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Executive summary

This paper presents tf#910 assessment of bigeye tuna in the western and central Pacific
Ocean.This assessment is supported by several other analyses which are documented separately, but
should be consideraedhenreviewing this assessment. These include detailed examinations of inpu
data and sensitivity analyses (Harley et al. 2010), evaluation of paired spill / grab sampéatiiats
to alternative purse seine catch histor{feawson 2010), reviews of the catch statistics of the
Philippines and Indonesia (Williams 2010), andnsiardised CPUE analyses for both aggregate
(Hoyle 2010) and operational level (Hoyle et al. 2010) longtateh and effortiata.

The assessment includsesveralmodel runs describing stepwise changes from the 2009
assessmeritr un 14) t o &édv eroadpe | and thanvseddldtizer keymodel runs
which represent a set of plausible model runs for consideration in developimagemenadvice.
Thesekey model runs represeatsingle change from thmsemodel run

One of the major features tiie 2010 assessment is that for the first time the assessment
includes catch estimates for all fleets for the last year of the assessment (2009). This is a significant
improvement but data for several key fleetgere submitted lateand thereforeahe compéte model
inputs only becameavailablein the first week of JulyThis delayed the assessment. Otbata
changedrom the20M assessment includevised longline fishery definitions to group together more
similar fleets;revised catch estimates for #kets from the Indonesia and Philippinesclusion of
further length samples from the Philippirfes mal | fi sho fi shery whbwoch i nc
standardised CPUE series for the main longline fisheries based on an impnetiecdology;
exclusion of some historical siziata from the Philippinee hi ch was O6contaminated
from two different fisheriesexclusion of some early Japanese length data which was inconsistent
with other data; and revised spill sample purse seine dstimeorporating the results of recent
experimental work

Other changeto the assessment includedcreased flexibility for temporal changes in purse
seine catchabilityanddecreasedeight given to certain length and weight frequency data.sets

The key assumptions r om t he fAbased model from the 200!
model for the 2010 assessment (run3d), and the alternative assumptions in the other main model runs
are provided below

Component 2009 assessment 2010 assessment 2010 dternatives
(run 10) (run 3d)
Longline CPUE Aggregate indices Aggregate indices Excluding all CPUE priof
to 1975
Steepness Estimated Estimated 0.55, 0.75, 0.95
Purse seine catche| Grab sample (s_best)| Spill sample correcteq Grab sample (s_best)
Fleet catchability| None None 0.47% per year (nen
adjustment compounding)
Longline size data | Up-weighted Down-weighted Up-weighted
Natural mortality | Base Base Increased for juveniles

The main conclusions of the current assessment are as follows.

'While run3d is designated the fbaseod modethembsbr t he
appropriate  model run(s) upon which to base management advice will be determined by the Scientific
Committee.



1. The estimated recruitment trends from redd@geyeassessments appear to be primarily the result
of conflict (disagreement) among the various data souineparticular between the longline
CPUE indices and the reported catch histories, and between i#imd some of the size
composition data sets. The current assessment has indentified some of these conflicts and includes
some model runs that begin to addrbssn

2. Recruitment in all analyses is estimated to have been high during 2085 This result as
similar to that of previous assessments, and appears to be partly driven by conflicts between some
of the CPUE, catch, and size data inputs. Recruitment in the most recent years is estimated to
have declined to a level approximating the lb@gn averag, although these estimates have high
uncertainty.lf we consider the recruitment estimates in the second half of the time series to be
more plausible and representative of the overall productivity of the bigeye stock, then
consideration might be given tiasing stock status estimation only on this period. This could in
effect be implemented simply by estimating the stakuitment relationship for this latter
period and applying that in the yield analyses.

3. Total and spawning biomass for the WCPO areredBd to have declined to about halftledéir
initial levels by about 1970, with total biomass remaining relatively constant since then
(Beyrrent/Bo= 42%), while spawning biomass has continued to decliBe,f,¢n:/SBo=32%).
Declinesare larger for the model with increasing longline catchability and increased purse seine
catches.

4. When the norequilibrium nature of recent recruitment is taken into account, we can estimate the
level of depletion that has occurred. It is estimated thatwsimg potentialis at 17% of the level
predicted to exist in the absence of fishing considering the average over the peridi8 2808
that value is reduced to 15% when egmpare using th2009 spawningotentiallevels.

5. The attribution of depletion tearious fisheries or groups of fisheries indicates that the purse
seine and other surface fisheries have an equal or greater impact than longline fisheries on the
current BET biomass. The purse seine and Philippines/Indonesian domestic fisheries also have
substantial impact in region 3 and to a lesser extent in region 4. The Japanese coaatal pole
line and purseseine fisheries are also having a significant impact in their home region (region 1).
For the sensitivity analysis with lower purse seine egdie longline fisheries are estimated to
have a higher impact.

6. Recent catches are well above mgYlevel of 73,840 mt, but this is mostly due to a combination
of above average recruitment and high fishing mortality. WM&Y is re-calculated assuming
recent recruitment levels persist, catches are still around 10% higher tharc#eutaetedMSY.
Based on these results, we conclude that current levels of catch are unlikelybmsustainable
in the long term even at the recent [high] levels of recruitmant estimated for the last decade

7. Fishing mortality for adult and juvenile bigeye tuna is estimated to have increased continuously
since the beginning of industrial tuna fishingor all of the model runs ., ent/Fusy IS
considerably greatghan 1. For run 3d (base) the ratio is estimated at 1.41 indicating that a 29%
reductionin fishing mortality is required from the 20@B level to reduce fishing mortality to
sustainable levels. If we consider historical levels of fishing mortality, ar@ti4ction in fishing
mortality from 2004 levels is requirddonsistent with the aim of CMM20@&L), and only a 20%
reduction from average 20 levels. The results are far worse with lower values of steepness
or when a higher weight is given to theesidata.Based on these results, we conclude that
overfishing is occurring in the bigeye tuna stock, but possibly at a lower level than
previously estimated

8. The reference points that predict the status of the stock under equilibrium conditions are
Fourrent/ Busy @NdSBg_ /SBysy. The model predicts that biomass would be reduced to 64%
and 56% of the level that suppoM&SY. In terms of the reduction against virgin biomass the
declines reach as low as 138b spawningpotertial. Current stock status compared to these
reference points indicate the current total and spawning biomass are higher than the associated

MSY levels (% =1.39 and% = 1.43). The likelihood profile analysigndicates a
MSY MSY



0.5% probability thaSB,,;;rent < SBusy Which increases to 60% if a lower value of steepness

ins assumed. Some of the more plausible alternative models are more pessimistic as are the
conclusions of the structural uncertainty analysased on the gridBBased on these results

above, and the recent trend in spawning biomass, we conclude that bigeye tuna is
approaching an overfished state, if it is not already slightly overfished.

9. Analysis of current levels of fishing mortality andstarical patterns in the mix of fishing gears
indicates that MSY has been reduced to less than half its levels prior to 1970 through harvest of
juveniles. Because of that and overfishing, considerable potential yield from the bigeye tuna stock
is being los Based on these results, we conclude th&SY levels would rise if mortality of
small fish were reduced which would allow greater overall yields to be sustainably obtained.

This paper also includes recommendations for future stock assessments of thigeye
including research activities to improve model inputs.

1 Introduction

This paper presents the current stock assessment of bigeyd buwmais obesyisn the western and
central Pacific Ocean (WCPO, west of 180. Since 1999, the assessment has beemlucted
regularlyand the most recent assessments are documented in Hampton et aR@R6@hd 2008,

Langley et al. (2008)and Harley et al. (20@). This assessment is supported by several other
analyses which are documented separately, but steultbnsidered in reviewing this assessment.
These include detailed examinations of input data and sensitivity analyses (Harley et al. 2010),
evaluation of paired spill / grab sample trials leading to alternative purse seine catch histories (Lawson
2010), eviews of the catch statistics of the Philippines and Indonesia (Williams 2010), and
standardised CPUE analyses for both aggregate (Hoyle 2010) and operational level (Hoyle et al.
2010) longline catch and effort data.

2 Background

2.1 Biology

Bigeye tuna are dtributed throughout the tropical and subpical waters of the Pacific
Ocean. There is little information on the extent of mixing across this wide area. Analysis of mtDNA
and DNA microsatellites in nearly 800 bigeye tuna failed to reveal significardgresgédof widespread
population subdivision in the Pacific Ocean (Grewe and Hampton 1998). While these results are not
conclusive regarding the rate of mixing of bigeye tuna throughout the Pahiig,are broadly
consistent wit handRAeT Ctagginglexperiments on diBe@edtsgna. Bigeye tuna
tagged in locations throughout the tropical Pacific have displayed movements of up to 4,000 nautical
miles (Figure 1) over periods of one to several years, indicating the potential for gene flow over a
wide area; however, the large majority of tag returns were recaptured much closer to their release
points.Recent tagging of bigeye tuna in the central Pacificshasvn a similar patteriThe majority
of tag returns with verified recapture positiogsisow displacements of less than 1,000 §&PC,
unpubl. data)In addition recent tagging experiments in the eastern Pacific Ocean (EPO) using
archival tags have so faot demonstrated longjstance migratory behaviour (Schaefer and Fuller
2002) over time scalesf up to 3 yearshowever one recent foyear archival tag return displayed
long-distance movements from the EPO to the central Pacific and back in yeard 8fethd archival
tag record (Schaefer, pers. cojnrin view of these results, stock assessments of bigeye tuna are
routinely undertaken for the WCPO and EPO separatblywever,current bigeye tuna tagging
efforts in all areas of the tropical Pacitid | provide further opportunity to examine this hypothesis.

2 Efforts continue to develop a bigeye tuna model for the Pacific Oasam whole, incorporating spatial
structure into the analysis to allow for the possibility of restricted movement between some areas. The results of
the most recent (2006) PacHigde model are compared with WCR{dEPO assessments conducted in the
sameyear in Hampton and Maunder (2006).



Bigeye tuna are relatively fast growing, and have a maximum fork length (FL) of about 200
cm. The growth of juveniles appears to depart somewhat from von Bertalanffy type growth with the
growth rateslowing between about 40 and 70 cm FL (Lehodey et al. 1999) although this effect is not
as marked as for yellowfin tuna. The natural mortality rate is likelaty with size, with the lower
rates of around 0.5 yrfor bigeye >40 cm FL (Hampton 2000)ad recapture data indicate that
significant numbers of bigeye reach at least eight years of age. The longest period at liberty for a
recaptured bigeye tuna tagged in the western Pacific at ab@utehrs of age is currently 14 years
(SPC unpubitheddata)

2.2 Fisheries

Bigeye tuna are an important component of tuna fisheries throughout the Pacific Ocean and
are taken by both surface gears, mostly as juveniles, and longline gear, as valuable adult fish. They are
a principal target species of both the largstathtwater longlinefleets of Japan and Korea and the
smaller, fresh sashimi longlirfeets based in several Pacific Island countries. Prices paid for both
frozen and fresh product on the Japanese sashimi market are the highest of all the tropical tunas
Bigeye tuna are the cornerstone of the tropical longline fishehe WCPO; thdongline catch in the
SPC area had a landed value in @0 approximately US#H24 million (Williams and Terawasi
2009).

From 1980 tal998, the longline catch of bigeye tuna in the WCR varied between about
44,000 and 8,000 mt Figure 2). Catches increased in subsequent years, reagieialg in 1998
(84,000 mt), 2002 (81,000 mt), and 2004 (99,000 mt). Since 2004 catches have ranged from 67,000
mt to 77,000 mt.

The history of purse seine catches depends on the data sources used to derive the estimates.
Bigeye in purse catches are takalmost exclusively from sets on natural aadificial floating
objects (FADs). Tiere remains considerable uncertainty regarding the accuracy of thesgimese
catch and reported catches may significantly wedtimate actual catch levels (Lawson 202@09,
2010. Based on spibample corrected purse seine estimates, purse seine catches firse@xceed
20,000 mt in 1982, and increased up teb®000 mt by the mid 1990Fifure?2). Catches were over
60,000 mtwere reportedrom 19962001 with a peak of 105,000 mt in 1997. Since 2001 catches have
ranged between 36,000 mt (2003) and 65,000 (2004). Conversely the previous estimates of purse
seine cat ¢deelawsan B095;2009)Sar farther details of how this dataset is constricted
aredifferent (Figure3). This alternativecatch historyindicates thatatches did not exceed 20,000 mt
until 1997 and have ranged between 21,000 mt (1998) and 38,000 mt (2008) since then.

A small purse seine fishery also operates in the coastal waters off Japan with an annual bigeye
catch of approximately 1,000 mt. A similawvel of bigeye catch is taken by the coastal Japanese pole
andline fisheryThese are included in the 6other6é categor

The spatial distribution of WCPO bigeye tuna catch duringd2200 is shown inFigure4.
The majority of the catch is taken in equatorial areas, by both purse seine and longline, but with
significant longline catch in some stippical areas (east of Japan, north of Hawaii anddbemast
of Australia). High catches are also presumed to be taken in the domestic artisanal fisiteges of
Philippines and Indonesia using a variety of gear types (e.gapdline, ringnet, gillnet, handline
and seine net). Thetal catchfor bothcountries combine estimated tdvaveapproache@0,000 mt
in recent years. The statistical basis for the catch estimatése iRhilippines andmore so in
Indonesia is wegkbut improving. V& have included the best available estimates in this analytbis
interests of providing the best possible coverage of bigeye tuna catches in the WCPO.

3 Data compilation

The data used in the bigeye tuna assessment consist of catch, effortfriemagimcy and
weightfrequency data for the fisheries defined in @malysis, and tag releasecapture data. The
details of these data and their stratification@midedbelow.



3.1 Spatial stratification

The geographic area considered in the assessment is the WCPO, defined by the coordinates
40°N-35°S, 120E-15C°"W. Within this overall area, six-region spatial stratification was adopted for
the assessmerfigure4). The rationale for this stratification was to separaterthy@dal area, where
both surface and longline fisheries occur yeamd, from the higher latitudes, where the longline
fisheries occuon aseasonabasis This stratificationhas remained unchanged since 2066 base
caseassessment

Total annuatatches by major gear categories are showigare5. Most of the catch occurs
in the tropical regions (3 and 4), with most juvenile catches (by purse seine and
Philippines/Indonesian fisheries) occurring in region 3 &rde longline catches occurring in both
regions 3 and 4.

3.2 Temporal stratification

The primary time period covered by the assessment i2-2089, thus including all
significant postvar tuna fishingn the WCPO Within this period, data were compiled into quarters
(Jaruary-March, April-Jure, Juy—Sepgember Ocibber-Deembe}.

3.3 Definition of fisheries

MULTIFAN-CL requires the definition of Afisherie
fishing units. Ideally, the fisheries so defined will have selectivity and catchability characteristics that
do not vary greatly over time (although in the case tfhzbility, some allowance can be made for
time-series variation)The 25 fisheries defined for #h 2008and 2009assessmesaton the basis of
region, gear type and, in the case of purse seine, set type, were modified slightly for the 2010
assessment based the analyses described in Harley et al. (201®)e change@cluded removing
locally based longline fleets flying the flags of Indonesia, the Philippines, FSM, and the Marshall
Islands from fisheries 4, 7, and 23 and instead including them in fisttedrd §Tablel).

3.4 Catch and effort data

Catch and effort data were compiled according to the fisheries defined above. Catches by the
longline fisheries were expressa numbers of fish, and catches for all other fisheries expressed in
weight. This is consistent with the form in which the catch data are recorded for these fisheries.

Within the model, effort for each fishery was normalised to an average of 1.0 $b assi
numerical stability. Some longline fisheries were grouped to share common catchability parameters in
the various analyses. For such grouped fisheries, the normalisation occurred over the group rather
than for the individual fisheries so as to preseheerelative levels of effort between the fisheries.

For the first time in 2010, we were able to include almost complete catch estimates for the
most recent year, 2009. Past assessments havedestrainedy considerable missing data for the
most recentyear. However, this came atcost as the data sets for the assessment could not be
finalised until the first week of July (one month prior to the SC), due to the late data submission by
s e v er alThi€r&sMt@din delays in the assessment.

Annualcatc and CPUE for all fisheries are provided-igure6 andFigure?.
3.4.1 Purse seine

Two sets of pursseine input catch data were used in the anaglysésn contrast to the 2009
assessment, it is the spildl sampl e based esti ma
assessmetfas the spill samptbased estimates are cons@temore plausible)rhese are presented in
Figure8.



The fibased set of input dat athesdesstdaabaseanded by
then adjusting theproportions of skipjack, yellowfin and bigeye for 192808 on the basis of
observer data corrected feelectionbias in grab samples (Lawson 2009, 20For strata of grouped
catch data with less than 20 observed sets, predictions of the speciesitomiffus all three
species) were applied to the catch d§@ecies composition &s predicted using categorical linear
models that were fit with species compositions determined from the grouped observer data. Separate
models were fit for the two period967%1995 and 199Q009. For 1967995, for which there are no
observer data, the independent varialWese quarter(but not year) area, school association and all
first order interactions. For 199809, for which there are observer data, the indepéndeiables
wereyear, quarter, area, school association and all first order interactions except year:area.

The secondsetof input dataconsisted of data extracted from the OFP "s_best" database of
catches aggregated by 1° latitude, 1° longitude, mordiflag. Except for data covering the Japanese
fleet, these data represent grouped operational data held by the OFP that have been raised to represent
the total catch and efforAggregated data covering the Japanese fleet were provided by Japan. The
propotions of yellowfin and bigeye in these data have been adjusted on the basis of species
composition samples; data for 198895 were adjusted with port sampling data covering the United
States fleet and data for 192608 were adjusted with observer dataering most fleetsThe species
compositions for 19671987, for which sampling data are not available, were estimated using
categorical linear models (Lawson 2009) of quaitet not year)MFCL area and schoaksociation.
Interactionsfitted to s_bestlata for 1988008weregrouped by year, quarter, MFCL area and school
association.

Both sets of input data aligely to bebiased Grab samples, which are known to undelect
very small and very large fish (Lawson 2009, 2010), with the result thagrdipertion of skipjack
determined from observer data is undstimated and the proportion of yellowfin is ocestimated,
were adjusted for this selectivity bias on the basis of observer data collected from spill samples, which
are thought to be unbiasetlhe correction was based on paired grab and spill samples collected from
only a limited (but increasing) number of trips (Lawson 20T@g correction of the observer data for
selectivity bias should improve as more data from paired grab andapities become availabla.
the secondset ofestimatesthe proportion of skipjack was not adjusted, whereas it is known that the
catches of skipjack reported on logsheets are biased upwards. The catches of skipjaskdaonithe
set of input data are ¢hefore oveestimated and the catches of yellowfin and bigeye are under
estimated.

As in previous assessments, effort data units for purse seine fisheries are defined as days
fishing and/or searchingnd areallocated to set types based on the propomibtotal sets attributed
to aspecified set type (associated or unassociated sets) in logbookaadiid not explicitly assume
temporal changes in catchability purse seine fisheries in any of the model runscaghabilitywas
estimated rather #n fixed.

3.4.2 Indonesia / Philippines

Revised catch histories were obtained for the Indonesia and Philippines fishiegesirrent
assessment includes consideralayer catch histories for the fisheries of Indoneaiad slightly
reduced catches from theippinesbased on refinements tioe species composition tifesecatches
(Figure 9). Effort data for the Philippines and Indonesian fishesasll fish fisherieswere not
availablefor all components of the fishery s@re set to missirlg

% The s_best data set incorporates logsheet estimates of skipjack and yellowfin+bigeye combined and then the
split of yellowfin and bigeye is estimated from general linear models that incorporate observer grab samples
(Lawson 2005;2007)

“ In the final year effort was set to a nominal value of one to allow for dffsed projections to be undertaken
for this fleet (noting that effort is proportional to fishing mortality).



3.4.3 Longline fisheries

For the principal longline fisheries (LALL 1i 6), effective (standardised) effort was derived
using generalized linear models (GLMildyle 2QL0). One change was made to the methods for
estimating indices of abundance for the bigeye and yellowfin stock asses$mentbat used by
Hoyle (2009)involving removal of the targeting indicator basedtba CPUE of other species. This
change had like effect on the CPUE trends.

As only aggregate 5x5 degree data are available for the entire WCPOaeditirese data do
not include vessel informatiormhere isthus a potential for bias in the CPUE indices as it is not
possible to account for some thie potential increases in efficiency over time due to the phasing out
of old vessels and introduction of new onEs consider this potential bias, Hoyle (2009) standardised
operational level CPUE data for the Japanese longline fleet, which is avaitabléhke coastal states
in which the vessels fish, both including and excluding vessel as an explanatory variable. This was
only possible for modelegion 3. Over the time period for which datee available, this subset of
operational level data comprisestween 255% of the annual Japanese effort in this region (Langley
2007). Hoyle (2009jound that including vessels a factor in the GLNEed to a greadr decline in the
CPUE series, and in the case of bigeye tuna this represented an increase ie effiectiof 0.47%
per year (not compoundifg This assumption has been applieth®LL-ALL 3 fishety in one of the
key model runs described laté&nnualisedCPUE indicesused in the assessment, and the new index
for LL-ALL 3 that incorporates theessel adjustment apgesented ifrigure 10.

In 2010, SPC and the Japané&sional Research Institute of Far Seas Fishemetertook
collaborative aalyses of Japanese operational level data (Hoyle et al. 2010). Given the preliminary
nature of these investigations, and that the analyses did not consider data covering the entire time
period of the model (unlike the analysis of the aggregated datayle (2010)), we have not included
these new indicemniany model runs described here, but would anticipate including these in future
assessments as recommended by the authors.

The technique for standardisimaggregatdongline effort was also applied to tdemine the
relative scaling of longline effoemongregions. These scaling factors incorporated botletteetive
size of the region and the relative catch rate to estimate the relative level of exploitable longline
biomassamongregions (see Langley ell. 2005and Hoyle & Langley 2007 The scaling factors
were derived from the Japanese longline CPUE data fromi 886This period was chosen as it
represented the period when Japanese longline effort was most widely distributed over the WCPO.

The scaling factors allowed trends in longline CPUE among regions to be comparable
indicators of exploitable biomass among regions. For each of the principal longline fisheries, the
GLM standardised CPUE index was normalised to the mean of the GLM index 3&0i86 & the
equivalent period for which the region scaling factors were derived. The normalised GLM index was
then scaled by the respective regional scaling factor to account for the regional differences in the
relative level of exploitable longline biorss between regions. Standardised effort was calculated by
dividing the quarterly catch by the quarterly (scaled) CPUE index.

For the other longline fisheries, the effort units were defined as the total number of hooks set.

3.5 Length-frequency data

Available kengthfrequency data for each of the defined fisheries were compile@%2ecm
size classes (302 cm t0198-200 cm). Each lengtfrequency observation consisted of the actual
number of bigeye tuna measured. The data were collected from a varietyphihgapnogrammes,
which can be summarized as follows:

Philippines: For the 2008 bigeye assessmelite scomposition data for the Philippines domestic
fisheries derived from a sampling programme conducted in the Philippines in-9¥0%@ere

® For example, after five years effort is estied to be 2.35% more efficient, 4.7% after ten years and 23.5%
after 50 years.
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augmented witldlata from the 1980s and for 1995. In addition, data collected during-20@from
the Philippines hantine (PH HL 3) and surface fisheries (PH MISC 3) under the National Stock
Assessment Project (NSAP) were included in the current assessment.

In 2009 t was determined that the samples from the 1980s weretarewt the small fish hook and
line and large fish handline fisheries and therefore had to be exckolethe current assessment we
again looked closely at the remaining data and found that there small numbers of bigeye tuna of
sizes much greater than 100ckigure 11) which, by definition, could not have come from the small
fish hook and line fisheryt is suspected that this may be due to-refrting of the fishing gear in
some of the regional sampling programmes. A further complication was that theaeed#taential

in the estimation ofselectivity for this fisheryandled to increased selectiof large fish. To address
this issue we excluded all reported fish lengths greater than 36rdAH MISC 3from the current
assessment.

IndonesiaNo fisherysize data weravailablefor the Indonesian domestic fisheri®®r the purposes
of the assessemt, the ID MISC 3 fishery was assumed to have a selectivity equivalent RHthe
MISC 3fishery.

Purse seind-engthfrequency samples from purse seiners have been collected from a variety of port
samplingand observeprogrammes since the mid®80s. Mosbf the early dataresourced from the

U.S. National Marine Fisheries Service (NMFS) port sampling programme for U.S. purse seiners in
Pago Pago, American Samaad an observer programme conducted for the same fleet. Since the
early 1990s, port sampling and observer programmes on other purse seine fleets have provided
additional data. Only data that could be classified by set type were included in the firedtd&iar

each purse seine fishery, size samples were aggregated without weighting within temporal strata.

The investigations described in Lawson (2010) indicatgdssibility thatthese length samples may

be biasedsuchthat medium sized fish are owepresented and small fisdre underrepresented. If

true, this could be influential on the assessment (Harley et al. 2010) and should be the focus of further
investigation.

Longline The majority of the historical data were collected by port sampling proges for
Japanese longliners unloading in Japan and from sampling aboard Japanese research and training
vesselsThis comprehensive set of data is available for the entire model perietent yeardength

datafrom longline catchekave also been celtted by OFP and national port sampling and observer
programmes in the WCPQ\ detailed analysis of longline lengtlequency data was provided in

Harley et al. (2010)These analyses indicated some concerns about the representativeness of some of
the lengh frequency samples, particularly in the early years, and also some evidence of spatial
stratification in fish sizesThe Japanese length samples collected betweenGB§dve very strong

negative residuals in all regio(idarley et al. 2010).

In this asessment we have also excluded the size frequency data from Chinskereffongline

vessels in region 4. This is because most ofChmesecatch inthat regioncomes from the distant
water fleet, but the size data are only available for thaluffefleet which we suspectses different

fishing techniques

Japan coastaltength data from the Japanese coastal psggge and polandline fleets were
provided bythe National Research Institute of Far Seas Fisheries (NRIFSF).

Poleandline: For the eqatorial poleandline fishery, length data were available from the Japanese
distantwater fleet (sourced from NRIFpand from the domestic fleets (Solomon Islands and PNG).
Since the late 1990s, most of the length data were collected by observers ctwergomon
Islands poleandline fleet.

As in previous assessments, length (and weight) data from each fishery/quarter were agagdagated

is assumed that all samples aepresentative of the operation of the fishery in each qudrtes.
assumption is likely to be more robust in the current assessment on the basis of the new fishery
definitions for the longline fisheries. It is possible that further investigation of the length frequency
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data would lead to further changesthe fisheies definitionsor data used in the assessmeiris
particular the spatial extent of the current fishery definitions.

3.6 Weight-frequency data

Individual weight data for the Japanese longline fisheries are included in this assessment in
their original form.F o r many ot her l ongline fleets, Apacki
documentation, and these data are progressively being processed and incorporated into the assessment
database. For this assessment, the available weight data (apart from thvidedpby Japan)
originated from vessels unloading in various ports around the regich exporttuna including
those located isuam, Palau, FSM, Marshall Islands, Fiji, Papua New Guinea and eastern Australian
ports.

All weight data were recorded as pessed weights (usuallycmrded to the nearest kg
Processing methods varied between fleets requiring the application of fsgiemijic conversion
factors toconvertthe availableweight data to whole fiskequivalents Details of the conversion to
whole weight are described in Langley et(@D06).For each fishery, quarterly weight frequency data
were compiled by 1 kg weight intervals over a range-@0D kg.

3.7 Tagging data

A modest amount of tagging data was available for incorporation into the NRANFCL
analysis. Theedat a consi sted of bigeye tuna tag release
Tagging Project conducted during 198992, and more recerfl995, 19992001) releases and
returns from tagging conducted in the Coral Sea by CSIR@ns et al2008. Tags were released
using standard tuna tagging equipment and techniques by trained scientists and technicians. The tag
release effort was spread throughout the tropical western Pacific, between approximatelarid®0
170°W (Kaltonggal998; Hampton and Williams 2004).

The model does natet include the tag release and recovery data from thei290Bacific
Tuna Tagging Programme (PTT&Mdertakerthroughout the western part of the WCRADd in the
central Pacific (Nicol et al. 2010y hese data are currently being subject to ongoing quality checking
at it was considered premature to include them in the current assessment. It is expected that PTTP
data will be included as appropriate in assessments conducted from 2011.

In recent years, large number of tagserereleased in the Hawaii handline fishehyclusion
of these data in the shegion model is problematic as all tags are released and recovered around the
boundary of regions 2 and 4 (latitude 20° N). This resullarigie changei the estimated movement
coefficientsbetween regions 2 and 4 aimdother model parametersnfluenced by tagging dat&®n
this basisthese datavere not includedh the currensix-regionassessment

For incorporation into the MULTIFAMCL analyses, tageleases were stratified by release
region (all bigeye tuneeleases occurred in regiods4 and 5), time period of release (quarter) and the
same length classes used to stratify the lefrgtiuency dataFor the sixregion model, aotal of
8,622releases were classified int®3 tag release groups in this wa8b9 tag returns were received
thatcould be assigned to thisliieries included in the model.

Tag returns that could not be assigt®decapture fisheriesere included in the nereported
categoy and appropriate adjustments made to therépgrting rate priors and bounds. The returns
from each size class of each tag release group were classified by recapture fishery and recapture time
period (quarter). Because tag returns by purse seiners Werermt accompanied by information
concerning the set type, tagturn data were aggregated across set types for the purse seine fisheries
in each region. The population dynamics model was in turn configured to predict equivalent estimated
tag recaptureBy these grouped fisheries.
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4 Model description — structural assumptions, parameterisation,
and priors

The model can be considered to consist of several components, (i) the dynamics of the fish
population; (ii) thedynamics of thefisheries (iii) the dynamics of tagged fish; (iv) observation
models for the data; (v) parameter estimation procedure; and (vi) stock assessment interpretations.
Detailed technical descriptions of components-({jv) are given in Hampton and Fournier (2001)
and are not remeed hereBrief descriptions of the various processes, including information on
structural assumptions, estimated parameters, priors and other types of penalties used to constrain the
parameterisatiorwere provided in Langley et .a{2008 1 Table 3 and mly changes to these
assumptions are reported héfable?2).

4.1 Population dynamics

Thesix-regionmodel partitions the population inGospatial regions andl0 quarterly agelasses. The
first ageclass has a mean fork length of arouidcth and is approximately three months of age
according to analysis of daily structures on otoliths (Lehodey efl99). The last agelass
compri ses a f p mortslity@md othepoharaicteristiostaie assumed to be canstant

The population is fAimonitoredo in the model at g
of 19592-2008. The main population dynamics processes are as follows:

4.1.1 Recruitment

Recruitmentis the appearance of agkass 1 fish in the population. We have assumed that
recruitment occurs instantaneously at the beginning of each quarter. This is a discrete approximation
to continuous recruitment, but provides sufficient flexibility to allowaage of variability to be
incorporated into the estimates as appropriate.

The distribution of recruitment among thix model regions was estimated within the model
and allowed to vary over time in a relatively unconstrained fashion. Theséries variion in
spatiallyaggregated recruitment was somewhat constrained by a lognormal prior. The variance of the
prior was set such that recruitmepteceedinghe average recruitmehy a factor of 3.@ould occur
about once every 25 years.

Spatiallyaggregatedecruitment was assumed to have a weak relationship with the parental
biomass via a Beverton and Holt steecruitment relationship (SRR). The SRR was incorporated
mainly so that a yield analysis could be undertaken for stock assessment piBpoaasdhe SRR
was expected to be weakevherefore opted to apply a relatively weak penalty for deviation ifrom
so thatsuch deviatiorwould have only a slight effect on recruitment and other model estimates (see
Hampton and Fournier 2001, Appendix D).

Typically, fisheries data are not very informative about SRR parameters and it is generally
necessary to constrain the parameterisation in order to have stable model behaviour. We incorporated
abetadi stributed pri o9 ofdahe SRRhwithSisfined e thee rat® of the
equilibrium recruitment produced by 20% of the equilibrium unexploited spawning biomass to that
produced by the equilibrium unexploited spawning biomass (Francis 1992; Maunder and Watters
2003). The prior was specified laybet distribution withmode = 85and SD =0.6(a=3.1, b=
1.6, lower bound = 0.2, upper bound =)1Dhis prior reasonablyreflects our knowledge of tuna
stockrecruitment relationship3he prior probability distribution for steepness is showhigurel12.

4.1.2 |Initial population

The population age structure in the initial time period in each region was assumed to be in
equilibrium and determined as anttion of the average total mortality during the first 20 quarters.
This assumption avoids having to treat the initial age structure, which is generally poorly determined,
as independent parameters in the molete thatthis assumption does not assumegin conditions
at the start of the assessment data. Rather, we assume that exploitation in the years leading up to 1952
was similar to exploitation over the period 19%256. This probably overestimates tatadrtality in



the initial population, but théias should be minimallhe initial age structure was applied to the
initial recruitment estimates to obtain the initial populations in each region.

4.1.3 Growth

The standard assumptions concerning age and gregrth(i) the lengthsatage are normally
distributed for each agelass; (i) the mean lengtia-age follow a von Bertalanffy growth curve
except for the #-8" mean lengths at age which are estimated as free parameters (but constrained to
be similar to the VBGF)(iii) the standard deviations of length for each-alzess are a lofinear
function of the mean lengtfa-age; and (iv) the distribution of weight-age is a deterministic
function of the lengttatage and a specified weigleingth relationship. As ned above, the
population is partitioned into 40 quarterly agasses.

4.1.4 Movement

Movement was assumed to occur instantaneously at the beginning of each quarter through
movement coefficients connecting regions sharing a common boundary. Note howevishtbah f
move between noeoontiguous regions in a single time stemdert h e Ai mplicit tr
computational algorithm (see Hampton and Fournier 2001 for defHlisje areseveninter-regional
boundaries in the model with movement possible across ieabbth directions. Four seasonal
movements were allowed, each with their own movement coefficidreiefore there wer@x7x4 =
56 movement parameter order to avoid the addition of more parameters to the moaetlidvnot
incorporate agelependenmovement into this assessmeRtevious tials haveindicated thatsuch
additional structure did not impact the overall results in a substantiveTlayseasonal pattern of
movementis assumed teersist from year to year with no allowance for loagem variation in
movement.

4.1.5 Natural mortality

As in previous assessmentgtural mortality M) was held fixed at prdetermined age
specific levelsNo attempt was made to estimdleat-age in these assessments because previous trial
fits estimatingM-at-age produced biologically unreasonable resdlte values used in the current
assessment were the same as those used in the 2009 assddgumeit3). These estimates M-at-
age were determinedoutside of the MULTIFANCL model using bigeye seratio data and the
assumed maturitgtage schedulas describedy Hoyle and Nicol (2008)A similar procedure is
used to determine fixeM-at-age for assssmets in the EPO (Maunde?005) Essentially, this
method reflectshe hypothesis that the higher proportion of malesarratio samples with increasing
length is due to the higher natural mortality of females after they reach maturity.

Two alternatve M-at-age ogives were examined by Harley et al (2010) and one of these,
relating to increased natural mortality of juverbigeye was included herd-{gure13). The assumed
values of natural mortality for the first 4 quarters are quite different for bigeye and yellowfin and
some have questioned why this might beGioe of the key model runs, run 3g, included the assumed
levels of YFT M for the first 4 quarters.

4.1.6 Sexual maturity

Reproductive output at age, which is used to derive spawning biowassecalculated for
the 2008assessmentHpyle and Nicol 2008)using data collected in the WCP@nd EPO.The
calculationswere based on relative reproductive potentiather than (as previously) the relative
biomass of both sexes above the age of female mat6iityilar approaches have been applied to
albacore (Hoyle 2008) angellowfin (Hoyle et al. 200) tunas in the WCPQOhe reproductive
potential of each age claggs assumed to be theoduct of the proportionf females at age, the
proportion of females mature at age, the spawning frequenage of mature females, and the
fecundity at age per spawning of mature fenfales

® As this method thus calculates spawning potential rather than spawning biomass, references in figures to
spawning biomass should be interpreted as spawning potential
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4.2 Fishery dynamics

The interaction of theigheries with the population occurs through fishing mortality. Fishing
mortality is assumed to be a composite of several separable proeesdestivity, which describes
the agespecific pattern of fishing mortality; catchability, which scales fishinigprefto fishing
mortality; and effort deviations, which are a random effect in the fishing effGghing mortality
relationship.

4.2.1 Selectivity

In many stock assessment models, selectivity is modelled as a functional relationship with
age For examplea logistic curvecan be usedo model monotonically increasing selectivignd
various domeshaped curvesan be usetb model fisheries that select neither the youngest nor oldest
fish. In previous assessments, we hawedeled selectivity with separate agspecific coefficients
(with a range of 01), butconstraired the parameterisation with smoothing penaltiEisis has the
disadvantage of requiring a large number of parameters to describe selectivity. In this assessment we
have used a new nietd based om cubic splineinterpolationto estimate agspecific selectivity.
This is a form of smoothing, but the number of parameters for each fishery is the number of cubic
spline finodeso that are deemed teothelage rangefWei ci ent
chose five nodes, which seems tatlbe minimum numbesufficient to allow for reasonably complex
selectivity patterns.

Selectivity is assumed to be fishepecific and timénvariant. Selectivity coefficients fahe
Amai no flshemeglLiAllLd and LL ALL 2 (northern fisheries) were constrained to be equal,
as were LL ALL 3-6 (equatorial and southern fisherieg)d the ChinesdaZhinese Taipefishery in
region 4 (see section 3.5 for further details). For @mnese/Chinese Tgpei fishery in region 3
selectivity was parameterised using a logistic functional form rather than the cubic spline method.
Selectivity was also constrained to be @dor the corresponding purse seine fisheries in the two
equatorial regione.g. theassociatedet fisheries had the same selectivity in regions 3 and 4)

The selectivity of the Indonesian domestic fishery was assumed to be equivalent to the
Philippinesdomestic fisherybutsome problems were encountered in estimating selectivitthése
importantfisheries Even in the absence of observed lengths greater than 90 cm (see section 3.5), the
model estimates of selectivity gave significant 1zemno selectivity above this size. This selectivity
curve, not surprisinglyresulted instrong negtive residuals. The model was clearly trading off the fit
to these data with other data in the model. To overcome this problem, selectivity for these two
fisheries were constrained to be zero above 12 quarters of age (approximately equivalent to 100 cm).
Further work is required to determine the best selectivity curve (including functional form), for these
important smalffish fisheries

For all otherfisheries, the selectivity for the last four agjasses, for which the mean lengths
are very similar, wasonstrained to be equal.

4.2.2 Catchability

Catchability was allowed to vary slowly over time (akin to a random walk) for all fisheries
except for the principal longline fisherjassing a structural timseries approach. Random walk steps
were taken every twyears, and the deviations were constrained by prior distributions of mean zero
and variance specified for the different fisheries according to our prior belief regarding the extent to
which catchability may have changed. For the Philippines and Indonésizeries, no effort
estimates were availabl&herefore,we set the variance of the prioom catchability deviate® be
high (approximating a CV of about 0.Therebyallowing for catchability changes to compensate for
the missing effort dataAs a lesult of the investigations described in Harley et al. (2010) it was also
decided to set theariance of the priors on catchability deviates to be high (approximating a CV of
about 0.7¥or the purse seine fisheries. This was considered preferable tasimgéhe frequency of
temporal catchability changes which would greatly increase the number of estimated parameters.

For the other fisheries with tirseries variability in catchability, the catchability deviation

priors were assigned a variance approxingaa CV of 0.10.T h e  fi neagline fisheties were
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grouped for the purpose of initial catchability, and tisegies variation was assumed not to occur in

this group.This assumption igquivalentto assuming that the CPUE for these fisheries indexes the
exploitable abundance both among areas and over time. Catchability for all fisheries apart from the
Philippines and Indonesian fisheridasr(which the data were based on annual estimates) was allowed
to vary seasonally.

4.2.3 Effort deviations

Effort deviatiors, constrained by prior distributions of zero meamre used to model the
random variation in the effoiit fishing mortality relationshipFor the Philippines and Indonesian
fisheries, purse seine fisheriepoleandline fisheries,and the Australian, Heaii and Chinese
TaipeiChinese longline fisheries, the variance was set at a moderatealepadximating a CV 0d.4
T an increase from 0.2 assumed in the 2008 assegsment

Three approaches were used to model the assumed effort deviates foaithérgline
fisheries(LL-ALL 1-6) with the standardised CPUE indices. In the base model we assumed an overall
CV=0.2 for each region, but with individual observations weighted again relative to the square root of
the effort. Two other approaches were compared using the MULTIEANeatue where user
defined CV6s can be included. In the first appr
scaled them so that the mean CV for each series was still 0.2 (run 3e), while in the second we used the
actual CVs estimated and did not res¢htam (run 3e2). The resulting CVs are provide#igurel4.

Only LL-ALL 3 has CVs which are close to the value of 0.2 and these are slightly lower. fAdrll L
5 and6 the CVs are above 0.5.

In the 2009 assessment problems with large effort dewiaesnoted and the effort deviate
bounds were increased frobt 6 to ++ 10. We continued that practice in the current assessment, but
also set to missing the zero catshehich were previously set to 0.1. These observations had been
associated with almost all the large negative effort deviates.

4.3 Dynamics of tagged fish

4.3.1 Tag mixing

In general, the population dynamics of the tagged and untagged populations are governed by
the same model structures and parameters. An obvious exception to this is recruitment, which for the
tagged population is simply the release of tagged fish. Implicitly, we assume that the probability of
recapturing a given tagged fish is the same as thebpilidp of catching any given untagged fish in
the same region. For this assumption to be valid, either the distribution of fishing effort must be
random with respect to tagged and untagged fish and/or the tagged fish must be randomly mixed with
the untaggd fish. The former condition is unlikely to be met because fishing effort is almost never
randomly distributed in space. The second condition is also unlikely to be met soon after release
because of insufficient time for mixing to take place. Dependinf@edistributionof fishing effort in
relation to tag release sites, the probability of capture of tagged fish soon after release may be
different to that for the untagged fish. It is therefore desirable to designate one or more time periods
afterreleaseas 4dfMpxedod and compute fishing mortality f
recaptures, corrected for tag reporting (see below), rather than use fishing mortalities based on the
general population parameters. This in effect desensitises thibdib@lfunction to tag recaptures in
the premixed periods while correctly discounting the tagged population for the recaptures that
occurred.

We assumed that tagged bigeye mix fairly quickly with the untagged population at the region
level andthat this nixing process is complete by the end of $keondjuarter after release.

4.3.2 Tag reporting

In principal, tagreporting rates can be estimated internally within the model. In practice,
experience has shown that independent information on tag reportingorad¢$efast some fisheries
required for reasonably precise estimates to be obtained. We provided reporting rate priors for all
fisheries that reflect owrxpect judgememegarding the reporting rate and the confidence we have in
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thatjudgement Relatiwely informative priors werspecifiedfor reporting rates for the Philippines and
Indonesian domestic fisheries and the purse seine fish&@sgd onindependent estimates of
reporting rates for these fisheries from tag seeding experiments and otlmaratida (Hampton
1997). For the longline fisheries, we have no auxiliary information with which to estimate reporting
rates, so relatively uninformative priors were used for those fisheries. All reporting rates were
assumed to be stable over time. The propns of tag returns rejected from the analysis because of
insufficient data were incorporated into the reporting rate priors.

4.4 Observation models for the data

There are four data components that contribute to thékelhood function— the total catch
data, the lengtfrequency data, the weightequency data and the tagging data. The observed total
catch data are assumed to be unbiased and relatively precise, with the SD of residuals on the log scale
being 0.07.

The probability distributions for theehgthfrequency proportions are assumed to be
approximated by robust normal distributions, with the variance determined by the effective sample
size and the observed lengtlquency proportion. A similar likelihood function was used for the
weightfrequerty data.

The size frequency dataeassigned an effective sample size lower than the actual number of
fish sampled. Reduction of the effective sample size recognises)thatdiir and weighffrequency
samples are not truly random (because of clumping in the population with respect to size) and would
have higher variance as a result; and (ii) the model does not include all possible process error,
resulting in further undeestimation of variances. The influence of the size frequency data in the
modelcanbe examined by varying the effective sample size in the mdni¢he 2009 assessmehtt
principal model runs were conducted usingeffiective sample size of 0.02 timesthctual sample
size, with a maximum effective sample size 5&f As a result of the investigations of the size
frequency data provided in Harley et al. (2010) our confidence in some of the size frequency samples
has been reducegending further investigamn. For the base model the length frequency data for
fisheries 1, 2, 4, 7, 10, 12, and 23 were downweighted to a maximum size of @hig &ffectively
removes the influence of these length data on the model, which then relies almost exclusively on the
weight frequency data for these fisherigbe same was done for the fishery 5 length and weight
frequency datalhe 2009size dataveighting assumptionsere, however, retained in one of the key
model runs(run 3a2).

A log-likelihood component for theayy data was computed using a negative binomial
distribution in which fishenspecific variance parameters were estimated from the data. The negative
binomial is preferred over the more commonly used Poisson distribution because tagging data often
exhibit nore variability than can be attributed by the Poisson. We have employed a parameterisation
of the variance parameters such that as they approach infinity, the negative binomial approaches the
Poisson. Therefore, if the tag return data show high variafitityexample, due to contagion or non
independence of tags), then the negative binomial is able to recognise this. This should then provide a
more realistic weighting of the tag return data in the overallikejihood and allow the variability to
influencethe confidence intervals of estimated parameters. A complete derivation and description of
the negative binomial likelihood function for tagging data is provided in Hampton and Fournier
(2001) (Appendix C).

4.5 Parameter estimationand uncertainty

The paraeters of the model were estimated by maximizing thdikegjhoods of the data
plus the log of the probability density functions of the priors and smoothing penalties specified in the
model. The maximization was performed by an efficient optimizationguekact derivatives with
respect to the model parameters. Estimation was conducted in a series of phases, the first of which
usedarbitrary starting values for most parameters. A sl script, doitall.bet documenting the
phased procedure is provided Appendix A. Some parameters were assigned specified starting
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values consistent with available biological information. The values of these parameters are provided
in thebetini file (Appendix B)’.

In this assessmernhree approaches were used to describe the uncertainty in key model
outputs. The first two focus on the statistigatiationwithin a given assessment run, while the third
focuses on the structural uncertainty in the assesdmeansidering thgariation acrossmodel runs.

First we calculated thelessian matriXor the base model ruto obtain estimates of the covariance
matrix, whichis used in combination with the Delta method to compute approximate confidence
intervals for parameters of intere$his approach provided approximate confidence intervals for the
biomass and recruitment trajectories. Second, we used the likelihood profiling capability within
MULTIFAN -CL to calculate likelihood profilesor the critical reference pointg.,, en:/Fusy and
SByrrent/SBusy for run 3d (base) and run 4b (h=0.7). Thirdle undertook a crosswise grid of 96
model runs which incorporated many of the options included in the key model Troisslast
procedure attempts to capture the mairses of structural and data uncertainty in the assessment.

Several ancillary analysasere conducted in order to interpret the results of the model for
stock assessment purposes. The methods involved are summarized below and the details can be found
in Kleiber et al. (208). Note that, in each case, these ancillary analyses are completely integrated into
the model, and therefore confidence intervals for quantities of interest are available using the Hessian
Delta approach (or likelihood profile approdalthe case of yield analysis results).

45.1 Fishery impact

Many assessments estimate the ratio of recent to initial biomass as an index of fishery
depletion. The problem with this approach is that recruitment may vary considerably throughout the
time seriesand i f either the initial or -regreas e rbti atmawv
because of recruitment variability, then the ratio may not measure fishery depletion, but simply reflect
recruitment variability.

We approach this problem by computibgmass time series (at the region level) using the
estimated model parameters, but assuming that fishing mortality was zero. Because be#h the
biomassB, and theunexploitedbiomassB,,_, incorporate recruitment variability, their ratio at each
time step of the analysi /B,,_, can be interpreted as an index of fishery deplefitie. computation
of unexploitedbiomass includes an adjustment in recruitment to acknowledge the possibility of
reduction of recruitment in exploited populationsotigh stockrecruitment effects.

4.5.2 Yield analysis

The vyield analysis consists of computing equilibrium catch (or yield) and biomass,
conditional on a specified basal level of apecific fishing mortality ;) for the entire model
domain, a series of fishgnmortality multipliers,F,,,;;, the natural mortalinat-age M), the mean
weightat-age (v,) and the SRR parametexrsand 8. All of these parameters, apart fraty,,., which
is arbitrarily specified over a range ofD in increments of 0.1, are available from the parameter
estimates of the model. The maximum yield with respeat, g can easily be determined and is
equivalent to the MSY. Similarly the total and adult biomass at MSY can also be determined. The
ratios of the current (or recent average) levels of fishing mortality and biomass to their respective
levels at MSY are of interest as limit reference points. These ratios are also determined and their
confidence intervals estimated usingrafile likelihood technique, as noted above.

For the standard yield analysis, theare determined as the average over some recent period
of time. In this assessment, we use the average over the eflB20MB. The last year in which
catch and effort data are avaikalfor all fisheries is 200 We do not include 2®in the average as
fishing mortality tends to have high uncertainty for the terminal data years of the arfadesis
Langley 2006and Harley et al. 20@9. To allow for retrospective evaluation wecalculated the key
MSY-based reference points using annual time periods from 2000 to 2008.

" Detals of elements of theloitall and.ini files as well as other input files that structure a MULTIFGN run
are given in Kleiber et al. (2008).
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The assessments indicate that recruitment over the last two decades was higher than for the
preceding period. Consequently, yield estimates based on thdelomgequilibrium recruitment
estimated from a Beverton and Holt SRRy substantially understimate the yields currently
available from the stock undewurrent recruitment conditions. For this reason, a separate yield
analysis was conducted based on the aedage! of recruitment from 199200C8.

5 Model runs

In undertaking this assessment ové0 Inodel runs were undertakamd these have been
presented to the passessment workshop (Harley and Hoyle 2010), included with the background
analyses (Harley et &010), and presented kelhe purpose of these runs includedestigation of
the cause(s) of the estimated recruitment trégsting the impacts of new or revised datapwise
development of a base moddeveloping models with alternative assumpgidor several important
inputs or model structures, and finally assegstructural uncertainty in the assessmebft.these
model runs 18 are described in detaiin Table 2 and Table 3, including a description of the key
differences from the 2009 assessmeihie Tationale for the modeésd changeareprovided both in
the proceeding sections and in Harley et al. (2010Hartby and Hoyle (2010)

A base model ( r unh &8rdg e éa nsde rsseontpiised dhogn e kay y e d e
runsd for the assess medeltrunswasproduded with allccombinatiogsrof d o f
the following options included:

Naturd mortality [2 levels]:fromrun 3d and run 3g
Steepness[ivels]: 055, 0.75, and 0.95

Size data weighting [2 leveldfom run 3d and run3a2

Purse seine catch [2 levelfjom run 3d and runda

Vessel adjustedhgline CPUE [2 levelsfrom run 3d andrun 3f
Temporal CPUE CVR levels]:from run 3d and run3e2

Two notable features of the gradethat it does not include the option contained in run 4c, i.e.
the exclusion of all LEALL CPUE prior to 1975 and that it has fixed vedu# steepnesBecaus
run 4c was run late in the assessment progegdaclusion in the grid would have required a further
96 model runsand time did not allow for thisThe values of steepness estimated in the key model
runsareat the upper end of the range considered in the grid, but as noted in previous analyses (Harley
et al. 2009), there is considerable scepticism regarding the ability to accurately estimate steepness and
the incorporation of uncertainty in steepness is ingmrgiven its influence on stock status reference
points.

6 Results

6.1 Impact of model changen key reference points

In order to examine the impacts thife stepwisechanges from the 200bigeye assessment
(run 14) to run3d (base)siimatesof key referenc@oints for each of the runs are provided able5
and the total WCPQ@pawningpotentialis provided inFigure 30. For the purpose of comparing the
impact of the additional year of datand therefore advanced M&lculation window, sedable
7andTable8. Key observations from these model runs were:

e Theaddi tion of one ye signiicant ahemges to thé pnatches &dmn g t F
Indonesiaand the Philippineslead to a 10% reduction in fishing mortality, begtimated
levels ofspawningpotential remain largely unchangédn 1)

e Runs 1a through 1c had little impact on any of the key reference pointspnntire
recruitment trend, but the exclusion of th85465 length data didesult in an increase in
biomass estimatdsr those early years

¢ The new fisheries definitions had litimpact (run 3);

e The exclusion of the nedapanese size data from fisheries 1, 2, 4, 7, and 23 resulted in
increased fishing mortality and muldwer spawning stock biomass (run 3a);



e Exclusion of the fishery 8 size data and linking the selectivity tbdahthe otherequatorial
LL-ALL fisheries greatly improved stock status indicators and reduced the recrurtatient
It lifted the absolute levels of biomass (run 3a2)

o Stepwise downweiglimig of various size data sources led to a continual improvemesbék
status for both fishing mortality and spawnimatential reference pointan increase in MSY,
and a reduction in the recruitment ratio (run3gh).

Whencomparingcurrent resultsrin 39 to run 1409, F /Fy,sy for the period 200407 is now
32% lower, SB/SBy,sy is 33% higher, MSY is 9% higher, and the ratidaé to earlyrecruitmentis
20% lower. The key change responsible for these differences is the downweighting / exclusion of
various size frequency data sets.

6.2 Model diagnosticsi Run 3d

As noted in the 2009 assessment and in Harley and Hoyle (2010) thénecakey areas of
model diagnostics: 1) the fit to the size frequency observations; 2) the estimated effort deviates for the
LL-ALL fisheries; and 3) the estimated increase in recruitment through time. Diagnostics of the fits to
all the size frequency data are provide@ isummarised form iRigure16 andFigure17 and residual
plots for the length frequency fits for the length data for several longline fisheries are provided in
Figurel8. Patterns in effort déates and recruitment are covered in later sections.

Harley et al. (2010) focussed much attention of patterns in the size frequency data and it was
found thatchanges in the sources of the size frequency samples through time, in conjunction with
some inappopriate fisheries definitions were responsible for some of the lack of fit observed in the
2009 assessment. Excluding some of these data and restructuring the fisheries has addressed some of
these issues, but others remain. In the current assessmemtitHemgline fisheries LIALL 1-4 only
include Japanese size data, but as was noted in Harley et al. (2010), there remains some strong
patterns in these data which the stock assessment models have difficulty reconciling with the other
data inputsThe following observations are made:

e Thereremainssome systematic lack of fit to tisizedata for the longline fisheriegr many
instances these patterns are due to conflicts between the length frequency data and the weight
frequency data for the same fishdxypteworthy patterns include:

0 LL ALL 1: the decline in median weights not matched in the length data

0 LL ALL 2: the drastic shift in median length and weight the early 1980s) which
the model struggles to follow;

0 LL ALL 3: the patterns of larger fish in the length data from the 1970s and 1990s, but
smaller fish during the 198@d 2000s. Many of these patterns are not found in the
weight data

0 LL TW-CH 4:increases in thmedian length and weight not picked by the model;

e For the LL-ALL fisheries, where catchability is assumed constant, trends in effort deviates
can indicate inconsistencies in the model fit. Of particular concern, as noted in then2008
2009 assessment are the negative effort deviations for the LL ALL 3 fishahe last two
decadesKigure 19). With the downweighted size frequency data in the base case model this
pattern is strongly reduced.

o Effort deviatons for the purse seine fisheries, particularly those in region 4, are highly
variable and reveal shettrm fluctuationsKigure19). This observatiomidicates availability
of bigeye to the pursseine fishery is highly variable and may be related to dbhort
fluctuations in oceanographic conditions.

Given the downweighting of many of the length frequency data sets in the base model, the
lack of fit is not unexpected and recommendations for further examination of these data sets is
provided later in the paper. Interestingly the negative trend in th&LLL3 effort deviates and the

® The ratio represents the average recruitment during the second half of the temporal model domain divided by
the average of the first half.
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positive trends in recruitment were minimized in the model run thatdedl the first half of the
standardised longline CPUE series (run 4c).

6.3 Model parameter estimateqrun 3d (base)unless otherwise stated)
6.3.1 Growth

The estimated growth curve is shownFigure 20. For the base model, growth in length is
estimated to continue throughout the lifespan of the species, withguattenuation of length
approaching a maximum levelhe estimated mean lettgof the final ageclass is 80.7 cm and the
associated.,, is 195.6 cm.

Figure 21 compares the estimated growth curve to two external sources of atfonnon
growth, tagging and direct ageing data. The tagging estimates are gelessallyan what would be
predicted bythe growth curve, while the direct ageing estimategyeeater There are concerns that
tagging can impact on fish growtiihis couldexplain the first pattern, but thibrect ageingsuggests
that there is information in the data that implies a different and slower gratetRRegionalvariation
in growth is one potential reason for this difference. The lack of small fish in segiens, and
confounding with selectivitymakes it difficult to determine if there are regional differences in growth
rates, busuch differences are likely

6.3.2 Movement

Two representations of movemeastimates are shown #Rigure 22 and Figure 23. The
estimated movement coefficients for adjacent ehodgions are shown Figure22. These mvement
patterns are generally simildo previous assessments. Notable model results are the estimated
depemlence of the northern and southern region on local recruitment rather than migrants from the
tropical regions (but recognising that the model
recruitment processes), and that region 3 is more of @esafirfish to region 4 than the other way
around.

Movementpatternsshould be the focus of future assessment wpekticularly given the
current tagging workvill produce data which can better inform the modelamination of movement
could also be useful iassessingegional trends in estimated recruitment which could be aliasing for
other processes.

6.3.3 Selectivity

Aside from the Indonesia and Philippines small fish fishery selectivity cufigb®ries 18
and 24) and the LL TWCH 4 fishery (fishery 8)the estimated curves for the 2010 assessment are
broadly similar to those from the 2009 assessrieigure 24). The two northern LALL fisheries
now have a slightly descendimgght-hand limb whichis associated with the increasedtimate of
maximum lengthresulting from the downweighting ttie various size data sets.

Thechangdn the LL TW-CH 4 fisheryselectivity was due to a change in the assumption that
its selectivity was linked to LL TWCN 3. Howeverthese fisheries are actually quite different with
the region 3 fishery dominated by fiore fishing operatiorendregion 4 is dominated by distant
water operationsSo for the current assessment the selectivity was linked to that of the other
equatorial distant water longétisheries (LL-ALL 3 and 4).

Selectivity functions are temporally invariant. However, for a number of fisheries there is a
cleartemporal change in the stbeequency data and an associated lack of fit to the predicted size
composition. This is particularly evident for the LL Al2 and 4fishelies Further examination of
these datés necessary to determine if they reflect a chaingde selectivity in the fishery (through
either operation changes or changes in the locations fisheoiply unrepresentativeampling data.

6.3.4 Catchability

Time-series changes in catchability are evident for several fishandsthe patterns are
consistent with th00 assessmer(Figure 25). Trends for the Indonesia and Philippines domestic
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small fish fisheries are pickeap in the effort deviates rather than catchability due to effort being
treated as missingata

6.4 Stock assessment results

Symbols used in the following discussion are definedable 4 and the key results are
provided inTable6.

6.4.1 Recruitment

Therun 3d recruitment estimates (aggregated by year for ease of display) for each region and
the entire WCPO are shown ifrigure 26 and are broadly similar to tBe estimatedn the 20®
assessmenthough the absolute levels of recruitment are generally higher due to the assumption of
higher purse seine catchd$e regional estimates display large interannual variability and variation
on longer time scales, as Was differences among regions. For the aggregated estimates, there is
decreasing trend to abol®65 and an increasing trend thereafteith exceptionally high recruitment
during 19952005 particularlyin 2000and again in 2005Since 2005recruitment is estimated to
have declined to appximately the longerm average, but it is not known if this is an artefact of the
recruitment estimation constraints (convergence to the mearjata driven(e.g. by the slightly
declining purse seine adites) As indicated by the approximate confidence intervals, these recent
recruitment estimates are less certain.

Recruitment in regions 1, 5, and 6 is relatively low and the trends are stable/slightly
decreasing through time. While the trends in theg@ns seem plausible the regional recruitment
trends for regions-2 are questionable. Estimated recruitment in regionn2uish higher for the first
five years and then drogbarplyto a lower level by 1960 and continues to decline sldivyeafter
The model estimates a twatep recruitment pattern for regionl8wer and stable recruitment from
19521978 followed by a sharp asdbstantiaincrease to a level around five times higher by 1880
which it has remained ever siné&ecruitment in region & relatively high throughout the time series
andshowsan increase in both level and variability in the mid 1983glanatory hypotheses ftrese
trends are discussed later in this report.

A comparison of WCPO recruitment estimates for kbg model rmsis provided inFigure
27 and the ratio of late to early recruitmentTiable 5. The absolute level of recruitment is much
higher whema higher level of juvenile natural mortality is assumed (run 3g). In terms of the ratio of
recruitment, for run 3d (base) later recrwetm is double early recruitment and a higher réio
obtained for run 3a2 (high weight). All the other model runs give lowatos, especially runs 4a
(lower PS catch) (1.64) and run 4c (early CPUE) (1.14). In run 4a this comes about by a lowering of
late recruitment due to lower purse seine catches, while for run 4c it comes about through increased
early recruitment.

The spawner recruitment observations on a quarterly and annual scale are prokFidedein
42. As in previous assessments, most of the high estimates of recruitment otmwrestimated
spawningstock size which leads to very high estimates of steepness (0.98 for run 3d). Those model
runs with the laver estimated recruitment ratios had lower estimates of steepness (runs 4a and 4c), but
thesesteepness valuese r e air thehighend bftherdnge ( above 0. 90) .

6.4.2 Biomass

The estimatedtotal biomass riajectoryfor each region and for thentire WCPO for run 3d is
shown inFigure28 anda plot of spawning potential is provided kigure29. Biomasss estimated to
decine during the 1950s and 1960s in all regions. In regjdatal biomassremairs relatively stable
from the mid1970sto 2000anddeclines sharply from 2003 onward8iomass levels are highest in
region 4 and the biomass trend from this region dominae®verall trend in the WCP®jomass
declinesrapidly during the 1950s and 1960s rédatively stablethrough the 1970s and 1980s, amd
contrast to the previous assessment where biomass declined further, has rentamd® #devel
ever sinceHowever, for spawningotentialthe continued decline over time is still evident.
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A comparison ofrends inspawning potentigior run 3d (base) with the other key model runs
areshown inFigure31. With the exception ofun 4c (early CPUE) the relative trends are very similar
and there are moderate differences in the absolute biomass levels with the lower biomass trajectories
associatedvith runs 3a2 (high weight) and 4a (lower PC catch). The trajectory for run 4c (early
CPUE) is very different from the ottsewith a considerably higher initial biomagsit a smaller
difference from the other model runs for maexent estimates. To invwégate this further we
examined the regional contributions to overall spawning biomass for runs 3d (base) and 4c (early
CPUE) Figure 32). One of thetroubling featuresin run 3d(base)and other key model runs is the
high levels of biomass in region 2 during the early years of the model. Biomass levels exceeded those
estimated for region @hich is thought to be more in the core area of the populafius pattern is
driven by the very high initial and subsequently declining CPUE in the LL ALL 2 fislhemun 4c
(early CPUE) which is not influenced by the initial longline CPUtEere is a very different, and
potentiallymore plausible regional digbution with region 4 still the dominant source of biomass, but
with region 3 clearly the second highest biomass region. In thigtcufearly CPUE)the higher
latitudes have much lowestimatecdbiomass levels.

6.4.3 Fishing mortality

Average fishing mortalityates for juvenile and adult agéasses increase strongly throughout
the time seriefor all model runsand in all casethe levels of juvenile mortality are greater than those
for adults(Figure33).

Changes in fishing mortalitgit-age and population age structure are shown for decadal time
intervals inFigure34. The major difference from the similar plot for the 2009 assessment is the much
higher, and earlier, juvenile fishing mortality due to the sgalhple based catch estimatdsch have
substantial purse seine catches beginning earlier lieas) best data set

6.4.4 Fishery impact

We measure fishery impact at each time step as the ratio of the estimated biomass to the
biomass that would have occurred in the historical absence of fishing. This is a useful variable to
monitor, as it can be computdxbth at the region level and for the WCPO as a whole. The two
trajectories are plotted ifrigure 35 and Figure 36 for total biomassand spawning potential
respectively and illustrate three interesting poirfiérst thatregion 1 was already impacted by fishing
at the start of the model (1958 econdthe estimated impact for regioni? low andthe trends in
biomass areestimated to balue to recruitment rather than fishinginally, there areparticularly
strondy estimated impacti the tropicalregions3 and 4, where most of the catch taken.The
patterns for these two regions therefore dominate the overall picture for the WCPO.

The biomass ratigsvhich represent the level of depletiame plotted irFigure37 andFigure
38in terms of total biomass and spawning biomdsese figures indicatiacreasing fishery impacts
over time n all regions with higher impacts on spawning potential than on total biomass. A
comparison of spawningotentialratios for the WCPO for the main model resu#tprovided in
Figure39 andTable6. For run3dit is estimated that current biomass (averagb28) is 23% of the
level that is predicted in the absence of fishing. This drop3%efbr spawningpotentialand to15%
if we consider2009,thefinal year in theassessmenihe levels of depletiowerelower for all runs
exceptrun3a2 (high weigh} which estimatedevels of 19 and 13% respectively for current total
biomassand spawningotential

It is possible to ascribe the fishery impact to specific fishery components in order to see which
types of fishing activity have the largest impactlo@ spawningpotental (Figure40). In regions2, 5,
and 6, longline fishing is almost entirely responsible for the fisheries impacts. In region 1 the current
impact is shieed between the longline and Japanese coastal surface fisheries, and in region 3 the purse
seine fishery has the greatest impact followed by longline and the domestic fisheries of Indonesia and
the Philippines. The increased impact of the purse seineayfisbenpared to the 2009 assessmsnt
due to the higher assumed purse seine catches. In region 4 the purse seine and longline fisheries have
similar impacts.



A comparison ofishery impact on spawningootentialat theWCPOlevel for the fourkey
model unswhich were identified as having the mastergentresults argrovidedin Figure4l. For
run 4a (lower PS catch) the longline impact is much higher, as is the impact of the domestic fisheries
of Indonesia and the Philippinégheincrease irthe relativampact forboth of hesefisheries,despite
catchesbeingthe same, isttributed to the models response to the lower purse seine Gaidtiels
resulted in desserrecruitmentincrease in recent yearBhehigherlongline impactsestimated by run
3a2 (high weightivere comprable to the purse seine impasthile longline impacts werewest for
run 4c (early CPUE).

6.4.5 Yield analysis

The yield analyses conducted in this assessment incorporatsp#vener recruitment
relationship(Figure42) into the equilibrium biomass and yield computations. The esireteepness
coefficient is 0.8, indicating that there i$ttle evidencefor a decline inrecruitment as apawning
biomasds reducedThe high steepness is principally dagleast in partp thevery high estimates of
recruitment obtained from the recent lower levels of adult bionfagsre42).

As outlined inTable6, the following section describeke main results considering the catch
(including consideration of catalelated reference points in the context of recent high recruitment)
fishing mortality and biomass related reference points. Finaleywill discuss some reference points
relatedto utilisation and yield per recruit considerations.

Catch and MSY

MSYwas estimated at3,840mt, an increasdrom the 20@ assessment which éntirely due
to the higher assumed purse seine catcheien the high estimated fishing mortalities, current
equilibrium yield ¢, ) is 94% of theMSYat 69,720 mt. Current catches, sustained by estimates
of high recruitment, are double th&SY. With regard tothe alternative model run§)SYis slightly
higher in runs3e2 (temporal CV$%, 3f (vessel ad), and 3f (high juv. M) and much higher in run 4c
(early CPUE ) where the estimated value is 95,680 mt. Lonlees ofMSYo s ar e esti mat ed
3a2(high weight), 4a (lower PS catch), and 4b (h=0.75).

Noting thatrecent recruitment is estimated to have been well above the long term average
predicted by the SRR, it is useful to consider recent catches in that c@rabkt9 and Figure 45).
We compareMSYbased on the predicted SRR to that based on average recruitment over the period
19992008, but nd taking into account the estimated steepnéss run 3d the recent recruitmte
suggested sustainable catches 1.8 times the civi®¥iestimate, while the range for the key model
runs is quite large from 1.38 times for run 4c (early CPUE) to 1.99 times for run 4b (h=0.75).
However, current catches are sditbund 10% higher timathese alternative estimat@ased on these
results, we conclude that current levels of catch aranlikely to be sustainablein the long term
even at the recent [high] levels of recruitment estimatefbr the last decade

Fishing mortality

Forrun 3d, the MSYis achieved af,,,;, = 0.71;i.e. at71% of the curren{2005-08) level of
agespecific fishing mortality (see alsdrigure 43). This repesents a ratio of.,,ent/Fusy €qual to
141 (1/0.71); therefore,current fishing mortality rates areconsiderablyhigher than thefishing
mortality rates towhich wouldproduce theMSY. A reduction in fishing mortality 0% (1-F,,.,;)
from the average 20088 levelsis necessary to reduce fishing mortality to fjg,, level. When we
compare this to historical time periodgaple 7 andFigure46) a 31% reduction in fishing mortality
levels from2004 is required, but only a @0redction from average 20004 levels.

For all of the model runsg,,,,.../Fusy 1S considerably greater than tut lower than the
estimates from the 2009 assessnienthose runs that include the downweighted size. ddtaf the

 While these were the reference periods used for most limits under CMMEZQG8 most cases CCMs had a
choice as to the higher value of the two when determining their catch and effort limit. As has been shown in the
evaluaton of CMM200801, the actual levels of catch and effort allowed for will result in much higher fishing
mortality levels than those estimated for 2004.
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model runsundertaken in the structural uncertainty grikiglre 52) had estimates o’fw”—e"‘> 1.

Based on these resultsye conclude thatoverfishing is occurring in the bigeye tuna stoc,kbut
possibly at a lower level than previouly estimated

Biomass

Reference points are provided for both total and spawning biomass. In terms of potential
concerns over sustainability and risks to the stocksp@evning biomass reference points are most
relevant.The total and spawning biomass that supportMi&Y are 366 and 2% of the virgin total
and spawning biomasses. These 06l owd values are
where steepness 0.75 thesequantitiesncrease to @6 and 31% respectively.

Comparingcurrent biomass to the estimated virgin biomass,.(.,../Bo and SB.y,rent/SBo)
for run 3d, it is predicted that current total and spawning biomass leveld &6eand 32% of the
respective virgirbiomasdevels.

In addition,total biomassand spawningpotentialare higher than the associatd&Y levels
This ismoreapparenfor the total biomass reference points which are more influenced by the recent
estimates of recruitmenthe only exception is current spawning biomass for run 4b (h=0.75) which
is slightly less than 1Considering th&200 estimates of spawning biomas$,rans except for 3a2
(high weight) and 4b (h=0.75) estimate that spawning biomass is 8Bgyve.

The Kobeplot enables trends in the status of the stock relative,tp, Bysy, and SBygy
reference points to be followed over the model period. Trends for total biomass are provided in
Figure 47 while the complementary spawnipgtentialplot is provided inFigure 48. The trends of
the two are similar, with the spawning biomass values being lower on the biomass axis. Fishing
mortality rates were moderate through to the 19a0svhichthey are estimated to have increased,
exceedingFysy in the late 1980s and remaining abaWgsyever since. While total biomass is
estimated to haveemainedwell above B,,sy, Spawning biomass h&égen closeto SBysy in recent
years.

The spawning biomass based Kobe plots for3di(base)andsome of the key model ruiase
comparedn Figure49. Theoverall temporapatternsin the two reference points asémilar to those
of runs noted previously.

Considering the results frothe likelihood profiling Figure51) and he grid-basedstructural
uncertainty analysi@Figure52), the probability thal B, ;ren: aNASBtes: €XCEEd Somef the more
commony applied SB-related reference points is providedTiable 11. For the likelihood profile,
considering only parameter uncertainty for 8d) there isonly a0.5% probability thatSB,.,;ren: <
SBygy, but this increases ®0% forrun 4b (h=0.75)Steepness represents the key uncertainty which
has the largesinfluence on our interpretation of stock status in the current assesdnkefihood
profiles for individual yearscould notbe calculated fothis assessment due to tirnenstraints

It is recognised that all the values of steepness considered gnidh@.55-0.95) are lower
than that estimated for ri8d (0.98). The probability that currespawningbiomass levelsare below
the MSY level is 57% and this increased to ov8R% when 200 spawning biomastevels were
considered. There is % probability thathe 2000 spawning biomass levid less than half th#SY
level, and>95% probability that spawning biomass is less than 20% of the level predicted to exist if
fishing had not occurred®robabilities considering only grid runs wisteemess values dd.75 are
also provided imablel11.

The vyield analysis can also predict the level of biomass that would result at equilibrium if
currentlevels of fishing mortality continued Bf /Busy and SBg_ _  /SBysy). For run3d

current

(base)the model predicts that biomass would be reducedi¥ and56% of the level that supports
MSY. In terms of the reduction against virgin biomass the declines are greater reaching ak3lw as
for spawning biomas®8ased on the resultabove and the recent trend in spawning biomass, we
conclude that bigeye tuna isat best approaching an overfished state, if not already slightly
overfished



Utilisation

As the agespecific pattern in fishing mortality has an impact on the estimat&Safand
related quantities, our views dnSYare based on the current pattern of fishing. It is also possible to
examine how the potentiMSYchange with changedo the mix of fishing gearsver time For run
3d (base) the MSY was also computed for each ye#r it the model. This analysis enablan
assessment of tidSYlevel that would be theoretically achievable under the diftguatierns ohge
specific fishing mortality observed through the history of the fishEigufe 53). Prior to 1970, the
WCPObigeyefishery was almost exclusively conductesinglonglines, with a low exploitation of
small bigeye The associated agpecific selectivity resulted in a substantially higher leveM&Y
(170,000 mt per annum) compared to that estimated for the fishery based on the recpeicHge
fishing mortality patterngbout73,840mt). The decline in thé1SY over time follows the increased
development of those fisheries that catch smallgeye principally the surface fisheriesnd was also
associated with a reduction in tRgsy (Figure53).

Another way to consider utilisation is in terms of yield per reciigure 53 (lower left
panel)shows the relative biomass of a cohort through its life in the absence of fishing based on the
estimates of growth and natural mortality from &ah In this example the biomass of the cohort is
maximised at an age of 15 quarters and this declines gpitdyrhoth above and below this age. This
indicates thatif it was possible to harvest this entire cohort at this age, yield would be maximised
(ignoring spawner recruitment consideratioris3timates of the mean age and length at harvest for
each of themodel runsareprovided inTable10 along with an estimate of the proportion of potential
yield lost. This concept is the same as M®@Y,; of Maunder(2002). When considering YFT in the
EPO, Maunder (2002) suggested that achietivagthirds of the potential yield would be a suitable
reference point, i.e. selectivity pattestsould bemodified so that onlpnethird of potential yieldis
lost. For thecurrent assessment, itdstimated that almost 75% of the poteriti8Yfrom the stock is
lost due to the settivity patternsBased on these results, we conclude that MSY levels would rise
if mortality of small fish were reduced which would allow greaer overall yields to be
sustainably obtained

7 Discussion and conclusions

This report documents the stock assessment results for BET in the WCPO in 2010, but the
broader stock assessment itself was supptntedimerous auxiliary analyses and investigations (e.g.
Harley and Hoyle 2010; Harley et al. 2010; Hoyle 2010; Hoyle et al. 2010; and Lawson 2010). Over
150 model runs were undertaken in developing this assesamdmntearlyl 20 of these arpresented
in this final assessment report. The main focus of these investigations and this revised assessment
to address one of the major concerns with previous assessments, namely the strong increasing trend in
recruitment, particularly in regioB. This trend lead$o estimates oMSYthat are much lower than
recent catches, estimates of O6unfished6 biomass
and estimates of steepness that approach the maximum possible valU@@adoption of the spill
samplebased purse seine catches in the base model has exacerbated this problem.

While this assessment describes some major steps towards addressing this riessuzenst
unresolved. The resdidescribed here and in Harley et al. (2010) have pinpointed te@rees of
data conflict in the current assessment that reduitber investigationThe most critical of these is
the longline CPUE indices which are assumed to reflect an index of abunidadeeey et al. (2010)
the inclusion of a continually decimg YFT CPUE index in region 3 lead toajor change in the
recruitment trend for that region and overdlhe nature of this conflict has be verified by the
results of key model run 4c (early CPUE) where all CPUE prior to 1975 was exckidack 54
shows the estimates of LL exploitable biomass estimated for model runs 3d (base) and 4c (early
CPUE). The biomass trends for run 3d essentially folloev dssumed CPUE indices. The most
striking and relevant differences are for regioré 2n region 2run 4c(early CPUE)estimaesthat
the decline in abundance in the early years is far less than the CPUE suggest, while for regions 3 and
4 the model is eésnating much great declines in the early time period. Run 4c estimates a much
reduced recruitment trend,higher MSY, anélower steepnesfespite these differencebgetoverall
stock status is stiimilar tothe other models (e.g. overfishing occurring, but not overfished).
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Although, here is somgustificationto place dower reliability on the early CPUE series due
to the lack ofdata pertaining t@ome of thekey operational characteristics (e.g. hooks pasket)
there is seldom much difference between the nominal and standardised indices for regions 3 and 4
(Hoyle 2010) This suggest that all of the variablefor which we have data artzklieveto describe
the changes in targeting over almost 60 yeaxg actually hadittle impacton longline catchability
in the core fisheryWe are either missing some fundamental variables that describe targeting or we
are using the wrong type of modelling approach. Therebeen large expansions and contractions
in Japanese longline fishing effort since 1952 and it is clear that what effort exists is generally
targeted at bigeye tuna when the vessels are fishing in tropical waters (Harley 2009). We suggest that
alternative CPUE methodologies be considered thatahpltake into account the spatial ert of
fishing activities(e.g. Ahrens 2010)It may be possible to use the information from other fishing
fleets to fill in some of the gaps that have resulted from the contracted fishing effort.

Other conflicts exiswithin some of the size frequency time series for the longline fisheries
and these are very obvious in the residual pleigute18). Currently we are assuming &anvariant
selectivity for fisheries which are defined at the level of the region. Within the ChiGbgesse
Taipei and Japanese size data for region 3 there are some clear changes in the size composition of the
samples through time. It is not knowrtliiese reflect changes in the composition ofabwerall catch
If they do, then we still need to determine whether these are driven by operational changes in fishing
practices (e.g. changes in the time of day, use of live bait, or changing the hocksket)ob spatial
differences in the sizes of fish within these regions. In this assessment we have chosen to downweight
some of the data sdis which thee were theyreatest levels of concernut this isan analytical tactic
rather than a solutiorsolving these data issues requires descriptions of the data collection protocols
and detailed operational level data (or observer data) from the fleets. Some of these data are currently
held by SPC on behalf of its members, they may not be representativof the fleets as a whole.

These patterns are not restricted to the tropical areas, but ar@lylda fromthe equatorialregions
are probably the most urgent.

Uncertain catch statistics from the fisheries of Indonesia and the Philippines have been the
cause of considerable uncertainty in recent assessments and the most recent (and lower) catch
estimates have reduced some of the data conflicts that were observed in the assessments (e.g.
recruitment trendsHowever, he smakfish catches from the domesfisheries in this regionemain
very high andwill require ongoing consideration to provide the best basis for the assessment.

The current assessment has used the highersapilplebasedcorrected purse seine catches
in the base modebn the basidhat these estimates are more plausible th& previouly used
fis_besb catch estimates. However, these higher catches lead to much increased recruitment in recent
years and an increasedcruitment trend. To date, there has not been sufficient expeainuata
collectedto allow reliablecorrection of the length frequency samples from the purse seine fishery to
reflect the potential bias thatould be introduced ifmall bigeye are being undespresented in the
length samples. If this bias @ the ordr of 4cm asassumedby Harley et al. (2010) incorporating
these revised length samples should reduce the recruitment trend. One interesting feature of the
current set of assessment runs is that the model run with spill shag@dcatches gives a more
optimistic result than the model with the lower purse seine catches (ruhetapy reversinghe
patternseen inthe 2009 assessmeto investigate why this might occumne used the model runs
from the grid to compare the results with the two catch estisnacross all the other model changes in
the grid Table12). This comparisorshowedthat in 21% of the model comparisorise rurs with
spill samplingcorrectedcatchesestimateda higher level of fishing mortalifywhile 46% of the runs
estimateda lower spawningpotential (i.e. more pessimistic outcomeshis suggests thdahe spill
samplecorrected catches alom® not lead directly to aredictablechange in statusThis contrasts
with the change ithe data weighting@r juvenile natural mortalit changegTable 12). It should be
noted that prediction athe impact of a chang@ catches orestimatedstock statusvould not be
expected to be stightforward as the model does have some ability to compensate for changes in
catches through its estimates of recruitment

Notwithstanding the issues raised in the preceding paragtaphia010 assessment represents
an improvement over the previous assesnts on several fronts: the improved estimates of catches

27



from the fleets of Indonesia and the Philippines; the improved modelling of fishery events where
catches were missing or uncertaiexclusion of nonrepresentativelength samples from the
Philippines small fish fisheryimproved modelling of the selectivity of that fishery to reduce the
model tendency to overestimate the sizes of fish taken; downweighting of conflicting size frequency
datasets and investigation of the sensitivity of thedel to aspects of the longline CPUE series.

Overall thsemodel resultareslightly more optimistidhanthose from the 2009 assessment,
but the general conclusions remain unchanged. The main conclusions of the current assessment are as
follows.

10. The estnated recruitment trends from recéigeyeassessments appear to be primarily the result
of conflict (disagreement) among the various data souineparticular between the longline
CPUE indices and the reported catch histories, and between and withn afothe size
composition data sets. The current assessment has indentified some of these conflicts and includes
some model runs that begin to addrbssn

11. Recruitment in all analyses is estimated to hbgen high during 1992005 This result was
similar to thatof previousassessmegtandappears to be partly driven by conflicts between some
of the CPUE, catch, and size data inplRecruitment in the most recent years is estimated to
have declined to a level approximating the kb@ign averagealthaigh these estimates have high
uncertainty If we considerthe recruitment estimates the second half of the time serigsbe
more plausible and representative of the overall productivity of the bigeye stock, then
consideration might be given to basirigck status estimation only dhis period This could in
effect be implemented simply bgstimating the stoeckecruitment relationship for this latter
period and applying that in the yield analyses.

12. Total and spawningpiomass for the WCP@reestimated tdiave declined to about half tieir
initial levels by about 1970 with total biomass remaining relatively constant since then
(Bewrrent/Bo= 42%), while spawning biomass has continued to decl., - ent/SBy=32%).
Declines are largefior the model with increasing longline catchabilitgd increased purse seine
catches

13. When the norequilibrium nature of recent recruitmdsttaken into account, we can estimate the
level of depletion that has occurred. It is estimated that spavpoirgtialis at 7% of the level
predicted to exist in the absence of fishing consideringteeage over thperiod 208-08, and
that value is reduced t&% whenwe compare using the009 spawningpotentiallevels

14. The attribution of depletion to varioussiieries or groups of fisheries indicates that phese
seine and other surface fisheries have an equal or greater impact than longline fisheries on the
current BET biomassThe purse seine and Philippines/Indonesian domestic fisheries also have
substantl impact in region 3 and to a lesser extent in regiofhé. Japanese coastal paled
line and purseseine fisheries are also having a significant impact in their home region (region 1).
For the sensitivity analysis witlower purse seine catelg the lagline fisheries are estimated to
havea highelimpact.

15. Recent catches are well above ih8Ylevel of 73,840mt, but this is mostly due #® combination
of above average recruitmeand high fishing mortalityWhenMSY is re-calculated assuming
recent recruitment levels persist, catches are still ar@Qf@ higher than the realculatedMSY.
Based on these results, we conclude that current levels of catch are unlikelyb®sustainable
in the long term even at the recen[high] levels of recruitment estimated for the last decade

16. Fishing mortality for adult and juvenile bigeye tuna is estimated to have increased continuously
since the beginning of industrial tuna fishingor all of the model runs,, en:/Fusy IS
considerably greater than 1. For r8ah (base}he ratio is estimated at4ll indicating that £29%%
reductionin fishing mortality is required from the 28@8 level to reduce fishing mortality to
sustainable levelsdf we consider historical levelsf fishing mortality, a 31% reduction in fishing
mortality from 2004 levels is requirédonsistent with the aim of CMM206®L), and only a 20%
reduction from average 20@Y levels.The results are far worse with lower values of steepness
or when a higher weight is given to the size d8ased on these results, we conclude that
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17.

18.

overfishing is occurring in the bigeye tuna stock, but possibly at a lower level than
previously estimated

The reference points that predict the status of thekstonder equilibrium conditions are
Feuwrrens/ Busy @NASBg_  /SBysy. The model predicts that biomass would be reducé&d%

and 56% of the level that supportdSY. In terms of the reduction against virgin biomass the

declines reach as low as3% of spawningpotential Current stock status compared to these

reference points indicate the current total and spawning biomass are higher than the associated

MSY levels (% =1.39 and% = 1.43). The likelihood profile analysis indicates a
MSY MSY

0.5% probability thatSB_,;;rent < SBusy Which increases t60% if a lower value of steepness
ins assumedSome of the more plausible alternative models are more pessirasstare the
conclusions of the structural uncertainty analysased on the gridBBased on these results
above, and the recent trend in spawning biomass, we conclude that bigeye tuna is
approaching an overfished state, if it is not already slightly overfished.

Analysisof current levels of fishing mortality and historical patterns in the mix of fishing gears
indicates that MSY has been reduced to less than half its levels prior to 1970 through harvest of
juveniles. Because of that and overfishing, considerable potgigtidifrom the bigeye tuna stock

is being lostBased on these results, we conclude that MSY levels would rise if mortality of

small fish were reduced which would allow greater overall yields to be sustainably obtained.

In order to further improve thieigeyetunastock assessment recommendations are provided

below under the categories of General, MULTIF&N/Modelling, Data analysis, and Research.

General Recommendations

The SC consider the timing of its annual SC on the basis that several CCMs contirave to
difficulty submitting their data by the data submission deadline. In 2010 these delays meant that
the model inputs were not finalised until the first week of July. This makesrytdifficult to

preparea stock assessment by the SC paper deadline.

The SC considarthe frequency of assessments for the key tuna species, and if annual, what types
of auxiliary analyses and model outputs they requitee managementlated analyseg¢e.g.
Kobeplots, impact analyses, likelihood profiles, and structuratectainty grids) are time
consuming. So f , in a given year, there is wunthei kely
time spent on management analyses could be better spent on other areas, e.g. investigations of
CPUE and size data.

MULTIFAN -CL/Modédling

MULTIFAN -CL be modified to allow the incorporation of direct ageing observations to improve
the estimation of growth.

MULTIFAN-CL be modified to allow the estimation of the spawner recruitment relationship over
a given time period rather than thetire model domain.

Alternative functional forms, including lengtiased selectivity be considered for the Indonesia
and Philippines smatfish domestic fisheries (fisheries 18 and 24).

Any available tagging data, in particular from tRecific Tuna Taggig Programme be
incorporated into the next assessment.

Data analysis

Alternative approaches to the modelling of CPUE data that incorporate the spatial extent of
fishing operationsshould be considered. This is the highest priority activity to support the
assessment.

Detailed investigations be undertaken of the Japdoegtne length data throughout the WCPO

and other length and weight frequency data flongline fisheries in regions 3 and 4. Such
investigations will require details of sampling protocalsd operational level CPUE data.
Collaborations with national sciensstill be important.

t



e Analyses of operational-stdataocfopethei bnshety
appropriate grouping of the fleets and time periods into MBIXN-CL fisheries

e Analysis of available tagging data to further examine the differences in juvenile mortality of
bigeyeandyellowfin tuna

Research

e Continued experiments and activities to improve purse seine catch estimates, in particular spill
sampling tials with consideration of corrections to length frequency samples. Further
development of cannery dataurcesnay also be useful.

e Continuation of the work to refine both the species composition and total catches from the
domestic fisheries that occurlimdonesia and the Philippines.

e Direct ageing of bigeye tuna, in particular large bigeye tuna in different regions throughout the
WCPO.
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Table 1. Definition of fisheries for thaix-regionMULTIFAN -CL analysis o WCPO bigeyduna.

Fishery Reference Nationality Gear Region
Number Code
1 LL ALL 1 All Longline 1
2 LL ALL 2 All, except United States Longline 2
3 LL HW 2 United States (Hawaii) Longline 2
4 LL ALL 3 All, exceptCT-Offshore,CN, FSM,  Longline 3
MH, PH, ID, and PNG
5 LL TW-CH3 CT-Offshore, CN, FSM, MH, PH, and Longline 3
ID
6 LL PG3 Papua New Guinea Longline
LL ALL 4 All except CT-Offshore, CN, FSM,  Longline
MH, PH, ID, and US
8 LL TW-CH4 CT-Offshore, CN, FSM, MHPH, and Longline 4
ID
9 LL HW 4 United States (Hawaii) Longline 4
10 LL ALL 5 All exceptAustralia Longline 5
11 LL AU 5 Australia Longline 5
12 LL ALL6 All DWFN Longline 6
13 LLPIG6 Pacific Island Countries/Territories Longline 6
14 PSASS3 All Purse seine, log/FAD sets 3
15 PSUNS3 All Purse seine, school sets 3
16 PS ASA All Purse seine, log/FAD sets 4
17 PS UN$4 All Purse seine, school sets 4
18 PH MISC3 Philippines Miscellaneous (small fish) 3
19 PH HL3 Philippines, Indonesia Handline (large fish) 3
20 PSJP1 Japan Purse seine 1
21 PLJP1 Japan Poleandline 1
22  PLALLS3 Japan, Solomds, PNG Poleandline 3
23 LLBMKS3 All, except CTOffshore, CN, FSM,  Longline, Bismarck Sea 3
MH, PH, ID, and PG
24 ID MISC 3 Indonesia Miscellaneous (small fish)
25 HL HW 4 United States (Hawaii) Handline
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Table 2. Summary of th&key model runs undertakeor the 200 bigeye tuna assessmemhose bolded model
runs are the key model runs for the assessment.

Run  Name Description

14-09 Run 14 (spill sample catches) from the 2009 assessment

1 New data Updated data for 2010 including revised ID/PH and spill sample catch
estimates. PH small fish fishery (fishery 18) length frequency observati
greater tha®0cm were excluded and selectivity was constrained to be :
above the age associated with this size.

la Zero catch As per 1, but with 58 instances of observed zero catches set to missing
fisheries 6, 8, 11, and 14/

1b PS gdev As per 1a, but witlhe catchability deviation CV for fisheries-14
increased from 0.4 to 0.7

1c Early lengths As per 1b, but with Japanese length frequency data from-19638
excluded

3 New fisheries As perlc, but with revised fisheries definitions for fisheries 47,3, and
23 (as provided in Table 1)

3a Excl. NonJP As per 3, but excluding nefapanese size data for fisheries 1, 2, 4, 7, an
23

3a2  Fixfish8 As per 3a, but excluding all fishery 8 size data and setting its selectivity
same as fisheries 4, aiddkey model runi high weight)

3b DW fish5 As per 3a2, but downweight fishery 5 size data by 1000 (compared to

3c DW fish4 length As per 3b, but downweight fishery 4 length data by 1000 (compared to

3d Base As per 3c, but downweight lengttata for fisheries 1, 2, 4, 7, 10, 12, and
by 1000 (compared to 20y model runi basé

3e Temporalsame As per 3d, but wi t hALL @GP senies Aver@gé (
CV constrained to be 0.2 for each series.

3e2  Temporal -different Asper 3d, but with iAeLlGPUErseribsaV b s
estimated by Hoyle (2010kéy modelrunit e mp or 3| CVos

3f Vessel ad]. As per 3d, but including the catchability increase of 0.47% per year fror
Hoyle (2009) in the LEALL 3 CPUE serieskey model runi vessel adj)

39 High juv. M As per 3d, but including the assumed natural mortality values for yellow
for the first 4 quarterskéy model runi high juv. M)

4a Lower PS As per 3d, but with lower purse seine catch estimates frBess datdbase
(as used in rum 10 in 200Rgy model runi lower PS

4b h=0.75 As per3d, but with steepness fixed at 0. K8y model runi h=0.75

4c Early CPUE As per 3d, but with LEALL effort (and therefore CPUE) set to missing

prior to 1975 key model runi early CPUE)




Table 3: Comparison of the base model from the 2009 assessment (run 10), the base model for the 2010
assessment (run 3d) and the other key model runs from 2010.

Component 2009 assessment 2010 assessment 2010 dternatives
(run 10) (run 3d)

Fishery 18 (PHI Excluded 1980¢ Excluded fish over 9(

DOM) size data samples cm

Fishery 18 PHI Unconstrained cubic Cubic spline, but

DOM) selectivity  spline constrained for zerc
selectivity above 1(
quarters of age

Japanese length All used Excluded observation
frequency data from 195465

Fishery 8 (CN/TW Included length anc Excluded length anc
LL in region 4) weight  observation: weight  observation:
and logistic selectivity and domeshaped

linked to fishery 5 selectivity linked to

fisheries 4, 7, 10, an

12
Longline CPUE Aggregate indices Aggregate indices Excluding all CPUE prior
to 1975
Steepness Estimated Estimated 0.55, 0.75, 0.95
Purse seine catche: Grab sample (s_best) Spill sample corrected Grab sample (s_best)
Fleet catchability None None 0.47% per year (noen
adjustment compounding)
Longline size data Up-weighted Down-weighted Up-weighted
Natural mortality = Base Base Increased for juveniles
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Table 4. Description of symbols used in tlyeld analysisFor t he purpose of this asse
average over the period 28@0Band 61l a®est é& i s 200
Symbol Description
Ceurrent Average annual catch over a recent petiod
Ciatest Catch in the most recent year
Fourrent Average fishing mortaliyat-age™ for a recent period
Fysy Fishing mortalityat-age producing the maximum sustainable yi®&¥?)
Feurrent Equilibrium yield atF,,;ren:
Yeusy Equilibrium yield atF,s,. Better known aMSY
Ceurrent/MSY Average annual catch over a recent period relative to MSY
Ciatest/MSY Catch in the most recent year relativéviY
Frut The amount thak,,...,; Needs to be scaled to obtapg,
Feprrent/ Fusy Average fishing mortalityat-age for a recent period relative Ry ¢y
By Equilibrium unexploited total biomass
Bysy Equilibrium total biomass that results from fishing-gt,
Buysy/Bo Equilibrium total biomass that results from fishing-gt, relative toB,
Boyrrent Average annual total biomass over a recent period
Bigtest Total annual biomass in the most recent year
Feurrent Equilibrium total biomass that results from fishing=at,.;-en:
Beurrentp_, Average annual total biomass over a recent period in the absence of fishing
Biatestp, Total biomass predicted to exist in the absence of fishing
SB, Equilibrium unexploited total biomaSs
Boyrrent/Bo Average annual total biomass over a recent period relati®g to
Bjatest/Bo Total annual biomass in the most recent year relativg to
Bt rent! Bo Equilibrium total biomass that results from fishing<gt,....relative toB,
Boyrrent/Busy Average annual total biomass over a recent period relati®g o

Blatest/BMSY
Brerrent / Busy

Bcurrent/Bcurrentp=o

Blatest/Blatestp=0
Critgage
Critlength
Meangg,
Meanlength

leSt

Total annual biomass in the most recent year relativg,t

Equilibrium total biomass that results from fishinggt,...:relative toBsy

Average annual total biomasges a recent period / the biomass in the absence of fi
Total annual biomass in the most recent year / the biomass in the absence of fishi
The age at which harvest would maximize the yieldrperuit

The length at which harvest would maximize the yield per recruit

The mean age of the catch over a recent period

The mean length of the catch over a recent period

The proportion bthe maximum yield per recruit lost by the mean age at harvest

12 Some recent period used for the purpose of averaging fishing mortality or other quantities. Typically
excludes the most recent year due to uncertainty, but covers the preceding four years, -€@02005

™ This agespecific pattern is dependent on both the amount of fishing and the mix of fishing gears,
e.g. relative catches of small and large fish

12 MSY and other MS¥related quantities are linked to a particular fishing pattern and the MSY will
change, for example, based on changes in the relative catches of small and large fish

13 Similar quantities as above for total biomass can also be calculatecfamisg biomass and are not

repeated here
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Table 5. Some performance statistider the model runs described in Table Rec, 4, iS the average
recruitment for the second half the of the model period divided by the average for the first half. Note that the
MSY-related quantities are not comparable between FO®1dnd the other model runs due to the different time
windows used inach (but see Table 6).

Run MSY 5;,’1‘;::” fgl;‘;:;:"t Rec,q, Steepness O\% |L|J:ent npars  gradient
run1409 67,800 2.01 1.04 251 0.99 1,293,337 5803 0.07
runl 67,120 1.83 1.00 2.50 0.99 1,365,801 5994 0.01
runla 67,560 1.81 1.01 251 0.99 1,366,603 5936 0.00
runlb 67,440 1.81 1.02 251 0.99 1,366,676 5936 0.01
runlc 67,600 1.80 1.02 2.49 0.99 1,341,852 5936 0.01
run3 68,400 1.79 1.01 2.47 0.99 1,333,420 5941 0.14
run3a 69,760 1.85 0.89 2.52 0.99 1,325,815 5941 0.01
run3a2 69,120 1.67 1.10 2.36 0.99 1,283,768 5941 0.02
run3b 70,880 1.55 1.17 2.20 0.98 1,238,116 5941 0.25
run3c 71,160 1.55 1.19 2.18 0.98 1,207,336 5941 0.01
run3d 73,840 1.41 1.34 2.00 0.98 1,061,612 5941 0.06
run3e 73,680 1.41 1.36 2.00 0.98 1,061,493 5941 0.66
run3e2 76,680 1.30 1.50 1.82 0.97 1,062,179 5941 0.19
run3f 75,120 1.40 1.34 1.93 0.98 1,061,599 5941 0.03
run3g 75,400 1.33 1.43 1.93 0.97 1,061,580 5941 0.01
runda 57,280 1.51 1.28 1.64 0.97 1,061,534 5945 0.03
rundb 65,840 1.97 0.97 1.97 0.75 1,061,606 5940 0.02
rundc 95,680 1.28 1.24 1.14 0.94 1,062,106 5941 0.01

38



Table 6. Estimates of management quantities forghkectedstock assessment moddtar the purpose of this

assessment, oécurrentodé Ii200DBe andenvndgetestdr ish0PAri od
run3d ru(?]?géf (termuggfj run3_f (higrr:J?u%/g. runda run4db Eggﬁ;
(base) weight) CVo: (vessel adj.) M) (lower PS) (h=0.75) CPUE)
Cevrrent 147,506 145,649 148,677 147,553 147,256 121,738 147,774 147,272
Ciatest 126,769 124,645 128,181 126,731 126,599 117,332 127,040 126,743
ewrrent 69,720 61,240 74,080 71,120 72,560 52,520 37,016 92,560
Yeysy OF MSY 73,840 69,120 76,680 75,120 75,400 57,280 65,840 95,680
Yrorrrene/ MSY 0.94 0.89 0.97 0.95 0.96 0.92 0.56 0.97
Covrrent/MSY 2.00 211 1.94 1.96 1.95 213 2.24 1.54
Ciatese/MSY 1.72 1.80 1.67 1.69 1.68 2.05 1.93 1.33
Fuysy 0.05 0.05 0.05 0.05 0.05 0.05 0.03 0.05
Fonute 0.71 0.60 0.77 0.71 0.75 0.66 0.51 0.78
Frurrent/ Fusy 1.41 1.67 1.30 1.40 1.33 151 1.97 1.28
B, 1,252,000 1,053,000 1,375,000 1,291,000 1,209,000 937,900 1,389,000 1,719,000
Bysy 377,200 323,800 413,000 387,700 361,400 297,300 501,800 531,200
Busy/Bo 0.30 0.31 0.30 0.30 0.30 0.32 0.36 0.31
Beourrent 525,660 404,039 616,915 537,445 526,466 413,215 544491 651,467
Biatest 426,286 311,303 498,068 439,868 424,282 334,503 440,715 532,305
Feurrent 239,500 163,200 292,800 248,800 250,900 173,700 131,300 384,800
Bewrrentpe, 2,267,121 2,110,238 2,355,156 2,285,639 2,133,485 1,654,574 2,280,393 2,335,137
Blatestro 2,149,947 2,005,516 2,219,023 2,172,932 2,007,905 1,653,556 2,158,524 2,203,155
SB, 651,500 547,300 715,400 671,700 624,300 488,800 722,400 883,800
SBusy 155,500 130,400 173,000 160,400 143,700 122,200 224,700 220,700
SBusy/SBo 0.24 0.24 0.24 0.24 0.23 0.25 0.31 0.25
SBeurrent 207,974 143,512 260,114 214,489 204,746 156,274 218,469 274,047
SBiatest 181,528 119,841 224,547 187,844 177,785 135,758 190,640 241,744
SBryron 86,740 51,700 112,400 90,970 88,720 60,690 48,200 147,800
SBourrentr_o 1,196,581 1,105,285 1,246,179 1,205,988 1,120,013 872,334 1,204,157 1,220,163
SBiatestro, 1,199,166 1,125,553 1,240,003 1,209,783 1,117,234 885,169 1,205,023 1,222,266
Bewrrent/Bo 0.42 0.38 0.45 0.42 0.44 0.44 0.39 0.38
Biatest/Bo 0.34 0.30 0.36 0.34 0.35 0.36 0.32 0.31
Br,rune/ Bo 0.19 0.16 0.21 0.19 0.21 0.19 0.10 0.22
Beurrent/Busy 1.39 1.25 1.49 1.39 1.46 1.39 1.09 1.23
Biacest/Busy 1.13 0.96 1.21 1.14 1.17 1.13 0.88 1.00
Bryyrone/ Busy 0.64 0.50 0.71 0.64 0.69 0.58 0.26 0.72
Bewrrent/Bewrrentps 0.23 0.19 0.26 0.24 0.25 0.25 0.24 0.28
Biatest/Blatestp_ 0.20 0.16 0.22 0.20 0.21 0.20 0.20 0.24
SB.yrrent/SBo 0.32 0.26 0.36 0.32 0.33 0.32 0.30 0.31
SBiatest/SBo 0.28 0.22 0.31 0.28 0.29 0.28 0.26 0.27
SBr,0ni/SBo 0.13 0.09 0.16 0.14 0.14 0.12 0.07 0.17
SByrrent/SBusy 1.34 1.10 1.50 1.34 1.43 1.28 0.97 1.24
SBigtest/SBusy 1.17 0.92 1.30 1.17 1.24 1.11 0.85 1.10
SBr,,..../SBusy 0.56 0.40 0.65 0.57 0.62 0.50 0.22 0.67
SBevrr/SBeurrpy 0.17 0.13 0.21 0.18 0.18 0.18 0.18 0.23
SBiatest/SBiatesty—, 0.15 0.11 0.18 0.16 0.16 0.15 0.16 0.20
Steepnesdhj 0.98 0.99 0.97 0.98 0.97 0.97 0.75 0.94




Table 7: Comparison of historical estimates Bf,,,.n:/Fusy for each yeafrom 20062008 and the average
for the period 200:D4 for the model runs described in Table 2.

Fcurrent/FMSY

2000 2001 2002 2003 2004 2005 2006 2007 2008 200104
old1409 1.75 139 161 114 199 175 210 219 239 1.53
runl 179 139 166 131 174 155 197 168 210 1.52
runla 1.79 140 165 130 183 154 195 1.67 207 1.54
runlb 179 141 165 129 181 154 194 166 2.09 1.54
runlc 179 141 164 129 181 153 194 1.66 2.08 1.54
run3 183 143 166 129 183 154 192 164 205 1.55
run3a 186 147 173 137 197 164 200 1.67 207 1.64
run3a2 1.74 136 159 124 171 147 180 1.52 1.90 1.48
run3b 169 130 152 116 164 140 166 139 1.77 1.40
run3c 167 129 151 114 160 137 168 139 1.76 1.39
run3d 152 117 136 103 145 125 153 1.27 1.60 1.25
run3e 151 116 135 1.02 143 124 152 1.26 1.60 1.24
run3e2 138 105 122 093 132 115 141 117 149 1.13
run3f 150 115 134 102 144 124 152 126 1.58 1.24
run3g 145 110 132 09 139 118 144 120 151 1.19
runda 149 129 131 123 140 133 157 137 1.79 1.31
rundb 213 162 192 142 205 1.75 212 177 222 1.76
rundc 136 100 115 095 136 119 139 116 140 1.11

Table 8: Comparison of the historical estimates SH,,,en:/SBusy for each year from 2002008 for the
model runs described in Table 2.

SBcurrent/SBusy

2000 2001 2002 2003 2004 2005 2006 2007 2008
old1409 1.04 090 084 095 120 1.10 1.01 0.86 0.78
runl 1.07 093 086 089 1.16 1.06 0.99 097 1.00
runla 1.07 092 086 089 116 106 1.00 0.98 1.01
runlb 105 091 085 089 1.17 1.07 1.01 0.99 1.02
runilc 105 091 085 089 117 107 1.00 0.98 1.02
run3 1.04 089 083 086 1.13 105 1.00 097 1.01
run3a 1.00 0.86 0.79 0.82 1.07 095 0.87 0.83 0.90
run3a2 1.09 094 089 094 129 119 112 1.05 1.05
run3b 125 107 098 097 130 122 1.20 1.13 1.13
run3c 125 107 099 098 131 124 121 116 115
run3d 143 122 113 111 147 141 137 130 1.28
run3e 145 123 115 112 148 143 139 132 130
run3e2 159 137 128 125 164 159 155 146 143
run3f 144 123 114 112 146 141 137 130 1.28
run3g 152 129 119 119 155 150 146 1.38 1.36
runda 139 119 111 107 140 132 130 1.26 124
rundb 1.02 0.89 0.81 082 1.03 1.02 1.00 0.94 0.94
rundc 133 114 108 1.03 136 128 129 120 121
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Table 9. Comparison of estimates gields based on lonterm recruitment predicted from the SRR ahait t
estimated assuming recruitment equal to the recent perio8-g88) for the key model runs

Ccurrent MSYLT MSYreC Ccurrent

/MSYTee
run3d 147,506 73,840 132,403 111
run3a2 145,649 69,120 136,281 1.07
run3e2 148,677 76,680 130,677 1.14
run3f 147,553 75,120 132,080 112
run3g 147,256 75,400 131,342 112
run4a 121,738 57,280 105,155 1.16
run4b 147,774 65,840 131,495 112
rundc 147,272 95,680 132,560 111

Table 10. Estimates ofitilisation relatednanagement quantities for tkey model runs

Run MSY Yo rrent Critgge Critiengen, Meangg, Meanengp Yiost
run3d 73,840 69,720 15 124.30 4.86 54.77 0.74
run3a2 69,120 61,240 15 125.65 478 54.62 0.74
run3e2 76,680 74,080 15 125.65 481 54.69 0.74
run3f 75,120 71,120 15 125.66 4.76 54.45 0.74
run3g 75,400 72,560 15 125.60 4.74 54.22 0.74
runda 57,280 52,520 15 125.66 457 52.55 0.75
run4db 65,840 37,016 15 125.65 4.80 54.72 0.74
rundc 95,680 92,560 15 125.48 4.71 54.13 0.73

Table 11. Estimates ofthe probabilitythat SB ., ren: @Nd SB4es: are less than some commonly used
spawning biomass reference points based on9thenodel runs undertaken for the structural uncertainty
analysisand the likelihood profilefor runs 3d and 4b (h=0.75)

Structural uncertainty  Likelihood profil e
SBcurrent SBlutest SBcurrent

All grid

p(x < SBysy) 57% 82% Run 3d:0.5%
p(x < 0.55Bysy) 1% 12% Run 4b: 60%

p(x < 0.25B,) 2% 22%
p(x < 0.25Bp_) 68% 96%

Only h=0.75

p(x < SBysy) 62% 97%
p(x < 0.55Bysy) 0% 0%

p(x < 0.25B,) 0% 16%
p(x < 0.25Br_,) 72% 97%
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Table 12. Percentag®f oneoff changesfrom the 96 model run gridvhere the model run with the run 3d
assumptiohmad a higheF .,-rent/Fusy OF lOWErSB .rrenit/SBusy than the alternative.

Lower
i ngher SB urrent

Assumptlon Fcurrent/FMSY /SBMSY
Juvenile M 98% 98%
Size data weights 0% 0%
Temporal effort deviates 71% 7%
Purse seine catch 21% 46%
CPUEvessel adjustment 81% 75%
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Figure 1. Longdistance greater tharl,000nmi) movements of tagged bigeye tunathe Pacific Ocean
(from Schaefer and Fuller 2009)
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Figure 2. Total annual catch (1000s mt) of bigeye tuna from the WCPO by fishing method from 1952 to
2009 assumed in run 3d. These includerge seine catch estimatefich have beencorrected for grab
sample bias.
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Figure 3. Total annual atch (L000s mt) of bigeye tuna from the WCPO by fishing method from 1952 to
2009as assumed in run 4Bhese purseeine catch estimatésve not beencorrected for gralsample bias.
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Figure 4. Distribution of cumulative bigey&na catch from 198-2009 by 5 degree squares of latitude
and longitude and fishing geagngline @reern), purseseine blue), and other yellow). The grey lines
indicate the spatial stratificatiaf the sixregionassessmemhodel
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48



THOUSANDS OF FISH

THOUSANDS OF FISH

10000 15000 20000

5000

0

2500

1500

0 500

Fishery 4 - LL ALL 3

T T T T T T I
1960 1970 1980 1990 2000 2010

YEAR

Fishery 23 - LL Bismark 3

T T T T T T I
1960 1970 1980 1990 2000 2010

YEAR

METRIC TONNES

METRIC TONNES

6000 10000

20000 0 2000

5000 10000

1]

Fishery 18 - PH DOM 3

T T T T T T I
1950 1960 1970 1980 1990 2000 2010

YEAR

Fishery 24 - ID DOM 3

B 2009 estimates
B 2010 estimates

T T T T T T I
1960 1970 1980 1990 2000 2010

YEAR
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Figure 12. Prior for the steepness parameter of the relationship between spawning biomass and recruitment.
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Figure 15. Residuals of In (total catch) for dadishery (base&ase model). The dark line represents a lowess
smoothed fit to the residuals.
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Figure 16. A comparison of the observed (red points) and predicted (grey line) median fish length (FL, cm) of
bigeye tuna by fisherfor the main fisheries with length data. The confidence intervals represent the values
encompassed by the 25% and 75% quantiles. Sampling data are aggregated by year and only length samples

with a minimum of 30 fish per year are plotted.



LLALLS LLAUS
2 2
| . ‘—-,\'J\—/\/"\/\’/\”\\W
= = . '
2 - 2
T T T T T T T T T T T T
1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000
LLALL®G LLPI 6
o _ o
o 1 i o
T 8- g
L]
S
P T T | | | | T T T T T |
o 1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000
c
o PS ASS 3 PS UNA 3
-
8 o o
o 24 -
(=] (=] ‘
27 2
o ! o l
ol [rs t |
T T | | | | T T T T T |
1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000
PS ASS 4 PS UNA 4
o o
£ L
o o
27 2
2 e + 1 2 T, AT
T T I I I I T T T T T I
1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000

Figure 16 Continued

5€



PH DOM 3 PHHL 3

-

150
l
150
|

100
1
100
1

50
1
50
1

1950 1960 1970 1980 1930 2000 1950 1960 1970 1980 1990 2000
PS JP 1 PLJP 1
2 4 2 -
[ ] [ ]
[= B (=
=] p =]
’é‘“ 2 . + Pyl Pl 2 - ) ' .
L
P I I | | | | I I I I I |
'E;'-_. 1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000
C .
o PLALL3 LL Bismark 3
£
0 o o
L 2 27 o
. | . | Wﬂﬂﬁﬁj’%ﬁ*ﬂ‘w’
3 tHele 3
: |
I I | | | | I I I I I |
1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000

Figure 16. Continued.
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Figure 17. A comparison of the observed (red points) and predicted (grey line) median fish weight (whole
weight, kg) of bigeye tuna by fishery for the main fisheries witightdata. The confidence intervals represent

the values encompsed by the 25% and 75% quantiles. Sampling data are aggregated by year and only weight
samples with a minimum of 30 fish per year are plotted.
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Figure 22. Estimated quarterly movemetwefficientsat age (1, 10, 20, 30 quarter§he movement coefficient
is proportional to the length of the arramd increased weight of the arrow represents increasiagTag
largest percentage movement Wés, from Regior3 to Regior4 during quarter 2.
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Figure 23. Proportional distribution of total biomass (by weight) in each regioni¢Relj 6) apportioned by

the source region of the fish. The colour of the home region is presented below the corresponding label on the x
axis. The biomass distributions are calculated based on thetdongaverage distribution of recruitment
between regionsgstimated movement parameters, and natural mortality. Fishing mortality is not taken into
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Figure 27. Estimated annual recruitment (millions of fish) for the WCPO obtained tiherkey model runs
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Figure 31 Estimatedaverageannualspawningpotentialfor the WCPO obtained frothe key model runs



Run 3d

REGION 1
REGION 2
REGION 3
REGION 4
REGION 5
REGION 6

ooomm

500 —

400

SPAWNING POTENTIAL
w
o
o
|

200

100
0 —
I I I I I I I
1950 1960 1970 1980 1990 2000 2010
YEAR
Run 4c¢
1400 —
B REGION 1
B REGION 2
E REGION 3
1200 — I REGION 4
O REGION5
O REGION 6
1000 —
)
<
=
& 800 |
o
o
o
2
% 600 —
<L
o
w
400
200
0 —
I I I I I I I
1950 1960 1970 1980 1990 2000 2010

YEAR

Figure 32. Estimated averagannualspawning biomasby model region for run 3d (top) and run 4c (early
CPUET bottom).

74



Run3d Run3a2- low size

06 06 — Fadult N A 1
] AN ~ = Fjwenile oA 11\,l
—_ 7
05 Fadul ) n! 05 | Ny
1 1]
il 1
LS
N

1
2 ~ = Fjuwenile PRV 2 B
£ ) o = )
€ 04 ;o € 04 I
£ ) £
2 03 2 03
& &
= 02 o = 02 o
[:] [:]
2 2
S 01 S 01
< <
0.0 0.0
T T T T T T T T T T T T T T
1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010
Year Year
Run3gT low juv. M Run4ai lower PS catch
06 7 06 7| — Faut )
05 o 0s 4 L7° Fiuvenile J\ Y
|~ Fadult N 1‘] ]'ll " N |
04 == Fjuenile oDy 04

Annual fishing mortality
o
P
I

Annual fishing mortality
o
P
I

02 | 02 |
01 01
00 00
T T T T T T T T T T T T T T
1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010
Year Year

Run 4bi h=0.75 Run 4ci early CPUE
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