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ABSTRACT

The stock structure and movement patterns of bithasiordfish Xiphias gladius) in the

south Pacific Ocean are uncertain and potentiaixehmportant implications for assessment
and management. The most recent stock assessmentdiafish within the Western and
Central Pacific Ocean (WCPO) was conducted in 280&e then, an expanded electronic
tagging dataset has become available,attbugh still limited by small sample sizes, short
periods at liberty and infrequent location inforroat provides evidence for revising spatial
assumptions used in the 2008 assessniemiperate eastern parts of the southwest Pacific
appear to be linked to the tropieastern part of the south-central Pacific, indingathat

these areas should no longer be considered sdyafatieer assumptions from the 2008
assessment are supported, including: (i) no miketgveen the southern and northern WCPO,
(i) no mixing between the WCPO and the easternfiegcean, and (iii) limited

connectivity between the eastern and western patte Tasman and Coral Seas.
Approximate movement rate estimates are providadiwinay be relevant for future stock

assessments.
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INTRODUCTION

Fisheries inherently contain spatial heterogersedige to the distribution of fish population
characteristics (e.g. age structure, maturity, ¢iipmwovement and stock structure) and fleet
characteristics (e.g. selectivity and effort; Bo2€@00). Spatial heterogeneity is particularly
relevant to the assessment and management of netagig@species (e.g. tunas, billfish,
sharks), as these species are highly dispersedagatble of large-scale migrations. Fisheries
targeting these species cover large areas, oftdundi@ multiple gear types, differentially
harvest multiple age groups and potentially tasgetimber of stocks or sub-populations

whose boundaries and connectivity are poorly unideds(Caton 1991; Ward et al. 2000).

Stock assessments for most pelagic species atteraptount for some sources of spatial
heterogeneity associated population and fisherypoorants (e.g. Fournier et al. 1998). Few
assessments, however, incorporate spatial complesstociated with stock structure
(particularly at the sub-population level) and moeat (Stephenson 1999; Cadrin and Secor
2009), because data are often insufficient foabdyi delineating stock structure or estimating
movement rates. Stock assessment model boundadesng internal partitioning are
frequently defined on the basis of fishery datalalsée and the political realities of
management (e.g. country and regional managemesdigtions), rather than the spatial
characteristics of the fish population. Observatiohmovement from conventional tag data
may not be sufficient for describing and estimatimgvement at the spatial and temporal
scales required, and may be confounded with mtytadig reporting rates and the
distribution of the fishing fleet. Inappropriatesamptions about spatial structure and

movement could result in poor advice for fisheremnagement (Cadrin and Secor 2009).

The development of electronic tagging technologies associated methods to describe the
movement of marine species over extended tempodaspatial scales has been ongoing over
the last two decades (Gunn and Block 2001). Studiksing such technologies have

provided important insights into the movements, ratigry routes and habitats of importance
of pelagic species at increasingly finer resolwifrutcavage et al. 1999; Evans et al. 2008;
Block et al. 2011; Evans et al. 2012). Yet, desgfed advances in both the technologies and
the methods used to detail the movements of petgmgcies, direct application of these data
into stock assessments or for estimation of fislpagmeters is still rare (Miller and

Andersen 2008; Kurota et al. 2009; Eveson et dl220



Broadbill swordfish Xiphias gladius; hereafter named swordfish) have a widespread
geographical distribution throughout temperatetraygcal and tropical regions and are
important target and by-catch species for domesiastal and distant water longline fleets
(Ward et al. 2000). Distributions of individualsviesbeen observed to vary latitudinally, with
the seasonal extension and retraction of warmegraatto higher latitudes and variability in
prey distributions (Palko et al. 1981). There appéa be heterogeneity in the movements of
individuals, with fewer males occurring in coldeigher latitudes than females (Palko et al.
1981). Investigations of catch data and moleculaiennel suggest that there is some
population structure to swordfish stocks acros$thefic, Indian and Atlantic Oceans (Reeb
et al. 2000; Alvarado-Bremer et al. 2005). In tlaeiffc Ocean, gene flow appears to have a
[-shaped pattern, suggesting movement of animatsaezst in the Northern and Southern
Hemispheres, with connections across the equatmta along the west coast of the
Americas (Reeb et al. 2000; Kasapidis et al. 200Bis is consistent with the hypothesis that
there are separate stocks for the north Pacificsanthwest Pacific (Sakagawa and Bell
1980). These studies suggest that foraging aregsepeesent sites of admixture between
populations that originate from different spawnargas, as observed in the Atlantic
(Alvarado-Bremer et al. 2005).

Because of the potential for widespread dispensiiggation and/or seasonal
spawning/foraging locations, it is difficult to idigfy the most appropriate spatial structures
for the purposes of population assessment andjishanagement. In the Western and
Central Pacific Ocean (WCPO), swordfish catchesraapaged under the auspices of the
Western and Central Pacific Fisheries Commissio@PRC). Spatial boundaries in the most
recent stock assessment for the species, condnc2®®8, were defined on the basis of a
qualitative synthesis of data from larval survdighery characteristics and preliminary
results from a small number of conventional andtebaic tagging experiments (Kolody et al.
2008, Kolody and Davies 2008).

The 2008 stock assessment was initially approaelitbda spatial structure that included the
southern hemisphere from 140°E-130°W, split into &ub-regions with internal boundaries
at 165°E, 175°W and 155°W (Fig. 1). It was assutmadmovement within each sub-region
was dominated by seasonal north-south migratiotvgdss foraging and spawning areas. The
partitioning of sub-regions in an east-west di@tillowed a range of alternative
assumptions to be explored, from an almost homagepopulation (rapid mixing) to

discrete sub-populations (no mixing). Ultimatelyagtitative assessment results were only



provided for the South-West (SW) region (140°E-Wh%ecause: (i) only one tag was
observed to move between the SW and the South-#&l¢8(C) region (175°W-130°W); (ii)
the data in the SC region were judged to be of faylity that that in the SW; and (iii)
standardised Catch per Unit Effort (CPUE) trendhaSW and SC demonstrated opposing
trends, suggesting that either the two areas weekly connected, or at least one CPUE
series was a poor indicator of relative abundawaéin the SW model, mixing rates across
the 165°E boundary were estimated by fitting a gndffusion model to the longitudinal

displacements of the tagging data.

Since the 2008 assessment, there have been ondgplgyments of pop-up satellite tags
(PSATS) on swordfish contributing to an expandesdritiution of tagging data across the
south Pacific Ocean. Using this larger electroagging dataset, in combination with
conventional tag returns, here, we reassess themmaw patterns of swordfish in light of the

spatial domains used in the 2008 stock assessment.

MATERIALSAND METHODS
Tagging data

Conventional tags (Hallprint, Australia) were dem@d on swordfish via tagging programs in
Australian (AU) and New Zealand (NZ) waters condddby commercial and recreational
(NZ only) fishing industries during the 1990s ari@s, resulting in small numbers (AU: n =
7; NZ: n = 2) of recaptures from each region (Tdbhlg~ull details of programs and
deployments of conventional tags (CTs) are detailegtanley (2006) and Holdsworth and
Saul (2011).

Pop-up satellite archival tags (PAT4: n = 26, MkaG: 69, Wildlife Computers, USA) were
deployed on large swordfish in waters off easteth(RAT4: n = 26; Mk10: n = 28), northern
NZ (Mk10: n = 19), south of the area between Fifl &rench Polynesia in the western
Pacific Ocean (SWPO; Mk10: n = 13), the Cook Istaf@l; Mk10: n = 9) and the northern
coast of Chile in the eastern Pacific Ocean (EP©2f) across 2004 — 2009. Methods
associated with deployments of pop-up satellitbiget tags (PSATs) employed in AU,
SWPO and ClI are detailed in Evans et al. (2011a)s& employed in NZ waters are detailed
in Holdsworth et al. (2007) and those employechanEPO are detailed in Abascal et al.
(2010). Briefly, fish were caught during commerdaigline operations with those



considered in good condition (hooked in the lipmpper mouth, lively and not bleeding) and
of a large size and mass (>150cm OFL and >50kgwast so that the tag constituted ~0.2%
or less of additional mass to the animal) lead gdade the vessel to a position near the sea
door. A custom made stainless steel floy-type anthd, SWPO and Cl), either a stainless
steel or medical grade nylon dart (EPO) or a médjcde nylon dart (NZ) was inserted into
the dorsal musculature of the fish in a positicst gentral to the primary dorsal fin using a
customised tagging pole similar to that descrile@haprales et al. (1998). Once tagged, the
fish was cut from the line and allowed to swim avirayn the vessel. Deployment positions
of tag releases were recorded using the vessdigasd GPS system. Sea surface
temperatures recorded by vessels at the time girtgganged 16.4°C — 26.0°C. All personnel
involved in tagging were experienced in the estiomabf swordfish mass, selection of
suitable tagging candidates (i.e. those of suitaizie and condition) and tagging methods and
all efforts were made to ensure tagging was comduas efficiently as possible while
minimizing potential impacts on the fish. Tags wpregrammed to release from fish and
transmit summarised depth, temperature and liglat aféer periods of time ranging from 60
days to the limit of the tags, which was 365 daystyelease. Failure of tags to report to the
Argos system occurred in 14 of the 95 tags deplolyadher details of tag set-up and
proposed and achieved deployment periods for AUaN& EPO deployments are detailed in
Holdsworth et al. (2007); Abascal et al. (2010) &vdns (2010).

Only those data derived from tag deployments >@@dvere included here to ensure that
biases associated with any short-term impactsggfitg were minimised (Table 2; n = 54).
Daily positions derived from each tag were caladaising the state-space model described
in Nielsen and Sibert (2007) implemented in theoRware package “trackit” (downloaded

from: www.soest.hawaii.edu/tag-data/trackit).
Modelsfor distinguishing random diffusion from directed migration

We used simple statistical models aimed at emphgsopulation level characteristics,
similar to those used in the 2008 stock assess(lelddy and Davies 2008), to examine

migration characteristics in relation to three lorcategories of movement.

1. Unbounded Diffusion (UD): which assumes that eaclividual engages in a
permanent random walk and that the variance oflisteibution continues to increase

linearly over the time period of interest.



2. Bounded Diffusion (BD): which assumes that eachrdfigh engages in an
independent random walk, but is bounded by a h@mge or habitat constraints, and

that the variance of the distribution increasearn@symptote and stabilises.

3. Seasonal migration with Site Fidelity (SF): whigsames that each individual
engages in a consistent annual migration. Eaclvioheal is predicted to be near the
same place at the same time each year, but differériduals can have very
different migratory paths from each other. Withistmodel the variance of the

distribution expands and contracts in an annudecyc

These models are not intended to make explicitigtieds about the position or movement of
individuals, but were only used in an attempt &sslfy movement characteristics at a level

that is relevant to the formulation of coarse reBoh stock assessment models.

Models were derived from simple extensions to $iaed Fournier (2001), in turn based on
Feller (1968), which note that a discrete-time asbd random walk movement models result
in spatial distributions that are equivalent taatauous diffusive process. In this case, we
were only concerned with one-dimensional movemaetause latitudinal and longitudinal
movements have different implications (and différ@pservation error characteristics). The
probability density function for future positions,can be described by a normal distribution
with variance Dt, wheret is the time elapsed since release, @nd the diffusion rate:

(1) P@x) = ﬁex;{— 4XDJ

There is also a position error associated with estimatex, ., .., = X + &, and we assume

& ~Normal (¢ =0,0).

Within the UD model, parameters were estimatedguainegative log-likelihood function

(with constants removed):

2
() L(Xgpserwea | D,O) = Zlog(m )+M

2(2Dt, +07?)

Within the BD model, the variance tergDt is replaced byt /(S +t .)This was adopted

from a Beverton-Holt stock-recruit function (i.betfunction describes displacement variance

as a function of time, instead of recruitment &srection of biomass) and is not intended to



accurately represent the physics of particle diffiugn a container. At one extreme the model
degenerates to the case of unbounded diffusiohifwilhe lifespan of an individual fish) and
at the other, the variance rapidly reaches an ammponsistent with the idea that

individuals are constrained to a home range. Switisij this variance term into (2) results in:

2
Xobserved il

a at; 2
(3) L(Xobservedla’ﬁ’a)_izlog( B+t to j+ ( at zj
- fi+g
Bt

Similarly, displacement variance for the SF modealescribed by a wave function

(A+ Asinta + ¢)) . The wavelengthef =27/365.25), and phase angle € -0.57) were fixed
to represent annual periodicity with a minimum be talendar day of tag release, thereby
providing a convenient first approximation for a®m that expands and contracts in an

annual cycle. The corresponding likelihood functigin

2
Xobserved i

2(A+ Asin(t,w+ @) + 0°)

(4) L(X perveq | A 0, 0,0) = Zlog(\/A+ Asin(tw+ ¢) + 0’2)+

We fit the three models to four different datasttsge of which included only the release and

recovery or first transmission position informatidiie four datasets comprised:
A. release and recapture or first transmission postitom all CTs and PSATS;

B. release and recapture or first transmission paostioom CTs and PSATs deployed in
the WCPO only;

C. release and first transmission positions from PSéddoyed in the WCPO only;

D. release and first transmission positions and ligted geopositions from PSATSs
deployed in the WCPO only. The time and displacdrbetween each geoposition
and the corresponding release point was considered an independent observation
(such that each tag implicitly had a different wetim the likelihood, depending on

the number of geopositions).

Each model was fit independently to latitude andyltude estimates and fit with a fixed
value ofe = 1.0. While this value can be considered as redderfor release and first
transmission positions for electronic tags, iikelly to be an underestimate for light-based

geopositions, particularly for latitude (see Evand Arnold 2009 for an overview of



geolocation methods and uncertainties). Accordingllymodels for dataset D were also fit
with o estimated. We also fit the SF model witestimated for each dataset, as it was
plausible that the model might require additiomaétiom associated with variability in timing

and/or homing accuracy.

RESULTS
Observed movements

Conventional tags were at liberty for 85 — 3538g@able 1) and PSATSs at liberty for 43 —
364 days (Table 2). Displacements observed betnwsdease and recapture points ranged 92 —
3046 km for CTs and 92 — 2988 km for PSATSs, wittpthcements greater than 2000 km
achieved in as little as 49 days. All AU swordfreimained within the Coral/Tasman Sea,
with only one individual observed to move east 609 and into the eastern Tasman Sea
and (Figs. 1 and 2). Latitudinal movements were hisited, with the majority of individuals
moving < 10 degrees. Swordfish tagged elsewhermsathe WCPO demonstrated varying
latitudinal and longitudinal movements with indivals distributing across the WCPO. Two
NZ swordfish were observed to undertake circulavenoents to the New Caledonia/Vanuatu
region before returning to waters around NZ (Fig.Sea surface temperatures collected by
the tags (not shown) reflected latitudinal gradseagsociated with such circular movements.
The remaining NZ swordfish moved to the west, nart to the northeast (NE) towards CI
(Fig. 2). Tags on SWPO swordfish predominantly nibtgethe north with only one tag
moving to the south, while CI swordfish moved te Houthwest (SW), with one entering NZ

waters (Fig 2).

Only three tags released east of 170°W were subrdgwbserved west of 170°W and only
one of those released west of 170°W moved east@ (Figs. 2 and 3). Longitudinal
movement also did not appear to be biased by tddgseay for short durations, as a similar
pattern was observed when data were restrictedlyotloose deployments longer than 180
days (not shown). Maximum displacements of all tagee less than 25° latitude and 30°
longitude and movements and displacement positi@haot appear to be related to size of
individuals, with individuals of 50 — 120kg obsedu® travel distances of greater than 1,000
km (Fig. 4).



Four of the six swordfish tagged in the EPO underidirected movements in a NW
direction. One individual moved west before headiagth and then NE, while another
moved NW before heading in a westerly directiod.mMdvement was restricted to the EPO,

with no tagged swordfish moving west of 110°W (Figsind 2).

The aggregate WCPO swordfish geoposition data aidlemonstrate clear seasonal patterns
in latitudinal or longitudinal movements. Howevehen partitioned according to release
longitude (west and east of 165°E), a seasonaakigiatitudinal movement was evident in
swordfish tagged to the east of 165°E (Fig. 4)ividdals were distributed to the south during
the second and third quarters of the year (Ap8kptember) and to the north in the first and
fourth quarters of the year (October — March). Sifieh tagged to the east of 165°E appeared
to have a narrow distribution between 165 — 1808Wughout the second quarter of the year
(April = June), and a much broader longitudinatrtbsition during the rest of the year,
although low numbers of observations during Aprdiune are likely to influence this. In
contrast, little seasonal variability in latitudelongitude was evident in swordfish tagged to
the west of 165°E (Fig. 4).

Latitudinal movements of swordfish tagged in theOEdtcurred during the second and third
guarters of the year (May — September). Determisgggonality in movements is somewhat
restricted however by lengths of deployments, wlikervations only available across the

months of April — September.
M ovement models

Of the three models, the BD model fit latitude dagat in terms of likelihood and Akaike
Information Criterion (AIC ; Table 3, Fig. 5). Th¢D model provided an intermediate fit and
the SF model produced the worst fit. When the SHehwas allowed to estimatg it fit best
with high values o6 for datasets A-C, degenerating to a form with igglgle seasonality. In
this case, the SF model became largely indistimginke from the BD model, except possibly
in the first few days to weeks (not shown). ThenStlel estimated a substantial seasonal
cycle with dataset D however, it was still a mudoner fit than the other models. Differences
between datasets A-C and D were largely driverdtge number of position observations
immediately after PSAT release, at a time wherdibplacement variance tends to be
increasing. These initial observations influendeel $F model in such a way to prevent the

variance from expanding too rapidly.
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The best longitude model fit varied between dataEdble 4; Fig. 6). The BD model had the
lowest likelihood (or equal lowest), while the UDndel had the lowest AIC for datasets B, C
and D. The BD model took on a degenerate form idainio UD for dataset D. The SF
longitude model was similar to the SF latitude mppeviding the worst fit and
degenerating to a form with negligible seasonalitenc was estimated for datasets A-C.
The predictions of the UD and BD models were vemyilar for tags in the first year at liberty
(Fig. 6). After the first year the two models diged, with the more flexible BD model able to
better describe both the rapid initial increasdigplacement variance, and the asymptote of
the variance. Performance differences between UDBdhhowever, were subtle across alll
datasets and non-existent in the case of dataséalDes of AIC suggest that the BD model
provided a marginally better fit than the UD moftegldataset A, however, the extra

parameter in the BD model does not appear to lidigasfor datasets A-C.

Noting the apparent differences in migration chemastics by release location (Fig. 4),
datasets C and D were disaggregated into tag esdeesst and east of 165°E and the three
models refit separately to the data (not showmhil8rly to the aggregated data, the BD
model provided the best fit for latitude displacetn@nd the UD model for longitude (on the
basis of AIC). Displacement parameters were eséichtt be considerably larger in the east
than west for both latitude and longitude. Whenlitkedihoods for the disaggregated models
were summed, however, the AIC was similar or onaygmally better than that of the
aggregate models.

DISCUSSION

Tagging data provide the most direct informatiorfish movement and are potentially useful
stock assessment and other population dynamicslma@dthough CTs can provide valuable
information for fisheries biology and stock assessn{including estimation of growth rates,
mortality and abundance), electronic tags can pgesgubstantially more information on the
movement dynamics of individuals. Conventional taggds a fishery-dependent mark-
recapture technique that depends almost entireBnamal recaptures within fisheries.
Because fishing effort is not equally distributadbugh time and space, information from CT
returns tends to be biased in these aspects. Repoates for CT returns are often low and
may be inconsistent across fleets, which can fulties the perception of movement (Hoenig
et al. 1998; Pollock et al. 2001; Polacheck e2@06). Even with large numbers of

11



deployments, it is often logistically impossibleredease tags in a manner that is
representative of the distribution of the populatiparticularly for widespread species such as
tunas and billfishes. In contrast, electronic taggl in particular PSATS, can provide position
information from times and places that may be beyshery boundaries and without relying
on recapture and return from fisheries. Deploynoéiat relatively small number of electronic
tags within carefully selected regions across &isgalistribution allows for dispersal and the

observation of movement throughout the wider region
Observed movements

Observations of movement derived from tags releaseslvordfish in the SW Pacific
presented here suggest some heterogeneity in motgthat may indicate population sub-
structure. Movements observed suggest that theapility of undertaking long distance
movements in regards to both latitude and longitadegher for fish tagged east of 165°E
compared with those tagged to the west of 165°Kingiof swordfish in the area east of
165°E could be potentially substantial, and greii@n that between AU and NZ. It seems
likely that fish moving between NZ and CI represemé population with seasonal migration
between foraging and spawning areas, while fishenAU region probably represent a
somewhat distinct population that has access torspg and foraging areas within the Coral

and Tasman Seas.

Observations of movement from limited numbers gfdaployments however, have the
potential to be misleading. Observed movementsad@pear to reflect the seemingly
continuous distribution of catch across tropicgioas of the WCPO and observations of
spawning areas in the tropical region directly haftNZ (Nishikawa et al. 1985), both of
which suggest that it should not be necessaryigarthat forage near NZ to migrate all the

way to CI to spawn.

Investigations into the reproductive dynamics obsifish across the Tasman/Coral Sea
region have reported reproductively active femaléshe east coast of Australia and around
New Caledonia (Young et al. 2003). Examination efumity in gonads suggests that
spawning occurs across an extended season frorarBlegt to March. In Australian waters,
mature females have been predominantly observetlok&88°E and in waters above 24°C,
suggesting spawning occurs in the warm waterseoibral Sea and the East Australian
Current (EAC). Gonads sampled from NZ waters suggesctive spawning of females in
this region across the same period.

12



The somewhat restricted longitudinal and latitutlmavement of swordfish tagged in AU
waters may be related to oceanographic conditiotisd region. The EAC is a boundary
current that carries warm water from tropical regigouthward and into the Tasman Sea and
dominates waters off the east coast of AU from apipnately 18 — 35°S (Ridgway and Dunn
2003). As the EAC moves south, eddies separate tlhermain body of the EAC which
migrate south in the Tasman Sea forming a regiontehse upwelling and downwelling,
which results in enhanced seasonal productivitip(ifg et al. 2002). Regional circulation of
the EAC is limited by the bathymetry of the Tasnbasin, which is bounded by AU to the
west, NZ to the southeast and the island archipet@gNew Caledonia, Vanuatu and Fiji to
the northeast. A series of seamounts are also fofiride east coast of Australia around

which potential forage sources for swordfish areagted (Young et al. 2011).

In contrast, waters off northern NZ rarely reaahnperatures of 24°C and bathymetric
structures in the region are largely located tontbwth and far west and beyond the southern
limits of waters of 24°C. Around the NZ region, th@sman Front (TF), into which the EAC
feeds, moves eastward across the Tasman basintaokes to the continental slope north of
New Zealand. It then becomes established as a boyiodrrent, part of which becomes the
west Auckland current (Ridgway and Dunn 2003). Hatge warm core eddies are associated
with the flow of the TF around the northern andteamscoasts of NZ and have important
biological implications for the region by increagivertical mixing and enhancing

productivity (Bradford et al. 1982; Tilburg et 2002). Enhanced productivity in this region
may support important seasonal foraging opportemitor large marine predators such as

swordfish.

It is notable that electronic tagging of stripedrimaKajikia audax) in eastern Tasman Sea
waters showed no movement of individuals acrossnéasSea over multiple seasons (Sippel
et al. 2011). Electronic tagging of yellowfin tu@&nunnus albacares) and bigeye tuna
(Thunnus obesus) in the western Coral Sea also showed movemerntslviduals were

largely restricted to the Coral Sea, with only amumber of individuals moving further
east and into the greater western Pacific Oceaan&et al. 2008; Evans et al. 2011b). It may
be that oceanographic mechanisms are linked tomagjpopulation sub-structure across
multiple species in the WCPO region.

13



M ovement models

Inclusion of a larger tag dataset did not improaeameter estimates of movement dynamics
within the simple movement models investigatedti@foptions examined, simple diffusion
provided the best description of longitudinal moesry and associated diffusion parameters
can be conveniently translated into bulk transéeafficients for stock assessment models.
The BD model provided the best fit to latitudinabvements observed, which is consistent
with our expectations of a bounded home rangedioubot demonstrate any seasonality in
movements, which might be expected on the bagsiateh data available and current
hypotheses of seasonal movements. Observed végiabisex ratios (Palko et al. 1981, Grall
et al. 1983, Taylor and Murphy 1992, De Martinakt2000, Young et al. 2003; Poisson and
Fauvel 2009), has predominantly been associatddtiagt hypothesis that smaller, male
swordfish reside lower latitude waters where spagmiccurs and larger, female swordfish
undertake extensive feeding migrations into higagtude waters, returning to lower
latitudes to spawn (De Martini et al. 2000). Withsax-specific information however, the
potential importance of this fundamental biologiralt on movement dynamics cannot be

investigated.

There was little difference in fits to longitudimalbvements between the UD and BD models
in the short-term, with the BD model preferred dataset A. Across the longer-term (>1y, for
which there are few observations), the two modsisl to diverge and UD estimates
dispersion rates that would be expected to resgene flow that is too high to maintain
current understanding of genetic structure actos$Sbuth Pacific (Reeb et al. 2000). The
lowest estimate of D predicts that 2.5% of swotdfrem CI would be located east of 120°E
in the EPO after five years. Given the model fitserved, we would predict that larger
numbers of longer duration tag observations woesdiit in either the BD model providing a
better fit to the data (as is currently the casmifventional tags and PSATs deployed in the
EPO are included), or the UD model would estimateer diffusion rates as a result of
seasonal migration being interpreted more apprtglyias structured noise around the true
random movement. Because of this, the current agsof dispersion might be more
reasonably interpreted as an upper bound on movearahthe possibility of relatively

discrete sub-populations should not be dismissed.

The SF models did not describe potential direcea$snal migrations very well at the

population level. While there may be good reason#dividuals from the same region to
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share migration patterns, there is no reason ik tiat these patterns would be consistent. It
may be that relatively few individuals that are @lyed to undertake movement into high
latitudes exaggerate our perceptions of migratiotvé general population. Large portions of
the population might undertake relatively undiredi@aging migrations of similar or greater
magnitude and duration to directed spawning mignati thereby confounding the ability to
discern migrations associated with spawning. Theag also be considerable variability in
the timing of migrations within and among individsidepending on age, sex or individual
condition. Given that spawning occurs across adsaason (Young et al. 2003), migrations
between foraging and spawning regions might beteid anytime within the season, possibly
more than once within a year and not necessardyyeyear.

We recognise that all three models investigated hex extreme simplifications of complex
behaviour, which is influenced by the size/age sexlof the individual, and inter-annual
variability introduced through density dependemtgesses and local oceanographic
conditions. Differences observed in the movemeatatteristics of swordfish west and east
of 165°E suggests that there is additional inforomathat might be gained by more detailed,
disaggregated analyses. However, with the smalleurof tags, and relatively short periods
of liberty, it is not clear how more detailed sphtnodelling would improve any short-term

advice for formulating stock assessment models.
Recommendationsfor the next stock assessment

From the results presented here, it seems reasottahssume that there is substantial
latitudinal mixing of swordfish within the south ¢fac Ocean, and that there is still no direct
evidence of movement across the equator. The daaisade in the 2008 assessment to treat
the SW and SC regions (west and east of 175°Wpamently is no longer defensible on
biological grounds. It remains unclear whether\WeéPFC eastern boundary of 130°E (south
of 3°S) is biologically ideal, but at present thesreo evidence to indicate that it is
biologically inappropriate. Movement patterns asrthee Tasman and Coral Seas are
suggestive of limited mixing or the partial overlafpsub-populations that may not mix

strongly on the spawning grounds.

We suggest that the next stock assessment for faloid the WCPFC management area
should consider two regions bounded at the equattve Southern Hemisphere. The western
region should extend from the AU coast to 165°H, the eastern region should extend from
165°E - 130°W. The eastern WCPFC convention boynd&0°W) is suggested in the
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absence of other information (movements east of\i50ere not observed in this study, but
we recognize that other fisheries information migtavide a basis for revising this
suggestion). We consider diffusive mixing acrosstibundary at 165°E (diffusion rate, D =
0.11 calculated from the UD model fit to datasea€}he best estimate of movement between
regions at this time. However, we strongly recomehexamining the sensitivity of this
assumption, including alternative interpretationtha extremes (i.e. very high and zero
mixing), in recognition that this estimate is highincertain (and qualitatively wrong if

spawning populations really are isolated).
Directionsfor futureresearch

While inclusion of an expanded tagging datasetpnaged to be informative in better
understanding the spatial dynamics of swordfisthénsouth Pacific Ocean, there are still
many uncertainties regarding swordfish movementeision of tag releases across the
region would improve our understanding of movenpatterns, particularly if fish from
particular size-classes, sexes and regions cousglieeted. In particular, deployments in
tropical regions, directly north of NZ (~180°E) andhe temperate region south of 140 —
160°W would fill important gaps. Releases fromsbatheastern WCPFC boundary area,
would help in establishing how well this managemamindary agrees with the population
structure and what linkages there may be betwesRMGPO and the EPO. Because the
majority of movement data were derived from deplewits of PSATs and deployments were
often affected by premature detachment of tagermmétion on seasonality and inter-annual
variability in movements is somewhat restricteditirer longer-term (i.e. multi-year)
deployments of tags, such as internally implantetiigal tags or recently developed PSATs
utilising solar power sources (and therefore capabkxtending battery life of tags) may

provide longer-term data required in order to adgltais.

Position data derived from PSATs enable a rangdtefnative modelling approaches to be
pursued to describe movement at various spatis@sqgaotentially at the level of the
individuals and/or in relation to oceanographicafaitity (e.g. by using Hidden Markov
Models or Individual-Based Models). Under such nilia frameworks, parameters from
individuals could be combined to estimate paramsdtarthe population as a whole.
Development of such models would allow for an inya treatment of errors associated with
geolocation methods, and potentially allow for moe¢ailed investigations of the influence

of individual sizes or release locations on movetsidrurther development of stock
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assessment methods (potentially including multiderete populations that overlap on
fishing grounds) and management strategy evalu@ign Smith et al. 1999), will help
determine if different stock structure and movensssumptions are likely to have an
important effect on management options and outcofirtas would, in turn, be of use in
determining if additional tagging and analysesjaséfied, and could be used to inform
tagging experiment design.
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Table 1. Recaptures of conventional tags on broadbill sfisindn the western Pacific Ocean.

Tag Release Recapture

Date Latitude Longitude Estimated mass (kg) Date Latitude Longitude TAL (days)
Australia
431 24 Jul 2000 -25.83 153.88 15 09 Nov 2001 -32.52 156.52 473
9 12 Oct 2000 -26.30 154.03 20 05 Jan 2001 -25.25 54.0¢7 85
20 20 Oct 2000 -26.05 155.33 15 06 Jul 2004 -34.18 154.03 1355
534 09 Jan 2001 -28.03 154.88 4 12 Jul 2002 -31.02 153.35 549
882 23 Jul 2001 -33.77 173.00 20 24 Jul 2007 -21.00 -159.58 2192
646 11 Sep 2002 -30.80 161.52 15 12 Dec 2003 -18.30 153.60 457
311 22 Sep 2002 -29.12 157.18 15 17 Jul 2003 -31.17 162.30 298
New Zealand
20862 18 Jun 1992 -32.33 172.25 12 24 Feb 2002 8332. 167.33 3538
26600 05 Feb 1996 -37.17 -178.17 20 09 Jun 2004 .8038 178.98 3047

A Estimated mass is an estimate of gilled and duttass; TAL: time at liberty.
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Table 2. Deployments of pop-up satellite archival tags oyalbill swordfish in the Pacific Ocean at libefdy >30 days.

Tag Release Pop-up transmission

Date Latitude Longitude Estimated mass (kg)® Date Latitude Longitude TAL (days)
Australia
03P0463 20 Sep 2004 -28.12 155.82 n/a 18 Dec 2004 28.95 154.40 89
03P0466 24 Sep 2004 -28.17 160.63 n/a 20 Dec 2004 26.68 163.92 87
04P0574 07 Oct 2006 -25.88 156.96 50 06 Mar 2007 4.4 161.61 150
04P0443 08 Oct 2006 -26.11 157.02 50 06 Aug 2007 9.12 166.44 302
04P0577 03 Nov 2006 -28.09 156.84 100 17 Mar 2007 29.56 155.99 134
04P0578 03 Nov 2006 -28.07 156.81 90 16 Dec 2006 6.871 153.92 43
04P0576 28 Nov 2006 -24.93 156.49 55 24 Feb 2007 7.842 158.87 88
04P0588 30 Jan 2007 -24.75 157.84 50 07 Jun 2007 8.253 170.24 128
04P0474 07 Feb 2007 -24.84 156.34 90 07 Aug 2007 2.013 157.29 181
04P0472 04 Mar 2007 -25.46 157.30 70 01 Jun 2007 2.8@2 156.53 89
04P0564 04 Mar 2007 -25.37 157.28 80 30 Aug 2007 3.42 157.06 179
04P0473 28 Nov 2007 -27.30 157.42 140 25 Feb 2008 30.41 153.61 89
04P0338 19 Jan 2008 -28.37 157.38 150 17 Apr 2008 31.42 156.13 89
06A0718 28 Jan 2007 -25.61 157.22 80 28 Mar 2007 4.3al 152.07 59
06A1162 25 Feb 2008 -29.36 159.60 60 23 Feb 2009 8.122 160.42 364
06A1161 20 Mar 2008 -25.68 156.68 120 11 Dec 2008 33.28 157.22 266
06A1165 21 Mar 2008 -25.95 156.57 200 14 Dec 2008 23.26 155.67 268
06A1140 24 Mar 2008 -25.87 156.57 80 22 Dec 2008 6.14B 151.27 273
06A1160 24 Mar 2008 -25.73 156.28 140 12 Oct 2008 24.70 155.69 202
06A1130 26 Mar 2008 -26.02 156.98 140 09 Dec 2008 22.86 158.25 258
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Tag Release Pop-up transmission

Date Latitude Longitude Estimated mass (kg)* Date Latitude Longitude TAL (days)

06A1133 22 Apr 2008 -25.75 156.19 65 15 Aug 2008 3.4Q 154.88 115
06A1137 22 Apr 2008 -25.97 156.62 130 20 Jan 2009 29.64 158.98 273
06A1151 24 April 2008 -26.11 156.76 140 22 Jan 2009 -23.99 161.61 273
06A1156 13 Jan 2009 -26.97 156.68 170 14 May 2009 21.84 163.36 121
06A1135 15 Jan 2009 -26.73 156.62 175 13 Jul 2009 24.87 158.24 179
06A1139 11 Feb 2009 -23.93 155.91 100 14 Jul 2009 40.88 153.64 153
08A0098 19 Jun 2008 -28.71 154.04 100 17 Aug 2008 21.83 159.06 59
08A0101 12 Dec 2008 -25.73 156.09 145 09 Feb 2009 33.24 156.45 59
08A0096 13 Dec 2008 -25.73 156.24 165 10 Feb 2009 32.82 159.24 59
08A0100 15 Dec 2008 -25.89 155.36 170 12 Feb 2009 34.77 153.94 59
New Zealand

06A0358 09 Jul 2006 -36.24 178.10 56 29 Oct 2006 0.0 -176.602 113
06A0366 10 Sep 2006 -29.63 179.94 56 15 Nov 2006 7.972 -179.918 67
06A0367 23 Jul 2006 -33.93 173.12 130 15 Jan 2007 36.155 168.908 177
06A0368 03 Jul 2008 -36.52 179.26 120 29 Jan 2009 29.249 -160.524 210
06A0369 23 Jul 2006 -34.03 173.22 920 15 Mar 2007  3.1-3 164.732 236
06A0504 07 Sep 2006 -29.18 179.89 56 14 Feb 2007 6.259 -179.396 161
06A0538 01 Nov 2006 -30.66 178.43 80 14 Feb 2007 7.678 179.344 106
06A0539 10 Jul 2008 -36.44 178.10 75 05 Feb 2009 1.98% -178.465 210
06A0540 25 Jul 2007 -33.74 174.23 130 14 Feb 2008 33.872 171.66 204
06A0541 07 Nov 2006 -34.25 -179.47 80 15 Mar 2007 42.65 176.08 128

Western Pacific

07A0859 10 Jun 2008 -31.317 -171.133 108 04 Aug®200 -27.71 -170.38 55




Tag Release Pop-up transmission

Date Latitude Longitude Estimated mass (kg)* Date Latitude Longitude TAL (days)
07A0865 18 Jul 2008 -33.733 -174.0167 64 26 May9200 -39.506 -172.052 312
07A0866 29 Jul 2008 -27.633 -172.283 77 11 Sep 2008 -15.751 -170.954 44
07A0867 15 Aug 2008 -32.35 -169.467 53 01 Oct 2008 -15.97 -172.55 47
07A0954 15 Sep 2008 -32.22 -162.73 91 21 Nov 2008 14.18 -155.44 70
Cook Islands
08A0756 08 Nov 2009 -20.81 -159.82 65 10 Oct 2010 32.03 -171.8 336
08A0744 27 Nov 2009 -20.723 -159.935 130 13 Now201 -26.59 -166.37 351
08A0743 05 Dec 2009 -21.186 -160.193 65 14 Mar 2010 -42.314 -178.821 99
Eastern Pacific#
06A0931 31 Mar 2007 -22.78 -87.17 n/a 30 May 2007 02.45 -97.68 60
06A0957 26 May 2007 -22.17 -81.82 76 14 Jul 2007 9.5 -99.20 49
06A0947 30 May 2007 -22.05 -84.45 n/a 09 Aug 2007 14.40 -101.43 71
06A0956 11 June 2007 -18.58 -84.62 n/a 24 Nov 2007 -14.72 -91.32 166
06A0950 17 June 2007 -19.20 -83.35 n/a 21 Sep 2007 -06.08 -96.62 96
06A0966 30 June 2007 -19.82 -80.72 76 12 Oct 2007 07.65 -105.42 104

N estimated mass is an estimate of gilled and duttass; # estimated lengths of swordfish: 1506-ci8 length to caudal fork; TAL: time at libertyobé tags first transmit

48 hours after pop-up.
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Table 3. Parameter estimates for movement models in relaidatitude. Parameters are

defined in terms of days and degrees of latitude.

M odel o Other parameters LLH AIC
Dataset A (n =63)

UD (o fixed) 100 D=0.37 18.76  20.76
BD (o fixed) 1.00 «=67.00;8<0.01 0.00 4.00
SF @ fixed) 1.00 A=130.00 81.22 83.22
SF @ estimated) 8.20 0.01 4.00
Dataset B (n =57)

ub 1.00 D=0.29 16.69 18.69
BD 1.00 a=56.70;4<0.01 0.00 4.00
SF (o fixed) 1.00 A=110.00 81.22 83.22
SF © estimated) 6.74 A<0.01 <0.01 4.00
Dataset C (n =48)

UD (o fixed) 1.00 D=0.34 1053 12.53
BD (o fixed) 1.00 «=58.20;8<0.01 0.00 4.00
SF @ fixed) 1.00 A=130.00 1463 16.63
SF @ estimated) 475 A=11.20 0.01 4.00
Dataset D (n = 1535)

UD (o fixed) 1.00 D=0.26 10.48 12.48
UD (o estimated) <0.01 10.20 14.20
BD (o fixed) 1.00 «=250.004=2380.00 0.94 4.94
BD (c estimated) <0.01 0.00 6.00
SF (o fixed) 1.00 A=097.80 218.25 220.25
SF © estimated) 2.69 99.06 103.06

LLH: -log likelihood (minus the lowest LLH for eactiataset); AIC: Akaike Information Criterion. Note:
likelihoods are not comparable between datasets.
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Table 4. Parameter estimates for movement models in rael&idongitude. Parameters are
defined in terms of days and degrees of longitude.

M odel c Other parameters LLH AIC
Dataset A (n =63)

UD (o fixed) 1.00 D=0.24 719  9.19
BD (o fixed) 1.00 «=64.30;4=0.01 0.00 4.00
SF @ fixed) 1.00 A=87.90 317.12 319.12
SF @ estimated) 8.02 A<0.01 0.33 4.33
Dataset B (n =57)

UD (o fixed) 1.00 D=0.11 1.52 3.52
BD (o fixed) 1.00 «=170.00$=570.00 0.00 4.00
SF (o fixed) 1.00 A=55.00 322.37 324.37
SF © estimated) 6.74 A<0.01 5.46 9.46
Dataset C (n =48)

UD (o fixed) 100 D=0.12 0.67 2.67
BD (o fixed) 1.00 o« =84.40;5=200.00 0.00 4.00
SF @ fixed) 1.00 A=61.80 1499 16.99
SF @ estimated) 475 A=11.20 0.86 4.86
Dataset D (n = 1535)

UD (o fixed) 1.00 D=0.19 14.07 16.07
UD (o estimated) <0.01 D=0.19 0.00 4.00
BD (o fixed) 1.00 o=6.76e+88=1.81le+9 14.07 18.07
BD (c estimated) <0.01 a = 1.65e+7p = 2.20e+4 0.00 6.00
SF (o fixed) 1.00 A=76.10 253.46 255.46
SF (c estimated) 2.69 A=49.50 200.82 204.82

LLH: -log likelihood (minus the lowest LLH for eactiataset); AIC: Akaike Information Criterion. Note:
likelihoods are not comparable between datasets

29



140° E 160° E 180° E 160° W 140° W 120° W 100° W 80 ° W
e .
" \ ' —= PSATs

— CTs
(\I ﬂv ‘}I‘L
g TR e

=z . =z
o s ! | o
] \,\LL = 9
= ) =
o » ’: o
(=] X (; (=)
-
i &:\
¥ DN
7 SN e
=] o~ o
~ ~

40° S
40° S

0°S
60° S

140° E 160° E 180° E 160° W 140° W 120°W 100° W 80°WwW

Fig. 1. Release and recapture (conventional tagisbtransmission points (pop-up satellite
archival tags) of tags deployed on swordfish ariyp >30 days in the south Pacific Ocean
between 1992 and 2010. Spatial boundaries uséaiBG08 stock assessment are given
(taken from Kolody et al. 2008).
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Fig. 2. Position estimates of swordfish from popsagellite archival tags at liberty >30 days
in the south Pacific Ocean between 2006 and 20{#) ithe WCPO and (b) the EPO.
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Fig. 5. Comparison of the models UD, BD and SFeix = 1.0) used to describe latitudinal
displacement of swordfish in the south Pacific Ocles datasets A-D. Lines indicate the

estimated SD of the displacement distribution.
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Fig. 6. Comparison of the models UD, BD and SFe(ix = 1.0) used to describe
longitudinal displacement of swordfish in the soB#rcific Ocean for datasets A-D. Lines

indicate the estimated SD of the displacementidigion.
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