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Summary

1) The second seasdmwligo fishery of 2011 was open for 70 days, from Julytd5
September 22. 18,725 tonneslafligo catch were reported; only about half as
much as the second season 2010 but higher thandsseason 2009. 26.5% of
Loligo catch and 33.7% of effort were taken north of $2°

2) Sub-areas north and south of 52° S were depletmetied separately. In the
north sub-area, two depletion periods were infetoeldave started on July 20 and
August 7. In the south sub-area, two depletiongasriwere inferred to have
started on July 15 and July 24.

3) An estimated combined total (initial stock + in-se@a immigration) of 62,565 +
21,238 tonnesoligo passed through the fishing zone during secontaez11,
giving a catch rate of 29.9% =+ [22.3%, 45.3%)].

4) The final total estimate fdroligo remaining in the Loligo Box at the end of the
season was:

Maximum likelihood of 15,209 tonnes, with 95% caldince interval of [4,970 to
43,673] tonnes.

The risk ofLoligo escapement biomass at the end of the season lessmghan
10,000 tonnes was estimated at 26.2%.

5) The season was characterized by a high differeateeen the pre-season survey
estimate and in-season catch rates. As a resutielnestimates focoligo biomass
reflect a relatively high uncertainty.

I ntroduction

The second season of the 2QMligo gahisquid fishery started on July 15, and ended
by emergency closure on September 22. Total reppduddigo catch by X-licensed
vessels was 18,725 tonnes, the third-lowest facarsd season since 2004 (Table 1).
By contrast, the pre-season survey had taken gieesiLoligo catch and recorded the
second-highest biomass estimate since 2006 (Wehidr, 2011Db).

Table 1.Loligo season catch comparisons since 2004.

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

2005 24,605 45 29,659 78
2006 19,056 50 23,238 53
2007 17,229 50 24,171 63
2008 24,752 51 26,996 78
2009 12,764 50 17,836 59
2010 28,754 50 36,993 78
2011 15,271 50 18,725 70

As in previous seasons, th®ligo stock assessment was conducted with a
depletion time-series model (Agnew et al., 1998aRweta and Arkhipkin, 2007;
Arkhipkin et al., 2008). Becaudsoligo has an annual life cycle (Patterson, 1988),
stock cannot be derived from a standing biomassedawover from prior years
(Rosenberg et al., 1990). The depletion model awsteack-calculates an estimate of



initial abundance from data on catch, effort, amdural mortality (Roa-Ureta and
Arkhipkin, 2007). In its basic form (DelLury, 194#)e depletion model assumes a
closed population in a fixed area for the duratdnhe assessment. This assumption
is imperfectly met in the Falkland Islands fishemhere stock analyses have often
shown thatLoligo groups arrive in successive waves after the stath® season
(Paya, 2010; Winter, 2010; 2011). Arrivals of sussiee groups are inferred from
discontinuities in the catch data. Fishing on glginclosed cohort would be expected
to yield gradually decreasing CPUE, but gradualigréasing average individual
sizes, as theoligo grow. When instead these data change suddenig, camtrast to
expectation, the recruitment of a new group toptbjgulation is indicated.

In the event of a new group arrival, the depletimodel is modified to account
for this increment of abundance. For previtdosigo assessments (e.g., Winter, 2011)
the modification was done by re-setting the depteperiod to the starting date of the
latest group arrival. For the current season, atatgal model was implemented that
combines multiple waves of arrival / depletion irgosingle algorithm (‘CatDyn’;
Roa-Ureta, 2011). A single algorithm has the adsgethat it combines data from the
entire season time series, and may therefore giweoee accurate representation
overall. A disadvantage is that individual depletjgeriods are fit less precisely, and
better-resolved depletion periods within the tirmges may be penalized by having to
‘share’ the optimization of the model with more pggaesolved depletion periods.
Shorter depletion periods within the time seriey migo be penalized by having less
weight in the overall optimization of the model.eTimost important depletion period
is always the final one, as this determines thamsment biomass at the end of the
season. If the final depletion were relatively gizeal, this would have to be taken
into consideration in interpreting the model.

A further addition to the updated CatDyn model he inclusion of hyper-
parameters of effort and abundance. The basic frthe DelLury depletion model
proposes a linear relationship of catch vs. fistafigrt and abundance:

Cn day =Qgx Eday X Nday X e_M 2 (1)

where G day Eday Naay are catch (numbers afoligo), fishing effort and abundance
(numbers ofLoligo) per day, g is the catchability coefficient (ArudgSanchez,
1996) and M is the natural mortality. A linear tedaship means that if effort or
abundance is doubled then — all else being equalteh will double. But in reality,
the relationships may depart significantly fromelmity. Increases in effort are likely
to elicit diminishing returns. Increases and desesain abundance may increase or
decrease relative catchability, depending on hiabataditions or the behaviour of the
Loligo. To relate this nonlinearity in the model, the @at form of the catch equation
is expressed as:

XNy, xe™ @

Cn day = QX Egyy
where o and 3 are respectively the effort and abundance hypearpaters (Roa-
Ureta, 2010). While adding nonlinear flexibility tiee relationship, inclusion of these
hyper-parameters may also have some disadvantagendrgasing the data
requirements for the model to optimize properlyr Ewaluation, the CatDyn model
was therefore tested against the previously usgudoaph of re-setting sequential
depletions, and with or without hyper-parameteitse Best approaches were applied



to the catch-effort time series. Comparisons arthén described in Appendix 1.

The Loligo stock assessment was calculated in a Bayesiaredwark (Punt
and Hilborn, 1997), whereby results of the deptetisodel are conditioned by prior
information on the stock; in this case the inforimatfrom the pre-season survey. The
depletion likelihood function was calculated as thierence between actual catch
numbers and predicted catch numbers from the model:

> (Iog(predicteanday)— Iog(actual Cnday))2 (3)

days

The prior likelihood function was calculated as tfiference between the survey-
derived N estimates and the model-derived N esésat

1
m de%O(rllSog(Nsurvey) - |Og(N model))2 @

Bayesian optimization of the model was calculatgddintly minimizing equations
(3) and (4). Distributions of the stock likelihood estimates.( measures of their
statistical uncertainty) were computed using a Markhain Monte Carlo (MCMC)
(Gamerman and Lopes, 2006). MCMC is an iterativéhogtwhich generates random
stepwise changes to the proposed outcome of a nfiodéhis case, the number of
Loligo) and at each step, accepts or nullifies the chantipea probability equivalent
to how well the change fits the model parametespared to the previous step. The
resulting sequence of accepted or nullified chariges the ‘chain’) approximates the
likelihood distribution of the model outcome.

Stock assessment
Data

The 2011 second pre-season survey had caught Biéslooligo in the fishing area,
with highest catches concentrated south in thegbdBox (Winter et al., 2011; Figure
1). Commercial catches in-season showed a similstritition of catch
concentrations (Figure 2). Latitude 52 °S was agmed as a nominal boundary
between north (North-Central) and south (Beauché&sgg¢ssment sub-areas. Over the
season, 26.5% dfoligo catch and 33.7% of effort (vessel-days) were takanh of
52 °S, vs. 73.5% of catch and 66.3% of effort sanittb2 °S. This represents a
significant reversal from last year, when 71.7%cafch and 69.4% of effort were
taken north of 52 °S durind®season (Winter, 2010fffort preponderance switched
20x between north and south over the course o$d¢lason (Figure 3). Six days had
>75% of the fleet fishing north, while 30 days k&ath% of the fleet fishing south.

Figure 1 [next page]. Spatial distribution bbligo 2"-season pre-season survey catches,
scaled to catch weight (maximum = 17.3 tonnes)yffiine catches are represented. The
‘Loligo Box’ fishing zone, as well as the 52 °S gl delineating the nominal boundary
between north and south assessment areas, are shguay.

Figure 2 [next page]. Spatial distribution laligo 2"-season commercial catches, scaled to
catch weight (maximum = 38.6 tonnes). 3502 catchee taken during the season. Map
layout as in Figure 1.



Latitude (S)

Latitude (S)

-525 520 515 -51.0 -505

-53.0

-525 520 515 -51.0 -505

-53.0

Survey, 30/06 - 14/07 2011

[N | 1
17.3

®
o o0 0%
L D) PSR
I I I I I
-61 -60 -59 -58 -57
Longitude (W)

Commercial, 15/07 - 22/09 2011

Longitude (W)



Figure 3 [below]. Daily totaloligo catch and effort distribution by assessment seh-abrth
(green) and south (purple) of the 52° S parall¢héioligo 2™ season 2011. The season was
opened from July 15 (chronological day 196) to 8eytter 22 (chronological day 265). As
many as 16 vessels fished per day north of 52% $amy as 16 vessels fished per day south
of 52° S. As much as 317 tonriesligo were caught per day north of 52° S; as much as 783
tonnesLoligo were caught per day south of 52° S.
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Between 14 and 16 vessels fished in the commesgakon on any day
(Figure 3), for a total of 1099 vessel-days. Thesssels reported daily catch totals to
the FIFD and electronic logbook data that incluttad/! times, positions, and product
weight by market size categories.

Four FIFD observers were deployed on four vessetisa fishery for a total of
90 observer-days. Throughout the 70 days of theosga&b0 days had one observer
covering, and 20 days had two observers coveriagqounting a short period during
which two observers were deployed together on Hreesvessel, to train the new
observer). Each observer sampled an average oLdigyo daily, and reported their
maturity stages, sex, and lengths to 0.5 cm.

Group arrivals/ depletion criteria

Start and end days of depletions - following ailsvaf new Loligo groups - were
judged from daily changes in CPUEgligo sex proportions, and average individual



Loligo sizes. CPUE was calculated as metric tonndsobfo caught per vessel per
day. Days were used rather than trawl hours adaisec unit of effort. Commercial
vessels do not trawl standardized duration howss,réther durations that best suit
their daily processing requirements. An effort def days is therefore more
consistent. Daily average individuébligo sizes were expressed as weight (kg),
converted from mantle lengths using Roa-Ureta amkhifkin’s (2007) formula
optimized on length-weight data from the pre-seasomey (Winter et al., 2011b):

weight (kg) = 0.19990 tength(cm)**>**°/ 1000 (5)

For the daily average individual sizes, mantle teagvere obtained from in-
season observer data, and also derived from ireseasmmercial data as the
proportion of product weight that vessels repomed market size category (Paya,
2006). Observer mantle lengths are scientificatlcise, but restricted to 1-2 vessels
at any one time that may or may not be represertatif the entire fleet.
Commercially proportioned mantle lengths are reédyi imprecise, but cover the
entire fishing fleet. Therefore, both sources otadavere used. Daily average
individual weights were calculated by averaging esber size samples and
commercial size categories where observer data \eeedlable, otherwise only
commercial size categories.

Depletion period selection

With the movement of the fishing fleet throughol tseason, both sub-areas north
and south of 52°S had sufficiently regular efforbe depletion-modelled separately,
as in most seasons. Theligo data and CPUE time series showed two days in the
north and two days in the south that plausibly espnt the onset of separate
depletions (Figures 4 and 5).

» The first depletion period north was identified aay 201 (20 July), after a strong
increase in CPUE (Figure 5) and coincident witheakpin average commercial
weight (Figure 4, middle). (Observer weight samplese not available in the
north at that time).

* The second depletion period north was identifieddag 219 (7 August), with a
sharp increase in CPUE following a declining tremaer 10-11 previous days
(Figure 5). On the same day average commercial hieignd average male
observer weights increased following several ddyslexlining trends, and the
proportion of females in observer samples decressedgly (Figure 4).

» The first depletion period south was identifiedday 196 (15 July); the first day
of the season, with a ‘build-up’ over 3 days folemvby 5 days of decreasing
CPUE (Figure 5).

* The second depletion period south was identifiedayn205 (24 July), the second
of two days with sharply increasing CPUE (Figure &)d the day that average
commercial weights and average male observer weghbilized from 3 days of
consecutive decrease (Figure 4).

Discontinuities in average weights, proportion einfles, and CPUE suggest a
further depletion period may have started on d&/(31 July) in the south (Figures 4
and 5). However, around this date fishing effortha south was too low to make the
interpretation reliable (Figure 3).
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Figure 4. Top: Average individudloligo weights (kg) by sex per day from observer
sampling. Males: triangles, females: squares. Midéiverage individualoligo weights (kg)
per day from commercial size categories. BottoropBrtions of femalé.oligo per day from
observer sampling. North sub-area: green, souttasedn purple. Data from consecutive days
are joined by line segments. Broken gray vertieasbndicate days that were identified as the
onset of depletions north: days 201 and 219. Sphy vertical bars indicate days that were
identified as the onset of depletions south: d@&Gdnd 205.

Figure 5 [next page]. CPUE in metric tonnes pesgkper day, by assessment sub-area north
(green) and south (purple) of the 52° S parallet $/mbols and colours as in Figure 4.
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Depletion model and priors

The formulation of the Bayesian assessment modelble@n described previously
(e.g., Paya, 2010). For the second season 20l1ksasset, probability density
function of the prior, and log-likelihood of the mletions, were assumed to follow a
Gaussian distribution. Because of the larger nunobgrarameters estimated in the
CatDyn depletion model (two depletion starts noatid south, the catchability
coefficient, and the two hyper-parameters; see temqud?)), the MCMC rejected
nearly all iterations once a chain stabilized, dhdrefore multiple chains were
initiated to generate likelihood distributions dfet stock estimates. Chains were
initiated with 1200 random uniform variations ofethstarting abundance and
catchability coefficient estimates between >0x araf their optimal values. Each of
the 1200 chains were run for 30,000 iterations; fingt 5,000 iterations were
discarded as burn-in sections (initial phases aiech the algorithm stabilizes), then
every 508 iteration was retained, giving a total of 61,2G0ues for the likelihood
distribution of each parameter.

The CatDyn depletion model was based on equd#pnwith the abundance
Nday €xpanded to distinguish the arrival of the twoug® of abundance,Nand N:

Niay = NigayX €@ 750 4 Dyt x Npgay x M@ 759D _ CNMD gay (7

where Dy|; is a dummy variable = 0 if ‘day’ is before the rstaf the second

depletion, and = 1 if ‘day’ is on or after the staf the second depletion. CNMD is
the cumulative catch in numbers discounted forptoportion that would have died
naturally anyway by that day:

CNMDyay o
CNMDdayX

0
CNMDdayx—l X e-M + Cn day x-1% e-M/Z (8)

10



Natural mortality M is considered constant at 0®#ay* (Roa-Ureta and Arkhipkin,
2007). G (catch total in numbers) is calculated as theydadportedLoligo catch
tonnage divided by the day’s average individualghei

The pre-season survey estimate for thtdigo biomass had been calculated at
51,562 tonnes with a 95% confidence interval of,(8Q to 82075] (Winter et al.,
2011b), corresponding to a standard deviation &334 tonnes. From acoustic data
analyses, Paya (2010) and Winter (2010) estimateet &scapement of up to 22%,
which was added to the standard deviation:

15334
51562+
b (51562

+ 220) = 51,562+ 51.7% = 51,562 + 26,678 tonnes. (9)

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 trextl. This estimate in biomass was
converted to an estimate in numbers using the fegzgiency distributions sampled
during the pre-season survey (Winter et al., 2011b)

Loligo were sampled at 58 pre-season survey stationsggar weighted-
averagé mantle length (both sexes) of 12.45 cm. This poweds to 0.046 kg
average individual weight (equation 1). Error disition of the average individual
weight was estimated by randomly re-sampling thegtle-frequency data 10000x,
which gave a coefficient of variation of 39.0%, ataking the average standard
deviation of the length-weight relationship (eqoasi(A2.1) in Appendix 2), which
gave a coefficient of variation of 29.8%. The culniterpolation used for estimating
spatial distribution in this survey (Winter et &Q11b) has no intrinsic error (unlike
the geostatistical model used in other surveys, Binter et al., 2011a), but likely
contributed to the relatively high variation of thength-frequency re-sampling.
Combining all sources of variation with the pressgasurvey biomass estimate and
average individual weight thus gave estimat@tigo numbers, at the survey end /
season start (July 15; day 196) of:

Nday 196 = %ﬁéoooi \ 517%?2

= 1.126 x 18+ 71.3% = 1.126 x £0- 0.803 x 18 (10)

+ 39.0%° + 29.8%?>

which was split between north and south of 52 °S as

0.193 x 1d+ 0.128 x 18 (10N)

NN day 196
0.933 x 19+ 0.790 x 18 (10S)

Ns day 196

For the first depletion period south starting oy @86, Ns gay 196cOUld be used
directly as the prior. For the first depletion tothhat did not start until five days later,
the prior was discounted for catch and estimatédralamortality occurring during
the intervening days:

N\ day 106% €M @0~ 199_ CNMDy gay 201 (11)

NNl prior day 201
0.180 x 10+ 0.119 x 18

! Weighted for spatial distribution abligo densities.

11



For the second depletion periods north and sobéhNy and N; priors could
not be extrapolated directly from the pre-seasaowmest) since it was assumed that the
subsequent depletions involved different groupkadigo. Instead, it was inferred that
the ratio ofLoligo numbers starting the second depletion, oveltiigo numbers at
the end of the previous depletion period, shoulgaportional to the ratio of CPUE
at the respective start and end days. For stalilgyCPUE ratios were averaged over
three days before and after the start of the ngMeten.Loligo numbers at the end of
the previous depletion were calculated from theivadent of equatior(11). For the
second depletion north starting on day 219 (detaiéxjuationgA2.2), Appendix 2):

I\lN prior day 219 = N\IZ prior day 219 — N\ll prior day 219 — 0.178 x 1?) (12)

For the second depletion south starting on day @#%ails in equationgA2.3),
Appendix 2):

Ns prior day 205 = 1.657 x 1} (13)

Error distributions of theselNand N priors were calculated as the geometric sums of
three components: the coefficient of variation toé first depletion period N prior
(e.g., equation8)), the variability of the CPUE ratio, calculated bgndomly re-
sampling the catches and efforts of vessels fisbhmghe three days before and after,
and the coefficient of variation of the second Mnir the depletion model (e.g.,
equationg?2) and(7)).

Depletion analyses
North

For the north sub-area, the complete CatDyn modeéth ( hyper-parameters;
simultaneous modelling of both depletion periodgswised. This model had the
lowest root mean square error (Table Al.1) and sldow good fit between actual
catch numbers and predicted catch numbers, witliglat grend of underestimating
high catches near the end of the season (Figur2AJl.

The N likelihood distribution at the start of thiest depletion period north
(day 201) is shown in Figure 6. Maximum likelihoad the prior (red line)
corresponds to equatio(ll) (Nni prior day 201 = 0.180 x 18), while maximum
likelihood of the depletion model occurred muchhigigat N; gepletion day 20= 1.321 X
10° (blue line, but maximum out of range on Figure Bhe combined model
maximum likelihood occurred aty\May 201= 0.208 x 18 The likelihood distribution
surrounding this maximum was bimodal (gray barsFagure 6), indicative that
optimization of this depletion was very sensitisetie MCMC input values.

The N likelihood distribution at the start of thecend depletion period north
(day 219) is shown in Figure 7. This figure shows/dhe NLoligo estimated to have
immigrated on day 219. The total ligo present on day 219 would be the sum of
Figure 7 plus the N from the first immigration kalive by day 219. However, the
total N likelihood distribution would require indepdently recombining the first and
second depletion period likelihood distributiondhieh cannot be represented as a
two-dimensional graph. Maximum likelihood of theigorfor day 219 immigration
corresponds to Nprior day 219= 0.178 x 18 (equationg12); red line, but maximum out
of range on Figure 7), while maximum likelihoodtbé depletion model occurred at
NN depletion day 219= approx. zero (blue line, but maximum out of rman Figure 7).

12



The combined model maximum likelihood occurred atgQyl 219= 0.046 x 18 (gray
bars).

Figure 6 and especially Figure 7 include notabdy fikelihood curves of the
priors and depletion model (red and blue lineskelihood curves are calculated by
ranging N or N, and fixing all other parameters {Nr Ny, g, a, ) at their optimized
values. With five parameters, changing the valuerd parameter effects relatively
little difference on the likelihood, and hence therves are flat. This is more
pronounced for the second depletion period bec#iusesecond depletion period,
being shorter, has less weight in the overall moBgl comparison, the combined
model likelihood distributions (gray bars) simukauaisly vary all parameters and thus
show much more selectivity with respect to N.

North - day 201 - 1st depletion start
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Figure 6. Likelihood distributions for N billioholigo present in the north sub-area on day
201 (July 20). Red line: prior model (derived frgmne-season survey data), blue line:
depletion model, gray bars: combined model.

Figure 7 [next page]. Likelihood distributions fdrbillion Loligo having immigrated into the
north sub-area on day 219 (August 7). Red linarpriodel (derived from pre-season survey
data), blue line: depletion model, gray bars: coraldimodel.
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South

For the south sub-area, the CatDyn model showesistent underestimation of catch
from day 244 onwards (Figure A1.3-A). Sequentialdeibng of the two depletion
periods without hyper-parameters better capturedvriability over the end of the
season (Figure A1.3-D), and was therefore usedeadst Catchability (q) was
realistically similar between the two depletionipds (Table A1.1: g = 2.48 and 1.45
x 10% less than 2x difference). However, even this rhedesion did not fully reflect
the catch increases over the final three days (Eigd.2-D).

The N likelihood distribution at the start of thiest depletion period south
(day 196) is shown in Figure 8. Maximum likelihoad the prior (red line)
corresponds to equatigfh0S) (Ns gay 196= 0.933 x 18), while maximum likelihood of
the depletion model (blue line) occurred a¢ MNpetion day 196= 0.230 X 18 The
combined model maximum likelihood occurred atgly 196= 0.773 % 18 (gray bars),
and was thus more strongly determined by the pinian by the depletion model.

Figure 8 [next page]. Likelihood distributions firbillion Loligo present in the south sub-
area on day 196 (July 15). Red line: prior modetifetd from pre-season survey data), blue
line: depletion model, gray bars: combined model.

Figure 9. Likelihood distributions for N billioholigo present in the south sub-area on day

205 (July 24). Red line: prior model (derived frgmne-season survey data), blue line:
depletion model, gray bars: combined model.
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The N likelihood distribution at the start of thecend depletion period south
(day 205) is shown in Figure 9. Maximum likelihoad the prior (red line)
corresponds to equati@th3) (Ns prior day 20s= 1.657 x 18), while maximum likelihood
of the depletion model (blue line) occurred & d¥ietion day 205= 0.583 x 18 The
combined model maximum likelihood occurred atgh 205= 0.896 x 18 (gray bars).
The distribution of MCMC outcomes again suggedigr@odal likelihood.

Escapement biomass

Escapement biomass was estimated from the numHdsoligb in the fishing area at
the scheduled end of the season (day 273; Septeé3benultiplied by the expected
individual weight ofLoligo on day 273. Calculations were made separatelyoloihn
and south sub-areas, then summed.

Numbers ofLoligo on day 273 were calculated according to the etprivaf
equation(11), starting with the maximum likelihoods of N:

NN1 day 273 = Ngay201% €" @73 ~200_ CNMDyy gay 273

= 0.208 x1dx g ?73~20D_ CNMDy; gay 273

= 0.025 x19 (14A)
NN2 day 273 = N day210% €" (273 -219_ CNMDys day 273

= 0.046 X]_%)X éM (273-219)_ CNMDy2 day 273

= 0.000 x19 (14B)
Ns2 day 273 N5 day 205% €" (278 -205_ CNMDs; day 273

0.896 x10x g ?73~205_ CNMDs; gay 273
0.229 x1d (14C)

Both Nu1 day 2738Nd Ni2 day 273are calculated because the simultaneous CatDyelimod
was used in the north, but onlygNiay 27sbecause the sequential model was used in the
south (cf. Figure Al.1). Note that the maximum litkeod estimate of Nb gay 273
actually contributed zero to the end season tot@duiation(14B)).

Expected individual weights dfoligo on day 273 were extrapolated from
generalized additive models (GAM) of the daily ags individual weights calculated
throughout the season (day 196 to day 265). GAMs@oe shown in Figure 10. The
extrapolated weight was 53.5 £ 4.4 g in the noub-area, and 60.7 + 7.7 g in the
south sub-area.

0.07

avg. individual wt. (kg)
0.03 0.05
l l

196 205 215 225 235 245 255 265 273

Day
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Figure 10. Daily average individualoligo weights (black points) and 95% confidence
intervals of GAMs (black lines) of seasonal vadatiin average individual weight.
Extrapolations to the scheduled last day of the@eé&day 273) are shown as stars: 0.0535 kg
in the north sub-area and 0.0607 kg in the soutkasea.

Likelihood distributions of the escapement biomasgsre calculated by
substituting values from the MCMC likelihood disutions of N (gray bars in
Figures 6, 7, and 9) — instead of the maximum ilikceld values of N gay 201 Nn day
219 Ns day 205N equationg14A, B, C); then substituting day 273 individual weight
values drawn from a normal distribution with meard sstandard deviation of the
GAM extrapolations — instead of the GAM extrapalag, and multiplying them
together. The substitutions and their multiplicatisere randomly iterated 306000x%
(5% the number of values retained from the MCMG)d @hese 306000 iterations,
added together for the north and south sub-aregsesent the total escapement
biomass distribution. This is shown in Figure 1heT™5% confidence interval of the
total escapement biomass distribution was [4970673B tonnes. Maximum
likelihood of the total escapement biomass was:

(Nn1 day 2731 Nni2 day 273 X 53.5 g (north) + gbday 273% 60.7 g (south) = 15209.3t
(15

The risk of the fishery, defined as the proportioh the escapement biomass
distribution below the conservation limit of 10,0@@hnes (Barton, 2002), was found
equal to 26.2% (Figure 11).

Immigration and catch rate

Loligo immigration (after the start of the season) waeried as the difference
between the maximum likelihood estimate on eacbrsgdepletion start day (when
the immigrations putatively occurred) and the presi number on that day that
would be accounted for by depletion of the previquspulation alone. The
immigration number was multiplied by the averagdividual weight from the GAM
(above) to give biomass.
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Figure 11. Probability distribution dfoligo biomass at the scheduled end of the season,
September 30. Distribution samples less than thm#éés escapement limit of 10,000 tonnes
are shaded dark gray. Cumulative probability isnshas a solid blue curve. The broken blue
line indicates that the probability of less than00D tonnes escapement biomass was 26.2%.

For the second depletion north, on day 21940yl 210= 0.046 + 0.006 x 10
where 0.006 x 10(12.3%) is the standard deviation of the MCMC outes (gray
bars on Figure 7). Avg. weight on day 219 wasy\W4, 210= 50.2 + 1.5 g (Figure 10,
top). Multiplied together:

NN day 219 X WHN day 219
0.046 x 10+ 12.3% x 50.2 +2.9%

2314 ++ 123 + 029 = 2,314 £ 293 tonnes  (16)

BN immigration day 219

For the second depletion south, on day 205¢ad)205= 0.896 + 0.445 x 0
where 0.445 x 1Vis the standard deviation of the MCMC outcomesy(gvars on
Figure 9). Because the depletion south was modsbedentially, N 4ay 20sincludes
the number olLoligo remaining from the first depletion, which must &gbtracted
(details of calculations in equatio(%2.4)):
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Ns2 day 205 = Nsday20s— Ns1day20s = 0.263 +0.557 x 0

Bs immigration day 205 = Ns2day205 X Wtsday205 = 12,561 *+ 26,627 tonnes a7)
The standard deviation is high because it inclun#h the uncertainty of how many
Loligo were present, and the uncertainty of how manyhefLbligo present were
immigrants of the second depletion period.

The total estimated immigration biomass was:

2,314 + 12,561 %/293 + 266277
= 14,874 £ 26,629 tonnes (18)

immigration Btotal

The estimated total biomass (initial + immigratioilm) have passed through the
Falkland Islands Loligo Box fishery zone in the @stt season of 2011 was (details of
calculations in equation®2.5), Appendix 2):

BN day 201 + BS day 196 + BN immigration day 219 + BS immigration day 205

= 62,565 = 21,238 tonnes (29)

Giving a total catch rate of:

18,725/ (62,565 + 21,238) = 29.9% + [22.3%.3%)] (20)

Fishery closure

The secondLoligo season of 2011 was closed by emergency order :&9 2
September 22, eight days ahead of scheduled seasbrThe closure decision was
made during the week prior to September 22, atidistime CPUEs were among the
lowest on record in the fishery.

For comparison, time series of totabligo CPUE are plotted for all"2
seasons since 2004, when the current seasonalutetaed stock assessment format
were initiated (Anon. 2005). Of these eighif 8easons (Figure 12), four were open
for scheduled duration (until Septembef"3dlay 273 (day 274 in leap years)), and
four were closed before schedule because of deplesk in excess of conservation
target: 2006 - closed Sept. 5 (day 248) (Paya, RAD®7 - closed Sept. 15 (day 258)
(Paya, 2007), 2009 - closed Sept. 11 (day 254)4P2(10), and 2011 - closed Sept.
22 (day 265). In the week prior to the 2011 clogdeey 254 to day 260), the 20112
season CPUE averaged 10.04 t / vessel / day, Igligiure than the 2005"2season
CPUE (10.00 t/ vessel / day) and slightly lesstthee 2004 %' season CPUE (10.24 t
/ vessel / day) (Figure 12). Both the 2004 and 2@¥5seasons continued for
scheduled duration. The low but consistent catt#srewards the end of the 201 2
season suggest that a dispersed low level of inatagr, rather than an aggregated
pulse, may have continued to enter the fishing zblwavever, this is not conclusive
from the available information.

Figure 12 [next page]."2season time series bbligo CPUE, 2004 to 2011, by 7-day block-
averages. End dates are indicated for those settsingere closed before schedule.
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Figure 13. Retrospective analysis of the maximumaliliood estimate fotoligo escapement
biomass with data up to days prior to the seasdn@ay 265); starting with the day after the
latest immigration on day 219. The two indicatiafisery high estimates are spurious; up to
days 220 and 221 there were (understandably) nanaigh data for a realistic estimate, up
to days 235 and 236 the model destabilized.
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Further, a retrospective analysis of depletion gopn indicates that the
maximum likelihood escapement biomass of 15,208qudtion(15)) was attained
only with inclusion of the very last day of catamdaeffort data (day 265) (Figure 13).
Catch rates increased over the final four dayshefseason (Figures 4 and 12), and
this increase constrained the model to assumeheihigitial biomass. For data cut-
offs between day 254 and day 263, the model pmjeaear-constant escapement
biomasses of just under 9,000 tonnes (Figure 118} i€ lower than was estimated in-
season, because the CatDyn model was not yet irepleh in-season and the
sequential model used instead had projected a higbeass in the north sub-area.
The low catch rates and lack of increase in escapefiomass projection motivated
the decision to close the fishery.
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Appendix 1. Evaluation of different versions of the depletiondsl.

Simultaneous model of two depletions

Catch or CPUE

1st depletion start 2nd depletion start Depletions end

Sequential model of two depletions

Catch or CPUE

1st depletion start 2nd depletion start Depletions end

Days

Figure Al.1. Schematic of the difference betweanuianeous depletion modelling (as
implemented by CatDyn) and sequential depletion etliog). In the simultaneous model
numbers ofLoligo from the two depletion curves must be added tageth any day; in the

sequential model the second depletion curve insltitke numbers from the first one.

Table Al.1. Root mean square errors of actual caclpredicted catch numbers of different
versions of the depletion model, and catchabilagfticients of the models. For versions C
and D, the two consecutive g numbers are the daitthiacoefficients of the first and second
depletion. Refer to Figures Al1.2 and A1.3 for diggion of the model versions.

Model North South
version RMSE q RMSE q
A 0.45-10° 0.46-10° 1.30-10° 0.09-10°
B 0.46-1C° 0.51-1C° 1.68:10° 1.29:10°
C 04310 5.28:100 0.95-1C 1.28:10° 0.59-1C 0.12-10°
D 04510 5.11-10° 0.22:10° 1.43:10° 2.48:1C° 1.45.1C°
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Figure Al1.2. Daily estimated catch numbers (blacks) and expected catch numbers (red
lines) projected from the north sub-area deplepernods starting on days 201 and 219, under

four versions of the depletion model.
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Figure A1.3. Daily estimated catch numbers (blackis) and expected catch numbers (red
lines) projected from the south sub-area deplgignnds starting on days 196 and 205, under

four versions of the depletion model.
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Appendix 2. Details of calculations.

(A2.1)

SDweight / day

X, = 28X COV,, X ).

days

X, = SD, X[z

s

Standard deviations (SD) of theoligo length-weight conversion
estimated by Taylor series approximation derivedmfrfunction
MBWpDaypSam.Fk in Roa-Ureta (2011):

05

2
. [_le j x(x + X, +%,)| /1000
i/ day

axlengths’ x N

days[

vao | 5 log(lengths) x (a><|ength$b x Ni,day)
a days! a

2
(ax lengthg’ X Ni,dayn
a

days

Iog(length$)>< (a>< |ength$b xN /day)nz
a

wherea is the linear parameter of the length-weight refeghip (here; = 0.19990,
is the power parameter of the length-weight retetiop (here; = 2.15469)engths
are thelL.oligo mantle length measurement intervals (i = 4 to®0by 0.5 cm) and\;
day are the number dfoligo measured per length interval per day. Standarctiens
of a andb, as well as the covariance betweeandb, were estimated by bootstrap re-
sampling with replacement 10000x the length-weigigasurements, optimizing
andb at each resample, and calculating the standaidtdms of the 10000 values.

(A2.2)

N N1 prior day 218

N N1 prior day 219

NNZ prior day 219

NN prior day 219

(A2.3)

NSl prior day 205

Prior estimate fot.oligo numbers at the start of the second depletion
period north (day 219):

N1 prior day 201X € (218 - 201)_ CNMDy gay 218

0.180 x 18 x &M @18 ~200_ CNMDy gay 218

0.114 x 13

N\ll prior day 201% éM (219 ~200)_ CNM DN day 219

0.180 x 18 x &M 19=200_ CNMDy gay 219

0.112 x 19

N1 prior day 218X CPUEN day[219, 220, 221 CPUEN dayj216, 217, 218]
N1 prior day 218% 27.2110.6

0.290 x 19

N2 prior day 219 — N1 prior day 219 = 0.178 x 19

Prior estimate foLoligo numbers at the start of the second depletion
period south (day 205):

NSl prior day 196% éM (205 - 196)_ CNMDS day 205
0.933 x 1%x g™ %5 ~19)_ CNMDs gay 205
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0.775 x 19

Ns1 prior day 208% CPUEs day[20s, 206, 207 CPUEs day[202, 203, 204]
Ns1 prior day 205X 44.4 /20.8

1.657 x 19

NS prior day 205

(A2.4) Estimated immigration at the start of the secoepletion period south
(day 205).

= N day 106X € (205-196)_ CNMDs; day 205

= 0.633 x19+52.7%

where 52.7% is the std. dev. of the MCMC (gray b&ig. 8)
Ns2 day 205 = 0.896 +0.445 x 20— 0.633 +0.334 x £0

0.263 +/ 445 + 334 x 10° = 0.263 +0.557 x 0

0.263 +0.557 x f0x 47.8+1.7 g (Figure 10, bottom)
0.263 x 10+ 212.0% x 47.8 +3.5%

12,561 +/ 21207 + 035 = 12,561 + 26,627 tonnes

Ns1 day 205

BS immigration day 205

(A2.5) Estimated total biomass (initial + immigrationpattpassed through the
Loligo Box fishery zone in the second season 0fl201

BN day 201 + BS day 196 + BN immigration day 219 + BS immigration day 205

= M day 201 X WHN day 219
+ Nsday196 X Wts day 196
2,314 + 293 tonnes

2
12,561 + (ﬂj + 035 tonnes
896

+

+

=  (0.208 + 0.028) x i0x (37.2 + 2.2) g
+ (0.773 + 0.408) x 10x (51.7 + 3.0) g
+ 2,314 + 293 tonnes

+

2
12,561 + (ﬂj + 035 tonnes
896

= (0.208 + 0.028) x f0x (37.2 + 2.2) g
+ (0.773 + 0.408) x f0x (51.7 + 3.0)g
+ 2,314 + 293 tonnes
+ 12,561 + 6261 tonnes

Note that here, the standard deviation f@riBhnigration day 2051S lower (compared to
A2.4), because the goal is just to estimate total bsgsnand not evaluate the
distinction of what were previousligo and what were new immigrants on day 205.

=  (0.208 x 1D + 13.5%) x (37.2
+ (0.773 x 1D + 52.7%) x (51.7
+ 2,314 + 293 tonnes

6.0%) g
5.7%) g

s
*
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+

+

+

+

I+

12,561 * 6,261 tonnes

7,723 ++/ 135+ 060 = 7,723 + 1,140 tonnes

39,968 ++/ 527 + 057° = 39,968 + 21,206 tonnes
2,314 + 293 tonnes
12,561 *+ 6,261 tonnes

7,723 + 39,968 + 2,314 + 12,561
J14Q + 21206° + 293 + 6267

62,565 + 21,238 tonnes
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