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General Abstract

The removal of large predatory sharks from the @isrbceans poses profound threats to
marine community structure and species conservatien a range of spatial scales. In a
context of increased harvest pressure worldwideetfective management of exploited shark
populations relies on a sound understanding ottasgecies’ life histories, genetic diversities
and metapopulation structures.

Molecular genetic techniques and vertebral agenaiyais were employed here in
conjunction with accurate fishery-observer catctada investigate the genetic diversity and
structure, growth dynamics and reproductive charatics of duskyQarcharhinus
obscuru$, spinner Carcharhinus brevipinnpand sandbaiGarcharhinus plumbe)sharks
in temperate eastern Australian waters, where shpport a demersal longline fishery. We
also establish basic estimates of scientific oleesecuracy in the identification of these
species within the fishery. These data were usegdiatitatively evaluate the susceptibility of
these species, and the fishery as a whole, to skedine and to recommend appropriate
spatial scales of management.

Genetic analyses revealed varying levels of ditxeesnong the three study species.
Carcharhinus obscuruandC. plumbeuslemonstrated a range of similarities in their genet
structures that were in contrast to thaCobrevipinnathe latter appearing to have been
shaped by a very different evolutionary historyhia sampling area. Genetic differentiation,
albeit weak, was detected @ obscurudetween eastern and western Australian waters,
suggesting the delineation of two independent dmis. FoiC. brevipinnathe Indian
Ocean was found to be a reasonably robust baoriesritemporary gene flow between
Australia and South Africa, and we detected wea#tence for restricted gene flow on a fine-

scale along a continuous continental margin wikuistralian waters. Limitations inherent in
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our genetic analyses, however, highlighted the feeflirther sampling to achieve greater
population structure resolution for these species.

Examination of the life histories of the three &rgpecies revealed a range of both
contrasts and consistencies in their age, growdhreproductive characteristics off
Australia’s temperate east coast. Neverthelesthraé were characterised by low
productivity (i.e. long-lived, relatively slow-gramg, late-maturing species of low fecundity
and lengthy gestation), highlighting their vulnalipto stock depletion. Interestingly, many
aspects of their life histories in New South Walegers appeared to challenge findings
emanating from conspecific populations in othetgaf the world. Comparison of biological
parameters between studies, however, must bedredtte some caution given potentially
confounding factors.

We also demonstrated micro-computed tomography ta valid and repeatable
alternative means of shark ageing that offers s¢d#stinct advantages over more traditional
methods. In spite of this, it is not sufficientlgst effective at present to be widely applied.

This thesis, via comprehensive assessments of daptug parameters and genetic
population structure, raises important implicatioglating to the resilience &. obscurusC.
brevipinnaandC. plumbeuso fishing-induced population decline in the regand, in turn,
the sustainability of the local fishery. It als@pides valuable information pertaining to the

allocation of management units for these speciéaistralian and surrounding waters.
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CHAPTER 1. General Introduction
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Chapter 1: General Introduction

1.1 Shark diversity, ecology & decline

Sharks are a diverse group of cartilaginous figbkess Chondrichthyes) belonging to the
subclass Elasmobranchii (shared with rays, skatésawfishes). The result of over 400
million years of evolution, sharks are represefiygd. 500 extant species worldwide, which
together exhibit astonishing morphologic variati@ompagno 1984, Last & Stevens 2009,
Last & White 2011). Remarkably, sharks have sudabg@adapted to almost all aquatic
habitats and niches — from riverine freshwatesudace waters of the open ocean, to abyssal
plains of the deep ocean floor — and occur in exqiatto polar waters (Compagno 1984,
Nelson 2006, Last & Stevens 2009). The Indo-Auasiah region — Australia, Indonesia,
Papua New Guinea, New Caledonia and New Zealasdeeognised as a focal point of
global shark (and chondrichthyan) biodiversity amdemism. Australian seas, in particular,
boast the greatest species richness of this megaséi zone and whece36 % of all
described shark species occur (Last & Stevens 20(39,& White 2011). Moreover, of the
182 species comprising Australia’s shark faumd0 % are endemic (Last & Stevens 2009).

Many sharks are apex predators in the ecosystesysrthabit, thereby playing vital roles
in the maintenance of community structure and @ity through regulation of
mesopredator and prey abundance (Ritchie & Joh2808). The removal of such sharks can
initiate profound cascading effects on lower tragkiels (Stevens et al. 2000, Shepherd &
Myers 2005, Myers et al. 2007, Heithaus et al. 2@B28:m & Worm 2009, Ferretti et al.
2010).

Despite their evolutionary and adaptive succesakgbopulations have coped poorly
with the dramatic rise of anthropogenic influenoesecent decades; in particular, the advent
and subsequent expansion of industrialised fistBagfil 1994). Throughout human history

sharks have been exploited for their liver oil ,tebrae, skin, teeth, flesh and, more recently,
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their fins for medicinal, medical, consumptive, gireal, cultural and industrial purposes
(Walker 1998, Musick 2005a, Clarke et al. 2006bemse historical harvest pressure, coupled
with non-existent or ineffective management strggdhas driven precipitous population
declines (Baum et al. 2003, Baum & Myers 2004, étéret al. 2008, Baum & Blanchard
2010), and even fishery collapse (Musick 2005bg mange of shark species around the
world. Consequently, growing global concern surdsithe sustainability of directed shark
fisheries and the conservation status of variolgetaand by-catch species.

While magnitudes of stock decline are debatabled&ss et al. 2005), the inherent
vulnerability of many sharks to overexploitatiorattributed to a combination of life-history
traits and a susceptibility to multiple fishing geaSharks are typically characterised by long
life-spans, slow rates of growth, late onset ofurmgt, along with low reproductive output
and natural abundance (Cortés 2000). This low ptbdty renders most shark species able
to withstand only modest levels of fishing mortglih turn translating to a low capacity for
population recovery in the event of stock colla(®eith et al. 1998, Musick 1999, Cortés
2000, 2002, Garcia et al. 2008, Field et al. 2009).

The abovementioned issues have highlighted thentirgged for further research into,
and improved management of, current shark fishanesstheir target and by-catch species.
Such research is needed to arrest stock deplate@sure the maintenance of biodiversity

and the ongoing provision of ecosystem servicedliees et al. 2008).

1.2 Targeted shark fisheries in Australia

Sharks are actively targeted in Australian coastders by domestic, commercial
fisheries employing a range of specialised hamethods. Substantial increases in effort and
catch have occurred in these fisheries in recerdadks, coinciding with those observed in

other regions of the world (Bonfil 1994, Barker &Huessel 2005).
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In tropical north-eastern Australia, neonate andlkjuvenile sharks are targeted off the
east coast of Queensland (QLD) in the East Coahkbhe Finfish Fishery (ECIFF) (Harry et
al. 2011a). Following a 200 % increase in sharklilags between 1993 and 2004, this small-
scale gillnet fishery accounted for ~1,084 tonrsf(shark in 2008; over 50 % (by number)
of which was comprised of the carcharhiniform spge€archarhinus tilston{Australian
blacktip shark)Carcharhinus limbatugcommon blacktip shark{;archarhinus sorralfspot-
tail shark),Carcharhinus brevipinnéspinner shark)Sphyrna lewin{scalloped hammerhead)
andRhizoprionodon acutu@nilk shark)(Simpfendorfer et al. 2007, Anon. 2010, Bensley et
al. 2010, Harry et al. 2011a). In 2009 an annuahlTAllowable Commercial Catch (TACC)
of 600 t was introduced for shark in the ECIFF aseans of limiting shark catch while
uncertainty existed regarding the status of popriatin the region (Anon. 2010).

Along Australia’s northern coastline, sharks aredied via pelagic net and demersal
longline in the recently formed Northern Territ@dyfshore Net and Line Fishery (NT ONLF)
(Field et al. 2012, Tillett et al. 2012a). In adulitto teleost species, this small-scale fishery
targets neonate and small juverfiletilstoni C. limbatusandC. sorrahin inshore waters,
which together account for ~75 % (by number) offtileery’s total shark catch (Field et al.
2012). Fishery landings of these species haveasecegradually from the time of the
fishery’'s inception in 1983 to 2010 (Field et @12), with fishery-dependent reporting
indicating landings of 371 t @. tilstoniandC. limbatuscombined, and 86 t @&. sorrahin
2009 (Handley 2010).

In Western Australian waters, two geographicalbtidct demersal shark fisheries
operate concurrently. Off the south-western cassinate and small juveni@archarhinus
obscuruqdusky shark) are the primary target of a tempeggiteet fishery, with secondary-
target species includirfgurgaleus mackfwhiskery shark)Mustelus antarcticuggummy
shark),Carcharhinus plumbeusandbar or thickskin shark(aleorhinus galeugschool

5



Chapter 1: General Introduction

shark) and several species of squalid (deepwatedsg) (Simpfendorfer & Donohue 1998).
This fishery saw a 500 % increase in catciCobbscurugfrom ~100 to 600 t) over a ten-
year period to the late 1980s prior to managenmmnitireducing and stabilising catch at ~300
t-year' (Simpfendorfer & Donohue 1998, McAuley 2006a). @i tropical north-western
coast, demersal longlines are used to target priedonty adultC. plumbeusnd, to a lesser
degreeC. obscurugSimpfendorfer & Donohue 1998, McAuley 2006b). Goned catches
from both fisheries revealed>a8300 % increase i€. plumbeusandings to 415 t between
1995 and 2004 (McAuley 2006a, 2006b).

Southern Australian waters are characterised naedsal gillnet and longline fishery
targetingG. galeusandM. antarcticusoff the coasts of South Australia, Victoria and
Tasmania; collectively termed the Southern Shaskéify (SSF) (Walker 1999). Combined
landings of both species in this fishery variedisstn 2,234 and 4,226 t during the period
from 1970 to 2000, wittv. antarcticusandG. galeusconstituting 69 and 11 %, respectively,
of the catch in the latter year (Pribac et al. 206faving experienced severe stock depletion
following intense historic fishing pressure, tAegaleusresource has been locally assessed as
overexploited (Punt et al. 2000, Walker et al. 2002 contrast, stable catches and stock
assessment modeling indicate tihtantarcticusis harvested sustainably at a level close to
the maximum sustainable yield, and is widely refério as one of the few examples of
successful shark-fishery management (Walker 198Ba®et al. 2005). A fishery targeting
Carcharhinus brachyuruéronze whaler or copper shark) also operatesutlSAustralian
waters, with incidental catches of juvernleobscuruslso recorded (Rogers et al. 2013).

Finally, off Australia’s temperate east coast, ntgeears have seen the sudden expansion
of a multi-species fishery targeting large, coastal pelagic sharks in New South Wales
(NSW) waters as part of the wider NSW Ocean Traplane Fishery (NSW OTLF)

(Macbeth et al. 2009).
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1.3The NSW OTLF shark fishery

Commercial log-book records revealed a substainita¢éase in fishing effort for, and
catches of, sharks in the mid-2000s by line fisiethe NSW OTLF. More specifically, the
annual catch of sharks increased by 200 % (fromt@%%7 t) over a two-year period
between 2004/05 and 2006/07 (Figure 1.1). Thekerfysdependent data, however, were
deficient in spatial and temporal resolution, all a®in species identification accuracy; the
vast majority of the abovementioned catch incréaseéng been reported by the fishers as

‘Shark, Unspecified’ (Macbeth et al. 2009).
500 +
400 4
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100 -
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Figure 1.1 Historic trend in commercial shark catch in theAN®outh Wales Ocean Trap
and Line Fishery. Adapted from Macbeth et al. (3009

To redress this lack of scientifically-robust opgenaal and catch data, and also to address
management concerns regarding shark by-catch catgooznd the sustainability of these
increased fishing activities, an observer study esaslucted onboard NSW OTLF shark-
fishing vessels during 2008/09; continuing, albess-intensely, until 2011 (Macbeth et al.

2009). It was demonstrated that the elevated aatdheffort indices emanating from the
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fishery were the direct result of an increasedacti/e targeting of large sharks — particularly
carcharhiniform species — using demersal longlingése waters off northern NSW (Figure
1.2). Sharks were being targeted primarily forhigh value of their fins, although the

dressed trunks (i.e. headed, gutted and finnedssyevere also being sold at low financial

benefit (Macbeth et al. 2009).

Figure 1.2 Demersal longline shark fishing in the New Southl&¥a@cean Trap and Line Fishery as
observed during 2008/09: (a) afternoon trip toifighgrounds for overnight fishing gear
set; (b) baiting branch lines; (c) deploying deraktengline; (d) searching for longline
floats the following morning; (e) retrieval of lolimge; (f) captured dusky shark being
manoeuvred alongside the vessel; (g) hoisting cateboard; (h) arranging of catch for
examination by scientific observer; and (i) dressadks (i.e. headed, gutted and trimmed
carcasses with fins still attached) ready for lagdiAll photos by P. Geraghty.
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The observer program demonstrated that the catdipasition (by number) of the shark
fishery was dominated by three speci&3.-plumbeusC. obscurusandC. brevipinna—
which together accounted for > 60 % of the totadastsed catch (Table 1.1, Figure 1.3).
Furthermore, it was found that individuals spanriimgentire size range of these species were
being captured, but with a major focus on aduk siasses fo€. obscurusandC. plumbeus
in particular (Figure 1.3). These catch distribntiavere most likely due to choice of fishing
grounds with some, albeit lesser, influence frorargeelectivity.

The targeting of these species in NSW waters wasector considerable management
and conservation concern given the poor recordafagement fo€. plumbeusC. obscurus
andC. brevipinna(but particularly the former two) on a global sdHighly sought-after for
their fins (Clarke et al. 2006), all three specegzresent important target and by-catch
components of commercial and artisanal multi-sgesiark fisheries across the globe (e.g.
Bonfil 1997, Amorim et al. 1998, Castillo-Génizadt 1998, McVean et al. 2006, Henderson
et al. 2007, White 2007, Morgan et 2009, Manojkumar et al. 2012, Moore et al. 2012). |
areas such as the north-west Atlantic, intenseénfisimortality led to the collapse of the large,
coastal shark fishery off the east coast of the (Miisick et al. 1993, Anon. 1997), for which
various datasets suggest population declines td 6d—99 % in the two primary target
species €. obscurugandC. plumbeugAnon. 2006a, Cortés et al. 2006, Myers e2@07,
Baum & Blanchard 2010). Consequently, a compleddiprtion on the landing of.
obscurusn US Atlantic waters was implemented in 2000 (Eset al. 2006, Anon. 2011a,
Hale et al. 2011), as well as a prohibition ondbmmercial landing of. plumbeusn 2007,
unless participating in a special research fisliglgrgan & Carlson 2010, Anon. 2011b).
While these same management controls remain iotetiday,C. obscurugemains IUCN
listed as ‘endangered’ in the north-west Atlantid avzulnerable’, along witlC. plumbeus

globally (Musick et al2009a, 2009b).



Chapter 1: General Introduction

Table 1.1 Catch composition of observed shark-fishing tiipSew South Wales waters as recorded
from the 2008/09 NSW OTLF commercial shark-fishiogserver project. Only species
representing> 1 % (by number) of the overall observed catch sirewn. Adapted from
Macbeth et al. (2009).

Common name Scientific name Proportion of overall
observed catch (%)

Sandbar shark Carcharhinus plumbeus 34.8

Dusky shark Carcharhinus obscurus 15.2

Spinner shark Carcharhinus brevipinna 10.6

Blacktip shark complek 6.4

Tiger shark Galeocerdo cuvier 5.9

Smooth hammerhead Sphyrna zygaena 4.3

Smooth stingray Dasyatis brevicaudata 4.3

Scalloped hammerhead Sphyrna lewini 3.2

Spotted wobbegong Orectolobus maculatus 15

Bronze whaler Carcharhinus brachyurus 1.4

Cobia Rachycentron canadum 1.4

Black stingray Dasyatis thetidis 1.2

Shortfin mako Isurus oxyrinchus 1.0

Port Jackson shark Heterodontus portusjacksoni 1.0

IncludesCarcharhinus limbatusCarcharhinus tilston®& hybrids thereof (Morgan et al. 2012)
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Figure 1.3 (Left) The three primary target shark species led NSW OTLF and their relative
attainable sizes in New South Wales waters as dedoduring the observer program;
(right) species-specific length-frequencies deriviedm fishery-observer catch data.

Original photos by P. Geraghty.
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Chapter 1: General Introduction

Within this context, and amid lingering concerngaling sustainable rates of harvest
for C. plumbeusndC. obscurusn the waters of western Australia (McAuley et2007a),a
precautionary management approach was implememtd@W waters. Specific conditions
and restrictions were imposed upon shark fishindpeNSW OTLF (targeted and otherwise)
in 2009. These included a TACC of 160 t (procesgeight) for large shark species
(Carcharhinidae, Sphyrnidae and Lamnidae — buuexal) the protecte@archarodon
carcharia9, as well as daily catch and by-catch limits (Mettbet al. 2009). Of the overall
TACC, 100 t were designated to the catclCoplumbeusia a restricted permit system; the
remaining 60 t were assigned to non-permit holétarghe catch of all other TACC shark
species combined (i.e. excluding sandbar sharkaglgeith et al. 2009). Calibrated from
unsustainable yields &. plumbeuslefined elsewhere, these management controls were
designed to be conservative in the absence oflyedalived biological parameters necessary

for accurate stock assessment.

1.4 Thesis rationale, objectives & structure

Knowledge of the local stock structure, spatialayics and biology of targeted species
provides an essential framework for effective ralttesource assessment and management
(Welch et al. 2011). Moreover, the sustainablerational use of a resource relies on rates of
harvest being commensurate with the biological petidities of the target species (Walker
2005a). As such, commercial importance and cosntapdlistributions have led to
considerable research on the abundance, age anthghe®haviour, reproduction, habitat,
diet, mortality, population status, movement, dermapgy and genetic stock structure(f
plumbeusC. obscurusandC. brevipinnain many parts of the world, including regions of
Australia (e.g. foC. plumbeus- Casey et al. 1985, Casey & Natanson 1992, ideait

1995, Joung & Chen 1995, Sminkey & Musick 1995,6 3®arlson 1999, Heist & Gold
11



Chapter 1: General Introduction

1999, Brewster-Geisz & Miller 2000, Merson & Pra@01, Joung et al. 2004, Thorpe et al.
2004, McAuley et al. 2005, 2006, 2007a, 2007b, 2084aidi et al. 2005, Torres et al. 2005,
McElroy et al. 2006, Romine et al. 2006, ConratMé&sick 2007, 2008, Daly-Engel et al.
2007, Grubbs et al. 2007, Hazin et al. 2007, Pgraial. 2007, 2009, 2010, White 2007,
Diatta et al. 2008, Hale & Baremore 2010, Andretval 2011, Anon. 2011b, Baremore &
Hale 2012, Driggers et al. 2012). These studiesaled strong K-selected life-history traits
typical of large predatory sharks in all three spe¢Musick 1999, Cortés 2000) as well as an
affinity for shallow inshore waters for early dempeient. Such characteristics confer a high
vulnerability and low resilience to fishing mortgland, in turn, a propensity for rapid
population decline and slow rates of recovery (8nattal. 1998, Musick 1999, Cortés 2000,
2002, Stevens et al. 2000, Field et al. 2009). ihe practical issues associated with the
robust sampling of highly-vagile marine taxa, hoagwynany such studies were either limited
by small sample sizes and/or gear-selectivity gardrsample biases that compromised the
accuracy of the reported biological parameters.

In spite of their documented vulnerability, pooolghl track-records of management
(Musick et al. 1993, McAuley et al 2007a) and conuia targeting in the region (Macbeth
et al. 2009), robust biological parametersGoiplumbeusC. obscurusandC. brevipinnan
temperate eastern Australian waters are conspitul@aeging. Such information is critical if
assessments of their status off Australia’s sosthe@ast are to be made and appropriate
controls to underpin their sustainable managementoabe developed (Cortés et al. 2006,
McAuley et al. 2005, 2007a).

The over-arching objective of this thesis, therefavas to provide robust demographic
parameters fo€. plumbeusC. obscurusandC. brevipinnaspecific to the waters off
Australia’s NSW coast (Figure 1.4) and to elucidatr genetic population structures over a
range of spatial scales; the view being for thisrimation to be used in qualitative

12



Chapter 1: General Introduction

evaluations of the susceptibilities of these conumadly-important species to overexploitation

in south-eastern Australia, and the identificabbappropriate spatial scales of management.
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Figure 1.4 Primary study area and fishing/sampling zone (stiddue).

In attempting to achieve this objective | have cdetpthe following data chapters, with
the inclusion of an additional chapter describimgael method of shark vertebral ageing
developed during this study:

Chapter 2 presents aomparative assessment of genetic diversity.inbscurusandC.
plumbeusn south-eastern Australian waters using unprededgnhigh sample
numbers, and examines the geographic extent otigdrenogeneity irC.
obscurusgn the Indo-Australian region. In addition to prdwig information
relevant to the allocation of potential managemarits, this chapter informs on the
comparative resilience of these two species t@s ¢b genetic diversity.

Chapter 3 quantifies genetic diversity as well as broad and-&cale population structuring

in C. brevipinnain Australian and Indian Ocean waters. This chapypothesises
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Chapter 1: General Introduction

on the evolutionary history of this species andrttezhanisms responsible for the
observed patterns of genetic diversitg in the preceding chapter, the strengths
and limitations of our findings are thoroughly ass&l via novel rarefaction and
random sub-sampling simulations analyses, and leasimates of observer
accuracy in the identification of the three targgcies within the NSW OTLF are
established

Chapter 4 describes the use of micro-computed tomograplanadid, non-destructive
method of vertebral growth band visualisation toark ageing purposes. We
evaluate the advantages and disadvantages offgrdistiechnique and provide a
direct comparison with the most widely employed moeit

Chapter 5 investigates the age and growth characteristi€s obscurusC. brevipinnaand
C. plumbeusn NSW waters. We compare longevity and modeliedvth
parameters among these species within the study ame discuss our findings in
relation to those reported by previous studiexéorspecific populations.

Chapter 6 examines a range of aspects of the reproductoledy of the study species off
the south-east coast of Australia. As in the prexgedhapter, our results are
presented in the context of previous works, thetaklighting the importance of
locally-derived demographic parameters for accupafmulation modelling.

Chapter 7 synthesises the main findings emanating fromttiesis focusing on implications
for the abilities of these species to withstandlsidecline in the study region and
the delineation of potential management units. Shisly therefore provides
information directly relevant to the management emaservation of these species

in NSW waters and beyond.
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CHAPTER 2. Genetic Structure and Diversity of Two Highly
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Pascal T. Geraghty? Jane E. Williamsoh, William G. Macbettf, Dean C. Blower,

Jess A. T. Morgafy Grant Johnson Jennifer R. OvendehMichael R. Gillings'

! Department of Biological Sciences, Macquarie Ursitgr NSW 2109, Australia.
2NSW Department of Primary Industries, Cronulla fisks Research Centre of Excellence, PO Box 21,
Cronulla, NSW 2230, Australia.
®Molecular Fisheries Laboratory and The UniversifyQueensland, St. Lucia, QLD 4072, Australia.
“Queensland Alliance for Agriculture & Food Innowati Centre for Animal Science, PO Box 6097, The
University of Queensland, St Lucia, QLD 4067, Aalir
®Northern Territory Department of Primary Industmd Fisheries, GPO Box 3000, Darwin, NT 0801,

Australia.

Photo: P. Geraghty

Plate 3.A sandbar sharkJQarcharhinus plumbedsaught commercially via demersal longline off the

northern New South Wales coast.
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Chapter 2: Genetic Structure of Dusky & Sandbarrkfa

2.1 Abstract

Molecular techniques were employed to investigateegic structure and diversity in
dusky Carcharhinus obscurgsnd sandbaiQarcharhinus plumbegysharks in the Indo-
Australian region. Tissue samples of 423obscurusand 442C. plumbeuslefined 18 and 11
MtDNA ND4 haplotypes, respectively. FGr obscurusweak genetic differentiation was
detected between east and west Australian watansvipe®st= 0.04437p < 0.008;
pairwiseFst = 0.02403p < 0.035), suggesting the delineation of two inchejeat
populations, while patterns of gene flow betweestfalia and Indonesia were inconclusive.
Rarefaction analysis indicated that robust poporetiomparisons in these species were
reliant on sample numbers > 100 at any particoleation. Off Australia’s east coat,
plumbeusandC. obscurugexhibited strong similarities in genetic structgrsuggestive of
similar evolutionary histories in the region. Indé&tbn, genetic validation revealed observers
to be highly accurate in the identification of bédinget species in an eastern Australian shark
fishery. Our findings contribute valuable infornmatifor the management and conservation of

both species.

2.2 Introduction

Topographic, biological and oceanographic limitasido dispersal result in reproductive
isolation between groups of individuals. Over etiolary time, this cessation of (or
restriction to) gene exchange leads to quantifigbleetic differentiation as a result of
intrinsic natural selection, genetic drift and ntisia (e.g. Riginos & Nachman 2001, Hazlitt
et al. 2006). In a context of increasing anthropageressures, the identification of barriers
to gene flow can assist with the conservation andagement of a species’ genetic diversity,

which is an essential store of variety to meetriienvironmental challenges. This is
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Chapter 2: Genetic Structure of Dusky & Sandbarrkfa

especially pertinent for taxa demonstrably vulnkrat human-induced population decline
e.g. elasmobranchs (Stevens eR80D0, Field et al2009).

Sharks have a demonstrated susceptibility to oypdoéation on the basis of their life-
history traits and a vulnerability to multiple figly gears (Cortés 2000, Stevens et al. 2000).
Recent global increases in commercial-fishing ¢ffiar sharks have resulted in grave
population declines (Baum et 2003, Ferretti et al. 2008). While magnitudes otkt
depletion are disputed (Burgess e8I05), there is international agreement regardieg t
urgent need for the effective management of shahlefies to address issues of conservation
and cascading ecological impacts catalysed by ppadator removal (Barker & Schluessel
2005, Myers et ak007, Ferretti et al. 2010).

The dusky sharkGarcharhinus obscurgsand the sandbar shai®grcharhinus plumbegs
are two large-medium carcharhinid species widejjarded as among the most vulnerable of
sharks to overfishing. As long-lived, late-maturspecies of decidedly low productivity (e.g.
Simpfendorfer et al. 2002, Dudley et 2005, McAuley et al. 2006, Baremore & Hale 2012),
demographic analyses have reported abilities thstand only very modest levels of fishing
mortality in conjunction with slow rates of poputat increase (Sminkey & Musick 1996,
Smith et al1998, McAuley et al2007a, Romine et al. 2009).

Nevertheless, being highly sought after for thieis {Clarke et al2006), both species are
captured in commercial and artisanal fisheriessscmuch of their respective cosmopolitan
ranges (e.g. Amorim et al. 1998, Castillo-Génialefi998, McVean et al. 2006, White 2007,
Morgan et al2009), with poor records of management in someoregiln particularC.
plumbeusandC. obscurusvere subject to intense targeted harvest pressuheinow
collapsed large, coastal shark fishery off the eaast of the U.S, where various datasets
suggest population declines of up to 64—99 % i Ispecies (Cortés et al. 2006, Myers et al.
2007, Baum & Blanchard 2010). As a result of theisected fishing activities, both sharks
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Chapter 2: Genetic Structure of Dusky & Sandbarrkfa

are globally IUCN listed as ‘vulnerable’ af@ obscuruss ‘endangered’ in the north-west
Atlantic (Musick et al2009a, 2009b).

Carcharhinus obscuruandC. plumbeusre also important components of commercial
shark landings in Australian waters (Simpfendo&ddonohue 1998, Macbeth et al. 2009).
Dramatic increases in catches off both east andl @eests led to considerable concern
regarding their sustainability under harvest presguthe region (McAuley et al. 2007a,
Macbeth et al. 2009), and emphasised the needfémtige management input to arrest
further stock decline.

Genetic techniques are useful tools for addresshiagk fishery management issues.
Population genetic analyses can help identify gmpate scales of management by
investigating contemporary patterns of gene floenegic diversity and the spatial structure of
stocks (Dudgeon et al. 2012). Carcharhiniformeglaenost represented of the
elasmobranchs in the population genetic literatoue few have been examined in any detail
(Dudgeon et al. 2012). These studies have typi¢adlysed on elucidating genetic structure
over broad spatial scales, consistently demonstyddirge oceanic expanses to be robust
barriers to gene flow (Duncan et al. 2006, Keendyeist 2006, Benavides et al. 2011a),
including inC. obscurugBenavides et al. 2011b) afd plumbeugPortnoy et al. 2010).
Genetic subdivision on finer scales has also beparted for some shark species, raising
important implications for regional fisheries maaagent (Keeney et al. 2003, Karl et al.
2011, Tillett et al. 2012b, 2012c, Whitney et &12).

Previous investigations of genetic structur€irobscurusandC. plumbeusn Australian
and neighbouring waters have yielded a varietyestiits. Portnoy et al. (2010) observed
genetic subdivision between east and west Austiralta plumbeusased on mitochondrial
DNA (mtDNA), while Ovenden et al. (2009) and Berdes et al. (2011b) reported evidence
for genetic homogeneity between the same two regio@. obscurusOvenden et al. (2009)
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Chapter 2: Genetic Structure of Dusky & Sandbarrkfa

also raised the possibility of limited dispersaioss the Timor Trench in the latter species
through a finding of genetic differentiation betwagestern Australia and central Indonesia.
However, the strength of the abovementioned finglings generally limited due to small
sample sizes. Given their vulnerability to popuwatdecline, therefore, we believed that a
more detailed assessment of genetic structure \@ammied for these two species.

Using mtDNA NADH dehydrogenase subunit 4 (ND4) sagte data we re-assessed the
genetic structure d€. obscurun a regional scale, testing a null hypothesigenietic
homogeneity in Indo-Australian waters, and invedtgd the genetic structure ©f plumbeus
for the first time off the east coast of Australide also applied these genetic data in
establishing basic estimates of observer accuraay ieast Australian shark fishery, and
explored the implications of our findings for th@magement and conservation of both

species.

2.3 Materials & methods

2.3.1 Sample collection

Shark tissues were collected from a range of lonatin Indo-Australian waters (Figure
2.1), focusing on a harvested population off Austimeast coast. Tissues were sampled from
New South Wales (NSW) waters during 2007—-2010 fiamded-catch by observers on-board
commercial shark-fishing vessels within the NSW &rcé&rap and Line Fishery (NSW
OTLF). A small quantity (< 2 g) of white muscledige was excised from each specimen,
immediately preserved in 95 % reagent grade ethandlstored at room temperature.
Additional samples, collected during 2000-2012,enastained from more distant locations,
includingC. obscuruandC. plumbeusamples from waters of the Northern Territory (NT)
in Australia, as well a€. obscurusamples from Western Australia (WA) and Indonesia.

Samples from NT and WA were collected from landattie by observers within their
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respective commercial shark fisheries, and predgarv@0 % dimethylsulphoxide (DMSO)
solution and 70 % ethanol respectively. Sampla® firmdonesia were collected from landed-
catch by a fisheries biologist at the Tanjung Loaal market in eastern Lombok, and
preserved in DMSO; exact capture locations werecantirmed. AdditionalC. obscurus
tissues were obtained from NSW waters by sampliagks caught in the NSW Shark
Meshing (Bather Protection) Program (Reid et al1J0Tissues from NSW and NT were
sampled from predominantly adult and sub-adultvioldials, while those from WA were
sampled from mostly small juveniles. Tissues froombok were sampled from processed

trunks for which associated length measurements weavailable.
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Figure 2.1 Collection locations and sample sizes (in bragkéss Carcharhinus obscurusnd

Carcharhinus plumbeusssues included in genetic diversity and structmalyses.
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2.3.2 DNA extraction, amplification and sequencing

To obtain mtDNA sequence data, total genomic DNA fuat extracted from 5 mg of
each tissue using a modified salting-out protocoh(ficks & Hales 1996). Samples were
digested with 1Qul of Proteinase-K (10 mg- iy in 580ul of TNES [50 mM Tris.HCI (pH
7.5), 400 mM NaCl, 20 mM EDTA and 0.5 % SDS] byuhation overnight at 55 °C.
Proteins were precipitated by adding 17@f 5 M NacCl followed by microcentrifugation at
14,000 rpm for 5 min. Supernatant (§dPwas recovered into a fresh tube and the DNA
precipitated by adding 600 of ice-cold 100 % absolute ethanol. Tubes weveest at-20
°C for approximately 1 h. DNA was then recoveredigrocentrifugation at 14,000 rpm for
15 min, and the ethanol decanted. The resulting [pHlet was washed with 2Q0 of 70 %
ethanol, 100 mM sodium acetate solution, and membduged at 14,000 rpm for 3 min.
Following decanting, all remaining ethanol was restusing a micropipette. DNA was air-
dried, resuspended in 1Q0of TE buffer [10 mM Tris.HCI (pH 7.6) and 1 mM HIA] and
stored at-20°C. DNA yield was checked on a 1.0 % agarose TBE ¢&k run at 110 V, and
stained with GelRed (Biotium Inc.).

Polymerase Chain Reaction (PCR) was then used piifgrthe mitochondrial ND4 gene
from all tissue samples. This gene was selectedrfalysis following Dudgeon et £2009)
and Ovenden et al. (2010) who demonstrated the gédé to be the most polymorphic
among a range of mtDNA markers (including the aargion) in species related to those
under study here. PCR reactions were carried ob@ jrl volumes containing .l of DNA
template, 1x GoTaq Colourless reaction buffer [img 1.5 mM MgC} and 20QuM
deoxynucleoside triphosphates (dNTPs)] (Promega)|®f RNase (1 mg-rif), and 0.5uM
of each of the primers ND4 (5 CAC CTA TGA CTA CG¥A GCT CAT GTA GAA GC)
(Arévalo et al. 1994) and H12293-LEU (5’ TTG CAC EAAG TTT TTG GTT CCT AAG

ACC) (Inoue et al. 2001). Amplifications were perfeed in an Eppendorf ep gradient S
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Mastercycler (Eppendorf), using thermal cycling d@itions consisting of an initial
denaturation (94 °C for 3 min) followed by 35 cyl#f 94 °C for 15 s, 60 °C for 30 s and 72
°C for 1 min, with a final extension step of 724 10 min, and held at 4 °C. PCR products
were visualised on a 2.0 % agarose TBE (1x) galatul10 V, and stained as above. PCR
products were purified prior to sequencing usingg€ap-IT (USB Corporation). Sequencing
was performed with an Applied Biosystems 3130x| &enAnalyzer 16-array capillary
sequencer (Life Technologies), with sequencingtieas and analyses being carried out by
the Macquarie University (MQ) DNA Sequencing Fagilising Big Dye Terminator

reactions and the forward PCR primer only.

2.3.3 Sequence alignment & 1D validation

Sequences were trimmed and edited by eye. Editpeesees were entered into
Biomanager (https://biomanager.info) and alignedgithe ClustalW (accurate) algorithm
(Thompson et al. 1994). No GenBank ND4 referengeeseces were available fGr.
obscurusor C. plumbeusprior to this study. To validate that the two stisghecies had been
correctly identified, and to determine the spedesitity of any misidentified individuals,
randomly-selected representatives from each sephagiotype determined from the
alignment output were amplified for the mitochoatlagytochrome oxidase | (CO1) gene
using the primers Fish F1 (5 TCA ACC AAC CAC AAAAE ATT GGC AC) and Fish R1
(5 TAG ACT TCT GGG TGG CCA AAG AAT CA) (Ward et ak005). PCRs were carried
out as above, with thermal cycling conditions cetisg of an initial denaturation (95 °C for 5
min), followed by 30 cycles of 95 °C for 15 s, 85 for 30 s and 72 °C for 1 min, with a final
extension step of 72 °C for 7 min, and held at 4PCR products were purified and
sequenced following the same protocol outlined alfovthe ND4 locus. Resultant CO1

sequences were compared to reference sequencesBak for species recognition.
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2.3.4 ND4 sequence analysis

To identify and characterise mitochondrial hapletypaligned ND4. obscurusandC.
plumbeussequences were imported to Arlequin 3.5.1.2 (Biero& Lischer 2010). A
sequence representing each haplotype was lodgedrnBank (Accession codes KJ004523 —
KJ004551). The frequency of, and mutational stegpa/&en, haplotypes was assessed by
generating statistical parsimony haplotype netwanrkBCS 1.21 using the default settings
(Clement et al. 2000). Phylogenetic relationshipeiag haplotypes were inferred using a
maximum likelihood phylogram (or phylogenetic tréased on the Tamura-Nei model
(Tamura & Nei 1993), and generated in MEGA 5 (Taaretral. 2011) with 1,000 bootstrap
replicates. The best-fitting model of nucleotidéstitution, as offered by MEGA 5, was
determined by likelihood ratio tests and calculaiof Akaike and Bayesian Information
Criteria performed in jModelTest 2.1.1 (Darribaa€t2012). To assess the ability of the ND4
region to differentiate between carcharhinids,ghglogram was rooted with a range of
morphologically-similar species, as well as witlotaphyrnid species as outgroups. Genetic
diversity indices were also obtained with Arlequsing the Tamura-Nei substitution model
(Tamura & Nei 1993), and included polymorphismistets, number of haplotypes,

haplotype diversityl{) and nucleotide diversityrt).

2.3.5 Rarefaction analysis

To determine whether sample sizes adequately reexs population genetic variation,
rarefaction exact curves were generated to quablgtassess the proportion of haplotypic
diversity sampled at each location for b@hobscurusandC. plumbeusThe expected
number of haplotypes found for a given sample numlaes calculated using the rarefaction
formula of Hurlbert (1971), and executed in theisti@al package R (R Development Core

Team 2010). A trend towards an asymptotic relahgnsfers haplotype saturation,
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suggesting that the majority of the available gerditersity was likely sampled at that
location and that more intensive sampling is likelyield few additional haplotypes. In
contrast, a steep slope suggests that a largeofraitthe available haplotype diversity

remains unsampled.

2.3.6 Carcharhinus obscurusgenetic structure

Appropriate samples were available for one spd€esbscurupto test a null hypothesis
of panmixia (genetically homogeneity) in Indo-Awadian waters. An analysis of molecular
variance (AMOVA; Excoffier et al. 1992) was implented in Arlequin to evaluate the
overall extent of genetic subdivision between samgdbcations. We employed twe
statistic metrics of genetic divergendg;ir (Excoffier et al. 1992) anBsrt (Wright 1965).
While ®st has been regarded as the superior metric on #ig tfaits incorporation of a
measure of genetic distance between haplotypepjdrey baseBisthas been proposed as
potentially a more appropriate measure of genéfierdntiation among locations where
migration is theoretically occurring at a fasteerthan mutation (Bird et &2011).®st was
calculated vighe computing of a distance matrix using the TaniNgamodel (Tamura &
Nei 1993) for estimation of genetic distance betwsequences, whilest used haplotype
frequencies only. AMOVA partitioned genetic variaraamong, and within, populations and
calculatedbsrandFst fixation indices. Genetic differentiation betwesample locations was
also measured by calculating pairmiBgrandFsr estimates. Statistical significance was
determined following 20,000 permutations of theussgre data and, in the case of pairwise
dsrandFst, assessed at an initial critical significance lefer = 0.0083 (adjusted from =
0.05) following sequential Bonferroni correctiorr &x, simultaneous comparisons (Holm

1979). The AMOVA structure consisted of one grougdmup of the following four putative
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populations: NSWr(=301), NT (i =49), WA (h=57) and Indonesiaa= 16) (Figure 2.1).
The analysis outlined above is henceforth refetoeds the ‘original analysis’.

Carcharhinus obscurusample sizes were strongly biased towards NSWrendempling
intensity was an order of magnitude greater thaheatemaining three locations (Figure 2.1).
We evaluated the influence of this sampling biashari--statistics of pairwise population
comparisons involving NSW via random re-samplingudations. Ten thousand replicate
random sample sets nf= 100,n = 50 ancdh = 16 (for comparison with Indonesia only) were
selected without replacement from the NSW poputatichile NT, WA and Indonesian
sample sizes were kept unchanged. Population E&idrand associatepl values were
generated for each replicate random sample setl@géin using the batch processing
function and permutation settings as outlined abBesultantbst andp value distributions
were plotted, and the likelihood of producing atcadictory result to that of the original
analysis was calculated as either the percentageaiies< 0.05 or > 0.05, depending on the

outcome of the original analysis.

2.4 Results

2.4.1 Fishery-observer accuracy in NSW waters

The ND4 gene region proved to be an excellent mddkecarcharhinid species
recognition (Figure 2.2), as also shown by Tiledtal.(2012a), hence confirming its
suitability for use in the present study.

Genetic validation was possible for a total of 28@rks visually identified by scientific
observers a€. obscurusn the NSW OTLF from 2007-2010. Of these, 286 wpretically
confirmed to beC. obscurustranslating to an observer-accuracy estimateéd % for the
identification of this species in the fishery (Tala.1). Misidentified individuala(= 10) were

all of adult size and represented six differentlkarhinid species (Table 2.1).
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Genetic validation was possible for a total of 48arks visually identified by scientific
observers a€. plumbeusn this same fishery over the same temporal pefddhese, 4384
were genetically confirmed to li& plumbeustranslating to an observer-accuracy estimate of
99.4 % for the identification of this species ie tiSW OTLF (Table 2.1). Misidentifications
(n = 3) once again were all of adult size and comgrtkeee different carcharhinid species
(Table 2.1). Overall observer accuracy was estichat®8.3 % for the identification of these

two target species combined.
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Figure 2.2 Inferred phylogenetic maximum likelihood tree foarcharhinus obscuru@©S1-18) and
Carcharhinus plumbeus(SB1-11) mtDNA ND4 haplotypes from Australian and
Indonesian waters. Nodal bootstrap support is aysgual where> 70 %. Scale represents the

proportion of polymorphic sites between haplotypes.
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Table 2.1 Percentage (individual counts in parentheses)aoh eyenetically-identified shark species
from observer-identifiedCarcharhinus obscuruand Carcharhinus plumbeus the New
South Wales Ocean Trap and Line Fishery. Totaltlkenfcm) for misidentified individuals

are displayed.

Observer identification and measurement

Genetic identification

C. obscurugn=296) Mis-ID L1 C. plumbeugn=487) Mis-ID L
C. obscurus 96.6 (286) 0.2 (1) 302
C. plumbeus 0.3(2) 210 99.4 (484)
C. falciformis 1.0 (3) 235, 242, 256 0.2 (1) 214
C. leucas 0.7 (2) 220, 293
C. limbatus 0.7 (2) 252, 254 0.2 (1) 208
C. brevipinna 0.3(2) 276
C. altimus 0.3(2) 269

'Total length [+, cm)

2.4.2 Genetic diversity & summary statistics

2.4.2.1 Carcharhinus obscurus

An 857 base pair mtDNA ND4 sequence was obtainedZ8C. obscurusndividuals
collected from Australian and Indonesian waterg\fFé 2.1). A total of 18 haplotypes were
defined, characterised by 18 polymorphic sites amsed of 15 transitions and 3 transversions
(Supplementary material). Phylogenetic analysisqaahese haplotypes into two shallow
clades (Figure 2.2). Two haplotypes (DS9 and,lasser degree, DS15) dominated the
sample set, and were common at all four locatidable 2.2a). Overall haplotypbk)(and
nucleotide £) diversities were moderate and low, respectiviely 0.5150 = 0.0012) (Table
2.3). Notwithstanding sample-size differences,greatest number of haplotypes< 12) was
found in NSW waters, of which 5 were unique todihea (Table 2.3). Ten haplotypes were
found in WA waters, 3 of which were unique, andaplotypes were found in both NT and
Indonesia, each exhibiting 1 unique haplotype. bigple and nucleotide diversities ranged
across the putative populations; Indonesia displalye highest diversity valuels € 0.7500,
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7 =0.0016) and NT the lowedt € 0.3520,z = 0.0008). Standard deviation estimates,
however, rendered differences in diversity betwibenocations impossible to discern (Table

2.3).

Table 2.2 Mitochondrial DNA ND4 haplotype relative frequeesi observed from putative
populations in Indo-Australian waters for (&farcharhinus obscurusand (b)

Carcharhinus plumbeus

(a)
Relative frequency
Haplotype Nsw  NT WA | i e
ndonesia Accession Codep
(n=301) (n=49) (n=57) (n=16)
DS1 - - 0.018 - KJ004534
DS2 - - 0.018 - KJ004535
DS3 - - 0.053 - KJ004536
DS4 - - - 0.063 KJ004537
DS5 - 0.020 - 0.063 KJ004538
DS6 - 0.020 - - KJ004539
DS7 0.003 - 0.018 - KJ004540
DS8 0.010 - 0.018 - KJ004541
DS9 0.648 0.796 0.702 0.438 KJ004542
DS10 0.040 - 0.053 0.188 KJ004543
DS11 0.007 - 0.018 - KJ004544
DS12 0.003 - - - KJ004545
DS13 0.003 - - - KJ004546
DS14 0.020 - - - KJ004547
DS15 0.239 0.143 0.070 0.250 KJ004548
DS16 0.003 - - - KJ004549
DS17 0.013 0.020 0.035 - KJ004550
DS18 0.010 - - - KJ004551
(b)
Relative frequency
Haplotype Gen_Bank
NSW NT Accession Code§
(n=440) (n=2)
SB1 0.011 - KJ004523
SB2 0.014 - KJ004524
SB3 0.005 - KJ004525
SB4 0.841 1.000 KJ004526
SB5 0.005 - KJ004527
SB6 0.002 - KJ004528
SB7 0.102 - KJ004529
SB8 0.009 - KJ004530
SB9 0.005 - KJ004531
SB10 0.005 - KJ004532
SB11 0.002 - KJ004533
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2.4.2.2 Carcharhinus plumbeus

An 857 base pair mtDNA ND4 sequence was obtained4a8C. plumbeusndividuals
collected from eastern and northern Australian vsaeigure 2.1). A total of 11 haplotypes
were defined, characterised by 12 polymorphic siteeposed exclusively of transitions
(Supplementary material). Phylogenetic analysisqadahese haplotypes into two shallow
clades (Figure 2.2). Two haplotypes (SB4 and,far éesser degree, SB7) dominated the
sample set (Table 2.2b). Overall haplotype andeutitle diversities were low f@2.
plumbeusat 0.2814 and 0.0009 respectively (Table 2.3)uNique haplotypes were found
amongst the two NT samples, with both being thetroasimon haplotype SB4 (Table 2.2b).
Given the low sample size from NT, this locatiorsvii@nceforth excluded from further
analyses, with detailed investigations focusindwesigely on eastern Australian (NSW)

waters.

Table 2.3Genetic diversity indices observed in the mitoalr@a DNA ND4 region forCarcharhinus

obscurusand Carcharhinus plumbeusample locations from Australian and Indonesian

waters.
Locaton n? ny°® ng® h¢ 7®
C. obscurus
NSW 301 12 5 0.5224 (£ 0.027) 0.0012 (+ 0.0049)
NT 49 5 1 0.3520 (+ 0.080) 0.0008 (+ 0.000§7)
WA 57 10 3 0.5031 (+0.080) 0.0010 (+ 0.000B)
Indonesia 16 5 1 0.7500 (x 0.078) 0.0016 (+ 090,
Pooled 423 18 0.5150 (+ 0.025) 0.0012 (+ 0.0099)
C. plumbeus
NSW 440 11 0.2826 (x 0.027) 0.0009 (+ 0.0048)
NT ! 2 1 . .
Pooled 442 11 - 0.2814 (+ 0.027)  0.0009 (+ 0.0098)

asample sizen), ° number of haplotypes), © number of unique haplotypesy(), 4 haplotype diversity
(h), ¢ nucleotide diversity). * Diversity indices not available fa€. plumbeusrom NT (0 = 2); both
samples were the same haplotype. Values in parsggirepresent standard deviations (s.d.). (¢) eviatu

applicable.
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2.4.3 Rarefaction & optimum sample size

Rarefaction exact curves indicated trends towasgimatotic relationships for the NSW
populations in botl€. obscuruandC. plumbeugFigure 2.3) suggesting the majority of the
available haplotypic diversities were likely santpa this location in both speci€ieep
slopes, however, were observed for the remainireget®. obscurupopulations (Figure 2.3),
indicating that a proportion of the available gendiversities were unsampled. These
analyses suggest that sample sizes in excess @ré@@quired to adequately represent levels
of genetic variation in any gived. obscurusr C. plumbeugopulation in Indo-Australian

waters.
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Figure 2.3 Rarefaction exact curves fo€archarhinus obscurusand Carcharhinus plumbeus

collection locations in Australian and Indonesiaatavs.

2.4.4 Carcharhinus obscurusregional genetic structure

A haplotype network incorporating the four putatpapulations ofC. obscurus
demonstrated the presence of two shallow claddseckan the two most common haplotypes
DS9 and DS15, both of which were shared betweeiowalsample locations (Figure 2.4).

Low-frequency variants shared between, and uniguiectations were also present. AMOVA
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fixation indices detected significant levels offdientiation between putative populations for
bothF-statistic metrics®st = 0.02462p < 0.03;Fst=0.02723p < 0.01) (Table 2.4). We
therefore rejected the null hypothesis tGabbscurusare panmictic in Indo-Australian

waters. Pairwise comparisons revealed weak ges@idivision between eastern and western
Australia — significant after sequential Bonferradjustment fobst only (NSW v WA, ®sr
=0.04437p < 0.008;Fst = 0.02403p < 0.05) (Table 2.5). Evidence for weak differetitia
between NT and IndonesiBd; = 0.13925p < 0.05) and between WA and Indones$tagr(=
0.07440p < 0.05) was also detected based on haplotypedramges, with neither comparison

significant after Bonferroni correction (Table 2.5)

pss  DS6 DS7 DS11

NSW
NT

WA
Indonesia

DSI16 ©

DS17

Figure 2.4 Mitochondrial DNA ND4 haplotype network f&archarhinus obscurugn = 423) from
Australian and Indonesian waters. Sizes of cirabesrespond to the number of
individuals displaying each haplotype. Shading ¢atks the proportion observed from

each of the four putative populations),(mutational step/missing haplotype.
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Table 2.4 AMOVA analyses of spatial genetic variation of ogihondrial DNA ND4 sequences for

Carcharhinus obscurugsom Australian and Indonesian waters.

Source of variation  d.f. Test statistic ~ Sum of ggea Variance Per_ce_ntage of
components variation (%)
Among populations 3 Dgr 3.875 0.01235 2.4p
Fsr 2.149 0.00712 2.7p
Within populations 419 Dgr 205.056 0.48939 97.94
Fsr 106.517 0.25422 97.28
Fixation indices ®sr=0.02462p = 0.02143 (+ 0.00099)
Fsr=0.02723;p = 0.00999 (+ 0.00069)

Table 2.5 Mitochondrial DNA ND4 population pairwis@®st (below diagonal) and-sr (above
diagonal) estimates faCarcharhinus obscurusollected from Indo-Australian waters.
Bold italics indicate the pairwise value signifitaiter sequential Bonferroni correction

(initial o = 0.0083); * denotes values significant at e 0.05 level.

NSW (n=301) NT@a=49) WA@=57) Indonesia(= 16)

NSW 0.02208 0.02403* 0.03592
NT 0.01362 0.00668 0.13925*
WA 0.04437 0.00285 0.07440*
Indonesia —-0.00597 0.02476 0.03010

Random re-sampling simulations demonstrated aeasong likelihood of finding a non-
significant pairwise result between NSW and WA vdtdtreasing NSW sample size (Figure
2.5). More specifically, 14.18 % of replicate compans where sample size was set to 100
for NSW (and left at 57 for WA) did not provide sssical support for the original analysis,
where sample size was 57 for WA and 301 for NSWs Tritreased to 36.8 % when the

NSW sample size was reduced to 50.
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Figure 2.5 Likelihood of generating a contradictory pairwisssult to that of the original analysis
given 10,000 replicate random re-samples of the NG&WWharhinus obscurugopulation

at varying sample sizes.

In addition, pairwisebs distributions displayed stable meagy's (despite increased
variation)but increasing meagmvalues relative to the output of the original asayas
random NSW sample-set size decreased (FigureSrGulations involving random NSW
sample sets af = 100 returned pairwis@st's normally distributed around a mode (and
mean) very near th@stproduced by the original analysis, and a meaalue < 0.05 (Figure
2.6a). Simulations involving random NSW sample séts= 50, despite a more variable and
skewed distribution, once again returned a meaivery near that produced by the original
analysis,but in contrast returned a non-significant mpamalue (> 0.05) (Figure 2.6b).
Replicate pairwise comparisons between NSW andmdiTiedonesia, on the other hand,
displayed little change in the likelihood of retung a contradictory result to the original

analysis as random NSW sample size was alteredré-)5).
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Figure 2.6 New South Wales versus Western Australia pairwise and p value distributions
following 10,000 replicate random re-samples of th8W Carcharhinus obscurus
population at (an = 100 and (b)n = 50. Grey and black zones on simulatedalue
distributions represemt < 0.05 andp > 0.05, respectively. Dotted lines denote upper an
lower 95 % confidence intervals around simulatecamse Dashed lines indicate the

pairwise®sr andp value generated by the original analysis.

2.4.5 Species comparison off the NSW coast

There was a marked similarity in mtDNA featuresnesnC. obscurusandC. plumbeus
samples collected from eastern Australian wateasgd sample sets revealed similar numbers
of haplotypes foC. obscurugny = 12,n = 301) andC. plumbeugny = 11,n = 440) (Table
2.3). Comparative haplotype networks revealedisgll similar topologies for the two
species, with both networks being shallow and ssiigeof the presence of two distinct, yet
closely related, clades separated by 1-2 mutatepsgFigure 2.7). A difference between the
two species, however, was observed in their ditersdices, wher€. obscurusexhibited
moderate genetic diversiti € 0.5224) andC. plumbeugow genetic diversityl{ = 0.2826)

(Table 2.3).
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Ds17

Figure 2.7 Comparative ND4 haplotype networks fa) Carcharhinus obscuruén = 301) and lf)
Carcharhinus plumbeug = 440) in NSW waters. Sizes of circles corresptmdhe

relative frequency of each haplotype),(mutational steps/missing haplotypes.

2.5Discussion

2.5.1 Regional geneflow in Carcharhinus obscurus

This study represents a re-assessment of genetatse inC. obscurugrom Indo-
Australian waters, following on from Ovenden et(@D09). Using a different mtDNA
marker, higher sample numbers and the additiorodharn Australian samples, we detected
weak genetic subdivision between east and west@lisstWe observed genetic
homogeneity, however, between northern Australéal@oth eastern and western Australia. In

considering the Indonesian population, the appboabf two F-statistic metrics®standFsy)
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produced contrasting results, with some evidencdifterentiation between Indonesia and
Australia based on haplotype frequencies. Discreparbetween these two metrics can arise
due to their differing methods of calculation, dpplically occurs when genetic subdivision is
at the margins of statistical significance (Broderet al.2011).

Our finding of unencumbered gene flow between rerttAustralia and more southern
regions (NSW and WA) was not surprising from a poinview of dispersal potential.
Carcharhinus obscuruattains a large size (Last & Stevens 2009) asdspected of
undergoing long-range temperature-driven migratmma seasonal basis, with tagging
studies revealing an ability to travel considerab&tances (Hussey et 2009, Rogers et al.
2013). Our finding of genetic subdivision betweastern and western Australia, however,
challenge those of Ovenden et al. (2009) and ats@tdes et al. (2011b), who failed to
detect genetic differentiation between these savoddcations using control region sequence
data. We also provide evidence for and againstitikdengs of Ovenden et &12009) relating
to genetic subdivision between Australia and Indan€erhe conclusions drawn by the
abovementioned authors, however, were suitablyicispect given the generally low sample
numbers upon which their comparisons were based.

Despite the comparatively robust sample numberd usthe present study, we too have
reason to be circumspect in our findings. Randosasrgling simulations offered some
evidence that our detection of significant gendifferentiation between NSW and WA was
driven, in part, by the strong bias in sample sizstsveen the two locations. Replicate
pairwise comparisons indicated an increasing liagd of finding a non-significant result
between the two regions as the NSW sample sizela@gased towards a more balanced
analysis. These simulations either highlight thekweature of genetic subdivision between
Australia’s east and west coast or draw its aauetence into question. Conversely,
replicate pairwise comparisons between NSW and milliadonesia appeared to be
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unaffected by a balancing of the NSW sample saagygestive that the outcomes of the
original analysis were robust to biased samplessiz¢hese instances.

Rarefaction analysis emphasised an additionaldiimom of our study, and in doing so cast
considerable doubt over the reliability of popuwatcomparisons presented here. New South
Wales was demonstrated as the only location athwdamcadequate proportion of the available
genetic variability was likely sampled, with muchtloe available diversities appearing to
have remained unsampled from NT and Indonesiapassibly also WA. The rarefaction
exact curves suggested that sample sizes in egt&89 (and even up to 150) may be
required to accurately represent levels of gertitiersity, and hence to confidently discern
haplotype relative frequencies, at any given lacatlt is important to consider, however, that
these results pertain specifically to the ND4 ragaad should not be applied to other
mitochondrial genes. We would anticipate rarefactiarve trajectory, and therefore optimum
sample size estimates, to be heavily reliant ordégree of polymorphism of the mtDNA
region employed. These findings are particularigtipent for studies investigating genetic
structure over fine and regional spatial scalegrevisignals of genetic differentiation are
unlikely to be strong, and reiterate that conclasibased on small sample sizes should be
treated with considerable caution. For this reaaad,given the contradicting metric results
as well as our inability to confirm that the sangpleere actually collected from Indonesian
waters, we have henceforth placed little emphasiesults involving the Indonesian
location.

Notwithstanding the abovementioned limitationsdevice for regionally-restricted gene
flow between eastern and western regions of Auatras presented in this study or
obscurusis consistent with mtDNA research on a rangetlbéoshark species representing a
broad spectrum of different ecologies and lifedmgts — scalloped hammerhegphyrna
lewini (Duncan et al2006), grey nurs€archarias taurugAhonen et al2009),C. plumbeus
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(Portnoy et al. 2010), pigeyearcharhinus amboinens{@illett et al. 2012b) and great white
Carcharodon carchariagBlower et al. 2012). On comparable geographitescg@enetic
subdivision was detected in b@hkrcharhinus leucaand common blacktif@archarhinus
limbatussharks between Gulf of Mexico and north-westeramic waters (Keeney et al.
2005, Karl et al. 2011).

Regional and fine-scale genetic subdivision in lshidnased on mtDNA, is often attributed
to reproductive philopatry — a sex-biased behawabait widely documented in this taxon
(Hueter et al2005, Portnoy & Heist 2012). Discerning reproduetphilopatry in a justifiable
manner, however, requires a stringent experimelgsign (Keeney et al. 2005, Dudgeon et
al. 2012), which the present study lacked; tissllection was both spatially and temporally
opportunistic, with the exception of WA where smadlividuals were sampled over
consecutive days. While it is possible that oudifig of regional subdivision reflects signs of
philopatry, this study is unable to provide an mfiative test of this hypothesis.

Alternatively, the shallow divergence observed lestweastern and western Australian
regions may have resulted from repeated periodstHtion associated with the rise and fall
of the Torres Strait land-bridge during the Plaistoe epoch, as is hypothesisedGor
amboinensidy Tillett et al. (2012b). Unlik€. obscurusrowever,C. amboinensigxhibits a
distribution restricted to northern areas in Ausdrawaters (Last & Stevens 2009). Given the
former species’ Australia-wide distribution, geoativergence between eastern and western
regions based on this historic, northern physicaingary is difficult to reconcile foC.
obscurusand assumes restricted gene flow across southestnalia which we can neither
refute nor support. Furthermore, under this hypgithene would expect similar levels of

divergence between NSW and NT, which we did noeoles
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2.5.2 Carcharhinus obscurusa suitable proxy for Carcharhinus plumbeus?

Carcharhinus obscuruandC. plumbeugxhibited strong similarities in their patterns of
genetic diversity in eastern Australian waters.eRantion curves from this region suggested
that our sample sets had likely captured the ntgjofithe respective genetic diversities
available in both species, and hence were accreptesentations of each species’ genetic
structure in the area. The haplotype-network togiefor both species, resolved thus
through highly robust sample numbers, were verylaim suggestive that. obscuruand
C. plumbeugpopulations have experienced related evolutiohatpries off Australia’s east
coast. In light of this, given our finding of wegknetic differentiation between the east and
west coast irfC. obscurusthe concordant finding by Portnoy et al. (201d)G. plumbeuss
perhaps not unexpected. These similarities sudlyasT. obscurusnay, to some degree, be a
suitable proxy for patterns of gene flow@n plumbeusround Australia; excluding southern
waters where the latter species is not found.

However, while comparable levels of diversity wirend off the east coast based on
haplotype numbers, diversity indices indicated laplotypic diversity irC. plumbeus
compared with moderate haplotypic diversityinobscurusThis low apparent diversity in
C. plumbeusn NSW waters may be accounted for by the exceusampling of the species’
southern-most distribution limit (Last & Steven<2) Extreme and/or unstable
environmental conditions are associated with distron boundaries, and have been
hypothesised to result in low population densitgt arcreased genetic drift and inbreeding in
peripheral populations (e.g. Arnaud-Haond eR@06, Lind et al2007). If this is indeed the
case, one would anticipate the sampling of coreralian populations to reveal increased

genetic diversity irC. plumbeus
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2.5.3 Observer-identification accuracy in an eastern Australian shark fishery

Genetic validation revealed high observer accunatlye identification ofC. obscurusand
C. plumbeusn the NSW OTLF. This was not unexpected givenphologic distinctions
coupled with a large modal size-at-capture withia fishery; the vast majority of the shark
catch in the NSW OTLF is landed as mature, addividuals (Macbeth et a2009). While
morphologically similar to one another, and to ageof other species, at smaller siz@s,
obscurusandC. plumbeusire characterised by diagnostic traits that bedagreasingly
discernible as the individual grows larger (LasB&vens 2009).

Our estimates of observer accuracy were markedlyenithan those reported by Tillett et
al. (2012a) from the Northern Territory Offshore Netldnne Fishery (NT ONLF), who
estimated overall observer accuracy-80 % compared with 98.3 % in the present study.
Also, species-specific identification accuracy rehdrom 70-92.7 % in northern Australia
(Tillett et al.2012a), compared to 96.6-99.4 % off the east @saptesented here. Lower
observer accuracy in the NT ONLF can be attribtbetthe targeting of morphologically-
similar species (e.g. Australian black@archarhinus tilstonandC. limbatus C. leucasand
C. amboinensjsat predominantly neonate and small juvenile $ifages. In this way, the
NSW OTLF is less vulnerable to observer-based edath inaccuracies than the northern

Australian shark fishery.

2.5.4 Management implications & further work

Notwithstanding the limitations as discussed egrbar results tentatively support
restricted gene flow i€. obscurusdetween east and west Australia. This suggests the
allocation of two management units for obscurusn Australian waters — eastern vs western
regions. Under this scenario, stock recovery frgnopulation collapse in the east would rely

on reproduction by surviving local individuals ameglenishment by immigrants from

41



Chapter 2: Genetic Structure of Dusky & Sandbarrkfa

northern Australia. Although the most suitable bdany between these two management

units is uncertain, given the apparent genetic lgameity involving northern Australia, our
results nevertheless support a more integratedappito management between adjacent
Australian states in this species.

The closely-related genetic structures observed ine€Z. obscuruandC. plumbeusn
NSW waters, resulting presumably from similar etiolary histories, raise important
implications for their management and conservafigimen that both species appear to have
responded similarly to evolutionary influences otiere and also exhibit related biological
traits in the study area (Simpfendorfer e28l02, McAuley et al. 2006, 2007b, Geraghty et
al. 2013a -Chapter 5 Chapter §, it is likely that contemporary environmental &rd
anthropogenic pressures will impact the two spépiesulations in a similar manner. Of
concern, therefore, is that the majority of boteses’ genetic diversities in NSW waters is
present as low-frequency haplotypes — suggestiaevofnerability to rapid loss of genetic
diversity under intense fishing pressure in theaieg

High observer accuracy in the NSW OTLF, howevegeas well for the management of
these species and the fishery. Scientifically-satatdh-composition information is a valuable
means of recognising fishing-induced ecosystemeampuences such as species-specific shifts
in abundance, size-at-capture and/or catch peretioit (Burgess et aR005, Field et al.
2009). The maintenance of such high observer acgun@wever, is somewhat dependent on
the fishery maintaining its focus on the more gasliéntified adults; identification success
rate would presumably drop should effort shiftuaegniles.

The use of only one mitochondrial marker limited tesolution of the present study, as
did the exclusive use of mitochondrial sequencea.d&fe were unable, therefore, to test a null
hypothesis that gene flow between the putative [adions is equal between males and
females. Conflicting genetic structures betweerahiondrial and bi-parentally inherited
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nuclear data (or mito-nuclear discordance) is alyidlentified phenomenon in sharks
(Portnoy & Heist 2012). Researchers have typidajfyothesised male-biased dispersal (e.g.
Pardini et al. 2001, Daly-Engel et al. 2012), inlthg inC. plumbeudetween eastern and
western Australia (Portnoy et 2010), which implies persistent male dispersal desp
constrained female gene flow. Patterns of male-atedigene flow, therefore, can have
significant implications with respect to interpradas of genetic subdivision and, in turn, the
allocation of appropriate management units (ToevwBrélsford 2012).

Southern Australian waters were unsampled in tdys highlighting a lack of knowledge
regarding gene flow in this region. A recent sateliagging study by Rogers et 2013)
demonstrated the mixing &f. obscurudetween southern and south-western Australian
waters, but not between southern and eastern watees findings, however, were based on
data from only three individuals tagged in the sdmoation. Given, therefore, that definitive
information pertaining to movement (or lack of)weén east and west Australia is not
currently available, genetic sampling of southeatess would greatly improve
interpretations of the current data.

With the shortcomings of this study in mind, weostyly encourage further work aimed at
achieving greater genetic structure resolutiorCfoobscurusandC. plumbeusn Australian
and neighbouring waters via more extensive sampimtjthe use of more and varied genetic
markers. We also urge evaluations of connectivitthese species around Australia,
particularly between the east and west coastsCFobscuruswe suggest a focus on
southern Australian waters. More robust assessnoéetsntemporary gene flow, as well as
physical tagging and tracking, would greatly asisteffective management of these species

in Indo-Australian waters through the appropridkecation of management units.
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2.7 Supplementary material —Polymorphic sites for mitochondrial DNA ND4

haplotypes defined from Australian and Indonesiatevs.

(a) Dusky shark -€archarhinus obscurus

Nucleotide polymorphism position (1-857)

Haplotype
21 34 90 109 124 189 192 199 289 360 400 421 423 494 648 649 82
DS1 A G T G G T T G G C G T G T T A C g
DS2 T . A
DS3 . A A
DS4 T . . . A
DS5 . . . A A .
DS6 . A T
DS7 . . . A A
DS8 . . C A
DS9 . A
DS10 A . A
DS11 A C A .
DS12 . A A T
DS13 A A .
DS14 . A . A
DS15 C A C
DS16 cC A A C .
DS17 . . C A C C
DS18 . A C A C
(b) Sandbar shark €archarhinus plumbeus
Nucleotide polymorphism position (1-857)
Haplotype
9 72 120 160 186 199 209 327 531 600 650 P55

SB1 G T T T A G T C T C T T

SB2 C . C

SB3 G C

SB4 . C . . .

SB5 A C T T C

SB6 A C C T C

SB7 A . C T C

SB8 A C C T . C

SB9 A C T C . C

SB10 A . C T C . C C

SB11 A A C T C . C C

(.) indicates the same nucleotide as in haplotypé Bnd SB1 ing) and p) respectively.
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3.1 Abstract

3.1.1 Background

Quantifying genetic diversity and metapopulationicture provides insights into the
evolutionary history of a species and helps devajggopriate management strategies. We
provide the first assessment of genetic structuspinner sharksJarcharhinus brevipinng
a large cosmopolitan carcharhinid, sampled frontegasnd northern Australia and South
Africa.

3.1.2 Methods & findings

Sequencing of the mitochondrial DNA NADH dehydrogea subunit 4 gene for 430
individuals revealed 37 haplotypes and moderatiglly haplotype diversityh(= 0.6770 +
0.025). While two metrics of genetic divergendg{andFsy) revealed somewhat different
results, subdivision was detected between SouticaA&nd all Australian locations (pairwise
®st, range 0.02717-0.03508values< 0.0013; pairwisé&st South Africa vs New South
Wales = 0.04056; = 0.0008). Evidence for fine-scale genetic straotuwas also detected
along Australia’s east coast (pairwiber = 0.01328p < 0.015), and between south-eastern
and northern locations (pairwiggr = 0.00669p < 0.04).

3.1.3 Conclusions

The Indian Ocean represents a robust barrier tteogoorary gene flow i€. brevipinna
between Australia and South Africa. Gene flow alppears restricted along a continuous
continental margin in this species, with data tevédy suggesting the delineation of two
management units within Australian waters. Furiaanpling, however, is required for a
more robust evaluation of the latter finding. Evide indicates that all samplpdpulations
were shaped by a substantial demographic expaeseamt, with the resultant high genetic
diversity being cause for optimism when considedagservation of this commercially-

targeted species in the southern Indo-Pacific.
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3.2 Introduction

Patterns of genetic variability in extant taxa hbeen generated by events and processes
occurring over evolutionary time scales. Genetittlboeecks and demographic expansions,
coupled with associated fluctuations in effectiopplation size, are examples of such events,
respectively manifesting as low and, eventuallghHevels of genetic diversity (e.g. Nei et al.
1975, Excoffier 1990, Lyrholm et al. 1996, Zhan@gket2002, Peakall et al. 2003, Diaz-Jaimes
et al. 2006, Hoelzel et al. 2002, 2006). Evolutignarocesses that influence genetic
variability, however, need not be characterisegtonounced reduction or elevation in
diversity. In a range of taxa, barriers to dispeasa gene flow caused by geographic
separation or long-term behavioural traits havedespatial partitioning of genetic diversity.
Cessation of gene flow results in spatial geneatferéntiation (e.g. Pope et al. 1996,
Sivasundar et al. 2001, Beheregaray et al. 200dn&geet al. 2005, Steeves et al. 2005), and
ultimately, speciation due to natural selectiomeade drift and mutation (Mayr 1963,

Palumbi 1992, 1994). Quantifying genetic diversity metapopulation structure, therefore,
can provide insight into the evolutionary histondaehaviour of a species and, in turn, the
most appropriate strategy for its management.

In the marine environment, generating accurategsgmtative estimates of genetic
diversity and population structure can be challeggCryptic barriers to dispersal and
inherent uncertainties pertaining to the spati&etxof gene flow within a species make the
most informative experimental designs difficultdetermine, notwithstanding the practical
issues associated with the collection of highlyikagarine taxa. For example, various
members of the Carcharhinidae represent large, @osliitan shark species occupying
predominantly continental-shelf waters (Last & ®tey 2009). Species such as the dusky
(Carcharhinus obscurgssandbarCarcharhinus plumbegsbull (Carcharhinus leucgsand

common blacktip@Carcharhinus limbatusshark are capable of travelling considerable
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distances, and are suspected to undertake long-raiggations (Kohler & Turner 2001,
Merson & Pratt 2001, Grubbs et al. 2007, Hueter726{ussey et al. 2009, Rogers et al.
2013). These species are also dependent on shad@stal habitats for birthing and offspring
development (e.g. Thorpe et al. 2004, Hussey 089, Conrath & Musick 2007, Heupel et
al. 2007, Taylor & Bennett 2013), with mountingaamce demonstrating philopatric
behaviour in juveniles and, more notably, in graeichales (Keeney et al. 2003, 2005, Hueter
et al. 2005, Karl et al. 2011, Tillett et al. 20).ZEhis trait suggests that, for some
carcharhinid sharks, spatial genetic connectivigyoe lower than otherwise predicted based
on vagility and demonstrated patterns of movenigm. contrast between long-range
dispersal ability and the potential for sex-spedafisruption of gene flow between
geographically proximate locations provides a camm@ontext within which to decipher
genetic structure. Given the implications for maragnt and conservation, however, this
same dichotomy highlights the importance of an wtdading of spatial genetic subdivision
in shark species.

Genetic structure has been investigated in seearaharhinids at a range of geographic
scales (Dudgeon et al. 2012). Studies on globdbglepgraphy have consistently shown that
large oceanic expanses are robust barriers toftmn¢Keeney & Heist 2006, Schultz et al.
2008, Benavides et al. 2011a, 2011b, Portnoy @042, Whitney et al. 2012). Genetic
subdivision has also been documented over findradgaales and attributed to either
philopatric behaviour or historic events causingggaphic isolation (Keeney et al. 2003,
2005, Ovenden et al. 2009, 2011, Portnoy et alo2Rarl et al. 2011, Portnoy & Heist 2012,
Tillett et al. 2012b, 2012c¢).

The spinner sharlkJarcharhinus brevipinnghas thus far been neglected in the population
genetic literature. No research on genetic divemmitstock structure has been conducted in
any part of its cosmopolitan range, which includesch of the world’s tropical and warm-
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temperate continental shelf waters (Last & Ste&fi¥).Carcharhinus brevipinnas
predominantly a by-catch or secondary target spebigt is nevertheless an important
component of commercial catches in multi-specieskshisheries around the world (Castillo-
Géniz et al. 1998, Joung et al. 2005, Dudley & Sangdorfer 2006, McVean et al. 2006,
Henderson et al. 2007, White 2007, Hale et al. 2Q@HtIson et al. 2012). Furthermore, owing
to confusion with the ‘blacktip’ shark, commercealtch records of. brevipinnaare most

likely gross underestimates in some regions. Réoresd catch rates are also suspected to be
substantial, however, as for most shark specieg,rgmain unquantified. In Australian
waters, considerable numbersfbrevipinnaare landed along the eastern, northern and
western coastlines where they are harvested usimgidal longlines, demersal and pelagic
gillnets, and handlines (Simpfendorfer & Donohu88,Rose et al. 2003, Macbeth et al.
2009, Harry et al. 2011a, Tillett et al. 2012a)eastern Australia, a fishery-observer study
revealed this species to be the third most aburideye shark caught in the New South Wales
Ocean Trap and Line Fishery (NSW OTLF) (Macbethle2009).

Carcharhinus brevipinng a schooling species known to frequent nearshaters as
adults and utilise inshore nursery habitats asnilee (Castro 1993, Carlson & Brusher 1999,
Thorpe et al. 2004, White & Potter 2004, Reid el 1). As suchC. brevipinnas
considered highly vulnerable to fishing pressuré lamman-induced habitat alteration, and is
hence globally IUCN listed as ‘near threatened’ri&ss 2009). Despite this, long-term
catch-data sets have provided evidence for st@tklgy in C. brevipinna Carlson et al.

(2012) proposed that growth overfishing had noua®d on this species in the heavily fished
western North Atlantic, with the average lande@ semaining stable from 1994-2009.
Furthermore, the abundance@fbrevipinnain this fishery appears to have remained largely
unchanged, with some evidence for increase ovesdhee period (Carlson et al. 2012).
Similar findings were reported by Dudley and Sinmgferfer (2006) from the western Indian
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Ocean, who revealed stable catch per unit effdM{E) and stable/increasing size-at-capture
from 1978-2003. Having experienced comparativelyelotargeted-fishing pressure on a
global scaleC. brevipinnahas not been subject to the same concern orisgmatjarding the
status of its populations as that levelled at sgesuch a€. obscuruandC. plumbeuge.g.
McAuley et al. 2005, Cortés et al. 2006, Anon. 2012011b). However, the life-history
characteristics of. brevipinnasuggest a similar vulnerability to overfishing aondslow
intrinsic rates of population recovery (Bransteft®87, Allen & Cliff 2000, Allen & Wintner
2002, Joung et al. 2005, White 2007, Capapé @0al3, Carlson & Baremore 2005).
Furthering our understanding of gloléal brevipinnapopulations, therefore, may be
considered prudent.

Here we assess genetic structure and diversi®y brevipinnausing mitochondrial DNA
(mtDNA) sequence data. We test a null hypothesgeottic homogeneity throughout
Australian and South African waters, and discussetlolutionary history of the species in the
region. We generate an estimate of scientific-olegegiccuracy in identifyin@. brevipinna
in an eastern Australian large-shark fishery, dad discuss the implications of our findings

for fisheries management and conservation.

3.3 Materials & methods

3.3.1 Ethics Statement
Tissues were sampled from New South Wales (NSWensatccording to a protocol
approved by the NSW Government Primary Industrgt{€ties) Animal Care and Ethics

Research Authority (Permit ACEC REF 07/03 — CFC).

3.3.2 Sample collection
Shark tissues were collected from a range of lonatin the southern Indo-Pacific (Figure

3.1) using a variety of fishery-dependent meth&dsm NSW waters, tissues were harvested
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during 2007-2010 from landed catch by scientifisefers on-board commercial shark-
fishing vessels within the NSW OTLF. These samplere taken from individuals spanning
the entire size range of the species (Figure A.8mall quantity (<2 g) of white muscle
tissue was excised from each specimen, immedipteBerved in 95 % reagent grade ethanol,
and stored at room temperature. Additional sampgla&cted during 2000-2010, were
obtained from more distant locations, includingiirthe waters of north-western Northern
Territory (NT), Gulf of Carpentaria (GoC) and Quskmd (QLD) in northern Australia, as
well as from the east coast of South Africa (FigBu®). Tissues from north-western NT, GoC
and QLD were sampled from predominantly neonatesamall-juvenile individuals from
landed catch by observers within their respectomaroercial shark fisheries (Figure 3.2), and
were preserved in 20 % dimethylsulphoxide (DMSQ)itson. Fin-clip samples from South
Africa, preserved in 100 % ethanol, were colledtedh adult and sub-adult sharks caught in
the Kwazulu-Natal beach protection nets (Figurg.38r South African specimens, pre-
caudal length (PCL) measurements were convertaatablength (1) using the

morphometric equation published in Allen and Wint(8902). Additional samples were
obtained from QLD and NSW waters by sampling shagght in government bather

protection programs (Anon. 2006b, Reid et al. 2011)

3.3.3 DNA extraction, amplification & sequencing
To obtain mtDNA sequence data, total genomic DNA wgtracted from 5 mg of tissue using
a modified salting-out protocol (Sunnucks & Hal®@98). Samples were digested with,il0
of Proteinase-K (10 mg- M) in 580pul of TNES [50 mM Tris.HCI (pH 7.5), 400 mM NaCl,
20 mM EDTA and 0.5 % SDS] by incubation overnighba °C. Proteins were precipitated

by adding 17Qu of 5 M NacCl followed by microcentrifugation at ;000 rpm for 5 min.
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Figure 3.1 Collection locations for tissues included in gémetructure and diversity analyses. Sample
numbers for each putative population are in paesgh. GoC = Gulf of Carpentaria.
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Figure 3.2 Length-frequency distribution of individuals fromhich tissues were sampled.

55



Chapter 3: Population Expansion & Genetic Structuré&pinner Sharks

Supernatant (600l) was recovered into a fresh tube and the DNAipreted by adding
600l of ice-cold 100 % ethanol. Tubes were stored2& °C for approximately 1 h. DNA
was then recovered by microcentrifugation at 14,@00 for 15 min, and the ethanol
decanted. The resulting DNA pellet was washed 2@@ul of 70 % ethanol, 100 mM
sodium acetate solution, and microcentrifuged &@d@rpm for 3 min. Following decanting,
all remaining ethanol was removed using a micrapgp®NA was air-dried, resuspended in
100ul of TE buffer [10 mM Tris.HCI (pH 7.6) and 1 mM HIA\] and stored at20 °C. DNA
yield was checked on a 1.0 % agarose TBE (90 mMsilitirate and 2 mM EDTA) gel run at
110 V.

Polymerase Chain Reaction (PCR) was used to antpkfynitochondrial DNA NADH
dehydrogenase subunit 4 (ND4) gene from all tissueples. Reactions were carried out in
50 ul volumes containing Ll of DNA template, 1x GoTaq Colourless reactionfeuf
[consisting of 1.5 mM MgGland 20QuM deoxynucleoside triphosphates (dNTPS)]
(Promega), 0.5l of RNase (1 mg-rif}), and 0.5.M of each of the primers ND4 (5' CAC
CTA TGA CTA CCA AAA GCT CAT GTA GAA GC) (Arevalo etl. 1994) and H12293-
LEU (5 TTG CAC CAA GAG TTT TTG GTT CCT AAG ACC) (loue 2001).
Amplifications were performed in an Eppendorf epdient S Mastercycler (Eppendorf AG),
using thermal cycling conditions consisting of aitial denaturation (94 °C for 3 min),
followed by 35 cycles of 94 °C for 15 s, 60 °C 8rs and 72 °C for 1 min, with a final
extension step of 72 °C for 10 min, and soak/firdsh °C. PCR products were visualised on
a 2.0 % agarose TBE gel, run at 110 V, and stam#dGelRed (Biotium Inc.). PCR
products were purified prior to sequencing using€ap-IT (USB Corporation). Sequencing
was performed with an Applied Biosystems 3130x| &enAnalyzer 16-array capillary

sequencer (Life Technologies). Sequencing reactodsanalyses were carried out by the

56



Chapter 3: Population Expansion & Genetic Structuré&pinner Sharks

Macquarie University (MQ) DNA Sequencing Facilitying Big Dye Terminator reactions

and the forward PCR primer only.

3.3.4 Sequence alignment & 1D validation

Sequences were trimmed and edited manually. Edégdences were entered into
Biomanager (https://biomanager.info) and alignedgithe ClustalW (accurate) algorithm
(Thompson et al. 1994). GenBank reference sequdac€s brevipinnawere available for
the cytochrome oxidase | (CO1) gene, but not fodN@ior to this study. Therefore, to
validate that the study species had been corritehtified and also to determine the species
identity of any misidentified individuals, randorrdglected representatives from each
separate haplotype determined from the alignmetpubuvere amplified for the CO1 gene
using the primers Fish F1 (5 TCA ACC AAC CAC AAAAE ATT GGC AC) and Fish R1
(5 TAG ACT TCT GGG TGG CCA AAG AAT CA) (Ward et a005). PCRs were carried
out as above, with thermal cycling conditions cetisg of an initial denaturation (95 °C for 5
min), followed by 30 cycles of 95 °C for 15 s, 85 for 30 s and 72 °C for 1 min, with a final
extension step of 72 °C for 7 min, and soak/firasl °C. PCR products were purified and
sequenced following the same protocol outlinedtierND4 locus. Resultant CO1 sequences

were compared to reference sequences in GenBaskdaies recognition.

3.3.5 ND4 sequence analysis

To identify and characterise mitochondrial hapletypalignedC. brevipinnaND4
sequences were imported to Arlequin 3.5.1.2 (Exeo& Lischer 2010). A sequence
representing each haplotype was lodged in GenBaodession codes KF612545 —
KF612581). The frequency of, and mutational steggs/ben, haplotypes were assessed by
generating statistical parsimony haplotype netwanrkBCS 1.21 using the default settings

(Clement et al. 2000). Phylogenetic relationshipsag haplotypes were inferred using the
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maximum likelihood method based on the Tamura-N&ieh(Tamura & Nei 1993), and
generated in MEGA 5 (Tamura et al. 2011) with 1,8606tstrap replicates. The best-fitting
model of nucleotide substitution, as offered by ME®& was determined by likelihood ratio
tests and calculations of Akaike and Bayesian médron Criteria performed in jModelTest
2.1.1 (Darriba et al. 2012). To assess the alufityhe ND4 region to differentiate between
carcharhinids, the phylogram was rooted with a eamfgnorphologically similar species, as
well as with two sphyrnid species as outgroups.

Genetic diversity indices were obtained with Arlegusing the Tamura-Nei substitution
model (Tamura & Nei 1993), and included polymorphsatistics, number of haplotypes,
haplotype diversityl{) and nucleotide diversityr]. Harpending's raggedness indéi() was
estimated from nucleotide mismatch distributionsstoucted in Arlequin under the sudden
demographic expansion model with 20,000 bootsegpaates (Harpending 1994). Tajima’s
D and Fu’sF neutrality indices were also estimated in Arleqaind are indicative of
departures from mutation-drift equilibrium or patte of selection (Tajima 1989, Fu 1997). In
conjunction withHg,, the latter two analyses can be used to deteriihanpopulation has
undergone an expansion event (possibly followiggmetic bottleneck). Mismatch
distributions will be multi-modal (or ragged) irstable population, where the generation of
new mutations is offset by random drift, and unielalofor expanding populations, where new
mutations accumulate faster than their loss dukifo(Harpending 1994). For Tajimal3
and Fu’sF, signals of population expansion are denoted dpyifstant negative test statistic

values. Statistical significance was assessed fadl@ying 20,000 simulated samples oat

0.05 andy = 0.02 forD andF values respectively (Fu 1997).
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3.3.6 Population genetic structure

To test the null hypothesis of panmixia (genetimbgeneity) in Australian and South
African waters foiC. brevipinna an analysis of molecular variance (AMOVA) (Exceffet
al. 1992) was implemented in Arlequin to evaluate dverall extent of net genetic
subdivision between sample locations. We employ@dR-statistic metrics of genetic
divergence®st(Excoffier et al. 1992) anBst (Wright 1965). Whilebst has been regarded
as the superior metric on the basis of its incapon of a measure of genetic distance
between haplotypes, frequency-babeghas been proposed as potentially a more appropriate
measure of genetic differentiation among locatiwhsre migration is theoretically occurring
at a faster rate than mutation (Bird et al. 20®k): was calculated vithe computing of a
distance matrix using the Tamura-Nei model (Tanguhei 1993) for estimation of genetic
distance between sequences, whide used haplotype frequencies only. AMOVA partitioned
genetic variance among, and within, sample locatiand calculated overabsr andFst
fixation indices. Genetic differentiation betweeatk pair of locations was also measured by
calculating pairwis@st andFst estimates. Statistical significance was determfofdwing
20,000 permutations of the sequence data andeinase of pairwis®st andFst, assessed at
an initial critical significance level af = 0.0083 (adjusted from = 0.05) following
sequential Bonferroni correction for six simultane@omparisons (Holm 1979, Rice 1989).
The AMOVA structure consisted of one group madeihe following four putative
populations: NSWr(= 208), QLD 6 =63), NT 6= 97) and South African(= 62) (Figure
3.1). The analysis outlined above is hencefortarretl to as the ‘original analysis’. Prior to
conducting this large-scale AMOVA, we investigatked extent of genetic subdivision on a
finer scale between Go@ € 43) and north-western Nh € 54) waters. This analysis

indicated genetic homogeneity (fixation indic&ssr = 0.00035p > 0.39;Fst= 0.00151p >
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0.31), hence providing justification for pooling Gand north-western NT samples to create
one northern population termed ‘NT'.

Carcharhinus brevipinngample sizes were clearly biased towards NSW (€igLl),
where 208 samples were collected compared to 6an83®7 samples from the other three
locations. We evaluated the influence of this samgpbias on thé&-statistics of pairwise
population comparisons involving NSW via randonsaeapling simulations. Ten thousand
replicate random sample-setsnof 60 (for comparison with QLD and South Africa, Inatt
NT owing to its larger original sample siza)r 100 anch = 150 were selected without
replacement from the NSW population, while QLD, &fd South African sample sizes were
kept unchanged. Population pairwiBgrand associateplvalues were generated for each
replicate random sample-set in Arlequin using thkel processing function and permutation
settings as outlined above. Result@gt andp value distributions were plotted, and the
likelihood of producing a result contradictory k@t of the original analysis was calculated as
either the proportion gf values< 0.05 or > 0.05, depending on the result of thgioal
analysis. That is, if the original pairwiperalue was significanf(< 0.05), the likelihood of a
contradictory result equals the absolute numbenafiues > 0.05/10,000.

The ‘Isolation by Distance’ (IBD) hypothesis wasatested to determine if inter-
population genetic distances increased linearlit géographic distance. Genetiesf) and
geographic (km, by sea) distances between theplatative populations were calculated in
GenAlEx (Peakall & Smouse 2012) and ArcMap 10.0RBSrespectively. Pairwise genetic
and geographic distance matrices were correlated asMantel test, with a test for a

significant relationship by 9,999 random permutasicalso implemented in GenAlEX.
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3.3.7 Rarefaction analysis

To determine whether sample sizes adequately r@ees population genetic variability,
rarefaction exact curves were generated to quablgtassess the proportion of haplotypic
diversity sampled at each of the four locationse €kpected number of haplotypes found for
a given sample number (from one to the total sasigke obtained at each location) was
calculated using the rarefaction formula of Hurtl{ié®71), and executed in the statistical
package R (2010). A trend towards an asymptotaticeiship infers haplotype saturation, i.e.
that the majority of the available genetic diversias likely sampled at that location and that
more intensive sampling is likely to yield few atilolhal haplotypes. In contrast, a steep slope

suggests that a large fraction of the availablddigpe diversity remains unsampled.

3.4 Results

3.4.1 Fishery-observer accuracy in NSW waters

The ND4 gene region proved to be capable of diatsigng a range of morphologically-
similar carcharhinids (Figure 3.3), as previousigwn by Tillett et al. (2012a). Genetic
validation was possible for a total of 190 shademntified by scientific observers &s
brevipinnain the NSW OTLF from 2007-2010. Of these, 187 wgeetically confirmed to
beC. brevipinnatranslating to an observer-accuracy estimate8af 9 for the identification
of this species in the fishery (Table 3.1). Misitifieed individuals 6 = 3) comprised twd.

limbatusand oneC. obscurugTable 3.1).

Table 3.1 Fishery-observer identification accuracy. Perogaténdividual counts in parentheses) of
each genetically-identified shark species from pleidentifiedCarcharhinus brevipinna

in the New South Wales Ocean Trap and Line Fishery.

Genetic identification  Observer identifi€d brevipinna(n = 190)

C. brevipinna 98.4 (187)
C. limbatus 1.1(2)
C. obscurus 0.5(1)
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3.4.2 Genetic diversity & summary statistics

An 857 base pair mtDNA ND4 sequence was obtained30C. brevipinnaindividuals

collected from Australian and South African watg@tgure 3.1). A total of 37 haplotypes

were defined, characterised by 41 polymorphic sitmeposed of 40 transitions and one

transversion (see Supporting Information). A phglogtic tree placed all haplotypes into a

single, shallow clade (Figure 3.3).
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One haplotype (SP1) clearly dominated the sampleasd was found in all four
populations in reasonably similar proportions (Eabl2). The same number of haplotypes (
= 23) was found in NSW and NT waters, despite NSWriggover double the sample size
(Table 3.3). NSW exhibited six haplotypes endemithe area, whereas NT displayed five.
Almost identical sample sizes revealed 17 haplatypem QLD waters and 11 from South
African waters, with two unique haplotypes defirfiemm each location (Table 3.3).
Haplotype £) and nucleotiden) diversities were very similar, and high in theeaf the
former and low in the case of the latter, acrosselof the four putative populations (QLD,
NT and South Africah, range 0.7279-0.7493; range 0.0015-0.0016) (Table 3.3).
Comparatively lower diversity was observed in NS\atevs b = 0.5984 7 = 0.0010). All
mismatch distributions were consistent with thedaidpopulation expansion model, with no
significant deviation from a uni-modal distributi@fg,, range 0.054—0.099) (Table 3.3). In
support of this, all four putative populations dissged significant negative neutrality indices

(D, range -2.245 — -1.506;, range -23.626 — -4.464) (Table 3.3).

3.4.3 Rarefaction & optimum sample size

Rarefaction exact curves indicated trends towasgimatotic relationships for both the
NSW and South African locations (Figure 3.4), desparkedly different sample sizes. This
suggests that the majority of the haplotypic diters available at these two locations were
most likely sampled. Steeper slopes were obserema QLD and NT waters (Figure 3.4),
suggestive that some proportion of the availableege diversities remained unsampled.
Optimum sample size for the adequate representatitavels of genetic variation present in

a givenC. brevipinngpopulation appears to be site dependent.

63



Chapter 3: Population Expansion & Genetic Structuré&pinner Sharks

Table 3.2Haplotype relative frequencies observed from eachpling location.

Relative frequency
- GenBank

Haplotype (nN:S;/(\)/8) (r?:Lgs) . ET97) So(lrlltz é;r)lca Accession Codes
SP1 0.625 0.492 0.505 0.468 KF612545
SP2 0.082 0.111 0.124 0.065 KF612546
SP3 0.005 0.032 0.010 - KF612547
SP4 0.010 0.063 0.041 0.016 KF612548
SP5 - - 0.010 - KF612549
SP6 0.019 - 0.010 - KF612550
SP7 - - - 0.065 KF612551
SP8 0.005 0.016 0.031 - KF612552
SP9 - - - 0.032 KF612553
SP10 - 0.016 - 0.145 KF612554
SP11 - - 0.010 0.016 KF612555
SP12 - - 0.021 0.048 KF612556
SP13 - - 0.010 0.016 KF612557
SP14 - - 0.010 - KF612558
SP15 - - 0.010 - KF612559
SP16 - - 0.010 - KF612560
SP17 0.019 0.016 0.021 0.032 KF612561
SP18 0.053 0.048 0.021 - KF612562
SP19 - - 0.010 - KF612563
SP20 - 0.016 0.010 - KF612564
SP21 0.038 - 0.041 - KF612565
SP22 0.024 0.063 0.021 - KF612566
SP23 0.005 - 0.010 - KF612567
SP24 0.005 - 0.010 - KF612568
SP25 - 0.016 - - KF612569
SP26 - 0.016 - - KF612570
SP27 0.005 0.016 - - KF612571
SP28 0.005 0.016 - - KF612572
SP29 0.019 0.016 0.010 - KF612573
SP30 0.010 0.016 - - KF612574
SP31 0.010 - - - KF612575
SP32 0.010 - - - KF612576
SP33 0.014 - - - KF612577
SP34 0.005 - - - KF612578
SP35 0.005 - - - KF612579
SP36 0.019 0.032 0.041 0.097 KF612580
SP37 0.010 - - - KF612581
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Table 3.3 Genetic diversity indices observed fGarcharhinus brevipinnaample locations in the

southern Indo-Pacific.

Location n*  ny® ny® he n® Ha! DY =

NSW 208 23 6 0.5984 (£ 0.040) 0.0010 (£ 0.0008) 70.0 -2.245 **=* —23.626 ***
QLD 63 17 2 0.7424 (£ 0.056) 0.0015 (£ 0.0011) @.05 -2.056 ** —13.080 ***
NT 97 23 5 0.7279 (£ 0.047) 0.0015 (£ 0.0010) 0.054-2.163 ** —22.072 ***
South Africa 62 11 2 0.7493 (+ 0.050) 0.0016 (#00.D) 0.099 -1.506 * —4.464 *
Pooled 430 37 . 0.6770 (x 0.025) 0.0013 (+ 0.0009).064 —2.252 *** —29.294 ***

asample sizer)), "number of haplotypesi), ¢ number of unique haplotypes,(), Yhaplotype diversityH),
®nucleotide diversity), "Harpending’s raggedness indés(), ° Tajima’s ©) and" Fu's () tests of selective
neutrality. Values in parentheses represent stdratariations (s.d.). (¢), value not applicable ehdtes
significance at the < 0.05 level, *p < 0.01, ** p< 0.001.

— NSW
——= QLD
— NT

-------- South Africa

Expected number of haplotypes
I~

T T T T T T T 1
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Number of samples

Figure 3.4 Rarefaction exact curves for sample locations.

3.4.4 Population genetic structure

The haplotype network incorporating the four pwapopulations was shallow and shaped
in a distinct ‘star-burst’ pattern, characterisgbe central haplotype (SP1) surrounded by
an array of low, or lower, frequency variants (SBR27) (Figure 3.5). A high degree of

haplotype sharing was observed among the four gpbgrally-distinct populations, with the
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dominant haplotype (SP1) being common at eacheofdtir locations and ~58 % (o= 21
of n = 36) of lower frequency haplotypes being shardd/éen two or more locations (Figure

3.5, Table 3.2).
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Figure 3.5 Carcharhinus brevipinnanitochondrial DNA ND4 haplotype network. Sizes afckes
correspond to the number of individuals displayéagh haplotype. Shading indicates the
proportion observed from each of the four putatpepulations. £) = mutational

steps/missing haplotypes.

Despite this, AMOVA fixation indices detected sifyrant levels of genetic differentiation
between the four putative populations for bBthtatistic metrics®st = 0.01634p = 0.0001;
Fst=0.01493p < 0.0035) (Table 3.4). We therefore reject the hybothesis thaC.

brevipinnaare panmictic in Australian and South African wsite
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Table 3.4AMOVA analyses of spatial genetic variation foarcharhinus brevipinnrom Australian

and South African waters.

Source of variation d.f. Test statistic Sum of ggea ?:/(?rrri?ag(rzweents \F/’aerri;%gtna%;) )Of
Among populations 3 Dgtr 4.304 0.00916 1.6
3 Fst 2.475 0.00508 1.4E
Within populations 426 Dgr 234.819 0.55122 98.37
426 Fst 142.742 0.33507 98.91
Fixation indices ®s7=0.01634p = 0.00010 (+ 0.00007)
Fst=0.01493p = 0.00345 (+ 0.00041)

Pairwise results, however, revealed some differebetween the two measures of
divergence. Thésrmetric detected genetic subdivision between Sodititadand all
Australian locations (pairwis@st, range 0.02714-0.03508yvalue, range 0.0000-0.0013),
with all three comparisons significant after Bondgi correction (Table 3.5¥sralso
detected genetic differentiation, albeit weaketywleen NSW and QLD waters (pairwider
=0.01328p < 0.016) which was also significant after sequaronferroni adjustment, as
well as some evidence for genetic subdivision bebwdSW and NT (pairwis®st =
0.00669) which was significant pt< 0.05 but not after Bonferroni correction (TaBIB). In
contrast, the haplotype-frequency based analydisated significant genetic differentiation
between the NSW and South African locations ondyripiseFst = 0.04056p = 0.0008)
(Table 3.5). All other pairwisEsrcomparisons, with the exception of QLD vs NT, wengy
marginally non-significant (pairwigevalue, range 0.0510-0.0845). The finding of geneti
homogeneity between QLD and NT was concordant lestvethF-statistics. A strong
positive relationship, with high goodness-of-fit € 0.86), was observed between pairwise
genetic and geographic distances@ombrevipinna This relationship, being driven entirely by
differences between Australian locations and Séditica, was not statistically supported by

a mantel testo(= 0.091).
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Table 3.5Comparison of pairwise-statistic values between putative populations.Dlesi®st
values are below the diagonal dfsgvalues are above diagonal, wiilvalues in
parentheses. Bold italics indicate values significdter sequential Bonferroni correction

(initial o = 0.0083). * Statistically significant at< 0.05, but not following Bonferroni

adjustment.
NSW ( = 208) QLD 6 =63) NT = 97) South Africarf = 62)
NSW 0.01151 (0.0601)  0.00921 (0.0531)0.04056 (0.0008)
QLD 0.01328 (0.0151) -0.00704 (0.9099) 0.01306 (0.0845)
NT 0.00669* (0.0387) -0.00507 (0.8166) 0.01411 (0.0510)
South Africa  0.03494 (0.0000)  0.03508 (0.0009)  0.02717 (0.0013)

Simulation was used to test the effect of a bigkénumbers of. brevipinnasampled
from NSW on thd--statistics analysis of pairwise population comgams. Random re-
samplings demonstrated an increasing likelihoafihding a non-significant result between
NSW and QLD, and between NSW and NT, with decrepsiW sample size (Figure 3.6).
More specifically, for NSW vs QLD, 21.08 % of regdie pairwise comparisons where
sample size was set to 150 for NSW (and left &068LD) did not provide statistical
support for the original analysis, for which samgitee was 208 for NSW and 63 for QLD.
This increased to 48.29 % and 71.8 % as the NSVplsasize was reduced further to 100 and
60, respectively. Considering NSW vs NT, the likebd of producing a contradictory result
to that of the original analysis was high as NSWigle size was reduced. Where sample size
was set to 150 for NSW (and left at 97 for NT),321% of replicate pairwise comparisons
did not provide statistical support for the oridiaaalysis, for which sample size was 208 for

NSW and 97 for NT. This increased to 74 % whenNB&V sample size was reduced to 100.
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0.8 7 NSW v NT

0.6
o NSWvQLD

0.4 -

0.2

Likelihood of contradictory result

NSW v South Africa

208 150 100 60

NSW replicate random sample size

Figure 3.6 Likelihood of pairwise result contradicting that the original analysis. Likelihoods
computed based on 10,000 replicate random re-sangflehe NSW population at

varying sample sizes. Y-intercept represents caldiEW populationr{= 208).

Further illustrating this point, as NSW sample si@es reduced, pairwiskst andp value
distributions revealed increasing variability imganction with decreasing medr;t and
increasing meap value relative to the output of the original asedy(Figure 3.7). This
pattern was observed for both sets of locationsofirast, replicate pairwise comparisons
between NSW and South Africa displayed an unchangind zero percent, likelihood of
generating a different result to that of the ordianalysis as NSW sample size was altered

(Figure 3.6).

3.5Discussion & conclusions

3.5.1 Observer-identification accuracy in an east Australian shark fishery
Observer accuracy was high (98.4 %) in the idexatifon ofC. brevipinnain the NSW
OTLF. This estimate is comparable to other targetis within this same fisher§g,

obscurusandC. plumbeusvere correctly identified by fishery observeratwuracies of 96.6

69



Chapter 3: Population Expansion & Genetic Structur&pinner Sharks

% and 99.4 %, respectivelgapter 3. Given the fundamental importance of accuratehzat
composition data in fisheries (and species) manage(fillett et al. 2012a, Burgess et al.
2005, Field et al. 2009), this high level of acoyran the recognition of the three most
harvested shark species (by number) in the NSW QM4€beth et al. 2009) confirms the

usefulness of fishery-observer data in the manageaoiehis eastern Australian large shark

fishery.
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Figure 3.7 Pairwise®sr and p value distributions following random re-samplingislations. NSW
versus QLD and NT pairwise distributions based 0)®00 replicate random re-samples
of the NSW population ah = 150, 100 and 60. Grey and black zonespowalue
distributions represem < 0.05 andp > 0.05 respectively. Dotted lines denote upper and
lower 95 % confidence intervals around sample meBiashed lines indicate pairwise

®st andp values generated by the original analysis.
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Our measure of observer accuracy (98.4 %fdorevipinnain the NSW OTLF was
higher than that reported for the same specieslgttlet al.(2012a) in the Northern
Territory Offshore Net and Line Fishery (NT ONLFQr which observer accuracy was
estimated at 87.2 %. Higher identification accuriacthe NSW OTLF compared to the NT
ONLF was not unexpected for this particular spegiesn the difference in size class
targeted by the two fisheries. The vast majorityheflanded shark catch in the NSW OTLF is
in the form of mature, adult individuals (Macbethak 2009). In contrast, the NT ONLF
targets predominantly neonate and small juverfdesliages, illustrated by the fact that all
sharks identified a€. brevipinnaby observers in the latter fishery weré&.2mLy (Tillett et
al. 2012a). Size-at-capture is importanCasprevipinnas characterised by diagnostic traits
that become increasingly discernible as an ind@idwows larger, most notably tooth shape
and fin pigmentation (Last & Stevens 2009). At Brsizes,C. brevipinnacan be difficult to
distinguish from a range of other morphologicaliyy$ar carcharhinid species (Last &

Stevens 2009).

3.5.2 Evolutionary history in the southern Indo-Pacific

TheC. brevipinnahaplotype network was distinctly star-shaped, atigrised by a single
dominant haplotype surrounded by a high numbeowf br lower, frequency variants. This
central, and presumably ancestral, haplotype wamipent in all three Australian sample
locations, as well as off the coast of South Afri@vidence that Australian and South African
waters share common ancestry in this species.

The pattern of genetic diversity observed her€.ibrevipinnais indicative of a
contemporary demographic expansion event havingroed throughout the southern Indo-
Pacific. This hypothesis is supported by a rangevatence: the distinctly ‘star-burst’

haplotype network denoted by numerous low-frequenatations, mismatch distributions
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and neutrality test statistics suggesting stromgadares from mutation-drift equilibrium for

all four putative populations and the observed doatibn of generally high haplotype and
low nucleotide diversities (Tajima 1989, Fu 1997a@& & Bowen 1998, Ramos-Onsins &
Rozas 2002, Ramirez-Soriano et al. 2008). Atterafptsiting this population expansion event
were abandoned in the absence of mutation-rat@a&ss for ND4 in elasmobranchs.

It must be noted here, however, that spatial samgerage in the present study was
limited to only a very small area of this specigiebal distribution range, which includes
much of the world’s tropical and warm-temperatetcantal shelf waters (Last & Stevens
2009). Therefore, in the absence of genetic arsabfssamples representative of the entire
distribution of the species, we are unable to deftes whether or not this rapid population
growth was a worldwide event or was restrictecheogouthern Indo-Pacific.

Signals of population expansion as strong asrédpadrted here i€. brevipinnas
unprecedented among sharks, with comparable sigrais commonly associated with taxa
such as humans (Excoffier 1990) and teleost fighgs Thacker 2004, Diaz-Jaimes et al.
2006, Broderick et al. 2011). Evidence for popuolatexpansion has, however, been presented
for some shark species through analyses of misnais$tiibutions (Duncan et al. 2006,
Hoelzel et al. 2006), star-like haplotype netwqi®senden et al. 2011, Karl et al. 2012,
Naylor et al. 2012), or combinations of the latteo supported by neutrality indices (Pereyra

et al. 2010, Verissimo et al. 2010).

3.5.3 Contemporary genetic structuring

This study marks the first dedicated assessmegemdtic structure i€. brevipinna The
application of two metrics of genetic divergendg{andFst) demonstrated that population
genetic findings can be dependent onRkstatistic employed - especially pertinent where

subdivision is at the margins of statistical sigr@hce (Broderick et al. 2011). We therefore
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encourage the concurrent use of both metrics aslatd practice in population genetic
studies.

With this in mind, genetic differentiation was dettsl over a broad spatial scale between
Australian and South African waters. This findirmsbd on mtDNA was not unexpected and,
being consistent with a range of other shark pdfmraenetic studies (Pardini et al. 2001,
Duncan et al. 2006, Ahonen et al. 2009, Chabot I&®AR009, Portnoy et al. 2010, Benavides
et al. 2011a, 2011b, Daly-Engel et al. 2012), eeaiies that large oceanic expanses (in this
case the Indian Ocean) represent robust barriersntiemporary gene flow in coastal shark
species.

Evidence for genetic subdivision, albeit weak, &Bs® detected over finer spatial scales
within Australian waters, i.e. between NSW and QtD and, to a lesser degree, NT.
Genetic homogeneity was observed between QLD and/&iérs. These results tentatively
suggest that gene flow is restricted to some degjoaey Australia’s eastern continental
margin as well as between the south-eastern arldanorcoastlines, and that gene flow is
unencumbered between north and north-eastern Aasti@aters. These findings were
somewhat unexpected givén brevipinnas potential for active dispersal. That said, hoargv
genetic differentiation has previously been detkatesimilar and related shark species over
comparable geographic scales in Australian watddmsdan et al. 2011, Blower et al. 2012,
Tillett et al. 2012b, 2012c), as well as thosehef Gulf of Mexico and north-western Atlantic
(Keeney et al. 2005, Karl et al. 2011).

Reproductive philopatry, or the fidelity of graviginales to nursery areas, is typically
invoked to explain fine-scale genetic structuribgged on maternally-inherited mtDNA) in
the absence of barriers to dispersal for highlyHeagharks (Keeney et al. 2005, Schultz et al.
2008, Karl et al. 2011, Blower et al. 2012, Port8oleist 2012, Tillett et al. 2012c).
Confidently discerning this sex-biased behaviotrait, however, is complex and relies on a
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robust experimental design involving the exclusaepling of neonates, or adult females at
time of parturition rather than during dispersednh spatially discrete areas (Keeney et al.
2005, Dudgeon et al. 2012). The collection of &ssun the present study was generally
reliant on both spatial and temporal opportuniséimpling, rather than according to a
dedicated experimental design. Nevertheless, sssam NT and QLD were almost
exclusively sampled from neonates and small juesnilvith length-frequency modes at 90
cm and 95-100 cror respectively (Figure 3.2). While it is conceivatilat the fine-scale
genetic structuring observed in this study reflsages of reproductive philopatry, the only
meaningful test of this hypothesis would be a camspa of the NT and QLD locations
between which our data failed to detect genetiehtiation.

Consideration of our results in light of those bye@den et al. (2011), however, would
suggest that an affinity for nearshore habitaniansery purposes i@. brevipinnahas
influenced our findings of fine-scale genetic diffetiation to some degree. In their study,
Ovenden et al. (2011) failed to detect evidencey@retic subdivision along Australia’s east
coast in milk sharksRhizoprionodon acutdsising ND4 sequence dakhizoprionodon
acutus,a considerably smaller-bodied and presumably lagda/species tha@. brevipinna
conforms to a population model characterised bynpeent habitation of nearshore waters
without the use of discrete nursery areas (Knigl.€2010). In contrast, the exclusive use of
nearshore habitat iy. brevipinnafor parturition and juvenile development is well
documented (Castro 1993, Carlson & Brusher 1996rféet al. 2004, White & Potter 2004,
Reid et al. 2011). Differing life-cycles denoted\®rying usage of nearshore habitat,
therefore, may account for these contrasting ges#tictures observed along Australia’s east
coast.

Alternatively, genetic differentiation between NSANWd NT may be a relict signature of
repeated periods of temporary isolation due taigeeand fall of the Torres Strait land bridge
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caused by fluctuating sea levels during the Plegste epoch (Voris 2000, Lambeck et al.
2002). This physical, yet temporary, barrier to emment (and hence gene flow) in marine
taxa between the east coast and areas west offte Ybrk Peninsula was hypothesised to
account for contemporary genetic subdivision ireggsharksGarcharhinus amboinengis
(Tillett et al. 2012b) which, lik€. brevipinna have a distribution restricted to northern
regions in Australian waters (Last & Stevens 20Q®)der this hypothesis, however, one
would anticipate a similar level of genetic diffet@ation between QLD and NT, rather than
genetic homogeneity as observed.

Similarly, a marked change in marine environmeimading with the Tropic of Capricorn
(Figure 3.1) represents an alternative hypothegiaing restricted contemporary gene flow
between south-eastern and more northern Austradsers (Morgan et al. 2011). This
latitudinal line discretely separates the NSW papoh from both QLD and NT populations
(with the exception of one individual from south€hD waters), and delineates a shift from
temperate and subtropical continental shelf waterky coastline and drowned river valleys

to a largely reef and lagoon-dominated tropicakgstem.

3.5.4 Project limitations

This study was subject to a range of limitatiorgureng careful consideration. To begin
with, very low values for bottbsrandFstmetrics (resulting from high incidence of
haplotype sharing of both ancestral and recentlivelé haplotypes among all four putative
populations, coupled with generally shallow divergge between mutational variants) is
suggestive of a slow rate of mutation in the NDdegeegion. This raises considerable doubt
as to the ability of ND4 to effectively discrimimapopulation structure i@. brevipinna For
example, pairwis€-statisticestimates involving the South African populatiorreve

demonstrably low in the present study (range, @M618.04056) compared to others reporting
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genetic differentiation in sharks over comparalpliatial scales (range, 0.18-0.991) (Table
3.6). Given that these previous studies were akk8an analysis of a different mitochondrial
locus (i.e. the control region), a slower rate aftation in the ND4 region may account for
the comparatively lovr-statistics observed here. However, a hypothesisdan low ND4
mutation rate is challenged by the findings of bdtldgeon et al. (2009) and Ovenden et al.
(2010) who demonstrated that for limbatus Australian blacktipCarcharhinus tilstorjiand
zebra Gtegostoma fasciatyreharks, ND4 was the most polymorphic of a rarfgat®NA
markers, including the control region. Alternatietherefore, lowF-statistic values
associated with observed genetic structuring betwesstralia and South Africa, as well as
within Australian waters, may reflect continued Hevel gene flow, or a recent cessation of
gene exchange, between subdivided locations. thatitelative mutation rates of ND4 and
CR are determined fa&. brevipinna however, or this study is reassessed via sequgfi
CR, it is impossible to confidently support or refthe abovementioned hypotheses.
Moreover, this issue emphasises the limitationsraht in the analysis of only one mtDNA
locus.

The clear bias in sample sizes weighted towarddI8m™/ population represents another
major limitation of this study. Random-resamplimgglations provided some evidence that
the detections of significant genetic differentatwithin Australian waters (i.e. between
NSW and QLD, and NSW and NT) were driven in large py this bias. Replicate pairwise
comparisons for both sets of locations indicatethareasing likelihood of finding a non-
significant result as the NSW sample size decretsedrds a more balanced analysis. This
either serves to emphasise the weak nature ofitbereed fine-scale genetic subdivisions
within Australian waters, or draw their actual égige into question. Conversely, replicate
pairwise comparison between NSW and South Afritarned a significant difference
independent of the NSW sample size, hence reimfgritie strength of the genetic
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subdivision between the latter two regions, andcaithg that the original analysis was robust

to the bias in sample size in this instance.

Table 3.6 Mitochondrial divergence metrics for populatiorirpgse comparisons involving Australia
and South Africa. CR = control region, ND4 = NADIdhydrogenase subunit 4. AUS =
Australia (general), EAUS = eastern Australia, NEAH north-eastern Australia, WAUS

= western Australia, SAUS = southern Australia,=<S8outh Africa.

Pairwise comparison  Species GeneFgr Dgr Reference

AUS v SA Carcharhinus brachyurus CR 0.97 Benavides et al. 2011k
Carcharhinus obscurus CR 0.18 Benavides et al. 2011p
Carcharodon carcharias CR 0.81 Pardini et al. 2001
Carcharhinus brevipinna ND4 0.03216  Present study

EAUS v SA Carcharias taurus CR 0.813 Ahonen et al. 2009
Carcharhinus brevipinna ND4  0.04056 0.03494  Present study

NEAUS v SA Carcharhinus plumbeus  CR 0.588 Portnoy et al. 2010
Carcharhinus brevipinna ND4  0.01306 0.03508  Present study

WAUS v SA Carcharias taurus CR 0.676 Ahonen et al. 2009
Carcharhinus plumbeus  CR 0.6165 Portnoy et al. 2010
Sphyrna lewini CR 0.991 Duncan et al. 2006
Sphyrna lewini CR 0.45 Daly-Engel et al. 2014

SAUS v SA Galeorhinus galeus CR 0.34 Chabot & Allen 2009

Rarefaction analysis added further uncertaintyndigg the reliability of our fine-scale
findings reported in the present study. NSW andi$édrica were the only two locations at
which adequate levels of the available geneticrdities were likely sampled, hence
confirming the robustness of the comparison betwkese two putative populations. In
contrast, a proportion of the available diverspp@ared to have remained unsampled from
QLD and NT, suggesting that findings emanating fcmparisons involving the latter two
locations should be treated with some degree dfaalRarefaction curves demonstrated that
the optimum sample size required to accuratelyaisnt levels of haplotypic variation, and in

turn to confidently discern haplotype relative fneqcies, within any give@. brevipinna
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population is site dependent. For Australian lanaj sample sizes in excess of 100 were
required for robust comparisons, whereas a sangaeo$ ~60 appeared sufficient for South

African waters.

3.5.5 Implications for management & futuredirection

The generally high genetic diversity reported her€. brevipinnais cause for optimism
when considering the management and conservatitmsofommercially-targeted species in
southern Indo-Pacific water€archarhinus brevipinnaxhibited high haplotype numbers and
similar or high haplotypic diversitynf; = 23,h = 0.5984n = 208) compared t€. obscurus
(ny=12,h=0.5224n = 301) andC. plumbeugny = 11,h = 0.2826 n = 440), two closely-
related species, off Australia’s east co&dtgpter 3. Comparatively high haplotype numbers
implies thatC. brevipinnamay display a greater resilience to a loss of gedeéversity, as a
result of high-intensity fishing pressure, tharsthether commercially-targeted shark species
in Australian waters.

The lower genetic diversity observedGnbrevipinnafrom the south-eastern zortex{
0.5984), compared to QLD E 0.7424) and NTH = 0.7279), may be accounted for by NSW
representing sampling of the species’ southern-mlissibution limit (Last & Stevens 2009).
Range limits are associated with extreme and/adrabiesenvironmental conditions, and have
been hypothesised to result in low population dgnsicreased genetic drift and inbreeding
and, consequently, lower genetic diversity [e.cnaArd-Haond et al. 2006, Lind et al. 2007).
Alternatively, lower genetic diversity in NSW mag b consequence of greater harvest
pressure in the region. This hypothesis, howesgdtifficult to support given the absence of
robust data permitting a direct comparison of lmistd harvest levels oE. brevipinna
between NSW, QLD and NT, as well as a lack of kmalgk pertaining to original population

sizes and periods of time required to affect qdiable reductions in genetic diversity.
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Our genetic structure results indicate the delineatf two management units fGr.
brevipinnain the southern Indo-Pacific — Australia and SoAitica. The most appropriate
boundary between these management units, howswanknown and would require more
detailed spatial sampling within the Indian Oceanib. Our data also suggest, albeit
tentatively, two management units within Austrahaaters — south-eastern (NSW) and
northern (QLD and NT) Australia. This implies thiatthe event of a population collapse in
south-eastern Australia, recovery of genetic ditersould rely largely on reproduction by
surviving local individuals in NSW waters. Currgnttach Australian state is independently
responsible for the management of shark fishingaifwss occurring within its respective
waters, with little to no collaboration across gaictional borders. Our results suggest that the
independent management of NSW and QLDbrevipinnapopulations is perhaps appropriate,
but that cooperation between QLD and NT would heient.

In light of the limitations of the present studpwever, we recommend this work be
considered as a starting point for evaluationseofegic structure in this commercially-
important species, rather than a study upon whatimitive management decisions are made.
Moreover, we strongly urge future studies to foonsachieving greater population structure
resolution via more extensive sampling within AaBam waters, as well as throughout this
species’ global distribution range, in conjunctieith analysis of nuclear and/or additional
mitochondrial markers. Such studies, conductegso@ation with active tagging and
tracking, would assist with more robust allocatiohsnanagement units, and hence the

sustainable exploitation of this targeted species.
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3.7 Supporting Information - Polymorphic sites for mitochondrial DNA ND4 haplpgs defined fo€archarhinus brevipinna
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Plate 5.Virtual sectioning of a shark vertebra using mi€fatechnology.
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method for shark ageing.Fish Biol80: 1292-1299.
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4.1 Abstract

Micro-computed tomography (microCT) produced 3Dorestructions of shark
(Carcharhinus brevipinnavertebrae that could be virtually sectioned along @esired
plane, and upon which growth bands were readilfpdsWhen compared to manual
sectioning, it proved to be a valid and repeatai®ans of ageing and offers several distinct

advantages over other ageing methods.

4.2 Introduction

Increases in commercial fishing effort targetingriis have prompted worldwide concern
regarding the status of shark stocks, and havdigigbd the need for sustainable exploitation
through appropriate fishery management (Barker Bligzssel 2005, Baum & Blanchard
2010, Ferretti et al. 2010). Growth rates, natarattality rates and longevity, and hence the
resilience of shark stocks to various levels diifig mortality, can all be estimated using age
and size data. Accurate methods of shark ageindheesfore, essential for comprehensive
assessment and management of exploited shark piopsla

Age determination in sharks is most commonly adaiilevia analysis of growth bands in
vertebral centra using a range of specific metl{Gadlliet et al. 1983, Cailliet 1990).
Techniques such as X-ray imaging (Liu et al. 1988htrum surface micro-topography
(Carlson & Parsons 1997) and staining (Wintner & @BR95, Officer et al. 1996) have been
applied to derive age estimates using whole veaeBhile the suitability of whole
vertebrae has been demonstrated for the ageinguoigysharks (MacNeil & Campana 2002),
accuracy in the cases of older individuals is lediby: (1) difficulties in resolving tightly

grouped banding on the outer margins of vertel{£jegbscuring of growth bands on
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opposing halves due to vertebral geometry; andvdBability in birthmark clarity (MacNeil

& Campana 2002, Goldman 2004, Cailliet & Goldmaf4£0 Consequently, the use of whole
vertebrae for verification of growth band periotiforia marginal increment and centrum
edge analyses is prone to inaccuracy, particutavisn the need for precise characterisation
and measurement of the critical areas of the centuter margin (Calilliet et al. 2006).

In light of these limitations, the analysis of stajly cut vertebral sections (generally <
0.6 mm thick) has underpinned the majority of sheg&ing studies to date. Unenhanced
sections have typically produced the best readglaiross a range of shark species (Wintner
et al. 2002, Carlson & Baremore 2005, Carlson.2@06, McAuley et al. 2006). Techniques
such as calcium-binding stains (Piercy et al. 208y micro-radiography (Simpfendorfer
et al. 2002, Joung et al. 2008), submersion inneth@ishop et al. 2006), histology
(Natanson et al. 1995) and metal substitution (&ielster et al. 1998) have been used,
however, in attempts to enhance growth band cldbggpite its widespread use and
acceptance as the preferred method of shark ag@wmlgman 2004), manually obtaining
sagittal sections from vertebral centra is a desitre sampling process and is vulnerable to
the inherent variability in section quality asseethwith manual processing.

This study aimed to assess the use of micro-cordgataography (microCT) as a valid
and repeatable alternative technique for age datation in a species of carcharhinid.
MicroCT utilises X-ray technology to produce imagack reconstructions of 3D objects from
which virtual sections can be visualised and ex¢éat any orientation. The suitability of the
microCT method was thus assessed via direct cosgraribetween manually cut sagittal
sections and three-dimensional virtual sectiongedadrom whole vertebrae, across a range

of sizes and ages of shark.
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4.3 Materials & methods

The spinner shar€archarhinus brevipinnéMtiller & Henle 1839), a species distributed
widely throughout warm temperate and tropical sihvelfers of the world (Last & Stevens
2009) and caught commercially in coastal watermsastern Australia, was the fish studied. A
total pool of 166C. brevipinnawas separated according to three vertebral diarme
classes: 12-16, 20-24 and 28-32 mm (measured dgiitgl callipers). These vertebral size
classes were chosen to correspond with two verteatieaneter frequency histogram modes
from observed commercial catch data from 2008 to 2008 (Macbeth unpublished data).
For each size class, vertebrae samples from eightiduals were randomly selected,
providing a total of 24 individuals for assessmdifite selected individuals ranged in size
from 132 to 257 cm total length«) and had a male:female ratio of 1.4:1.

From eaclC. brevipinna a section of three to five vertebrae was samiptad the
cervical region of the vertebral column (i.e. ameto the first dorsal fin), stored on ice and
then frozen upon return to the laboratory. In prapan for ageing, vertebrae samples were
thawed, manually cleaned of excess soft tissuayratgal into individual centra and soaked in
a 5 % sodium hypochlorite solution until all remamsoft tissue had been removed. Soak
time varied from 15 to 45 min depending on the siizéhe centra. Cleaned vertebrae were
rinsed thoroughly in tap water and then storeddf%/ethanol.

One vertebra from eadd. brevipinnawas chosen at random, removed from the alcohol
and air-dried in preparation for scanning. Specsngare scanned using an Xradia
(www.xradia.com) MicroXCT-400 X-ray micro-tomograpbystem. The scanning system
was set to a source energy of 120 keV, with a@u&3 pA for all scans. To provide some
phase enhancement to the resulting tomographiegions, the source and x0.5 scintillator

or objective were set at 150 and 200 mm from tleeigpen, respectively. This scanning
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geometry resulted in a pixel size of 2441 with the cooled CCD camera being used in its
binning 2 mode, and tomographic projection imagekd@4 x 1024 with a field of view of 25
x 25 mm. The camera exposure was set at 1.0 s txtdl @f 360 projection images were
obtained during each scan®#2 min. All projection images were at 16 bit goale depth
and the resulting raw X-ray projection file was GB in size.

Projection image data sets were reconstructedaxitd-slice image stacks using a
filtered back-projection algorithm implemented maghical processing unit (GPU) hardware
and supplied with the scanner. Corrections wereenfiadrotational misalignments (i.e. centre
shift), beam-hardening and ring artefacts. Theltiegureconstructed image stacks were of
variable thickness depending on the size of theeleaie: 400 slices for small, 512 slices for
medium and 670 slices for the large. Average reicoctson times were: 5 min for all the
specimens.

The data visualisation software VG Studio Max Malgme Graphics;
www.volumegraphics.com) was used to visualise #i@ alice stacks in full 3D context.

This software permitted complete 3D visualisatiad &cilitated extraction of virtual
sections at any orientation through the specimergudigital clipping planes. For quantitative
ageing assessment, virtual sections clipped alomgdgittal plane to include the vertebral
focus were extracted from all vertebral specimens.

Following microCT scanning, the same vertebral ewere sagittally sectioned to 0.5-
0.6 mm thickness using an Isomet low-speed dianbtexde saw (www.buehler.com).
Sections were fixed to a glass slide with waxedhraad examined under reflected light using
an Olympus SZ dissecting microscope fitted withtdlgcamera (http://microscope.olympus-

global.com/).
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Growth bands were counted on microCT virtual sestiand manually cut sections on
two independent occasions (readings 1 and 2) byeader without prior knowledge of the
size of each individuaC. brevipinna A growth band was defined as a band-pair, conmgyis
one opague and one translucent band (Cailliet 2086). For the purposes of this study, the
term age couris used to denote estimates of age based on thmpssn of annual band-pair
deposition in the absence of age validation fag iiecies. Age counts were derived by
counting fully formed translucent bands occurriftgrathe birthmark; the latter being denoted
by an angle change on the centrum face (Goldma#)2U06e readability of each microCT
virtual and manually cut section was scored acogrth the following definitions: 1, all
growth bands well defined and visible; 2, almokbahds visible, clear interpretation
possible; 3, most bands visible, interpretatioral®#é to withint 1; 4, bands visible, majority
difficult to interpret; 5, unreadable.

A combination of methods was used to evaluate dnasprecision in age counts
between-reading and between-method (Cailliet & Gald 2004). Bias was investigated
using age-bias plots and Bowker’s test of symmetigetermine whether observed count
differences were systematic or due to random €Hoenig et al. 1995, Campana 2001).
Precision estimates were calculated using the icosit of variation (c.v.) (Chang 1982).

Age counts obtained from reading 1 were used fowéen-method analyses.

4.4 Results

MicroCT scanning produced high-resolution, 3D inmggpresentative of the four
vertebral ageing templates employed in the liteéeatwhole vertebrae, radiograph, half
vertebrae, and sagittal section (Figure 4.1). Tuedity and resolution of microCT output

were sufficiently high such that growth bands wasgble for each of the four image types.
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Figure 4.1 Reconstructed 3D virtual images of (a) a wholetelsr, (b) a radiograph, (c) a half
vertebra and (d) a sagittal section @archarhinus brevipinnafollowing microCT

scanning of one vertebra.

All microCT virtual sections had discernible growtands extending along the corpus
calcareum from the birthmark to the centrum edge wrere directly comparable to those on
manually cut sections (Figure 4.2).

Growth band clarity was similar between methodshwmeant S.E. readability for

microCT and manual sections scored ast6l and 2.& 0.1, respectively.

Figure 4.2Visual comparison of a (a) microCT virtual sectamd (b) manually cut section from the
same vertebra ofCarcharhinus brevipinna White arrows, fully formed translucent

growth bands. |, intermedialia; CC, corpus calcareu
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Age-bias plots and Bowker’s test of symmetry idgedi no systematic between-reading
bias in age counts for manually cut sectigffs=(9.33, df = 9p > 0.05) and microCT virtual
sections¥*> = 9, df = 10p > 0.05) (Figure 4.3a, b) or between-method bjds (13, df = 12p
> 0.05) (Figure 4.3cacross the age range 2-19 years. Precision estiwate considered

acceptable (c.v. values < 11) for all three congmas (Figure 4.3) (Campana 2001).

4 5Discussion

While microCT is already an established technolimgymaging mineralised animal
tissues (Neues & Epple 2008), this study markBrgsapplication to the ageing of
elasmobranchs. MicroCT-generated sections prowdetparable and repeatable age counts
relative to manually produced sections across & &gk range df. brevipinna The
microCT method, like manual sectioning, is capableesolving tight banding on the centrum
outer edge, a critical factor in the accurate ageinolder individuals and calculation of
marginal increment ratios. In the case of largetel@ae, microCT was observed to improve
growth band resolution in the intermedialia, pantcly near to the centrum edge, when
compared to manual sections, although this coinlcwdéh comparably reduced readability
along the corpus calcareum (see Figuref@r.ertebral zone locations).

This research identified several distinct advardagianicroCT over manual sectioning.
First, it is a non-destructive technique that ceovigle a reliable age count without affecting
the structural integrity of the vertebral sampleil it therefore permits unlimited multiple
virtual sectioning from unlimited angles and pedpes, researchers would need to maintain
consistency with respect to the angle and perspeased among vertebrae when ageing
individuals of a particular species. This methabglermits an archive of the intact vertebrae

should novel vertebral analysis techniques invgwirnole vertebrae be developed in the
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future. Second, variables inherent to manual piggsuch as section width and location are
eliminated, as the digital sectioning of the vittuartebra can be precisely specified at the
desired width or location. Third, microCT eliminatine need to adjust light source and light
angle during reading, a potential source of betweader variability. Finally, although
cleaned prior to scanning in this study, the lotmsic X-ray contrast of non-mineralised
tissues (Metscher 2009) means that vertebral sancple be scanned in an uncleaned state
without affecting the quality or resolution of threcroCT output, hence substantially

reducing sample processing time.

Owing to limited financial resources, this reseanas performed on only 24 vertebral
samples from only one carcharhinid species. Optagalng methods can, however, be
species-specific (Cailliet & Goldman 2004), anchsoore robust methodology for evaluating
any given shark ageing technique would encompagsrlaample sizes and, ideally, more
than one species. The nature of the microCT mathedch that a longer scan-time (or
greater number of projection images) translatésgber-quality output, but at
correspondingly higher cost. During this study empoomise was reached between scan time
(and therefore cost) and data quality resultingrowth band clarity being comparable to
manually prepared sections. Employment of a losgan time per vertebral sample would,

however, probably have improved virtual sectiordedmlity.
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Plate 6.A mature male, 307 ciy dusky shark@archarhinus obscurgsaptured during commercial

shark-fishing activities in eastern Australian watand aged in the present study at 17 years.
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5.1 Abstract

The removal of large predatory sharks from the disrbceans poses profound threats to
marine community structure and species conservdifiactive management of exploited
shark stocks requires a sound understanding dif¢hieistories of target species. Here we
provide the first assessment of age and growtiCécharhinus brevipinnan Australian
waters, and fo€archarhinus obscuruandCarcharhinus plumbeus eastern Australian
waters, based on interpretations of vertebral gndyands. In doing so, we provide arguably
among the most robust growth parameters to datinéoabovementioned taxa on the bases of
genetic validation and sample size and distribytoart acknowledge equally a range of
limitations — most notably those associated wittielal ageing and our lack of age
validation. Comparatively, the three species digglaboth contrasts and consistencies in
their growth characteristics off Australia’s sowthst coast. For all three sharks, rates of
growth were greatest in the years immediately dfttin, males grew more rapidly than
females in the juvenile phase, and females werergéd to grow larger, live longer and were
generally larger at any given age. Longevity ahdnaldelled growth parametefts.,, k and
Lo), however, differed among the three species, apdared to challenge the findings for
conspecific populations in other parts of the woflde validity of these latter comparisons is,
however, compromised by a range of confoundingfaciNevertheless, we provide the least
conservativek estimates foC. obscuruandC. plumbeu®f those previously reported, and
extend maximum age estimates @rbrevipinna In this way, our results have important
implications for the assessment of natural moytgtoductivity, and hence resilience to

stock depletion, in these species in south-eagtestralian waters.
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5.2 Introduction

Apex predators play a fundamental role in regutptipecies abundance and community
structure in ecosystems (Ritchie & Johnson 2008¢ fEmoval of such organisms, via
natural or anthropogenic causes, can induce prdfand complicated cascading impacts on
lower trophic levels — as has been demonstratéetiestrial (Moreno et ak006, Beschta &
Ripple 2009, Wallach et a2010) and marine environments (Myers e2@D7, Baum &

Worm 2009). Biological traits such as slow growdler long life span, late onset of maturity
and low reproductive output render many apex poedatulnerable to rapid population
decline and slow rates of recovery (Musick 1999yvRLet al 2000, Webb et ak002, Field

et al 2009). This is exemplified for oceanic species sagkharks, where continued
overexploitation has led to the depletion of virgtocks in many parts of the world (e.g.
Baum et al2003, Ferretti et aR008). While levels of decline are highly debatgargess

et al 2005), there is nevertheless widespread conseagasding the need for effective shark
fishery management and conservation (Barker & Sddel 2005).

Dusky (Carcharhinus obscurgsspinner Carcharhinus brevipinngand sandbar
(Carcharhinus plumbe(sharks are three large-medium sized carcharhfoig=d
throughout much of the world’s tropical and warmeerate coastal and continental-shelf
waters (Last & Stevens 2009). Highly sought-aftertheir fins (Clarke et aR006), all three
species are important components of commerciabanghnal catches in multi-species shark
fisheries across the globe (e.g. Amorim etl8B8, Castillo-Géniz et al998, McVean et al
2006, Henderson et.&007, White 2007, Morgan et &009, Manojkumar et a2012).
Recreational catches and rates of by-catch in agget fisheries are also suspected to be
substantial but, as for most shark species, th@agirelargely unquantified (Bonfil 1994).

Carcharhinus obscury<. brevipinnaandC. plumbeusre highly vulnerable to

overfishing and human-induced habitat alteratioa wutheir life-history traits (e.qg.
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Simpfendorfer et aR002, Capapé et.&2003, Carlson & Baremore 2005, Dudley e24i05,
McAuley et al 2006, Baremore & Hale 201€hapter §, susceptibility to multiple harvest
methods and utilisation of inshore nursery halbdaheonate and juvenile development (e.qg.
Thorpe et al2004, Conrath & Musick 2007, Taylor & Bennett 201Gpnsequently, the
sustainability of targeted fishing activities exfilog C. obscurugandC. plumbeusn

particular has been subject to considerable sgrutinecent years (e.g. Sminkey & Musick
1996, McAuley et al2005, 2007a, Cortés et 2006, Romine et aR009, Anon. 2011a,
2011b), resulting in global IUCN classifications"afilnerable’ for both species (Musick et
al. 2009a, 2009b). Some populations have experieneatagrievels of fishing mortality than
others. In the NW Atlantic, for exampl€, obscuruss regionally listed as ‘endangered’
(Musick et al 2009a), and declines of up to 64-99 %CinobscurugandC. plumbeustocks
are purported (Cortés et 2006, Myers et ak007, Baum & Blanchard 2010).
ComparativelyC. brevipinnas considered of less conservation concern in gpigemilar
life-history traits, and is globally IUCN listed agear threatened’ (Burgess 2009).

In Australian waters, the three study species ctigedy targeted along the eastern,
northern and western coastlines, as well as thi#nepucoastline in the case ©f obscurus
with capture typically via demersal longlines, desa¢and pelagic gillnets, and handlines
(Simpfendorfer & Donohue 1998, Macbeth et28l09, Harry et ak011a, Tillett et al2012a,
Rogers et al2013). Dramatic increases in commercial catchebexfe species have been
reported from Australia over recent decades. Fangle, a six-fold increase in landings of
C. obscurug~100 to 600 tonnes (t)] and a four-fold increasé&andings ofC. plumbeus
(~100 to 415 t) were reported from Western Australvaters between 1980 and 1990, and
1995 and 2004, respectively (McAuley 2006a, 200Blespite extensive management
measures having been implemented in this regiongfeindorfer & Donohue 1998),
underestimation of both species’ vulnerabilityighing mortality failed to halt unsustainable
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fishing levels and declining stocks (McAuley et2007a). Off Australia’s south-eastern
seaboard, a three-fold increase in total sharkhgdts2 to 457 t) was recorded between 2005
and 2007 by the New South Wales Ocean Trap andHisteery (NSW OTLF), wher€.
plumbeusC. obscurusandC. brevipinnawere the three most abundantly caught species
respectively (Macbeth et.8&1009). During this time, shark fishing associatethwhe NSW
OTLF was managed by input controls limiting the tn@mof potential participants but was
not subject to restrictions on the volume of catble to be taken, highlighting the urgent
need for assessment of shark exploitation and nesineugt arrangements off Australia’s
south-east coast.

Effective management of exploited shark populati@ggiires a sound understanding of
the life history of target species. For exampléusi estimates of age provide a basis for
determining other pertinent parameters such aslatyg growth rate, natural mortality, and
hence resilience to various levels of fishing puesgfGoldman 2004). Cosmopolitan
distributions and commercial importance have ledumerous ageing studies Gnobscurus
C. brevipinnaandC. plumbeusAge and growth parameters are available fohadld species
from the Indian Ocean and NW Atlantic (Casey efl@B5, Branstetter 1987, Casey &
Natanson 1992, Natanson etE)95, Sminkey & Musick 1995, Natanson & Kohler 1996
Allen & Wintner 2002, Carlson & Baremore 2005, Md&y et al 2006, Hale & Baremore
2010) as well as from the W Pacific 18r brevipinnaandC. plumbeugJoung et al2004,
2005), and central Pacific f@. plumbeugRomine et al2006). In Australian waters,
validated age and growth studies have been cortloct€. obscurugSimpfendorfer et al
2002) andC. plumbeugMcAuley et al 2006) off the west coast. While the propensity for
vertebrae to underestimate age in large adult shaggurported (Francis et al. 2007, Andrews
et al. 2011), the abovementioned studies revedli¢aree to be long lived species, exhibiting
generally slow rates of growth and conforming te platterns outlined by Cortés et al. (2000)
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—I.e. initially faster growth in males than fengléemales growing older and to larger sizes
than males; and growth rates for both sexes fadtestg the juvenile stage.

Although the growth dynamics @. obscurusC. plumbeusndC. brevipinnahave been
widely documented across much of their respectistildution ranges, many such studies
report biologically unrealistic growth parametdvist notably, estimates of theoretical
asymptotic lengthL(.) are typically overestimated, translating to urdémates of the
growth coefficientK). Inaccuracies such as these have profound inijglireafor
demographic analyses and population models, anerginstem from sampling biases.
Nonetheless, life-history characteristics have breported to vary among conspecific shark
populations (Lombardi-Carlson et 2D03, Driggers et aR004, Cope et aR006, Harry et al.
2011b). Accurate age and growth parameters spegiboth geographically- and genetically-
distinct populations, therefore, are critical foformed regional fishery management.

In south-eastern Australian waters, life-historfprmation on the three study species
(and all exploited carcharhinids for that mattsryurrently undefined. The objective of the
present study, therefore, was to provide the fiettiled assessment of the age and growth of
C. brevipinnan Australian waters, and &. obscurusandC. plumbeusn eastern Australian

waters, based on interpretations of vertebral gndvainds.

5.3Methods

5.3.1 Sample collection and genetic validation

Vertebrae samples were collected between Noventiist @nd September 2010 by
scientific-observers on-board commercial sharkufiglvessels operating off Australia’s New
South Wales (NSW) coast between Tweed Heads (28} dhd Sydney (34° 3’ S) (Figure
5.1). All animals were sexed and recorded for t(itg), fork (Lr) and pre-caudal lengths

(Lpo) to the nearest centimetre (cm).
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Figure 5.1 Study area and capture location for individuarkbaged.

Owing to the morphological similarities among candfinids, a small quantity (< 2 g) of
white muscle tissue was collected from each indigicaind tested, using mitochondrial DNA,
to validate species identity. Vertebrae and dasa@ated with misidentified individuals were
excluded from analyses.

Morphometric relationships betweémn, Lr andLpc were determined using linear
regression analyses, with male and female reldtipasstatistically compared using analyses

of co-variance (ANCOVA) (Table 5.1).

Table 5.1Morphometric relationships (cm) f@archarhinus obscurysarcharhinus brevipinnand
Carcharhinus plumbeusn NSW waters. ANCOVA revealed no statistical €iffnce
between male and female length relationships for @inthe species, thus regression
equations represent combined sexes. All relatigsshiere linear and highly significant (
< 0.001).Ly, L andLpc denote total, fork and pre-caudal lengths, re$pedgt

ANCOVA

F df p

C.obscurus  £=1.305(Lpc) + 8.021 255 0.99 0.086 253 0.7f0
Lt =1.203(Lg) +4.226 236 0.99 0.004 234 0.9p1

C. brevipinna k=1.286(Lpc) +6.208 183 0.99 0.668 181 0.445
Lr=1.188(Lf) +3.519 191 0.99 1.178 189 0.2f9

C. plumbeus L;=1.316(Lpo) + 4.566 424 0.98 0.406 422 0.525
Lt = 1.206(Lg) + 2.747 427 0.98 0.820 425 0.3p6
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5.3.2 Vertebrae preparation & ageing protocol

A section of 3-5 vertebrae was sampled from theicakregion of the vertebral column
(i.e. anterior to the first dorsal fin) of each shatkyed on ice, and frozen upon return to the
laboratory. In preparation for ageing, vertebraa@as were thawed, manually cleaned of
excess soft tissue, separated into individual egatnd soaked in a 5 % sodium hypochlorite
solution (bleach) until all remaining soft tisswedibeen removed. Soak time varied from 15-
45 min depending on the size of the centra. Clearegbrae were rinsed thoroughly in tap
water and stored in 70 % ethanol. One vertebra faah shark was chosen at random,
removed from the alcohol and air-dried in preparafor sectioning. Centra were sagittally
sectioned through the focus to 0.5-0.6 mm thickisgsy an Isomet low-speed diamond-
blade saw.

To determine the best vertebra preparation methiats were conducted comparing
unstained sections to sections stained with ahizad and crystal violet. MicroCT scanning
was also investigated as an alternative visuatisagchnique (Geraghty et al. 201Zkapter
4). All four methods produced comparable sectiodabdity, however neither method
noticeably enhancing growth-band clarity relativelte other. For practicality, unstained
sections were employed for ageing analysis.

Unstained sagittal sections were fixed to a glade svith waxed resin, and examined
under reflected light on a dark background usin@gmpus SZ dissecting microscope fitted
with digital camera. Growth bands were countedvny independent readers (Reader 1 and
Reader 2) without prior knowledge of the size, seslate of capture of the subject. Reader 1
was experienced in shark ageing methods and ietatpn, while Reader 2 was relatively
inexperienced. Digital images were taken of eactebeal section, and growth bands were
independently marked by both readers using Imagehived images of both readers’ ageing
interpretations permitted accurate review. A grobdind was defined as a band-pair,
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comprising one opaque and one translucent bandi¢Cat al. 2006). For the purpose of this
study, the ternage counts used to denote estimates of age based on aban@pair
deposition; the latter having been validatedGoobscurugSimpfendorfer et al. 2002) ai@
plumbeugMcAuley et al 2006) in Australian waters, but has been assuraesifbrC.
brevipinnain the absence of age validation for this spedgg. counts were derived by
counting fully-formed translucent bands along tbhgpas calcareum occurring after the birth
mark; the latter being denoted by an angle changé®centrum face (Goldman 2004)
(Figure 5.2). The readability of each vertebrakisecwas scored according to the following
definitions: 5, all growth bands well defined ansible; 4, almost all bands visible, clear
interpretation possible; 3, most bands visiblegriptetation reliable to withisa 1; 2, bands
visible, majority difficult to interpret; 1, unreadle. All sections deemed unreadable were
excluded from further analyses. Age counts in agesd between readers were adopted as the
final age count for those vertebral sections. Hagextions where there was disagreement
between readers, a final age count was decided loptre more experienced reader (Reader

1) following an interactive review and evaluatidrboth readers’ interpretations.

Birth mark
(Age 0)

Figure 5.2 Unstained sagittal sections from a (a) 4+ year, A5 cm total lengthLg) male
Carcharhinus plumbeygb) 5+ year old, 176 cray femaleCarcharhinus brevipinna
and, (c) 9+ year old, 245 chy femaleCarcharhinus obscurud-ully-formed translucent
bands occurring after the birth mark are markedh wihite dots. All three sections were
scored a readability of 5. I, intermedialia; CCyprs calcareum; MW, margin width;

PBW, previous band width.
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5.3.3 Between-reader bias and precision

A combination of methods was used to evaluate dni@sprecision in age counts between
readers (Calilliet & Goldman 2004). Bias was invgateed using age-bias plots and Bowker’s
test of symmetry to determine whether observed cdiffierences were systematic or due to
random error (Campana et al. 1995, Hoenig et &51Gampana 2001). Inter-reader
precision estimates were calculated using the froieit of variation (c.v.) (Chang 1982) and

percentage agreement (PA) (Goldman 2004).

5.3.4 Growth modelling

The von Bertalanffy growth function (von Bertalanff983) has been the model most
applied for describing growth in elasmobranchs l{ieai& Goldman 2004), however studies
comparing the performance of multiple models haamahstrated others to be more
appropriate in some shark species (Carlson & Barer@@05, Natanson et al. 2006, Barreto
et al.2011). Six candidate models, therefore, were fittedbserved length-at-age data for
each species. Modified, three-parameter formse¥tn Bertalanffy (VB-3), Gompertz
(GOM-3) and logistic (LOGI-3) growth models weregn by the following equations, where
Lais observed length at ageandL, (length-at-birth) L., (theoretical asymptotic length) akd

(growth coefficient) are fitted parameters:

(VB-3) Ly=Lo+ (Los—Lo)(1 —eF®) (Simpfendorfer et al. 2000)
Loo\(1_p(-ka)
(GOM-3) L, =L, (e“‘ (25)(-e )) (Braccini et al 2007)
Lok
(LOGI-3) L, Leokore (Thorson & Simpfendorfer 2009)

T Leot Lo(etka) —1)
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Two-parameter versions of the above equations alscecomputed (VB-2, GOM-2 &
LOGI-2) by substitutindo for a fixed length-at-birth value. Empiricla} values for each
species were estimated to be between the largsst\aal embryos and the smallest free-
swimming individuals encountered during this stu@4gcm Ly for C. obscurus80.5 cmL+
for C. brevipinnaand 71cm Ly for C. plumbeugChapter §. Models were fitted using the
method of non-linear least squares in the stagispiackage R (R Development Core Team
2010). Please note, the paraméters common to all models, howeveand fitted (as
opposed to empirical)p are not directly comparable between growth-modailfas.

A multi-model inference (MMI) information-theoreticapproach was used to determine
the most appropriate growth model for each spg8iamham & Anderson 2001,
Katsanevakis & Maravelias 2008, Harry et al. 201 M)del performance was evaluated
using Akaike’s information criteria (AIC), with thgest-fit model displaying the lowest AIC
value. AlCdifferences were calculated &s=y; — xmin and used to rank the support of the
remaining models & 1-6) relative to the best model. Models witlof 0-2 had substantial
support; models withA of 4-7 had considerably less support; models with10 essentially
no support (Burnham & Anderson 2002). Akaike wesgint) were calculated as the weight
of evidence in favour of a model being the beshaset of candidate models (Burnham &
Anderson 2002). The 95 % confidence intervals J@rbund the best-fit parameter estimates

were derived from 10,000 re-sampled data sets.

5.3.5 Growth-band periodicity

Verification of growth-band periodicity was achieM@a marginal increment analysis.
Only sections displaying clearly defined, unambiggigrowth bands on the centrum outer
margin were included. Marginal increment ratios RYlivere calculated using the following

equation, with means (+ S.E.) subsequently plattginst month:
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MIR = MW (Conrath et al2002);
PBW

where MW = margin width and PBW = previous band padth (see Figure 5.2).

5.4 Results

5.4.1 Carcharhinus obscurus

Carcharhinus obscurugias caught along the NSW coast between Tweed Heatls
Sydney (Figure 5.1). Vertebrae from 275 genetieatigfirmed individuals, ranging in size
from 92-386 cnit, were sectioned and read. Specimens sampled floisbzes were
predominantly large (> 270 chy), although some small individuals were also oladin
(Figure 5.3a).

Vertebral growth-band readability was generallyhhig individuals< 270 cmLy and
comparatively low in individuals > 270 chy (Figure 5.4a). Overall mean (+ S.E.) readability
was moderate (2.6 + 0.05). Eighteen sections weeenéd unreadable and were excluded
from further analyses. Growth was therefore exathum@ng observed length-at-age data
from 257 individuals (126 females and 131 male#fh ¥engths ranging from 99-386 cm
for females and 92-356 chy for males.

An age-bias plot and Bowker’s test of symmetry tdi&d no systematic bias in age
counts between Reader 1 ang2<80.5, df= 68,p > 0.05) (Figure 5.5a). Overall inter-
reader precision was high (cv7.48) (Campana 2001), despite percentage agre€Rant
being < 30 % (Figure 5.5a, Supplementary materjaPgreement with the final age count
was 72.4 % for Reader 1 and 37.0 % for Reader 2.

Marginal increment analysis provided evidence forual band-pair deposition

commencing in mid-winter. Marginal increment ratpeaked in autumn (March-May) and
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remained high in early winter (June), but were carapvely small in late-winter (August)
and spring (September-November) (Figure 5.6a).

All six growth models provided good fits of the ebgd length-at-age data for both
sexes (Figure 5.7a). Statistically, the three-patamvon Bertalanffy (VB-3) growth function
was the best model for describing fem@leobscurugrowth in NSW waters, with.., k and
Lo estimated at 365.03 chy, 0.083 and 107.03 cin, respectively (Table 5.2a). The two-
parameter von Bertalanffy (VB-2) model was consedeihe best for describing male growth,
with Lofixed at 94 cnlt andL., andk estimated at 336.28 chy and 0.108, respectively
(Table 5.2a).

Observed mean length-at-age varied between sexpplénentary material B). At most
ages, females were larger than males. Predictgthiext-age, however, suggested less
contrast between males and females, with both sexekr in size for the first 17 years of
life (Figure 5.8, Supplementary material B). Fermaad males displayed similar longevities,
with the oldest observed. obscurusa 359 cnlt female aged at 33 years and the oldest
observed male a 347 dm individual aged at 32 years (Figures 5.7a, 5.8).

Analysis of modelled yearly growth increments sigjge males grow at a faster rate than
females for the first eight years of life, afterialhfemales grow faster than males (Figure 5.9,
Supplementary material B). For both sexes, growdh greatest in the first year following

birth (Figure 5.9, Supplementary material B).
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Figure 5.3 Length-frequency distributions, demonstrating efiéihces in attainable size, of (a)
Carcharhinus obscurugn = 275), (b)Carcharhinus brevipinnan = 198) and (c)

Carcharhinus plumbeu@ = 428) specimens aged wiartebral analysis.
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Figure 5.4 Mean readability (+ S.E.) by total lengtlhy) for (a) Carcharhinus obscurug = 275), (b)
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Figure 5.5 Between-reader age-bias plots of Ggrcharhinus obscurugn = 257, c.v.= 7.48), (b)
Carcharhinus brevipinngn = 195, c.v= 12.6) and (cCarcharhinus plumbeu@ = 393,

c.v.= 19.8) vertebral age counts. One-to-one equivalénes are shown.

111



Chapter 5: Age & Growth of Three Heavily Exploiteldarks

(a) 1.0
0.8 4
0.6 { E [
L]
0.4 4 [ ]
L]
0.2 1
- ]
4 9 1 14 2 1 4 1
0.0 T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
(b) 1.0 A
0.8 4
-
88}
% E [}
+ 0.6 1
~—
S t
=
= 0.4 -
<
%) ®
[ ]
0.2 4
4 1 8 19 8 32 1
0,0 T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
(c) 1.0 q
0.8 = E
0.6 {
L ]
0.4
02 4
1 8 2 11
0.0 T T T T T \ \ T T T T \

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Month

Figure 5.6 Monthly mean marginal increment ratios (MIR, £ 3.#6r (a) Carcharhinus obscurugb)
Carcharhinus brevipinnaand (c)Carcharhinus plumbeus New South Wales waters.

Monthly sample sizes are shown.
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Table 5.2 Summary of fitted parameter values (with 95 % )CGahd Akaike’s Information Criteria

results from six candidate models describingGajcharhinus obscurygb) Carcharhinus

brevipinnaand (c)Carcharhinus plumbeugrowth in New South Wales waters. Parameters

are asymptotic total lengtiL{, cm L), total length-at-birth L(, cm Ly) [fixed for 2-

parameter models at (a) 94 ¢sfor C. obscurus(b) 80.5 cnLy for C. brevipinnaand (c)

71 cmLy for C. plumbeulsand growth coefficientl)). Akaike’s Information Criteria values

(AIC), Akaike differencesA) and Akaike weightsw) show the relative support for each

model. R.S.E. = residual standard error. The ‘b&stodel for each sex, as determined by
AIC, is bolded.

(a) Carcharhinus obscurus

Model L. Lo k AIC A w R.S.E.
(Fneg’i';; VB-3 365.03 (354.99, 377.68)  107.03 (97.70, 115.98) 0.083 (0.071, 0.095)  1037.14 0.00 8641 1454
VB-2 357.16 (350.02, 365.23) 94 0.095 (0.086, 0.103) 042192 578 480 149}
GOM-3  350.11 (34350, 358.45)  114.02 (106.06, 12)1.7 0.124 (0.109, 0.139)  1041.75 460 865 1481
GOM-2  341.64 (336.73,346.89) 94 0.155 (0.144,%)16 1061.35 2421 000  16.47
LOGI-3  342.96 (337.62,349.20)  119.94 (112.34,29y. 0.165(0.148,0.184)  1050.04 1290 014 1431
LOGI-2  334.86 (330.49,339.33) 94 0.226 (0.21340)2 1086.03 4889  0.00 17.742
?:aief:ﬂ) VB-3 338.15 (329.68, 349.89)  98.22 (89.52,106.69) 0.104 (0.087,0.121)  1078.36 1.04 2092 1456
VB-2 336.28 (329.19, 345.50) 94 0.108 (0.095, 0)1231077.32 000 3528 145
GOM-3  327.52(322.00,334.77)  102.75 (94.77, 110.43 0.153 (0.133,0.175)  1077.54 022 3159 1451
GOM-2  324.63(320.31,329.93) 94 0.168 (0.152,%)18 1080.28 296 805 147
LOGI-3  322.23(317.98,327.64)  106.84 (98.97, 1.2 0.205 (0.179,0.233)  1081.62 430 410 1474
LOGI-2  319.07 (315.64,322.96) 94 0.241 (0.22068)2 1090.14  12.82  0.06 1548
(b) Carcharhinus brevipinna
Model L. Lo k AIC w R.S.E.
fneygf; VB-3 296.04 (288.18,305.36)  89.06 (81.22,96.39) .118 (0.098,0.127)  858.90 967 054 1174
VB-2 291.70 (285.40, 298.35)  80.5 0.124 (0.11538)1 86174 1251 013 11
GOM-3  286.57 (280.87,293.00)  95.97 (89.58, 102.10 0.162 (0.145,0.180)  850.76 153 3154 1131
GOM-2  280.15 (275.56, 284.78)  80.5 0.198 (0.18810) 870.78 2155  0.00 1244
LOGI-3  281.63(276.85,286.79)  101.43 (95.87, 189.7 0.212 (0.192,0.233)  849.23 000 6779 1123
LOGI-2  274.12(269.94,278.32)  80.5 0.287 (0.2730B)  893.10  43.88  0.00  13.77
ma:'egs) VB-3 257.24 (250.23, 266.52)  85.67 (77.78,93.92) .148(0.122,0.170)  651.09 044 3051 1083
VB-2 254,67 (249.07, 261.30) 805 0.158 (0.14578)  650.65 0.00 3793 1046
GOM-3  250.31 (245.11,256.93)  90.31 (83.84,97.46) 0.210 (0.180,0.241)  651.65 1.00 2306  10/86
GOM-2 24701 (242.55,252.21)  80.5 0.248 (0.2326%)  656.93 628 164 1147
LOGI-3  246.91 (242.58,252.31)  93.98 (87.96, 10p.37 0.277 (0.241,0.316)  654.08 342 685 1102
LOGI-2  243.66 (239.46,248.37)  80.5 0.355 (0.33870) 667.93  17.28 001 1242
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Table 5.2cont.

(c) Carcharhinus plumbeus

Model L. Lo k AIC w R.S.E.
(Fnefi";’; VB-3 21459 (210.24, 220.75)  79.45 (71.33, 87.33) .150 (0.131, 0.189)  1148.92 320 985 ols
VB-2 211.80 (208.87,215.20) 71 0.182 (0.164, 0)20 1151.21 549 313 9.5p
GOM-3  211.27 (207.85,215.91)  84.60 (77.87, 91.16)0.206 (0.174, 0.243)  1146.20 0.48  38.26 9|38
GOM-2  207.54 (205.40,209.98) 71 0.266 (0.24390)2 1158.86  13.14  0.07 9.90
LOGI-3  209.27 (206.38, 213.09)  88.42 (82.50, 94.19)0.253 (0.216, 0.297)  1145.72 0.00  48.70 9|37
LOGI-2  205.47 (203.64, 207.45) 71 0.369 (0.34200) 1171.18  25.46  0.00 1040
?:I]azlezsé?) VB-3 195.34 (193.15, 197.99)  80.27 (75.58, 84.75) .210 (0.191, 0.238)  1607.72 751 137 712
VB-2 193.50 (191.78,195.38) 71 0.244 (0.226,8)26 1621.22  21.00  0.00 7.3
GOM-3  193.12 (191.36,195.12)  83.15 (79.01, 87.05)0.273 (0.246, 0.302)  1600.96 0.74  40.28 7102
GOM-2  190.93 (189.62, 192.31) 71 0.337 (0.3146D)3 1629.97  29.75  0.00 7.47
LOGI-3  191.74 (190.22,193.50)  85.75 (81.88, 89.44)0.332 (0.301, 0.367)  1600.22 0.00 58.35 7100
LOGI-2  189.43 (188.28,190.63) 71 0.451 (0.42280)  1646.96  46.74  0.00 7.9
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Figure 5.7 Observed total L) length-at-age for (a)archarhinus obscurys(b) Carcharhinus
brevipinnaand (c)Carcharhinus plumbeus New South Wales waters as determined by
vertebral analysis. Fitted candidate growth curves—VB-3; VvB-2;----- GOM-3;

GOM-2;— - -LOGI-3; LOGI-2.
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Figure 5.8 Comparative statistical ‘best-fit'’ growth curvess determined by Akaike’s Information

Criteria, for female and mal€archarhinus obscurysCarcharhinus brevipinnaand
Carcharhinus plumbeusn New South Wales waters. Dotted lines indicate %5

confidence intervals based on 10,000 bootstragtiters.
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Figure 5.9 Relative growth (yearly growth increment/total @tbh) over observed life-spans of

Carcharhinus obscurysCarcharhinus brevipinnand Carcharhinus plumbeus New
South Wales waters. Total growth, (ninusL,) was calculated from values derived from

statistical ‘best-fit’ growth models, as determirgdAkaike’s Information Criteria.
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5.4.2 Carcharhinus brevipinna

Carcharhinus brevipinnavas caught along the NSW coast between Tweed Hewalls
Crowdy Head (Figure 5.1). Vertebrae from 198 geadiii-confirmedC. brevipinna ranging
in length from 81-300 crhy, were sectioned and read. Length-frequency digtdhs
exhibited two modes for both sexes (Figure 5.3b).

Vertebral growth-band readability was high in indivals< 230 cmLy and lower in
larger specimens (> 230 dm) (Figure 5.4b). Overall mean (+ S.E.) readabiliys high (3.1
* 0.06), although three were deemed unreadablexridded from further analyses. Growth,
therefore, was investigated using observed lengtga data from 195 individuals (110
females and 85 males), ranging in length from 88-@0L for females and 81-300 chby
for males.

No systematic bias in age counts was identified/een Reader 1 and g€ 69.7, df=
55,p > 0.05) (Figure 5.5b). Inter-reader precision weseptable (c.v. = 12.6) (Campana
2001) and overall PA was 36.4 % (Figure 5.5b, Sapeintary material A). Agreement with
final age count was 80 % for Reader 1 and 44.6 °Ré&ader 2.

Marginal increment analysis suggested band-paiosigpn commencing in mid-winter.
Marginal increment ratios were lowest in the summenths (December-February),
increasing to a maximum value in early winter (Juiggure 5.6b).

All growth models provided good fits of the obsahtength-at-age data for both sexes
(Figure 5.7b). Statistically, the three-parametgidtic (LOGI-3) growth function was the
best model for describing femdle brevipinnagrowth in NSW waters, with.,,, k andL,
estimated at 281.63 chy, 0.212 and 101.43 cixy, respectively (Table 5.2b). The VB-2
model was considered the best for describing nralett, withLofixed at 80.5 cnit andL.,

andk estimated at 254.67 chy and 0.158, respectively (Table 5.2b).
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Observed mean, and predicted, length-at-age sweghsshilar sizes for both sexes over
the first seven years of life (Figure 5.8, Suppletagy material C). At all subsequent ages,
females were considerably larger than males. Lahgearied between sexes, with the oldest
observedC. brevipinnaa 276 cnit female aged at 31 years and the oldest observikdama
300 cmLy individual aged at 24 years (Figures 5.7b, 5.8).

Modelled yearly growth increments demonstrated mdegrow at a faster rate than
females for the first four years of life, with grhwin the first three years being substantially
greater in males than females (Figure 5.9, Suppléang material C). From the age of five
onwards, females grow at a faster rate than m@lesvth was greatest in the first and third

year after birth in males and females, respectiféigure 5.9, Supplementary material C).

5.4.3 Carcharhinus plumbeus

Carcharhinus plumbeusas caught along the NSW coast between Tweed Heatls
Nambucca Heads (Figure 5.1). Vertebrae from 42@figaily-confirmedC. plumbeus
ranging in length from 76-251 chy, were sectioned and read. Specimens were
predominantly large (> 170 ch) individuals for both sexes (Figure 5.3c).

Vertebral growth-band readability was moderatethhin individuals< 160 cmLt, but
generally poor in larger specimens (> 160lcin(Figure 5.4c). Overall mean (x S.E.)
readability was quite low (2.4 + 0.04). Followirgetexclusion of 35 vertebral sections
deemed unreadable, growth was examined using diséemgth-at-age data from 393
individuals (156 females and 237 males), with lasganging from 81-251 cinr for females
and 76-212 cnbr for males.

Between-reader bias in age counts was identifiethfe specie$y®= 165.2, df= 97,p <
0.001); Reader 2 systematically under-aged ventetalative to Reader 1 (Figure 5.5¢).

Consequently, overall inter-reader precision was(ov. = 19.8, PA = 15.3 %) (Campana
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2001) (Figure 5.5c, Supplementary material A). Agnent with final age count was 63.4 %
for Reader 1 and 25.2 % for Reader 2.

Marginal increment analysis provided limited infation, but was suggestive of
increasing ratios throughout the autumn monthskipgan May and remaining high in early
winter (June) (Figure 5.6¢). This supports, albaitatively, band-pair deposition from mid-
winter onwards.

All candidate growth models provided good fits lod bbserved length-at-age data for
both sexes (Figure 5.7c). Statistically, the LOGJr8wth function was the best model for
describing both female and male plumbeugrowth in NSW waters (Table 5.2c).
Asymptotic growth I(,) andL estimates were larger for females (209.27 and 88w2y)
compared to males (191.74 and 85.75Lgin In contrastk was higher for males (0.332) than
females (0.253) (Table 5.2¢).

Observed mean length-at-age reported similar $ardsoth sexes over the first five years
of life; predicted length-at-age suggested sinslaes over the first nine years of life (Figure
5.8, Supplementary material D). At all subsequeessafemales were considerably larger
than males. Longevity varied between sexes; thesbtlobserve€. plumbeudeing a 216 cm
L+ female aged at 27 years and the oldest observis fp@ing two individuals measuring
183 and 193 crhr and aged at 22 years (Figures 5.7c, 5.8).

Analysis of modelled yearly growth increments iradéd that males grow at a faster rate
than females for the first four years of life, aftehich females grow faster than males (Figure
5.9, Supplementary material D). Rate of growth gi@stest in the first and second years

after birth for males and females, respectivelgFe 5.9, Supplementary material D).
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5.5Discussion

This study marks the first assessment of the adegyeowth ofC. brevipinnan
Australian waters, and &. obscurusandC. plumbeu®ff Australia’s east coast, where all
three were demonstrated to be long-lived. The andate growth models fitted the
observed length-at-age data well for all three gsedNevertheless, growth parameters varied
markedly among models. Statistically, female grow#s best described by the three-
parameter von Bertalanffy function fGr obscurusand by the three-parameter logistic model
for C. brevipinnaandC. plumbeusMale growth was best modelled by the two-parameaia
Bertalanffy function foiC. obscurusandC. brevipinna and by the three-parameter logistic
curve forC. plumbeusBased on criteria outlined by Branstetter (198YJ Musick (1999),
our growth coefficientsk(values) suggest that in south-eastern Australigers@. obscurus
is a slow-growing specie€,. brevipinnahas a slow to moderate rate of growth, @énd
plumbeuss a moderate to rapidly-growing species.

Statistical ‘best-fit’ ranking, however, doesn’toessarily convey biological reality
(Wang & Milton 2000, Romine et &006, Bubley et aR012). Growth-model goodness-of-
fit and resultant parameter estimates can be higfilyenced by sampling biases, such as
those imparted by gear selectivity or historic krgelective fishing mortality (Thorson &
Simpfendorfer 2009, Harry et.&013). In the present study, a general under-septation
of small-to-medium sized individuals resulted irettrparameter models overestimating
length-at-birth ILo) for all three species. In addition, the von Blartéy functions produced
the most realistic estimates of theoretical asymptength (..), while the logistic and
Gompertz models underestimategdin all cases. Given th&t, andk are negatively
correlated, an underestimate in the former caus@vearestimate in the latter. Statistical
output, therefore, must be considered in conjunctvdh observed biological data when

determining the most suitable model (Cailliet e28I06).
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With this in mind, we propose the two-parameter Bemntalanffy (VB-2) function to be
the most appropriate for describing the growthathisexes of all three species off the south-
east coast of Australia. Despite a lack of stat$upport in most cases (Table 5.2), the VB-
2 model provided the most biologically-accuratédieach data set given the incorporation of
empirical lengths-at-birth and realistic output, and are referred to henceforth. However,
while models with fixed_o are highly applicable where small individuals aradequately
sampled, they are limited by a failure to accoont/ariable length-at-birth or rapid early
growth (Neer et al. 2005, Cailliet et aD06, Thorson & Simpfendorfer 2009), and are
vulnerable to biased parameter estimates with tslighations inLy (Pardo et al2013).

Carcharhinus obscury<€. brevipinnaandC. plumbeuslisplayed both contrasts and
consistencies in their growth characteristics intlseeastern Australian waters. With respect
to attributes common to all three species: growaths were greatest in the years immediately
after birth and decreased progressively over tmades grew more rapidly than females in
the juvenile phase (hence displaying grektestimates) after which their growth rate slowed
below that of females, and females were observegaw larger, live longer and were
generally larger at any given age. These growttepet are typical of sharks (Cortés 2000)
and corroborate the findings of previous work ossthspecies from other parts of the world
(refer to literature cited in Table 5.3). In adalitj vertebral band-pair deposition appeared to
occur annually in all three sharks commencing id-minter months, although our marginal
increment analyses were severely limited in thamngsle size and monthly cover.

Longevity, however, varied amoi@ obscurusC. brevipinnaandC. plumbeusn the
study area. In the case of the former two speoi@slongevity estimatesre consistent with
those reported from other oceanic regions wherepeoable methodologies were employed
(Table 5.3). In contrast, our maximum age estimgte€. brevipinnaare considerably higher
than those previously reported for this specie®l@&.3) — such discrepancies between NSW
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and other geographic regions, however, may beethdtrof a range of confounding factors,
such as variations in technique of preparationraading of vertebrae, reader accuracy and
precision, as well as sample size and distribui@ailliet et al 1990, Carlson et a2006).

The parameterk,, andk, and hence rates of incremental and relative droalso varied
considerably among the study spedreBISW waters. Yearly growth increments were larges
in C. obscurusnd smallest il€. plumbeust any given age (Supplementary material B, C &
D) — not an unexpected result given the differanaaaximum size attained by these species
(Figure 5.3, Last & Stevens 2009). Taking thesteghces into account, however, the
reverse pattern was observed in the juvenile phesere relative growth rates were highest
in C. plumbeusnd lowest irC. obscurugFigure 5.9).

Our estimates df,, andk did not necessarily agree with previous estimaiesiie same
species in other areas — bearing in mind that da@mparisons dk are only appropriate
among the same growth-model family. Similarly, sabé incremental growth were also
observed to vary. Comparisons based solely on agnoxth increments, however, are of
limited value given that maximum attainable sizéhwi a species can vary among
geographically-distinct locations (Last & Steve®2). We therefore recommend that
measures of relative growth, as calculated in tudys be reported in conjunction with
incremental growth so that more robust populateord(species) comparisons can be drawn.

For C. brevipinna our estimates df,, andk are generally within the range of those
reported for this species from other oceanic badiable 5.3). In contrast, our parameters for
C. obscurugandC. plumbeusre markedly different from those reported by nutker
studies; out,, andk estimates being comparatively low and high respelgt(Table 5.3).
However, rather than reflecting true conspecifitedences, we propose that these
discrepancies are driven by differences in sampkeand length-distribution — in most cases
highlighting the shortcomings of previous studies.
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Table 5.3Comparative growth-model parametbesed on vertebral analysks, = theoretical asymptotic lengtk;= growth coefficientl, = length-at-birth. VB =
von Bertalanffy; GOM = Gompertz; LOGI = logisticimber of model parameters in parentheses. All lenggasurements expressed as total lergth (
cm) unless otherwise stated, and converted whemoppate using publication-specific morphometripiations (if provided). NB: the parameter is

common to all models, howevieand fittedL, are not directly comparable between growth-moaiilies.

. . . . Female Male
Species Oceanic region  Reference n Size range Max. ages (sex)
Model Lo k Lo L. k Lo
C. obscurus  SE Indian Simpfendorfer et §2002) 305 77.7-333.9 32 (F),25 (M) VB (2) 418.6 0.043 92.1 397.7 0.045 92.1
NW Atlantic Natanson et a{1995) 120 89.7 -356.7 33 (F), 25 (M) VB (3) 420.2 0.039 102.9 4489  0.038 95.7
SW Indian Natanson & Kohler (1996) 42 99.1 - 353#4 (F) VB (3) 395.7 0.047° -
SW Pacific Present study 257 92.0-386.0 33 (B2 (M) VB (2) 357.2  0.095 940 336.3  0.108 94.0
C. brevipinna SW Indian Allen & Wintner (2002) 67 78.4-282.5 (E},19 (M) VB (3) 307.9  0.100 - 2611  0.146 -
NW Atlantic Branstetter (1987) 15 67.0-208.0 1ER 8 (M) VB (3) 2140 0.212° 72.2
NW Atlantic Carlson & Baremore (2005) 259 57.8 378 17.5(F), 13.5(M) VB (3) 270.6  0.080 - 5005  0.030 -
VB (2) 2428  0.110 649 333.0 0.070 64.5
GOM (3) 263.2  0.160 75.2 239.6  0.140 74.9
W Pacific Joung et a(2005) 208  125.0-304.0 21 (F),17 (M) VB (3) 288. 0.151 75.0 257.4  0.203 75.0
SW Pacific Present study 195 81.0 -300.0 31 (B4 (M) VB (2) 291.7  0.124 805 2547 0158 805
C. plumbeus Central Pacific ~ Romine et gR006) 187 46.0 - 1470 23 (F), 19 (M) VB (3) 164.8 0.080 - 151.1° 0.090 -
VB (2) 152.8 0.100 47.6° 1385° 0.120 47.0°
GOM (2) 1435 0.170 47.6° 1304° 0.190 47.0°
LOGI (3) 1464 0.170 - 1343 0190 -
NW Atlantic Hale & Baremore (2010) 1194  39.0-Z2 27 (F), 22 (M) VB (3) 181.Z 0.120 - 173.0F 0150 -
VB (2) 1783 0.140 46.0% 17217 0.150 46.6F
NW Atlantic Casey et a[1985) 475  ~51.9-241.0 21 (F), 15 (M) VB (3) 360. 0.040 - 309.6  0.050 -
W Pacific Joung et a(2004) 362 82.0-219.0 20.8(F),19.8(M) VB (3) 10D° 0.170° -
SE Indian McAuley et a{2006) 235 58.7-178.8 25 (F), 19 (M) VB (2) 279.4 0.039 53.7 259.3  0.044 53.%
NW Atlantic Sminkey & Musick (1995) 188 67.7-229.8 24 (F), 20 (M) VB (3) 263.3  0.059 - 2459  0.059 -
Sminkey & Musick (1995% 412 57.0-215.1 22 (F), 18 (M) VB (3) 2205  0.086 - 2218 0.087 -
SW Pacific Present study 393 76.0-251.0 27 (B}, (M) VB (2) 211.8 0.182 710 1935 0244 710

21980 — 1981° 1991 — 1992¢ combined sexeSfixed parameter® Pre-caudal length_6o); " Fork length ).

123



Chapter 5: Age & Growth of Three Heavily Exploiteldarks

All published works describing the growdh C. obscurudhave grossly overestimatéd (and
hence underestimatddi relative to biological reality; the same can b&ldorC. plumbeus

but with notable exceptions (Table 5.3). Theseaneacies stem from either small sample
sizes (Natanson et al. 1995, Natanson & Kohler 188@& comparative over-representation of
small individuals, resulting in poorly-defined grihwcurve asymptotes (e.g. Casey et al.
1985, Sminkey & Musick 1995, Simpfendorfer et &102, McAuley et al2006). While the
present study also displayed generally poor balanueng size classes, the contrasting bias
towards large individuals @&. obscurusandC. plumbeusranslated to pronounced growth
asymptotes and hentmver (more realisticl.,, and higher (more accurateyalues. The
influence of sample length-distribution on growtirgmeters is further emphasised by far less
variation being observed between NSW waters aner @ographic regions where species-
specific length-distributions more closely reserdlil@ose of the present study (e.g. Allen &
Wintner 2002, Joung et al. 2004, 2005, Hale & Banen2010). We propose, therefore, that
our growth parameters are among the most accumndteoaust for all three study taxa to date.

Notwithstanding the abovementioned limitationsfed#nces in growth characteristics
between south-eastern and western Australian wsherdd not be ruled out entirely fGr.
obscurus possibly warranting further investigation. Ouegicted annual growth increments
for juveniles of this species were markedly larti@n those reported by Simpfendorfer
(2000) based on tag-recapture data, and a stu@ebgghty et al.Ghapter 3 demonstrated
evidence for genetic differentiation in this speciaglbeit weak, between the two
abovementioned regions.

On the bases of genetic validation and sampleagidedistribution, we propose the
growth-model parameters presented herein to be gth@more robust currently available
for all three taxa. That said, however, due conaiiten must be given to the lack of age-
validated longevity in the present study. Tag-résagpand bomb radiocarbon data have
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provided compelling evidence for vertebral-bandsia underestimating age in large adult
sharks, including in our study species (Casey &aNsdvn1992, Natanson et.dl995, Francis
et al. 2007, Andrews et.81011) - purportedly a result of discontinued baad-deposition
coinciding with a cessation of somatic growth, anghroblems with the interpretation of
growth bands on the centrum outer edge. This iscpéarly relevant to the present study in
which most sharks aged were large adult individuals worth noting too that various
studies have computed maximum theoretical agesllmasesported maximum sizes and
modelled growth parameters, yielding greatly elegtdbngevity estimates (e.g. Natanson &
Kohler 1996, McAuley et aR006). However, such calculations are highly syord and
likely of limited value Nevertheless, by compromising longevity estimatestgence growth
model parameters, age underestimation has farirgpchplications for shark population
modelling and assessment - highlighting the needde validation of older age classes.

Similarly, the influence of section readability oar results also warrants some
consideration. In all three study species, reataliemonstrated a generally decreasing trend
as shark size increased. This emphasises a powmii@e of inaccuracy in our age counts
given that the majority of sharks aged in the pnestudy were large adults.

The results of the present study indicate GabbscurusC. brevipinnaandC. plumbeus
are all long-lived species displaying both consastd consistencies in their growth dynamics
in temperate eastern Australian waters. While esults appear to challenge findings
emanating from other parts of the world, confougderctors render definitive inter-region
conclusions potentially misleading. Nevertheless report the least conservativestimates
for C. obscurusandC. plumbeu®f the published literature to date, which has guof
implications relating to assessments of naturatatioy and survival. Using as an index of
potential stock vulnerability to excessive moria(iiusick 1999), our results suggest that
these two species may in fact be somewhat morigerggo overexploitation (at least in NSW
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waters) than current population models would agSegninkey & Musick 1996, McAuley et
al. 2007a, Romine et al. 2009). This study alserk current estimates of maximum age in
C. brevipinna— suggestive of greater reproductive potentialil&he intrinsic

susceptibilities of the three study species to fistang are well established (particularly for
C. obscurugandC. plumbeuk our results potentially warrant some level ofimgsm when
considering the resilience of these species tanigspressure, at least in NSW waters. That
said, however, the true implications of our findingmain purely speculative in the absence

of reproductive parameters, and hence demographigses, defined from the study region.
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5.7 Supplementary material A —Percentage agreement (PA) between Reader 1 anéiRzade

counts.

C. obscurus C. brevipinna C. plumbeus
Size range
(Ly, cm)  Total Percentage agreement Tqtg] Percentage agreement Tqotg) Percentage agreement

read +0 +1 +2 +3 read +0 +1 +2 +3 read +0 +1 +2 3
71-80 1 100
81-90 3 100 4 100
91-100 5 100 1 0 100 5 20.0 100
101-110 6 100 7 85.7 100 16 18.8 87.5 100
111-120 2 100 8 50.0 100 6 66.6 100
121-130 2 50.0 100 9 66.6 100 8 375 75.0 100
131-140 8 62.5 100 13 53.8 84.6 100 12 33.33 8300
141-150 5 60.0 100 18 55,5 83.3 889 100 7 284 85.7 100]
151-160 4 100 11 545 90.9 100 1 0 100
161-170 2 50.0 100 12 50.0 75.0 100 6 16.77 160.0 83.3
171-180 2 0 100 11 36.4 72.7 100 27 148 4®9.3 70.4
181-190 7 28.6 714 100 5 40.0 80.0 100 99 9354 60.6 73.1
191-200 4 25.0 100 5 20.0 100 113 9.7 35485517
201-210 3 33.3 66.6 100 1 100 51 11.8 35.3.8 586.5
211-220 6 16.7 50.0 100 2 0 100 33 18.2 33.85557.6
221-230 5 40.0 60.0 80.0 80.0 7 28.6 71.4 100 3333 333 333 333
231-240 3 33.3 100 13 23.1 615 846 846 O
241 -250 3 66.6 66.6 100 13 23.1 615 846 923 O
251-260 O 21 95 524 76.2 810 1 0 0 0 00
261-270 2 0 100 9 11.1 444 444 556
271-280 5 0 20.0 60.0 100 11 18.2 455 455 455
281-290 10 20.0 60.0 80.0 90.0 10 20.0 40.0 56G0.0
291 -300 12 33.3 66.6 833 100 5 0 20.0 60.0 60.0
301-310 28 143 53.6 78.6 89.3
311-320 38 23.7 553 76.3 842
321-330 35 20.0 514 714 914
331-340 31 16.1 548 774 87.1
341-350 19 26.3 421 63.2 78.9
351-360 8 0 125 25.0 50.0
361-370 O
371-380 1 0 100
381-390 1 0 100
Overall 257 284 611 798 899 195 364 713 8®BI.7 393 153 43.0 634 758
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5.8 Supplementary material B —Mean (x) and predictedR) length-at-age (total length;, cm) and growth rate (yearly growth increme®tcm-yrY) for

female and mal€archarhinus obscurus New South Wales waters. Mean length-at-ageutatied from observed vertebral analysis data; ptedi

length-at-age and growth rates derived femRr-specific ‘best-fit' growth model as determirgdAkaike’s Information Criteria. S.E. = standardoe.

Female Age (years)

(n=126) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 190 p
X 105.4 1345 142.7 168.7 1783 207.3 2055 216.6 .023245.0 220.0 2745 286.0 2785 305.0 304.0 29188.3 330.0 309.¢
S.E. 2.2 0.5 3.1 6.9 54 127 55 9.1 4.0 55 5 2. 5.0 6.9
n 5 2 6 3 7 3 4 5 5 1 1 2 1 2 0 1 1 2 3 1
P 107.0 1275 146.4 163.7 179.7 1944 208.0 220.4 .923P42.5 2522 2612 269.4 277.0 284.0 2904 29®61.8 306.8 311.4 315F
G 205 189 174 160 147 135 125 115 106 9.7 .0 9 82 7.6 7.0 6.4 5.9 55 5.0 4.6 43

21 22 23 24 25 26 27 28 29 30 31 32 33

X 3205 336.8 321.6 3245 3340 3351 341.8 338.2 .034B43.3 335.7 360.0 359.0
S.E 2.5 4.9 3.1 5.4 4.9 4.9 5.2 1.0 10.0 3.3 5.8
n 2 5 5 10 5 18 9 5 3 3 3 1 1
P 319.6 3232 3265 329.6 3324 3350 337.4 339.6 .634B43.4 3452 346.7 348.2
G 3.9 3.6 3.3 3.1 2.8 2.6 2.4 2.2 2.0 1.9 1.7 1.6 15

Male Age (years)

(n=131) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 190 p
X 999 1255 139.0 1535 193.0 2205 219.0 @1274.0 2975 301.0 313.2 31}3
S.E. 2.5 4.3 3.1 35 6.5 45 20.0 11.1 4.1 8.2 7.
n 7 4 4 2 0 3 2 2 0 0 1 1 0 0 0 0 0 4 5 6
P 940 1189 1412 161.2 179.2 1953 209.8 222.8 42382449 2542 262.7 2702 277.0 283.1 2885 29347.82 301.8 305.3 308F
G 249 223 200 180 161 145 130 11.7 105 94 4 8 76 6.8 6.1 5.5 4.9 4.4 3.9 35 32

21 22 23 24 25 26 27 28 29 30 31 32

X 3105 3085 319.3 320.3 3206 3175 321.0 327.3 .5305 347.0
S.E. 3.3 3.4 5.1 3.7 3.9 5.4 4.4 3.7 0.5
n 11 11 12 18 12 11 3 3 2 0 0 1
P 311.4 3139 316.2 3183 320.1 321.8 323.3 324.6 .832826.9 327.8 328.7
G 2.9 2.6 2.3 2.1 1.8 1.7 1.5 1.3 1.2 1.1 1.0 0.9
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5.9 Supplementary material C —Mean (x) and predictedR) length-at-age (total lengthy, cm) and growth rate (yearly growth increme®itcm- yr*) for

female and mal€archarhinus brevipinnan New South Wales waters. Mean length-at-ageutatied from observed vertebral analysis data; ptedi

length-at-age and growth rate derived freex-specific ‘best-fit’ growth model as determirdAkaike’s Information Criteria. S.E. = standardoe.

Female Age (years)

(n=110) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 190 p
X 920 1185 1335 1453 1579 179.7 178.3 194.2 1.2 2515 242.0 259.5 263.8 262.3 255.0 266.3 .25266.0 264.1
S.E. 5.5 1.9 3.9 2.9 2.3 1.6 5.1 8.2 2.5 16 0 6. 25 4.7 9.3 9.0 5.2 6.0 111
n 3 4 8 10 7 9 4 5 0 2 0 4 6 2 6 3 1 4 3 2
P 101.4 1155 130.2 1451 1599 1743 187.9 200.7 .321222.8 232.0 240.1 247.1 253.0 258.0 262.2 262886 271.0 273.0 274p
G 141 147 149 148 144 137 127 116 105 93.1 8 7.0 5.9 5.0 4.2 35 2.9 2.4 2.0 .6

21 22 23 24 25 26 27 28 29 30 31

X 2814 2782 276.0 2750 300.0 287.0 2755 .76
S.E. 2.6 3.6 5.7 8.5
n 9 6 3 1 1 0 1 2 0 0 1
P 2759 277.0 277.8 2786 279.1 279.6 280.0 280.3 .628280.8 280.9
G 1.3 1.1 0.9 0.7 0.6 0.5 0.4 0.3 0.3 0.2 0.2

Male Age (years)

(n=85) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 190 p
X 89.0 1101 1255 147.2 165.6 169.4 1845 196.0 225.0 222.0 248.0 240.3 246.0 235.0 237.6 238.39.2 241.7
S.E. 8.0 2.0 2.6 1.7 55 0.9 7.5 6.2 5.0 4.1 5.4 3.2 44
n 2 8 13 16 8 5 2 1 0 0 1 1 0 1 3 1 2 5 3 5 B
P 805 106.0 127.7 146.2 1621 1756 187.2 197.0 520212.7 218.8 224.0 2285 232.3 2356 238.4 240.82.82 2445 2460 247pB
G 255 217 186 158 135 116 9.9 8.4 7.2 6.1 5.24.5 3.8 3.3 2.8 2.4 2.0 1.7 15 33

21 22 23 24

X 240.8 300.0
S.E. 6.9
n 4 0 0 1
P 2484 2493 250.1 250.7
G 1.1 0.9 0.8 0.7
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5.10Supplementary material D —Mean (x) and predictedR) length-at-age (total lengthy, cm) and growth rate (yearly growth increme®tcm-yr?)

for female and mal€archarhinus plumbeuis New South Wales waters. Mean length-at-ageutatied from observed vertebral analysis data; ptedi

length-at-age and growth rate derived freex-specific ‘best-fit’ growth model as determirmdAkaike’s Information Criteria. S.E. = standardoe.

Female Age (years)
(n=156) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 190 p
X 810 1024 113.0 1314 1420 1455 1470 163.0 197.0 203.5 201.0 198.6 207.3 199.6 203.6 203.3 .221203.0 206.4
S.E. 3.5 4.0 1.8 3.6 2.5 8.5 2.2 2416 1.9 2.1 3.4 3.3 2.B
n 1 7 7 7 3 2 1 0 1 0 1 2 1 8 11 23 20 18 16 9 D
P 884 1015 1148 1277 1399 151.1 161.1 169.8 3177183.6 188.8 193.0 1964 199.2 201.3 203.1 204.@85.52 206.3 207.0 207.fp
G 131 132 129 122 112 100 8.7 7.5 6.3 5.2 4.23.4 2.7 2.2 1.7 1.4 1.1 0.8 0.7 ds

21 22 23 24 25 26 27

X 2125 202.0 213.0 216.0
S.E. 3.7 4.6
n 4 3 0 0 1 0 1

P 2079 208.2 2084 208.6 208.8 208.9 209.0
G 0.4 0.3 0.2 0.2 0.1 0.1 0.1

Male Age (years)
(n=237) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 0 p
X 842 102.6 116.3 133.3 1450 1450 161.0 176.50.818 186.4 185.0 188.0 187.0 1904 189.4 189.6 194G61.0 1885 197.9
S.E. 3.3 0.9 3.1 2.7 4.0 1.5 15 2.5 1.2 14 1 1. 10 1.2 2.0 3.4 70 115 617
n 5 9 7 7 3 1 1 0 2 9 12 24 20 38 30 32 18 6 2 2 5
P 858 1016 1172 1316 1444 1552 1641 171.0 417480.5 183.5 1858 1874 1886 189.5 190.1 190.80.91 1911 191.3 191p
G 159 156 145 128 108 8.8 7.0 54 41 3.0 22 6 1 12 0.9 0.6 0.5 0.3 0.2 0.2 q1
21 22

X 189.0 188.0
S.E. 3.0 5.0
n 2 2
P 1915 1916
G 0.1 0.1
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Chapter 6: Reproduction of Three Carcharhinid Sisark

6.1 Abstract

Increased harvest pressure exerted on sharks wdddwas created a necessity for more
information concerning the basic biology of targespecies. This study marks the first
attempt at a detailed assessment of the repro@ugivogy ofCarcharhinus obscurys.
brevipinnaandC. plumbeusn eastern Australian waters, where these speagsort a
demersal longline fishery. Although generally liedtin sample size and temporal
distribution, we demonstrate all three speciestodbatively late-maturing species exhibiting
similar reproductive characteristics (i.e. fecupdégmbryo sex ratio, gestation period and
parturition season) marked by low productivity ghilighting their susceptibilities to stock
depletion off the New South Wales coast. Lendthe, CmLy) and age-at-maturitydgo,

years), for females and males respectively, welel2&d 15.5, and 271.9 and 14.6Qor
obscurus224.9 and 10.1, and 208.9 and 8.5Gobrevipinnaand, 174.8 and 9.5, and 164.5
and 7.0 forC. plumbeusPregnancy was observed at a mean length_¢¢rand age (years) of
329.4 and 23.8, 276.9 and 18, and 204.8 and 16Q.fobscurusC. brevipinnaandC.
plumbeusrespectively. Uterine fecundity measured 5-%2 9.6), 5-14 &= 10.6) and 3-12 (
X=7.8) for the same three species, and litterisiaeased significantly with maternal length
in C. brevipinna Length-at-birthI(¢) (cmLy) ranged from 92-96 i€. obscurus79-82 inC.
brevipinng and 66-76 irC. plumbeusAll three species exhibited lengthy gestationqats,
overall embryonic sex ratios of 1:1 and parturiiorautumn. While appearing to challenge a
range of findings emanating from other parts ofwloeld, we urge that our findings be
considered preliminary rather than definitive. Ni¢veless, our study raises pertinent
questions relating to the comparative resiliencthe$e species to targeted fishing activities
in NSW waters, and again highlights the importapicecally-derived demographic

parameters for accurate population modelling, deapigc analyses and stock assessment.
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6.2 Introduction

Anthropogenic activities are responsible for aa@ieg rates of mortality beyond
sustainable thresholds in many species, resulimgppulation declines and even extinctions
(e.g. Miller et al. 1999, Fuller 2003, Burney & Rfeery 2005). Intense targeted-fishing
pressure, for example, has led to precipitous deslin the biomass of predatory fish (e.qg.
Safina 1993, Hutchings & Myers 1994, Myers & Worf03), including sharks (e.g. Baum et
al. 2003; Otway et al. 2004, Ferretti et al. 20@)ecies’ resilience under harvest pressure is
determined largely by reproductive potential andtaly, both being crucial for
demographic and fishery stock assessment modelfirgell as for estimates of sustainable
rates of harvest (Walker 2005b, McAuley et al. 2Q®7a, Cortés et al. 2006, Romine et al.
2009). Knowledge of the reproductive charactessticimpacted species is therefore
essential for their effective conservation and nganazent.

Dusky (Carcharhinus obscurgsspinner Carcharhinus brevipinngand sandbar
(Carcharhinus plumbedsharks are three large-medium sized carcharhiniggbiting much
of the world’s tropical and warm-temperate coaatal continental-shelf waters (Last &
Stevens 2009). All three are landed as either tangley-catch species in commercial and
artisanal fisheries throughout much of their dsttional ranges (e.g. Amorim et al. 1998,
Castillo-Géniz et al. 1998, McVean et al. 2006, ¢hason et a007, White 2007, Hale et al.
2011, Manojkumar et al. 2012). Rates of declineshserC. obscuruandC. plumbeus
globally IUCN listed as ‘vulnerable’ (Musick et &009a, 2009b) an@. brevipinnaas ‘near
threatened’ (Burgess 2009).

In Australian waters all three species are actit@lgeted by commercial fisheries along
the eastern, northern and western coastlines, lhasvihe southern coastline fGr obscurus
(Simpfendorfer & Donohue 1998, Macbeth et al. 200&ry et al2011a, Tillett et al2012a,

Rogers et a013). Off Australia’s south-east coast, a fishelpgerver study reveal&il
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plumbeusC. obscurusandC. brevipinnato be the three most abundant large sharks canght i
the New South Wales Ocean Trap and Line Fishery\(\\.lHI'LF), respectively (Macbeth et
al. 2009).

Cosmopolitan distributions, commercial importariagwn susceptibility to overfishing
and slow rates of recovery (Smith et al. 1998, &te\et al. 2000, Field et al. 2009) have led
to numerous studies on the reproductive biolog§.abbscurusC. brevipinnaandC.
plumbeusReproductive parameters are available for alldtapecies from the waters of the
NW Atlantic (e.g. Branstetter 1981, 1987, Natansbal. 1995, Romine et al. 2009,
Baremore & Hale 2012), South Africa (e.g. Basd.et@/3, Cliff et al. 1988, Allen & Cliff
2000, Dudley et al. 2005), Brazil (Sadowsky 196ihokim et al. 1998, Hazin et al. 2007),
Indonesia (White 2007) and Australia (e.g. Ste\viEd&4, Simpfendorfer et al. 2002,
McAuley et al. 2005, 2007b). Reproductive paransesee also available f@. brevipinna
andC. plumbeudrom the Mediterranean (Capapé et al. 2003, S4idi. 2005), the Middle
East (Baranes & Ben-Tuvia 1978, Moore et al. 2@I®) Taiwan (Joung and Chen 1995,
Joung et al. 2005), as well as from Hawaii (Was&3)9Senegal (Diatta et al. 2008),
Mauritius (Wheeler 1962) and the East China Seai(ithi 1971) forC. plumbeus

These studies revealed highly conservative lif¢éahystraits for all three species.
Carcharhinus obscuruswas demonstrated to be late-maturing (260-30QL.gm 7-32 years),
of low fecundity (3-16 pups every 3 years), lengti@gtation period (20-24 months) and born
at large size (85-100 chy). Carcharhinus brevipinnaas shown to mature at lengths
between 160-220 cior and ages 6-10 years, give birth to 3-17 pups everyyears
following a gestation period of 10-18 months, wtlps born at 60-80 cinr. Carcharhinus
plumbeusvas mature at 150-190 dm and at ages 8-16, produced litters of 1-14 pupsyev
2 years following a maximum gestation period ofni@nths, and was born at 45-75 tm
For all three species males matured at smalletherend similar or younger ages compared
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to females, fecundity typically increased with nmag& length, andh uteroembryos generally
exhibited a 1:1 sex ratio overall.

Reproductive characteristics, however, can varyrgmoonspecific shark populations
(Yamaguchi et al. 2000), even on relatively smpdltel scales (Lombardi-Carlson et al.
2003, Walker 2007). Considerable inaccuracy, tloeesfmay be associated with population
models and management strategies based on repk@dpatameters defined elsewhere,
emphasising the need for locally-derived data.

Given the paucity of information pertaining to emstAustralian waters, the objective of
this study was to provide parameters of reprodadiio C. obscurusC. brevipinnaandC.
plumbeusff the New South Wales (NSW) coast to be avaddbt use in demographic
modelling and stock assessment. Parameters inldndgéh- and age-at-maturity, parturition
periods, duration of embryonic development, litize, embryonic sex ratio and length-at-

birth.

6.3 Materials and methods

6.3.1 Sampling location and methodol ogy

Carcharhinus obscury<€. brevipinnaandC. plumbeusvere sampled via fishery-
dependent methods off Australia’s NSW coast betwé@rember 2007 and September 2010
(Figure 6.1). Data and samples were collected @pa fishery-observer program
monitoring the catch of sharks in the NSW OTLF (ldketh et al. 2009). Sharks were caught
using demersal longlines set at depths betweerB00¥1, with a small number also caught

using handlines. Landed sharks were examined dyoand scientific observers.
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Figure 6.1 Reproductive data collection regions for the thserly species.

6.3.2 Data collection and analyses

Sharks were sexed, and pre-cautat), fork (Lg) and total (1) lengths measured to the
nearest centimetre (cm). Measurements were defisdlde distance from the tip of the snout
to a point on the horizontal axis intersecting gopadicular line extending downward from
the pre-caudal notch (pre-caudal), the fork ofdhedal fin (fork) and the tip of the upper
caudal lobe (total).

Total lengths|(y) are reported throughout this study, and can beexed td_pc andL¢
according to the following morphometric equatiosexes combined) defined from the study
area (Geraghty et al. 2013&hapter 5:

C.obscurus,  +=1.305(Lpo) + 8.021 fi= 255,r’= 0.99);Lt = 1.203(Lg) + 4.226 1= 236,r’= 0.99),

C. brevipinna Lt = 1.286(Leg) + 6.208 (1= 183,r2= 0.99);L; = 1.188(Ly) + 3.519 (1= 191,r>= 0.99),

C. plumbeus Ly =1.316(Lpo) + 4.566 (1 = 424,r*= 0.98);Lt = 1.206(Lg) + 2.747 = 427,r*= 0.98).
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From each shark, a vertebrae sample was colleaiadthe cervical region; age
estimates were subsequently determined via vetteana analysis (Geraghty et al. 2013a —
Chapter 5. A small quantity (< 2 g) of white muscle tissuas also collected from each
individual and tested to validate species identgiyng mitochondrial DNAChapter 2
Geraghty et al. 2013bGhapter 3. Data associated with misidentified individuaad those
for which a genetic species identity could not beedmined, were excluded from analyses.

Reproductive condition was determined for eachviddial according to macroscopic
criteria (Table 6.1). Males were examined for ceadpngth and degree of clasper
calcification, the former being measured to theestamillimetre (mm) and defined as the
distance from the distal tip to the junction wille tpelvic fin (i.e. outer-clasper length).
Females were assessed for uterus width (mm) ane&leduterine development. Where
statistical analyses were performed, maturity-stiga were converted into binary form
(immature = 0, mature = 1), whereby individual$oth sexes classified as stage 3 or above
(i.e. C3 and U3-6) were considered mature, whitséhclassified as stage 1 and 2 (i.e. C1-2

and U1-2) were deemed immature (Table 6.1).

Table 6.1Sexual maturity stages assigned to sharks samptée present study. Adapted from Harry

et al. (2013).
Organ Stage  Description Reproductive condition
Male
Clasper C1 Small, lacking calcification and fleeibl Immature
c2 Elongated, partially calcified and flexible Meihg
C3 Elongated, fully calcified and rigid Mature
Female
Uterus Ul Uniformly thin and empty Immature
U2 Thin, enlarged posteriorly and empty Maturing
U3 Uniformly enlarged and empty Mature
U4 In uteroyolky eggs present but no visible embryos  Ovulatory
(U3 In uteroembryos visible Pregnant
U6 Enlarged and distended Post-birth
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Logistic regression analysis was employed to estalplopulation estimates of length-
(cmLy) and age (years) -at-maturity where 501% (Asg) and 95 % (g5 Ags) Were mature.
Length and age were modelled separately as a tumetibinomial maturity stage (logit
transformed) using generalised linear models (GlaviJl computed in the statistical package
R (R Development Core Team 2010). The 95 % con@idemtervals (C.1.) of the
abovementioned maturity parameters were derivad 0,000 bootstrap re-sampled data
sets. Scatter-plots of clasper length and uterdthwiersud. and age were used in
conjunction with raw maturity stage to validate taage of lengths and ages over which
maturity occured in each species.

For gravid females, the total numbermuteroembryos was recorded. All embryos were
sexed and thelty measured. Linear regression analysis was apgiedtablish relationships
between uterine fecundity (i.e. litter size) andenaalLr and age. The sex ratio of total
uteroembryos was tested for significant deviation frodthratio with chi-square tests. All
sex ratios are expressed as female:male. A sqatteof embryo length by month was used
to evaluate length of gestation and time of patturi Length-at-birthl(y, cmLy) was
inferred from observed embryo and free-swimmingvae length-frequency distributions,
the latter defined as individuals belonging to @heage class as determined from vertebral

ageing analysis.

6.4 Results

6.4.1 Carcharhinus obscurus
A total of 268 genetically-validated. obscurugfemalesn = 127; malesn = 141),
ranging in size from 92-386 chy, were examined for this study (Table 6.2). Theanj of

individuals sampled were mature (Figure 6.2a).
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Figure 6.2 Length- ;) and age-frequency distributions, incorporating naaturity-stage data, for (a)

Carcharhinus obscurys(b) Carcharhinus brevipinnaand (c) Carcharhinus plumbeus
specimens examined in the present study. Whitekldad grey columns denote immature,

maturing and mature individuals, respectively.
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A length-frequency distribution @f uteroembryos § = 66) and free-swimming
neonatesr(= 14) indicated that these two life stages oveitaghe range 92-105 cixy
(Figure 6.3a). The measurement of the 109 grambryo, however, is questionable in light of
estimates of length-at-birth from other populati¢hable 6.3) and given the next largest
embryo in the same litten & 8) measured only 96 chy. A more robust estimate bffor C.

obscurustherefore, is within the range 92-96 tm(Figure 6.3a).

Table 6.2 Summary of samples and raw reproductive parametessrved from New South Wales

waters. Lengths expressed as total lenbth €m); ages expressed in yea¥kss mean (+

S.E.).
P ‘ C. obscurus C. brevipinna C. plumbeus
arameter
3 ? 3 ? 3 ?
n 141 127 84 101 282 193
Length range 92-356 92-386 81-300 79-317 -ZB2  81-251
Largest immature 303 320 196 260 161 215
Smallest mature 268 231 222 185 168 175
Oldest immature 23 27 7 19 6 19
Youngest mature 17 8 10 5 8 10
Smallest pregnant — 315 — 247 — 175
Youngest pregnant — 21 — 11 — 13
X length at pregnancy — 3294 (x4.7) — 2769 (x4.7) — 204.8 (x 2.9
X age at pregnancy = — 23.8 (¢ 1.5) — 18 (¥ 1.6) — 16.1 (+ 0.5)
(2) 8 (12 (©) 15 = Embryo
- Neonate
6
% 8 10
8
g’ -
d: M } A | { w |
2 M L -
R ) hwebe ML M, . abdBILE L
40 50 60 70 80 90 100 110 50 60 70 80 90 100 30 40 S0 60 70 80 90 100
Lt(cm)

Figure 6.3 Length-frequency distribution of embryo and neenéd) Carcharhinus obscurys(b)

Carcharhinus brevipinnand (c)Carcharhinus plumbeusbserved during this study.
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For males, length- and age-frequency distributenms clasper lengths suggested onset of
maturity occurred within the ranges 240-280Icpand 11-17 years (Figures 6.2a, 6.4a).
Maturity ogives estimatelbspandLgs (95 % C.I.) respectively at 271.9 (255.1, 28618] a
301.1 (279.3, 309.7) cilnr, andAsgandAgs (95 % C.1.) at 14.6 (13.0, 17.0) and 20.2 (14.4,
22.4) years (Figure 6.5a). The largest immaturesanallest mature males observed were 303
and 268 cnLr, respectively; the oldest immature and youngestiraanales were 23 and 17
years old, respectively (Table 6.2).

Onset of maturity in females occurred within thegas 280-310 crbt and 15-18 years,
according to length- and age-frequency distribwiand uterus widths (Figures 6.2a, 6.4a).
Maturity ogives returnetlspandLgs (95 % C.1.) values respectively of 281.1 (26102.8)
and 328.4 (310.6, 339.4) dm, andAspandAgs (95 % C.1.) values of 15.5 (12.9, 18.4) and
24.7 (20.6, 27.8) years (Figure 6.5a). The largmstature and smallest mature females
observed were 320 and 231 tm respectively; the oldest immature and youngesturaa
females were 27 and 8 years old, respectively €réts).

Pregnancy was observed at a mean length of 32914 eamnd age of 23.8 years (Table
6.2). The smallest and youngest pregnant individoadasured were 315 drmpand 21 years,
respectively (Table 6.2). Uterine fecundity wasmeated from 8 pregnant females and
revealed litter sizes varying from 5 to12 pupshvatmean of 9.6 (x S.E. 0.8). Fecundity did
not increase significantly with maternal lengthage. The embryo sex ratio from 7 litters
varied from 0.6:1 to 4.5:1, but was not signifidpmifferent from a 1:1 ratio overaly{ =
0.1385, df = 1p = 0.71).In uteroembryo lengths plotted by month suggested parbuarit
autumn and provided some, albeit weak, evidendelthanonths were necessary for
development from approximately/2 to full-term length (o) (Figure 6.6a). Assuming a
constant rate of growth throughantuterodevelopment, this tentatively equates to a ~22
month gestation period (Figure 6.6a).
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Figure 6.6 Embryonic total lengthsL{) by month for (a)Carcharhinus obscurygb) Carcharhinus
brevipinnaand (c) Carcharhinus plumbeusNumber of litters in parentheses. Note the
different x-axis in (c).
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6.4.2 Carcharhinus brevipinna

We examined a total of 185 genetically-valida@&drevipinnafemalesn = 101; males,

n = 84), ranging in size from 79-317 dm (Table 6.2). The length-frequencies for both sexes
were bi-modally distributed (Figure 6.2b). Overta#fpn uteroembryo = 124) and free-
swimming neonaten(= 6) life stages indicated thiag occured within the range 79-82 dm
(Figure 6.3b).

Clasper lengths suggested onset of maturity in srtaleccur between 190-220 ¢m
and 7-14 years (Figure 6.4b), while greater samptabers indicated maturity between 200-
220 cmLy and 7-10 years inferred from length- and age-feegy distributions (Figure 6.2b).
Male maturity ogives estimateédoandLgs (95 % C.I.) respectively at 208.9 (201.0, 212.6)
and 210.8 (203.9, 214.9) dm, andAspandAgs (95 % C.1.) at 8.5 (7.6, 10.4) and 8.7 (7.9,
10.8) years (Figure 6.5b). The largest immaturesanadllest mature males observed were 196
and 222 cnir, respectively; the oldest immature and youngestiraanales were 7 and 10
years, respectively (Table 6.2).

For females, length- and age-frequency distribstiand uterus widths suggested
maturity to occur within the ranges 220-240 cprand 7-11 years (Figures 6.2b, 6.4b). From
maturity ogiveslLsoandLgs (95 % C.1.) respectively were 224.9 (208.1, 24a&%) 262.0
(228.8, 275.6) cmt, andAspandAgs (95 % C.1.) were 10.1 (8.4, 11.7) and 15.1 (108L9)
years (Figure 6.5b). The largest immature and sstathature females observed were 260
and 185 cnir, respectively; the oldest immature and youngestirademales were 19 and 5
years, respectively (Table 6.2).

Pregnancy was observed at a mean length of 27619 @nd age of 18 years, with the
smallest and youngest pregnant individuals beingsmed at 247 car and 11 years,
respectively (Table 6.2). Uterine fecundity wasmeated from 14 pregnant females and
revealed litter sizes varying between 5 and 14 pwpk a mean of 10.6 (= S.E. 0.7). A weak
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but statistically significant increase in litteesiwith maternal length was observed (Figure
6.7); the relationship between litter size and mmeteage, however, was not significant.

The embryo sex ratio from 12 litters varied fror8:Q.to 2.3:1, but was not significantly
different from a 1:1 ratio overaly{ = 0.0308, df = 1p = 0.86).In uteroembryo lengths
plotted by month suggested parturition occurs ii@m months and provided weak evidence
that 7 months were necessary for development figonoximately 2/3 o to full-term length
(Lo) — suggestive of a ~21 month gestation periodraBgy once again, a constantutero

growth rate (Figure 6.6Db).

18 1 No. in utero embryos = 0.086(L of mother) - 13.428

r2=036
p=0.02

No. in utero embryos

250 260 270 280 290 300 310 320
Maternal L, (cm)

Figure 6.7 Relationship between uterine fecundity and mateto&al length () observed for

Carcharhinus brevipinnauring the present study. Dotted lines denote 95.P6

6.4.3 Carcharhinus plumbeus

A total of 475 genetically-validated. plumbeugfemalesn = 193; malesn = 282),
ranging in size from 76-251 chy, were examined here (Table 6.2); the vast majordye
mature individuals (Figure 6.2dn uteroembryo (= 139) and neonata €& 7) lengths
suggestedlyto occur between 66-76 chy, however no overlap was observed between the

two life stages (Figure 6.3c).
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For males, length- and age-frequency distributenms clasper lengths supported onset of
maturity within the ranges of 160 to 170 &mand 6 to 8 years (Figures 6.2c, 6.4c). Maturity
ogives returnedlspandLgs (95 % C.1.) parameters of 164.5 (156.4, 165.5) Hfsl1 (158.1,
166.2) cmLt respectively, anéspandAgs (95 % C.1.) values of 7.0 (6.0, 7.5) and 7.1 (6.3,
7.7) years (Figure 6.5c). The largest immaturesandllest mature males observed were 161
and 168 cnLr, respectively; while the oldest immature and yastgnature males were 6
and 8 years, respectively (Table 6.2).

Length, age and uterus width data proposed onsettirity in females to be within the
ranges 170-190 cior and 8-10 years (Figures 6.2c, 6.4c). From matogiyes,LsoandLgs
(95 % C.1.) were 174.8 (167.2, 185.4) and 198.3(8.8204.7) cnbt respectively, andésg
andAgs (95 % C.1.) were 9.5 (8.4, 10.6) and 14.9 (12.39)gears (Figure 6.5c). The largest
immature and smallest mature females observed 2i&rend 175 crhy; the oldest
immature and youngest mature females were 19 ayed@, respectively (Table 6.2).

Pregnancy occurred at a mean length of 204.8 cand age of 16.1 years, with the
smallest and youngest pregnant individuals beingsmed at 175 ciar and 13 years
respectively (Table 6.2). Uterine fecundity wasneated from 23 pregnant females and
revealed litter sizes of 3-12 pups, with a meaid.8f(+ S.E. 0.5). Litter size did not increase
significantly with maternal length or age. The egtbsex ratio from 19 litters varied from
exclusively females to exclusively males, but wassignificantly different from a 1:1 ratio
overall §* = 0.3475, df = 1p = 0.56).In uteroembryo lengths plotted by month suggested
parturition occurs in autumn. Embryonic developmeas bi-modal in the month of March,
suggestive of development from approximatejf? to full-term length (o) having taken 12
months (Figure 6.6¢). Assuming a constant rate@ivth in utero, therefore, these data

tentatively suggest a ~24 month gestation period.
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6.5 Discussion

This study provides the first attempt at a detadsgessment of the reproductive biology
of C. obscurusC. brevipinnaandC. plumbeusn eastern Australian waters. Although
generally limited by modest sample sizes and isttitemporal distributions, all three were
demonstrated to be relatively late-maturing speaidsw fecundity and lengthy gestation —
highlighting their susceptibilities to stock depbet (Musick 1999). Comparativelg.
obscurugmatured at the greatest lengths and oldest &ygdumbeusvas the smallest and
youngest at maturity. Accounting for differencesittainable size and longevity in the region,
both sexes of all three species matured at sisitas (i.e. 77-85 %) relative to their
theoretical asymptotic lengtlfs,,), as modelled by two-parameter von Bertalanffyngho
functions (Geraghty et al. 2013a&Chapter 5. With respect to age, male and fem@le
brevipinnaandC. plumbeusnatured at similar life-stages (i.e. at ages 32438f their
maximum longevities observed in NSW waters); otlobscurusexes, however, matured
comparatively later in life — at ages 46-47 % aithmaximum observed life spans in the
sampling area (Geraghty et al. 2013@hapter 5. These results suggest that, of the three
study species;. obscuruss the most susceptible to population decline afsthalia’s south-
east coast.

Our maturity and.o parameters, as well as our observations regapggnancy and
fecundity, generally challenge the findings repoft®em other parts of the world for all three
species, with notable exceptions. While the intcinsiinerabilities of the study species (but
particularlyC. obscurusandC. plumbeuyto overfishing are well established (Sminkey &
Musick 1996, McAuley et al. 2007a, Romine et alD20) these data raise important
implications relating to the comparative abilitefghese species to withstand targeted-fishing
pressure in the SW Pacific Ocean (Table 6.3). kample,C. obscurusandC. plumbeus

appear to mature at younger ages in south-eastalastwaters compared to other regions
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(Table 6.3); earlier onset of maturity implies gezaeproductive potential and, in turn, a
comparatively greater resilience to population iecin NSW waters.

Similarly, our estimates of fecundity f@. obscurusandC. brevipinnasupport greater
productivity in temperate eastern Australian watenmpared to some other regions. In this
study,C. brevipinnaexhibited the greatest uterine fecunditydC. plumbeushe lowest. Our
estimate for the latter species was largely comsistith those reported from other
populations around the world (Table 6.3). In costtrenean litter sizes estimated hereGor
obscurusandC. brevipinnawere consistent with most southern hemispher@nsgbout were
markedly higher than those reported from all saohplerthern hemisphere populations
(Table 6.3). Higher fecundity not only suggestseater tolerance to harvest pressure, but
also a greater potential for stock recovery follogvexcessive mortality.

Litter sex ratios proved highly consistent amongl&s. In NSW waters, we observed
overall sex ratios of 1:1 for all three speciese3éfindings support those from all previously
sampled populations of our study species, withetteeption ofC. plumbeugrom Western
Australia (McAuley et al. 2007b) and the Mediteean (Saidi et al. 2005) (Table 6.3). Sex
ratios, however, did vary considerably among iratlinal litters in all studies. The most
extreme case of which is demonstratedCbyplumbeuswhich exhibitdoroods varying from
exclusively females to exclusively males; a phenooneobserved in this study and also by
Taniuchi (1971).

In considering uterine fecundity and pup sex rathmsvever, it is important to
acknowledge the tendency for viviparous sharkdyaing our study species) to abort part, or
all, of their brood upon capture (Dudley et al. 20McAuley et al. 2007b). Quantitative
observations o uteroembryos, therefore, may underestimate fecunditylaasi sex ratios
in some instances, thereby confounding populatoongarisons and relationships between
litter size and maternal length and age
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Table 6.3 Comparative reproduction parameters describedCamcharhinus obscurysCarcharhinus brevipinnaand Carcharhinus plumbeugom around the

world. Populations arranged latitudinally. All lehgneasurements expressed as rounded total leingtien), unless otherwise stated, and converted

where appropriate using publication-specific morpktric equations. Age and reproductive cycle exq@@sn years; gestation period in months.

Carcharhinus obscurus

, Female Male , c d . Uterine fecundity
Population - - Mating G P R , , — Lo¢ Reference
Lm An Lm Am Litter size Sex
NW Atlantic 120 284 21 279 19 — — — — — — 85-100  thlason et al. (1995) ;
Compagno (1984)
— 226" 20 — — — >20 sprsum 3 39271 « — — Romine et al. (2009)
49 — — — — — — — —  6-10; 7.7 ) 11 85-97 Bigelow & Schroeder (1948);
Clarke & von Schmidt (1965)
Brazil 2 — — — — — — — — 6-12 1:1 — Amorim et afLlg98)
Indonesia 86 280 — 280-300 — — — — — — — — Whit@Q@2)
South Africa 871 285 20 280 19 — <24 win 3 <16; 10 X 11 85-96 Dudley et al. (2005);
Natanson & Kohler (1996)
42 260-300 17-24 280 20.5 — — — — 9.9 (X — 80-100 Bass et al. (1973);
Natanson & Kohler (1996)
W Australia 305 261-297 17-22 273-288 20-23 — — — -32 314 — 92 Simpfendorfer (2000, 1999);
Simpfendorfer et al. (2002)
460 298 27-32 — — — — — —  6-13;9.9 ) — — McAuley et al. (2005)
SE Australia 268 281 15.5 272 14.6 — ~22 aut —  512;9.6 (X 11 92-96 Present study
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Table 6.3cont.

Carcharhinus brevipinna

) Female Male ) Uterine fecundity
Population n Mating G P - - Lo Reference
Lm An Lm An Litter size Sex

NW Atlantic 49 180 7-8 170 6-7 sum 11-12 spr-sum 2 7 X) — 60-70  Branstetter (1981, 1987)
Mediterranean 166 158-196 — 155-172  — spr-sumx 13-14  sum-aut  —  §.10; 7.5 |X) 1:1  61-69 Capapé et al. (2003)
Persian Gulf 29 — — 204 — — — — — — — — Moore ef2012)
Taiwan 383 223 8 221 8 aut-win  10-12 spr 2 3.14;8.5 ) 1:1  65-70 Joung et al. (2005)
Brazil — 170 — 160 spr-sum 12 spr-sum  — g (X) — — Sadowsky (1967)
Indonesia 135 — — 189-196 — — — — — 6-15 — 68-81 i¥1§2007)
N Australia — — — 165-195 — — — — 1 12 — — Steveéd/icLoughlin (1991)
South Africa 760 207 — 202 — sum-aut  13-18 aut-win>2 - <17: 9 (X 1.1 73-86  Allen & CIiff (2000)

67 215 8-10 202 8-10 — — — — = — 80 Allen & Wintn@002)

— 200-210 — 180-200 — sum-aut  12-15 aut —<15;10.7 ¥) — 60-80 Bassetal. (1973)
SE Australia 33 — — 215 — — 12 aut — 8-13 — 70-80  Stevens (1984)

185 225 10.1 209 8.5 — ~21 aut —  5-14:10.6 X) 1:1  79-82  Present study
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Carcharhinus plumbeus

) Female Male , Uterine fecundity
Population n Mating G P R . . Lo Reference
Lm An Lm Am Litter size Sex
NW Atlantic 1194 158" 13 1527 12 spr-sum 12 spr-sum =2 3.12: 8 (X) 1:1 48-64  Baremore & Hale (2012)
— 175 — 180-190 — spr-sum  8-12 spr-sum 2 1.14:9 X 1:1 43-62  Springer (1960)
- — — — — — — — — 4129 () 11 — Clark & von Schmidt (1965)
20 185-190 — 180-184 — — — — 2 6-11 — — Branste{1®81)
354 178 15-16 177 15-16 — — — - = — — Sminkey & $ittk (1995)
Mediterranean 932 166-172 — 155-160 — — 12 spr-surf 4-10; 6.9 X) 1.2:1 45-65  Saliet al. (2005)
— 170 — 166 — — 12 — 1 3-14 — 58-65  Capapé (1984)
East China Sea 549 — — — — sum 10-12  sum —2-10; 6 (X) 11 65-75  Taniuchi (1971)
Taiwan 885 170-175 7.5-8 175 8 spr 10-12  winspr = 241275 11 60-65  Joung & Chen (1995);
Joung et al. (2004)
Hawaii 320 110-126°* 10 100-116“* 8 — — — - = — 47" Romine et al. (2006)
789 150 — 143 — sum 12 sum-aut>2  1.8:55 (X 11 60-68 Wass (1973)
Red Sea — 180 — 170 — sum — — — 6 11 60-65 Bar&nBen-Tuvia (1978);
Baranes & Wendling (1981)
Senegal 136 179-185 165 11-12  sprsum 249277 11 58-65  Diatta et al. (2008)
— 185 — 180 — — — — — 512 — 55-61 Cadenat & Blagh981)
Brazil 28 — — — — — 12 sum 2-3 7.10;8.6 ) 11 > 57 Hazin et al. (2007)
7 — — — — — — — — 7-10 1:1 > 60 Amorim et al. (199
Indonesia 6 — — 183 — — — — — — — — White (2007)
N Australia — 155 — 156 — spr-aut 12 sum-aut 2 3.g.6 ) 1:1 60 Stevens & McLoughlin (1991)
Mauritius — 177 — 180 — — — — — 6-11;83() — — Wheeler (1962)
South Africa — 190 — 163 — — 11-12 sum-aut 2 4-12 11 60-75 Bassetal (1973)
— 130°¢ 12 125-126“ 12 spr-sum 12 sprsum 2 410,72 11 54-62  Cliff et al. (1988);
Dudley & Simpfendorfer (2006)
W Australia 2163 157 16 148 14 sum-aut 12 sum-aut  24.10;65K)  0.6:1 51-57  McAuley et al. (2006, 2007h)
SE Australia 475 175 9.5 165 7.0 ~24 aut 3-12; 7.8 (X) 11 66-76  Present study

3Length () and®age Ay) at maturity - expressed as lengtlf and ageAso) at which 50 % are mature where possibtgstation period®); ¢ peak parturition seasoR)

¢ reproductive cycleR); " sex ratio (Sex) following significance te$tength-at-birth Io); ™ fork length (q);

PCL

pre-caudal lengthLo)
153



Chapter 6: Reproduction of Three Carcharhinid Sisark

While not conducted in the present study due totfma limitations, a more robust measure
of uterine fecundity involves the quantificationmécental scars associated with uterine
compartments (Baremore & Hale 2012).

Empirical lengths-at-birthL) for C. plumbeusandC. brevipinnasuggest further
differences between south-east Australia and odgons.Carcharhinus plumbeusppears
to be born at considerably larger size in NSW v&tehile our results fo€. brevipinna
support previous findings hinting at larger sizésath in the southern compared to the
northern hemisphere (Table 6.3). Largers thought to have positive implications for
neonate survivorship and hence population grovdhretluced predation risk and natural
mortality (Cortés & Parsons 1996, Cortés 1998).A$tralia’s east coast. plumbeusire
not known to use discrete nursery grounds — aitralirect contrast with NW Atlantic
populations (Conrath & Musick 2007, Grubbs et 802). Comparatively high, therefore,
may be a local adaption to offset increased predaisk. Lack of coastal nursery use®@y
plumbeusn Australian waters is supported by McAuley et(aD07b), who reported juvenile
distribution in predominantly offshore continensdielf regions off Australia’s west coast.
Interestingly, howevel,, in the latter region appears to have remainediginable 6.3).

Not all comparisons auger well, however, for theparative resilience of south-east
Australian populations d. obscurusC. brevipinnaandC. plumbeuso overexploitation.
Observations of gravid females provide some, allbedk, evidence that pregnancy occurs at
larger mean lengths in NSW waters, particularlyhie former two species. Our estimates of
mean length-at-pregnancy (Table 6.2) were largam those reported from the NW Atlantic
(317.2 £ 1.3; Clarke & von Schmidt 1965) for obscurusand from the Mediterranean (239.6
+ 5.1;Capapé et al. 2003) f@. brevipinna ForC. plumbeusour estimate was somewhat
consistent with studies from the NW Atlantic (208&.1.3; Clarke & von Schmidt, 1965) and
Brazil (193-208; Hazin et al. 2007), but was sligtérger than that reported from the coast
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of Senegal (195.4 + 4.0; Diatta et al. 2008). Intcast to some of the previous results
discussed above, the larger mean lengths- andaagesgnancy observed in this study would
suggest lower reproductive output and hence eldatsceptibilities to population decline in
NSW waters. This assertion is further emphasisedlfdhree species by the apparent lag
between length and age-at-maturityo( Asp) and mean length and age-at-pregnancy (Table
6.2, Figure 6.5). Although likely a direct consegee of low sample numbers and data gaps,
this lag is, however, negligible or non-existentenwttonsideringd.gs andAgs.

Observations oih uteroembryos supported lengthy gestation cycles irhadle species,
and parturition in autumn months. While gestatioi obscuruss widely recognised to be >
20 months in length (Dudley et al. 2005, Rominale2009), our data suggest that gestation
may be longer in NSW waters than in other regi@n<t brevipinnaandC. plumbeugTable
6.3). This is emphasised for the latter speiigsarticular, for which previous studies
unanimously propose a maximum gestation perioahtinths compared with our tentative
estimate of up to 24 months, the latter being basdarily on the observation of bi-model
embryonic development in the month of March (Td&bB. Such low apparent reproductive
outputs in these species support considerable rabiigies to the detrimental effects of
fishing pressure in the study region. As noted jmesty, however, our gestation periods have
been estimated based on assumptions of constaterogrowth rate, which we concede is
unlikely. In addition, bi-modal embryonic developm@s observed i€. plumbeusnay be
indicative of a prolonged mating season rather firatonged gestation. Nevertheless, our
data still support lengthy gestation periods inemscof 12 months for each species.

Of those populations for which reproductive pararsetre available, direct comparisons
suggest the NSW population Gf obscuruss most similar to those of Western Australia and
South Africa; the NSW population &f. brevipinnaappears to also closely resemble that of
South Africa (Table 6.3). Our reproductive paramsefer C. plumbeusre generally
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consistent with a range of other locations, inatgdlaiwan, Hawaii, Senegal and South
Africa (Table 6.3). These results are interestmfight of recent studies by Geraghty et al.
that report evidence of genetic differentiatiorCinobscurudetween eastern and western
Australian waters@hapter 2, as well as between Australian and South Afrivaters inC.
brevipinna(Geraghty et al. 2013bGhapter 3.

Comparisons of reproductive characteristics betvoeaispecific populations, such as
those discussed above, however, are subject tage & confounding factors and should be
treated with considerable caution. Perceived ggbugcalifferences may be the result of
sampling biases, variations in species’ maximuarsble sizes, differing maturity-stage
criteria and methodology, or combinations ther@ufmparisons involving estimates of age
(e.g. age-at-maturity) can be compromised by vianatin technique of preparation and
reading of vertebrae, or reader accuracy and poeci€ailliet et al. 1990, Carlson et al.
2006). Furthermore, studies determining age-at-ntgtvia substitution of length-at-maturity
into published growth curves are subject to thedBanherent in the respective growth
parameters. For example, underestimated growtticieets () resulting from overestimated
asymptotic lengthd. () will invariably translate to overestimates of agematurity.

Admittedly this study was subject to a range ofitlations impacting on the strength of
our conclusions. Most notably, a distinct lack afadpertaining to neonate and maturing
individuals resulted in high resolution estimatéfeagth- and age-at-maturity ahgbeing
difficult to achieve. In addition, the range of ¢ghs (and hence ages) over which all maturity
stages (but especially immaturity and intermediadturity) were allocated, particularly for
females, is suggestive of some observer inaccyfagures 6.2, 6.4). Furthermore, our
estimates of fecundity, mean length- and age-ajfaecy and gestation period were all based
on conspicuously low sample numbers and restrietegboral distributions of gravid females.
As such we urge that our results be viewed asrpradiry rather than definitive. We therefore
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encourage future studies in this region to stroregreater resolution with resect to size- and
age-at-maturity and timing and duration of develeptrthrough more robust sample numbers
and assessments of placental scars and numbeizamaf sva in females, as well as the
presence/absence of spermatozoa in the epididgmiadles.

Nevertheless, the present study indicates@hatbscurusC. brevipinnaandC. plumbeus
are all relatively late-maturing species in soudlstern Australian waters where they exhibit
similar reproductive characteristics (i.e. fecupdégmbryo sex ratio, gestation period and
parturition season) marked by low productivity. Wieempared to populations inhabiting
other parts of the world, our study also raisesipent questions relating to the comparative
resilience of these species to targeted-fishinyiies in NSW waters. In doing so this study
highlights the importance of measuring local lifstbry parameters for population modelling,

demographic analyses and stock assessments.
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CHAPTER 7. General Discussion & Conclusions

Plate 8.A shark-fishing day draws to a close off the eastst of Australia. Photos by P. Geraghty.
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7.1Project summary & context

This study marks an investigation into the genditversity and population structure,
growth dynamics and reproductive characteristicSartharhinus obscurygarcharhinus
brevipinnaandCarcharhinus plumbeus temperate eastern Australian waters; where they
support a demersal longline shark fishery. We atgablished basic estimates of scientific-
observer accuracy in the identification of thesecggs within the fishery. The resultant
findings were used to explore implications for thanagement and conservation of these
species in the study region.

Notably, this work represents: the first assessrmokegenetic diversity and structure@
brevipinnafrom any part of its distributional range; a reesssnent of the genetic structure of
C. obscurudrom Indo-Australian waters; the first evaluatidrage and growth foC.
brevipinnain Australian waters and f&@. obscurusandC. plumbeusn eastern Australian
waters; and, the first attempt at a detailed ass&sisof the reproductive biology of all three
species off Australia’s east coast.

Carcharhinus obscury<€. brevipinnaandC. plumbeugxhibited both remarkable
similarities and stark contrasts in aspects of thenetic structures and diversities,
longevities, growth characteristics and reprodéchiologies off Australia’s south-east coast.
These results highlighted a range of both posdivé negative implications for their
management in the New South Wales Ocean Trap aredRishery (NSW OTLF) when

compared to other oceanic regions.

7.2 Significant findings & management implications

7.2.1 Fishery-observer accuracy
Fishery observers were demonstrated, via genetigati@n, to be highly accurate in the

identification ofC. obscurusC. brevipinnaandC. plumbeusn the NSW OTLF; where they
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are the three most harvested shark species (byeminlhis is most likely a function of large
modal size-at-capture coupled with morphologicidgion at those sizes; the vast majority of
landed sharks in the fishery being mature, addividuals (Macbeth et al. 2009). These
factors contribute to the NSW OTLF being less spibke to observer-generated catch-
composition inaccuracies than related shark figisan other parts of Australia (Tillett et al.
2012a).

Sound species identification, lending to robustlzatomposition data, is of fundamental
importance for effective fishery and species manmaagd. It provides a valuable means of
recognising critical fishing-induced ecosystem @muences such as species-specific shifts in
abundance, size-at-capture and/or catch per doit éBurgess et al. 2005, Field et al. 2009,
Tillett et al. 2012a). The high level of accuradserved here in south-eastern Australian
waters, therefore, confirms the value of obseraa th the management of the large-shark

fishery under study.

7.2.2 Contemporary gene flow & genetic structure

In the case of. obscuruswe discovered evidence for restricted contemyagane flow
between eastern and western Australian waters. Bamehowever, appeared to be
unencumbered between northern Australia and marthem regions, but was possibly
constrained between Australia and central Indor®sthie Timor Trench. While genetic
differentiation has been documented over direatiygarable spatial scales in a range of
similar shark species (Keeney et al. 2005, Duntah €006, Ahonen et al. 2009, Ovenden et
al. 2009, 2011, Portnoy et al. 2010, Karl et alLZ®Blower et al. 2012, Tillett et al. 2012b),
our results folC. obscurudoth challenge and reinforce the various findiniggrevious

studies (Benavides et al. 2011b, Ovenden et ab)200
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From a fishery management perspective, our findsuggport the allocation of two
management units f&. obscurusn Australian waters — eastern and western regibms
implies that, in the event of a population collapsthe east, stock recovery would rely on
reproduction by surviving local individuals and lpshment by immigrants from northern
Australia. Replenishment via immigration from thestvwould appear to be limited, and
levels of gene flow between Indonesia and Austrabee essentially inconclusive. In spite of
this, the most suitable boundary between the twpgted management units remains
uncertain, highlighting the need for greater regsofuachieved via more extensive sampling.
Nevertheless, our study would suggest a more iatedrapproach between adjacent states is
appropriate for the managementfobscurusn Australia.

Carcharhinus plumbeusndC. obscuruglisplayed very similar genetic diversities
NSW waters. Moreover, haplotype-network topologieggested that populations of both
species had been shaped by closely related evaodutidnistories in this region. In light of this
we propose that. obscurusnay represent a suitable proxy for patterns oedtaw inC.
plumbeusand vice versa, around Australia (excluding seuthwaters where the latter
species does not occur). This hypothesis is giveremweight by the finding of genetic
differentiation between the east and west coasfausfralia inC. plumbeu®y Portnoy et al.
(2010) as is presented fGr obscurusn the present study.

Similar patterns of genetic diversity shaped byelg related evolutionary histories raise
important implications for the management and corad®n of these two species in the study
area. Given that. obscuruandC. plumbeugpopulations appear to have responded in the
same way to evolutionary influences over time, ginén the general similarities in their
biological traits in Australian waters (Simpfendarét al. 2002, McAuley et al. 2006, 2007b,
Geraghty et al. 2013aGhapter 5 Chapter §, it is likely that contemporary environmental
and/or anthropogenic pressures will impact thedpecies’ populations off the east coast in a
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similar manner. Of concern, therefore, is thatrttagority of the genetic diversities displayed
by both species in NSW waters is present as loguiacy haplotypes, implying a certain
vulnerability to loss of genetic diversity undetense fishing pressure in this region. We
therefore recommend that both species be considaradtaneously in any future
management interventions.

In contrastC. brevipinnaexhibited greater genetic diversity off Austrasisouth-east
coast stemming from a vastly different evolutionlastory. The haplotype network for this
species was distinctly star-shaped — indicative @&fpid demographic expansion event having
occurred throughout the study region. The compaebtihigh diversity observed in this
species implies th&k. brevipinnamay be more resilient to a fishing-induced losgaietic
diversity than botlC. plumbeusndC. obscurusThis is cause for some optimism when
considering the conservation of this commerciadlggeted species in Australian waters.

With respect to gene flow i@. brevipinna we detected subdivision over a broad spatial
scale between Australia and South Africa — suggeshiat the Indian Ocean is a robust
barrier to contemporary gene flow in this specigss result is consistent with a range of
other shark species (Pardini et al. 2001, Duncah @006, Ahonen et al. 2009, Chabot &
Allen 2009, Portnoy et al. 2010, Benavides et @L1a, 2011b, Daly-Engel et al. 2012) and
reiterates that large oceanic expanses represgoit baariers to mitochondrial gene flow in
coastal shark taxa. We also detected evidencesfwety differentiation between south-
eastern and more northern regions of Australiarginaous continental margin. Although a
surprising result, genetic subdivision has beenntep over comparable geographic scales in
the waters of Australia and abroad for a rangeroiiar, highly-vagile shark species (Keeney
et al. 2005, Karl et al. 2011, Morgan et al. 2(lbwer et al. 2012, Tillett et al. 2012b,

2012c).
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From a management viewpoint, these results supip@delineation of two management
units in the southern Indo-Pacific fGr brevipinna— Australia and South Africa. The most
appropriate boundary between them, however, isawkrand would require extensive
sampling throughout the Indian Ocean basin. Owlt®galso suggest two management units
within Australian waters fo€. brevipinna— i.e. south-eastern (NSW) and northern (QLD and
NT) Australia, the implication being that in theeew of a population collapse in south-eastern
Australia recovery of genetic diversity would r@isedominantly on reproduction by
surviving local individuals in NSW waters. Despstatistical significance, however, this
proposal and that concernify obscurusetween east and west Australia are largely
tentative given the weakness of the original figdiof fine-scale genetic differentiation
coupled with analyses indicating that biased sampiabers may have exerted considerable

influence upon these results.

7.2.3 Shark ageing viamicro-CT

This study identified micoCT as a valid alternatmethod for visualising growth bands
in shark vertebrae for the purposes of ageing. itnel technique offered several distinct
advantages over the traditional method of manuadiseng. Namely, it does not require the
destruction of the vertebrae, it permits unlimiteditiple virtual sectioning from unlimited
angles and perspectives, it eliminates potentiaicas of variation inherent to manual
processing such as section width and locatioriniieates the need to adjust light source and
light angle during vertebrae age reading, andditices sample processing time with vertebral
sections able to be scanned in an uncleaned state.

MicroCT technology, however, proved to be too exgpenfor broader application in the

present study. Nonetheless, it is anticipateddbsts will decrease over time as this method

becomes more widely accessible.
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7.2.4 Life-history characteristics

Both contrasts and consistencies in age and groahacteristics were observed among
C. obscurusC. brevipinnaandC. plumbeusn south-eastern Australian waters. Longevity
and modelled growth parameters varied markedly gntlo@ three species, with growth
coefficient estimates purportirig, obscurugo be a slow-growing speci€s, brevipinnaas
having a slow-moderate rate of growth @&dolumbeugo be a moderate-rapidly growing
species. This notwithstanding, all three sharksevdemonstrated to be long-lived species
exhibiting a range of common inter-specific atttd®1 Namely, all three demonstrated rates
of growth to be greatest in the years immediatébr dirth, decreasing progressively over
time, and males to grow more rapidly than female#ng the juvenile phase. In addition, all
three sharks exhibited sexually dimorphic growthihviiemales growing larger, living longer
and being generally larger at a given age. Suctusrare consistent among species within the
Carcharhinidae family (Cortés 2000).

Aspects of the growth @. obscurus, C. brevipinnendC. plumbeuseported here
challenge those of conspecific populations in offeets of the world — suggestive of different
growth characteristics in south-eastern Austraaters. More specifically, we extend
current estimates of maximum age @rbrevipinnaand generally report markedly less
conservative growth coefficientk)(for C. obscurusandC. plumbeu®f those previously
defined. Confounding factors such as sample biaséwariations in ageing methodology,
interpretation and candidate growth models, howeesder most inter-study comparisons
overly speculative (Calilliet et al. 1990, Carlstmke2006). Nevertheless, the biologically-
realistic growth parameters reported in this stselye as a contrast to most growth
parameters reported to date @robscuruandC. plumbeusn particular. In light of this, and
on the bases of genetic validation and sampleasidadistribution, we propose our growth
parameters to be among the more robust currendjadle for these species. In addition,
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when considering previous studies from other ggugcaregions, our results tentatively
propose comparatively positive implications for fustainable management of these species
in NSW waters in the form of greater reproductiegeptial forC. brevipinnaand a faster rate
of growth to asymptotic length f@. obscurusandC. plumbeus

With respect to reproductive biolog9, obscurusC. brevipinnaandC. plumbeusvhere
each demonstrated to be relatively late-maturiregigs of low fecundity and lengthy
gestation — highlighting their overarching low puatlvity and hence susceptibility to stock
depletion off the NSW coast. Sex-specific lengtred ages-at-maturity varied among
species, however males and females of all threksin@atured at similar sizes and life-stages
proportional to their observed attainable lengtid langevities in NSW waters, respectively;
the sole exception beirn@. obscurusvhich matured comparatively later in life. Whienbth-
at-birth varied, fecundity, gestation period, endmig sex ratio and time of parturition were
all either very similar or shared among the thigecges. Common attributes such as these
suggest that potential management restrictiongpacating maximum rates of harvest and
parturition periods may to some degree be suitatiess the three target species.

While the vulnerability of these three speciesi® ¢ffects of targeted fishing are well
established in the literature, and upheld in thestis, our reproductive parameters generally
challenge those reported from other parts of thedafor all three species (with notable
exceptions), in turn raising important implicatioe$ating to their comparative abilities to
withstand targeted-fishing pressure. Our data sstgbatC. obscurusandC. plumbeus
mature at younger ages in south-east Australiarr&@bmpared to other regions. Earlier
onset of maturity implies greater reproductive ptité and hence a greater resilience to
population decline off the NSW coast compared beoareas. Similarly, our estimates of
fecundity forC. obscurugndC. brevipinna being consistent with most southern hemisphere
regions but higher than all northern hemisphereaufaons, support greater productivity in
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the present study region, suggesting in turn atgréalerance to harvest pressure and
increased potential for stock recovery followingessive mortality. Furthermore, empirical
lengths-at-birth suggest further differences betwsmuth-east Australia and other regidds;
plumbeusappears to be born at considerably larger sizeSWNvaters, and our results 10r
brevipinnasupport previous findings hinting at larger sizésiath in the southern compared
to the northern hemisphere. Larger size-at-birtheieeved to have positive implications for
neonate survivorship and hence population grovdhretluced predation risk and natural
mortality (Cortés & Parsons 1996, Cortés 1998)t &llocomparisons between this study and
conspecific populations, however, reflect posiyveh the comparative abilities of these
species to resist overexploitation in the studyaiegObservations of gravid females provide
some evidence that pregnancy occurs at larger teagths in NSW waters, particularly ¢
obscurusandC. brevipinna Large mean length- and age-at-pregnancy sugigests
reproductive output, and hence an elevated susdégtio population decline, in NSW
waters. Furthermore, observationsrotiteroembryos provide some, albeit weak, evidence
that gestation may be longer in NSW waters thawsther regions fo€. brevipinnaandC.
plumbeusthis compounds the apparent vulnerability of ¢hgsecies to the detrimental
effects of fishing pressure in the study area.

In the same way as for growth characteristics asipusly discussed, however, such
comparisons of reproductive characteristics betveemspecific populations are subject to a
range of confounding factors and thus should secewith considerable caution. Perceived
geographic differences in maturity parameters nbi@y grom sampling biases, variations in
species’ maximum attainable lengths, differing mattstage criteria and methodology, or
combinations thereof. Maturity comparisons involygstimates of age (i.e. age-at-maturity
and mean age-at-pregnancy) may be compromisedrlatigas in technique of preparation
and reading of vertebrae, and/or reader accuratygatision. Furthermore, studies
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determining age-at-maturity via substitution ofgénat-maturity into published growth
curves are subject to the biases inherent in t@ective growth parameters.

Nevertheless, the life-history characteristic€obbscurusC. brevipinnaandC.
plumbeuslucidated in the present study generally raisese (but not unexpected)
implications for their management and conservatndemperate eastern Australian waters.
As long-lived, relatively late-maturing and slowearing species of low reproductive output,
all three exhibit considerable vulnerability to oeploitation. These species (but particularly
C. obscurugandC. plumbeushave long been recognised, on the basis of lifeinistory
traits, as among the least resilient to fishingtaldy and, therefore, among the most
susceptible to stock depletion and low subsequeas rof recovery (Smith et al. 1998, Cortés
2002, McAuley et al. 2007a).

While the results of this study appear to challemgey of the findings emanating from
other parts of the world — illustrating the impaorta of measuring local life-history
parameters for accurate population modelling amdadgaphic analyses — they nonetheless
broadly suggests that south-eastern Australiarkstotcall three species are similarly
sensitive to harvest pressure and low rebound patéSminkey & Musick 1996, McAuley
et al 2007a, Romine et al. 2009). Moreover, thetfzat the NSW OTLF lands individuals
representative of the entire size range and alkliages of each of the three species, with a
focus on large adult individuals, is cause for adesble concern. Demographic modelling
by McAuley et al. (2007a) demonstrated that therdsting of only a small number of
juvenile age classes has distinct benefits foett@oitation of K-selected shark stock, such
asC. obscurugandC. plumbeusThe life-history parameters of these speciesplealwith
poor historical track-records of management, seseghlight the critical importance of
protecting neonate survivorship as well as mateimeale biomass in fisheries targeti@g
obscurusC. plumbeusndC. brevipinna such as the NSW OTLF.
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7.3 Limitations & future directions

With the exception of the reproductive biology ctespdemonstrably robust sample
numbers, generated from high-intensity samplingrefi NSW waters, highlight this study’s
greatest strength. This permitted comprehensiviiatians of the genetic diversity,
population structure and age and growth parametets obscurusC. brevipinnaandC.
plumbeusff Australia’s south-east coast. It also facikthe estimation of arguably among
the more accurate growth parameters of those hdalito date for the three study taxa.
Nevertheless, this study was subject to a rangjendghtions, discussions of which reveal
logical directions for future research.

A consequence of the abovementioned sampling effasttissue sample biases strongly
weighted towards NSW waters in genetic structuedyases for all three species. Random re-
sampling simulation and rarefaction analysis wenpleyed to test the influence of said
biases on pairwisE-statistics. Both techniques raised doubt as teelability of various
population comparisons presented in this studycé@mcouraging a level of circumspection
in the reporting of our findings. More specificallandom re-sampling simulations provided
evidence that detections of population genetiedatiation inC. obscurugbetween NSW
and WA) andC. brevipinnalbetween NSW and QLD, and NT) in Australian wateese
driven in large part by the strong biases in NSWida size. That is, as the NSW sample size
was gradually reduced towards a more balancesasallge likelihood of finding a non-
significant result increased. This technique higjitied either the weak nature, or uncertainty
surrounding the actual existence, of fine-scaleegjersubdivision within Australian waters
for bothC. obscurusandC. brevipinna Furthermore, rarefaction analyses suggested that
NSW, as well as South Africa in the caséCotbrevipinna were the only locations at which
adequate proportions of the available genetic dities had been sampled. In this way, these

two were the only locations for which haplotypeatele frequencies were able to be
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discerned with any confidence. With much of theilalée diversities seemingly unsampled
from QLD, NT, WA and Indonesia, it is appropriatat findings emanating from
comparisons involving these locations should batéek with considerable caution.

The exclusive use of mitochondrial sequence datiaampresent study was equally
limiting. It inhibited the testing of a null hypathis that gene flow between putative
populations is equal between males and femaledli€org patterns of genetic structure
between mitochondrial and bi-parentally inheritedlear data (or mito-nuclear discordance)
has been widely documented in shark species (Ratdah 2001, Schrey & Heist 2003,
Keeney et al. 2005, Portnoy et al. 2010, Karl é(dl1, Daly-Engel et al. 2012, Tillett et al.
2012b, 2012c), and has been typically attributesh&te-mediated gene flow (Portnoy &
Heist 2012, Toews & Brelsford 2012). Persistentexthépersal despite constrained female
gene flow, as is implied in the latter hypothebkss significant implications relating to
interpretations of population subdivision and,umt the allocation of appropriate
management units. Reservations associated witimthation rate of the ND4 region and
hence its suitability in effectively discerning @i structure, as well as the use of only one
mitochondrial marker, present additional limitasaof this study requiring consideration.

With respect to our investigations into life-histogear-selectivity and fishing grounds
translated to a general paucity of small-mediuredias well as maturing, individuals for all
three study species. These biases towards largk,sharks not only influenced candidate
growth model fitting, and hence resultant growthapaeters, but also rendered high-
resolution estimates of length- and age-at-matuetygth-at-birth, fecundity and gestation
period difficult to discern. Compounding this, ttaage of lengths (and hence ages) over
which all maturity stages (but especially immatuahd intermediate maturity) were
allocated, particularly for females, was indicatdfesome observer inaccuracy. Furthermore,
our estimates of fecundity, mean length- and agaegnancy and gestation period were
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based on conspicuously low sample numbers of gfamgles, warranting circumspection in
our findings.

In light of the abovementioned limitations, andhita context of considerable
vulnerability to overexploitation as reinforcedtire present study, we strongly encourage
future work aimed at achieving greater resolutibreproductive parameters in NSW waters
(i.e. size- and age-at-maturity and timing and toneof development) through more robust
sample numbers and assessments of placental schnsiamber and size of ova in females, as
well as the presence/absence of spermatozoa apttelymis for males. We also urge
studies with a dedicated focus on evaluating camngcin C. obscurusC. brevipinnaandC.
plumbeusaround Australia. Future studies incorporatingegiemmicrosatellite techniques, as
well as physical tagging and tracking, would greatiprove stock structure resolution and
hence the appropriate allocation of managemens.u@iir genetic structure analyses@or
obscurusfor example, highlighted a knowledge gap regaydjane flow through southern
Australian waters. While some insight was provitgd recent satellite-tracking study by
Rogers et al. (2013), demonstrating the moveme@t obscurudetween southern and
south-western Australian waters, no definitive infation pertaining to movement (or lack
of) between east and west Australia via southemodhern waters is currently available.
Genetic sampling of. obscurusn southern waters, as well as more intensive §agpffort
expended in locations other than NSW for all thepecies, would greatly improve
interpretations of the data presented here. Sipjlargeneral lack of published information
relating toC. brevipinnasuggests further focus on this species acrossoitglgrange is to be
encouraged. Finally, further work incorporating #pgplication of the life-history parameters
as determined in this study in the developmentogiutation models, demographic analyses
and stock assessments in eastern Australian watersl be of great benefit to the NSW
OTLF in striving towards demonstrably sustainalaecharhinid shark catches.
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Abstract

Background: Quantifying genetic diversity and metapopulation structure provides insights into the evolutionary
history of a species and helps develop appropriate management strategies. We provide the first assessment of
genetic structure in spinner sharks (Carcharhinus brevipinna), a large cosmopolitan carcharhinid, sampled from
eastern and northern Australia and South Africa.

Methods and Findings: Sequencing of the mitochondrial DNA NADH dehydrogenase subunit 4 gene for 430
individuals revealed 37 haplotypes and moderately high haplotype diversity (h = 0.6770 +0.025). While two metrics of
genetic divergence (¥ and Fg;) revealed somewhat different results, subdivision was detected between South
Africa and all Australian locations (pairwise @4, range 0.02717-0.03508, p values = 0.0013; pairwise Fgr South
Africa vs New South Wales = 0.04056, p = 0.0008). Evidence for fine-scale genetic structuring was also detected
along Australia’s east coast (pairwise ®g; = 0.01328, p < 0.015), and between south-eastern and northern locations
(pairwise ®¢; = 0.00669, p < 0.04).

Conclusions: The Indian Ocean represents a robust barrier to contemporary gene flow in C. brevipinna between
Australia and South Africa. Gene flow also appears restricted along a continuous continental margin in this species,
with data tentatively suggesting the delineation of two management units within Australian waters. Further sampling,
however, is required for a more robust evaluation of the latter finding. Evidence indicates that all sampled populations
were shaped by a substantial demographic expansion event, with the resultant high genetic diversity being cause for
optimism when considering conservation of this commercially-targeted species in the southern Indo-Pacific.
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Introduction

Patterns of genetic variability in extant taxa have been
generated by events and processes occurring over
evolutionary time scales. Genetic bottlenecks and demographic
expansions, coupled with associated fluctuations in effective
population size, are examples of such events, respectively
manifesting as low and, eventually, high levels of genetic
diversity [1-8]. Evolutionary processes that influence genetic
variability, however, need not be characterised by pronounced
reduction or elevation in diversity. In a range of taxa, barriers to
dispersal and gene flow caused by geographic separation or
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long-term behavioural traits have led to spatial partitioning of
genetic diversity. Cessation of gene flow results in spatial
genetic differentiation [9-13], and ultimately, speciation due to
natural selection, genetic drift and mutation [14-16]. Quantifying
genetic diversity and metapopulation structure, therefore, can
provide insight into the evolutionary history and behaviour of a
species and, in turn, the most appropriate strategy for its
management.

In the marine environment, generating accurate,
representative estimates of genetic diversity and population
structure can be challenging. Cryptic barriers to dispersal and
inherent uncertainties pertaining to the spatial extent of gene
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flow within a species make the most informative experimental
designs difficult to determine, notwithstanding the practical
issues associated with the collection of highly-vagile marine
taxa. For example, varicus members of the Carcharhinidae
represent large, cosmopolitan shark species occupying
predominanily continental-shelf waters {17]. Species such as
the dusky (Carcharhinus obscurus), sandbar (Carcharhinus
plumbeus), bull {Carcharhinus leucas) and common blacktip
(Carcharhinus  limbatus} shark are capable of ftravelling
considerable distances, and are suspected to underiake long-
range migrations [18-23]. These species are also dependent on
shallow coastal habitats for birthing and offspring development
[22,24-27], with mounting evidence demonstrating philopatric
behaviour in juveniles and, more notably, in gravid females
[12,28-31]. This trait suggests that, for some carcharhinid
sharks, spatial genetic connectivity may be lower than
otherwise predicted based on vagility and demonstrated
patterns of movement. The contrast between long-range
dispersal ability and the potential for sex-specific disruption of
gene flow between geographically proximate locations provides
a complex context within which o decipher genetic structure.
Given the implications for management and conservation,
however, this same dichotomy highlights the importance of an
understanding of spatiat genetic subdivision in shark species.

Genetic  structure has been investigated in  several
carcharhinids at a range of geographic scales [32]. Studies on
global phylogeography have consistently shown that large
oceanic expanses are robust barriers to gene flow [33-38]
Genetic subdivision has alsc been documented over finer
spatial scaies and attributed to either philopatric behaviour or
higtoric events causing geographic solation
[12,28,30,31,35,39-42].

The spinner shark {Carcharhinus brevipinna) has thus far
been neglected in the population genetic literature. No
research on genetic diversity or stock struciure has been
conducted in any part of its cosmopolitan range, which includes
much of the world's tropical and warm-temperate continental
shelf waters [17]. Garcharhinus brevipinng is predominantly a
by-catch or secondary target species, but is nevertheless an
important component of commercial catches in multi-species
shark fisheries around the world {43-580]. Furthermore, owing to
confusion with the ‘blacktip’ shark, commercial catch records of
C. brevipinna are most likely gross underestimates in some
regions. Recreational catch rates are also suspected to be
substantial, however, as for most shark species, they remain
unguantified. In Australian waters, considerable numbers of C.
brevipinna are landed along the eastern, northern and western
coastlines where they are harvested using demersal longlines,
demersat and pelagic gillnets, and handlines {51-55]. In eastern
Australia, a fishery-observer study reveated this species to be
the third most abundant large shark caught in the New South
Wales Ocean Trap and Line Fishery (NSW OTLF) [53].

Carcharhinus brevipinna is a schooling species known to
frequent nearshore waters as adults and utilise inshore nursery
habitats as juveniles {24,56-58]. As such, C. brevipinna is
considered highly vuinerable to fishing pressure and human-
induced habitat alteration, and is hence globally [UCN listed as
‘near threatened' [60] Despite this, long-term catch-data sels
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have provided evidence for stock stability in C. brevipinna.
Carlson et al. [50] proposed that growth overfishing had not
occurred on this species in the heavily fished western North
Atlantic, with the average landed size remaining stable from
1994--2009. Furthermore, the abundance of C. brevipinna in
this fishery appears to have remained largely unchanged, with
some evidence for increase over the same period [50]. Similar
findings were reported by Dudley and Simpfendorfer [45] from
the western indian Ocean, who revealed stable catch per unit
effort (CPUE) and stablefincreasing size at capture from 1978~
2003. Having experienced comparatively lower targeted-fishing
pressure on a global scale, C. brevipinna has not been subject
to the same concern or scaitiny regarding the status of its
populations as that levelled at species such as C obscurus
and €. plumbeus [61-64]. However, the life-history
characteristics of C. brevipinna suggest a similar vulnerabitity
to overfishing and {o slow intrinsic rates of population recovery
{44,48,65-69]). Furthering our understanding of global C
brevipinna populations, therefore, may be considered prudent.

Here we assess genetic structure and diversity in C.
brevipinna using mitochondrial DNA (miDNA) sequence data.
We test a null hypathesis of genetic homogeneity throughout
Australian and South African waters, and discuss the
evolutionary history of the species in the region. We generate
an estimate of scientific-observer accuracy in identifying C
brevipinna in an eastern Australian large-shark fishery, and
also discuss the implications of our findings for fisheries
management and conservation.

Materials and Methods

Ethics Statement

Tissues were sampled from New South Wales (NSW) waters
according to a protocol approved by the NSW Government
Primary industry (Fisheries) Animal Care and Ethics Research
Authority (Permit ACEC REF 07/03 — CFC).

Sample collection

Shark tissues were collected from a range of locations in the
southern Indo-Pacific {Figure 1) using a variety of fishery-
dependent methods. From NSW waters, tissues were
harvested during 2007-2010 from landed catch by scientific
observers on-board commercial shark-fishing vessels within
the NSW OTLF. These samples were taken from individuals
spanning the entire size range of the species {Figure 2}. A
small quantity (<2 g) of white muscle tissue was excised from
each specimen, immediately preserved in 95% reagent grade
ethanol, and stored at room temperature. Additional samples,
collected during 2000--2010, were obtained from more distant
locations, including from the waters of north-western Northern
Territory (NT), Gulf of Carpentaria {GoC) and Queensiand
(QLD) in northern Austrafia, as well as from the east coast of
South Africa (Figure 1). Tissues from north-western NT, GoC
and QLD were sampled from predominantly neonate and
small-juvenile individuals from landed caich by abservers within
their respective commercial shark fisheries (Figure 2), and
were preserved in 20% dimethylsulphoxide {DMSO) solution.
Fin-clip samples from South Africa, preserved in 100% ethanol,
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Figure 1. Collection locations for tissues included in genetic structure and diversity analyses. Sample numbers for each

putative population are in parentheses. GoC = Gulf of Carpentaria.

doi: 10.1371/journal.pone.0075169.g001

were collected from adult and sub-adult sharks caught in the
Kwazulu-Natal beach protection nets (Figure 2). For South
African specimens, pre-caudal length (PCL) measurements
were converted to total length (TL) using the morphometric
equation published in Allen and Wintner [67]. Additional
samples were obtained from QLD and NSW waters by
sampling sharks caught in government bather protection
programs [59,70].

DNA extraction, amplification and sequencing

To obtain mtDNA sequence data, total genomic DNA was
extracted from 5 mg of tissue using a modified salting-out
protocol [71]. Samples were digested with 10 pl of Proteinase-
K (10 mg-ml') in 580 pl of TNES [50 mM Tris.HCI (pH 7.5), 400
mM NaCl, 20 mM EDTA and 0.5% SDS] by incubation
overnight at 55 °C. Proteins were precipitated by adding 170 ul
of 5 M NaCl followed by microcentrifugation at 14,000 rpm for 5
min. Supernatant (600 pl) was recovered into a fresh tube and
the DNA precipitated by adding 600 pl of ice-cold 100%
ethanol. Tubes were stored at -20 °C for approximately 1 h.
DNA was then recovered by microcentrifugation at 14,000 rpm
for 15 min, and the ethanol decanted. The resulting DNA pellet
was washed with 200 pl of 70% ethanol, 100 mM sodium
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acetate solution, and microcentrifuged at 14,000 rpm for 3 min.
Following decanting, all remaining ethanol was removed using
a micropipette. DNA was air-dried, resuspended in 100 pl of TE
buffer [10 mM Tris.HCI (pH 7.6) and 1 mM EDTA] and stored at
—-20 °C. DNA yield was checked on a 1.0% agarose TBE (90
mM TRIS-borate and 2 mM EDTA) gel run at 110 V.
Polymerase Chain Reaction (PCR) was used to amplify the
mitochondrial DNA NADH dehydrogenase subunit 4 (ND4)
gene from all tissue samples. Reactions were carried out in 50
pl volumes containing 1 pl of DNA template, 1x GoTaq
Colourless reaction buffer [consisting of 1.5 mM MgCl, and 200
MM  deoxynucleoside triphosphates (dNTPs)] (Promega,
Madison, WI, USA), 0.5 ul of RNase (1 mg-ml"), and 0.5 uM of
each of the primers ND4 (5 CAC CTA TGA CTA CCA AAA
GCT CAT GTA GAA GC) [72] and H12293-LEU (5’ TTG CAC
CAA GAG TTT TTG GTT CCT AAG ACC) [73]. Amplifications
were performed in an Eppendorf ep gradient S Mastercycler
(Eppendorf AG, Hamburg, Germany), using thermal cycling
conditions consisting of an initial denaturation (94 °C for 3 min),
followed by 35 cycles of 94 °C for 15 s, 60 °C for 30 s and 72
°C for 1 min, with a final extension step of 72 °C for 10 min,
and soak/finish at 4 °C. PCR products were visualised on a
2.0% agarose TBE gel, run at 110 V, and stained with GelRed
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Figure 2. Length-frequency distribution of individuals from which tissues were sampled.

doi: 10.1371/journal.pone.0075169.g002

(Biotium Inc., Hayward, CA, USA). PCR products were purified
prior to sequencing using Exosap-IT (USB Corporation
distributed by GE Healthcare Bio-Sciences, Rydalmere,
Australia). Sequencing was performed with an Applied
Biosystems 3130xI Genetic Analyzer 16-array capillary
sequencer (Life Technologies, Carlsbad, CA, USA).
Sequencing reactions and analyses were carried out by the
Macquarie University (MQ) DNA Sequencing Facility using Big
Dye Terminator reactions and the forward PCR primer only.

Sequence alignment and ID validation

Sequences were trimmed and edited manually. Edited
sequences were entered into Biomanager (hitps:/
biomanager.info) and aligned using the ClustalW (accurate)
algorithm [74]. GenBank reference sequences for C. brevipinna
were available for the cytochrome oxidase | (CO1) gene, but
not for ND4, prior to this study. Therefore, to validate that the
study species had been correctly identified and also to
determine the species identity of any misidentified individuals,
randomly-selected representatives from each separate
haplotype determined from the alignment output were amplified
for the CO1 gene using the primers Fish F1 (5 TCA ACC AAC
CAC AAA GAC ATT GGC AC) and Fish R1 (5" TAG ACT TCT
GGG TGG CCA AAG AAT CA) [75]. PCRs were carried out as
above, with thermal cycling conditions consisting of an initial
denaturation (95 °C for 5 min), followed by 30 cycles of 95 °C
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for 15 s, 55 °C for 30 s and 72 °C for 1 min, with a final
extension step of 72 °C for 7 min, and soak/finish at 4 °C. PCR
products were purified and sequenced following the same
protocol outlined for the ND4 locus. Resultant CO1 sequences
were compared to reference sequences in Genbank for
species recognition.

ND4 sequence analysis

To identify and characterise mitochondrial haplotypes,
aligned C. brevipinna ND4 sequences were imported to
Arlequin 3.5.1.2 [76]. A sequence representing each haplotype
was lodged in GenBank (Accession codes KF612545-
KF612581). The frequency of, and mutational steps between,
haplotypes were assessed by generating statistical parsimony
haplotype networks in TCS 1.21 using the default settings [77].
Phylogenetic relationships among haplotypes were inferred
using the maximum likelihood method based on the Tamura-
Nei model [78], and generated in MEGA 5 [79] with 1,000
bootstrap replicates. The best-fitting model of nucleotide
substitution, as offered by MEGA 5, was determined by
likelihood ratio tests and calculations of Akaike and Bayesian
Information Criteria performed in jModelTest 2.1.1 [80]. To
assess the ability of the ND4 region to differentiate between
carcharhinids, the phylogram was rooted with a range of
morphologically similar species, as well as with two sphyrnid
species as outgroups.
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Genetic diversity indices were obtained with Arleguin using
the Tamura-Nei substifution medel [78], and included
polymorphism  statistics, number of haplotypes, haplotype
diversity (h) and nuclectide diversity {m). Harpending's
raggedness index (Hg) was estimated from nucleotide
mismatch distributions constructed in Arlequin under the
sudden demographic expansion model with 20,000 bootsirap
replicates [81]. Tajima’'s D and Fu's F neutrality indices were
also estimated in Arlequin, and are indicative of departures
from mutation-drift equiliorium or patterns of selection [82,83].
In conjunction with Hg, the lafter two analyses ¢can be used to
determine if a population has undergone an expansion event
{possibly following a genetic bottieneck). Mismatch distributions
will be multi-modal {or ragged) in a stable population, where
the generation of new mutations is offset by random drift, and
uni-modal for expanding populations, where new mutations
accumulate faster than their loss due to drift [81]. For Tajima's
D and Fu's F, signais of population expansion are denoted by
significant negative test statistic values. Siatistical significance
was assessed here, following 20,000 simylated samples, ata =
0.05 and a = 0.02 for D and F values respectively [83].

Population genetic structure

To test the null hypothesis of panmixia (genetic
homogeneity) in Australian and South African waters for C.
brevipinna, an analysis of molecular variance (AMOVA) [84]
was implemented in Arlequin to evaluate the overall extent of
net genetic subdivision between sample locations. We
employed two F-statistic metrics of genetic divergence: ®g; [84]
and Fgr [85] While @4 has been regarded as the superior
metric on the basis of its incorporation of a measure of genetic
distance between haplotypes, frequency-based Fq; has been
proposed as potentially a more appropriate measure of genatic
differentiation among locations where migration is theoretically
occurring at a faster rate than mutation [86]. &4, was calculated
via the computing of a distance matrix using the Tamura-Nei
model [78] for estimation of genefic distance between
sequences, while Fg used haplotype frequencies only.
AMOVA partitioned genetic variance among, and within,
sample locations, and calculated overall ®; and Fg; fixation
indices. Genetic differentiation between each pair of locations
was also measured by calculating pairwise @y and Fgy
estimates. Statistical significance was determined following
20,000 permutations of the sequence data and, in the case of
pairwise Py and Fgp, assessed at an indtial critical significance
level of g = 0.0083 (adjusted from a = 0.05) following
sequential  Bonferroni  correction  for six  simultaneous
comparisons [87.88] The AMOVA structure consisted of one
group made up of the following four putative populations: NSW
(n = 208), QLD (n = 63}, NT (n = 97} and South Africa (n = 62)
(Figure 1). The analysis outlined above is henceforth referred
te as the ‘original analysis’. Prior to conducting this large-scale
AMOVA, we investigated the extent of genetic subdivision on a
finer scale between GoC (n = 43) and north-western NT {(n =
54) waters. This analysis indicated genetic homogeneity
(fixation indices: ®g, = 0.00035, p > 0.39; Fg; = 0.00151, p >
0.31), hence providing justification for pooling GoC and north-
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western NT samples to create one northern population termed
'NT™.

Carcharhinus brevipinna sample sizes were clearly biased
towards NSW (Figure 1), where 208 samples were coliected
compared to 62, 63 and 97 samples from the other three
locations. We evaluated the influence of this sampling bias on
the F-statistics of pairwise population comparisons involving
NSW via random re-sampling simulations. Ten thousand
replicate randcm sample-sets of n = 60 {for comparison with
QLD and South Africa, but not NT owing to its larger original
sample size}, n = 100 and n = 150 were selected without
replacement from the NSW population, while QLD, NT and
South African sample sizes were kept unchanged. Population
pairwise @4, and associated p values were generated for each
replicate random sample-set in Arlequin using the balch
processing function and permutation settings as outlined
above. Resultant @g; and p value distributions were plotted,
and the likelihood of producing a resuit confradictory to that of
the original analysis was calculated as either the proportion of
p values = 0.05 or > 0.05, depending on the result of the
original analysis. That is, if the original pairwise p value was
significant (p 5 0.05), the likelhood of a contradictory resuit
equals the absolute number of p values > 0.05/10,000.

The “Isolation by Bistance’ (1BD} hypothesis was also tested
to determine if inter-population genetic distances increased
linearly with geographic distance. Genetic (®g;) and
geographic (km, by sea) distances between the four putative
populations were calculated in GenAlEx {89] and ArcMap 10.0
{ESRI), respectively. Pairwise genetic and geographic distance
matrices were correlated using a Mante! test, with a test for a
significant relationship by 9,989 random permutations, aiso
implemented in GenAlEX.

Rarefaction analysis

To determine whether sample sizes adequately represented
population genetic variability, rarefaction exact curves were
generated to qualitatively assess the proportion of haplotypic
diversity sampled at each of the four locations. The expected
number of haplotypes found for a given sample number (from
one fo the fotal sampie size obtained at each location) was
calculated using the rarefaction formula of Hurlbert [90], and
executed in the statistical package R [91]. A trend towards an
asymptotic relationship infers haplotype saturation, i.e. that the
majority of the available genetic diversity was iikely sampled at
that location and that more intensive sampling is likely to yield
few additional haplotypes. In contrast, a steep slope suggests
that a large fraction of the available haplotype diversity remains
unsampled.

Results

Fishery-observer accuracy in NSW waters

The ND4 gene region proved to be capable of distinguishing
a range of morphologically-similar carcharhinids (Figure 3), as
previously shown by Tillett et al. [55]. Genetic validation was
possible for a total of 190 sharks identified by scientific
chservers as C. brevipinna in the NSW OTLF from 2007-2010.
Of these, 187 were genetically confirmed {0 be C. brevipinna,
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translating to an observer-accuracy estimate of 98.4% for the
identification of this species in the fishery (Table 1).
Misidentified individuals (n = 3) comprised two C. limbatus and
one C. obscurus (Table 1).

Genetic diversity and summary statistics

An 857 base pair mtDNA ND4 sequence was obtained for
430 C. brevipinna individuals collected from Australian and
South African waters (Figure 1). A total of 37 haplotypes were
defined, characterised by 41 polymorphic sites composed of 40
transitions and one transversion (Table S1). A phylogenetic
tree placed all haplotypes into a single, shallow clade (Figure
3). One haplotype (SP1) clearly dominated the sample set, and
was found in all four populations in reasonably similar
proportions (Table 2). The same number of haplotypes (n = 23)
was found in NSW and NT waters, despite NSW having over
double the sample size (Table 3). NSW exhibited six
haplotypes endemic to the area, whereas NT displayed five.
Almost identical sample sizes revealed 17 haplotypes from
QLD waters and 11 from South African waters, with two unique
haplotypes defined from each location (Table 3). Haplotype (h)
and nucleotide (1) diversities were very similar, and high in the
case of the former and low in the case of the latter, across
three of the four putative populations (QLD, NT and South
Africa; h, range 0.7279-0.7493; m, range 0.0015-0.0016)
(Table 3). Comparatively lower diversity was observed in NSW
waters (h = 0.5984, 1 = 0.0010). All mismatch distributions
were consistent with the sudden population expansion model,
with no significant deviation from a uni-modal distribution (Hp,
range 0.054-0.099) (Table 3). In support of this, all four
putative populations displayed significant negative neutrality
indices (D, range -2.245 — -1.506; F, range -23.626 — -4.464)
(Table 3).

Rarefaction and optimum sample size

Rarefaction exact curves indicated trends towards
asymptotic relationships for both the NSW and South African
locations (Figure 4), despite markedly different sample sizes.
This suggests that the majority of the haplotypic diversities
available at these two locations were most likely sampled.
Steeper slopes were observed from QLD and NT waters
(Figure 4), suggestive that some proportion of the available
genetic diversities remained unsampled. Optimum sample size
for the adequate representation of levels of genetic variation
present in a given C. brevipinna population appears to be site
dependent.

Population genetic structure

The haplotype network incorporating the four putative
populations was shallow and shaped in a distinct ‘star-burst’
pattern, characterised by one central haplotype (SP1)
surrounded by an array of low, or lower, frequency variants
(SP2-SP27) (Figure 5). A high degree of haplotype sharing was
observed among the four geographically-distinct populations,
with the dominant haplotype (SP1) being common at each of
the four locations and ~58% (or n = 21 of n = 36) of lower
frequency haplotypes being shared between two or more
locations (Figure 5, Table 2).
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Table 1. Fishery-observer identification accuracy.

Genetic identification Observer identified C. brevipinna (n = 190)

C. brevipinna 98.4 (187)
C. limbatus 1.1(2)
C. obscurus 0.5 (1)

Percentage (individual counts in parentheses) of each genetically-identified shark
species from observer-identified Carcharhinus brevipinna in the New South Wales
Ocean Trap and Line Fishery.

doi: 10.1371/journal.pone.0075169.t001

Despite this, AMOVA fixation indices detected significant
levels of genetic differentiation between the four putative
populations for both F-statistic metrics (s = 0.01634, p =
0.0001; Fsr = 0.01493, p < 0.0035) (Table 4). We therefore
reject the null hypothesis that C. brevipinna are panmictic in
Australian and South African waters. Pairwise results, however,
revealed some differences between the two measures of
divergence. The @4 metric detected genetic subdivision
between South Africa and all Australian locations (pairwise @gr,
range 0.02714-0.03508; p value, range 0.0000-0.0013), with
all three comparisons significant after Bonferroni correction
(Table 5). @ also detected genetic differentiation, albeit
weaker, between NSW and QLD waters (pairwise @ =
0.01328, p < 0.016) which was also significant after sequential
Bonferroni adjustment, as well as some evidence for genetic
subdivision between NSW and NT (pairwise ®4; = 0.00669)
which was significant at p < 0.05 but not after Bonferroni
correction (Table 5). In contrast, the haplotype-frequency
based analysis indicated significant genetic differentiation
between the NSW and South African locations only (pairwise
Fsr = 0.04056, p = 0.0008) (Table 5). All other pairwise Fgr
comparisons, with the exception of QLD vs NT, were only
marginally non-significant (pairwise p value, range 0.0510—
0.0845). The finding of genetic homogeneity between QLD and
NT was concordant between both F-statistics. A strong positive
relationship, with high goodness-of-fit (©* = 0.86), was observed
between pairwise genetic and geographic distances for C.
brevipinna. This relationship, being driven entirely by
differences between Australian locations and South Africa, was
not statistically supported by a mantel test (p = 0.091).

Simulation was used to test the effect of a bias in the
numbers of C. brevipinna sampled from NSW on the F-
statistics analysis of pairwise population comparisons. Random
re-samplings demonstrated an increasing likelihood of finding a
non-significant result between NSW and QLD, and between
NSW and NT, with decreasing NSW sample size (Figure 6).
More specifically, for NSW vs QLD, 21.08% of replicate
pairwise comparisons where sample size was set to 150 for
NSW (and left at 63 for QLD) did not provide statistical support
for the original analysis, for which sample size was 208 for
NSW and 63 for QLD. This increased to 48.29% and 71.8% as
the NSW sample size was reduced further to 100 and 60,
respectively. Considering NSW vs NT, the likelihood of
producing a contradictory result to that of the original analysis
was high as NSW sample size was reduced. Where sample
size was set to 150 for NSW (and left at 97 for NT), 61.32% of
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Figure 3. Maximum likelihood phylogenetic tree for Carcharhinus brevipinna haplotypes. Nodal bootstrap support is
displayed where = 70%. Scale represents the proportion of polymorphic sites between haplotypes.
doi: 10.1371/journal.pone.0075169.g003
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Table 2. Haplotype relative frequencies observed from each sampling location.

Relative frequency

Haplotype NSW (n = 208) QLD (n=63) NT (n=97) South Africa (n=62) GenBank Accession
SP1 0.625 0.492 0.505 0.468 KF612545
SP2 0.082 0.111 0.124 0.085 KF612546
SP3 0.005 0.032 0.010 - KF612547
SP4 0.010 0.063 0.041 0.016 KF612548
SP5 - - 0.010 - KF612549
SPe 0.019 - 0.010 - KF612550
SP7 - - - 0.065 KF612551
SP8 0.005 0.016 0.031 - KF612552
SP9 - - - 0.032 KF612553
SP10 - 0.016 - 0.145 KF612554
SP11 - - 0.010 0.016 KF612555
SP12 - - 0.021 0.048 KF612556
SP13 - - 0.010 0.016 KF612557
SP14 - - 0.010 - KF812558
SP15 - - 0.010 - KF612559
SP16 - - 0.010 - KF812560
SP17 0.019 0.016 0.021 0.032 KF612561
SP18 0.053 0.048 0.021 - KF612562
SP19 - - 0.010 - KF612563
SP20 - 0.016 0.010 - KF612564
SP21 0.038 - 0.041 - KF612565
SP22 0.024 0.063 0.021 - KF612566
SP23 0.005 - 0.010 - KF612567
SP24 0.005 - 0.010 - KF612568
SP25 - 0.016 - - KF612569
SP26 - 0.016 - - KF612570
SP27 0.005 0.016 - - KF612571
SP28 0.005 0.016 - - KF612572
SP29 0.019 0.016 0.010 - KF612573
SP30 0.010 0.016 = = KF612574
SP31 0.010 - - - KF612575
SP32 0.010 - - - KF612576
SP33 0.014 - - - KF612577
SP34 0.005 - - - KF612578
SP35 0.005 - - - KF612579
SP36 0.019 0.032 0.041 0.097 KF612580
SP37 0.010 - - - KF612581

SP1-37 = Observed Carcharhinus brevipinna mitochondrial DNA ND4 haplotypes
doi: 10.1371/journal.pone.0075169.t002

replicate pairwise comparisons did not provide statistical
support for the original analysis, for which sample size was 208
for NSW and 97 for NT. This increased to 74% when the NSW
sample size was reduced to 100. Further illustrating this point,
as NSW sample size was reduced, pairwise ®¢; and p value
distributions revealed increasing variability in conjunction with
decreasing mean ®; and increasing mean p value relative to
the output of the original analysis (Figure 7). This pattern was
observed for both sets of locations. In contrast, replicate
pairwise comparisons between NSW and South Africa
displayed an unchanging, and zero percent, likelihood of
generating a different result to that of the original analysis as
NSW sample size was altered (Figure 6).
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Discussion and Conclusions

Observer identification accuracy in an east Australian
shark fishery

Observer accuracy was high (98.4%) in the identification of
C. brevipinna in the NSW OTLF. This estimate is comparable
to other target species within this same fishery; C. obscurus
and C. plumbeus were correctly identified by fishery observers
to accuracies of 96.6% and 99.4%, respectively (PT Geraghty,
unpublished data). Given the fundamental importance of
accurate catch-composition data in fisheries (and species)
management [55,92,93], this high level of accuracy in the
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Table 3. Genetic diversity indices observed for Carcharhinus brevipinna sample locations in the southern Indo-Pacific.

Location n? ny” Neg® h a m° Hel D9 Fh

NSW 208 23 6 0.5984 (+0.040) 0.0010 (+0.0008) 0.074 = 2.245** - 23.626***
QLD 63 17 2 0.7424 (£0.056) 0.0015 (£0.0011) 0.057 —2.056™ - 13.080™"
NT 97 23 5] 0.7279 (£0.047) 0.0015 (+0.0010) 0.054 -2.163** - 22072
South Africa 62 11 2 0.7493 (+0.050) 0.0016 (+0.0011) 0.099 - 1.508* - 4.484*
Pooled 430 37 . 0.6770 (+0.025) 0.0013 (+0.0009) 0.064 —2.252*** — 29.294**

a. Sample size (n ,

b. number of haplotypes (ny),

¢. number of unique haplotypes (nyg),
d. haplotype diversity (h ,

e. nucleotide diversity (1),

f. Harpending’s raggedness index (Hgy),

g. Tajima’s (D) and N Fu’s (F) tests of selective neutrality, Values in parentheses represent standard deviations (s.d.).

- value not applicable.
* denotes significance at the p = 0.05 level, **p < 0.01, ***p < 0.001.
doi: 10.1371/journal.pone.0075169.t003
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Figure 4. Rarefaction exact curves for sample locations.
doi: 10.1371/journal.pone.0075169.g004

recognition of the three most harvested shark species (by
number) in the NSW OTLF [53] confirms the usefulness of
fishery-observer data in the management of this eastern
Australian large shark fishery.

Our measure of observer accuracy (98.4%) for C. brevipinna
in the NSW OTLF was higher than that reported for the same
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species by Tillett et al. [55] in the Northern Territory Offshore
Net and Line Fishery (NT ONLF), for which observer accuracy
was estimated at 87.2%. Higher identification accuracy in the
NSW OTLF compared to the NT ONLF was not unexpected for
this particular species given the difference in size class
targeted by the two fisheries. The vast majority of the landed
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Figure 5. Carcharhinus brevipinna mitochondrial DNA ND4 haplotype network. Sizes of circles correspond to the number of
individuals displaying each haplotype. Shading indicates the proportion observed from each of the four putative populations. (=) =

mutational steps/missing haplotypes.
doi: 10.1371/journal.pone.0075169.g005

shark catch in the NSW OTLF is in the form of mature, adult
individuals [53]. In contrast, the NT ONLF targets
predominantly neonate and small juvenile life stages, illustrated
by the fact that all sharks identified as C. brevipinna by
observers in the latter fishery were < 1.2m TL [55]. Size-at-
capture is important as C. brevipinna is characterised by
diagnostic traits that become increasingly discernible as an
individual grows larger, most notably tooth shape and fin
pigmentation [17]. At small sizes, C. brevipinna can be difficult
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to distinguish from a range of other morphologically-similar
carcharhinid species [17].

Evolutionary history in the southern Indo-Pacific

The C. brevipinna haplotype network was distinctly star-
shaped, characterised by a single dominant haplotype
surrounded by a high number of low, or lower, frequency
variants. This central, and presumably ancestral, haplotype
was prominent in all three Australian sample locations, as well
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Table 4. AMOVA analyses of spatial genetic variation for
Carcharhinus brevipinna from Australian and South African
waters.

Source of Test Sum of Variance Percentage of
variation d.f. statistic squares components  variation (%)
Among
X bsT 4.304 0.00916 1.63
populations
3 FsT 2475 0.00508 1.49
Within
i 426 Ogy 234819 0.55122 98.37
populations
426 Fst 142.742 0.33507 98.51

Fixation indices ®gr = 0.01634; p = 0.00010 (£0.00007)
Fst = 0.01493; p = 0.00345 (+0.00041)

doi: 10.1371/journal.pone.0075169.t004

Table 5. Comparison of pairwise F-statistic values between
putative populations.

South Africa

NSW (n=208) QLD (n=63) NT(n=97) (n=62)
0.01151 0.00921 0.04056
NSW
(0.0601) (0.0531) (0.0008)
0.01328 -0.00704 0.01306
QLp
(0.0151) (0.9099) (0.0845)
- 0.00669* -0.00507 0.01411
(0.0387) (0.8166) (0.0510)
South 0.03494 0.03508 0.02717
Affica  (0.0000) (0.0009) (0.0013)

Observed dg7 values are below the diagonal, and Fgt values are above diagonal,
with p values in parentheses. Bold italics indicate values significant after sequential
Bonferroni correction (initial a = 0.0083). * Statistically significant at p = 0.05, but
not following Bonferroni adjustment.

doi: 10.1371/journal pone.0075169.t005

as off the coast of South Africa - evidence that Australian and
South African waters share common ancestry in this species.

The pattern of genetic diversity observed here in C.
brevipinna is indicative of a contemporary demographic
expansion event having occurred throughout the southern
Indo-Pacific. This hypothesis is supported by a range of
evidence: the distinctly ‘star-burst’ haplotype network denoted
by numerous low-frequency mutations, mismatch distributions
and neutrality test statistics suggesting strong departures from
mutation-drift equilibrium for all four putative populations and
the observed combination of generally high haplotype and low
nucleotide diversities [82,83,94-96]. Attempts at dating this
population expansion event were abandoned in the absence of
mutation-rate estimates for ND4 in elasmobranchs.

It must be noted here, however, that spatial sample coverage
in the present study is limited to only a very small area of this
species’ global distribution range, which includes much of the
world’s tropical and warm-temperate continental shelf waters
[17]. Therefore, in the absence of genetic analysis of samples
representative of the entire distribution of the species, we are
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unable to determine whether or not this rapid population growth
was a worldwide event or was restricted to the southern Indo-
Pacific.

The strong signal of population expansion reported here in
C. brevipinna is unprecedented among sharks, with
comparable signals more commonly associated with taxa such
as humans [2] and teleost fishes [6,97,98]. Evidence for
population expansion has, however, been presented for some
shark species through analyses of mismatch distributions
[8,99], star-like haplotype networks [40,100,101], or
combinations of the latter two supported by neutrality indices
[102,103].

Contemporary genetic structuring

This study marks the first dedicated assessment of genetic
structure in C. brevipinna. The application of two metrics of
genetic divergence (P4 and F4;) demonstrated that population
genetic findings can be dependent on the F-statistic employed -
especially pertinent where subdivision is at the margins of
statistical significance [98]. We therefore encourage the
concurrent use of both metrics as standard practice in
population genetic studies.

With this in mind, genetic differentiation was detected over a
broad spatial scale between Australian and South African
waters. This finding based on mtDNA was not unexpected and,
being consistent with a range of other shark population genetic
studies [35-37,99,104-107], re-iterates that large oceanic
expanses (in this case the Indian Ocean) represent robust
barriers to contemporary gene flow in coastal shark species.

Evidence for genetic subdivision, albeit weak, was also
detected over finer spatial scales within Australian waters, i.e.
between NSW and both QLD and, to a lesser degree, NT.
Genetic homogeneity was observed between QLD and NT
waters. These results tentatively suggest that gene flow is
restricted to some degree along Australia’s eastern continental
margin as well as between the south-eastern and northern
coastlines, and that gene flow is unencumbered between north
and north-eastern Australian waters. These findings were
somewhat unexpected given C. brevipinna’s potential for active
dispersal. That said, however, genetic differentiation has
previously been detected in similar and related shark species
over comparable geographic scales in Australian waters
[31,42,108,109], as well as those of the Gulf of Mexico and
north-western Atlantic [12,30].

Reproductive philopatry, or the fidelity of gravid females to
nursery areas, is typically invoked to explain fine-scale genetic
structuring (based on maternally-inherited mtDNA) in the
absence of barriers to dispersal for highly-vagile sharks
[12,30,31,34,41,109]. Confidently discerning this sex-biased
behavioural trait, however, is complex and relies on a robust
experimental design involving the exclusive sampling of
neonates, or adult females at time of parturition rather than
during dispersal, from spatially discrete areas [12,32]. The
collection of tissues in the present study was generally reliant
on both spatial and temporal opportunistic sampling, rather
than according to a dedicated experimental design.
Nevertheless, tissues from NT and QLD were almost
exclusively sampled from neonates and small juveniles, with
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Figure 6. Likelihood of pairwise result contradicting that of the original analysis. Likelihoods computed based on 10,000
replicate random re-samples of the NSW population at varying sample sizes. Y-intercept represents original NSW population (n =

208).
doi: 10.1371/journal.pone.0075169.g006

length-frequency modes at 90 cm and 95-100 cm TL
respectively (Figure 2). While it is conceivable that the fine-
scale genetic structuring observed in this study reflects signs of
reproductive philopatry, the only meaningful test of this
hypothesis would be a comparison of the NT and QLD
locations between which our data failed to detect genetic
differentiation.

Consideration of our results in light of those by Ovenden et
al. [40], however, would suggest that an affinity for nearshore
habitat for nursery purposes in C. brevipinna has influenced
our findings of fine-scale genetic differentiation to some
degree. In their study, Ovenden et al. [40] failed to detect
evidence for genetic subdivision along Australia’s east coast in
milk sharks (Rhizoprionodon acutus) using ND4 sequence
data. Rhizoprionodon acutus, a considerably smaller-bodied
and presumably less-vagile species than C. brevipinna,
conforms to a population model characterised by permanent
habitation of nearshore waters without the use of discrete
nursery areas [110]. In contrast, the exclusive use of nearshore
habitat by C. brevipinna for parturiion and juvenile
development is well documented (24, 56-59). Differing life-
cycles denoted by varying usage of nearshore habitat,
therefore, may account for these contrasting genetic structures
observed along Australia’'s east coast.
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Alternatively, genetic differentiation between NSW and NT
may be a relict signature of repeated periods of temporary
isolation due to the rise and fall of the Torres Strait land bridge
caused by fluctuating sea levels during the Pleistocene epoch
[111,112]. This physical, yet temporary, barrier to movement
(and hence gene flow) in marine taxa between the east coast
and areas west of the Cape York Peninsula was hypothesised
to account for contemporary genetic subdivision in pigeye
sharks (Carcharhinus amboinensis) [42] which, like C.
brevipinna, have a distribution restricted to northern regions in
Australian waters [17]. Under this hypothesis, however, one
would anticipate a similar level of genetic differentiation
between QLD and NT, rather than genetic homogeneity as
observed.

Similarly, a marked change in marine environment coinciding
with the Tropic of Capricorn (Figure 1) represents an
alternative hypothesis explaining restricted contemporary gene
flow between south-eastern and more northern Australian
waters [108]. This latitudinal line discretely separates the NSW
population from both QLD and NT populations (with the
exception of one individual from southern QLD waters), and
delineates a shift from temperate and subtropical continental
shelf waters, rocky coastline and drowned river valleys to a
largely reef and lagoon-dominated tropical ecosystem.
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Figure 7. Pairwise ®,, and p value distributions following random re-sampling simulations.

NSW versus QLD and NT

pairwise distributions based on 10,000 replicate random re-samples of the NSW population at n = 150, 100 and 60. Grey and black
zones on p value distributions represent p = 0.05 and p > 0.05 respectively. Dotted lines denote upper and lower 95% confidence
intervals around sample means. Dashed lines indicate pairwise ®¢; and p values generated by the original analysis.

doi: 10.1371/journal.pone.0075169.g007

Project limitations

This study was subject to a range of limitations requiring
careful consideration. To begin with, very low values for both
®g; and Fg; metrics (resulting from high incidence of haplotype
sharing of both ancestral and recently derived haplotypes
among all four putative populations, coupled with generally
shallow divergence between mutational variants) is suggestive
of a slow rate of mutation in the ND4 gene region. This raises
considerable doubt as to the ability of ND4 to effectively
discriminate population structure in C. brevipinna. For example,
pairwise F-statistic estimates involving the South African
population were demonstrably low in the present study (range,
0.01306-0.04056) compared to others reporting genetic
differentiation in sharks over comparable spatial scales (range,
0.18-0.991) (Table 6). Given that these previous studies were
all based on analysis of a different mitochondrial locus (i.e. the
control region), a slower rate of mutation in the ND4 region
may account for the comparatively low F-statistics observed
here. However, a hypothesis based on low ND4 mutation rate
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is challenged by the findings of both Dudgeon et al. [113] and
Ovenden et al. [114] who demonstrated that for C. limbatus,
Australian  blacktip (Carcharhinus tilstoni) and zebra
(Stegostoma fasciatum) sharks, ND4 was the most
polymorphic of a range of mtDNA markers, including the
control region. Alternatively, therefore, low F-statistic values
associated with observed genetic structuring between Australia
and South Africa, as well as within Australian waters, may
reflect continued low-level gene flow, or a recent cessation of
gene exchange, between subdivided locations. Until the
relative mutation rates of ND4 and CR are determined for C.
brevipinna, however, or this study is reassessed via
sequencing of CR, it is impossible to confidently support or
refute the abovementioned hypotheses. Moreover, this issue
emphasises the limitations inherent in the analysis of only one
mtDNA locus.

The clear bias in sample sizes weighted towards the NSW
population represents another major limitation of this study.
Random-resampling simulations provided some evidence that
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Table 6. Mitochondrial divergence metrics for population
pairwise comparisons involving Australia and South Africa.

Pairwise
comparison Species Gene Fst1 OsT Reference
Carcharhinus
AUS v SA CR 0.97 [36]
brachyurus
Carcharhinus
CR 0.18 [37]
obscurus
Carcharodon
. CR 081 [104]
carcharias
Carcharhinus
w ND4 0.03216 Present study
brevipinna
EAUS v SA Carcharias taurus CR 0813 [105]
Carcharhinus
. ND4 0.04056 0.03494 Present study
brevipinna
Carcharhinus
NEAUS v SA CR 0.588 [35]
plumbeus
Carcharhinus
. ND4 0.01306 0.03508 Present study
brevipinna
WAUS v SA Carcharias taurus CR 0676 [105]
Carcharhinus
CR 06165 [35]
plumbeus
Sphyrna lewini CR 0.991 [99]
Sphyrna lewini CR 045 [107]
SAUS v SA Galeorhinus galeus CR 0.34 [106]

CR = control region, ND4 = NADH dehydrogenase subunit 4.

AUS = Australia (general), EAUS = eastern Australia, NEAUS = north-eastern
Australia, WAUS = western Australia, SAUS = southern Australia, SA = South
Africa

doi: 10.1371/journal.pone.0075169.t006

the detections of significant genetic differentiation within
Australian waters (i.e. between NSW and QLD, and NSW and
NT) were driven in large part by this bias. Replicate pairwise
comparisons for both sets of locations indicated an increasing
likelihood of finding a non-significant result as the NSW sample
size decreased towards a more balanced analysis. This either
serves to emphasise the weak nature of the observed fine-
scale genetic subdivisions within Australian waters, or draw
their actual existence into question. Conversely, replicate
pairwise comparison between NSW and South Africa returned
a significant difference independent of the NSW sample size,
hence reinforcing the strength of the genetic subdivision
between the latter two regions, and indicating that the original
analysis was robust to the bias in sample size in this instance.
Rarefaction analysis added further uncertainty regarding the
reliability of our fine-scale findings reported in the present
study. NSW and South Africa were the only two locations at
which adequate levels of the available genetic diversities were
likely sampled, hence confirming the robustness of the
comparison between these two putative populations. In
contrast, a proportion of the available diversity appeared to
have remained unsampled from QLD and NT, suggesting that
findings emanating from comparisons involving the latter two
locations should be treated with some degree of caution.
Rarefaction curves demonstrated that the optimum sample size
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required to accurately represent levels of haplotypic variation,
and in turn to confidently discern haplotype relative
frequencies, within any given C. brevipinna population is site
dependent. For Australian locations, sample sizes in excess of
100 were required for robust comparisons, whereas a sample
size of ~60 appeared sufficient for South African waters.

Implications for management and future direction

The generally high genetic diversity reported here in C.
brevipinna is cause for optimism when considering the
management and conservation of this commercially-targeted
species in southern Indo-Pacific waters. Carcharhinus
brevipinna exhibited high haplotype numbers and similar or
high haplotypic diversity (n, = 23, h = 0.5984, n = 208)
compared to C. obscurus (n, =12, h=0.5224, n=301) and C.
plumbeus (ny = 11, h = 0.2826, n = 440), two closely-related
species, off Australia's east coast (PT Geraghty, unpublished
data). Comparatively high haplotype numbers implies that C.
brevipinna may display a greater resilience to a loss of genetic
diversity, as a result of high-intensity fishing pressure, than
these other commercially-targeted shark species in Australian
waters.

The lower genetic diversity observed in C. brevipinna from
the south-eastern zone (h = 0.5984), compared to QLD (h =
0.7424) and NT (h = 0.7279), may be accounted for by NSW
representing sampling of the species’ southern-most
distribution limit [17]. Range limits are associated with extreme
and/or unstable environmental conditions, and have been
hypothesised to result in low population density, increased
genetic drift and inbreeding and, consequently, lower genetic
diversity [115,116]. Alternatively, lower genetic diversity in
NSW may be a consequence of greater harvest pressure in the
region. This hypothesis, however, is difficult to support given
the absence of robust data permitting a direct comparison of
historical harvest levels of C. brevipinna between NSW, QLD
and NT, as well as a lack of knowledge pertaining to original
population sizes and periods of time required to affect
quantifiable reductions in genetic diversity.

Our genetic structure results indicate the delineation of two
management units for C. brevipinna in the southern Indo-
Pacific — Australia and South Africa. The most appropriate
boundary between these management units, however, is
unknown and would require more detailed spatial sampling
within the Indian Ocean basin. Our data also suggest, albeit
tentatively, two management units within Australian waters —
south-eastern (NSW) and northern (QLD and NT) Australia.
This implies that, in the event of a population collapse in south-
eastern Australia, recovery of genetic diversity would rely
largely on reproduction by surviving local individuals in NSW
waters. Currently, each Australian state is independently
responsible for the management of shark fishing operations
occurring within its respective waters, with little to no
collaboration across jurisdictional borders. Our results suggest
that the independent management of NSW and QLD C.
brevipinna populations is perhaps appropriate, but that
cooperation between QLD and NT would be prudent.

In light of the limitations of the present study, however, we
recommend this work be considered as a starting point for
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evaluations of genetic structure in this commerciaily-important
species, rather than a study upon which definitive management
decisions are made. Moreover, we strongly urge future studies
to focus on achieving greater population structure resolution via
more extensive sampling within Australian waters, as well as
throughout this species’ globat distribution range, in conjunction
with analysis of nuclear andfor additional mitechondrial
markers. Such siudies, conducted in association with active
tagging and tracking, would assist with mare robust allocations
of management units, and hence the sustainable exploitation of
this target species.

Supporting Information

Table §1. Polymorphic sites for mitochondrial DNA ND4
haplotypes defined for Carcharhinus brevipinna.
{DOC)

Acknowledgements

The authors are indebted to the efforts of the NSW, QLD and
NT commercial shark fishers, as well as the scientific observers

References

1. Nei M, Maruyama T, Chakraborty R {1875} The botfleneck effect and
genetic  variability in  populations. Evolution 290 110, dob
10.2307/2407137.

2. Excoffier L {1900) Evolution of human mitochondrial DNA: evidence for
departure from a pure neutral moda! of populations at equilibrium. d Mol
Evol 30: 125-138. doir16.1007/BF02088939. PubMed: 1968079.

. Lyrhoim T, Leimar O, Gyllensten U (1986} Low diversity and biased
substitution patterns in the mitochondrial DNA conirol region of sperm
whales: implications for estimates of time since common ancestry. Mol
Biol Evol 13; 1318-1326. doi:10.1083/oxfordjournals.motbev.a025578.
PubMed: 8952076,

4. Zhang YP, Wang XX, Ryder QA, Li HP, Zhang HM et al. {2002)
Genetic diversity and conservation of endangered animal species. Pure
Appl Chem 74: 575-584. doi10.1351/pac200274040575.

. Peakall R, Ebert D, Scott LJ, Meagher PF, Offord CA {2003}
Comparative genetic study confirms exceptionally low genetic variation
in the ancient and endangered relictual conifer, Wollernia nobilis
{Araucariaceae). Mot Ecol 12: 2331-2343. doi:10.1046/.1365-294X.
2003.01926.x. PubMed: 12918472,

8. Digz-Jaimes P, Uribe-Alcocer M, Ortega-Garcia 8, Durand J {2006)
Spatial and temporal mitochondrial DNA genelic homegeneity of
dolphinfish populations (Coryphaena hippurus) in the eastern central
Pacific. Fish Res 80; 333-338. doi:10.1016/] fishres.2006.04.015,

7. Hoelzel AR, Natoli A, Dahiheim M, Olavarria C, Baird RW et al. {2002)
Low wortd-wide genetic diversity in the killer whale (Orcinus orca);
implications for demoegraphic history. Proc R Scc lond B 289
14671475, doir10.1008/rspb 2002 2033,

. Hoelzel AR, Shivii MS, Magnussen J, Francis MP (2006) Low
worldwide genetic diversity in the basking shark (Ceforhinus maximus).
Biot Lett 2: 639-642. doi:10.1088/rsbl.2006.6513. PubMed: 17148308,

9. Pope LC, Sharp A, Moritz C {1998) Poputation structure of the vellow-
footed rock-wallaby Pelrogale xanthopus {Gray, 1854} inferred from
mtDNA sequences and microsateliite foci. Mol Ecol 5 829-640. doi:
10.1111/1.1365-294X.1996.1b00358.x. PubMed. 8873466,

. Sivasundar A, Bermingham E, Orti G {2001} Population structure and
biogeography of migratory freshwater fishes  (Prochiiodus:
Characiformes) in major Scuth American rivers. Mol Ecol 10: 407-417.
doiz10.1046/].1365-284x.2001.01194 . PubMed: 112089585,

. Beheregaray LB, Gibbs JP, Havill N, Fritis TH, Powell JR st al. {2004)
Giant tertoises are not so slow: rapid diversification and biogeographic
consensus in the Galdpagos. Proc Natl Acad Sci U S A 101
8514-6519. doi:10,1073/pnas. 0400393101, PubMed: 15084743,

. Keeney DB, Heupel MR, Hueter RE, Heist EJ (2005) Microsatellite and
mitochondrial DNA analyses of the genetic structure of blacktip shark
tCarcharhinus limbatus) nurseries in the northwestern Atlantic, Guif of

w

w

w

PLOS ONE | www.plosane.org

217

Genetic Structure and Diversity in Spinner Sharks

from the NSW Department of Primary Industries (NSW DP),
the QLD Department of Employment, Economic Development
and Innovation (DEED}), the James Cook University Fishing
and Fisheries Research Centre (F&F) and the NT Department
of Primary Industry and Fisheries (DPIF). We warmly thank G.
Johnson, V. Peddemors, G. Leese, as welf as C.
Simpfendorfer, D. Welch and A. Tobin, for their generous
contributions of samples. We acknowledge J. Hughes and P.
Butcher, as well as anonymous reviewers, for their comments
on the analyses and text We are most appreciative of the
support and guidance graciously provided by E. Morgan, C.
And A. Geraghty, R. Streetl, D. Blower, M. Holley, L. Vandine,
P. Worden, W. Godinho, P. Duckett, J. Boomer, D. Nipperess
and A. Stow.

Author Contributions

Conceived and designed the experiments: PTG JEW WGM
JRO MRG. Performed the experiments: PTG. Analyzed the
data: PTG. Contributed reagenis/materials/analysis fools:
WGM SPW AVH JRO MRG. Wrote the manuscript PTG
Participated in manuscript review: JEW SPW AVH JRO MRG.

Mexice, and Caribbean Sea. Mol Ecol 14 1914-1823. doi:10.11114.
1365-294X.2005.02549 x. PubMed: 15910315,

Steeves TE, Anderson DJ, Frissen VL (2005} A role for nonphysical
barriers to gene flow in the diversification of a highly vagile seabird, the
masked booby {(Swla dactylatra). Mol Ecol 14: 3B77-3887. doi
10.1111/.1366-204X.26056.02713.x. PubMed: 16202102.

Mayr £ (1963} Animal Species and Evolution. Cambridge: Harvard
Unbversity Press.

13,

14,

15, Palumbi SR {1882} Marine speciation on a smalt planet. Trends Ecol
Evel 7. 114-118. doi10.1016/0169-5347(92)90144-2.  PubMed:
21235875,

16. Palumbi SR (1994) Genetic divergence, reproductive isolation, and
marine speciation. Annu Rev Ecol Syst 25, 547-572. dok10.1146/
annurev.©5.25 110184.002555.

Last PR, Stevens JD (2008} Sharks and Rays of Australia, 2nd edn.
Melbourne; CSIRO Publishing,

Kohler N, Turner PA {2001) Shark tagging: a review of conventional
methods and studies. Enviren Biol Fishes 80 191223, doi:10.1023/A:
1007678303082,

Merson RR, Pratt HL (2001) Distribution, movements and growth of
young sandbar sharks, Carcharhinus plumbeus, in the nursery grounds
of Delaware Bay. Environ Biol Fishes 61 13-24. doir10.1023/A:
1011017109776,

Grubbs RD, Musick JA, Conrath CL, Romine JG {2007) Long-term
movements, migration, and temporal defineation of a summer nursery
for juvenile sandbar sharks in the Chesapeake Bay region. Am Fish
Soc Symp 50: 87-107

Hueter R (2007} #ighly migratory shark fisheries research by the
National Shark Research Consortium (NSRC) 2002-2007. Mote Marine
Laboratory Technical Report 1241 p. 123p.

Hussey NE, McCarthy 1D, Dudley SF3, Mann BQ (2008) Nursery
grounds, movement patterns and growth rates of dusky sharks,
Carcharhinus obscurus, a long-term tag and release study in South
African waters. Mar Freshw Res 60 571-583. doi:10.1071/MF08280.
Rogers PJ, Huveneers C, Goldsworthy SD, Mitchell JG, Seuwront L
(2013) Broad-scale movements and pefagic habitat of the dusky shark
Carcharhinus obscurus off Southern Austrafia determined using pop-up
satellite archival tags. Fish Oceanogr 220 102-112, doir10.1111/0g.
12009.

Thorpe T, Jensen CF, Moser ML (2004} Relative abundance and
reproductive characteristics of sharks in southeastern North Carolina
coastal waters. Bull Mar Sci 74: 3-20.

Conrath CL., Musick JA {2007) The sandbar shark summer nursery
within bays and lagoons of the eastem shore of Virginia. Trang Am Fish
Soc 136: 999-1007. dol10.1577/T08-107.1.

17.

18.

19.

20.

21.

22.

23.

24.

25,

September 2013 | Volume 81 Issue 9| 75169



Appendix A: Chapter 3 Published Manuscript

28.

27.

28.

29.

30.

31,

32.

33.

34.

35,

38.

37.

38.

39,

40.

41,

42.

43,

44

Heupel MR, Carlson JK, Simpfendorfer CA {2007} Shark nursery areas:
concepts, definition, characterization and assumptions. Mar Ecol Prog
Ser 337 287-287. doi:10.3354/mepsd37287.

Taylor SM, Bennett MB (2013) Size, sex and seasonal patterns in the
assemblage of Carcharhiniformes in a sub-tropical bay. J Fish Biol 82
228-241. doi:10.1111/fb.12003. PubMed: 23331147,

Keenay DB, Heupel M. Hueter RE, Heist £J (2003) Genelic
heterogeneity among blacktip shark, Carcharhinug limbatus, continental
nurseries along the US Aflantic and Gulf of Mexico. Mar Biol 143
1038-1046. doi:10.1007/s00227-003-1166-9.

Hyueter RE, Heupel MR, Heist EJ, Keeney DB (2005) Evidence of
philopatry in sharks and implications for the management of shark
fisheries. J Northw Ati Fish Sci 35: 239-247

Kart SA, Castro ALF, Lopez JA, Charvet P, Burgess GH (2011)
Phylogeography and conservation of the bull shark (Carcharhinus
feucas) inferred from mitochondrial and microsateliite DNA. Conserv
Genet 12: 371-382. doi:10.1007/$10592-010-0145-1.

Tillett BJ, Meekan MG, Field IC. Thorburn DC, Ovenden JR (2012}
Evidence for reproductive philopatry in the bull shark Carcharhinus
leucas. J Fish Biol 84; 2140-2158, doi: 1011114,
1095-8649.2012.03228.x. PubMed: 22551174,

Dudgeon CL, Blower DC, Brederick D, Giles JL, Hoimes BJ et al.
{2012) A review of the application of molecular genetics for fisheries
management and conservation of sharks and rays. J Fish Biol 80;
1786-1843. doi10.1111/.1085-8649.2012.03265.x. PubMed:
22487408,

Keeney DB, Heist £J (2006) Worldwide phylogeography of the blacktip
shark (Carcharhinus limbaius) inferred from mitochondrial DNA reveals
isolation of western Atlantic populations coupled with recent Pacific
dispersal. Mol Ecol 15 3669-3679. doii0.1111/.1365-294X,
2006.023036.x. PubMed: 17032265,

Schultz JK, Feldheim KA, Gruber SH, Ashley MV, McGovern TM et al,
(2008) Globai phylogeography and seascape genetics of the lemon
sharks (genus Negaprion). Mol Ecol 17: 5336-5348. doii16.11114]
1365-294X.2008.04000 x, PubMed: 19121001,

Portnoy DS, McDowell JR, Heist EJ, Musick JA, Graves JE (2610}
World phylogeography and male-mediated gene flow in the sandbar
shark, Carcharhinus plumbeus. Mol Ecol 19 1984-2010, doi10. 1111/,
1365-204X.2010.04626.x. PubMed: 20406387,

Benavides MT, Feidheim KA, Duffy CA, Wininer S, Braccini JM et al.
(2011) Phylogeography of the copper shark (Carcharhinus brachyurus)
in the southern hemisphere: implications for the conservation of a
coastal apex predator. Mar Frashw Res 620 B61-889. doi10.1071/
MF10236.

Benavides MT, Horn RL, Fekiheim KA, Shivii MS, Clarke $C et al
{2011) Global phylogecgraphy of the dusky shark Carcharhinus
obscurug: implications for fisheries management and monitoring the
shark fin frade. Endanger Species Res 14! 13-22. doi10.3354/
esr00337.

Whitney NM, Robbins WD, Schuliz JK, Bowen BW, Holland KN (2612}
Oceanic dispersal in a sedentary reef shark (Trigencdon obesus).
genetic evidence for extensive connectivity without a petagic larvat
stage. J Biogeogr 34; 1144-1156. doi: 10,1111/,
1365-2899.2011.02660.x.

Ovenden JR, Kashiwagi T, Broderick D, Giles J, Safini J (2009) The
extent of population genefic subdivision differs among four ¢o-
distributed shark species in the Indo-Australian archipelage. BMC Evol
Biot 9: 40. doi:10.1186/1471-2148-9-40. PubMed: 19216767.

Ovenden JJR, Morgan JAT, Street R, Tobin A, Simpfendorfer G et al.
(2011) Negligible evidence for regional genetic population structure for
wo shark species Rhizoprionodon acufus (Rippeli, 1837) and Sphyrna
lewini (Griffith & Smith, 1834} with contrasting biology. Mar Biol 158!
1497-1509. doi:10.1007/800227-011-1666.y.

Portnoy DS, Heist EJ {2012) Molecular markers: progress and
prospects for understanding reproductive ecology in efasmobranchs, J
Fish Biol 80: 1120-1140. doi:10.1111/.1095-8649.2011.03206.%.
PubMed: 22497375,

Tilett B, Meekan MG, Broderick D, Field IC, CHff G et al. (2012)
Pleistocene  isolation, secondary  introgression and  restricted
contemporary gene flow in the pigeye shark, Carcharhinus
ambainensis across northern Australia. Conserv Genet 13: 89-115. doi:
16.1007/810582-011-0268-2.

Castilo-Géniz JL, Marquez-Farias JF, Rodriguez de la Cruz MC,
Cortés E, Cid del Prado A (1998) The Mexican artisanal shark fishery in
the Gulf of Mexico: towards a regulated fishery. Mar Freshw Res 49;
611-620. doit10. 107 1/MF97120.

Joung S, Liae Y, Liu K, Chen C, Leu L (2005) Age, growth and
reproduction of the spinner shark, Carcharhinus brevipinna, in the
northeastern waters of Talwan. Zoo! Stud 44(1). 102-110.

PL.OS ONE | www.plosone.org

16

218

45,

46.

47,

48.

49,

50.

51,

52.

53

54.

55,

56.

57,

58.

59

60,

61.

62,

63,

64,

85,

66.

67.

Genetic Structure and Diversity in Spinner Sharks

Dudley SFJ, Simpfendorfer CA (2006) Population status of 14 shark
species caught in the protective gillnets off KwaZulu-Natal beaches,
South Africa, 1978-2003. Mar Freshw Res 57: 225-240. doii10.1071/
MFO05156.

MeVean AR, Walker RCJ, Fanping E (2008) The traditional shark
fisheries of southwest Madagascar: a study in the Toliara region. Fish
Res 82: 280-289. doi10.10164 fishres.2006.06.016.

Henderson AG, Mcliwain JL, AROufi HS, Al-Sheili § (2007) The
Sultanate of Oman shark fishery. species composition, seasonality and
diversity. Fish Res 86: 158-168. doi:10.1018/ fishres 2007.05.012.
White WT (2607) Catch composition and reproductive biclogy of whaler
sharks (Carcharhiniformes: Carcharhinidae) caught by fisheries in
indonesia. J  Fish  Biol 71 1512-1540.  doi1C. 11114,
1495-8646.2007 01623.x.

Hale LF, Gulak SJB, Napier AM, Carison JK (2011) Characterization of
the shark bottom longline fishery, 2010. NOAA Technical Memorandum
NMFS-SEFSC-611. 35 p.

Carison JK, Hale LF, Morgan A, Burgess G {2012) Relative abundance
and size of coastal sharks derived from commercial shark longline
caich and effort data. J Fish Biol 80, 1749-1784. doi1G.11114].
1095-8648.2011.03183.x. PubMed: 22487406,

Simpfendorfer C, Donohue K (1998) Keeping the fish in fish and chips”
research and management of the Western Australian shark fishery. Mar
Freshw Res 49 §83.-600. doi110.1071/MF87043.

Rose C, Williams L, Gribble N, Garrett R, Staplay J (2003) Queensland
East Coast shark catch. Qld Dep Prim ind Qi 03020,

Macheth WG, Geraghty PT, Peddemors VM, Gray CA (2009)
Observer-based study of targeted commercial fishing for large sharks in
waters off northern New South Wales, Industry & investment NSW -
Fisheries Final Report Series 114. 82 p

Harry AV, Tobin AJ, Simpfendorfer CA, Welch DJ, Mapleston A et al.
(2011) Evaluating catch and mitigating risk in a multispecies tropical,
inshore shark fishery within the Great Bamier Reef World Heritage
Area. Mar Freshw Res 62: 710-721. doi:10.1071/MF 10155.

Tillett BJ, Field IC, Bradshaw CJA, Johnson G, Buckworth RC et al
(2012) Accuracy of species identification by fisheries observers in a
north Australian shark fishery. Fish Res 127-128: 109-115. deh 10.1016/
j-fishres. 2012.04.007,

Castro JI (1993) The shark nursery of Bulls Bay, South Carofina, with a
review of the shark nurseries of the southeastern coast of the United
States. Environ Biot Fishes 38: 37-48. doi:10.1007/BF00842902.
Carison JK, Brusher JH {1998) An index of abundance for coastal
species of juvenile sharks from the northeast Gulf of Mexico. Mar Fish
Rev 61: 37-45,

White WT, Polter IC (2004) Habitat partitioning among four
elasmobranch species in nearshore, shattow waters of a subtropicat
embayment i Western Australia. Mar Biol 145, 1023-1032. doi
16.1007/s00227-004-1386-7.

Reid DD, Robbins WD, Peddemors VM (2011) Decadal trends in shark
catches and effort from the New South Wales. Australiaz Shark
Meshing Program. pp. 1950-2010. Mar Freshw Res 62: 676-693
Burgess GH (2008) Carcharhinus bravipinna. IUCN Red List of
Threatened Species website. Available:  hitp:/www iucnredlist.org/
deiails/39368/0. Accessed 2013 September 7.

Cortés E, Brooks E, Apostolaki P, Brown CA (2008) Stock assessment
of the dusky shark in the US Alantic and Guif of Mexico. Panama Cily
iaboratory Condribution 06 05, US Department of Commaerce. 155pp
(2011) SEDAR 21 Stock assessment report HMS dusky shark. SEDAR
Final Repori, Southeast Data Assessment and Review, NOAA
Fisheries Office of Sustainable Fisheries. 414 p.

(2011) SEDAR 21 Stock agsessment report HMS sandbar shark.
SEDAR Finat Report, Southeast Data Assessment and Review, NOAA
Figheries Office of Sustainable Fisheries. 458 p.

McAuley R, Lenanton R, Chidiow J, Allison R, Heist E (2005) Biology
and stock assessment of the thickskin (sandbar} shark, Carcharhinus
plumbeys, In Western Australia and further refinement of the dusky
shark, Carcharhinus obscurus, stock assessment. Final FRDC Report —
Project 2000/134, Fisheries Research Report 151. 132p.

Branstetter S (1987) Age and growth estimates for blacktip,
Carcharhinus limbatus, and spinner, C. brevipinna, sharks from the
Northwestern Guif of Mexico. Copela: 1987, 954-974

Allen BR, CHff G (2000) Sharks caught in the protective gilf nets off
Kwazulu-Natal, South Africa, The spinner shark Carcharbinus
brevipinna {Miller and Henle). S Afr J Mar Sc¢i 220 198-215. doi:
10.2988/025776100784 125654,

Alien BR, Wintner SF (2002) Age and growth of the spinner shark
Carcharhinus brevipinna (Miller and Henie, 1839} off the KwaZulu-
Natal coast, South Africa. S Afr § Mar Sc 24(1) 1-8. doi
10.2988/025776102784528484.

September 2013 | Volume 8 | issue 9| e75169



Appendix A: Chapter 3 Published Manuscript

&8,

[

70.

71

72.

73.

74.

75.

76.

77.

78.

78.

80.

81,

82.

83,

84,

83,

86.

87.

88,

89,

20,

g1,

Capapé C, Hemida F, Seck AA, Diafta Y, Zacuali J {2003} Distribution
and reproductive biology of the spinner shark, Carcharhinus brevipinna
(Milter and Hente, 1841} (Chondrichthyes: Carcharhinidae). i1sr J Zoo!
49: 269-286. doi:10.1560/DHHM-AGEM-VKQH-CY9F.

Carison JK, Baremore {E (2005) Growth dynamics of the spinner shark
(Carcharhinus brevipinna) off the United States southeast and Gulf of
Mexico coasts: a comparison of methods. Fish Bull 103: 280-291.
(2006} A Report on the Queensland Shark Safety Program.
Queensland Government Department of Agricuiture, Fisheries and
Forestry website. Available: hitp:/iwww2.dpi.ald.gov.awextra/pdf/
fishweb/sharksafetyreport. pdf. Accessed 2013 September 7.

Sunnucks P, Hales DF (1996} Numercus transposed sequences of
miochondrial cytechrame oxidase -l in aphids of the genus Sitoblion
(Hemiptera: Aphididae). Mol Biol Evol 13: 510-524. doi10.1083/
oxfordjournals. molbev.a025612. PubMed: 8742640.

Argvalo E, Davis SK, Sites JWJ (1994 Mitochondriat DNA seqguence
divergence and phylogenetic relationships ameong eight chromosome
races of the Sceloporus grammicus complex {Phrynosomatidae) in
central Mexico. Syst Biol 43(3): 387-418. doi.10.2307/2413675.

Inoue 4G, Miya M, Tsukamoto K, Nishida M {2001) A mitogenomic
perspective on the basal teleostean phylogeny: resolving higher level
relationships with longer DNA seguences. Mol Phylogenet Evol 20:
275-285. doi10.1006/mpev.2001.0870. PubMed: 11476635.
Thompson JD, Higgins DG, Gibson TJ (1894} CLUSTAL W: improving
the sensitivity of progressive multiple seguence alignment through
sequence weighting, position-specific gap penalties and weight matrix
choice. Nucleic Acids Res 22: 4673-4680. doi10.1093/nar/22.22 4673.
PubMed: 7984417,

Ward RD, Zemlak TS, innes BH, Last PR, Hebert PDN (2005) DNA
barcoding Australia’s fish species. Philos Trans R Soc B 360;
1847-1857. dol:10.1098/5th.2005.1716.

Excoffier L, Lischer HEL (2010} Arlequin sulte, ver 3.5 a new serles of
programs to perform population genetics analyses under Linux and
Windows. Mol Ecol Resour 10(3): 564-567

Clement M, Posada D, Crandall KA (2000) TCS: a computer program
to estimate gene genecalogies. Mol Ecol 8(10) 1657-1660. doi
10.1046/],1365-294x.2000.01020.x. PubMed: 11050580,

Tamura K, Nei M (1983} Estimation of the number of nucleotide
substitutions in the control region of mitochondrial DNA in humans and
chimpanzees. Mol Biol Evol 10(3): 512-526. PubMed: 8336541,
Tamura K, Peterson D, Peterson N, Stecher G, Nei M et al. (2011)
MEGAS: Molecular evolutionary genetics analysis using maximum
likelihood, evolutionary distance, and maximum parsimony methods.
Mot Biot Evol 28{10): 2731-2739. doi10.1093/molbev/imsri21.
PubMed: 21546353,

Darriba D, Taboada GL, Doallo R, Posada D {2012) jModeiTest 2:
more models, new heuristics and parallel computing, Nat Methods 9:
772. doi:10.1038/nmeth.2111. PubMed: 228471089,

Harpending HC (1994} Signature of ancient population growth in a low-
resolution mitochondrial DNA mismaich distrbution. Hum Biol 66:
591-600. PubMed: 8088750,

Tajima F (1989) Statistical method for testing the neutral mutation
hypothesis by DNA polymorphism. Genetics 123 585-595. PubMed:
2513256,

Fu YX (1997) Siatistical tests of neutralfy of mutations against
population growth, hitchhiking and background selection, Genetics 147
915-928, PubMed: 9335623,

Excoffier L, Smouse PE, Quattro dM (1992) Analysis of molecular
variance inferred from melric distances among DNA haplotypes:
application to human mitochondrial DNA restriction data. Genetics 131:
479-491, PubMed: 1644282,

Wright S (1968) The interpretation of population structure by F-statistics
with special regard to systems of mating. Evohstion 19 395-420. doi:
10.2307/2406458.

Bird CE, Karl SA, Smouse PE, Teonen RJ {2011} Detecling and
measuring genetic differentiation. Crustlssues 18 31-56.

Helm S (1979) A simple sequentially rejective multiple test procedure.
Scand J Siat 6: 65-70.

Rice WR {1989) Analyzing tables of statistical fests. Evolution 43:
223-225. doi10.2307/2409177.

Peakall R, Smouse PE (2012} GenAlEx. p. 8.5; genefic analysis in
Excel. Population genetic software for teaching and research — an
update. Bicinformatics 28(18} 2537-2539

Hurlbert 8H {1971} The nonconcept of species diversity: a critique and
alternative parameters. Ecology 52: 577-586. doi:10.2307/1934145.

R Development Core Team (2010} The R Project for statistical
computing website. Available: htp://iwww.R-project.org. Accessed 2013
September 7.

PLOS ONE | www.plosone.org

17

219

2.

3.

94.

o5,

6.

97.

98,

o8,

400.

101

102,

103.

104,

108,

106,

107,

108.

109,

110.

Genstic Struckure and Diversily in Spinner Sharks

Burgess GHM, Beerkircher LR, Cailfiet GM, Carlson JK, Cortés E et al.
(2005) Is the collapse of shark populations in the northwest Atlantic
ocean and Guif of Mexico real? Fisheries 30(10) 18-26. dob
10.1677/1548-8448(2005)30[19TCOSPI2.0.C0;2.

Field 1C, Meekan MG, Buckworth RC, Bradshaw CJA (2009)
Susceptibility of sharks, rays and chimeras 1o global extinction. Adv
Mar Biol 56: 275-363. dok10.1016/50065-2881{09)56004-X. PubMed:
18895977,

Ramos-Onsins SE, Rozas J (2002) Statistical properties of new

neutrality tests against population growth. Mol Bioi Evol 19{12):
2092-2108. doii10.1093/oxfordjournals.molbev.add4034,  PubMed:
12446801,

Ramirez-Soriano A, Ramos-Cnsins SE, Rozas J, Calafell F, Navarro A
(2008) Statistical power analysis of neutrality tests under demographic
expansions, contractions and botlenecks with recombination. Genetics
179: 555-587. doi:10.1534/genetics.107.083008. PubMed: 18493071,
Grant WS, Bowen BW (1998) Shailow population histories in deep
evolutionary lineages of marine fishes: insights from sardines and
anchovies and lessons for congervation. J Hered 89 415-428. dok
10.10934hered/89.5.415.

Thacker CE (2004) Pepulation structure in two species of the reef goby
Gnatholepis (Yeleostei. Perciformes) among four South Pacific island
groups. Coral Reefs 23: 357-3566. dol:10.1007/500338-004-0391-C.
Broderick D, Ovendan JR, Buckworth RC, Newman §J, Lester RJG et
al. (2011) Genetic population structwre of grey mackerel
Scomberomorus semifasciafus in northern Australia. J Fish Biot 79:
633-681. doi10.1111/.1065-8649.2011.03055.x. PubMed: 21884105.
Duncan KM, Mariin AP, Bowen BW, De Couet HG {2008} Globa!
phyloegeography of the scalloped hammerhead shark (Sphyrna lawini).
Mol Ecol 15 2239-2251. doi10.1111/].1365-204X.2006.02933 x.
PubMed: 16780437,

Karl SA, Castro ALF, Garla RC {2012) Population genetics of the nurse
shark (Ginglymostoma cirratum) in the western Atlantic. Mar Bict 158
489-498. dok10.1007/500227-011-1828-y.

Naylor GJP, Caira JN, Jensen K, Rosana KAM, White WY et al. (2012)
A DNA sequence-based approach to the identification of shark and ray
spacies and its implications for global elasmobranch diversity and
parasitofogy. Bulf Am Museum Nat Hist 367; 262,

Pereyra S, Garcia G, Miller P, Oviedo S, Domingo A {2010) Low
genetic diversity and population structure of the narrowneose shark
(Mustelus schmitt). Fish Res 106: 468-473 doi 10,1016/ fishres.
2010.08.022.

Verissimo A, McDowell JR, Graves JE (2010) Global population
structure of the spiny dogfish Squalus acanthias, a temperate shark
with an antitropical distribution. Mot Ecot 19: 1651-1662. dot: 10,1111/}
1365-284X.2010.04598.x. PubMed: 20345677.

Pardini AT, Jones CS. Noble LR, Kreiser B, Maicoim H et ai. (2001)
Sex-biased dispersal of great white sharks. Nature 412 139-140. dok
10.1038/35084128. PubMed: 11449258,

Ahonen H, Harcourt RG, Stow AJ (2009} Nuclear and mitochondrial
DNA reveals isolation of imperilled grey nurse shark populations
(Carcharias taurus). Mol Ecol 18: 4409-4421. doi10.1111/.13656-294X.
2009.04377 x. PubMed: 19804378,

Chabot CL, Allen LG (20089) Global population structure of the tope
{Galeorhinus galeus) inferred by mitochondrial controf region sequence
data. Mol Ecol 18 545.552. doi10,1111/].1365.204X . 2008.04047 x.
PubMed: 19161473

Daly-Engel T8, Seraphin KD, Holland KN, Coffey JP, Nance HA et al.
{2012) Global phylogeography with mixed-marker analysis reveals
male-mediated dispersal in the endangered scalloped hammerhead
shark (Sphyma fewin). PLOS ONE 7(1): 111, FubMad: 22253848,
Morgan J, Ovenden J, Street R, Geraghty PT, Weich DJ (2011)
Genetic stock structure exisis along the east coast of Austratia for
blacktip sharks, Carcharhinus limbatus and C. tistoni based on
mitochondrial DNAchapter 8. In: Ovenden: Welch D& 4, Simpfendorfer
C, Tobkin A, Morgan: JAT, et al. (2011} Stock structure of exploited
shark species in north-eastern Australia. Report to the Fisheries
Research & Development Corporation, Project 2007/035. Fishing &
Fisheries Research Centre Techpical Report 12, James Cook
University, 80-99 pp

Blower DC, Pandolfi JM, Bruce BD, Gomez-Cabrera M, Ovenden JR
(2012) Population genetics of Austratian white sharks reveals fine-scale
spatial struclure, transcceanic dispersal evenis and jow effective
population sizes. Mar Ecol Prog Ser 455 228-244. doi10.3354/
meps0oe59.

Knip DM, Heupel MR, Simpfendorfer CA (2010) Sharks in nearshore
environments: models, importance, and consequences. Mar Ecol Prog
Ser 402: 1-11. doh10.3354/meps08498.

September 2013 | Volume 8 | Issue 9| e75169



Appendix A: Chapter 3 Published Manuscript

11

-

112,

113,

114

. Voris HK {2000) Maps of Pleistocene sea levels in Southeast Asia

shorelines, river systems and time durations. J Biogeogr 27
1153-1167. dot: 10.1046/].1365-2690,2000.00489 %,

Lambeck K, Esat TM, Potter EX {2002) Links between climate and sea
levels for the past three million years. Nature 419 199-208. dok
10.1038/nature01089. PubMed: 12226674,

Dudgeon CL, Broderick D, QOvenden JR (2009) [UCN classification
zones concord with, but underestimate, the population genetic siructure
of the zebra shark Stegostoma fasciatum in the Indo-West Pacific. Mol
Ecol 18. 248-261. doi10.1111/4.1365-204X.2008.04025.x. PubMad:
19182179,

Ovenden JR, Morgan JAT, Kashiwagi T, Broderick D, Salini J (2010)
Towards better management of Australia’s shark fishery: genetic

PLOS ONE | www_plosone.org

220

18

115,

116

Genetic Structure and Diversity in Spinner Sharks

analyses reveal unexpected ratios of cryptic blackiip species
Carcharhinys titstoni and C. fimbatus. Mar Freshw Res 61: 253-262,
coi 10.1071/MFE81561.

Arnaud-Haond 8, Teixefra S, Massa SI, Billet C, Saenger P et al
{2008) Genetic structure at range edge: low diversity and high
inbreading i Southeast Asian  mangrove (Avicennia  maring)
populations. Mol Ecol 15 3515-3525.  doi10.11114.1365-294X.
2006.02997 x. PubMed: 17032254,

Lind CE, Evans B3, Taylor JJU, Jerry DR (2007) Population genetics of
a marine bivalve, Pinctada maxima, throughout the Indo-Austraiian
Archipelage shows differentiation and decreased diversity at range
iimits. Mol Ecol 16: 5183-5203. doi:1G.1111/1.1365-284X.2007 03568 .x.
PubMed: 18028303

September 2013 { Volume 8 | lssue 9 | e75169



Due to copyright laws, the following articles have been omitted from this thesis. They
appear in the page range 251-274. Please refer to the following citations for details.

Geraghty, P. T.; Jones, A. S.; Stewart, J. and Macbeth, W. G. ‘Micro-computed
tomography: an alternative method for shark ageing’ Journal of Fish Biology, Vol. 80,

Issue 5, p. 1292-1299.

Geraghty, P. T., Macbeth, W. G., Harry, A. V., Bell, J. E., Yerman, M. N., &
Williamson, J. E. (2013). Age and growth parameters for three heavily exploited
shark species off temperate eastern Australia. ICES Journal of Marine Science:
Journal du Conseil, fst164.



Appendix D: Animal Care & Ethics Certificate

o
:&&L” Primary
BOVCENT Industnes

ANIMAL RESEARCH AUTHORITY

Names of Applicants: Location of Research: . Conditions of Authority:

WILL MACBETH Cronulla Fisheries Centre As per application
SHANE MCGRATH :

LACHLAN ROBERTS

GLEN CUTHBERT

DAMIAN YOUNG

MAT BIRCH

PASCAL GERAGHTY

are authorised by
NSW Primary Industries

to conduct the following type of research

OBSERVER-BASED SURVEYS OF NSW COMMERCIAL FISHERIES
ACEC REF 07/03 - CFC

as approved by and in accordance with the establishment's-
Animal Care and Ethics Committee

" Primary Industries (Fisheries) Animal Care & Ethics Committee

This authority remains in force from
6 JUNE 2011 to 6 JUNE 2012

unless suspended, cancelled or surrendered.
(Major three yearly review due in 2013)

JO PICKLES NICK OTWAY<S.
EXECUTIVE OFFICER CHAIR
13 July 2011

245





