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Abstract

Results from applying the Brownie-Petersen metloe$timating mortality rates and
abundance to skipjack tag-recapture data and dattehfrom years 2005 to 2009
(using data corresponding to cohorts 2001 to 2885 presented. The analysis used
an annual time-step and a single fishery (i.e.réfigrns and catches were aggregated
within each year across fisheries). Several altermacenarios were considered,;
however, overall, the results suggest natural riityrtate at ages 1 to 4+ is U-shaped
(highest at ages 1 and 4+ and lower at ages 2 )JaiasBing mortality rates vary
significantly between years and ages, but werednigh2006 and 2007 than in 2008
and 2009. When interpreting the results, it is ingo@ to note that a large number of
uncertainties exist in the data and the model apsans. The results presented can
only be considered preliminary until some of thisseies are resolved and/or further
sensitivity runs are conducted.

Introduction

The Brownie-Petersen method, presented in Poladtealk (2006), is a method for
estimating natural mortality rates, fishing motialates and abundance from multi-
year tagging data integrated with catch data. mhkision of catch data not only
improves estimation of mortality rates (especiéiliing mortality) but also allows
for direct estimation of cohort size at the timeaxfging. This method provides a
potentially powerful alternative to CPUE and fisherdependent surveys for
augmenting traditional stock assessments.

In this paper, we apply the Brownie-Petersen metbdddian Ocean skipjack tuna
(Katsuwona pelamis) tag-recapture and catch data. Stock assessmskipgdck is
difficult due to a number of reasons including:ytirave rapid (but hard to quantify)
growth, relatively short life spans, spawn almasttauously, and have questionable
relative abundance indices due to the nature ofishery (mostly purse seine and
pole and line). A large-scale conventional tagginggram, referred to as the
Regional Tuna Tagging Project - Indian Ocean (RTOR-was started in 2005 and
since then a large amount of tag release and raeagata has accumulated for
skipjack (as well as yellowfin and bigeye). Theatadeither stand-alone or integrated
with other data sources, have the potential toigevaluable information for
assessing the stock. At the 2010 IOTC Scientifim@ttee (SC) meeting, the SC
marked conducting an assessment of skipjack ae@tyrand they recommended the
estimation of natural mortality rates, as well Baradance and exploitation rates,
using the Brownie-Petersen method applied to |&&3tP-10 tag-recapture data.

Methods

The Brownie-Petersen method is presented in dat&blacheck et al. (2006), but the
relevant information is reproduced here for congahreference. Modifications that
were used in the application to skipjack data &e described.

Population dynamics model

The basic model underlying the analyses of theimalr tagging experiments used
here is the general population dynamic equationsneonly used in fisheries. These
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equations involve exponential and competing natamdl fishing mortality rates. Thus
for a cohort of animals of a given age, the nuntbat survive one time step is

F?,t+1 = Fi),t exp{—FiI - Mix} (1)
Cit— L Pi (1_ expi-F, - M, }) (2)
it Fi't+ M ’ It it it

where:
Pi+ = the number of individuals of agat timet
Ci: = the catch of individuals of ageat timet
Fi = the instantaneous fishing mortality rate foriundlals of age at timet
Mi = the instantaneous natural mortality rate foniitials of age at timet.

In most fisheries contextd); ; will be assumed to be constant with time, although
multi-year and multi-cohort tagging programs caovpte year and age specific
natural mortality rates. Here, we focus on a nmydir tagging experiment involving a
single cohort. As such, we will drop theubscript and express everything in terms of
age.

Note that the model and equations are presenteirits of a single cohort as this is
the minimum required by the model and makes thatiwot simpler. In practice, it is
likely that several cohorts (age-classes) woulthlgged in each time period of
tagging. To include multiple cohorts in the moaele simply needs to develop the
likelihood for each cohort as described in the rs&dtion, and then multiply them
together to form a joint likelihood. Note that If parameters being estimated vary
with both year and age, then maximizing the liketiti for each cohort separately is
equivalent to maximizing the joint likelihood (i.evill yield the same parameter
estimates). More likely, however, some parametdide shared; for example, if
natural mortality varies with age but not with yeitwen all fish recaptured at a given
age will have a common M parameter regardlesseoféar.

In the context of a tagging experiment, the abayeadons provide the basis for
predicting the expected number of returns assumhiaigthe tagged fish constitute a
representative sample of the population. FollovBngwnie et al. (1985), the
expected number of tags recaptured and returneddrparticular cohort at age
from releases at age(R, i) are given by the expressions in Table 1.

Table1l. Expressions for the expected number of tag rethynage corresponding to
releases at a particular age, for a tagging exgetinm which a cohort of fish is
tagged at ages 1 to 3 and recaptured at ages.1to 5

Release # Expected # returns from age class

Age Releases 1 2 3 4 5

1 N1 AIN1f1 AoN1Sif2 A3N1SISf3 AgN1$1$S5f4 AsN1S1S$HS30f5
2 N2 A2Ngfa  A3N2SHfz  AgNoSHS3fg AsNoSHS3f5

3 N3 A3N3f3 AgN3S3f4 AsN3S3Hf5
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where:
N,= the number of tag releases of agesh from a specific cohort
fi = Fi/(Mj+F)LI1 - exp{-(Mj+Fj)}]

§ = exp{-(Mj+F;)}
Aj= tag reporting rate for fish captured at age

The above expressions for the expected numbetwhseassume complete and
instantaneous mixing of tagged fish and no taggmoegtality or loss. In our
application to skipjack data, we modify the equagito incorporate tag shedding as
follows:

fi = a Fi/(Mj+Fj+Q)1 - exp{-(Mj+Fj+Q)}]
S = exp{-(Mj+Fi+Q)}

wherea is the instantaneous retention rate (i.e., thegmon of tags that are not
shed immediately after tagging) aQds the continuous shedding rate (i.e., the rate at
which tags shed over time).

Note that these modified equations pertain to sitgdged fish, but for simplicity we
assume here that they hold for double-tagged fishedl. In actuality, the probability
of a fish retaining (at least) one tag will be geedor a double-tagged fish than a
single-tagged fish; however, for skipjack, the shed rate estimates are low enough
(see ‘Data and assumptions’ section below) thaasseime the difference can be
ignored.

We also want to account for the fact that newlgeabfish will not be fully mixed

with the untagged population immediately after taggand for the fact that tagging
generally occurs during the fishing season so tdgh are only vulnerable for part
of the season. To do so, we allow the F parametatsfer between tagged fish in
the time period they were tagged and untaggedriigiat same time period (see
application to southern bluefin tuna in Polacheic&l€2006). We assume that tagged
and untagged fish are fully mixed by the time pefielowing release, where a time
period is one year in applications using an antioed-step, and one quarter in
applications using a quarterly time step.

Equations (1) and (2) can also be used to providéogous expressions for the
expected catches of agésh from a particular cohort, conditional on iee of the
cohort at the age of first tagging, assumed hetetage 1 and denoted By(Table

2).

Table 2. Expressions for the expected number of fish caaghges 1 to 5 from a
cohort which had an age 1 abundancéof

Size of Expected catch from age class
cohort 1 2 3 4 5
P1 Pifi P1Sif2 P1S1Sfz P1S1SS3f4 P1S1S3fg
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Essentially, the catch data can be viewed as angggperiment in which the
number of release®() is unknown and is a parameter to be estimatedieider,

unlike a tagging experiment where there is littheertainty in the numbers of tags
returned, the numbers of fish caught at each age will bienesed quantities. These
guantities are usually derived from a multi-stagengling of catches for length
combined with age-length keys derived from otolithrsobtained via cohort slicing.
BecauseP, is unknown, it is not possible to derive estimatemortality rates from

the catch at age data aléneowever, combining the catch at age data withniéi-
year tagging data allow?, to be estimated and additional informationFoandM

contained in the catch data to be extracted.

Estimation Model

As developed in Brownie et al. (1985), if eachtagppture is assumed to be
independent, then the numbers of returns at agespwnding to a given release event
are expected to be multinomial. The likelihood fumre for the observed numbers of
returns from all release events is the product atimomials:

=[] HRaI(N —Ra)ﬂpa"(_pa e ©

1=2a

wherea indexes release agandexes recapture age, apg; is the probability of a
tag being returned from an agfsh released at age An expression foip,; can be
obtained from the expected number of returns inerakpy dividing byN;.

Explicitly,
B Af i=a
Pei = AS,--94f i>a

Note that in equation (3) and in subsequent equsiti@ dot in the subscript denotes
summation over the index it replaces.

Variance in the tag return numbers may be grehser & multinomial distribution
predicts (due to factors such as tagged fish renmain schools). Overdispersion (i.e.,
extra variability) can be accounted for by usingiachlet-multinomial distribution,
but this requires specifying the level of overdispen since it cannot be reliably
estimated within the model. Assuming a multinondigtribution should not bias the
parameter estimates; however, it means that teémated standard errors will be too
small if that return data are in fact overdisper@@alacheck et al. 2006).

! The numbers of tagecaptured can have high uncertainty due to uncertain repgniates, but the
numbers of tags actually returned (i.e., the daadnters the model) are usually known accurately.
2 Even ifM is assumed known as in many stock assessments ateestill too many parameters and
this is the reason that catch at age stock assassmoelels require additional sources of data.
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Similar to the tag-return data, if we assume thdtsh in a cohort are independent,
then the catch at age data can be modelled asmamddtinomial, where each fish

has a probability of being captured at ag&xpressions for the catch probabilities
can be obtained by dividing the expected catchdsbie 2 by the initial cohort size

(R).

The age distribution of the catch is usually detead by taking a sample of the
catch, estimating the ages of fish in the samptedefrom lengths or from direct
aging of hard parts), and then scaling up the egéthage frequencies of the sample
by the ratio of the catch size to the sample 8ize have chosen to represent the error
in the catch at age data that results from thisn@sion procedure as Gaussian with a
common coefficient of variation (CV}, across all age classes. To fit a model with
both multinomial “process” error and Gaussian samggineasurement error would
require a relatively sophisticated approach, sisch Kalman filter. However, in most
fisheries the number of fish in the cohort from g¥hcatches are being taken will be
very large such that the multinomial error will thegligible compared to the Gaussian
sampling error (see Polacheck et al. 2006). In saskes, only the latter needs to be
considered. Thus, the likelihood for the catchge data can be expressed as

q 1 _1(c-EC)Y
LC‘ﬂ@aieXp( 2( o U @

where the expected catch at ag&(C,), is given in Table 2 and; =vE(C)).

The overall likelihood for the combined recaptunel @atch data can be obtained by
multiplying likelihoods (3) and (4) together:

L =L, xL, ®)

Estimates of th&, M andP parameters can be obtained by maximizing theiliked
in (5) (or, equivalently, by minimizing the negatilog of this likelihood). The
parametew cannot be estimated from the data when a sepaiatestimated for
each year of recapture, thus we assume that nas/R.

The information for estimatiniyl comes from the differential between the expected
returns at age +1 of fish released at ageind those released at agel. Thus, in an
experiment witm release events, estimates can only be obtainéd; fiarM,,-1
because subsequeMits are not separable from the correspondirgarameters. In an
experiment with three release events, as illustratd able 1, onlyM; andM, are
estimable. Therefore we assume thNgt=M _, fori=n.

Data and assumptions

The data used in the analysis presented here @aRRTMP-IO skipjack (SKJ) tag-
recapture data, and the SKJ catch data used stdbk assessment being conducted
by D. Kolody (for which the data are compiled byagequarter and fishery, where 4
fisheries have been defined). In each year-quéigieery combination that had length
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information, the sample length-frequency data veadesl up to the total catch in that
year, quarter and fishery. For a year-quarter-fisglkembination that did not have any
length information, the length-frequency data faattfishery from adjacent years (i.e.,
years y-1, y and y+1) were combined to calculdength-frequency distribution,
which was then scaled up to the total catch for yiear, quarter and fishery.

The release data and the catch data were aged dasenigth and an assumed growth
curve, using a simple ‘cohort slicing’ method (ifesh with lengths between &)

and L@,) are considered to be agg where L@) is the expected length at age
calculated from the growth curve). The growth curged was a von Bertalanffy

(VB) curve estimated from applying the method ofle#t et al. (2002) to the SKJ
tag-recapture data. This method was applied to BEIT, and SKJ tag-recapture data
in 2008 (Eveson and Million 2008), and was updaigidg the most recent SKJ
recapture data for the current analysis (see Apgerieiven the updated tag-recapture
data does not have much information on large fiste( 65cm), so when no
constraints are put on the parameters, the asymgogth parameter (Linf) is
estimated to be lower than seems believable (ceriaglthe maximum sizes seen in
the catches). As such, the model was fit fixingflat 75cm (based on the largest fish
in the catch data used in this analysis) and 8®@asdgd on length data from longline
fisheries; pers. comm. D. Kolody). These two groadives are referred to as VB75
and VB83 respectively (Figure 1). VB75 was usethasdefault in this analysis.

For the analyses presented here, a single fishasyassumed and an annual time-step
was used; thus, releases, recaptures and catchesggregated by year over all
fisheries, and integer ages were calculated.

Cohorts 2001 to 2005, release ages 1 to 5 andtreeagges 1 to 6, were included in
the analysis, since these had sufficient data. Naeever, that each cohort was not
tagged at all ages (see Table 3). The Brownie-Batenethod requires a cohort to be
tagged in multiple consecutive time periods in otdeseparate M from F; thus, even
though a large number of fish from cohort 2006 wagged at age 1, they are not
informative with regard to M. Table 3 gives a suamynof the data used in the base
analysis, in the format required for the BrowniddPgen model. In particular, the
release and recapture data are broken down by tcahdrage of release, and age at
recapture. The catch data are broken down by tandrage. Release age and age of
the catch were estimated using the VB75 growthe@note that recapture age was
calculated from the estimated age at release antintfe at liberty). Cohort is
calculated as year (of tagging or catch) minusrestd age.
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Table3. Data used in base analysis. (a) Number of tagasels by (estimated) cohort
and release age, and corresponding number of tiagnseby age. (b) Catch numbers
(in millions) by cohort and age. Ages were estirdatsing VB75 growth curve.

(a) Release-recapture data

Release Number Number recaptures by age

Cohort age releases 1 2 3 4 5 6

2001 1 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0
4 678 0 0 0 15 18 2
5 386 0 0 0 0 18 4

2002 1 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0
3 3918 0 0 51 297 26 0
4 1278 0 0 0 101 15 0
5 538 0 0 0 0 17 2

2003 1 0 0 0 0 0 0 0
2 9027 0 75 1219 217 12 0
3 12409 0 0 1001 808 31 0
4 1056 0 0 0 42 5 1
5 0 0 0 0 0 0 0

2004 1 247 0 22 10 1 0 0
2 25011 0 1567 3031 175 12 2
3 5431 0 0 562 101 5 0
4 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0

2005 1 2125 22 351 21 1 0 0
2 11857 0 1032 534 69 2 0
3 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0

(b) Catch data (in millions)
Age
Cohort 1 2 3 4 5 6

2001 18.6 21.7 10.9

2002 47.2 21.4 11.4 8.0

2003 46.3 51.8 9.2 7.8 2.4

2004 9.5 43.2 29.4 5.6 3.0

2005 11.2 46.0 18.2 4.1
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In fitting the Brownie-Petersen model, we alloweddWary with age but not across
years, and F to vary with both age and year (wWitagsumptions about selectivity
patterns). Because we are assuming a single fistiesymeans we estimate a total F
for each year and age (i.e., we do not estimaterisspecific Fs).

Reporting rates are required for each year andatgg returns being included in the
model. Although reporting of a tag is not expedtedepend on the age of a fish, it is
still necessary to estimate age-specific repontatgs in situations where there are
multiple fisheries with different selectivities, ptying different age-structures in the
catches (Hearn et al. 1999). An average reportiteyacross all fisheries is calculated
for yeary and age by taking a weighted average of the fishery-spec#porting

rates, where the weights are the proportion otttiehes in yeay belonging to age
classain each fishery. Reporting rates have been estinfaom tag seeding data for
the Seychelles purse seine catches (pertainingttolbg set (LS) and free school
(FS) catches). Two sets of estimates exist: theed in the assessment and those by
Hillary et al. (2008). The assessment estimatas wsed here because they exist for
most of the years required and therefore do natire@s much extrapolation.
Reporting rates for the “at sea” purse seine cat¢th® and FS) are assumed to be
100%; they are assumed to be 0% for all other fiskgand any tag returns from
these fisheries are excluded from anafy/siBhe reporting rates used in the analysis
are given in Table 4. Note that the small valuessbme years and ages are due to
the fact that the fisheries assigned a 0% reportitgcatch a large portion of the total
catch for that year and age.

Table 4. Reporting rate estimates (averaged over all fiseeby cohort and age of
recapture. See text for details.

Age
Cohort 1 2 3 4 5 6
2001 0.22 0.24 0.06
2002 0.34 0.38 0.16 0.07
2003 0.36 0.42 0.40 0.14 0.28
2004 0.08 0.54 0.46 0.30 0.53
2005 0.34 0.55 0.35 0.71

Tag shedding estimates were assumed to remaimthe gver time, and were taken
from Table 3 of Gaertner and Hallier (2009). Intgadar, the values used were
0=0.987 and2=0.015 (per year).

Recall that the CV of the catch data needs to beiipd. A value of 0.3 was used
here; although this value was chosen rather ariytrarevious investigations have
shown the results to be fairly insensitive to th&re used (Eveson et al. 2007).

In addition to fitting the model according to th@oa&e specifications, a few
alternatives were also considered.

% The Maldives pole and line fishery does return sdags; however, in the absence of any information
on reporting rates, it is simplest to omit thedenres from the analysis and assume a 0% reporditeg r
for this fishery.
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Alternative 1:Catch data omitted.
Alternative 2:VB83 growth curve used to age data.

Alternative 3:VB83 growth curve used to age data, and catchafattied.

Results

The results obtained from the base model run aednaltives 1 to 3 are presented in
Table 5. For the base run, M at age is estimatdx tU-shaped, with relatively large
values at ages 1 and 4+ and smaller values at2aged 3; however, note that the
CVs are quite large at ages 3 and 4. The F esgriat a given age can differ a lot
between cohorts (i.e., years); for example, thedagestimate was ~0.45 for cohorts
2002 and 2003 (years 2006 and 2007), but was ohf/#&nd 0.04 for cohorts 2004
and 2005 (years 2008 and 2009) respectively. Vébasidering the F estimates, it is
important to keep the CVs in mind since they candrg large for years and ages
where the numbers of tag returns were low, sudgas. The cohort size estimates
must also be interpreted carefully because theyespond to the size of the cohort at
the age when it was first tagged. Thus, the eséiroB0.56 billion for cohort 2001 is
an estimate of the number of age 4 fish in yeab2@Mereas the estimate of 4.2
billion for cohort 2004 is an estimate of the numbfkage 1 fish in 2005.

Comparing the base run results with those fronthihee alternative runs, we can
make the following general statements. When ca#th dre omitted from the
analysis, the F estimates all increase and sortteeof quite substantially.
Correspondingly, M estimates also increase (sined-tand M estimates are
positively correlated). Population size estimatsnot be obtained without catch
data, nor can meaningful estimates of F in the gé#agging (since F in the year of
tagging is allowed to differ from the general paiidn to allow for a period of non-
mixing). Using the VB83 growth curve as opposethtoVB75 growth curve results
in M estimates that are again U-shaped over age<t, but with the age 1 estimate
being larger than the age 4 estimate, and the agéirfBate significantly smaller than
the age 2 estimate. The F estimates are quiteasimregpecially when CVs are taken
into account. The population size estimates artersame order, but are quite a bit
larger for cohort 2003, age 2 (year 2005) and do?@®5, age 1 (year 2006) for the
VB83 results than the VB75 results.
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Table5. Natural mortality rate (M) estimates by age, frghmortality rate (F)
estimates by cohort and age, and abundance af &éiga celease (P) by cohort (in
billions). Results are given for the default modei and the 3 alternatives specified
in the methods. Note that in the alternatives dlwamot include catch data, F in the
year of release is not estimated (because it i@ag to differ from the general
population to allow for a period non-mixing). Wheaitch data are included, F in the
year of release can be estimated from the catéh ddie numbers in parenthesis
below the point estimates give the CVs of the eatias.

Base run (VB75):

M Age 1 2 3 4+
0.585 0.376 0.210 0.707
(0.12) (0.10) (0.74) (0.44)

F Cohort Agel 2 3 4 5 6
2001 0.148 0.466  0.882

(0.35) (0.54) (1.30)

2002 0.132 0.448 0.278 0.263

(0.41) (0.22) (0.56) (1.01)

2003 0.022 0.791 0.444 0.131 0.028

(0.52) (0.08) (0.23) (0.55) (0.96)
2004 0.003 0.412 0.707 0.155 0.016
(0.43) (0.26) (0.08) (0.22) (0.52)
2005 0.010 1.091 0.309 0.039
(0.39) (0.13) (0.08) (0.21)

P Cohort: 2001 2002 2003 2004 2005
Age: 4 3 2 1 1

0.56 1.02 4.28 4.20 1.38

(0.29) (0.33) (0.45) (0.35) (0.30)

Alternative 1 (VB75 and omit catch data):
M Age 1 2 3 4+
0.618 0.367 0.290 1.094
(0.11) (0.10) (0.45) (0.17)

F Cohort Agel 2 3 4 5 6
2001 0.902 5.000*
NA  (0.41) (NA)
2002 0.609 0.765 0.206
NA (0.19) (0.51) (0.99)
2003 0.820 0.601 0.329 0.013
NA  (0.07) (0.20 (0.45) (1.212)

2004 0.478 0.732 0.205 0.025

NA (0.25) (0.07) (0.19) (0.41)

2005 1.159 0.323  0.047

NA (0.12) (0.07) (0.19)

* upper bound

10
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M Age 1 2 3 4+
0.634 0.498 0.115 0.492
(0.16) (0.07) (0.87) (0.51)
F Cohort Agel 2 3 4 5 6
0.314 0.430 0.465
2001 (0.32) (0.46) (0.89)
0.140 0.464 0.385 0.169
2002 (0.39) (0.16) (0.48) (0.85)
0.009 0.780 0.376 0.106 0.010
2003 (0.57) (0.06) (0.16) (0.43) (0.81)
0.003 0.404 0.781 0.208 0.020
2004 (0.47) (0.56) (0.06) (0.16) (0.42)
0.003 1.303 0.286 0.062
2005 (0.44) (0.18) (0.07) (0.17)
P Cohort: 2001 2002 2003 2004 2005
Age: 4 3 2 1 1
0.61 1.07 6.98 2.97 2.66
(0.25) (0.31) (0.51) (0.40) (0.38)
Alternative 3 (VB83 and omit catch data):
M Age 1 2 3 4+
0.677 0.501 0.131 0.816
(0.15) (0.07) (0.71) (0.27)
F Cohort Agel 2 3 4 5 6
2001 0.831 1.094
NA  (0.47) (0.97)
2002 0.563 0.817 0.228
NA (0.14) (0.48) (0.90)
2003 0.792 0.453 0.199 0.006
NA (0.06) (0.14) (0.38) (0.94)
2004 0.728 0.794 0.251 0.027
NA (0.55) (0.06) (0.14) (0.37)
2005 1.438 0.293 0.070
NA (0.18) (0.07) (0.16)

11
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Discussion

The results presented here provide a useful fiegt im estimating mortality rates and
abundance from the growing amount of skipjack &gapture data. The estimates of
natural mortality may prove particularly useful givthe lack of alternative methods
for estimating this parameter. Nevertheless,gelaumber of uncertainties exist in
the data inputs and assumptions of the model, l@desults must be considered
preliminary. For example, a reliable growth curge $kipjack has yet to be
established so the age estimates are highly umtefiso, an annual time-step is
arguably too coarse given the rapid population dyina of skipjack, and the fact that
different components of the fishery operate atedédht times and can have highly
variable exploitation rates by quarter. As suchymber of sensitivity analyses
should be conducted before drawing conclusions fierBrownie-Petersen results.
For example, further model runs that would be imfative include:

* use quarterly time step

» check sensitivity to which cohorts and releaseffega ages are included in
the analysis

» estimate fishery-specific Fs

» use the alternative reporting rates by Hillaryle{2008) once they have been
updated to include more years

» test sensitivity to larger range of growth models

* include overdispersion in the tag return data

Lack of time has prevented these runs from beimglgoted for inclusion in this

report. If time permits, it is hoped that somelwge runs will be run prior to the
meeting so that the results can be presented andssied at that time.

12
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Figure1l. Growth curves used in estimating age from len§tiid red line = VB
curve with Linf fixed at 75cm (VB75); dashed grdere = VB curve with Linf fixed
at 83cm (VB83). Dotted red/green horizontal limedicate upper and lower length
cut-offs for each age class corresponding to thecMiBe of the same colour (e.qg.,
using the red VB curve, fish between 20 and 34areatimated to be age 0 and fish
between 34 and 45cm are estimated to be age I tisrgreen VB curve, fish
between 20 and 32cm are estimated to be age Qsimideftween 32 and 42cm are
estimated to be age 1).
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Appendix: Updated growth estimates for skipjack obtained from the
LEP method applied to the most recent RTTP-IO tag-recapture data

J. Paige Eveson
CSIRO Marine and Atmospheric Resear ch

Introduction

Growth information for skipjack tuna is limited. Asrt of the Regional Tuna

Tagging Project - Indian Ocean (RTTP-10), large bems of yellowfin, bigeye and
skipjack tuna were tagged in 2005 to 2007, and Babsequently been recaptured in
fisheries. Length measurements of all fish werenakpon release. When a tagged
fish is recaptured, the fisherman is asked to ktoe tag number, species name, date
and location of catch, and fork length of the fsh., length from the nose to the
middle of the tail), and to return the tag alonghvthis information to the RTTP-IO
headquarters in the Seychelles.

The change in length of a tagged fish betweenithe it was released and the time it
was recaptured provides useful information for miatte growth. Because the age of
a fish at release is unknown, the traditional apphohas been to model the
incremental change in length of the fish over theetit was at liberty (Fabens 1965;
Francis 1988; James 1991). Such methods can ld@idded parameter estimates
when individual variability in the growth paramet@xists (Sainsbury 1980; Maller
and deBoer 1988; Eveson et al. 2007). To overcdisetoblem, maximum
likelihood approaches have been developed that htleelgoint density of the release
and recapture lengths as opposed to modellingetigth increment (Palmer et al.
1991; Wang et al. 1995; Laslett et al. 2002). hiese cases, the age at release is
modelled as a random variable.

In IOTC-2008-WPTDA-07, the method of Laslett et(@002), referred to as the LEP
method, was applied to the tag-recapture datadtowfin, bigeye and skipjack.
Since that time, a large number of additional réwas have occurred. Here, the
analysis for skipjack is updated using the mostmédata.

Data

The skipjack tag-recapture dataset used in thisrteyas a “cleaned” dataset,
obtained using the criteria outlined in AppendiboiMhe 2008 Report of the First
Session of the IOTC Working Party on Tagging Datelsis. The cleaned data set
contains 4345 recaptures.

Histograms of the release lengths, recaptureshengnd times at liberty for all fish

in the cleaned dataset are shown in Figure Al. riddian release length is 46 cm
(interquartile range 46-52 cm), the median recapkemgth is 53.6 cm (IQ range 50.7-
57.1 cm), and the median time at liberty is 256sd@@ range 129-345 days). A
number of fish had recapture lengths less tham telgase lengths, implying negative
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growth (Figures A2 and A3); this suggests that mesment error may be a
significant component of the large observed valitgin growth.

Figure A2 shows an obvious decline in the empirgralwth rate (change in length
divided by time at liberty) with release lengthtop~40-45 cm, after which it appears
to be roughly constant at 0.02 cm/day. If growthuws according to a VB model,
then the growth rate should decline linearly wittease length. This suggests that
perhaps a two-stage growth model may be approdoatkipjack; however, the
degree of variability in the data is high and theoant of data for fish under 40 cm is
low, so it is difficult to be conclusive.

Methods

Given our initial explorations of the data, two gth functions were considered for
skipjack: (1) von Bertalanffy (VB) and (2) VB withlogistic growth rate parameter
(VB log k) (see Laslett et al. 2002). Both funasocan be expressed as

I(a) =L, f(a—a,;0)
where L is asymptotic length arfds a monotone increasing function with
parameter sefta,, 8 that equals O whea=a,. The parametea, can be thought of

as the theoretical age at which a fish would hacklbngth O if we were to project its
growth curve backwards. This parameter cannosbmated from tag-recapture data
alone, so in order to fully define the growth cyritenust be determined from other
sources.

For the VB curveg ={k} and f(a—a,;6) =1-exptk @—a,)).

For the VB log k curvef ={k, k,, a, 5 and

1+exptBa-a-a))| - "
1+exp@p)

f(a-a,;6) =1-exptk, @-a, )){

The VB log k function allows for a change in grovittbm a VB curve with growth
rate parametek, to a VB curve with growth rate parameter, with a smooth

transition between the two stages that occurs dowpto a logistic function. The
parameterr governs the age at which the midpoint of the iteomsoccurs, ands

governs the rate of the transition (being sharpetarger values).

These growth curves were fitted to the data usied EP method, details of which

can be found in Laslett et al. (2002). The keydeabf this method is that it models
the release and recapture lengths as functiongeobw treating age at taggiry,as a
random variable A is assumed to follow a specified distribution, #dmel parameters

of this distribution are estimated within the mod#i applying the LEP method to the
three tuna data sets, a lognormal distributionh(\witan and standard deviation on the

*Note thatA actually represents the age at taggiag relative toa, (i.e.,
A=a -a,), because it is not possible to estimajedirectly from the tagging data.
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log scale ofy, ando,) was chosen foh; Laslett et al. (2002) showed that the

results were fairly robust to the distribution u$edA so long as it provided a
reasonable approximation. Another feature of tB® Imethod is that it allows for
individual variability in growth by modelling thesgmptotic length parameter as a
random effect. For all speciek, was assumed to follow a normal distribution with

mean . and standard deviatiosr,, . Additional random normal variability in

length due to measurement error was also includdédmean 0 and standard
deviationo,..

The LEP method is based on maximum likelihood hedlikelihood values could be
used to compare model fits. Residual plots wese ated to evaluate the fits. Note
that to calculate the fitted recapture values (anog the residuals) for the LEP
method requires a realized valuefodnd L, for each fish. These were estimated

using the procedures described in Laslett et 80DZ2 Briefly, for each fish, the mean
of the posterior distribution fok and for L, was calculated given the fish’s release

length and recapture length. Also, in order to ghetgrowth curve in terms of age
instead of ‘age relative ta,’, we assume that a fish has length 20 cm at gge.0

[(0) = 20) and calculate, such that it meets this criteria. This value seems

reasonable given the smallest sizes in the catblksannot be verified without
direct ageing data.

Results and discussion

The results from fitting a VB model to the datahwitit any parameter constraints are
given in Table Al and Figure A4; similarly the risdor the VB log k model are
given in Table Al and Figure A5.

Both models, the VB model in particular, suggelsiveer asymptotic length than
seems probable for skipjack considering the maxirsiz@s seen in the catches. This
is due, at least in part, to the fact that theragppture data has very little information
on large fish (over 65cm). As such, we refit the MBdel fixing the mean asymptotic
length parametery, . ) at 75 cm (based on the largest fish in the cdéth used in

this analysis) and 83 cm (based on length data fomgline fisheries; pers. comm. D.
Kolody). We will refer to these two growth modeks\@B75 and VB83 respectively.
The results for these two models are given in TAldleand Figures A6 and A7.

We also tried fitting the VB log k model with thesian asymptotic length parameter
fixed at 75 cm, but encountered convergence prabkemd the model appeared to
want to converge to a simple VB model (with thergi®in growth occurring around
age 5 and the growth rate prior to that age béieggame as for the VB75 model).

The mean growth curves estimated from the VB, VB/583 and VB log k growth
models are compared in Figure 8. There is a maikégtence between them, with
the VB and VB log k curves suggesting much morédraptial growth compared to
the VB75 and VB83 curves. Rapid initial growth ansistent with the empirical
growth rate estimates (Figure A3).
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Table Al. Parameter estimates for the four growth model® fihe skipjack tag-
recapture data. Tha, parameter was calculated post hoc such that theceed

length of a fish at age 0 is 20 cm. (NLL = negafivg likelihood.)

Model Ho O, k k a B u o, o0 a, NLL
VB 61.6 4.27 0.76 — — — 0.75 0.16 1.68 -0.52 23279.7
VB75 75 457 0.30 — — — 127 0.12 194 -1.04 23367.9
VB83 83 4.93 0.23 - - — 142 0.10 1.99 -1.27 23405.1

VBlogk 676 4.69 1.06 043 1.12 283 0.35 0.231.62 -0.33 23100.8

The negative log likelihood value is much smal@arthe VB log k model than any of
the VB models (Table Al), and suggests it proviasgynificantly better fit even

when the extra number of parameters is taken ictount. Also, the residuals look
better for the VB log k model (Figure 5) comparedhe VB models (Figures A4, A6
and A7). For instance, all of the VB models sholack of fit to the smallest lengths,
and the unconstrained VB model also underestintheekargest fish. Note that the
range of the y-axis differs between the residualIThus, the pattern of the residuals
for the VB75 and VB83 models is better than for dineonstrained VB model, but the
absolute values are larger (hence the significdather negative log likelihoods).

The estimated release age distribution for the &BK model (Figure A5) has a fairly
narrow mode at age 1, which is perhaps too yourg teealistic. The VB, VB75 and
VB 83 models estimate the mode of the releasetages around 2, 2.5 and 3 years
respectively (Figures A4, A6 and A7 respectively).

When the data have a high degree of variabilitypaskipjack, the LEP method has a
lot of flexibility as to how it makes the data bésthe assumed growth model — it can
assume that individuals have a high degree of biitiain their asymptotic lengths, it
can attribute the variability to measurement emoif can “adjust” the estimates of
release ages to provide the best fit. Without mi@tiion to ground truth at least one of
these components (e.g., more information on olidar éstimates of measurement
error, otolith data to verify realistic release sig& makes determining the most
appropriate growth curve difficult. The appareristter fit achieved by the VB log k
model compared to the VB model may be due to theemoeing too flexible in the
face of uncertain data, as opposed to it being roimlegically realistic.
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Figure Al. Distribution of (a) release lengths; (b) recaptiengths; (c) times at
liberty (in days) for recaptured skipjack.
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Figure A2. Time at liberty (days) versus length incremenm) between release and
recapture. The negative growth increments areuprably due to measurement error.
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Figure A3. Growth rate (cm/day) versus release length (cing. Jolid pink line is a
smooth of the data, and the dashed blue line iteBcagrowth rate of 0.02 cm/day.
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Figure A4. Fitted curve and diagnostic plots for VB moddiefit to all skipjack tag-
recapture data using the LEP method with no pammeenstraints. The age axis was
set assuming L(0) = 20cm.
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Figure A5. Fitted curve and diagnostic plots for VB log k mnebfitted to all skipjack
tag-recapture data using the LEP method with nampater constraints. The age axis
was set assuming L(0) = 20cm.
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Figure A6. Fitted curve and diagnostic plots for VB modeiefit to all skipjack tag-
recapture data using the LEP method with meanfixefl at 75cm (VB75). The age
axis was set assuming L(0) = 20cm.
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Figure A7. Fitted curve and diagnostic plots for VB moddiefit to all skipjack tag-
recapture data using the LEP method with meanfixefl at 83cm (VB83). The age
axis was set assuming L(0) = 20cm.
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Figure A8. Comparison of mean growth curves, all plotted ghel L(0) = 20cm.
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