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1 Introduction
SEAPODYM is a model developed for investigatingtEd@una population dynamics, under the influence
of both fishing and environmental effects. The @loBEAPODYM is based on advection-diffusion-
reaction equations. The main features of this madeli) forcing by environmental data (temperature,
currents, primary production and dissolved oxygencentration), ii) prediction of both temporal and
spatial distribution of mid-trophic (micronektonigna forage) functional groups, iii) prediction lodth
temporal and spatial distribution of age-structysegtator (tuna) populations, iv) prediction ofalatatch
and size frequency of catch by fleet when fishiagadcatch and effort) are available, and v) patame
optimization based on fishing data assimilationhtegues. In 2009, the fifth regular session of the
Scientific Committee for the Western and CentratifraFisheries Commission endorsed, “Project 62:
SEAPODYM simulation modeling”, to ensure continudlelopment of the model and application to the
WCPO. The following key tasks of “Project 62" are:
- Development of a Pacific swordfish application;
Simulation experiments to improve the model catibra for tuna species, using higher
resolutions of fishing data and oceanic environzetdta;
Model calibration for albacore with a basin-scafglacation including both north and south
populations;
Incorporation of conventional and archival taggitzga in the model calibration; and
Projection of impact of global climate change ostrdbution and abundance of tuna stocks
The project is expected to continue the collaboratietween CLS, Space Oceanography Division and
SPC-OFP. This report provides an overview of tlanmesults achieved during the last 12 months unde
the following areas:
1. Model development
2. Reference fits for Pacific Tuna
3. Development of Swordfish application

2 Model development

Key model developments include a better definitidrhabitat indices, movements, and accessibility of
tuna and tuna-like predators to different verticathigrant and non-migrant micronekton functional
groups (Lehodey et al., 2008, Lehodey et al., 2010) the current model version it is possible to
configure a variable time step for the age strictorimprove the estimation of the dynamics of ygam
cohorts using the length-frequencies data andd@ase the step size for the older cohorts (chemaet

by slower growth) to reduce the computing time.

In addition to developments intended to improve ititegration of various types of fishing data and
manipulating the input-output files, the main pwpaf adding new functionalities into the model was
facilitate the likelihood optimization and the s#len of the best parameterization (cf. User’s nanas
well as analysis of the results. It is now possibleun a series of computer experiments for ipdeining
model sensitivity to variable parameters and, hgenceestigate their observability, ii) to estimate
observable parameters and their uncertaintiesiiigutal justify the reliability of the solution faud. In the
following paragraphs a more detailed descriptiothefnew SEAPODYM features is shown.

Sensitivity analysesare a useful approach to reveal which parametmnsbe estimated from available
data and which cannot. If model predictions arensgive to some parameters, it is unlikely thattiill
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be determined uniquely from available observati@amsl should, therefore, be removed from the
optimization (i.e., fixed arbitrarily). Two typed gensitivity analyses can be performed with thes ne
version of SEAPODYM: “Sensitivity to parameters"datSensitivity to objective function”.

Identical Twin experiments consist in estimating parameters from artificiatadseries constructed from
predictions given by the model. If optimization wewell, then after perturbation of optimal paraengt
we should be able to retrieve them, because therrdme known a-priori solution represented in the
artificial data series.

Computing 2D likelihood profiles may be useful to explore the likelihood functidaually, looking at
different projections over the parameter spacgivies the clue what the sensitivity of a certainrapzeter

is, whether the boundaries of the parameter shbeldnodified, how the imposed penalty functions
change the shape of the likelihood etc. Plottireydbst function over a couple of variable paranseier
also a simple way to visualize the localizationtled solution. For example, the likelihood functicem
have multiple minima and the likelihood projectipiot can reveal the local minimum problem and help
to navigate the minimization experiments further.

The Hessian matrixis evaluated at the minimum of the negative lagihood function. The diagonal
elements of the inverse of the Hessian matrix pi®estimates of the variance of the optimal pararset
From the variance, the standard deviation can lmileded for estimated parameters, allowing usdb g
the information about the uncertainty on thesenests. Correlation coefficients between pairs of
estimated parameters can also be calculated frenertor-covariance matrix. This is useful to idinti
problems in the optimization approach and eventualldefine new experiments trying to estimate the
correlated parameters separately.

New metrics are used to facilitate the analysis of humeronsukitions produced for the parameter
optimization, new metrics have been created. Thezadvspatial fit between predicted and observedica
(or CPUE) is provided by the standard R-squaredigess of fit. However, since in the optimization we
fit thousands of spatially distributed data it ¢teppen that two simulations result in nearly thees#otal
likelihoods while different sets of parameters lgaddifferent spatio-temporal solutions. It is then
important to have a criterion that would allow chiong between two models relying on their spatial
likelihoods. As such criterion we use generalizedfficient of determination.

Other technical developmentsof the code are being continuously implementedpragnthem are the
development of the new NetCDF format for input-auitples that include the definition of dimensions,
attributes and the grouping of variables in thesfilR routines to visualize, analyze the simulatasults
and to compare them with Multifan-CL regional petains, GMB software updates to read and write
land mask files in NetCDF format.

Model documentation has been updated with a new User's Manual presexgegh information paper
during the scientific meeting of WCPFC in 2009, antkchnical documentation of the code of the model
generated using a source code documentation gen&vat (DOxygen).



3 Reference fits for Pacific tuna

Reference fits were achieved for the 4 main turexisg skipjack, bigeye, yellowfin and south Pacific
albacore, by running and analyzing a large numbepbmization experiments based on available recen
fishing data. Since SEAPODYM is an explicit spati@del the oceanic environmental variables and the
fishing data (catch, effort and size frequencies) spatially-disaggregated, typically at monthlytol5
degree square resolution for catch and effort, guadterly, 5 to 20 degree square resolution or nfmre
size frequency data.

To evaluate the capacity of the model to captueeetisential features of the dynamic of the tunaispe
we carried out hindcast simulations back to théyeE®60s, i.e., the beginning of the industriahfig,
with the fixed “best-parameterization” achievednfr@ptimization experiments and compared predicted
catches conditioned on the observed fishing effod observed catches. Predicted biomass trenddsare
compared to the estimates from the stock assessmedé¢l MULTIFAN-CL used for the tuna stock
assessment carried out by the WCPFC.

The “optimal parameterization” obtained stronglyeleds on the amount and quality of fishing data as
well as of the oceanic environment forcing fields. both cases, we have been facing important
difficulties. Though coupled physical-biogeocherhicgaodels predict relatively good basin scale
variability of the environment, they only approxiteathe exact oceanic conditions, and each model
configuration has its own strong and weak poinishiRg data have been provided by SPC, but there ar
confidential restrictions imposed by the fishindgioas and we were not able to obtain a better utisol
than 5 deg x 5 deg x month for longline and polé-ame fishing data. Fisheries definition has been
revised several times (and thus optimization expenits restarted) to adjust with emerging data ssue

3.1 Model configurations

For skipjack, yellowfin and bigeye, the model domedvers the entire Pacific basin at a spatiallu¢ism
of 2 deg x 2deg and a monthly time resolution. $mth Pacific albacore a sub-domain was extracted t
represent the south Pacific basin between 5°N &Af.5

In addition to previous environmental forcing uged optimization experiments (here and after referr
as ESSIC), two other configurations were used fis tvork. They are the predictions of the same
physical (NEMO OGCM) and biogeochemical (PISCESYats, which used two different atmospheric
reanalyses: NCEP and ERA40. The first NCEP-basathigsis (Aumont et al. 2003, Gorgues et al. 2005,
Bopp et al. 2005; Aumont and Bopp, 2006, visit dl&p://www.nemo-ocean.gyprovides 50-year record
of global oceanographic variables: meridional amalat velocities, temperatures, primary productiangd
dissolved oxygen. The  ERA40-based reanalysis  (Wppalet al., 2005, visit
http://www.ecmwf.int/research/era/do/get/erg-d6vers the period from mid-1957 to 2001.

Both PISCES reanalyses predicted almost the saimenyr production in the sub-tropical to temperate
regions (Fig. 1). However, in the equatorial regittough the variability is very similar, there as
discrepancy between the two simulations, ERA40-BES@redicting higher primary production but with
a decreasing trend over time. Conversely, theagogsitive trend over time in the equatorial rediomnthe
ESSIC reanalysis, but here again the variabilityseatially dominated by the El Nifio Southern
Oscillation (ENSO) is comparable.



All physical variables and dissolved oxygen weregnated over three vertical layers, defined thihoug
euphotic depth: epipelagic layer between 0 andeuphotic depth (Zeu), mesopelagic layer between 1
and 3Zeu and bathypelagic layer between 3Zeu a@@mOTemperature fields showed a surprising large
difference in the mesopelagic layer between ERAAG BCEP forced reanalyses (Fig. 2), while the
temperature distribution is very similar in the fage and deep layers. This difference is due to the
predicted intensity of equatorial upwelling and ghhe depth of the euphotic zone used to define the
boundaries of vertical layers.
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Figure 1. Total primary production predicted in tteanalyses with different model configuratioas.
from NCEP-PISCES and ERA40 PISCES in the 10°N-4§é&dgraphical aredy) from NCEP-PISCES
and ERA40 PISCES in the 10°S-25°S geographical ajdeom NCEP-PISCES and ERA40 PISCES in
the 10°N-10°S geographical ared) from NCEP-PISCES and ESSIC (in blue) in the 1QWNS
geographical area.
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Figure 2: Average temperature predicted in reaeralyerced by ERA40 (left) and NCEP (right) in the
three layers defined in SEAPODYM,; epipelagic, metagic, and bathypelagic.



These differences have consequences on the tundasions either directly -- e.g., thermal habitsitai

key component of both feeding and spawning habitatd the spawning index uses primary production as
a proxy for the prey of tuna larvae — or indirectiirough the simulation of micronekton functional
groups and thus the feeding habitat, movement amaral mortality of tuna. Nevertheless, it shou& b
noted that as far as possible we have introduckdive mechanisms in the model to avoid absolute
parameterization which is extremely difficult oreevimpossible in some cases. Thus, the impactalue t
the differences observed between the model cordiguns can be partly compensated, especially since
the reanalyses present very close variability.

It should be noted that due to the coarse resolutiese simulations do not reproduce mesoscalgtact
and underestimate the intensity of oceanic ciraian the most dynamical oceanic areas, e.g., shim
East equatorial Pacific.

3.2 Fishing data

The definition of fisheries has been revised sdviinzes. Here we present the results with the tates
definition and the best available fishing data getvided by SPC and IATTC for the Eastern Pacific
Ocean (see Appendix 1). The total amount of figldata used for the model calibration is very high
(Table 1), but the optimization experiments havewsh a strong sensitivity to limited but obviously
aberrant fishing data. The lack of convergencehim ¢ptimization process frequently allowed quick
identification of problems in the fishing datasety., obvious mistakes in latitude or longitudejtchv
between catch and effort, aberrant effort or catelich with zero effort... etc. It has also been seary

to exclude from the optimization procedure somhbdiges, either because of their lack of accuraay.,(e
Philippine and Indonesia fisheries) or becauseraflgal change in the fishing strategy and targetisg
(e.g., Japanese longline in the case of albacBi@yever, the catch is always taken into accountHer
calculation of the fishing mortality.

Table 1 — Ocean model configurations used for dptition experiments with four Pacific tuna spedies
the final experiments

SKJ YFT BET SP Alb.

Periods used for optimization 1980-2004 1983-2004 1984-2001 (13981-2001

1981-2001
Fishing events used in 174,221 /1,571 | 352,160/9,534| 362,424/ (1) 23,751/4,291
optimization (catch-effort / size 61,926 / 16/135 1,492 (2) 39,601/ 3,475
frequencies)
Hindcast and validation 1970-2004 1978-2004 190032
Nb fisheries (cf. appendix 2) WCPO: 4 WCPO: 15 26 (MFCL) 12 LL

EPO: 2 PS EPO:3PS &2

LL (MFCL)




3.3 Skipjack
3.3.1 New optimization experiments

Optimization experiments with NCEP and ERA40 fogcinllowed substantial improvement in the
SEAPODYM fit to observed fisheries data in the EastPacific Ocean and sub-tropical regions. This is
due to: 1) enhanced definition of vertical layeseng euphotic depth; 2) a better fishing datasettics
region, including fine-resolution length-frequerxcidata. The model has still some problems to #t th
CPUE in the equatorial eastern Pacific, the Kumsbgion and to a less extend in the western egahto
fishing ground of Bismarck Sea and Solomon Sea. @igSkipjack is not the target species of thespur
seine fisheries in the eastern Pacific; this mayl l® a biased relationship between abundanceatol c
rates in this region and explain the lack of fitveen predicted and observed CPUE. A too coarse
resolution and underestimated primary productiolikedy the reason for the poor CPUE fit in the @rth
listed regions.

The model simulations confirmed previous resultstiom strong influence of ENSO events. There is a
clear enhancement of spawning and larvae survieabitons during El Nifio periods all over the
equatorial Pacific (Fig. 4). Conversely during l@&levents, only the western central pacific iofable.
The result is a higher recruitment in the followicwhorts that is propagated until in the oldesyddrs)
adult cohorts. The propagation of higher recruithukre to the major El Nifio events in 1982-83, 1886-
1991-92 and 1997-98 is visible on the estimatedhbis time series (Fig. 5).

R-squared goodness of C fit (for the period 1980-2003), mean=0.8 R-squared goodness of CPUE fit (for the period 1980-2003), mean=0.74

100°E 150°E % ° ° 110°W

100°E 150°E 160°W 110°W 100°E 150°E 160°W 110°W

0 02 0 02 04 06 08 1

04 06 08 1

Figure 3. Spatial fit to observed catch (left) and cpue {rightkipjack with the NCEP-ORCA2-PISCES
configuration for all fisheries over the entire time series @izedptimization.
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El Nifio La Nifa
Mean distribution of skipjack larve over the period 10/1997-2/1998 Mean distribution of skipjack larve over the period 9/1998-2/1999
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Figure 4. Impact of ENSO on Pacific skipjack. Predicted Bistion of larvae density during El Nifio and La
Nifia phases and following recruitment in the young cohattsabserved catch superimposed.

3.3.2 Comparison with MULTIFAN-CL

The range of variability associated to ENSO is lowmn the variability predicted by MULTIFAN-CL

(Fig. 5). There are at least two potential explimest

- Environmental reanalyses from coupled physical-gbazhemical model at coarse resolution are
usually underestimating the variability. SEAPODYNmalations at coarse resolution tend to
reinforce this effect by smoothing the distributiafrfish to increase the fit with fishing data.

- Alternatively, MULTIFAN-CL may overestimate recrment variability, especially because the
structure of the model cannot account for interahmariability in the transfer of biomass betweba t
large regions used, particularly regions 5 and 6.

Biomass estimates are also higher with SEAPODY M tvith MULTIFAN-CL (Fig. 5). Here also there

are two possible reasons:

- The coarse resolution of both the SEAPODYM modetfiguration and the fishing dataset is
potentially leading to overestimated biomass asribdel tend to increase diffusion and biomasstto fi
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the catch data, while in reality, catch can be lyigtoncentrated due to mesoscale activity, not
represented in these simulations.

- However, it is also possible that MULTIFAN-CL undstimates biomass. Because the estimation is
based on catch and effort aggregated by largenegibthe effort data covers only a fraction ofsh
region it may not provide sufficient informationrfa good estimate over all the area. Thus the
estimate would be representative of such fractidnth®e region only and thus potentially
underestimated.

To test this latter hypothesis, we have extractéoinhss predicted with SEAPODYM in each
MULTIFAN-CL sub-region, but not accounting for biass in cells where the number of fishing events
(i.e., biomass sampling) was very low. Practical, built up a spatial mask using a minimum thrésho
value of “representative” fishing events (Fig. Bhis threshold was set to 5% of the total numbeinoé
steps in the time series used for optimizationottmer terms, to be accounted for, a cell in the @iam
needs to have been fished at least 5% of the Huatdishing data time series used in MULTIFAN-CL
application.

As a result, the new estimates are much closebsolate values to the MULTIFAN-CL estimates, and
indeed they are now lower (Fig. 7). However, thegeaof variability is still much larger in MULTIFAN
CL estimate.
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Figure 5. Comparison between SEAPODYM (black; NG figuration) and MULTIFAN-CL (red)
estimates of recruitment, adult and total biomagké WCPO (MFCL regions 1 to 6).
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3.4 Bigeye
3.4.1 New optimization experiments

Optimization experiments with NCEP and ERA40 fogcigave similar general spatial distribution of
biomass but it differs from previous ESSIC spatimporal solution by strongly increasing the contras
between high level of biomass in the equatorialore@nd the subtropical region (Fig. 8).

100°E 150°E 160°W 110°W 100°E 150°E 160°W 110°W

Fig. 8. Mean distribution of bigeye for the optimizaticeripd 01/1984-12/2003 predicted under ESSIC (left)
and ERA4O (right) physical-biogeochemical forcing.

Biomass levels and trends predicted with NCEP dR44D experiments are very similar (Fig. 9), with a
slightly lower adult biomass predicted by the NCE#hfiguration due to higher estimated natural
mortality. However they are both largely higherrthibe first estimates based on ESSIC configuradioh
show quite different trends over the 20-year petisdd for optimization (1980-2000). It should bé¢edo
that between these two series of experiments #fenfy dataset also has changed including morenfishi
data and an enhanced definition of fisheries indleexperiments.

The biomass is higher also in the eastern equategan with NCEP-ERA40 configuration, likely due
the enhanced definition of vertical layers usingletic depth and the use of prognostic dissolvedjex
fields instead of a climatology used with ESSIC.

The overall fit to fishing data is good and imprdveompared to the previous ESSIC-based experiment
(Fig. 10). There is a small advantage in termlalihood for the NCEP experiment compared to ERA40.
This latter configuration gave a better fit to fighing data in the eastern Pacific but conver$GEP
experiment was better in the WCPO. A slight linearease in catchability was allowed for purse sein
fisheries, allowing a good match between predieted observed catch series without trend over time |
the residuals. While this linear trend was not usedongline fisheries, the residuals suggest thabuld

be necessary to include one for the fishery L2, itke Chinese-Taiwanese "shallow-night setting"
longline fishery.
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R-squared goodness of fit (total catch over 1983-1996), R2Zmean=0.7 R-squared goodness of fit (total catch over 1984-2001), R2Zmean=0.65
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Figure 10. Spatial fit to observed catch of bigeye with tB&R (left) and ERA40 (right) configuration for all
fisheries over the entire time series used for optimization.
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As in previous simulation with ESSIC forcing, thesav experiments predicted a strong impact of ENSO
events on the larvae recruitment of the speciesrelts higher recruitment during El Nifio eventswan
extension of the spawning grounds through all tipgatorial Pacific and much favourable zones in the
eastern equatorial Pacific. Alternatively during Né&ia events, the spawning ground is shifted in the
western central equatorial Pacific. The impact rieppgated in the older cohorts during the following
months (Fig. 11). Given the relatively long lifeasp(>12 yr) of the species, the population cangiraie
several ENSO events and thus the signal becomeslisgs in the adult population.



16

Fig 11. Biomass distribution of bigeye tuna by life stdgeng El Nifio (left) and La Nifa (right). From top to
bottom: mean distributions of larvae; mean biomass digioirs of young stage (4 to 26 months) with
observed purse seine catch proportional to the size of cinoées) biomass distributions of adult stage (older
than 26 months) with observed longline catch proportiantie size of circles.
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3.4.2 Comparison with MULTIFAN-CL

Skipping the first five years of the simulationattfare strongly influenced by the initial conditprwve
compared the new biomass estimates with MULTIFAN+E&ults for the whole Pacific basin (regions 1
to 9). During this period of time the biomass estied with SEAPODYM is predicted to be 40-70%
higher than the MULTIFAN-CL estimate (Fig. 12).

Figure 12. Comparison of predicted biomass for adult atad hiomass of bigeye tuna between SEAPODYM
(NCEP and ERA40) and MULTIFAN-CL for the optimizatioarpd (1985-2004).

3.5 Yellowfin

The first optimization experiments have shown hsginsitivity to the oceanic environment predicted by
coupled physical-biogeochemical models (Lehodey Sadina, 2009). We conducted a new series of
experiments after a revision of the fishing datairsguding an enhanced fishing dataset in the BER®

the size frequency data that are essential to atdinime selectivity functions. Nevertheless, thaults
remain unsatisfactory as shown by a relatively fibwo fishing data (Fig. 14) and inconsistencysgveral
parameter estimates between the different configuna

With ERA40 forcing, it was not possible to obtaiongergence during the optimization. With NCEP
forcing (Fig. 15), the model was able to converdemthe estimation was carried out by phases.dn th
first phase the biological parameters were consaest guess values) and only the catchability and
selectivity parameters were estimated. In a se@habe, the temperature and oxygen parameters were
released and the model converged but we obtainedgwite different solutions. One gave optimal
temperature of 26.76°C for spawning and 13.15°Cofdest cohort habitat, the other 28.97°C and 10°C
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(i.e. the parameter lower boundary). In both cases not possible to estimate movement parameters:
diffusion rate tend to increase and directed véfoaiways stuck on the lower boundary leading ® th
spatial distributions of the cohorts defined maioyythe environmental conditions and recruitment.

Parameterization experiments still need to be naeti with a careful check of fishing data but digo
testing other environmental forcing data sets artiqularly those that are based on data assimilaind
consequently predicting more realistic environmértie use of tagging data, both conventional and
electronic should also help to estimate most pldeishabitat and movement parameters. Ideally they
should be included directly in the data assimitafimamework.

Figure 14. Spatial fit to observed catch of yellowfin vilile NCEP configuration for all fisheries over the
entire time series used for optimization.
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Figure 15. Distributions of yellowfin biomass byelistage (larvae, young, adult) predicted under RCE
physical-biogeochemical forcing.
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3.6 South Pacific Albacore

3.6.1 Optimization experiment with ERA40 and NCEP configuations

Due to the long lifespan of albacore and the nedéiti short time series used, as well as limited
information (fishing data) for juvenile fish, theoahel calibration for this species is particulargnsitive

to initial conditions. We therefore conducted aliptmary optimization experiment for the period B35
1978 to define initial condition used to run theBQ2001 experiment. In both configurations the nhode
can converge with a reasonable fit to fishing datae redefinition of Japanese longline fisheryhie t
ERA40 configuration allowed a substantial improvemia the likelihood and the fit to both catch and
size frequency, as albacore catch in the tropegibn (L12) is characterized by a larger size timatihe
temperate fishery (L1).

Configuration NCEP Configuration ERA40
a)

b)

Figure 16. Predicted biomass distributions of edioa tuna: a) mean biomass of albacore larvae over
09/1999 — 02/2000; b) mean biomass of young (imreattunas during months 12/1999 05/2000; c)
mean biomass of adult albacore over the periodd@D7/2000.



21

Configuration NCEP Configuration ERA40

November

January

March

May

Figure 17. Characteristic seasonal migrations of adult albacedefed with NCEP-ORCA2-PISCES and
ERA40-ORCA2-PISCES configurations. Maps show adult bgsr(in g m-2) of albacore in 1999, i.e., the last
year taken for the optimization experiments, with superimpobedrved catch proportional to circles.

To test the impact of initial conditions, we ramew series of optimization experiments with initial
conditions forced to be at the same level of biaestimated by MULTIFAN-CL. In that case the result
of both models are very close both considering@nge of biomass and its temporal trend (Fig. 18).
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Figure 18. Comparison between estimates from SHAA® with NCEP (black) model and
MULTIFAN-CL (red) for adult and total biomass obalcore (in metric tonnes).

3.6.2 Results with SODA and Satellite-derived primary praluction

As a first step to move to a more realistic spatiadiction of albacore population dynamics, wedpiced

a new environmental forcing data set using the ipayfields of temperature and currents providedHhzy
SODA (Simple Ocean Data Assimilation) reanalysiar(Gn et al., 2000) and primary production derived
from satellite data. The resolution was degradelf at month for optimization. Satellite ocean coltata
are available only since end of 1997, thus the semes used was relatively short (Jan 1998- D@7 R0
and even not covering a life span of the specieghis case the influence of initial conditionsois
primordial importance. We constructed the initiahditions of the albacore population from the resul
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obtained with the ERA40/NCEP simulations and usedcorresponding parameterization as initial guess
values of the parameters.

The model converged with a good fit to the fishohata (Fig. 19) but with optimal temperature for
spawning reaching the fixed lower boundary (24.5°Bpwever at the difference of the previous
simulation, it was possible to get an estimatehaf optimal habitat temperature for the oldest cbhor
(7.9°C). The movement parameters were also estihvate relatively high advection values compared to
other species. This latter result appears reasertabén that this species seems to have the magertha
seasonal migration between feeding grounds in ti#ragpical convergence zone in the south and
spawning ground in the sub-equatorial region. Tienhss estimates with SEAPODYM and this new
configuration were in the same range than biomstémates from MULTIFAN-CL (Fig. 20).

Figure 19. Spatial fit to observed catch of albacmatch for all data 1998-2007 using SEAPODYM with
SODA configuration.
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Figure 20. Comparison between estimates from SEAR@®With SODA (black) and NCEP (blue) model
configurations and MULTIFAN-CL (red) for recruityoung, adult and total biomass of albacore (in
metric tonnes).

4 Development of Swordfish application

An application of the model SEAPODYM to the Pac#iwordfish population(s) has commenced with a
focus on the north Pacific stock exploited by thawdiian longline fishery. The model is tested and
optimized with swordfish catch and effort. Two gowmmental configurations were tested for the
swordfish model: NCEP-ESSIC and NCEP-ORCA2-PISCEBe NCEP-ESSIC configuration was
abandoned due to known biases in subtropical angdete areas which constitute important habitat fo
swordfish. The second configuration was also pretebecause it included an explicit representation
dissolved oxygen concentration, a critical paramfee swordfish, whereas the first one was onlyngsi
the Levitus climatology.

The NCEP-ORCAZ2-PISCES configuration used coverdthafic Ocean at a spatial resolution of 2 deg x
2deg and a monthly time resolution. First guegsupaters of habitat and movements were estimated
using 28 tracks computed from satellite pop-up tatgased in the Pacific (Figure 21) from 2002 @02
(paper in prep), and from literature. They will tmpared to the values achieved using the optirizat
process based on fishing data. High-resolutiohirfts data, i.e., exact fishing position and datasw
provided by NMFS for the Hawaii-based longline &sjy and coarse resolution (5°x5°x1 month) data for
worldwide longline fisheries was provided by the REC. Only longline data are being incorporated as
other types of fishing (driftnet, harpoon) reprdésench smaller volumes of catch.
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Figure 21. Tag data used to estimate first-guesgdiand movement parameters

We ran into considerable problems trying to buitimogeneous fisheries (i.e., separating a fishexy in
two if there was some change of gear or groupisgefies together when there are fewer data). As
swordfish CPUE vary drastically between longlinalkiw sets and deep sets (sometimes by as much as a
factor 100 in the HI longline fisheries), the geamfiguration (usually not available) is of critica
importance for the definition of fisheries. It wdube extremely useful to have the data separated in
shallow and deep sets. We haven't been able tinabtsuccessful optimization experiment using cmars
resolution fishing data yet, since the only sepanadvailable is the separation by flag.

Hence, several experiments have been run usingtioalil fine-resolution data (Figure 22). For thea,

the type of each set (shallow, mixed or deep, dsagehe target species: tuna or swordfish) wasakn
Despite its limitation in space and time this dethdataset allowed to achieve model convergenoeafG
=0.027), but a number of parameters were stuckeatbbunds. Overall, the distributions obtained are
reasonable and consistent with the general distoibof catch (Figure 23). The model was ableittthe
time series of catch data (Figure 24) and cpuau(Eig5). The fit to deep sets catch data is ngoas as

for shallow and mixed sets, which is probably do¢he fact that swordfish is not the target speoies
deep sets. Also, the fit to cpue was not as goothadit to catch, as catch was used in the likalth
function in this experiment.
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Figure 22. Distribution of effort for the Hawaii-ed longline fisheries

Following this preliminary set of simulations, thext experiments will include detailed high-resmnt
length-frequency data for the Hawaiian fishery, aedsitivity analyses for mortality habitat paragnst

It was particularly encouraging to see that theaited high resolution of Hawaiian fishing data aléd a
first realistic parametrization for the basin saditribution of the species, despite the lackndbimation
coming from other Pacific fisheries. It is critichbwever to include these latter fisheries, attléas
account for the fishing mortality, and if possillé&h enough details (i.e., shallow vs deep setgetaor
bycatch species) to help in the optimization of eigohrameters. Any additional reliable and detailed
fishing dataset, even limited to a small area, wdhus bring valuable information in the optimipatiof
the model.
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Figure 23 Top: Snapshot showing predicted spatstildution of swordfish using parameters obtained
through optimization with Hawaiian fishing data yr{bbserved catch from HI and Japan (circles) are
superimposed and proportional to circles). Bott@istribution of total catch of swordfish (1990-Z)0

in the Pacific Ocean, from Fonteneau (2005).



Figure 24. Fit to Hawaii longline catch data
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Figure 25. Fit to Hawaii longline cpue (catch p@0Q hooks) data



5 Conclusion

The new version of the model SEAPODYM now includegeneral framework to use catch and size
composition data from the fisheries to achieve rojgtation of parameters for each species. This
development is a key step to gain confidence inntioelel estimates. While there is a small number of
parameter to calibrate, achieving a plausible tbtadogical parameters remains a difficult tasguiing

a large number of simulations. Several tools feistisig in the optimization experiments and analysfe
results have been developed. The qualities ofrfgslaind environmental forcing data are the two main
issues to achieve convergence and obtain plausbidts. Satisfactory model configurations withimat
parameterization for each tuna species have bempleted, except for yellowfin tuna. This allows the
development of various applications for fisheriemnagement. In particular we will revise the prefiary
work that has been conducted to investigate thedtnpf High Sea Pockets closure. There is alsooagt
interest from WCPFC members to assess the biomkdana inside their EEZ allowing a better
management at local scale and providing key inftionao establish the level of fishing effort aratah
that can be allocated to domestic and distant-wiegieeries. Using the model configuration and optim
parameterization achieved for the reference fitvaboand higher resolution and more realistic
environmental forcing datasets in the future, ipissible to extract model variables in any givétZE
using specified EEZ mask.
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7 Appendix 1: Definition of fisheries

Id Gear Region Description Nationality C/E data Reso- | Size data | Reso-
month/year lution gtr/year lution
SKIPJACK available data*

P1 PL 15N-45N; PL Japan 1/1972 - 5x5 1/1964 - 5x5
115E- West Pac 12/2007 1/2004
150W

P2 PL 25N-45N; PL Japan 6/1972 - 5x5 2/1972 - 5x5
165E-150W Central Pac 11/2007** 3/2003**

P3 PL 15S-0; Pole and line Papua New | 3/1970 - 4/1985 5x5 3/1984 -| 5x5,
140E-160E Guinea 4/1985 10x20

P3 PL | 15S-0; Pole and line Solomon 6/1971 - 5x5 3/1971 - 5x5
150E-165E Islands 10/2005 3/2003
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Id Gear Region Description Nationality C/E data Reso- | Size data | Reso-
month/year lution gtr/year lution
3 PS 25N-45N; PS subtropical Japan 7/1970 - 9/2007 5x5 2/1974|- 5x5
140E-165E fishery 4/2003
7 PS | 20S-15N; PS on LOG All 11/1970 - 5x5 2/1988 - 5x5,
130E-150W 4/2008 1/2007 10x20
No Effort
8 PS | 20S-15N; PS on FAD All 2/1973 - 4/2008| 5x5 3/1988 - 5x5,
130E-150W No Effort 3/2007 10x20
9 PS | 20S-15N; PS on free All 12/1967 - 5x5 4/1987 - 5x5,
130E-150W school 4/2008 3/2007 10x20
No Effort
L8 LL 20S-25N; LL exploratory Japan 6/1950 - 5x5 1/1970 - 5x5
115E-150W fishery 11/2007 3/2006
S10 PS | EPO PS on Dolphin | NA (public 10/1959-8/2007 1x1 1/1961+4 EPO
schools data) 4/2005
S11 PS | EPO PS on Floating| NA (public | 7/1959 — 8/2007 1x1 1/1961 - EPO
objects data) 4/2005
S12 PS | EPO PS on free NA (public 3/1959-8/2007 1x1 1/1961 -| EPO
school data) 4/2005
P13 PL | 20S-5N; Pole and Line Fiji 1/1976 - 5x5 4/1991 - 5x5,
175E-185E 11/1998 4/1999 10x20
D13 | DOM | 0-15N; mixed settype§ Philippines 1/1970 - 5x5 - -
115E-130E 12/2007
D14 | DOM | 10S-10N; mixed settype§ Indonesia 1/1970 - 5x5 - -
120E-130E 12/2007

* The current data for WCPO (MFCL 24-regional stuwe) are available on 5x5degree cells. It wouldubeful to
have data with original (1x1 for most of PL andf®8eries) resolution.
** Note, that Japan distant water data are avalaislly for a given region while for MFCL region®# data are
missing.
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N Gear Region Description Nationality C/E data Reso- | Size data | Reso-
month/year lution gtr/year lution
YFT and BET available data
L1 | LL WCPO Traditional LL Japan, Korea, 6/1950 - 5x5 2/1948 — | 10x20
fishery targeting | Chinese Taipei 12/2007 1/2007
BET & YFT (DWFN)
L2 | LL 10S-45N; Shallow night LL | China, Chinese 1/1958 - 5x5 2/1991 — | 10x20
110E-140W fishery Taipei 11/2007 2/2007
L3 | LL 40S-10S; | LL fishery targeting| Chinese Taipei, 7/1952 - 5x5 2/1951 — | 10x20
140E-140W South Pac. Vanuatu 12/2007 4/2006
Albacore (DWFN),
Korea, Japan
L4 | LL 40S-10S; Pac. Islands LL | US (Am. Sam), 2/1982 - 5x5 3/1991 - | 10x20
145E-140W | targeting South Pag. Fiji, Samoa, 12/2007 4/2007
Albacore Tonga, NC, FP,
Vanuatu (local)
5 | LL 20S-15N; Pac. Islands LL | PNG, Solomons 10/1981 - 5x5 2/1996 — | 10x20
140E-175E | targeting BET & 5/2007 4/2006
YFT
6 | LL 40S-10S; LL Australia East Australia 10/1985 - 5x5 3/1992 — | 10x20
140E-175E Coast 3/2007 4/2006
7 | LL 10S-50N; Hawaii LL US (Hawaii) 1/1991 - 5x5 4/1992 — | 10x20
130E-140W 12/2006 3/2006
8 | PS 40S-20N; | PS on drifting FAD All 12/1967 - 1x1 2/1988 — 5x5
114E-140W & log 2/2008 3/2007
9 | PS 40S-20N; PS on anchored All 7/1979 - 1x1 2/1984 — 5x5
115E-140W FAD 1/2008 2/2007
10 | PS 40S-20N; | PS on free school All 12/1967 - 1x1 3/1984 — 5x5
114E-140W 1/2008 3/2007
11 | PS 10N-50N; Sub-tropical PS Japan 7/1970 - 1x1 - -
120E-180E fishery 8/2007
12 | Misc. 10S-15N; | Various domestic Philippines 1/1970 - 5x5 4/1980 — | 10x20
115E-180E fisheries 9/2007 4/2007
13 | HL ON-15N; Handline fishery Philippines 1/1970 - 5x5 1993-2007| 10x20
115E-130E 12/2006
Effort missing
before 1997
14 | Misc 10S-10N; Various domestic Indonesia 1/1970 - 5x5 yft — no 10x20
120E-180E fisheries 1/2007 data
yes/partially bet - 2006
missing
15 | PL 40S-48N; Pole-and-line Japan, Solomgn  3/1970 - 1x1 yft 4/1977-| 10x20
115E-140W Islands, PNG, 12/2006 3/2005
Fiji bet 2/1965
—1/2005
16 | PS EPO PS targeting YFT, NA (public 1/1959 — 1x1 1/1961 - | EPO
on Dolphin schools data) 8/2007 4/2004
17 | PS EPO PS targeting YFT, NA (public 2/1959 — 1x1 1/1961+~ EPO
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N Gear Region Description Nationality C/E data Reso- | Size data | Reso-
month/year lution gtr/year lution
on Floating objects data) 8/2007 4/2004
18 | PS EPO PS targeting YFT, NA (public 1/1959 — 1x1 1/1961 - | EPO
Not associated data) 8/2007 4/2004
19 | LL 10N-50N; Traditional LL Japan, Korea, 11/1954 — 5x5 1/1965- | =reg
150W-90W | targeting BET & | Chinese Taipei 6/2006 4/2003
YFT
20 | LL 40S-10N; Traditional LL Japan, Korea, 10/1954 — 5x5 4/1954 — | =reg
150W-70W | targeting BET & | Chinese Taipei 7/2006 4/2003

YFT




35

N Gear Region Description Nationality C/E data Reso- Size data Reso-
NCEP month/year | lution gtr/year lution
ERA40

ALBACORE available data

L1 | LL 50S-25S; JP, JPDW Japan high 1/1952- 5x5 3/1964- 10x20

L1 140E-110W latitude 12/2006 3/2005

L1 | LL 25S-0; JP, JPDW Japan low 1/1952- 5x5 3/1964- 10x20

L12 140E-110W latitude 12/2006 3/2005

L2 | LL 50S-0; Korea 3/1962- 5x5 1/1966- 5x5

L2 140E-110W 12/2008 2/2006

L3 LL 50S-0; Distant-water | Chinese Taipei 7/1964- 5x5 3/1964- 5x5;

L3 140E-110W fleet 12/2008 2/2007 10x20

L4 LL 50S-10S; LL targeting Australia 3/1985- 5x5 2/2002- 5x5;

140E-175E Alb 12/2007 2/2007 10x20

L5 LL 25S-0; LL targeting New 11/1983- 5x5 1/1993- 5x5;

L5 150E-180E Alb Caledonia 12/2007 4/2007 10x20

L6 LL 50S-0; LL targeting Other 11/1957- 5x5 3/1963- 5x5;

L6 140E-180W Alb 12/2008 3/2005 10x20

L7 LL 50S-25S; LL targeting | New Zealand 8/1989- 5x5 2/1992- 5x5;

145E-180E Alb 12/2007 4/2006 10x20

L5 LL 25S-0; LL targeting Fiji 8/1989- 5x5 3/1992- 5x5;

150E-180E Alb 12/2007 3/2007 10x20

L5 LL 25S-0; LL targeting American 1/1993- 5x5 1/1998- 5x5;

L11 180E-155W Alb Samoa, Samoa  5/2008 3/2007 10x20

L5 LL 25S-5S; LL targeting Tonga 2/1982- 5x5 3/1995- 5x5;

180E-140W Alb 3/2008 242006 10x20

L5 LL 25S-0; LL targeting French 1/1992- 5x5 2/1991- 5x5;

180E-110W Alb Polynesia 5/2007 4/2007 10x20

T8 | T 50S-25S; Troll New Zealand, 1/1967- 5x5 4/1986- 5x5;

140E-110W United States 12/2007 2/2006 5x10;
10x20

G9 | D 45S-25S; Driftnet Japan, Chinese  11/1983- 5x5 4/1988- 5x5;

140E-125W Taipei 1/1991 1/1990 10x20
L10 | LL 50S-0; LL targeting Other 11/1957- 5x5 3/1963- 5x5;
180-70W Alb 12/2008 3/2005 10x20
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8 Appendix 2: SEAPODYM parameters

Parameters estimated
from the data

Unit

SKJ

BET

YFET

ALB

ESSIC

ERA40

NCEP

ESSIC

ERA40

NCEP

NCEP

ERA40

NCEP

ERA40

Habitats

Ts

Optimum of the
spawning
temperature functio

°C

30.5

27.8

29.8

26.2

26.99]

26.6

28.97

26.53

28.9

25.56

Ss

Std. Err. of the
spawning
temperature functio

°C

3.5%

2.5]

2.05

0.82

2.56

2.19

1.89]

3.49]

2.09

0.75*

Larvae food-
predator trade-off
coefficient

3.67

0.38

2]

0.63

7.5e-6

1.9e-5

2.33

7.15

5*

5*

Optimum of the
adult temperature
function at
maximum age

26*

211

23.4

13

[5.00

[5.00

[10

17

17.47

5.65

Sa

Std. Err. of the adul
temperature functio
at maximum age

1.62

1.14

3.5]

2.16

3.99]

3.99]

[1.9

3.99]

2.23

3.84

O

Oxygen value at’o
=0.5

ml x|

3.86

0.93

15

0.46

0.81

0.74

0.4*

0.677,

3.93

2.98

Curvature
coefficient of the
oxygen function

7.3e-5

0.001*

0.001*

0.001*

0.001*

0.001*

0.001*

0.001

0.002*

0.016

Movements

Maximum
sustainable speed

B.L.s*

13

0.96

1.13

0.32

1.19

0.97

[0.2

0.85*

1.65*

1.61

coefficient of
diffusion habitat
dependence

0.4

0.3

0.3

0.22

0.999]

0.996]

0.073]

3]

0.382

1.9

Larvae recruitment

11

Coefficient of larvae
recruitment
(Beverton-Holt
function)

0.5*

0.12*

0.15

0.0045

0.025]

1.0

0.06

0.01

0.347

0.002

Mortality

12

MPmax

maximal mortality
rate due to predatio

=3
O,

0.15*

0.025*

0.025*

0.25

0.155*

0.155*

0.1*

0.125*

0.15*

0.2*

13

M Smax

maximal mortality
rate due to
senescence

mo

0.5*

0.195

[0.1

0.259

0.203

0.164

0.436

0.185

0.0084

0.0095

14

bp

slope coefficient in
predation mortality

0.296

0.043

0.01

0.073

0.0769

0.0685

0.158

0.059

0.024

0.121

15

bs

slope coefficient in
senescence mortali

y

-0.044

-0.114

-0.103

-0.097|

-0.016

-0.016

-[0.15

-0.147,

-0.01*

16

Aos

age at which 2

mo

Msgma OCCUTS

31*

38*

38*

80.6

95.9

76.1

46

40

96*

58

*Fixed; [val = value close to mimimum boundary v&lwal] = value close to maximum boundary value
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Pre-definedparameters

unit

SKJ

YFT

BET

SP alb.

Population structure

Number of larvae cohorts (month)

=

Number of juvenile cohorts (month

IN—

Age at ' autonomous displaceme

Nt

mon

th

Number of young cohorts
(3 mo; 6 mo; 12 mo)

(3 mo)

SN
NN

(6 mo)

AN

(6 mo)

ORIN|F

(6 mo)

Age at T maturity

month

15

27

Number of adult cohorts
(3 mo; 6 mo; 12 mo)

12
(3 mo)

12
(6 mo)

16
(6 mo)

11
(12 mo)

Growth

Predator’ size of coho#

cm

Predator’ weight of cohodt

kg

Food requirement (ptional)

Daily ration (relative to weight at
age)

0.10

0.06

0.06

0.05

Coefficient of the Food requiremer
index function

nt

0.02

Habitats

curvature parameter in the functiorn
to switch continuously from feeding
to spawning habitat

)

1000

1000

1000

1000

Threshold in the gradient of day
length at which the switch occurs
between spawning and feeding

habitat

h.d*

0.015

0.010

0.025

0.008

* from independent studies (Langley et al., 200&anhton et al., 2006; Langley et al. 2007; Hoyle

et al. 2008)



