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The analyses undertaken to provide a scientific recommendation for the 2019 sardine TAC and TAB, under
Exceptional Circumstances were subject to a number of more serious uncertainties than would normally apply. Given
the critically low level of the sardine resource, care should be taken to either recommend catch limits that are robust
to these uncertainties, or to undertake further research to minimise such uncertainty. One key uncertainty is how
survey (and commercial) length frequencies should be weighted given that concerns frequently arise that one or
other (or both) may be unrepresentative of the population length structure. Future recruitment to this short-lived
resource is another key uncertainty. While the primary uncertainty surrounding the weight-at-length has been
alleviated, and the growth curve adjusted, some uncertainty surrounding the choice of growth curve remains. Finally,
under Exceptional Circumstances, the decision-making process involves a greater degree of subjectivity. While the
Small Pelagic Scientific Working Group aimed at making this as objective as possible to recommend 2019 sardine
catch limits, that approach could possibly be further improved. This document is aimed at providing current research
and analyses to assist discussion on the key questions to the panel at the MARAM International Stock Assessment
Workshop.

Introduction

This document discusses a number of uncertainties and concerns about the analysis and decision making process outlined for
South African sardine in de Moor and Coetzee (2019 — MARAM/IWS/2019/Sardine/P2). These are listed below in roughly
descending order of priority with regard to how the uncertainties may impact the analysis and decision making process expected

to be followed in early 2020 to recommend sardine TAC and TABs for 2020.

Length frequencies

Hydro-acoustic surveys are conducted annually to estimate the biomass of sardine and other co-occuring pelagic fish species. A
stratified random transect survey design (Jolly and Hampton 1990) is used, whereby transects are grouped into standard strata
(Figure A1). Each transect comprises several intervals, typically each about 10 nm in length. Objective discrimination between co-
occurring pelagic fish species having similar acoustic properties is currently not possible, particularly at night when schools
disaggregate into sound scattering layers. Acoustic energy (Sa, m>nm-2), summed over each interval, is therefore apportioned to
each species based on the species composition of trawl catches in the immediate vicinity of each acoustic interval. This
apportioned energy is converted to fish density (Appendix A) through species-specific length-based target strength (TS)
regressions (Barange et al. 1996, Coetzee et al. 2008). The length used for each acoustic interval in the conversion from acoustic

energy to fish density is typically obtained from the nearest trawl that contained sardine.

TS typically increases with length due to an increase in the size of the swimbladder with length and more than 90% of the fish
echo is due to the sound speed contrast between the air-filled swimbladder and the surrounding tissue and water. Various
behavioural, physiological and environmental factors can cause substantial changes in the TS of fish or other acoustic targets and

for this reason an average TS at length is typically used. Incorporating the mean weight of fish of a particular length into the TS
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regression, either through a known W/L relationship or through the actual mean weight of fish measured at the time that the TS
was measured, enables the conversion from TS.ind to TS kg! where these TS regressions then represent the amount of energy
reflected by 1 kg of fish of a certain species and length (Figure A2). It is important to note here that the TS kg* regression retains
its dependence on fish length and that such TS regressions could potentially be adjusted for fish condition through the use of an
alternative L/W regression in situations where such additional information is available. For small pelagic fish biomass surveys
conducted in South Africa, however, a constant TS kg expression is used based on a regression between mean TS kg and mean
fish length, where TS kg™ at length was derived for each individual TS measurement by dividing the TS ind™* at length by the mean

weight of fish that contributed to the mean length distribution at the time of the TS measurement.

There is some concern that the November 2018 survey length frequency may have under-represented large sardine (Appendix D
of de Moor and Coetzee 2019 — MARAM/IWS/2019/Sardine/P2), which may have led to an inaccurate determination of sardine
biomass, length frequency and mean weight of fish. The impact of such possible under-sampling was estimated in April 2019
(Coetzee 2019) for a single stratum and subsequently for the area to the west and east of Cape Agulhas (de Moor and Coetzee
2019 — MARAM/IWS/2019/Sardine/P2), based on an average proportion at length of commercial catches taken during October-
December 2018 and survey samples west and east of Cape Agulhas. This suggested that the sardine biomass could potentially
have been underestimated by up to 65% west of Cape Agulhas and by up to 35 % east of Cape Agulhas. The corresponding effect
on number of sardine was a decrease of 48% west of Cape Agulhas and a decrease of 35% east of Cape Agulhas. This extent of
change in biomass and number of fish was suggested as an upper bound because the combined length frequency would be
unrepresentative of small sardine given that industry would, according to permit conditions, avoid targeting sardine < 14 cm Lt

(~12 cm Lc).

Length frequencies obtained from surveys and commercial catches taken between October and November (coinciding with the
timing of the survey) in the area to the west and east of Cape Agulhas each year since 2009, were plotted in an attempt to
understand whether large sardine may also have been under-sampled in previous surveys (Appendix B). There is good overlap in
the range of commercial and survey length frequencies in several years with the higher proportion of larger fish in the commercial
catches being explained by the lack of small sardine (< ~14cm). In some years, including 2018, any mode present at larger lengths
in the commercial catch is either not very clear in the survey data, or completely absent, suggesting under-sampling of large
sardine by the survey. Under-sampling of large sardine may arise from their faster swimming speed and hence their greater ability
to avoid the survey trawl gear. Ultimately some relative weighting, rather than simply averaging commercial and survey length
frequencies will be required if the survey length frequencies, are to be adjusted to estimate the survey biomass and number of

fish more accurately, particularly in years where length distributions appear anomalous.

Thought should be given to how such a weighting factor could be incorporated, particularly if it is to be done at the interval level,
as any changes to the sardine length frequency will result in an altered density for that interval (see equation A3 in Appendix A),
transect, stratum and total survey area as well as in the estimate of precision (CV) not only of sardine, but also of other co-occurring
species though the impact on other species is likely small. An example of this is shown in Appendix C, where the original survey
weighted length frequency for sardine west and east of Cape Agulhas, is used at the interval level (instead of the original trawl
length frequency) for the calculation of density. A further consideration when implementing such a regional-adjusted length

frequency is that small sardines are mainly found inshore. Where individual trawls under-sample large sardine, the species
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composition will also be under-representative of sardine and lead to an overestimation in the biomass of other species present in

the catch.

As a further means to take into account the greater reliability of survey length frequencies in some years over others, sensitivity
to the assessment model is tested with the standard deviation used in the likelihood for survey proportion-at-length data
estimated annually instead of over all years (Equation D34, Table D1). For this sensitivity, a higher standard deviation is estimated

for November 2018, effectively down-weighting this length frequency (Figure 1).

Survey data

A further complication arises from the uncertainty surrounding the November 2018 survey length frequency. There was no hydro-
acoustic survey of small pelagic recruitment in May/June 2018. The model estimate of November 2017 recruitment is therefore
primarily informed by the November 2018 survey length frequency. If larger fish were under-represented in this length frequency,
the November 2017 / May 2018 recruitment would have been over-estimated (see Figure 4 of de Moor and Coetzee (2019) —
MARAM/IWS/2019/Sardine/P2). Note that the model estimated recruitment in November 2017 was relatively high compared to

recent years (Figure 2), and that the model predicts a higher biomass in November 2018 than that observed (Figure E1).

Stock-recruitment relationship

Operational Management Procedures for South African sardine (and anchovy) have been tuned using Operating Models with
future recruitment generated from a stock-recruitment relationship. For OMP-18 (de Moor 2018a), west component recruitment

was generated as:
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2
Ewest,y = Swest,corEwest,y-1 + wwest,y,’ 1- (Swest,cor) , where wwest,y"'N(O’l)

The parameters for this hockey-stick stock recruitment relationship were estimated by excluding the ‘pulse years’ of 2000-2004
(Figure 3). The south component recruitment was generated from a “two step” model (Figure 4), independent of spawner biomass

(de Moor 2018b):

In(NPred ) = {ul t ey If Esoutny <P
h - [ '
southy,0 Uy + €3, if Esouthy = D

where &s4y,en,~Random[0,1], €, ,~N(0, o7) and €,,~N(0, 05).

For the baseline short term projections used in early 2019 (de Moor and Coetzee 2019 — MARAM/IWS/2019/Sardine/P2),
recruitment was drawn at random with replacement from that estimated for the most recent 5 years, under the assumption that
future recruitment, particularly in the immediate short-term future, may be from a similar “regime” to that for the recent past
(Figure 3 of de Moor and Coetzee 2019 — MARAM/IWS/2019/Sardine/P2). The most recent 5 or 10 years are frequent choices for
the “recent past” in projection analyses internationally. Figure 2 gives an updated recruitment time series corresponding to
Appendices D and E, and it is proposed that any short term projections in 2020 use recruitments generated from the values
estimated by next year’s assessment (including 2019 data) for November 2014-2018 (though noting the possibility that November

2017 may be poorly estimated, see above).
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Figure 5 shows hockey-stick stock recruitment curves fit to the model estimates of “effective” spawning biomass and recruitment,
assuming 8% of south coast spawning biomass contributes to west coast effective spawning biomass. The years 2000-2004 have
previously been defined as the ‘pulse years’, and were excluded from any stock-recruitment relationships for the total population
and for the west component sardine. However, these years were selected some time ago as those corresponding to peak
spawning biomass when the population was still considered to be a single homogeneously mixed stock (Figure 6), and these five
years no longer correspond to the highest west component effective spawning biomass (Figures 5 and 6). It is therefore suggested
that for future OMP developments, west component stock-recruitment relationships are estimated from all data, excluding only
2000-2002 as ‘pulse years’ (based on the recruitment, rather than the spawner biomass estimated in these years), while the south
component recruitment continues to be generated by the “two-step” model appropriately adjusted to correspond to updated

Operating Models.

A complication arising from the spawner biomass hinge point being estimated to be relatively low (note the hinge point in Figure
5 has been lower given different model assumptions), together with the model estimating the west component recruitment to be
the primary driver of population dynamics, is that projections based on such a curve would indicate that the resource could be
harvested to a low level without any negative impact on expected median recruitment. Given the currently very low level of
sardine biomass (see 2018 spawner biomass in Figure 5; again note that for other model assumptions the hinge point is near this

2018 spawner biomass), the need for caution and careful estimation is obvious.

Basis for making short-term management recommendations

The sardine population is currently at its lowest observed level, corresponding to that surveyed ~35 years ago, and Exceptional
Circumstances have been declared. The primary objective of the SWG-PEL in providing management advice is now to therefore
“assist the speedy recovery of sardine to a higher biomass level”. However, the socio-economic implications of any management
recommendations also need to be considered. For this reason the directed sardine fishery was not closed in 2019. In addition,
severely constraining the small sardine bycatch with anchovy could hamper the anchovy fishery, which has consistently had high

TACs in recent years in response to high anchovy abundances.

The SWG-PEL decided to recommend catch limits that would result in the 20%ile of projected November 2019:2018 west
component effective spawning biomass being 80% of that under a no-2019-catch scenario. The one-year-only projections in these
analyses (with incoming recruitment contributing substantially to the biomass projected) together with the short-lived, highly
variable characteristics of sardine, meant a direct comparison to the decision making process followed for West Coast Rock Lobster
(Johnston and Butterworth 2016) — also under Exceptional Circumstances - was problematic. The 80% was selected after initial
results were available, attempting to take into account that this depletion estimate is the impact of a single year’s catch and the
importance of sardine as a key forage species for natural predators in the ecosystem. Such a strategy would allow for some (small)
catch no matter how low the population size. This is in contrast to, for example, the Californian sardine fishery where fishing is

stopped once biomass falls below a cut-off threshold.

The sardine TAC has been substantially under-caught for the past 3 years, which is a further indication of the poor stock status of
sardine (Figure 7). During 2019 the directed sardine catch has totalled <1000t to date, just 8% of the TAC awarded after the
process outlined by de Moor and Coetzee (2019 — MARAM/IWS/2019/Sardine/P2).
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Growth

While the impact of alternative 2019 catch limits was considered under both a cohort growth curve (where the length at age in
year y depends on t; j ,_q) and an annual growth curve (where the length at age in year y depends on t, ;,,), the annual growth
curve is now no longer considered realistic. The range of ¢, ;,’s estimated during the initial 2019 assessment was unrealistically
large, spanning approximately a year. The normal prior distribution on the residuals about the age at which the length is zero has
been substantially reduced (Table D1). Having constrained the range of t, ;,’s to approximately 7 months (which may still be
unrealistically wide), the average t, ;- ,, has shifted to approximately April (early recruitment) for the west component (Figure
E10). The peak spawning period of sardine off the West Coast (based on GSI values) is from August to February with a peak in
December (van der Lingen and McGrath 2017). While noting the interpretation of ¢, ;,, is not precise given growth during the
early life stages of a fish may not follow the von Bertalanffy growth curve shape, an average t ;j—1 , of April may, nevertheless be
considered unrealistic. Two alternative growth curves have been tested, whereby the slope parameter k is increased to 1.2k for
i) ages < 1 and ii) ages < 6 months. Continuity and derivative continuity is maintained at this age-hinge-point. These two
alternatives result in a smaller range of t, ;,,'s and averages closer to November (Figure 8). However, the age-hinge-point of 1
results in a much poorer fit to the parasite prevalence-at-length data (Table 1). The age-hinge-point of 6 months, however, does
not result in a substantially worse fit to any of the data sets, and offers an improved fit over the current baseline to some data

sets.

Maturity/selectivity-at-age from maturity/selectivity-at-length

Equations D14-16 detail the use of selectivity-at-length in the age-structured assessment. This selectivity-at-length is converted
to selectivity-at-age for use in simulating the impact of catches in Equations D15 and F4. Although not used in these short-term

projections, other projection analyses have similarly used maturity-at-age calculated from maturity-at-length (Table D1).

While the use of a length-at-age distribution (Figure E11) to convert from age to length is straightforward, the assumption that
the ‘reverse conversion’ from length to age is accurate has been questioned. For example, neither selectivity-at-age 5+ nor
maturity-at-age 5+ is estimated to be 1 (Figure 9). While selectivity-at-age is standardly renormalized prior to use in any

projections, maturity-at-age is not, and there is some concern that this resultant maturity-at-age may bias projection analyses.

Sardine weight-at-length

The “initial 2019 assessment” of de Moor (2019a) adjusted the November weight-at-length annually, informed by the average
weight of sardine sampled during the survey, to account for the differing condition factor of sardine at the time of the
survey. Short-term projections varied substantially depending on whether the recent average condition factor was assumed, or
whether the low condition factor associated with the November 2018 survey was assumed (se Moor 2019b). This uncertainty
received a low weight by the time decisions based on de Moor and Coetzee (2019 — MARAM/IWS/2019/Sardine/P2) were made,

given the condition factor observed in early 2019 (van der Lingen et al. 2019).

Recent discussions have clarified that the hydro-acoustic survey estimate of total biomass depends on the size of the fish swim
bladder which depends (through a time invariant target strength relationship) on fish length only, and not on the condition
(skinniness/fattiness) of the fish at the time of the survey. A time-invariant weight-at-length therefore provides the most

appropriate basis to estimate biomass from the population model to correspond to the time series of biomasses from the survey
5
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(which is independent of sardine condition factor) and is now used in the assessment (Appendix D). Any short-term projections

during 2020 should, therefore, not be subject to this uncertainty.
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Table 1. The contributions to the posterior distribution for the current baseline assessment (Appendix D) and two alternatives which change the growth curve for i) ages < 1 and ii) ages < 6

months.
In(Post- -In(Likelihood) -In(Prior)
erior) Total Nov Rec ?cTe:rg(;E_ Suar;fg/nz;zp— Ij;cen\/g—:;‘ kS, move ,, n liy Penalty
Baseline 981.3 913.4 60.6 39.7 -432.2 -383.4 1628.7 -1.4 -30.3 -15.4 114.5 0.5
Alt i) 1018.9 954.4 57.7 38.0 -433.1 -388.0 1679.7 -1.3 -30.3 -17.9 114.0 0.0
Alt i) 954.5 894.2 54.5 40.5 -428.3 -396.0 1623.5 1.4 -30.3 2222 114.0 0.3
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component above. The right plot shows the two distributions of log(recruitment) that were sampled from for ‘normal’ () and

‘good’ (u,) recruitment to the south component when projecting future recruitment during OMP-18 testing.
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Appendix A: Hydro acoustic estimation of biomass

Target species of the same genus are generally not acoustically distinguishable. Echo-integrated energy per interval (section of
transect; see Figure A1) is therefore allocated to different species based on the composition and length frequency distributions of
trawl samples taken in the immediate vicinity. When more than one species of fish (of varying TS) is present within an interval, it
is necessary to partition the echo intensity between the species, taking into account the weight of each species in the sample and

their differential length-based TS regressions.

Barange et al. (1996) estimated target strengths for three of the South African pelagic fish species based on regression of

(TSyy); against mean total length (TL) of species j of the following form:

(Tskg)]. = a; + bjlog,o(TL;) (A1)
where  for anchovy TSig =-21.12 - 12.15 logio (TL),
for sardine TSk =-13.21 - 14.90 loguo (TL),
for horse mackerel TSig = -7.75 — 15.44 logo (TL).

For species j, this expression is converted to the linear form(&bs)}-; the mean back scattering cross section per kg which is used in

equation (A3) for density estimation as follows:

. bj
Zli[n{i(lo(o'l)a1)<liﬁ)]

)
Zuiny

(abs)j = (A2)

where [; = length class, nlji = number of fish of species j in length class I; ; a; and b; are constants in the TS, versus length

relationship

The area density (kg m™) for fish of species j is then given by:

wiSa
J  4m.18522 W @ps);

(A3)

where wjis the weight of species jin the trawl sample and S, is the total nautical area scattering coefficient attributed to all species

present in the interval.
Interval density per species is then averaged per transect and per stratum to derive a mean density per stratum, which when

scaled up to the stratum area results in a biomass per species per stratum (Jolly and Hampton 1990). Summation of biomass per

species per stratum gives the total biomass per species.
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Figure Al. Typical survey design showing acoustic intervals (between dots on transects), transects and stratum boundaries.
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Figure A2. The relationship between target strength TS ind'and total length (left) and between TS kg? and total length (right)

for sardine. The conversion from TS at length to TS at weight is based on the actual mean weight of fish of a certain mean length

as recorded at the time of the TS experiments (Barange et al. 1996).
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Appendix B: A comparison of acoustic survey and commercial (October to December) length frequencies of sardine.
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Figure B1. Sardine length frequencies from November surveys and commercial catches between October and November from

2009 to 2018 in the area to the west of Cape Agulhas.
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Figure B2. Sardine length frequencies from November surveys and commercial catches between October and November from

2009 to 2018 in the area to the east of Cape Agulhas.
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Appendix C: Applying a regional (West Coast and South Coast) sardine length frequency at the interval level.

The impact on sardine and anchovy interval densities, biomass, CV and weighted length frequency of applying a “West
Coast length frequency” for sardine to each trawl conducted on the West Coast and a “South Coast length frequency” for
sardine to each trawl conducted on the South Coast is investigated. The original weighted by biomass length frequency of
the November 2002 survey in the area to the west and east of Cape Agulhas is used as the West Coast and South Coast
length frequency respectively. The sardine length frequency of each trawl used in the original calculation of sardine density
is simply replaced by the appropriate regional length frequency. The original species composition is unchanged from that

originally estimated for each trawl taken in the immediate vicinity.

Table C1. The impact on biomass of sardine and anchovy of applying a regional West Coast and South Coast length

frequency at the interval level.

Survey West Coast South Coast
(tons) cv (tons) cv (tons) cv
Original Sardine biomass 4206 250 0.227 1184713 0.247 3021538 0.300
Modified sardine biomass 3435811 0.211 1026 462 0.255 2 409 349 0.280
% change (-) 18.32 13.36 20.26
Original anchovy biomass 3867 649 0.154 2018570 0.264 1849079 0.144
Modified anchovy biomass 3895922 0.155 2028719 0.266 1867 204 0.146
% change (+) 0.73 0.50 0.98
sardine density (modified/original) Anchovy density (modified/original)
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Figure C1. The ratio of the modified interval densities to the original interval densities for sardine (left) and anchovy (right).
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Figure C2. The ratio of the modified transect densities to the original transect densities for sardine (left) and anchovy (right).
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Figure C3. The original numbers at length (weighted by survey biomass) compared to that which would result from

applying this regional length frequency to each trawl used in the calculation of sardine density for the West Coast (left)

and South Coast (right).
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Appendix D: Initial 2019 assessment model for the South African sardine resource (from de Moor 2019a,b)

This assessment provides the generalised operating model for the South African sardine resource (used for this baseline
two mixing-component hypothesis as well as a single stock hypothesis?). The assessment is run from November y; = 1984
to November y,, = 2018, with the following subscript notation:
e quarters g = 1 denoting November y — | to January y, g = 2 denoting February to April y, ¢ = 3 denoting May
to July y and g = 4 denoting August to October y;
e agesa = 0toaplusgroupofa =>5*%;
e lengths from a minus group of [ = 2.5 cm to a plus group of | = 24tcm;
e components j =W or j =5 denote the west and south components, respectively, where only the west
component equations are used in the single component hypothesis;
e infection p = NI or p =1 denote the sardine uninfected and infected with the digenean ‘tetracotyle-type’
metacercarian endoparasite, respectively.

All parameters are defined in Tables D1 and D2.

Population Dynamics

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

S S S S S
Sx _ S -My4-1/8 _ S -Mya_1/4 _ S -Mya_1/4 _ S -Mya_1/4 _ S —-My4_1/8
Nipya = <<((M'Pv3’-1’a—1e vat Cj.wvlva—l)e e Cf.p,yzva—l)e yett = Cpyza-1 )€ P = Cipyaa-t |00

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

Sx — s M5 ,/8 _ ;S -MS,/4 _ S —MS,/4 _ S —M5,/4 _ S -MS,/8
Nipyst _<(((Nj'p'y_1'4e i’ joyia)€ jpyz2al€ Y fpy3al€ Y jpyaas|€ VT

N N S N N

s -M> _+/8 s M7 /4 s —M> /4 s M7 /4 s -M] _+/8
<<(pry—15+e Y = Gpyast )€ T T Gpyast € YT st € YT — st | €S
p=LNLy, <y<y, (D1)

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

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

N%,T\Il,y,a = (1 - Iy)Nﬁ,NI,y,a V1SYysSy,l=<as 5*
N\S/\;j,y,a = N\S/\;,I,y,a + Iyl\I\S/\);,NI,y,a ViSYy<y,1l<ac<s 5*
NSpya = NSpya p=LNLy;<y<y,1<a<5’ (D2)

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

in the single component hypothesis move,, , = 0

Nivpya = (1 —movey, )N&: o p=LNLy, <y<y,1<a<5"
N3pya = N3iya + move, NVt o p=LN,y, <y<y,1<a<5" (D3)

1 For the single stock hypothesis, both abundance indices and proportion-at-length data are combined for the full area and parasite
prevalence-by-length is excluded from the likelihood.
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Numbers-at-age mid-way through each quarter (for use in catch equations)

S
N]pyla = Nj‘,gp,y—l,ae My.a/8 p=LNLy; <y<y,0<a< 5*
—uS
Nipyaa = (Nipya-ta = Cipyaq-1)e "/* pP=LNLy; Sy<y,2<q<40<a<5" (D4)

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

respectively, in the remaining text.

”,yl =y> oAsﬁral [ p=ILNLy, <y<7y,25cm<l<24%cm (D5)
The model predicted numbers-at-length of ages 1+ only are given by:
N = 250, A NS, e p=ILNLy, <y <y, 25 cm<l<24tcm (D6)
The proportion of sardine of age a in component j that fall in length group 1 at 1 November, AS‘;,a], is calculated under the
assumption that length-at-age is normally distributed about a von Bertalanffy growth curve:

sur ~N (L]-_w (1 - e"‘f(a_to'ivy—a)),ﬁg) 2 ¥, <Y<y, 0<a<5% 25 cm<l<24*cm (D7)
with
tojy =toj +&y 3 (D8)

ny y=w

And£t={
Yoo ptel i +1= (D, v <y <,

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

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

My -0 = Mje =" with €154 = Nlgss and &' = P%]/Ii1 +Y1=p2n <y <y, (D9)
— ad .
My =14 = Mzqe® " with efs, = 0y, and e = peg? 1=y, y1 Sy <y (D10)

Spawning biomass and biomass associated with the November survey

SSBS, = Y X8y 5 5N o Wi V1 <Y< (D11)

SSBYLS = &,SSBy, , + (1 — &5)SSBS, V1SV S

SSB;Zsf,f = (1 —&w)SSBiyy + §sSSBS,, Y1 SY <Y (D12)
Ky p X34 5= Ny Wi *° NEY<W (D13)

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

3 Additive error allows for early or late recruitment. While the timing of recruitment may vary between stocks due to differing
environmental conditions on the west and south coasts, the same autocorrelation parameters are assumed here for simplicity reasons.
4 The biomass in y,, = 2018 excludes age 0 fish, although the contribution of age 0 fish to the total biomass should be minor.

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

0 [ <55cm
. (1+025-1,,)° .\ 1 o <1 <] Jieme
. =<{XivgeXpi— = m<l< = 23cm
iyl = | Xiva®XP (o7eh)2 1+exp{—(1+0.25—-1,;,,)/(05°)?} max
Sj.y.qtmax L> lnax
VW<y<y,1<qg<4 (D14)
+
qua_zlmzs qual}yql Y1Sygyn/1SqS4losaS5+ (D15)
_ _ 2
where ﬁ%,a,ﬂN( o (1 _ e—rj(a+2a-1)/8-tg jy- a)) [(1 _ (2q8 1)) 9, + (zq8 ) a+1] )

Y1 <Y <yn1<q<40<a<5*%25cm<I<24%cm (D16)

Bycatch in the anchovy directed fishery

becatch

j.0.y.q.a p=LNLy; <y<y,1<q<4

S By
:{pryan}yqa O0sas=1, (D17)

0 2<a<5?t

Catch in the directed sardine and round herring bycatch fisheries

CAn e = (N yaa = Craaac)S; y.aaF) p=LNLy, <y<y,1<q<4,0<a<5%D18)
Total catch
Coyan = Crapag + CA 1o p=ILNLy, Sy<y,1<q<40<as5%(D19)

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

12 RLF, fleet=3 RLF, fleet=3
FBy _ Ya=11 El<lcuty_1_m jy—-1m,l +Zl<lcuty_m Cj,y,l,l
iy,qg=1,a=0 — S
J,¥.q=1,a=0 Tp Nj.p,y,q:l,a:o
12 RLF,fleet=3 RLF,fleet=3
FBy Zm:ll lelcuty_l_m C] -1, ml + Zl>lcuty‘m Cj,y,u
Ly.q=1a= 1 Z
p ] p.y,q=4,a=1
RLF, fleet=3 RLF,fleet=3
By Zfrtnzz Zl<lcuty_m Cj‘y_m{; By Zfrtnzz Elzlcuty,m Cj_y,mfl
S S
jy.a=2,a=0 — Zp N]-’p‘y'q=2'a_=0 Jya=2a=1" Zp Nj,p,y,q:z,a:l
7 RLF,fleet=3 7 RLF, fleet=3
FBY _ Xm=sXi<icutym Cjymi FBY _ Zm=sZizleuty,m Cjym.i
iy,q=3,a=0 S iy,q=3,a=1 S
j,y,q=3,a=0 ZPNj,p,y,q:S,a:O Jy,.q=3,a=1 ZpNj,p,y,q=3,a=1
RLF,fleet=3 RLF,fleet=3
FBy _ Z%r?:s Zl<lcuty_m Cj,y_m}; FBy _ Z%r?:s lelcuty,m Cj_y,m}_rl (DZO)
i =4,a=0 S j =4,a=1 — S
J.y.q=4a=0 Sp NSy a=ta=o Jya=4a=1 ZpNipy.q=ta=1
A penalty is imposed within the model to ensure that F; ;’q q < 0.95.

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

appropriate basis to estimate biomass from the population model to correspond to the time series of biomasses from the survey (which
is independent of sardine condition factor).

6The [ + 0.25 denotes the middle of length class [. This function is renormalized to a maximum of 1.

7 u Sk e H By
Selectivity” is incorporated in F]yq @

with anchovy recruitment which varies from year to year.

as the sardine bycaught is typically independent of sardine abundance, but rather correlated
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RLF,fleet | 2 RLF,fleet

Zfleet—12m 112126cm Cjy_ 1 m1 t2Ffleet=12126cmCjy 11
bycatch\ .

IpZat 0( ipyiaCiyia )Sj.y.l.a

Jy.aq=1 —

RLF, fleet
2:fleet 1Zm 221>6cmcjyml

jy.aq=2 = bycatch
IpZat ( ipy.2a7C) )Sl,y.z,a

jy.2.a
RLF, fleet
F, s = Z:fleet 1Zm Szl>6cmcjyml
1y,.q= bycatch
Zp ras ( jpy3.a C] y.3,a )Sl'y'3'a
RLF, fleet
F. _ 2:fleet 1Zm 821>6cmcjyml
Jy.q=4 — bycatch

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

(D21)

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

not used in fitting this model. Commercial selectivity-at-length is fixed to zero for length classes <6cm (equation D12).

Number of recruits associated with the recruit survey

_ 1, s —(1/8+0.5t5/12)M3 5S —0.5t5xM3 /12
]y‘r' = kj <(N NLY,2,0 Cj,NI,y,Z,O)e ( y/12) 70 —Ciyobs ) € ryrryo 1985 <y <y,

Multiplicative survey bias
kjS:N = kgc
ks =w,r — kgov X kgc

kj5=5, = k3,5 X k3., X k3. (for the two mixing-component hypothesis only)

Survey trawl selectivity

SSuT'Uey 0
Jit [1+exp{—(1+0.25— 5501)/5}]

l=25"cm
3em <1< 24%cm

Proportion-at-length associated with the November survey

Zp Zl<6cm N] Dy, lSSHTWEy _ -
survey l=6"cm
szl 25_ jpylS]l
Zp jpylssurvey
T svey  0:5em <1< 20.5cm
s ZZ’ Zl=2.5 ]pylsjl 9
Pjyi = 235 gSurvey YVISYSEYn
YpXi= 21 ol il
ey | =21—23.5cm
ZPZZ 25 prlsjl
Zp ]py[ssurzey
]24 survey l = 24+Cm
ZPZZ 25— prlsjl
Proportion-at-length of fish infected with the parasite in November
N1y
p]yl_zfy Y1 <Y <y, 10em <[ <23cm
pNjpyl

Catch-at-length from the directed and round herring bycatch fisheries

(D22)

(D23)
(D24)

(D25)

Y1 <Y < y,(D26)

(D27)

(D28)

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

quarters for the whole coast.

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

the survey.
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cair __ pbycatchy pcom
prql (prqa ijyqa)Aqal F}yq

p=LNLy, <y<y,1<q<425cm<1<24%cm (D29)

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

—chf;’ryql 6cm <1 <22.5cm

24t dir - = '

pfg,n;lls _ Xp2ice depyql 1 Yy <y<y,l<qg<4 (D30)
Tp Y 23C1;1qul | = 23*cm

24% dir
tzpzl 6 C]pyql

Fitting the Model to Observed Data (Likelihood)

—InlL = _lnLNov — InlLTe — InLsvwr propl __ InLcom propl __ InLprev (D31)

where
s+ /s

(35, )-in(55,)
j@f-.y,,w) o5 ()

55

2

—InLN? = 05%; 3

+n [Zn ((ame,) + (952 + (5y) )] (D32)

Vev1 5
[ ) mtes,)
j(“}s'.y.Nov) +(#3c) +(’11$.N)2
sy %5
55 (85, )-tn(N ]y )|

Inlre = 0. 52} ) \l(aiy.rec) +(98c) +(4,) B QR [ZH( yrec) b5 + ( ) )] (D33)

[tn(85yr) -tV

[ e (020465,

55+

2

—InLSrPrort = wi 121 y V1 221+ p”’ ”’ 5 = tin ( jsur) m—l— ln( ]sur) v (D34)

prop
]SuT (O-_}S:Sur)
~S,coml_ [ S,coml
—IpLcompropl — |, com 3 223"' ( Pival qul) +1 ( ) D35
n = Wiop L Xty L=t 1 Gjcom (D35)
2(75com)
AR = 5 S T2~ n(BS,) — (NI — (1~ B3,) 036)

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

five in magnitude.

10 Note the model predicted commercial catch of lengths <6cm is zero, from a zero commercial selectivity in equation A.13. This is
consistent with the range of length classes in the observed commercial proportions-at-lengths.

11 Note the model predicted commercial catch of lengths <6cm is zero, from a zero commercial selectivity in equation A.13. This is
consistent with the range of length classes in the observed commercial proportions-at-lengths.

12 The 21* group in this equation consists of the length classes 21cm, 21.5cm, 22cm, 22.5cm, 23cm and 23.5cm.
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Table D1. Assessment model parameters and variables with associated fixed values or prior distributions and, for derived variables, associated equation numbers. As the majority

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

Parameter / . Units / Fixed Value / Prior i
Variable Description Scale Distribution Equation Notes
Model predicted numbers-at-age a at the beginning of November in year y of s I .
NP»ya component j that are uninfected (p = NI) or infected (p =1) with the Billions ln(M'M’]’\’,‘g)/m_ OU( 10,3 D1-D3
endoparasite JLy,0 =
N’,1083q  Initial numbers-at-age a in component j Billions N1 1083,0=1~U(0,50)
Ninii0s3a = 0,2<a<s5*
Nj?l,1983,a =0,0<a<5*
Model predicted numbers-at-age a mid-way through quarter q of year y of
@ I\G‘?p‘y‘q,a component j that are uninfected (p = NI ) or infected (p =1 ) with the Billions D4
g endoparasite
._g I Proportion of uninfected west component sardine that are infected with the =0,y, <y <2007
o y endoparasite in year y (two mixing-component hypothesis only) ~U(0,1),2008 <y <y,
o Proportion of west component sardine of age a which move to the south movey‘1~Beta(1.05,1.05)
g move,, , component at the beginning of November of year y (two mixing-component - move,, ;. = ¢pmove,
g hypothesis only) ¢~U(0,1)
£ s Model predicted spawning biomass of component j at the beginning of Thousand
© SSBj_y . D11
2 November in year y tons
g SSpeIfs Model predicted effective spawning biomass of component j at the beginning of  Thousand D12
1y November in year y tons
BS Model predicted total biomass of component j at the beginning of Novemberin  Thousand D13
1y year y, associated with the November survey tons
£, Proportion of j -component spawner biomass that contributes to the effective 0.08 AI?(;:;EZ:?:EGS
J spawning biomass on the same coast )
robustness tests
Wi Mean mass of sardine of component j in length class [ Grams 1.1639 x 107> x [303155 van der Lingen et al.

(2006)
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Parameter / Description Units / Fixed Value / Prior Equation Notes
Variable Scale Distribution
Refit from data used by
van der Lingen et al.
(2006) using midpoints
a [1+ e‘(l‘”'z)/l'”]_1 of length classes.
g 1984 <y <1987 Assuming maturity post-
g [1+ e—(l—18-6)/1~26]_1 2003 reflects that of
§ ijyl Proportion of component j sardine that are mature in length class L in year y - s e—(l—19.4)/1.40]‘1 1988 < y < 1995 19?1?/;)1:;5(3352211?22\/ is
3 1996 < y <2003 density dependent (van
§ [1 + e—(z—17.4)/0.95]‘1 der Lingen et al. 2006)
= 2004 <y <2018 and both these periods
2 correspond to low
s biomass following a
peak in abundance
N]’?y,r Model predicted number of juveniles of component j at the time of the recruit Billions D23
survey in year y
Selected based on
maximized joint
s _ posterior, and
M3, Rate of natural mortality of age a inyear y Year! 11‘/\[459"0 __11'00 Dnggd subjecttoa
yi+ = compelling reason to
modify from
E previous assessment
% 1\711-‘% Median juvenile rate of natural mortality Year?! 1.0
E M$, Median rate of natural mortality for 1+ sardine Year™ 0.8
% eéu Annual residuals about juvenile natural mortality rate - D9
2 83‘}‘1 Annual residuals about natural mortality rate for 1+ sardine - D10
" Normally distributed error in calculating &) - N(0,07)
nge Normally distributed error in calculating e3¢ - N(0,0%y)
a; Standard deviation in the annual residuals about juvenile natural mortality - 0 See robustness tests
Oad Standard deviation in the annual residuals about natural mortality for ages 1+ - 0 See robustness tests
p Annual autocorrelation coefficient - 0 See robustness tests
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Table D1 (Continued).

Parameter / Descrintion Units / Fixed Value / Prior Equation Notes
Variable P Scale Distribution q
NS Model predicted numbers-at-length [ at the beginning of November in year y of Billions D5
Jpyl component j that are uninfected (p = NI) or infected (p = I) with the endoparasite
s Model predicted proportion-at-length [ of component j associated with the i D27
Piyi November survey in year y
sur Proportion of age a of component j sardine that falls in the length group [ in i D7
Jy.al November of year y
Kj Somatic growth rate parameter for component j Year! U(0,3)
ok
. Jj—1 .
e Liw= % where
E Ljw Maximum length (in expectation) of component j Cm Lj,a=el~UE§:25)
<
g L]"a=3 - Lj,a=1~U(5125)
) to,jy Age at which the length (in expectation) is zero in year y Year D8
©
S . . . 1 (e"(Lis — Ljs)
< to,j Average age at which the length (in expectation) is zero Year —In{———=m—
“6’0 Kj lele ] — Lj‘3
[
Q Ef, Annual residuals about the age at which the length is zero n§,~N(0, 0.2%)
E pt Autocorrelation coefficient in these residuals U(-1,1)
5 Upper bound chosen
£ to preclude
§' Y, Standard deviation of the distribution about the mean length for age a - U(0,3),a=0,1,2% unrealistically large
o lengths for very
young fish
com, Model predicted proportion-at-length | of component j in the directed catch and ) D30
Jy.al round herring bycatch during quarter q of year y
com Proportion of age a of component j sardine that falls in the length group [ mid-way i D16
Jyvaal  through quarter q of year y
s Model predicted proportion-at-length | of component j that are infected with the
P’ : : . D28
R4 endoparasite, at the time of the November survey in year y
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Parameter /

Units /

Fixed Value / Prior

Variable Description Scale Distribution Equation Notes
S]fluwey Survey selectivity-at-length [ in the November survey for component j - D26 Some smaller fish
. escape through the
Sso,j Length at which survey selectivity is 50% for component j Cm U(2.5,20) trawl net
5 Inverse of slgpe of survey selectivity-at-length ogive when selectivity is 50% for i U(0.05,50)
component j
Sival Commercial selectivity-at-length [ during quarter q of year y of component j - D14
Siv.aa Commercial selectivity-at-age a during quarter g of year y of component j - D15
- X Height of the Gaussian component for component j relative to the height of the i U(0,1) forj =1 No bycatch modelled
S 5y logistic component in quarter q of year y =0forj=2 for south component
g I_Ly Mean of the Gaussian distribution for in year y mm N(100,102)
3 Estimated for two
l_2,j,y,1 _ l_1‘2000~U(0,150) time periods per
L — .. T T component: 1984-
I Length at 50% selectivity in the logistic component for component j in quarter g mm lz,j,y,z_— 11‘2000_~U(0,150) 1993, 1994-2018
2,jy4 of yeary Ljys = lzjy2 ’
_ by <)Y (west) and 1984-
Lajy-14 = L2 jy12 1997, 1998-2018
(south)
(o512 Variance parameter of the Gaussian distribution mm U(20,150)
(05°H)? Variance parameter of the logistic distribution mm U(0,100)
kﬁN Multiplicative bias associated with the November survey of component j - D23
kfr Multiplicative bias associated with the recruit survey of component j - D24 -D25
Appendix B of de
@ k3. Multiplicative bias associated with the hydro-acoustic survey - In(k3.)~N(—0.311,0.094?) Moor and
% Butterworth (2016)
2 Lower bound
§ Uniform prior on logit selected in
E‘ S Multiplicative bias associated with the coverage of the recruits during the recruit transpose of discussions with
§ cov survey in comparison to the coverage of the biomass during the November survey k3., such that scientists on these
03<ki,<1 surveys and their
field experience
S Multiplicative bias associated with the coverage of the south component recruits
kcovS U(O:l)

in comparison to the west component recruits during the recruit survey
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Parameter /

Units /

Fixed Value / Prior

Equatio

Variable Description Scale Distribution n Notes
cs Model predicted number of age a fish of component j caught during quarter q of Billions D19
Jpy.a.a year y that are uninfected (p = NI) or infected (p = I) with the endoparasite
Differ by month and
leuty, Cut off length for recruits in month m of year y Cm de Moor et al. 2019 year as informed by the
recruit surveys
Number of age a fish of component j bycaught in the anchovy-directed fishery in
Cjbg;a;ilh quarter g of year y that are uninfected (p = NI) or infected (p = I) with the  Billions D17
endoparasite
5 Number of age a fish of component j caught in the sardine-directed and round
5 C]-‘_iég,yq_a herring bycatch fisheries in quarter g of year y that are uninfected (p = NI) or Billions D18
infected (p = I) with the endoparasite
dir Number of length [ fish of component j caught in the sardine-directed and round -
Jpyat herring bycatch fisheries in quarter g of year Billions b25
g by q q ot yeary
FBY Fished proportion in quarter q of year y for age class a of component j, of bycatch i D20
Jy.a.a in the anchovy-directed fishery
F Fished proportion in quarter g of year y for a fully selected age class a of i D21
Iva component j, by the directed and round herring bycatch fisheries
_IpINov Contribution to the negative log likelihood from the model fit to the November i D32
survey biomass data
_InLrec Contribution to the negative log likelihood from the model fit to the recruit survey i D33
data
_ L surpropl Contribution to the negative log likelihood from the model fit to the November i D34
- survey proportion-at-length data
_§ _ I Lcompropl Contribution to the negative log likelihood from the model fit to the quarterly D35
< commercial proportion-at-length data
= _ L surprev Contribution to the negative log likelihood from the model fit to the November i D36
parasite prevalence-at-length data
S CV associated with factors which cause bias in the acoustic survey estimates and i 20227 Appendix B of de Moor
ac which vary inter-annually rather than remain fixed over time ' and Butterworth (2016)
(A)S,N/r)z Additional variance (over and above (aj‘?y'Nov/rec)z and (¢3.)?) associated with U(0,10)

the November/recruit surveys of component j
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Parameter / Descriotion Units / Fixed Value / Prior Equation Notes
Variable P Scale Distribution g
To allow for
worr Weighting applied to the remaining survey proportion-at-length data - =0.5x0. )
propl ghting app J y prop J 0.5 0.167 autocorrelation3
Standard deviation associated with the survey proportion-at-length data of yon 21+ .
O sur , ¥ prop & - Zy=y, 2 \Jply \Jply Closed form solution
’ component j S T
Y=Y1
To allow for
weon Weighting applied to the commercial proportion-at-length data = 0.5 x 0.04 )
propl ghting app prop J 0.5x0.0 autocorrelation®s
Z}’n 4 23+( Z3comlS J
y=y1 \I J=1y.ql
In 23ty Closed
s Standard deviation associated with the commercial proportion-at-length data of Zyly: Zg=1 212 B
Tj.com stock j form Tjcom
solution?®

scomlS
ZJ’ V1 121 (1 Pj=2,y,q.1 \}

yn 4 23t 4
Zy =y1 Z =1 2:l 13

13 Based upon data being available ~6 times more frequently than annual age data which contain maximum information content on this.

14 The 21* group in this equation consists of the length classes 21cm, 21.5cm, 22cm, 22.5¢cm, 23cm and 23.5cm.
15 Based upon data being available ~4x6 times more frequently than annual age data which contain maximum information content on this.
16 A shorter range of lengths is used for the south component given the near absence of data outside this range, resulting in small/zero residuals, which would negatively bias this estimate
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Table D2. Assessment model data, detailed in de Moor et al. (2019).

Units / Shown in

tit D ipti
Quantity escription scale Figure
t§ Time lapsed between 1 May and the start of the recruit survey in year y Months
5 Number of juveniles of component j caught between 1 May and the day -
Ciyops . g Billions
before the start of the recruit survey in year y
Number of fish in length class [ landed by fleet in month m of year ) of
RLF floot componentj. fleet = 1 denotes the sardine directed fishery, fleet = 2
Cj_y_r,'f_clee denotes the sardine bycatch with round herring (1984-2011) or >14cm Billions

sardine bycatch (2012-18) and fleet = 3 denotes the juvenile sardine
bycatch with anchovy (1984-2011) or <14cm sardine bycatch (2012-18)

Bs Acoustic survey estimate of biomass of component j from the November  Thousand Fig. E1
1y survey in year y tons
oS Survey sampling CV associated with ny that reflects survey inter-transect i Fig. E1
JYNov- yariance
=5 Acoustic survey estimate of recruitment of component j from the recruit L Fig. E2
Ny - : Billions
survey in year y
oS Survey sampling CV associated with I\Aijy‘r that reflects survey inter-transect i Fig. E2
Jyree variance
. Observed proportion (by number) of component j in length group [ in the .
Pivi November survey of year y i Fig. E6
5S.com Observed proportion (by number) of the directed catch and round herring i Fie. E9
Lyal bycatch of fish of component j and length group [ during quarter q of year y &
Number of sardine of component j in length class | sampled from the Fig. E12
f;iv November survey in year y that were tested and found to be infected with  Numbers
the endoparasite
Number of sardine of component j in length class [ sampled from the Fig. E12
N]pﬁv November survey in year y that were tested for infection with the = Numbers

endoparasite

32



MARAM/IWS/2019/Sardine/P3

Appendix E. Results from the assessment detailed in Appendix D (from de Moor 2019c¢).
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Figure E1. Acoustic survey estimated and model predicted November sardine total biomass from 1984 to 2018. The observed
indices are shown with 95% confidence intervals. The standardised residuals (i.e. the residual divided by the corresponding

standard deviation, including additional variance where appropriate) from the fits are given in the right hand plots.
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Figure E2. Acoustic survey estimated and model predicted sardine recruitment numbers from May 1985 to May 2018. The survey

indices are shown with 95% confidence intervals. The standardised residuals from the fit are given in the right hand plots.
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Figure E3. Model estimated proportion of 1-year-olds and 2+-year-olds which move from the “west” component to the “south” component in November. The middle plot shows the

numbers of 1-, 2- and 3-year olds moving while the right hand plot shows rough estimates of the annual biomass moving from the west to south component.
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Figure E4. The model estimated November survey selectivity at length.
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Figure E5. Residuals from the fit of the model predicted proportions-at-length in the November survey to the hydroacoustic

survey estimated proportions.
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Figure E6. Average (over all years) model predicted and observed proportion-at-length in the November survey.
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Figure E7. The model estimated commercial selectivity at length
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Figure E8. Residuals from the fit of the model predicted proportions-at-length in the quarterly commercial catch to the observed

proportions.
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Figure E9. Average (over all quarters and years) model predicted and observed proportion-at-length in the commercial catch (top
row), and average (over all years) quarterly model predicted and observed proportions-at-length in the commercial catch

(subsequent rows). See Appendix B of de Moor (2019c) for plots for each year and quarter
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Figure E10. The annual von Bertalanffy growth curves estimated by allowing for auto-correlated residuals for the variation about

the age at which length is zero.
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Figure E11. The model estimated distributions of proportions-at-length for each age in 2010, given at the time of the biomass

survey (1 November, top row), and middle of each quarter of the year (corresponding to the times commercial catch is modelled

to be taken) for age 0, 1 and 2 (subsequent rows).
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Figure E12. The model estimated proportion of west component sardine infected with the parasite between 2008 and 2018.

(Annual infection rate is arbitrarily assumed to be 0 prior to 2008.)
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Figure E13. The model estimated proportions-at-length of west and south stock sardine infected with the parasite (i.e. parasite
prevalence-by-length) between 2010 and 2018 together with the observed proportions-at-length. The sample size for each length

class is given by the grey bars, plotted against the right vertical axis.
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Figure E13 (continued).
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Figure E14. Model predicted sardine recruitment (in November) plotted against spawner biomass from November 1983 to

November 2017.
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Figure E15. The exploitation rate (simply calculated as the observed annual (Nov-Oct) catch tonnage as a proportion of the model

predicted total biomass).
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Appendix F: Baseline projections using constant catch assumptions

The projections will be run from November y; = 2019 to November y,, = 2040. The notation is the same as that of Appendix D
and Tables D1 and D2. The following assumptions were made:

e The numbers-at-age are calculated as follows:

Nya = (Noy-ramae™e1/2 = €5, oy )e a2 p=INLy, Sy<y,1<a<5t (1)
Nj?z;k,y,S" = (M?p.y—l.‘le_M;"}/z - Cj?p.y.‘l) e_M§'4/2 + <1\,}':gp.y—1.5+e_M;'s+/2 - ijp.y,s") e §'S+/2
p=LNLy,<y=<y, (F2)
and
Nivpya = (1- movey,a)N\?J;_y,a p=LNLy,<y<y,1<a<5"
NSpya = NShya +move, Nt o p=LNLy; <y<y,1<a<5* (F3)

e  Future infection is assumed to be zero (this is inconsequential to projections).

e  Future movement of 1-year olds from the west to the south component is assumed to be time-invariant and
movey, | =0.3. Additionally, if a density-dependent hypothesis were assumed (de Moor et al. 2018), one would expect
movement in the short-term to be relatively low.

e  Future recruitment is generated from the past 58 years of recruitment under the assumption that future recruitment,
particularly in the immediate short-term future, may be from a similar ‘regime’ to that of the more recent 5 years. For
example, recruitment may depend more on environmental conditions rather than on spawning stock biomass (Szuwalski
et al. 2019). Autocorrelation in the historical recruitment time series is non-negligible lending further weight to this being
a preferred baseline choice for these analyses.

e Natural mortality is assumed to be time-invariant: M ,_o = M} and My ,_,, = M3,

e No allowance is made for early/late recruitment in future years, i.e. sf, = 0 in equation (D8).

e  Growth curves at the mid-point of each quarter (equation D16) and therefore the quarterly commercial selectivity-at-
age functions (equation D15) were the same?® for all future years.

e  Growth curves in November (equation D7) were thus also the same for all future years.

e Only the logistic part of the selectivity-at-length curve is used for future projections of alternative directed catches.
Small sardine bycatch with directed >14cm sardine is assumed to consist of recruits-of-the-year.

e  Future annual selectivity-at-age is assumed to be time-invariant and averaged over all quarters of the most recent

commercial selectivity-at-length estimated from 2002-2019 (note growth curves are time-invariant in future years):

+
S]'S:a = 025 22=1 212;1-2.5— A]q,ggn19,q,a,lsj,2018,q,l = 025 0 S a S 5+ (F4)
e The numbers-at-length are calculated according to equations (D5) and (D6).

e The same maturity-at-length relationship, based on that corresponding to the period 1965-1975, is assumed from 2004

onwards, for all projected years.

171t will be confirmed that this value remains close to the average of the recent past once the assessment is updated with 2019
data.
8 The most recent 5 or 10 years are frequent choices for the “recent past” in projection analyses internationally.
1% Except in cases where the selectivity is modified to allow catch to be spread to lower ages (described below).
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The November biomass, spawner biomass and effective spawner biomass are calculated according to equations (D11)
o (D13).

A time-invariant but component-dependent November weight-at-length relationship is assumed (analyses in progress).

Catch weight-at-age is taken to be the average of the weight-at-age in November immediately before and after the

pulse fishery is assumed, i.e.

wigkh = 05w, + wipy,) 0<a<4

jy.a

catch __ S
Wiyst = Wjs+ (F5)
where

S _ yI=24% gsur
Wiya = Li=25" A] v,a,l y, (F6)
Catch is assumed to be taken in a single pulse, mid-way through the year. Bycatch is calculated as:

bycatch Bycatch s -M54/2 -M3 /2

. = h ya < y.a

jp.y.a . 3 “M3a/7 catch X Nipy-1,0€ Ny-1a€

Ya=o0 Zp:I,NI Nj,p,y_Lae T Wia
And directed catch (taken to include large sardine bycatch) is calculated as:
i Directed+Large Bycatch —mS .
dir = ibds X (N-S g€ Myal? — C-bym“h) S5, with
1,p,y,a 5 s -M3, a/2_bycatch\os | catch ,p,y—1a 'J.0y.a ],a
Ya=0Zp=INI\Njpy-1a¢ >V =Cir 00 )5 a%ia
Directed+Large Bycatch

+ S Msg /2 > bycatch).s h X SJ:SS = 095

5 - ¢ )
Za:OZP=I.NI(Nj,p,y—1,ae r.a _Cj_p_y,a )s]a fﬁ ¢

S _ bycatch dir _ +
Cipya = lep_yla + Cpya p=LNLy>y,,1<q<4,0<a<5%(F7)

In cases where the above constraints would otherwise result in the realised catch being less than the tested scenario,

the selectivity is modified as follows:

Directed+Large Bycatch

2 <
If 5+ NS —M§/,a/2 chycatchgs | catch x S}‘S = 0.95
Za=0Lp=1N1{Njp,y—1,a¢ “Cipya Jia%ja
S
dir -Mys4/2 _ pbycatch
Then CAir <, = 0. 95( [ crreate
If Directed+Large Bycatch x SS < 0.95
5 2, < 0.
4 S -My q/2 _bycatch\ s . catch )
Za:oZp:I,NI(Nj,p,y—Lae IAE=Ci0 v )Sja Wia
MS
dir /2 bycatch
= y.4 — (.
Then Cjpry.a = 0.95 ( ipy-14€ Cipya
dir Directed+Large Bycatch ( S —MS$ 4/2 bycatch) S
: yals _ (! :
Else Cipy,acs = = . " S a72_ghycateh)os o Catchx Nipy-1,0€ ipy.a ) Sa
a=04p=LNI\Njpy-1,a ipya Jia%ia
Directed+Large Bycatch S
X 52, < 0.
I $3_ % NS -M3q/2_bycatch) s | catch Sja < 0.95
a=02p=LNI\Njpy—1a€ jpy.a j.a%ja
S
dir S - /2 bycatch
= . y3/2 _
Then CAZ%, ;= 0.95 (N5, -1 5 che
dir Directed+Large Bycatch ( S —MS 4/2 bycatch) S
X ( N: yal2 — C: :
Else Cjy aca = . s o -M5,q/2_bycatch\gs | cateh Nipy-1.a€ Cpya )Sia
a=0xp=LNI\Njpy—1,a jpya ja%ja
Directed+Large Bycatch S
xX 52, < 0.
I s2_ % NS -M3q/2_bycatch)cs | catch Sjz < 0.95
a=02p=LNI\Njpy—1,a€ jpy.a ja%ja

dir s - 52/2 __ pbycatch
Then CAI%,, = 0.95 (N5, 106 ™52/2 — ¢
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dir Directed+Large Bycatch ( S —MS$ 4/2 bycatch) S :

b = X h y.a —_ . b

J,0,Y,a<2 . S M /2 cbycateh\cs —caten NJ,P,}’—Lae C]_p,y,a S],a , with
a=0Zp=ILNI{Njpy-14¢ V% =Cin 00 )SjaWia

Directed+Large Bycatch

S 20
X S < 0.95
1 NS -M3,q/2 cbycatch\os | catch 75 =
Za:OZP=I.N1 jpy-1a€ ““jipya j,a%ja

20 There are still a few cases where the full catch is not realised by this equation reaching the constraint, even after the
modifications to the selectivity are done.
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