§ commercial proportion-at-length data
g s CV associated with factors which cause bias in the acoustic survey estimates and i —0.222 Supplementary
- ac which vary inter-annually rather than remain fixed over time e Material Section S3
2 2
(/15 )2 Additional variance (over and above (O'js,y,Nov/rec) and (¢:C) ) associated with i ~U (0 10)
bNIY the November/recruit surveys of stock j
waur Weighting applied to the survey proportion-at-length data for the minus length i —0.167
propl min class o To allow for
autocorrelation
W;l::)pl Weighting applied to the remaining survey proportion-at-length data - =0.167

¥ Based upon data being available ~6 times more frequently than annual age data which contain maximum information content on this
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Table S2 (Continued).

Parameter Description Units / Fixed Value / Prior Equation Notes
/Variable P Scale Distribution q
s, surl min Variance-related parameter for the log-transformed survey proportion-at-length 29
i data for the minus length class of stock j
g s, surl Variance-related parameter for the log-transformed survey proportion-at-length $30
E J data of stock |
= To allow for
~ Wcom . . . N . At =0.
= oropl Weighting applied to the commercial proportion-at-length data 0.04 autocorrelation®
S,com Variance-related parameter for the log-transformed commercial proportion-at- $31
gj length data of stock |
s
o N 10654 ~U(0,50) for
;30 N jS,1983,a Initial numbers-at-age & in stock j Billion j=1,0<a<2and 526
= j=2,a=0
£
Finit Rate of fishing mortality assumed in the initial year for stock | ~U (0,1)

* Based upon data being available ~4x6 times more frequently than annual age data which contain maximum information content on this
21



Table S3: Assessment model data, detailed in de Moor et al. (2012).

Quantity Description Units / Shown in

Scale Figure
WJ51;r Total (1+) mean mass of stock j sampled during the November survey of year Y Grams
tj Time lapsed between 1 May and the start of the recruit survey in year Y Months

65 Number of juveniles of stock | caught between 1 May and the day before the start of "
j.y0bs  the recruit survey in year Y Billions

ReLfleer NUMber of fish in length class | landed by fleetin month m of year y of stock j.

iyml fleet=1 denotes the sardine directed fishery, fleet=2 denotes the sardine bycatch Billions

with round herring and fleet =3 denotes the juvenile sardine bycatch with anchovy

I_s;jsy Acoustic survey estimate of biomass of stock j from the November survey in year Y Thousand Figure 2

tons
ol Ao Figure 2
1Yy.Nov gy rvey sampling CV associated with Bj'y that reflects survey inter-transect variance - &
l\] S Al i i f i f kif h ; ; . Figure 3
Lyr coustic survey estimate of recruitment of stock ] from the recruit survey in year y Billions
. . . ¢ . . Figur
a,—syyyrec Survey sampling CV associated with N J-S'y’r that reflects survey inter-transect variance - lgure 3
~5 Observed proportion (by number) of stock j in length group | in the November survey
Piy. of year Y i
f)?';oqml' Observed proportion (by number) of the directed catch and round herring bycatch of

fish of stock j and length group | during quarter { of year Yy
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$3) Calculating the bias in estimates of sardine from the May and November hydro-acoustic surveys

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

the acoustic survey, rather than, for example the coverage of the stock, kfc , was calculated as follows.

Ten thousand samples were drawn from the individual pdfs for each source of constant error, together
with the median values of the individual pdfs of each source of variable error (see Table S4, Anon. 2000).
Constant error relates to a factor whose value is not known exactly, but whatever it is, it is the same for
each year. In contrast variable errors relate to a factor whose true value will change from one year to the

next. A second pdf of the factors causing bias in the acoustic survey estimated which vary inter-annually,
¢§C, was then calculated by drawing ten thousand samples from the individual pdfs for each source of
variable error. The resultant pdfs on the model predicted biomass (i.e. the inverse of the pdf calculated
using the errors provided), together with normal distributions fitted to these pdfs are given in Figures S8

S is then

and S9. A prior distribution for the multiplicative bias associated with the acoustic survey, K.,

the normal distribution obtained in Figure S8, with the mean multiplied by the mean of the normal
distribution obtained in Figure S9, i.e. k2. ~ N(0.969><0.737,0.0772). The reason to include the 0.969
mean from Figure S9 here is that the distribution of the annually varying bias factors in combination is
not centred on 1; this then takes account of the formulation of equation S28 treating the impact of these

factors as a symmetric variance. There may, however, still be systematic errors relating to the target

strength that are unaccounted for in these pdfs. These could be taken into account through sensitivity

tests using alternative k:c values.

Table S4: Individual error factors for hydro-acoustic surveys of sardine biomass, where the values define
trapezium form pdfs (Anon. 2002). Note that these error factors apply to the observed biomass, i.e. they

reflect the inverse of the multiplicative bias in this model.

Likely Likely Likely

Error Minimum . . 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 Variable
Target Identification 0.50 0.90 1.00 1.10 1.50 Variable®
Weather Effects 1.01 1.05 1.15 1.25 2.00 Variable

® This was originally reported as 0.8 in Anon 2000, but subsequently corrected (I. Hampton pers. Comm.).
® This was recorded in Anon. (2000) as random error denoting that it would be positive or negative rather than purely
positive or negative.
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mm Pdf

Normal
distribution

0.5 0.6 0.7 0.8 0.9 1.0
Multiplicative bias

Figure S8: The probabilty density function for the overall bias in the estimate of sardine abundance from
the acoustic survey, calculated by drawing 10 000 samples from the individual probability distribution
functions for each source of constant error, together with the median values of the individual probability

distribution functions for each source of variable and random error. The normal distribution fitted to

this pdfis N(0.737,0.0772).

 Pdf

Normal
distribution

0.4 0.7 1.0 13 16 1.9
Multiplicative bias

Figure S9: The probability density function for the factors which cause bias in the sardine acoustic survey
estimates and which vary inter-annually, calculated by drawing 10 000 samples from the individual

probability distribution functions for each source of variable and random error. The normal distribution

fitted to this pdfis N (0.969,0.2152 ) The CV of this distribution is thus @5, = 0.215/0.969 = 0.222.
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