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Abstract

Stocks of Patagonian toothfish (Dissostichus eleginoides) in different sectors of the Southern
Ocean are considered to be genetically distinct. However, in the Indian Ocean, it is largely
unknown whether stocks are separate between shelves and banks separated by deep
water. More particularly, the separation of stocks on the Kerguelen Plateau has not been
investigated. This paper examines the assumptions of stock separation using tagged fish
from the fishery around Heard Island and McDonald Islands (HIMI) in the Australian
Exclusive Economic Zone (EEZ). Movement, growth and trends in fish abundance are
examined using these data. The bulk of the data show that fish disperse only a very
short distance, up to 15 n miles in most cases, from their point of release. This may be
explained in part because of the concentration of fishing in the established grounds, which
makes recaptures more likely in the same place as marking. The concentration of effort
should also result in a high probability of detecting fish movements between grounds,
if they occur, but so far no such movement has been detected. It appears that fish tend
to be locally resident during their phase in the depth range of the fishing grounds, but
they move on once they approach maturity at about 850 mm total length and become
unavailable to the fishery. Four fish have been recorded as moving a long distance, and
thus provide contradictory evidence. Three fish moved from ground B of HIMI to Crozet
and were all within the size range normally found in the Heard Island fishing grounds,
and so appear to be behaving differently from those fish that follow the normal pattern
of residency in the grounds. One fish has been recorded as moving from ground A to
Kerguelen and was at the upper end of the size range normally found on the grounds.
These four long-range movers provide the first documented direct evidence of toothfish
moving such distances and of fish moving from one fishery to another. The significance
of this is discussed. Trends in abundance of fish show that the number of fish in ground
B and in the population as a whole has been reduced since 1998. The implications of
these results are discussed. The overall results show that mark-recapture experiments
provide important information for the management of toothfish stocks and that trends in
abundance derived from these experiments might be useful adjuncts to the assessment
process in the future.

Résumé

Les stocks de légine australe (Dissostichus eleginoides) de différents secteurs de I'océan
Austral sont considérés comme génétiquement distincts. Toutefois, dans I'océan Indien,
il n'y a aucune évidence de la présence de stocks séparés entre les plateaux et les bancs
séparés par des eaux profondes. De plus, la séparation des stocks sur le plateau de
Kerguelen n’a pas été étudiée. Le présent document examine les hypotheses de séparation
des stocks par le biais du marquage de poissons de la pécherie des iles Heard et McDonald
(HIMI) dans la zone économique exclusive (ZEE) de 1’Australie. Ces données ont permis
d’étudier les déplacements, la croissance et les tendances de 1’abondance des poissons.
Elles indiquent en général que, du point ot ils sont relachés, les poissons ne se dispersent
que dans un court rayon d'un maximum de 15 milles nautiques dans la plupart des
cas. Cela s’explique en partie par la concentration de la péche dans les lieux établis.
Les recaptures auront donc probablement lieu au méme endroit que le marquage. La
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concentration de I’effort de péche devrait par ailleurs augmenter les chances de détecter
les déplacements des poissons d'un lieu a un autre, si toutefois ils se déplacent, ce qui reste
encore a confirmer. Il semble que les poissons aient tendance a résider localement pendant
la phase ot ils fréquentent l'intervalle de profondeur de la péche, mais qu’ils se déplacent
lorsqu’ils approchent de la maturité a environ 850 mm de longueur totale et deviennent
disponibles pour la pécherie. Quatre poissons ont parcouru une grande distance, ce qui
apporte des preuves contradictoires. Trois d’entre eux sont passés du lieu B des HIMI a
Crozet, appartenant a l'intervalle de tailles normalement trouvé dans les lieux de péche
de I'lle Heard. Leur comportement semble donc se différencier de celui des poissons
qui normalement résident dans ces lieux. Le dernier, dont la taille figure parmi les plus
élevées de l'intervalle que I'on trouve normalement sur les lieux, s’est déplacé du lieu A
a Kerguelen. Ces quatre poissons migrateurs sont 1’évidence directe, documentée pour
la premiere fois, d'un déplacement de légine sur une si grande distance et d"une pécherie
a une autre. L'importance de ce point est examinée. Les tendances de 1'abondance de
poisson indiquent que le nombre de poissons au lieu B, ainsi que la population dans
son ensemble, ont diminué depuis 1998. Les implications de ces resultats sont étudiées.
Des résultats généraux, il résulte que les expériences de marquage-recapture produisent
des informations importantes pour la gestion des stocks de légine et que les tendances
de 'abondance dérivées de ces expériences pourraient s’avérer utiles a I’avenir dans le
processus d’évaluation.

Pe3rome

3anacel mararonckoro kibikada (Dissostichus eleginoides) B pasnudyHBIX ceKTOpax
HOHOTO OKeaHa CYMTAIOTCS TeHETHYECKH pa3HOpoHBIMA. OiHaKO B ciryyae MHuiickoro
OKeaHa HEW3BECTHO, 000COOJIEHBI JM 3amachl Ha Hienb(ax M OaHKax, pa3ieleHHbIX
TyOOKOBOJHBIMHU y4yacTKaMu. B 4acTHOCTH, HE UCCIIEA0BAIIOCH pa3/ieeHue 3a1acoB Ha
iaro Keprenen. B crarbe mccnenyercs npenmonokeHne o pa3o0IIeHHOCTH 3aIacosB,
WCIIONB3YSl pbIOY, TOMEUEHHYIO Ha ITPOMBICIIOBBIX y4YacTKax BOKPYI' 0-BOB Xepi H
Maxnonaneg (HIMI) B Uckirountenbroi 3xoHOMIYecKol 30He (M193) ABctpanuu. [o
9THM JJAaHHBIM W3YYaJIHCh MEPEIBIKCHNE, POCT M TEH/ICHIMN W3MEHEHHUSI YHCICHHOCTH
PBIOBI. BONBIIMHCTBO JaHHBIX MMOKA3BIBACT, YTO PHIOA MPEUMYIIECTBEHHO IEpPEMENaeTCst
Ha OYECHb KOPOTKOE PAcCTOSHME ([0 15 MOp. MUIIB) OT TOTO MECTa, IJIe €€ BBITYCKAIOT.
3T0 MOXET OBITh OTYACTH OOBSICHEHO KOHLEHTpAIMel IPOMBICTIa Ha yCTAaHOBHBIIMXCS
yyacTKax, 4YTO JeJaeT IOBTOPHYIO IOMMKY OoJyiee BEpOSTHOW B MeCTE€ MEUEHHUs.
KoH1neHTpanus ycuiust JOJKHA TaK)Ke MPUBOANTD K BRICOKOW BEPOSITHOCTH OOHAPYKEHHS
MUTpalMK PBIOBI MEXAY Yy4acTKaMu (eciIM OHa NPOUCXOINUT), HO II0Ka TaKOTo
repemMenieHus 3aMmedeHo He Obuto. [pencrasnsercs, 4yto Ha (ase OOMTaHMS B JHala30He
DIyOUH TPOMBICIIOBBIX YYacTKOB pbIOa JEpKUTCS MPEHMYIIECTBEHHO JIOKAJIbHO, HO
repeMenIaeTcs ¥ CTAHOBHUTCS HEIOCTYITHOH [UIs IIPOMBICIIA [0 JIOCTHYKEHHUH 3PEJIOCTH IIPH
obmurelt auae npuMepHo 850 MM. beuto oTMeueHo nepemMerieHue 4 ocodeit Ha 0obIIoe
paccTosiHUEe, YTO MPOTUBOPEUUT OCTAIBHBIM JaHHBIM. TpH 0coOu, pa3mMep KOTOPBIX OBbLT
TUIUYHBIM ULl IPOMBICJIOBBIX Y4aCTKOB 0-Ba Xepa, nepemMecTuiiuch ¢ yyactka B HIMI
K 0-By Kpo3e; Takoe noBejieHne, Kak MpeICTaBIsIeTCsl, OTJMYAETCS OT MOBEICHHsI 0cO0ei
C HOPMaJIbHOW KapTUHOH JIOKAJILHOTO OOMTaHMs Ha 3TUX ydacTkax. OqHa 0coOb, pazmep
KOTOpOW OBbLI B BEPXHEM KOHIIE OOBIYHOIO JUISi STHX Y4YacTKOB JMara3oHa pa3MepoB,
nepemecTriaach ¢ yuactka A k Kepreneny. Otu 4 0codu, mepeMeCcTUBIINECS Ha OOJIBIIIHE
pacCTOSIHUSI, CIyKar TMEepBbIM IPSIMBIM 3apPErHCTPUPOBAHHBIM  JIOKA3aTEILCTBOM
nepeMelleH s KiIblKkaya Ha TaKhe PacCTOSHMS, a TaKKe MUTpaluu 0cobeil ¢ 0HOTro
MPOMBICIIOBOTO y4acTKa Ha Jipyroit. O0cyskaaeTcs 3Ha9MMOCThb 3Toro (akra. TeHaeHImn
B UYHCIICHHOCTH TOBOPSIT O COKpAICHWH KOJMYECTBAa PhIObI Ha ydacTke B m Bo Bceit
nonyisiiuy ¢ 1998 1. O0cyxaaercst 3HaUCHUE ITHX PE3y/IbTaToB. B 1eJI0M pe3yibTarhl
MOKAa3bIBAIOT, YTO AKCIIEPUMEHTHI MO MEYEHHIO—TIOBTOPHOW IOMMKE Jal0T BaKHYIO
uH(OpMAIHIO JUIs yIIPaBJICHHs 3arlacaMy KIIbIKaua, M YTO MOJY4YEHHbIC B PE3YJIbTaTe 3THX
9KCIIEPUMEHTOB TCHACHIIMU B YHCIEHHOCTH MOT'YT CIIY>KHTh MOJIE3HBIM JOIOIHEHUEM K
MPOLIECCY OLICHKH B OyIyIiem.

Resumen

Se considera que hay una diferenciacién genética de los stocks de bacalao de profundidad
(Dissostichus eleginoides) que habitan en distintos sectores del Océano Austral. No se sabe
sin embargo si en el Océano Indico hay una diferencia de este tipo entre los stocks de
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distintas plataformas y entre aquellos situados en bancos separados por aguas profundas.
No se ha estudiado la diferenciacién de stocks de la plataforma de Kerguelén. Este
documento examina las hipétesis sobre la separacién de stocks en base al estudio de los
peces marcados en la pesqueria que opera frente a las islas Heard y McDonald (IHIM)
en la zona de exclusividad econémica australiana (ZEE). Estos datos han sido utilizados
para estudiar el desplazamiento, crecimiento y tendencias en la abundancia de peces. La
mayor parte de los datos muestra que los peces sélo se trasladan trayectos muy cortos,
generalmente hasta 15 millas nduticas del lugar donde fueron liberados. Esto puede
ser explicado en parte por la localizacién de la pesca en los caladeros tradicionales,
aumentando la probabilidad de que los peces sean capturados nuevamente en el mismo
lugar en que fueron marcados. La concentracién del esfuerzo también puede resultar en
una alta probabilidad de detecciéon del desplazamiento entre caladeros, si efectivamente
esto ocurre, pero hasta ahora no se ha detectado un desplazamiento de este tipo.
Aparentemente los peces tienden a mantenerse en una area localizada durante la fase
cuando permanecen en el intervalo de profundidad donde se lleva a cabo la pesca, pero al
alcanzar la madurez — alrededor de 850 mm de largo total — abandonan el lugar y dejan de
estar disponibles para la pesqueria. No obstante, las pruebas son contradictorias ya que se
ha detectado el desplazamiento muy remoto de cuatro peces. Tres peces se trasladaron del
caladero B de IHIM al caladero de isla Crozet, estando todos ellos dentro del intervalo de
tallas que generalmente se encuentra en los caladeros de isla Heard, y por lo tanto parecen
comportarse distinto a los peces que siguen la norma de permanencia en el caladero.
El otro pez se traslad6 del caladero A a Kerguelén; éste estaba en el limite superior del
intervalo de tallas encontrado generalmente en los caladeros. Los cuatro peces que se
desplazaron distancias mayores representan la primera prueba directa y documentada
de desplazamientos de austromerluzas a grandes distancias y de una pesqueria a otra.
Se presenta una discusién sobre la importancia de estas observaciones. El examen de las
tendencias en la abundancia de peces indica que la cantidad de peces en el caladero B y
en la totalidad de la poblaciéon ha disminuido desde 1998. Se analizan las consecuencias
de estos resultados. Los resultados globales muestran que los experimentos de marcado
y captura posterior brindan informacién importante para la ordenacién de los stocks de
austromerluzas y que en el futuro se pueden utilizar las tendencias en la abundancia

derivadas de estos experimentos para complementar el proceso de evaluacion.

Keywords: Dissostichus eleginoides, Heard Island, tagging, movement, growth, available biomass, CCAMLR

INTRODUCTION

Directed fisheries for Patagonian toothfish (Dis-
sostichus eleginoides) have been conducted since
the mid-1980s within the CCAMLR Convention
Area (CCAMLR, 1994, 2002), and for longer in the
Chilean Exclusive Economic Zone (EEZ). Despite
considerable work on the biology of D. eleginoides
since the start of the fisheries, little is known
of the movement patterns of this species. Some
genetic work has been published (Appleyard et
al., 2001; Smith et al., 2001; Smith and McVeagh,
2000) which demonstrates that fish from widely
separated locations (e.g. Macquarie Island, Heard
Island and South Georgia) are not related, which
implies little or no movement of fish between these
areas. Movements on a more local scale are less
well defined; Appleyard et al. (2001) found very
few genetic differences between fish in differ-
ent grounds within the Macquarie and Heard
Island fisheries, but genetic homogeneity can be
maintained by a low level of interchange of fish.
Agnew et al. (1999) inferred spawning migra-
tions of fish in the South Georgia/Shag Rocks

area from observed length-frequency distributions
and maturity stages, but did not observe any
movements directly.

In the Indian Ocean sector, fisheries for
D. eleginoides occur in the Australian EEZ around
Heard Island and McDonald Islands (HIMI), in the
French EEZs around the Kerguelen Islands and
the Crozet Archipelago, and in the South African
EEZ around Prince Edward and Marion Islands
(Figure 1). The HIMI and Kerguelen zones are con-
tiguous and occupy the northern part of the
Kerguelen Plateau and surrounding deep water;
the fishing grounds in the two areas are nowhere
separated by water deeper than about 600 m. The
Crozet and Prince Edward and Marion zones are
isolated from each other and from the Kerguelen
Plateau by extensive stretches of water deeper than
2 000 m. At present, fisheries for D. eleginoides in
these zones are assessed and managed independ-
ently by the various governments that have
jurisdiction over the respective EEZs, and thus are
in effect treated as though they are separate stocks.
In the case of the HIMI fishery, which is present
on part of the Kerguelen Plateau, it is assumed
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that although fish are taken from three widely
separated grounds in the zone, they are all part
of the same stock and there is no need to conduct
separate assessments for each ground (Constable et
al., 1999).

These assumptions have not been fully tested
by investigating the general scale of movement
of toothfish or whether there is any specific inter-
change of fish between grounds. Therefore a pro-
gram of tagging D. eleginoides in the HIMI fishery
was instigated, in collaboration with the trawler
operators licensed to fish in the region, to investi-
gate the extent of movement of toothfish within the
Heard Island fishing area and beyond.

Besides giving information on fish movements,
the tagging program provides an opportunity to
estimate the growth rate of fish between release
and recapture and to utilise an alternative method
of stock assessment through mark-recapture tech-
niques. Such results serve as a useful check on
the von Bertalanffy growth parameters calculated
from age and length data on the one hand, and on
the results of assessments of abundance based on
random stratified trawl surveys on the other.

MATERIALS AND METHODS

Tagging of D. eleginoides was commenced in the
Heard Island trawl fishery (CCAMLR Statistical
Division 58.5.2) in May 1998 after the fishery
itself started in April 1997. The tagging program
was initiated after a successful program had been
running on a similar fishery at Macquarie Island
since January 1996.

Fish were tagged with two separate types of
tag:

e a TIRIS (Texas Instruments Remote Identifi-
cation System) tag similar to those used to
identify livestock (also known as ‘PIT" tags)
which are coded with a unique number and are
interrogated by a detector system placed in the
vessel’s factory processing line; and

¢ yellow plastic T-bar tags (Hallprint, Adelaide)
that carry a unique number and an inscription
detailing where to report recaptures. These tags
rely on being visually detected by personnel
handling the fish. The tags are 50 mm in total
length with about 30 mm protruding from the
fish.

Fish were tagged with one TIRIS tag inserted
in the dorsal midline just behind the head and
two T-bar tags, one on each side just under the
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second dorsal fin so that the T-bar engages in the
fin ray supports. Fish smaller than 400 mm total
length have not been TIRIS tagged because it is
thought that the tag makes too large a wound for
fish this size to survive reliably. Most fish have
also been injected with strontium chloride solution
(approximately 80 mg Sr per kg of fish) to mark
their otoliths for later verification of the age-
reading process.

Fish for tagging were randomly selected after
the catch was dumped into the pounds from the
trawl net. The chosen fish were placed in a tank
of circulating seawater for about 30 min to allow
them to recover and to check for signs of morbidity.
Any fish not considered to be in good enough
condition for tagging were replaced with further
randomly selected fish from the pounds. Fish
were then weighed, measured, tagged and injected
with strontium solution before being returned
to the tank for a 30 min recovery period before
being released through a scupper in the factory
just above the waterline of the vessel. Generally,
hauls with a fairly small catch (2 tonnes or less)
were used to collect fish for tagging as the physical
damage to the fish was minimised. In some cases
special trawls were made to collect fish for tagging.
An examination of length frequencies showed that
size distribution of tagged fish was similar to that
of the commercial catch.

Recaptures were monitored by a TIRIS de-
tector placed over the conveyor between the fish
pounds and the processing area. Factory crews
were trained to look for the fish bearing T-bar tags
and were given incentives to report recaptures to
the observer. Recaptured fish were again weighed
and measured. If they were in sufficiently good
condition they were re-released, but otherwise
the sex and gonad condition were noted and the
otoliths removed. Some recaptures were not de-
tected until after the head, tail and guts had been
removed during processing.

Notifications were sent to French and South
African authorities requesting that they advise
their fishing vessels operating in the Kerguelen,
Crozet and Prince Edward and Marion regions of
the tagging program, and to look out for tagged
fish.

From data on numbers of fish caught and
numbers of tagged fish released and recaptured,
estimates of available abundance were made
for ground B using a Petersen approach, which
states that, under ideal conditions, the proportion
of tagged fish in the population should equal the
proportion of recaptured fish in the catch. Applying
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this principle, estimates of the available abundance
or the expected number of recaptures, given an
estimated number of fish in the population, can be
made. This is the basis of the assessment model
developed by Tuck et al. (2002) from an original
concept of de la Mare and Williams (unpublished
data) that is applied here.

This model uses the exact time of release and
recapture of tagged fish to estimate that portion of
the total abundance that is available to the fishery.
The model takes account of the fact that fish
released earlier in the season have a higher likeli-
hood of recapture (within a particular season) than
fish tagged later in the season. The population
models of the assessment include dynamics of
tagged and untagged fish, allowing for natural
and fishing mortality, net recruitment, growth and
daily releases and recaptures. It is assumed that
there is neither recruitment nor emigration during
the fishing season (1 December to 30 November).
The parameters estimated by the model are the
pre-tagging available abundance N, and the
annual net recruitment R, (defined as the net
change in available abundance between seasons).
The potential impact of illegal, unregulated and
unreported (IUU) fishing on the results has not
been directly taken account of in this model.
However, the loss of fish to IUU fishing would be
indistinguishable, as far as the model is concerned,
from migration, and will therefore appear as
another factor within the net recruitment term
(which includesjuvenile recruitment and migration
effects).

Fish caught in the HIMI trawl fishery gener-
ally fall between lengths 450 mm to 1 000 mm
(Constable et al., 1999), as fish vulnerability at
Heard Island decreases with length because, it
is believed that adults inhabit deeper water than
recruited juveniles, outside the range of the
fishery. The dome-shaped vulnerability functions
estimated by Constable et al. (1999), and ap-
plied in this assessment model, allow for de-
creasing availability of larger and older fish.
The assessment model then assumes that the
likelihood of recapturing a tagged fish of a given
size is proportional to the vulnerability to fishing
of that size class. Consequently, every released
fish is aged using its recorded release length
and estimates of von Bertalanffy parameters
(L.=2465mm, k =0.029 year!, t, = -2.56; data from
SC-CAMLR, 2001). The tagged fish then grow each
day according to the growth curve and, using the
vulnerability function, the daily expected number
of surviving available tagged fish is calculated.
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The expected number of recaptures on any
particular day can be calculated using daily catch
numbers, the expected number of surviving
available tagged fish, an estimate of available num-
bers of untagged fish, and the detection rate of
recaptures. A Poisson distribution for the number
of observed recaptures is assumed. By comparing
observed recaptures with those expected from
numerous iterations of the population model (vary-
ing parameters Ny and R,), maximum likelihood
estimates of pre-tagging numbers of fish and net
recruitment can be found.

As some uncertainty exists regarding the mag-
nitude of natural mortality, M, two values covering
the range of potential estimates are used to illu-
strate the sensitivity of the model to natural mor-
tality. The chosen values are M = 0.1 and M = 0.16
(SC-CAMLR, 2001).

As tagged fish are released in a group, they may
not immediately mix with untagged fish. This can
cause a bias in parameter estimates. To account for
this, the model allows a period of time for tagged
fish to fully mix with the untagged population,
d days. For tagged fish recaptured within & days
of release, both the release and recapture event are
removed from the analysis. Parameter estimates
were not sensitive to & over the wide range of
values explored. However, the larger the value
of §, the less tagged fish remain in the analysis
for estimation of parameters (and hence greater
uncertainty in the estimates). A value of 6 = 10 is
used in this analysis.

While released fish have been tagged with both
plasticand electronic tags, not all of these fish will be
detected on recapture. Unfortunately, the electronic
detector has not always been functional and visual
spotting is not perfect, so some tagged fish escape
detection. An estimate of the tag detection rate ®
can be made when both visual detection and the
electronic tag detector are functional. A detection
rate ;s based only on visual spotting of tags can
also be calculated using this method. Noting that
® does not apply outside the period when both
detection mechanisms were functional, we have
used the visual detection rate for all time periods,
Myis = 0.9395. As this will be lower than the overall
detection rate it can be seen as a conservative
estimate. Sensitivity to the application of this rate
was considered by applying the joint detection rate
over all time periods, © = 0.9732. Minimal changes
to results were found.

Trends in stock numbers were combined with
outputs from the assessment process for this stock
at CCAMLR in 2001 (SC-CAMLR, 2001). This



assessmentuses the Generalised Yield Model (GYM)
(Constable and de la Mare, 1996), which is a Monte
Carlo simulation tool that allows for assessments
of yield to be integrated across uncertainties in
the population parameters. A simple population
model, which includes estimates of recruitment
and its variability, is run hundreds of times with
values for growth, mortality and abundance drawn
at random from suitable statistical distributions, to
allow natural variability in the population as well
as uncertainty in the parameter estimates to be
incorporated. Thus, the simulation model is used
to calculate a distribution of possible population
sizes both in the absence of fishing and under
various harvest scenarios.

Each of the many simulations starts with a
biomass and stock structure of toothfish drawn
from the recruitment function, which is derived
from the time series of recruitments of age 4 fish
estimated for HIMI since 1986. In each simulation
year, the biomass is recalculated by adding an
amount for annual growth and deducting an
amount corresponding to natural mortality. The
biomass of each year’s recruits is added and the
constant annual catch is deducted. Variability in
the simulated population biomass in each year
arises because the recruitment varies from one
year to the next. Annual recruitment is applied
according to known estimates of recruitment for
a given year or, in the absence of such estimates,
drawn from a lognormal statistical distribution
derived from the time series of recruitments.

The current structure of the GYM and the
parameters used in the modelling of the toothfish
stock at HIMI are detailed in SC-CAMLR (2001).
The estimates of recruitment since 1986 along
with their uncertainty are important parameters
included in these simulations. The known catch
history is also included. The number of fish in the
population is monitored each year of each of 1 001
trials. Box and whisker plots are used to illustrate
the median expectation of the numbers of fish in
the population in each year.

RESULTS
Placement of Tagged Fish

About 1 000 fish have been tagged each season
since May 1998. Most fishing occurs in three
well-defined grounds on the slopes of the Heard
Island Plateau, and most of the tags have been
placed in these grounds where the fishing depth
is between 450 and 700 m. Fishing grounds A,
B and C comprise areas of 412, 880 and 288 km?2
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respectively in a total area less than 1 000 m deep
of 93 111 km?, so most of the tagging and recapture
effort has been concentrated in a small fraction of
the total area available to the fish. As opportunity
permitted, however, fish have also been tagged
on the shallower parts of the plateau (depth
300-500 m) to investigate the area from which
these predominantly small fish (less than 400 mm
total length) are recruited to the fishing grounds.
The numbers of tags placed in each area and the
number of recaptures for the period May 1998 to
December 2001 are summarised in Table 1.

Estimated Tag Loss Rate

On recapture, the number of T-bar tags remain-
ing on the fish has been noted in most cases. As all
fish were double-tagged, the number of recaptures
where only one tag remained gives an indication
of the tag loss rate. Of 682 fish observed, 79 or a
proportion of 0.1158 had lost one tag. Using the
model of Xiao (1996), which takes into account the
likelihood that fish recaptured after a short time at
liberty will have had less opportunity to lose a tag
than those at liberty for a long time, the proportion
of fish that have lost one tag indicates that the
probability of losing both tags after one year at
liberty is approximately 0.01.

Movement

Figure 2 shows the distance moved between re-
lease and recapture plotted against time at liberty.
This plot includes all but four of the 738 fish
recaptured and it is clear that fish rarely move
more than about 15 n miles from their point of
release, despite having been at liberty for up to
3 years. All fish have been recaptured in the
known fishing grounds (Table 1). As the fishing
grounds are widely separated (ground A > 165 n
miles > ground B > 123 n miles > ground C > 240 n
miles > ground A) it follows that no fish have been
observed to move between fishing grounds. The
two fish that moved about 30 n miles (Figure 2)
moved between ground B and the nearby shallow
plateau, one in each direction.

In recent months, and contrary to the pattern
of movement indicated by the abovementioned
734 recaptures, four fish have been recaptured in
the French longline fishery in the Kerguelen and
Crozet regions, several hundred nautical miles
from their point of release. Table 2 gives the details
of these four recaptures.
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Figure 3:

Change in total length of recaptured tagged fish in the Heard Island fishery.
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Table 3: ~ Growth data for tagged toothfish by size group.
Total Length Number Slope of Annual Growth Standard Error
at Release of Fish Regression Increment

(mm) (mm)

<600 25 0.13 49 6.21
600-650 34 0.13 49 5.99
650-700 34 0.12 44 5.48
700-750 39 0.10 38 493
750-800 15 0.14 50 12.08
800-900 21 0.11 39 6.68

Growth Rate Predicted abundances of total fish from the

Figure 3 shows the difference in total length
of fish between release and recapture plotted
against days at liberty for the 570 fish that were
able to be measured on recapture. During the first
180 days or so of liberty many of the recaptured fish
apparently reduced in length by up to 15 mm. This
could be the result of measurement error (although
particular care was taken with measurement of
tagged and recaptured fish), some result of the
trauma resulting from the tagging process, or both.
The rate of growth will also depend in part on the
initial size of the fish. To investigate this further,
fish that had been at liberty for 180 days or more
were divided into groups according to their length
at tagging and a regression fitted to the observed
growth data for each length group. Results are
summarised in Table 3.

Assessment of Available Abundance

Assessment of the initial abundance and sub-
sequent net annual recruitment of toothfish from
the tagging data was only attempted for ground B
because of the relatively low number or sporadic
nature of recaptures in the other grounds.

Figure 4 shows estimates of available abun-
dance on 1 July (the reference day) of each year of
the fishery in ground B with the 95% confidence
limits (using the likelihood profile method)
surrounding the point estimates. The results are
not particularly sensitive to the applied natural
mortality. Point estimates of available numbers
decrease from approximately 7.5 million fish in
1998 to 3.5 million in 2001. It should be noted
that these estimates lump different age groups
of fish together, and so a continuous trajectory
of available abundance over each season should
not be inferred. This is because vulnerability has
moved toward larger fish over the duration of the
fishery (SC-CAMLR, 2001).
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projections using the GYM (Figure 5) show similar
trends as for the results of the mark-recapture
analysis, although the decline from 1998 to 2001 is
not as great in those projections.

DISCUSSION

Given the number of returns, the length of time
at liberty and the usually good condition of the fish
on recapture, it is evident that the fish survive the
tagging process well. This is despite the relatively
rough treatment involved in trawl fisheries and the
depth of the water from which they are taken. The
low estimated rate of tag loss also confirms that
tagging procedures are appropriate.

The movement data show two clear and contra-
dictory trends. On the one hand the bulk of the data
show that fish disperse only a very short distance,
up to 15 n miles in most cases, from their point
of release. This is perhaps unexpected given the
length of time at liberty for some fish and the fact
that toothfish are considered to be active benthic
and mesopelagic predators (de Witt et al., 1990).
Most of the fishing, and hence recapture effort, is
concentrated in the established fishing grounds, so
it is to be expected that the majority of recaptures
will occur in these places. This concentration of
effort should also result in a high probability of
detecting fish movements between grounds, if
they occur, but so far no such movement has
been detected. All the fishing grounds are located
on the slopes of the plateau in depths of 450 to
700 m so it appears that lateral movement parallel
to the isobaths is uncommon. The main direction
of movement is thought to be from shallow to
deep water (Constable et al., 1999) whereby young
fish are recruited to the fishing grounds from the
shallow plateau and eventually pass on through
the fishing grounds to deeper water, so that very
few fish greater than 850 mm total length are
caught in the fishery at grounds B and C. Thus it
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Figure4:  Estimated available numbers of fish with 95% confidence
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as the reference day. Shown are results with M = 0.16 and
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appears that fish tend to be locally resident during
the phase in which they frequent the depth range of
the grounds. Any movement that may occur after
passing through the grounds into (presumably)
deeper water would therefore not be detected by
the present pattern of fishing. Movement from the
shallow plateau to the fishing grounds has not yet
been detected although relatively few fish have
been tagged on the plateau.

The movement patterns and recapture rates
of fish in the Heard Island zone are similar to
those around Macquarie Island, southwest of New
Zealand, which is the only other locality where an
extensive tagging program on toothfish has been
undertaken. At Macquarie Island it was also found
that very few recaptures were made in a different
ground from the one in which they were tagged;
of 4 564 fish tagged, 526 were recaptured, but
only two of these had moved between the main
fishing grounds, which in this case are only about
40 n miles apart (Williams and Lamb, 2001).

The four fish that moved a long distance pro-
vide contradictory evidence. The fact that three
fish of a size normally caught in the upper slope
trawl fishery (693-772 mm total length) were
recaptured two to three years later in the French
longline fisheries at 1 100 to 1 483 m depth (Table 2)
suggests that the range of size at which the fish
leave the trawl fishery grounds is wider than that
estimated by Constable et al. (1999). These fish
were not measured on recapture, but applying the
growth rate in Table 3, the fish would have been
in the range of approximately 825-922 mm total
length on recapture. This implies either that the
fish had left ground B at a total length considerably
less than 850 mm, or that they were close to this
size when they left the ground, but moved to their
recapture location in a relatively short time. The
fish that moved from ground A to Kerguelen was at
the upper end of the size range normally found on
the grounds. No tagged fish have been recaptured
in the French trawl fishery near the Kerguelen
Islands that is conducted in similar depths to the
fishery at Heard Island. This fishery, however,
ceased in June 2001, close to the time when the
first long-distance recaptures were being taken
in the longline fisheries. Other locations in the
Indian Ocean sector where tagged fish could be
recaptured are Prince Edward and Marion Islands
and Ob and Lena Banks to the northwest and west
of Heard Island respectively (Figure 1), or the
Elan or BANZARE Banks to the south. No tagged
fish have yet been recaptured in these locations.
Although the numbers of tagged fish recaptured
outside the Heard Island fishery is still too low to
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reliably establish any trends, they indicate at the
moment that more fish than expected are moving
to the Crozet Islands.

The four long-range movers provide the first
documented direct evidence of toothfish moving
such distances and of moving from one fishing
area to another. We are confident of the veracity
and accuracy of these recaptures because they were
made by vessels licensed to fish in the areas where
the recaptures were made and in the presence of
observers, and were reported via government
authorities. The fish moving to Crozet must have
crossed a trough at least 390 n miles wide and
over 4 000 m deep in transiting from the Kerguelen
Plateau to Crozet. They will also have moved into
very different oceanographic conditions, having
originated at Heard Island, well south of the Polar
Front, and ended up at Crozet, close to the usual
position of the sub-Antarctic Front (Park et al,,
1993). It would be interesting to know whether
they had followed the bottom contours into very
deep water or maintained what is regarded as
their normal depth range by transiting through the
mesopelagic zone. While evidence from four fish
does not conclusively prove a migration pattern, it
is likely that there have been more long-distance
travellers than detected because the detection effi-
ciency would have been lower on French vessels
where crew members may have been less aware
of the possibility of recapturing tagged fish and
where TIRIS detectors were absent. Some tagged
fish may also have been caught but not reported
by IUU vessels in these areas. If this pattern of
movement between Heard Island and Kerguelen
and Crozet is confirmed by further recaptures,
there will be far-reaching ramifications for the man-
agement of toothfish stocks in the Indian Ocean
sector as the premise that Heard, Kerguelen and
Crozet stocks are independent will have to be
revised. Work planned for the near future on the
genetics of toothfish from these three areas may
provide some further insight.

The growth data from recaptured tagged fish
are similar to the parameters used by Constable et
al. (1999) based on age readings from otoliths. Both
methods of growth estimation are subject to error;
otolith reading is prone to sampling bias and error
in interpreting annuli, and tagging programs can
be biased by the effects of capture and tagging on
the behaviour and physiology of the fish. It is thus
reassuring that the two independent methods are
in broad agreement and confirms that these data
can be used in future analyses.

The estimates of available numbers of fish in
ground B have declined steadily during the course



of the experiment and are now at just under 50% of
the value when the tagging program started. This
method of stock assessment is only able to estimate
available abundance (also referred to as fishable
abundance). Available abundance is quite distinct
from total abundance (as estimated by the GYM and
shown in Figure 5) and spawning abundance which
may be substantially more extensive, both spatially
and in total magnitude. There are two factors
which influence the available abundance: (i) gear
selectivity (the probability of capture on encounter),
and (ii) aoailability (the probability of encounter
by the fishing gear). While gear type influences
gear selectivity, oceanographic conditions and pop-
ulation movements can strongly influence the
availability of fish. These two factors are generally
functions of age or length, and can vary within
and between seasons. In this paper the combined
function of gear selectivity and availability at age
is called the vulnerability function. The annual vul-
nerability functions for the Heard Island tooth-
fish fishery were taken from Table 33 of SC-CAMLR
(2001).

The influence of IUU fishing on the use of the
Petersen equation to estimate available biomass
is difficult to determine. The main effect of [UU
fishing on the model will be the overestimation of
the number of tagged fish remaining in the water.
This would lead to an overestimation of available
biomass. The total estimated IUU catch for the
1998/99 to 2000/01 split-years in the HIMI area is
2 609 tonnes (SC-CAMLR, 2001) which is 26.6% of
the 9 795 tonnes of legal catch in the same period.
Some of the IUU vessels have been sighted in or
close to fishing grounds B and C, which suggests
that some of their catch is from the same population
as the legal catch. However, the proportion of catch
taken in the same grounds as the legal fishery is not
known. It can be expected that IUU catches of this
magnitude will have an effect on the calculation of
available biomass but there are insufficient data to
estimate its magnitude.

The projections using the GYM and based on
the time series of estimated annual recruitments
of age 4 fish since 1986, indicate that the overall
population may have changed in a similar way to
the local stock at ground B. Ground B may have
experienced a greater reduction in abundance than
the overall stock because the fishery concentrates
on the younger fish and it will be a few more years
before the effects of the fishery are fully trans-
mitted to the spawning stock. In addition, the
greater catches from ground B as compared to other
areas mean that the reduction in this area would
be expected to be greater than for other areas and
the stock as a whole.

Movement, growth and available abundance of D. eleginoides

The tagging experiment at Heard Island
provides invaluable information about the dynam-
ics of the fish inhabiting the area. The ability to esti-
mate the available abundance using tagging data
complements and further enhances the assess-
ment methodologies (such as the GYM) already
developed to manage the fishery. Tagging pro-
grams would be especially useful to provide
available biomass estimates in areas where trawl
surveys are difficult due to unsuitable bottom
conditions or where the commercial fishery relies
on longlining, thus making fishery-independent
surveys impractical.

The tagging experiments in the HIMI fishery
have also provided some useful insights into the
biology of D. eleginoides and the fishery for this
species, notably that the majority of fish donot move
far from the ground in which they were tagged,
at least while they are vulnerable to the current
trawl fishery; and that a small but probably under-
estimated proportion of the population undertake
extensive migrations across abyssal basins to other
island groups. The program has also provided
corroboration for estimates of growth and abun-
dance of toothfish achieved by other methods.

The tagging program will continue at HIMI,
providing a longer time series of data and more
observations on the movements and growth
rate of fish. Some of the questions raised by the
results to date will also be further investigated.
These include analysis of DNA of toothfish from
Kerguelen, Crozet and Prince Edward and Marion
Islands to test whether there is sufficient inter-
change of fish between the island groups to main-
tain genetic homogeneity. Implantation of archival
tags recording depth and temperature will provide
information on the vertical migration and feeding
habits of toothfish.

This program may also offer opportunities for
refining the assessment process because the trends
in population numbers from the mark-recapture
analysis are similar to the trends predicted from the
GYM. With further development and validation,
the mark-recapture analysis may be able to be used
to statistically weight the population projections
used in the GYM in the same manner as CPUE is
used in refining the assessments for toothfish at
South Georgia (Kirkwood and Constable, 2001).
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Liste des figures

Carte indiquant la position relative des iles Heard, Kerguelen, Crozet et du Prince Edouard et Marion et
les déplacements des poissons marqués de l'une a I'autre. Données sur le front océanique tirées de Park
etal. (1993). Il convient de noter que pour protéger la confidentialité commerciale, la position exacte du
marquage-recapture n’est pas indiquée. Triangle = lieu de marquage, étoiles = lieux de recapture.

Distance parcourue par les poissons recapturés apres marquage dans la pécherie de 1'1le Heard et temps
passé en liberté. Les quatre poissons recapturés apres avoir parcouru de grandes distances ne sont pas
inclus.

Changement de la longueur totale des poissons recapturés aprés marquage dans la pécherie de 1I'ile
Heard.

Nombre de poissons disponibles estimés avec un intervalle de confiance a 95% pour le lieu B dans
la pécherie de I'lle Heard avec le 1°" juillet comme jour de référence. Indiqués sont les résultats avec
M=0,16, M =10,10, et 5 = 10.

Boites a moustaches indiquant la série chronologique du nombre total de poissons (en millions) aux
HIMI dans 1 001 essais de projection de populations au moyen du GYM, basées sur les parameétres des
légines des HIMI utilisés dans SC-CAMLR (2001). Pour une année donnée dans la période de l'essai,
chaque boite indique la valeur médiane de tous les essais (la ligne du milieu), des valeurs inférieures au
25¢ centile (le bord inférieur de la boite) et des valeurs supérieures au 75¢ centile (le bord supérieur de la
boite). Les moustaches indiquent I'intervalle de données le plus important. Les pointillés indiquent les
valeurs exclues.

Crucoxk TadmuIx

CBOJIHBIC JaHHBIC O KOJMYECTBE TOMCUCHHOM M MOBTOPHO IMOMMAHHON PHIOBI ISl K&XKIOT0 paiioHa 1o
TIPOMBICIIOBBIM ce30HaM (1 mexadpst — 30 HosOps).

I[aHHBIe O JAJIbHUX MUTI'palUAX MOMCYCHHBIX 0co0ei KibIKaya.

Poct nomeueHHBIX 0cOOEH KiIbIKa4a 10 pa3MEPHBIM IPYIIHaM.

CI1coK pruCyHKOB

Kapra, nokassiBaromast o-sa Xepa, Keprenen, Kpose, IIpunc-Onyapn u Mapuon u nepemenieHue
ME4YEeHHOH pbIOBI MeXXAy HUMU. J[aHHBIE 110 okeannueckuM pponTam — Park et al. (1993). 3amersTe, 4To
B IIEJIAX COXPAHEHMsI KOMMEPUECKOH KOH(PHUICHIMAIBHOCTH TOYHOE MECTOIMOIOKEHHE MECT BBIITYCKa
1 MIOBTOPHOHM MOMMKH HE MOKa3aHO. TPEeyroibHUKH — MECTa BBIITYyCKa, 3BE3/I0YKH — MECTA TOBTOPHOM
MOUMKH.

IIpoiinenHoe paccTOsSHUE W BpeMs Ha BOJie I TOBTOPHO TOWMaHHBIX MEUYEHHBIX OcCo0el Ha
MIPOMBICIIOBBIX y4acTKax 0-Ba Xepi. YeTripe 0coOu, epeMeCTHBITNECS Ha OOJBIINE PACCTOSHUS, HE
BKJIIOYEHBI.

W3meHeHne o01IeH IITHHBI TOBTOPHO OWMAHHBIX MEYCHHBIX 0c00CH Ha TIPOMBICTIOBBIX y4acTKaxX 0-Ba
Xepa.

O1eHKN MMEIOIIeics YMCIEHHOCTH PBIOBI ¢ TpaHuiiaMu 95%-HOTO JJOBEPUTENBHOTO MHTEpBaa JUIs

ydacTtka B (mpomsicen y 0-Ba Xepn), Hagano otrcuera — | mroms. I[Toxaszansr pesynsrars! st M =0.16 u
M=0.10,u 6 = 10.

JlmarpaMmbl «SIIIUK C ycaMi», OKa3bIBAIOIINE BPEMEHHBIE Psi/Ibl OOIIEH YMCIEHHOCTH PhIOBI (MIIH.) B
paitone HIMI o 1001 BapmanTy mporxno3a momyssiiun 1o G'Y-MoAemH, Ha OCHOBE ITapaMeTPOB KITbIKada
B 3TOM paiione, npuMmensBmnxcs Ha HK-AHTKOM (2001). [l oTnensHo B3STOroO rofja pacdyeTHOTo
neproJia KaKAbl «SIIUK» MMOKa3bIBaeT MEANAHHOE 3HAYCHHE 110 BCEM BapHaHTaM pacyeToB (CpeaHsis
JIUHUSA), HIDKHIOI 25-TIPONEHTHIIb (HYOKHSISI CTOPOHA SIIIHMKA) U BEPXHIOK 75-TIPOLICHTHIIb (BEpXHSIS
CTOpOHa SIIHKA). « YChI» — OCHOBHOM Muana3oH 3HaueHwid. [IITpuxamu moka3aHsl BEIOPOCHL.
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Lista de las tablas

Resumen del ntimero de peces marcados y capturados posteriormente en cada area por temporada de
pesca (1° de diciembre al 30 de noviembre).

Detalles de los desplazamientos a larga distancia de las austromerluzas marcadas.

Datos del crecimiento de las austromerluzas marcadas por intervalo de talla.

Lista de las figuras

Mapa de las islas Heard, Kerguelén, Crozet, Principe Eduardo y Marion en relaciéon con los
desplazamientos de los peces marcados. Datos sobre el frente oceanico de Park et al. (1993). Nétese que
para proteger la confidencialidad de los datos comerciales, no se muestran las posiciones exactas donde
se liberaron los peces marcados ni donde se volvieron a capturar. Triangulo — lugar donde se liberaron
los peces marcados, estrellas — lugar donde se volvieron a capturar.

Distancia cubierta y periodo en libertad de los peces marcados y vueltos a capturar en la pesqueria de
isla Heard. No se incluye las capturas de los cuatro peces que cubrieron largas distancias.

Cambio en la longitud total de los peces marcados y capturados posteriormente en la pesqueria de isla
Heard.

Estimacién del niimero de peces existentes con un limite de confianza del 95% para el caladero B en la
pesqueria de isla Heard (la fecha de referencia es el 1° de julio). Se muestran los resultados con M = 0,16
yM=0,10,y é = 10.

Los diagramas de cajas y bigotes muestran la serie cronolégica del nimero total de peces (millones)
en IHIM en 1 001 pruebas del GYM para las proyecciones de la poblacién, basadas en los pardmetros
utilizados en SC-CAMLR para las austromerluzas (2001). Cada diagrama muestra la mediana de todas
las pruebas (la linea media), la del percentil 25 (el limite inferior de la caja) y la del percentil 75 (el limite
superior de la caja) para un afo dado durante el periodo de prueba. Los bigotes muestran el rango
primario de los datos mientras que las rayas horizontales indican los valores atipicos.



