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Abstract

lllegal trade of wildlife is a serious and growingme. One of the greatest challenges in
international efforts for policing of the illegalildiife trade is the provision of evidence.
DNA technologies are ideal for providing evidenoe Wildlife crime because they can be
used on degraded and highly processed productsideess a wide variety of forensic
questions (i.e. species, regional and populativati&entification). Theory, techniques
and principles from phylogenetics, phylogeographyg @opulation genetics provide the
fundamental genetic data required for forensic iappbns. This thesis demonstrates the
benefits of merging the disciplines of phylogergtiphylogeography and population
genetics into wildlife DNA forensics — an emergéetd that uses DNA technologies to
provide evidence for wildlife crime. A DNA forensidentification system was developed
using the freshwater turtl€helodina rugosaDgilby, 1890 as a case study. This species

was chosen because a commercial industry is estiallito supply the pet shop trade.

Application of conservation genetics to freshwalgttles and tortoises was reviewed.
General areas where genetic principles and empidata can be profitably used in
conservation planning are identified. Monitoringde and directing enforcement to protect
overexploited turtle populations was identifiedoa® of three crucial future directions for

conservation genetics of freshwater turtles anbises.

The extent of illegal wildlife trade in Australiaas examined using case prosecution data
from the Australian Customs service for the pebdd 994 to 2007. Of cases prosecuted,
46% were for attempted export and 34% for attemjtgabrt. Reptiles were the most
targeted (43%), then birds (26%), and native plétit8o). For the majority of prosecutions
(70%) the sentence was a fine (70%) that was demsig only a fraction of the market
value. | argue that tougher penalties are requoatkter criminals from engaging in illegal
wildlife trade and initiatives for improved polign(such as DNA technologies) are

urgently required.

DNA technologies that have been used to providdeswde for wildlife cases are critically
evaluated. Emphasis is placed on the science shiaquired to form the foundation for
forensic applications. Baseline genetic data foecss, regional and population level
identification of wildlife seizures can be provideg phylogenetic, phylogeography and
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population genetic studies, respectively. | adwecgteater collaboration of forensic
scientists with conservation geneticists to develepearch programs that will jointly

benefit conservation of traded species and polioingildlife trade.

Seventeen microsatellite markers were developecifsgadly for C. rugosa Sixteen of the
loci were polymorphic but three of these loci hadl ralleles. These 17 microsatellite
markers were tested for amplification in eight otBpecies with varying success; 98%
amplification in C. burrungandjij 72% in C. cannj 38% in C. expansa 58% in
C. longicollis 67% inC. mccordj 73% inC. oblonga 81% inC. parkeri and 68% in
C. pritchardi These microsatellite markers will be useful fopplation assignment, gene

flow, mating systems and hybridization studieshie genu<helodina.

Phylogeography of the Australasian freshwater éuCthelodina rugosavas investigated
using 867 bp of the mitochondrial control and NDehions. There were two major
haplotype lineages fd€. rugosaconsisting of (i) Northern Territory and (ii) Ne@uinea
and northern Queensland extending east to the MlawARiver. The designation of the
New Guinea form as a distinct taxon (formerly aali€. siebenrocki)was refuted.
Extensive hybridisation betwedd. rugosaand C. burrungandjiiin Arnhem Land were
found by the mitochondrial analysis and 17 micrelitgeé loci. A hybrid betweerC.
rugosaandC. canniwas also confirmed. The mitochondrial gene trees rauclear R35
gene tree (898 bp) were incongruent with respetiteaghylogenetic relationships between
Chelodina sp(Kimberley) andC. canni Further research using a suite of nuclear markers
is required to resolve these phylogenetic relatipss and the taxonomic status of

Chelodina sp(Kimberley).

Population genetics o€. rugosain the Blyth-Cadel drainages of Arnhem Land was
investigated to provide recommendations for thastainable harvesting. There were no
detectable impacts from traditional harvesting. &endiversity estimates were similar for
harvested and unharvested populations. Levels pétge structure in the Blyth-Cadel
region were low and populations functioned as aapwgtulation. | recommend that
sustainable harvesting can be conducted, providatdthe impacts of pig predation are

alleviated and gene flow between sites, througbrahor artificial means, is maintained.
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A DNA-based forensic identification system f@r rugosawas developed. An 898 bp
region of the nuclear R35 intron discriminat&drugosafrom all other Australian chelid
turtles. Individuals with recent hybrids originstveenC. rugosaand C. burrungandijii
were identified by 17 microsatellite loci. Geograplsources of specimens could be
assigned to three distinct regions by sequencing g6 of the mitochondrial DNA: (i)
Darwin (Finnis basin), (ii) Arnhem Land, and (i@astern Queensland including southern
New Guinea. Specimens could not be identified sowce locality at the population-level
(using 12 unlinked microsatellite loci) in the Biy€Cadel basin of Arnhem Land where a
commercial trade has been established. Given thiatisn and inaccessibility of the
Arnhem Land region, this level of identification ynbe adequate to verify the legality of

specimens from the commercial industry.

This thesis merges the disciplines of phylogengtmisylogeography and population
genetics with the growing field of wildlife DNA fensics. It highlights issues for the
development of forensic identification systemswioldlife. Emerging technologies on the
horizon, such as single nucleotide polymorphisni$RS and pyrosequencing will herald
a new era for wildlife forensics. They will complent existing technologies enabling
rapid discovery of molecular markers and screenofg wildlife seizures. DNA

technologies will be an increasingly important taolinternational efforts to fight the

burgeoning illegal wildlife trade.
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Chapter 1 — General Introduction

Picture: The study species — Australasian snakkedeturtleChelodina rugosan its

natural habitat — an ephemeral freshwater swanmpical northern Australia. Photo by
Erika Alacs.



Chapter 1 — General Introduction

Chapter 1 — General Introduction

Wildlife crime and the utility of molecular technologies.

lllegal trade of wildlife is a growing and seriogtobal crime worth more than US$20
billion per year (Interpol 2007). Organised criminatworks that deal in illegal drugs and
arms have been linked to large scale smugglingabipes of wildlife. These operations
span many countries and jurisdictions (Cabkal. 2002; Warchol 2004). Australia is no
exception. Australian nationals have been involwedwildlife smuggling syndicates
spanning New Zealand, South Africa, South East ,A&m@mbabwe and the United States of
America (Australian Customs Service 2004b; 20008;78). lllegal commerce of wildlife
threatens the species targeted for trade, endabgmis/ersity and creates a biosecurity
risk for all countries involved. Exotic speciesroduced via illegal trade operations can
establish in the wild and become pests or spresehde to native wildlife and agricultural
species (Normile 2004; Pederseinal. 2007; Reed 2005; Smitt al. 2006; Weigleet al.
2005). Detecting wildlife smuggling operations tlae covert in nature and providing
evidence that can be used to prosecute the peigrstrare the greatest challenges to
curbing the burgeoning global illegal trade of Wil

Molecular technologies are ideal for the provisadrevidence for wildlife crime (defined
here and throughout as crimes that involve, orcamamitted against, wildlife) because
they can be used on highly degraded and processélifevproducts to address a wide
variety of forensic questions (such as the iderg#tion of seizures to species, sex,
population, and individual levels) and are gengraticepted as evidence for human crime
by the forensic community (Bollongiret al.2003; Dawnayet al. 2008; Guptaet al. 2005;
Lorenzini 2005; Ogden 2008; Palsba@t al. 2006; Roman and Bowen 2000). While
molecular technologies have been used routinelgesir®85 for human crime (Gt al.
1985; Jeffreyset al. 1985a; 1985b) their application to provide evidefar wildlife crime

is still in its infancy. A short supply of moleculmarkers that are suitable for wildlife has
limited their use for forensics to date. Molecutaarkers usually need to be developed
specifically for each species of forensic interast this can be an expensive and time
consuming process. Complications often arise indéneelopment of forensic systems for
wildlife because of the sheer numbers of wildlifgesies. Each species has different
mating systems, ecology, demography and evolutjorfastories that influence the
efficacy of DNA technologies for forensic applicati
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In developing DNA-based systems to provide eviddocevildlife crime, researchers also
need to consider the provisions for accepting $ifierdata and theory as evidence that
were defined by the landmark case of Daubert v M&ew Pharmaceuticals US 570
(1993). In this case it was stated that evidencstine based on the scientific method and
should be: (i) empirically tested, in that the theor techniqgue must be falsifiable,
refutable and testable; (ii) subjected to peerexenvand publication; (iii) known or potential
error is quantifiable; and (iv) the theory or teicjue is generally accepted by the relevant

scientific community.

Merging the disciplines of phylogenetics, phylogeogphy and population genetics
into the field of wildlife DNA forensics.

Molecular technologies for the study of wildlifegpdations have been well established in
the disciplines of phylogenetics, phylogeographyl gopulation genetics. Techniques
employed in these disciplines can be empiricalbiete and some efforts are underway to
quantify the errors associated with them when they adapted for use in a forensic
context (Bakeret al. 1996; Budowleet al. 2005; Cassidy and Gonzales 2005), thereby
meeting the provisions (i) and (iii) for acceptarase evidence. Mendelian genetics and
Darwinian evolution theory form the foundation fphylogenetic, phylogeography and
population genetic theories (Avise 2000; Avise aWdllenberg 1997; Bachmann 2001,
Nei and Kumar 2000). These theories are generattg@ed by the scientific community
and appear in highly reputable peer-reviewed sfienfournals, and thereby meet
provisions (ii) and (iv) for acceptance as evidendence, the theory and techniques from
the disciplines of phylogenetics, phylogeographg papulation genetics are highly suited

to provide evidence for wildlife crime.

In order to identify wildlife seizures to their spes, region and population of origin, an
understanding of the species boundaries and pattdrintra-specific and inter-specific
diversity are required. Phylogenetic, phylogeograpand population genetic studies
provide this baseline genetic information to fotme foundation for forensic applications.
Furthermore, the molecular markers used in thesbest can be adapted for use in forensic
identification systems of wildlife and thus greathduce developmental costs. Therefore,

it makes sense to merge principles, theory andniguks from the disciplines of
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phylogenetics, phylogeography and population gesanhto wildlife DNA forensics, an
emergent field that uses DNA technologies to prewadidence for wildlife crime.

The study species €helodina rugosa.

This project is part of a larger research prograrfunded by the Australian Federal Police
(AFP) in partnership with the University of Canlzer(UC) to develop DNA-based
identification systems for Australian wildlife. Tée PhD projects have been funded to
cover major taxonomic groups including reptilesgtstudy), birds (current PhD study of
Jo Lee) and marsupials (current PhD study of Ligison-Wilde). The freshwater
Australasian snake-necked turtiéhelodina rugosawas chosen as the study species
because a commercial trade has been establisiddrnimgrida (Arnhem Land, Northern
Territory) to supply hatchlings to the pet shopusidy (Figure 1.1). The commercial
enterprise was established in 2003 by the Bawinagariginal Corporation (BAC) to
provide jobs for the local community that are cotiiga with their cultural values. To
monitor trade ofC. rugosaand protect the BAC industry it is important tl@at rugosa
from this industry can be distinguished from thdisat are illegally collected from the

wild.

It should be noted that there is some confusioh vagard to the designation of the study
species aL£. rugosa(Ogilby 1890). A recent study of Thomson (2000) rfduthat the
holotype ofC. oblonga(Gray 1841) was actually a specimenGofrugosa(Ogilby 1890).
Because Gray was the first to describe the fordBihl the name€. oblongastrictly takes
precedence. However, since 1967 our study speaedden erroneously but consistently
referred to a£. rugosa To avoid confusion and because an applicatiorbkas made to
preserve the current usage of the naerugosato the International Commission of
Zoological Nomenclature (ICZN) (Thomson 2006), tfaene of Chelodina rugosas used
for my study species throughout this thesis

Chelodina rugosa(Pleurodira: Chelidae) is a member of snake-nedketles in the
Australasian genuShelodinacharacterised by exceptionally long necks that lewsdved
independently of the long-necke&dhelus and Hydromedusaturtles of South America
(Georgeset al. 1998). The long neck confers benefit in the strékal capture of fast
moving prey (Georges and Thomson 20@)rugosais widely distributed in the wet-dry

tropics of northern Australia extending from thectria River in the West to Princess
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Figure 1.1 Distribution of the Australasian snake-neckedtléuChelodina rugosa
(shaded) mapped onto the major river drainage basinAustralia and New Guinea.
Maningrida is the township situated on the Blythd€laRiver (Arnhem Land, Northern

Territory) where a commercial industry@ rugosais established.



Charlotte Bay in the East. rugosais also found in New Guinea from Merauke in West
Papua (formerly Irian Jaya) to Balimo in Papua N&wnea where it was formerly known
as C. siebenrocki(Rhodin and Mittermeier 1977). Throughout its rar@. rugosais
locally abundant and attains high densities inhneter ephemeral swamps, creeks and
rivers (Cann 1998).The ecology Ghelodina rugoséhas been extensively studied in the
floodplains of the Darwin region (Kennett 1996; 29%Kennett and Christian 1994;
Kennettet al. 1993a; Kennetet al. 1993b; Kennett and Tory 1996) and Arnhem Land
(Fordhamet al. 2006a; Fordharet al. 2006b; Fordhanet al. 2007a; 2008; Fordhaset al.
2007D).

Thesis aims and structure

There are two parallel and overarching aims of thesis. They are to (i) investigate the
phylogeny and phylogeography Ghelodina rugosawith particular attention to issues of
taxonomic and conservation importance for rugosa and (i) demonstrate that the
techniques, theory and methods in the disciplirfeghglogenetics, phylogeography and
population genetics can be adapted to provide acldor wildlife crime. Merging of
these disciplines into the field of wildlife DNA rfiensics will provide the baseline genetic
data required for forensic applications, reduceralecosts in the development of
molecular markers for wildlife, and provide datattimeet the provisions to be accepted as
evidence for prosecutions. A set of specific oliyest are introduced in the following

outline of thesis structure.

In Chapter 2, | present a broad overview of geristiges in the conservation of freshwater
turtles and tortoises. The objective is to identfytical areas where genetic data and
concepts can be used for the conservation of frewwturtles and tortoises. The
techniques and concepts introduced in this chdpter a basis for later chapters directed

specifically atC. rugosa This chapter appeared in Chelonian Research Maphbg.

In Chapter 3, | examine the extent of illegal tradevildlife in Australia with a focus on
wildlife that is imported into, or exported out oAustralia. Data from wildlife cases
prosecuted by the Australian Customs Service fer pleriod of 1994 to 2007 were
analysed. The objectives were to (i) assess whellegal trade of wildlife is on the
increase, (ii) identify which taxa are targeted ti@de, (iii) examine whether the penalties

for convictions are an effective deterrent to cnais and, (iv) suggest future directions of



services to detect and provide evidence for witddifime in Australia. This chapter is soon
to appear in print in Australian Journal of ForerfSciences.

In Chapter 4, | describe and critically evaluatdanolar technologies to provide evidence
for wildlife crime. The objective is to assess tmvantages and disadvantages of each
molecular approach to provide evidence for wildidiegme. The importance of baseline
genetic data for forensic applications is emphdsiSenis chapter is destined to be
submitted to Forensic Science International, sulieamendment during the examination

process for this thesis.

In Chapter 5, | present the results of a studystaie and characterize microsatellite
markers forC. rugosa These microsatellite markers are tested for thaility in
population genetic and hybridisation studies @rrugosaand eight other species in the
genus Chelodina Informative microsatellite markers are used iterdachapters for a
population genetic study @. rugosa(chapter 7) and to detect inter-species hybrigatio
and introgression betwedd. rugosaand its sympatric species (chapters 6 and 8). This

chapter is soon to appear in Molecular Ecology Bess.

In Chapter 6, | re-assess the phylogeograph®.afigosa relevant taxonomic issues, and
inter-species hybridisation. The objectives ar@)talarify whetherC. siebenrockof New
Guinea should be regarded as a distinct or the dawen asC. rugosa (ii) identify
phylogeographic breaks f&. rugosaand describe the historical vicariance events that
may have shaped their current genetic diversiiy,c{arify whether the Kimberley form of
Western AustraliaChelodina spp. (Kimberleyhould be regarded as a distinct or the same
taxon asC. burrungandijij (iv) examine the extent of hybridisation and agiression ofC.
rugosawith its sympatric specie§. burrungandjii andC. canni This chapter has not yet
been prepared for publication.

In Chapter 7, | present a genetic perspective erstistainability of commercial harvesting
of C. rugosain the Blyth-Cadel River in the vicinity of Maninda (Arnhem Land,

Northern Territory). The objectives were to (i) kxae the impacts, if any, of traditional
harvesting on the retention of genetic diversitypapulations, (i) examine the population

genetic structure ofC. rugosa in the Blyth-Cadel River basin, and (iii) provide



recommendations to achieve sustainable commerarakhkting ofC. rugosa.This chapter
has not yet been prepared for publication.

In Chapter 8, | outline how the techniques, theamyd data from phylogenetic,
phylogeography and population genetic studie€.ofugosacan be adapted to develop an
identification system to provide evidence for wifielicrime. Genetic data are drawn from
Chapter 6 (phylogeography), Chapter 7 (populatienegics), and used with additional
data (phylogenetics) with the objective of deveahgpa system to identify specimens@f
rugosato species, regional and population levels. Taicededundancy, methods that are
covered in previous chapters are not elaboratethigr chapter. However, for ease of
reading the figures and tables from previous chiapteat clearly illustrate the main

findings are replicated. This chapter has not getnbprepared for publication.

Chapter 9 is my final synopsis that draws on eddhe previous chapters and highlights
their contributions to advances in science. Emxgithew developments on the horizon for
wildlife DNA forensics are discussed as well adrthele in international efforts to curb

the growing illegal trade of wildlife.

This thesis has been written as a series of papsrsutlined above, Chapters 2, 3, and 5
have been accepted for publication by peer-revieyoednals. These chapters appear
exactly as they have been submitted except focithéion style that has been altered for
consistency in the thesis. Chapters 4, 6, 7, aaue 8inpublished but have been prepared to
require minimal re-working to be suitable for subsion. To reduce repetition in the thesis
for the unpublished chapters, redundant informalias been removed wherever possible
by reference to the appropriate chapters. Figuags been replicated if they improved the
overall readability of these chapters. The reseaamy own, but as with any rigorous
investigation, | have benefited from the invaluabttributions of my colleagues. My
supervisors Arthur Georges, Nancy FitzSimmons amde$ Robertson were instrumental
in the development of ideas, technical aspectsatd dollection, data analysis and writing
up of results. Mia Hillyer provided assistance e tdevelopment and characterisation of
microsatellite markers fo€. rugosa Damien Fordham provided most of the genetic
samples for the population genetic study of Cha@teContributions of several other

colleagues were sufficient to warrant their co-amhip on papers. Co-authors are listed



under the title for each chapter in the referemcthé publication. Others that contributed
are listed in the acknowledgements.
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Picture: A Malayan snail eating turti®élayemys subtrijugefor sale in a popular pet

market in Jarkarta, IndonesM. subtrijugais a CITES Appendix Il listed species and is
threatened by the illegal pet trade. Photo by EAlles.
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Chapter 2 - Genetic issues in freshwater turtle antbrtoise conservation.

This chapter has been published as: Alacs, E.ahseh, F. J., and Scribner, K. T. (2007).
Genetic Issues in Freshwater Turtle and TortoisesE€xation.Chelonian Research
Monographs4, 107-123.

Abstract

Freshwater and terrestrial turtles are among thst maperilled biota on the planet, with
over half of all extant taxa threatened with eximt. Active science-based management
is required for the persistence of many speciegoluionary genetic principles are often
overlooked in the development of conservation arahagement plans, yet genetic data
and theory can be critical to program success. €waton biologists are encouraged to
consider using genetic data and concepts when a@ngl conservation strategies for
turtles. We identify general areas where genetincpples and empirical data can be
profitably used in conservation planning and prevampirical examples from the turtle
literature. Finally, we suggest important areasfditure research in chelonian conservation
genetics.

Introduction

Turtles and tortoises are threatened globally. rApinately 63% (129 taxa) of 205 extant
taxa are regarded as vulnerable or endangered,mamy face extinction if effective
conservation measures are not implemented. Widadmteclines in numerical abundance
and distribution documented in recent decades baem caused by habitat destruction,
pollution, and overexploitation for trade in meagts, and traditional medicines (Gibbons
et al, 2000; Moll and Moll, 2004; van Dijk, 2000). Thember and intensity of pressures
continue to mount, with climate change looming asew threat, particularly for species
with temperature-dependent sex determination (BA&06; Milleret al, 2004; Nelsoret
al., 2002; Davenport, 1997; Janzen, 1994). Removahwlioration of immediate threats
does not necessarily ensure the persistence ohgedal taxa or populations. Remnant
populations are more often than not, small and Ihighagmented, attributes that
exacerbate their vulnerability to extinction frortochastic events and loss of genetic
diversity (Lande, 1998; Hager, 1998).

10
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Genetic diversity represents the raw material tcilifate adaptation to changing
environmental conditions through natural selectidence, loss of genetic diversity can
result in the loss of adaptive potential. Globalimnmental change is occurring at a rate
unseen in the history of our planet (Hare and Mensen, 2006; Lenton, 2006; i al,
2006). If chelonian species are to adapt and perstbe face of future changes, they will
likely require active human intervention. Maintaigirequired levels of genetic diversity is

only possible through conservation planning.

Knowledge of genetics is increasingly recognizedaasritical element of conservation
biology (Moritz, 1994; Soltis and Gitzendanner, 2pMolecular techniques and methods
of statistical analysis derived from evolutionangary can be used to estimate how genetic
diversity is apportioned spatially, how rapidly ersity will be lost over time, to identify
crucial forces (anthropogenic or otherwise) conitity to present and future loss of
diversity, to gain insight into fundamental aspeaftan organism’s biology, and to provide
informed guidance for conservation and managemnmdati{z, 1999; Reed and Frankham,
2003; DeYoung and Honeycutt, 2005; Whiteétyal, 2006). Despite the clear importance
of genetics as a foundation for understanding dutbiology and directing turtle
conservation actions, there is a paucity of tugdaetic studies relative to many other taxa.

We describe how population genetic theory and deaa contribute to greater
understanding of turtle biology and how this knadge can be applied to achieve
conservation objectives. We address eight majoetyemssues that we believe are most
relevant to turtle conservation -- 1) genetic dstgrand potential for future adaptation; 2)
genetic drift; 3) inbreeding and outbreeding; 4¢sion; 5) gene flow and identification of
management units; 6) clarifying taxonomy; 7) elatinlg aspects of species’ behavior and
ecology; and 8) forensics. We provide a glossarytesins that are widely used in
population genetics but may not be well known tdmists interested in turtles. Boxes are

also included to emphasize several important cdsa#ipcussed in the text.

We have written the text to be accessible to thespecialist. We have minimized the use
of technical terms. Background theory and concapsieveloped and empirical examples
are presented to show relevance in areas of totiservation. We conclude by suggesting
future priorities and directions. We advocate tee af genetics as only one component of

a comprehensive conservation toolkit. Genetic mpoies and data should be

11
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complemented with biological, ecological, zoogepbia, socio-economic and other
relevant data in order to better direct decisioegarding chelonian conservation and

management.

1) Genetic diversity and adaptive potential

Genetic diversity is a fundamental component & &h earth. Without it, there can be no
evolution, no diversification, and thus, little no biodiversity at any level of biological
organization. In a contemporary sense, without gendiversity populations cannot
respond to biological or environmental changesudhonatural selection, be those changes
natural or anthropogenic in origin (Frankham, 199%aankham, 2005; Amos and
Balmford, 2001).

The phenotypeof an organism (its observable properties) isrdateed by the individual's

genotypic composition, the expression of which i®dified by the environment.

Adaptation occurs when the phenotypic compositiba population shifts in response to
environmental change. The new generation will pesfgally represent the genetic
composition of parents best able to cope with charigrough their ability to survive and
leave offspring. The resulting shift in genetic qmsition of the population reflects
adaptation byatural selection (Orr, 2005). In the lifetime of an individual, pEmses to

environmental change occur viphenotypic plasticity (non-heritable changes in
phenotype such as faster growth when conditionsaairable). However, the capacity of
an individual to be plastic also has a genetic hadariation is required at the level of
genescoding for traits (Bradshaw, 2006; Via, 1993). $hphenotypic plasticity is itself an

evolved trait. .

The rate of adaptivenicroevolution is roughly proportional to thadditive genetic

variance. Loss of genetic diversity is a fundamental concer conservation biology
because a populations’ ability to evolutionary ddep changing conditions is reduced
when additive genetic variation is depleted (Amod Balmford, 2001; Frankham, 2005).
Given current rates of environmental change, tteptee potential of populations will be

critically linked to their probability of long-termpersistence.

Levels of genetic diversity can be assayed by measwariances and covariances in
phenotypic traits among individuals. The field qtiantitative genetics apportions

12
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variation in phenotypic traits resulting from comyplinteractions between heritable genetic
and environmental sources of variatidQuantitative trait loci (QTL) are the most
relevant target of genetic studies of phenotypiaptation (Falconer and MacKay, 1996;
Lynch and Walsh, 1998; Barton and Keightley, 2002pwever, quantitative genetic
studies are difficult to conduct. Established peskg and/or large sample sizes are
required to disentangle the effects of environmamd genotype on quantitative traits
(Barton and Keightley, 2002; Falconer and MacKe&896, Kirkpatrick and Meyer, 2004;
Lynch and Walsh, 1998). It is often impossible twain large sample sizes from small
wild populations, and establishing pedigrees idialit and time-consuming. Small
population sizes, long generation times, secratiaéing habits, and the potential for long
term sperm storage by females render turtles diffisubjects for quantitative genetic

studies.

Genetic studies that emplogeutral genetic markers are easier to conduct than
quantitative genetic analyses. These two approatiffes because variation at neutral loci
is presumably not subject to natural selection,doyerned primarily by driftmutation
and migration (Holdereggeet al, 2006; Merila and Crnokrak, 2001). The adaptive
potential of populations has frequently been im@rfrom population characteristics
identified using neutral genetic markers, under assumption that neutral and adaptive
variations are positively correlated. Some empirgtadies suggest that neutral markers
can be predictive of variation at quantitative ttrimci (Merila and Crnokrak, 2001),
whereas other studies found no significant con@ta{Reed and Frankham, 2001). The
degree of correlation between the two measuresspétgs variation will depend on the
force of selection pressures on quantitative trditaits under the strongest local selection
are expected to exhibit the greatest divergenaea freutral variation. Traits that are not
under selection will be largely shaped by the sameroevolutionary forces as neutral
regions (McKay and Latta, 2002). Neutral markees¢fore must be evaluated carefully to
infer adaptive variation. New emerging moleculachteologies such agenomewide
scans will aid in development of measures of adaptariation because these techniques
can detect loci under selection in the absencebr knowledge of gene function (Kohn
et al, 2006; Storz, 2005; Schlotterer, 2003; Luikeirtal, 2003; Nielsen, 2005; see also
McGaughet al, 2007).

13
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An on-going debate in conservation biology concdhesrelative importance of adaptive
versus neutral genetic variation when weighing eoration options (McKay and Latta,
2002; Merila and Crnokrak, 2001; Holdereg@geral, 2006).Heritability measured for
QTLs andheterozygosity (a measure of variation assayed using neutral culae or
biochemical markers) may both be related to curqgopulation fitness (Reed and
Frankham, 2003). Thus, neutral genetic variatiot t@ait heritability may both be useful
as surrogates of population fitness and may be usegbrioritise populations for
conservation. The value of each approach for ceaien and management of chelonians

will be highlighted by brief discussion of two pighled examples.

Janzen (1992) estimated theritability of pivotal temperature ¢f) determining sex (i.e.,
the incubation temperature that produces a 1:1rag®) for common snapping turtles
(Chelydra serpentina A standard quantitative genetic breeding desugis not possible
becauseC. serpentinatakes around 10 years or more to reach reproduchaturity
(Iversonet al, 1997). Instead, eggs from 15 clutches were inegbaear the J, for the
population, such that the among-clutch variation sex ratio could be interpreted
statistically as quantitative genetic variation.ddn controlled conditions, heritability of
Tev Was estimated as 0.76 (possible range of 0 tot D8AC, suggesting substantial
quantitative genetic variation for sex ratio. kture, the temperatures of turtle nests may
be influenced by the environmental conditions om &inea of the nest (e.g. soil moisture,
canopy cover, aspect etc.). When accounting faattans in the temperature of nests in a
natural population ofC. serpentinathe effective heritability of T, reduced to 0.05,
implying that genetic factors have a minimal effemh sex ratios compared to

environmental factors.

Anthropogenic habitat alterations to nest thermavironments can greatly influence
offspring ratios in turtles with temperature-depemd sex determination. Active
management may be required to maintain equitablerateos for populations nesting in

thermally-altered habitats.

Molecular and/or biochemical genetic markers caso glrovide estimates of levels of
genetic diversity. Beheregarat al. (2003) used two different neutral genetic markers
(nuclearmicrosatellites and mitochondrial DNAMtDNA) to estimate levels of genetic

variability within and among four island populatonf Galapagos tortoise&€ochelone
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nigra). Use of markers with different rates of mutattomew alleles facilitates estimation
of the relative importance of contemporary vs. dristl factors on population levels of
genetic diversity. Microsatellites, with their fastrates of mutation, will illuminate the
more contemporary situation compared to mitoch@hdDNA (Avise et al, 1992).
Analyses of sequence variation in the mtDNA contrebgion revealed long-term
evolutionary divergencamongpopulations on the four islands that was concdrdatin

the geographic history of the region. Interestinglyr the island of Pinzén, there was
evidence of historical population growth and retemtof high levels of diversity
(estimated from 10 microsatellite loeiithin the population despite the populations’ near
extinction in the 1920s from predation by the idtroed black rat. Survivors of the island
population had maintained higher levels of gengitrersity than expected from population
genetic theory. Hence, conservation efforts fors¢h&alapagos tortoises may be best
directed at retaining the relatively high existiggnetic variability in two populations
(Pinzon and La Caseta), and intensively managinmgdace further loss in two genetically
depauperate populations (San Cristobal and Certal)F&enetic studies as described

above can be used to assess the merits of aliematinagement actions.

2) Genetic drift

Genetic drift arises from chance fluctuationsaltele frequencies from one generation to
the next. Even if individuals mate randomly withpopulations, changes iallele
frequency will occur each generation. Due to chance alooéafi alleles will be present
in the next generation, because not all individwalssuccessfully reproduce. Genetic drift
is often described as a ‘sampling effect’ in whictividuals produced in each generation
represents a sample of the alleles in the ancegéna¢ poolof previous generations.
Genetic drift is greater in smaller relative togir populations (Neet al, 1975). For
example, assume on average 70% of a turtle popnladi at a reproductive age. Not all
sexually mature individuals will produce progeny &given year for a variety of reasons,
such as not finding a mate, poor nest site chgiaation of eggs, etc. Hence, effectively,
only a fraction of the population will contributeerggetically to the next generation and
represents theffective population size(see Box 1). If the effective population size is
small, then there is a greater chance that the gkgimwill diverge in allelic composition

from that of the overall gene pool. Thus the alfedguencies in the gene pool will drift.
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Box 1: Calculating effective population size
The effective population size is the number of widlials in an “ideal” populatio
having the same magnitude of random genetic driftloss of genetic diversity, o

increase in inbreeding as observed. Effective [abjon size is often less than the total

population size due to the fact that not all indals contribute equal numbers
progeny to the next generation. Effective popalasize can be estimated either usi
population genetic data or demographic parameters.

Ne estimated using demographic datdf the number adult males and females is
known, effective population size can be estimated a

Ne = 4NqNi/(Nm+Ny)

where N, and N are the number of breeding age males and femedeectively . This
equation defines the probability that 2 randomlgsted genes in the current generatiq
are copies of the same parental gene.

Ne estimated using empirical genetic dataPopulation allele frequencies change ove
time as a function of Nand elapsed time in generations (t). Over srima# intervals

(t<<2Ne), and assuming that changes in allele frequereylae to drift, the expected
variance in allele frequency [E(Fc)] is approxiniat§2Ne). Using adults for a species
which exhibits discrete non-overlapping generati®aples (1989) defined the

variance in allele frequency (Fc) between the 2@as) which can be estimated for each

locus as:

Fc= (%jzk (x5~ ¥)

S+ yi) 2= Xy
where xand y are the allele frequencies of tffedf k alleles for adults in time periods
and t+1, respectively. Thus, Fc can be used tmatt N. Fc (variance in population
allele frequency) must be estimated by Fc’ (varaimcsample allele frequency), which
is also affected by random sampling errors in camguwsample allele frequencies.
Effective population size can be estimated by ipoaating the variance in allele
frequency due to the finite population size (genétift) and due to variation as a
function of the finite number of samples used tingste allele frequencies.
t
Ne= oF -1/(2S) -1/(2S) +1/ N]

where $ and $are the number of individuals samples in generatiband t. We can
also estimate the effective number of breedersdfiettive population size) using
parent-offspring data (i.e., where t=1). This nemtan be adjusted to estimate
effective population size. For example, for anatlvas salmonids, Waples (1989) hag
shown that N~ gN, where N is the number of breeders and g is the generkgmagth
(or average age of breeders) in the adult brequpglation. With overlapping
generations (i.e., breeding adults of several &agses contributing progeny to the nex
generation), estimating expected genetic drift bem®more difficult. Nas defined
above based on the temporal method must be cadrbated on estimates of age-
specific fecundity and survival .

f
g

n

=

[
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If population numbers decline dramatically (i.¢¢ population experiencesoattleneck)

or sex ratios become heavily skewed, or varianceate or female reproductive success is
high, the effective population size (Ne) will be almand the probability that offspring
represent a random sample from the original ger¢ Wil be low. As a consequence of
low Ne, alleles will be lost, particularly thoseepent at low frequencies. When few alleles
are present in the gene pool, opportunitieshieterozygouscombinations of alleles at a
locus are reduced, and overall diversity will declingdhwmeach successive generation (see
Box 2 for more detail). The rate of loss of diversn a bottlenecked population depends
on several related factors, including populatiomesiseverity and duration of the
bottleneck, generation time, and gene flow (Allefdb®986; Richards and Leberg, 1995;
Newman and Pilson, 1997; Garza and Williamson, 28@Hrick and Miller, 1992).

Kuo and Janzen (2004) usedutral genetic markersto compare the genetic diversity of
a small, isolated population of imperilled ornatx lturtles Terrapene ornatpato that of a
large population located within the main range It species. Theory predicts that the
small population size of the isolated populationwdtl over time lead to reduced genetic
diversity due to the effects of genetic drift, tela to the large population. Genetic
diversity was assessed using 11 polymorphic, nual@arosatellite DNA loci for ~75
turtles from each population. Contrary to expeotaj measures of genetic diversity did
not differ between the two populations. Howevere gmall population had a genetic
signature that indicated a bottleneck in populatgre (that had occurred based on
theoretical expectations). Why was there no debéetdifference in levels of genetic
diversity between populations differing in currenumerical abundance despite a

bottleneck persisting for 100-200 years?

Ornate box turtles have a relatively long lifesplaring on average 22 years in the wild
(Metcalf and Metcalf, 1985). This longevity, longeregeration times, and overlapping
generations are life-history traits characteristicturtles that might retard the negative
effects of drift on population levels of geneticvelisity. The long duration of the
bottleneck spanning hundreds of years (and segerarations) may have also influenced
the retention of genetic diversity. Short, but seveottlenecks were found by Englaed
al. (2003) to have a greater impact on loss of alléhes bottlenecks of lower severity

occurring over several generations.
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Not all turtles have retained high levels of genéliversity after experiencing population
bottlenecks. Similar to the ornate box turtle, gopher tortoiseGopherus polyphemus
the south-eastern United States has suffered etk persisting for more than a century
due to habitat destruction of favored longleaf pimeests,Pinus palustrisand harvesting
of turtles for food. Populations were reduced nucadlly by up to 80% (Auffenberg and
Franz, 1982). Schwartz and Karl (2005) estimatedl¢eof genetic differentiation among
and diversity within of gopher tortoise populatioims Florida and Georgia using nine
microsatellite loci. Genetic divergence amongstyaions in both regions were high
(average pairwise dr of 0.37 = 0.17 and 0.14 £ 0.05 among Florida anebrGia
populations, respectively). Values of;Freater than 0.10 are considered to be high
(Wright, 1969) indicating restricted migration gene flow (see section 5 and glossary).
Populations which are reproductively isolated, &tample within highly fragmented

landscapes are more susceptible to loss of geveaiition due to drift.

Box 2: Predicting the loss of genetic diversity ipopulations from drift.

Expected loss of genetic diversity from the effedk drift, as measured by
heterozygosity, can be predicted based on the popnlsize. Population measures|of
heterozygosity can be measured as the proportiomdividuals heterozygous at |a
locus. The expected proportion of original hetggusity remaining after a generation
of drift is [1-1/2N]. If population size remain®mstant over many generations the
heterozygosity after t generations)(Elan be estimated as:

H; = (1-1/2NJH,
where H is the population heterozygosity in the presemuteation, and N is the adult
breeding population size.

Population size and stochastic changes in alledgugncy due to drift also have
demonstrable effects on other population measufegepetic diversity such as the
number of alleles per locus. Consider a diploiduk with n alleles present in
frequencies p P, Ps...... pn. The expected number of alleles remaining afteingle
generation (n’) of random mating by N adults is:

E(n) = n-zir‘:l(l— pi) 2N
The probability that an allele will be lost is anfition of the frequency of the allele |n
the population. Thus, alleles at greatest riskoe$ are those that are rare (Allendorf
1986).
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Founder effectshave been well documented, where newly establigpiopailations have
substantially reduced levels of genetic varianaapared to sources (Hedriek al, 2001,
Leberg, 1992). For example, only a small proporiddranimals in the captive breeding
programme of Galapagos tortoises (evaluated fanitbosatellite markers) contributed to
the repatriated population on the island of Espaftblilinkovitch et al, 2004). Variance
in adult contributions can be attributed to sevéaaltors, most likely acting in concert,
such as unequal access to mates, variance intfenihequal sex ratios, and differential
survivorship of offspring. Re-evaluation of the édeng adults to equalize contributions of
breeders will ensure that diversity is not compsedi in the supplemented island
population by the ‘'sampling effects’ (Ramiretzal, 2006; Sigg, 2006).

3) Inbreeding and outbreeding

Matings can occur between relatives, even if matiogurs at random and the population
size is large. Inbreeding can have severe gecetisequences. The probability of matings
between relatives will increase when populatione amall in size, particularly if
population size remains small over several ger@rstiand in the absence of behavioural
mechanisms to preclude inbreeding such as kin awmo& during mate selection. The
primary effect of inbreeding is to change genotyfpeguencies in favor of homozygous
genotypes (see Box 3). Inbreeding can also lead to decreddrdss {nbreeding
depression due to the expression dkleterious recessive allelethrough matings with
close relatives. Inbreeding depression and thedbhketerozygosity probably contribute to
many components of phenotype and fitness, includmegabolic efficiency, growth rate,
reproductive physiology, and disease resistancki(Gand Soule, 1986). The detrimental
effects of inbreeding in captive (Ralls and Balld983) and natural populations (Keller

and Waller, 2002) are widely accepted.

Population risk of extinction is related to popidatintrinsic rate of increase (Lande 1988).
Declines in reproductive output and survival (thesib components affecting population
growth) increase proportionally with levels of iebding (Falconer and MacKay, 1996).
There is a considerable literature from case ssudre captive populations (Lacy, 1997),
laboratory populations (Frankham, 1995b; Re¢dal, 2002), natural populations (e.g.
Frankham, 1997; Crnokrak and Roff, 1999; Keller aNdller, 2002), and from meta-

analyses (review in Frankham (2005) and populatiability simulations (Brooket al,
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2002) that document the negative impact of inbregdiepression and loss of genetic
diversity onto probabilities of population persrste.

Inbreeding can be a major concern in natural aptiveapopulations of turtles, particularly
if populations are small and there is little or exchange among populations. For many
populations, exchange of individuals and genes gnpapulations is becoming infrequent
or impossible due to habitat fragmentation and huchavelopment creating impenetrable
barriers to gene flow (see section 5). Isolatedufaijns of turtles are at high risk of loss
of genetic diversity through drift and inbreedir®nce adults of many species are long-
lived and have reproductive life spans extendingrdeng periods of time, there is the
potential that they could mate with their sons atalghters, even grandsons and
granddaughters, as adults. If there are no meahars prevent mating with close relatives
(i.e., kin recognition), inbreeding would accelerddss of genetic variability and could
result in expression of lethal recessive alleleslileg to lower probabilities of population
persistence. Levels of inbreeding will accrue iptaee populations with high probability,
so considerable attention has been devoted to rdesigcaptive breeding programs
(Ebenhard, 1995; Philippart, 1995; Miller and Hekyi1993; see also Syetlal, 2007).

Box 3: Estimating inbreeding in populations.

There are numerous definitions and ways to estimabreeding (reviewed ir
Templeton and Read 1996). At the population levddreeding (F) is a measure of
deviation from random mating (Hardy-Weinberg). &apon levels of inbreeding ca
be quantified empirically using molecular or bioctieal markers by estimating the
excess or deficiency of observed heterozygosity (elative to heterozygosity expected
if populations were mating at random (i.e., underrdy-Weinberg). For example
expected heterozygosity {Hor a locus with 2 alleles with frequencies p and (1-p)
would be 2pg. F can be estimated as:

(He- Ho) / He==>1 - (H/2pq)
Thus, if F is a measure of the proportional deviatf observed from expected
heterozygosity,,, observed heterozygosity can Ipeerd to diminish as

Ho=2pq (1-F)
and the frequency of homozygous and heterozygoustgees in the next generation ¢
estimated as:

=)

Genotypes _AA Aa aa
Hardy Weinberg frequencies ’p 2pq g
Frequencies with inbreeding 2 pgF 2pq(l-F) T+ pgF
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One way to avoid inbreeding is tmutbreed. The opposite of inbreeding depression is
outbreeding enhancement, which is often referreastoeterosisor hybrid vigor (Lerner,
1954). Individuals from different populations arat tikely to be homozygous for the same
recessive alleles. Thus, outbreeding among indalglfrom different populations (wild or
captive) can lead to masking of differatgleterious recessive allelegresent in different
populations. If offspring from outbred matings sedpsently contribute reproductively in
future generations, and if the deleterious recessileles are present in low frequency, then
these alleles are likely to be randomly lost frdme population after several generations
due to simpléMendelian segregationand genetic drift. The fitness of individuals ahe t
long-term viability of an outbred population can bigher than that of either parental

population due to the reduced frequency of thetsateus recessive alleles.

Box 4: Outbreeding depression causes a breakdowm co-adapted gene complexes.
Consider an outbreeding situation demonstratedyusio loci. One locus has two
alleles (A and a) and the second locus also haslieles (B and b). There are two
populations living in two different environments.

Popl X Pop2 1 gfogeny Progeny in later

generations
Locus 1 AA X aa Aa AA or Aa or aa
Locus 2 bb X BB Bb BB or Bb or bb

Individuals in population 1 have 2 locus genotypdgbb whereas individuals in
population 2 have genotypes aa/BB. If individdedsn both populations inter-breed,
offspring (F1 progeny) would all be Aa/Bb. The mixof new alleles within the
genetic background that has evolved within the rmmnents inhabited by population
and population 2 can lead to problems. In the §emeration, we may indeed see an
increase in population fitness. If alleles A andrB primarily dominant to alleles a and
b, then either AA or Aa genotypes or BB or Bb ggpes will still express the same
phenotype. The initial reductions in the freques@f homozygous recessive
genotypes through outbreeding may actually be laakf However, expectations are
that reductions in population fithess would be sedater generations, where through
Mendelian segregation, potentially maladaptive imattus genotypes (e.g., AA/BB,
aa/bb) are present in the population.

Outbreeding up to some threshold level (i.e., pesHaetween individuals from lineages of
divergent populations) would be expected to rasuilhcreased population mean fitness. If
such a simplistic perspective were indeed true,wmeersal conservation prescription for

turtle populations of conservation concern wouldtd@dvocate mating individuals from
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different populations. However, while inbreedingessentially a concept formulated on a
single locus basis, we need to consider outbreeidirige context of the entirgenome
Declines in fithness can be realized over a muchadeo spectrum of outbred mating

scenarios.

The phenomenon afutbreeding depressioncan be expressed in several ways. Under one
scenario, declines in fitness for hybrids or ousex genotypes can occur due to “genetic
swamping” of locally adaptive genes through geoevfbr directed matings from another
population that evolved under different ecolog®eiitings. We can consider two genotypes
AA and BB that evolved in environments 1 and 2peesively. AA has higher fitness in
environment 1 than the BB genotype. Converselyptyge BB has the higher fithess in
environment 2. Hybrid genotype AB is not well adaptto either environment. The
presence of inferior hybrid genotypes as a consemu®f gene flow and subsequent
reproduction will result in decreased populatidndss.

The second way in which outbreeding depression a@zsur is by the breakdown of
physiological or biochemical compatibilities betwegenes that have evolved in different
populations. Interactions among alleles at sevecalepistasi9 collectively affect fitness.
Organisms have evolved in the context of speciridrenments and have evolved suites of
genotypes across many genetic loci that are cotaddp each environment. If new alleles
are introduced via gene flow into the genetic bagkgd of the resident population, a loss
in fitness may result from physiological or biocheah incompatibilities introduced
through disruption of these co-adapted gene coreplégee Box 4). The fitness of the
entire population could be compromised becausereditprogeny are maladapted to either

parental environment.

Outbreeding depression and inbreeding depression amur simultaneously in a
population. Fluctuations in population size andegéow (either natural or directed) of
maladaptive alleles can result in inbreeding orbmeeding depression, respectively, in
natural populations, potentially reducing populatiitness. Ultimately, in the design of
breeding strategies, one must weigh the effectgpakntial past inbreeding in the
population (which may have purged some deleteraliedes) relative to the effects of
outbreeding on locally adaptive genotypic comborai For many species of turtles,

populations are numerically depressed, and in szages, the species is only represented in
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captive populations, potentially represented by fewdividuals originating from
geographically different locales, or even from elifint taxonomically recognized
subspecies oevolutionarily significant units. Decisions to breed across genetically and
ecologically differentiated groups must weigh theemtial detrimental consequences of

both inbreeding and outbreeding to probabilitiespdcies persistence.

4) Selection

Natural selection acts on the phenotypic composition of a populataitering it via the
differential survival and reproduction of individea (Lande and Arnold, 1983).
Phenotypes that are better adapted to their enmigon (i.e., individuals with greater
‘fitness’) will be preferentially transmitted to éhnext generation. When the characters
under selection have a genetic basis and are ialenatural selection may result in the
differential success of genotypes passing gametdatiire generations (Nielsen, 2005).
Selection can be decomposed into components, lygtakcohort born at the same time
and following changes in the phenotypic and/or gjeneharacteristics of this cohort
through each stage of the life cycle. Selection maoments includeviability selection
(differential survivorship),sexual selection(differential mating success), arfértility
selection(differential production of offspring).

Selection may be introduced by humans through enmental changes to biotic and
abiotic features. In captive populations, selectizay be intentional such as a deliberate
selection program designed to change some chastict&f the population. Selection can
also be an inadvertent side effect of sampling usbandry procedures, for instance, by
selecting a small segment of a population as breette produce the next generation.
Selecting individuals with specific characteristarsphenotypes may increase the intensity
of selection, and lead to loss of genetic variak@e.example, in captive colonies of the
Mallorcan midwife toad Alytes muletensismaintained as breeding stock for
reintroductions, allelic richness and heterozygolsdth declined in long-term captive bred
stocks compared to short-term stocks and wild amris (Kraaijeveld-Smigt al, 2006).
The consequences of selection may be a depregssitness-related traits (e.qg., fertility,
disease resistance, growth rate) such as thosarhatlated to survival and reproductive
success. Consequences of selection in captive ibge@dograms are most important in

situations where captive-reared individuals areastd back into their native environment

23



Chapter 2 — Genetic issues in freshwater turtletartdise conservation.

or when there is the possibility of breeding witlidnndividuals. Genetic monitoring of

captive breeding and reintroduction programs isartgnt to ensure that artificial selection
does not impede continued success. For turtledatalses, there is currently little or no
genetic monitoring of successful captive breeding @eintroduction programs (Ballou and
Lacy, 1995; see also Syedal, 2007).

Humans exert an ever-increasing influence on thextion and force of selection acting on
species. Average global atmospheric temperatures inareased by approximately 06
from pre-industrial times to the year 2000, a @ftehange much larger than that seen in
the past ten thousand years (Houghton, 2005). Ry ybar 2100, average global
atmospheric temperatures are projected to rise’Gyt@ 6C (Mann and Jones, 2003). To
put this predicted shift into perspective, this megof climate change is one third of that
seen in the last ice age that lasted a period pfoxpmately one hundred thousand years
(Houghton, 2005). Such dramatic climatic changdbexert strong selective pressure on
species to evolve. For instance, even moderategietype shifts (i.e., as little a8 for
the painted turtleChrysemys piclacan drastically skew sex ratios in reptiles with
temperature-dependent sex determination (Janz&4,).18kewed sex ratios can result in
smallereffective population sizeselevating risks of inbreeding and loss of divgrsia
drift. Behavioural modifications, such as nest-sifeoice and altered timing of the
initiation of nesting, may compensate for the dfeaf these local climatic shifts on sex
determination (Doodwgt al, 2006), although selection would also act on o#fsgrects. For
example, juvenile mortality may increase as turtkegperience prolonged higher
temperatures; reduced hatchling recruitment wasdoin Chrysemys pictaafter a
particularly long hot summer in 1988 (Janzen, 19&4Yyen these startling projections, can
turtles and tortoises evolve at a pace that isdreppugh to compensate for the negative

fitness consequences of global warming?

Theory predicts that the maximum rate of sustamablolution for a population, or
conversely, the maximum rate of environmental ckatitat can be tolerated, can be
inferred on the basis of the interactions of evohdry forces on quantitative genetic
variation (Lynch and Walsh, 1998). In the absenfcenmigration, the rate of phenotypic
evolution can become limited by the availabilityaofditive genetic variance If the rate of

environmental change is too high, selective pressyfe.g., impacting survival and/or
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fecundity) could exceed a population’s capacityassimilate new genetic variation via
mutation and maintain a positive growth rate, egpgdor organisms with long generation
times such as turtles. If so, the inevitable outeowould be extinction. If the rate of
environmental change is sufficiently slow, anchié amount of genetic variation relative to
environmental variation is sufficiently high, thegulation may be able to evolve very
rapidly in response to this change. Overall, thpabdities of turtles to respond to and
survive the impacts of environmental change suchlasal warming will depend on the
rate of climatic change (i.e., the intensity ofestion) and the degree of genetic variance
within each population for the key traits. In treed of global warming, maximizing the
adaptive genetic diversity at the population, laage, regional, and species scales is

paramount to the survival of turtles and tortoisethe 2£' century and beyond.

5) Gene flow and management units

Gene flow is defined as the movement of allelesnfrane population to another. Such
migration is an evolutionary force that counters #ffects of genetic drift and inbreeding
within each population. Gene flow among populatieneften summarized as the average
fraction of individuals in each population in eagéneration that has contributed genes
derived from another. Gene Flow can be measuredttirfrom field techniques of mark-
recapture and tracking individuals, and indireclly applying various mathematical
models of population structure to genetic data,(tlee island model vs stepping stone
model vs isolation-by-distance model).

There are several reasons to expect that direcsunes of movements may differ from
indirect measures of gene flow (Slatkin, 1985)stigene flow in the strict sense refers to
the transfer of genes from one population to amothkgration, as quantified by direct
observations, documents the physical presence ofindividual in more than one
population at two or more time periods. Direct aleagons provide no information about
the likelihood of breeding, and thus actual gepe/fper se. Further, inferences from direct
observations are only germane to those populatdrese observations were made. Gene
flow can occur over much broader areas and thedadigenetic-based estimates can

provide accurate measures from population to laagsscales.

Further, direct observations chronicle the exteéntmovements only over the period of
observation but provide no information regardingtdrical levels of dispersal. Genetic
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measures of gene flow report the cumulative effe€tgast and contemporary gene flow.
However, for many populations of conservation onagement concern, present levels of
gene flow are of special interest. If rates of goe and/or effective population size had
historically been high, then estimates of gene floay not reflect present conditions. For
example, high levels of gene flow and little popala genetic structuring (panmixis) were
documented for the geometric tortoidesémmobates geometriguPopulations ofP.
geometricusare severely fragmented, and the indirect measfrgene flow reflect the
historical high levels of connectivity rather théme current fragmented condition. In
contrast, direct and indirect methods for estingagene flow yielded similar results in the
freshwater turtleHydromedusa maximilianwith very restricted movements suggesting a

metapopulation structure within drainages (Soueial, 2002).

Understanding the use of terrestrial and aquatimtats by local breeding populations of
amphibians and reptiles is critical for conservaimd management (Semlitsch and Bodie,
2003). Freshwater turtles often require differeabitats to carry out all life-history
functions. Turtles often live and forage in tempyraetlands that are some distance from
permanent wetlands. They use upland habitats fwedie seasonally between wintering,
breeding, and foraging sites, for purposes of a&stn, feeding and hibernation, and
females use upland habitats to nest (Burke anddaiil995). For example, high levels of
gene flow in the estuarine diamondback terramaléclemys terrapipwithin estuaries are
most likely promoted by mating aggregations dutimg breeding season and high juvenile
dispersal (Hauswaldt and Glenn, 2005). These morntmneere not detected in long-term
mark recapture studies (Gibbomrs al, 2001) and may be important for inbreeding

avoidance and maximizing genetic diversity in esésa

Landscape connectivity, the degree to which larmiscieatures facilitate or impede
movements and gene flow between populations (T&glat, 1993), is an essential feature
of landscape structure because of effects on mavismemong populations, population
persistence, and probabilities of recolonizatioandiscape connectivity can be quantified
in a relative sense based on indices that chaiaettdre spatial dispersion of landscape
habitat types and account for the proportional @ouations of each landscape type to
landscape matrices between populations. The degfregenetic differentiation among
populations has been widely used in wildlife stadés a surrogate measure of dispersal

(Scribneret al, 2005). For example, Scribnet al. (1986) used proteimllozymes to
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estimate genetic relationships among populatiordidér turtles Trachemys scripjathat
were separated by different types of interveningitags. Based on estimates of inter-
population variance imallele frequency these authors presented compelling evidence for
higher rates of gene flow among populations froffecknt embayments along contiguous
lake shoreline relative to interspersed (but agaHjyi connected) riverine habitat.
Populations in small ponds separated by uplaneéderal habitat had the lowest rates of

gene flow compared to those in the other intervghiabitat types.

Management strategies for populations need to atdou the dispersal capabilities and
natural history of the species. Where panmixis mg;dine populations may be managed as
a single entity with a focus on maintenance of sigd habitat quality. In contrast, where
there is a high degree of structuring, each pojulatontributes to overall species
diversity. Managing these populations as separnaits is important to ensure diversity is
retained within each, and that overall speciesrdityeis not compromised from increased
gene flow and resultant genetic homogenization (@ely and Honeycutt, 2005; Moritz,
1994; Moritz, 1999). Mixing genetically differenteal populations can also cause
outbreeding depression (see section 3). Managecaenbe guided by the extent to which
populations have diverged, with issues of outbregdiepression and isolation being of
greatest concern among the most divergent unfisireel to as évolutionary significant
units” (Moritz 1994), in comparison to less divergentpptations referred to as

“management units.

Spinks and Shaffer (2005) defined management daitgshe vulnerable western pond
turtle Emys marmoratayvith analyses of 1372bp &§D4 andtRNA mitochondrial genes.
Populations in northern California and farther hostere genetically similar and formed a
single management unit, whereas drainages farthgh sxhibited more structuring. In
central and southern California, a large proportanintraspecific diversity could be
attributed to two populations. To retain diversitiiese two populations should be a

priority for conservation and managemeng&oimarmorata
Defining management units was a greater challengehie giant Amazon River turtle,

Podocnemis expansdhis species has an impressive dispersal capabilith females

known to traverse up to 400km between nesting lesadnd feeding areas (Von

27



Chapter 2 — Genetic issues in freshwater turtletartdise conservation.

Hildebrandet al, 1988). As predicted from theory, because of igp@rsal capabilities and
lack of barriers to dispersal, high levels of géloer were found within basins (Pearse
al., (2006a). Based on this mtDNA analysis, an elti@®n represents a management unit.
Lack of structuring in basins was confirmed forenimicrosatellite loci but these markers
also revealed recent reductions in population dizdensive harvesting has decimated
populations ofP. expansaand its continuation will result in loss of gewetiversity.
Given the harvesting pressures, the units of managewould be more appropriate at the
population level to ensure local nesting beachesat overexploited for eggs and mature
females of P. expansa.Conservation biologists thus need to consider lalkdtening
aspects from local to landscape scales when dgfumits for management in chelonians.

6) Clarifying taxonomy

Inadequately informed management plans and a lihkitewledge of biological richness
are often the result of misunderstanding taxonastatus and relationships among taxa. If
the units of evolutionary significance or taxononmwportance have not been identified
and prioritized for conservation, biological diviéysmay not be protected adequately.
Molecular methods are particularly amenable to lvesg taxonomic relationships and
identifying units for conservation, because they aacover diversity in taxa not apparent
from morphological analyses. Phylogenetics is ecipise that often uses genetic
information to delimit species boundaries and djeet lineages within species, and then
to estimate the evolutionary relationships amorgese units (Avise and Wollenberg,
1997; Davis and Nixon, 1992; Nei and Kumar, 200@ydonet al, 2007; Bickhanet al,
2007). We will illustrate how phylogenetics has titiuted to resolving taxonomic issues

in chelonians.

Taxonomy has traditionally used morphological chtms to delimit species where a
holotype is used as a reference specimen. However, theepsdg of some turtles to
hybridize with other species can result in diffices. For example, at least two "species” of
rare Chinese turtles were described from specimparghased from the Hong Kong animal
trade. Scientists were unable to find these animalke wild and began to question their
taxonomic validity. Allozyme andiitochondrial DNA analyses revealed that these "taxa"
were not representative of species but rather thege distinct morphological forms
resulting from hybridization events (Parhamet al, 2001). Hybridization and

introgression are fairly common in freshwater turtles (e.g., i(®p and Shaffer, 2005;
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Stuart and Parham, 2004; Georgesal, 2002). Neutral genetic markers may effectively
resolve these taxonomic issues and have advantagesnorphological traits as they are

less subject to plasticity and presumably selection

Phylogenetic studies can redefine taxonomies. Taxoes have been refuted or supported
by genetic evidence where phylogenetic criteria @wsed to delimit species and genera
(reviewed in Bickhanet al, 2007). Delimiting species on the basis of comthimmlecular
and morphological criteria is considered the begtr@ach for resolution of taxonomies
(Dayrat, 2005; Blaxter, 2004; Sebeefj al, 2003). For turtles and tortoises, delimiting
species boundaries can be even more difficult Isscamterspecific hybridization
frequently occurs even amongst distantly relatexi tée.g. Georgeset al, 2002).
Phylogenetic methods can identify such instancdsybfidization and resolve taxonomies
to define groups constituting genera or speciete¢Sand Marshall, 2004; Templeton,
2001). For example, in a phylogenetic study of Geoemydidae, not all recognized
species appeared to be of the same evolutionaggdm This suggested misclassification
of several species (by some criteria), and instrafeinterspecific hybridization were
documented. Based on this genetic evidence, taxmnoevision of this group was
required (Spinket al, 2004).

Phylogenetic or phylogeographic studies can idgmif/ptic species. Cryptic species are
named because they comprise distinct genealoginahdes but in the absence of
molecular or behavioural evidence, lack distingmghmorphologic characteristics or
other diagnostic features to warrant recognitiors@ecies. For purposes of conservation,
cryptic species are important units of diversitydamay represent threatened taxa,
previously unknown to conservation biologists (Fet al, 2005; Walkeret al, 1998;
Georges and Adams, 1996; Georgésal, 1998). In Asian softshell turtles, two species
were formally recognised in thhitra genus:C. indicaandC. chitra Mitochondrial DNA
sequence data revealed three deeply divemgenophyletic groups in Chitra (Engstrom

et a., 2002). The third and previously unidentiffedm was subsequently named as a
distinct species G. vandijk) based on additional morphological data (McCordl an
Pritchard, 2002), and is a critically endangeredcsgs that warrants greater protection
(Engstromet al, 2002). As protection is often conferred to redngd ‘species’ or

‘subspecies’ in wildlife legislation, it is impena¢ that taxonomies are clearly defined for
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effective conservation (Soltis and Gitzendanner9919George and Mayden, 2005;
Bickhamet al, 2007).

7) Insights into species biology

Biologists have traditionally explored various adpeof the natural history of a species
through observation. Turtles are notoriously difficsubjects for some observational
studies, yet knowledge of many aspects of a spebiekgy is critical for successful
conservation effortsMolecular markers are providing new insights into turtle mating
systems, dispersal (sex-specific or otherwise)ufan connectivity, and fluctuations of
population sizes that can be difficult to ascerteam field and observation studies alone.

Female turtles have sperm storage structures imvlticts (Gist and Jones, 1989), and
captive females held in the absence of adult ma&s known to produce viable eggs for
as long as seven years (Ewing, 1943; Magnussorg)18tlecular marker studies have
revealed that freshwater turtles and tortoisesaitunal populations frequently use stored
sperm to fertilize eggs (e.g. Gist and Congdon8i%®arse and Avise, 2001; Roqets
al., 2004). Indeed, microsatellite DNA analyses haxgealed that somEhrysemys picta
will produce fully-fertile clutches of eggs in natuwithout re-mating for three years
(Pearseet al, 2002). However, lower hatching success and hatgimhass were found in
clutches fertilized from stored sperm in the Euspeond turtle Emys orbiculari,

suggesting deterioration of stored sperm for sopeeiss (Roquest al, 2006).

The vast body of literature documents a substafrégliency of multiple paternity in non-
marine turtles and tortoises (Moa@t al, 2006; Palmeet al, 1998; examples include
Galbraith, 1993), but there are exceptions. Lowdi@aces of multiple paternity (less than
10% of clutches) have been documented Eamys orbicularis resulting perhaps from
competition of viable stored sperm to fertilize sgdRoqueset al, 2006). This finding
contradicted observations of multigte orbicularismales mounting a single female during
the breeding season (Roveeb al, 1999). Mating systems may also differ between
populations of the same speciPedocnemis expansxhibits 100% multiple paternity in
some populations (Valenzuela, 2000) and only 1208 in others (Pearsa al, 2006b).
Molecular markers thus can shed light on matindgesys in turtles and tortoises that may

not be apparent from observation data.
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Reproductive success is critical to population igegace. Only recently, based on
applications of biochemical markers have turtlddgcsts been able to extend estimates of
annual recruitment to quantify reproductive conttibns of individual adult males and
females. Variance in reproductive success will tyeaffect Ne and generational rates of
loss of genetic diversity. Importantly, knowledgé phenotypic, demographic, and
geographical (e.g., habitat) variables that canlitdeed to reproductive success and to
inter-annual variation in recruitment will greatyd in the development of conservation
plans. Scribneet al. (1993) used allozymes to examine relationshipgden inter-annual
variation in reproductive success and juvenile cbhuoeasures of genetic diversity
Chrysemys pict#hat inhabits the E.S. George Reserve, a largegsud wetland complex
in southeastern Michigan, During years where femdies successfully reproduced,
offspring from these cohorts were characterizechigher inbreeding coefficients (F)
lower heterozygosity (H), and higher genetic catiehs among individual®9) compared
to cohorts recruited in years when greater propostiof females contributed progeny. For
conservation biologists, these findings emphasizat tfactors affecting inter-annual

variation in recruitment also can impact cohorelewf genetic diversity.

Ecological characteristics are not alone predictifdow genetic variation is apportioned
within and among populations. Closely related éurpecies may display substantial
variation in connectivity and structure that refl@aportant differences in natural history
among species. For example, Ronaral. (1999) found strong phylogenetic structuring
for the highly aquatic alligator snapping turtdgcrochelys temminchiacross basins in a
MtDNA control region analysis, suggesting limitecspeersal of turtles. In contrast,
Chelydra serpentindacked structure for allozyme and mtDNA, reflegtiits perhaps
greater ability to disperse over land and longadlises in water (Phillipst al, 1996). Each
species is different. The most informed consermatiecisions are formulated based on
knowledge of fundamental aspects of a speciesobiolderived from joint studies of

genetic structure and natural history.

Estimating the size of a population from mark-reaeganalyses can be difficult and time-
consuming, particularly for species that are difiticto capture or at low population

densities. Obtaining genetic samples can be ebsimuse individuals do not need to be
subsequently re-caught to obtain data for estirggiopulation size. Molecular data can be

used to estimate the effective population sizectwhs the size of the population that is
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actually reproducing, a parameter that may be mmaningful for conservation than the
census size. The effective population size (Ne) lmammonitored by assessing temporal
changes of allele frequencies in the populatiorikam et al, 1999; Richards and Leberg,
1995). Genetic techniques can also provide poitimates of the number of breeding
individuals in a population (Nb) from paternity (maternity) microsatellite data. Peaete
al. (2001) developed a technique for estimating ctumeproductive size of a population of
Chrysemys pictand provided additional information, such as thevement of breeding

individuals, which was not possible based on captoark-recapture studies alone.

8) Forensics

Trade in turtles has increased dramatically andoissidered to be the greatest threat to
their survival (Asian Turtle Working Group, 1999)urtle and tortoise trade can be
classified into three main categories: trade fomhno consumption, pet shop trade, and
traditional medicines (Turtle Conservation Fund02). Consumption of turtles is by far
the largest scale trade, and larger, more matuwiiduals tend to be targeted (Asian
Turtle Working Group, 1999). Due to their life-lasg characteristics (great longevity,
high juvenile mortality, and late onset of matuitthis type of trade probably has the
greatest negative impact on chelonian populatiédsssaf Turtle Working Group, 1999;
Smith, 1993; van Dijk, 2000). Exploitation of chelans for the pet shop trade favors
juveniles of unusual species and, as commodityegaare often driven by rarity, this can
rapidly contribute to the extinction of rare anddengered species (Ceballos and
Fitzgerald, 2004; Cheung and Dudgeon, 2006; Garabte Simons, 2004; Gongf al,
2006). Finally, large numbers of turtles are freglyeharvested primarily for their shells,
which are ground to a powder or jelly, and soldiferalleged positive effects on longevity
and virility in humans (Hsiebt al, 2006; Van Dijket al, 2000; Loet al, 2006).

DNA-based forensic methods can be used to moriewai trade by verifying taxonomy

and providing information on geographic origin eizures. Traditionally, morphological

characteristics were used for species identificatidbowever, often seizures include small
fragments of eggshells, carapace, cooked meatpwdgred turtle shell, where standard
diagnostic features are no longer discernible. kldbr methods are ideal for forensics
because they can be used on degraded or procgssshens, and can elucidate species,
and even regional or population origins (Randi, 0®here commercial industries are

established, genetic techniques may be the onlynsnbg which products derived from
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legal trade can be reliably distinguished from pwag activities. Further, genetic methods
have the resolution to ‘tag’ individuals and egsklbl paternities or maternities,
technologies that are particularly useful for monitg activities of licensed reptile
breeders. The application of molecular technigiseswildlife forensics is still in its
infancy. Approaches tend to be handled on a cgsmbe basis and standard protocols
have not been adopted. Currently only a few stuldae applied molecular techniques for

forensic issues in freshwater turtles and tortoises

Legitimacy of turtle meat trade in Florida and Leiaha were investigated by Roman and
Bowen (2000). Species composition was determirredh f36 turtle meat products
purported only to contaiMacrochelys The majority did not contaiMacrochelys,but
were predominantlZhelydra serpentinaas revealed by analyses of the control region and
cytochromeb genes of mtDNA (394bp and 256bp respectively).is Bhift in trade to a
species that is 50kg lighter in weight and les®ffed for its flavor is speculated to reflect
depletions oM. temminckiipopulations. With more catch effort required laywesters to
meet demand from these depleted populations, théemahifted to the more readily
availableChelydra In addition, softshell turtlesApalonespp.) were present in a small
proportion of the products. Impacts of this trdaéae not been investigated for any of
these species, although current harvest rates miagensustainable. Further research on
the effects of harvesting and continued genetic itoong of processed trade goods is

recommended to prevent overexploitation or to min@mts impact in these species.

Molecular methodologies have analysed species csitqpoin cooked meat, eggs (Moore
et al, 2003), and powdered turtle shell (Ebal, 2006). Preparations of turtle shell in the
Taiwanese market were analysed with mitochond&al lbosomal RNA and cytochrome
b sequences (Let al, 2006). Reassuringly, CITES (Convention on Inational Trade of
Endangered Species of Wild Fauna and Flora) lispeties were not present in turtle shell
and jelly preparations. Also in Taiwan, methodsehbeen developed for determining the
presence of a CITES listed endangered ti#ehuga tectain shell preparations (Hsiegt
al., 2006).

Identifying geographic origins or provenance ozgegs is required to repatriate animals to
their wild populations without disrupting existirggenetic structure or elevating risks of

outbreeding depression. Molecular techniques ¢sm lze used for assessing origins of
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individuals. In the case of the Indian Star ToafSeochelone elegahghe origins of 92
individuals seized from the Singapore airport wdetermined using mtDNA (control
region, cytochromd) and six microsatellites (Gawat al, 2006). The rescued group of
tortoises was found to be a mix of individuals frdifferent populations in southern India
and possibly Sri Lanka. Exact localities for mamyhe individuals could not be identified
because sampling was limited and not all diverséigt been characterized across the range
of G. elegansWith more extensive sampling, these methodologiéde able to identify
source populations of seized chelonians, enabliegntto be returned to their original
geographic location(s). Overall, these studieslilgghthe power of molecular methods to
monitor trade directly from a range of trade prddufor species identification and

provenance delineation.

The utility of genetics in forensics is hindered the limited markers available for
chelonians. With more markers becoming availabtenfrgenome sequencing projects,

such as that proposed f@hrysemys pictdrefer to http://www.reptilegenome.cornfor

more information), genetics will play an ever-irmsang role. New technologies, such as
single nucleotide polymorphisms (SNP) markers witlable analyses of samples from
more highly degraded samples, more rapidly and wgithater resolution for addressing
forensic issues. Advances in genetic technologmsaarker development will pave the
way for development of DNA registers for routine mitoring of trade activities. Such

inventories are urgently required if we are to asghe threats of overexploitation to turtles

and tortoises worldwide.

Concluding remarks

We have discussed important genetic issues thateceation biologists should consider
when planning and executing projects involving lest We have highlighted the

importance of genetic diversity for future adaptexlution and we outlined processes by
which diversity is lost. Anthropogenic effects caracerbate loss of genetic diversity
owing to increased habitat fragmentation and digmed population size. Genetic
approaches can be used to detect and monitor #ffests at various temporal and spatial

scales.

Understanding historical and contemporary evolargmprocesses, at scales ranging from

an individual to an entire landscape, provides afaller knowledge for development of
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short-term and long-term conservation plans. Caagien priorities can be identified and
program success can be monitored using moleculdhadelogies. Aspects of turtle
biology and mating systems that are exceedingfjcdif or impossible to ascertain from
field studies can be illuminated using genetic raesk Further, molecular methods are an
emerging crime investigation tool for monitoring ethturtle trade. Despite these
applications and the inherent importance of gertiersity to long-term viability of turtle
populations, there is a general paucity of suchegierstudies on freshwater turtles and

tortoises (reviewed in FitzSimmons and Hart, 2007)

Due to the lack of studies, there is a limited repee of molecular markers currently
available for turtle geneticists (Engstroet al, 2007). With the ongoing genomic
revolution, the number of available markers, theifiormation content, and range of
applications for chelonian conservation will grgaticrease. For example, new genomic
approaches offer exciting possibilities to investegwhether variation within specific gene
regions can be tied to phenotypic or other trditd aire tied to probabilities of survival or
reproductive success. Emerging technologies hokhtgpromise to link increasingly
assessable modern technology to fundamental prehieturtle biology and conservation.
Other technological advancements will enhance ieffty of DNA fingerprinting

technologies and enable high throughput analysesh @s SNPss{ngle nucleotide

polymorphisms) andmicroarrays (reviewed in McGauget al, 2007).

We conclude by listing what we perceive to be thtagcial future directions in turtle
conservation genetics:
1 Reconciling taxonomic uncertainties and identifmat of genetic
discontinuities at landscape and species levalglineage management units.
2 Predicting effects of landscape-level changes amdcamitant changes in
population demography and movement patterns onrappment of genetic
diversity within and among populations.
3 Monitoring trade and directing enforcement to pcoteverexploited turtle

populations.

Each issue is a global concern that potentiallyuarfces every turtle species. While
substantial progress has been made, the geograpbidaxonomic coverage has been

uneven and not necessarily focused on species eatagt concern (reviewed in
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FitzSimmons and Hart, 2007). Turtle geneticistsusthovork closely with biologists,
managers, local communities, and conservation arghons to bring state-of-the-art
technology and methods of statistical inferenceb&ar on pressing issues in turtle

conservation.

Glossary of genetic terms

Additive Genetic Variance- Genetic variance thaes from the additive effects of genes
on the phenotype.

Allele- Alternative forms of a gene at a givends®n a chromosome.

Allele Frequency- Also termed gene frequency. ptaportion of an allele (or gene) in a
population relative to other alleles (or genesjsaliocus.

Allelic Richness- The number of alleles in a p@piain corrected for sample size. Used as
a measure of genetic diversity.

Allozymes - Forms of an enzyme that differ in amand have different electrophoretic
mobilities.

Chromosome- A strand of DNA with associated pratdimat is visible as a rod-shaped
structure in cells that have been stained duridgdreision. Chromosomes contain the
heritable genetic information within the DNA.

Deleterious Recessive Alleles - The phenotypiea§ of recessive alleles are masked in
the phenotype of heterozygotes, and expressednmoiygotes. Deleterious alleles have
negative fitness effects on individuals.

Effective Population Size- The average numberrekding individuals in a population
which are assumed to contribute equally to the gereration.

Evolutionary Significant Unit - A population (oraup of populations) reproductively
isolated from other conspecific population units fong enough duration to display
genetic isolation, and is an important componemhéevolutionary legacy of the species.
Epistasis- The interaction between two nonallgéoes, such that one gene interferes with
the expression of the other at a different locus.

Fitness- The ability of an individual to produckspring in a given environment. In a
genetic sense; the relative reproductive succeaggehotype.

Founder Effects- The loss of genetic diversity wlzdenew colony is formed by a very
small number of individuals from a larger populatia form of genetic drift.

Gene- A basic unit of inheritance transmitted tigio the gametes from generation to

generation, occupying a specific locus on a chramesand with a specific function.

36



Chapter 2 — Genetic issues in freshwater turtletartdise conservation.

Gene Pool- All the genes available among repradeichembers of a population at a
given point in time.

Genotype- The genetic constitution of an indiaidu

Genome The entire complement of genetic matamia cell. In eukaryotes this refers to
the genetic material in a single set of chromosomes

Genetic Drift- Changes in allele frequencies opylations due to random sampling
effects because not all individuals (and their gg¢mell reproductively contribute to the
next generation.

Gene Flow- Movement of genes from one populat@ramnother by interbreeding or
migration.

Genotypic Frequency- The proportion of a genotiypine population relative to all other
genotypes.

Heritability- The proportion of phenotypic varidéity for a given trait that is genetically
based; expressed as the ratio of genetic variangleeanotypic variance.

Heterosis- Superiority or vigour of hybrid indivials compared to either parental stock.
Heterozygote- A diploid individual with differeatleles at a particular locus.
Homozygote- A diploid individual with identicall@les at a particular locus.

Holotype- The single specimen designated or itdttas the name-bearing type of a
nominal species or subspecies by the original autho

Hybridization- Crossbreeding of individuals of fdifent genetic composition, typically
belonging to different species or varieties to mwEhybrid offspring.

Inbreeding- Mating of related individuals.

Inbreeding Coefficients (F)- The probability tleat individual contains copies of the same
ancestral gene from both its parents because teagkated.

Inbreeding Depression- Reduction of fithess byreased homozygosity as a result of
inbred matings.

Introgression- The spread of genes from one spdoeanother via hybridization and
backcrossing.

Locus- The specific region on a chromosome whegere is located (plural = loci).
Management Units- Demographically independent eétgopulations identified to aid
short-term conservation management. Geneticallyerdent but not to the extent as
observed in evolutionary significant units.

Meiotic Drive- Preferential production of certagametes during meiosis (germ cell

production). This alters the expected Mendeliameggggion ratios in heterozygotes.
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Mendelian Segregation- Mendel's first law. Thengiple that the two different alleles of a
gene pair segregate from each other during meiesish resultant gamete has an equal
probability of obtaining either allele.

Metapopulation- A group of spatially separated yapons from the same species
connected by immigration and emigration.

Microevolution- Evolutionary events occurring oeeshorter period of time, such as the
changes in the gene pool of a population.

Microsatellites- Tandem repeat motifs of DNA sewee interspersed throughout the
eukaryotic genome in which the repeat unit is tghycfive or fewer bases in length.
Molecular marker- A genetic polymorphism with nipli alleles and a simple mode of
inheritance. Useful in pedigree studies, diseasdéiest, studies of the distribution of genes
in populations and linkage mapping.

Mutation- A change in a gene or chromosome.

Microarrays- A technique used to monitor gene eggion in which genes or gene
fragments are deposited typically on a glass,rfilbe silicon wafer in a predetermined
spatial order allowing them to be made availablprabes.

Migration- Movement of an individual or group fraone location to another.

mtDNA-  Mitochondrial DNA: The circular, doubléranded DNA of the mitochondria.
It typically has matrilineal inheritance, althougaternal leakage has been documented for
some taxa.

Monophyletic Group- A group comprised of a singlacestral species and all its
descendants. Also called a clade.

Natural Selection- A primary mechanism for evalatin which individuals best suited to
their environment have greater survival and repctde success, thereby transmitting
their advantageous genetic characteristics to sdatg generations.

Neutral Genetic Markers- Genetic markers presuynablt under the forces of natural
selection and often residing in non-coding genamgions.

Outbreeding- The breeding of genetically unrelatedistantly related individuals.
Outbreeding Depression- A reduction in the fitheds progeny from matings of
individuals from different populations, possiblyifin the breakdown of co-adapted gene
complexes or ‘swamping’ of locally adaptive genes.

Panmictic- Pertaining to a genetically unstruadur@ndomly mating population.
Phenotype- The observed properties of an orgamssualting from the interaction of its

genotype with the environment.
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Phenotypic Plasticity- The ability of an organisnplkenotype to change in response to
changes in the environment.

Population Bottleneck- An evolutionary event réisgl in a decrease in the size of a
population and subsequent loss of genetic diveviityhe effects of genetic drift.
Quantitative Genetics- The study of the genetisidaf traits showing continuous
variation.

Single Nucleotide Polymorphism- Variations in DNA&quence that occur when a single
nucleotide base (adenine, guanidine, cytosinéyyonine) is altered via a mutation event.
Vicariance- The splitting of closely related greugf taxa or biota by the formation of a

natural barrier.
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Picture: A perpetrator wearing a vest that is ausbilt for the purpose of smuggling
bird eggs past airport security. Photo by AusdralCustoms Service.
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Chapter 3 — Wildlife across our borders: a review bthe illegal trade in
Australia.

This chapter has been published as: Alacs, E. &, Georges A. (2008). Wildlife across
our borders: a review of the illegal trade in Aab&. Australian Journal of Forensic
Sciences40, 107-123.

Abstract

Australian flora and fauna are highly sought far thternational black market in wildlife —
the second largest illegal global commerce. WitAwstralia, trade in exotic wildlife
supplies avid hobbyists. Using data on wildlifezsegs by Australian Customs between
2000 and 2007 and case prosecutions from 1994 ©7,20e assessed the scale and
enforcement of wildlife crime in Australia. Mostizeres were minor; less than 1%
resulting in prosecution of the persons involved. d@ses prosecuted, 46% were for
attempted export and 34% for attempted import. iRepivere targeted most (43%), then
birds (26%), and native plants (11%). 70% of praseas was a fine only (maximum of
$30,000) consistently less than the black markdtievaf the seized goods. Prison
sentences increased from an average of 10 morghsgén 1994 and 2003) to 28 months
(between 2004 and 2007). Formation of the Ausmaldldlife Forensics Network and
ongoing support from the Australian Federal Polareresearch into improved options for
policing are exciting developments. Priority forfegtive regulation of legitimate
commercial trade and effective policing of illegedde is likely to increase in coming
years as trends toward greater globalization ofrnerae continue and restrictions on trade

relax.

Introduction

Australia has such a rich and unique biota thaikg gained international recognition as
one of the 25 biodiversity hotspots, particulamythe south west of Western Australia
(Myers, Mittermeieret al. 2000). These hotspot regions have been identifésegd on the
large number of species present and the high ptiopasf species that are found nowhere
else in the world (i.e. endemic species). Over 88Australian flora and fauna are
endemic and it is this very attribute that attraireslers of illegal wildlife worldwide.
lllegal trade of wildlife is a serious and growiagme and worth more than US $20 billion

dollars per year (Interpol 2007). Highly organisetiminal networks spanning several
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countries including Australia have been implicaiedlarge scale wildlife smuggling
operations. Such operations are often not onlylcmigh many animals dying in the
process, but also endanger wild populations becauseexploitation to supply the illicit
trade can rapidly cause extinction. Exotic spetied are smuggled into Australia also
pose a significant biosecurity risk because theymatentially establish themselves in the
wild and become pests. They can also carry seadssipes, and viruses which, if released,
to the environment would have devastating impaotsative fauna and flora, and on the

agricultural and aquaculture industries.

Despite the black market commerce in wildlife beofgconsiderable risk to Australia’s
unique biodiversity and to our industries, there ao recent studies describing the extent
of the illegal trade in Australia. Using data fréine Australian Customs Service of wildlife
prosecutions over the past 13 years, this reviescrdwes the extent of illegal trade of
wildlife in Australia with a focus on wildlife thats imported into or exported out of
Australia. Case prosecutions for illegal trade dtiife and wildlife products in Australia
are typically dealt with by Magistrates Courts ame not reported, so they do not reside on
any standard legal databases. Instead, we drewrdatahe wildlife prosecutions database
of Australian Customs Service for the period of48® 2007, and examined the records to
assess whether illegal trade operations are omtinease, which taxa are targeted, and the
types of penalties they incur. We also describe rteshnologies, such as DNA
technologies, that can be used to provide eviddocerosecutions of illegal trade of
wildlife. Finally we suggest future directions @rsices to detect and provide evidence for

wildlife crime in Australia.

Australian wildlife legislation

The Convention on International Trade of Endang&kd Fauna and Flora (CITES), to
which Australia is one of 172 signatories, was ldsthed in 1963 and aims to ensure that
international trade in wild specimens of plants ananals does not threaten their survival.
The CITES agreement provides a framework for smyieg to adhere to and to enforce the
treaty via their domestic legislation. Animals aplkdnts are listed in three appendices
accordingly to their vulnerability of extinctiondm overexploitation for trade. CITES
Appendix | listed species include those threatemw#hl extinction that can not be traded

except under exceptional circumstances. AppendigpBcies require trade controls to
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ensure their survival and Appendix Il species iretected in at least one country with
assistance required from other signatories to obtfteir trade.

In Australia, adherence to CITES is regulated undart 13A of the Commonwealth
Environmental Protection and Biodiversity ConseimatAct 1999 (EPBC Act). The Act
regulates the export of Australian native speadigdeSs identified as exempt), exports and
imports of all CITES listed species, and the impafrtive plants and animals that could
adversely affect native species or their habit@enalties for breaches of the EPBC Act
(1999) are fines up to AUS $110,000 for an indigdar $550,000 for a corporation, and
up to ten years imprisonment. In addition, persmay be convicted under State wildlife

protection and animal welfare legislation.

Penalties in Australia are more severe than thhenUS where the maximum penalty is
US$100,000 for an individual or US$200,000 for agamisation and up to one year
imprisonment for breaches dhe Endangered Species Act (19&)ntences are also more
severe than the UK which has a maximum of sevemsy@aprisonment and unlimited
fines for breaches of theustoms and Excise Management Act (194%) theControl of
Trade in Endangered Species (Enforcement) (AmertjliRegulations 2006COTES).

Legal wildlife trade across our borders

Not all international trade of wildlife in Australiis illegal. Large-scale commercial
operations have been established for import anadréxgd wildlife and wildlife products
internationally, though the export of live wildlife effectively prohibited. All commercial
operations must be approved by the Australian Gowent, specifically the Department of
Environment, Water, Heritage, and the Arts (DEWHR)ior to approval a comprehensive
wildlife trade management plan meeting the requinets of the EPBC Act (1999) must be
submitted; approvals may be granted for up to figars. To export wildlife specimens a
permit must be issued by DEWHA. The permit will ypride issued if the specimen is
sourced from an approved captive breeding, aquaeulartificial propagation, or wildlife
trade operation. Australia’s primary commercial dife exports are from commercial
fisheries, crocodile farms, native flora, and kangameat from approved harvesting
operations. A permit is also required to commelgiainport wildlife into Australia.
Species that are CITES 1l listed and are ranchettaovested from the wild must be

sourced from an approved commercial import progratowever, amendments to the

43



Chapter 3 — Wildlife across our borders: a reviéuhe illegal trade in Australia.

EPBC Act made in 2006EQvironment Protection and Biodiversity ConservatiAct
(amended) 2006kpecify that this condition is only required lietspecies appears on the
declared specimens list. This list is subject tange at any time as deemed appropriate by
the Minister for Environment. In addition, perméee also issued for imports and exports
of wildlife for non-commercial purposes such as fesearch, education, exhibition,
household pets and for personal use.

lllegal wildlife trade across our borders.

Attempted exports and imports of wildlife are uspaetected by the Australian Customs
Service at airports, in the mail system or througids on properties as a culmination of
investigations carried out by DEWHA or State wildlienforcement authorities. The

majority of wildlife specimens detected that arestoeed for sale in the black market

internationally or within Australia are seized InetAustralian Customs Service. Customs
is the principal agency managing and securing miegrity of Australian borders. They

work in close alliance with the Australian Fedepallice, the Australian Quarantine and
Inspection Service (AQIS), the Department of Imratgm and Citizenship and the

Department of Defence.

The total number of wildlife detections and seizaun@s increased considerably in the past
three years, with 7533 seizures in 2006 to 200mpaosed to 3902 in 2004 to 2005
(Figure 3.1). The majority of seizures of prohiditevildlife imports involve minor
breaches and mostly concern processed wildlife ymtsd purchased in international
markets. Persons involved in minor seizures are&jly not aware that the products they
are attempting to bring into the country are prabkith Major seizures are those in which
the persons involved are interviewed or where pnaosens are commenced. The
proportion of seizures considered to be major le@samed at less than 1% of total
detections (Figure 3.2) although there were comaldg more major seizures in 2001 and
2002. The increase in the total number of detestg&ince 2004 may be due to increased

baggage screening at Australian airports.
The number of prosecutions for illegal trade ofdhié varied from year to year, ranging

from 6 cases in 2005 to 14 cases in 2002 (Figle Bhe majority of prosecutions from
1994 to 2007 were for attempting to illegally expaative flora and fauna (46%).
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Figure 3.1 The total number of wildlife seizures reported @annual reports of the
Department of Environment, Water, Heritage andAnhs from 2002 to 2007 (DEWHA
2002 — 2007). Reported wildlife seizures includerapted imports and exports of plants,
animals and derived products.
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Figure 3.2 The number of major wildlife detections and sessuincluded attempted
imports and exports reported in annual reporthefAustralian Customs Service for 2000
to 2007 inclusive (Customs 2000 — 2007). A majodfrefers to an incident in which the

persons involved are interviewed or prosecutioescammenced.
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Figure 3.3 The number of prosecutions involving illegal imadion and exportation of
wildlife in Australia as reported by the Australi@ustoms Service in annual reports from
1994 to 2007 (Customs 1994 — 2007). Unknown rdf@rsases in which bird eggs were

seized and it could not be established whetherwesg from native or exotic bird species.
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Attempting to illegally import exotic fauna, florand wildlife products contributed to 34%
of prosecutions, while for the remaining 20% ofesathere was no information available
as to whether the specimens seized were nativexaiicespecies (Australian Customs
Service 2008c). These ‘unknown’ cases were predamtiy seizures of bird eggs where

species can be very difficult to identify.

Organised Crime and Wildlife Trade in Australia.

Organised criminal networks conducting large sdégal wildlife smuggling operations
spanning several countries have been detectedstralia. In the most recent case of June
2006, a package containing 25 kg of a powder dérixem CITES Il listed seahorses was
seized in New Zealand. Investigations by Austral@astoms Service and the New
Zealand Wildlife Enforcement Group revealed that $kahorse powder had been illegally
imported into Australia from China, and then illbgaxported to New Zealand for sale in
conventional medicine outlets (Australian Custorasvi8e 2006a). In September 2004 an
international wildlife smuggling syndicate dealing reptiles and birds from Australia,
South Africa and South East Asia was disrupted wiagts were conducted on five rural
properties in Queensland, Western Australia, Newtls&Vales and Victoria. The raids
followed a seizure of 19 pythons and 52 bird egg€bstoms officers at Brisbane airport
(Australian Customs Service 2004b). In another ¢as2001, six people in the United
States, including an Australian connection, wenevaded for a million dollar cycad and
orchid smuggling operation spanning the United &statAustralia, South Africa and
Zimbabwe (Australian Customs Service 2007d). Theedoand sophisticated nature of
these operations spanning several countries mdie=e tcriminal networks difficult to

detect by local authorities.

The internet and the illegal wildlife trade.

The internet is a convenient medium for illegaldhfe traders to advertise and sell their
wares anonymously, and enables direct sales tobther thereby eliminating the
‘middleman’. In a single week, over 9,000 geneistiigs of animals and animal product
were found on the Internet by the International d~for Animal Welfare (IFAW 2005).
For elephant ivory alone, there were 197 listingeBay Australia of which only two were
found to be compliant with wildlife legislation W 2007). In excess of 2,500 mail
packages have been seized at Australia Post Serwic8ydney containing commercial
weight loss products derived from the CITES lldstHoodia plant that had been sold over
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the internet (Australian Customs Service 2008a).amother case in August 2004, a
Western Australian person was convicted for attéamgptto sell, via the internet,
endangered CITES Il listed Indian star tortoiségochelone elegansvhich had been
illegally imported into Australia (Australian Custs Service 2007b). The internet has
become the medium of choice for illegal wildlifeadiers and regular surveillance of
popular internet sites is critical in efforts torlouthe illegal commerce of wildlife
internationally, and within Australia. However, tur knowledge, Australia does not
engage in routine surveillance of the internet &edt wildlife crime. Surveillance is
typically undertaken only in support of specificsea that have already come to the
attention of authorities. This is clearly an oppaity for improvement.

Taxa targeted for the illegal wildlife trade.

Reptiles were most targeted group of taxa in oudystand were involved in 43% of
prosecution cases from 1994 to 2007 (Figure 3.4l 24 attempted exports, 22 attempted
imports, and 12 cases where the species informatasinot available. Of the cases that
involved reptiles, 24 were for illegal trade in kas, 21 for lizards, 18 for turtles, and two
cases where frogs and crocodile products were cceMany seizures had a mixture of
many different species (Australian Customs Send688c). Reptiles are favoured by
illegal traders of wildlife because they can felafge prices on the black market for pets,
and are relatively easy to conceal and transpotivasspecimens. Reptiles have been
found in a wide variety of places including package the mail (Australian Customs
Service 2004d), concealed inside ornaments (AistraCustoms Service 1999a), toys
(Australian Customs Service 1999b), books (AustralCustoms Service 2008b) and
computer hardware (Australian Customs Service 2004eapped in socks (Australian
Customs Service 2002) and stockings, and stuffeiharette packets carried in a specially
built vest (Australian Customs Service 2006b). Taegest reported major seizure of
reptiles in Australia occurred in 2003, in whiciBatish national attempted to smuggle
219 reptiles and frogs out of Perth Airport, marfiywhich were rare and endemic to the
South-West of Western Australia (Australian Cust@esvice 2003a). In addition, and of
considerable concern, several incidences involved ilegal importation of red eared
slider turtles,;Trachemys scripta elega8ustralian Customs Service 2006c). These turtles

are a declared Class | pest under Queenslandsiiaiée legislation (Land Protection

(Pest and Stock Route Management) Act PGiEtause they can multiply rapidly and

spread in waterways,
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Plantae 6%
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Arthropoda
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Aves
26%

Figure 3.4 Types of wildlife involved in prosecutions from % 2007 including both
illegal imports and exports from the Australian ©@unss Wildlife Prosecutions Database
(Australian Customs Service 2008c).
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probably compromising native turtles and other &quaildlife (Cadi, Delmaset al. 2004,
Polo-Cavia, Lopeet al.2008; Prevot-Julliard, Goussettal. 2007).

Live birds and bird eggs are the second most commajor seizure by the Australian
Customs Service accounting for 26% of all case gmaisons (Figure 3.4). This conflicts
with the report of the Senate Select Committeehen@ommercial Utilization of Native
Australian Wildlife (Anon 1998) which consideredrds as the most common taxon
involved in illegal wildlife trade, but we are umsuif this reflects a change in the
composition of traded animals since 1998, or res@iiom different methodologies.
Certainly, live birds, rather than bird eggs, werere commonly seized prior to 2000 and
this may have affected rates of detection. The mghtality rate of live birds during illegal
international transport may have prompted a shifsrhuggling of bird eggs because they
have a lower mortality rate (although it is stiinsiderable) and are easier to conceal under
clothing vests specially made for this purpose.téglisn parrots are highly sought after by
overseas collectors with each parrot egg fetchmgou$30,000. This demand is reflected
by the high proportion of attempted exports of vetirds and their eggs (62%), compared
to only 24% for attempted imports (Australian CussoService 2008c). For 15% of cases
involving birds there was no information availabketo whether it was an attempted export
or import (these cases predate 1997). One of tigesdaseizures was an attempted export
of 31 native bird eggs in 1995, estimated to hasenbworth more than $300,000 on the
international market (Australian Customs Servic@8).

The trade of wildlife products for sale as complataey medicines is prolific. In 2003,
two shipping containers containing 160 kg of illiganported wildlife products and body
parts of endangered tiger, snakes, rhinoceros,dlarand an endangered plaBafissurea
costug were found by Customs officers during a routinspiection (Australian Customs
Service 2003b). It is impossible for Customs offscéo inspect every shipping container
that arrives in Australia and only a very small godion of the shipments containing
wildlife products are likely to be detected. In 20@here was a crackdown on the sale of
prohibited wildlife products with raids conducte¢ KCustoms, the Australian Federal
Police, and DEWHA on five complementary medicin¢lets in Sydney, Melbourne, and
Brisbane. Large quantities of illegal imports camitag products derived from endangered
species were uncovered, including products labeltedear bile, tiger bone and rhinoceros

(Australian Customs Service 2004c).
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There were also significant prosecutions for attewipllegal export of native flora,
especially cuttings of native flowering plantsgtferns, and orchids (Figure 3.4). Australia
is a biodiversity hotspot for flowering plants, peularly in the South West of Western
Australia. Many of these species are endemic, ran€, vulnerable to extinction from
overexploitation (Hopper and Gioia 2004). Exotghfiare also occasionally smuggled into
Australia and present a significant biosecurite#trto our aquaculture industries. Fish are
often concealed in elaborate ways, such as in viilest bags in padded luggage or, in
one case, in water-filled plastic bags placed iokpts sewn into a specially-built unit
worn underneath a skirt (Australian Customs Sen2€®7a). Other fauna that are
frequently smuggled are insects, beetles, scorp@amd spiders. These are usually
smuggled through the mail system where the majatigéy during transit. Corals, ivory,
hides, teeth, furs, and skins are also routinehfiscated by Customs officers (Australian
Customs Service 2008c).

Impacts of illegal trade on Australian flora and fauna

The philosophy of the black market for wildlife wherare and endangered species are
valued more than common species promotes the gueration in these rare species.
Demand is driven by rarity, such that when a spgebecomes scarce the market value
escalates making them even more attractive toatolie despite the greater effort required
to collect specimens. This feedback process cardlyaplrive species to extinction
(Courchamp, Anguloet al. 2006). Listing of species for CITES and classtima of
species according to their level of vulnerabilibyextinction {.e. vulnerable, endangered,
or critically endangered) has been criticised bynaaexperts because it may promote, as

opposed to curb, the illegal trade in species bygwertently advertising their rarity.

It is difficult to measure the direct impacts ofedgal wildlife collections on wild
populations of fauna and flora in Australia becatseprobable that the majority of illegal
harvests remain undetected. A nine year study@btibad headed snakéoplocephalus
bugaroides in Morton National Park, New South Wales, dem@ist that illegal
collectors have seriously endangered the residgmtlption. Rapid decline of the Morton
National Park population in 1997 was most likelysed by increased illegal collection
stimulated by an amnesty that allowed permits tol@ined for illegally collected broad

headed snakes (Webb, Broekal. 2002). Many more such studies are required tosasse
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the direct impacts of illegal harvests on rare andangered fauna and flora of Australia.
In addition, native flora and fauna can also bereully impacted by illegal trade resulting
in the potential introduction of exotic pests ansedses (Normile 2004; Smith, Seial.
2006).

Penalties for illegal international trade of wildlife in Australia.

Fines were the most common penalty for wildlife ecggosecutions between 1994 and
2007 (Figure 3.5). Fines are usually much less tharvalue of the wildlife goods on the
international black market. The largest fine toedatas $30,000 for the attempted
exportation of 19 parrot eggs in 1998, only halftledir estimated black market value of
$60,000 (Australian Customs Service 2008c). In lagrotase, in August 2005 a Japanese
national was charged and fined $24,600 for an gtedhsmuggling of 24 long necked
turtles Chelodina oblongg and a shingleback lizardi(iqua rugosa via mail to Japan.
Of the 24 turtles, 13 died during the attempt (Aaiggin Customs Service 2005). Despite
the hefty fine, it was considerably less than tetnsated market value of the fauna. The
turtle would typically sell for $1,400 and a shielgack for $4,000 in the Japanese black
market, making the total seizure worth $37,600e&iprovide little deterrent to criminals,

especially when they are less than the market wa#ltiee smuggled wildlife.

Less than one quarter (22%) of case prosecutiotvgeba 1994 and 2007 resulted in a
prison sentence (Figure 3.5). The maximum sentevee® three years and six months
imprisonment for the importation into Australia2® exotic reptiles including six CITES

I listed species (Australian Customs Service 2008be number of prosecutions which
have received a prison sentence has not changaficsigtly since 1994 (data not shown),
but the severity of the sentences has increasedreTivas an average of 10 months
imprisonment for convictions between 1994 and 20€@npared to 28 months for

convictions between 2004 and 2007. Good behaviond$® have been issued in 13% of all
convictions. In these cases, the defendant is gettainder strict conditions and non-

compliance will result in imprisonment or a hefiyd.

Compared to the UK and US, Australia has tougheraites for breaches against our
wildlife legislation but the penalties that areuadly issued for cases of illegal wildlife
trade tend to be less severe. In the UK, the maxinsentence to date for wildlife

trafficking is six years and six months imprisontehich was given for a case invlioving
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GBB + GBB +
Sentence-, Sentence+ Fine
1% 4%

Fines +
Sentence
10%

Sentence Only
7%

Fines + GBB
2%

GBB only
6%

Fines only
70%

Figure 3.5 Types of penalties for wildlife case prosecutiémsn 1994 to 2007 reported
by the Australian Customs Service Wildlife Proseamng Database (Australian Customs
Service 2008c). GBB refers to a penalty of a Goetl&iour Bond where the defendant is
released under strict conditions and non-compliaviteresult in imprisonment or a hefty

fine
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22 counts of illegal trafficking of endangered specThe maximum fine issued by the UK
was for £125,331 for 3 counts involving 126 rare andangered orchids (PAW 2008). In
the US perpetrators have been fined up $60, 000ldégal trafficking of wildlife with 71

months imprisonment (Anon 2001). Although all cadéfer and hence are not directly
comparable the overall trends suggest that Auatsalpenalties for illegal wildlife

trafficking have been less severe compared to theakd UK. Australia needs to adopt a
tougher stance on the enforcement of its wildldgidlation by increasing the severity of

fines and prison sentences to deter criminals #ogaging in wildlife trafficking.

Tools to detect, and provide evidence for illegal Wdlife trade cases.

Accurate identification of the specimen is criti¢at the investigation and prosecution of
illegal wildlife trade cases, firstly to ascertauhether the seizure was native or exotic, and
then to identify whether the specimen is CITESetistPenalties may be more severe for
CITES listed species, in accordance with the EPBRC(A999), because these species are
the most vulnerable to extinction from overexploga for trade. Morphological
examination by taxonomists or experts is usuall§igant for species identification of a
specimen, but this can be impossible when specinaeashighly processed (such as
products commonly found in conventional medicin@syvhen distinguishing features are
lacking (such as for bird eggs). Birds eggs caninoeibated and hatched for species
identification purposes but this is time consumifjten the eggs are no longer viable
because they have been crushed by the perpetratasioandled, and if the eggs are of an
exotic species they can be a biosecurity risk.ySteathers attached to the eggs can in
some cases be used for species identification (8@F), but these techniques have not
been developed for the identification of Australibinds. Mammalian hairs also have
characteristic microscopic characteristics that &&nused for species discrimination
(Cheng, Kanget al. 2007; Gonzalez-Esteban, Villagt al. 2006) and can be used to
identify most Australian mammals and marsupig@erg. comm. Silvana TridizoWhen
feathers or hairs are not suitable for speciestiiitgation or the products are finely
processed such as in complementary medicines, DN#hads are ideal for species
identification. DNA techniques were successfulledigo provide evidence for a case in
January 2007, in which 23 bird eggs illegally intpd from Thailand into Sydney were
identified to be two CITES Il listed species; th&igan grey parrotHsittacus erithacys
and the Electus parroE¢lectus roratuy and one rare CITES Appendix | listed species,

the Moluccan cockatoocCacatua moluccensisYhese birds were valued at $250,000 on
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the black market, and the defendant was subsequeativicted based on the DNA
evidence, and sentenced to 2 years imprisonmena &id,000 fine (Australian Customs
Service 2007c¢).

In addition to identifying the species, DNA approes can also be used to identify the
geographic origins of a seizure. Identifying thegmphic origins of a seizure can be used
to distinguish between commercial trade and poaciiWasser, Shedlockt al. 2004),
identify areas where taxa are most vulnerablelégal collection (Wasser, Mailaret al.
2007), and to repatriate seized animals and plantbeir place of origin (Velo-Anton,
Godinhoet al. 2007). Unique DNA profiles can also be generatadiridividuals. These
DNA profiles can be used to determine sex and ydhe source of animals held by
licensed breeders to ensure that the breeding sisckiot being replenished or
supplemented with illegal collections from wild pogtions. DNA profiles that
characterise individuals have also been used ima&tst the numbers of individuals traded
in markets (Baker, Cooket al.2007). This technique may also be effective torege the

numbers of animals that are used in various typesmplementary medicines.

Future directions for wildlife forensics in Australia.

Wildlife crime in Australia is a low priority, ands a consequence much trade goes
undetected. It is not commonly associated with wiggd crime, seen rather as the domain
of individual transgressions, despite strong inlices to the contrary. Severe restrictions
on commercial trade reduce pressure from that gutot effective policing, and a blanket
ban on live wildlife exports, whether they be rase common, engenders a public
perception that concerns are largely to do withmahiwelfare. These are primary drivers
likely to change over time and increase attentmmnwildlife crime in Australia, and the
development of new more effective tools for regolatof legal trade and policing of
illegal trade.

In the case of commercial activity, wild flowersdabush tucker are traded in a growing
international market with public acceptance. Kangdeather and meat, emu meat, oil and
crocodile products are also exported. Export o Ihative animals, however, is tightly
restricted and commercial trade prohibited even ttoe ubiquitous budgerigar and
cockatiel. One can anticipate increasing pressarehfe commercial use of wildlife in

Australia both under captive breeding programs ianthe context of harvesting in the
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wild. The Northern Territory Government has alreadgved in this direction, allowing
harvest under licence of a wide range of nativelv@ species for sale domestically, and a
number of reports have evaluated the commercialpmtential conservation benefits of
trade in native wildlife and wildlife produces (Btan 1997; Mclnnes 1998).

In 1998, the Senate Select Committee on the Comah&ltlization of Native Australian
Wildlife (Anon, 1998) raised concerns that protecist conservation practices are not
working well and are expensive while covering omalysmall proportion of land. The
Committee made a number of recommendations to ex@alovider range of options for
commercial use of native wildlife to achieve moatisfactory conservation outcomes off

reserves.

This would include relaxing the tight restrictioagainst the export of live native species
for species that are neither rare nor threatened. d&h anticipate an increase in
commercial trade in non-CITES wildlife as part obm@ general agreements on global free
trade with attendant greater attention to the ssfi@egulation of that trade to protect wild
populations, and increased pressure for more eféegolicing both domestically and at
our borders. Legitimate commercial interests wahthnd greater policing of illicit trade

where this undermines their profitability.

We can also anticipate improvements in DNA techgiel® with application to wildlife
forensics, driven by the revolution in genomic kihesdge and rapid screening techniques,
are likely to see greater effectiveness of enfomr@nm the interests of both conservation
of wild populations and commercial viability of ldgate enterprises. Over the past five
years, the Australian Federal Police has fundedraéwesearch programmes for the
development of DNA technologies to provide eviderioe crimes against Australian
wildlife. These recent developments herald an agihew era for wildlife forensics in
Australia and if these efforts continue Australiaynbecome one of the leading countries
in the international effort to curb illegal tradéwildlife. The unique nature of Australian
fauna and flora, and our geographic position, amh ghat our enhanced capability in this
area is a critical and present need.

The degree to which DNA technologies can improvkllfé regulation and enforcement

will depend on the structures put in place to perstime. The U.S. Fish and Wildlife
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Service Forensics Laboratory located in AshlandgOn, U.S.A is the only laboratory in
the world that is dedicated to crimes against wWédlThe laboratory is organized into
seven operational units; administration, chemistryninalistics, genetics, morphology,
pathology, and digital evidence. The administratimit is responsible for the processing
of the evidence, maintaining chain of custody, apdility assurance. Crime scene
investigation, fingerprint collection, fibre, bulland glass comparisons are some of the
diverse tasks carried out by the criminalisticstainiOther units are involved in the
provision of evidence including species identificatof the seizure (chemistry, genetics,
and morphology units), identification of gender agg (genetics and morphology units),
analysing the composition of complementary medgif@hemistry), determining the cause
of death of a seizure (pathology), and analysidigital evidence (digital evidence unit).
This team of specialists support the U.S. fedesal Enforcement of over 200 special
agents and wildlife officers, as well as the 50t&tsh and Games Commissions, and all
signatories of the CITES Treaty.

As a CITES member, Australia can receive suppanfithe U.S. Fish and Wildlife
Service but the expertise for Australian fauna dlwla resides largely within the
Australian scientific community. It is unlikely th#éhe volume of wildlife related crimes
would be sufficient to justify a wildlife forensi@boratory in Australia. Alternative
solutions need to be explored. Some of these wameassed at a workshop was held in
Melbourne in October, 2007, with representativesd experts from the National Institute
of Forensic Sciences (NIFS), Department of EnvirenthWater, Heritage and the Arts
(DEWHA), Australia Customs Service, Australian FedePolice (AFP) Museums, and
Universities to discuss the future of services violdlife crime in Australia. A facility
dedicated to wildlife-related crime was identifiad a priority by all representatives. An
Australian Wildlife Forensic Network (AWFN) was abtished to support, educate, and
provide evidence for wildlife related crime in Atadta. We argue that this initiative needs
to be carried one step further, with Australia elsshing a national clearing house for
wildlife crime to deal with important issues to wah chain of custody, storage of forensic
samples, and the coordination of a national netvabrxperts to present the evidence and

testimony.
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Picture: Traditional medicines made from turtlespdan sold openly in a shop in Phnom

Penh, Cambodia. Photo by Jenny Daltry.
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Chapter 4 — A review of molecular approaches to wdllife forensics.

Abstract

lllegal trade of wildlife is growing internationglland is worth more than USD$20 billion
per year. Impacts of this trade on global biodivgrscan be devastating and
overexploitation for illegal trade is a major dnivef species extinctions. The greatest
challenges for enforcement agencies are to ddiegali dealings of wildlife and to obtain
concrete evidence for wildlife convictions. DNA hemlogies are well suited to detect and
provide evidence for cases of illicit wildlife tradand a suite of methods have been used
for this purpose. Many of these methods have neh herified for forensic applications
and the diverse range of methods employed can fifeising for forensic practitioners. In
this review, we describe the various genetic teminees used to provide evidence for
wildlife cases and thereby exhibit the diversityf@fensic questions that can be addressed
using currently available genetic technologies. &ifgohasise that the genetic technologies
to provide evidence for wildlife cases are alreaaailable, but that the research
underpinning their use in forensics is lacking.diyhwe advocate and encourage greater
collaboration of forensic scientists with conseimat geneticists to develop research
programs for phylogenetic, phylogeography and pafart genetics studies to jointly
benefit conservation and management of traded epacid to provide a scientific basis for

the development of forensic methods for the reguiand policing of wildlife trade.

International wildlife trade and forensic genetics

According to Interpol (International Policing Orgsattion), the illegal trade of plants,
animals and their by-products is a growing glodatk market commerce estimated to be
worth more than USD $20 billion per year (Interp8007). Organised international
criminal networks have been linked to the traffickiof wildlife using their established
drug smuggling routes to illegally transport wifdliacross international borders (Cook,
Robertset al.2002; Warchol 2004). In Brazil, recent estimateggest that at least 40% of
all illegal drugs shipments are combined with widl(Faiola 2002). Similarly, one third
of all cocaine seized in 1993 was reported by timtdd States Fisheries and Wildlife
Service (USFWS) to be associated with wildlife imtpo The illicit wildlife trade is
attractive to criminals because weight-for-weightdiife is equally or more profitable
than drugs or arms and with less associated rigk. rate of detection is lower and the

penalties, if offenders are caught and convicteel typically far more lenient for wildlife
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crimes than for drugs or arms trafficking. Gaoltsanes for wildlife smuggling are often
minimal and fines disproportionately less than ¢benmodity values of the goods on the
black market (Alacs, Georges, 2008; Claridgreal, 2005; Leader-Williams, Milner-
Gulland, 1993; Liet al, 2000). With little disincentive for criminal aeiiy, the black
market in wildlife continues to flourish, and placesver-increasing pressures on

endangered species.

The illegal wildlife trade pose serious threats,thbalirect and indirect, to global
biodiversity. Species sought for trade are direathpacted by over-exploitation. Over-
exploitation is fuelled by the black market placexpggerated values on rarer species. As
a species becomes rarer from exploitation, itsevaluthe black market escalates making it
even more desirable despite the greater effortimedjto collect individuals from declining
populations (Courchamp, Angukt al. 2006). Over-exploitation of wild populations can
rapidly cause local extinctions and, if harvestisgextensive across the range of the
species, can cause global extinction. Widespre#éidations have occurred in taxonomic
groups that are particularly vulnerable to the @feof overexploitation because of their
life history characteristics such as longevity, hhigatural juvenile mortality, and low
reproductive outputs. For example, turtles worldsadae in peril with 3% extinct or extinct
in the wild, 9% critically endangered, 18% endaederand 21% vulnerable (Turtle
Conservation Fund, 2002). In Asia, the situatioreven more dire with 1% extinct or
extinct in the wild, 20% critically endangered, 31&06dangered, and 25 % vulnerable
(Turtle Conservation Fund, 2002). Over-exploitatminwild populations for meat, pets,
and the use of the shells in traditional mediciaesthe major cause of declines in turtles
worldwide, especially in Asia (Van Dijk, Stuaat al. 2000). Turtles are just one of many
examples of taxa that are threatened globally fower-exploitation for trade. The list of
species directly threatened by wildlife trade isteesive, encompassing all major
taxonomic groups across all biomes. It includesyrikaystone’ species (e.g. African horn
bills, sea otters, grizzly bears, sea stars, el@ghaorangutans, beavers, truffles and
oysters), so named because they are ‘key’ to thetifuning of the ecosystem and their loss
causes widespread declines in many other specasq[2003; Kotliar, 2000; Mill&t al,
1993). Direct exploitation for hunting, trade, aodllection has been identified by the
World Conservation Union (IUCN) as the second grstadiriver (surpassed only by habitat
destruction) of declines in endangered animals atpg 33%, 30% and 6% of threatened

mammals, birds and amphibians, respectively (IUQR4}. Wildlife trade also provides
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avenues for the introduction of exotics with thégmbial to spread disease to native species
(Lips et al, 2006; Pederseet al, 2007; Skerratet al, 2007; Smithet al, 2006; Spinks,
Shaffer, 2007) or to become invasive (Keller, Lgdg@07; Normile, 2004; Reed, 2005;
Weigleet al, 2005).

Monitoring trade in wildlife requires firstly thelentification of the species traded, then
assessment of whether they are derived from legalillegal trade. Diagnostic
morphological traits have traditionally been usednaarkers, but they are not suitable
when traded products are degraded or highly predeas the morphological traits may not
remain discernable. Molecular markers are idealsfigcies identification because unlike
morphological markers they do not require intaetcgmens. DNA can be readily extracted
from highly processed and degraded products comynentountered in wildlife trade
markets such as cooked and dried meats (Martinenjel3dottir, 2000; Wonget al,
2004), claws left on tanned hides (Hedmark and gidle 2005), dried shark fins
(Chapman, Abercrombiet al.2003), egg shells (Moore, Bemissal.2003), animal hairs
(Branicki, Kupiecet al.2003; Prado, Francet al.2002), bone (Pradet al, 2002; Pradet
al., 1997), ivory (Wassest al, 2007; Wasseet al, 2004), rhinoceros horns (Hsieh, Huang
et al. 2003) and turtle shell (Lo, Liat al.2006).

Molecular technologies have great utility for witdl forensics. Assigning geographic
origins of trade products can also be achievedgusialecular methods, a task that is often
impossible using morphological traits alone. Knayge of geographic origin can be used
to distinguish between legal and illegal produttsassist in the repatriation of seized
animals back to their source population, and tatifie which populations are most
intensively harvested for trade. At a finer resiolnt individuals themselves can be marked
and tracked using unique DNA profiles to charastethem. Additional information such
as sex and parentage can also be ascertained ishesbecially useful for monitoring the
compliance of registered breeders to wildlife regjohs, such as to detect whether

breeding stock has been supplemented or restocitedlagally caught wild stock.

In this review we detail the various contributionis genetics to wildlife forensics. The
techniques employed for species identification,edeination of geographic origin,
individual identification and sexing will be brigflexplained. Considerations for the

application of these techniques to wildlife foresswill be discussed and illustrated with
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published case studies. To conclude, we will dbscnew technologies on the horizon for
wildlife forensics and the future role of genetilws combat the growing global black

market dealing in wildlife.

Species identification methods

Several approaches have been adopted for idetibficaf wildlife species distinguished

by the DNA target (mitochondrial or nuclear) an@ tiechnique applied to develop the
genetic marker (Table 4.1). Some techniques, suclseguencing, can be applied to
investigate both types of DNA, while other techmguare specific to nuclear DNA

(NDNA).

Mitochondrial DNA (mtDNA) is often favoured as argdic marker over nDNA for
species identification of wildlife because mtDNAaasier to type from highly processed
and degraded tissue. This is because mitochondriprasent in multiple copies per cell
compared to one copy of nDNA from each parent (R&0@0). Development time is
typically substantially less for mtDNA markers caangd to nDNA markers because
universal mtDNA primers are available, which aredito amplify an informative segment
of mMDNA across a wide range of taxa (Kocher, Themtal. 1989). Amplification is
done using the polymerase chain reaction (PCR;idJuflerréet al. 1994). Universal
MtDNA markers have been successfully applied in itentification of wildlife for
forensic cases. The most commonly used universakens for species identification are
the mitochondrial cytochrome KCyt b and the cytochrome oxidase Cd1) genes.
Discrimination of species using a fragment of @y bor CO1genes can be based directly
on DNA sequence differences between species (Ataas 2003; Hsietet al, 2001; Loet
al., 2006; Verma, Singh, 2003; Wordg al, 2004) or by DNA profiling (discussed later).
The Cyt b gene is an informative marker used in the ides@tfon of many vertebrate
species from trade products including sharks (ClaaprAbercrombiest al. 2003), snakes
(Yau, Wonget al. 2002), marine turtles (Lo, Liet al. 2006), seals (Malik, Wilsoet al.
1997) and tigers (Braniclat al, 2003; Vermaet al, 2003; Wan, Fang, 2003). Sequencing
of a 600 base pair (bp) portion of t8©1 gene has been proposed to be an efficient, fast,

and inexpensive way to characterise species amat@mational effort is underway to use

this gene to catalogue all vertebrate biodiversity earth Wwww.barcodinglife.or
Pyrosequencing is an alternative method for disequencing of DNA templates that uses

a series of enzymatic reactions to detect visilet lemitted during the synthesis of DNA
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and enables more rapid screening of samples codhp@areconventional sequencing
methods (Ronaghi, Uhlegt al. 1998). Only short fragments of 10 to 500 bp of Dié
be sequenced with pyrosequencing methods, whichiainits application in forensics
unless highly variable and informative regions t@rgeted (Ronaghi, Uhleet al. 1998).
Karlsson and Holmlund (2007) used pyrosequencirdgeteelop a highly sensitive assay to
identify 28 species of European mammals based ort flagments of the mitochondrial
12S rRNA and 16S rRNA regions (17-18 bases and51Bages respectively).

While mtDNA can be effective for species identifioa, it does have limitations that need
to be considered and overcome before it can be tmedorensic application. The
matrilineal mode of inheritance of mMtDNA may nofleet the patterns of nuclear genetic
relationships between species particularly if thisretrong sex-biased dispersal (Ballard
and Whitlock 2004; Durand, Collet al.2005). Inheritance of the mtDNA genome can be
complicated when paternal leakage results in hplasmy, that is, the coexistence of two
or more different mtDNA genomes in the organisme(Bnet al, 2007; Kvistet al, 2003;
Rokaset al, 2003; Sherenguét al, 2006; Ujvariet al, 2007). Nuclear paralogs (also
called nuclear pseudogenes) of mtDNA genes occanvaegments or the entire mtDNA
genome inserts into the nucleus. These insertbeaubsequently subject to duplications,
rearrangements or recombination and then may expmyia different rate of mutation
from that of their mtDNA parent (Arctander, 199%rPet al, 2006; Thalmanret al,
2004). Nuclear pseudogenes can be amplified simediasly or even preferentially with
the mtDNA gene in the polymerase chain reactiontaedesultant mixture of genes with
different modes of inheritance and mutation ratecabes any inferences of ancestry and
evolutionary relationships of species (Behura, 20®3dnaret al, 2007; Spinks, Shaffer,
2007; Thalmannet al, 2004). However techniques such as sequencindhefwhole
mitochondrial genome can be used to test for thegmrce of psedogenes and once they are
accounted for they may even be phylogeneticallgrmative (Behurat al. 2007; Triant
DA 2009; Xuet al. 2009). Owing to lack of recombination (exceptiaits occur, see
Rokaset al, 2003; Savilleet al, 1998) the mtDNA genome represents a single gene
history and the evolutionary history of what iseetively a single gene may not accurately
reflect the species history. Multiple genes, prhey both mitochondrial and nuclear
genes, are recommended for species delimitatioow@ret al, 1996; Maddison, 1997;
Page, 2000; Sitest al, 1996). Currently, markers derived from nucleanage are not

available for the majority of wildlife and conseaqig MtDNA approaches dominate
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systems for species identification. However, theeat of whole genome sequencing of
non-model organisms is expected to increase thiéahily of nuclear genes for wildlife
in the next few years. If species have been d@oihen mitochondrial data can serve,
and has been used, as a robust tool for speciestifieation to provide evidence for
forensic cases (Aet al. 2007; Branicki et al. 2003; Cassidy and Gonz&€€5; Ebach
and Holredge, 2005). Mitochondrial techniques fpeaes identification have been

verified for use in forensic application (Brani@kial.2003; Dawnayet al. 2007).

DNA profiles can also be generated using the teplmiof PCR-Restriction Fragment
Length Polymorphism (PCR-RFLP) to target specifieaa of genetic variation among
samples. Initially, the DNA segment of interestasiplified using PCR to generate
millions of copies of the gene, and then subjedtedligestion by restriction enzymes.
These enzymes recognise specific base pair sequerits (that are often mirror images
such as ATTA, GATTAG, etc) and cut the amplifiedgment at these sites. Species that
differ in base composition at the restriction engyracognition sites will differ in whether
or not the enzyme cuts the DNA. This generates Didgments of differing lengths (i.e.
polymorphic fragments), in which the number andce £ the fragments depends on the
number of cutting sites in the DNA fragment of net&t (Upholt 1977). Electrophoresis of
samples through an agarose or polyacrylamide gelrates fragments based on size and
the different taxa will have characteristic bandpagterns. Selection of restriction enzymes
for PCR-RFLP analysis must ensure that the vaitgliletween species is appropriately
represented and consequently that all speciedteate be accurately discriminated from
each other by their unique banding pattern, teramnB&LP profile. This technique has been
successfully applied to a case in Argentina ofedttbf livestock (Bravi, Lironet al. 2004)
and for species identification of marine turtlesogdvie, Bemisset al. 2003). RFLP
approaches are cheaper than direct sequencingeasditable for forensic applications but
they do not provide the baseline information thatrequired for the interpretation of

forensic data such as the delineation of specieadaries.

For both direct sequencing and profiling approachbglogenetic studies (preferably with
support from morphological, behavioural or physgal-based taxonomy) are necessary
to form the foundation for accurate molecular seecidentification of wildlife.
Phylogenetic studies estimate the evolutionarytioglahips ofgenes by inferring their

common history and representing these relationsinighe form of a phylogenetic tree.
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More closely related genes are in closer proxiratgach other on the gene tree compared
to more distant relatives, with rooting of the tratetheir implied most recent common
ancestor (Vandamme 2003). These gene trees arcasei@dr the phylogenetic species,
although this does require careful consideratiorabse genes can evolve in an
independent manner to the evolution of the spdbdliesidison 1997). It is also important to
choose a gene with the appropriate mutation rat@liglogenetic analyses of species. A
highly conserved gene will not be informative a #pecies level but will be better suited
to the resolution of deep taxonomic relationsh{psnversely, a gene that is evolving at a
high rate will be informative at the level of thegulation or individual, but become
saturated at the species level owing to homopl&osénberg 2002). Homoplasy arises
when certain nucleotide sites are subject to repeatutation over time, and mutations
back to the original state occur, or when the samation occurs independently in
different lineages. As a result two individuals cdrare a derived diagnostic base pair by
chance rather than by descent (Sanderson and 6R8f&). When the appropriate gene
region is chosen based on its rate of mutationdiels of genetic diversity within and
among species need to be sufficiently characterimddre the gene can be applied to
species identification of wildlife for forensic dpgations. This is to ensure that cryptic
species — species that are morphologically indjsishable but reproductively isolated —
are represented (Bickford, Lohman al. 2007). In addition, the biological characteristics
of the species also need to be considered suchheis propensity to hybridize.
Hybridization between species is common for mamypgs of taxa (Arnold 1992; Dowling
and Secor 1997). Owing to the predominantly matemade of inheritance of mtDNA,
these phenomena might not be reliably detectedremtic samples with mtDNA markers
alone particularly if there are sex-biased hybwdnpatibilities (Ballard, Whitlock, 2004;
Crochetet al, 2003; Wang, Zhao, 2008; Whitworttt al, 2007). A combination of
MtDNA and nuclear markers (with their bi-parentaharitance) are recommended when
hybridisation between species is suspected (Croehetl, 2003; Saetreet al, 2001;
Tegelstrom, Gelter, 1990; Tosi al, 2003).

Arbitrary fragments of genomic DNA (both mitochoradand nuclear) have been used for
species identification of wildlife with the majodweantage that no prior genetic knowledge
of the organism is required. One technique is tdrnAenplified Fragment Length
Polymorphism (AFLP) and it generates segments oA varying lengths that differ

among individuals and species and can be visuabsepolyacrylamide gels as series of
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bands. To use the AFLP technique, genomic DNA is atuspecific sites using two
restriction enzymes that target common sites andyme hundreds of fragments. A subset
of these is specifically selected for PCR ampliima and tagged with a fluorescent dye
(Vos, Hogerset al. 1995). This allows their detection by a laser by@ectrophoresis on a
polyacrylamide gel. AFLP profiling has been used discriminate between illicitly
cultivated marijuana and hemp (Alghanim, Almir&Q03; Coyleet al, 2003; Datwyler,
Weiblen, 2006; Hakket al, 2003), identification of illegal hallucinogeniarfgi (Coyleet

al., 2001; Leeet al, 2000; Linacreet al, 2002), and for the identification of species of
legally protected owls and their hybrids (Haig, Nhd et al.2004).

Compared to mitochondrial DNA, AFLP is better sditeo the detection of hybrid
individuals because of its biparental mode of iithace (Congiuet al, 2001; Nijmanet
al., 2003). However, AFLP is not well suited for trasaamples or highly degraded samples
that are commonly encountered in forensics becusquires at least 50 — 100 ng of high
molecular weight DNA (Bensch and Akesson 2005).rviaurces of genotyping error for
AFLP are differences in the peak intensities of ltween individual runs but error rates
can be minimized by genotyping replicates for 5686 of the samples and normalizing
the peak height for loci against their averagensitees (Bonin, Bellemairet al. 2004;
Hong and Chuah 2003). A format for databasing andparing AFLP profiles has been
developed by Hong and Chuah in a user friendlywsot package which minimizes
sources of genotyping error and shows great profarsese in the validation of the AFLP
technique for forensic applications (Hong and Ch2@b3).

Sequence information from either mtDNA or nDNA che used to develop species-
specific PCR primers based on nucleotide differenoetween the aligned homologous
sequences of the target species with other clostdted taxa. These primers amplify DNA
regions of the target species exclusively or haP€R product of a characteristic size, and
have been used to identify taxa of commercial egeor those commonly encountered in
markets. Development of species-specific primehnapies first requires sequence data
from all species likely to be encountered, for thesign of putative primers. It is

imperative that mixed genomic DNA samples are ideth in PCR tests of the

development phase, to ensure that the primers aeifie for the target species. Once
developed, specific specific primer tests are ay wapid, sensitive and cost effective

screening method to detect the presence of thettapgcies in market products or from a
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mixture of genomic DNA. Species-specific primerattamplify the nuclealTS2 region,
and the mitochondriaCyt b have been used to develop assays for the ideatidic of
various shark species from dried fins or meat (@Giepet al, 2003; Clarkeet al, 2006;
Magnusseret al, 2007; Panket al, 2001; Shivjiet al, 2005). Where there is no prior
sequence information available for the target §®cRAPD (Randomly Amplified
Polymorphic DNA — where arbitary primers are usedamplify random segments of
DNA) or AFLP profiling can be used to generate spespecific primers (Negi, Deviet

al. 2000). Bands specific to the target species agatiiied from the DNA fingerprint,
extracted and sequenced. The sequence is usedsig gaimers that will specifically
amplify the species-specific region, termed a segeecharacterized amplified region
(SCAR). The SCAR method has the advantage of bdimghly reproducible: a
shortcoming of the RAPD technique that has cautsetedundancy in population genetic
and forensic applications (Perez, Albornet al. 1998). Genotyping individuals with
species-specific primers developed using the SG&Rrique is considerably cheaper than
sequencing or AFLP approaches, and has been sfudlyessed to identify deer (Wu, Liu
et al. 2006), snake (Yau, Wonet al. 2002), fish (Zhang and Cai 2006) and fly species
(He, Wanget al.2007).

Regardless of how species-specific primers areldpgd, more robust results are achieved
using multiplex PCR where several primers are addexdlPCR to simultaneously amplify
different DNA regions of the target species in agle PCR reaction. To reduce the
incidence of false negatives, universal primerg #raplify across all potential taxa are
included in the multiplex assay. If the universehyer amplifies but the species-specific
primers fails to amplify the absence of the taggecies in the sample is confirmed. If both
the universal and species-specific regions fadnwlify, the PCR reaction is deemed not
successful and the result is inconclusive. MulkpRCR reactions may also be used to
identify several different species in a single gs&®r example a multiplex PCR with six
different species-specific primers and two univessark primers for positive controls has
been used to identify six species of sharks comynemicountered in North Atlantic
fisheries (Shivji, Clarkeet al. 2002). Species-specific primers are ideal for risie
applications because they are cost effective andbeaused for large scale screening of
samples. However, a considerable amount of devedoprtime is required and once
developed it can be difficult to incorporate aduhtl species in the multiplex assays.

Furthermore a comprehensive understanding of spédendaries is required prior to the
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development of species-specific primers to enswaedll species likely to be encountered,
including cryptic species, are included in the gssad can be reliably distinguished from

each other.

Identification of a forensic specimen to its geogyzhic origin

In many wildlife forensic cases, such as where cencral trade is established, the
identification of the traded product or ‘specimémthe species level may not be sufficient
and the geographic origin needs to be determinedgfaphic origins of an individual can
be identified if there is known genetic structuréhim the region of interest using
phylogeography or population assignment methodgloBbaographic studies assess the
geographic distribution of genealogical lineagesemhspecific mtDNA haplotypes are
associated with broad geographic regions (Avisejoht et al. 1987). For example,
phylogeographic data for four species of seahorsgppcampus barbouri H.
spinosissimusH. trimaculatus andH. ingen3 were used successfully to determine the
broad geographic origins of seahorses that wenedfdor sale in traditional medicine and

curio shops in California (Sanders, Critgisal.2008).

More subtle genetic differences can often be detkaising population assignment
methods in comparison to phylogeographic analyBepulation assignment methods are
based on allelic differences at hypervariable nDgkxetic markers between groups of
individuals, also loosely called ‘populations’. sdgnment tests are used to estimate the
probability of an individual belonging to each dfese putative populations, and the
forensic specimen is ‘assigned’ to its most probaimbpulation of origin. Conversely,
exclusion tests can be used to reject the hypathbsit a specimen originated from a
particular population (Cornuet al, 1999; DeYounget al, 2003; Gomez-Diaz, Gonzalez-
Solis, 2007; Maneét al, 2005). The hypervariable markers most often disedopulation
assignment or exclusion are AFLPs, and microstgsl(also called simple tandem repeats
or STRs). Microsatellites are short sequence maybscally 1-6 nucleotides in length
(e.g., ATATATAT) that have a high mutation rate gweninantly due to slippage of the
polymerase during DNA replication (although otheutation mechanisms have been
proposed, see Ellegren 2004) resulting in lengtigear shortening of the number of repeat
units. Microsatellites are codominant markers iniclwhthe gene variants (or alleles)
inherited from both parents are amplified in a P@®action and visualised on a

polyacrylamide gel (Figure 4.4.4). Homozygote indbals have the same sized STR
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repeats (e.g., [ATE] [AT]s) whereas heterozygote individuals have differéréds repeats
(e.q., [ATkL, [AT]e). In contrast AFLPs are dominant markers where allele (or
fingerprint band) is either present in the indiatlwr absent. The heterozygosity of an
individual cannot be determined directly from anL&Fband (or locus) and hence these
dominant markers have far less resolving powerlpens to determine the population
origins of an individual in comparison to the codoamt microsatellite markers (Bensch,
Akesson, 2005; Campbetdit al, 2003). Typically, at least eight microsatelliteil or 50
AFLP loci are recommended for population assignmstudies (Campbell, Duchesgeal.
2003). The AFLP technique requires high quality DIdAd hence is less versatile for
degraded or trace samples in comparison to mi@lisas (Campbell, Duchesnet al.
2003). The genotyping errors associated with AFh&g been found to be greater than
for microsatellites mainly because of differencespeak height intensity (Bonin et al.
2004).

A suite of statistical analyses for assignment w@share currently used to identify the
origins of individuals based on their AFLP or misatellite profile, with the most suitable
method depending on the scenario (Campdtedll, 2003; Cornueet al, 1999; Duchesne,
Bernatchez, 2002; Evanred al, 2005; Manekt al, 2007; Manekt al, 2005; Maudett
al., 2002; Paetkawet al, 2004; Piryet al, 2004; Waples, Gaggiotti, 2006). Assignment
tests are highly accurate when all potential soysopulations have been sampled,
populations boundaries are well defined, samplimgandom, and populations are in
Hardy-Weinberg equilibrium (i.e. there is a balabetween mutation and genetic drift, no
inbreeding and random mating). However, these agsans are not realistic for many
populations such as when populations are smallllptpn boundaries are not clear or the
genetic divergences between populations are lown@jaBerthieret al. 2002). For
population with ill-defined boundaries, clusteringthods perform well because they can
determine the number of populations (i.e. clustgm®sent based on the multilocus
genotypes of individuals rather than on pre-deteetii boundaries. They then assign
individuals to these identified populations, incghgl to populations that have not been
sampled (Mank and Avise 2004). Programs such agl&eah (Guillot, Mortieret al. 2005)
can map the probabilities of an individual belomgta a ‘cluster’ or ‘population’ onto the
landscape in an easily interpretable visual fonaeal for the presentation of evidence to a

jury in a court of law. Other methods such as spatinoothing are most effective when
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the organism has a continuous distribution acrbeddndscape and a spatial structure is
not imposed (see Manel, Gaggiadtial. 2005 for review of assignment methods).

For example, spatial smoothing assignment has bkeeoessfully used to monitor the
African elephant ivory trade by characterisationttté allele frequencies of 16 STR loci
across the entire African elephants’ range. Geducagpecific alleles were shown to be
effective in the inference of the geographic originindividual DNA samples with 50%
identified to within 500 km of their source, and%8Go within 932 km of their source
(Wasser, Shedlockt al. 2004). This study was later applied to a foremsise involving
the largest seizure of contraband ivory since 8%&91ban on the ivory trade. A total of 532
ivory tusks, and 42,210 “hankos” which are ivoryirmgers cut from the solid portion of
the tusk, were found in a container shipped viatlsdidrica to Singapore in June 2002.
Assignment tests using the 16 STR loci indicated tie ivory was entirely from savannah
rather than forest elephants and most likely oatgd from a narrow strip of southern
Africa that centred on Zambia (Wasser, Mailaatl al. 2007). This information is
invaluable for wildlife enforcement agencies tontiy current poaching “hot spots” and
to identify whether legally declared governmentckmles are being illegally traded and
replenished (Wasser, Mailard al. 2007).

Assignment tests have also been used to relocaedsanimals of unknown origin back to
their original population. European pond turtl&snfys orbiculari¥ are highly sought after
for pets and hence are often subject to illegalecbbn. Specimens seized by wildlife
authorities are sent to recovery centres or zoosravkhey rapidly accumulate in large
numbers. When the turtles become too numerous totama in these facilities they are
sacrificed or re-located to their supposed regiborigin. Characterisation of three turtle
populations at seven microsatellite loci assign2@f236 turtles in recovery centres to their
population of origin (Velo-Anton, Godinhet al. 2007). Releasing turtles that have been
genotypically assigned to the population reducesigk of outbreeding depression, which
is a reduction in reproductive output and fitnelsat tcan result when two genetically
distinct populations interbreed. Such targetedasss also minimize the possibility of
corruption of the evolutionary processes leadingit@rgence among geographic isolates,

an important precursor to speciation.
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In a similar manner to population assignment testslusion tests can be used to exclude
individuals as belonging to a given population lbasm their allelic or genotype
frequencies. An example of the use of exclusiotstes provide evidence for a wildlife
related crime is the 2004 case of a suspectedillegnslocation of four red deeCérvus
elaphu3 into a hunting area in Luxembourg. Exclusion gdsased on allelic frequencies
for 13 microsatellite loci verified that the Luxeourg red deer were not founded from
migrants from the adjacent populations of FrancelgiBm and Germany. Instead, they
were most likely sourced from deer farms and hashhiegally translocated into the area
for recreational hunting (Frantz, Pourtetsal. 2006). Genotype exclusion tests, based on
ten microsatellite markers, have also been usedutwessfully discriminate between
hatchery-raised versus wild stocks of the commbiycienportant marine fish red drum,

Sciaenops ocellatusf the south eastern United States (RenshawaBzet al.2006).

Individual identification, sexing, and parentage

Identification of an individual based on their umggenetic profile can be used to monitor
the number of animals entering commercial market®n if they are sold as meat or
highly processed products. Baket al. (2007) combined market surveys with DNA
profiing to estimate the numbers of North Pacifininke whales Balaenoptera
acutorostrata spp sold in 12 markets in the Republic of (South)rd&a from 1999 to
2003. A 464 bp fragment of the mtDNA control regiand eight STRs were used to
develop a ‘DNA profile’ for each market product. eTBDNA profiles were evaluated for
matches with other profiles and the numbers of umiNA profiles were assumed to be
minimum number of individual whales sold on the kedr with matching DNA profiles
representing replicates from the same individuéle Total number of individual whales
sold over a five period was estimated to be 82Wpat double the officially recorded by-
catch of 458 whales during this period suggestiag illegal trade of North Pacific minke
whales in South Korea is rampant (Baker, Coekal. 2007). Characterising individuals
with unique DNA profiles is an accurate method afniboring markets to determine what

species are present, and the numbers of individiiaach species sold.

To distinguish between legally and illegally obtdnspecimens, a DNA register can be
established where each legal specimen is DNA gafih a certified laboratory and the
profiles are lodged in a database. When therecaéiscated specimen, the DNA database

can be interrogated to rapidly identify unregistieand presumably illegally obtained)
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specimens. In Norway, a DNA register for minke vehbhs been established containing
2676 individual genetic profiles. The genetic pediare generated using information from
the mitochondrial control region, two sex determimamarkers and 10 microsatellite loci.
The Norwegian minke whale DNA register has proverbe effective in verifying legal
specimens by consistently matching 20 specimensnimike whales obtained from
Norwegian markets to reference samples in the texgiRalsboll, Berubet al. 2006). An
effective DNA register requires all legal speciméasbe lodged and genotyped using
highly sensitive hypervariable markers, such agasatellites, that have the resolution to
differentiate between individuals. Wildlife DNA reters can also be used to monitor the
compliance of breeders to ensure that captive Btedk are not being replenished or
supplemented from illegally wild caught stock. Tdféspring of captive breeding stock can
also be verified by assessing the parentage usisgjta of hypervariable microsatellite
markers, similar to methods used for human pateraitalyses (Cassidy and Gonzales
2005).

Determining the sex of an animal can be difficolt §ome taxa where differences between
the sexes are not obvious or the illegally killedcass is decomposed. Determining the
gender of the Asian elephant is important becauskstare only present in males and
drastic declines in the numbers of males from mgntior their ivory can result in
unbalanced sex ratios in the population. It cardiffecult or impossible to determine the
sex of Asian elephants when the carcass is deca@dpbst a simple and inexpensive test
based on the SRY gene on the Y chromosome has deerioped specifically for

identifying male Asian elephants from poached csgea (Gupta, Thangartjal. 2006).

In some countries, qualified hunters are resudi¢tehunting only one sex and monitoring
the trade requires determination of the sex ofahenals hunted. In Korea the hunting of
female pheasant is illegal and sex-specific markerge been used to identify illegal
hunting. In one case (February 2004), five pheasartasses were found in a suspect’s
refrigerator. Using two avian sex-specific markense marker on the Z chromosome and
one on the W chromosome, gender could be determbesthuse avian males are
homozygotes (ZZ), whereas females are heterozydd\®y. Two of the five pheasant
carcasses were female and the suspect was subdgquesecuted for illegal hunting
based on the DNA evidence (An, Lekal.2007).
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Method Validation

Genetic techniques need to be validated for useremsic applications. This is not a trivial
matter either at a scientific level or at a legaldl. The use of DNA markers for wildlife
forensic application need to be tested against vat become the ‘gold standard’ for
forensic science, the validation of human DNA. But{2005) defines validation as the
process of demonstrating that a laboratory proeegurobust, reliable, and reproducible in
the hands of the personnel performing the tesblAist method is one in which successful
results are obtained in a high percentage of &disst testing. A reliable method is one in
which the results are accurate and correctly reftbe sample being tested and a
reproducible method is one in which the same rdasutibtained each time a sample is
tested. All three properties are important for teghes performed in forensic laboratories
(Butler 2005). To meet these exacting standarden&c scientists need to document (a)
full details of the tests used to validate new tegbes; (b) the technical procedures and
policies to instil confidence in the laboratory pesses and policies; and (c) the policies

relating to the interpretation of data.

In the forensic world, most DNA analysis is conaactusing commercially available
technologies, reagents and ‘kits’. Ttievelopment validationof the latter will have been

carried out by the commercial entity prior to produelease. Hence, the forensic
laboratory is required to carry out more limiteternal validation aimed at showing the

laboratory can meet accepted validation requiresn@utler 2005).

Development validation is an exacting process averal organisations at an international
level have defined the standards for forensic appbn. The most commonly used
standards are these developed by SWGDAM (ScieMifacking group on DNA Analysis
Methods). This group was first established in &te 1980’s under FBI sponsorship to aid
forensic scientists as DNA applications in foreadicst emerged. A detailed discussion of
these and similar guidelines is beyond the scophisfpaper, but they include testing the
technology for consistency and reproducibility agaistandard samples, samples in more
complex matrices, mixed samples and samples exptsed variety of environmental
conditions. These criteria are aimed at ensurimgtéithnologies are robust in producing

reliable results with real life forensic sample$YGDAM also makes recommendations
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with regards to population studies and data inezgpion (Scientific Working group on
DNA Analysis Methods 2004).

It can readily be appreciated that forensic vaiatatstudies are onerous and time
consuming. There have been few comprehensive attetapvalidate non human DNA
tests for forensic applications. One recent majmodys validated DNA markers for
Cannabis plant samples (Howard, Gilmeteal.2008) and this work gives a useful insight
to the challenges which will face scientists seghim cross the bridge between research

and development to professional application inrieres.

The admissibility of evidence in the legal systengaoverned by different rules which also
need to be met. These vary according to the legahdworks and systems in different
countries. In much of the United States, scientddddence must meet the Daubert
standards (Girard 2008), under which scientifitregues must have

* been tested before;

* been subject to peer review and publication;

» standards which can verify the reliability of tleehnique;

» known potential error notes; and

e gained widespread acceptance in the scientific coniy

Scientists seeking to bring wildlife forensics ink@ court system need to be aware of the
legal framework and rules, and the role and expiecs for the expert witness. These are

not trivial matters.

Future Directions of Genetic Markers in Wildlife Forensics

The advent of whole genome sequencing of non-madgnisms will greatly increase the
markers that are currently available for forensanefics of wildlife. Universal nuclear

primers that can amplify informative regions ovdrraad range of taxa will become more
readily available, and will complement currentiatives such as the mtDNA barcoding of

life project (www.barcodinglife.oryy In addition, the availability of single nucledé

polymorphisms (SNPs) that are informative for seeciidentification, population
assignment, and individual identification of wileli will increase considerably. SNP

techniques target multiple regions of the genomerwisingle base pair mutations have
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occurred and they have the major advantage compau@tier forensic genetic methods of
being easily amplifiable from highly degraded miatleand are highly reproducible across
different laboratories (Amorim, Pereira, 2005; Butly 2004; Chakrabortet al, 1999;
Sarkar, Kashyap, 2003). Furthermore, SNPs are drteetamultiplexing of up to 50 loci
on a microarray platform enabling rapid and higtotighput screening of forensic samples
(Divne and Allen 2005). SNPs have already provenb® effective for forensic
identification of the population of origin for Cliok salmon (Schwenke, Rhydderehal.
2006) and show great promise as a genetic markmaribute to existing forensic genetic

technologies.

Whilst emerging technologies will add to the folengenetic toolbox, current genetic
technologies are capable of addressing most farepsstions as evidenced by the suite of
methods discussed in this review which have beecessfully applied to wildlife forensic
cases. The choice of genetic marker will dependhenforensic question to be addressed
and the ecology, biology and genetic knowledgenefdpecies. Each genetic technique has
it advantages and limitations for forensic applmwad and these must be carefully
evaluated when choosing a marker (Table 4.1). Tevamme the limitations of the genetic
techniques the most powerful approach is to usengbmation of complimentary markers

with the appropriate resolution to address therfsiceoutcomes.

Ecological, biological, and genetic knowledge ofdiie has traditionally been covered in
the disciplines of wildlife ecology, physiology amdnservation genetics and it is this
research that forms the foundation for the intdgiien of genetic data for forensic
applications. We argue that for forensic sciencadweance in the field of wildlife, cross-
disciplinary collaborations with ecologists, bioistg and conservation geneticists are

essential.

Phylogenetic, phylogeographic and population genstiidies are required for species,
population and individual identification of wildéf respectively. The objectives of
conservation research are often complimentary vottensic outcomes. For example,
phylogenetics can be used to delineate speciesdades and this is important for the
enforcement of wildlife legislation which recogrssend protects groups that are classed as
‘species’ or ‘subspecies’. In addition, the markaeseloped for phylogenetics can also be

used, or modified for use, for forensic speciesiiifieation (Table 4.1). Phylogeography
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and population genetic studies not only provideelas data that is required for

assignment of individuals to their geographic sewtorigin, but are also used to identify
populations that are most vulnerable to extincfrom overexploitation. The markers used
for these same studies can be applied to elucitth&tesource of traded specimens and

thereby identify “hotspots” for illegal collectiomhere enforcement efforts can be directed.

Forensic scientists can greatly benefit from linis@ith conservation geneticists to
collaboratively develop genetic technologies thatl wenefit the conservation and
management of traded species and to extend thebaolegies for use in a forensic
context to monitor trade activities and provide DN#idence that can be presented in
court for cases of illicit trade of wildlife. Crosisciplinary collaboration in the initial
planning phase of the research programmes willefoshe development of new
technologies that have greater versatility with liagions for both conservation and

forensics.
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Table 4.1 Comparison of genetic markers used for forensfdieations\ is highly informative N informative, x not informative.

Species Regional Population  Individual  Parentage Limitations for Advantages for Applications to
Id Id Id Id Forensics Forensics generate baseline
genetic data.
Mitochondrial | VW W N x V' maternity - Heteoplasmy - Suitable for trace  + Phylogenetics
gene (MDNA) X paternity * Nuclear paralogs and degraded - Phylogeography
sequencing - Maternal DNA - Population genetics
inheritance + Universal primers
- Single linked available
genome hence
effectively is one
single marker
Nuclear gene | \W X X X X * Not suitable for - Recommended for - Phylogenetics

(NDNA)

sequencing

trace or degraded
DNA

+ Universal primers
not available for

most species

use in
combination with
mtDNA for

species

- identification
+ Can detect hybrid

individuals
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Table 4.1 continued Comparison of genetic markers used for forengdiegtions./V is highly informative/ informative,x not informative.

Species Regional Population Individual  Parentage Limitations for Advantages for Applications to
Id Id Id Id Forensics Forensics generate baseline
genetic data
Pyrosequencing Vv V not VN for SNP W for SNP N for SNP - Only short - Enables very - Population genetics
assessed genotyping  genotyping genotyping fragments of 10to  rapid high for SNP genotyping
500bp can be throughput
sequenced. genotyping of
short fragments or
SNPs
Amplified V V V V V - Dominant marker, - No prior genetic - Phylogenetics,
Fragment therefore less knowledge of the phylogeography
Length informative for all organism population genetics.
Polymorphism applications. required. Limited use because
(AFLP) - Not suitable for of their dominance.
trace or degraded
DNA
Species-specifi¢ \ X X X X - Knowledge of - Rapid screening - None

Priming

species boundaries

required

once developed.

- Cost effective.
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Table 4.1 continued Comparison of genetic markers used for forensdiegtions./V is highly informative/ informative,x not informative.

Short Tandem
Repeat (STR).
Also called
Simple Tandem
Repeat (SSR) o

microsatellite.

Single
Nucleotide

Polymorphism

=

Species

Id

W

Regional

Id

W

W

Population

Id

W

Individual

Id

W

Parentage

W

Limitations for Advantages for Applications to

Forensics Forensics generate baseline
genetic data.
- Allelic dropout can - Highly informative - Most commonly used
occur when trace or marker for many marker for population
degraded DNA is applications. genetics because of
used. + Techniques have its high information
- Development time  already been content.
is substantial. validated for human
forensics.
- Approx five times - Highly - Use of this marker for
more loci required reproducible. phylogenetics,
compared to STRs. - Rapid screening of  phylogeography and
+ Currently not samples population genetics is
available for many still in its infancy.

species.




Chapter 5 - Development of microsatellite markersn the Australasian

snake-necked turtleChelodina rugosa, and cross-species amplification.

Picture:Chelodina cannione of the eight species that amplification & thicrosatellite

markers was tested in. Photo by Erika Alacs.
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Chapter 5 - Development of microsatellite markersn the Australasian snake-

necked turtle Chelodina rugosa, and cross-species amplification.

This chapter has been published as: Alacs, E. Alydd M., Georges A., FitzSimmons,
N. N., and Hughes, J. M. (2009). Development of rosatellite markers in the
Australasian snake-necked turtléhelodina rugosa and cross-species amplification.
Molecular Ecology Resourcé&s 350-353.

Abstract

Seventeen microsatellite loci were developed far #make-necked turtleChelodina
rugosa(Ogilby, 1890). Sixteen of the loci were polymomplut three of these loci had
null alleles. One locus displayed linkage disequilim. These 17 markers were tested for
amplification in eight congeneric species with wagy success; 98% amplification in
Chelodina burrungandjji72% inC. cannj 38% inC. expansa58% inC. longicollis 67%

in C. mccordj 73% inC. oblonga 81% inC. parkeri and 68% inC. pritchardi These
microsatellite markers will be useful for populatiassignment, gene flow, mating systems

and hybridization studies in the gerCiselodina.

Main Document

The genusChelodina(Testudines: Chelidae) is an Australasian genusnake-necked
turtles comprising thirteen species from AustralRgpua New Guinea, East Timor,
Indonesian West Papua and Roti (Georges, Thomdo8) 2Chelodina rugosas found in
parts of northern Australia and southern Papua Sewmea and is subject to legal harvest
for the pet trade by the indigenous community ofnMgrida in Arnhem Land, Northern
Territory. We developed 17 microsatellite loci test whether we could distinguish
between legal collections &. rugosain Arnhem Land and illegal poaching activities.
These loci were characterised for 76 individuadernftwo populations ofhelodina rugosa
from the Northern Territory that are 1.2 km apa#niple sizes of 41 and 35 respectively).
We also tested the primers on eight other spe€lbsiodina burrungandjii, C. canni, C.
expansa, C. longicollis, C. mccordi, C. oblonga, garkeri and C. pritchardi to better
understand the complex patterns of hybridisati@t tdtcur in this genugGeorgeset al.
2002).
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Total genomic DNA was extracted from skin tissuegkes (taken from vestigial hind toe
webbing) using standard salting-out protocol (Deglswet al. 2006). A genomic library
enriched for di- and trinucleotide repeats was tooted based on the FIASCO method
(Zaneet al, 2002). Modifications on the prescribed methoel described below. DNA
from a composite sample of four individuals (appmoately 100ng) was simultaneously
digested withMsd and ligated taVisd AFLP adaptor (5- TACTCAGGACTCAT-3" / 5~
GACGATGAGTCCTGAG-3"). The subsequent digestiondiiga mixture was amplified
using Polymerase Chain Reaction (PCR) under stdrjating conditions with the primer
Msd-N (5- GATGAGTCCTGAGTAAN-3"). Amplified DNA was fbridised with a
‘pool’ of biotinylated probes ((AAG) (ACC)s, (AGC), & (ACG)g) by mixing preheated
hybridisation buffer (181l 6 x SSC, 3ul 10% SDS, Gul 50 x Denhards) with a denatured
solution containing 10QuL of amplified DNA and 10uL of the probe pool. The total
solution was incubated at 62 for 30 mins. Hybridized DNA molecules were seleeljv
captured using Streptavidin MagneSphere Paramdgaeicles (S-PMP) (PROMEGA).
200uL 6x SSC, 4L 50x Denhards and | 10% SDS, were added to the S-PMP,
followed by the prepared DNA-probe hybridizatiordatated for 20 mins. The resultant
S-PMP-probe-DNA conglomerate was then isolated gusimagnetic field separation.
Removal of non-specific DNA occurred through a e of two non-stringency washes
followed by four stringency washes. Non-stringem@shes were performed with gentle
mixing for 30 secs using 8 SSC, and & SSC, respectively. Stringency washes were
performed using 0.99 SSC, 0.1% SDS; the third and fourth washes weetean at 55C

for 5 minutes and 30 mins, respectively. Betweecheaash, DNA was recovered by
magnetic field separation for 3 mins. The enrici®dA was resuspended in 40L
ddH,O. One microliter of enriched DNA was amplified ngithe same conditions as for
the pre-hybridisation PCR. Fragments of 200-100@vere excised from a 1.2% agarose
gel, purified and ligated into PGEM-T easy vectosing T4 DNA Ligase (Promega).
Ligations were used to transform competéntoli cells (strain IM109, Promega) through
electroporation. Following electroporation, the hwoets for cloning, identifying and
subsequently extracting DNA from positive cloneorioés followed those described in
Hillyer et al. (2006). Sequencing of 90 clone colonies used tHe&8 M primer (5°-
GTAAAACGACGGCCAGT -3°) (Amersham Pharmacia Bioteclgnd Big Dye
Terminators (Perkin Elmer). Sequences were deteanion an ABI 377 automated

sequencer and edited by eye in BioEdit (Version9.6iall, 1999). Of the sequenced
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clones, 55 contained microsatellite arrays, 31 bfctv had sufficient flanking regions

allowing for primer design.

Primer pairs for up to seventeen loci were firstdd on five individuals o€Chelodina
rugosato select those that successfully amplified ancevp®lymorphic. The remaining 14
loci were not tested for polymorphism @ rugosa PCR primers were designed with 5’
fluorescent modifications (WellRed dyes) to allo’R multiplexing for up to six loci
(Table 5.1). Each PCR amplification was performed 20ul reaction containing 50-100
ng template, 2 x PCR buffer, 2-2.5 mM MgCTable 5.1), 0.2 mM each dNTP (Bioline),
0.10-0.75uM of each primer (Table 5.1) and 1 U ®ag DNA polymerase (Bioline
RedTagq). All reactions had an initial five minutendturation at 94C, followed by 30
cycles of 94°C for 1 minute, annealing temperature) (dr 30 seconds (Table 5.1), and 72
°C for 1 minute, with a final extension of 4 minutas 72°C. DNA fragments were
separated on a Beckman Coulter CEQ 8000 GenetidyginaSystem and sized with
Beckman Coulter version 9.0 CEQ software using BOOA ladder as an internal size
standard.

Characteristics of the 17 loci are summarized irblda5.1. The locus T27 was
monomorphic forChelodina rugosaut was polymorphic in other species (Table 5.2).
Expected and observed heterozygosity, and the nuailadleles per locus were generated
using POPGENE 1.31 (Yedt al. 1999). Each locus was tested for deviations fraandit
Weinberg equilibrium and linkage disequilibriumngiGENEPOP 3.4 for each population
separately and all samples combined (Raymond, Ro@895). Micro-Checker 2.2.3 (Van
Ooserhoutet al. 2004) was used to detect null alleles in each ladipn and the program
FreeNA (Chapius, Estoup, 2007) was used to estitmadrequency of the null alleles.
Linkage disequilibrium was found between loci T2&1da41, and between T26 and T17
for both populations. Significant deviations fronardy-Weinberg equilibrium were found
for loci T15, T39, and T67 (p < 0.05), in which ebged heterozygosity was lower than
expected heterozygosity. Micro-Checker analyse®ctied possible evidence for null
alleles, and null allele frequencies of 11.8% 12.986 9.8%, respectively, suggesting
there are null alleles at these loci (Table 5.lipubleotide microsatellite loci displayed
greater allelic richness (mearn N 13.8) compared to trinucleotide loci (mean N4.4)

but the levels of expected heterozygosity were bajth (mean k= 0.69 and 0.43 for
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Table 5.1Characterisation of 17 microsatellite loci for thestralasian turtl€helodina rugosdor 76 individuals.

. Allele GenBank
Locus Primer sequences (5> 3) Repeat Motif |(DCI\/|I?) Primet Ja MgCl,  size range N N H H Fer(Je” Accession
q p H (OC) (mM) (bp) A E o E q no.
T-11° P CAG CCA AAAAAATGTAGG TCC  (CA)p 0.25 57 2 143-209 11 5.1 0.800 0.817 0.016 EU52210
R: TGT GAC CAC CTG ATA ACA GGC
T-12 F% GGGATC ACT CGGCCACTCTGG (CAG);GAG(CAG), 0.40 57 2 157-163 3 2.4 0.514 0.591 0.011 EU522093
R: ACC CAA GAATAC CCG TCA CCG
T-142  F% TAG GCT CAG GGA TAT GAT AGC  (TGC) 0.10 57 2 120-139 3 2.4 0.571 0.591 0.024 EU522094
R: CTC CAG CGA CAG TTG CAA CAG
T-15%  F% TGG TAAATAAGG GCT GCATGC  (AC)s5 0.60 55 2 157-309 17 9.9 0.629 0.912 0.1H1J522103
R: CAGTTT CCTTACTTT GTCTGTC
T-177  F% AAC AGT ATT ATG GAT GCA GAC (TGC), 0.40 57 2 118-136 4 15 0.229 0.339 0.049 EU522095
R: GAC ACA AAA GGT ACC ATT CCC
T-26° F% CAG TGATTT TTG CTA CCA AGG (GCA), 0.25 57 2 155-176 15 5.9 0.600 0.842 0.014 EU52209
R: GCA AAA CAG TAT TAT GGA TGC
T-27°  F% TTC TAG CCC AAC CCATGTAGC  (TGC) 0.40 55 2 140 4 14 0.257 0.303 - EU522109
R: GTG GTT ATA AGG AAG TCATGC
T-31° F: GGG ACC ACT CAT GGAACT AAG  (AC)ss 0.40 57 2 127-271 17 9.2 0.857 0.905 0.005 EU52210
R: GGG ATA GAATTG GGA ATG TAT G
T-3¢  F: AAG CAG GGA GTT GCA AAT CAC  (CA)ss 0.20 59 25 105-201 18 9.8 0.588 0.911 0.129 EW622
R: ATC TGG CCT TTG GTC TTT CAG
T-41° F% TCC CTC ACT TCT AGC TCT ACC (AC),C(AC);5 (ACCC)y  0.75 55 2 125-207 11 3.6 0.606 0.734 0.079 EU52210
R: TCT TCT GTC TGG GTG GGT GTG
T-42  F4 CCAAAC TTG AAC ACT GCT GTG (ACC)sg 0.15 57 2 155-164 2 1.2 0.171 0.205 0.022 EU522097
R: GGA CTC CCA GAT TAT GGT CTC
T-44°  F% AAG GCA GTT GAG AAC CAG GTG  (AGC), 0.20 57 2 133-145 4 3.7 0.743 0.740 0.001 EU522098
R: GTA GAT GCC ACC CAT GTT GTC
T-47 F% CAATAC TAG TCT GCT GTC ACC (CA)1, 0.3 59 25 118-230 5 3.1 0.647 0.691 0.008 EU52210
R: CTA AGT TAC CAATGC CTCC
T-58° F: TCC TGA AAG GGT GGG CAAAGG  (CAC), 0.25 57 2 154-163 3 1.1 0.114 0.111 0.000 EU522101
R: CTA GAT GAT TCT CAG TCT TTC
T-67% F% TAC CCT TTA GAC TGA GGC AGG  (CA),; 0.25 59 25 106-184 18 10.3 0.676 0.916 0.098 RUW6G2
R: AGG AAG ATG AAT CAG GGT GAG
T-80* F% CTC ACC TGC AGC CTC TTT CTC (TGC), 0.30 57 2 144-168 3 2.1 0.457 0.527 0.027 EU522099
R: AGG ACC TTT CAG GAC CCT CAC
T-87 F- CAG CAC TGATCT GCAAGT ACC  (TGC) 0.30 57 2 124-154 3 2.4 0.600 0.593 0.006 EU522100

R: GCT ACACCAGTT TCACTC TGC
(*Multiplex; *primer labelled with WellRed Dy¥4, “D3, °D2; N4, number of alleles\g , effective number of alleles; dHobserved heterozygosity;zHexpected heterozygosity)
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Table 5.2 Cross-species amplification 6helodina rugosanicrosatellite primers for eight congeners.

C. burrungandijii C. canni C. expansa C .longicollis
No. Size Range No. Size Range No. Size Range No. Size Range

Locus Success Alleles Success Alleles Success Alleles Success Alleles
T-11 5/5 7 147-181 5/5 5 137-173 3/5 4 163-276 5/5 6 141-159
T-12 5/5 3 157-163 3/5 4 151-163 2/5 2 157-160 2/5 2 160-163
T-14  5/5 3 120-126 4/5 2 117-126 2/5 1 129 2/5 1 120
T-15 5/5 7 165-203 5/5 2 171-173 5/5 4 163-181 5/5 1 171
T-17 5/5 1 118 1/5 1 118 2/5 2 130-133 2/5 2 118-124
T-26  4/5 3 139-158 4/5 2 158-164 3/5 2 158-161 3/5 1 158
T-27  4/5 2 140-157 4/5 2 157-166 0/5 - - 0/5 - -
T-31 5/5 7 110-217 5/5 6 133-157 3/5 4 144-306 5/5 7 138-186
T-39 5/5 7 91-195 3/5 3 93-103 0/5 - - 0/5 - -
T-41  5/5 3 131-143 4/5 2 135-137 2/5 1 139 4/5 5 133-143
T-42  5/5 3 152-158 4/5 2 152-167 2/5 2 155-158 2/5 1 152
T-44  5/5 3 133-139 4/5 2 136-139 2/5 2 136-145 3/5 1 142
T-47  5/5 2 112-120 3/5 2 118-120 0/5 - - 0/5 - -
T-58 5/5 2 157-160 4/5 2 157-166 2/5 2 169-172 3/5 4 157-166
T-67 5/5 7 112-206 2/5 2 94-142 0/5 - - 0/5 - -
T-80 3/5 1 147 2/5 1 144 1/5 1 150 2/5 1 144
T-87 5/5 2 136-145 4/5 4 136-148 3/5 1 136 2/5 2 136-145

®Success' is the total number of individuals thatcessfully amplified over the total number of iridivals tested.
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Table 5.2 (continued)Cross-species amplification Ghelodina rugosamnicrosatellite primers for eight congeners.

C. mccordi C. oblonga C. parkeri C. pritchardi

No. Size Range No. Size Range No. Size Range No. Size Range
Locus Success Alleles Success Alleles Success Alleles Success Alleles
T-11  5/5 6 135-153 5/5 9 127-255 5/5 3 119-137 /55 1 143
T-12  2/5 1 157 2/5 2 151-160 3/5 1 160 3/5 -160Q
T-14  3/5 1 126 4/5 1 120 5/5 1 117 5/5 123-144
T-15 5/5 2 163-173 5/5 2 179-181 5/5 1 177 5/5 171
T-17  0/5 - - 4/5 2 133-139 5/5 1 130 0/5 -
T-26  5/5 2 146-158 4/5 1 158 4/5 2 158-161 2/5 161
T-27 5/5 1 137 5/5 2 137-140 5/5 1 140 5/5 137
T-31  4/5 3 132-138 5/5 3 84-88 5/5 6 120-182 565 1 136
T-39 5/5 1 93 5/5 8 143-227 5/5 4 137-145 5/5 97
T-41  2/5 2 123-131 5/5 3 101-107 2/5 2 155-157 /55 1 131
T-42  3/5 2 152-155 0/5 - - 2/5 1 164 5/5 152
T-44  5/5 3 136-151 4/5 3 136-142 5/5 1 139 3/5 136
T-47  5/5 3 131-137 2/5 2 109-117 0/5 - - 5/5 471
T-58 5/5 2 148-166 4/5 3 166-175 4/5 1 166 2/5 166
T-67  0/5 - - 0/5 - - 5/5 5 148-196 5/5 126-152
T-80 3/5 1 144 4/5 1 144 4/5 1 144 4/5 144
T-87 0/5 - - 4/5 1 145 5/5 2 136-142 4/5 145

#Success’ is the total number of individuals thatcessfully amplified over the total number of iridivals tested.
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dinucleotides and trinuceotides, respectively) sstjigg that both types of markers will be

informative genetic markers.

Primers were tested on five individuals of eightdiidnal species: Chelodina
burrungandjii (4 populations) C. canni(2 populations),C. expansg?2 populations),C.
longicollis (4 populations) C. mccordi(1 population) C. oblonga(1 population) C.
parkeri (1 population)and C. pritchardi (1 population). The details of the cross-species
amplification of the primers are shown in Table.5The rate of amplification success
varied across these eight species: 98%helodina burrungandjji72% inC. cannj 38%

in C. expansa58% inC. longicollis 67% inC. mccordj 73% inC. oblonga 81% inC.
parkeri, and 68% inC. pritchardi Tests of the transferability of the primers sigjglat
they are (i) highly suitable fa€. burrungandjiiandC. canni(15/17 loci polymorphic)(ii)
have limited suitability forC. oblonga(11/17 loci polymorphic) C. mccordiand C.
expansa(9/17 loci polymorphic) C. longicollisand C. parkeri(7/17 loci polymorphic)
and (iii) are not suitable fo€. pritchardi (3/17 loci polymorphicYor population genetic,

gene flow and hybridisation studies.
In conclusion, these new microsatellite loci wilintribute to the genetic monitoring of

trade in Chelodina rugosa They will also be used for studies of mating ey,

population genetics, gene flow and hybridizatioth@ genu€helodina
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Chapter 6 - Phylogeography of the Australasian frdswvater turtle
Chelodina rugosa and its hybridisation and genetic introgression wit

two sympatric specie<C. burrungandjii and C. canni.

Picture:Chelodina burrungandijii.a species that forms hybrids wiflhelodina rugosa.
Photo by Erika Alacs.
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Chapter 6 - Phylogeography of the Australasian frédswvater turtle
Chelodina rugosa and its hybridisation and genetic introgression wh

two sympatric specie<C. burrungandjii and C. canni.

Abstract

Phylogeography of the Australasian freshwater @éuCthelodina rugosavas investigated
using 867 bp of the mitochondrial control and NBgions. Two major haplotype lineages
were found across the range ©f rugosa The first lineage consisted of haplotypes from
the Gulf of Carpentaria, Cape York and southernuBamand the second lineage was
comprised of haplotypes from the Northern Territorfhe relationships among
mitochondrial haplotypes suggest that the Papuadastralian forms are not distinct taxa
and refuted the designation of the Papuan specimsrdhelodina siebenrockilLake
Carpentaria was formed during the Pleistocene Q80t06 8,000 years ago) and connected
river drainages between southern Papua and northestralia, and thereby facilitated
gene flow betweelk. rugosaof eastern Australia and Papua, but not betweesetbf the
Northern Territory (western drainages) and Pagilelodina burrungandjiis sympatric
with C. rugosa in the Northern Territory and extensive hybridisat betweenC.
burrungandjii and C. rugosain the Roper, South Alligator and Cadel Riverstie
Northern Territory was identified by sequencing faro mitochondrial genes (control
region and ND4) and genotyping for 17 microsatllitoci. Hybridisation was
unidirectional withC. burrungandjiimales mating withC. rugosafemales to produce
fertile hybrid offspring as evidenced by the foriaatof a single mitochondrial *hybrid’
haplotype lineage that was closely related to tagemal specie£;. rugosa Hybridisation
and gene flow between the two sympatric speciesofiression) is both historic and
contemporary as evidenced by the mitochondrial riaythaplotype lineage having bo@.
rugosaand C. burrungandjiimorphotypes and confirmed by the identificationaof F2
hybrid in the microsatellite analysis.@ rugosaby C. cannihybrid was also identified by
the mitochondrial data in combination with morplgtoin which characters that were
obviously intermediate between the two species wdrserved. Taxonomic status of
Chelodinasp. from the Kimberley region was examined but daubt be fully resolved
based on available molecular (45 allozyme loci, Bp©f mitochondrial DNA, and 898 bp
of nuclear R35 intron) and morphological evidengitochondrial and the nuclear R35

intron (898 bp) gene trees were incongruent iptaeement oChelodinasp. (Kimberley)
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andC. cannias sister taxa. The discrepancy between the natmbfal and nuclear gene
trees was most likely caused by the differentigemon of ancestral mitochondrial
polymorphisms or ancient introgressive hybridisatietweenChelodinasp. (Kimberley)

andC. canni

Introduction

Phylogeography can provide insights into historfpacesses (e.g. vicariance events) that
have shaped taxonomy, current distributions of t@xd genetic diversity within species
(Avise 1998; Templeton 2001). One region of patéicinterest is northern Australia and
New Guinea. Extensive biogeographic, and more tgcphylogeographic, studies of this
region have revealed the exchange of fauna and Between southern New Guinea and
northern Australia that has occurred as recent,@808years ago (e.g. De Bruwt al.
2004; Kuchet al. 2005; McGuiganet al. 2000; Rawlingset al. 2004; Rawlings and
Donnellan 2003; Unmack 2001; Willam®t al. 2008). There is convincing
palaeogeographical evidence for the formation ofeatensive Lake Carpentaria that
connected drainages of northern Australia and Nevmé&a during the Pleistocene (Chivas
et al. 2001; Jones and Torgersen 1988; Reatea. 2008; Torgersert al. 1983). Lake
Carpentaria fluctuated from freshwater to salinevben 80,000 and 12,000 years ago
when the sea repeatedly breached and withdrew fr@amGulf of Carpentaria (Chivas,
Garcia et al. 2001). Its largest freshwater phaae lvetween 12,000 to 11,000 years ago, in
which it had dimensions approaching 600 x 300 k&0(Q00 kni) and a depth of about 15
m (Chivaset al. 2001; Reeveet al. 2007; Reeveet al. 2008). Lake Carpentaria bridge
facilitated exchange of terrestrial and aquati@tagross the Gulf of Carpentaria, Northern
Territory, and western Cape York (e.g. De Brgyral. 2004; Kuchet al. 2005; McGuigan

et al. 2000; Rawlingset al. 2004; Rawlings and Donnellan 2003; Unmack 2001l|i&¥hs

et al. 2008). To the east of Lake Carpentaria, a TorreaitSand bridge connected
southern New Guinea and Cape York until it was serged by marine transgression some
8,000 years ago (Nix and Kalma 1972). On the wbst,emergence of the Arafura Sill
22,000 years ago that extended from Cape ArnhetheirNorthern Territory to southern
New Guinea promoted reciprocal exchange of fauhad®n these regions (Chivas, Garcia
et al. 2001).

This study investigates the influence of Lake Carpea on the genetic structure of

Chelodina rugosand expands on the allozyme study of Georges. é2@0D2) with more
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extensive sampling and inclusion of sympatric spe€helodina rugosas a freshwater
turtle that inhabits lowland coastal drainages oftimern Australia, Gulf of Carpentaria,
Cape York and southern New Guinea (Georges, Adarals 2002; Georges and Thomson
2002). Specimens from New Guinea have been vayi@assigned t&. rugosa(Georges
and Thomson 2002; Goode 1967) orQo siebenrocki(Burbidge, Kirsch et al. 1974,
Cogger 1983). There is scant morphological evidencdistinguish them (Rhodin and
Mittermeier 1976) and they are not differentiatgdpbylogenetic analysis of 45 allozyme
loci (Georges, Adams et al. 2002; Georges and Thon@002). This study uses
phylogenetic analysis of two mitochondrial geneen{ml region and ND4) and the
nuclear R35 intron to investigate the taxonomiatrehship betwee. rugosaof southern
Papua and northern Australian, and to ascertainheghéhose of southern Papua should be

regarded as a distinct taxon.

Additionally, hybridisation and introgression beemeC. rugosaand its two sympatric
species —C. burrungandjii, and C. canni — was investigated by sequencing two
mitochondrial genes, and genotyping 17 hypervagiamicrosatellite loci.Chelodina
burrungandjii is considered to be closely related @o rugosaand is described from
Arnhem Land in the Northern Territory (Thomson, Kett et al. 2000)C. burrungandijii
andC. rugosaare occasionally sympatric in Arnhem Land (ThomsGemnett et al. 2000).
Hybridisation between the two species has beenrdented by the allozyme study of
Georgest al.(2002), however owing to lack of multiple fixed fédifences between the two
species for 45 allozyme loci they could not estdbivhether introgression was occurring.
In addition,C. rugosax C. cannihybrids and backcrossed individuals produced biymgs

between hybrids an@. cannihave been identifieGeorges, Birrell et al. 1998).

In the Kimberley region of Western Australia anetfeem of Chelodinasp. existghat is
morphologically most similar t€helodina burrungandjibut was regarded as a distinct
taxon based on several diagnosable morphologicalacters (Thomson, Kennett et al.
2000). We investigated the taxonomic distinctiorthed Kimberley form fromChelodina
burrungandjii by sequencing two mitochondrial genes (controlare@nd ND4) and the
nuclear R35 intron.
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Methods

Sampling and collection of tissue samples

Tissue samples were collected from live turtlesgbaun modified crab traps or hand
captured by snorkelling. Small tissue samples wbetained from the vestigial webbing on
the hind foot or from skin along the neck. Blood diner samples were available from the
Turtle  Tissue Collection maintained at the Univigrsi of Canberra
(http://aerg.canberra.edu.au/cgi-bin/locations.c@amples were collected from 62.
rugosafrom 22 major drainages across the species ramdéewv Guinea and northern
Australia (Figure 6.1). A total of 49 samples weatlected from the Kimberley form of
Chelodinarepresenting the seven major drainages acrossnger(Figure 6.2: localities 1-
7). Samples were collected from €3 burrungandjiifrom three localities: South Alligator,
Cadel and Roper River (Figure 6.2: localities 8-J0}otal of ten samples were collected

from C. cannirepresenting five major drainages (Figure 6.2alites 10-14).

DNA extraction, mitochondrial DNA amplification asdquencing

Total genomic DNA was extracted using a standareél&hprotocol for skin samples
(Walsh, Metzger et al. 1991) or salt extractiontpecol for blood samples (Sambrook and
Russell 2001). A fragment of approximately 950 Ilgmprising of the 3portion of the
mitochondrial ND4 gene and the histidine and seifiti¢A genes were amplified for seven
samples of each of the speci€: rugosa C. burrungandjij and C. canni The ND4
fragment was amplified in a 38 polymerase chain reaction (PCR) containing 20-4§0
template DNA, 025 uM of primers ND4F 5-CACCTATGACTAC
CAAAAGCTCATGTAGAAGC-3 and LeuR 5-CATTACTTTTACTTGGATTTGCACC
A-3 (Arevalo, Davis et al. 1994), 0.2 mM each dNTH, &M MgCh, 1 x PCR buffer,
and 0.5 UTaq DNA polymerase (Bioline Retdlag. The PCR cycling conditions were as
follows: 94°C for 5 min, followed by 35 cycles of $€ for 45s, 55°C for 45s, 72C for
60s, and a final extension of 7@ for 6 min. All PCR reactions were run on an Epjueh
Mastercycler 5333 version 2.30 thermal cycler. R@gase chain reaction products were
purified using a standard polyethylene glycol (PEfB)cedure (Sambrook and Russell
2001) and sequenced using an ABI automated seqguandbe facility of Macrogen in
Seoul, Korea.The 21 ND4 sequences were aligned yley aamd an internal primer
(ND4intR) was developed that will reliably amplifyfragment of approximately 600 bp

for sequencing.
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Figure 6.1 Australian, Papua and West Papua drainage bsisavging the 22 basins from
which Chelodina rugosasamples were collected. Major drainage basinsiamebered as
follows: 1. Finnis River,2. South Alligator River,3. East Alligator River4. Liverpool
River, 5. Cadel Riverg. Goyder River,7. Roper River8. MacArthur River,9. Robinson
River, 10. Nicholson River11. Leichardt River12. Norman River13. Gilbert River,14.
Mitchell River, 15. Edward River,16. Holroyd River,17. Archer River,18. Wenlock
River, 19. Jardine River20. Merauke River21. Binituri River, and22. Normanby River.
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Figure 6.2 Australian, Papua and West Papua drainage babmsing the major river
basins from whichChelodina sp.(Kimberley), C. burrungandjiiand C. cannisamples
were collected.Major drainage basins from whic@helodina sp.(Kimberley) were
collected are numbered as followk: Fitzroy River, 2. Isdell River, 3. King Edward/
Mertens/ Mitchell Rivers4. Drsydale/ Carson RiverS, Durack/ Pentacost River§, Ord
River, and7. Keep River. Major drainage basins from which [irrungandjii were
collected are numbered as follovss:South Alligator River9. Cadel River, and0. Roper
River. Major drainage basins from which &nniwere collected are numbered as follows:
11. Leichardt River12. Mitchell River,13. Archer River,14. Normanby River €. cannix

C. rugosahybrid), 15. Johnstone River.
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All samples were subsequently amplified with thiengrs ND4F 5-CACCTATGACTAC
CAAAAGCTCATGTAG AAGC-3 (Arevalo, Davis et al. 1994) and ND4 intRAGG
TGT TCT CGT CTT TG-3using the same conditions for PCR reaction, PGy,
clean up and sequencing reaction as detailed abdrsgment of approximately 410 bp of
the mitochondrial control region (CR) was amplifiada 25ul polymerase chain reaction
(PCR) containing 20-100 ng template DNA, 0.4M and TCR500 %
CCCTGAAGAAAGAACCGAGGCC-3 (Engstrom, Shaffer et al. 2004), 0.75 mM each
dNTP, 2.5 mM MgC], 2.5ul 10 x PCR buffer, 0.6 M betaine, iy BSA and 0.51 Uraq
DNA polymerase (Bioline Redad). The PCR cycling conditions were as follows: @4
for 2 min, followed by 35 cycles of &€ for 30 s, 55°C for 30 s, 72C for 45 s, and a

final extension of 72C for 5 min.

Phylogenetic Analyses of the mitochondrial ND4 @R

Sequence data were edited using SEQUENCHER 4.2pg&odes Corporation) and
then aligned using CLUSTAL X (Thompson, Gibson|etl897) in the program Geneious
Pro 3.8.2 (Biomatters Ltd). Alignments were vedfiey eye. Missing data at the ends of
the sequences were removed from the ND4 and CRnadigts and the alignments were
concatenated for further analysis. The combinec d&t of 867 bp was analysed by
maximum parsimony (MP), and maximum likelihood (Mlging PAUP 4.0b10 (Swofford
2000). The MP analyses assumed that character ebamngre unordered and of equal
weight and used a random stepwise sequence additgorithm with tree-bisection-
reconnection (TBR) branch swapping. Modeltest 3Pbs@da and Crandall 1998)
determined that the best fit model of sequenceutionl based on Akaike Information
Criterion was the Hasegawa, Kishino, Yano 85 (HKMsegawa, Kishino et al. 1985) plus
invariable sites (I) and a gamma distribution (Gjate heterogeneity across variable sites.
The estimated parameters under this model, G =35,99= 0.6244 and Ti/Tv = 6.15, were
implemented in the ML analysis conducted in PAUBb40 (Swofford 2000). The
robustness of the consensus trees was evaluatiedolstrap analysis using 1000 and 100
replicates for MP and ML respectivel$helodina expansandChelodina longicollisvere
used as outgroup taxa to root the consensus tBeesience divergenceg) (values were
estimated between regional phylogroups and betveperties, and were corrected for

within phylogroup diversity (Avise and Walker 1998)
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Table 6.1 Locality information for theChelodinasamples used in the phylogenetic

analysis of the nuclear R35 intron.

Species Specimen State and Country  River
Chelodina longicollis CL72 NSW, Australia Mary
Chelodina longicollis AA20521 QLD, Australia Burnett
Chelodina canni AA20248 QLD, Australia Mitchell
Chelodina pritchardi 497 New Guinea Kemp
Chelodina novaeguinea 456 New Guinea Merauke
Chelodina reimanni 491 New Guinea Merauke
Chelodina oblonga 398 WA, Australia Swan
Chelodina burrungandjii ALO18 NT, Australia Roper
Chelodina sp(Kimberley) N1721 WA, Australia Durack
Chelodina sp(Kimberley) N1208 WA, Australia Drysdale
Chelodina sp(Kimberley) N624 WA, Australia Isdell
Chelodina rugosa G85 QLD, Australia Holroyd
Chelodina rugosa 478 West Papua Binituri
Chelodina rugosa AA20078 NT, Australia Roper
Chelodina rugosa AA20002 NT, Australia East Alligator
Chelodina rugosa Y007 NT, Australia Robinson
Chelodina expansa CE107 NSW, Australia Murray
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Confirmation of hybridisation and introgression ngithe nuclear R35 phylogeny and
microsatellites.

Details of the PCR amplification and sequencingdatons for the nuclear R35 intron
gene have been described in detail in the methext®a of Chapter 8. A portion of this
phylogeny is presented here to illustrate the imglahips between species from the
Chelodinagenus for a nuclear gene tree (Table 6.1). A widive C. burrungandjiiand
55 C. rugosaindividuals were genotyped for 17 microsatelliteeil C. burrungandijii
samples represented each three major drainageth Altigator River (one sample), Cadel

River (three samples), and Roper River (one samples

Samples ofC. rugosawere from the Cadel River (46 samples from 10 llbea), Roper
River (two samples) and East Alligator River (sewsamples). The amplification and
scoring of the microsatellite loci: T-11, T-12, ®,1T-15, T-17, T-26, T-27, T-31, T-39, T-
41, T-42, T-44, T-47, T-58, T-67, T-80, T-87 wemareed out according to the protocols
described in Chapter 5. The microsatellite data ewanalysed with the program
NewHybrids version 1.1 beta (Anderson and Thompad®R) to identify F1 hybrids, F2
hybrids and backcrossed individuals resulting froratings betweerC. rugosaand C.
burrungandjii. NewHybrids uses bayesian based clustering model with Markov Chain
Monte Carlo simulations to detect the posteriotbptulity that individuals belong to each
of the hybrid classes. Jeffery priors were usethenNewHybrids analyses and run for
1,000,000 iterations with a burning-in of 100,06 ations.

Results

The final alignment consisted of 867 bp, includB@9 bp of the mitochondrial control
region and 468 bp of the ND4 region. In total, Z#s were variable, and 204 of these
were parsimony-informative. Seven binary-coded Imdeere present within the partial
sequences of the control region. There were 4lohgms observed i6. rugosasamples,
two haplotypes inC. burrungandjij 16 haplotypes irChelodina sp.(Kimberley), and
seven haplotypes i€. canni Maximum parsimony and maximum likelihood analyses

produced the same tree topology (Figure 6.3).

Strong bootstrap support was obtained for two majoeages ofC. rugosa with
2.4% sequence divergence. One haplotype lineage awasprised of 36 different

haplotypes observed in 50 individuals from the @@l€arpentaria and Cape York
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CR3 [Finnis(
99 CR4 [East Alllgator(B)] .
95 CR5 [East Alligator(l), Roperi(l)] Chelod_}na rugesa
CR6 [Bast Alligator (1), Cadel(2), Goyder(1)] West lineage
86 CR7 [East Alligator(1)]
81 CR8 [South Alligator(2)]

CR9 [South Alligator(2)]
99 CB1 [Roper (1
93 CB2 Cadel(lo , South Alligator(l)]
CR10 [Roper (1)]

CR11 [MacArthur(1l)]
CR12 [MacArthur(2)]

CR13 [Robinson(1l)]
CR14 [MacArthur(1)]

100 CR15 [Holroyd(1l)]

100 CR16 [Edward(2)]
| CR17 [Nicholsen(1)]
CR18 [Jardine (1)]

CR19 [Archer(3), Holrovd(l)]

Chelodina burrungandjii

CR20 [Archer (1)]
55| CR21 [Edward(1)]

63 CR22 [Wenlock(3)]

CR23 [Wenlock (1)]

CR24 [Merauke,NG(2)] .
87 CR25 [Merauke,NG(1)] Chelodllna rugosa
100 CR26 [Merauke,NG(1)] East lineage

—CR27 [Robinson(1)]
CR28 [Holroyd(2)]

FCR29 [Binituri,NG(2), Mitchell(1)]
CR30 [Normanby

¢
CR31 [Norman(1)]
CR32 [Edward(1)]
CR33 [Gilbert(l), Leichardt(1l)]
CR34 [Norman(l)]

[
[Nicholson(2)]
[EQward (1) ]
CR37 [Leichardt(l)]
[Normanby (1) ]
[Norman (2) ]

52 | ||Lcr40 [Leichardt(1)]
100 60 || cR41 [Leichardt (2)]
Py CR42 [Gilbert (1)]

CR43 [Edward(1)]
FCR44 [Edward(l)]
CR45 [MacArthur(1)]
CR46¢ [Robinson (1) ]

Csp.5 [Mitchell WA (3)]

Csp.6 [King Edward(4)]

ag Csp.7 [Fitzroyv(1l)]
Csp.8 [Isdell (5)]

rCsp.3 [Mertens(4)]
iCsp.4 [Carson (3)]

96| Csp.9 [Fitzroy(4)]
Csp.10 %Ord(l)] (2] Chelodina sp.
Csp.l11l [Pentacost (3 3
98 Csp.12 [Ord(2)] Kimpberley
Csp.13 [Keep(1)]
Csp.14 [Durack(2)]
Csp.15 [Durack(l)]

Csp.17 [Drysdale(4)]

§p.15 [Tedell (2)]

Cap.18 [Drysdale(1)]
98~CC1 [Leichardt(2)]
BlﬂéCCxCR [Normanby (1) ]

o cc2 [Archer (1)] Chelodina canni
CC3 [Leichardt (1)]
59 Togloca [Mitchell 01d(1)]
39-CC5 [Johnstone (3)]
CCé6 [Johnstone(1)]
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Figure 6.3 Phylogenetic analysis @helodina rugosaC. burrungandjij Chelodina sp.
(Kimberley) andC. cannibased on 867 bp from the mitochondrial ND4 androbnegion.
Haplotypes are labelled as the species based ophalogy (i.e. CR =Chelodina rugosa
CB =C. burrungandjij Csp. =Chelodina sp(Kimberley), CC =C. cann). Following the
haplotype name is information of the main riveribgsn which they were found and the
sample size in parentheses for each locality. Nusnbt nodes refer to bootstrap values
with 1000 and 100 replicates performed for Maxim@&arsimony (value above) and
Maximum Likelihood (value below) analyses respeadity Haplotypes in bold have a
morphology that is characteristic for a differepésies compared to their haplotype.
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Figure 6.4 Major haplotype lineages for samples from turtlest hadChelodina rugosa
morphology mapped onto the major drainage basimsustralia, Papua and West Papua.
Haplotype lineages were determined by Maximum Rasy and Maximum Likelihood
analyses of 867 bp from the mitochondrial ND4 aodtiml region. The hypothesized
position of Lake Carpentaria (LC) and its draindgsin are shown (dashed line) (adapted
from Torgerseret al. 1985).

100



Chapter 6 — Phylogeography©f rugosa

c.

C. Bp. Isdell/Drysdale. 4§
C. sp. Isdell/Fitzroy, :

Figure 6.5 Major haplotype lineages for samples from turtlest had the morphology of
Chelodina sp.(C. sp) from the Kimberley region an@€. burrungandijii respectively,
mapped onto the major drainage basins of Austrelaalotype lineages were determined
by Maximum Parsimony and Maximum Likelihood anab/sef 867 bp from the
mitochondrial ND4 and control regio. burrungandjiihaplotypes occur in the South

Alligator, Cadel and Roper Rivers.
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Emydura spp.

Elseya spp.

Elseya Spp.

98 Chelodina cblonga
Cheledina pritchardl/reimannl/novaegulinea Species complex A
Chelodina longicollls

Chelodina canni

chelodina burrungandjil/cheleodina sp. (Kimberley)
Chelodina rugosa Species complex B
Cheleodlina expansa

io0
100

outgroups

Figure 6.6 Parsimony analysis of selected Australian chelities using 898 bp of the
nuclear R35 intron. Node support shown for maximpansimony with 1000 bootstrap

replicates and maximum likelihood with 1000 boatstreplicates.
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drainage basins and individuals from Papua New &uwif.e.C. rugosa East lineage;
Figure 6.3). The second lineage was comprised reethaplotypes from the Finnis that
formed a clade that was closely related to six dtgpks from the South Alligator, East
Alligator, Cadel, Goyder and Roper basins (iG2.rugosaWest lineage; Figure 6.3). There
was no overlap in the geographic distribution & Bast and West haplotype lineage€of
rugosa(Figure 6.4).Chelodina sp(Kimberley) mt haplotypes formed a major haplotype
lineage that was 3.85% divergent fran rugosa(Figure 6.3). In this major haplotype
lineage, there were four minor clades that were 1.7% divergent in sequence (Figure
6.5).

A clade was formed that contained 12 samples takem turtles that ha€. burrungandijii
morphotypes and one that had e rugosamorphotype (i.eC. burrungandjiiand C.
rugosalineage; Figure 6.3). Of the 12 samples that Gaburrungandjiimorphotypes, 10
were from the Cadel River, one from the South Allay River, and one from the Roper
River. The haplotype that had te rugosamorphotype was from the Roper River. The
burrungandjii haplotype lineage was paraphyletic ©. rugosa (2.4% sequence
divergence) and polyphyletic to th€helodina sp. (Kimberley) (5.7% sequence
divergence).

A hybrid origin of theC. burrungandjiiandC. rugosamt haplotype lineage was supported
by microsatellite data. Five samples that belonigethis haplotype lineage (Figure 6.3)
and hadC. burrungandjiimorphotypes were analysed for 17 microsatelli@ (@able
6.2). One sample from the Roper basin had highepostprobability (84.2%) of being an
F2 hybrid involving C. burrungandjiiand C. rugosa.Two other individuals with C.
burrungandjii morphotypes from the Cadel basin had weak sigeatof backcrossing
with 24.3% and 22.0% posterior probabilities ofrigea backcrossed. burrungandjii(i.e.
hybrid x C. burrungandji) and 71.1% and 75.7% of being ‘pur€. burrungandjij
respectively (Table 6.2). The two remaining sampteat had C. burrungand;ii
morphology had high posterior probabilities of lwepureC. burrungand;jii(>97%; Table
6.2). All the other 56 samples had very high posteri@bpbilities’ of being a pur€.
rugosa(>97%; data only shown for seven samples in Té&#g Additionally a hybrid that
was identified in the field by obvious morpholodicharacters that were intermediate

betweenC. rugosaandC. canni,clustered within th€. cannihaplotype lineage indicating
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Table 6.2 Probabilities of samples being a 'pure’ spedigisrids or backcrossed individuals based on Newidylersion 1.1 beta (Anderson
and Thompson 2002) analysis for 17 microsateltite (Alacset al. 2009).

0T

O e ) Cea . iufngang LD (ELIGIGx G lgosa . butungan
F1 hybrid)  backcross backcross

C. burrungandii C'C%“;(“gggggj" 0 71.13 4.52 0 24.35
C. burrungandji C'C%”;(“ggggl‘;”“ 0 75.75 2.22 0 22.03
C. burrungandii C'Ctl’aul”(‘g‘gsgr‘;”” 0 0 84.18 0 1.58
C. burrungandjii C.Ctl)auzrr(ugggglt)jjii 0 97.94 0 0 1.95
C. burrungandiii C'CbBUZ”(“ggggl‘;”“ 0 99.68 0 0 0.30

C. rugosa C'égio(sé‘a;tVXﬁizgiggage 99.94 0 0 0.63 0

C. rugosa C'(;LI’QQ(SO?ga‘SQ’X‘ﬁfé;gf;‘ge 99.98 0 0 0 0

C. rugosa C'(:rggllofé‘a‘st\’x\‘ﬁisgt;g?)"‘ge 97.65 0 2.73 0 0

C. rugosa C-nigosa (‘E'S\f‘vjrg;‘eage 99.27 0 0 0.22 0

C. rugosa C. “(‘:9;132 (—Elj\z;lvztr:ji;]eage 99.98 0 0 0.01 0.21

C. rugosa C. étégloj?l\;alngtthlhr;)eage 99.97 0 0 0 0.1

C. rugosa C. gégl"ls"z‘,\;aiftth'm‘;age 99.99 0 0 0 0
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that it has the matern&. canni mitochondrial DNA haplotype (CC x CR Normanby;
Figure 6.3).

Taxonomic distinction o€helodina spfrom the Kimberley region was not apparent from
the R35 phylogeny in which it shared the same hgpéoasChelodina burrungandjifrom
Arnhem Land (Figure 6.6). However, distinction wagported by the topology of the
mitochondrial phylogeny, in whichelodina sp(Kimberley) formed a major haplotype
lineage that was distinct from haplotype<dn burrungandjiifrom Arnhem Land (Figure
6.3).

Chelodina canniformed a clade in the mtDNA phylogeny that wasimexally
monophyletic to haplotypes of the Kimberley fo(@helodina sp.and had high bootstrap
support (98% for MP, 93% for ML) suggesting thagythare sister taxa that are 1.3%
divergent in sequence (Figure 6.3). However, thisuging was incongruent with the
nuclear locus. In the nuclear R35 phylogenetic yagl|C. canni formed a sister taxon
with C. longicollisand was part of a monophyletic group that inclu@egbritchardi C.
reimanniand C. novaeguineaédenoted as species complex A). Species complaxa#\
reciprocally monophyletic with species complex Bhielh was comprised ofC.
burrungandjii (haplotype is shared witkhelodina sp.from the Kimberley region)C.
rugosaandC. expansdFigure 6.6).C. burrungandjiiandC. cannihaplotypes differed by
seven bases and 3 indels, compared to (i) oneittcansutation (G-~A) and one indel
betweenC. burrungandjiiandC. rugosahaplotypes, and (ii) one transversion mutation (A

«—T) and 3 indels betwedd. longicollisandC. cannihaplotypes.

Discussion

Taxonomic Issues for Chelodina rugosa

In the mitochondrial analysis, there was no supportthe taxonomic distinction of
Chelodina siebenrockirom New Guinea. Instead, this analysis revealed twajor
haplotype lineages fo€. rugosa The west lineage was comprised of haplotypes from
lowland regions of the Northern Territory, exterglifrom the East Alligator to Roper
River drainage basins (West lineage; Figure 6.4e €ast haplotype lineage extended
from the MacArthur River in the Gulf of Carpentat@ Cape York of Queensland (the
Type locality) and included specimens from southdaw Guinea (East lineage; Figure

6.4). Specimens of. rugosafrom New Guinea and northern Australia also shahed
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same haplotype for the nuclear R35 phylogeny. Theselts suggest that New Guinean
specimens should not be regarded as diagnosalae (a&.Chelodina siebenrockbut as
the same species &S. rugosa in northern Australia, and supports the allozyme
electrophoresis findings of Georgetsal. (2002).

| am not suggesting that these two distinct mt digple clades are separate biological
species, but mtDNA evidence has been used as tbdasis for species designations in
the past, and my findings may be used by otheeslassis for erecting new species. If this
occurs, there are some taxonomic issues that reedz tconsidered. The holotype of
Chelodina rugosacomes from Cape York (Ogilby 1890), and so theupatpons bearing
the second haplotype lineage would clearly be assigoChelodina rugosaHowever, the
holotype ofChelodina oblonggGray 1841) is actually &helodina rugosadrawn from
populations with my first haplotype lineage, so ttmneChelodina oblongavould apply

to these populations should they be regarded astiaal species, witlfChelodina colliei
applying to what is currently commonly referred @s Chelodina oblongarom south
western Australia (Thomson 2006). This is a comgbkeonomic issue, and | refer the
reader to the submission to the International UrdiaynZoological Nomenclature by Scott
Thomson (Thomson 2006).

Phylogeography of Chelodina rugosa

The phylogeographic patterns observed @relodina rugosacan be explained by the
emergence of an extensive land bridge linking resrttAustralia and New Guinea during
the last glacial maxima when sea levels were 58wel than present (Chapell 1994). The
land bridge extended from Cape York in Northern énhstand to the Arafura Sill
(approximately 500 km east of Darwin; Figure 6.8he emergence of the Arafura Sill
may have facilitated gene flow between Arnhem Lamthe Northern Territory and New
Guinea. However fo. rugosait appears that gene flow between these regioasnba
occurred in the recent past. In the Gulf regiorkd_&arpentaria fluctuated from freshwater
to brackish between 21,000 and 12,000 years agaedthed its maximum size
approximately 12,000 to 11,000 years ago (Couapal. 2007; Jones and Torgersen 1988;
Reevest al. 2007; Reevest al. 2008) with the mighty Fly River of New Guinea flog
into it before being diverted to the east (Torgeyskones et al. 1985; Torgersen, Luly et al.
1988). Pollen studies indicate that the vegetatibthe fringes of the lake was similar to
the open savannah in the Gulf of Carpentaria tq@agbble, Sim et al. 2005). F@.
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rugosait appears that Lake Carpentaria facilitated gdéoe between populations of the

Gulf of Carpentaria, and between Cape York and l8watNew Guinea via the Torres

Strait land bridge. Exchange of fauna via the Tor&rait land bridge during the

Pleistocene is supported by phylogenetic and plkeggoaphic analyses of several taxa,
including freshwater prawns (De Bruyn, Wilson et2004), grass finches (Jennings and
Edwards 2005), freshwater melanotaeniid fishes (Mgén, Zhu et al. 2000), tiger prawns
(Ward, Ovenden et al. 2006), and brown snakes i, O'Shea et al. 2008).

The distribution of haplotypes fo€. rugosais similar to that observed for thésiswater
pythons, in which the eastern Australia haplotypes more closely related to those of
New Guinea than to Northern Territory haplotype®Rawlings, Barker et al. 2004).
Furthermore, the mtDNA sequence divergence (2.5PtheLiasis pythons between the
Northern Territory and Eastern Australia/Papuadges was similar to that &. rugosa
(2.4%). The east-west split of lineages in the @GailCarpentaria may be a result of the
habitat requirements df. rugosa Like thelLiasis python, C. rugosarequires swampy
freshwater to slightly brackish-water habitats owlland coastal drainages (Kennett,
Christian et al. 1993; Rawlings, Barker et al. 200¥drainages diverting west from Lake
Carpentaria were brackish, this may have restriggede flow ofC. rugosabetween
northern Australia and the Gulf of Carpentariacémtrast taC. rugosaandLiasispythons,
there was no east-west split in the phylogeographadysis of the giant freshwater prawn,
Macrobrachium rosenbergi{(De Bruyn, Wilson et al. 2004). The Gulf of Carpsmd
populations were grouped in a single diverse lisedtat included haplotypes of the
Northern Territory and Cape York (De Bruyn, Wilsetral. 2004)M. rosenbergiimigrates

to estuaries to spawn and the juveniles requirekisa-water to survive and develop
(Ward, Ovenden et al. 2006). This life historyttrany have facilitated gene flow between
Northern Territory and Gulf of Carpentaria popwas via movement of individuals
through brackish habitats that were not favourédni¢he dispersal of. rugosaandLiasis
pythons. More comparative phylogeographic studieBeshwater- and brackish-tolerant
taxa, as well as terrestrial fauna associated wiéter courses, are required to investigate
this phylogeographic break further. Owing to theai@ty of recently datedChelodina
fossils that are suitable for the calibration @ tholecular data, the dating of this east-west

split of C. rugosalineages was not attempted.
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Hybridisation and Genetic Introgression.

Hybridisation of the two sister speci€s burrungandjiiand C. rugosais evident from
allozyme studies (Georges, Adams et al. 2002),ahdodrial phylogeography (this study),
and microsatellite data (this study). An F1 hyldram the Katherine River in the Northern
Territory was documented by the allozyme study eb@eset al. (2002). Our study found
further evidence of hybridisation between the tweces in the South Alligator, Cadel,
and Roper Rivers. Mitochondrial haplotypes from 8wuth Alligator, Cadel, and Roper
Rivers that hadC. burrungandijiiand C. rugosamorphotypes formed a single distinct
haplotype lineage (i.€C. burrungandjiilineage; Figure 6.3). Microsatellite analysis if s
samples from thi€. burrungandjiiandC. rugosalineage detected an F2 hybrid involving
C. rugosaandC. burrungandjii.Additionally, two samples had weak signatures ahgpe
C. burrungandjiibackcrosses (a hybrid ar@@l burrungandjiicross) suggesting that the

hybrids are fertile and introgression (i.e. gew&fbetween the two species) has occurred.

The C. burrungandjiihaplotype lineage was closely related to GhegugosaWest lineage
and paraphyletic to th€. rugosaEast lineage (Figure 6.3). This placement of the
burrungandjiihaplotype lineage in the mitochondrial gene tog®logy is characteristic of
unidirectional hybridisation and introgression (eDpnnelly et al. 2004; McGuireet al.
2007; Sang and Zhong 2000; Stein and Uy 2006t%l 2006). In this case it appears that
C. burrungandjiimales have mated with females ©f rugosato produce fertile hybrids
and subsequent introgression has taken place. ftoisclear whether unidirectional
hybridisation is caused by behavioural incompatibg betweerC. rugosamales andC.
burrungandjiifemales that prevents their mating or from asymimaiterspecies sterility,
in which a cross between a femalefrugosaand a male o€. burrungandijiiis fertile

while the reciprocal is sterile (Wirtz 1999).

Whether the distind€. burrungandijiilineage consisting d€. burrungandjiiandC. rugosa
morphotypes should be recognised as a distinchtaiin hybrid origin is contentious. On
the one hand, the hybrids formed their own distinaplotype lineage suggesting that
introgression betwee@. burrungandjiiandC. rugosahas been extensive and, therefore,
that the hybrids are on a separate evolutionajgdi@y from their parental species and
should be regarded as a distinct taxon (Barton 20@ivling and Secor 1997). On the
other hand, there was no evidence for reprodudseé@tion between turtles that had

haplotypes belonging to the hybrid (i.€. burrungandijii lineage; Figure 6.3) an@.
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rugosa lineages respectively. In fact, to the contratye €. burrungandjii haplotype
lineage had botlkC. burrungandjiiandC. rugosamorphotypes, suggesting that haplotypes
had recent hybrid origins (Figure 6.3). Microsatelanalysis identified and F2 hybrids and
backcrossed individuals, confirming recent hybriigios of haplotypes. These results
suggest that the haplotype lineage consistingCof burrungandjii and C. rugosa
morphotypes (Figure 6.3) has been formed by battohc and contemporary gene flow
(i.e. introgression) between the two species. &14R008) suggested that speciation is a
continuum rather than a dichotomy and the evolutibapecies is a gradual process from
ecological races and biotypes, to hybridising sge@nd eventually to species that no
longer crossChelodina burrungandjiof Arnhem Land can be regarded as an intermediate
in this continuum that has not evolved completeadpctive isolation from its sympatric
speciesChelodina rugosaHybridisation and introgression betwe€nburrungandjiiand

C. rugosa has been so widespread in Arnhem Land that hybmémping of C.
burrungandjiimay have occurred, although there is the possitihiat our sampling size
of 12 was insufficient to identify a ‘pureC. burrungandijiihaplotype that occurs at low
frequency. Further sampling from contact zones @auidle in clarifying the relationship
betweenC. burrungandjiiand C. rugosa,and to determine the extent of introgression

between the two species.

Lack of reproductive isolation appears to be sonawtommon for species in the
Chelodinagenus and hybrids exist even between forms the¢ hisstant phylogenetic
relationships. Hybrids involvin€. rugosaandC. canniwere identified from the Gulf of
Carpentaria drainages in north eastern Queensfand. individual from the Normanby
River had a morphology intermediate of the two sggewith a shell resembling that Gf
canni but head and jaw morphology resemblidgrugosa and aC. cannimitochondrial
haplotype (this study). An F1 hybraf C. rugosax. C. cannj and a backcrosségl canni
individual from the Gilbert River were also docurtezhin the allozyme study of Georges
et al. (2002)C. canniandC. rugosaare sympatric species in the Gulf of Carpent&ape
York, and eastern Queensland. Additional samplifigcantact zones is required to
determine the frequency of hybridisation and extehintrogression between the two

sympatric specie€. rugosaandC. canni.
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Taxonomic status and phylogeography of Chelodingkamberley)

We were unable to resolve the taxonomic statuhi@Chelodinaform in the Kimberley
region. In the mitochondrial gene tre€helodina sp.(Kimberley) formed a distinct
haplotype lineage (Figure 6.3) and supported theothesis proposed by Thomson et al.
(2000) that based on diagnosable morphologicalachars the Kimberley form is a distinct
taxon. In contrast, the allozyme study of Geordgesl.g(2002) and the nuclear R35 intron
(this study) foundChelodina sp.(Kimberley) to be synonymous wit@. burrungandjii
from Arnhem Land. However the allozyme and nuckRab markers may have lacked the
resolution to detect genetic differences betw€brlodina sp(Kimberley) andChelodina
burrungandjii Closely related species suchGselodina reimannandC. pritchardiwere
not distinguishable from each other in the nuciR@b intron sequences (Figure 6.6), and
allozymes can be subject to selection (Sunnuck)208owever, the mitochondrial
analysis was also inconclusive because there isptssibility that our sampling was
inadequate to detect a ‘pur€helodina burrungandjimitochondrial haplotype that could
occur at low frequency owing to extensive genetitrogression betweehelodina
burrungandjii and C. rugosa. Sequencing of additional samples @ helodina
burrungandjii for the mitochondrial genes is needed to ensua #fl mitochondrial
haplotypes are represented in the gene tree. Rintig analyses for other nuclear loci
that have the resolution to delimit species are edgjuired before the taxonomic status of

Chelodina sp(Kimberley) can be fully resolved.

Given the palaeogeographical history of the regfias likely that the Kimberley form has
been isolated for a long period of time fradmelodina burrungandjiin Arnhem Land.
The Arnhem Land and Kimberley Plateaus are hypabdsto be ancient areas of
endemism that separated topographically by the d6on of basins in the Cretaceous
(145-65 my ago). The contraction of rainforest andet of the monsoonal climate during
the Oligocene and Miocene (20-25 my ago) is progpasehave led to further isolation of
these regions (Ladiges, Ariati al. 2006; Ladiges, Udoviciet al. 2003). Biogeographic
and phylogenetic breaks between the Kimberley amthém regions have been found for
a diverse array of taxa including grass finchesrfilegs and Edwards 2005), freshwater
fish (Unmack 2001), eucalyptus trees (Ladiges, Wdowet al. 2003) and king brown
shakes (Kuch, Keogh et al. 2005).
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Phylogeographic structuring was observedGbelodina spin the Kimberley region with
four distinct clades: (i) Eastern Kimberley clademprised of the Durack, Pentacost, Ord
and Keep Rivers, (ii) North Central clade compriséthe King, Edward, Mertens, Carson
and Mitchell Rivers, (iii) Isdell/Drysdale Riversand (iv) Isdell/Fitzroy Rivers. The
phylogeographic structuring dfhelodina sp.in the Kimberley region is most likely
caused by the rugged topography, in which gorge® Ipgovided important refuges for
turtles during the dry season. During the wet sedkmd events may facilitate dispersal
events, and hence gene flow, between adjacentsha&dditionally, eastern Kimberley
specimens had closely related haplotypes linedugscbuld be caused by an historical
vicariance event lending support to the hypothdéket there was a ridge (currently
shallowly submerged) that acted as a drainage eliveétween the east and west Kimberley
during periods of low sea levels (Unmack 2001). Tavenation of the Northern Central
clade suggests that there is substantial gene lhletween the Mitchell Rivers (that is
connected to Mertens River) and the King EdwardeRifthat is connected to Carsons
River). Dispersal of turtles between these tworewsould be via overland dispersal and
owing to the risks of overland dispersal is likety be an infrequent event. Infrequent
flooding events that promote dispersal @inelodina sp(Kimberley) are the most likely
explanations for gene flow between the upper Isdelll Fitzroy Rivers. Gene flow
between the Isdell and Drysdale Rivers that are 80ekm apart with intervening rugged
terrain is probably via the Hann River or CharnRiyer. Samples from these rivers are
required to determine the directions of dispersatl ayene flow of Chelodina sp.
(Kimberley). This study is part of a larger reséapcogramme that will extensively sample
Chelodina sp(Kimberley) and two other species of freshwatetlé across their range in
the Kimberley to compare phylogeographic pattefrsz&immons, unpublished data).
Studies of freshwater macroinverterbrates and fiisimd no clear biogeograpgic patterns
in this region (Kay, Smith et al. 1999; Unmack 2f)Ohowever further phylogenetic
studies may reveal additional genetic diversity hwmit these species. Comparative
phylogenetic studies are required to reveal whetiere are phylogeographic breaks that
are shared across taxonomic groups in the Kimbealéyogeographic region that is one of

the least studied in Australia.

Discordance between mitochondrial and nuclear geees.
The inferred mitochondrial and nuclear trees diffethe relationships betweéhelodina

sp. (Kimberley) andC. canni The mitochondrial gene tree grou@s cannias a sister
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taxon toChelodina sp.(Kimberley), while the nuclear gene tree plagscanniin a

different species complex to that@helodina sp(Kimberley). The twaChelodinaspecies

complexes identified by the nuclear R35 phylogenethalysis are congruent with
relationships found with allozyme electrophoreszeg¢rges, Adams et al. 2002) and
morphological analyses (McCord and Thomson 2003gveral hypotheses have been
proposed to explain discordance between mitochahdnd nuclear gene trees (Ballard
and Whitlock 2004; Funk and Omland 2003; Maddis®f7). Each of these hypotheses is

considered in turn, with some scenarios considerée more likely than others.

Similar gene topologies were obtained for both twatrol region and ND4, and
individuals sequenced fell into equivalent lineades both regions. Furthermore, liver
samples that are rich in mitochondrial DNA did pobduce different results compared to
tissue samples of the same individual even in kigliuted samples (1:100 dilutions) in
which the nuclear DNA would have been diluted fwoat that it would not amplify. This
suggests that the mitochondrial results are unlikelbe because of nuclear pseudogenes.
Other explanations for discrepancies between thdean and mitochondrial gene trees
include differntial lineage sorting, incomplete dage sorting and introgressive
hybridisation.

Differential sorting among mitochondrial lineagesuld have occurred if the common
ancestor ofChelodina sp(Kimberley) andC. cannihad multiple divergent mitochondrial
lineages and by random the same mtDNA lineaged fireC. canniand Chelodina sp.
(Kimberley), and different mtDNA lineages fixed . rugosaand C. burrungandjii
ConsequentlyC. canniandChelodina sp(Kimberley)would cluster most closely because
they share the same ancestral mtDNA lineage, ewaugh they are morphologically, and
at the majority of their nuclear genome, dissimildence a different pattern for nuclear
loci would be observed, such as that seen foryates (Georges, Adams et al. 2002) and
the R35 intron (this study), in whiodBhelodina sp. (Kimberleyvas a sister taxa tG.
rugosaand a phylogenetically distant relative@o canni If this hypothesis were true, we
would expect the divergence between the mitochahtiaplotype lineages @helodina
sp. (Kimberley) andC. canni(1.4%) to reflect the time since they shared thest recent
common ancestor. Applying the molecular rate ob%Zequence divergence per million
years as estimated for turtles by Avise (1992) asgliming equal rates of mutation across

lineages we can estimate that the most recent canmancestor existed about 5.4 million
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years ago in the late Miocene/Early Pliocene. Tidest fossil that has been found for the
genusChelodinadates back to the Miocene (Gaffney, Archer et 889). Thus, the
hypothesis of incongruence between the mitochohdrid nuclear gene trees caused by
the retention of different ancestral mitochondr@blymorphisms inChelodina sp.
(Kimberley), C. cannj C. rugosaandC. burrungandijiiis plausible. Differential sorting of
lineages has also been postulated to explain notwbial phylogenies for various taxa
ranging from beetlesChrysolina auricalceaKitamuraet al. 2008; Carabus Sotaet al.
2001) to fish Hybognaths; Moyeret al. 2009) and monkeys (Tirgt al. 2008).

An alternative hypothesis is that differences imeydree topologies are the result of
incomplete lineage sorting. The retention of anc@slymorphism owing to incomplete
lineage sorting has been observed for many stu@eandall and Fitzpatrick 1996;
Goodacre and Wade 2001; Hil¢ al. 2002; Klein and Payne 1998; Moran and Kornfeild
1993; Rheindet al. 2009).0Owing to the smaller effective populatioresand faster time to
fixation of mitochondria, incomplete lineage sogtiis more likely to occur for the nuclear
R35 lineages than the mitochondrial lineages (Mck#a and Sorenson 2005; Moraneto
al. 2004). If incomplete lineage sorting has occutrezh this would lead to the conclusion
thatC. canniis a sister taxon t@. burrungandijiibased on the mitochondrial results. If this
hypothesis were true, we would expect these taXaat@ shared derived morphological
characters and this has not been found from mooplea! studies (Cann 1998; Georgs
al. 2002; McCord and Thomson 2002a; Sedddnal. 1997; Thomsonet al. 2000).
Furthermore, incomplete lineage sorting typicallyobserved when speciation has been
very recent, however, @. cannifossil in Queensland has been dated to the Eaidgdtie
indicating that this species is at least threeiomllyears old (Thomson and Mackness
1999). Thus, the evidence suggests that incongeuefienitochondrial and nuclear gene

trees is unlikely to be the result of incompletelge sorting.

Ancient hybridisation and introgression between tihhe species might also explain the
incongruence between the mitochondrial and nucliegees. Signatures of ancient
hybridisation and introgression have been obseitveditochondrial phylogenies for many
taxa (Barbanera et al. 2009; Pastorini et al. 2608 et al. 2008; Trigo et al. 2008; van
Herwerden et al. 2006; Zinner et al. 2009) and rhaye led to the evolution of new
species (Grant and Grant 2008; Ropquet and Hasga0i®). Chelodina sp(Kimberley)
and C. canni currently have disjunct distributions but they miagve had sympatric
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distributions in the past (McCord and Thomson 200Bpmson, Kennetet al. 2000).
Although hybrids have not been documented betweesettwo species it is plausible that
they may have existed in the past. Hybridisatiod @trogression between species in the
genusChelodinais not uncommon. F1 hybrids and backcrossed iddals of C. canni
with C. rugosahave been identified (Georges, Adams et al. 2€fg;study) suggesting
that there are no reproductive isolating mechanibets/een even presumably distantly
related species. If ancient hybridisation betw€ercanniand Chelodina sp(Kimberley)
occurred, it is expected that some nuclear locildieshow the mitochondrial toplogy and
others the nuclear R35 topology. If, however, hjisation was unidirectional with
backcrossing over a long period of time it is dpated that nearly all nuclear loci will
carry the same topology as the R35 intron. Add#iaruclear loci are required to refute or

support the hypothesis of ancient introgressiveidigation.
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Chapter 7 - A genetic perspective on sustainable haesting of a long-
lived species: the Australasian snake-necked turtléhelodina rugosa of

Arnhem Land in Northern Australia

N

Picture: An Aboriginal woman harvestirghelodina rugosafor food using traditional
methods. Turtles dig down into the mud where thegtimate for the dry season
(August/September to December/January or untilefpleemeral swamp fills with water
again). Aestivating turtles are located by the @nes of excavation mounds or breathing
holes on the surface. Probes are used to confiemlticality by the dull thud that is heard

when their shells are struck underneath the groBhdto by Erika Alacs.
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Chapter 7 - A genetic perspective on sustainable haesting of a long-
lived species: the northern snake-necked turtleChelodina rugosa, of

Arnhem Land in Northern Australia.

Abstract

The impacts of harvesting on the genetic diversitpopulations of the freshwater turtle
Chelodina rugosawere investigated using a regional and landscapeetg approach.
Regional levels of genetic diversity were charases by sampling populations from river
basins adjacent to the Blyth-Cadel basin (Mannfigeel and East Alligator basins) and
from further afield in the Northern Territory (MadAur basin) and northern Queensland
(Edward basin). Genetic diversity within, and gdlmv among, populations from the
Blyth-Cadel basin of Arnhem Land that are subjextdifferent harvest regimes was
investigated. Genetic diversity estimates were lamfor harvested, rarely harvested and
unharvested populations (Na = 4.08 — 618& = 0.52 — 0.64; 12 polymorphic loci) and no
genetic signatures of bottlenecks were detectedioRal structuring between the Blyth-
Cadel basin and the Northern Queensland populatie@ns moderate to higl# € 0.040 —
0.589;Rho=0.079 — 0.446), and also between East Alligatat all other populationg &
0.060 — 0.528Rho= 0.067 — 0.367). There was significant populagenetic structuring
within the Blyth-Cadel region; downstream populatidormed a metapopulation with the
Thompkinson population of the Mann/Liverpool badupstream populations formed a
second metapopulation with substantial gene flowh whe downstream metapopulation.
Retention of genetic diversity in harvested popatet and computer simulations suggest
that the metapopulation structure may have buffénedimpacts of traditional harvesting
over millennia. However, exotic pigs were introddidato the region approximately 35
years ago and actively prey on the aestivatindesrPigs pose the greatest threat to the
survival of C. rugosaof the Blyth-Cadel region based on projectiong tbeecast the loss
of genetic diversity over the next 200 years. Geneionitoring of populations is a tool
that could be used to ensure that commercial hangeis not having an adverse effect on

metapopulation dynamics and its contribution togstainablillity of that harvest. .

Introduction
Overexploitation has contributed to the extinctioh some species (Corlett 2007;
Schmolcke and Zachos 2005) and the precarious @i status of many others
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(Bennett et al. 2002; Laurance et al. 2006; Price @ittleman 2007; Trail 2007; Verlecar
et al. 2007). For many surviving populations thayéd suffered substantial loss of genetic
diversity that reduces their adaptive potential ¢&®ns et al. 2006; Hard et al. 2006;
Hauser et al. 2002; Hoelzel et al. 1993; Hwand.e2@04; Whitehouse and Harley 2001).
However, if managed appropriately, harvesting carcdinducted in a sustainable manner
with no detrimental impact on populations (Bawa &sadler 1998; Muir 2005; Robinson
and Bodmer 1999). Subsistence use of wildlife hasuwed in some regions for many
millennia with no observable ill effects on the sistence of populations (Bolton 1997b;
Borghes 2008; Carpaneto et al. 2007; Corlett 26@rcdham et al. 2008). The impacts of
harvesting on the viability of populations will daml on the intensity and frequency of
harvesting, and the species’ demographic and genesponses to harvesting pressures
(Bolton 1997a).

The vulnerability of a species to overexploitatisninfluenced by its life-history traits,
compensatory responses to increased mortality,ediap capabilities, and population
structure (Allendorf et al. 2008; Coltman 2008; #karet al. 2002). In regards to life
history, the conservation of long-lived species jscibto harvest presents particular
challenges. Indeed, whether sustainable harvestingbe achieved at all in such species
has been questioned, because they are considdoechtore prone to overexploitation than
short-lived species (Congdast al. 1993a; 1994; Heppell 1998; Winemiller 2005). Life-
history traits that are correlated with longeviych as delayed sexual maturity, can limit
the ability of populations to respond to increassaftality from harvesting (Brookst al.
1991; Congdoret al. 1993a; 1994; Congdoet al. 1993b; Heppell 1998). For example, if
the response to elevated adult mortality is ane@®e in juvenile recruitment, because of
the typically long time required to reach matutitere will be a considerable lag before
this compensatory response will take effect (Congeloal. 1993a; 1994). Hence, from a
demographic perspective, long-lived species areemamerable to overexploitation than
short-lived species because recovery from dechméisbe slower, although this can be
alleviated by compensatory responses (Clark andimMa007; Congdoret al. 1993a;
1994; Heppell 1998; Kooret al.2006).

In contrast, from a genetic perspective, longewdy reduce vulnerability by buffering the
loss of genetic diversity that often occurs durdrgstic declines in population size (also

called population bottlenecks) such as those freitypieexperienced by exploited
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populations (Charlier et al. 2008; Hailer et &08; Nabata et al. 2004; Pang et al. 2003;
Tejedor et al. 2005). Loss of genetic diversityl witcur at a slower rate for species with

longer generation times compared to those withteshgeneration times but it can still be

considerable, and once genetic diversity is lostrdtovery of the populations to levels of
pre-bottleneck diversity is a slower process (Knd danzen 2004; Loveless and Hamrick
1984).

Whether genetic diversity is lost or retained imvieated populations will also be greatly
influenced by the population-level structure thsain turn shaped by the topography of the
landscape, local patterns of distribution, and #ecies’ dispersal capability. If
opportunity for dispersal is plentiful and contemgry gene flow between populations is
high, the detrimental effects of harvesting on ang population are lowered because the
impacts will be diffused across all populations ttle@nstitute the metapopulation
(Allendorf et al. 2008; Coltman 2008; McCullough98). If, however, gene flow is
unequal and a population is harvested intensivelyan act as a sink population and
thereby reduce the overall effective populatior sater the rates of gene flow within, and
adversely affect the functioning of, the entire apetpulation (Coltman 2008; McCullough
1996; Pannell and Charlesworth 2000). An altereatecenario is that the harvested
population is genetically isolated from unharvesteglons because of a barrier to dispersal
or poor dispersal capability of the species. Ismlgbopulations are highly susceptible to
loss of genetic diversity because there is no dppdy for genetic rescue whereby novel
genetic material is introduced by the exchangadaividuals with other populations (Amos
and Harwood 1998). Therefore, the degree of coivigcand levels of contemporary
gene flow between harvested and unharvested pamsdanheeds to be considered when

evaluating the impacts of harvesting on the vigbdf populations (Allendorét al.2008).

In this study, | used highly variable microsatellibci to compare the levels of genetic
diversity and gene flow between frequently and lyaharvested populations of a long-
lived vertebrate: the freshwater turt@helodina rugosafrom the Blyth-Cadel River

(Arnhem Land, Northern Australia)Chelodina rugosais common in ephemeral

waterholes and rivers of the wet-dry tropics of thern Australia and southern New
Guinea (Cann 1998). In Northern Australtaelodina rugosdas been favoured as source
of protein by Aboriginal peoples for millennia aocontinues to be an important component

of the diet for many communities (O'Dea al. 1991). The Arnhem Land region has a
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monsoonal climate with a mean annual rainfall 6dmm, of which more than 80% falls
between December and March, and high inter-annaaabhility in onset and extent of
monsoon (Holland 1986). Turtles are traditionalprtested during the dry season from
August/September to December/January when as thenegal waterholes dry up the
turtles survive desiccation by burying themselvemdath the ground and aestivating
(Kennett and Christian 1994). Aestivating turtles lmcated by the presence of a breathing
hole or mound formed when the turtle buried inte thud. Probes in the form of thin
tapered wooden or metal stakes are used to penéteaimud and the dull thud confirms
the presence of an aestivating turtle that is thamup (Fordhanet al. 2006). Harvesting

IS opportunistic owing in part to the variability @infall in the wet-dry tropics both within
and between years which determines whether thenegriaé waterholes completely dry out
and the turtles choose to aestivate. In the pastedss, traditional harvesting has been
compromised by the introduction of exotic pigs tbptoot the ground and obscure signs
used to locate aestivating turtles as well as alstipreying on turtles and causing drastic
declines in population sizes (Fordhatmal. 2006). Since 200¥ helodina rugosdnas been
the subject of a commercial enterprise for the igbmal community of Maningrida,
situated on the Blyth-Cadel River in Arnhem Laralstipply hatchlings for the Australian
pet shop industry.

The impact of harvesting on the genetic diversftpapulations is not known, and as such
impacts of commercial harvesting, if any, on thieeméon of genetic diversity, and hence
the adaptive potential of populations can not legljgted. This study aims to evaluate the
susceptibility of C. rugosa populations to loss of genetic diversity from hesting
activities. It will take into consideration the liménce of gene flow, compensatory
responses to increased mortality and the impactpigpfpredation on the retention of
genetic diversity in populations. This genetic studill complement the previous
demographic and modelling studies that have beadumted for the same populations by
Fordham (Fordharet al. 2006; Fordhanet al. 2007; 2008) and provide recommendations
on strategies to achieve sustainable commerciakbting ofC. rugosain the Maningrida

region.
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Methods

Study Populations

A total of 311 tissue samples Ghelodina rugosavere collected from 2000 to 2005 from
seven sites in the Blyth-Cadel basin of Arnhem LaNdrthern Territory, Australia
(sample size, population abbreviation, and GPSilmtan parenthesis): Gidadella (GI;

= 33; 12° 31' 33" S, 134° 21' E), Imimbar 1 (IM4;= 41; 12° 44' S, 134° 31' 48" E),
Imimbar 2 (IM2;N = 35; 12° 44" 37" S, 134° 32' E), Garromgarrom N = 28; 12°
18' 54" S, 134° 30' 23" E), Garoada (GAR;= 14; 12° 40' 11" S, 134° 41' 43" E),
Damdam (DAM;N = 34; 12° 9' 53" S, 134° 37' 36" E), Day (DAN;= 18; 12° 37' 08" S,
134° 43' 02" E), and Murrybulljuluk (MURN = 36; 12° 36' 59" S, 134° 51' 42" E). In
addition, samples were collected in 2004 from tvasibs adjacent to the Blyth-Cadel
basin: Thompkinson River (TOMW; = 32; 12° 12' 49" S, 134° 17' 01" E), and East
Alligator River (ALI; N =9; 12° 14' 55" S, 133° 8' 50" E). Northern Qus&and samples
were represented from two localities collected @42 MacArthur River (ARTN = 18;
15° 56' 20" S, 136° 12' 30" E), and Edward RiveD\ N =13; 14° 50' S, 142° 9' 20" E)
(Figure 7.1).

Microsatellite analysis

DNA was extracted from small slithers of skin fréine clawless hind toe using a standard
salting—out protocol (Dethmerst al. 2006). Samples were genotyped using seven
dinucleotide loci (T-11, T-15, T-31, T-39, T-414¥ T-67) and nine trinucleotide loci (T-
12, T-14, T-17, T-26, T-42, T-44, T-58, T-80, T-8The isolation of the microsatellites,
primer design, conditions for multiplex polymeradein reaction (PCR), and separation
of fragments on the Beckman Coulter CEQ 8000 Gengtialysis System have been
described previously in Alaet al.(2009).

Data validation and within population statistics

The presence of genotyping errors, such as scofisgutter peaks, non-amplification of
null alleles and dominance of smaller alleles waseased with MICRO-CHECKER

software (Van Oosterhoutt al. 2004). Conversions of data file formats for vasou
population genetic software programs was implenteimteGeneAlex v5.1 (Peakall and

Smouse 2006), Create v1.0 (Coondisal. 2008) and Convert (Glaubitz 2004). Genetic

diversity for each locus were assessed by estigh#tiem mean number of allelesg
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Figure 7.1 Map of the major river basins of northern Ausé&ahdicating sampling

locations for the population genetic study ©f rugosa Insert shows sampling in the
Blyth-Cadel and Mann-Liverpool basin (basin boumekaindicated by dashed lines) of
northeast Arnhem Land, Northern Territory. Shadesjians indicate ephemeral

floodplains.
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(Kimura and Crow 1964) expected heterozygoditg) (and observed heterozygosityq)
using Popgene v1.3 (Yeh and Boyle 1997). GeneP$gRaymond and Rousset 1995b)
was used to test for genotypic linkage disequilibribetween all pairs of loci and to test
for deviations from Hardy-Weinberg equilibrium fagach loci in each population.
Bonferroni corrections (Bonferroni 1936) for mulépcomparisons were applied. Overall
and within population genetic diversity was estiataby the mean number of allel®&],
allelic richnessR9, observed heterozygositid¢) expected heterozygositif€). Allelic
richness was calculated using Fstat v2.9.3 (Golfig8b) by the method of El Mousadik
and Petit (EIMousadik and Petit 1996) that corrémts/ariances in the sample sizes of the
populations. Animalfarm 1.0 (Landet al.2002) was used to test the equal contribution of

all loci to estimators of genetic distance basethenstepwise mutation model (SMM).

Evidence for recent population bottlenecks or espars was assessed determining if there
were signatures of significant heterozygosity egces deficiency using the program
BOTTLENECK (Piry et al. 1999). For these analyses the Wilcoxon sign-rask was
conducted over 1000 iterations using the stepwis&tion model (SMM) of microsatellite
evolution and the two phase mutation model (TPM)e Thosen TPM consisted of a
mixture of 90% stepwise mutations and 10% infingkele with a 10% variance.
Heterozygosity excess can be used to detect sewereecent population bottlenecks but
this signature is transient. The M-ratio testistiatof M = k/r, where k is the number of
alleles and is the range of allele sizes was used to detqmilpton bottlenecks that have
occurred over a longer period of time (Garza andlidshison 2001: available from
http://137.110.142.7/textblock.aspx?Division=FED&8298). When rare alleles are lost
during a bottlenecks will be reduced to a greater extent tlraithis signature will persist
even if the pre-bottleneck population size wasdatfe bottleneck occurred over several

generations, or the population recovered demogecaphi(Williamson-Natesan 2005).

Population genetic structure

Levels of genetic differentiation among populatiomwere assessed by Weir and
Cockerham (Weir and Cockerham 1984) estimator 4f (Benotedf) and an unbiased

estimator of Slatkin’s R (Slatkin 1995) termedRhqg between each pair of populations
using Fstat v2.9.3 (Goudet 1995) and RstCalc 2d@@@an 1997), respectively. The F
statistics assume an infinite allele model (IAM) rafcrosatellite mutation, whereas R

statistics assume SMM mechanisms and are sensdiveetails of mutation process
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(Oliveira et al. 2006). Isolation-by-distance structuring where egendistance increases
with the geographic distance of populations frorcheather was tested using Mantel’s test
in Genepop (Mantel 1967; Raymond and Rousset 1995®istances were measured by
the shortest river and land path, considering @atugosais capable of dispersing across
land (Fordhamet al. 2007), between each pair of populations and tpgeifstance was
assessed by Spearman’s rank correlation with 1(h@d@utations (Spearman 1904). The
genetic distances between populations were caéxuilasing the Cavalli-Sforza-Edwards
distance (Cavalli-Sforza and Edwards 1967) and lgcafly represented in a
neighbourhood-joining dendrogram with the robusined the represented genetic
similarities evaluated using 100 bootstrap repéisabf the data using the Phylip 3.6.7

computer package (Felsenstein 1989)

Clustering methods were used to identify the numifepopulations in the Northern
Territory, and then to assign individuals to the sinprobable population of origin.
Bayesian clustering methods with an admixture madelhich individuals can have
mixed ancestry with genotypic contributions frorffelient populations was used to assess
population structure in the Northern Territory ietprogram Structure v2.2 (Pritchaetd

al. 2000). The admixture model was run #r= 1 to 12 clusters. Each run was for one
million iterations with a burn in period of 100,0@6rations. The K that best represented
the data was chosen by plotting log PM&&) for five runs of eachK that is set from one to
12 and then choosing th€ at which the plot reaches an asymptote as recouhedehy
(Pritchardet al. 2000). The analysis was then run ten times at K which was the
number of clusters that was found to best repredemtdata. Q-values which are the

posterior probabilities of individuals belongingdach of K clusters were plotted.

The Structure analysis was compared to the spat@tplicit clustering method of
Geneland (Guilloet al. 2005) to identify population structure Ghelodina rugosavithin

the Northern Territory region. The number of pofioles in Geneland was set from a
minimum of one to a maximum of 13 for five runs.cBaun was conducted for 10,000
iterations with a thinning of 1,000 iterations. Thesultant number of populations
identified from the above analyses was then usesetahe number of populations to a
fixed value and this was run 10 times with the sgmaeameters as described above.
Running the analyses at least five times is recond®@ by Guillotet al. (2005) to ensure

that the Monte-Carlo Markov chains have convergeaéach run.
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Computer simulations

All simulations conducted in Bottlesim v2.6 (Kuodadanzen 2003) assume negligible
gene flow of the population with others and a snighrvest (or predation event) of the
population. All simulation parameters except popatasize, and age to maturity remained
constant and were set as follows: constant papulaize, overlap of generations = 100
(i.e. all individuals start with a random age vajuoecy with random mating system, and
longevity = 30 years. Simlations assume no selectiigration or mutation (Kuo and
Janzen 2003).

A compensatory response of an earlier onset of lEematurity was demonstrated in the
frequently harvested population of Damdam, in whiemales typically mature at three
years of age compared to six years of age for wekted populations (Fordhaet al.
2007). The effect of this compensatory responsehenretention of genetic diversity in
Damdam was investigated using computer simulations200 years with an age of
maturity of three and six years, respectively. diiaion, simulations with various initial
population sizes were run for Damdam to estimatesthe of the population that would be
required to retain 90% of the current total gendiicersity: an estimate that is also an
approximation of the effective population size (Kand Janzen 2003; Kuo and Janzen
2004).

To predict the rate of genetic loss under variocenarios, computer simulations were
conducted for two frequently harvested populatitvad have pig predation: Gidadella and
Damdam, and for two populations that were infreqiyeharvested that have low pig
abundance: Murrybulljuluk and Imimbar using the greon Bottlesim v2.6 (Kuo and
Janzen 2003). The age of reproduction was setvi three, five and six years for
Gidadella, Damdam, Murrybullujuluk, and Imimbar pestively based on estimates of
Fordhamet al. (2007). The initial pre-bottleneck size was sepépulation size estimates
for 2004 of Fordhamet al. (2007) of 125, 147, 179, and 243 turtles for Géali
Damdam, Murrybulljuluk, and Imimbar, respectiveljhese estimates are conservative in
that they assume that the effective population ap#oximates the census population size
for 2004. In reality, the effective population sizeoften only a small fraction of the census
population size (Frankham 1995). The census pdpualasizes were used for the

simulations rather than estimates of effective patmn size because demographic studies
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suggested that the 2004 population sizes were badtlw the carrying capacity of the
locations and could be lower than the norm duenteriannual variability in natural
mortality (Fordhamet al. 2007). For each population the loss of genetierdity over 200
years using 1000 iterations was simulated for sg\senarios: (i) 20%, 30% and 40% of
the total population harvested, (ii) pig predatiomsed on the mortality rates for each
population as estimated by Fordhatral (2006), and (iii)) 20%, 30% and 40% of the total
population harvested with pig predation. The edttlarates of mortality from pig
predation were 48% of the total population in Geledand 58% in Damdam (Fordhaeh
al. 2006). Murrybullujuluk and Imimbar have very lowg@bundance and pig predation is
negligible (Fordhanmet al. 2006), hence the scenarios involving pig predatiene not
simulated for these populations. Harvest intersitege the total percentage of the

population removed by traditional or commerciaMesting practices.

Results

Genetic diversity of populations

Genotypes at 17 loci were obtained for 3Chelodina rugosa Genotypic linkage
disequilibrium was found between loci T26 and TaRd with loci T26 and T41 (P <
0.0001). Locus T26 was omitted from further anadyaed independence between remnant
loci was assumed. Locus T27 was monomorphic. TheT89, T67, and T15 were also
omitted from further analyses because they displasygnificant deviations from Hardy-
Weinberg equilibrium with heterozygote deficits apdssible evidence for null alleles
detected by MICROCHECKER (Van Oosterhaital. 2004). There were no locus and
population comparisons that were significantly ouHardy-Weinberg equilibrium (HWE)

after Bonferroni corrections for multiple compansdo = 0.05, p < 0.000347).

Mean number of alleles ranged from two to four tfamucleotide loci, and nine to 14 for
dinucleotide loci (Figure 7.1). Mean number of lee(Na) was similar across populations,
ranging from 4.08 to 6.67. Measures of allelic nebs, observed heterozygosity and
expected heterozygosity were also similar, sugggskie retention of relatively high levels
of genetic diversity for all populations (Figurel). There was no evidence of recent
population bottlenecks or population expansiorhm Wilcoxon sign-rank test under both
the SMM and TPM or skewed allelic frequency disttibns, nor was there any evidence
for a genetic bottleneck revealed by the M ratatistic (all M values above 1.0, data not

shown).
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Table 7.1 Measures of genetic diversity amofifpelodina rugosgoopulations estimated
using 12 microsatellite locAbbreviations:N = number of individuals genotypeda = mean

number of allelesRs = allelic richness,Ho = observed heterozygosityje = expected

heterozygosity.
Type of waterhole N Na Rs e He

East Alligator ~ Annually dry, Harvested 9 4.25 2.97 0.648 0.642
Thompkinson  Annually dry, Harvested 32 6.67 3.01 57Q2. 0.621
Gidadella Annually dry, Harvested 33 5.42 2.67 8.520.538
Garromgarrom  Annually dry, Unharvested 28 5.25 2.730.564 0.576
Imimbarl Rarely dry, Unharvested 41 6.42 2.87 0.606.619
Imimbar2 Rarely dry, Unharvested 35 5.75 2.75 0.526.591
Damdam Annually dry, Harvested 33 6.00 2.83 0.557.60@
Garoada Annually dry, Rarely harvested 14 5.00 3.000.590 0.626
Day Annually dry, Rarely harvested 18 4.75 2.80 10.6 0.602
Murrybulljuluk  Annually dry, Rarely harvested 36  75. 2.99 0.606  0.597
MacArthur Annually dry, Rarely harvested 18 408 78. 0.489 0.516
Edward Rarely dry, Unharvested 13 5.00 2.87 0.461579D
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Population genetic structure

All loci contributed equally to genetic distancdimsites based on SMM (ANIMALFARM
1.0 (Landryet al.2002). The overall &t value calculated across all populations was 0.083
(95% CI 0.058 — 0.116) and the over&ho value was 0.122. Distances between
populations ranged up to 240 km between populatwdtise Northern Territory (including
East Alligator) and from 2 km to 120 km in the Aemh Land region. Tests for isolation by
distance were significant when all populations wieduded in the analysis [ Fst-1)

vs. log geographic distance® = 0.57, P < 0.001 based 6rstatistics and®* = 0.44, P <
0.001 based orRho statistics; Figure 7.2]. When the comparison waesitéd to
populations within the Northern Territory the réaship was not significan®f = 0.24, P
>0.05 based of statistics and®’ = 0.22, P >0.05 based &hostatistics; Figure 7.3).

All pairwise 6 andRhovalues between the two Queensland populations (vhaoAand
Edward River) and the Northern Territory populasiavere significant (Table 7.2). Within
the Northern Territory, all populations in the Biy€adel basin were significantly different
from the East Alligator population (denoted ALI Trable 7.2) based on bothand Rho
pairwise tests. The Thompkinson population was iggmtly different from all
populations sampled in the Blyth-Cadel basin exdeptGarrom for both6 and Rho
pairwise tests. Garoada was not significantly déifeé from the Thompkinson population
for 6 pairwise tests but this was not supportedRin pairwise tests (Table 7.2), genetic
distance relationships (Figure 7.4) or spatial Baye clustering analyses (Figure 7.5).
Structure analyses predicted three distinct clast@y Edward River of Queensland, (ii)
MacArthur River of Queensland, and (iii) populasoonf the Northern Territory. No
structuring was detected by Structure analysesinwitie Northern Territory populations,
even when the Queensland populations were remagadthe analyses (Figure 7.6). Lack
of geographic information in the Structure analysaspled with high rates of dispersal are
likely to have resulted in its poor performance paned to Geneland analyses to detect

fine scale genetic structuring.

In the Arnhem Land Plateau there was strong sugporgrouping of the Day, Garoada
and Imimbar (both 1 and 2 populations) populatiofisere was no significant genetic
differentiation among these populations based omwse 6 andRhovalues (Table 7.2),

close genetic distance relationships among themeédra group in the Neighbourhood
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Table 7.2 Pairwise tests of genetic differentiation for 12e@@hlina rugosa populations with(upper diagonal) values and Rho averaging over

variance components (lower diagonal) based on togatellite loci. All values in bold are not sificant after Bonferroni correctior.(= 0.05,

p < 0.00076).

ALI TOM GID GGM IMB 1 IMB 2 DAM GAR DAY MUR ART EDW
East Alligator 0 0.082 0.086 0.076 0.078 0.077 B6.07 0.067 0.082 0.078 0.098 0.367
Thompkinson 0.119 0 0.043 0.024 0.045 0.040 0.026 0.026 0.039 0.054 0.080 0.343
Gidadella 0.116 0.041 0 0.014 0.044 0.027 0.015 18.0 0.020 0.017 0.112 0.407
Garromgarrom 0.099 0.010 0.009 0 0.057 0.039 0.002 0.032 0.021 0.026 0.081 0.380
Imimbar 1 0.061 0.038 0.033 0.031 0 0.003 0.045 0.010 0.015 0.038 0.110 0.367
Imimbar 2 0.069 0.039 0.019 0.023 0.000 0 0.032 0.007 0.022 0.028 0.099 0.386
Damdam 0.108 0.019 0.007 0.004 0.038 0.018 0 0.020 0.018 0.016 0.091 0.378
Garoada 0.060 0.055 0.039 0.046 0.003 -0.008 0.032 0 -0.002 0.015 0.108 0.342
Day 0.096 0.045 0.024 0.021 0.015 0.016 0.028 0.009 0 0.018 0.131 0.365
Murrybulljuluk 0.101 0.066 0.014 0.019 0.043 0.026 0.031 0.037 0.019 0 0.110 0.379
MacArthur 0.071 0.043 0.093 0.040 0.050 0.062 0.069 0.080 0.099 0.112 0 0.446
Edward 0.528 0.562 0.593 0.570 0.559 0.561 0.550 .5410 0.564 0.565 0.590 0




Chapter 7 — Population geneticsfrugosain the Blyth-Cadel River basin.
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Figure 7.4 An unrooted neighbourhood-joining dendogram of n{Dkelodina rugosa
populations in the Northern Territory, Australiaased on Cavalli-Sforza chord measure

(Cavalli-Sforza and Edwards, 1967). Bootstrap va&kre shown on nodes for 100 replicates.
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Figure 7.5 Map (on left) showing the posterior probabilitiespetted by shading for 271
C. rugosafrom the Mann/Liverpool and Blyth-Cadel regionstbé Arnhem Land Plateau
(refer to boxed region of map on right) of belongito one of the two population clusters
identified by Geneland analysel] cluster 10¢a@robablility) and B cluster 2 (100%
probability).
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Figure 7.6. A Q-plot for the posterior probability of eachdividual belonging to five clusters (i.e. popubais) that were identified by the
admixture model in the Structure analysis, in whi_his clusterl[] is cluster [] is ¢éws3,[l is cluster 4, anll s cluster 5.

Populations labelled ALI, TOM, GGM, DAM, GID, IMAM1, GAR, DAY, MUR are from the Arnhem Land Platem the Northern Territory
and individuals could not be assigned to any oustet (i.e. they have mixed ancestry from clusier and 4). The population labelled MAC is
from the Gulf of Carpentaria and all individualsrgded, except for one, were assigned to clusteritB tigh posterior probabilities. All

individuals from EDW assigned with high probabilitycluster 5.
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Joining tree (Figure 7.4), and clustering of indials from these sites into one of the two
populations were identified by the Geneland analysehite clusters; Figure 7.5). Overall
these results suggest very high levels of gene 8owng these upstream populations of the
Blyth-Cadel River. The Murrybulljuluk population waignificantly different from all other
populations based on pairwige values but theRho statistics suggested that it was not
significantly different from Day (Table 7.2). Theefeland analyses indicated a small
probability of genetic exchange between Day andriybudljuluk with the boundary of the
two populations situated in between these two séesndentified by Geneland (Figure 7.5).
A second cluster of populations were identifiedhe Arnhem Land Plateau that comprised
the Damdam, Garrom, Thompkinson, and Gidadellas s(tégure 7.5). There was no
significant differentiation between Damdam and Garr(P > 0.008), suggesting high levels
of gene flow among the downstream regions of thghBCadel basin. Furthermore, there
were no marked genetic differences across adjabasins as indicated by the lack of
differentiation between Garrom and the Thompkingopulations (Table 7.2).The Gidadella
population appears to be relatively isolated buhvéome connections with the Damdam
population complex as suggested by its clusterirth this group in the Geneland analysis

(Figure 7.5) and the genetic similarity to Damdaasdx on pairwisé values.

Computer simulations
Computer simulations were used to investigate ffexteof an earlier onset of maturity and
different harvesting regimes on the genetic divgrsf populations in the Blyth-Cadel river

basin.

Earlier onset of maturity resulted in an acceletdtess of genetic diversity in the population
at Damdam. An effective population size of 500 waquired to maintain 90% of the
observed alleles when the age of maturity was @syaehereas a size of 550 was required to
retain the same level of genetic diversity whendfge of maturity was 3 years (Table 7.3).
Computer simulations indicated that the retentibgemetic diversity over the 200 years was
directly related to the size of the population.inirbar retaining the highest levels of genetic
diversity (population size = 243; OA = 76.820 = 96.69) and Gidadella the lowest levels
(population size = 125; OA = 61.78p = 93.00) under conditions of no pig predation and
harvesting. All four populations at their currei#es(i.e. based on 2004 estimates of Fordham
et al. 2007a) are expected to lose between appabaiyn23% to 38% of their allelic richness
and a small percentage of heterozygosity (i.e.cup%) via genetic drift over the next 200

years even if they are not subject to harvestingigipredation. A harvest of 20% of the total
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Table 7.3 The percentage of the microsatellite geneticerdivy retained in the Damdam
population over 200 years for various constant faifmn sizes under the scenarios of an age of
maturity of three and six years respectivelyy— number of observed alleles,, H observed
heterozygosity. Values above 90% are in bold.

Age of Maturity = 3 years Age of Maturity = 6 years
Population Size A Ho Ao Ho

25 40.17 60.63 42.87 63.82
50 46.89 72.35 49.76 75.44
75 52.25 78.99 55.00 81.21
100 56.79 90.55 60.09 92.51
200 70.69 95.09 73.82 95.95
300 79.10 96.76 82.13 97.48
400 84.70 97.55 87.22 98.02
450 86.91 97.85 89.25 98.25
500 88.60 98.21 90.80 98.46
550 90.10 98.29 92.18 98.48
600 91.40 98.44 93.13 98.73
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Table 7.4 Percentages of microsatellite genetic divensgtgined over 200 years for four populations ofmm Land based on computer simulations
that account for generation time and overlappingegations.

Gidadelld Damdand Murrybulljuluk® Imimbar*

Simulation Scenario OA Ho OA Ho OA Ho OA Ho

Not harvested or pig predated 61.78 93.00 64.45 93.65 67.52 95.25 76.62 96.69
20% harvested 56.83 91.61 59.65 92.26 62.60 94.16 71.94 96.04
30% harvested 54.31 90.73 56.72 90.86 59.96 93.15 69.98 95.26
40% harvested 51.23 89.23 53.64 89.47 56.91 92.09 66.34 94.56
Pig predateH 48.35 87.74 47.11 85.67 NA* NA* NA* NA*

20% harvested and pig predated 39.41 81.06 41.87 81.50 62.60 94.16 71.94 96.04
30% harvested and pig predated 33.81 74.63 27.00 59.65 59.96 93.15 69.98 95.26
40% harvested and pig predated 25.37 58.19 Extinct’ Extinct’ 56.91 92.09 66.34 94.56

VET

OA — observed number of alleles, Ho — observedrbeygosity.

1 — Gidadella had an initial population size of E2fsl an age to maturity of five years based on 23fifnates of Fordhast al. 2007a.

2 — Damdam had an initial population size of 14d an age to maturity of three years based on 28thates of Fordhart al. 2007a.

3 — Murrybulljuluk had an initial population sizé 79 and an age to maturity of five years base@8@d estimates of Fordhaahal. 2007a.

4 — Imimbar had an initial population size of 24®l@an age to maturity of six years based on 20fh&ies of Fordharat al. 2007a.

T — Rate of mortality from pig predation was set 8for Gidadella, and 58% for Damdam based on estisnof Fordharat al. 2006b.

NA* — Not applicable. The presence of pigs is lavarrybullujulk and Imimbar (Fordham et al. 2006hd thus we have assumed that there is no signitfioortality from
pigs.

#— Simulation can not be performed because thed$ittee population during the bottleneck was onhgéhindividuals and it is presumed to become eitirihin 200
years.
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population had a small effect on the loss of genéitversity, with about 5% decrease in
allelic richness and 1-2% decline in heterozygo#$aty all four populations. Harvesting
40% of the total population had a more pronoundéecieon loss of genetic diversity,
resulting in about 10% loss of allelic richness amul to 5% loss of heterozygosity
compared to the levels of diversity retained if $wenario was not-harvested or pig-
predated. Pig predation based on mortality ratésnated by Fordhamet al. (2006)
resulted in the greatest loss of genetic diversitypared to all harvesting scenarios with
less than 50% of the allelic richness retained othiDamdam and Gidadella. Loss of
genetic diversity in pig-predated populations twate subject to harvesting was extreme
for all harvesting scenarios. When 40% of the predated population was harvested, only
25% of allelic richness and 58% of heterozygosigswetained for Gidadella. Damdam
was predicted to become extinct within 200 yearshwanly three turtles left after

accounting for mortality from pig predation andaa\est of 40% of the total population.

Discussion

Genetic diversity estimates were similar for hatgdsand unharvested populations (Figure
7.1) and no genetic signatures of bottlenecks wetected, even for populations that are
frequently harvested. Values differed between tifferént analyses for pairwise genetic
differentiation (Tabe 7.2) owing to differences timeir assumptions for mutation. Rho
estimates can also perform poorly when low numbéfsci (<20) and sample sizes (<50)
and hence the analyses (Table 7.2) may be more appropriatehferstudy (Gagiotiet al.
1999).

At a regional scale there were significant and matge to high levels of genetic
differentiation between Arnhem Land populations d@hdse of the Northern Territory
(MacArthur River) and Queensland (Edward River)[€a7.2). In the Arnhem Land
region, the East Alligator population was modesatel highly genetically differentiated
from all other populations (Table 7.2). Sites dotneamm of the Blyth-Cadel river basin
(i.e. Garrom, Damdam and Gidadella) including tih®mpkinson of the Mann/Liverpool
river basin were considered to belong to the sdostar (or metapopulation) according to
the analysis of Geneland. Downstream sites hadsigmficant to low levels of genetic
differentiation for the pairwise tests between gdapons (Table 7.2). Sites upstream of the
Blyth-Cadel river basin formed a second cluster rf@tapopulation) according to the

Geneland analysis and had non-significant to lovelke of genetic differentiation for the
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pairwise tests between populations (Table 7.2). pdirwise comparisons between
populations constituting the downstream and upstrezgetapopulations were significant
although the actual values of genetic divergenceewelatively low to moderate (Table
7.2) suggesting that the metapopulations are coedeta substantial levels of gene flow.
Computer simulations lend support to a metapopmnatiodel forC. rugosaof the Blyth-
Cadel river basin. An effective population size50D was forecast to be the size required
to maintain 90% of the genetic diversity over 2@ang for the Damdam population (Table
7.3); a value that is considerably larger than2864 census population size estimate of
147 individuals (Fordharat al. 2007). In order foC. rugosapopulations to have retained
the high levels of genetic diversity currently obvsel they needed to have functioned as a
metapopulation with an overall effective populatisize of at least 500 individuals.
Metapopulation genetic structures within river bashave been observed for several
freshwater turtle including the diamond terrapik&laclemys terrapipof South Carolina
(Hauswaldt and Glenn 2005; Tuckest al. 2001), neotropical freshwater turtle
(Hydromedusa maximilian)of southeastern Brazil (Souzt al. 2002a; Souzeet al.
2002b), ornate box turtle3¢rrapene ornata ornajef lowa (Richtsmeieet al.2008) and

the giant Amazon River turtl®pdocnemis expanséPearset al. 2006).

Impacts of harvesting

Similar levels of genetic diversity that were fouridr harvested and unharvested
populations suggest that traditional harvestingCofrugosaover millennia has had no

adverse impacts on the genetic diversity of popariat Retention of moderate levels of
genetic diversity in the populations can be exm@dilby several, possibly interrelated,
factors: the intensity and frequency of harvestinge longevity of the species;

compensatory responses to increased mortality; swlostantial gene flow among
populations. Traditionally, the people were nomadicd would have spread their
harvesting efforts thereby avoiding the depletidrpopulations (Kirk 1981). The long-

term settlement of Maningrida was established id71@aningrida Council 2008) and

turtles continue to be harvested in this regiorrdramet al. 2008). Sites that are easily
accessible to Maningrida and have ideal conditfondharvesting (i.e. are annually dry),
such as Damdam, were expected to show signs,sépteof loss of genetic diversity from
harvesting. On the contrary, moderate to high Ewélgenetic diversity were found for
easily accessable and frequently harvested popota{iFigure 7.1), thus providing strong

evidence that harvesting has had no detrimentalatspon the genetic diversity of
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populations. The levels of genetic diversity in Aem Land populations are also
comparable to the unharvested population of EdviRixer in Queensland (Figure 7.1)
suggesting that genetic diversity has not beencestiiacross all populations of Arnhem
Land.

Intensity of C. rugosaharvesting may be limited by the traditional methaised to
capture them, in which the excavation mounds amathing holes at the surface of the
aestivation chamber are used to locate turtlesedureneath the mud. These signs are not
always obvious, particularly if pigs are preserd &ave uprooted the mud under which the
turtles aestivate (Fordharat al. 2006). Mostly adults and subadults are targeted by
traditional harvesting methods while the juvenilés,aestivating, remain undetected
(Fordhamet al. 2006). Harvesting is also regulated by the higierinand intra-annual
variability in the onset and extent of monsoon riopical Northern Australia (Holland
1986). In years that have higher than averageathiithe ephemeral waterholes will not
dry, turtles will not aestivate and harvest oppoitias will be few. Furthermore, the dry
season is a period of increased cultural activitieg coincide and interfere with turtle
harvesting. Fordharet al. (2006) estimated that on averag€.augosapopulation will be
subject to traditional harvesting for less tharf bélall dry seasons (Fordhaet al. 2006).
Intervals of non-harvesting may be an importanpitesfor populations to enable them to

partially recover from elevated mortality experiedduring harvested years.

Retention of genetic diversity in harvested popatet of C. rugosamay also be due to its
longevity; a trait which buffers the loss of genaliversity via genetic drift (discussed in
detail in Chapter 2). Long-lived species typicalbse less genetic diversity during a
population bottleneck than short-lived species beeafor the duration of time that the
bottleneck persists they have fewer generationazBi al. 2000; Kuo and Janzen 2004).
Traditional harvesting of populations has been cotetl for millennia, however if it has
been conducted at low intensity it is expected thté genetic diversity will be lost.
Diffuse bottlenecks (i.e. from low intensity hartieg) that occur over several generations
results in less loss of genetic diversity compa@ahort intense bottlenecks (i.e. from
intense harvesting) (Englared al. 2003). The genetic results for this study are isbeist
with genetic studies of other long-lived specieat thave retained high levels of genetic

diversity despite long and persistent populatiottléeecks, such as the ornate box turtle
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(Kuo and Janzen 2004), giant Amazon River turtlea(Beet al. 2006), black rhinoceros
(Swartet al.1994), and white-tailed eagle (Hailetral. 2006).

Compensatory responses to elevated mortality sacanaearlier onset of maturity have
been considered to alleviate the impacts of hanggrressures (Abrams and Rowe 1996;
Poysaet al. 2004). Fordhanet al. (2007) demonstrated a compensatory response in the
frequently harvested population of Damdam with arlier onset of maturity in females of
three years of age compared to five to six yearanharvested populations. Whilst an
earlier onset of maturity reduces extinctions riskan demographic stochasticity by
stabilising the size of the population it has a ateg effect on genetic diversity.
Simulations forecast that an effective populatie ®f at least an extra 50 individuals are
required to maintain 90% of the total genetic dsitgrover 200 years when the age of
maturity is three years compared to six years & @iable 7.3). Reducing the age of
maturity shortens the generation time and therelbke® it more vulnerable to loss of
genetic diversity if a great number of generatipass through population bottlenecks.
Hence, the compensatory response of an earliert afismaturity can not explain the
retention of high levels of genetic diversity iretetudy populations that were subject to
harvesting. Mutation may also contribute to gendi@rsity within populations. Further,
other compensatory responses such as increasetlitmgtaecruitment have been
demonstrated for the study populations (Fordhanpublished data) and may have a

positive effect on the retention of genetic divigréor harvested populations.

Local distribution patterns of. rugosain the Blyth-Cadel river basin and its dispersal
capability will greatly influence the levels of gait diversity for harvested populations.
Chelodina rugosas widespread in the Blyth-Cadel river basin aad been documented
from over 80 sites (Fordham, unpublished data)ifduthe wet season that extends from
December to March, extensive wetlands form overagea of approximately 100, 000
hectares across the Blyth-Cadel and Mann-LiverRiver systems (Finlaysoet al.
1999). These wetlands provide plenty of opportufdty dispersal of turtles across sites
within the Blyth-Cadel basin and even across rha&sins. In addition, compared to other
Australian freshwater turtles;. rugosais highly adept at dispersing across land and has
been known to travel over two kilometres beforechéag a water-body (Fordham,

unpublished daj)a Cheldoina rugosain the Blyth-Cadel river basin exhibited a
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metapopulation structure characterised by low kel genetic differentiation between
populations (Table 7.2).

A metapopulation structure can reduce the impachk&vesting on any one population by
increasing the effective population size (i.e. thember of reproductively contributing
individuals) and hence more individuals can be ésted before there are any detrimental
effects (Allendorfet al. 2008; Bischofet al. 2008; Coltman 2008; McCullough 1996;
Tenhumberget al. 2004). Connectivity of non-harvested and harvestex$ via gene flow
would provide ‘genetic rescue’ for populations, wdi®y novel genetic material is
introduced into populations by immigrants from athmopulations (Ingvarsson 2001;
Tallmonet al.2004). Even low levels of gene flow of one to ii@migrants per generation
is sufficient to ameliorate the effects of inbregdiin a bottlenecked population and
thereby increase the fitness of the populationv@ngson 2001; Tallmoat al. 2004: also
see Chapter 2). In the absence of gene flow amopglations, the simulations forecast
that a harvesting regime of 20% of the total popotehad minimal impact on genetic
diversity of populations but the impact was consadéee when 30 to 40% of the population
was harvested (Table 7.4). If gene flow among patpuds occurs on a regular basis, then
harvest regimes that remove more than 20% of tipailpbon would still be sustainable
and hence the overall functioning of the metapdpia would not be compromised.
Fordhamet al. (2008) recommended that a 30% harvest of the duli-and adult
population that occurs in half of all dry yearsistainable based on demographic models.
Effects of harvesting can be exacerbated by eldvatgural mortality, such as from
prolonged drier years or pig predation, that casultein the overexploitation of the
population even when harvest intensities are loimugtions indicated that even low
intensity harvesting of populations that are subjeqig predation resulted in substantial
loss of genetic diversity (Table 7.4). Gene flowacay populations would reduce the loss
of genetic diversity by providing genetic rescueptmpulations that are subject to pig

predation.

Implications for conservation

Based on the genetic data and computer simulaticaggpears that traditional harvesting
has had minimal impact on the genetic diversityCofrugosapopulations of the Blyth-
Cadel region. The harvesting regimes and longefitthe species may have aided in the

retention of genetic diversity of harvested popala. Furthermore, it appears that high
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levels of connectivity and gene flow among popolagi have provided genetic rescue to
harvested populations and retarded the loss oftigesigersity. Maintaining high levels of
gene flow and functioning of the metapopulatioirmgortant to maintain genetic diversity,
and hence adaptive potential 1Gr rugosain the Blyth-Cadel region. Harvesting can be
conducted sustainably provided that gene flow bebngopulations is maintained. If gene
flow becomes disrupted and results in the collapk¢he metapopulation simulations
forecast substantial loss of genetic diversity fall populations over 200 years
(approximately 30% - 40% of allelic richness anti(B4 of expected heterozygosity; Table
7.4) even for those that are not subject to haingsir pig predation. Ongoing genetic
monitoring of the harvested and unharvested populatcan be used to measure the
contemporary levels of gene flow across the lanusda ensure that harvesting is not

having an adverse effect on the overall functiomhthe metapopulation.

Demographic-based model projections of Fordham pO@dicate thatC. rugosa
population are under severe threat from pig predasind are likely to become extinct
within the next 30 years unless actively managdus Eituation is dire; worse than the
effect of pig predation forecast from the genettadthat was simulated with the worst-
case scenario of a metapopulation collapse andequbat isolation of populations (Table
7.4). Thus populations subject to pig predation aregreater risk of extinction from
demographic rather than genetic processes. Hesca, miority, populations need to be
managed to reduce the effects of pig predatioreeitta localised culling of pigs, fencing
off waterholes, or headstarting turtles to mitigtte elevated adult mortality (Fordhash
al. 2008). For areas that have been managed to neititp@t impacts of pig predation,
sustainable harvesting can be achieved providet gbae flow is maintained, either
through natural or artificial means, between haeadsnd unharvested populations of the
Blyth-Cadel basin. Depleted populations can beookstd with turtles sourced from a
broad geographic range in the Blyth-Cadel basin.
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Chapter 8 — DNA-based identification of wildlife tospecies, region and
population of origin: A case study using the Austréasian snake-necked

turtle Chelodina rugosa.

Picture: The study speciesGhelodina rugosa- for which a DNA-based forensic

identification system was developed. Photo by EAlkacs.
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Chapter 8 — DNA-based identification of wildlife tospecies, region and
population of origin: A case study using the Austré&asian snake-necked

turtle Chelodina rugosa.

Abstract

An hierarchical approach was used to develop a id#ed system for the forensic
identification of wildlife seizures to species, imgand population specific origin using the
Australasian snake-necked tur@elodina rugosas a case study. An 898 bp region of
the nuclear R35 intron discriminatéthelodina rugosdrom all other Australian chelid
turtles. Hybrids can be a challenge for the aceusyiecies identification of wildlife
seizures. A combination of sequence for 867bp efrtlitochondrial DNA (control region
and ND4) and 17 microsatellite loci demonstratedura hybridization betweerC.
burrungandjiiandC.rugosa and betwee. canniandC. rugosa An F2C. burrungandjii
and C.rugosahybrid individual, and twdC. burrungandjiibackcrossed individuals (i.e.
hybrid x C. burrungandijii) were identified by the microsatellite analysis. Gephic
sources of specimens could be reliably assignédréz distinct regions using sequencing
of 867 bp of the mitochondrial DNA: (i) Darwin (Fiis basin), (i) Arnhem Land, and (iii)
eastern Queensland including southern New Guingeci®ens could not be identified to
a source locality at the population-level in thgtBiCadel basin of Arnhem Land where a
commercial trade has been established. Poor papulaissignment of individuals to
specific localities in the basin based on genotyfjpesl?2 unlinked microsatellite loci is
most likely caused by high levels of gene flow bew sites in the Blyth-Cadel basin. A
DNA-based forensic identification system to idgnskizures ofChelodina rugosdo the
species level and to determine provenance at tbadblandscape scale is feasible, but
assignment within more restricted regions linkedcbwstal floodplains is probably not.
Given the isolation and inaccessibility of the Aenm Land region, this level of
identification may be adequate to verify the letyabf specimens from the commercial

industry.

Introduction

The illegal trade in wildlife has been reportedlbternational Policing (Interpol) to be a
serious and growing global crime worth more tharDU0 billion per year (Interpol,
2007). While DNA technologies have been routinedgdito identify humans and provide
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evidence for crime since 1985 (Gall al. 1985; Jeffrey®t al. 1985a; 1985b; Reeder 1999),
their application to provide evidence for wildliteime is still in its infancy. DNA can be
extracted from degraded or highly processed pradingtt are commonly encountered in
illegal wildlife trade, such as from cooked meataffthez and Danielsdottir 2000),
powdered bone (Pradet al. 2002), claws left on tanned hides (Hedmark aneédedn
2005), egg shells (Mooret al. 2003), hair (Jedrzejewkst al. 2005; Savolainen and
Lundeberg 1999) and feathers (Rudnatlkal. 2007). Information can be obtained on what
species or composite of species the seizure hasdeeved from (Chapmaet al. 2003;
Hsiehet al. 2003; Huanget al. 2003; Ludwig 2008). Geographic origins of the segzcan
be determined and used to distinguish between Eg&lpoached specimens (Statral.
2006; Waldmaret al. 2008; Withleret al. 2004), and to identify ‘hotspots’ of poaching
activities where wildlife enforcement and policinged to be strengthened (Wasseal.
2008; Wasseet al. 2007). DNA technologies have been used succegstolldate, to
provide evidence for cases of wildlife poachingitégntification of seizures (or evidence
such as blood on a knife) to the species leveldhoini 2005; Pitra and Lieckfeldt 1999),
their geographic origins (Withleat al. 2004), sex (Aret al. 2007) and parentage (An Lee
et al.2007).

DNA technologies for wildlife forensics have mostigen developed on a case-by-case
basis. The development of DNA technologies to mtewevidence for individual wildlife
cases is often expensive and time-consuming, p&tlg when there is little or no prior
genetic information on the species of interest.sTieimore often than not the situation
faced with when dealing with wildlife cases. Chatfles also arise in the development of
forensic identification systems for wildlife. Spesi identification of wildlife can be
difficult when species boundaries are poorly knoweryptic species that are
morphologically indistinguishable but geneticallyfferent are present, or when inter-
specific hybridisation and introgression occurs,which the fertile hybrids mate with
parental species thus resulting in complex pattefngenetic inheritance (Adams and
Waits 2007; Allendoret al.2001; Arnold 1992; Belfioret al.2003; Goldsteiret al.2005;
Sites and Marshall 2003). These issues have often bverlooked in the development of
DNA-based systems to identify wildlife species lman be overcome with appropriate

choice of markers and approach.
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Identification of the geographic origins of seizur® either the regional or population
levels first requires extensive sampling acrosslémelscape to detect genetic structure.
The geographic scale at which genetic structurernes apparent will depend on the
spatial distribution of the populations and thepgenusity of individuals to disperse across
the landscape, and hence will determine the rasal(in terms of distance) that the source
locality of the specimen can be identified to (Garhet al. 1999a; Manelket al. 2005).

Taking into consideration these issues, this staiths to develop a DNA-based system for
identification of wildlife seizures to species, i@wal and population levels for purposes of

monitoring trade and provision of evidence for vela wildlife cases.

A hierarchical approach was adopted whereby a sei®ufirst identified to the species
level, and if it is identified as being derived rftathe species of interest it is subject to
further DNA analysis to identify its regional andpgulation origins. This approach can be
applied to any species of interest and has therddga that it employs several different
DNA methodologies for identification that when usid concert provides strong and
convincing evidence for wildlife cases. The methoglmployed for each level of
identification were chosen based on their genezeg¢ptance in the scientific community,
presence of well established protocols and analisitiniques established for other
disciplines such as molecular systematics and ceatsen genetics, and their past success
in being accepted as evidence for court caseseffal. 2007; Lorenzini 2005; Pitra and
Lieckfeldt 1999; Withleret al.2004).

The species used for the case study is the Ausi@alasnake-necked turti@helodina
rugosg a common and locally abundant freshwater turtlebiting rivers and ephemeral
waterholes of northern Australia and southern Nawn€a (Georgest al. 2002; Manning
and Kofron 1996). Commercial trade Ghelodina rugosdo supply hatchlings to the pet
shop industry was established in 2003 by the BawgaaAboriginal Community in the
town of Maningrida situated on the Blyth-Cadel basf Arnhem Land. Identification of
the geographic origins of seizures ©helodina rugosas important for distinguishing
between animals derived from the legal trade in iNgnda and those that have been
poached from other locations within the speciegeamMany of the challenges and issues
for the development of DNA-based forensic idendifion systems are embodied in the
chosen specie€;. rugosa it is known to hybridise with two sympatricallyisttibuted

speciesChelodina burrungandjiiand Chelodina canni(Georgeset al. 2002), it has a
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widespread distribution across Northern Australa &New Guinea where it is locally
abundant (Cann 1998), and it has good dispersalbdép through water channels and
across land (Fordhaet al.2007). It is therefore expected that many of #sei¢s that can
arise for DNA-based forensic identification will beghlighted in this study and will be of
use to inform future developments of DNA-based risie identification systems for
wildlife.

Methods

Species identification using the nuclear R35 infpbiylogeny.

Species from the family Chelidae distributed in fgstralasian region were sequenced
with 898-bp of the nuclear R35 intron. One sampdenfeach clade of species with control
region or ND4 region sequence (Chapter 7; Georgesihlished data) was included to
capture the genetic variability within species. Tdaa set consisted of 45 individuals
representing 25 species from five genera in Austral(Figure 8.1). Three taxa were used
as outgroups for the phylogrny: two chelidBhyrnops nasutafrom Surinam and
Hydromedusa tectifura from Uraguay, and one-non chelid;Erymnochelys

madagascariensisom Madagascar (Figure 8.1).

We performed DNA extractions using a standard Ghptetocol for skin samples (Walsh
et al. 1991) or salt extraction protocol for blood samsp{ambrook and Russell 2001).
Sixteen samples representing two species from eathe eight genera were sequenced
with the primers R35Ex1 and R35Ex2 according toRKRHR protocols described in Fujita
et al. (2004). The sixteen sequences were aligned ardl tosgevelop an internal primer
called R35int. Approximately 503-bp of the R35 mgiwas amplified using the primers
R35Ex1 (5ACG ATT CTC GCT GAT TCT TGC) (Fujitat al. 2004) and R35intR
(5 ATG GAA AGR AGC TGA NAG G). A second fragntesf approximately 395 bp
of the R35 region was amplified using the primeB5iRtF (5 CCT NTC AGC TYC
TTT CCA T) and R35Ex2 (855CA GAA AAC TGA ATG TCT CAA GG) (Fujitaet
al. 2004). Both reactions contained 50-100 ng of tetepDNA, 0.25uM of each primer,
0.0625uM each dNTP, 1.5 mM Mggl 2.5ul 10 x PCR buffer, 0.6 M betaine, iy BSA
and 0.51 UTaqDNA polymerase (Bioline Ret@lag) in a total volume of 24l.
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Table 8.1 Samples of Australasian chelid turtles used énrtaclear R35 phylogeny.

Species Specimen  State and Country River Locality
Elusor macrurus 281 NSW, Australia Mary

Elseya latisternum AA1579 QLD, Australia Burnett
Elseya latisternum AA20125 NT, Australia Limmen Bight
Elseya georgesi EG154 NSW, Australia Bellinger
Elseya purvisii EP130 NSW, Manning
Elseya purvisii EP129 NSW, Manning
Elseya novaeguineae AA42030  West Papua Aru Island
Elseya novaeguineae AA42029  West Papua Waren
Elseya albagula AA271 QLD, Australia Burnett
Elseya dentate 212 NT, Australia South Alligator
Elseya dentate 713 NT, Australia Limmen Bight
Elseya dentate AA20063 NT, Australia Roper
Elseya branderhorsti AA42608 Papua New Guinea Fly

Elseya albagula AA17780  QLD, Australia Mary

Elseya irwini ElO1 QLD, Australia Burnett
Elseya irwini EIO2 QLD, Australia Burnett
Rheodytes leukops 232 QLD, Australia Fitzroy
Emydura macquarii krefftii AA20882 QLD, Australia Burdekin
Emydura macquarii macquarii 132 NSW, Australia Clarence
Emydura macquarii macquarii  AA13051 QLD, Australia Warrego
Emydura macquarii nigra 50L QLD, Australia Fraser Island
Emydura tanybaraga AA13610  QLD, Australia Stratton
Emydura tanybaraga AA13632 QLD, Australia Mitchell
Emydura victoriae 254 WA, Australia Victoria
Emydura worrelli AA20069 NT, Australia Roper
Emydura worrelli AA20138 NT, Australia MacArthur
Emydura subglobosa AA42623 Papua New Guinea Fly
Chelodina longicollis CL72 NSW, Australia Mary
Chelodina longicollis AA20521 QLD, Australia Burnett
Chelodina canni AA20248 QLD, Australia Mitchell
Chelodina pritchardi 497 Papua New Guinea Kemp
Chelodina novaeguineae 456 Papua New Guinea Aramia
Chelodina reimanni 491 Papua New Guinea Merauke
Chelodina oblonga 398 WA, Australia Swan
Chelodina burrungandjii ALO18 NT, Australia Roper
Chelodina burrungandjii ALOO4 NT, Australia Cadel
Chelodina spp. (Kimberley) N1721 WA, Australia Durack
Chelodina spp. (Kimberley) N1208 WA, Australia Drysdale
Chelodina spp. (Kimberley) N624 WA, Australia Isdell
Chelodina rugosa G85 QLD, Australia Holroyd
Chelodina rugosa 478 West Papua Binituri
Chelodina rugosa AA20078 NT, Australia Roper
Chelodina rugosa AA20002 NT, Australia East Alligator
Chelodina rugosa Y007 NT, Australia Robinson
Chelodina expansa CE107 NSW, Australia Murray
Phyrnops nasuta 838 Surinam Unknown
Erymnochelys madagascariensis850 Madagascar Unknown
Hydromedusa tectifera 587 Uraguay Rio Santa Lucia
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cycling conditions used to amplify both sections tbé R35 intron were an initial
denaturation of 94C for 5 min, followed by 35 cycles of € for 30s, 58C for 90s, 72

°C for 120s, and a final extension of %2 for 10 min. Polymerase chain reaction products
were purified using a standard polyethylene gly(@EG) procedure (Sambrook and
Russell 2001) and sequenced using an ABI autonsggdencer at the Macrogen facility
in Seoul, Korea.

Sequence data were edited using SEQUENCHER 4.2pg&odes Corporation) and
then aligned using CLUSTAL X (Thompsaet al. 1997) in the program Geneious Pro
3.8.2 (Biomatters Ltd). Alignments were verified &ye. The primer ends were removed
from the two alignments of the 503 bp and 395 lgpores of the R35 intron and then the
alignments were concatenated for further analysislels were binary coded and
unweighted. Maximum parsimony (MP) and maximum lik@od analyses were
conducted on the concatenated alignment in thergnod®AUP 4.0b10 (Swofford 2000).
The MP analysis assumed that character changesunerdered and of equal weight and
used a random stepwise sequence addition algontitim tree-bisection-reconnection
(TBR) branch swapping. Modeltest 3.7 (Posada armahdzl 1998) was used to determine
the best fit model of sequence evolution. Modeltgést (Posada and Crandall 1998)
determined that the best fit model of sequenceutionl based on Akaike Information
Criterion (AIC) was the TVM with gamma distribution (G) of ratetérogeneity across
variable sites. The estimated parameters undentbdel with a gamma shape distribution
of 0.6018 were implemented in the ML analysis cated in PAUP 4.0b10 (Swofford
2000). Bootstrap replicates of 1000 for both MP EHdwere conducted to estimate nodal
support. The trees were rooted wiBhyrnops nasutaHydromedusa tectiferaand
Erymnochelys madagascariensgequence divergences {alues were estimated between

species, and were corrected for within phylogrowerdity (Avise and Walker 1998).

Regional identification using mitochondrial phyleggaphy of C. rugosa.

The sequencing and phylogenetic analysis for 86bfbthe mitochondrial control and
ND4 regions for specimens @helodina rugosaacross its range (Figure 8.1) have been
described in detail in the methods section of Géraft
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Identification of hybrids using microsatellites.

A total of five C. burrungandjiiand 55C. rugosaindividuals were genotyped for 17
microsatellite loci.C. burrungandjiisamples represented three major drainages: South
Alligator River (one sample), Blyth-Cadel River gk samples), and Roper River (one
samples). Samples @. rugosawere from the Blyth-Cadel River (46 samples froth 1
localities), Roper River (two samples) and Eastigalior River (seven samples).

Microsatellite genotyping and analysis has beegrit®ed in detail in Chapter 6.

Population identification using microsatellite mark.

A total of 311 tissue samples Ghelodina rugosavere collected from 2000 to 2005 from
eight sites in the Blyth-Cadel basin of Arnhem LaNdrthern Territory, Australia (sample
size, population abbreviation, and GPS locatioparenthesis): Gidadella (GIIN = 33;
12°31'33" S, 134° 21' E), Imimbar 1 (IMd;= 41; 12° 44' S, 134° 31' 48" E), Imimbar 2
(IM2; N = 35; 12° 44' 37" S, 134° 32' E), Garromgarrom BN = 28; 12° 18' 54" S,
134° 30' 23" E), Garoada (GARL = 14; 12° 40' 11" S, 134° 41' 43" E), Damdam (DAM,;
N = 34; 12° 9' 53" S, 134° 37' 36" E), Day (DAN;= 18; 12° 37' 08" S, 134° 43' 02" E),
and Murrybulljuluk (MUR;N = 36; 12° 36' 59" S, 134° 51' 42" E). In additisamples
were collected in 2004 from two basins adjacentht Blyth-Cadel basin: Thompkinson
River (TOM;N = 32; 12° 12'49" S, 134° 17' 01" E), and Easigalior River (ALI;N = 9;
12° 14' 55" S, 133° 8' 50" E). Northern Queenslaanhples were represented from two
localities collected in 2004: MacArthur River (ARN; = 18; 15° 56' 20" S, 136° 12' 30"
E), and Edward River (EDWN =13; 14° 50' S, 142° 9' 20" E) (Figure 8.2).

DNA was extracted from small slithers of skin fréine clawless hind toe using a standard
salting—out protocol (Dethmeet al. 2006). Samples were genotyped for unlinked loci as
determined in Chapter 6: four dinucleotide loci {T- T-31, T-41, T-47) and eight
trinucleotide loci (T-12, T-14, T-17, T-42, T-44;58, T-80, T-87). The isolation of the
microsatellites, primer design, conditions for npléix polymerase chain reaction (PCR),
and separation of fragments on the Beckman CoGIED 8000 Genetic Analysis System

have been described previously in Chapter 5.
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Figure 8.1 Australian, New Guinea and West Papua drairmgns showing the 22
basins from whichChelodina rugosasamples were collected for the mitochondrial
phylogeographic study. Major drainage basins arebared as followst. Finnis, 2. South
Alligator, 3. East Alligator, 4. Liverpool, 5. Blyth/Cadel, 6. Goyder, 7. Roper, 8.
MacArthur, 9. Robinson,10. Nicholson, 11. Leichardt, 12. Norman, 13. Gilbert, 14.
Mitchell, 15. Edward,16. Holroyd, 17. Archer,18. Wenlock,19. Jardine 20. Merauke 21.
Binituri, 22. Normanby. (Figure taken from Chapter 6).
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Figure 8.2 Map of the major river basins of northern Austalndicating sampling

locations for population assignment analyse€ofugosa Insert shows sampling in the
Blyth-Cadel and Mann-Liverpool basin (basin boumgtarndicated by dashed lines) of
northeast Arnhem Land, Northern Territory. Shadesbians indicate ephemeral
floodplains. (Figure taken from Chapter 7).
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The presence of genotyping errors, such as scofirsgutter peaks, non-amplification of
null alleles and dominance of smaller alleles wassessed with MICRO-CHECKER
software (Van Oosterhoutt al. 2004). Assignment of individuals to populationsswa
assessed using four different methods: (i) frequdrased assignment using simulations to
estimate the probability of individuals belongirmgpredefined populations in the program
GeneClass2 (Pirgt al.2004), (ii) bayesian-based assignment using stmounkato estimate
the probability of individuals belonging to predefd populations in the program
GeneClass2 (Pirgt al. 2004), and (iii) bayesian clustering algorithmsfitstly identify
how many populations (i.e. clusters) are presesdetd on genotypic frequencies and then
the probability of individuals belonging to each thfese clusters using the program
Structure v2.2 (Pritcharet al.2000).

For Geneclass2, both the frequency-based (Paetkaal. 1995) and bayesian-based
assignment methods (Rannala and Mountain 1997) tisedesampling algorithm of
Cornuetet al. (1999b) to estimate the probabilities of indivibulaelonging to a predefined
population with simulations of 1000 individuals aadnaximum type | error of 0.01. To
asesss the probability of individuals being colyeassigned their river basin of origin the
three predefined populations (or priors) choserewttre Blyth-Cadel River including the
Thompkinson (Arnhem Land, NN = 271), MacArthur River (Gulf of Carpentaria, Qld;
N = 18), and Edward River (Cape York, Qld; 13). The Thompkinson samples were
grouped with those of the Blyth-Cadel based on high levels of gene flow found
between these adjacent basins for 12 microsatltigsee Chapter 7). The probability of
individuals being correctly assigned to a specsite within the Blyth-Cadel basin
(including the Thompkinson) was assessed usindolleving predefined populations (or
priors): eight populations within the Blyth-Cadeldin including one population from the
adjacent Thompkinson basin; denoted as TOW=(32), GID (N = 33), IM1 (N = 41),
IM2 (N = 35), GGM (N = 28), GAR (N = 14), DAM (N = 34), DAY (N = 18) and MUR
(N = 36) (Figure 8.2).

For the Structure analysis, bayesian clusterindhatst were used employing an admixture
model, in which individuals can have mixed ancestith genotypic contributions from
different populations (Pritcharet al. 2000). The admixture model was run for K = 1 to K
= 12 clusters. Each run using the Markov Chain Mdadérlo (MCMC) sampling was for 1
million iterations with a burning in period of 1000 iterations. The K that bests
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represented the data was chosen by plotting log P for five runs of each K from 1 to
12 and then choosing the K at which the plot reachre asymptote as recommended by
(Pritchardet al.2000). The analysis was then run ten times at¥which was the number
of clusters that was found to best represent tha. d@-values which are the posterior

probabilities of individuals belonging to each otKisters were plotted.

Results

Species identification using the nuclear R35 intron

The final alignment consisted of 898 bp with 37%ialale sites, of which 126 were
phylogenetically informative. Indels ranged in sfeem one to 30 bp. The MP and ML
analyses produced gene trees with similar toposogied high bootstrap support (Figure
8.3). There were 24 unique haplotypes, two of whiehne shared across different species.
One haplotype was shared for the closely relatedisgEmydura worrellj E.victoriaeand

E. subglobosa The second haplotype was shared for closelyeglapeciehelodina
pritchardi, C. reimanniand C. novaeguineaeThe genusElseyahad two clades; one
comprised oElseya belli E. latisternum(Queensland):. georgesandE. purvisithat was
1.2% divergent from the second clade comprisedEtdeya latisternum(Northern
Territory), Elseya dentataElseya branderhorstiElseya albagulaand Elseya irwini
Rheodytes leukopsas closely associated with the second clade. Ttveseclades were
paraphyletic, in that the first clade (comprisedEtdeya bellj E. latisternum(Queensland),
E. georgesiand E. purvis) was more closely related to tlemyduraclade than to the
second clade (comprised d&lseya latisternum(Northern Territory), Elseya dentata
Elseya branderhorstElseya albagulaandElseya irwin). Elseya latisternumvas unusual
in that it had two very divergent haplotypes — dmem Queensland and other from the
Northern Territory — that grouped into differedlseyaclades, suggesting that they may
represent two distinct taxa.

There was strong support for tBbelodinaas a clade (bootstrap support 100 for both MP
and ML analysis) approximately 2% divergent frora thade oEmyduraand two clades

of Elseya There were two clades within tkdelodinaclade -Chelodina pritchardiC.
reimannj C. novaeguineg€C. longicollisandC. canniformed one cladeChelodina

burrungandijii C. rugosaandC. expansdormed the second clade.
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Elseya novaeguinea

Elseya latisternum NT
Elseya dentata
Elseya branderhorsti
Elseya albagula
Elseya 1rwini
79l pheodytes leukops

Emydura macquarii
9: Emydura tanybaraga
Emydura worrelll/victoriae/subglobosa
Elseya bellii
Elseya latisternum Qld
Elseya georgesil
Elseya purvisi
Chelodina oblonga

Cheleodina pritchardi/reimanni/novaeguinea

100 -Chelodina longicollis
Chelcdina canni
Chelodina burrungandjii/chelodina sp. (Kimberley)
Chelodina rugosa
83lchelodina expansa

87
95 |

outgroups

Figure 8.3 Phylogenetic analysis of Australasian chelidlesrfor 898-bp of the nuclear
R35 intron. Node support shown for maximum parsiyn@ based on 1000 bootstrap
replicates and maximum likelihood with 1000 boatstreplicates.
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Chelodina oblongacould not be placed in either clade and its retedhip could not be
resolved. All samples ofhelodina rugosaincluding those from New Guinea (formerly
Chelodina seibenrocki shared the same haplotype. Simila@y burrungandjii from
Arnhem Land and Chelodina sp. (Kimberley) sharedsime haplotype and differed from
C. rugosaby one fixed site (A>G transversion).

Regional identification using the mitochondrial pggeography of C.rugosa.

The final alignment of 867 bp had 224 variablessdaad 204 parsimony-informative sites.
Seven indels were present within the mitochondraaitrol region. Gene tree topologies
for MP and ML analyses were similar. There werehdplotypes forC. rugosathat fell
into two well supported major lineages that wed2 divergent from each other (Figure
8.4). One lineage comprised of haplotypes fromRimais River to the Roper River of the
Northern Territory, including those of the Blyth-@& basin (West Lineage; Figure 8.5).
Within this West Lineage, specimens from the Firfoisned a clade that was sister to a
clade comprising specimens from Arnhem Land (Edbkgator, South Alligator, Blyth-
Cadel, Goyder and Roper Rivers) with strong boapssupport of 99% and 95% for MP
and ML analysis respectively (Figure 8.4). The secbineage (named the East Lineage)
comprised of samples from the Gulf of CarpentaCiape York and southern New Guinea
(Figure 8.5). There was no significant phylogeograpstructuring within the East

Lineage, with some haplotypes shared across ragnb (Figure 8.5).

Identification of hybrids

The existence of natural hybridization presentsials/ complications for use of DNA
approaches to species assignment in wildlife foesndhe mitochondrial gene tree found
evidence of hybrids. Haplotypes that h@drugosaand C. burrungandjiimorphologies
formed a clade that was sister to and 4.85% diverfyem theC. rugosaWest Lineage
(Figure 8.4). TheC. burrungandijii mitochondrial haplotype was found in the South
Alligator, Cadel, and Roper Rivers. Microsatelliteslependently confirmed the hybrid
origins of this clade, by identifying one of thephatypes as having a high posterior
probability of being an F2 hybrid (84%) and two erth of having weak signatures (24%
and 22% probabilities respectively) of being a lwacks produced by a fertil€.

burrungandjiix C. rugosa hybrid mating with a mal€. burrungandiii.
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Figure 8.4 Phylogenetic analysis @helodina rugosaC. burrungandjij Chelodina sp.
(Kimberley) andC. cannibased on 867 bp from the mitochondrial ND4 androbnegion.
Haplotypes are labelled as: the species based gohwlogy (i.e. CR =Chelodina rugosa
CB =C. burrungandjij Csp. =Chelodina sp(Kimberley) CC =C. cann\. Following the
haplotype name is information of their localitiesmain river basins and the sample size in
parentheses for each locality. Numbers at nodes tefbootstrap values with 1000 and
100 replicates performed for Maximum Parsimony Wealabove) and Maximum
Likelihood (value below) analyses respectively. ldggpes in bold have a morphology
that is characteristic for a different species cared to their haplotype. (Figure taken from
Chapter 6).
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5 . J
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i% CR East neage
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Figure 8.5 Major lineages o€Chelodina rugosanapped onto the major drainage basins
of Australia, New Guinea and West Papua based atnven Parsimony and Maximum
Likelihood analyses of 867-bp from the mitochondhéD4 and control region. (Figure
taken from Chapter 6).
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Figure 8.6 A Q-plot for the posterior probability of eaandividual belonging to five clusters (i.e. poputeus) that were identified by the
admixture model in the Structure analysis, in wh[_his clusterl[ ] is cluster[] is ¢éus3[l is cluster 4, arll  is cluster 5.

Populations labelled ALI, TOM, GGM, DAM, GID, IM2M1, GAR, DAY, MUR are from the Arnhem Land Plateim the Northern Territory
and individuals could not be assigned to any ouostef (i.e. they have mixed ancestry from clusie® and 4). The population labelled MAC is
from the Gulf of Carpentaria and all individualsrgded, except for one, were assigned to clusteritB high posterior probabilities. All

individuals from EDW assigned with high probabilitycluster 5.
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Two other haplotypes from th@. burrungandjiimitochondrial lineage had high posterior
probabilities of being pur€. burrungandjii (>97%). All the other 55 samples h&u
rugosamorphology and had high posterior probabilitiesdeing pureC. rugosa(>97%).
Overall those results suggest that hybridisatiod gene flow between the species (i.e.
genetic introgression) has been extensive Gorburrungandjii and C. rugosaof the
Northern Territory and only recent hybrids wereialely detected using the 17

microsatellite loci.

Population identification using microsatellites

Bayesian-based clustering algorithms implementetheénprogram Structure v2.2 detected
five clusters across all sampled populations. lildizls from the East Alligator (ALI),
Thompkinson (TOM), and Blyth-Cadel basins could betassigned to a particular cluster
and had approximately equal probability of beloggio any of three clusters (i.e. clusters
1, 2 and 4; Figure 8.6). In contrast, all indivituaf the MacArthur population, with the
exception of one, had a high posterior probabiitybelonging to cluster 3 (Figure 8.6).
Similarly all individuals from the Edward River palgtion had high posterior probabilities
of belonging to cluster 5. These results suggedtitidividuals can be accurately assigned
to the MacArthur (Gulf of Carpentaria) and EdwargdR (Cape York) populations but not

to a specific population within the Northern Teorit.

In comparison to Structure analyses, GeneClas®npeel slightly poorer in the correct
assignment of individuals to their source populatidpproximately 97.4% (294/302) and
97% (293/302) of individuals were accurately asstgmo their basin of origin (i.e. the
Blyth-Cadel, MacArthur and Edward basins) for Bagedased and frequency-based
simulations respectively. Similarly to Structuregr@class was unable to assign individuals
to their source population within the Blyth-Cadeisim with only 37.12% (165/271) and
32.43% (134/271) of individuals correctly assigrfed Bayesian- and frequency-based

simulations respectively.

Discussion

Species identification and hybridisation.

Application of phylogenetic methods for speciesitfecation has the advantage that they
are supported by evolutionary theory that descrilbesancestral relationships between

species in the form of a phylogenetic tree (Avied &V/ollenberg 1997). Bootstrap values
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on the nodes of the tree provide a level of comfogefor correct species identification that
can aide in the validation of the phylogenetic deaadmissible evidence for court cases
(Bernardet al. 2007; Rohilla and Tiwari 2008; Salas al. 2007). High bootstrap support
across the nodes of the nuclear R35 intron phyleiieitree indicates that it is a robust
method for identification of chelid turtles, albeibt at the species level for some taxon
(Figure 8.4). The R35 nuclear intron lacked theolgsn to distinguish between all
species of Australasian chelids with some spediasirgy the same haplotype. Paraphyly
of the Elseyagenus (Georges and Adams 1996; Georjeal. 1998) and the two major
clades ofChelodina(Georgeset al.2002) for the R35 intron phylogenetic tree (Figare)
supported previous molecular studies (Georges a@hd 1996; Georgest al. 1998).
Although nuclear markers typically have less resofucompared to mitochondrial DNA
for species identification, as observed within @leelidae family, they can be important
markers if hybridisation between species is knowdour, as irChelodina(Pachecet al.
2002; Palumbi and F 1998).

In this study, nuclear markers were used becawsanoes of hybridisation involving @.
rugosa and C. burrungandjij and (ii) C. rugosaand C. canni were demonstrated by
sequencing of two mitochondrial genes (controlaagand ND4) and genotyping for 17
microsatellite loci. MitochondriaC. burrungandijiihaplotypes from the South Alligator,
Cadel and Roper Rivers were closely related tontaernalC. rugosamitochondrial
haplotype but had theC. burrungandjii morphology. Microsatellites confirmed
hybridisation in the mitochondri&. burrungandjiihaplotype lineage by identifying an F2
hybrid and two samples that had weak signaturedamkcrossing (24% and 22%
probabilities respectively), in which fertile hybdsi mated with mal€. burrungandjii.Two
other samples had high probabilities of being ‘pu@e burrungandjii Microsatellite
results indicate that the hybridisation is both teamporary (hence the F2 hybrid) and
historic (hence the weak signatures of backcrosamd) ‘pure’C. burrungandji). Gene
flow between the two species (i.e. introgressicag heen extensive based on the absence
of a ‘pure’C. burrungandjiimitochondrial haplotype and the microsatelliteutess For the
nuclear R35 intron, one of the€e burrungandjiimitochondrial haplotypes was correctly
identified asChelodina burrungandjiiln the absence of the R35 intron, this sample may
have been incorrectly identified &s rugosabased on the mitochondrial sequences alone.

Indeed the identification of hybrids is a problemherent in species identification systems
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that use mitochondrial genes in the absence oeaucharkers, including for example the
COI barcoding approaches (Hickersatral. 2006; Nelsoret al.2007; Vencegt al. 2005).

Natural introgressive hybridisation between spediesa challenge for the forensic
identification of seizures because species bouasldsecome blurred at hybrid contact
zones and hybrid individuals can exhibit a comptaxture of morphological and genetic
characters inherited from both parental speciegerdpecific hybridization and
introgression is a common phenomena occurring acatistaxonomic groups including
plants (e.g. Carlson and Meinke 2008; Repplirggaal. 2007; Williamset al.2008; Zhaet

al. 2008), insects (e.g. Beukeboom and van den As§€®; Ferriset al. 1993; Rasplust

al. 2001), mammals (e.g. Adamesal.2007; Ganenet al.2008; Kovacst al. 1997; Randi
2008; Shchipanoet al. 2008), birds (e.g. Adamik and Bures 2007; Aliabadit al. 2007,
Qvarnstromet al. 2006; Solberget al.2006) and reptiles (e.g. Cod¢ al.2007; Leache and
Cole 2007; Mebert 2008; Stuart and Parham 200 thalenge for wildlife forensics is to
reliably detect hybrids even if the hybridisatioreet occurred more than two generations
ago. For this study, a combination of two mitochiaidgenes, one nuclear gene, and 17
microsatellite markers were able to reliably detenty very recent hybrids (i.e. F2
hybrids) betwee. burrungandjiiandC. rugosa

Emerging molecular technologies such as singleeaticdle polymorphisms (SNPs) show
great promise for the identification of hybrids. ®gping a panel of SNPs that are
diagnostic at the species-level is an efficienteenmg method to detect natural
hybridisation and introgression. Five species-due&8NPs (both nuclear and chloroplast
SNPs) were used to detect natural hybridisation emibgression betweefopulus
deltoidesandP. balsamiferalHamzehet al. 2007; Meirmanset al. 2007). SNP discovery
for wildlife species, in which there is typicalligtle to no prior genetic knowledge can be
time consuming and laborious. The advent of pyreeeqing technologies is an exciting
development that will enable the rapid discoverglt ganotyping of species-specific SNPs
for wildlife (Fakhrai-Radet al. 2002; Novae<et al. 2008; Satkosket al. 2008). These
technologies are suitable for rapid and large-ssaleening of seizures to identify wildlife
species and their hybrids.
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Regional identification of Chelodina rugosa

There were two distinct mitochondrial lineages@relodina rugosdhat differed by 2.4%
sequence divergence and supported the allozymbsesGeorget al. (2002). The first
lineage included specimens from MacArthur Rivetha Gulf of Carpentaria and extended
eastward to Cape York and included southern Newné&zui(East lineage). The second
lineage included specimens from Darwin (i.e. Finmésin), and across Arnhem Land to
the Roper basin of the Northern Territory (Wesedige). Very high bootstrap support for
these two lineages (100 for both MP and ML) indésathat specimens can be reliably
identified to either of these two regions demarddig the two mitochondrial lineages
(Figure 8.5) with very high confidence approachir@®%. Within the east lineage there
was no phylogeographic structuring as several hygmpdés were shared across river basins,
thus we can not identify specimens of the Eastatjgeto a specific river. The West
lineage, however, revealed phylogeographic strutgum which specimens from the
Darwin region (i.e. Finnis basin) formed a cladatttvas sister to the clade of Arnhem
Land haplotypes (i.e. East Alligator, South AlligatCadel, Goyder, and Roper) and was
supported by high bootstrap support of 99% and 859 P and ML respectively. Hence,
specimens from Arnhem Land can be distinguisheunh filtose of the Darwin region with
high levels of confidence. Phylogeographic dataagenerally accepted technique that
has been used to determine the geographic orifiasimals for forensic application. Such
data have been used for example, often in conpmetth microsatellite data, to track the
geographic origins of poached macaws (Fatiaal. 2008), wolves (Jedrzejewkst al.
2005), deer (Travis and Keim 1995), seahorses @Gared al. 2008) and ivory from
African elephants (Comstoak al.2003; Nyakaana and Arctander 1999).

Population identification of Chelodina rugosa

Population assignment tests based on 12 micrasatédci could not correctly assign
individuals to their source populations within tAenhem Land region using either the
bayesian- and frequency-based simulations, or aiingt approaches. Population
assignment tests generally perform poorly whenetlage insufficient loci sampled, high
levels of gene flow between populations or nopajpulations have been sampled (Cornuet
et al. 1999a; Maneekt al. 2002; Manekt al. 2005; Waples and Gaggiotti 2006). Given the
high levels of correct assignment for individualsnh the MacArthur (Gulf of Carpentaria)

and Edward rivers (Cape York) for the both simulatand clustering approaches it is
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unlikely that the poor assignment of individualstie Blyth-Cadel basin was a result of
inadequate sampling of loci.

High levels of gene flow between populations of Blgth-Cadel and Liverpool basins
were found in Chapter 6, suggesting that they anetioning as a large metapopulation.
Furthermore, there are more than 80 sites in tthBTadel basin alone whe€ rugosa

have been documented to occur (Fordham unpublisiaa) indicating that they are
widely distributed in the basin. This study sampbedy eight sites within this region and
thus it is highly likely that sites from which indduals may have immigrated from are
missing; substantially reducing the power to cdfyeassign individuals to their source

population.

This study highlights one of the major challenges the identification of wildlife
specimens to their population of origin. The resolu to which specimens can be
identified to their geographic origins will deperah the dispersal capabilities and
population genetic structuring of the species. Species that have excellent dispersal
capability and are panmictic, in which there is genetic structure across their range -
sometimes spanning continents (e.g. albatrosseag &w Croxall 2001; dolphinfish: Pla
and Pujolar 1999) - the assignment of seizuressjeaific geographic region will not be
possible. On the other end of the spectrum, focispehat have poor dispersal capability
and isolated populations (e.g. Caee al. 2007; Schweizeet al. 2007; Zamudio and
Wieczorek 2007) the seizures can be assigned yosypercific localitiesChelodina rugosa

is intermediate in this spectrum in that specimemse not assigned to a specific site
within the Blyth-Cadel basin but were correctlyigeed to the Arnhem Land region in the
Northern Territory using a combination of both nshiondrial and microsatellite analysis.
Future studies foC. rugosacould target sites at a scale that is approptiatelentify
individuals from different river basins in the Amain Land region.

Conclusions

This study adopted an hierarchical approach foN&Dased system to identify wildlife

specimens to species, to regional origin and touladion origins. The DNA-based

identification system was developed specificallyrtonitor trade activities, both legal and
illegal, of the Australasian snake-neck&helodina rugosaThe nuclear R35 intron had

the appropriate level of resolution to identi@; rugosato the species level, and can
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reliably distinguish it from the closely relatedespesC. burrungandjii.In addition, the
nuclear gene when used in conjunction with mitochiah genes can identify hybrid and
backcrossed individuals. Once the specimen is iftkshtto be Chelodina rugosafurther
analysis can be conducted to identify its geogm@phigin using the mitochondrial control
region and ND4 genes. Mitochondrial analysis cawdtldistinguish between specimens of
southern New Guinea and northern Queensland butidemtify if the specimen was
sourced from the Northern Territory, and whethevas from the Darwin or Arnhem Land
regions. The assignment of a specimen to ArnhenmdLanas also supported by the
microsatellite data. Further assignment of the ispexc to a specific population is not
possible with the microsatellite data because efhigh levels of gene flow . rugosa
amongst sites in the Arnhem Land region. HoweVer Jarge-scale commercial trade(f
rugosais currently restricted to Maningrida in Arnhemnidawhich is a region that has
restricted access to Aboriginal people, and heheeability to identify specimens to the
Arnhem Land region may be adequate to confirm #gallty of animals from the

commercial industry.
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Picture: A hatchlingC. rugosafrom a commercial industry established in Maningrid
(Arnhem Land, Northern Territory) that supplies fhaestralian pet shop industry. Photo by
David Frier.
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The work described in this thesis was funded byAbstralian Federal Police as one of
three projects with a broad mandate to exploreafi@ication of DNA technologies to the
regulation and policing of wildlife trade. As sudhgre were three major themes to the
work: (i) identifying specimens to the species lewas this is the fundamental unit
recognised by legislation; (ii) assigning specimenmgeographic provenance, or at least,
providing DNA approaches that can challenge assertmade by defendants regarding the
source of specimens and; (iii) utilising the teciusis developed to jointly benefit

conservation of the traded species and policingilofiife trade.

Detecting wildlife smuggling operations that arevexd in nature and providing evidence
for prosecution of perpetrators are the greateslleaiges to policing of the wildlife trade.
In developing DNA-based systems to provide eviddacevildlife crime, researchers must
consider the provisions for accepting scientifitadand theory as evidence that were
defined by the landmark case of Daubert v MerelWwharmaceuticals US 570 (1993).
Evidence must be based on the scientific methodsaondld be: (i) empirically tested, in
that the theory or technique is falsifiable, rebléaand testable; (ii) subjected to peer
review and publication; (iii) known or potentialrer is quantifiable; and (iv) the theory or

technique is generally accepted by the relevaehsific community.

DNA technologies lend themselves to the provisibauzh evidence and have contributed
greatly to our ability to solve crime and re-evaduaarlier convictions. Application to
wildlife crime is still in its infancy, even in thenited States, where wildlife forensics is
arguably best developed. In developing the emerdiagpline, one challenge is to draw
upon the understanding and strengths of accepiedcscin the fields of phylogenetics,
phylogeography and population genetics and apply timderstanding in the areas of
species identification and assignment of seizeaismns to a region of origin. In this
thesis, | have attempted to meet this challeng¢hén context of a case study of the
freshwater turtleChelodina rugosaAs such, this thesis makes contributions botth&
discipline of wildlife forensics and to the applicen of phylogeny, phylogeography and

population genetics dfhelodina rugosa
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Identifying specimens to the species level

Legislation typically applies to the species as finedamental unit, and so well defined
species boundaries are critical in the developroésiystems for species identification of
wildlife. Species boundaries can become blurredabge of unresolved taxonomies or
from inter-species hybridisation and introgressiém.addition, species concepts vary
considerably among scientists and are a topic athmangoing debate in the literature
(Avise and Wollenberg 1997; George and Mayden 2@d&ldsteinet al. 2005; Mallet
1995; Sites and Marshall 2003; 2004; Templeton P0Uhis leads to uncertainty and
apparent confusion that could be used to contesatleptance of evidence in accordance
with the Daubert provision (iv) stated above. A semsus needs to be reached by the
forensic community as to which species conceptdimpg or at the very least, to clearly

state the species concept that is being used ielaj@ng evidence.

Taxonomies can be resolved using phylogeneticspagtbgeography (Avise 2000; Avise
and Wollenberg 1997; Nei and Kumar 2000; SitesMadshall 2003). In Chapter 6, | used
phylogeography to resolve taxonomic issues gernbai@helodina rugosa | found two
distinct mitochondrial haplotype clades f@r rugosa | do not suggest that these two
haplotype clades represent two biological spediesiever mtDNA has been used as the
sole basis for species designations in the pasthres# findings could be used by others to
erect a new species. If this were to happen, tisé liaplotype clade would be renamed as
C. oblongabecause the holotype @helodina oblongaGray 1841) was actually @.
rugosadrawn from populations of this clade (Thomson 2@WD6). The second haplotype
clade would retain the nantéhelodina rugosabecause it includes the holotype for
rugosafrom Cape York (Ogilby 1890). The inclusion of tNew Guinea populations in
the second haplotype clade refutes their desigmaa®C. siebenrockiand supports a
previous allozyme study (Georgest al. 2002). Resolving these taxonomic issues
contributes to our understanding of species boueslafor C. rugosa and informs

development of species identification systemstergrovision of evidence (Chapter 8).

Inter-species hybridisation and introgression haften been overlooked in bringing DNA
technologies to bear on species identification. Erample, mitochondrial barcoding
approaches have been heralded as the future gitéatlard for assigning biological

specimens to the correct species ($ep://www.dnabarcodes.ojghut as currently

formulated, they can not detect hybrids and arenofnvariant across closely related
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species (Ebach and Holdrege 2005; Gregory 2005kdrBonet al. 2006; Moritz and
Cicero 2004; Vencest al. 2005; Whitworthet al. 2007). Based on the extensive inter-
species hybridisation and introgression found betw@. rugosaand its two sympatric
species -€. burrungandjiiandC. canni(Chapter 6) — | selected a nuclear gene for specie
identification. The nuclear gene R35 successfuibcriminated specimens &. rugosa
from closely related species (Chapter 8). In additiused mitochondrial (Chapter 6) and
microsatellite markers (developed in Chapter 5) tloe detection of recent hybrids.
Without the comprehensive phylogeographic studyafiiér 6) inappropriate markers for
species identification o€. rugosamay have been inadvertently selected. This rekearc
clearly demonstrates the need for phylogenetic @mdogeography studies to form the

scientific foundation for DNA-based species ideatifion systems for wildlife.

Assigning specimens to geographic provenance

Comparative phylogeography can identify patterngefetic diversity shared by broad
taxonomic groups and thereby inform provenancendation of wildlife specimens. The
phylogeographic study o€. rugosaidentified a sharing of mitochondrial haplotypes
between north-east Queensland and New Guinea (€&@)ptThese same phylogeographic
patterns have been observed for several taxa otangonnections between northern
Australia and New Guinea during the Pleistocené ¢habled the exchange of fauna (De
Bruyn et al. 2004; Lukoschelet al. 2007; McGuiganret al. 2000; Messmeet al. 2005;
Murphy and Austin 2004; Rawlings and Donnellan 200ardet al. 2006; Williamset al.
2008; Wusteret al. 2005). Because of the history of the region, fangntaxa (such aS.
rugosg we can expect that it will not be possible tocdminate between Australian and
New Guinea wildlife specimens. This will, howevdgpend on the species’ timing in its
colonisation of Australia and New Guinea and whethey were able to disperse via Lake

Carpentaria or the Arafura Sill and Torres Stiatd bridges.

At a finer scale, population genetic approaches lmarused to identify the source of
forensic specimens to a specific population (Maatehl. 2002). The population genetic
study forC. rugosaspecimens flagged a major challenge for forendibe. resolution to
which the geographic origin of a specimen can leatifled to is highly dependent on the
biology and ecology of the species, and the coméness of the landscape to dispersal.
The species’ local distribution and abundance, etsgd capability, and ability to

successfully establish in new sites will drive th&tterns of genetic structure observed
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across the landscape. Significant levels of gerstiecture are required for the correct
assignment of specimens to a geographic localiby. Highly mobile species, such &s
rugosa (Chapters 6 and 8), it may not be possible to iflespecimens to a specific
population. However, folC. rugosal was able to correctly identify specimens from
Arnhem Land and this may adequate to verify thallggof specimens from a commercial
industry in Maningrida.

Versatile techniques for conservation and forensiapplication

Throughout my thesis, | have demonstrated thatnigaes used to address taxonomic,
hybridisation and conservation issues can be addpteuse in forensic applications. This
will allow enforcement agencies to capitalise oe tfenetic data already available for
wildlife and reduce development costs for forenslentification systems. Molecular
markers used to resolve taxonomic issues in thagf@helodinawere adapted for species
identification (Chapter 8). Microsatellite markedeveloped in Chapter 5 were used for
population genetic, hybridisation and forensic mad(Chapters 6, 7, and 8). These
markers were also tested for their utility in eiglier species dthelodina At least two
future studies, to my knowledge, will benefit frahiese molecular markers (PhD studies
of Kate Hodges from the University of Adelaide] a@divier Baggiano from Griffith

University).

It is not only the techniques that can be appliedbbth conservation and forensic
application but also the genetic data itself. Tbpydation genetic data f&. rugosawas
used jointly to provide guidelines for sustainablarvesting in the Blyth-Cadel River
(Chapter 7) and for population assignment of spenswia a simple reanalysis of the data
(Chapter 8). Similarly, the phylogeographic datasweed to understand the historical
vicariance events that have shaped genetic diyeoditC. rugosa(Chapter 6) and for
regional identification of specimens (Chapter 8)isT research demonstrates that
techniques and genetic data can be used jointbetwfit conservation of traded species
and the policing of trade. | strongly encourageeffic biologists to form greater
collaborations with conservation biologists to depenew molecular markers for wildlife
that have the versatility to benefit both discipbn
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Future directions for Wildlife DNA Forensics.

New technologies on the horizon such as whole genseguencing, single nucleotide
polymorphisms (SNPs) and pyrosequencing technadogit pave the way for a new era
in wildlife DNA forensics. They will enable promliscovery of informative molecular
markers suitable for identification of specimenshat species (and their hybrids), regional
and population levels (Budowle 2004; Cutiral. 2001; Dalma-Weiszhausz and Murphy
2002; Divne and Allen 2005; Jenkins and Gibson 2608%0k 2001; McGauglet al.2007;
Syvanen 1999). They are also amenable to high ghmmut screening of wildlife seizures
(Divne and Allen 2005; Jenkins and Gibson 2002;&@n 1999). These technologies will
complement rather than replace phylogenetics, gieggraphy and population genetic
approaches. Genetic data from these studies Willbst required to delimit species and
characterise genetic diversity at inter- and ispacies levels; thereby providing the
science to form the foundation for forensic apgimas. The well-established techniques
and theory of phylogenetics, phylogeography andufajon genetics will be of benefit to
future research in the validation of methods andngjtication of error for DNA-based
wildlife forensic identification systems. We cantiaipate that DNA technologies will
become an increasingly important tool in internadioefforts to fight the burgeoning
illegal trade of wildlife.

| assert that it is in the best interests of Austreo treat illegal trade of wildlife as the
serious crime that it is. The illegal wildlife tadhreatens our biodiversity and poses a
serious biosecurity risk via the introduction okfgeand disease (Normile 2004; Sneth
al. 2006). Australia is one of the 25 global hotsgotsbiodiversity (Myerset al. 2000)
and agriculture is a major industry accounting dpproximately 3% of Gross Domestic
Product (GDP; Australian Bureau of Agricultural aRdsource Economics). Despite the
dangers it presents, penalties for illegal wildlifade in Australia are usually a mere fine
that is only a fraction of what the wildlife is vibron the black market (Chapter 2). This is
clearly an opportunity for improvement. Howevercast developments are positive. The
Australian Wildlife Forensic Network (AWFN) was abtished in 2007 to support,
educate and provide evidence for wildlife criméiumstralia. The Australian Federal Police
has shown the initiative to support this researuth the PhD studies of Jo Lee and Linzi
Wilson Wilde. These initiatives to improve policiod wildlife crime in Australia need to

continue to protect our unique biodiversity andnasible agricultural industry.
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