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Abstract

The spectacled flying fox (Pteropus conspicillatus) is a difficult species to manage
due to its dual status as an agricultural pest and a native species under threat.
Like other flying fox species, the spectacled flying fox is very mobile, roosts in
colonies during the day in largely inaccessible places, and is active at night.
These factors make the spectacled flying fox a difficult species to study and are
in part responsible for the lack of knowledge on the biology and ecology of this
species. The population structure of the spectacled flying fox was examined
using two genetic markers (highly polymorphic microsatellites, and a portion of
the mtDNA D-loop) and cementum layers around the root of canine teeth to
determine age structure. Incorporating both genetic and demographic factors,
as well as examining population structure across several temporal and spatial

scales, provided a more Comprehensive understanding of this species.

A new hypothesis for the origin and evolution of flying foxes in Australia is
presented: that flying foxes are an old lineage in Australia and that they
colonised PNG from Australia rather than the other way around. The
spectacled flying fox has experienced a tumultuous history, including
population expansion and contraction as a result of climatic and geographic
events. These events have aided in shaping the contemporary structure of
highly connected colonies within a single panmictic population in the Wet
Tropics region, along with an isolated population at Iron Range and
populations of unknown status in Papua New Guinea. High allelic and
haplotypic diversity suggest an old lineage within Australia, and the patterns of
diversity suggest colonisation from Australia to PNG. Introgression between
black flying foxes and spectacled flying foxes suggests a close association of
these two species. The possibility of incomplete lineage sorting also suggests
that Pteropus alecto and Pteropus conspicillatus might still be in the process of
diverging. Pteropus poliocephalus might also belong to such a species complex,
although no relevant data are yet available. Although high levels of gene flow
occur among colonies within the Wet Tropics region, some sub-structuring in

the form of kin groups within colonies is indicated, with several cohorts of
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young remaining with their mothers before the young reach sexual maturity.
High rates of mortality and low reproductive output may be putting this
species at risk of decline, especially as their average longevity is considerably

less than expected.

This study highlights the need for spectacled flying foxes to be managed on a
regional scale. In addition, mortality rates need to be investigated throughout
the Wet Tropics to determine the applicability of mortality rates estimated in

this study, across the range of the species.

xiii



Table of contents

Statement Of SOUTCES......cuuriiniiriinriiniiiinniiriiinesessesssessssssssssssessasans iii
EleCtrONnic COPY ..coiirnririnriiinniinriiniisiinsiisiinisinsesssessssesissssessssessssssssssssssssssssessasens iv
Statement Of ACCESS ....uuivririinriiriiiiniiiiiiiieisesesesesssessssssssesssessaseseas v
Statement of the contribution of others ...........civeinriiinenncrniccinncinncncnne vi
ACKNOWIEAGMENLS ....ucuvnenrririririniitiitiiiciinniincisnsenssensessesssssessssssseseas viii
ADSELACE co.vcnertiniitiitciicincccncnsesessss s bbb bbb s xii
Table Of CONLENLS ......ucuiiieiiritiiitiitcitctcesesesssssssseasssssasenes Xiv
LiSt Of tables....iiiniiiiiiiiniiniiiiiininnciiscssssessssssssssssenes xvii
LiSt Of figUTES..uciiriiritiiitiitiitctiintcitnnnnnncenesssssessesssssessssssssssasassasans xviii
Chapter One - studying population structure in the spectacled flying
FOX ttetetctcteetcce s bbb 1
MegaChirOPera ......c.cucucuiiiciicicicc s 2
Australian flying fOXes ... 4
The spectacled flying fox—Pteropus conspicillatus Gould, 1850 ..........cccccuue... 5
Understanding population structure in Pteropus conspicillatus..................... 11
Coloniality in flying fOXes.........ccccciviviiiiiiiiniiiiii 11
Definition of a ‘Population” ...........ccceoeciviiiniiiiniiniiiiiiicicceee 14
Studying colony / population Structure ............ccocceuvicurincucinicirineeinicneenas 14
Demographic factors ...t 16
Genetic factOrs ......cccvviiiiiiiiiii e 18
Mitochondrial DNA......c.ccooiiiiiiieeicceeeeees e 19
Microsatellites...........ccoviiviiiiniiiiiii 20
Population structure, conservation and management .............ccccccevvuviinennnne. 22
Impetus for this study and aims of the thesis........ccccceveveeeveieccccicenenes 22
Chapter Two - Isolation and characterisation of polymorphic
microsatellite markers in the spectacled flying fox......ccecevevuvevenvvcrunncrencncne 24
Chapter Three — Phylogeography, historical population expansion and
introgression inferred from mtDNA ..........cocvivviiiiirnrirnnniirnnriinniinesinenesenns 28
INEFOAUCHON ..o 28
MEEROAS ... 32
Laboratory protoCols ... 32
Data analysis........cccociiiiiiiiiiici s 34
RESUIES .o 35
Sequence analysiS........ccccviiriiiniiiiniiii e 35

Xiv



Phylogenetic analysis .........ccccvciiiiiriiciiiiicicee s 36

Molecular diversity ... 36
Population genetic Structure ............cccoeeeiieiiiiiii 37
Demographic analyses .........ccoceueiriicieieininieeeireeeree e 39
DiSCUSSION. ..ottt 41
The phylogeographic structure of spectacled flying foxes............cccccccueuucnee. 41
Introgression between P. alecto and P. conspicillatus.............ccccooevevvvnuenennnee. 41
Support for an historical population eXpansion..........c.c.ccceeeveeeererereerenenes 44
Time SINCEe eXPANSION ...ccvevviiuiiiiiiiiiiiiiicic e 46
CONMCIUSION .ottt 48
Chapter Four — Genetic diversity across the range of the spectacled
FIYING FOXuitirriririnriiniiriiiniiniisiiisiiseisssinssesissesisssesssssssnsssssssssssessssssssssssssasssssans 50
INEPOAUCHION ..o 50
MEEROMS ... 54
Sample COleCHION ......coviiiiiiic 54
DNA extraction and amplification..........cceeceveeniniccinicinincnncicceccneee 54
Data analysis. ... 56
RESULES ..t 59
Genetic diversity, Hardy-Weinberg and linkage disequilibrium................. 59
Genetic differentiation ..o 62
DiSCUSSION....covvviieiiictciicictciett s 67
High levels of genetic diversity .........c.cocceveeeeeeeeceeeeeeeeeeereereerenenenes 67
No population differentiation due to high gene flow ............ccccccvuvicinnne. 68
Population bottleneck in the Wet Tropics......c.ccceeueverererererererererereeererererenenes 71
CONCIUSION .ot 75
Chapter Five — kin group sub-structuring found within spectacled flying
FOX COLOMIES ..ttt ees 76
INFFOAUCHON ... 76
MEEROAS ... 79
Data analysis. ... 80
RESULES ..ot 82
DHSCUSSION ....vvveviiiieieteietiicte et 88
Broad-scale view of relatedness across populations of the spectacled
FLYING £OX. vttt 88
Low average colony relatedness not indicative of colony social
SETUCHUT® ..vitiicetc e 89
Pairwise relatedness indicates possible kin structuring in the Powley
Rd COLONY ..ottt 90
No evidence of inbreeding in the spectacled flying foX..........ccccccoeureucurunnne. 93
CONCIUSION .o 93

XV



Chapter Six — Life history data reveal negative growth and short life-

span in the spectacled flying fOX......ccouvuernueeninereseeeniceitetceicenncenennes 95
INFFOAUCHON ... 95
MEEROAS ...t 98
Data cOlleCtion .......c.ccoiiiiiiiiiiiicc s 98
TEEH .t 98
Tooth preparation and SECHONING ..........cvceeuevevririeeueiririeeereeieererereeaes 99
Counting cementum layers ..........cccccccuviiniiiniiiiniiiniiccccee 100
ANALYSIS ..o 100
Life tables ... 101
RESUILS .o 103
Validation of aging teChnique........c.ccccceeueueueueeeeeeeeeeeeeeeeeeeereenenes 103
Age structure and demographic parameters............ccocceunicirinininicirinennn. 104
Life hiStOry tables.........cocccueiriiicieiriiicciei e 105
DiSCUSSION.....ovvviieiiiiciiticietcic e 106
Age at first reproduction ............cccociiiiiiniiiiiiii 108
Longevity shorter than previously thought...........cccccooiiniiniiincnnnn. 110
Reproductive rate.........cccoviiiiiininiiiiiiii 110
High mortality rate in the year studied ........c.cccccoeveeceeeieciceeecceeenes 111
Negative population growth rate...........cccccoeiiiiininiincccncc, 112
CONCIUSION .t 113
Chapter Seven — genetic and demographic insights into the past, present
and future of the spectacled flying foX.......ccovvrvrvenernrnennisnrencrnerencsncnnnes 115
TRE PaSt ... 115
The origin of flying foxes in Australia..........cccocevveverererrererrrrrrrreene 115
The fOSSil TECOT ......evviiiiciciiccc s 116
Restricted distribution of the spectacled flying fox ..........ccccceucurunnne. 117
Low species diversity of Megachiroptera in Australia............cccc........ 118
Proposed origin of spectacled flying foxes in Australia....................... 118
Introgression/incomplete lineage SOrting.........c.c.coevurereeueveurnencecuernneneans 120
Vicariance and dispersal...........cccooviiiiiniiiiii 121
The PreSent. ...ttt 122
Broad scale ... 122
Local scale ... 124
FUtUT@. ..o 126
Conservation and management of the spectacled flying fox .................. 126
FUUTe T€S€ATCR......cueviiiieciciii ettt 127
CONCIUSION ..o s 129
ReEfTOINICES w..uuuereriretrtctetcteitettcetcette s sese s s s snsesasnssesnenens 130
APPENAICES..unireircititeitetneccee e s e s nene e 158

XVi



List of tables

Table 2.1 Attributes of eight microsatellites developed for Pteropus
conspicillatus. Ta refers to final annealing temperature. N is the number
of samples scored for each locus. Ho & He are the observed and
expected heterozygosity calculated by GenAlEx v6.0 (Peakall and

SINOUSE 2005).....0eeveeeriereiteeeeeteeeteeeeeeeereeeeeseeeseeseeseesseesseessesseessesseesseessesssenseensens

Table 2.2 Attributes of six polymorphic microsatellite loci designed for
Pteropus species by G. McCracken but tested against individuals of

P. conspicillatis ..........ooucuiviviiiiiiiiiiiiiiiii

Table 2.3 Volumes of reagents used for each primer in the PCR reaction .......

Table 3.1 Molecular diversity indices for all colonies. n = number of
individuals sequenced, n, = number of haplotypes, I = haplotype

diversity, m = nucleotide diversity. ...

Table 3.2 Pairwise Fg; values between colonies (lower diagonal) and their

correspondent significance values (upper diagonal).........c.coceervrvrerererererenenee.

Table 4.1 Private or rare alleles found in each population by locus.
Calculated in GENEPOP v3.4 (Raymond and Rousset 1995). n = sample

size for each poPUlAtion. .......ccevveveririririnirrrr e

Table 4.2 Summary table of average standard allele frequency statistics by
population. Na = number of alleles; Ne = effective number of alleles; Ho
= observed heterozygosity; He = expected heterozygosity; A. Rich =

ALLETIC TICIIIESS. ..ot e e e e e e e e e e e e e e e eeneeeanneeeennesennnens

Table 4.3 F;; by population (rows) and locus (columns) following Weir and
Cockerham (1984). * denotes significant F; values according to

bootstrapping over 10€i (95% CI) .....c.coveereieeeireeieceeeeieeeeeeeeeeeeseaeaes

Table 4.4 Pairwise population Fg; values (below diagonal) and pairwise
population Rg; (above diagonal). None were significant after Bonferroni
correction for multiple comparisons (Dunn Sidak method - (Sokal and
Rohlf 1995)). Population codes: PNG, Papua New Guinea; IR, Iron
Range; CN, Cairns; DT, Daintree; GV, Gordonvale; MA, Mareeba; MC,
Mena Creek; PR, Powley Rd; TS, Tolga Scrub; TY, Tully; WR, Whiteing

Rttt et

Table 4.5 Sign and Wilcoxon results from BOTTLENECK. * populations
conform to the SMM. ® populations conform to the IAM. ** BOTTLENECK
retained both models for the population. * Marginally significant

(p=0.05). **Significant (p<0.05) *** Highly significant (p<0.01)......cccccceuevev...

Table 6.1 Life history table for female Pteropus conspicillatus. Symbols for
columns: x, Age in years; [, survivorship (mortality was set at 50% for
the first year of life and 40% for the remainder; b,, natality; L.b,, age-

specific reproductive rate; R, net reproductive rate per generation; G,

.. 37

.09

mean generation time; r, intrinsic rate of increase of population. ................. 106

XVvii



List of Figu res

Figure 1.1 Distribution of the Pteropodidae (amended from Hill and Smith
(1984)). Horizontal lines indicate position of the equator (middle),
Tropic of Cancer (upper) and Tropic of Capricorn (Iower). ........ccccoeuvucucucnnnee. 3

Figure 1.2 The spectacled flying fox, Pteropus conspicillatus. Photo: Bruce
Thomson. Used with permission. .........ceceeeveveeevererenerererennrsssessesesesess 7

Figure 1.3 Distribution of Australia’s flying foxes (after Hall and Richards
2000). Pteropus conspicillatus (spectacled flying fox), yellow area;
Pteropus alecto (black flying fox), black area; Pteropus scapulatus (little red
flying fox) inland limit, red line; Pteropus poliocephalus (grey-headed
flying fox), grey area. Black and red dots on map of PNG = records of
occurrence of black and little red flying foxes respectively in PNG.
Arrow indicates approximate position (on land) of Iron Range. Blue line
signifies the Wet Tropics World Heritage Area (WTWHA). ......ccccccvuviiiennnnn. 8

Figure 1.4 Known colony locations of Pteropus conspicillatus (spectacled
flying fox) in the Wet Tropics region, principal area of its range in
Australia. Red dots are camps not sampled in this study, purple dots
are camps that were sampled. Atherton Tablelands colonies comprise
Mareeba, Tolga Scrub, Powley Rd and Whiteing Rd..........ccccovuvrrrirerrerererene. 9

Figure 1.5 Census results for 1998-2005; counts of spectacled flying fox
(SFF) colonies in the Wet Tropics region during December. Data from

Threatened Species Network, Queensland Parks and Wildlife Service.......... 10
Figure 1.6 Contribution of demographic and genetic factors affecting
POPUlation SEIUCLUTE. ....c.coviviiiiiiiiicic e 15

Figure 3.1 Distribution and sampling strategy map for mtDNA
phylogeographic analysis. Purple circles = spectacled flying fox
colonies. Yellow boxes contain codes for each colony sampled and
sample size. Population/colony codes: PNG, Papua New Guinea; IR,

Iron Range; DT, Daintree; TS, Tolga Scrub; TY, Tully. ......ccccciviiniiiinnnnnne. 33

Figure 3.2 Maximum likelihood tree of D-loop mtDNA sequences from
Pteropus conspicillatus individuals throughout their range, with a closely
related congeneric species (Pteropus alecto) as the outgroup. Sample
names comprise the unique individual identifier followed by the colony
from which the sample was collected. Numbers on branches represent
percentage bootstrap replicate support. Locality codes: PNG, Papua
New Guinea; TSTRAIT, Torres Strait; TVL, Townsville. ......cccceevvveeeveeeennnne. 38

Figure 3.3 Mismatch distribution analysis for clade 1 and 2. Clade 1 fits the
expected model of population expansion while clade 2 follows a model
of stationarity. Blue points are the distribution of the data for Clade 1
and 2, while the pink points are the expected distribution under that
particular model (expansion model for Clade 1 and stationarity model
£OT CLAAR 2) 1ttt ettt e et e et e e e e e et e saeseaeesneesstesesesaseessesnseanas 40

XViii



Figure 4.1 Map of the distribution of the spectacled flying fox (Pteropus
conspicillatus) including detail of colonies within the Wet Tropics region
(sample sizes from each colony in yellow boxes). Population/colony
code: PNG, Papua New Guinea; IR, Iron Range; DT, Daintree; CN,
Cairns; GV, Gordonvale; MA, Mareeba; TS, Tolga Scrub; PR, Powley

Rd; WR, Whiteing Rd; MC , Mena Creek; TY, Tully........cccccceeuvnniccennncnes

Figure 4.2 a. Mean allelic richness over all six loci by population (+/- SD).
b. Mean allelic richness across all 11 populations by locus (+/- SD)
Population codes: CN, Cairns; DT, Daintree; GV, Gordonvale; IR, Iron
Range; MA, Mareeba; MC, Mena Creek; PNG, Papua New Guinea; PR,

Powley Rd; TS, Tolga Scrub; TY, Tully; WR, Whiteing Rd........ccccccceueurunnccce

Figure 4.3 Microsatellite allele size distribution by locus for each of three
regions of Pteropus conspicillatus. Region codes: PNG, Papua New

Guinea; IR, Iron Range; WT, Wet Tropics ...,

Figure 4.4 Unrooted neighbour-joining tree of pairwise Fy; values among
populations for multilocus microsatellite genotypes of the spectacled

FIYING £OX.uiiiiiiiiiiiicc s

Figure 5.1 Distribution map of the spectacled flying fox showing sampling
regime for this study. Broad scale comparisons use all colonies. Colony
Codes: PNG, Papua New Guinea; IR, Iron Range; DT, Daintree; CN,
Cairns; GV, Gordonvale; MA, Mareeba; TS, Tolga Scrub; PR, Powley
Rd; WR, Whiteing Rd; MC, Mena creek; TY, Tully. Detailed analyses

only use Tablelands colonies TS, PR and WR.........cccccviiiiiiniiiiinnee,

Figure 5.2 Frequency distribution of all pairwise relatedness values across
11 colonies of the Pteropus conspicillatus (A) within and (B) between
colony comparisons, calculated by MARK. All non-related values (zero

or negative) are excluded. ........cccoviieiiininiiieincce e

Figure 5.3 Frequency distribution of all pairwise relatedness values
between individuals within colonies, for all colonies across the range of
Pteropus conspicillatus (unrelated values removed). Calculated using the

SSR relatedness calculated using MARK (Ritland 2004)..........c.cccoeieeuerrnnnnee

Figure 5.4 Population-by-population average pairwise relatedness for all
within- and between-population pairwise individual relatedness

comparisons (D2 estimates from MARK — (Ritland and Travis 2004))............

Figure 5.5 UPGMA tree of all individuals (n=172) sampled from PR
colony, clustered relative to their pairwise relatedness values.
Highlighted box indicates the sub-group investigated in more detail
(see Fig. 5.6). Numbers at the end of each branch indicate the unique

identifier for €ach INAIVIAUAL .....coveeeeeeee e e e e eeeaeens

Figure 5.6 Sample sub-group from PR colony showing scale of relatedness
between individuals (A), with family group highlighted showing age
and sex of family members (B). Scale of pairwise relatedness values
>=0.50; 0.25-0.5; 0-0.25; Not related. Red individuals in (B) are
mother/ offspring pairs determined both by relatedness values and at

the time of collection of samples. (J) = juvenile ........cccocovvvrrrnrrrrrrrne

Figure 6.1 Diagram of tooth sectioning. i. Above gum, exposed tooth,
removed before processing. ii. Mid-section of root below gum-line,
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removed to be embedded in wax. iii. Lower apical section of root

removed before Processing..........ccccoceivviiiiiiiiiiii

Figure 6.2 Photo of cementum layers surrounding root of tooth taken from
a spectacled flying fox. There are 6 rings in this photo indicating an
individual Of 6 Years. ..o

Figure 6.3 Age distribution for sample population from Tolga Scrub
colony on the Atherton Tablelands for 2001-2002 (males and females
combined). Young-of-year of collection not included. ..........c.cccceueveucreurunnnnes

Figure 6.4 Proportion of females lactating in each age class. Sample sizes
for age classes 8 years onward are low (8, n=2; 9, n=4; 11, n=2; 13, n=2). ....

Figure A1l. Contents of CD containing appendices............ccccovuruiiiiinriiiiinnninnns
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