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(1) Determine annual rates of movement and mixing of gummy shark and school shark 
across southern Australia. 

(2) Provide current estimates of natural mortality and fishing mortality of gummy shark 
and school shark. 

(3) Address specific stock hypotheses and their implications for management of the fishery. 

Non Technical Summary 

A total of 6 years is required to meet these three objectives-3 years to design and 
implement the tagging of sharks and a further 3 years to allow sufficient time for tag 
recaptures. This report covers the 3-year period for the Southern Shark Tagging Project 
(FRDC 93/066). The second 3-year period of the project is being funded by FRDC through 
the ongoing Southern Shark Tag Database Project (FRDC 96/162). 

Implementation of the Tagging Project was coordinated through the Shark Industry 
Research Liaison Committee which served as a project steering committee with industry, 
fishery manager and scientist representation. 

F ollo\ving an initial pilot tagging phase, Rototags and Jumbo tags, attached at the lower 
anterior region of the first dorsal fin, and nylon-headed dart tags, inserted into dorsal muscle 
tissue or cartilage at the base of the first dorsal fin, were chosen in preference to the 
Peterson fin tags used during 1947-56 and internal Nesbit tags used during 1947-56 and 
1973-76. Peterson fin tags have been shown to be quickly shed and internal tags are 
difficult and time consuming to insert and can be discarded when sharks are headed and 
gutted \vithout being seen by fishers. A model was developed to test for the effects of time 
at liberty, sex and length of shark, tag type and tag attachment position on tag shedding 
rates. Preliminary analysis of tag-recapture data available to the end of 1996 indicated 
shedding rates are higher for nylon-headed dart tags than for Rototags and Jumbo tags. 
Shedding rates of dart tags locked into the cartilage at the base of the first dorsal fin are 
lower than those inserted into muscle tissue. These analyses are in progress. 
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Dummy archival tags were successfully trialed in preparation for the Southern Shark 
Archival Tagging Project (FRDC 96/128). Block or torpedo shaped dummy tags were 
attached to the first dorsal fin or block dummy tags with wire streamers were inserted into 
the body cavity of 244 large school sharks and 1 large gummy shark. 

An experimental design was developed where 500 school sharks and 800 gummy sharks of 
commercial size (>650 mm total length) (i.e. a total of 5200 sharks) were to be tagged and 
released in each of four zones on the shark fishing grounds of the continental shelf and slope 
of southern Australia. A scientific paper, which describes a new method developed for the 
experimental design, was published in an international journal (see appendices). 

During 1990-96, 2505 school sharks and 6535 gummy sharks (i.e. 9040 for the two species 
combined) were tagged off southern Australia. The sharks were marked with rototags and 
dart tags as part of the Tagging Project (1994-96) and the Southern Shark Nursery Project 
(FRDC 93/061) conducted by CSIRO in collaboration with MAFRI (1990-96). Other data 
in the Tag Database includes sharks tagged with T-bar tags used by Tasmanian Department 
of Primary Industry and Fisheries during 1990-1992, Peterson fin tags used by CSIRO 
during 1947-56, internal Nesbit tags used by CSIRO during 1947-56 and by Fisheries 
Victoria during 1973-76. A large number of fisheries agencies collaborated and cooperated 
to implement the Tagging Project, most sharks tagged were caught by professional fishers, 
and both professional and recreational fishers undertook voluntary tagging. For age 
validation purposes, about one-third of the tagged sharks were injected with the antibiotic 
and vertebra-marking tissue-dye oxytetracycline. 

A specially designed database (Southern Shark Tag Database) was developed to manage all 
available tag release-recapture data from the southern Australian shark fishery using 
Microsoft ACCESS. All data from earlier tag releases during 1947-56 and 1973-76, as well 
as for tag releases during 1990-96, as part of the present study, have been validated and 
consolidated within this Tag Database. The Tag Database is routinely updated with 
incoming tag recaptures and has facility for preparing data summaries and rapid data 
extraction for analysis. 

A number of tasks undertaken as part of the Tagging Project will be continued as part of the 
Tag Database Project. These tasks include (a) liaison with industry to receive and provide 
feedback on tag recapture data and hold periodic tag lotteries, (b) routine verification and 
entry of incoming tag recapture data into the Tag Database, (c) production of ongoing data 
summaries and basic analysis of the data, and ( d) provision of up-to-date data for the 
SharkF AG stock assessment process for estimating rates of movement and mortality. 

The report provides a description and summary of all the tag release and recapture data 
available to the end of 1996 (i.e. for releases during 1947-56, 1973-76 and 1990-96). No 
inferences are made about movement, mortality or growth rates for the population of all 
tagged sharks or for the entire shark population. 

Two computer display packages, one for displaying release and recapture information on 
recaptured tagged sharks and the other to display hypotheses of movement of sharks, were 
specially developed and are presented in the appendices. 
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Acronyms 

AFMA 
CSIRO 
MAFRI 
NSWFRI 
SARDI 
SharkFAG 
TL 
TDPIF 
WAMRL 

Definitions 

Marine and Freshwater Resources Institute 

Australian Fisheries Management Authority 
CSIRO Division of Marine Research 
Marine and Freshwater Resources Institute 
New South Wales Fisheries Research Institute 
South Australia Research and Development Institute 
Southern Shark Fishery Assessment Group 
Total length of shark 
Tasmanian Department of Primary Industry and Fisheries 
Western Australian Marine Research Laboratories 

Zones and Regions 

BS Zone 

SA Zone 

GAB Zone 

TasZone 

Bass Strait Zone defined as the area on the continental shelf and slope 
between Victoria and the north coast of Tasmania. 
South Australia Zone defined as the area on the continental shelf and 
slope off South Australia east oflongitude 132° East. 
Great Australian Bight Zone defined as the area on the continental shelf 
and slope off South Australia west of 132° East together with waters off 
Western Australia. 
Tasmania Zone defined as the area on the continental shelf and slope 
south of the north coast of Tasmania. 

Eastern Region BS and Tas Zones combined. 
Western Region SA and GAB Zones combined. 

Terms 

East vector 

North vector 

Direction 

Dispersion 
Displacement 

Distance 

Time free 

Velocity 

'Distance' moved by a recaptured tagged shark east from its position of 
release to its position of recapture. 
'Distance' moved by a recaptured tagged shark north from its position of 
release to its position of recapture. 
Direction moved from true North by a recaptured tagged shark from its 
position of release to its position of recapture. 
Square of the 'distance' moved divided by 'time free'. 
Calculated distance (resultant vector) from 'east vector' and 'north 
vector' (in this report, the term applies only to the entire population and 
not to individual sharks). 
Shortest distance between a tagged shark's positions of release and 
recapture. 
Time period for a recaptured tagged shark from the date of release to its 
date of recapture. 
'Displacement' divided by 'time free' (in this report, the term applies only 
to the entire population and not to individual sharks). 
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To meet the three objectives of the project requires 6 years-3 years to design and 
implement the tagging of sharks and a further 3 years to allow sufficient time for tag 
recaptures. This report covers the first 3-year period funded by FRDC through the Southern 
Shark Tagging Project (FRDC 93/066). The second 3-year period of the ongoing project is 
being funded by FRDC through the Southern Shark Tag Database Project (FRDC 96/162). 

This report for the Southern Shark Tagging Project (FRDC 93/066) consolidates material 
presented in the project milestone reports as well as presenting material not previously 
reported. Implementation of this project, along with several reports and scientific papers 
from the project, is the result of scientific collaboration between the Marine and Freshwater 
Resources Institute (MAFRI) and CSIRO Marine Research and of cooperation and support 
from the Australian Fisheries Management Authority (AFMA) and the State fisheries 
agencies in southern Australia (see Acknowledgements). 

Implementation of the Tagging Project involved nine tasks: (1) establish a project steering 
committee with industry, fishery manager and scientist representation, (2) undertake pilot 
tagging to select appropriate tags, (3) develop an experimental design to determine the 
appropriate number of sharks to tag and release for estimating rates of movement between 
broad regions of southern Australia, within prescribed confidence limits, ( 4) undertake field 
tagging of sharks to implement the experimental design, (5) develop a database for 
managing all incoming and historic shark tag release and recapture data (referred to as the 
Southern Shark Tag Database), (6) liaise with industry to receive and provide feedback on 
tag recapture data and hold periodic tag lotteries, (7) routinely verify and enter incoming 
tag recapture data into the Tag Database, (8) produce ongoing data summaries and basic 
analyses of the data, and (9) provide up-to-date data for the SharkF AG stock assessment 
process for estimating rates of movement and mortality. 

These nine stages of the project have been undertaken and are described in this report. 
Tasks 6-9 are ongoing as part of the 3-year FRDC Tag Database Project because several 
hundred tagged sharks will continue to be recaptured throughout the remainder of the 
1990s. Although tagged sharks will continue to be recaptured into the next century, there 
will be sufficient data by June 1999 to undertake full analysis of the data. By that time there 
will be enough tagged sharks recaptured to provide estimates of movement, mortality and 
growth rates for the populations of gummy shark and school shark. Estimating these 
population parameters is Stage l O of the process and is being undertaken by MAFRI and 
CSIRO through the SharkFAG process (see Further Development). 

This report describes Stages 1-9 to the end of 1996. Cooperation between industry, 
research scientists and fishery managers for the successful implementation of the Tagging 
Project \Vas facilitated through the Shark Industry Research Liaison Committee which 
served as the steering committee for the project. Development and implementation of the 
experimental design, development of the Tag Database and preliminary estimation of 
movement rates of only recaptured tagged sharks are discussed below under Methods and 
Results. Full details of the methods adopted for developing the experimental design are 
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published in the Canadian Journal of Marine and Freshwater Research (Xiao 1996} but 
are reprinted as Appendix A cf this report. Other outputs from the project include two 
computer display packages: one to display the start and finish positions of recaptured 
tagged sharks (Appendix B) and the other to display hypotheses of movement of sharks 
(Appendix C). 

The report provides a description of aH the tag reiease and recapture data. available to the 
end of 1996. Besides the tag release-recapture data collected from tag releases during 
1994-96 as part of the Tagging Project, available data for releases during 1990--93,. 1973--
76 and 1947-56 have been consolidated in the Tag Database. Tables and figures of these 
data from recaptured tagged sharks are presented for four major tagging zones of the 
fishery for each species and sex and for each of several length-dasses of shark Special 
emphasis is given to presenting data for the most recent tag~release period 1990-96, but 
several of the tables also cover data from the 1947--56 and 1973-76 tag--release periods. 
These presentations show movements of only the population of recaptured tagged sharks. 
No inferences are made about movement, mortality or growth rates for the population of all 
tagged sharks or for the entire shark population. 

Previous Research 

Biological data were collected on school shark (Galeorhinus galeus), by CSIRO during the 
1940s and early 1950s and on gummy shark (Mustelus antarcticus) by Fisheries Victoria 
during the 1970s. In 1984 stock assessments had been inconclusive and the former Southern 
Shark Fishery Task Force and, subsequently its successor, the Southern Shark Fishery 
Management Advisory Committee, recommended further research. These recommendations 
led to funds being provided from various sources to MAFRI during the late-l 980s to 
continue investigation of the southern shark resources with the aim of providing resource 
assessments to guide and assist management of the fishery. During the 1990s, MAFRI and 
CSIRO completed age-validation (Officer 1995; Walker et al. 1995; Officer et al. 1996), 
nursery (Stevens and West 1997), genetic (MacDonald 1988; Ward and Gardner 1997), 
modelling (Walker 1992; Walker 1994a; V-/alker 1994b; Walker 1995; Xiao 1995; Punt and 
Walker in press), and fishery monitoring projects. In addition, the Western Australian 
Marine Research Laboratories has undertaken general biological study of sharks 
(Simpfendorfer et al. 1996). 

Stock Distribution and Structure 

School shark and gummy shark are harvested on the continental shelf and continental slope 
of southern Australia. School sharks also occur well off the continental shelf over the 
abyssal plain and are known to undertake long movements across southern Australia (Olsen 
1953, 1954; Stanley 1988) and occasionally between southern Australia and New Zealand 
(Coutin et al. 1992). 

Ward and Gardiner (1997) confirmed that there is a single, widely distributed species of 
Galeorhinus galeus from genetic analysis of samples from Australia, New Zealand, South 
Africa, Argentina and the United Kingdom. They used both allozyme and mitochondrial 
DNA techniques. They found no evidence for more than a single stock of school shark in 
the south-eastern Australian waters. There were some genetic differences in New Zealand 
sharks, which thus appear to constitute a distinct stock from the south-eastern Australian 
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stock. However, these differences were small, and not incompatible with low levels of 
exchange between the two areas. 

Ward and Gardiner (1997) identified three genetic stocks of Mustelus antarcticus. All 
endemic to Australia, one stock ranged along the southern coast of Australia from Bunbury 
in the west to Eden in the east, a second was located off New South Wales in the region 
from Newcastle to Clarence River, and a third was located off Queensland near Townsville. 

The populations of both species exhibit complex stock structuring. School sharks have 
distinct "pupping" grounds referred to as "nursery areas" and, although gummy sharks do 
not have these distinct areas, the newborn pups tend to inhabit shallow inshore areas. 
Fishers often describe "mating grounds" in particular areas and there is a tendency for large 
school sharks to occupy the western region of their range in waters off western South 
Australia and off Western Australia to about 100 miles west of the South Australia-Western 
Australia border. School sharks (Olsen 1954), and, to a lesser extent, gummy sharks 
(Walker 1983) undergo long movements to give birth during Spring. 

Aggregating behaviour appears to be different between school sharks and gummy sharks. 
School sharks form large schools when migrating and are often found aggregated when 
feeding on schooling prey such as pilchards, jack mackerel, snoek and squid. Although 
gummy sharks often feed on aggregated prey or form moving schools, the species is 
generally more dispersed as it feeds on demersal crustaceans, cephalopods and fish 
distributed over wide areas. 

These characteristics affect the way shark fishers search for sharks and have important 
implications for interpretation of their catch and effort data. Most fishers tend to set, haul, 
move and then reset the gilinets to catch the dispersed gummy sharks, often with a bycatch 
of young school sharks. A smaller group of fishers specialise in targeting school sharks. 
These fishers often take a series of small, with occasional zero catches, while searching for 
school sharks, but then, having located aggregations of school sharks, often take large 
catches. Prior to the widespread use of gillnets in the 1970s, most shark fishers specialised 
in targeting school sharks with longlines. Hence to better interpret catch per unit effort 
trends and to improve stock assessment, there is a need to better understand the movement 
and distribution patterns of school sharks and gummy sharks. 

SharkF AG recognises that the spatially aggregated fishery models currently applied for 
stock assessment of these species ignore the complex structuring of these stocks. 
Consequently, SharkF AG is currently developing species-specific spatially structured 
models which incorporate rates of movement between the major regions of the fishery. 
SharkF AG also uses these data for estimating mortality rates. 

Tagging and releasing school and gummy sharks during 1947-56 and 1973-76 (Olsen 1953, 
1954; Stanley 1988; Walker 1983, 1989) enhanced our knowledge of their movement 
patterns, but there are three reasons why it is not possible to adequately estimate rates of 
movement from these earlier data. Firstly, most of the tagging was confined to the eastern 
region of the fishery; secondly, fishing effort did not adequately cover the fishery; and, 
thirdly, facility for fishers to report fishing effort was inadequate. The current FRDC funded 
Southern Shark Tagging Project was designed to provide data for estimating rates of 
movement between the major regions of the fishery. The project will also provide current 
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estimates of mortality and growth rates, ai.,d a basis for testing various stock hypotheses 
relevant to the management of the fishery. 

Need 

.....,'-- . k fi . .: . A • . . b d .. . ,. 
1 ue ::mar snery OL southern ustrana 1s ase on several species or temperate-water 
sharks inhabiting the continental shelf and slope. The annual catch, mostly gummy and 
school shark, in recent years has been about 5000 tonnes live weight, valued at more than 
$15.6 million to fishers in Victoria, Tasmania and South Australia (Walker et al. 1996). 
Most of the catch is consumed in Victoria. 

Current assessments of the Southern Shark Fishery indicate that the stocks of gummy shark 
are sound, but current assessments of school shark indicate that the cmTent mature biomass 
is 15-46% of the initial mature biomass and that current catches are substantiaHy larger than 
the estimates of maximum sustainable yield. 

Stock structures of shark populations are highly complex. The stock structure fur school 
shark is particularly complex and several competing hypotheses have been advanced to 
explain long tag movements and to explain data indicative of differences in age and size 
composition and breeding condition between separate regions across southern Australia. 
The complex stmcture of school shark and gummy shark stocks accounts for much of the 
uncertainty produced by spatially aggregated models applied in recent years. 

To reduce the uncertainty in the assessments, SharkFAG, as a matter of high priority, is 
developing spatially structured models to explore the dynamics of school sharks in seven 
integrated regions across southern Australia. Similar models will be applied to gummy shark 
when the school shark modelling is complete. 

Rates of shark movement between the major regions of the fishery and current estimates of 
mortality and growth of sharks are essential to these models. Data from the Tagging Project 
and all previous tag release-recapture data have been consolidated into the Southern Shark 
Tag Database and are being managed to provide complete, accurate and up-to-date data. 

Objectives 

( l) Determine annual rates of movement and mixing of gummy shark and school shark 
across southern Australia. 

(2) Provide current estimates of natural mortality and fishing mortality of gummy shark 
and school shark. 

(3) Address specific stock hypotheses and their implications for management of the fishery. 
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Methods 

Selection of Tags 

Fallowing an initial pilot tagging phase, Rototags and Jumbo tags, attached at the lower 
anterior region of the first dorsal fin, and nylon-headed dart tags, inserted into dorsal muscle 
tissue or cartilage at the base of the first dorsal fin, were chosen in preference to the 
Peterson fin tags used during 1947-56 and internal Nesbit tags used during 1947-56 and 
1973-76. Peterson fin tags have been shown to be quickly shed and internal tags are 
difficult and time consuming to insert and can be discarded when sharks are headed and 
gutted without being seen by fishers. A model was developed to test for the effects of time 
at liberty, sex and length of shark, tag type and tag attachment position on tag shedding 
rates. Analysis of tag-recapture data available to the end of 1996 indicated shedding rates 
are higher for nylon-headed dart tags than for Rototags and Jumbo tags (Xiao et al 1998). 
Shedding rates of dart tags locked into the cartilage at the base of the first dorsal fin are 
lower than those inserted into muscle tissue. 

Experimental Design for Tag Releases 

Quantifying shark movements between broad zones across southern Australia from tag 
release-recapture data required two steps. The first required developing a procedure for 
estimating movement parameters in a prescribed model and estimating confidence intervals 
associated with those estimates. The second step required an experimental design to collect 
a sufficient volume of data for applying that procedure to provide reliable estimates of the 
movement parameters. 

The statistical framework adopted for developing the estimation procedure and the 
experimental design involved extending a method developed by Hilborn (1990) using 
maximum likelihood estimators. This approach provided a basis for collecting sufficient data 
for estimating movement rates to a chosen accuracy and precision (Xiao 1996) ( see 
Appendix 1). 

An experimental design was developed where 500 school sharks and 800 gummy sharks of 
commercial size (>650 mm total length) were to be tagged and released in each of four 
zones on the continental shelf and slope of southern Australia (Xiao 1996). The four 
tagging zones (Figure 1) are Bass Strait (BS) (defined here as between Victoria and the 
north coast of Tasmania), Tasmania (Tas) (south of the north coast of Tasmania), South 
Australia (SA) (off South Australia east of longitude 132° East), and the Great Australian 
Bight (GAB) (off South Australia west of 132° East together with waters off Western 
Australia). 

Development of Southern Shark Tag Database 

Tag release-recapture data available from CSIRO for shark tag releases during 1947-56, 
from Fisheries Victoria for releases during 1973-76, and from several sources for releases 
during 1990-96 have been validated and consolidated in the Microsoft ACCESS Southern 
Shark Tag Database. The database is routinely updated with tag releases and recaptures and 
has facility for preparing data summaries and extracting data for analysis. 
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Shark Tag Release-Recapture Data for 1947-56 Releases 

Sharks were captured for tagging in offahore waters with longiines on board FR.V Derwent 
Hunter, 9,rhereas in shallow inshore areas hand lines 'Were used. For external tagging, a 
numbered Petersen disc tag, i S mm in diameter, 1 mm thick and constructed of either white 
plastic, grey plastic or clear ceilu1oid, vvas attached with 0.84 mm silver wire to the first 
dorsal fin of each shark tagged. This method of tagging was adopted after a series of 
successful preliminary tests in the experimental pool. However, it was found later that most 
of these tags were lost within 2-3 years because they tore the fin tissues. Consequently, in 
1949 a white plastic internal tag was adopted and from then on most sharks were double 
tagged. Two sizes of internal tag were used and both were slightly tapered and rounded at 
one end. The smaller tag was 35 mm long and 10 mm wide at the wider end and the iarger 
tag was 40 mm long and 23 mm wide. The smaller tag was used for sharks of total length 
shorter than 750 mm and the larger tag was used for longer sharks (Olsen 1953, 1954; 
Stanley 1988; Walker 1989; Stevens and West 1997). Of the double-tagged sharks 
recaptured, none had lost its internal tag. The internal tag had been used on the small 
number of sharks tagged during 1942-45, but not extensively because it is not visible 
externally. When the internal tag was used alone, fishermen became aware of the tag only 
when gutting the shark, by which time the shark had usually been decapitated and its total 
length could not be measured. The internal tag was inserted into the coelomic cavity 
through an incision on the left flank parallel to the muscles in the lower half of the body 
immediately below the posterior half of the first dorsal fin where the body wall is relatively 
thin. 

Shark Tag Release-Recapture Data for 1973-76 Releases 

Sharks were captured for tagging on board FV lvfoondara a...11d FRV Sarda by fishing at 150 
sites on the continental shelf between Streaky Bay, South Australia; Gabo Island, Victoria; 
and Hobart, Tasmania. The sharks were captured in experimental giHnets and longlines 
during 1973-76 as part of a study conducted by Fisheries Victoria. 

Sharks longer than about 700 mm were tagged with 50 mm long by 20 mm wide serially 
numbered, yellow plastic internal tags whereas smaller sharks were tagged with 33 mm long 
by 9 mm wide white plastic internal tags. One end of the tag was rounded and a red plastic 
streamer about 150 mm long and 2 mm thick was attached at the other end. Each tag was 
inserted into the coelomic cavity through an incision, a little shorter in length than the width 
of the tag, made in the tough skin covering the myosepta fold between the lateral and 
ventral musculature of the body wall. The tag was pushed firmly through the incision so that 
the curved end of the tag tore the connective tissue and the myosepta of the fold while 
minimising loss of blood and damage to the internal organs, most notably the liver, and 
musculature. The red plastic streamer was allowed to protrude through the body wall. A 
curved needle was used to dose the incision with a single stitch of soluble, surgical catgut 
and to thread the free end of the streamer under the skin for 5-12 mm, depending on length 
of the shark, and back out again. The free end of the streamer was then tied to the 
protruding section of the streamer near the incision to prevent the streamer from slipping 
inside the shark. The streamer was intended to alert fishermen to the presence of an internal 
tag. Red plastic cord similar to the streamer was also threaded through two holes of 5 mm 
diameter punched near the base of the anterior margin of the anterior dorsal fin. The cord 
was tied with a reef knot on each side of the fin. Finally the incision and the holes were 
disinfected with a solution of absolute alcohol containing a trace of malachite green. Before 
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being released, the sex, length, and condition of each shark, and the position and the date of 
its release were recorded (Walker 1983, 1989). 

Shark Tag Release-Recapture Data for 1990-96 Releases 

During 1990-96, in offshore waters, sharks for tagging were caught on board specialist 
shark vessels during normal commercial operations using either bottom-set monofilament 
gillnets or bottom-set longlines. Sharks hauled on board and judged to be in strong live 
condition were purchased live from the professional fishers at market price. In inshore 
waters, most sharks for tagging were caught as part of the Southern Shark Nursery Project 
(FRDC 93/061) using experimental bottom-set monofilament gillnets (2-, 3- and 4-inch 
mesh-size) and longlines. 

Within minutes of capture, each shark was identified, sexed, measured, marked with one or 
two uniquely numbered tags, injected with a vertebra-marking tissue-dye (in about one-third 
of the cases) and given a condition index before being released into the sea. The sharks 
were marked with either Dalton Rototags (36 mm long and 9 mm wide) or Jumbo tags (45 
mm long and 18 mm wide), attached at the lower anterior region of the first dorsal fin, or 
Hallprint nylon-headed dart tags (95 mm long and 2 mm diameter), inserted either into 
dorsal muscle tissue or cartilage at the base of the first dorsal fin. Rototags were attached 
to small sharks ( 600-1000 mm TL), and Jumbo tags were attached to larger sharks (> 1000 
mm TL). To evaluate tag retention rates, more than a 1100 sharks were double tagged with 
a dart tag and either a Rototag or Jumbo tag. T-bar tags were used by Tasmanian 
Department of Primary Industry and Fisheries. In addition to these conventional tags, a 
'block-shaped dummy archival tag' (52 mm long, 29 mm wide and 12 mm deep) or 
'torpedo-shaped dummy archival tag' (115 mm long and 27 mm diameter) was attached to 
the first dorsal fin of 175 large school sharks and l large gummy shark, and a 'block-shaped 
dummy archival tag' with wire streamer was inserted into the coelomic cavity of 69 large 
school sharks. The purpose of these dummy tags was to evaluate the likely success of 
recovering archival tags designed for the FRDC funded Southern Shark Archival Tagging 
Project (FRDC 96/128) being undertaken by CSIRO. For age validation purposes, about 
one-third of the tagged sharks were injected with the antibiotic and vertebra-marking tissue­
dye oxytetracycline in the form of the injectable solution of oxytetracycline hydrochloride 
(Terramycin, Pfizer Agricare P/L, Victoria, Australia) (100 mg mr1) at a dose of 25 mg kg-
1 of shark body weight. 

Several procedures were adopted to encourage fishers to report details ofrecaptured tagged 
sharks. Each commercial fisher was issued a tag recapture package which included an 
outline of the tagging program, booklets of pre-paid postcard-like recapture forms with 
facility for recording species, sex, length, recapture date and recapture position of the 
tagged sharks, and tag number(s), and plastic bags for the collection of vertebrae samples. 
A freecall telephone number was installed to facilitate reporting of recaptured sharks, and 
postage-paid labmailers (biological sample containers designed for postage purposes) were 
issued to return tags and vertebrae samples ( either the whole column or the first five 
vertebrae behind the head). Tag lotteries were held to promote and improve awareness of 
the tag study and to provide added incentive for fishers to return tags and vertebrae samples 
from recaptured sharks. Two lotteries have been held: the first at the annual Shark 
Conference during November 1994 and the second at a meeting of SharkF AG during 
November 1996. A combination of cash, books, T-shirts and industry sponsored prizes 
were awarded. The project was publicised widely, to encourage professional and 
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recreational fishers to report tag recaptures, in AFMA newsletters; television, radio, and 
newspaper interviews; a special Victorian video; the Victorian Boatshow ( 1994 and 1997); 
and various publications (Anon 1994ab, 1996, 1997abc). 

Results 

Shark Tag Release--Recapture for 1947-56 Releases 

Of the total number of 6502 schod shark tagged and released by CSIRO, 2597 were 
double--tagged with an external Petersen disc tag and an internal tag, 3566 were tagged only 
with an external Petersen disc tag, and 337 were tagged only with an internal tag. Recapture 
and reporting of these sharks by fishermen are continuing. By the end of 1996, a total of 
594 (9%) have been recaptured of which 75 had been externaily tagged only, 53 had been 
internally tagged oniy and 466 had been double tagged. Of the 466 double-tagged sharks 
recaptured, 379 (81 %) had lost the external tag at the time of recapture and only 87 were 
reported with both tags. The last recaptured school shark was reported in 1995 (Table l ). 

The CSIRO, concurrently with the work on school sharks, also tagged and released 587 
gummy sharks (223 internally and 363 double-tagged) of which 60 (10%) were recaptured 
and reported by fishermen. Of the recaptured sharks, 3 2 had been internally tagged only and 
28 had been double tagged. Of the 28 double-tagged sharks recaptured 21 (75%) had lost 
the external tag at the time of recapture and only 7 were reported with both tags. The last 
recaptured gurruny shark was reported in 1969 (Table 1 ). 

Shark Tag Release-Recapture for 1973-76 Releases 

During 1973-76, Fisheries Victoria tagged and released 1525 gummy shark, 631 school 
shark, 294 common saw shark, 246 southern saw shark, and 299 elephant fish. By the end 
of May 1988, 380 gummy shark (24%), 116 school shark (18%), 25 common saw shark 
(10%), 9 southern saw shark (3%), and 12 elephant fish (4%) had been recaptured and 
reported by professional and recreational fishers (Table 1 ). 

Shark Tag Release-Recapture for 1990-96 Releases 

During 1990-96 a total of 2505 school shark and 6535 gummy shark were tagged off 
southern Australia. Other shark species tagged include 2 bluewhaler, 46 bronze whaler, 75 
dusky whaler, 515 elephant fish, 130 common saw shark, 205 southern saw shark, 79 
whiskery shark, 2 grey nurse and 3 great white shark (Table 1). In addition to the sharks 
tagged with the conventional tags, a total of 244 school sharks and l gummy shark were 
released with dummy archival tags (Table 2). Of the sharks released, 1157 sharks (13%) 
were double tagged and 2791 sharks (31%) were injected with the vertebra-marking tissue­
dye oxytetracydine. Over half of the tagged gummy shark and school shark ( 4920) were 
purchased at market price from commercial fishers. 

A breakdown of the various projects, agencies and groups involved in tagging the sharks is 
provided in Table 3: (1) 26 cruises on board commercial vessels coordinated by MAFRJ as 
part of the FRDC Southern Shark Tagging Project and opportunistic tagging undertaken by 
MAFRJ during operations associated with other projects, (2) 6 cruises on board commercial 
vessels undertaken by the Western Australian Marine Research Laboratories as part of a 
separate FRDC funded shark tagging program, (3) opportunistic tagging undertaken by 
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New South Wales Fisheries Research Institute on board FRV Kapa/a during trawl surveys, 
(4) tagging of juvenile and adult sharks in Victorian inshore waters by MAFRI as part of the 
current FRDC funded Southern Shark Nursery Project, (5) tagging of juvenile and adult 
sharks in Tasmanian inshore waters by CSIRO as part of the current Southern Shark 
Nursery Project and an earlier nursery project conducted by CSIRO during 1990-92, ( 6) 
tagging of sharks in east Tasmanian waters as part of a study conducted by the Tasmanian 
Department of Primary Industry and Fisheries, (7) tagging of sharks in Victorian waters by 
recreational fishers participating in the VICTAG program coordinated by the Australian 
National Sportfishing Association and encouraged by MAFRI, and (8) tagging of sharks 
throughout the shark fishery by voluntary taggers (mainly commercial fishers) trained by 
MAFRI as part of the FRDC Tagging Project. A breakdown by zone of the sharks 
purchased during 32 cruises on board commercial shark gillnet and longline vessels is given 
in Table 4. 

Length-Frequency Composition 

Length-frequency distributions of released and recaptured tagged sharks for the 1990-96 
release period are different between gummy shark and school shark (see Figures 2.1-2.4 for 
each of male and female gummy sharks, and male and female school sharks, respectively). 
These data are separated into sharks released inshore (mainly <30 m depth, including bays 
and inlets) and sharks released offshore (mainly >30 m depth) within each of the four 
tagging zones. In presenting the distributions for recaptured sharks, where recapture length 
was not reported or appeared improbable, lengths were calculated using von Bertalanffy 
growth parameters published for gummy shark (Moulton et al 1992) and school shark 
(Grant et al 1979). 

The inshore and offshore length-frequency distributions also differed markedly. Most 
inshore releases were small sharks caught in experimental gillnets with small mesh-sizes as 
part of the nursery studies in Victoria and Tasmania whereas the larger sharks released 
offshore ( 62% of all releases) were caught in the larger mesh-sizes of commercial gear. 

Offshore, the length-frequency distributions varied with zone. For gummy sharks released 
offshore, the modal length was greater in the Western Region (i.e. GAB and SA Zones) 
than in the Eastern Region (i.e. BS and Tas Zones) (1200 mm and 1000 mm, respectively, 
for sexes combined) but the spread of lengths was less in the GAB and SA Zones than in the 
BS and Tas Zones (Figures 2.1-2.2). For school sharks released offshore, the modal lengths 
were similar among the zones, but the spread of lengths was less in the Western Region 
(1000-1700 mm) than in the Eastern Region (400-1800 mm) (Figures 2.3-2.4). Small 
school sharks were present in the Eastern Region but absent in the GAB Zone. By 
combining the inshore and offshore school shark distributions for the BS and Tas Zones, an 
absence of mid-sized immature sharks (850-1000 mm TL) was observed. Olsen (1954) and 
Walker (1976) also noted a similar absence of immature sharks in the Eastern Region. 

Geographical Range of Tag Recaptures 

For the 1990-96 release period, gummy shark have been recaptured throughout most of its 
range, from Geraldton (28° South) on the west coast of Australia, through the \vhole of the 
south coast fishery to Wollongong (34° South) on the east coast. Gummy shark movements 
have been observed between Perth and Esperance around Cape Leeuin, throughout the 
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entire GAB, within Bass Strait and southern Tasmanian waters, and between Bass Strait 
and the east coast of Australia. 

School sharks have been recaptured throughout much of its range, with several sharks 
moving between the GAB and Tas Zones. There is, however, a notable absence of school 
shark recaptures west of 126° East and up the east coast of Australia into southern NSW. 
In the present study, no school sharks were released or recaptured west of longitude 126° 
East despite Olsen (1954) reporting school sharks west of Point Culver (125° East) to Cape 
Leeuin and north to the Abrolhos Islands (28° South). The northernmost recapture on the 
east coast for the 1990-96 tag period was 37.5° South, off southern NSW. 

Of particular interest were the recaptures of two school sharks-a male and a female--in 
New Zealand waters (168° East) having crossed the Tasman Sea. These two recaptures are 
not totally unexpected as school shark are found in New Zealand waters and during the last 
5 years 18 school sharks have migrated from New Zealand to Australia, with one moving as 
far west as 135° East. None of the school shark tag releases from 1947-56 and 1973-76 
were recaptured off New Zealand. A lower fishing effort in New Zealand at the time 
probably accounts for this. 

Tag Recapture Rates 

By the end"of 1996, 1219 gummy sharks and 301 school sharks had been recaptured. The 
tag recapture rate of gummy shark (18% of tag releases) is nearly one and halftimes that of 
school shark (12% of tag releases), whilst within each species, the rates of recapture 
between male and female sharks· were similar. Percentages of tagged shark recaptured 
within each recapture zone from each release zone are presented separately for each of three 
release length-classes (650-949, 950-1099, ~1100 mm for gummy shark and 650-949, 
950-1399, .~1400 mm for school shark) in Tables 5.3.1-5.3.2. 

Gummy shark reported tag recaptures for commercial sized (~650 mm total length) male 
and female sharks are 19% and 20% of releases, respectively (Table 5.3.1). Most recaptures 
occurred within their release zones with the inter-zone rate of recaptures being only 6% for 
males and 7% for females, and most of these were in a neighbouring zone. There are no 
recorded movements of male gummy shark between the GAB and BS Zones or between 
GAB and Tas Zones, and only one female moved between the GAB and BS Zones. Female 
gummy sharks exhibit slightly more inter-zone movements than males. The inter-zone 
movements do not appear to be size specific as movements have occurred for all three 
length-classes. 

School shark reported tag recaptures for commercial sized male and female sharks are 12% 
and 13%, respectively (Table 5.3.2). - Whilst the recapture rates were less than those for 
gummy shark, there was greater inter-zone movement. In contrast to gummy shark, 
movements were recorded between all zones for both male and female school shark; 45% of 
male and 63% of female recaptures were outside their release zone. These high rates of 
movement are likely to be a result of most female school sharks (>70%) being released in 
Tas and GAB Zones where fishing effort is lower than in BS and SA Zones. Similar to 
female gummy sharks, female school sharks exhibited greater inter-zone movement than the 
male sharks. Of the 389 commercial sized male school shark released in the Tas Zone, 
3.6% of releases (i.e. 38 % of recaptures) were recaptured within the Tas Zone, whereas 
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5.9% ofreleases (62% ofrecaptures) were recaptured outside the Tas Zone in another zone 
(Table 5.3.2). In contrast, given a similar number of 389 commercial sized releases, only 
2. 8% of the female school shark releases (21 % of recaptures) were recaptured within the 
Tas Zone, whereas 10.2% of the releases (21% of recaptures) were recaptured outside the 
Tas Zone. Of male and female sharks released in the Tas Zone, a higher proportion of 
female recaptures (42%) than male recaptures (27%) were caught in the more distant SA 
and GAB Zones. Not unexpectedly because of the higher fishing effort, BS and SA Zones 
have more than twice as many sharks recaptured as the Tas and GAB Zones. 

The recapture rates for the three tag-release periods 1947-56 (Stanley 1988), 1973-76 
(Walker 1983, 1989) and 1990-96 for gummy sharks are 10%, 24% and 18%, respectively, 
and for school sharks are 9%, 18% and 12%, respectively. These recapture rates are not 
directly comparable as they have not been standardized. Differences in tag type, changes in 
fishing gears from longlines to gillnets of varying mesh-size (with selectivity greatly affected 
by the length of shark), and expansion of the fishery into the Western Region all effect the 
probability of a tag recapture, and hence the recapture rate. 

Recapture rates varied between the inshore and offshore tag releases. Recapture rates for 
inshore and offshore releases were similar for school shark ( 11 % of tag releases) but were 
different for gummy shark (20% of offshore releases and 14% of inshore releases) (Figures 
2.1-2.4). Nearly 10% of all recaptures were reported by recreational fishers, with most 
from inshore waters (<30m). Over 12% of the inshore released sharks were recaptured, 
with 25% of the recaptures (i.e. 107 recaptures) reported by recreational fishers. Almost all 
the inshore releases caught by recreational fishers were in either Victorian waters (54 
recaptures) or Tasmanian waters (51 recaptures). Recreational fishers have reported less 
than 2% ( 18 recaptures) of all recaptures from sharks released offshore. 

Distances Moved by Tagged Sharks 

Recaptured tagged school sharks moved further than gummy sharks, and large sharks 
tended to move further than small sharks for both species. Small (<1000 mm TL) male and 
female sharks moved similar distances to each other but female sharks moved further than 
male sharks when larger for both species. These patterns are evident from Tables 6.1.1-
6.4.2 tabulating several movement quantities by tag-release period, tag-release region, 
species, sex, and tag-release length-class of shark, where release region is either the Eastern 
Region (i.e. BS and Tas Zones) or Western Region (i.e. SA and GAB Zones) and tag­
release period is either 1947-56, 1973-76 or 1990-96. For 1990-96 releases, the patterns 
are also evident in Figures 3.1-3.2 which present relative frequencies of movement of shark 
for each tag-release zone and each species-sex-recapture-length-class. 

The tables show that the recaptured tagged school sharks moved a mean distance between 
release and recapture positions of about four times the mean distance moved by gummy 
sharks. For tagged sharks released in the Eastern Region during 1990-96, school sharks 
moved a mean distance of 415 km (SE=37 km, n=202) (Table 6.3.2) whereas gummy 
sharks moved a mean distance of 106 km (SE=7 km, n=711) (Table 6.3.1). Similarly, for 
tagged sharks released in the Western Region during 1990-96, school sharks moved a mean 
distance of 498 km (SE=45 km, n=91) (Table 6.4.2) whereas gummy sharks moved a mean 
distance of 83 km (SE=7 km, n=3 ll) (Table 6.4.1). These distances are a little less for 
release periods 1947-56 (Tables 6.1.1 and 6.1.2) and 1973-76 (Tables 6.2. l and 6.2.2) and 
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can probably be explained by low levels of fishing effort in the Western Region of the 
fishery. 

Times free by tagged sharks for release periods 1947-56, 1973-76, 1990-96 in the Eastern 
Region and 1990-96 in the Western Region are progressively shorter for gummy shark at 
1644, 692, 302 and 200 days, respectively, and for school shark at 2254, 1216, 304 and 260 
days, respectively. 

Gummy sharks <650 mm TL moved a mean distance of 15 km in the Eastern Region and 
there are no data for gummy shark in the Western Region, and gummy sharks 650-949 mm 
TL moved 79 km in the Eastern Region and 128 km in the Western Region. In the Eastern 
Region, male gummy sharks 950-1099 mm TL and ;?:1100 mm TL moved mean distances of 
76 and 80 km, respectively, whereas females in these length-classes moved further at 148 
and 228 km, respectively. Similarly in the Western Region, males moved mean distances of 
37 and 111 km, respectively, whereas females in these length-classes moved 58 and 89 km, 
respectively. 

School sharks <650 mm TL moved a mean distance of 22 km and those 650-949 mm TL 
moved 241 km in the Eastern Region. There are no data for these length-classes in the 
Western Region. Male school sharks 950-1399 mm TL and ;?:1400 mm TL moved mean 
distances of 441 and 503 km, respectively, whereas females in these length-classes moved 
further at 606 and 909 km, respectively, in the Eastern Region. Similarly in the Western 
Region, males moved mean distances of 435 and 555 km, respectively, whereas females in 
these length-classes moved 464 and 680 km, respectively. 

Gummy shark had at least 60% of the sharks in each of four length-classes recaptured <50 
km from their release positions. Female gummy sharks (>20% of movements >250 km) 
exhibited slightly longer movements than male gummy sharks (> 10% of movements >250 
km) (Figure 3.1). No small gummy sharks (<650 mm TL) had movements >250 km, whilst 
>10% of large sharks (>1100 mm TL} had movements >250 km. This trend was 
particularly marked for large females (>1100 mm TL); i.e. >20% had movements >250 km 
and 10% had movements >500 km. Movement patterns were similar for the various zones 
with the exception of the SA Zone where >40% of recaptures had movements >500 km for 
large female (> 1100 mm TL). There was a complete absence of recaptures of gummy shark 
<950 mm TL in the GAB Zone; however, this is consistent with the absence of sharks <800 
mm TL tagged and released within this zone(Figures 2.1-2.2). 

School shark, with the exception of the smallest length-class (<650 mm TL}, had >50% of 
movements >250 km (Figure 3.2). For small-medium females (650-949mm TL}, about 20% 
of movements were >500 km, whilst for large females (>1400 mm TL} > 65% of 
movements were >500 km. Nearly 20 school sharks were recaptured more than I 000 km 
from their release position. 

Discussion and Conclusions 

No attempt has been made to provide estimates of movement or mortality rates to address 
the three objectives of the project. These will be made over the next 1-2 years as further 
tagged sharks are recaptured and reported. Nevertheless there are several other conclusions 
that can be drawn from the tag recapture data reported to the end of 1996. 
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( l) Tag retention rates of Rototags and Jumbo tags are higher those of nylon-headed dart 
tags, and tag retention rates of dart tags locked into the cartilage at the base of the first 
dorsal fin are higher than of those inserted into muscle tissue. 

(2) Tag recapture rates are higher for gummy sharks (19% for males and 20% for females) 
than for school sharks (12% for males and 13% for females). 

(3) Most gummy shark recaptures occur within their release zones with the inter-zone 
recapture rate being only 6% for males and 7% for females, and most of these are in a 
neighbouring zone. 

( 4) There is little movement of gummy sharks between the GAB and BS Zones or between 
the GAB and Tas Zones; only one female moved between the GAB and BS Zones. 
Female gummy sharks exhibit slightly more inter-zone movements than males. The 
inter-zone movements do not appear to be size specific as movements have occurred 
for all three length-classes. 

(S) School shark movements occur between all zones for both males and females; 45% of 
male and 63% of female recaptures were outside their release zone. 

(6) Female school sharks exhibit greater inter-zone movement than the male sharks. 

(7) Recaptured tagged school sharks move further than gummy sharks, and large sharks 
tended to move further than small sharks for both species. Small male and female 
sharks moved similar distances to each other but female sharks move further than male 
sharks when larger for both species. 

(8) Mean distance between release and recapture positions for recaptured tagged school 
sharks ( 41 S km) is about four times that for gummy sharks ( 106 km). 

Benefits 

Estimates of movement rates of school shark and gummy shark between the major regions 
of southern Australia and current estimates of mortality and growth will improve the 
predicative capability of stock assessment models used for the fishery. This will contribute 
to establishing the Southern Shark Fishery as one managed with high sustainable catches. 
This will ensure improved economic viability of industry for the catching and processing 
sector participants, and will ensure an ongoing supply of fresh shark meat so highly 
esteemed by some sections the Australian community. 

The flow of benefits are allocated as 60% Commonwealth, 10% Victoria, 10% Tasmania, 
10% South Australia and 10% Western Australia. 

Intellectual Property 

No intellectual property has arisen from the research that is likely to lead to significant 
commercial benefits, patents or licences. Intellectual property associated with information 
produced from the project will be shared equally by the Fisheries Research and 
Development Corporation and by the Victorian Department of Natural Resources and 
Environment. CSIRO Division of Marine Research, Tasmanian Department of Primary 
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Industry and :Fisheries and the New Zealand National Institute of Water and Atmospheric 
Research Limited will continue to retain their intellectual property rights over the tag 
release-recapture data they contributed to the Southern Shark Tag Database. 

Further Development 

Data Collection 

At the time of preparing this report, field tagging of the sharks was complete but it will be a 
further 2-3 years before sufficient tagged sharks are recaptured to provide sufficient data 
for estimating movement rates with the required precision. Several hundred additional tag 
returns are expected over this period. The data will be collected, managed, summarised and 
made available for analyses through the current Tag Database Project (FRDC 96/162). 

Parameter Estimation 

Meamvhile, appropriate models and parameter estimation procedures are being developed 
by MAFRI and CSIRO through the Shark:F AG process for producing unbiased estimates of 
movement, mortality and growth rates from the tag release-recapture data used in 
conjunction with available catch and effort data and available gillnet selectivity parameters. 

In general, data from tag and release of a sample of animals from a population and recapture 
of a proportion of these tagged animals have to be treated in complex models to make 
inferences about movement, mo11ality and growth rates for the population of all released 
tagged animals or for the entire population of animals. For school shark and gummy shark, 
detennining these rates is particularly complex because of the highly length-selective 
characteristics of shark gillnets used widely in the fishery. Gillnets were phased into the 
fishery during the late 1960s and early 1970s to replace the less length-selective longlines 
with attached baited hooks. Today the different mesh-sizes used in the various regions of 
the fishery (predominantly 6-inch in Bass Strait and 7-inch, and more recently 6½-inch, in 
the other regions) affects the probability of recapture of any tagged shark; small mesh-sizes 
are most effective at catching small sharks and large mesh-sizes are most effective at 
catching large sharks. 

Estimating parameters used to represent movement, mortality and growth rates requires 
considering the probability of recapture. of each tagged shark released. Recapture depends 
on biological and fishery factors such as (a) how natural survival is affected by the initial 
tagging event and by the subsequent presence of the tag, (b) levels of fishing effort and the 
spatial distribution of this effort, and ( c) the length-selectivity characteristics of the fishing 
gear. In addition, the probability of recapture in a particular region and instant of time is 
also affected by all three of (i) its position which depends on its movement rate, (ii) its 
length which depends on its length at release and subsequent growth rate; and (iii) its 
survival rate. Parameter estimates are also affected by the rates of sighting and reporting of 
tags by the fishers recapturing the sharks and by the rate of tag retention on the sharks over 
time. All this means that movement, mortality and growth rates cannot be estimated 
independently of each other. 
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Budget 

Details of project grant and expenditure are presented in the following table. 

Budget item 1993/94 1994/95 1995/96 1996/97 
$ $ $ $ 

Project grant 
Salaries and oncosts 50955 64253 67464 0 
Operating expenses 59000 73000 65000 0 
Travelling expenses 16750 17650 18650 0 
Capital items 0 0 0 0 
Total 126705 154903 151114 0 

Expenditure 
Salaries and oncosts 25,610 62,955 73,504 26,494 
Operating expenses 40,086 71,083 89,418 15,517 
Travelling expenses 4,759 9,698 7,666 5,933 
Capital items 0 0 0 0 
Total 70,455 143,735 170,588 47,944 

Staff 

Organisation, position, period on the project and percentage of time each year on the 
project are listed for each staff member. 

Marine and Freshwater Resources Institute, 
Terry Walker Principal Scientist 
Lauren Brown Marine Scientist 
Natalie Bridge Technical Officer 
Bruce Taylor Systems Officer 

CSIRO Division of Marine Research 
John Stevens Senior Research Scientist 
Y ongshun Xiao Senior Research Scientist 
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Table 1. Shark tag and recaptures for the release periods 1947-56, 1973-73 and 1990-96. 

Common Name Scientific Name Tag-release Number of sharks Percentage 

period Released Recaptured recaptured 

Major Commercial Sharks 

Gummy Shark Mustelus antarcticus 1947-56 587 60 10 

1973-76 1525 380 24 

1990-96 6535 1219 18 

School Shark Galeorhinus galeus 1947-56 6502 594 9 

1973-76 631 116 18 

1990-96 2505 301 12 

Common saw shark Pristiophorus cirratus 1947-56 

1973-76 246 25 IO 

1990-96 130 5 3 
Southern saw shark Pristiophorus nudipinnis 1947-56 

1973-76 294 9 3 

1990-96 205 12 5 
Elephant fish Callorhinchus mi/ii 1947-56 

1973-76 299 12 4 

1990-96 515 9 

Other sharks 
Angel shark Squatina australis 1990-96 4 
Southern Dogfish Centrophorus uyato 1990-96 6 
Greeneye spurdog Squalus mitsukuri 1990-96 10 10 
Grey nurse shark Carcharias taurus 1990-96 2 
Spurdog sp. Squalus sp. 1990-96 4 
Blue whaler Prionace glauca 1990-96 2 
Broadnose sevengill Notorynchus cepedianus 1990-96 116 8 6 
Bronze whaler Carcharhinus brachyurus 1990-96 46 2 4 
Stingray Dasyatid 1990-96 4 
Draughtboard shark Cephaloscyllium sp. 1990-96 16 I 6 
Dusky whaler Carcharhins obscurus 1990-96 75 7 9 
Great white shark Carcharodon carcharias 1990-96 3 I 

,.,,., 
.) ., 

Hammerhead Sphyrna zygaena 1990-96 7 
Melbourne skate Raja whitleyu 1990-96 15 
Piked spurdog Squalus megalops 1990-96 617 9 
Port Jackson shark Heterodontus portjacksoni 1990-96 25 3 12 
Shortfin Mako Jsurus oxyrinchus 1990-96 1 
Smooth stingray Dasyatis brevicaudata 1990-96 681 38 5 
Southern eagle ray Myliobatis australis 1990-96 28 
Thornback skate Raja lemprieri 1990-96 
Thresher sharks Alopias vulpinus 1990-96 5 
Whiskery shark Furgaleus macki 1990-96 79 
White-spotted spurdog Squalus acanthias 1990-96 7 
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Table 2. Gummy and school shark recaptures by tag type for the release period 1990--96. 

Tag type Number Nurnber % Returned Number of tags present 

released recaptured Both !st only 2nd only 

Single tag 
Rototag 2412 488 20% 
Jumbo 2055 432 21% 

Mini 306 26 8% 

Dart (Muscle) 2253 235 10% 
Dart (Fin)A 453 37 go' /0 

Steel 97 10 10% 

T-Bar 110 lO 9% 

Archival-Internal 67 9 13% 

Archival-Block 82 6 7% 

Archival-Torpedo 66 7 11% 

Sub-total 790 l 1260 16% 

Double tagged (major combinations) 

Rototag-Da.rt(Muscle) 366 96 26% 50 43 3 

Rototag-Dart(Fin) 35 6 17% 4 0 0 

Jumbo-Dart(Muscle) 397 108 27% 58 49 l 

Jumbo-Dart(Fin) 267 43 16% 38 3 2 

Jumbo-Jumbo 35 9 26% 7 2 

Internal-Dart(Fin) 2 0 

Block-Dart(Muscle) 2 0 

Block-Dart(Fin) 4 0 

Torpedo-Dart (Fin) 20 4 20% 3 0 l 

Sub-total 1128 266 24% 

Total 9029 1526 17% 

A Tag attachment site changed from muscle to fin as of 27th September 1995 
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Table 3. Gummy and school shark recaptures by source for the release period 1990-96 

OTC, oxytetracycline; MAFRI, Marine and Freshwater Resources Institute; SSTP, Southern Shark Tagging Project; WAMRL, Western Australian Marine Research 

Laboratories; NSWFRI, New South Wales Fisheries Research Institute; SSNP, Southern Shark Nursery Project; CSIRO, CSIRO Division of Marine Research; TDPIF, 

Tasmanian Department of Primary Industry and Fisheries; ANSA Vol, Australian National Sportfishing Association Victoria Inc; FisherVol, Voluntary tagging by 

professional fishers and several recreational fishers. 

Source Project Period Number of sharks tagged and released 

Gummy School Total OTC Double Archival 

Male Female Unknown Male Female Unknown injected tagged tag 

MAFRl SSTP 1993-96 1228 1638 4 822 771 3 4466 1417 946 244 

WAMRL SSTP 1993-95 144 396 0 8 73 0 621 249 39 0 

NSWFRl SSTP 1994 14 13 0 0 0 0 27 26 0 0 

MAFRl SSNP 1993-96 480 249 3 107 149 1 989 303 170 0 

CSIRO SSNP 1991-96 765 475 3 168 230 1 1642 796 0 1 

TDPIF 1990-95 141 115 1 22 24 0 303 0 0 0 

ANSAVol 1994-96 1 3 48 1 0 11 64 0 0 0 

FisherVol 1994-96 398 406 10 49 63 2 928 0 2 0 

Total 3171 3295 69 1177 1310 18 9040 2791 1157 245 
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Table 4. Major cruises on board commercial vessels in offshore waters during 1994-96 

Lat, latitude; Long, longitude; Unk, unknown sex; OTC, oxyletracycline. LL, longline; S5, gillncl 5-inch mesh-size;. S6, gii!net 6-inch mesh-size; S6.5, gi!lnet 6.5-irn::h 
mesh-size; S7, gillnet75-inch mesh-size. 

Zone Cruise Date Locality No. of Gear Number of sharks tagged 

code Lat Long shots type Gummy School Total OTC Doubi~ Dummy 

Male Female Unk Male Female Unk injected tagged tag 

BS 2 Mar-94 40 148 ll S6 47 81 0 l I 0 !30 58 0 
3 Mar-94 10 147 13 LL 242 237 0 !9 10 0 508 !07 22 0 

5 May-94 40 143 9 S6 25 56 0 3 5 0 89 0 27 0 

7 Oct-94 39 145 12 S6 96 24 I 2 l 0 124 52 36 [) 

8 Oct-94 40 143 5 LL 23 36 0 6 4 0 69 31 19 0 
9 Nov-94 39 146 4 LL 43 53 0 60 30 0 186 58 54 
IO Dec-94 39 146 2 LL 23 21 0 l l 0 46 20 l5 (l 

12 Feb-95 39 147 13 S6 37 58 0 2 9 0 l06 44 !O 
15 Apr-95 36 150 3 LL 25 66 l 0 0 0 92 43 l ,q 0 
16 May-95 36 150 3 LL 4 12 0 0 0 0 16 0 0 
23 Nov-95 38 142 3 LL l 11 0 2 0 0 14 Jl 
24 Dec-96 38 145 5 LL 1 40 0 0 3 0 44 21 2 
26 Feb-96 39 146 7 S6 2 2 0 7! 2 0 77 48 9 15 

Total 13 569 697 2 167 66 0 150! 498 307 28 

Tas 13 Feb-95 41 \44 14 S6 24 29 0 60 100 0 213 94 34 
17 May-95 41 144 8 LL 18 16 l 193 !29 3 360 64 53 107 
25 Jan-96 43 147 12 LL 33 30 0 Ill 72 0 246 99 58 28 

Total 3 75 75 1 364 301 3 819 257 !56 169 

SA 4 Apr-94 37 139 18 S7 19 101 0 4 8 0 132 0 24 0 
6 Jun-94 35 135 28 S7 32 49 I 18 18 0 !!8 54 26 0 

14 Mar-95 36 138 31 S6.5 108 291 l 9 5 0 414 123 71 'Ji 
18 Aug-95 34 135 16 S7 24 29 0 5 7 0 65 21 28 0 

19 Sep-95 37 139 11 LL 12 36 0 25 13 0 86 35 0 9 
21 Oct-95 33 133 29 S7 128 12 0 3 I 0 144 18 I 0 

Total 6 323 518 2 64 52 0 959 251 180 20 

GAB I Feb-94 32 131 37 S7 35 35 0 170 134 0 374 62 
11 Jan-95 32 130 34 S6.5, 7 11 89 0 26 43 0 169 91 60 0 

20 Oct-95 31 128 18 S7 lO 139 0 7 42 0 198 113 48 0 

22 Oct-95 31 129 20 S5,6,6.5,7 157 16 0 19 i30 0 322 99 114 26 
WAI Jul-94 34 122 12 S7 55 73 0 0 0 0 '128 0 34 0 
WA2 Mar-95 36 124 36 S7 46 40 0 () 0 0 86 0 0 

WA3 Mar-95 34 119 26 S7 2 117 0 0 0 0 l !9 59 (l 0 
WA4 May-95 34 119 20 S7 12 50 () () () (l 62 ,~ 

,_/ () 0 
WAS Aug-95 32 127 26 S7 19 58 II 0 0 0 88 76 () 0 

WA6 Oct-95 32 127 32 S7 3 21 0 9 62 0 95 39 () 0 

Total 10 350 638 11 231 411 0 1641 6]1 292 26 

All zones Total 32 518 1317 1928 16 826 830 3 4920 1617 935 243 
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Table 5 .1.1. Gummy shark recaptures for the release period 194 7-56 (2650 mm TL). 

Sex Release Release Number Percentage recaptured in each zone 

length-class zone tagged 

(mm) BS Tas SA GAB All 

Male 650-949 BS 33 9.1 0.0 0.0 0.0 9.1 
Tas 19 0.0 15.8 0.0 0.0 15.8 
SA 2 0.0 0.0 0.0 0.0 0.0 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 54 5.6 5.6 0.0 0.0 1 I.I 

950-1099 BS 76 2.6 1.3 0.0 0.0 3.9 
Tas 31 0.0 0.0 0.0 0.0 0.0 
SA 4 0.0 0.0 0.0 0.0 0.0 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 111 1.8 0.9 0.0 0.0 2.7 

?: 1100 BS 123 13.8 3.3 0.0 0.0 17.l 
Tas 37 0.0 0.0 0.0 0.0 0.0 
SA I I 0.0 0.0 0.0 0.0 0.0 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 171 9.9 2.3 0.0 0.0 12.3 

Total BS 232 9.5 2.2 0.0 0.0 11.6 
Tas 87 0.0 3.4 0.0 0.0 3.4 
SA 17 0.0 0.0 0.0 0.0 0.0 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 336 6.5 2.4 0.0 0.0 8.9 

Female 650-949 BS 26 23.1 0.0 0.0 0.0 23.l 
Tas 16 0.0 0.0 0.0 0.0 0.0 
SA 2 0.0 0.0 0.0 0.0 0.0 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 44 13.6 0.0 0.0 0.0 13.6 

950-1099 BS 50 8.0 0.0 0.0 0.0 8.0 
Tas 5 0.0 0.0 0.0 0.0 0.0 
SA 6 0.0 0.0 16.7 0.0 16.7 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 61 6.6 Q.O 1.6 0.0 8.2 

?:1100 BS 69 13.0 1.4 1.4 0.0 15.9 
Tas 7 0.0 0.0 0.0 0.0 0.0 
SA 34 2.9 0.0 8.8 0.0 11.8 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 110 9.1 0.9 3.6 0.0 13.6 

Total BS 145 13.1 0.7 0.7 0.0 14.5 
Tas 28 0.0 0.0 0.0 0.0 0.0 
SA 42 2.4 0.0 9.5 0.0 11.9 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 215 9.3 0.5 2.3 0.0 12.1 
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Table 5.1.2. School shark recaptures for the release period 1947-56 (>-650 mrn TL). 

----·-
Sex Release Release J\Tumber Percentage recaptured in e,tch zone 

!ength--class zone tagged 
--·-···---·--·-"""''"'""'""""~"'-

(mm) BS 'fas s' A GAB A!l 
""""""""~"""'" -----·-•--"-"'"-..~,.,,.,._,.,,__r_. ___ ,-...--~""'"'---""'-"""""''""'·--· --·--~=_,, __ ,,._..,._-__ , ___ , _,,,.,-"=,,,_.,, 

Male 650-949 BS 79 13.9 0.0 2.5 0.0 16.5 

Tas 59 3,4 8.5 0.0 0.0 11.9 

SA 2 0.0 0.0 0.0 0.0 (LO 

GAB 0 0.0 0.0 0.0 0.0 OJ) 

AH 140 9 ·, 
•-' 3.6 1.4 {LO 14.3 

950-1399 BS 197 15.2 7.1 4.6 0.0 26.9 

Tas 24 4.2 4.2 0.0 0.0 8.3 

SA 30 3.3 0.0 333 3.3 40.0 

GAB 0.0 0.0 0.0 100.0 100.0 
All 252 12.7 6.0 7.5 0.8 27.0 

:2:1400 BS 443 9.7 l.8 0.7 0.0 12.2 

Tas 96 4.2 7.3 0.0 0.0 11.5 
SA 111 3.6 0.0 20.7 0.0 24.3 

GAB 0 0.0 0.0 0.0 0.0 0.0 
AH 650 7.8 2.3 4.0 0.0 14.2 

Total BS 719 11.7 3.1 1.9 0.0 16.7 

Tas 179 3.9 7.3 0.0 0.0 11.2 

SA 143 3.5 0.0 23.l 0.7 27.3 
GAB 1 0.0 0.0 0.0 100.0 100.0 
AH 1042 9.2 3.4 4.5 0.2 17.3 

Female 650-949 BS 91 16.5 0.0 2.2 0.0 18.7 
Tas 51 5.9 3.9 0.0 0.0 9.8 
SA 4 0.0 0.0 50.0 0.0 50.0 

GAB 1 0.0 0.0 0.0 0.0 0.0 

All 147 12.2 1.4 2.7 0.0 16.3 

950-1399 BS 144 9.0 0.7 9.7 0.0 19.4 
Tas 3 0.0 0.0 0.0 0.0 0.0 
SA 31 12.9 9.7 12.9 0.0 35.5 

GAB 2 0.0 0.0 0.0 0.0 0.0 
All 180 9.4 2.2 10.0 0.0 21.7 

2':1400 BS 212 7.5 2.4 8.0 0.0 17.9 

Tas 29 3.4 3.4 3.4 0.0 10.3 

SA 31 16.l 0.0 19.4 0.0 35.5 
GAB 0 0.0 0.0 0.0 0.0 0.0 
Ali 272 8.1 2.2 8.8 0.0 19. l 

Total BS 447 9.8 1.3 7.4 0.0 18.6 

Tas 83 4.8 3.6 1.2 0.0 9.6 
SA 66 13.6 4.5 18.2 0.0 36.4 

GAB 3 0.0 0.0 0.0 0.0 0.0 
All 599 9.5 2.0 7.7 0.0 19.2 
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Table 5.2.1. Gummy shark recaptures for the release period 1973-76 (:2:650 mm TL). 

Sex Release Release Number Percentage recaptured in each zone 

length-class zone tagged 

(mm) BS Tas SA GAB All 

Male 650-949 BS 272 16.2 0.4 0.0 0.0 16.5 
Tas 58 13.8 15.5 0.0 0.0 29.3 
SA 0 0.0 0.0 0.0 0.0 0.0 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 330 15.8 3.0 0.0 0.0 18.8 

950-1099 BS 276 27.9 0.7 0.0 0.0 28.6 
Tas 26 3.8 23.l 0.0 0.0 26.9 
SA 0 0.0 0.0 0.0 0.0 0.0 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 302 25.8 2.6 0.0 0.0 28.5 

~ll00 BS 158 31.6 1.3 0.0 0.0 32.9 
Tas 41 4.9 19.5 0.0 0.0 24.4 
SA 6 0.0 0.0 16.7 0.0 16.7 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 205 25.4 4.9 0.5 0.0 30.7 

Total BS 706 24.2 0.7 0.0 0.0 24.9 
Tas 125 8.8 18.4 0.0 0.0 27.2 
SA 6 0.0 0.0 16.7 0.0 16.7 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 837 21.7 3.3 0.1 0.0 25.2 

Female 650-949 BS 281 19.2 1.1 1.4 0.4 22.l 
Tas 25 12.0 20.0 4.0 0.0 36.0 
SA 0 0.0 0.0 0.0 0.0 0.0 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 306 18.6 2.6 1.6 0.3 23.2 

950-1099 BS 156 19.2 0.6 0.6 0.0 20.5 
Tas 5 0.0 40.0 0.0 0.0 40.0 
SA 0 0.0 0.0 0.0 0.0 0.0 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 161 18.6 1.9 0.6 0.0 21.1 

~1100 BS 115 26.1 0.0 1.7 0.0 27.8 
Tas 7 14.3 0.0 0.0 0.0 14.3 
SA 9 0.0 0.0 22.2 0.0 22.2 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 131 23.7 0.0 3.1 0.0 26.7 

Total BS 552 20.7 0.7 1.3 0.2 22.8 
Tas 37 10.8 18.9 2.7 0.0 32.4 
SA 9 0.0 0.0 22.2 0.0 22.2 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 598 19.7 1.8 1.7 0.2 23.4 
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Table 5.2.2. School shark recaptures for the release period 1973-76 (2650 mm TL). 

Sex Release Reiem:;e Number Percentage recaptured in esch zone 

length--c!ass zone tagged 
.,,_~·-·~-= 

(mm) BS Tas SA GAB All 

Maie 650-949 BS 48 3L3 2.1 "1 ! 
1',.< 0.0 35.4 

Tas 23 21.7 4.3 0.0 0.0 26.l 

SA 3 0.0 0.0 33.3 0.0 ..,,,""I"; 
:):J,:J 

GAB 0 0.0 0.0 0.0 0.0 0.0 

All 74 27.0 2.7 2.7 0.0 32.4 

950-1399 BS 95 18.9 Ll 4.2 0.0 24.2 
Tas 0 0.0 0.0 0.0 0.0 0.0 
SA 14 0.0 0.0 21.4 7.1 28.6 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 109 16.5 0.9 6.4 0.9 24.8 

:2:1400 BS 92 2.2 1.l 2.2 0.0 5.4 

Tas 0.0 0.0 0.0 0.0 0.0 
SA 2 0.0 50.0 0.0 0.0 50.0 

GAB 0 0.0 0.0 0.0 0.0 0.0 

All 95 2.1 2.1 2.1 0.0 6.3 

Total BS 235 14.9 l.3 3.0 0.0 19. l 

Tas 24 20.8 4.2 0.0 0.0 25.0 

SA 19 0.0 5.3 21.1 5.3 31.6 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 278 14.4 LS 4.0 0.4 20.5 

Female 650-949 BS 37 16.2 2.7 2.7 0.0 21.6 
Tas 14 14.3 7.1 0.0 0.0 21.4 
SA 5 0.0 0.0 0.0 0.0 0.0 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 56 14.3 3.6 1.8 0.0 19.6 

950-1399 BS 71 16.9 2.8 2.8 0.0 22.5 
Tas 0 0.0 0.0 0.0 0.0 0.0 
SA 9 11.l 0.0 11.1 0.0 22.2 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 80 16.3 2.5 3.8 0.0 22.5 

?-::1400 BS 24 0.0 8.3 12.5 4.2 25.0 
Tas 2 0.0 0.0 50.0 0.0 50.0 
SA 8 0.0 0.0 25.0 0.0 25.0 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 34 0.0 5.9 17.6 2.9 26.5 

Total BS 132 13.6 3.8 4.5 0.8 22.7 
Tas 16 12.5 6.3 6.3 0.0 25.0 
SA 22 4.5 0.0 13.6 0.0 18.2 

GAB 0 0.0 0.0 0.0 0.0 0.0 
AU 170 12.4 3.5 5.9 0.6 22.4 
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Table 5.3.1. Gummy shark recaptures for the release period 1990-96 (~650 mm TL). 

Sex Release Release Number Percentage recaptured in each zone 

length-class zone tagged 

(mm) BS Tas SA GAB All 

Male 650-949 BS 790 18.1 0.0 0.1 0.0 18.2 
Tas 526 1.0 12.0 0.4 0.0 13.3 
SA 26 0.0 0.0 26.9 0.0 26.9 

GAB 0 0.0 0.0 0.0 0.0 0.0 
All 1342 11.0 4.7 0.7 0.0 16.5 

950-1099 BS 310 22.3 0.0 0.0 0.0 22.3 
Tas 146 0.7 12.3 0.0 0.0 13.0 
SA 127 0.0 0.0 18.9 1.6 20.5 

GAB 98 0.0 0.0 1.0 9.2 10.2 
All 681 10.3 2.6 3.7 1.6 18.2 

~1100 BS 200 27.5 0.0 0.0 0.0 27.5 
Tas 74 2.7 10.8 0.0 0.0 13.5 
SA 208 1.0 0.5 26.0 0.0 27.4 

GAB 230 0.0 0.0 0.4 17.0 17.4 
All 712 8.3 1.3 7.7 5.5 22.8 

Total BS 1300 20.5 0.0 0.1 0.0 20.6 
Tas 746 1.1 11.9 0.3 0.0 13.3 
SA 361 0.6 0.3 23.5 0.6 24.9 

GAB 328 0.0 0.0 0.6 14.6 15.2 
All 2735 10. l 3.3 3.3 1.8 18.5 

Female 650-949 BS 680 17.l 0.0 0.6 0.0 17.6 
Tas 361 3.3 8.6 1.9 0.0 13.9 
SA 77 1.3 0.0 14.3 0.0 15.6 

GAB 7 0.0 0.0 0.0 14.3 14.3 

All 1125 11.5 2.8 2.0 0.1 16.3 

950-1099 BS 283 27.2 0.4 2.5 0.0 30.0 
Tas 58 3.4 10.3 0.0 0.0 13.8 
SA 252 0.4 0.0 27.4 0.8 28.6 

GAB 143 0.0 0.0 0.7 28.0 28.7 
All 736 10.9 1.0 10.5 5.7 28.0 

~1100 BS 265 15.1 0.8 2.3 0.0 18.l 
Tas 38 13.2 10.5 5.3 0.0 28.9 
SA 224 0.4 0.0 15.6 0.4 16.5 

GAB 502 0.2 0.0 1.0 16.3 17.5 
All 1029 4.6 0.6 4.7 8.1 17.9 

Total BS 1228 19.0 0.2 1.4 0.0 20.6 
Tas 457 4.2 9.0 2.0 0.0 15.l 
SA 553 0.5 0.0 20.8 0.5 21.9 

GAB 652 0.2 0.0 0.9 18.9 19.9 
All 2890 8.9 1.5 5.1 4.4 19.8 
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Table 5.3.2. School shark recaptures for the release period 1990-96 (~650 m111 TL). 

'""""'"'·.......-=------... 

Sex Release Release Number Percentage re:captured in each zone 

length-class zone tagged 

(mm) BS Tas SA GAB Ali 
..,,.,,,,..."'-~--- ·----· -~,.,,,..._...,., _______ . --··----

Male 650--949 BS 33 15.2 0.0 3.0 GJ) 18.2 

Tas 86 5.8 5.8 7.0 1.2 19.8 

SA 0.0 0.0 0.0 0.0 0.0 

GAB 0.0 0.0 0.0 O~O (LO 

AH 121 8.3 4.1 5.8 0.8 19.0 

950-1399 BS 104 10.6 LO 2.9 0.0 14.4 

Tas 224 2.2 3.6 0.9 0.0 6.7 
SA 153 2.0 0.7 8.5 0.7 11.8 

GAB 120 1.7 0.8 10.8 5.8 19.2 
AH 601 3.5 1.8 5.2 1.3 11.8 

~1400 BS 130 8.5 0.0 L5 0.8 10.8 

Tas 79 3.8 1.3 0.0 L3 6.3 

SA 17 0.0 0.0 ll.8 0.0 11.8 

GAB 13 0.0 0.0 7.7 7.7 15.4 

AU 239 5.9 0.4 2.l 1.3 9.6 

Total BS 267 HU 0.4 2.2 0.4 13.1 

Tas 389 3.3 3.6 2.1 0.5 9.5 

SA 171 1.8 0.6 8.8 0.6 1 l.7 

GAB 134 1.5 0.7 10.4 6.0 18.7 

AH 961 4.7 1.8 4.5 1.2 12.2 

Female 650--949 BS 40 20.0 2.5 0.0 0.0 22.5 
Tas 110 10.0 4.5 2.7 1.8 19.l 

SA 8 0.0 0.0 25.0 0.0 25.0 
GAB l 0.0 0.0 0.0 0.0 0.0 

\ AH 159 11.9 3.8 3.1 1.3 20.l 

950--1399 BS 50 20.0 0.0 8.0 0.0 28.0 

Tas 192 3.1 2.6 3.6 l.6 10.9 

SA 115 2.6 0.0 2.6 1.7 7.0 
GAB 203 0.0 0.5 8.4 3.9 12.8 
A'l I. 560 3.4 1.1 5.5 2.3 12.3 

;?:1400 BS 35 5.7 2.9 2.9 5.7 17.1 

Tas 87 1.1 I.I 6.9 1.1 10.3 

SA 32 0.0 3.1 0.0 9.4 12.5 

GAB 132 0.8 0.0 5.3 3.8 9.8 
AH 286 1.4 LO 4.9 3.8 11.2 

Total BS 125 16.0 l.6 4.0 1.6 23.2 

Tas 389 4.6 2.8 4.1 1.5 13.1 

SA 155 1.9 0.6 3.2 3.2 9.0 
GAB 336 0.3 0.3 7.l 3.9 11.6 
All 1005 4.2 1.5 5.0 2.6 13.2 
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Marine and Freshwater Resources Institute 

Table 6.1.1. Gummy shark movement of recaptured 1947-56 releases in southern Australia. 

See glossary for definition of terms. 

Recapture Sex Sample Mean ± standard error 

length-class size 

(mm) Release Time Dispersion Distance Direction North East Displacement Velocity 

length free (km2/day) (km) °N vector vector (km) (m/day) 

(mm) (days) (km) (km) 

<650 Male 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 ± 0 0 0 

Female 2 555 ± 55 251 ± 149 0±0 3 ± 3 202 -3 ± 3 -1 ± 1 3 12 
Total 2 555 ± 55 251 ± 149 0±0 3 ± 3 202 -3 ± 3 -1 ± 1 3 12 

650-949 Male 3 807 ± 62 206 ± 171 16 ± 16 24 ± 14 193 -23 ± 14 -5 ± 3 24 117 

Female 1 840 ± 0 431 ± 0 0±0 0±0 1000 0 ± 0 0 ± 0 0 0 
Total 4 815 ± 44 262 ± 134 12 ± 12 18 ± 12 193 -18 ± 11 -4 ± 2 18 69 

950-1099 Male 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 ± 0 0 0 

Female l 1040 ± 0 37 ± 0 1771 ± 0 256 ± 0 2 . 256 ± 0 8 ± 0 256 6919 

Total 1 1040 ± 0 37 ± 0 1771 ± 0 256 ± 0 2 256 ± 0 8 ± 0 256 6919 

~1100 Male 24 1122 ± 30 1890 ± 205 7±2 64 ± 16 122 -6 ± 15 10 ± 14 11 6 

Female 24 1197 ± 47 1812 ± 305 341 ± 176 196 ± 55 303 52 ± 36 -80 ± 55 95 52 
Total 48 1160 ± 28 1851 ± 182 174 ± 90 130± 30 303 23 ± 20 -35 ± 29 42 23 

Total Male 27 1087 ± 33 1703 ± 210 8±3 59 ± 14 135 -8 ± 13 8 ± 12 11 6 
Female 28 1133 ± 53 1587 ± 281 356 ± 160 177 ± 49 308 53 ± 32 -68 ± 48 87 55 
Total 55 1110±31 1644 ± 175 185 ± 84 119 ± 27 307 23 ± 18 -31 ± 25 39 24 
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Table 6.1.2. School shark movement of recaptured 194 7-56 releases in southern Australia. 

See glossary for definition of terms. 
""''''''"·""""""""'-~-"'""' 

Recapture Sex Sample Mean ± standard error 
length-class size --... --·--· 

(mm) Release Time Dispersion Distance Direction North East Displacement Velocity 

length free (km2/day) (km) °N vector vector (km) (m/day) 

(mm) (days) (km) (km) 
,,.~,-~,--.-..,,,.,.,.,. ,..._,._,,,,,._,~-c•">•.'--

< 650 Male 62 522 ± lO 84 ± 11 9±2 16 ± 2 108 -3 ± l 9 ± 2 10 119 

Female 68 517 ± 9 80 ± 8 10 ± 2 16 ± 2 110 ~4 ± I 10 ± 2 11 138 
Total 130 519 ± 7 82 ± 7 10 ± 1 16 ± l 109 -3 ± 1 10 ± 2 10 122 

650-949 Male 25 626 ± 10 321 ± 59 154 ± 98 121 ± 52 296 38 :l:; 34 -77 ± 43 86 268 
Female 44 611 ± 13 271 ± 36 177 ± 101 127 ± 36 59 32 ± 35 53 ± 19 62 228 
Total 69 616 ± 9 289 ± 31 169 ± 73 125 ± 29 10 34 ± 25 6 ± 21 35 121 

950-1399 Male 47 670 ± 38 1768 ± 108 202 ± 35 484 ± 47 303 213 ± 36 -325 ± 52 389 220 
Female 41 695 ± 38 1585 ± 132 368 ± 113 520 ± 53 324 231 ± 51 -170 ± 71 287 181 
Total 88 682 ± 27 1683 ± 85 279 ± 56 500 ± 35 311 221 ± 30 -253 ± 44 336 200 

:?:1400 Male 168 1332 ± 19 4206 ± 249 88 ± 20 264 ± 18 63 7 ± 18 14 ± 21 16 4 
Female 97 1290 ± 32 3698 ± 250 284 ± 63 595 ± 44 316 178 ± 44 -173 ± 55 248 67 
Total 265 1316± 17 4020 ± 183 160 ± 27 385 ± 22 322 70 ± 20 -54 ± 25 88 ?"' r •• ,L, 

Total Male 302 1004 ± 24 2659 ± 174 95 ± 15 236 ± 16 310 40 ± 13 -47 ± 16 62 ~--,,., 
Female 250 863 ± 26 1764 ± 143 205 ± 36 343 ± 26 323 111 ± 21 -83 :t 25 139 79 
Total 552 940 ± 18 2254 ± 116 145 ± 19 284 ± 15 319 72 ± 12 -63 ± 14 96 4.,, .. ) 

----·-·-"""'""""""" 
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Marine and Freshwater Resources Institute 

Table 6.2.1. Gummy shark movement of recaptured 1973-76 releases in southern Australia. 

See glossary for definition of terms. 

Recapture Sex Sample Mean ± standard error 

length-class size 

(mm) Release Time Dispersion Distance Direction North East Displacement Velocity 

length free (km2/day) (km) °N vector vector (km) (m/day) 

(mm) (days) (km) (km) 

<650 Male 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 ± 0 0 0 

Female 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 ± 0 0 0 
Total 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 ± 0 0 0 

650--949 Male 14 767 ± 25 440 ± 95 136 ± 90 114 ± 26 1 32 ± 33 1 ± 23 32 73 

Female 16 790 ± 22 456 ± 76 22 ± 10 59 ± 21 355 32 ± 20 -3 ± 13 32 70 
Total 30 779 ± 16 448 ± 59 75 ± 43 85 ± 17 358 32 ± 19 -1 ± 13 32 71 

950--1099 Male 72 932 ± 12 514 ± 49 67 ± 28 63 ± 10 45 12 ± 9 12 ± 8 17 33 

Female 48 900 ± 12 509 ± 45 38 ± 15 72 ± 16 108 -5 ± 11 15 ± 15 16 31 
Total 120 919 ± 9 512 ± 34 55 ± 18 67 ± 9 69 5±7 13 ± 8 14 27 

2::1100 Male 127 1085 ± 12 800 ± 65 30 ± 8 64 ± 10 355 23 ± 8 -2 ± 8 23 29 

Female 77 1077 ± 21 890 ± 100 173 ± 64 161 ± 34 314 85 ± 19 -89 ± 31 123 138 
Total 204 1082 ± 11 834 ± 55 84 ± 25 100 ± 15 323 46 ± 9 -35 ± 13 58 70 

Total Male 213 1012 ± 11 679 ± 44 49 ± 12 67 ± 7 8 20 ± 6 3 ± 6 20 29 
Female 141 984 ± 15 711 ± 59 110 ± 36 119 ± 20 318 48 ± 12 -44 ± 18 65 91 
Total 354 1001 ± 9 692 ± 35 74 ± 16 88 ± 9 333 31 ± 6 -16 ± 8 35 51 
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Marine and Freshwater Resources Institute 

Table 6.2.2. School shark movement of recaptured 1973-76 releases in southern Australia. 

See glossary for definition of terms. 

Recapture Sex Sample Mean ± standard error 

length-class size 
'"'~-------

(mm) Release Time Dispersion Distance Direction North East Displacement Velocity 

length free (km2/day) (km) °N vector vector (km'\ 
' / 

(m/day) 
(mm) (days) (km) (km) 

<650 Male 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 ± 0 0 0 

Female 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 ± 0 0 0 
Total 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 :l:: 0 0 0 

650-949 Male 8 655 ± 46 597 ± 96 40 ± 19 122 ± 44 76 8 ± 42 30 ± 46 31 52 
Female 5 659 ± 48 604 ± 38 141 ± 74 243 ± 88 16 177 ± 110 51 ± 44 184 305 

Total 13 656 ± 32 600 ± 59 79 ± 32 168 ± 45 28 73 ± 53 38 ± 32 82 137 

950-1399 Male 41 960 ± 36 754 ± 103 117 ± 30 202 ± 32 331 49 ± 28 -27 ± 34 rr :.,o 74 
Female 22 946 ± 49 802 ± 121 273 ± 125 280 ± 73 327 60 ± 56 -38 ± 76 71 89 
Total 63 955 ± 29 771 ± 79 172 ± 48 229 ± 33 330 53 ± 27 -31 :I: 34 61 79 

~1400 Male 14 1255 ± 66 2754 ± 379 285 ± 132 606 ± 1 i1 274 18 ± 112 -245 ± 154 246 89 
Female 16 1338 ± 58 2125 ± 423 951 ± 463 579 ± 128 293 157 ± 91 -371 ± 142 403 190 
Total 30 1299 ± 44 2418 ± 288 640 ± 258 592 ± 84 286 92 ± 7i -312 ± 103 326 135 

Total Male 63 987 ± 36 1179 ± 151 145 ± 36 281 ± 39 298 37 ± 31 -68 ± 42 77 65 
Female 43 1059 ± 49 1271 ± 195 510 ± 188 387 ± 64 306 110 ± 46 -152 ± 70 187 i47 
Total 106 1016 ± 29 1216 ± 119 293 ± 81 324 ± 35 303 66 ± 26 -102 ± 38 122 100 

.. ....,,,,,.,,.,,..,...,"~""""''"'"""'"'"'"""''""""' ___ 
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Marine and Freshwater Resources Institute 

Table 6.3 .1. Gummy shark movement of recaptured 1990-96 releases in the Eastern Region. 

See glossary for definition of terms. 

Recapture Sex Sample Mean ± standard error 

length-class size 

(mm) Release Time Dispersion Distance Direction North East Displacement Velocity 

length free (km2/day) (km) °N vector vector (km) (m/day) 

(mm) (days) (km) (km) 

<650 Male 8 536 ± 29 101 ± 47 9±7 14 ± 9 256 -2 ± 7 -7 ± 7 7 69 

Female 9 493 ± 18 186 ± 67 6±4 15 ± 5 261 -1 ± 4 -4 ± 6 4 22 
Total 17 513 ± 17 146 ± 42 7±4 15 ± 5 258 -1 ± 4 -6 ± 5 6 41 

650-949 Male 167 786 ± 7 264 ± 19 56 ± 12 53 ± 6 344 18 ± 6 -5 ± 5 19 72 

Female 124 798 ± 8 239 ± 19 183 ± 48 114 ± 18 316 42 ± 14 -41 ± 14 59 247 
Total 291 791 ± 5 253 ± 14 109 ± 22 79 ± 9 324 28 ± 7 -20 ± 7 35 138 

950--1099 Male 110 943 ± 8 316 ± 32 91 ± 24 76 ± 13 309 19 ± 12 -23 ± 9 30 95 

Female 119 940 ± 9 324 ± 31 245 ± 77 148 ± 22 311 66 ± 16 -76 ± 19 101 312 
Total 229 941 ± 6 320 ± 23 172 ± 42 113±13 310 43 ± 10 -51 ± 11 67 209 

:2:1100 Male 90 1136 ± 11 355 ± 36 112 ± 37 80 ± 14 347 14 ± 10 -3 ± 13 14 39 

Female 84 1171 ± 20 399 ± 42 641 ± 284 228 ± 30 309 90 ± 24 -111 ± 26 143 359 
Total 174 1153±11 376 ± 28 367 ± 140 151 ± 17 312 50 ± 13 -55 ± 15 75 200 

Total Male 375 911 ± 9 297 ± 16 79 ± 13 65 ± 6 329 17 ± 5 -10 ± 5 20 67 
Female 336 933 ± 11 308 ± 17 316 ± 79 152 ± 13 311 61 ± 10 -70 ± 11 93 302 

Total 711 921 ± 7 302 ± 12 190 ± 38 106 ± 7 315 38 ± 5 -38 ± 6 54 179 
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Marine and Freshwater Resources Institute 

Table 6.3.2. School shark movement ofrecaptured 1990-96 releases in the Eastern Region. 

See glossary for definition of terms. ______ ,__,_ 
Recapture Sex Sample Mean ± standard error 

length-class size 

(mm) Release Time Dispersion Distance Direction North East Displacement Velocity 

length free (km2/day) (km) °N vector vector (km) (m/day) 
(mm) (days) (km) (km) 

<650 Male 15 421 ± 21 49 ± 15 l ± 1 3 ± I 217 ~I ± l -1 ± 1 I 21 

Female 20 425 ± 18 73 ± 29 29 ± 17 36 ± 18 132 -20 ± 12 23 ± 14 30 414 
Total 35 424 ± 14 62 ± 18 17 ± 10 22 ± 10 134 -12 ± 7 13 ± 8 17 273 

650-949 Male 17 689 ± 25 344 ± 67 384 ± 236 278 ± 98 314 138 ± 74 -144 ± 82 199 579 
Female 23 683 ± 18 324 ± 40 287 ± 105 214 ± 44 333 98 ± 49 -.SO± 32 110 340 
Total 40 686 ± 15 332 ± 36 328 ± 115 241 ± 48 322 115 ± 42 -90 ± 40 146 439 

950-1399 Male 37 1115±39 375 ± 61 774 ± 167 441 ± 90 315 251 ± 65 -251 ± 79 355 946 
Female 48 1065 ± 34 413 ± 56 2155 ± 531 606 ± 81 314 324 ± 60 .. 331 ± 81 463 1122 
Total 85 1086 ± 26 396 ± 41 1554 ± 316 534 ± 61 315 293 ± 44 ~296 ± 57 416 1049 

~1400 Male 25 1448 ± 12 300 ± 34 2081 ± 696 503 ± 111 326 267 ± 71 -181 ± 118 322 1074 
Female 17 1462 ± 15 281 ± 41 4379 ± 1071 909 ± 160 306 516±111 -700 ± 140 869 3091 
Total 42 1453 ± 9 292 ± 26 3011 ± 617 667 ± 96 313 367 ± 64 .. 391 ± 98 536 1834 

Total Male 94 1016 ± 41 297 ± 30 927±213 358 ± 52 318 195 ± 35 --173 ± 47 260 874 
Female 108 928 ± 36 310 ± 30 1714 ± 321 464 ± 53 313 242 ± 37 -264 ± 48 358 1155 
Total 202 969 ± 27 304 ± 21 1348 ± 199 415 ± 37 315 220 ± 26 -221 ± 34 312 1026 

·-~"'""'-"""'-"' ___ 
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Marine and Freshwater Resources Institute 

Table 6.4.1. Gummy shark movement of recaptured 1990-96 releases in the Western Region. 

See glossary for definition of terms. 

Recapture Sex Sample Mean ± standard error 

length-class size 

(mm) Release Time Dispersion Distance Direction North East Displacement Velocity 

length free (km2/day) (km) °N vector vector (km) (m/day) 

(mm) (days) (km) (km) 

<650 Male 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 ± 0 0 0 

Female 0 0±0 0±0 0±0 0±0 0 0±0 0 ± 0 0 0 
Total 0 0±0 0±0 0±0 0 ± 0 0 0±0 0 ± 0 0 0 

650-949 Male 3 867 ± 34 212 ± 108 37 ± 25 42 ± 27 226 -24 ± 26 -24 ± 17 34 161 

Female 5 890 ± 18 182 ± 55 257 ± 172 163 ± 68 119 -59 ± 27 109 ± 83 124 681 

Total 8 881 ± 16 193 ± 49 175 ± 111 118 ± 47 128 -46 ± 19 59 ± 55 75 388 

950-1099 Male 27 1021 ± 10 154 ± 27 101 ± 68 37 ± 15 268 0 ± 11 -6 ± 13 6 39 

Female 84 1007 ± 5 149 ± 15 182 ± 88 58 ± 15 90 0±9 18 ± 13 18 121 

Total 111 1011 ± 4 150 ± 13 163 ± 69 53 ± 12 90 0 ± 8 12 ± 10 12 80 

~1100 Male 81 1171 ± 7 199 ± 21 242 ± 86 111 ± 22 132 -15 ± 13 16 ± 22 22 111 

Female 111 1170 ± 10 250 ± 18 171 ± 65 89 ± 19 114 -15 ± 10 34 ± 18 37 148 

Total 192 1171 ± 6 229 ± 14 201 ± 52 98 ± 14 119 -15 ± 8 26 ± 14 30 131 

Total Male 111 1126 ± 9 188 ± 17 204 ± 65 91 ± 17 139 -11±10 10 ± 16 15 80 
Female 200 1095 ± 8 206 ± 12 178 ± 52 78 ± 12 109 -10 ± 7 29 ± 12 30 146 

Total 311 1106 ± 6 200 ± 10 187 ± 41 83 ± 10 115 -IO± 6 22 ± 9 24 120 
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Marine and Freshwater Resources Institute 

Table 6.4.2. School shark movement ofrecaptured 1990-96 releases in the Western Region. 

See glossary for definition of terms. 
,...-- ................ -... -

Recapture Sex Sample Mean ± standard error 

length-class size 
~--_,._,~.._..,,,,,.,,_......,,,..,, 

(mm) Release Time Dispersion Distance Direction North East Displacement Velocity 

length free (km2/day) (km) °N vector vector (km) (m/da.y) 
(mm) (days) (km) (km) 

,_,..,, ... "'"''"'""'"""'"' ..... -,..,.,,...,~,.,,,,,~ ..... 

<650 Male 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 ± 0 0 0 

Female 0 0±0 0±0 0±0 0±0 0 0 ± 0 0 ± 0 0 0 

Total 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 ± 0 0 0 

650-949 Male 0 0±0 0±0 0±0 0±0 0 0 ± 0 0 ::¼.: 0 0 0 

Female 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 ± 0 0 0 
Total 0 0±0 0±0 0±0 0 ± 0 0 0 ± 0 0 ± 0 0 0 

950-1399 Male 37 1184 ± 15 267 ± 38 1735 ± 498 435 ± 66 125 -201 ± 47 290 ± 64 353 1321 
Female 31 1164 ± 25 256 ± 38 1795 ± 649 464 ± 67 123 ••175±50 274 ± 76 325 1267 
Total 68 1175±14 262 ± 27 1762 ± 398 448 ± 47 124 - l 89 ± 34 283 ± 49 340 1296 

~1400 Male 6 1416 ± 29 367 ± 111 1171 ± 474 555 ± 202 119 -209 ± 175 378 :J:; 190 432 1177 
Female 17 1472 ± 15 212 ± 36 3632 ± 1022 680 ± 130 125 -289 ± 104 416 ± 142 506 2387 
Total 23 1457 ± 14 252 ± 41 2990 ± 792 647 ± 108 123 -268 ± 88 406± 114 487 1929 

Total Male 43 1217± 18 281 ± 36 1656 ± 433 451 ± 63 124 -202 ± 46 302 ± 61 363 1291 
Female 48 1273 ± 27 241 ± 28 2446 ± 562 540 ± 64 124 -215 ± 49 324 ± 70 389 1616 
Total 91 1246 ± 17 260 ± 22 2073 ± 361 498 ± 45 124 -209 ± 34 314 ± 47 377 1451 

,,_ .. __ ., __ ,. __ ...,_, __ ., __ ,._,.. 
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Fig. 2.l.l. Male gummy shark length-frequency distributions tagged in inshore (left) and offshore (right) waters. 

N, number of sharks tagged; n, number of tagged sharks recaptured; !Ill Distribution of tagged sharks; D Number of 
recaptured tagged sharks for each release length-class; ~ Distribution of recaptured tagged sharks. 
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Fig. 2.1.2. Female gummy shark length-frequency distributions tagged in inshore (left) and offshore (right) waters. 

N, number of sharks tagged; n, number of tagged sharks recaptured;l!iil Distribution of tagged sharks;D Number of 
recaptured tagged sharks for each release length-class;§!§ Distribution ofrecaptured tagged sharks. 
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Fig. 2.2. l. Male school shark length-frequency distributions tagged in inshore (left) and offshore (right) waters. 

N, number of sharks tagged; n, number of tagged sharks recaptured;!\I Distribution of tagged sharksc Number of 
recaptured tagged sharks for each release length-class;~ Distribution of recaptured tagged sharks. 
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Fig. 2.2.2. Female school shark length-frequency distributions tagged in inshore (left) and offshore (right) waters. 

N, number of sharks tagged; n, number of tagged sharks recaptured; II Distribution of tagged sharks; o Number of 
recaptured tagged sharks for each release length-class; ~ Distribution of recaptured tagged sharks. 
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A framework for evaluating experimental 
designs for estimating rates of fish movement 
from t~g recoveries • 
Yongshun Xiao 

Abstract: ltcliable estimates of fish movement mes from tag m:overies require an experimental desip for collecting 
sufficient data and a procedme for estimating quantities of interest from tbe daia. Alt.bough many such pm;edures have been 
developed. suitable experimental designs have not been. In this paper. I presa1t a framework for calculatmg tbe accuracy and 
precision of estimates of movement rates for different experimental designs combined with an estimalar. thereby providing a 
basis for collecting sufficient data to estimate movement rates to a chosen accuracy and precision. 'The framework is used to 
evaluate a set of experimental designs for a tagging program foe scbool slwk, Galeorhiml.s galeus, when Hil1>om 's (R. 
Hilbom. 1990.. Can. I. Fish. AquaL Sci. 47: 635--643) maximum likelihood method is used to estimate movement rates. In 
this application, tbe minimum, T'lean, maximum, and three commoa nonns of both relative bias and relative S1aDdani error of 
estimates of all movement raies were each regressed on tbe total number of fish released as a power fullction. From these 
regression equations, one can ealeulate the number of releases to aclaieve a certain level of precision and accuracy in 
estimates of movement rares cc vice versa. Extensions of Hilbom's (1990) model and otber statistical movement models can 
be examined similarly. 

R.&umf: 8 faut \ID pfaa d'expmenee pour recueiJlir suffisamment de donnces et UDO methode pour diiduire lcs resultats 
cbif&& qu'ou cherehe a extraire de ecs donnffl si l'on veut obtenir des estimations fiables des tau.x de dcplaccmcat de 
poissous a partit de la reeapmrc de sujets marqua. n exis1e 1111. graocl nombre de methodes pour eel.a, mais pas de plaas 
d'experilace bien adaptis i C:ctte tiche. Dans cet anic:le. rauteur )riseate un cadre pour le c:alc:ul de: l'cxac:titude et de la 
precision des estimations des tau.x de di!plac:emnt des poissons ca fonctioll de diffmnts plaas d' experience c:ombines a 
l'utilisation d'un estimau:w, Ce qui c:onstitue UDO base pour la c:ueillette d'l!DC qua&titc sufflsante de OOlllleCS pour estimer les 
taux de dcplacement avec l'u.aclitude et la preeisioo dioisies. Ce cadre estapplique a l'es&imat:ioa d'un ensemble de plaas 
d'aperiencc a utiliser dam le cadre d'un i)rOgtamme de awquage de cbicas de mer (G4l#rhima gains) locsque la 
metbodc: de la probabiliti maximale de Hilborn (It. Hilbom. 1990. J. caa. sci. ba.lieut. aquat. 47: 635-643) est employee pour 
estimer !cs taux de di!placcmcaL Dans cetta application, on eft'eclue une ngression de fonctioa de puissal)ee entre le aombre 
total de poissous liWra et le minimum, la moyenae. 1.- maximum et rruis normalisations couraaies da estimations de biais 
relatif et 4'6:art-type relatif de rous In tawt de dcplac:emnt des poissoast A partit de ecs equatioas de regression, on peut 
c:akm1er le nombre de lic:hers requis pour obtenir u uiveau cherehc de precision et d'exaelitude dam- !es estimatious des taux 
de: dcplacement, et l'm\'fflL 0a peut, de la mime maniire, examiner des measioas du modele de Hilborn (1990) et d'autres 
modelcs statistiques de di!plac:ements. 

Introduction mating movcmciu rates &om tag recoveries have also been 
developed (e.g., Ishii 1979; Cormack 1911; Sibert 1984; 
Hilbom 1990; Schwan et al. 1993; Schweigert and Schwan 
1993; Anpnuzzi ct aL 1994). 

Many fish move long distances to complete their life cycles; 
understanding these movements is essmdal to studies of their 
population dynamics. Estimates of mes of fish movement be­
tween spatial strata tiom tag reeoveries rely Oil (i) m cx.peri­
lftcntal desip for collccriag sufflcim data and (Ii) a proccdurc 
for cstimalin1 quantities of interest hm the data. Many such 
procedures are available. The simplat is to draw arrows from 
the sites of release to the sites or rccaprure and to cak:ulatc 
proportiODS of recaptures to total releases as a functiOll of time 
for all sites (e.g., Schaefer ct aL 1961). This analysis c:an. how­
ever, be substantially biased, because it docs not allow for 
spatiotempoml variations in fsshing effort, which also affects 
the number of recaptura. Several statistical methods for csti-

ltcc:eived March 17, 1995. Accepted December 15, 1995. 
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By coanst, the problem of selecting an cxpcrimental de­
sign, such as allocation or the number of fish ndeasc$ by area 
and time, remains unsolved. This lack of systematic designs 
ean havl majorimpliations for previous and. if not addmscd, 
future estimates of movement rates. Obviously, if fewer recap­
tures than are needed to estimate movement rates reliably m 
made from a tagging experiment. then both the accuracy 
(measured. say. by reladve bias) and the prec:isiOll (measured. 
say, by relative standard error) of the resulting estimates arc 
compromised. and the experiment can be considered a failure. 
In this case. caution must be exercised., in ensuing applications. 
about poor accuney and precision in existing estimates of 
parameters. On the other band. if more than the required 
number of recapl\lrCS is made, more resources than necessaiy 
have been consumed for unnecessarily accurate and precise 
estimates; such resources might have otherwise been used for 
wiser purposes. Thus. an experiment must be designed to avoid 
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Fig. 1. Management areas in the Australian southern shark fishery. Area I, Western Australia; area 2, South Australia; area 3, Victoria; area 
4, Tasmania. 
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either too few or too many recaprures. In other words, the 
design must determine how many fish should be released, 
when and where, to achieve a chosen level of precision and 
accuracy in estimates of movement races. 

School shark, Galeorhinus gale-us (Linnaeus) (Last and 
Stevens 1994), is a major species i.n the Australian southern 
shark fishery. The fishery extends from Western Australia in 
the west through South Australia to Bass Strait and Tasmania 
in the east (Fig. l) and has an annual landed value of SA 15.6 
million (Walker et al. 1994). Tagging programs were under­
taken to study its growth and natural mortality (Grant et al. 
1979) and local movements in Victoria and off southern Tas­
mania (T.I. Walker, Victorian Fisheries Research Institute, 
P.O. Box 114, Queenscliff, Victoria 3225, Australia, unpub­
lished data). Both studies suggest that school shark are highly 
migratory, but they provide little information about the sharks' 
movement rates beyond these are35. ,vhere most sharks were 
tagged and released. Also, fishing effort was poorly docu­
mented at the time of Grant et al:s (1979) tagging program 
(1940s and 1950s) and the data are inadequate for quantifying 
movement rates. Finally, predominant use of gill nets with 
large mesh sizes (8 in.; t' in.= 25.4 mm) off the southern coast 
of W estem Australia and off South Australia at the time of 
T.I. Walker's tagging program (1970s) led to a low level of 
fishing effort and a small number of recaptures. 

The implications of fish movements for stock assessment 
and management are poorly understood. It seems, however, 
that assuming that the fish are not moving while they are leads 
to a loss in potential yields (e.g., Tuck and Possingham 1994), 
whereas assuming that they are mo1,ing while they are not can 
result in a depletion of the most accessible stocks (Hilborn and 
Walters 1992). The lack of quantitative information on the 
movement rates of school shark has precluded a quantitative 
analysis of the implications of an often-made assumption that 
its regional stocks do not mix. A large-scale tagging program 
is essential for quantifying its movement rates so that they can 
be incorporated in management decisions. Such a program was 

, Tasmania , 

140 15i) 

Longitude (0 E) 

initiated recently by the Victorian Fisheries Research Institute 
(VFR1) in collaboration with the CSIRO Division of Fisheries. 

In this report, I present a frame\vork for calculating the 
accuracy and precision of estimates of fish movement rates 
that can be expected from different experimental designs com­
bined with an appropriate estimation procedure, thereby pro­
viding a basis for collecting sufficient data to achieve a chosen 
accuracy and precision in estimates of movement rates. The 
framework is used to evaluate a set of experimental designs for 
the tagging program for school shark, when Hilbom's (1990) 
maximum likelihood method is used to estimate movement 
rates. This estimation procedure is chosen because it is simple 
and widely applicable. Extensions ofHilbom's (1990) model 
and other statistical models can be examined similarly. 

Framework 

In this framework (Fig. 2), different experimental designs for 
determining rates of fish movement from tag recoveries can 
theoretically be developed by varying the number and patterns 
of fish released by area and time, controlling the levels of 
fishing effort, and varying the values of model parameters in­
cluding movement rates. In reality, it is unusual to control 
fishing effort for this purpose because of the difficulties in 
doing so (Hilborn and Walters 1992). 

The variant of the framework described below assumes 
constant, but can readily be expanded to handle time-varying, 
values of natural and fishing mortalities, tag shedding rate, and 
movement rates. For consistency, Hilbom's (1990) notation 
will be used below with minimal modifications. Let Ti.aJ= 

number of tags released from tag group i in area a at time 1, 

f:li,a., = expected number of tagged fish in tag group i in area a 
at time t, R;,a., = number of tags recovered from tag group i in 
area a at time t, ~i.a.t = expected number of tags recovered from 
tag group i in area a at time t, Pj.k= probability of movement 
from areaj to k, £ 0 _1= fishing effort in area a at time t, q0 = 
catchability coefficient in area a, Al= constant instantaneous 
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Fig. :t Flow chart of sin1ularion. 
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natural mortality rate, and l =:: constant instantaneous tag shed­
ding rate. Other notations i;;,ill be introduced as they arise_ 

The tag group must be defined properly to get the desired 
results. Generally, a tag group is a group of fish tagged in a 
spatiotemporal stratum but this could be extended to include 
size groups, sex, or whatever criteria thought to be important 
in movement, survival, and probability of recapture. At the 
least, fish released in each area must be treated as a tag group. 
The framework involves 13 steps. 

(l) Specify a population dynamics and movement model, 
an observation model, and a procedure for parameter estima­
tion. In the example below, I v,ill use Hilborn's (199-0) models 
and procedure. 

(2) Select a set of input fish movement rates Pp,, catchabil­
ity coefficients qa, and other parameters yin the estimation 
procedure. 

{3) Select projected levels of future fishing effort E,,_r 

(4) Specify the total number offish re!easesx = L T wand 
i.,,z.z 

a procedure for allocating releases to spatiotemporal strata, 
Tia.r 

(5) Calculate the expected number of tags recovered from 
tag group i in area a at time r, ,~1- from T~4 ,. Pp:, q,,. y, and 
£,,_, using the population dynamics and movement model 

(6) Calculate the expected number of tags recovered from 
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tag group iiIJ. area a at time t,R1.,,_,. fromNca.r> q,,, and Ea., using 
the observatton model. 

(7) Specify a statistical distribution for the recapture pro­
cess R1.a.rf(i?.1.a,,. &) vlith a mean of it., and a vector of pa­
rameters (other than those in popuiation dynamics and 
movement mode! and observation model) 0, and sfrnulate a 
sufficiently large number U of data sets of recaptures Ri.._0 ,. 

with u = I, 2, .. . , U. 
(8) Estimate, for the utb. set of simulated data, movement 

rates PJ,J:.•• catcllability coefficient5 q.,.,. r., and e,, from R1.,.t .. 
T1.a.,• and E.,,. with u = 1, 2, ... , U and with the input values of 
Pp;, q,,, "(, end 8 as the initial values ofpamncters. 

(9) Calculate statistics (e.g., relative bias and relative stand· 
ard ClfOf') that summarize the estimates of movement rates 
Sf), catchability coefficient S,fi, $1', and s<8J. In the example 
below, I will ca!cuiatc the relative bias of estimates of move­
ment rates 

Md relative standard error of estimates of movement rates 

RS~" P;, [~; r;;, -t ;P1» j r-
(10) Form vector y = {S$, Sjl, :!J.n, S(9l}and calculate the 

minimum, mean, and maximum of all elements of vector y, 
i.e., min (yh), mean (yn), and ma.'<: (yh), and various norms of 

h h i, 

vectory, i.e., 

[ ]

lip 

lY!p == f !Yi' . 

(ll) Repeat above steps for different values of I T1,tt.M 

/,,,.1 

T;,a.r, PJ.l,, q,,, -y, e, and E,., to get corresponding minimum, mean 
and maximum of all elements. and various vector norms, of 
vectory. 

(12) Determine the empirical relationships of minimum. 
mean, and maximum of all elements, and various norms. of 

vectory, with 2, T;.,,,,. T1,a_,,Pp,. q"' y, 9, a.ndEa.r In this study, 
La,t 

I regress each of them, S, on the total number of releases :r 
using the power :function S = ax-1,, where a and bare regression 
parameters to be estimated. 

(13) Evaluate those empirical relationships and decide, for 

a tagging experiment, appropriate values of L T iAt> T,,,_" Pr.., 
i,a.t 

q"' 'Y, 8, and E,., to i.chieve a chosen level of accuracy and 
precision in terms of minimum, mean, and maximum of al! 
clements, arid various norms, of vector y. 

Design of a tagging experiment for school shark: an 
application 

Of a few statistical models, I choose to illustrate my framework 
using Hilborn's (1990) model and maximum likelihood esti­
mator because of their simplicity and wide applicability. His 
population dynamics and movement model is rewritten as 

tJ 1996 :,;Re Camt!a 
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Table I. Summary of inputS to the model. 

jla 2 3 .. 
aj_.(pj.J 0.50 (0.985777) 0.10(0.001110) 0.20 (0.005564) 0.20 (0.007549) 

2 0.10 (0.002990) 0. 70 (0.992280) 0.10 (0.002052) 0.10 (0.002677) 
3 0.05 (0.001235) 0.10 (0.002276) 0.80 (0.995374) 0.05 (0.001 l 15) 
4 0.10 (0.002990) 0.30 (0.009688) 0. IO (0.002052) 0.50 (0.985270) 

q. 2.43x10--9 1.3 Ix! 0--9 2.78x!0--9 3.2lxIO-~ 

M 0.193x10--2 0.193x10--2 0.!93xl0--2 O. l93x!O--: 
II. 0.914xl0--3 0.914xI0--3 0.914xJ0-3 0.9!4xl(,3 

E._, 64 986 217 002 150 397 29 200 
T4._o 140 0 0 0 
T,._1 0 140 0 0 
T,._1 0 0 140 0 
T;,._3 0 0 0 140 
T,._. 140 0 0 0 

Note: (I) conversion of annual movement rates aj.• to weekly movement ratespj,a by taking the 7/365.25th = 28, l-!6lth power of square matrix {aj_,} using 
Mathematica (Wolfram 1991), ,.,--;th l = Western Australia., 2 = South Australia, 3 = Victoria, 4 = Tasmania; (2) carchability coefficient q. ((m-hook 
lifts-wcek-1r1); (3) instanr:aneous natural mortality M(weck-1); (4) instantaneous tag shedding rare). (week-1); (5) fishing effon E._1 (m·hook lifts-week-1); 

(6) number and panem of fish releases T,._, (individuals) that are continued until the total number ofrekases is reach<!d. Subscripts: a,i.j.k = l, 2, ... , n = 4; r = 
!, 2, ..• , max(t)"' 157 weeks: u = I, 2, .. ~ U = 500 trials.-, not applicable. Fish released in each area are considered a tag group. The release protocol is 
repeated for a total number of release of 560 to l O 640 by 560. 

F/i,a,t + I = L 1~ i.jJ ( 1 - q };j,t) e--{M + '-) Pj,a + Ti,aJ' 

j=l 

and his observation model as 

J'?i,a,t"' l~i.a.,qaEa.r> 

withFf, 0 _0 = 0 and a maumwn ofn(n + 1) parameters (assum­
ing that both Mand )._ are known constants), of which ri'- are 
movement rates and n catchability coefficients. The number of 
movement parameters is reduced to n(n - 1) under the con-

straint L Pj,k == I. Note that T,a., in his population dynamics 
k 

and movement model must be multiplied by a term to correct 
for its associated mortality over the period [t, t + l ], unless 
releases are made at the very end of each period. In this appli­
cation, then, y= {,\f,).}and 0 = 0. Gear selectivity, initial tag 
loss, underreporting offish recaptures, and emigration can also 
be incorporated into this model, but are ignored below because 
of a lack of quantitative information. These models can be 
implemented for any time intervals (e.g., day, week, month, or 
year) after conversion of movement rates (see Table l for a 
proper conversion). Since recaptures are recorded as date of 
recapture, one may as well be as prepared to convert annual 
movement rates and fishing effort to daily movement rates and 
effort as to convert daily to annual recaptures. In this work, t 
is measured in weeks. Also, for most tagging programs, it 
should be reasonable to expect sufficient tag recoveries within 
not too long a period {e.g., 3-6 years). For this application, I 
set max(t) = 157 weeks, and considered fish released in each 
area as a tag group. 

To estimate various model parameters, I assume that R,a., 
follows a Poisson distribution with a mean (and also variance) 
of f?i.a.,, i.e., R;.0_1- Poisson(&i.a.,), and simulate a sufficiently 
large number (U = 500) of data sets of recaptures R;_,,_,_,,, with 
u = I, 2, . , ., U. For the uth simulated data set, the Poisson 

distribution for fish from tag group i in area a at time t can be 
written as 

and the total likelihood function as 

TI e-A,,,_, Rf.ift> 
. R;,a,1) 
,,a.I 

(Hilborn 1990). Model parameters can then be estimated by 
minimizing 

L [i'?;,a,, - R;,aJ,u log (R,,,,,, )). 
i,a,t 

A summary of inputs to the model is given in Table 1. Tea.: 
is determined mainly by the availability of fish to be tagged 
and by logistics, although it is desirable and sometimes essen­
tial to examine a variety of release patterns. Releases should 
at least cover all of the spatiotemporal strata concerned to 
provide contrast in the data. In the case of school shark, I 
examined only one release pattern. Initial trials from a pilot 
tagging program during 1994 by staff from the VFRI indicated 
that personnel available for that tagging program could go to 
the field weekly. Because it is a small team, as in most tagging 
programs, various spatial strata would have to be visited con­
secutively. Existing data suggested that for tagging purposes, 
school shark would be equally available in all spatial strata and 
at all times; approximately 140 sharks can be tagged during a 
weekly trip to a single area, and releases are assumed to be 
made at the very end of each period. In this application, I 
assume, therefore, that the four areas are visited consecutively: 
each area is visited in tum for a week to tag 140 sharks. This 
tag and release protocol is maintained until the total number 
of releases specified is reached. Finally, I repeat steps 4-10 of 
the general framework by varying the total number of releases 
from 560 to l 0 640 by 560, while holding constant Pp-, q ., 
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y, S, and£.._,, all for Hilbom's (l.990) population dynamics and 
movement model, observation mode!, and estima,ion proce­
dure. 

It 1~ difficult to determine Ea., reliably, although fi5hing 
effort m the near future should be adequately approximated by 
averaging the fishing effort over the past few (say 4) years. In 
the case of school shark, I estimated fishing effort for 
1990-1993 from the ilflU's data (T.I. Waiker, personal com· 
munication)'. Since several type!! of gear (gill nets of various 
mesh sizes, and hooks) are used in the fuhczy, all effort for 
South Australia, Victoria, and Tasmania was converted to 
m·hook li&-week'-1 through a regression of catch on fishing 
effort and types of gear (sec below). Note that this method for 
standaidizing catch and effort mes catches as the dependent 
variab!t, 1111d effort and all oilier factors that contn1mte to catch 
variations as independent variables. Thus, provided that 
catches are given in the same unit, it suits effort even of entirely 
different kinds. The effon for Western Australia (C. Simpfen­
dorfer, Western Australia Marine Research Laboratories, P.O. 
Box 20, North Bea<;h, \\' est.em Australia 6020, Australia, per­
sonal communication) also used several types of gear. It was 
calculated from information from the VFRI, as associated 
catch data were not available at the time of standardization. In 
th.is application, fishing effort E a.i in the future is assumed to 
be constant over time for a particular area: 64 986, 217 002, 
150 397, and 29 200 m-hook lifts-week-1 for Western Austra­
lia, South Australia, Victoria, and Tasmania, respectively. 

For this ~pplication, I had planned to estimate p1;x from three 
sets of tagging data: one from Grant et al. (1979), one from a 
pilot tagging program as pan of this experimental design, and 
the third from a tagging study by the VFRI. As mentioned 
earlier, the first source of data was limited in release site to the 
coasts ofTasmania, Victoria, and South Australia. When fitted 
into Hilborn's (1990) model and estimation procedure under 
various hypothetical patterns of fishing effort (as a result of a 
lack of detailed data on fishing effort), these data gave unreal­
istic estimates of Pp, and q.,, which were therefore not used 
below. The pilot tagging program has, as of February 1995, 
resulted in about 200 recaptures mainly from the sites of re· 
lease, which are insufficient for estimating annual movement 
:rates even roughly. The VFRI's data, which were collected 
mainly from Victoria and Tasmania, are still being analysed to 
deter:mine local movement rates. Data from all three sources 
and analysis of the length frequency distribution of school 
shark (T.I. Walker, personal communication) indicate, how­
ever, that the annual movement rates in Table I are possible for 
South Australia, Victoria. and Tasmania. Since there were no 
releases, relatively !inle fishing effort in, and almost no recap­
~ from, Western Australia,pus andpps cannot be deter­
mmed but :are assumed to take the values in Table 1. These 
annual movement :rates were converted by appropriate matrix 
manipulations (see Table l for details) to weekly movement 
:rates, which were then used as input movement rates. 

For school shark, q_s can be estimated in many ways. Pre­
vious estimation attempts by multiple linear regression did not 
meet with much success, probably because some process error 
estimators, which may behave badly (Punt 1989), had been 
used in almost all cases. For this application, they were esti­
mated from the VFRI's catch and effort data (T.I. Walker, un­
published data) through an observational error estimator 
conditional on catch, by minimizing 
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wh~re Ca.t.i is _o!'sexved catch in are., a at ti1ne t for gear type j, 
qaJ 1s catchab~hty coefficient for~ a and gear typcj, Ea.ti is 
?bserve~ fishing effort in area a ru: time I for gear typej, and B, 
is fish lnomass at ti..'Tie ta.,; calculated from the Schaefer (1954) 

production model, B".("" B,+ rB,(1--B,IK)- L Ca.Ji' with 
a,tj 

rate of population namra! increase r and environmental carry­
ing capacity K. q4J' r, K, and B0 are parameters to be estimated. 
Thus, fish in al! areas are assumed :o be in a unit stock and 
errors ll': C<UJ are assumed to be indcpender1t, identical lognor­
ma! vanates. The standardized (in reference to gear type l, 
Le., hooks) total fishing effort, as 1.ised above, is calculated as 

E =-1 ' F a,J q,,,J L qaJ-a.tJ· 
J 

Let q,d = q,,. The estimates of catchabilitv coefficient thus ob­
rained are q1=2.43 x 10-9, <J-.z== 131 x fo--9, q3=2.78 x w-9, 

and fJ4"' 3.21 X 10-9 (tn·book lifts-week-tr!. These ca1chabil­
ity coefficients correspond to weekly exploitation rares of 
0.016, 0.028, 0.042, and 0.009%, respectively, or annual ex­
ploitation rates of 0.821, 1.483, 2.182, and 0.489%. 

The instantaneous natural mortality of school shark Mis 
0.193 x I0·2-weelc1 (Grant et al. 1979), and the instantaneous 
tag shedding rate is ?-,Ssumed to be the same O, = 0.91-4 x 
l 0-3-weelc1) as that of a similarly sized and shaped species of 
shark Carcharhinus tilstoni (G. West, CSIRO Di.,ision of 
Fisheries, GPO Box !538, Hobart, Tasmania 700!, Australia, 
personal communication). 

There are many criteria for determining the number of fish 
releases by area and time, other than relative bias and relative 
standard error of, and various norms derived from, estimates 
of all parameters. Two of these are time averages of relative 
biases of Sr~,,_r, which is the expected number of tagged fish in 
area a at time t, and il;_.,_,. which is the expected number of tags 
recovered in area a at rime t. Also, since the purpose of deter­
mining movement rates is usually to improve fisheries man­
agement, apart from increasing our knowledge, various 
summary statistics might be given by such management \"ari­
ables as quotas. Finally, one can examine the absolute bias and 
absolute standard error of estimates of each parameter and then 
devise a common criterion for an experimental design. As re­
quired, in this application., I used relative bias and relative 
standard error of estimates of all parameters as measures of 
their accuracy and precision. 

The model para.meters are estimated by Nelder and Mead's 
(1965) simplex method. Only the movement para.meters were 
estimated; catchabi!ii:y coefficients, instantaneous natural 
mortality, and instantaneous tag shedding rate were fbted and 
hence not estimated, to save computer time. Regression analy­
ses of the minimum, mean, and maximum of all elements of 
vector y, i.e., min (i·n), mean (y1,), and max (v,J, and various 

h h h 

norms of vector y, i.e., 

[},P = (f trnlP JP· 
as functions of the number of releases were made, using non-
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Fig. 3. Minimum (a), mean (b), and maximum (c) relative bias of 
estimates of all parameters as functions of the total number of fish 
releases. ind.. individuals. 
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linear least squares method assuming identically, inde­
pendently, and normally distributed errors in the dependent 
variables. Estimates of each parameter were also related, as a 
first approximation, to its input values and fishing effort in an 
area through a stepwise regression analysis to examine the 
interactions between fishing effort and values of input move­
ment rat..":S. 

Results 

For a ma.,:(1) of 157 weeks (i.e., 3 years), the minimum, mean, 
and maximum relative bias of estimates of all parameters in­
creased, decreased, and decreased towards zero, respectively, 
with increased number of fish released, each follov,ing a 
power function of the form 5"' ax-h, with a and b being regres­
sion parameters estimated by the nonlinear least squares 
method under the assumption that errors in S follow an inde­
pendent. identical normal distribution (Fig. 3, Table 2). Three 

common norms, i.e., absolute norm b,,i 1 = LlY1rl, Euclidean 
h 

norm !iz = <I,lYi)i,2 and maximum norm lYI- = ma.,:yh!, of 
h h 

the relative bias of estimates of all parameters also decreased 
towards zero as the number of fish released increased, each 
following a power function (Fig. 4, Table 2). Note that in this 
case the ma.ximum norm is equivalent to the above ma.ximum 
relative bias. 

Similarly, minimum, mean, and maximum relative standard 
error of estimates of all parameters all decreased v.ith an in­
creased number of fish released (Fig. 5, Table 2). Absolute, 
Euclidean, and ma.ximurn norms of relative standard error all 
decreas...--d with an increased number of fish released, again 
each following a power function (Fig. 6, Table 2). Again, the 
maximum norm is also equivalent to the above ma.ximum rela­
tive standard error. 

The relative bias and relative standard error of the estimate 
of each parameter Pj.k were related, separately, to input move­
ment rate Pp and fishing effort Ea., (million m·hook 
lifts-week·1) through a stepwise multiple linear regression, 
with the full model of the form Y= 110 + ~JP-.,+ 11zEa.,, where ~s 
are parameters to be estimated, under the assumption that 
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errors in Y are normallv distributed with a mean of -Y and a 
(constant) varianje or'cr2• For rxlative bias, the regression 
analysis,.yielded ~0 = 0.07fl, SE(~0)= 0.0173, t= 4.393. P= 
Q.0001; ~1 =-0.0521-., SE(~1) =0.0208, t=-2.501,P =0.0129; 
~ 2 == -0.2210, SE(~2)== 0.1209; t= -1.828, P= 0.0685; 
Fc2.3011 = 4.798,P == 0.0089, R1 = 0.0309, n == 304. Although the 
linear regression model is formally significant (because of the 
large number of degrees of freedom, 304), from the practical 
viewpoint, inclusion of both variables is inconsequential 
(R2 == 0.0309). 

For the relative standard error, the stepwise multiple linear 
regression gave an R1 value of 0.4465 for Pj.k alone, of 0.0041 
for Ea., alone, and of 0.4505 for PJ.k ang_ Ea., jointly. ThusA the 
model with Pj.k only is apprOJ?nate: ~o= 0.81~9, SE(!1o) = 
0.0260, t=31.225,P=0.0001; ~1 =-0.8213, SE(~i) =0.0526, 
t= -15.607, P= 0.0001; Fr1.3021 == 243.590, P= 0.0001, R:= 
0.4465, n = 304. Then, the relative standard error of the esti­
mate of each parameter decreased with input movement rate 
but was not related statistically significantly to fishing effort. 
In other words, if the movement rate is small, then that parame­
ter is difficult to estimate. 

Discussion 

The framework developed above for evaluating different ex­
perimental designs, combined with an appropriate estimation 
procedure, provides a systematic basis for selecting the total 
number of fish released to estimate their movement rates and 
other model parameters of interest to a chosen accuracy and 
precision. For example, one can now readily calculate the 
number of releases for school shark to achieve a chosen level 
of accuracy and precision. Since the minimum, mean, and 
maximum of all elements, and various norms, of vector y is a 
power function of the number ofreleases, of the form S = m:-h, 
there is not an objective criterion for choosing a particular total 
number of releases that will give a level of accuracy and pre­
cision in estimates of various parameters. Thus, one has 10 

decide the value of S first, and then calculate x = (a/5)1 b b:: 
substituting appropriate estimates of a and bin Table 2. For a 
maximum relative standard error of 1.6079, x = 
(12.2741/1.6079)1 o.::;s6 = 5000, which corresponds to a maxi­
mum relative bias of 10.71.J.5 x 5000-0-3713 = 0.4516. 

This work also provides information on the performance of 
Hilborn\, (1990) model and estimation procedure. Generally, 
the degree of relative bias of an estimator depends on the input 
values of model parameters, the structures of the population 
dynamics and movement model and the observational model, 
max(t), error structures of the recapture process, and the defi­
nition ofa tag group. For this application, the first two possi­
bilities can be excluded because the data used were simulated 
from specific models. :-.ty limited trials suggest that the per­
formance of Hi!bom's model and estimation procedure im­
proves as max(r) increases. As shown above, his model and 
estimation procedure are robust for Poisson-distributed recap­
tures, whose variance equals their mean. Finally, definition of 
a tag group will greatly affect the bias: those that reduce data 
contrast increase relative bias and vice versa. More studies are 
needed to understand this problem. The mean relative bias was 
only about 0.0376 (SD= 0.0084) over the range offish releases 
tested (560 - 106-!0 individuals). Thus, Hilbom's (1990) 
model and estimation procedure are unbiased, at least for the 
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Tabl:t 2. Minitm.!Ill, mean, maximum, :wd three con-,nion norms of relative bias (RB) and rela:ive standard error (RSDJ cf eslirn;,res of :;,Ji 
-, 

pa.,;imeters as a power fur«:tion of the number of fish re!e::ises of the form S"' a ( I T w lJ , where plL"amcten; a and b = estimated by the 
l,..,, 

nonlinear foast sq=es method undt:r tl:u:: assmnp,ion that errors in Sare normtlly distributed with a mean of~ and a (constant} varamce of cr2• -----------... -------~---Summary :staristi,: a b R2 

RB Minimum -S.3967 (1.,4202) 0.4394 (0J)340) 0.9708 
Mean OJ)7 W (0.0357} 0.0758 {0.0604) 0.9587 
Maximum 10.7145 (2.8164) 0.3718 (0.0334) 0.9786 
tvl1 24.7359 (5.4263) 03581 (0.0278) 0.9835 
l:vh 9.3622 (2.4009) 0.3294 (0.0323) 0.9800 

M- !0.7145 (2.8164) 0.3718 (0.0334} 0.9786 
RSD Minimum 0.0031 (OJJ004) 0.()662 (0.0145) 0.9975 

Me!l.ll 3.0288 (0.!405) 0.1930 (0.0057} 0.9995 
Maximum 12.2741 (0.9127) 0.2386 (0.0092) 0.9987 
[yh 48.461 l (2.2473) 0.1930 (0.0057) 0.9995 
l>i, 15.6667 (0.83 I 7) 0.192! (0.0065) 0.9994 
!,vi_ 12.274 l (0.9127) 0.2386 (0.0092) 0.9987 

Note: Vaiues m pami!heses are asymptotic standard mor. Absolute norm !Yl1 "'}:IYJ; Euclidean !lornl tvi2 .., (l}:!Y1of'j'1\ ma:tlmum !!Om! M..: maxly;J; 
h k k 

560 S}: 1',,a,, S 10 6-ro; n = 19 iiu!l cases. All regressions were significant at.P< 0.0001. 
i,aJ 

Fig. 4. Maximum (a), absolute (b), and Euclidean (c) norm of 
relative bias of estimates of all parameters as functions of the total 
number of fish releases. ind, individuals. 
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Fig. 5. Minimum (a). mean (b), and maximum (c) relative standard . 
error of estimates of all parameters as .functions of the total number 
of fish releases. ind, individuals. 
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Fig. 6. Maximum (a), absolute {b}, and Euclidean (c} norm of 
relative standard error of estimates of all pa.rameters as functions 
of the total number offish releases. ind, individuals. 
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above application. They are not very precise. however, be­
cause the minimum, mean, maximum, and three common 
norms of relative standard error of estimates of all parameters 
all do not tend to zero reasonably quickly with an increase in 
the number offish releases (Figs. j and 6, Table 2). For exam­
ple, the mean relative standard error varied from about 87% at 
a release of 560 fish to about 48% at a release of l O 640 fish. 

In applying the :resultS from that application and in discuss­
ing the merits and problems of Hilbom's (1990) model and 
estimation procedure, one must realize that the present study 
has examined only one set of input movement rates, catchabi!­
ity coefficients, and other parameters. Major departures from 
this set may result in quantitative changes in the conclusions, 
but qualitative conclusions, such as a decrease in relative 
standard error with an increase in the number of fish released, 
should not change. Ideally, one should examine a reasonable 
range of movement rates and catchability coefficients to deter­
mine the sensitivity of those conclusions to their changes. Fi-
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nally, I have assumed values of catchability coefficients, in­
stantaneous natural mortality rate, instantaneous tag shedding 
rate, and fishing effort to be known without error, and popula­
tion dynamics, movement, and ob.servation models to be cor­
rect. The results from that application may be overly 
optimistic. 

The value of this work also lies in its insight into experi­
mental designs of tagging experiments for estimating fish 
movement rates. Hilborn (1990) hypothesized that the best 
experimental design needs tagging and release to be done in 
each area, and fishing effort data to be available by time for 
each area. As shown above, the estimate of each parameter was 
related to its input value, such that the smaller a movement 
rate, the more difficult it was to estimate. Thus, to achieve the 
same or similar relative bias for each movement rate, more fish 
should be released in areas with low rates of inward and out­
ward movement. Although the above application considered 
one release pattern only, regression equations may be estab­
lished between the relative bias and relative standard error of 
estimates of each parameter Y and its input movement rate p. b 

fishing effort Ea.,, and fish release Ti.a.t of the form, say, f = 
~ 0+ ~!.Pj..t+ ~Ea.,+ 13:iT;.a.,, where ~s are again parameters to 
be estimated, under the assumption that errors in Y are identi­
cally, independently, and nonnally distributed with a mean of 
t and a ( constant) variance of cr2• One may then allocate the 
total number of fish releases and, if practical, regulate levels of 
fishing effort to achieve a given level of accuracy and precision 
of estimates of movement rates. Thus, Hilbom's (1990) hy­
pothesis can be refined as follows: a good experimental design 

· not only needs tagging and release to be done in each area, and 
fishing effort data to be available by time for each area, but also 
is a function of the values of input fish movement rates and 
possibly input fishing effort. 

The application can be extended in several ways. Although 
simple and deterministic patterns of fish release and distribu­
tion of fishing effort have been assumed in it, complex patterns 
can be readily tested with my framework. Thus, one can try a 
range of values of Pj.b T;,a.r, E"·" qa, and y, but this would 
usually require a prohibitively large number of trials. Let n be 
the number of parameters in the model and m the number of 
values to be evaluated for each parameter, then there are mn 
trials to run, for each release pattern. If n = 16, then one has 
~ 16 = 65 536 trials to do, fora range of values of each parame­
ter (i.e., m 2: 2). If one trial needs l min to complete, then one 
would require 45.5 days to evaluate all trials. 

A computationally less intensive alternative is to limit the 
number of trials by assuming a joint distribution for all model 
parameters. Thus, fishing effort can be treated as a random 
variable with its errors following certain statistical distribu­
tions (e.g.,Ea,1- r (Ea.,,cr} )); movement rates can be assigned 
appropriate statistical distributions, say, Pj.k - r (iij;.,a~ ). 
Even this would require a substantial amount of compufer 
time. The computation for that application takes about 12 days 
of central processor unit time to complete on an IBM PC (with 
a 66-MH.z Pentium processor and Lahey FORTRAN 90), 
when Nelder and Mead's (1965) simplex method is used as a 
maximizer in the general framework. Therefore, before at­
tempting a simulation, one should assess one's computing ca­
pacity. 

One can also examine the effects of absence of fishing in 
one or more areas on, say, the relative bias and relative stand-
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ard error of parameter estimates. Such effects are clearlv im­
portant for design of a tagging experiment: if absence of fish­
ing in one area would grossly bias estimated parameters in 
others, then there is little hope of unbiased estimates from real 
fisheries, where fishing may be absent in some areas; if it dOeS 
not have any appreciable effects, one would expect that esti­
mates of parameters are not biased by an absence of fishing in 
one or more areas. A related problem is to examine the effects 
of emigration. Failure to consider the whole fish population in 
a tagging study may affect the reliability of estimates of move­
ment rates, if these estimates are biased by this process. Intui­
tively, the fewer data one has about a whole picture, the more 
prone one is to chance events. It might well be that the more 
areas considered, the less the bias. If so, certain estimates of 
movement rates would be biased. To avoid such bias, a tagging 
program should cover as wide an area as possible, should not 
be undertaken lightly, and must be based on sufficient infor­
mation about fish distribution. Therefore, the effects of fish 
emigration should be examined. 

Finally, experimental designs to estimate size- or sex-de­
pendent movement rates can be realized by following my 
framework. One can obtain a separate set of estimates of 
movement rates for each sex or size group, from which differ­
ences in movement rates between sexes and sizes can be exam­
ined. One can also estimate each movement rate as an explicit 
function of fish size or sex. The second approach is preferred 
for three reasons. First, division into, say, fish larvae,juveniles. 
and adults involves arbitrary decisions. Within each group. 
there may also be considerable size variations. Treatment ofa 
movement rate as an explicit function of fish size gives an 
objective decision, where size is seen as a continuous variable. 
Second, it is statistically desirable, because size- and (or) sex­
dependent movement rates are estimated in a single frame­
work, with movement rates as functions of size and ( or) sex. If 
well determined, they allow predictions to be made for all sizes 
within the size range studied. Third, it does not require as many 
data as the first approach. Obviously, the requirement for more 
releases and henc.: recaptures is relatively large for estimating 
size- and (or) sex-mediated movement rates. If reliable estima­
tion of movement rates for males requires a release of 1000 
fish, then a release of roughly 2000 is required for both males 
and females if their movement rates are different from those of 
males. Thus, t\vice as many fish must be released to estimate 
movement rates by sex. The same argument applies to fish 
sizes. To be able to detect size-related differences, one has to 
recognize at least two size groups and to estimate two sets of 
movement rates; again, one needs at least twice as many re­
leases as for one size group only. As the number of size groups 
increases, the increase in the requirement for the number of 
releases follows arithmetic progression, if the first approach is 
adopted. Howe,.-er, use of the second approach will usually 
substantially reduce the number of releases if many size groups 
are involved. This is because a couple of parameters may well 
describe some of those differences. 
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Appendix B. Tag Display Package SHARKT AG 

Computer Software Tool for Displaying Tag Release-Recapture Data 

from the Australian Southern Shark Fishery. 

Bruce Taylor 

Marine and Freshwater Resources Institute 
P.O.Box114, Queensclif.f, Victoria 3225 Australia 

A computer software package SHARK.TAG is used for displaying selected subsets of shark 
tag release-recapture data available in the Southern Shark Tag Database for the period 
1947-96. The package is used for selecting subsets of data from files produced from the 
Tag Database and then displaying release and recapture fishing blocks, time at liberty and 
distance travelled. 

The tag release-recapture data for display can be selected by: 

sex 

a range oflength on release (minimum and maximum lengths) 

region(s) or block(s) of release 

month(s) of release 

year(s) or period ofrelease 

region(s) or block(s) of release 

region(s) or block(s) of recapture 

a range of time at liberty (first and last months) 

The selected options are clearly documented on the screen (Figure B 1) as are the values of 
the selection criteria. These options can be readily changed interactively (Figure B2). 

Coloured tag lines join the tag-release cell and the tag-recapture cell and can be shown 
growing by month to give an impression of relative movement. In addition, the number of 
recaptured tagged sharks in each cell can be displayed by colour code or number. These can 
be displayed by month (Figure B3) or as the final result (Figures B4 and B5). 
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Figure B 1. Main menu and selection options 

Figure B2. Change menu for length at release 
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Figure B3. Display screen showing early recaptures 

Figure B4. Display screen showing tag release-recapture patterns 
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Figure B5. Display screen showing recapture patterns only 
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Appendix C. Movement Modelling Shell SSMOVE 

Movement Modelling Shell for School Shark (Galeorhinus galeus) 

in the Australian Southern Shark Fishery: 

Introduction 

A users guide to SSMOVE (Version 1) 

Bruce Taylor 

Marine and Freshwater Resources Institute 
P.O. Box 114, Queenscliff, Victoria 3225 Australia 

SSMOVE is a computer program for displaying changing distribution patterns of a shark 
population for any assumed movement parameters within the basic framework of a 
movement model. The user can represent alternative hypotheses of movement and explore 
the implications of varying the movement parameters. These in turn can be used for 
determining alternative movement rates for spatially disaggregated stock assessment 
models. These rates will be eventually compared with broad level rates estimated from 
analysis of the tagging data. 

The underlying model 

The movement parameters driving the model are the relative numbers of sharks remaining in 
each fishing block or moving in each direction to an adjoining block each day. Overall 
movement of a population is achieved by setting movement greater in one direction than in 
the opposite direction. 

Version 1 of the computer program is currently set up to display two basic movement 
patterns-one for juveniles and the other for adults. The. juvenile model investigates the 
movement of juvenile school shark from east to west. It assumes that 0-2 year old sharks 
remain near the nursery grounds of Bass Strait and eastern Tasmania. The 3-9 year olds 
move westward, slowly at first and, then more rapidly, to western South Australia. The 
model allows two different movement rates to be considered jointly (a 'slow' rate and a 
'fast' rate) 

The adult model has two 'adult' areas-one in western SA (west of Port Lincoln) and the 
other in Bass Strait. The proportion of the population in each area can be altered. The 
breeding adults move from western South Australia east to Bass Strait during spring and 
then move back to western South Australia during autumn. 
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Running the program 

The program and data files are supplied on floppy disk. The fiies ssmove.exe, au_ce!ll.dat 
and au_ceil2.dat are needed to nm the program. The documentation (without the figures) is 
in ssmove.doc in Word6 format. SSf'vfOVE was developed on a 486DX-33 computer 
where its speed is acceptable. Ir. mns faster on a Pentium-75. It may run slowly on earl;er 
computers. 

SSMOVE runs directiy under.DOS. To instail SSN!OVE on a hard disk from a floppy disk, 
type a:setup. It can also be nm from the floppy disk. Type ssmove to begin the program. 

From the first menu (Figure Cl), either a model can be run or another menu chosen. The 
juvenile models run a year at a time and then pause until any key is pressed before running 
the following year. The model can be exited at this stage by pressing the Esc key. The 
adult model runs for one year. The adult migration display is every 6 days while all other 

. models display every month where there are 30 'days' in each month. 

When the models are run, the colour scale is shown in the lower box, while the movement 
parameters for the slower group (juveniles) or circulating group (adults) are shown in the 
upper box. The behaviour of the model is altered by changing the movement values using 
the Change Movement Values menu (Figure C2). 

User defined parameters 

The Change Movement Values menus (Figures C3 and C4) display the current movement 
values for the juvenile or adult models and allow them to be changed, saved or recalled. 
The values displayed in yellow can be changed. The initial values are also displayed as a 
reference point. 

Enhancements 

Some of the possible extensions that can be added are outlined below. This list needs to be 
amended then sorted into priorities for implementation. 

Output of movement rates from a given cell after a month (Version la). 
Off continental shelf (cryptic) population added. 
Juveniles remaining in Bass Strait,.just as some adults remain. 
NSW population added. 
Output or display of movement probabilities from a given cell after a several months. 
Ability to redefine the initial distribution at 3 years of age. 
Include provision for habitat effects which need to be defined. 
Display regional population (on a subscreen). 
Total numbers of all age-classes on a single display. 
Subscreen for numbers by age when total number of all ages is on main screen. 
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Figure C 1. Initial menu 

Figure C2. Juvenile model running 
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Figure C3. Menu for changing juvenile parameters 

Figure C4. Menu for changing adult parameters 
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Initial parameters 

Juveniles 

These values are linearly interpolated for ages from 4 to 8 years ( e.g. at age 6 years, 
the value is midway between the 3 and 9 years values) 

'Slower' group 
For every 10000 sharks remaining in a block each day, 

at 3 years, 30 move forward in each direction (north or west) 
at 9 years, 130 move forward (north or west) 
at 3 years, 20 move backward (south or east) 
at 9 years, 130 move backward (south or east) 

'Faster' group 
For every 10000 sharks remaining in a block each day, 

at 3 years, 50 move forward in each direction (north or west) 
at 9 years, 130 move forward (north or west) 
at 3 years, 30 move backward (south or east) 
at 9 years, 130 move backward (south or east) 

Adults 

Circulating in western SA or in Bass Strait 
For every 10000 sharks remaining in a block each day, 

100 move out in each direction 

Circulating in eastern central SA, eastern SA or western Tas 
For every 10000 sharks remaining in a block each day, 

2000 move out in each direction 

The adults in western SA during winter are 80 per cent of the total. 

Adult Migration 

Migrating between western SA and Bass Strait 
For every 1000 sharks remaining in a block each day, 

10000 move forward 
1 moves backward 

The percentage of females breeding each year ( and migrating) is 3 3 per cent. 

Migration dates are fixed in Version 1 but will be changeable in Version 2. 
16 August Beginning of migration eastward 
1 October Peak of migration eastward 
l November End of migration eastward 
1 March Beginning of migration westward 
16 April Peak of migration westward 
30 May End of migration westward 
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