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ABSTRACT

Since 2000, stock assessments of skipjack tuna in the W&@R®© incorporated standardized CPUE
indices derived from the analysis of catch and efforé daim the Japanese pole-and-line fishery. The
resulting indices represent the principal index of stock abundaneach of the model regions and,
consequently, are highly influential in the assessm&hé methodology used to derive the skipjack
CPUE indices was reviewed at the pre-assessment workshopahe&SPC in April 2010. A key
recommendation of the workshop was to initiate a collab@aiudy between SPC and the National
Research Institute of Far Seas Fisheries (NRIFSEntlyze the operational CPUE data and provide
revised CPUE indices for inclusion in the 2010 skipjack stmdessment.

The study applied a delta-lognormal GLM approach to dengees for the two equatorial regions of the
WCPO from the distant-water fleet logsheet data. Theltneg indices differ considerably from the
indices incorporated in previous assessments. The inthcethe western equatorial region exhibit a
decline over the study period (1972-2009), although most of thendenlithe indices occurs during the
late 1980s and early 1990s. There is concern regarding pbtsmirces of bias in the indices related to
large changes in the operation of the pole-and-line fleehgluhat period. The indices for the eastern
equatorial region are relatively stable from 1972 to 2001 andé¢neito be lower for 2002-2009. Despite
concerns regarding the reliability of the indices, it isobwthed that the current indices represent the best
available indices for incorporation in the 2010 WCPO skipjasiessment.

INTRODUCTION

Since 2000, stock assessments of skipjack tuna in the W&@R®© incorporated standardized CPUE
indices from the Japanese pole-and-line fishery (Shono & Ogura 1®¥9)M approach was used to
standardize the catch and effort data, includingrin&dion related to the adoption of new fishing
technology that is likely to have increased the efficienctheffleet. The methodology for deriving the
indices is described in detail in Shono & Ogura (1999). Tideces have routinely been updated for
incorporation in the most recent assessments (Langléla®pton 2008), although in the most recent
assessment information regarding the fishing technology natrevailable for inclusion in the GLM.
The indices represent the principal index of stock abundanceach of the model regions and,
consequently, are highly influential in the assessment.

The methodology used to derive the skipjack CPUE indices weesved at the pre-assessment workshop
held at SPC in April 2010 (Harley & Hoyle 2010). A key recommepdadf the workshop was to initiate
a collaborative study between SPC and the National Résbkatitute of Far Seas Fisheries (NRIFSF) to
analyze the operational CPUE data and provide revised Gflites for inclusion in the 2010 skipjack
stock assessment.



The collaborative work was undertaken at the NRIFSF imi&hi during 10-21 May 2010. This report
documents the results of the analysis.

DATA SETS
Data description

The Japanese distant-water pole-and-line fishery targetace aggregations of skipjack tuna in the
equatorial region and targets albacore tuna and/oraskigyina in the temperate waters off coastal Japan
during the summer. The fishery relies on the location daseraggregations of tuna, either unassociated
schools (“free schools”) or schools associated with natuoatiyrring floating objects (log schools). The
distant-water fishery does not deploy fish aggregation deyaré@ting or anchored FADS).

The Japanese distant-water and offshore pole-and-linelsdss/e reported catch and fishing activity on
daily logsheets since 1972. The logsheet data provides dekiglhof coverage of the fishing operations
of the distant water pole-and-line fleet (more than 85%sbfng days in the 1990s and 100% thereafter)
(Shono & Ogura 1999). Logsheet data were available to thef&@D9.

The logsheets record the daily fishing activity (searchimg active fishing) of an individual vessel. The
logsheet records the midday location (truncated to theesiedegree of latitude and longitude), the
species catch in weight (estimated catches reporté@Q0nkg units; the minimum reported catch is 100
kg) for skipjack tuna, albacore tuna, yellowfin tuna, fadluefin tuna, bigeye tuna, frigate mackerel,
and other fish.

The number of poles used by the vessel is also recorthedndmber of poles is recorded for almost all
records (both non zero and zero catch records) aethisvely consistent for a vessel trip. Thereforés it
not possible to use this information to distinguish betwaaennsuccessful fishing event (i.e., locating an
aggregation but catching no skipjack) and a day when tnedtshing occurred (i.e. failure to locate a
school during searching or navigating between fishing areas).

Individual vessels are identified by licence number. Howetee licence number of individual vessels
has changed on a regular basis (every five years; licenegal occurred in 1992, 1997, 2002, and 2007).
For the distant-water pole and line fleet, a referéabke has been created that details the licence number
of an individual vessel in each year for the period 1984 atsvarhis table was used to create a unique
vessel index in the logsheet dataset. The licence numbemetachanged between 1982 and 1984,
enabling the vessel index to be extended to include the 1982 ande&883For the years prior to 1982,
all vessels were assigned to an aggregate vessel cat&jmilarly, for 1982-86, vessels with no
associated record in the reference table were assigrie aggregate vessel category. The few logsheet
records from 1987-2009 that had no associated record ind$Belveference table were deleted from the
data set.

The analysis was limited to the distant-water vesselg. This component of the fleet was defined as
vessels larger than 200 gross registered tonnes. Inforn@titime fishing technology used by the fleet
has been collected via interview, as described in Shongwa01999. Vessel specific information details
the implementation of five important technological innovatiamghe pole-and-line fishery: the low

temperature live bait tank (LTLBT), onboard NOAA nmiaogical satellite image receiver (NOAA

receiver), first and second generation bird radar, andr.sdimee adoption and application of these
components is described in detail in Shono & Ogura 1999. The dondiviogsheet records include the



presence or absence of each component of the technology rohthearessel. Where no information is
available it is recorded as unknown.

The LTLBT was first recorded in the fleet in 1981. Fararels prior to 1981 where the presence/absence
of a LTLBT is recorded as unknown, it was assumed tabisent. Similarly, for records prior to 1987, it
was assumed that sonar, first generation bird radaN&@#A receiver were absent if they were recorded
as unknown. The second generation bird radar was introducedl88in and for earlier records it was
assumed that the technology was absent (where recorded as opknow

Individual logsheet records were assigned to a specific IMieGion (Figure 1) based on the location of
the fishing activity. The regions are equivalent to thesed in the most recent (2008) WCPO stock
assessment (Langley & Hampton 2008). For each region, thesdaiwas limited to individual vessels
that completed a minimum of 10 days fishing each yean forinimum of five years (“core vessels”).
While these selection criteria excluded a number of vedsem the final data sets, the core vessels
accounted for a high proportion (greater than 90% ?edtotal fishing effort and catch.

Limited fishing activity has been recorded for distasater vessels within the area of the Sea of Japan
(MFCL region 1), and this region was excluded from the @maly

Distant-water pole-and-line fishing activity in the otheotnorthern regions (MFCL regions 2 and 3)
principally occurs during May-September. During this periodpthle-and-line fleet targets both skipjack
and albacore, although albacore is considered to be therpdefarget species. The catch composition of
fishing trips revealed that catch of an individual tripsvwgenerally dominated by one species, and few
trips caught a significant quantity of both species. Hanein years where a high proportion of trips
were dominated by albacore, a relatively low proportionripktwere dominated by skipjack and vice
versa. This is consistent with the assertion that afiears the preferred species and skipjack is only
targeted when albacore abundance is low.

The absence of skipjack in the catch from target albacp® is therefore unlikely to be informative
regarding the relative abundance of skipjack. On thas ptCL 2 and 3 data sets were limited to those
trips that principally caught skipjack (i.e., those fighirips where skipjack represented at least 75% of
the combined skipjack and albacore catch from the trip) irmaébpective regions. In some years, this
selection criterion resulted in the removal of a larg@@rton of the trips from the data set (quantify??).

Data summary
The historical trends in the fishery are described faikd& Shono & Ogura 1999.

The distant-water pole-and-line fleet operates throughmiivestern and central Pacific north of about
latitude 20° S. However, fishing effort is concentrateivben the equator and 10° N (0-10°N) and in the
northern latitudes (35-45° N) off the eastern coast of Jépigare 2). The level of fishing effort declined
considerably from the 1970s, particularly within the equatoeigibn. The eastern extent of fishing effort
in the equatorial region also contracted in the 1990s and 2000s.

During the late 1970s, there was a northern shift in the lalision of pole-and-line fishing within the
equatorial region, and since the late 1980s fishing efforb&éeas concentrated along the higher latitudes
of the equatorial region (see Appendix 1a).



The equatorial fishery operates throughout the year, himd@jseffort is concentrated in this region during
October-March (quarters 4 and 1) (Figure 3). Fishing effothe northern latitudes principally occurs
during the third quarter (July-September).

Fishing effort (number of days) in the equatorial regi@s welatively high in the 1970s and early 1980s,
declined to a relatively low level by the late 1980s and hamired at that level for the subsequent
period (Figure 4). The trend in fishing effort is generatiynparable for the northern area of the fishery.

For all MFCL regions, the nominal catch rate of skipjackt¢h per fishing day, including searching)
increased during the mid 1980s and generally remained at a hagbkuntil recent years. For most areas,
nominal catch rates have been lower in the last few yE&gsre 4).

For the equatorial regions (MFCL regions 5 and 6), the ptiopoof zero skipjack catch records is low in
comparison to the northern fishery (Figure 5), although smeearly-mid 1970s there has been a steady
increase in the proportion of days recording a zerdhaaftskipjack in the equatorial regions from about
10% to 15% of fishing days. There has been a similar isergathe proportion of zero catch days in the
subequatorial region (MFCL region 4). In the northern reg{disCL regions 2 and 3), the proportion of
zero catch days is considerably higher and much morablaramong years (Figure 5).

The vessel registration data revealed that a considenabhber of vessels retired from the fishery in the
late 1980s-early 1990s, although some of the vessels continopertate in the fishery throughout the

next two decades. During the 1990s, new vessels continuedetotlea fishery replacing vessels that

retired from the fishery. A significant number of vessgased fishing in 1990, 1995 and 2000. In 1995-
2005, about 30-40 vessels were operating in the equatorial @@giongh the fleet has reduced to about
25 core vessels in the more recent years (2006-2009).

The data included in each of the regional analysesuamenarized in Appendix 1.

METHODS

For each MFCL region, a generalized linear modeling appmashapplied to define the relationship
between the encounter rate or catch rate of skipjaclk aadge of dependent variables (Table 1).

Table 1. Definition of the predictor variables includedin the model.

Variable Data type Description

YearQti Categorice Unique year and quar

Vesselic Categorice Unique vessel categc

LatLonc Categorice 5° of latitude and longitude spatial strata (midday pasjti
NumPole: Continuou Number of poles used when engaged in fisl

BaitTank Categorical (¢ 0 Unknown if vessel heLTLBT.

1 Vessel does not have LTLBT.
2 Vessel has LTLBT.
NOAA Categorical (¢ 0 Unknown if vessel heNOAA receiver
1 Vessel does not have NOAA receiver.
2 Vessel has NOAA receiver.
Sona Categorical (¢ 0 Unknown if vessel hesonar
1 Vessel does not have sonar.
2 Vessel has sonar.
BirdRada Categorical (¢ 0 Unknown if vessel hébird radar
1 Vessel does not have bird radar.
2 Vessel has first generation bird radar.



3 Vessel has second generation bird

The GLM model has the basic formulation.
CPUE = YearQtr + Vesselid + LatLong + NumPoles + Baitk + NOAA + Sonar + BirdRadar + Error.

The continuous variable NumPoles was included as adhilel polynomial function. All other variables
were categorical.

The model was implemented separately for each regioreeTalternative formulations of the CPUE
dependent variable were initially considered.

1. The presence/absence of skipjack catch for a fishigg ae dependent variable was modeled
using a binomial error structure to estimate the probalwfityon-zero catch of skipjack for a
fishing day (binomial model).

2. The skipjack catch for a fishing day with the additioma&mall constant. The dependent variable
was modeled assuming a lognormal error structure. Zerb oatords were assigned a nominal
catch of 1 kg (lognormal, all data model).

3. The non-zero skipjack catch for a fishing day. The depéngerable was modeled assuming a
lognormal error structure. Zero catch records wereuebed (lognormal, non zero catch model).

The parameterizations of the variables included in the medsls examined.

From the lognormal models, the year/quarter CPUE indicesdeene=d by exponentiating the individual
year/quarter factorial coefficients. For the binomial motlee year/quarter indices were derived by the
inverse logit transformation (exp((1+expk)), wherex is the sum of the yrqgtr coefficient and the
intercept term). The binomial indices were expressed veldat the average observed probability of
catching skipjack during 1972-79.

The residuals of the fit to the Vesselid effects inkhireomial models were examined by comparing the
average annual observed encounter rate (number of nonskiejack catch records/total number of
records) for a vessel with the mean predicted probahfityatching skipjack for the given vessel and
year. The average residual (observed —predicted) for easél yesr was calculated and the difference in
the residual between the last and first years of aellssactivity was calculated. A positive value
indicates that the vessels encounter rate declinedHassthe estimated decline in the annual indices,
while a negative value indicates that the encounterofatee individual vessel declined more than the
overall annual indices. A similar approach was applied tostiyete temporal trends in the fit to the
LatLong effects.

Delta-lognormal indices were derived for the two equatoeigions by combining the binomial and the
non-zero lognormal indices (following Lo et al 1992). The delgmbrmal indices are calculated by
multiplying the two sets of indices.



RESULTS
Western Equatorial region (MFCL region 5)
Binomial model

The binomial model indicates that the probability of catchkigjack within MFCL region 5 is highest in
the Bismarck Sea and the Solomon Sea and decreasesnortheastern area of the region (Figure 6).
There is a temporal trend in the spatial distributiothefresiduals indicating that the localized area north
of the Solomon Islands has had a lower probability ofhtagicskipjack than in the previous decades
(Figure 7).

In general, the vessels entering the fishery in the late 118880 have a higher probability of catching

skipjack than the older vessels although there is conbigevariation in vessel performance across the
fleet (Figure 8). The number of poles is also a sigaifi variable in the model with the probability of

catching skipjack is predicted to generally decline witlnarease in the number of poles (Figure 9). This
is somewhat counterintuitive, although the variable isngtyorelated to the individual vessel effect as a
single vessel will consistently report the same numbepabés used over many years of operation.
Further, there are a small number of events that condiistedg with less than 15 fishing poles (see

Appendix 1a) and the model predicts a relatively high encouatey although the encounter rate is very
poorly determined at the extremes of the range.

The adoption of the LTLBT, second generation bird radarNDAA SST receiver are estimated to have
increased the probability of catching skipjack (Figure 9).

The year/quarter indices derived from the model are relathigly for 1970-1988 (Figure 10). The high
probability of catching skipjack during this period is cetemt with the low proportion of zero catch
records (see Figure 5). The indices are considerably waorgble from 1988 onwards exhibiting both
short-term variations in the probability of catching skigjasd an overall decline in probability of
catching skipjack during the period. The decline was mpastounced over relatively short periods, most
notably during the late 1980s-early 1990s, 2002-06 and 2008-09. The probaadityewy low in the
most recent year (2009). The quarters with lower indices detalbave a higher uncertainty (standard
error) associated with the indices (Figuré. 10

The indices are strongly influenced by the inclusion of thdividual vessel effect (vesselid) in
conjunction with the four technology variables (baittank, soh®DAA, and BirdRadar) (Figure 11).
Excluding the vessel effect from the model, while maintairiingy technology variables, removes the
decline in the indices from the late 199@e Yessel, tech model). Adding the vessel effect and excluding
the technology variablesdssel, no tech model) results in a comparatively small decline in theciesli
compared to theo vessdl, tech model. Including both the vessel variable and the technologgbles in
the model yessel+tech model) resulted in the lower indices from 1987 onwards (Figuje THis
corresponds to the year when the first generation of bital neas first adopted by the fleet.

Lognormal model

The quarterly indices derived from the lognormal model were giyeonsistent with the indices
described for the binomial model (Figure 12).

Lognormal non zero model



The lognormal non zero model estimated that the (non zelg)addch of skipjack was generally higher
in the southeastern area of the region and was lowdn abfatitude 5° N (Figure 13). The daily catch
was predicted to increase with the number of poles fosdishing, while the introduction of the LTLBT,
bird radar, and NOAA SST receiver are each estimtaidaave increased the daily catch of skipjack
(Figure 14).

The year/quarter indices derived from the model were conbigidnaher during 1970s-early 1980s than
from 1990 onwards with a sharp decline in the indices duringatkelB80s. The indices were relatively
low for 2009 (Figure 15).

Eastern Equatorial region (MFCL region 6)
Binomial model

The model estimated that within region 6 the probabilityad€lting skipjack was highest to the north of
Fiji and Vanuatu within latitude 5-15° S (Figure 16). The philiig of catching skipjack was generally
lower to the north of the equator.

The vessels entering the fishery since the late 1990s dgneaale a higher probability of catching
skipjack than the vessels operating in the fishery duhegpéarlier period (Figure 17).

Of the other variables included in the model, only the LTLias the expected increasing effect on the
predicted probability of catching skipjack (Figure 18). Agible explanation for this relationship is that
vessels equipped with a LTLBT are able to use moredoing active fishing of an aggregation, thereby,
increasing the probability of catching skipjack.

The year/quarter indices reveal that the probability e€hmag skipjack tuna in region 6 has remained
relatively high throughout the study period (Figure 19). Howethere have been short periods of lower
encounter rates (most notably 1989-1990, 2004, and 2009) and overmlalsdbeen a general decline in
the indices throughout the study period (from a probabilitypotia90% in the 1970s to about 80% in the
2000s). There is a higher uncertainty associated with thees from 1990 onwards and the highest
uncertainty tends to be associated with the lower isdice

Lognormal model

The lognormal model estimates the daily catch of skipyeak relatively stable prior to 1987 (Figure 20).
The indices were considerably more variable in the subsepe&od.

Lognormal non zero model

The model estimated that daily (non zero) catches waegiviely constant throughout the region,
although they tended to decline in the northwest (Figure 2itcthGaas predicted to be positively
correlated with the number of poles used in fishing atcho&as also predicted to increase following the
adoption of LTLBT and both first- and second-generation tadhr (Figure 22). Vessels equipped with a
LTLBT may be able to use more bait when fishing on aneggron, thereby, increasing the catch from
an aggregation of number of aggregations fished duringldlye The use of bird radar may allow the
preferential selection of fish aggregations that majdyhigher catches. The more recent entrants to the
fishery were generally more efficient than the older elssis the fleet (Figure 23).



The annual indices were relatively low prior to the mid 198tzure 24). The indices were more variable
in the latter period, tended to increase in the late 198@wined relatively high from 1990 until about
2005 and then tended to decline.

Subequatorial region (MFCL region 4)
Binomial model

The binomial model estimates that there is a higher protyabilicatching skipjack in the Philippine Sea
and off the east coast of Taiwan (Figure 25). The nesmssels in the fishery generally have a higher
encounter rate than the older vessels (Figure 26), whileueterorates are also predicted to increase
following the adoption of LTLBT and sonar, although the modelrditl predict an increase in fishing
success with the introduction of bird radar (Figure 27)ndtleeless, there is likely to be significant
confounding between the individual vessel effects and the tehnehariables that may obscure the
relationship with an individual factor.

The year/quarter indices do not reveal a trend in the prdlyadiilcatching skipjack tuna in region 4.

However, the indices are very poorly determined from the 1880s onwards (Figure 28). The low
precision of the indices from 1985-2009 appears to be related towke number of logsheet records
from the period (see Appendix 1c). The high standard ersmceded with the indices precludes the
application of these indices as an indicator of stock almoeda

Lognormal model

The lognormal model, with zero catches included, predicts higtteh rates in the western, coastal areas
of the region (Figure 29). There is a strong vessel effaitt the newer entrants estimated to be
considerably more efficient than the older vessels in lget {Figure 30). Catch rates were strongly
correlated with the number of fishing poles and the adopif bird radar (first and second generation)
and LTLBT is also to considerably increase the dailglcétigure 31).

The quarterly indices are relatively high during the 1970seanly 1980s, increase sharply during the
mid 1980s and then generally decline throughout the late 1980sdyd @90s (Figure 32). The indices
fluctuate about a low level throughout the remainder of the 19802@00s.

Lognormal non zero model

The non zero daily catch of skipjack is estimatemhtoease eastwards within region 4 (Figure 33). Daily
catch rates are also predicted to increase with thgtiadoof bird radar (first and second generation) and
LTLBT and generally increase with the number of polskdd (Figure 34). The more recent entrants in
the fishery also have a higher daily catch than the olelesels (Figure 35).

Catch rates tended to fluctuate throughout the periodhigtier catch rates in 1983-87, 1992, and 2004-
07 and low daily catch rates in 2008-09 (Figure 36).

Western subtropical region (MFCL region 2)
Binomial model

The probability of catching skipjack is highest off the stah area of Japan within the eddy of the
Kuroshio Current (Figure 37). The encounter rate is lovinénsbutheastern area of the region. The more
modern vessels generally have a higher probability of catshipgack than the older vessels in the fleet
(Figure 38), while the introduction of LTLBT and NOAA réeeger also had a positive effect (Figure 39).
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The bird radar effects are counterintuitive with tineainter rates estimated to be higher without bird
radar, although bird radar is not considered to bergroitant searching device in this region due to the
prevailing sea conditions and behavior of the bird species.

The fishery is strongly seasonal and indices are onlyad@ifor the second and third quarters on the
year. Encounter rates were variable and poorly determimete early 1970s until the mid 1980s (Figure
40). For the remainder of the period, the indices all apprdatieeupper bound (1.0) but were extremely
poorly determined partly due to the low sample size. Heheee are no reliable indices available from
the binomial model from the mid 1980s onward.

Lognormal non zero model

The daily non zero catch of skipjack is estimated todi&ively uniform over the region (Figure 41).
Catch rates are predicted to be positively relatedheo rfumber of fishing poles (Figure 42) and
consistently higher for the more modern vessels in the (feebably also aliasing the adoption of new
technology) (Figure 43).

Daily catch rates are estimated to have increasedanecreased from the mid 1980s to the late 1990s
and then tended to have declined (Figure 44). However, thedftic 1990-2005 are highly variable and
poorly determined (high variance).

Lognormal model

The results from the all data lognormal model are simildhé non zero lognormal model and for brevity
only the quarterly indices are presented (Figure 45).

Eastern subtropical region (MFCL region 3)
Binomial model

Insufficient data were available from skipjack pole-anddisieing in region 3 to reliably determine the
key parameters in the binomial model and derive reliable yestéy indices.

Lognormal model

The catch of skipjack is predicted to be highest in thengmsdtern area of the region (Figure 46). Catch
rates generally increase with an increase in the nuwibfshing poles and with the adoption of bird
radar and the LTLBT (Figure 47). The more recent etdramthe fishery tend to have a higher catch rate
than the older vessels (Figure 48).

The quarterly indices are available for the second and tpiarters of the year only due to the seasonal
nature of the fishery. The indices from 1972-85 are relativahgistent (Figure 49). However, the indices
from the subsequent period are highly variable and poorly detednfihigh standard error).

Lognormal non zero model

The daily non zero catch of skipjack is estimatedbéopositively correlated with the number of poles
fished (Figure 51). The introduction of bird radar, LTLBTI&OAA receiver are each estimated to have
had a positive effect on the daily catch of skipjack (Fedit).

The year/quarter indices were relatively constant throhghl970s and 1980s (Figure 53). The indices
tend to decline over the subsequent period, although lirdé& are available from the fishery in recent
years.



Delta-lognormal indices — Regions 5 and 6

Delta-lognormal indices were derived for MFCL regions 5 aondlg. Indices were not computed for the
other regions due to the high uncertainty associatedtiéHtbinomial indices for at least a considerable
proportion of the study period. The high uncertainty is astmt with a relatively limited number of
observations from the fishery and variability in the emteurate attributable to factors not available for
inclusion in the model. For some regions, particularlyniti¢hern regions, there was also a high level of
uncertainty associated with the indices from the non zero togloGLM models reflecting the low
sample size, particularly during the last two decades.

For the western equatorial region (region 5), the delta-lwgaloindices are more pessimistic than the
binomial indices (Figure 54); the decline in the binomial indexxecerbated by the incorporation of the
lower indices from the non-zero lognormal model from 1990 onwards.rdhdting delta-lognormal
indices exhibit a large decline in the during the late 1980mnimg the marked decline in the non-zero
lognormal index in this period.

For the eastern equatorial region (region 6) the delta-logrionaices tend to fluctuate about a long-term
average level during 1972-2001 with the fluctuations largely drbwerthe variation in the non-zero
lognormal index (Figure 55). The slight decline in the binonmdex during the 1990s is countered by
the higher non-zero lognormal indices during the same periodcdrhbined index is relatively high in
1983-84, 1987-89, 1991-95 and 2000-01. The delta-lognormal indices tend to befrimwe?004
onwards due to the combination of lower binomial and non{pgrmormal indices in 2003-04 and 2008-
09.

DISCUSSION

This analysis is based on the equivalent data setingbd recent updates of the skipjack CPUE indices
following the approach of Shono & Ogura (1999). For the equatagibns, the CPUE indices derived
following Shono & Ogura (1999) were comparable to the nominal CPUiEest the indices increased
during the 1980s and remained at the higher level throughout the 4992600s.

There are a number of key differences between thentwstandardized CPUE analysis and the approach
of Shono & Ogura (1999). Firstly, the GLMs incorporate a \texf&ect, whereby, the relative efficiencies
of the individual vessels in the fleet are explicitty model€te analysis has shown that the newer
entrants to the fishery have a higher probability of catclsiigjack and/or a higher daily catch of
skipjack. The inclusion of the vessel effect in the modelanjunction with the technology variables
(bird radar, LTLBT, sonar and NOAA receiver), was lhygimfluential and, for the western equatorial
region (MFCL region 5), resulted in a sharp declinehia indices in the mid-late 1980s. There was a
more gradual decline in the indices over the subsequent pesiogw vessels continued to enter the
fishery. These trends were much less pronounced for siherea@quatorial region (MFCL region 6).

The second main difference in approach was to conduct tigsanat the regional level rather than
construct a single model for the entire WCPO while incorpayanteraction terms in the GLM to derive
the regional CPUE indices. The former approach is prefasd¢dde GLMs have more freedom to estimate
model parameters that are specific to the region rather ¢bnstraining the model to share parameters
among the individual regions and/or estimate region-specfictsfvia first-order interaction terms. The
sharing of model parameters among regions can introdusesbia the resulting region specific CPUE
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indices, particularly if the operation of the fishery diffeonsiderably between regions. There are clear
differences between the fisheries in the equatorial antheror regions, such as the seasonality of the
fishery and the interaction with the albacore fishery inntbehern area, and the differences in some of
the parameter estimates from the region specific GLMs sufipwrassertion that these areas should be
analyzed separately.

In the northern regions (regions 2 and 3), there is a streaction with the albacore fishery. Albacore
is considered to be the preferred target species anelithikely to be more targeting of skipjack when
albacore is not available to the pole-and-line fleet. Inrsyed high albacore abundance, the low
probability of catching skipjack and/or the low daily catdhskipjack may simply be reflective of the

preference for targeting of albacore rather than the amaed of skipjack. The current analysis
endeavoured to address the interaction with the albasbery by excluding fishing trips that principally

caught albacore. Nonetheless, the interaction betweemwitndigheries is not fully understood and

warrants further consideration.

The current modeling approach also incorporated fine-suaa effects within each region (at the 5
degree spatial scale). For most regions, there is ed@bility in the probability of catching skipjack
and/or the daily catch of skipjack throughout the regidrere has also been a considerable shift in the
spatial distribution of fishing effort, particularly in tleguatorial region, that could potentially bias the
resulting CPUE indices if the “area effect” was not exftyi incorporated in the GLM.

A key difference from the previous approach is the considerati what is the appropriate dependent
variable in the GLM. Shono & Ogura (1999) expressed CPUE dsdhathm of the skipjack catch per
day per fishing pole. Zero catches were included and d, stoaktant was added to all CPUE records to
enable the zero catch records to be incorporated inGtidd. This most closely approximates the
lognormal all data models in the current analysis, althaogtihe case of Shono & Ogura the effort
variable (number of poles fished) was incorporated irdédpendent variable (CPUE) of the GLM.

In formulating a measure of CPUE that is likely to heigative of stock abundance it is crucial to define
an appropriate measure of fishimdfort for the fishery and, secondarily, consider the appropriate
approach to model the available data. The current agatytally considered four alternative measures
of CPUE.

1. The probability of catching skipjack (binomial model);
2. The magnitude of the catch of skipjack, including the oatch;
3. The magnitude of the non-zero catch of skipjack; and

4. The combination of the probability of catching skipjack andntlagnitude of the non-zero catch
of skipjack (delta-lognormal model).

The abundance of skipjack (that is vulnerable to the paleliae fishery) can be considered as a function
of the total number of surface aggregations of skipjackdols) and the average school size (biomass).
The measure of CPUE needs to incorporate the perfoemahdhe fishery with respect to both
components; i.e. an encounter rate that is relatédetalensity (and the total number) of schools and a
catch rate that is related to the size of the schoollower stock sizes, the number (and density) of
schools is likely to be lower and, therefore, encountesraould be lower, while the average size of the
school may also be lower and support smaller catchesh@@duivalent amount of effort).
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A key determinant of fishing success is the ability of &&k® locate a surface aggregation. The logbook
data does not record whether or not an aggregation (ophawdggregations) was detected during the day.
Instead, a zero catch may represent either the faidutecate an aggregation or a nil catch when the
aggregation is actively fished by the vessel. Consequéehé#yproportion of records that report a catch of
skipjack cannot be considered as a direct measure daénit@unter rate; instead, the metric may be
considered to be proportional to the encounter rate af giobability of a catch from a detected
aggregation remains relatively constant over time amel probability of detecting subsequent
aggregations remains constant over time.

The zero catch records can be incorporated in a Ghyloach by explicitly modeling the probability of
catching skipjack using a binomial error structure or biatimfig the zero catch records with a small,
nominal value and assuming a lognormal error structure. Theefds the preferred approach as it more
explicitty models the encounter rate, while ignoring the mageitof the non zero catch, although it is
recognized that the binomial indices may be positively biffsth@ average size of the fish aggregation
has declined (and detecting an aggregation is independémt size of the aggregation).

The second approach, the all data lognormal model, is schehsitive to the value assumed for the
zero catch records and, more crucially, allows the nadmiof the non-zero catch to influence the key
model parameters. As a result, the zero catch componeht ahodel is often poorly determined (as
indicated by the violation of the assumption of a normatidigion of the model residuals). On that basis,
the all data CPUE indices should be rejected.

The third approach involves modeling the catches obtained e wlagn some catch was taken. For
catches on a single aggregation, the catch may be indepeidée ability to locate that aggregation.
While the size of an individual aggregation may influetieecatch or catch rates achieved, the catch is
also likely to be affected by the size of the vessemmer of crew and number of poles vs. mobility of
smaller vessels) and the ability of the vessel to renmagontact with the aggregation. For sufficiently
large aggregations, the fishing effort is likely to bec@awirated; i.e. the catch is limited by the number
of fishing poles and the length of time the school stayls thie vessel rather than the abundance of fish in
the aggregation. This may explain why the CPUE indices frmmon-zero (i.e. zero catches excluded)
lognormal models tend to be relatively stable.

CPUE on a single aggregation does not incorporate a key contpohehe fishing activity (i.e.
searching) and the resulting indices are likely to be exthpperstability”. Nonetheless, the indices from
the non-zero lognormal model may provide some information regpittie size of the aggregations
fished (as well as the ability to locate more than @h@al during a day). That is the basis for combining
these indices with the binomial indices to derive the delta-lagalomodel, essentially combining the
probability of encountering an aggregation (binomial) withratex of the size of the aggregation (non-
zero lognormal). However, the delta-lognormal approach domsmesthat the two sets of indices are
independent. This assumption could be violated if, for ex@ntipe ability to locate an aggregation was
related to the size of the aggregation.

For the two equatorial regions, the binomial models tendeestinate parameters that are broadly
consistent with the understanding of the operation of therfis(Figs 9, 19); the newer vessels in the
fishery were estimated to have a higher fishing powertaadadoption of the LTLBT and the second
generation bird radar resulted in an improvement in theyabflithe vessels to catch skipjack.
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The indices from the non-zero lognormal model for the westanatedal region are characterized by
two phases; the indices are high prior to the late 19808neleapidly during the late 1980s and are
relatively low from 1990 onwards (Figs 16, 25). A converse trerapparent in the indices from the
eastern equatorial region; the indices are relatively Idarbé¢he late 1980s and are somewhat higher and
considerably more variable from 1990 onwards. This may be indicthat the non-zero lognormal
indices are influenced by a marked change in the oparatithe fishery (i.e. a change in fishing strategy,
fleet composition, etc). It is worth noting that frorboat 1990 onwards the equatorial fleet was
dominated by the vessels in the largest size class (500 GBI Appendix 1a and 1b).

The binomial indices also exhibit a shift at about theestime. The indices for the western equatorial
region are relatively stable until the late 1980s; in the spuiese# years the indices are more variable and
exhibit an overall decline. The indices for the eastemwnamyial region are also considerably more
variable after the late 1980s, although the decline in theaads relatively slight until the most recent
years. The transition in the indices corresponded to a pefiapid expansion of the purse seine fishery
and also a general northern movement of the pole and |eteirfi¢he equatorial region, partly related to
the declaration of the EEZs in 1986 and the subsequent losscedsato important fishing grounds,
especially the Bismarck Sea. The shift in the distrdsutof fishing activity may be indicative of a
negative impact of the purse-seine fishery on the performainttee pole and line fishery. A cursory
examination of the interaction between the two fleetsaledethat there was virtually no overlap in the
operation of the fisheries at the resolution of fishiag dnd 1° of latitude/longitude. The lack of any
significant overlap in the fishing distribution precluded modethrgyinteraction explicitly within GLMs.
The higher variation in the binomial indices from the late 198®sards may also be attributable to
fishing in more variable conditions beyond the core distribudfskipjack tuna.

For the western equatorial region, the delta-lognormal isdice more pessimistic than the binomial
indices (Figure 54); the decline observed in the binomial indexaserbated by the incorporation of the
lower indices from the non-zero lognormal model from 1990 onw&wmisthe eastern equatorial region,
the combined delta-lognormal indices tend to be slightly nomtémistic than the binomial indices,
particularly from 1990 onwards as the slight decline in the binanmgides in the 1990s is countered by
an increase in the non zero lognormal indices (Figure 55)etNeless, the contrasting trends in the two
sets of indices are suggestive that the indices are monittiffegent signals from the fishery and, on that
basis, it may not be appropriate to derive a composite {dgjteormal) index.

The spatial contraction of the pole and line fishery in theatmial region also means that the indices
from the latter period are driven by the fishery perforoean the northern areas of the equatorial regions.
By default, these indices are also assumed to refle¢tehd in area closer to the equator. However, the
distribution of the total skipjack catch is concentrateds@fit1l0° N and potentially the stock may be
more depleted in this area. Conversely, the higher exploitaéitas in the core area may reduce the
dispersion of skipjack to the higher latitudes (where the gnatkeline fishery operates) and the contraction
of the distribution of skipjack may result in a greatiecline in the abundance of skipjack in the
peripheral areas.

Another potential confounding factor is the decline in thealper of vessels operating in the pole and line
fishery and, consequently, a reduction in the searchingrpaivibe fleet. However, this was more likely
to be a factor during the late 1970s-early 1980s when the muafibéessels in the fleet declined
substantially. The size of the fleet was relativelpgdhrough the 1990s and early 2000s.
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Binomial GLMs were run for three of the northern MFCLioag (regions 2, 3, and 4). However, the data
were limited (MFCL region 3) or the resulting indices a&vpoorly determined indicating that there was
limited information content in the data sets to reliapiedict the probability of catching skipjack. In
regions 2 and 3, this may be partly related to theantem with the target albacore pole and line fishery.
Nonetheless, this means that there are no binomial indikble from the distant-water fleet for these
northern regions. This may require some reconsideratiothefexisting boundaries of the WCPO
skipjack stock assessment model. There are also ldgsiteb and effort data from the Japanese offshore
pole and line fishery, albeit without information regardiegrshing technology, which may be applied to
derive an alternative set of indices.

In addition to the issues discussed above, there are a oénggues that could be more thoroughly
investigated in future analyses of the catch and eftd érom the Japanese pole and line fisheries, as
follow.

1. The sensitivity of the annual indices to the criteriasellecting vessels for inclusion in the model
data set should be examined. A preliminary analysis NfBCL region 5) revealed that the
CPUE indices were relatively insensitive to selectingelssbased on a minimum of 5-years or
10-years in the fishery, although the longer qualifying periodltexs in somewhat more
pessimistic indices.

2. For MFCL regions 5 and 6, the binomial models estimate veryduglterly indices for the 1973
year. This is consistent with the very low proportion ofozeatch records in that year (2%)
compared to the other years in the 1970s when approximately 16@8gsofecorded a zero catch.
However, it is unknown whether this is due to a differenaeporting during that year.

3. If possible, the vessel license reference list should benégt to include 1972-81, thereby,
enabling the vessel effects to be incorporated for tHeregeriod. This is important given the
influence of the vessel effects in the GLMs and notivag there was a mass retirement of vessels
(presumably the less efficient vessels) from the fisherind the late 1970s and early 1980s.

4. The sensitivity of the CPUE indices to the inclusion efrale vessel category in the early period
should be examined. It may be worth considering splitting>fRgE index at 1982 thus creating
two separate series (pre and post 1982).

5. In many cases, the parameterization of the covariatée iBtMs is generally consistent with the
understanding of the fishery. However, for some variabledjcplarly those related to the
various searching devices, the relationships are countiéiiat This suggests a degree of
confounding with other variables included in the model. Bmsisivity of the resulting indices to
the inclusion in specific variables should be examined orendetail. Some further error
checking of the data set should be undertaken; for exangit@direcords with a small number
of fishing poles should be examined.

6. Information is available concerning vessel code groupse¢ben prefecture). This information
was not included in the current GLMs and may provide somiluséormation regarding the
sharing of information within sectors of the fleet. Rbe distant-water fleet, the vessels are
considered to have operated as a single fleet fromaat the 1980s and, therefore, such an
analysis would be less relevant than for the offsHess.
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7. Consideration of alternative approaches for modeling the, datduding alternative error
structures (e.g. Delta-Poisson and Delta-NegativeBirlanoaels).

8. Further analyses are required to improve the understandinigeonature and extent of the
interaction between skipjack pole and line fishery and theepseine fishery (equatorial waters)
and the albacore pole and line fishery (northern regions).

The current study represents considerable progress indhesiarthe catch and effort data from the pole-
and-line fishery and the resulting indices are likely to lmeermepresentative of the performance of the
fishery (relative to previous studies). Nonetheless, thatioeship between the CPUE indices and
skipjack stock abundance is uncertain. For examplerpiai@ation of the binomial component of the
GLM as an index of stock abundance assumes that the pigbalfila non zero catch record
(standardized by vessel, location, technology) is proportitmahe density of fish aggregations, the
distribution of the aggregations has remained relativelytaofjghe interest of fish in bait and hook has
remained relatively constant, the average size of aneggtion has remained relatively constant, the
probability of locating successive fish aggregations duridgyahas remained relatively constant and the
indices are not biased by changes in the operation ofsthery. The index will also become saturated
above a certain threshold of school density (and stock abcedthat corresponds to a high probability
(approaching 1.0) of encountering and catching fish frofeaet one school each day. Insufficient data
are available to investigate and validate these key gumns.

The WCPO skipjack stock assessment is highly dependentiiore&eries of relative biomass indices
and, despite the uncertainty in the interpretation of tReJEE indices as indices of stock abundance, the
CPUE indices from the distant-water pole-and-line fishepresent the most credible indices currently
available. Conceptually, the delta-lognormal indices should pravibetter index of stock abundance
than the binomial indices. However, as discussed above, sheoene concern regarding the reliability of
the non-zero lognormal component of the delta-lognormal indicetodarmye changes in the operation of
the fleet, particularly in the late 1980s and early 1990s. &actbrs may also introduce biases to the
binomial indices. There are also contrasting trends bettreetwo sets of indices, particularly for the
eastern equatorial region, suggesting that one (or bott)eofndexes is not reliably monitoring the
performance of the fishery.

For the 2010 WCPO stock assessment it is proposed thattsepasessment models are formulated
using the delta-lognormal indices and the binomial indices (AppendR@ea-lognormal and binomial
indices derived from distant-water logsheet data are avdylable for the two equatorial regions (region
5 and 6). In the absence of distant-water CPUE indigehdéonorthern regions, it is proposed to compute
delta-lognormal indices for the offshore pole-and-line fighe region 2 following the GLM approach
described in this paper. These indices will be incorporatéige stock assessment model as the principal
relative abundance index for the northern region(s) (Appendix t3maly also be appropriate to
reconfigure the spatial structure of the WCPO assessmbetimore closely aligned with the operation of
the pole-and-line fishery.
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Figure 1. The spatial structure of the MFCL skipjack stak assessment model.
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Figure 2. The spatial distribution of distant-water poleand line effort targeting skipjack tuna by decade. The
circle size is proportional to the level of effort aggegated by degree of latitude and longitude. The bottomfte
panel is labeled incorrectly and should be labeled “1990s".
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Figure 3. The spatial distribution of distant-water poleand line effort targeting skipjack tuna by quarter (all

years combined). The circle size is proportional to #level of effort aggregated by degree of latitude and

longitude.
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Proportion zero catch records

Figure 5. The proportion of zero skipjack catch recordsy year for the distant-water pole-and-line fleet
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Figure 6. Latitude/longitude effects on the probabilityof catching skipjack (binomial model) for MFCL
region 5 (the colour scale denotes the magnitude of teéect from red (low) to yellow (high)).
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Figure 7. Mean residuals by ten year time intervals forte latitude/longitude effects on the probability of
catching skipjack (binomial model) for MFCL region 5 (the colour scale denotes the magnitude of the
residual from red (negative) to yellow (positive)).
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Figure 8. The individual vessel effects on the probaliiy of catching skipjack (binomial model) for MFCL
region 5 (red points) plotted against the last year thathe vessel was active in the fishery. The horizontbdhe
represents the range of years that the individual vessparticipated in the fishery. All vessel variables
commence from 1982 onwards with the exception of the agg&te vessel category.
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Figure 10. The year/quarter indices derived from the thomial model for MFCL region 5 (points). The
vertical lines represent the 95% confidence intervals.

26



1.2

Index

N — vessel+tech
© — vessel, no tech
no vessel, tech
— GRT+tech
o |
o

[ [ [ [ [ [ [ [
1975 1980 1985 1990 1995 2000 2005 2010

Year

Figure 11. A comparison of annual indices derived from aange of binomial models for MFCL region 5 that
investigate the influence of key variables, principallyhe individual vesselid (vessel) and the associated
technology (tech) variables.
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Figure 13. Latitude/longitude effects on the catch ratef skipjack (lognormal non zero model) for MFCL
region 5 (the colour scale denotes the magnitude of teéect from red (low) to yellow (high)).
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Figure 14. The relationship between the other model vables and the catch rate of skipjack (lognormal non
zero model) for MFCL region 5.
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The vertical lines represent the 95% confidence intemals.
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Figure 16. Latitude/longitude effects on the probabiliy of catching skipjack (binomial model) for MFCL
region 6 (the colour scale denotes the magnitude of teéect from red (low) to yellow (high)).
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Figure 17. The individual vessel effects on the probdiiy of catching skipjack (binomial model) for MFCL
region 6 (red points) plotted against the last year tht the vessel was active in the fishery. The horizontéihe
represents the range of years that the individual vesseqdarticipated in the fishery. All vessel variables
commence from 1982 onwards with the exception of the agg&te vessel category.
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Figure 18. The relationship between the other model vables and the probability of catching skipjack
(binomial model) for MFCL region 6.
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Figure 19. The year/quarter indices derived from the tnomial model for MFCL region 6 (points). The
vertical lines represent the 95% confidence intervals.
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Figure 21. Latitude/longitude effects on the catch ratef skipjack (lognormal non zero model) for MFCL
region 6 (the colour scale denotes the magnitude of teéect from red (low) to yellow (high)).
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Figure 22. The relationship between the other model vables and the catch rate of skipjack (lognormal non
zero model) for MFCL region 6.
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Figure 23. The individual vessel effects on the catclate of skipjack (lognormal non zero model) for MFCL
region 6 (red points) plotted against the last year thathe vessel was active in the fishery. The horizontbdhe
represents the range of years that the individual vessparticipated in the fishery. All vessel variables
commence from 1982 onwards with the exception of the agg&te vessel category.
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Figure 24. The year/quarter indices derived from thedgnormal non zero model for MFCL region 6 (points).

The vertical lines represent the 95% confidence intemals.
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Figure 25. Latitude/longitude effects on the probabiliy of catching skipjack (binomial model) for MFCL
region 4 (the colour scale denotes the magnitude of teéect from red (low) to yellow (high)).
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Figure 26. The individual vessel effects on the probdiiy of catching skipjack (binomial model) for MFCL
region 4 (red points) plotted against the last year tht the vessel was active in the fishery. The horizontéihe
represents the range of years that the individual vesseqdarticipated in the fishery. All vessel variables
commence from 1982 onwards with the exception of the aggate vessel category.
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Figure 27. The relationship between the other model vables and the probability of catching skipjack
(binomial model) for MFCL region 4.
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Figure 28. The year/quarter indices derived from the thomial model for MFCL region 4 (points). The
vertical lines represent the 95% confidence intervals.
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Figure 29. Latitude/longitude effects on the catch ratef skipjack (lognormal all data model) for MFCL
region 4 (the colour scale denotes the magnitude of teéect from red (low) to yellow (high)).
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Figure 30. The individual vessel effects on the catclate of skipjack (lognormal all data model) for MFCL
region 2 (red points) plotted against the last year thathe vessel was active in the fishery. The horizontbdhe
represents the range of years that the individual vessparticipated in the fishery. All vessel variables
commence from 1982 onwards with the exception of the aggate vessel category.
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Figure 31. The relationship between the other model vables and the catch rate of skipjack (lognormal all

data model) for MFCL region 4.
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Figure 33. Latitude/longitude effects on the catch ratef skipjack (lognormal non zero model) for MFCL
region 4 (the colour scale denotes the magnitude of teéect from red (low) to yellow (high)).

49



Relative CPUE

0.2 04 06 08 1.0 1.2

0.0

0.2 0.4 0.6 0.8 1.0

0.0

1.4

1.0 1.2

02 04 06 08

0.0

0.2 0.4 0.6 0.8 1.0

0.0

T T T T
0 10 20 30

No. poles

40

Bait tank

0.2 0.4 0.6 0.8 1.0

0.0

NOAA SST

Bird radar cateaorv

Sonar category

Figure 34. The relationship between the other model vables and the catch rate of skipjack (lognormal non
zero model) for MFCL region 4.
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Figure 35. The individual vessel effects on the catclate of skipjack (lognormal non zero model) for MFCL
region 4 (red points) plotted against the last year thathe vessel was active in the fishery. The horizontdhe
represents the range of years that the individual vessparticipated in the fishery. All vessel variables
commence from 1982 onwards with the exception of the agg&te vessel category.
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Figure 37. Latitude/longitude effects on the probabiliy of catching skipjack (binomial model) for MFCL
region 2 (the colour scale denotes the magnitude of teéect from red (low) to yellow (high)).
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Figure 38. The individual vessel effects on the probdiiy of catching skipjack (binomial model) for MFCL
region 2 (red points) plotted against the last year tht the vessel was active in the fishery. The horizontéihe
represents the range of years that the individual vesseqdarticipated in the fishery. All vessel variables
commence from 1982 onwards with the exception of the aggate vessel category.
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Figure 39. The relationship between the other model vables and the probability of catching skipjack
(binomial model) for MFCL region 2.
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Figure 40. The year/quarter indices derived from the tnomial model for MFCL region 2 (points). The
vertical lines represent the 95% confidence intervals.
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Figure 41. Latitude/longitude effects on the catch ratef skipjack (lognormal non zero model) for MFCL
region 2 (the colour scale denotes the magnitude of teéect from red (low) to yellow (high)).
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Figure 42. The relationship between the other model vables and the catch rate of skipjack (lognormal non

zero model) for MFCL region 2.
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Figure 43. The individual vessel effects on the catclate of skipjack (lognormal non zero model) for MFCL
region 2 (red points) plotted against the last year thathe vessel was active in the fishery. The horizontbdhe
represents the range of years that the individual vessparticipated in the fishery. All vessel variables
commence from 1982 onwards with the exception of the agg@te vessel category.
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Figure 44. The year/quarter indices derived from thedgnormal non zero model for MFCL region 2 (points).

The vertical lines represent the 95% confidence intemals.
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Figure 45. The year/quarter indices derived from thedgnormal all data model for MFCL region 2 (points).
The vertical lines represent the 95% confidence intemals.
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Figure 46. Latitude/longitude effects on the catch ratef skipjack (lognormal all data model) for MFCL
region 3 (the colour scale denotes the magnitude of teéect from red (low) to yellow (high)).
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Figure 47. The relationship between the other model vables and the catch rate of skipjack (lognormal all

data model) for MFCL region 3.
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Figure 48. The individual vessel effects on the catclate of skipjack (lognormal all data model) for MFCL
region 3 (red points) plotted against the last year thathe vessel was active in the fishery. The horizontlhe
represents the range of years that the individual vessparticipated in the fishery. All vessel variables
commence from 1982 onwards with the exception of the aggate vessel category.
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Figure 49. The year/quarter indices derived from thedgnormal all data model for MFCL region 3 (points).
The vertical lines represent the 95% confidence intemals.

65



Lat

170 180 190 200 210 220

Long

Figure 50. Latitude/longitude effects on the catch ratef skipjack (lognormal non zero model) for MFCL
region 3 (the colour scale denotes the magnitude of teéect from red (low) to yellow (high)).
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Figure 51. The relationship between the other model vables and the catch rate of skipjack (lognormal non
zero model) for MFCL region 3.
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Figure 52. The individual vessel effects on the catclate of skipjack (lognormal non zero model) for MFCL
region 3 (red points) plotted against the last year thathe vessel was active in the fishery. The horizontbdhe
represents the range of years that the individual vessparticipated in the fishery. All vessel variables
commence from 1982 onwards with the exception of the aggate vessel category.
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Figure 53. The year/quarter indices derived from thedgnormal non zero model for MFCL region 3 (points).

The vertical lines represent the 95% confidence intemals.
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Figure 54. Comparison of the non zero lognormal, binomiaand delta-lognormal CPUE indices for the
western equatorial region (region 5). The black line reggsents a seven quarter running average of the delta-
lognormal index.
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Figure 55. Comparison of the non zero lognormal, binomiaand delta-lognormal CPUE indices for the
eastern equatorial region (region 6). The black line reqgsents a seven quarter running average of the delta-
lognormal index.
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Appendix 1a. Western equatorial region, MFCL region 5.
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The annual number of days fished by each unique vesseby) in the MFCL region 5 fishery data set. The
area of the circle is proportional to the number of @ys fished. The aggregate vessel category, which includes
all effort prior to 1982, is not included.
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Boxplots of the key variables (aggregated by year) includen the data set included in the MFCL region 5
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Summary of data (aggregated by year) included in the MFCL @gion 5 analysis. Annual catches for the five
species are in tonnes.

Yeat Days Vessels SK! YFT BET PBF ALB
197: 8,141 20t 38,39 71¢€ 882 6 48
197: 13,64° 234 85,65( 96¢ 33¢ 1 44
197¢ 17,33t 23¢ 103,88 624 25¢ 62 71¢
197¢ 11,457 24t 44,28t 83z 29C 6 0
197¢ 6,56¢ 231 32,53 1,32¢ 401 80 0
197 9,90¢ 244 45,40¢ 924 28¢ 3 0
197¢ 6,71f 237 39,37 28¢ 12 0 0
197¢ 9,461 20¢ 41,12¢ 531 20c 0 84
198( 6,261 182 26,47: 59¢ 251 0 3
1981 4,27( 15(C 17,13: 23t 54 4 0
198: 2,03t 78 9,05( 371 21z 0 0
198: 2,191 58 16,03« 27¢ 97 0 0
198¢ 2,49¢ 53 18,61¢ 22t 71 1 0
198¢ 1,77¢ 53 8,18: 431 69 0 0
198¢ 4,02t 61 33,14 472 12¢ 0 0
198 63C 28 3,141 13C 32 0 0
198¢ 1,74¢ 39 13,82¢ 21z 36 0 0
198¢ 2,04¢ 44 25,15: 62 9 0 12
199( 2,22( 47 13,72: 93 47 0 4
1991 59t 19 3,78( 64 15 0 0
1992 417 25 2,97( 40 11 0 0
199z 92¢ 25 6,25 42 18 0 0
199¢ 1,251 28 10,59( 107 27 0 0
199¢ 1,981 29 15,51: 234 10: 0 0
199¢ 544 31 3,91t 30 11 0 0
1997 1,03Z 36 8,30¢ 88 17 0 2
199¢ 2,46: 35 20,84: 99 16 0 1
199¢ 92( 39 5,33 48 8 0 1
200( 1,95¢ 37 14,54¢ 32 6 0 6
2001 894 39 6,95¢ 17 3 0 12
200z 2,08 39 17,04¢ 17 5 0 0
200: 2,45¢ 38 23,05' 97 53 0 6
200¢ 514 36 2,48¢ 25 13 0 14
200¢ 1,57( 36 12,61! 37 7 0 0
200¢ 797 24 6,911 33 18 0 0
2007 53t 24 4,46¢ 5 2 0 0
200¢ 1,391 23 10,54: 27 10 0 0
200¢ 1,157 23 4,28( 25 12 0 0
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Appendix 1b. Eastern equatorial region, MFCL region 6.
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The annual number of days fished by each unique vesseby) in the MFCL region 6 fishery data set. The
area of the circle is proportional to the number of @ys fished. The aggregate vessel category, which includes
all effort prior to 1982, is not included.
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Summary of data (aggregated by year) included in the MFCL egion 6 analysis. Annual catches for the five

species are in tonnes.

Yeal
197:
197:
197¢
197¢
197¢
1977
197¢
197¢
198(
1981
198:
198:
198¢
198t
198¢
1987
198¢
198¢
199(
1991
199:
199:
199/
199¢
199¢
1997
199¢
199¢
200(
2001
200z
200z
200¢
200t
200¢
2007
200¢
200¢

Days
1,672
1,97¢
2,321
6,06:
8,15¢
11,137
10,54:
5,40
10,42:
11,60¢
6,441
4,60:
3,521
3,701
3,54(
762
3,72¢
2,90¢
75C
99z
29¢
96°
694
92t
1,517
1,72¢
674
2,47¢
43¢
1,181
91¢
42t
1,511
774
62:
291
77C
80z

Vessel:
104
11t
121
172
217
231
23t
142
17¢
154

82
59
54
54
59
33
37
40
36
26
16
22
26
28
29
36
33
39
28
36
36
30
34
33
21
18
21
19

SKL
11,46
15,94¢
22,00(
33,11t
53,79¢
67,53:
76,17
34,06¢
75,19¢
77,90¢
45,33
49,33¢
44,87¢
30,50¢
50,11(

5,86
52,10:
29,03¢

3,27¢
16,17¢
2,66¢
10,083t
7,97¢
11,46
12,52¢
17,70:

5,58
23,62¢

3,74¢
11,97¢
12,39(

2,48(
10,88

6,97:

6,87:

2,47¢

5,69(

4,87¢

YFT
25¢
34
16
227
54¢
89¢
45¢
13¢
481
45¢
97¢
55¢
24¢
77
21¢
121
14¢
56
77
42
11
49
11¢
71
32
64
35
15¢
13
30
27
18
63
10
39
20
13¢
78

BET
104
57
13
20C
21¢
534
27z
112
162
29z
56¢
34:
152
27¢
81
28
97
41
58
27

12
25
31
13
15

35

27

46

36
14
32
40

PBF
33
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101

NN
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Appendix 1c. Northern subequatorial region, MFCL region4.
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The annual number of days fished by each unique vesseby) in the MFCL region 4 fishery data set. The

area of the circle is proportional to the number of @ys fished. The aggregate vessel category, which includes

all effort prior to 1982, is not included.
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Summary of data (aggregated by year) included in the MFCL @gion 4 analysis. Annual catches for the five

species are in tonnes.

Yeal
197:
197:
197¢
197¢
197¢
1977
197¢
197¢
198(
1981
198:
198:
198¢
198t
198¢
1987
198¢
198¢
199(
1991
199:
199:
199/
199¢
199¢
1997
199¢
199¢
200(
2001
200z
200z
200¢
200t
200¢
2007
200¢
200¢

Days
3,26:
2,67¢
1,87¢
4,14
1,46¢
4,60«
1,99:
3,40¢
1,08¢
2,06:
97¢
56%
22t
1,41¢
27¢
762
422
39¢
1,27¢
254
271
747
71z
50
2,171
21:
1,00¢
32¢
97t
1,71¢
1,03
73C
2,57¢
39¢
1,131
2,43¢
83¢
93¢

Vessel:
13¢
192
17¢
21t
17¢
212
17¢
20z
11¢
14t

50
29
23
28
26
23
21
28
28
18
15
22
23
14
29
32
34
33
35
36
36
35
34
30
25
25
23
23

SK.
13,77
13,44
8,31
21,44
6,32
27,40
9,66¢
15,71
4,71¢
11,08
5,14¢
3,43
1,78¢
12,30
1,95¢
6,84¢
3,481
3,40:
9,48¢
2,00(
3,46
4,967
6,00(
26¢
20,82
1,20
10,61
1,94
7,19¢
14,37
6,49
6,69
28,84
3,09(
9,84:
22,93;
4,15¢
5,79(

YFT
70
66
25
99
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Appendix 1d. Northwestern subtropical region, MFCL regia 2.
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area of the circle is proportional to the number of @ys fished. The aggregate vessel category, which includes
all effort prior to 1982, is not included.
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Summary of data (aggregated by year) included in the MFCL @gion 2 analysis. Annual catches for the five

species are in tonnes.
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Appendix 1e. Northeastern subtropical region, MFCL region 3.
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The annual number of days fished by each unique vesseby) in the MFCL region 3 fishery data set. The
area of the circle is proportional to the number of @ys fished. The aggregate vessel category, which includes
all effort prior to 1982, is not included.

84



© 0 w o

oo+
[ = ]
O3 -
FoOOm o eeee
P ------- -
co [P e
™ =

o -O~
=0+ o

- —=—-o00000
- - e o ©coo0o00
= - ——=—=-Z 0000
- ——do0

- -

R B

apneT

1972 1977 1982 1987 1992 1997 2004 2009

1972 1977 1982 1987 1992 1997 2004 2009

1972 1977 1982 1987 1992 1997 2004 2009

1972 1977 1982 1987 1992 1997 2004 2009

yorea s Aol

1972 1977 1982 1987 1992 1997 2004 2009

sajod ‘0N

1972 1977 1982 1987 1992 1997 2004 2009

yorea 1A Bol

1972 1977 1982 1987 1992 1997 2004 2009

0S¢

1972 1977 1982 1987 1992 1997 2004 2009

Boxplots of the key variables (aggregated by year) includen the data set included in the MFCL region 3

GLMs.

85



Summary of data (aggregated by year) included in the MFCL egion 3 analysis. Annual catches for the five
species are in tonnes.

Yeat Days Veseels SK! YFT BET PBF ALB
197: 93: 67 7,352 26 52 19 56
197: 15(C 19 98t 57 107 0 40
197¢ 30z 25 2,31¢ 45 10z 0 79
197¢ 33C 26 1,72( 78 49 0 18(
197¢ 487 40 2,83( 10¢ 113 0 337
197 41¢ 38 1,90¢ 21¢ 35¢€ 0 25
197¢ 36¢ 29 1,41 14C 24¢ 0 134
197¢ 65 50 3,21( 97 162 0 24t
198( 2,29t 10t 12,56« 13¢ 37z 7 42%
1981 2,29¢ 68 10,67: 137 31z 0 40t
198: 491 20 2,641 40 12¢ 0 12t
198: 20t 8 1,73¢ 0 27 0 28
198¢ 89 7 862 14 22 0 1
198¢ 68 6 35z 43 17 0 1
198¢ 34¢ 15 4,06 0 26 0 98
198 41 2 32¢ 9 31 0 3
198¢ 45 4 60¢ 16 21 0 40
198¢ 45¢ 19 6,22( 10 64 0 10
199( 37z 21 3,24¢ 10 19 0 93
1991 17: 11 2,18 10 86 0 0
1992 14¢ 11 2,29¢ 0 2 0 51
199z 307 17 4,62¢ 1 16¢ 0 86
199¢ 10t 9 83¢ 0 2 0 1
199¢ 17¢ 8 2,121 0 11C 0 24¢
199¢ 39 4 21¢ 2 0 0 5
1997 51 4 33z 0 9 0 36
199¢ 18( 11 2,09¢ 0 0 0 73
199¢ 80 9 1,06¢ 0 0 0 14
200( 18 1 48 0 19 0 11
2001 0 0 0 0 0 0 0
200z 0 0 0 0 0 0 0
200: 27¢ 16 2,82¢ 0 0 0 16¢
200¢ 141 9 45¢ 17 261 0 8
200¢ 197 10 2,37¢ 0 11 0 25¢
200¢ 33z 12 3,12¢ 0 9 0 12
2007 30 4 162 0 0 0 6
200¢ 57 5 29/ 0 0 0 0
200¢ 10€ 9 36° 0 0 0 6
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Appendix 2. The lognormal non zero indices (Logn), binomial indicey @hd delta-lognormal indices
(delat-logn) from the MFCL regions 5 and 6 GLMs.

Year Qtr MFCL region 5 MFCL region b
Logn Bin delta-logn Logn Bin delta-logn

1972 1 0.947 0.898 0.851 1.892 0.929 1.758
1972 2 1.267 0.933 1.182 1.106 0.940 1.040
1972 3 0.879 0.806 0.708 0.788 0.808 0.636
1972 4 0.777 0.829 0.644 0.735 0.829 0.609
1973 1 0.880 0.978 0.860 0.696 0.981 0.683
1973 2 1.108 0.974 1.079 1.897

1973 3 1.370 0.965 1.322 1.469 0.981 1.441
1973 4 1.479 0.990 1.464 1.288 0.993 1.279
1974 1 1.327 0.928 1.232 1.264 0.992 1.254
1974 2 1.231 0.892 1.098 2.086 0.965 2.013
1974 3 1.067 0.913 0.974 0.729 0.850 0.619
1974 4 0.922 0.896 0.826 0.974 0.904 0.880
1975 1 0.748 0.873 0.652 0.871 0.880 0.766
1975 2 0.871 0.929 0.809 0.857 0.920 0.788
1975 3 0.807 0.859 0.693 1.017 0.928 0.943
1975 4 0.932 0.916 0.854 0.718 0.903 0.648
1976 1 0.908 0.898 0.815 1.003 0.923 0.925
1976 2 1.241 0.930 1.155 1.104 0.956 1.055
1976 3 0.992 0.942 0.935 0.867 0.921 0.798
1976 4 0.983 0.927 0.911 0.947 0.916 0.867
1977 1 0.837 0.908 0.760 0.697 0.849 0.591
1977 2 1.003 0.903 0.907 0.925 0.879 0.813
1977 3 0.793 0.862 0.683 0.923 0.909 0.839
1977 4 1.114 0.929 1.035 1.089 0.921 1.004
1978 1 0.981 0.910 0.892 1.107 0.959 1.062
1978 2 1.420 0.981 1.392 1.172 0.967 1.134
1978 3 1.052 0.910 0.957 0.979 0.878 0.860
1978 4 1.406 0.931 1.309 0.985 0.874 0.861
1979 1 0.975 0.941 0.918 0.629 0.906 0.570
1979 2 0.937 0.870 0.815 1.017 0.852 0.866
1979 3 0.456 0.781 0.356 1.062 0.851 0.903
1979 4 0.856 0.895 0.766 0.763 0.784 0.598
1980 1 0.771 0.883 0.681 0.715 0.893 0.639
1980 2 1.126 0.934 1.052 1.090 0.896 0.976
1980 3 1.221 0.906 1.107 1.035 0.920 0.952
1980 4 0.996 0.862 0.858 1.126 0.933 1.050
1981 1 0.869 0.865 0.752 0.838 0.842 0.705
1981 2 0.864 0.863 0.745 1.007 0.903 0.909
1981 3 1.147 0.765 0.877 0.951 0.876 0.833
1981 4 0.939 0.817 0.767 0.776 0.813 0.631
1982 1 0.959 0.914 0.876 0.527 0.845 0.445
1982 2 0.978 0.921 0.900 1.006 0.925 0.930
1982 3 0.493 0.800 0.3%4 0.899 0.864 0.776
1982 4 0.947 0.906 0.858 0.880 0.840 0.739
1983 1 1.083 0.949 1.028 0.994 0.913 0.907
1983 2 1.541 0.967 1.490 1.158 0.948 1.098
1983 3 1.766 0.956 1.688 1.138 0.894 1.017
1983 4 1.258 0.946 1.190 2.031 0.949 1.928
1984 1 1.159 0.913 1.058 0.952 0.895 0.851
1984 2 0.999 0.839 0.838 1.435 0.960 1.378
1984 3 1.332 0.819 1.091 1.722 0.894 1.540
1984 4 1.003 0.871 0.874 0.990 0.836 0.828
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Appendix 3. The lognormal non zero indices (Logn), binomial indicey @hd delta-lognormal indices

(delat-logn) from the GLMs of theffshore pole-and-line logsheet data for MF@&gion 2

Year

1972
1972
1973
1973
1974
1974
1975
1975
1976
1976
1977
1977
1978
1978
1979
1979
1980
1980
1981
1981
1982
1982
1983
1983
1984
1984
1985
1985
1986
1986
1987
1987
1988
1988
1989
1989
1990
1990

Qtr

W N W N WNWNWDNWDNWDNWNWDNWDNWDNWDNWDNDWOWDNDOWDNDWDNDWDNDWDNDWNDN

Bin

0.537
0.524
0.651
0.587
0.731
0.535
0.633
0.647
0.843
0.674
0.763
0.526
0.702
0.594
0.802
0.644
0.816
0.627
0.640
0.573
0.563
0.554
0.720
0.662
0.556
0.739
0.501
0.556
0.692
0.698

0.624
0.795
0.680
0.560
0.558
0.618
0.579

Logn

0.876
0.770
1.185
0.904
1.282
0.789
1.082
0.738
1.540
0.840
1.067
0.600
1.140
0.785
1.390
0.833
1.475
0.862
0.747
0.531
1.002
0.916
1.231
0.976
1.240
1.622
0.899
0.677
2.025
1.096
1.459

0.712
1.530
1.062
0.930
0.699
1.181
0.819

delta-logn

0.470
0.403
0.771
0.530
0.937
0.422
0.685
0.478
1.298
0.566
0.814
0.316
0.800
0.466
1.114
0.536
1.203
0.540
0.478
0.304
0.564
0.508
0.886
0.647
0.689
1.198
0.451
0.376
1.401
0.765

0.444
1.216
0.722
0.520
0.390
0.730
0.475

Year

1991
1991
1992
1992
1993
1993
1994
1994
1995
1995
1996
1996
1997
1997
1998
1998
1999
1999
2000
2000
2001
2001
2002
2002
2003
2003
2004
2004
2005
2005
2006
2006
2007
2007
2008
2008
2009
2009

Qtr

W N W N WN WNWDNWDNDWDNWDNWDNWDNWDNWDNWDNDWDNDWNDN

Bin

0.770
0.792

0.719
0.365
0.678
0.792
0.451
0.610
0.619
0.474
0.667

0.673
0.670
0.734
0.834
0.477

0.545
0.342
0.500
0.555
0.590
0.223
0.488
0.891
0.644

0.574
0.245
0.545

0.728
0.643
0.648

0.604

Logn delta-logn

1171
2.386
0.210
1.633
2.693
1.445
0.886
0.791
1.774
0.598
1.669
1.255
4.408
1.443
1.641
1.058
1.240
1.260

2.442

0.753
1.384
0.920
2.907
1.006
0.872
0.800
0.381
1.606
2.020
1.529
3.394
1.184
2.733
1.376
3.939
0.755

90

0.901
1.891

1.175
0.982
0.979
0.702
0.357
1.082
0.370
0.791
0.837

0.971
1.100
0.776
1.034
0.601

1.331

0.376
0.768
0.543
0.648
0.491
0.777
0.515

0.921
0.494
0.833

0.862
1.756
0.891

0.456
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