Falkland Islands Fisheries Department

Loligo Stock Assessment, First Season 2015

Andreas Winter

June 2015



I ndex

SUMIMABIY ..ot mmman ettt e e e et ettt e e e e e eetaa e e e e eessmmma e e eaeeesnnnaeaeas 3
0T (1o 1o 3
1723 1 o To £ USSP PPOTSPPPPPN 4
S 0 T = 11T 11 1 1= o | USSR 8
DAL, .. et ———————— et e e n—aar et e e e 8
Group arrivals / depletion CrtErIaA. ... eeeeeeeeeeeiiiiiiiiiieee e e e e e e e e e eeeeeeeeeeeee 9
DePletioN @NAIYSES ... ..ottt e et e e areanne e eeaarae 12
ST 11 1 o PRSP 12
N[0 1 o TSP 14
EScapement DIOMASS........uiiiiii e e —————— 15
10T g Lo =1 1 o o [P UURRTURPPPPPRRPR 16
Season SChedule EXIENSION ............ e e e e e e e e e e e e eeeererennnneeeanrne 17
BYCAICN <.t e e e e e e e e e e ee e e e e e e aeeerraraaaa 17
] (=] €= o = 19
Y o] o 1= g T [ GRS 21
Loligo individual WeightS ...........oevviiiiiiic e 21
Prior estimates and CV .........ooiiiiiiiii et e e e e s e e v e e e e aaeees 22
Depletion model estimates and CV ..........uvuceeeeiiieiiiiiieeeeeeer e 23
Combined Bayesian models ... 25
Semi-randomized addition of north and south likaditd distributions.................... 28



Summary

1) The first seasoholigo fishery of 2015 (C license) was open from Febr&tto
April 21% for Loligo target fishing. Due to a large-scale ingres#lek impacting
theLoligo stock and catches, C-license fishing after Aptif @as closed north of
latitude 52° S and kept open south of 52° S withgiovision that vessels must
switch to targetingllex.

2) 19,383 tonnes dfoligo catch were reported in the C-license fishery thioagril
21% the lowest in a®lseason since 2011. A further 41.3 tonhelsgo were taken
under C license after April 21 Throughout the season 30.5%Lafigo catch and
28.6% of fishing effort were taken north of 52°&%.5% ofLoligo catch and
71.4% of fishing effort were taken south of 52° S.

3) In the north sub-area, two immigrations / deplefi@niods were inferred to have
started on February 2@nd March 1%. In the south sub-area, four immigrations /
deﬁletion periods were inferred to have starte&aboruary 2%, March 4", March
19" and April 8". Because of the exceptional influencelldéx on the fishery,
depletion models were modified to include two sedleccatchability coefficients.

4) Approximately 16,026 tonnes dfoligo (95% confidence interval: [6,068 to
40,379] tonnes) were estimated to have immigratemitheLoligo Box during £
season 2015, of which 3,615 t north of 52° S and112t south of 52° S.

5) The conservative estimate fooligo remaining in thé_oligo Box at the end of®1
season 2015 was:

Maximum likelihood of 10,194 tonnes, with a 95% fidence interval of [7,731
to 21,328] tonnes.

The risk ofLoligo escapement biomass at the end of the season lessmghan
10,000 tonnes was estimated at 25.8%.

I ntroduction

The first season of the 201®ligo fishery Doryteuthis gahi — Falkland calamari)
opened on February 94with 13 C-licensed vessels participating; 1 vessek the
flex option to start a day later; 2 vessels took diption to start two days later. The
season was scheduled to close on April' ZBlus flex days for the late-starting
vessels), one week later than the year beforedotéhe second phase of equalization
between the SLand 29 season durations (Fisheries Committee, 2013). Mery¢he
ultimate extent of the season was determined byldhge-scale ingress dflex
argentinus squid into theLoligo Box fishing zone. In the north sub-area of tloégo
Box (north of 52° S), C-license fishing was clossdemergency order at 23:59 on
April 21%. In the south sub-area of theligo Box, C-license fishing was kept open
from April 22" to April 28" with the provision that vessels must switch taéting
[lex.

Total reportLoligo catch under C license through April 2Wvas 19,383
tonnes, the lowest for &'kseason since 2011 and below median fbsdasons since
2005 (Table 1). Additionally 41.3 tonnésligo were taken under C license after
April 21 (in 80 vessel-days), whemligo was effectively a bycatch species.

As in previous seasons, theligo stock assessment was conducted with
depletion time-series models (Agnew et al., 1998a-Rreta and Arkhipkin, 2007;
Arkhipkin et al., 2008). Becaudeoligo has an annual life cycle (Patterson, 1988),
stock cannot be derived from a standing biomassecanover from prior years



(Rosenberg et al., 1990). The depletion model auktealculates an estimate of
population abundance over time by evaluating wreastels of abundance and
catchability must be extant to sustain the obseragsl of catch. Depletion modelling
is used both in-season and for the post-season anmmwith the objective of
maintaining an escapement biomass of 10,000 tdnoiego at the end of each season
as a conservation threshold (Agnew et al., 2002,08a2002).

Table 1.Loligo season comparisons since 2004. Days: total nuofeendar days open to
licensedLoligo fishing including (since *L season 2013) optional extension days; V-Days:
aggregate number of licenskdligo fishing days reported by all vessels for the seaso

Season 1 Season 2
Catch (t) Days V-Days Catch (t) Days V-Days
2004 17,559 78 1271

2005 24,605 45 576 29,659 78 1210
2006 19,056 50 704 23,238 53 883
2007 17,226 50 680 24,171 63 1063
2008 24,75z 51 786G 26,996 78 1189
2009 12,764 50 773 17,836 59 923
2010 28,754 50 765 36,993 78 1169
2011 15,271 50 771 18,725 70 1099
2012 34,767 51 776G 35,026 78 1095
2013 19,906 53 782 19,614 78 1195
2014 28,1195 59 872 19,630 71 1099
2015 19,383* 57* 871*

* Does not include C-license catch or effort aftlee C-license target for that season was

switched fromLoligo to Illex.

Methods

The depletion model formulated for the Falklan@nsisLoligo stock is based on the
equivalence:

C day = X Egpy X Ny, x ™M (1)

where ¢ is the catchability coefficient, M is thatural mortality rate (considered
constant at 0.0133 dayRoa-Ureta and Arkhipkin, 2007), andy&; E day N day are
catch (numbers ololigo), fishing effort (numbers of vessels), and aburdan
(numbers ofLoligo) per day. In its basic form (DelLury, 1947) the léépn model
assumes a closed population in a fixed area fordimation of the assessment.
However, the assumption of a closed populatiormgeirfectly met in the Falkland
Islands fishery, where stock analyses have oftenvshithatLoligo groups arrive in
successive waves after the start of the season-WRsia, 2012; Winter and
Arkhipkin, 2012). Arrivals of successive groups arierred from discontinuities in
the catch data. Fishing on a single, closed cokould be expected to yield gradually
decreasing CPUE, but gradually increasing averagesidual sizes, as the squid
grow. When instead these data change suddenly) contrast to expectation, the
immigration of a new group to the population isidaaded.
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Figure 1. Daily totalLoligo catch and effort distribution by assessment seb-aorth (green)
and south (purple) of 52° S in the C license se@845. Orange showHex catch and effort.
The season was open fooligo target from February 34(day 55) to April 21 (day 111),
then open in the south only fitex target to April 28 (day 118); 2 vessels fished flex days
until April 30" (day 120). As many as 16 vessels fished per deth 0652° S; as many as 16
vessels fished per day south of 52° S. As muct3@ddned.oligo was caught per day north

of 52° S; as much as 704 tonnasigo was caught per day south of 52° S. As much as 357
tonneslllex was caught per day north of 52° S; as much asd@¥#eslllex was caught per
day south of 52° S.

In the event of a new group arrival, the depletattulation must be modified
to account for this influx. This was done usingrawdtaneous algorithm (Roa-Ureta,
2012) that adds new arrivals on top of the stoaipusly present, and posits a
common catchability coefficient for the entire depin time-series. If two depletions
are included in the same model (i.e., the stockgrefrom the start plus a new group
arrival), then:

C gay = 0% E gy X (N1, + (N2, %2 ) x ™2 )



where i2 is a dummy variable taking the values @ dfr ‘day’ is before or after the
start day of the second depletion. For more tham depletions, N@y, 13, Njay, 4,
etc., would be included following the same pattern.

Further modification of the depletion model was ased this season by the
large-scale ingress dffiex into theLoligo Box. The inter-specific dynamics between
Loligo andlllex (Arkhipkin and Middleton, 2002a) are likely to exltthe population
status ofLoligo under these conditions, and the rapid incread#er catches part-
way through the season (Figure 1) confounded thenagtion of a closed population,
just as new group arrivals do. During tHéLbligo season of 2011 higltlex catches
occurred over several days in the north (Winted120The inference was made in
that season that vessels with hlglex catch proportions were actively targetirigx,
and the depletion model was modified by adjustimy aessel's ‘effort-day’
downward as a fractional value equivalent to the faetweenLoligo andlllex catch
for that vessel on that day. The same type of efdjustment was initially tried for
the current season, but following the consistertipminance ofllex catches by all
vessels over multiple days a more precise approael implemented. Two
catchability coefficients q instead of one wereluded in the depletion model,
applicable to days of respectively high and lbhex proportions in the catch:

hi lllex

C day = X Eday X (Nld

.All -
= Gy e + (N2, xi2],)) xe ™7 ©

ay day
Both catchability coefficients giiex and chiiex Were free parameters in the model, as
was the switch between them; i.e., the model itselécted the optimum threshold of
what proportion ofllex in the catch triggered a different catchabilityisl noted that
this represents an empirical extension to the madtele is no intrinsic reason why
the system would now have exactly two catchabildtes and not three or more.
However, the decision was made to keep the modsinagle as possible while still
addressing the changes caused by the ingresenf The depletion model was
calculated with data only to the extent of the eaahat was allocated to targeting
Loligo (April 21%; see Introduction), but the parameter predictivage then extended
to the end of the full season, Apriltﬁo

The Loligo stock assessment was calculated in a Bayesian virarkgPunt
and Hilborn, 1997), whereby results of the seaspiedion model are conditioned by
prior information on the stock; in this case théoimation from the pre-season
survey. The season depletion likelihood functiorsvealculated as the difference
between actual catch numbers reported and catclvensnpredicted from the model
(equation3d), statistically corrected by a factor relatingth@ number of days of the
depletion period (Roa-Ureta, 2012):

(nDays-2)/2)x Iog(z (log(predictedc,,,)- Iog(aCtualcday))zj (4)

days

The survey prior likelihood function was calculaiesl the normal distribution of the
difference between catchability (q) derived frone gurvey abundance estimate, and
catchability derived from the season depletion rhoHer equation5 the ‘lo Illex
catchability was used (i.e.n@del= Jio 111ex), DECAUSE the season started with low levels
of lllex catch:



_ 2
1 xexd — ( model qsurvezy) (5)
\[ 2ZT[SDq s:urvey2 2 [$D

gsurvey
Catchability, rather than abundance N, was usedcébculating the survey prior
likelihood because catchability informs the entieason time series; whereas N from
the survey only informs the initial season deplef@riod — subsequent immigrations
and depletions are independent of the abundanteéisapresent during the survey.

Bayesian optimization of the depletion was caladaly jointly minimizing
equations4 and 5, using the Nelder-Mead algorithm in R programmingkaae
‘optimx’ (Nash and Varadhan, 2011). Relative weggint the joint optimization were
assigned to equatiodsand5 as the converse of their coefficients of variat{@v),
i.e., the CV of the prior became the weight of depletion model and the CV of the
depletion model became the weight of the priorcQlations of the CVs are described
in the Appendix.

With Cg4ay Edayand M being fixed parameters, the optimizatioradfation3
using equationgl and5 produces estimates ofiGies Jnimex and N1, N2, ..., etc.
Numbers ofLoligo on the final day (or any other day) of a time egrare then
calculated as the numbers N of the depletion slagts discounted for natural
mortality during the intervening period, and subti)g cumulative catch also
discounted for natural mortality (CNMD). Taking fexample a two-depletion period:

:M (final day — start day 1)

N final day = Nlstartday1x €
+ N2start day 2% €™ (nal day - start day 2)
— CNMD¥inal day ©
where
CNMD gay 1 =0
CNMD gay i = CNMDyayi1 % €™ + Cgayiax €M? -

N final day (Or any other day) is then multiplied by the agerandividual weight of
Loligo on that day to give biomass. Daily average indigidweight was obtained
from length / weight conversion of mantle lengtheasured in-season by observers,
and also derived from in-season commercial datheproportion of product weight
that vessels reported per market size category.ei@ds mantle lengths are
scientifically precise, but restricted to 1-2 véss# any one time that may or may not
be representative of the entire fleet. Commerciplgportioned mantle lengths are
relatively less precise, but cover the entire fighfleet. Therefore, both sources of
data were used. Daily average individual weightgewealculated by averaging
observer size samples and commercial size catsgoriedays when observer data
were available, otherwise only commercial size gates. When available, the
observer data were always weighted as half of Yleeage, irrespective of how many
vessels provided commercial size categories that @a smooth fluctuations, the
expected value of the daily average individual \Wweigas taken from its GAM trend
(see Appendix) rather than the empirical value acheday.

Distributions of the likelihood estimates from jbiroptimization (i.e.,
measures of their statistical uncertainty) were pot®d using a Markov Chain Monte
Carlo (MCMC) (Gamerman and Lopes, 2006), a methatl is commonly employed



for fisheries assessments (Magnusson et al., 20M@MC is an iterative process
which generates random stepwise changes to thegedpoutcome of a model (in
this case, the N and q bbligo, as well as to the switch proportion between Id An
g) and at each step, accepts or nullifies the ahamith a probability equivalent to
how well the change fits the model parameters coetbto the previous step. The
resulting sequence of accepted or nullified charfiges the ‘chain’) approximates the
likelihood distribution of the model outcome. TheCMC of the depletion models
were run for 200,000 iterations; the first 1000atens were discarded as burn-in
sections (initial phases over which the algorithtabgizes); and the chains were
thinned by a factor equivalent to the maximum dhexi 5 or the inverse of the
acceptance rate (e.g., if the acceptance rate R&96] then every "8 (0.125%)
iteration was retained) to reduce serial corretatiéor each model three chains were
run; one chain initiated with the parameter valoleined from the joint optimization
of equations4 and5, one chain initiated with these parameters x2, amel chain
initiated with these parameters x%. Convergenciefthree chains was accepted if
the variance among chains was less than 10% htpharthe variance within chains
(Brooks and Gelman, 1998). When convergence wasfisdtthe three chains were
combined as one final set. Equati@3, and the multiplication by average individual
weight were applied to CNMD and each MCMC iteratadrN values in the final set,
and the biomass outcomes from these calculatigmesent the distribution of the
estimate.

Total escapement biomass is defined as the aggrbgahass oLoligo on the
last day of the season for north and south sulsateanbined.Loligo sub-stocks
emigrate from different spawning grounds and remi@inan extent segregated
(Arkhipkin and Middleton, 2002b). However, it istnassumed that north and south
biomasses are uncorrelated (Shaw et al., 2004), theckfore north and south
likelihood distributions were added semi-randonmyproportion to the strength of
their day-to-day correlation. The semi-randomizai®described in the Appendix.

Stock assessment
Data

Loligo catch and fishing effort were strongly segregdttetiveen the south and north,
typical of recent ¥ seasons (compare Figure 2 with Winter, 2013; 203@)5% of
Loligo catch and 28.6% of effort were taken north 0f$268.3% oL oligo catch and
67.6% of effort were taken south of 52° S and wé$i8.5° W; just 1.1% okoligo
catch and 3.8% of effort were taken south of 5ah& east of 58.5° W.

A total of 951 vessel-days were fished during thassn, 871 days targeting
Loligo with a median of 15 vessels fishing per calendgr @igure 1), and 80 days
targetinglllex with a median of 11 vessels fishing per calenday ¢hlthough this
includes the flex days for the late-starting vessehich by default were pushed into
the lllex allocation). Vessels reported daily catch totaldhte FIFD and electronic
logbook data that included trawl times, positioasgd product weight by market size
categories. Two FIFD observers were deployed oeetlvessels in the fishery for a
total of 67 observer-days, of which all except Xobe the target allocation was
switched fromLoligo to lllex. Throughout the 57 days of theligo target season, 3
days had no observer covering, 42 days had 1 ofrseovering, and 12 days had two
observers covering. Observers sampled an averagfeE0ddLoligo daily, and reported
their maturity stages, sex, and lengths to 0.5 The length-weight relationship for



converting both observer and commercially propoib length data was taken from
the pre-season survey (Winter et al, 2015):

weight (kg) = 0.128 x length (cAif’/ 1000 (8)

Commercial catch, 24/02 -21/04 2015
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Figure 2. Spatial distribution dfoligo 1°-season commercial catches, colour-scaled to catch
weight (max. = 51 t). 2575 trawl catches were ta#laring the season (excluding catches
taken after C license target allocation was swilctudllex). The ‘Loligo Box’ fishing zone,
and the 52 °S parallel delineating north and sasffessment sub-areas, are shown in gray.

Group arrivals/ depletion criteria

Start days of depletions - following arrivals ofwnéd.oligo groups - were judged
primarily with reference to daily changes in CPW#th additional information from
sex proportions, maturity, and average individualigo sizes. CPUE was calculated
as metric tonnes dfoligo caught per vessel per day. Days were used rdtherttawl



hours as the basic unit of effort. Commercial visss not trawl standardized
duration hours, but rather durations that besttheir daily processing requirements.
An effort index of days is therefore more consisten

Two days in the north and four days in the southrewelentified that
represented the onset of separate immigrationglétiens in the season.

« The first depletion north was identified on day(February 26 — two days past
the start of the commercial season), which reptesethe first day of commercial
effort in the north and the highest CPUE in thetmdor the next 9 days (Figure
3).

« The second depletion north was identified on dayMarch 12" with a strong
CPUE increase (Figure 3), and the day after a looalimum in average
commercial weight (Figure 4A).

* The first depletion south was identified on day(BBbruary 2% — the start of the
commercial season) with 13 vessels starting theefisin the south (Figure 1) and
the highest CPUE for the next 5 days (Figure 3).

« The second depletion south was identified on day\é&rch 4") with a CPUE
peak that was the highest for the next 15 daysu(Ei®), and local minima in
average commercial weights and observer weightgi(Ei4A & B).

« The third depletion south was identified on day (f8arch 19" with the
resumption of commercial fishing in the south atiarabsence of 6 days (Figure
1). CPUE was the highest since the previous deplettart (day 63) (Figure 3).
Average maturities had generally increasing tremdthough it cannot be
ascertained that day 78 represented the starbéittte increase (Figure 4D).

« The fourth depletion south was identified on day(8pril 5™). CPUE reached a
small peak (Figure 3). Average commercial weighigrage observer weights,
female proportion, and average maturities all presklocal minima (Figure 4A,
B, C &D).

CPUE (t/ v-day)
10 20 30 40 50 60
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|
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Figure 3. CPUE in metric tonnes per vessel per baassessment sub-area north (green) and
south (purple) of the 52° S parallel. Circle siaes proportioned to the numbers of vessel
fishing. Data from consecutive days are joinedibg kegments. Broken gray bars indicate
days 57 and 71, identified as the start of in-seakpletions north. Solid gray bars indicate
days 55, 63, 78 and 95, identified as the starri-skason depletions south.
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Figure 4 [previous page]. A: Avg. individuabligo weights (kg) per day from commercial
size categories. B: Avg. individuhbligo weights (kg) by sex per day from observer samples.
C: Proportions of femalkeoligo per day from observer samples. D: avg. maturityevdly sex
per day from observer samples. In all graphs — ddhkangles, females: squares, unsexed:
circles. North: green, south: purple. Consecutiggsdare joined by line segments. Broken
gray bars indicate days 57 and 71, identified asstart of in-season depletions north. Solid
gray bars indicate days 55, 63, 78 and 95, ideuntidis the start of in-season depletions south.

Depletion analyses
South

The complex structure of this season’s depletiordelimg resulted in Bayesian
posterior optimization on initial catchability (@ mec Figure 5-left) that was
predominantly driven by the pre-season prior: mmaxn likelihoodgayesiand s iolilex =
1.114 x 10 (equationA10-S), from pior s = 1.058 x 18 (equationA4-S) andgepietion
gs= 3.166 x 10; (equationA6-S). Respective weights in the Bayesian optimization
(converse of the CVs) were 0.465 for the in-seatapietion A5-S) and 0.404 for the
prior (A9-S).
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Figure 5. South sub-area. Left: Likelihood disttibns for Loligo initial catchability. Red
line: prior model (pre-season survey), blue limeséason depletion model, gray bars: MCMC
iterations of the combined Bayesian posterior modReght: Likelihood distribution of
biomass on day 113, from Bayesian posterior and iadyvidual Loligo weight. Blue lines:
maximum likelihood and 95% confidence interval. &ltie correspondence to Figure 6.

The MCMC distribution of the Bayesian posterior tiplied by the GAM fit
of average individudloligo weight (Figure Al-south) gave the likelihood distition
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of Loligo biomass on day 113 (April 28 shown in Figure 5-right, with maximum
likelihood and 95% confidence interval of:

B sday 113 = 7,941t ~ 95% CI [5,743 —-17,885] t 9

The two gray tones on the bar plot represent twalenocaused by the selective
application of two catchability coefficients g. Tdepletion model optimization and
most MCMC iterations clustered near a q switch.80@ (equatiorA10-S), meaning
that the algorithm would switch fromi§jiiex t0 gni mex 0N days whenllex catch was
>90.7% of the total squid catch. However, 21% of MCMerations accepted a q
switch lower than 0.82 (Figure A3-S). Taking 0.82tlae break-point (by eye), Figure
5-right shows a secondary mode of MCMC outcomesk@itagray) that would centre
the likelihood of Bs gay 1138t around 11,000 t.
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Figure 6. South sub-aréaligo biomass time series estimated from Bayesian posiefrthe
depletion model £ 95% confidence intervals. Solidygbars indicate days 55, 63, 78 and 95,
identified as the start of in-season depletionglsddote that the biomass ‘footprint’ on day
113 corresponds to the right-side plot of Figure 5.

Day 113 was represented for this calculation rathen day 120 (April 30),

the final day of the season, becaus®igo biomass estimated from the depletion
model time series reached a minimum on day 113ééfareasing over the last week
of the season (Figure8)The increase of the last week was ascribed taresfact.
The average individual weight trendlafligo showed a significant increase in the last
week (Figure Al-south). That average individual gitiincrease was likely due to
the fishery having switched to targeti{ex, whereby mostLoligo still being caught

in the fishery thereafter were selectively largere® capable of surviving in the

A As the South had most of the catch overall (se@ Bection), this minimum day for the South was
also the minimum for the total.
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presence ofllex. However, as the depletion model itself was orggiroized to the
end ofLoligo-target fishing on April 21 (see Methods), the subsequent increase in
average individual weight was not compensatederdpletion model and resulted in
an apparent increasing trend of biomass. The maresiple season-end biomass was
therefore conservatively taken as the minimum bssran day 113.

North

In the north sub-area, Bayesian optimization otiahcatchability (go 1e; Figure 7-
left) was also predominantly driven by the pre-seaprior: maximum likelihood
Bayesiard N o lllex = 3.306 x 10 (equationA10-N), from pierqn = 3.300 x 10 (equation
A4-N) and gepletiond n = 2.037 x 13; (equationAB-N). Respective weights in the
Bayesian optimization (converse of the CVs) wekbb.for the in-season depletion
(A5-N) and 0.719 for the prioA©-N).

relative likelihood
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Figure 7. North sub-area. Left: Likelihood distrilmms forLoligo catchability. Red line: prior
model (pre-season survey), blue line: in-seasotetiep model, gray bars: MCMC iterations
of the combined Bayesian posterior model. Righkelihood distribution of biomass on day
113, from Bayesian posterior and average individakilgo weight on that date. Green lines:
maximum likelihood and 95% confidence interval. &tte correspondence to Figure 8.

The MCMC distribution of the Bayesian posterior tiplied by the GAM fit
of average individudloligo weight (Figure Al-north) gave the likelihood distrtion
of Loligo biomass on day 113 (April £ shown in Figure 7-right, with maximum
likelihood and 95% confidence interval of:
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B N day 113 = 2,252t ~ 95% CI [1,589 — 4,606] t (10)

The two gray tones on the bar plot again represgatmodes caused by selective
application of two catchability coefficients g. Tdepletion model optimization and
most MCMC iterations clustered near g swiigh= 0.818, but 22% of MCMC
iterations accepted a q switch lower than 0.74 yEigA3-N). Taking 0.74 as the
break-point, Figure 7-right shows a secondary motd®CMC outcomes (darker
gray) that would centre the likelihood oi\Bay 113Slightly higher at around 2,750 t.

Day 113 was taken as the nominal season-end datgtovalence with the
south sub-area. However in the north, the deplatiodel biomass estimate decreased
continuously to the last day of the season, day-1&6ril 30" (Figure 8).

Biomass (tonnes)

1589 2252 4606

57 71 111 113 120
Day

Figure 8. North sub-ardaoligo biomass time series estimated from Bayesian postafrthe
depletion model £+ 95% confidence intervals. Brolgray bars indicate days 57 and 71,
identified as the start of in-season depletionsimavote that the biomass ‘footprint’ on day
113 corresponds to the right-side plot of Figure 7.

Escapement biomass

Total escapement biomass was defined as the aggteiganass oLoligo on day 113
(April 23" for north and south sub-areas combined (equafiamsi10).

B Total day 120 = Bnday120 * Bsuday120
10,194t ~ 95% CI [7,731 - 21,328] t (11)

As for the north and south sub-areas separatedycdaimbined escapement distribution
comprised a higher, secondary mode of escapementalss maximum likelihood;
centred at around 15,000 tonnes and correspondingltérnate levels of the q
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switches. Semi-randomized addition of the north aadth biomass estimates gave
the aggregate likelihood distribution of total gssment biomass shown in Figure 9.

The risk of the fishery, defined as the proportiminthe total escapement
biomass distribution below the conservation limit1l®,000 tonnes (Agnew et al.,
2002; Barton, 2002), was calculated as 25.8% (wghtling lines on Figure 9).

0.6

0.2

0~ T T T |

7731 10194 21328 35000

o

Loligo escapement biomass (t)

Figure 9. Likelihood distribution with 95% confidem intervals of totaloligo escapement

biomass corresponding to the season end (Apfi).2&/hite shading lines: portion of the
distribution < 10,000 tonnes.

Immigration

Loligo immigration during the season was inferred on edah by how many more

Loligo were estimated present than the day before, niimusumber caught and the

number expected to have died naturally:

immigrationN day i =  Naayi— (Ndayi-1— Cdayi-1— M day i-1)
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where Nyay i1 are optimized in the depletion modelsy.(i.1 calculated as in equation
3, and Myay i-11S:

M day i-1 = (Ndayii— Caayi) X (1 -6

Immigration biomass per day was then calculateth@smmigration number per day
multiplied by predicted average individual weighdrh the GAM:

ImmigrationB day i = ImmigrationN day i X GAM Wt day i

All numbers N are themselves derived from the dailgrage individual weights, so
the estimation factors in that thokeligo immigrating on a day would likely be

smaller than average. Confidence intervals of thmemigration estimates were
calculated by applying the above algorithms toNt@MC iterations of the depletion

models. Resulting total biomassesLaligo immigration north and south, up to day
111, the last day dfoligo target allocation, were:

immigrationB N days5-111 = 3,615t ~ 95% CI [0 —9,806] t (12-N)
|mmigrati0nB Sday 55-111 = 12,411 t -~ 95% CI [4,578 - 34,089] t (12'3)

Total immigration with semi-randomized additiontbé& confidence intervals was:
|mmigrati0nB Total 55-111 = 16,026 t -~ 95% CI [6,068 - 40,379] t (12'T)

In the south sub-area, the in-season peaks onaBays and 95 accounted for 53.3%,
42.5% and 4.2% of in-season immigration (start sfayvas de facto not an in-season
immigration), consistent with the variation in thiene series biomass shown on
Figure 6. In the north sub-area day 71 accountedlfin-season immigration.

Season schedule extension

Implementation of the second phase one-week extersfi ' Loligo season would
normally call for evaluation of the outcome on thaligo stock. However, in this
season the outcome has been incomparable due ¢attiaerdinary ingress dfiex. In
effect, the one-week extension beyond last yedF'sehson (Winter, 2014) is exactly
the week that was closed tamligo target fishing, from April 2% to April 28".
Further evaluation of the season schedule charkgsisefies Committee, 2013) will
therefore be deferred until after next season.

Bycatch

Of the 871Loligo-target vessel-days in total (Table 1), 225 vedsgk reported a
primary catch other thanoligo: 2211llex, 3 rock cod Patagonotothen ramsayi) and

1 red cod $alilota australis). The four most common commercial bycatches regort
overall for thelLoligo-target season wetdex (8110 t, reported from 345 vessel-days),
rock cod (1810 t, 713 vessel-days), red cod (Al tyessel-days), and blue whiting
(Micromesistius australis) (15 t, 17 vessel-days). Relative distributions dnd of
these bycatches are shown in Figure 10.
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Appendix
Loligo individual weights

A generalized additive model (GAM) was calculatednf the daily observer data
(both sexes combined) and commercial size catedmtiey of average individual daily
weights of Loligo. North and south sub-areas were calculated sebarator
continuity, the GAMs were calculated using all geason survey and in-season data
contiguously. GAM plots of the north and south subas are shown in Figure Al.
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Figure Al. North (top) and south (bottom) sub-adady average individudloligo weights
from commercial size categories per vessel (ciycdesl observer measurements (squares).
GAMs of the daily trends + 95% confidence interv@entre lines and colour under-shading).
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Prior estimatesand CV

The pre-season survey (Winter et al., 2015) hdchastdLoligo biomasses of 7,444 t
(standard deviation: + 1,547 t) north of 52° S 28¢D79 t (standard deviation: 3,086
t) south of 52° S. From modelled survey catchabilRaya (2010) had estimated
average net escapement of up to 22%, which wasladdbe standard deviation:

7,4441[ 154Z+ 22) = 7,444+ 42.%% = 7,444 + 3,185 t. (A1-N)
3086 N _
28979+ 28979+ 22| = 28,979+ 32.™% = 28,979 + 9,462 t. (Al-S)

The 22% was added as a linear increase in thebif@tsiabut was not used to reduce
the total estimate, becaukeligo that escape one trawl are likely to be part of the
biomass concentration that is available to the traxil.

Loligo numbers at the start of the season, day 55, vetiraaed as the survey
biomasses divided by the GAM-predicted averageviddal weights on day 55:
0.025 kg north and 0.038 kg south (Figure Al). Goehts of variation (CV) of the
GAM on day 55 were 10.71% north and 3.12% south, @ of the length-weight
conversion relationship (equatid@) was 7.3%. Combining all sources of variation
with the pre-season survey biomass estimates aexh@w individual weights gave
estimated_oligo numbers at season start (Februar¥\; 244y 55) of:

_ 7444x1000

Soor* \ 428%2 + 1071%2 + 7.3%>

prior NN day 55

= 0.296 x 10 + 44.7% (A2-N)

28979x 1000+ J3279%:
0.03¢ -

prior Ns day 55 + 312%° + 7.3%°

0.754 x 18+ 33.6% (A2-S)

The catchability coefficient (q) prior for the nlersub-area was taken on day 57, when
5 vessels were fishing north and the first deptetjweriod north started. The
abundance (N) on day 57 was calculated as the abhoadn start day 55 discounted
for 2 days of natural mortality (given that no d¢at@ad been taken in those 2 days):

prior NN day57 = priorNN day 55 X e_M.(57_55) = 0.288 x 16 (A3'N)

C(N)\l day 57/ (prior NN day 57 X E\I day 5»
(C(B)\l day 57/ WtN day 5? / (prior NN day 57 X E\l day 5»
(110.6 t/ 0.023 kg) / (0.288 x%& 5 vessel-days)

3.300 x 10° vesseld® (A4-N)

prior an

B On Figure 7-left.
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The catchability coefficient (q) prior for the sbusub-area was taken on day 55,
when 13 vessels were fishing south. As this waditbiescheduled day of the season,
no discount was applicable for either natural miytar catch.

C(Nk day 55/ (prior NS day 55 X ES day 59
(C(Bb day 55/ Wt S day Sa / (prior NS day 55 X ES day 59
(398.5t/0.038 kg) / (0.754 A& 13 vessel-days)

= 1.058 x 10° vesselg © (A4-9)

priord s

CVs of the priors were calculated as the sums ablaity in ,ior N (€quationsA?2)
plus variability in the catches of vessels on tiaetslays (day 57 N and day 55 S):

\/ 447(%)2 + ( SD (C(B)N vesselsiayS?) )j

Cv prior N

mear(C(B) N vesselday57
= 447%? + 330%° = 55.5% (A5-N)
2
sb(c
m ear(c (B)SvesselsiaySS )
= /336%2 + 321%? = 46.5% (A5-9)

Depletion model estimatesand CV

For the north sub-area, the equivalent of equalianth two N 4oy Was optimized on
the difference between predicted catches and acaiahes (equatiof), resulting in
parameters values:

0471 X 1& dep|etionN2N day 71 = 0049 X 16

2.037 x 10° vesselg®
0.585 x 10 vesseld

0.821 (A6-N)

depletionN 1N day 57

depletiond N lo Illex
depletiond N hi lllex

depletionq SWitChN

The root-mean-square deviation of predicted vsiadatatches was calculated as the
CV of the model:

\/ (predictedC(N) Ndayi _actuaIC(N) Ndayi )2 /n
— i=1

Cv -
rmsd N mealiactumC(N) Ndayi )

€ On Figure 5-left.
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= 2.524 x 10/ 4.074 x 16 = 61.9% (A7-N)

Error due to average individual weight estimaticgsvinferred by selecting a random
normal value for each day’s weight average (medadAM predicted mean, s.d. =
GAM s.d.; Figure Al-north), then using this vectdrandomized average individual
weights to re-calculate catch numbers per day heddepletion optimization. This
randomization was iterated 1000x. The ratio of ¢&ad deviation over mean of the
vector of randomized q (Idlex) was calculated as the CV due to individual weight
estimation error:

CV error wt N = Sd(q ol e ) = 36.5% (A8-N)
meal’(q rnormN lo lllex )

CVs of the depletion were then calculated as tie: su

J61.99% + 365%>
71.9% (A9-N)

_ 2 2
CVv depletion N - \/CVrmst + C\/optim WtN

For the south sub-area, the equivalent of equatianth four Ngyay was optimized on
the difference between predicted catches and acauahes (equatios), resulting in
parameters values:

depletionN]-S day 55 = 0.254 x 1& depletionNZS day 63 = 0.077 x 16
depletionN3s day 78 = 0.175 x 18 depletionN4s day 95 = 0.044 x 1B
depletiond S lolllex = 3.166 x 13 vesseld P

depletiond S hilllex = 0.711 x 18 vessels

depletiond switchs = 0.754 (A6-S)

The normalized root-mean-square deviation of ptedicvs. actual catches was
calculated as the CV of the model:

\/z (predictedC(N) Sdayi _actuaIC(N) Sdayi )2 / n
CV msd s = =2
mear‘actuaIC(N) Sdayi )

1.594 x 19/ 5.512 x 16 = 28.9% (A7-S)

Error due to average individual weight estimaticgsvinferred by selecting a random
normal value for each day’s weight average (meadAM predicted mean, s.d. =
GAM s.d.; Figure Al-south), then using this veatbrandomized average individual
weights to re-calculate catch numbers per day heddepletion optimization. This
randomization was iterated 1000x. The ratio of ¢&ad deviation over mean of the

P Off the scale on Figure 5-left.
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vector of randomized q (ldlex) was calculated as the CV due to individual weight
estimation error:

CV error Wt S - Sd(q rnormsSio lllex ) - 282% (A8-S)
mear(q rnormSio lllex )

CVs of the depletion were then calculated as tie: su

\28.99 + 2820%>
40.4% (A9-S)

_ 2 2
Ccv depletion S - \/CVrmst + CVoptim Wts

Combined Bayesian models

For the north sub-area, the joint optimization ofuaions4 and 5 resulted in
parameters values:

depletioanN day 57 = 0.258 x 1& depletionNzN day 71 = 0.120 x 1d

3.306 x 1CG vesseld B
0.887 x 10 vesseld

depletionq N lo lllex
depletiond N hi lllex

depletiond] SWitChy 0.818" (A10-N)

North, two depletion peaks
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Figure A2-N [previous page]. Daily catch numbersnested from actual catch (black points)
and predicted from the depletion model (green linghe north sub-area.

These parameters produced the fit between predaneldactual catches shown in
Figure A2-N. The MCMC iterations of the q switch stlg clustered around the
optimum Ofgepletiond SWitchy = 0.818, but 22% were < 0.74 (Figure A3-N).

0.74 0.818

Q switch

0 5000 10000 15000 20000 25000 30000 35000

MCMC iterations
Figure A3-N. North MCMC iterations of the q switsletting the proportion dilex in total

squid catch that would trigger a different catchigbtoefficient g. The two biomass modes in
Figure 7-right were calculated using 0.74 as tieakr

For the south sub-area, the joint optimization gliaions4 and 5 resulted in
parameters values:

depletionN1s day 55 = 0.668 x 1& depletionN2s day 63 = 0.130 x 10
depletionNBS day 78 = 0.123 x 1& depletionN4S day 95 = 0.040 x 16
depletiond S lolllex = 1.114 x 10’ vesseld ©

depletiond S hilllex = 0.179 x 18 vesseld

depletiond] SWitChs = 0.907 (A10-S)

These parameters produced the fit between predmeldactual catches shown in
Figure A2-S. The MCMC iterations of the q switch stip clustered around the
optimum Ofgepletiond SWitchs = 0.907, but 21% were < 0.82 (Figure A3-S).

F On Figure A3-S.
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South, four depletion peaks
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Figure A2-S. Daily catch nhumbers estimated fronualctatch (black points) and predicted
from the depletion model (blue line) in the soutb-grea.
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Figure A3-S. South MCMC iterations of the g switstting the proportion dflex in total
squid catch that would trigger a different catchbtoefficient g. The two biomass modes in
Figure 5-right were calculated using 0.82 as tleakr
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Semi-randomized addition of north and south likelihood distributions

North and south biomass time series estimated ttepietion models are potentially
correlated. In  season of 2015 the correlation coefficient betweerth and south
biomasses per day (to the season minimum day, 28f) was:

I (Bndays5-113 Bsdayss-113 = +0.640 (A11)

To incorporate this correlation in the addition tbé north and south escapement
biomasses, the highest common number of iteraticass taken from the respective
north and south likelihood distributions (becausethe variable MCMC thinning
algorithm (see Methods), they were not necessatéptical). These were separately
ordered by magnitude of the iterations. Then, eactered iteration of the south
escapement biomdsswas randomly flagged for either permutation or, niot
proportion to the correlation; i.e., each iterati@d a 1 - 0.640 = 0.360 probability of
being flagged for permutation. Then, the subsetlidfagged iterations was randomly
permuted. Then, the ordered set of north escapementass likelihood iterations,
and the ordered, flagged, and partially permutddo$esouth escapement biomass
likelihood iterations, were added together. Thecpss was replicated 7x for greater
statistical power.

Limit expectations of this algorithm are that ifreglation had been zero, then
1 — 0 = all of the iterations would have been pasduand the addition of the north
and south sets of likelihood iterations would hdveen fully randomized. If
correlation had been 100%, then 1 — 1 = none ofitdrations would have been
permuted, and the north and south sets of liketihterations would have been added
together fully ordered; i.e. the smallest valu¢haf north set plus the smallest value of
the south set, the"®smallest value of the north set plus & gnallest value of the
south set, etc. If the biomass time series coroslat (By day 55-113 Bs day 55-113 had
been negative, then one of the two sets of nortboath likelihood iterations would
have been reverse-ordered so that their additionldvbave been back-to-front,
notwithstanding the degree of permutation.

For the dual-mode distributions the proportionsobeland above their
respective g breaks (0.74 north and 0.82 southe werrelated and recombined
separately.

The same procedure for semi-randomized addition ass applied to the
north and south likelihood distributions of immitjoa biomass.

S Whereby it is arbitrary whether this was done witie south or north likelihood iterations. What
matters is the degree of randomization of oneivgdb the other.
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