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Abstract

Creontiades dilutusthe green mirid, is endemic to Australia and Widkstributed across the continent.
These bugs have been recorded on a broad rangstgblants including native species, weeds andrakve
crops, particularly cotton, lucerne, and soy. Teenemic relevance of green mirids to the Austratiation
industry increased in recent years in responseetaptake of transgenic cotton, which controls depteran
pests but is ineffective against Hemiptera. In thésis | combined several molecular and ecological
approaches to develop a better understanding afpbeies status of this insect, its use of multnasts and

its long distance movement.

Creontiades dilututad reputedly been recorded in the USA during 2@diéh collaborators at the USDA, |
used sequence data (Cytochrome Oxidase | (COIR&8dibosomal gene) to establish that the insects
concerned were highly unlikely to k& dilutus Subsequent taxonomic work confirmed that the USA
species was indeed a separate speCresntiades signatuslsingC. signatusas an out-group, further
phylogenetic analyses showed tBatdilutusandC. pacificusare well differentiated according to the
sequence of both genes. The COI sequences alsatedilow levels of genetic diversity @ dilutus(Pi =
0.0006), especially in comparison@o pacificus(Pi = 0.0026). The low COI diversity indicated ttinaore
variable markers would be required for further gee$ of gene flow in this species, and consequégtly

microsatellites were developed by enrichment.

To understand the use of multiple hostshyilutus all the available host plant data were analybtakt of
the putative host plants recorded prior to thisigeere crop species or introduced weed<C Adilutushas
not been recorded outside of Australia it was ewidieat a more thorough investigation of potemnietive
hosts was necessary. Over three seasons of fieldysuin central and eastern Australia | added an
additional 25 species to the list of potential Bp&0 of which are native to Australia. The presenic
nymphs indicates th&. dilutusis indeed able to feed and reproduce on 46 hast ppecies, most in the
family Fabaceae. Quantitative sampling, howeveraked a strong association betw€emilutusand two
plant species in the genGsillen. These two species are thus likely the primary ptasits for green mirids.
To test whether green mirid individuals show arggrpreference foCullenunder field conditions |
amplified Chloroplast DNA from DNA extracted fronhale insects. These diet analyses demonstrated that
C. dilutusindividuals do feed on alternative host plantthoone from which they were collected, even

when that was Gullenspecies, and multiple host use by individuals m@&snfrequent.

Green mirids are found, sometimes in large numhe;id parts of central Australia, and Miles (599
suggested that this might be the main source afnihes invading cotton and other crops in sub talas
eastern Australia. Green mirid abundance is sedgomzerse between the central arid regions arsteza
cropping areas, and they likely experience diffesstective pressures in each region. The populatio
genetic consequences of these dynamics were agdpssequencing a mitochondrial COI fragment from

individuals collected over 24 years, and screeniiggosatellite variation for 32 populations acrbse



seasons. A single COI haplotype predominated irpkzsyirom 2006/2007, but in the older collectioh883
and 1993) a different haplotype was most prevalgms is consistent with successive population
contractions and expansions, likely in responsdteznate periods of drought and flood in the artdrior
of Australia. The microsatellite data showed gendififerentiation between populations, evidence for
movement between sites, and also genetic signattitestitieneck events. The Simpson Desert, in eéntr
Australia was identified as a source of recent igramts to populations in Biloela (m = 0.15, BAYESHS
eastern Australia, supporting the view that lorsggadice migration is, indeed, a regular part ofete@ogy of
this species. Together, these data highlight thaeghe advent of agriculture in Australia, greand

dynamics are still shaped by its adaptations @ apatiotemporally variable environments.

Previous ecological studies presented evidenceCthditutusmay be a complex of cryptic species, and that
two such cryptic species may be associated witioic@nd lucerne crop hosts. Furth@r dilutushas a
reported preference for lucerne over cotton, legathrthe proposal of lucerne as a trap crop irooott
production systems. To test this proposition | dach@. dilutusindividuals from adjacent cotton and
lucerne crops at three geographically separate within a single season. Individual-based clustgri
analyses using microsatellite data showed that fiewewas high across these crop hosts. Further, gu
content analysis indicated that a relatively highpprtion of individuals collected from one cropshbad

fed on the alternate host and several individuatsfed on both. These data support the presermeeof
species associated with cotton and lucerne, batshlew that green mirids will readily move betwéaese

two hosts despite their relative preference foetoe.

The findings outlined above are discussed in i@tetd ecological perceptions of generalist hakis,
application of genetic techniques to the solutibaamlogical problems involving multiple host usad the

management and research implications arising frendata presented in this thesis.
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Chapter One - Introduction

1.1 General background and pest status

The heteropteran family Miridae is the largest toug family, with some 10,000 species (Schuh
1995). Although the bugs in this family are comnyar@ferred to as plant bugs, the family spans
unparalleled trophic diversity, with species tha even strictly predacious and some of the plant
feeders being omnivorous. Further, the herbivot@alsts range from monophagous to widely
polyphagous (Wheeler 2001). The green mi@depntiades dilutusis endemic to Australia
(Malipatil & Cassis 1997) and was likely restrictedthe arid interior (Fig. 1.1) prior to European
settlement (before land was cleared to establisiwdtre). This species is best known as a pest of
cotton (McCollet al.2011). Based on incidence records, however, thergmirid appears to be
highly polyphagous, with 72 recorded host planisluded in this host list are mainly introduced
weeds, and several agricultural crops, such asrcdticerne, sorghum, soy, grapes, stone fruits,
cucurbits, parsnips and potatoes (Foley & Pyke 1Bi@by et al. 1982; Hori & Miles 1993;

Northern ~
Territory

@ Cotton producing regions
B Arid regions 0 250 500 1,000 Km

O Grassland AT T T T A T B I t

Figure 1.1 Schematic map of Australia showing the subcoastibn producing regions of eastern

Australia, the arid zone of inland Australia and grassland region in between (adapted from
Bureau of Meteorology).



Until recently,C. dilutuswas only considered a secondary pest of cottahttaconcern was not
so much direct damage to the crop or yield redactoit rather delays in crop maturity caused by
compensatory cotton growth. The relative importaofcte green mirid as a cotton pest in
Australia has since increased as a direct consequarthe widespread uptake of transgenic cotton
expressing CrylAc/Cry2Ab toxins from the soil baictae Bacillus thuringiensigFitt et al. 1994).
These toxins are lethal to bollworm caterpilldigljcoverpaarmigeraandH. puntigerg, the

primary pests of Australian cotton (Fét al. 1994; Tabashnik 1997). Phytophagous mirids tend to
feed using a lacerate and flush method, in whiely thrget pockets of cells (Miles 1972).
Creontiades dilutugeeds in this manner on the growing tips, squanesyoung bolls of cotton.
Although these tissues express relatively highleegeCrylAc/Cry2Ab toxins (Sivasupramaniam
et al. 2008). Like other heteropterarts, dilutusis like other heteropterans in being unaffected by
them (Torres & Ruberson 2006, 2008; Whitehaeisal. 2005).

Green mirids had previously been controlled incidiy by the broad-spectrum insecticides
applied to control bollworm populations, but sirtise introduction of transgenic cotton the
application of these insecticides has fallen bgnash as 85% (Whitehouse 2011). Currently,
almost all Australian cotton planted is transgemd mirids have therefore become the main insect
target of chemical control (Khaat al.2004). Whereas progress towards the uptake of IPM
approaches and techniques has been made in mindgament, “insurance sprays” are still applied
when mirid densities are below threshold. Furttiegre is a strong reliance on fipronil (63% of
managers consulted (n = 38)) raising concerns aheytossibility of insecticide resistance

developing in this pest (Whitehouse 2011).

The emergence of mirid pests following the uptakigansgenic cotton is not limited to Australia;
this pattern has been repeated in China #phblygus lucorungLi et al.2011; Luet al.2010), and

in the USA withLygus hesperu&ross & Rosenheim 2011). Other species in thegen
Creontiadeshave also been noted as emerging pests of transgston, for exampl€.
biseratensén India (Rohiniet al.2009; Udikeriet al.2010),C. pallidusin the Middle East
(Hosseiniet al.2002; Stam 1987), ar@. signatusn the USA (Armstronget al.2009). The latter
was rumoured to be the Australian green nitidlilutusprior to the start of this thesis (a situation
dealt with in Chapter two).



1.2 Previous research - morphological species idércation and economic
damage

Relatively little has been published @Gndilutus although three PhD’s have been produced on
green mirid ecology and economic damage. The fooustegrated pest management grew in the
late 1970s and 1980s following the developmenesistance iid. armigera initially to DDT and
then to synthetic pyrethroids. This led to consatien of other pests as research priorities
(including those controlled incidentally). At tHisne green mirids were simply included in the so-
called “sap-sucking bug complex”, which includedkfspecies of Heteroptera. They were dealt
with as a single pest entity for which a singleremic threshold was set (Chinajariyawong 1988).
This broad classification not only hid the facttthiéle was known in general about the constituent
species, but also that the exact mode of feedidglandiet of these species was not clear. Even the
role of green mirids as cotton pests was obscwwe. df these bugs were subsequently
demonstrated to be predatory (Chinajariyawengl. 1989) and two could not reproduce on cotton
and caused no damage to this crop (ChinajariyawoHgrris 1987; Chinajariyawong & Walter
1990). Further, the one species that did have anogcic impact on cotton, green mirid, was
clearly demonstrated to be two species, based ophualogy alone (Chinajariyawong 1988). Miles
(1995) further clarified the taxonomic distinctiohthese two mirids. Clear morphological
differences were found in the juveniles, adults aggs. The first species was recognise@.as
dilutus. The second &8. pallidifer, later synonymised &3. pacificugthe brown mirid) by

(Malipatil & Cassis 1997). Inspection of the eggsaaled that those @. dilutushave a short
respiratory horn on the operculum in contrast #ltdmg respiratory horn @&. pacificus perhaps

becaus&. dilutusis adapted to a low rainfall environment.

Cage and field trials established that feedingatgarfromC. dilutuscaused little yield loss, but

that their feeding on the growing tips of seediogton and on young bols causing shedding and
subsequent compensatory growth, this delayed cadprity by about seven days (Chinajariyawong
1988). Khan (1999) calculated the economic injemel of C. dilutusbased on the maturity delay
observed following experimental manipulation ofdipopulations, and proposed a threshold at a

rate of 1 mirid per metre of row.



1.3 Host plant relationships

A host record list was initiated by (Chinajariyawgol®988) and comprised principally crop plants
and their associated weeds, mostly introduced epe(iiles 1995) extended this substantially with
an inland survey of green mirids. Neverthelesstnetly few native plant species feature on the
host plant lists available, with only 15 out of p@ential hosts regarded as native to Australid, an
only seven of these having juvenile mirids recor(emble 1.1). It is also evident from Table 1.1
that many of the host plants did not have juvemlesent at the time of samplir@reontiades
dilutusis nevertheless regarded as a generalist iné®usesources. The majority of these records
were generated in studies around the eastern cr@pegions of Australia. Given that green mirid
is an indigenous species, the host plant relatipestutside of agriculture clearly require further

investigation.



Table 1.1Host records for green mirids available in theriture, Status: C = Crop, | = Introduced,

N = Native, whether juveniles have been recorded,Reference: 1 = Chinajariyawong 1987, 2 =
Miles 1995, 3 = Malipatil and Cassis 1997, 4 = KHi&99.

Family Species Common Name Status Juveniles Refersn
Molluginaceae  Glinus lotoides Hairy carpet weed I Y 4
Aizoaceae Tetragonia tetragonoides New Zealand spinach N N 4
Trianthema portulacastrum  Desert horse purslane I Y 1
Amaranthaceae Alternanthera nodiflora Common joyweed I Y 4
Apiaceae Trachymene glaucifolia Blue parsnip 2
Asteraceae Calotis multicaulis Burr daisy N 2
Flaveria australasica Speedy weed N N 2
Helianthus annuus Sunflower C Y 1,3,4
Ixiolaena chloroleuca Ixiolaena N N 2
Rhodanthe floribunda White pepper daisy N Y 2
Senecio glossanthus Slender groundsel N N 2
Silybum marianum Variegated thistle I Y 4
Verbesina encelioides Wild sunflower I Y 4,2
Xanthium occidentale Noogoora burr I N
Boraginaceae = Echium plantagineum Paterson's curse I NR
Brassicaceae Rapistrum rugosum Wild turnip I Y 4,2
Sisymbrium thellungii African turnip weed I N 1
Cactaceae Aporocactus flagelliformis N/A NR 3
Chenopodiaceae Salsola kali Salwort I N
Compositae Carthamus tinctorius Safflower C Y 4
Gnaphalium luteo-album Jersey cudweed N N 1
Sonchus oleraceus Common sow-thistle I N 1
Cucurbitaceae  Citrullus vulgaris Melon C NR 3
Cucumis sativus Cucumber C NR 3
Fabaceae Cajanus cajan Pigeon pea C Y 1,3
Crotalaria sp. Rattlepod N Y 2,3
Cullen cinereum Annual verbine N Y 2
Glycine max Soy bean C Y 1
Indigofera hirsute Hairy indigo N Y 2
Lupinus sp. Lupine I Y 4,3
Macroptilium atropurpureum Siratro I N 2
Medicago polymorpha Burr medic I Y 1
Medicago sativa Lucerne C Y 1,2,3,4
Melilotus indicus Hexham scent I Y 1,2
Phaseolus vulgaris Green bean C Y 4,3
Pisum sativum Pea C NR 3

Continued overleaf
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Table 1.1 (Continued)

Family Species Common Name Status Juveniles Refemmn
Rhynchosia minima Rhyncosia N Y 2,3
Sesbania cannabina Sesbania N Y 2,4
Vigna radiata Mung bean C Y 1,2,3,4
Vigna unguiculata Cowpea C NR 3
Goodeniaceae  Goodenia heterophylla Variable-leaved Goodenia N N 2
Gramineae Avena sativa Oats C NR
Dactylis glomerata Cocksfoot I NR
Echinochloa crus-galli Barnyard grass I N 1
Ehrharta erecta Panic veldt grass I N 1
Paspalum dialatum Paspalum I N 1
Sorghum bicolour Sorghum C N 1
Triticum aestivum Wheat C NR 3
Haloragaceae  Haloragis glauca Glauca Y 4
Liliaceae Asparagus officinalis Asparagus C NR 3
Malvaceae Gossypium hirsutum Cotton C Y 1,2,3,4
Malva parviflora Marshmallow I N 3,4
Melaleuca spp. Teatree N NR 3
Polygonaceae = Rheum rhabarbarum Rhubarb C NR 3
Rosaceae Malus pumila Apple C NR 3
Prunus persica Peach C NR 3
Pyrus communis Pear C NR 3
Rosasp. Rose C NR 3
Rubus idaeus Raspberry C NR 3
Rutaceae Citrus limon Lemon C NR 3
Citrus sinensis Orange C NR 3
Solanaceae Datura inoxia Thornapple I N 4
Lycopersicon esculenum Tomato C NR 3
Solanum nigrum Black berry nightshade I Y 4
Solanum tuberosum Potato C NR
Umbellifereae  Coriandrum sativum Coriander C N
Umbellifereae NR 3
Verbenaceae Verbena litoralis I Y 1,2
Verbena supina Trailing verbena I Y 4
Verbena tenuisecta Mayne's pest I Y 1,2,3
Vitaceae Vitis vinifera Grape C NR 3
Zygophyllaceae Tribulus terrestris Caltrop I Y 1,2




1.4 Source of mirids invading cotton

Through field surveys and interviews with crop adtents (Miles 1995), it became evident that
mirids tend to arrive in early season cotton imarp influx. Miles considered three aspects of igree
mirid ecology that may influence movement into onttnamely diapause, host plant relationships
and long distance migration. In lucerne there wadesice that pre-mated females enter
reproductive diapause as an overwintering strategtlucerne did not appear to be the source of
mirids invading cotton because densities in lucelidenot decrease when the influx to cotton
occurred. Populations with high densities of induals per plant sampled were found during spring
in the inland arid zone of Australia (Fig. 1.1),evhcotton is invaded. Potentially high densities
were noted or€Cullen cinereun{Fabaceae). Miles hypothesised that green mirigginmvade

cotton through long distance migration from thedand sources. The areas of grassland that
separate the subcoastal cropping regions and ithengerior support few of the recorded hosts for
C. dilutus(Fig. 1.1). Some suitable host plants can be falodg road verges in these regions, but
rarely enough to support high densities so itksl{i that long distance dispersal would be the only
mechanism for this source 6f dilutusto invade cotton. Miles also conducted an electoogiic

study of gene flow in green mirids using allozyntectrophoresis, and the results of this analysis
indicated gene flow (low differentiation) betweastton and lucerne, and some degree of genetic
differentiation (lst> 0.1) between western Queensland and more eastesnbut these studies

were not conclusive as not all allozyme loci cdoddsuccessfully screened against all individuals.

Khan (1999) documented the life cycle of greendsitinder laboratory conditions, showing that
green mirids complete their life cycle from eggetyy laying in under 25 days and each female lays
around 40 eggs, with fecundity and growth highe8(EC. Based on field surveys of overwintering
hosts in Narrabri (northern New South Wales), K{k899) suggested that mirids invading cotton
most likely originate from numbers building up arck overwintering hosts in early spring. This
contrasted strongly with Miles’ (1995) hypothegiattinland populations of green mirids are the
likely source of mirids invading cotton in Bilogleentral Queensland). If inland and coastal
populations of mirids are indeed isolated from anether, with little movement between the two,
the localised populations in cropping regions migdexpected to be more likely to develop

resistance due to the strong selective pressumeifisecticides applied to control them.

Resistance concerns led Mensah & Khan (1997) tgesidhat lucerne might be used as a trap crop
for green mirids, when interplanted into cottoridss or cultivated along the edges of fields. This

development was based on their finding that greesrshow a preference for lucerne over cotton
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in cage trials, this result was consistent withddil(1995) demonstration that lucerne was not the
source of mirids invading cotton. Their field teahdicated, however, that these bugs do not appear
to move into cotton when lucerne is mowed in therplanted cotton. This pattern of host plant use
in the field does not appegprima facieto be consistent with the presence of a singleispegene

pool across both host plants. Despite the repgnteférence for lucerne, green mirids would be
expected to move into cotton when lucerne was mawdtensah and Khan's (1997) trials if they
were a single species that is able to use botlshost

All researchers that have worked on green mirigentethat they are not easy organisms to work
with. Establishing the number of these bugs withorop can be difficult, as they tend to aggregate
in patches within a field (JPpers. obg. This is further complicated by the “flighty” batiour of
green mirids; they are easily disturbed, and monie gonsiderable speed. Even the wingless
nymphs move rapidly and evade capture easily. Aiterto maintain laboratory cultures for more
than one generation have been relatively unsuadessid even keeping field collected bugs alive
on the way back to the laboratory is problematic Kan and A. Quade, Queensland Dept. of

Agriculture Forestry and Fisheriggers. comn).

1.5 Research Questions

The material reviewed above suggests that specfiemation is required to answer the following
guestions relating to multiple host plant use egrmirids and the source(s) of mirids that invade
cotton.

1. What are the host plant relationships of greendsim central Australia?

2. Do these bugs undertake long distance dispersakbeatcentral Australia and coastal
cropping regions?

3. Can the apparent difference in the use of cottahlacerne by green mirids be explained by

the presence of host associated cryptic species?

1.6 Approach

My approach to answering the questions above hars toeuse molecular ecology techniques within
an autecological approach, keeping a strong foout@ interaction between the organism and its
environment. The difficulty of rearing mirids ingtaboratory for more than one generation, and

the distances that they might cover in long distamigration mean that some of these problems
8



would have been intractable using standard ecabgjproaches. Further, the flighty nature of
these bugs makes it difficult to determine whethely have indeed been feeding on a plant on
which they are found.

Although the need for population genetics reseaas highlighted in a recent review of green
mirids (McCollet al.2011) it was only done so in the context of panaipromoting the spread of
resistance (Enderslst al. 2006). It is clear, however, that the interacti@ween gene flow and

the spread of resistance is more complex thar(@aprio & Tabashnik 1992). Instead, in this thesis
| use molecular techniques to answer a serieswdtared questions regarding the biology, ecology

and genetic relationships of green mirids, as wnedibelow.

1.7 Thesis outline

This thesis is presented in the form of one prelany genetic data chapter (Chapter two) and three
inter-related papers intended for publication ierpeviewed journals (one published and two
submitted for review) as outlined below. These pajpee presented largely unaltered from their
manuscript format; as a consequence some degrepeiftion exists among chapters, particularly
within the introduction sections. References, havekiave been combined into a single list at the

end of the thesis.

Chapter two investigates the genetic relationshgig/een green and brown mirids, and the
Creontiadesspecies that was found in the USA and reportdu©. dilutus were investigated

using mitochondrial and nuclear genes. Based ofothéliversity observed i€. dilutusat the

CO1 mitochondrial locus it was evident that a défg molecular approach would be required to
assess gene flow in this species. The rest otttapter describes the work undertaken to construct
a microsatellite library by enrichment (as this waaducted prior to the commercial availability of
high throughput sequencing technology). This wods\published as a primer note in Molecular
Ecology Resources (Andret al 2010).

The third chapter addresses question one (thephanst relationships of green mirids) by
developing an approach that combines structuredjaadtified field sampling with an analysis of
chloroplast intron markers. These plant markersvaenplified from whole insect DNA extractions
of green mirids to infer the recent feeding behawif this polyphagous insect under field
conditions. This combination of ecological samplargl molecular diet analysis provided further

insight to the use of multiple hosts by green nsitisn either single approach would have.



| addressed question two (long distance dispersahapter four, by screening green mirids from a
wide geographic area (several thousand kilome#&ied)host plant range using the microsatellite
markers that developed in chapter two to assess ftgem and genetic differentiation across green
mirid populations sampled from the arid inland #mel eastern cropping regions of Australia. | also
investigated the temporal stability of haplotypeginencies through the analyses of CO1 haplotypes

from samples spanning three decades.

The third question (whether there are cryptic sggaissociated with two crop hosts) was
investigated in chapter five. | tackled this quastivith a combined analysis of gene flow (using
microsatellite genotypes) and recent feeding beha\iand hence local movement among host
species) with chloroplast intron markers. Thesdyaea were conducted across adjacent cotton and

lucerne plots at three geographically distant gii@sto 900km).

Taking the approach outlined above has extendéghinsito the biology and ecology of green
mirids. Management options and future researchloambe set accordingly, and this is covered in
chapter six, the general discussion. Current péarepof generalist habits in the ecology of
phytophagous insects are also discussed, and amoat and methodological framework for
investigating multiple host plant use by herbivaansects is presented and fully justified in this

chapter.
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Chapter 2: Preliminary genetic work — gene sequenig and

microsatellite development.

2.1 Phylogenetic relationships between three spesiofCreontiades
211 Introduction

Green mirids Creontiades dilutusare endemic to Australia and have been reconaed &cross

the continent, including the arid regions. In castr the brown miridC. pacificushas been

recorded from China, several other countries inQhiental region, and various islands in the south-
west Pacific (Malipatil & Cassis 1997). RecordsCofpacificuswithin Australia indicate that it is
restricted to sub coastal areas of eastern Austrahere annual rainfall is much higher (Fig. 2ItL).
should be noted that, despite the lack of formadenn record<C. pacificusis present in northern
Australian cropping regions where rainfall is atsgh, for example Katherine (Northern Territory)
(Ward 2005). It was not present, however, in anthefextensive surveys of the arid regions that |
conducted during this thesis (Chapters 3 & 4). Tmssribution appears to support Miles’ (1995)
hypothesis tha. dilutuseggs appear to be adapted to dry conditiongCanmhcificusto wetter

environments.

In 2006 an emergent mirid pest was noticed in cottol exas, USA, it had been assigneto
dilutus by a taxonomist and rumours were circulating smshehowC. dilutushad managed to
invade American cotton from Australia. Through siegjuencing and analysis of COI data | helped
to establish that this was not the case, the Ciginfients of the American mirid were 10% different
to those fronC. dilutus indicating significant divergence between the.tioe Texan samples
were also represented by nine unique haplotypdfdlB individuals), a pattern not consistent
with a recent introduction (Colema al. 2006, reproduced as Appendix 1). Further taxonomic
investigation of the Texan samples confirmed thataisCreontiades signatuys native of the

Americas.

The two AustraliarCreontiadespecies are well separated morphologically, inipagr by the egg
opercula (Miles 1995), but within each there carnigé variability in colour, especially i@.
pacificus(Malipatil & Cassis 1997). In the first sectiontbfs chapter | reanalyse the data presented
in Colemaret al. (2006) with additional CO1 and 28S sequences ftodilutusandC. pacificus

from Australia to further confirm the phylogenetétationships between these species. In the

second, | describe work undertaken to develop afseicrosatellite markers fa. dilutus
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|:| Creontiades dilutus
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Figure 2.1 Above - Morphology of green mirid;. dilutus(left) and brown miridC. pacificus
(right) reproduced with permission from MalipaticaCassis (1997). Below - Map showing the
distribution of green and brown mirids (adaptedrfrdata in Malipatil and Cassis (1997) and online

databases).
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2.1.2 Materialsand methods

The sequences f@. dilutusandC. pacificusused in the analyses presented in this chaptardacl
the samples of Colemaat al. (2006) (Appendix Al), and additional samples affegpecies (Table
2.1.1). The Texan materiaC( signatuyis reanalysed but no additional samples have bddad

(see Appendix Al for collection data).

DNA was extracted using a modified salt precipitagprotocol based on that of Millet al. (1988).

A fragment of the mitochondrial Cytochrome OxidasgCOl) was amplified using primers
LCO1490 and HCO2198 (Folmer et al. 1994). PCR ves®pmed using Mango Taq (Bioline), 0.2
UM of each primer, and 2.5 mM of MgCl. PCR cyclocanditions were: initial denaturation at 95°C
for 10min followed by 35 cycles of 95°C denaturat{80s) 50°C annealing (30s), and 72°C
elongation (45s). The D2-D3 region of the nucleage-subunit ribosomal RNA gene (28S) was
amplified using primers S3660 (28SF, Dowton & Ansfi998) and A335 (28Sb, Whitirgg al.

1997). PCR conditions were similar to those desclifor CO1, except that the annealing
temperature was 52°C. Amplicons for both CO1 arfsl 28mples were sequenced bidirectionally

on an ABI 3730 (Macrogen). Sequences were editied) @donCode Aligner.

Sequences were aligned using the program Gendiwummond et al 2010), and outgroups
obtained from GenBank using thastnalgorithm to search the nucleotide (nr/nt) datebadter
trimming the alignements, the length of the COZinant used for phylogenetic analysis was
565bp (Fig. 2.4). The 28S fragment used in theyamathat included a single outgroup was 706bp
(Fig 2.2). This 28S phylogeny did not provide resioin of theC. signatusandC. pacificusclades
(Fig. 2.2). The addition of more closely relatedgraups resolved this relationship, but there was a
relatively small region of overlap between the saopes generated in this study and those available
on GenBank, so this analysis used 271bp of sequé&ige2.3). Neighbour joining phylogenetic
trees were constructed using the HKY genetic degtanodel in Geneious, with 1,000 bootstrap
replicates. Haplotype networks were constructedtatilutusandC. pacificususing the R package
TempNet (Prost & Anderson 2012), and nucleotidewdity (Pi) calculated in DNAsp v. 5 (Librado
& Rozas 2009).
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Table 2.1.1Collection data for th€. dilutusandC. pacificussamples used in the construction of

the haplotype network, and the phylogenetic treesgnted in this chapter.

Location Date Lat. (S) Long. (E) Host plant N. Genbank Acessions

Creontiades dilutus

Adelaide 2/12/2006 -34.82081 138.86996 Polygonum convolvulus 8 JX186015 to JX186022
Balingup 14/09/2007 -33.78890 115.97597 Solanum nigrum 8 JX186023 to JX186030
BarcLong 16/08/2006 -23.53322 145.07654 Cullen cinereum 8 JX186031 to JX186038
Biloela 10/01/2007 -24.37389 150.51298 Gossypium hirsutum 10 JX186039 to JX186048
Biloela 10/01/2007 -24.37389 150.51298 Medicago sativa 8 JX186049 to JX186056
Emerald 14/08/2006 -23.49576 148.18842  Verbesina enceliodes 8 JX186057 to JX186064
Emerald 15/08/2006 -23.57219 148.10006 Verbesina enceliodes 4 JX186065 to JX186068
Emerald 15/08/2006 -23.46627 148.09175  Vicia sativa 8 JX186069 to JX186076
Kununurra 28/08/2006 -15.64590 128.69688 Gossypium hirsutum 5 JX186077 to JX186081
Longreach 17/08/2006 -23.41773 144.22744  Cullen cinereum 8 JX186082 to JX186089
Longreach 17/08/2006 -23.40377 144.22121 Cullen cinereum 8 JX186090 to JX186097
Longreach 17/08/2006 -23.43817 144.24575  Medicago polymorpha 8 JX186098 to JX186105
Longreach 17/08/2006 -22.89413 143.78673 Swainsona galegifolia 8 JX186106 to JX186113
Narrabri 22/01/2007 -30.20075 149.57236  Gossypium hirsutum 6 JX186114 to JX186119
Narrabri 22/01/2007 -30.20075 149.57236 Medicago sativa 7 JX186120 to JX186126
Walget 31/08/2006 -29.91241 146.91791 Rapistrum rugosum 8 JX186127 to JX186134
WintJun 18/08/2006 -22.41200 143.05851 Cullen cinereum 7 JX186135 to JX186141
WintJun 19/08/2006 -23.78104 142.46578  Cullen cinereum 4 JX186142 to JX186145
WintJun 19/08/2006 -23.73375 142.42869 Senna Artemisioides 5 JX186146 to JX186150
Byee 14/03/2006 -26.25660 151.85388  Cajanus cajan 10 EF016724 to EF016733
Total number of samples 146

Creontiades pacificus

Balingup 14/09/2007 -33.78890 115.97597 Solanum nigrum 8 N/A

Byee 14/03/2006 -26.25660 151.85388 Cajanus cajan 18 N/A

Byee 14/03/2006 -26.32222 152.06833 Medicago sativa 7 N/A

Biloela 10/01/2007 -24.37389 150.51298 Gossypium hirsutum 3 N/A

Biloela 10/01/2007 -24.37389 150.51298 Medicago sativa 2 N/A

Emerald 14/08/2006 -23.49576 148.18842 Medicago sativa 14 N/A

Brookstead 28/02/2006 -27.73134 151.47476 ~ Sorghum bicolor 21 N/A

Kingaroy 14/03/2006 -26.80250 151.97694 Glycine max 6 N/A

Total number of samples 79
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2.1.3 Results and Discussion

Colemaret al. (2006) (Appendix; Al) established that the thteeontiadedaxa considered in this
chapter were likely to be distinct species basetherdegree of divergence observed at the CO1
locus. However, the phylogenetic relationship benvihe three was not clear due to the use of a
single locus and the lack of suitable outgrouphéanalysis. The preliminary genetic work
described in this chapter resolves this issue tiirabe analysis of a fragment of the 28S gene

region, and the inclusion of suitable outgroups.

Preliminary analysis of the 701bp 28S gene fragr{feigt 2.2) did not resolve the phylogenetic
relationship between the. signatusandC. pacificusclades, as suitable outgroups could not be
obtained that covered the whole fragment. Restqdine analysis to a 271bp region well
represented in the Miridae sequences availableesB@nk resolved this relationship (Fig. 2.3).
This analysis, together with the CO1 phylogeny (Rig), provide support for the monophyly of
each of the three species and res@vsignatusandC. pacificusas sister clades in relation@
dilutus The genus is, however, globally widespread (Mt€bal.2011) and further phylogenetic

analysis across the whole genus would be requiréarther clarify this relationship.

The phylogenetic analysis of the COI fragment iathd that the majority . dilutusindividuals
shared the same haplotype. This was investigateglation to the other Australian speci€s,
pacificusthrough the construction of haplotype networkg(Ri.5). Nucleotide diversity i@.
dilutusCOI sequences was indeed low (Pi = 0.00058, n ¥ B44124 out of 14€. dilutus
individuals were represented by a single haplot@maverselyC. pacificushad higher nucleotide
diversity (Pi = 0.00261, n = 79) and a more evetrithution of haplotypes (Fig. 2.5).

The difference in genetic diversity between th@se species at the COI locus might be explained
by the different environments they inhal@teontiades dilutuss distributed across the continent
(Fig. 2.1), but is strongly associated with aridiesnments, whereas. pacificusis only found in
coastal regions. The ephemeral resourceChdilutusevidently relies upon for survival in these
arid regions might result in an increased probigbdf population bottlenecks. Conversely, the
relatively more stable resources in the coastabrsgthatC. pacificusinhabits might support

higher numbers of individuals over longer periotitroe.
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Preops fraternus
— C. pacificus Biloela Medicago sativa BL7

C. signatus Texas Chenopodium murale T1

C. signatus Texas Chenopodium murale T4
C. signatus Texas Chenopodium murale T2
C. signatus Texas Chenopodium murale T3

C. pacificus Byee Cajanus cajan P4

100 C. pacificus Byee Cajanus cajan P3

C. pactficus Byee Cajanus cajan P2

C. pacificus Byee Cajanus cajan P1

C. pacificus Biloela Gossypium hirsutum BC7
C. pacificus Biloela Medicago sativa BL13

C. dilutus Biloela Gossypium hirsutum BC15

C. dilutus Adelaide Polygonum convolvulus AH8
C. dilutus Adelaide Polygonum convolvulus AH9
C. dilutus Biloela Gossypium hirsutum BC1

C. dilutus Biloela Gossypium hirsutum BC2

C. dilutus Biloela Gossypium hirsutum BC8

C. dilutus Biloela Gossypium hirsutum BC17

C. dilutus Biloela Medicago sativa BL3

C. dilutus Byee Cajanus cajan BP2

C. dilutus Kunurra Gossypium hirsutum K8

C. dilutus Narrabri Medicago sativa NL14

100 C. dilutus Narrabri Medicago sativa NL16

C. dilutus Biloela Gossypium hirsutum BC3

C. dilutus Biloela Gossypium hirsutum BC16

C. dilutus Biloela Medicago sativa BL2

C. dilutus Byee Cajanus cajan BP1

C. dilutus Byee Cajanus cajan BP4

C. dilutus Narrabri Medicago sativa NL13
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Figure 2.2Phylogenetic neighbour joining tree showing thatiehship between thrégereontiades
species as determined through the analysis of bprfl&gment of the 28s gene region, using
Preops fraternugGenBank Accession: HQ676940) as an outgroup (Nusiepresent the
bootstap support for each clade based on 100Caded).
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Figure 2.3Phylogenetic neighbour joining tree showing thatiehship between thrégereontiades
species as determined through the analysis of b2ffagment of the 28s gene region, udiggus
elisusas the rooted outgroup. Additional outgroup segesneere obtained from GenBank and the
accession numbers are labelled. (Numbers reprédsebbotstap support for each clade based on

1000 replicates).

17



— Lygus lineolaris HQ105913

Adelphocoris lineolatus AY252979

Semium hirtum AY252921

Capsus ater AY252977

Stenotus binotatus AY252980
C. signatus Texas Chenopodium murale T2

C. signatus Texas Chenopodium murale T1
C. signatus Texas Chenopodium murale T3
C. signatus Texas Chenopodium murale T7
C. signatus Texas Chenopodium murale T10
C. signatus Texas Chenopodium murale T12
C. signatus Texas Sysimbrium irio Tx1

C. signatus Texas Sysimbrium irio Tx2

C. signatus Texas Sysimbrium irio Tx3

C. signatus Texas Chenopodium murale T11
C. signatus Texas Chenopodium murale T14
C. signatus Texas Chenopodium murale T4
C. signatus Texas Chenopodium murale T8
C. pacificus Biloela Gossypium hirsutum BC14
C. pacificus Byee Cajanus cajan AA4

r C. pacificus Byee Cajanus cajan AA9

C. pactficus Biloela Medicago sativa BL19
C. pacificus Byee Cajanus cajan AA2
C. pacificus Byee Cajanus cajan AA3
| C. pacificus Byee Cajanus cajan AA8
C. pacificus Byee Cajanus cajan AAT
C. pacificus Byee Medicago sativa AB1
C. pacificus Byee Medicago sativa AB2
C. pacificus Byee Cajanus cajan AA6
C. pacificus Biloela Gossypium hirsutum BC7
C. pacificus Biloela Gossypium hirsutum BC21
C. pacificus Byee Cajanus cajan AA5

C. pacificus Biloela Medicago sativa BL13
C. pacificus Byee Cajanus cajan AA1

- C. dilutus Adelaide Polygonum convolvulus AH4

C. dilutus Byee Cajanus cajan BP1

C. dilutus Adelaide Polygonum convolvulus AH2
C. dilutus Adelaide Polygonum convolvulus AH3
C. dilutus Adelaide Po/;//gonum convolvulus AH5
C. dilutus Adelaide Polygonum convolvulus AH6
C. dilutus Adelaide Polygonum convolvulus AH7
C. dilutus Adelaide Polygonum convolvulus AH8
C. dilutus Adelaide Polygonum convolvulus AH9
C. dilutus Biloela Gossypium hirsutum BC15

C. dilutus Biloela Gossypium hirsutum BC16

C. dilutus Biloela Gossypium hirsutum BC17

C. dilutus Biloela Gossypium hirsutum BC18

C. dilutus Biloela Gossypium hirsutum BC19

C. dilutus Biloela Gossypium hirsutum BC20

C. dilutus Biloela Gossypium hirsutum BC22

C. dilutus Biloela Gossypium hirsutum BC24

C. dilutus Biloela Gossypium hirsutum BC25

C. dilutus Biloela Medicago sativa BL14

C. dilutus Biloela Medicago sativa BL15

C. dilutus Biloela Medicago sativa BL16

C. dilutus Biloela Medicago sativa BL17

C. dilutus Biloela Medicago sativa BL18

C. dilutus Biloela Medicago sativa BL22

C. dilutus Biloela Medicago sativa BL24

C. dilutus Byee Cajanus cajan BP2

C. dilutus Byee Cajanus cajan BP3

C. dilutus Byee Cajanus cajan BP4

C. dilutus Byee Cajanus cajan BP6

C. dilutus Byee Cajanus cajan BP7

C. dilutus Byee Cajanus cajan BP8

C. dilutus Byee Cajanus cajan BP9

C. dilutus Byee Cajanus cajan BP10

C. dilutus Kununurra Gossypium hirsutum K4

C. dilutus Kununurra Gossypium hirsutum K5

C. dilutus Kununurra Gossypium hirsutum K7

C. dilutus Biloela Medicago sativa BL20

— Lygus borealis HQ105901
100

100 i
91.6]
100 [
L

100

100
0.07

C. dilutus Kununurra Gossypium hirsutum K3
C. dilutus Kununurra Gossypium hirsutum K9
C. dilutus Biloela Gossypium hirsutum BC8
C. dilutus Byee Cajanus cajan BP5

Figure 2.4Phylogenetic
neighbour joining tree
showing the relationship
between thre€reontiades
species as determined
through the analysis of a
565bp fragment of the
mitochondrial CO1 gene
region, usind-ygus
lineolaris as the rooted
outgroup. Additional
outgroup sequences were
obtained from GenBank
and the accession numbers
are labelled. (Numbers
represent the bootstap
support for each clade
based on 1000 replicates).
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The green miridC. dilutus is considered to be the major pest of cotton intralia, and is the main
focus of this thesis. The questions highlightedhapter one required that extensive sampling be
conducted across the arid regions of Australiattinatspecies inhabits. It was therefore beyond the
scope of this thesis to conduct exhaustive samlitiggown mirid,C. pacificus Detailed

examination of genetic differentiation, gene flomdahost plant relationships of this understudied
species across the different islands and courttrégst inhabits would undoubtedly further
illuminate the mechanisms by which this genus basatedlty emerged as agricultural pests
(Rohini et al.2009; Udikeriet al.2010; Hosseinet al.2002; Stam 1987; Armstroreg al.2009)

The possible reasons for the low mitochondrial idiig in C. dilutusare examined and interpreted
in more detail in chapter four, with the aid of seqce data from samples collected in 1983 and
1993. It was clear, however, based on the low rhiadrial diversity observed i@. dilutusthat
mtDNA alone was not going to be sufficient to addressues of gene flow and dispersal in green

mirid, and the next section of this chapter detihiésdevelopment of microsatellite markers by

enrichment for this purpose.

Figure 2.5CO1 haplotype networks f@&@. dilutus(left) andC. pacificug(right) the size of each
haplotype (circle) is proportional to the numbeirrafividuals (shown within) that were represented
by that haplotype.
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2.2 Characterisation of 12 polymorphic microsateites in the green mirid,
Creontiades dilutus Stal (Hemiptera: Miridae)

Creontiades dilutuss a widely distributed Australian mirid bug (Maditil & Cassis 1997). It has
been recorded on a broad range of host plantsidimgd crops such as cotton, lucerne, sorghum,
soy, grapes, stone fruits, cucurbits, parsnips,pandtoes (Malipatil & Cassis 1997; Miles 1996).
Creontiades dilutubas also been recorded on a number of invasiveativke plants, both in the
eastern cropping regions and in arid central Aliat(€hinajariyawong 1988; Khan 1999; Malipatil
& Cassis 1997; Miles 1996). Here we report the tgraent of 12 polymorphic microsatellite

markers as a tool to investigate gene flow andispéitnits within this species.

Genomic DNA was extracted from one male and onafemsect using QIAGEN blood and tissue
kits. The DNA was pooled and a library was enricfeedAC, AG, AAC and AAAG repeats
following Gardneret al.(2008). Cleaned products (MoBio) were ligated iatpGEM-T Vector
(Promega) and transformed into competestherichia coliJM109 cells (Promega). Insert positive
colonies were PCR screened for the presence affearimotifs using M13 vector primers and the
appropriate repeat oligonucleotides (AC + AG or AAGAAC) in 10ul reactions as per Gardner

et al. (1999). Eight hundred colonies were screenedejpeats, with 95 positive colonies sequenced
(by Macrogen, Korea); repeat motifs were prese®0% of the sequences. Primers were designed
for 24 unique loci using PRIMER3 (Rozen & Skalet@000) and M13 universal tails
(5’"GTAAAACGACGGCCAG) were added to the 5’ end ofviard primers for subsequent

efficient fluorescent labelling (Schuelke 2000)indsthe same pooled DNA, sequence tagged
microsatellite (STM) libraries were prepared (Hayeéeal.2006) using compound probes
(AC)s(AG)s, (AC)s(TC)s and (ACYH(AT)s. A total of 96 insert positive colonies were seatesl, 76
contained the target microsatellite, and primersevaesigned for 32 loci.

Twenty oneC. dilutusindividuals were collected from a field of lucerfMedicago sativd..
Fabaceae) at Brewarrina, New South Wales, Austfiadia -29.962E, Long: 146.850S) on
11/03/2008. Genomic DNA was extracted using highubhput salt precipitation based on the
methods of Milleret al.(1988). All loci were amplified in 10 reactions containing 1x MangoTaq
buffer (Bioline), 2.5 mM MgCI2, 0.8 mM total dNTR’200 nM each primer, 0.25 U MangoTaq
(Bioline), and 10-30 ng DNA. Amplification conditie were: initial denaturation of 9@ for 10

min followed by 35 cycles of € for 30s, 56C for 45s, and 7Z for 45s, with a final extension of

72°C for 5 min. Products were visualised on a GelSt00 (Corbett Research) acrylamide gel
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system with ethidium bromide staining. Primer paese further optimised by modification of
annealing temperature and MgCI2 concentration Tsdde 1 for details). Polymorphic loci were
further screened by PCR as above but with the smmtuof a fluorescently labelled (HEX, FAM or
NED) M13 primer (Schuelke 2000). Fragments werasspd on a Megabace 1000 Fragment
Analyzer (General Electric), and sizes determindd@iET400R (ROX) size standard. Fragment
Profiler (GE) was used to score alleles with mamoalfirmation of flagged peaks.

STM microsatellites have proved successful in sy@Eant species to date, but most of the
dilutusloci (78%, 25 loci) tested resulted in non spedinplification, perhaps because
transposable elements have generated multiplecopihese loci (Zhang 2004). Only 4 out of the
32 loci tested (12.5%) amplified polymorphic lopesific enough to be useful in multiplex
genotyping runs (mirsat-Al, mirsat-G8, mirsat-D4 amirsat-G4), while the enriched loci resulted
in 8 polymorphic loci. These STM loci amplify usinge primer located in a compound join and
therefore there is a potential for mis-priming. thermore, the screening results indicate that there
is a possibility that these compound microsatalliteay be associated with transposable elements in
C. dilutus.For these two reasons, the four STM loci wereherrscreened to ensure reliable
genotyping results. Four individuals were seledteth the screening population and separate PCR
reactions were used to amplify and genotype eadthedfour individuals in 10 separate reactions
(40 reactions per locus). Reproducibility was highthe four loci (mirsat-1A1 = 97.5%, mirsat-G8
= 97.5%, mirsat-D4 = 95% and mirsat-G4 = 95%), amdaximum of two alleles per locus was
observed in all cases. This indicates that forgHear loci, potential mis-priming / presence of

multiple copies does not affect the accuracy obggrng.

Frequency and Hardy-Weinberg equilibrium (HWE) adtions were computed using GenAlEx
6.1 (Peakall & Smouse 2006), the presence anddrexyuof null alleles estimated with
MICROCHECKER (Van Oosterhowt al.2004), and linkage disequilibria tested using GERP
(Rousset 2008). The number of alleles per locugaarirom 2 to 10 with a mean of 5.5 and
expected heterozygosities from 0.09 to 0.84 withean of 0.49 (Table 1). There was no evidence
of stutter errors or large allele dropout at argukd Null alleles may occur at four loci as indecht
by a general excess of homozygotes based on thec®bfilence intervals calculated in
MICROCHECKER (mirsat-3E, mirsat-6H, mirsat-D4 andsat-G4). Null allele frequencies
reported in Table 1 are estimated using the Bretkf2 method implemented in
MICROCHECKER under the assumption that PCR faiindécates a null homozygote. Five loci
deviated significantly from HWE in the populaticcreened (mirsat-3E, mirsat-G8, mirsat-6H,
mirsat-D4 and mirsat-G4); p-values are reportetiahle 2.2.1. It should be noted that the
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individuals used to screen these loci were samipbed an agricultural crop and may have been
subject to pesticide-mediated selection which nase deviations from HWE at some loci. There
is also the potential for overlapping generationghis species and migration between crops which
would violate assumptions of the HWE model. No Higant linkage disequilibria were detected
among the 12 loci(= 0.05).
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Table 2.2.1. Characteristics of 12 polymorphic wsatellites isolated frof@reontiades dilutusvhen screened in 21 individuals from one site.

Sequenced Size MgCI2 Genbank

Locus® Motif Primer Sequence (5'-3'f Range Ta Mm N N, H, He NF Accession

mirsat-2F (TTA)s, (TTG), F:*GTTCCGTGATGAAGTCTTGA 151-172 56 25 21 3 0.38D.534 0.0998 GU937077
R: CGTACAGAAGGTTCAACAAT

mirsat-4B (AC), F: *CGGGTAGTTTCTCGGTTGAA 331-337 54 25 18 2 0.148.133 -0.0169 GU937080
R: ATTGATGCAGCAGACATGGA

mirsat-3H (TG)az F: *GATTCGTGCCTAAGGTTCAA 146-178 50 35 20 10 0r50.640 -0.0671 GU937079
R: GGACTAGGGCTAGAGGACGG

mirsat-Al (CT) F: *TTCGTCAAAGCGGTCAC 155-167 50 35 19 4 0.158 180 -0.0072 GU937085
R: ACACACACACAGAGAGAGAGAG

mirsat-6B (AAC)s F: *GAGAAGTGGAAGTCATCGCC 137-146 60 25 21 2 0.048.046 -0.0011 GU937082
R: TGTTCTTCTGCTGAGTGGTATGA

mirsat-5C (TG)xc F*CCAAGTGTTTCCAATACGCC 260-288 56 25 21 10 0.85D.785 -0.0407 GU937081
R:GTTCGGAACCTCTTGTCAAA

mirsat-G8* (TA)s(GA), F: *ATTGGCCAAATAATCGAAG 111-129 49 35 18 3 0.2100.345 0.1045 GU937088
R: ACACACACACTCTCTCTCTCTC

mirsat-3E** (TC)s F: *ACAGTCGTGCCTTCCTCTTCTCT 201-213 51 35 17 2 000 0.420 0.2392 GU937078
R: GTTCTCAGGTTTTGGGGAATGGATAG

mirsat-7G (GA)15 F: *GGCACGTGGTCATAACACAA 131-159 50 35 19 7 0.80.838 0.0206 GU937084
R: TCAGACGTGATTCCATTCCA

mirsat-D4* (TC) F: *CGAATCTATCTATAGGCAGC 113-119 49 3.5 18 4 0.278€.480 0.1163 GU937086
R: ACACACACACAGAGAGAGAGAG

mirsat-6H* (GA)14 F: *GCACGAAACGAAAGTTGTCA 371-409 52 35 20 8 0.4000.651 0.1399 GU937083
R: CGTTGCATAGCTCCTTGTGA

mirsat-G4** (CT)s F: *GGTCGGTATCAAATGACAG 190-204 49 35 20 10 0.35M.785 0.1655 GU937087
R: ACACACACACAGAGAGAGAGAG

3 Deviations from HWE * = P<0.05, ** = P<0.01 asterisk indicates position of M13 tail, Ta = aalivey temperature, N = individuals amplified, Na

= number of alleles, = observed heterozygosity H expected heterozygosity, NF = Null allele freogies.
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Cross species amplification was tested on the loskated specie€reontiades pacificugnd also
Taylorilygus pallidulusBlanchard (Hemiptera:Miridae). Reaction conditiémsall amplifications
were as reported in Table 1. A 700bp fragment eftitochondrial CO1 gene exhibits 10%
sequence divergence betwdgenpacificusandC. dilutus(Colemaret al.2008). Forty three
individuals were collected from solycine maxX.. Fabaceae) located in Kingaroy, Queensland,
Australia (Lat: -26.803E, Long:151.977S) and sceekior all loci. Five of the loci (mirsat-Al,
mirsat-3H, mirsat-5C, mirsat-G8 and mirsat-7G) afigal and were polymorphic with numbers of
alleles andHe ranging from 4-11, and 0.216-0.747 respectivady (fetails see Table 2). Three of
these loci show significant deviations from HWE a&awtence of null alleles (mirsat-Al, mirsat-3H
and mirsat-G8). Twenty four individuals ©aylorilygus pallidulusvere collected from wild
sunflower {erbesina encelioideSav. Asteraceae) in Emerald, Queensland, Austiadifa -
23.495E, Long: 148.188S)aylorilygus pallidulugs in the same tribe &3. dilutusand is found on

many of the same host plants, but none of the itbegsttoci amplified in the population screened.

Table 2.2.2. Characteristics of 5 loci that ampiifyl3 Creontiades pacificumdividuals collected
at one site.

Size
Locus’ Range N Na Ho He NF
1A1** 153-161 38 4.000 0.118 0.216 0.0808
SH*** 151-175 42 9.000 0.190 0.320 0.0983

5C 264-272 42 4.000 0.703 0.482  -0.1488
2G8** 105-129 34 11.000 0.500 0.747 0.1414
7G 139-157 43 7.000 0.698 0.726 0.0161

& Deviations from HWE * = P<0.05, ** = P<0.01, *** P<0.001, N = individuals amplified, Na =
number of alleles, k= observed heterozygosity H expected heterozygosity, NF = Null allele
frequencies.
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Chapter 3: Molecular interrogation of the feeding kehaviour of field
captured individual insects for interpretation of multiple host plant

use

3.1 Abstract

The way in which herbivorous insect individuals usdtiple host species is difficult to quantify
under field conditions, but critical to understarglthe evolutionary processes underpinning insect -
host plant relationships. In this study we devetbaenovel approach to understanding the host
plant interactions of the green miridreontiades dilutusa highly motile heteropteran bug that has
been associated with many plant species. We congiaetified sampling of the insect across its
various host plant species within particular sg#ted a molecular comparison between the insects’
gut contents and available host plants. This agbrafiows inferences to be made as to the plants
fed upon by individual insects in the field. Quéirtl sampling shows that this “generalist” species
is consistently more abundant on two species irggmeisCullen (Fabaceae), its primary host
species, than on any other of its numerous listetish The chloroplast intergenic sequences reveal
thatC. dilutusfrequently feeds on plants additional to the aoenfwhich it was collected, even
when individuals were sampled from the primary lsp&icies. These data may be reconciled by
viewing multiple host use in this species as arptden to survive spatiotemporally ephemeral
habitats. The methodological framework developee peovides a basis from which new insights
into the feeding behaviour and host plant relatigps of herbivorous insects can be derived, which
will benefit not only ecological interpretation baiso our understanding of the evolution of these

relationships.

3.2 Introduction

A clear understanding of the behaviour of individuaects is crucial to interpreting many

ecological and evolutionary phenomena, for it inferabout the extent and limits of variation
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within a population (or species) and about diffeembetween populations or species. Ascertaining
the feeding behaviour of herbivorous insect indmald under natural conditions is difficult,
especially in those species that use multiple hbsisit is crucial to defining host-plant interacts
accurately. Although laboratory studies of hoshplase do provide insight into how individuals
use host plants of alternative species, they sa#feeral compounding limitations, including the
difficulty of incorporating and testing long rangest searching mechanisms, the exclusion of
environmental influences, and the difficulty of eeciling behaviour observed in the laboratory
with that observed in the field (Manners & Walt®02). To determine what individuals feed on in
the field requires not only observations of an chs a host plant, but often a method of testimgy t
feeding history of that individual relative to ahative host plants in the area. In this paper we
elucidate the feeding behaviour of individual gre@nds (Creontiades dilutus a species of bug
recorded from multiple host plants, under natucaditions. This required that a methodological
approach be developed, based on a combinationuatsted sampling in the field and gut content

analysis, as expanded below.

The use of multiple host plant species by an insedtivore is usually determined through the
scrutiny of host plant lists, but these comprisdyest, summary statements. Many such records are
simply incidence records. The observed occurrehe® insect on a host plant does not necessarily
confirm regular feeding or reproduction on thaipl& his shortcoming can be overcome to some
extent by using the presence of juveniles as aicatidn that a host is significant to the life aydf

that insect species. However, for species withligigiotile juvenile stages (such as lepidopteran
caterpillars and many orthopteran and hemipteranisp) it can be difficult to be sure that juvenile
presence on a plant truly represents feeding drhthst. Furthermore, the relative importance of the
host plant species to the ecology of the herbiiloguestion may be distorted by such incidence

records, and their summary into host plant listalfef & Benfield 1994).

In this study we interrogate the feeding behavafugreen mirid individuals under field conditions.

Not only is this species usually characterised ‘@gneralist” on the basis of both adults and
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juveniles commonly being found on many host plaaicses (Chinajariyawong 1988; Khan 1999;
Malipatil & Cassis 1997; Miles 1995), but it is @alsighly motile. Sampling of crops to establish
patterns of invasion into cotton (Miles 1995), anidrosatellite based analyses of migration (JPH
Unpublished data) indicate that these insects nuwwgdistances (at a scale of at least 2000km)
between the arid interior of Australia and easteapping regions. They are also highly motile
within a locality (both adults and juveniles), fleg in response to any disturbance (pers. obs..JPH)
Although this particular mirid species is endenasiustralia (McCollet al.2011), and was likely
restricted to the arid interior prior to Europeattlement when land was cleared to establish broad
scale agriculture, it has been recorded from orignanative Australian host plants (based on those
incidence records that are available). An initialvey in this region did, however, implicate the
native leguminous forullen cinereunas a major host (Miles 1995), based on relatifiedi
numbers on this plant. Thus, the use of multiplst$iby green mirid individuals in inland

Australia, in particular, warranted further investion.

Whereas mirids are often regarded as ‘sap suckigg’'bthey do not feed on phloem or xylem, as
many hemipterans do. Instead, phytophagous mikd<J. dilutususe their stylets and watery
saliva to lacerate and macerate a pocket of ddileg 1972).Creontiades dilutusaliva has a
complex mix of proteases, and pre-oral digestioplaft tissue is evidently an important aspect of
their feeding (Colebatcét al.2001). The resultant mix of semi-digested platis@nd tissue is

then consumed, which makes it probable that chlastg are consumed I8 dilutus

A few studies have used chloroplast sequencestwee the gut contents of herbivorous insects,
and thus determine directly which host plant spebeeve been fed upon. To this end, chloroplast
markers have been amplified from DNA obtained frdny coleopteran material in museum
collections (Jurado-Riverat al.2009), and also from wild caught beetles (Navatral.2010).

These studies could not, however, relate dietdoramation directly to putative host plants because

they relied on publically held database recordshtdroplast sequences. The taxonomic resolution
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of host plants has thus depended on the somewigddi taxonomic coverage of records in these

databases.

Through quantitative sampling of mirids on knowrshplants as well as potential host plants
growing together across different localities, weevable to quantify the relative importance of
each host species. We collected tissue samplesthremange of plant species from which
dilutushad been collected in each locality. These plastewdentified and DNA extracted from
both the plants and also the mirids collected ftbem. We then amplified chloroplast intergenic
sequences from the plants and from individual itsserprovide a direct link between insect

individuals and the plants on which each had feith{wvabout 48hr prior to capture).

We show how this combination of ecological samplilata and molecular diet analysis provides
new insights in understanding the ecology of ingeetling behaviour and for interpreting their host
plant relationships in the field. Use of the pragmbsnethodological and conceptual framework will
therefore develop broader understanding of theogamdl and evolutionary significance of the use

of multiple plant species by herbivorous insects.
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3.3 Results

The extensive host plant survey in this study (Bifd, Appendix; A3.2) revealed 26 new putative
host species, 22 of which are listed as Australative species (Australian Virtual Herbarium

http://www.ersa.edu.au/avippendix; A3.1). When combined with existing redsy a total of 97

potential host plant species has now been recdadtédl dilutus(Appendix; A3.1). When hosts that
have no record df. dilutusnymphal presence are removed (54% of the tota$ list is reduced to
45 host plant species across 15 families, but piiynldabaceae (42% of those host species with

nymphs recorded) and to some extent Asteracede 16 (Fig. 3.2).
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Figure 3.2. Number of host plant species per fafoitywhich records exist direontiades dilutus
nymphal presence. Data from the survey reportédisnpaper and from records in the literature

(see methods and Appendix; A S3.1 for details).

The field survey of. dilutushost associations and abundance covered a citcareect of

6000km through central Queensland, the southeaseicof the Northern Territory, and northern
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New South Wales. The area was selected becausemrads had been collected there before, it
supports the ephemeral vegetation that typifiesrmgreirid hosts, and other insects associated with
such plants are known to invade sub coastal aguieufrom there (Zalucki & Furlong 2005). As is
typical of these arid regions (Mort@t al.2011) rainfall was temporally and spatially patclying
the season of this sampling. Suitable host pldatbg and herbs) generally require more than one
rainfall event (and this is usually highly locali§eo flourish, adding to their patchy occurrence.
Such localities are typically interspersed witlgiaareas (often several hundred kilometers) of

barren land.

Our quantitative sampling at the 22 sites wi@rdilutuswas present (of 82 likely sites
investigated) revealed that the five plants on Wigiceen mirids were most numerous are all in the
genusCullen (Appendix; Table A3.2), and the highest number ofda collected from &ullen

host (344 total, Sfmsweep-net samples, n = 10) was over 4 times hitlaerthe highest number
retrieved from a noi©Gullen host Crotalaria eremaea80). However, not alCullen species hosted
large numbers of these bugs, as site-specificfastach as temperature extremes and time since
colonisation also affect insect abundance. As aithilable potential host§,. dilutuswas patchily
distributed across the inland sites sampled, bt mioundant wher@ullenplants occurred
(Appendix; A3.2). This could indicate that the gmese of green mirids on adjacent plants may be
spill-over fromCullenhosts. We therefore assessed the abundar@eddfituson a site by site
basis, for those sites whete dilutushad been sampled fro@ullenhost plants as well as other

plant species.

Creontiades dilutusbundance was statistically different across pi@enost plant species at six of
these seven sites, with only Birdsville returnirgaignificant difference at P < 0.05 (Fig. 3.3).
Abundance was consistently higher@u. australasicunandCu. cinereunthan on alternative
hosts (Fig. 3.3). However, the thi@lllen species sample@u. pallidum at Milparinka, had a

significantly lower abundance @. dilutus(mean 1.9 +/- 0.48) in comparison to the two Ipdeits

30



with the highest abundance theBa@ainsona galegifoli&.8 +/- 0.89 Sysimbrium irio4.8 +/- 0.92)

at that site.
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Figure 3.3. Abundance @. dilutusacross host plants at seven sites in northea&testnalia where
this bug was located and bdflullenand alternate host plants grew together (baresept the

mean and the error bars are +/- 1SE, n = 10). lgorem site, bars with the same letter above them
are not significantly different from one anothegy ANOVA and Fisher's LSD test with a
Benjamini-Hochberg correction for multiple pair @isomparisons.no transformation required,

**|og transformation applied, **tog(log) transformation applied.
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In C. dilutus the chloroplastrnL intron used by (Jurado-Riveed al.2009) did not amplify with a
high success rate, probably as a result of degoaday extra-oral digestion in these bugs, which is
likely to reduce the number of larger DNA fragmemsiaining in the insects gut. We therefore
selected th&rnL-trnF intergenic spacer which is generally a smalleiore§158-438bp as opposed
to 389-614bp) (Taberlatt al. 1991) and therefore more amenable to PCR amgldicérom
degraded DNA. Th&nL-trnF intergenic spacer amplified in 100% of our hosinpIDNA samples
(21 species in 8 families) amplifying fragmentsnfra61 to 567bp. These sequences were highly
variable across families with many insertions aatttions and a single alignment could not be
produced to assess sequence divergence. Five wepligaments were produced that correspond to
the 5 families for which we had sequenced more trmanspecies, leaving three sequences un-
aligned. With the exception of the three specieSufen(which only differed from one another by
one bp substitution) the closest sequences inatarwere those @enecio gregoriandsS.
depressicolavhich had 2.1% base difference, for all other sg=eit was considerably higher. We
therefore set a threshold of 2% difference to detrnL-trnF match for the insect derived
fragments, but this value is arbitrary and a matobuld not be considered a robust plant species

identification.

The amplification success rate of the chloroplastker in insect-derived DNA was relatively low
(28.5%, 288 insect samples), yielding 82 good seces (length = 80-398bp after poor quality
sequence was removed). This likely representsigalion of gut content analysis in mirids by
means of PCR, because their extra-oral digestiobgtnly degrades DNA. The size variation in this
fragment was such that it allowed more than oneesece to be recovered from each of 5 insect
samples by agarose gel recovery representing fgedimore than one host plant. These five
included two of the individuals from Eyre Creek bl&@3.1) one returned bo@ullenand

Sysimbrium iriocfragments and one returned b&hllenandChenopodium auricomufragments.
The other 3 samples for which multiple feeding Watected were from sites that had low numbers

of mirids sequenced, and were not included in trayais presented here. Specifically; one
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individual from Simpson desert that had bGttotalaria eremeaandCullen australasicum
fragments, one individual from Simpson that shecio gregoriandBlennodia pterosperma
fragments, and one from Milparinka that had bGthlen andPhlegmatospermum cochlearinum
addition, 4 of the sequences were of poor quahtyarobably also represented feeding on multiple
hosts. These four sequences were not recovereldhing, and instead were discarded from the
analysis. It is also possible that closely relgikhts that were not sampled in our plant datassgt m
not have been diagnosed with thelL-trnF fragment used (as for tl@ullensequences, see below).
Our results are therefore conservative in undenasing the use of multiple hosts by individuals of

this species.

The fragment amplified from both the plants andrtheds collected from these plants was
diagnostic for all plant species that we had sege@msing a threshold of 2% difference, with the
exception of the three speciestillen The sequences from these three host speciesedifibg

only one site toward thenF end of the plant sequences and this site was afseenmany of the
Cullensequences obtained from insect DNA. More thanspeeies ofCullenwas, however, never
present at the same site, so the gut derived segsi@ould be assigned to host species based on the
availability of that host at any given site. Tharere only two instances where the host plant
detected in the mirid was not in our set of plamipéfied chloroplast sequences, in the first
instance (C2721, Genbank accession JX134164) adBkrdearch indicated that this might be
Sysimbrium irig pair wise alignment with this sequence (GenbadessiorDQ180275.) gave

1.4% difference and we defined this as a matctoafgih the 2% threshold used is arbitrary and this
identification should be considered provisionaltia second (C1501, JX1341323nicum
virgatumwas the closest sequence available on Genbardije-» 2E-116). When our sequence
was pair wise aligned to th virgatumcomplete chloroplast genome (Genbank accession
HQ731441.) there was 4.2% difference, which is outside af2% threshold, and we assigned

this sequence to the ger@anicum

33



Host plant collections for which less than 5 segaesrhad amplified successfully were excluded

from this analysis leaving 66 insect-derived chipast sequences (Genbank accessions JX134132—
JX134197). Of these 66 sequences, 10% showedhthgreéen mirid individuals had fed on a plant
other than the one that they had been collected.f&ven when collected fro@ullenhosts a high

proportion of individuals had fed on a differenapl species (Table 3.1).

Table 3.1 Gut-derived chloroplast sequences frargtken miridCreontiades dilutushowing the
number of sequences that match the host (N hast) ¥vhich the insects were sampled, and the
number that match a plant other than the one frémewthe insects were sampled (N different).

Plant species on whidB. dilutushad fed but was not collected from are listed ¢8serecovered).

Host plant sampled Site N host N different Species recovered

Blumea saxatilis Birdsville 9 1 Panicum

Cullen australasicum Simpson QAA 8 1 Chenopodium auricomum

Calotis plumulifera Simpson QAA 9 1 Cullen australasicum

Cullen australasicum Eyre Creek 6 3 Chenopodium auricomum
Calotis plumulifera
Sisymbrium irio

Brachysome campylocarpa Lake Moonda 11

Senecio gregorii Stretzlecki 17 0

3.4 Discussion

To explore the host plant relationships of thishhygnotile insect, with a broad reported host range
we developed a framework that integrates quantggtial host plant sampling with molecular
analyses of recent plant food intake. This framévgmres beyond incidence records, allowing
inference into the rates of host plant speciesanserecent feeding behaviour of individual insects.
The ability to make this inference for field colled insects means that a critical assessment of the
relationship between an insect and multiple hostshe made without the limitations of laboratory
studies. We discuss the findings of this approgeri§ically in relation taC. dilutus then consider

the implications of our results and approach maooadly.
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3.4.1 Host plant relationships of C. dilutus

Creontiades dilutuss highly motile and is endemic to Australia (MdCet al.2011). A large

number of incidence records demonstrate that thege feed on multiple hosts. Green mirids were
likely restricted to the arid interior of Austrajmior to European settlement and the spread of
agriculture. This implies, in turn, that the spedmas close evolutionary relationships to plants in
this area (see introduction). Before this studyitbst plant relationships @. dilutus in particular
outside of agricultural areas, was not fully resdlvOur aim, therefore, was to investigate the use

of multiple hosts by this species, particularlycentral Australia.

Our data do confirm th&. dilutususes many host plant species, most of which atteeifiamily
Fabaceae (Fig. 3.2). However, the abundanéz dilutusis consistently higher on plants in the
genusCullenthan on other host plant species surveyed. Spaltyfi the Australian native species
Cu. cinereunandCu. australasicunare identified as primary hosts for green mirigithe
guantitative host plant sampling presented heré.oNly is the highest mirid abundance recorded
on these species, but on a site by site basis tivesgullenhost plants have significantly higher
abundance of. dilutus across six sites, compared to other plant spseaiepled locally (Fig. 3.3).
Cullen australasicunandCu. cinereunare morphologically similar to one another, Guit
pallidumis densely covered in hairs, which may explain Wiy latter species seems to be a
relatively poor host for green mirids (Fig. 3.3)teknatively, the chemical cues used®@ydilutus
for host location and feeding initiation may welifel across thes€ullenspecies, but this requires

further investigation.

Simultaneous sampling of the insect and the hasttplavailable locally allowed a molecular
comparison of the insect gut contents (at the dbireampling) with the host plant from which it
was collected. This underpins an inference of fegdiehaviour beyond just incidence of the insect
on a plant. Our molecular analysis of host plaatlfeg inC. dilutusshows that this species often

feeds on host plant species other than the oneviroich it had been collected, even when they
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were collected from their primary host (Table 3The behaviour that this represents is particularly
striking considering that fragments of the lendthttwe amplify here can evidently be detected for
only as long as 12 to 48 hrs post ingestion (Feuetial.2008; Gariepyet al.2007; Hoogendoorn

& Heimpel 2001; Muilenburgt al.2008).

The behavioural implications for the mirids appsamewhat contradictory, however. Whereas
green mirid abundance is much higherGn australasicunandCu. cinereunthan on other host
plants nearby, individuals collected from thesenaiy hosts evidently do move between different
plant species locally and feed on these other hegén species that are relatively insignificant in
terms of mirid abundance. The host use of genésgliscies is often viewed in the context of
optimisation strategies (Schegsal.2000) and enemy free space (Mulatwal.2004). Optimal diet
mixing, for example, has been suggested to faveaource generalisation through individual
fithess gains. However, feeding trials Mazara viridula a heteropteran that uses multiple host
species in a similar way 1. dilutus show that diet mixing does not provide direct fiadenefits.
The use of multiple hosts does, however, allow shiscies to persist on sub-optimal plant species
when their primary host species are not availaédgsco & Walter 1993). In the arid interior of
Australia,C. dilutusis associated with spatially and temporally pataspurces that are highly
dependent on recent rainfall. Except in years ofsual rainfall, precipitation events and plant
growth tend to be localised. We suggest that tleeofisnultiple hosts represents a similar
behavioural adaptation to thatf viridula, and this allows these bugs to survive and remedu

within a patchy and ephemeral environment.

This study has focussed on the relationships bet@eedilutusand native host plants in the arid
interior of Australia. At the time of sampling (vi@r) green mirids were present only in very low
numbers on agricultural crops sampled; effectizelso in our standardised sampling (Appendix;
A3.2). In the summer, by contrast, green miridsvamy difficult to locate in the arid interior, &s
is far too hot and dry to support plant growth, inuagricultural regions they reach much higher

densities on lucernéMedicago sativaFabaceae) than on any other crops (Miles 19@%isites on
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lucerne reach almost as high as onGaéenprimary hosts (JPH unpublished data 2007-2008),

with irrigation in agricultural areas being signént in this respect.

Our confirmation thaCullen species are primary hosts, and the revelationultipte-host feeding
over a short time, highlights several questionsurdiag the higher abundance®f dilutuson these
two species relative to other host plants in angtfalia, and its relationship to lucerne wheré tha
is cultivated. The specific cues (olfactory or \@huhatC. dilutususes to locate hosts and initiate
feeding may be shared acr@as. cinereumCu. australasicunand lucerne. Alternatively, green
mirids may perform better on these hosts in corsparto other plant species. Targeted research
into the host searching behaviour of green mirits the specific cues to which they respond would
begin to answer these questions. Host performastmg is difficult in this species, as it has
proved impossible to maintain a laboratory cultimemore than three generations; the research
presented here indicates, however, that uSmgenhosts in the laboratory may be a possible

solution to this problem.

3.4.2 Future use of this framework

Molecular techniques are increasingly being empldgeanalyse the diet of wild organisms
(Pompanoret al.2012; Valentiniet al.2009; Yoccoz 2012). In insects such studies hewedd to
focus on predation, requiring that specific assagsdeveloped (Fourniet al.2008; Hoogendoorn

& Heimpel 2001; Northanet al.2012; Traugotet al.2012). The use of chloroplast sequences
provides a general approach to assessing herbivameact diets (Jurado-Rivesaal.2009),

although it has not been applied to answer spegifesstions about polyphagous species until now.
Some of the most significant agricultural pestspolyphagous insects, and polyphagous habits are
difficult to explain in evolutionary terms (Jaenik890; Jermy 1984). The conceptual and
methodological framework we propose here providesgeted approach to interrogating the recent
feeding history of individuals under field condit® It does so by combining the quantified spatial

sampling of insect abundance across multiple hogtee field with a molecular comparison
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between the gut contents of these samples and¢h#y available host plants. By contrast, a bar-
coding only approach to diet analysis could notehlaighlighted the contrast between insect
abundance across different host plant speciesraivdual behaviour in the same way. The work
presented here is a “proof of concept” evaluatibthe combined approach. Through it we illustrate
how this combination of techniques can illuminatstruse in a way that incidence records cannot,
for it reveals where insects have actually beedifegin the field. Getting such information in any
other way would be intractable without moleculaht@ques, principally because these insects

cannot be reliably followed in the field for obsation purposes.

The amplification success of plant DNA from mirigdas low (28%), probably because of DNA
degradation through extra-oral digestion. Neveds$®| valuable insights into the feeding behaviour
of individual bugs could still be made. When usiidproplast sequences for diet analyses a trade-
off between amplification success and host plasaltgion is evident. Indeed, consensus has not
been reached on the best regions to use as ajisabarcode, and no single region fits all the
requirements (Hollingswortat al.2011; Pettengill & Neel 2010). Shorter regionshsas the P6

loop of thetrnL intron provide better amplification success froeghded DNA but lower

resolution of host species (Valentatial. 2009). As recommended for the broader plant bdimcp
effort, diet analyses would most likely benefitrfrahe use of more than one region to balance this

trade-off.

Future studies of insects recorded from multipnpkpecies should evaluate their feeding on
‘incidental hosts’, ones that have no records eéfules, or from which few insects have been
collected. If no evidence of feeding is found tlescientific basis for the removal of such species
from host plant lists can be made. Not only camderce records be refined in this way to represent
the ecology of the herbivore more realistically, lmainversely, insect feeding on hosts where no
observations of insect presence have been madeecdetected when an insect collected on a
specific plant has indeed fed on another one ricelttis is important for applied entomological

research, not only in cases such as biocontrolrevtine accurate establishment of host plant
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relationships in the field is critical (e.g. Mangset al.2011), but also in the study of agricultural
pests. An insect that is sampled from a particclap may have fed on another crop or non crop
host plant prior to moving onto the crop in queastiand this approach provides a means to

recognise this aspect of individual insect behaviou

Evolutionary studies have increasingly used inkedbivores as systems to investigate speciation
(Boreret al.2011; Fedeet al.2003; Matsubayastat al.2010; Nosilet al.2009), and cases are
often portrayed as incipient or ongoing speciageants driven by ongoing selection across two
alternative host plant species. There is, howeueglternative explanation for many of these
patterns. Speciation may well have occurred in gaigcally separate populations and, under
natural conditions now, host use is differentisderbss the two species and gene flow is effectively
zero. Evaluating such examples requires, first,\thdation in host plant use can be attributed to
the individual, the population or the species, aadond, where differences in host use are
observed between populations, that contemporagidenf gene flow between these populations is
qguantified accurately. Both aspects must be evadliahder field conditions because both feeding
and mating trials in the laboratory often give egaal results, probably because of the unintended
removal of long range aspects of host and matelsiearmechanisms (Walter 2003). Our approach
provides a way to evaluate the first of these taaidrs through the analysis of feeding by
individuals in the field and their relative abundaron each host. The second can only be
accomplished through the sampling of multiple inséom different hosts in the field, and the

guantification of contemporary gene flow using nplé loci (Malauseet al.2007).

We hope that the methodological approach develbpes will enable not only a more thorough
testing of host plant interactions under field dtinds, but also a deeper understanding of the

evolutionary processes pertaining to insect — plastt relationships.
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3.5 Materials and Methods

Host records were collated from the available ditere onC. dilutus(Chinajariyawong 1988; Khan
1999; Malipatil & Cassis 1997; Miles 1995). Fielahgeys of host plants ar@ dilutusabundance
were conducted during July and August 2007 in "#e#e¥n cropping regions of Australia and the
arid interior (Fig. 3.1). Permits were not requifedthe collection of this species as it is an
economically significant pest, and collections werade at road verges. Sites were dictated by the
availability of plants suitable for sampling, whialas patchy at best. At each site stands of passibl
host plants were located for sampling, with eachritato consist mostly of one species (>95%),
and cover at least 10m by 10m. In 6000km travesidlgt 22 such sites were located; the remaining

terrain was too dry.

Creontiades dilutusbundance was quantified using a standardisedpsmetesample with an area
of 5n¥,ten replicates. The adults and juvenile€oflilutusare highly motile, and sweep net
sampling has been shown to be a reliable and r&pleanethod to sample this species (Thredall
al. 2005). Abundance was recorded, &dlilutusindividuals were collected and stored in 96%
ethanol for subsequent DNA analysis (up to a mawrinofi50). Herbarium specimens of each
putative host were collected for identificationddeaf tissue was collected and stored in silida ge
for DNA analysis. Herbarium samples were identifisthg the public reference centre of the
Queensland Herbarium (Department of EnvironmentResburce Management, Brisbane).
Putative host plants recorded from the surveyimgtudy were integrated into the list of host pdan
so far reported in the literature (Appendix; A3.This list was then reduced to those records that
specified nymphal bugs had been recorded on thm plaguestion, and the number of host plant

species in each family was plotted (Fig. 3.2).

Plants in the genuSullen had the highest relative abundance of green miAgpendix; A3.2), but
the abundance of an insect on a host plant isadlsoted by site-specific factors. We therefore

analysedC. dilutusabundance on a site by site basis, consideringsias where&ullenhosts
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were sampled and more than t@odilutusindividuals had been sampled on another host ubmg
standardised sampling outlined above. The abundaingeen mirids across different host plants at
each of these seven sites (of 22 sites in totad)s@anpared using a one-way ANOVA. Appropriate
transformations were applied to the data to confr®NOVA assumptions (Fig. 3.3posthoc

pair wise comparisons of means were made usingeFsshSD test, with the experiment-wise
alpha-level (0.05) maintained using a Benjamini-karg correction (Benjamini & Hochberg

1995).

To investigate the immediate feeding history oftejative to the plant species from which they
had been sampled, we amplified chloroplast intemggmacers from both the insects and plants
sampled. We selected sites where sufficndilutushad been collected from several hosts
includingCullen, and we extracted DNA from all plants that hadime¢d at least one mirid in the
guantified sampling. DNA was extracted from thestapve host plants using a CTAB protocol
(Doyle & Dickson 1987), and froi@. dilutusthorax and abdomens using QIAGEN DNeasy tissue
kits (Qiagen). ThérnL-trnF intergenic spacer was amplified for both putatiests, and insect gut
contents, using thienL e (B49873: GGTTCAAGTCCCTCTATCCC) anthF f (A50272:
ATTTGAACTGGTGACACGAG) primers (Taberledt al. 1991). PCR was performed using
Platinum Tag (Invitrogen), 0.2-0.4 uM of each priprend 1.5-3uM of MgCl. PCR cycling
conditions were similar to those detailed by (Jor&iveraet al.2009), with a touchdown of one
degree per cycle (18 cycles) from°60to 43C annealing temperature (60s), and 27 additional
cycles at 42C. Denaturation was 9@ for 30s, and elongation was®@for 45s. Amplicons were
sequenced bi-directionally on an ABI 3730 (Macrgg&equences were edited using CodonCode
Aligner. Plant derived sequences were used to nomis local BLAST database in Geneious
(Drummond AJ 2010), and insect-gut derived sequenege batch blastetlastn against this
database, and against the nr/nt database (NCBhaa&h When the BLAST search indicated a hit
the insect-derived sequence was pair wise aligntidtixe plant-derived sequence using ClustalW

[40], and a hit was defined using a 2% base diffeeghreshold (Table 3.1). Host plant sequences
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(JX134198 — JX134221), and gut content sequen2ds84132 — JX134197), were deposited in

Genbank.
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Chapter 4. Gene flow in the green mirid, Creontiade dilutus
(Hemiptera: Miridae), across arid and agricultural environments with

different host plant species.

4.1 Abstract

Creontiades dilutugStal), the green mirid, is a polyphagous herbiusrmsect endemic to

Australia. Although common in the arid interiorAdistralia and found on several native host plants
that are spatially and temporally ephemeral, gragius also reach pest levels on several crops in
eastern Australia. These host associated dynathgétsputed across a large geographic area, raise
guestions as to whether (i) seasonal fluctuationmpulation size result in bottlenecks and drift,

(i) arid and agricultural populations are gendticeolated, and (iii) the use of different hosapts
results in genetic differentiation. We sequencedtachondrial COI fragment from individuals
collected over 24 years and screened microsatediiation from 32 populations across two
seasons. The predominance of a single COI hapl@gygenegative Tajima D in samples from
2006/2007 fit with a population expansion modelthea older collections (1983 and 1993) a
different haplotype is most prevalent, consisteith wuccessive population contractions and
expansions. Microsatellite data indicates recegtration between inland sites and coastal crops
and admixture in several populations. Altogethee,data suggest that long distance dispersal
occurs between arid and agricultural regions, aigj together with fluctuations in population size,
lead to temporally dynamic patterns of geneticedéhtiation. Host associated differentiation i®als
evident between mirids sampled from plants in theugCullen (Fabaceae), the primary host, and
alternative host plant species growing nearby iith i@gions. Our results highlight the importance
of jointly assessing natural and agricultural eoniments in understanding the ecology of pest

insects.
4.2 Introduction

Many insects that damage agricultural crops havaded the resources provided by agriculture
across wide areas and this has generated altegnatdictions as to their evolutionary trajectaries
Although the provision of novel resources by adtime might promote host-adaptation (Via 1990),
it has also been argued that gene flow will inoees®mong populations of native insects when their
range is expanded through the anthropogenic smfgactential hosts, making local adaptation less
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likely (Oliver 2006). Insects that use both natre introduced hosts thus provide a "natural
experiment"” to explore the likely consequencesngfoong anthropogenic change in plant
distribution and abundance.

Few genetic studies have examined the interactbimsects between both native host plants and
agricultural resources simultaneously, but thelalée evidence indicates that several outcomes are
possible, including geographic differentiation, thassociated differentiation and widespread gene
flow. Both the rice miridStenotus rubrovittatugHemiptera: Miridae), native to Japan, and
Queensland fruit flBactrocera tryoniDiptera: Tephritidae) show strong geographic
differentiation (Kobayashet al.2011; Yuet al. 2001). In the former it indicates divergence asros
Pleistocene refuges and the latter divergence smveeling crop and fruit hosts outside its original
Queensland distribution. Furthermore, an isolatgoufation in inland Australia (Alice Springs)
showed strong genetic evidence of a populatiordratk. Host-associated differentiation has also
been recorded, in the corn leafhoppaibulus maidigHemiptera: Cicadellidae), and this has been
associated with a shift from wild hosts to maiZzeg maypgwithin the last 9000 years since
domestication (Medinat al.2011). In contrast to the above examples, a lacsotation by

distance was found across 1700km in the migratathifrichoplusia ni(Lepidoptera: Noctuidae),
between its native range in California, and crdyad it seasonally invades in Canada (Franédial.
2010). Clearly the patterns found to date are gtyoimfluenced by the biology and life history of

the organism in question, as well as the environmemhabits.

Strong regional differentiation, as foundStenotus rubrovittatud<obayashiet al.2011), and
Queensland fruit fly (Ywet al.2001), might be expected in species that do rptlagly disperse

long distances (Bohonak 1999). Conversely, higredkw, as documented for the migratory moth
Trichoplusia ni(Franklinet al.2010), has also been reported in many widesprgicu#ural pests
(Endersbyet al.2007; Endersbegt al.2006; Margaritopoulost al.2009), and even in pest species
thought to be relatively sedentary (Voudowisal.2012). Anthropogenic and unassisted dispersal
can both allow the invasion of novel resourcesnsgct populations (Storet al.2007; Stone &
Sunnucks 1993). Such anthropogenic dispersal veagtt to be the primary mechanism allowing
colonisation of grain storages byibolium castaneurras this species was considered relatively
sedentary (Druret al.2009). Active dispersal by flight has subsequebdgn shown to better
explain patterns of regional genetic differentint{®idleyet al.2011; Semeast al.2012),

highlighting that the capacity of organisms to éige can be underestimated.
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Another important aspect of pest insect dynamid¢kictuations in population size, which are
expected based on the seasonal availability of agrstultural crops and the occurrence of pest
outbreaks. Temporal fluctuations in gene frequenare tied to the number of effective breeders
(Waples & Teel 1990), and the temporal stabilityexjional genetic structure recorded across 5
years of sampling in the Queensland fruit fly ireplthat populations of sufficient size persist
across seasons, despite the occurrence of regiatiakaks of this species (¥ al.2001).
Regional differences in outbreak propensity inrthgratory locustl(ocusta migratoria have
allowed an empirical evaluation of its effects (Bhis et al.2009; Chapuigt al.2008). No
difference was found in genetic diversity betweatboeak and non-outbreak populations
(indicating that non outbreak populations persisgufficient size) but regional differentiation was
much higher for non-outbreak populations (Chagtial. 2009; Chapuigt al.2008). Spatial and
temporal variance in population size, migratiomsatind extinction rates are predicted to not only
affect mean Er but also result in large fluctuations in the gendifferentiation between

populations over time (Whitlock 1992).

Patterns of host associated differentiation mighbbscured by migration, bottlenecks and
population expansion, and interpreting the relatiffects of demographic processes remains a
challenge for empirical population genetics étial.2012; Pavlidist al.2008). Furthermore, host
plant associated differentiation following hostfthis considered more likely in host specialists
(Funket al.2002). Few studies report host associated differton in insects that use multiple

host plants (but see (Swoetlal. 2005)). Geographic differentiation generally appda be higher

in host plant specialists than insects that useiphelhosts (Gaete-Eastmanal.2007; Grooet al.
2011; Habel & Meyer 2009; Kellest al.2000; Zayecet al.2005). This correlation is usually
interpreted as a consequence of the spatial pashiof a single resource in comparison to the more
widespread availability of multiple resources. Regses can, however, be temporally patchy and it
is not clear whether this correlation would holdlenthese circumstances. In this study we examine
dispersal, fluctuations in population size, andube of multiple host plants in an insect herbivore
across both its native range (and host plantsiidghragions of Australia, and novel hosts

(agricultural crops) that it has invaded within thst 200 years.

Creontiades dilutuss a mirid bug that is endemic to Australia and imajor pest of cotton
(Malipatil & Cassis 1997; McCokt al.2011). This species has been associated with rmuséiost
plant species and, prior to the advent of agricalin Australia, was probably restricted to the
relatively open interior. Here, the temporal valliggbof rainfall events is higher than in most eth
globally comparable desert systems with similarmesanual rainfall (Mortoret al.2011).
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Variability is compounded by years of drought (Lietk Dickman 2006; Nicholls 1991). The
availability of herbaceous plants is consequemnlyeeneral and often spatially patchy. During the
summer months of November to Febru@rydilutuspersists in this region in low numbers despite
temperatures in excess of°@5and the availability of few host plants (JBeéfs. obs.Jan. 2007).

Host plants persist longer in winter (June-August), only if sufficient rain falls. With the

exception of “flood years”, when host plants mayubesually widespread and persistent, suitable
hosts generally require two or more successiveaa@mts to thrive. These rain events usually occur
only locally and typically the hosts are spatigdbtchy, with large areas of barren land between.
Inland temperatures are close to optimal for ndedelopment during winter, allowing a generation
time of around 25 days (Khaat al. 2009). Rapid population expansion is thus possibtklarge

numbers ofZ. dilutuscan be found where conditions are suitable.

Despite being associated with 37 native herbacplaud species in arid Australi@, dilutusis
consistently more abundant on two species in theg@ullen (Fabaceae)Cu. australasicunand
Cu. cinereun{Hereward & Walter 2012). These two plant speaiesthus the likely primary hosts
of these bugs. However, molecular analysis of dplast sequences from the gut contents of
individual green mirids showed that even when ctélé from these primary hosts a significant
proportion had fed from other plant species (HerevéaWalter 2012). This suggests that the
capacity to feed across multiple host plant spaunight be a behavioural adaptation that enables

survival when the primary hosts are not available.

Since European settlement of Australia, the intobida of widespread agriculture and associated
land-clearing in sub-coastal regions has enabldablseous plants to grow more widely and
abundantly. Green mirids are supported in agricaltsystems throughout the year but mostly in
association with crops and introduced plant speegsecially lucerneéMedicago sativaFabaceae)
(Miles 1995). Summer temperatures in sub-coastatralia are close to optimal for mirid
development, but low winter temperatures suppdst slow rates of development and mirid
abundance is low; this is the reverse of what hapjpearid regions where they are most abundant
during winter months. The movement®@f dilutusonto cotton crops in late spring has been
characterised by a sudden synchronous increasembers early in the growing season, and the
source of these insects remains unknown, but doegppear to be lucerne or other local hosts
(Miles 1995).

Creontiades dilutupresumably relies primarily on dispersal to copn\adverse conditions by
locating suitable patches of host plants when looabitions become unfavourable, because
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diapause (based on current evidence) is a facudtatinter reproductive phenomenon (Miles 1995).
Wherea<C. dilutuspersists throughout the year in the arid intesiod sub-coastal agricultural
regions of Australia, its abundance is seasonallgrise between the two. It also uses different host
plant resources, and is likely to experience dififéiselection pressures, across these two regions.
The potential folC. dilutusto move between central Australia and the easteqoping regions,
perhaps on prevailing winds or storm fronts, haanlbmiggested (Miles 1995). An alternative model
is that discrete populations occur in the inland epastal regions, with little gene flow between
them. The extent of gene flow between these twmnsgs likely to affect any response of this
species to selection, and thus the extent to wduileiptation to novel hosts is likely, and this hets y

to be determined.

In inland AustraliaC. dilutusrelies on host plants that are both spatially tengporally highly
variable, even within a single season. Local pdpmreextinctions and founder effects might be
expected, especially during dry years, as localuees die off and new patches are located.
Conversely, when inland Australia experiences fiotte increased host abundance together with
the short generation time of this multivoltine iosare likely to allow massive increases in
population size across large areas. Pesticidegedgplagricultural regions also have the potential
to cause localised population contractions, arftbaljh green mirids are present on lucerne
throughout the year in agricultural regions théumadance during winter months is low (Miles
1995).

We sampled mirids across both arid and agricult@gibons in Australia, covering most of the
geographic distribution of this endemic speciesiantliding the major host plants. We genotyped
microsatellites from samples spanning two seasndsequenced a mitochondrial COI fragment
from green mirids collected over 24 years. Givandahology of green mirids outlined above, and
the challenges posed by both agricultural andemdronments we structured our analyses
according to the following three questions: (i) 8&asonal fluctuations in population size in both
arid and agricultural regions result in genetimaiyres of bottlenecks and drift? (ii) Does long
distance dispersal occur between arid and agri@llpopulations? (iii) Is genetic differentiation
associated with the use of multiple host planthén(arid) native range? We found that genetic
patterns irC. dilutusare temporally dynamic, consistent with spatial semdporal heterogeneity in
its arid range. Long distance dispersal betweahard agricultural populations is evident from the
data, and host associated differentiation was fdagtdeen the primary host plants and alternative
hosts in arid regions. Together, these resultsligighthe importance of considering ecological and
evolutionary processes across the distributiomadrganism.
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4.3 Materials and Methods

4.3.1 Mitochondrial DNA sequencing and analysis

Ten population samples were taken during 2006 8@ #om across Australia, and 146 of these
individuals were sequenced for the COI fragmenmgighe Folmer primers LCOI490 and HC02198
(Folmeret al.1994) and a standard PCR protocol with an anngédimperature between47and
50°C. We also obtained pinned specimens retainede@tJhiversity of Queensland from previous
research on this species. We were able to ampiéysame fragment from 16 individuals collected
in Gatton (Queensland) from lucerne in 1983 anth@lviduals collected in Biloela (Queensland)
from lucerne in 1993. DNA was extracted from thengid specimens using Qiagen DNeasy
columns after being soaked in TE buffer overnidite PCR protocol was the same as for the
ethanol preserved specimens. The COI fragments segregenced bi-directionally at Macrogen
(Korea) on an ABI3730, and then aligned, editedtaintmed using Codon Code Aligner v4.0.
Details of the sample locations and Genbank acoessimbers are given in Table 4.1.

Haplotype networks were constructed using the Rage TempNet (Prost & Anderson 2012). The
temporal haplotype network was restricted to siagke eastern Queensland cropping region (48
samples from 2006/2007) where the samples from 48831993 had been collected. Nucleotide
and haplotype diversity were calculated in DnaS® (Librado & Rozas 2009).

The utility of mitochondrial markers for phylogeaghic studies in insects could be compromised
by fixation induced by endosymbionts that genecgteplasmic incompatibility (Ballard &
Whitlock 2004; Hurst & Jiggins 2005). We therefemeened 24 individuals from 2006/2007 that
returned the most prevalent COI haplotype (sedtsgddar the presence &olbachiausing the
wsp81 and wsp691 primers (Zhetial. 1998), in case this common symbiont was preseotiin

samples.
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Table 4.1- Sampling locations, host plants and genbank amesumbers for the COIl sequences
used in the analyses presented in this chapter.

Location Date Latitude (S) Longitude (E)  Host plant N Genbank Acessions
Adelaide 2/12/2006 -34.82081 138.86996 Polygonum convolvulus 8  JX186015 to JX186022
Balingup 14/09/2007 -33.78890 115.97597 Solanum nigrum 8  JX186023 to JX186030
BarcLong 16/08/2006 -23.53322 145.07654 Cullen cinereum 8  JX186031 to JX186038
Biloela 10/01/2007 -24.37389 150.51298 Gossypium hirsutum 10 JX186039 to JX186048
Biloela 10/01/2007 -24.37389 150.51298 Medicago sativa 8  JX186049 to JX186056
Emerald 14/08/2006 -23.49576 148.18842 Verbesina enceliodes 8  JX186057 to JX186064
Emerald 15/08/2006 -23.57219 148.10006 Verbesina enceliodes 4 JX186065 to JX186068
Emerald 15/08/2006 -23.46627 148.09175 Vicia sativa 8  JX186069 to JX186076
Kununurra 28/08/2006 -15.64590 128.69688 Gossypium hirsutum 5 JX186077 to JX186081
Longreach 17/08/2006 -23.41773 144.22744 Cullen cinereum 8  JX186082 to JX186089
Longreach 17/08/2006 -23.40377 144.22121 Cullen cinereum 8 JX186090 to JX186097
Longreach ~ 17/08/2006 -23.43817 144.24575 Medicago polymorpha 8  JX186098 to JX186105
Longreach  17/08/2006 -22.89413 143.78673 Swainsona galegifolia 8  JX186106 to JX186113
Narrabri 22/01/2007 -30.20075 149.57236 Gossypium hirsutum 6  JX186114 to JX186119
Narrabri 22/01/2007 -30.20075 149.57236 Medicago sativa 7  JX186120 to JX186126
Walget 31/08/2006 -29.91241 146.91791 Rapistrum rugosum 8  JX186127 to JX186134
WintJun 18/08/2006 -22.41200 143.05851 Cullen cinereum 7  JX186135 to JX186141
WintJun 19/08/2006 -23.78104 142.46578 Cullen cinereum 4 )X186142 to JX186145
WintJun 19/08/2006 -23.73375 142.42869 Senna Artemisioides 5  JX186146 to JX186150
Biloela 20/09/1993 -24.37389 150.51298 Medicago sativa 12 JX186151 to JX186162
Biloela 5/05/1993 -24.37389 150.51298 Medicago sativa 13 JX186163 to JX186175
Gatton 16/01/1983 -27.58760 152.36181 Medicago sativa 16 JX186176 to JX186191
Byee 14/03/2006 -26.25660 151.85388 Cajanus cajan 10 EF016724 to EF016733

4.3.2 Microsatellites - sample collection and genotyping

A total of 32 population samples was collected frbirdifferent host plant species in inland
Australia and sub-coastal eastern Australia betwaenary 2007 and March 2008 (Table 4.2).
Individual insects were preserved in 96% ethandlAQvas extracted using a modified salt
precipitation protocol based on that of Milletral. (1988). Nine microsatellites (mirsat-2F, mirsat-
4B, mirsat-3E, mirsat-Al, mirsat-3H, mirsat-6B, sait-5C, mirsat-G8, and mirsat-7G) were PCR
amplified and genotyped on a Megabace capillargtedphoresis system (Amersham Biosciences)
as per (Andrigt al.2010). Microsatellite peaks were confirmed andchbohmanually. In total, 768
specimens were genotyped; the DNA extractionsdif/iduals that failed to amplify at more than
six loci were assumed to be low quality and wesealided, leaving 665 genotyped individuals
(Table 4.2).
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Table 4.2Population codes, number of individuals genotypetiection details and host plant

species for population samples genotyped with reatedlites in this chapter.

Code N Location Date Host Plant Family

BIL-GH 19 Biloeala 9/01/2007  Gossypium hirsutum Malvaceae
BIL-MS1 16  Biloeala 9/01/2007 Medicago sativa Fabaceae
BIL-MS2 15 Biloeala 28/07/2007 Medicago sativa Fabaceae
EMR-VE1 24  Emerald 10/01/2007 Verbesina encelioides Asteraceae
EMR-MS 29 Emerald 10/01/2007 Medicago sativa Fabaceae
EMR-GH 26  Emerald 10/01/2007  Gossypium hirsutum Malvaceae
EMR-CA 21  Emerald 29/07/2007 Cicer arietinum Fabaceae
EMR-VE2 26 Emerald 29/07/2007 Verbesina encelioides Asteraceae
BIR-BS 12 Birdsville 3/08/2007 Epaltes cunninghamii Asteraceae
SIM-BP1 19  Simpson Desert 4/08/2007 Blennodia pterosperma Brassicaceae
SIM-GC 13  Simpson Desert 4/08/2007 Goodenia cycloptera Goodeniaceae
SIM-SG1 13  Simpson Desert 4/08/2007 Senecio gregorii Asteraceae
SIM-BP2 9 Simpson Desert 5/08/2007 Blennodia pterosperma Brassicaceae
SIM-SG2 11  Simpson Desert 5/08/2007  Senecio gregorii Asteraceae
SIM-CE 23 Simpson Desert 6/08/2007 Crotalaria eremaea Fabaceae
SIM-CA 29  Simpson Desert 7/08/2007  Cullen australasicum Fabaceae
EYR-CA 28  Eyre Creek 7/08/2007  Cullen australasicum Fabaceae
MIL-TS 29  Milparinka 10/08/2007  Trigonella suavissima Fabaceae
MIL-SG 26 Milparinka 10/08/2007 Swainsona galegifolia Fabaceae
MIL-SI 29  Milparinka 10/08/2007  Sisymbrium irio Brassicaceae
MIL-CP 17  Milparinka 10/08/2007  Cullen pallidum Fabaceae
TIL-EC 26 Tilpa 11/08/2007  Erodium cygnorum Geraniaceae
BOU-EC 31 Bourke 11/08/2007 Erodium cygnorum Geraniaceae
WAL-MP 26 Walget 11/03/2008 Malva parviflora Malvaceae
BRE-MP 19 Brewarrina 11/03/2008 Malva parviflora Malvaceae
BRE-MS1 25 Brewarrina 11/03/2008 Medicago sativa Fabaceae
BRE-EC 26  Brewarrina 12/08/2007  Erodium cygnorum Geraniaceae
BRE-PC 10 Brewarrina 12/08/2007 Phlegmatospermum cochlearinum Brassicaceae
BRE-MS2 12  Brewarrina 12/08/2007 Medicago sativa Fabaceae
NAR-MP 9 Narrabri 13/08/2007 Malva parviflora Malvaceae
NAR-GH 24 Narrabri 20/01/2007 Gossypium hirsutum Malvaceae
NAR-MS 23 Narrabri 20/01/2007 Medicago sativa Fabaceae

4.3.3 HWE, genetic diversity, genetic differentiation, and tests for recent bottlenecks

We estimated null allele frequency using the exatemt maximisation algorithm of Dempstetral.
(1977) implemented in FreeNA (Chapuis & Estoup 200ith 10,000 bootstrap resamplings.
Deviations from Hardy Weinberg Equilibrium (HWE) mecalculated using the exact probability
test (Guo & Thompson 1992) implemented in Genepyuéset 2008) and a sequential Bonferroni

correction was applied per locus to account fortiplel tests. Locus mirsat-3E showed deviations
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from HWE in many samples and was consequently shovmave relatively high frequencies of

null alleles (Table 4.3) and was discarded. Thal tadmber of alleles per locus, average number of
alleles per locus, and (Nei 1987) unbiased genersity (per locus and sample) were calculated
using FSTAT (Goudet 2001). Expected (He), obsefi#) and unbiased expected (UHe)
heterozygosities were computed using Genalex (Helal&mouse 2006). Exact tests for linkage

disequilibria were carried out in Genepop (Roug8é68).

The proportion of genetic variance that can bebatted to within population comparisons and
between population comparisons was estimated asirapalysis of molecular variance (AMOVA)
in Genalex (Peakall & Smouse 2006). Unbiased pa&wnd locus specifigPs (Weir 1996 ) were
computed with and without the algorithm for the lagon of null alleles (ENA) implemented in
FreeNA (Chapuis & Estoup 2007). Pairwise exacsteggenotypic differentiation were computed
using Genepop (Rousset 2008), as this estimatoore appropriate in situations where gene
frequencies may deviate from HWE expectations,aasdquential Bonferroni adjustment was

performed to account for multiple population congans.

To test for signatures of recent demographic hottt&s in the microsatellite data, the Wilcoxon
test for heterozygote excess (under the two-phadation model) and the allele frequency mode
shift analysis were performed using the program BCHNECK (Piryet al. 1999) for all 32

populations, and a sequential Bonferroni adjustrapptied.

4.3.4 Spatiotemporal patterns of genetic differentiation and tests for migration

We tested for the presence of isolation by distgi&®) to explore gene flow in relation to the
temporal and geographic aspects of the sampliagesgfy. Initially this analysis was restricted te th
sampling period of July to August 2007 (when samplere widespread geographically and
collected over a short period from both agricultin@sts and native inland hosts). Subsequently, all
samples were analysed to assess the temporaltgtabthe August 2007 pattern, these additional
samples represented the same agricultural cropglednm 2007. The presence of an IBD effect
was investigated by regressing ENA corrected genksiance (kr/ (1-Fst)) against geographic
distance (Rousset 1997). A Mantel test of matrixaspondence was used to test for significance
using the Isolation By Distance Web Service (IBDV83)5 (Jenseet al.2005).

Patterns of genetic differentiation and admixtwkich may be obscured by statistics that assume

the correct priori identification of populations, were clarified withe individual-based Bayesian
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clustering algorithm implemented in the program STRURE (Pritcharcet al.2000). Low levels
of null alleles are unlikely to affect the overailtcome of assignment testing such as the one
implemented in the STRUCTURE algorithm (Carlsso@&0The ‘admixture’ model was used as
the most appropriate for a species in which dispesdikely. Initially, values of K from 1 to 14
were used, with a burn-in of 50000 and a run lelg00000, and each K value was replicated 3
times. These results were exported to the progrfGBRIETURE HARVESTER (Earl & VonHoldt
2011) and the most likely value of K for the da¢awas inferred using theK method of Evannet
al. (2005). The data were then analysed using thisevialr K with a burn-in of 100,000 and
1,000,000 subsequent iterations; this was replicaetimes. The results were permuted with
CLUMPP (Jakobsson & Rosenberg 2007) and the metregiermuted results plotted using
DISTRUCT (Rosenberg 2004).

Recent migration between arid inland sites andestern cropping regions was tested with the
Bayesian-assignment based algorithm implement@RAMESASS, which estimates rates of recent
migration (m) (Wilson & Rannala 2003). This alghnt represents a major advance in the analysis
of recent migration events as it does not assuateetich designated population is in Hardy-
Weinberg equilibrium, and produces reasonable estisnof actual migration in an experimental
setting (Mardulyret al.2008). The results of the IBD test indicated textetic differentiation is
unstable across seasons, so we restricted oursaafygene flow to estimators of recent migration
rather than coalescent approaches to estimatingteym averages of migration such as MIGRATE
(Beerli & Felsenstein 2001). Population samplesewgpuped by location and then split by the
time of collection, because the results of the SCRURE analysis indicated significant temporal
shifts in cluster assignment within sites. The BAASS computation was performed 10 times
with different starting seeds to assess convergaaasss runs. The results of the 10 runs were
converted to tabular format using a custom Peips@ppendix; A4.2 ) for comparison. The
number of times each outcome was achieved ovetGhans was recorded, and the mean
migration rates were calculated for each of thegeames. Migration rates with lower 95%
confidence intervals below m = 0.02 were not comr®d significant and were also omitted. We
used the lower 95% ClI to assess the significanceigifation rates because experimental tests in
Caenorhabditis remanendicate that actual migration rates tend to beclothan the inferred rates
but within the 95% CI (Mardulyet al.2008).
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4.3.5 Host plant associated differentiation

Hierarchical AMOVA was performed across all 32 plapions, with the higher order defined as
host-plant in Genalex (Peakall & Smouse 2006). Adwt plants in central Australia, however, are
completely different species to those used by grekials in eastern cropping regions. To test the
hypothesis that differentiation might be associat@t host plant usage we tested for genetic
differentiation across host plants with respedtmo inland localities within which multiple host
plants had been sampled (hamely Simpson Desedpdrinka). The STRUCTURE algorithm
was run using the admixture model with a burn-ii@®,000 and 500,000 subsequent iterations,

with K = 2 “population” clusters.

4.4 Results

4.4.1 Mitochondrial

Genetic diversity was low for the mitochondrial C&&lquences, with one haplotype dominating
each of the three temporal samples. The 2006/28@ples (n = 146) had a nucleotide diversity
(Pi) of 0.00055, and a haplotype diversity of 0.ZV&jima’s D was -2.26 (P < 0.01) indicating an
excess of low frequency polymorphisms likely du@dopulation expansion. This pattern was
similar in 1983 (n = 16), where nucleotide diversitas 0.00021, haplotype diversity 0.125, and
Tajima’s D -1.16, but not significant (P>0.10), andLl993 (n = 25), Pi = 0.00026, haplotype
diversity 0.153, and Tajima’s D -0.69, also nongigant (P>0.10).

In the eastern cropping regions of Queensland, eva@omparison of haplotype frequencies could
be made across three temporal samples spanningg2d, yhere has been a shift in the dominant
haplotype between 1993 and the more recent sartiptpst.1, bottom). The haplotype that was
prevalent across the whole of Australia in 200672(Flg. 4.1 middle) was present at much lower
frequency in the earlier samples (1983 and 1998j).90reen fokVolbachiawas negative in all

cases (data not shown).
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4.4.2 HWE, genetic diversity, genetic differentiation, and tests for recent bottlenecks

A total of 105 alleles was scored across all ol all populations, once the null-allele prone bcu
mirsat-3E had been removed (Table 4.3). Unbiased deersity for each population (Nei 1987),
when averaged across loci, ranged between 0.3R.Z8dmean 0.51) and was not significantly
different between samples from agriculture andehtaken inland (Fig. 4.2, two tailed permutation
test, P = 0.275). Four of 32 population samplegetirom inland and one from agriculture, showed
genetic signatures indicating a recent bottlenedke allele mode shift analysis (BIR-BS, SIM-
SG1, SIM-SG2, BIL-GH, Fig. 4.2), although only twbthese showed a significant heterozygote
excess in the Wilcoxon test (BIR-BS, P = 0.0117 BHdGH, P = 0.0078). In addition, three of the
four populations showed indications of admixture] aeither of the Wilcoxon tests were

significant (with an alpha probability of P > 0.8fier Bonferroni correction).

Table 4.3Locus specific details for microsatellites usedhis
study;Y Na, total number of alleledia, average number of alleles
per population sampled, Ho, observed and He, eggdect
heterozygosities, HWD (number of population sampgating
from Hardy Weinberg Equilibrium), null allele fregucies, and
locus specific global &+ without and with the exclusion of null

alleles.

N Null oFst gFst
Locus YNa Na Ho He HWD alleles Null No Null

mirsat-2F 11 488 0.52 0.56 2 0.051 0.17 0.17
mirsat-4B 10 3.61 031 0.46 2 0.080 0.27 0.25
mirsat-3E 16 597 025 0.56 13 0.199 0.21 0.18
mirsat-Al 9 252 019 0.26 5 0.074 0.19 0.21
mirsat-3H 21 548 041 042 1 0.048 0.09 0.08
mirsat-6B 6 1.76 0.03 0.09 0 0.067 0.03 0.09
mirsat-5C 20 794 082 0.77 0 0.034 0.04 0.04

6

2

mirsat-G8 13 467 030 054 0.174 0.03 0.03
mirsat-7G 15 591 0.69 0.68 0.038 0.06 0.06
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Deviations from HWE were inferred in all loci foorme populations, and the presence of null
alleles was also inferred (Table 4.3). HWE deviadimight, however, be expected in recently
admixed populations due to the Wahlund effect. B¢k three approaches to assess and minimise
the effects of null alleles: 1) estimation gffivalues using null allele corrected and non coeekct
data, 2) removal of the two loci that had the grstagffect on HWE (mirsatlAl and mirsat2G8),
and then comparing results across the 6 locus dmcli8 data sets, and 3) selection of analyses that
are more robust to low frequencies of null allelad small deviations from HWE (see methods for
details). Evaluating the effects of null allele/HWEviations using these three methods revealed
that the low frequencies of null alleles inferracsbme population samples for some loci did not
dramatically affect the overall signal in the datad all results shown are for the 8-locus dataset.
Tests for genotypic linkage disequilibria returmaxdsignificant associations between pairs of loci

for any of the 32 population samples after seqaeBnferroni correction for multiple

comparisons.
N 0.9]
o
o
~ 0.81 E
-a *
Z 0.7 1% % E
>
2 -
206 E% y
o
2 05 E
a
o 0.4
5
¢ 0.3
2 0.2
o 0.
©
2 0.17
c
:00lIIIIIIIIIlIIIIIlIIIIIIIIIlIIlII
T ITNTOICSNOTOSTANNLCCNOHpLOLOZLOONATI®
[ROR W aOa 2} (2}
02852008 0gz0pgHRO00Fn " OWaWSZWA2302
\ / \ / \/\ /NS \ /\/\/\/\ / \ /
= 14 o S o -4 J4dD L x
g 8 o & = FE§ & 3

Population sampled

Figure 4.2 Nei’'s unbiased gene diversity averaged acrosdadocll populations. Grey boxes
represent samples collected from agricultural grofak boxes represent samples collected from
non-crop hosts. Asterisks indicate population sasfdr which there is some evidence of a recent
bottleneck (see results for details).
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The AMOVA apportioned 19% of all molecular varianoeamong-population comparisornsef =
0.188, P = 0.001). The globad-festimates were similar with or without the elintioa of null
alleles, with the uncorrected data returning ongyightly higher estimate gr = 0.122 using the
ENA algorithm and 0.128 without ENA correction).iidase Fst's ranged from 0.0019 to 0.329
(mean = 0.112), with 374 of 528 comparisons of gyrio differentiation being significant after
sequential Bonferroni correction (Appendix; A4.3).

4.4.3 Spatiotemporal patterns of genetic differentiation and tests for migration

The Mantel test of correspondence between geogralgtance and genetic differentiation revealed
a significant isolation by distance pattern whemdhalysis was restricted to the broad-scale
geographic sampling of July to August 2007 (Fi§, 4= 0.2897, P = 0.0099). In contrast, when
all sampling events were included in the analy&s(ary 2007 — March 2008) no isolation by
distance effect was evident (r = 0.0076, P = 0.446e inclusion of these additional samples
represented the same host plants that were sammpdepiicultural regions during the July - August
2007 collections.
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The AK method (Evannet al.2005) indicated that K = 3 was the most likely tn@mof genetic

“clusters” for this data set. The combined and peea results of the subsequent 10 runs of the

STRUCTURE algorithm with K set at 3 are shown ilatien to the geographic origin of the

population samples (Fig. 4.4). A broad geographitepn is discernible in the assignment of

individuals to clusters; individuals from MilpariakTilpa and Bourke are mostly assigned to one

cluster with high posterior probabilities, and ta@®pulations yielded the highest pair-wise F
values when compared to the other sites €70.047-0.307; mean = 0.132; 148 of 156 tests of

genotypic differentiation significant). Admixtureas evident in several populations, and the

proportion of admixed individuals and their clustssignment shifted between January 2007 and
July 2007 in both Biloela and Emerald, and betwdsaruary 2007 and August 2007 in Narrabri

(Fig. 4.4.)
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Figure 4.4 Results of STRUCTURE clustering analysis, sepdret® blocks showing the

geographic origin and date of sampling. Each bareisents one individual; the proportion of each

colour represents the posterior probability of gissient to one of three clusters.
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We detected significant levels of recent migrat@atrthe full geographic extent of sampling, using
the BAYESASS algorithm. Variability was detectedass runs of the algorithm, but this was
characterised as a reversal of the inferred doeaf migration between sites rather than changes i
the sites between which dispersal was inferrecur€ig.5 is a graphical representation of the
migration rates and the frequency that each mmnaiutcome was reached over ten runs of the
algorithm using different starting seed (See Appenti4.3 for the full results, including 95%

CI's). Significant migration was inferred betweée tSimpson Desert sites, in the arid interior, and
the sub-coastal agricultural areas in QueenslaidglB and Emerald) e.g. Simpson (August 2007)
to Biloela (January 2007), m = 0.14, lower 95% .68, upper 95% CI = 0.21, 6/10 runs.
Although the direction of migration was most oftewards agricultural regions, the direction was
not always consistent across runs and strong im¢ereannot be made as to the direction of
dispersal from this result. Migration between Miip&a and other sites was not inferred from the

genetic data, which is consistent with the outcoofdhe STRUCTURE analysis and pairwise

Fst's.
. Figure 4.5 Graphical
O Jan07 mK .
@ Jul/Aug 07 N representation of
S migration rates

inferred using the
Bayesian assignment
algorithm in
BayesAss. The size of
the arrows indicates
/ the migration rate (m)
Simbson / whereas the shade of
the arrows indicates

| > p\/vﬁ the number of times

. .. this outcome was
Milparinka Walaet _
Bourke (R Narrabri | reached over 10 runs
. Brewarrina
s with varying starting

A IR P/é seeds. Outcomes that
m=0.075-0.125 ———  8/10
m=0.125-0.175 =% 5/10 ;f/ were reached less than
m=0.175-0.225 =58 y 4 times, and migration

rates lower than 0.02 are not shown. (See texdgpendix; A4.3 for 95% CI's).
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4.4.4 Host plant associated differentiation

The Hierarchical AMOVA indicated an effect of hg@dant on molecular variancégr = 0.078, P =

0.001), however, host plant species were not sahgaasistently across the whole of the sampling

area (because each has a restricted distributiativeeto the scale of the study). Genetic

differentiation in relation to host plant speciesswtherefore evaluated across two sites where

several species could be sampled at each. At bakliese, some degree of genetic differentiation

was associated with plants in the ge@udlenrelative to all the other host plants sampledhaalgh

this was more pronounced at the Simpson Desestthige at Milparinka in western New South

Wales (Fig. 4.6) (but note that at Milparinka dilutuswas sampled fror€u. pallidumand at the

Simpson Desert/Eyre creek sites fr@u. australasicum Further examination of the genotyping

data at these two sites revealed that the genéfecahtiation indicated by the STRUCTURE

analysis appears to stem from the higher occurrehare alleles oullenhost plants than on

alternative hosts.
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Figure 4.6 STRUCTURE analysis restricted to sites where mlgthost plants were present and

sampled. Each bar represents the posterior pratyabit the individual belongs to one of two

clusters. The host plant species from which théqdar samples were collected is listed below

each population.
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4.5 Discussion

Genetic patterns in green mirids reveal strong depes from equilibrium expectations, including
changes in population size, admixture, and recegutation. Rather than fitting an equilibrium
island model (Latter 1973; Wright 1931) our resalts more consistent with a model of complex
spatiotemporal dynamics (Wegmaetal. 2006; Whitlock 1992). These dynamics are likely to
arise from the extreme spatial and temporal enwemtal heterogeneity that typify dry years in this
bug’s native range in arid Australia. Heterozygmteesses and allele frequency mode shifts
indicate that several populations may have passedgh recent localised bottlenecks, despite the
short generation time and high reproductive ratihisfspecies. The prevalence of a single COI
haplotype across the whole of the continent (fr@0622007 samples), negative Tajima D values,
and the shift in the most prevalent haplotype betwE393 and 2006/2007 (Fig. 4.1) are consistent
with recurrent reductions in population size ovéorayer period. These past reductions in
population size may reflect alternate periods oudht (when resources are ephemeral and
spatially patchy) and flood, which cause widespreadronmental homogeneity in terms of host
plant availability. The present broad geograph&vplence of the one COI haplotype, inference of
recent migration from the microsatellite data (Fcp), and admixture in agricultural populations
(Fig. 4.4) demonstrate that populations in arid agdcultural regions are connected by gene flow.
Whereas weak genetic differentiation was detedaiedlly (within arid regions) across their primary
host plants (in the gen@ullen) and alternative plant species, it was mostlypiiesence of rare
alleles that was responsible for this pattern. \Wggest that rare alleles on the primary hoSts (
cinereumandCu. australasicumcould be a consequence of higher abundan€e dilutusrelative

to their abundance on alternative host speciessélheints are expanded and justified below.

4.5.1 Genetic diversity and founder effects

We assessed genetic diversity and possible fowafteats across inland and agricultural sites to
determine whether ephemeral host availability (idjeor pesticide use (in agriculture) affected the
temporal stability of patterns of genetic diffeiation between mirid populations. We found no
significant difference in microsatellite divershgtweenC. dilutuscollected from crop hosts and
those collected from non-crop hosts (Fig. 4.2). &iersignals of recent bottleneck events
(heterozygote excess) were present in the micridsatiata in three inland and one agricultural
population ofC. dilutus(Fig. 4.2). None of the tests, however, were s$icgmt after Bonferroni

correction, so we can only tentatively infer losali contractions. Lucerne, the primary crop host of
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C. dilutus is often grown without pesticides in Australiadansecticide-induced bottlenecks are
less likely to be driving patterns of genetic diffietiation than the arid dynamics of this mirid

species.

Genetic differentiation amon@. dilutuspopulationsvas higher than generally reported for pest
insect species surveyed within an agricultural eeinEndersbyet al.2007; Endersbgt al. 2006;
Kim et al.2009; Torres & Azeredo-Espin 2009). The highestvBlues were attributed to pair-wise
comparisons between three arid inland sites in Beuth Wales (Milparinka, Tilpa, and Bourke),
and other populations. The Structure analysis @ksarly differentiated populations at these three
sites from others. Although no heterozygote exeessdetected at these sites (indicative of a recent
bottleneck) we suspect that a combination of splaéiterogeneity and founder effects could
contribute to strong genetic drift (and therefoighhgenetic differentiation) given that our study
was conducted during a dry period when patchessif plants were separated by large areas of
barren land. Elevateds¥s are predicted (even when migration rates ark)higder
spatiotemporally dynamic population models if eamimental heterogeneity contributes to a large
variance in local population size (Wegmaetral.2006), a scenario consistent with the ecology of
C. dilutus

The low nucleotide diversity (pi = 0.00055) and mgpa in predominant mitochondrial haplotype
over the last 13 years was striking. MitochondalA is expected to suffer a more extreme loss of
alleles than nuclear markers during demographittdmaicks due to the uniparental inheritance of
the plastid and the reduced effective populatiae sf its genome (Simaet al. 1994; Wilsonet al.
1985). For example, a local population founded kingle gravid female would have one
mitochondrial haplotype, but potentially 4 micrcdbte alleles. Similar shallow “star shaped”
genealogies and negative values of Tajima’s D theen reported in agriculturally damaging
insects with documented dispersal capacity (Albegtal.2012), and in the case of the widespread
noctuid pesHelicoverpa armigerdhis pattern even spans continents (Beleead. 2007). Human
assisted range expansion of pest insects throwgprdvision of agricultural resources is the
scenario that typically explains widespread hapesy(Grapputet al.2005). In green mirids,
however, the dominant haplotype not only occursssboth agricultural and native arid regions,
but has changed within the last 24 years, indigatuat the alternation between dry and wet years in
arid regions could be responsible, rather thanrimeduction of agricultural resources over the las

200 years.
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An alternative explanation for low mitochondriaveisity would be selection against certain
mitochondrial haplotypes due to cytoplasmic incotitplety caused by endosymbionts such as
Wolbachia(Ballard & Whitlock 2004; Hurst & Jiggins 2005). ©screen foMolbachiawas

negative in all 24 samples. There are, howeverym#rer known symbionts of arthropods and
likely yet more to be discovered, so it is not plolssto rule out their presence with simple PCR
tests (Hurst & Jiggins 2005). If endosymbionts wegfecting mtDNA haplotype frequencies 10r
dilutus the pattern of temporal shift recorded in the hadagninant haplotype must have been
caused by more than one such event. These padiertiserefore most parsimoniously explained by
successive bottlenecks caused by drought periolliswed by range expansion during wetter

seasons.

4.5.2 Long distance dispersal between arid and agricultural populations

That one haplotype is now dominant across the ¥@9Width of Australia indicates that dispersal
in C. dilutushas been widespread, whether the loss of othdotlypps was drought or symbiont
induced. Geographic differentiation was highemhia microsatellite dataset, but the geographic
distribution was not stable over time. This is evitlfrom the temporary nature of the isolation by
distance effect (Fig. 4.3), the temporal shiftsluster assignment in the STRUCTURE analysis at
Biloela, Emerald, and Narrabri (Fig. 4.4), and bg thange in most prevalent COI haplotype
between 1993 and 2006. Admixture across large gpbgr distances most likely results from
dispersal, and this is evidenced by the infereBée&YESASS; Fig. 4.5) of significant migration
rates across distances over 1500 km. The direofiorferred migration was not consistent across
multiple runs of the algorithm, so conclusions relgag the directionality of dispersal remain
tentative. Return migration from agricultural reggdback to Central Australia by pest populations
that derived originally from central desert areas [jostulated fdHelicoverpa punctigeravhich is
also an Australian arid adapted species) is thotagbé unlikely based on prevailing wind
directions and because positive evidence of itstemce has never been found (Doweiesl.

2010).

The sites between which migration was inferred veergsistent across runs of the BayesAss
algorithm, and are likely to represent regular nmget pathsCreontiades dilutupopulations can
expand rapidly, and abundance is seasonally ineseeen inland and eastern regions. A
migration event in late spring/early summer, whambhers are high in inland areas and low in
cropping regions, might therefore result in a mhigher inferred migration rate than the actual

number of individuals migrating and establishingeassfully. The regular seasonal influxGf
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dilutusto cotton crops, which does not appear to be ddrikom local lucerne populations (Miles
1995), indicates that dispersal from inland popafet may be a regular occurrence, the
microsatellite data support this hypothesis, bdbis require further direct testing.

4.5.3 Host plant associated genetic differentiation in arid regions

We found weak genetic differentiation betwé&andilutusfrom Cu. australasicunand alternative
hosts in the same geographic area in the struahalysis (Fig. 4.6), which may partly account for
the significant role of host plants implicated bg hierarchical AMOVA. Plants in the genus
Cullenmaintain a significantly higher density Gf dilutusthan other available hosts, indicating
that plants in this genus are primary hosts foegnairids (Hereward and Walter 2012). However,
analyses of gut contents using chloroplast intrankers revealed that a substantial proportio@.of
dilutusindividuals collected from th€ullen primary host plants had recently fed on other host
plants (Hereward and Walter 2012). The use of iplelfplant species b@. dilutusis perhaps best
understood as a behavioural adaptation to surmiamiarid environment where host plants are
ephemeral and the primary host species not alwajitable (Velasco & Walter 1993). The
physiological and behavioural processes that umaéngir multiple host use warrants investigation

in association with the movement of individuals.

Previous quantified sampling showed tGatdilutusabundance was significantly higher on the
Cullenhosts,Cu. cinereunandCu. australasicumthan alternative hosts locally, but .

pallidum (Hereward & Walter 2012). We detect genetic défgration in green mirids betwe€hu.
australasicumand other hosts locally, but not f6u. pallidum(Fig. 4.6). More rare microsatellite
alleles were present in green mirid populationmfféu. australasicunthan from alternative hosts.
This may be a consequence of a much greater propatft green mirids being attracted to these
plants (perhaps from refuges provided by alterhasts) and surviving. The relative absence (and
perhaps even loss) of rare alleles on alternatgtshneeds to be investigated directly if these

patterns are to be understood mechanistically.

4.5.4 Conclusions and implications

Creontiades dilutushows evidence of widespread dispersal in botmit@chondrial and
microsatellite datasets examined here, despitespg@sies using different plant resources (both
locally and regionally), having seasonally inveafeindance between inland and agricultural

regions, and presumably experiencing differentctieie pressures in these regions of Australia.
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The change in the most prevalent mitochondrial dtgtpk over 24 years is consistent with
successive population contractions and expansi&esy in relation to fluctuations between dry
periods and wet periods in the arid regions of Aalist. Dispersal appears to be the major
mechanism by whick. dilutusis able to survive on the ephemeral resourcdsisirégion, and the
data provide no indication that large numbers eséhbugs persist through dry periods by diapause.
The spatiotemporal dynamics and changing gene drezies outlined above contrast with the lack
of differentiation found in the same agriculturagjions over several years for the highly dispersing
H. armigera(Endersbyet al.2007) and the temporal stability recoded for Qs&erd fruit fly (Yu

et al.2001). These dynamics also differ from the stepvasinder effects associated with insects
that colonise new temporally stable habitat “isgintirough human movement (Stone & Sunnucks
1993). Patterns of genetic differentiation and géme in green mirids seem to be driven instead by
the spatial and temporal heterogeneity of theilvediosts, but these same effects have spread to
agricultural regions. This fits with Oliver (Oliv&006)’s hypothesis that the expansion of host

resources is likely to increase gene flow in natingects.

With such spatiotemporal dynamics, adaptation teehbost plants is unlikely. We nevertheless
found weak host associated differentiation betwgreen mirids on their primary host plants and
those on alternative hosts growing locally, desegiablishing previously that these individuald wil
feed on alternative host species even when inea€edry vicinity of the primary host (Hereward &
Walter 2012). Many herbivorous insects that usdipialhosts have been shown, by thorough
guantitative sampling, to have a similar closeindif to one host species than others that it msey u
(Manners & Walter 2009; Milne & Walter 2000; Rajapaet al.2006). Assessing gene flow and
genetic diversity in more of these instances migtther our understanding of multiple host use by

herbivorous insects.

Our results highlight the importance of assessuajutionary and ecological processes across the
distribution of an organism that uses both nativé lauman altered habitats simultaneously. If our
analyses had been restricted to either agricularesds or localised parts of the arid range of this
species, our interpretations might be quite difieréor example, broader geographic analyses of
Rhagoletis pomonellgperhaps the most famous example of host assddéterentiation
following the human introduction of novel hostsl{mated apple) (Bush 1993), to include native
hosts in Mexico, indicates that the differenceblast plant use had an allopatric rather than
sympatric origin (Fedeet al.2003; Michelet al.2007). InC. dilutuswe find that the
spatiotemporal dynamics in its arid native rangeatiooie to drive genetic patterns across both arid
and agricultural environments. The adaptationsdhatv it to persist despite the spatio-temporal
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heterogeneity of host resources in arid regiongi@tion and the use of alternative hosts) appear to
have not only facilitated the colonisation of negvieultural habitats but also maintain gene flow
across large distances.
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Chapter 5: Resolving multiple host use of an emerge pest of cotton
with microsatellite data and chloroplast markers (Geontiades dilutus
Stal; Hemiptera, Miridae).

5.1 Abstract

Following the global uptake of transgenic cottonesal Hemipteran pests have emerged as primary
targets for pesticide control. Previous researchransuch emergent pe€reontiades dilutus
indicated differential use of two crop hosts, cot@ossypium hirsutunMalvaceae) and lucerne
(alfalfa) (Medicago sativaFabaceae). Green mirids invading cotton in Biloé@laeensland,
Australia) did not appear to have come from adjakererne fields. Further, when lucerne strips
interplanted to cotton in New South Wales were mawmbers of green mirids in cotton did not
increase. One explanation for this apparent denpbgrandependence of lucerne and cotton
inhabiting mirids would be the presence of crygpecies within the taxonomic specesdilutus
associated with these two crops. To test this thgs$ we assessed gene flow using microsatellite
markers across adjacent cotton and lucerne crapsest geographically separated sites (up to
900km apart). We also analysed the recent feeddhg\our of these insects by amplifying
chloroplast markers from their gut contents. We tiigh gene flow between these two crops, and
no evidence of cryptic species. Further, the gatyames revealed evidence of substantial recent
movement between these two crops. We discuss thlecations of these results for interpreting

multiple host use in this species and the manageai¢his economically important pest.
5.2 Introduction

Creontiades dilutugHemiptera: Miridae), the green mirid, is an endeAustralian bug, recorded
from a broad range of host plants including mampsr(Foley & Pyke 1985; Miles 1995; Malipatil
& Cassis 1997). Prior to the adoption of transgeoiton that expressé& toxinsC. dilutuswas
controlled incidentally by the application of petdes targeted at the noctuid moHelicoverpa
armigeraandH. punctigeral(Khan et al.2004; Whitehouse 2011). In Australia, the appitabf
broad spectrum pesticides has fallen by as mu@®#sin transgenic cotton (Whitehouse 2011),
andC. dilutushas consequently emerged as the main insect @frgeemical control (Khaet al.
2004) because heteropterans are unaffected byrfdiA€and Cry2Ab toxins expressed by
transgenic cotton (Whitehouse al. 2005; Torres & Ruberson 2006, 2008).
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The widespread adoption Bf cotton globally has resulted in a similar shifpimmary pests
towards a number of mirid species, includayplygus lucorunin China (Luet al.2010; Liet al.
2011) and_ygus hesperus the USA (Gross & Rosenheim 2011). Otleeontiadespecies are
now emerging pests of transgenic cotton, for exai@pbiseratense India (Rohiniet al.2009;
Patil et al.2010),C. pallidusin the Middle East (Stam 1987; Hosseshial. 2002) andC. signatus
in the USA (Colemaset al 2008; Armstronget al.2010; 2011). All of these mirids use multiple
host plants. Such “generalists” are frequently tbtoncomprise suites of cryptic species (Hekeért
al. 2004; Burnset al.2008; Bonebraket al.2011). Interpreting the consequences of multipket h
use thus requires that the species status acressibaetermined accurately (Paterson 1991;
Walter 2003). Failure to recognise cryptic speaiesconomically important insects can result in
catastrophic errors and wasted resources in pasigeaent or biological control, (Clarke &
Walter 1995; Paterson 1991; Walter 2003; Bickfetal.2007). The development of integrated
pest management programs aimed at controlling palypus mirid pests needs to include the

correct resolution of species status across hastphs a research priority.

Molecular techniques feature prominently in theaistigation of species boundaries, but careful
application of these techniques is required toldistathe limits of mating and thus gene flow
between the populations concerned (Paterson 196kfold et al.2007). Increasingly, single locus
makers are recognised as poor choices for delignttiosely related species, especially those from
uniparentally inherited genomes (such as mitocharaird chloroplasts) (Petit & Excoffier 2009).
Such markers are liable to over-represent low feegy hybridisation and suffer from incomplete
lineage sorting, both of which undermine the adeuassessment of contemporary levels of gene
flow in the system of interest (Powell 1983; Begtlet al.2006; Nevadet al.2009). The results of
such studies may be unequivocal when reciprocaloptoyly is found between populations from
different resources in sympatry, but they stillfsufrom the problem that “absence of evidence is
not evidence of absence”. Thus, when reciprocalapbyly is not detected the claim cannot be
made that there is only one species.

A multi-locus multi-allelic approach to speciesidehtion is therefore required, but even with
multiple markers the specific approach and studygheare critical, as classic measures of
differentiation such asdrrely on the correc priori designation of “populations”. Discrepancies in
the biology of the organism must therefore drive study design (Walter 2003); such discrepancies
would generally signal that the organisms wouldlbieg something unexpected if only one species
were involved. In herbivorous insects, for example unexpected difference in the use of host
plants or resources might provide the basis farcttiring such studies. The insects must be
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sampled in sympatry across the respective hostespas close to within a generation as possible.
Multi-locus assignment methods such as STRUCTURIc{fardet al.2000), NEWHYBRIDS
(Anderson & Thompson 2002), or parentage analyaeshen be used to infer contemporary rates
of gene exchange across the different populatimhe ttested. The strength of this approach is
revealed by the resolution of the presence of argptecies irDstrinia nubilalisHubner
(Lepidoptera: Crambidae) from maize and, on thermland mugwort and hops (Malawetal.
2007), where mitochondrial analyses had found b slifferentiation across hosts (Marélal.
2003).

Previous research on green mirids in Australiacaidis that there are discrepancies in the use of
two crop species, cottoBossypium hirsutuiMalvaceae) and lucerne (alfalfjédicago sativa
Fabaceae). Field surveys@©f dilutusin central Queensland indicated that the influgdtion is
characterised by wide expanses of cotton (acros$all®0s of km) being colonised within a short
time by relatively uniform low densities of thesseécts (Chinajariyawong 1988; Miles 1995).
Numbers in adjacent lucerne fields, which coveyweuch smaller areas than cotton, did not
appear to decrease dramatically at the same torlacerne was apparently not the source of mirids
that had moved into cotton (Miles 1995). If lucemas not the source of mirids that invaded cotton
crops, then what was? And what was the underlyauge of the apparent difference in use of the

two crop hosts by this species?

Lucerne has been proposed as a trap crof .fdilutuswhen interplanted to cotton (Mensah &
Khan 1997). A greater attraction to lucerne wascaigd in mesh-cage tests but, in no-choice tests,
oviposition and survival were similar across cotéowl lucerne. Under field conditions, howe@r,
dilutuswas much more abundant in lucerne strips thandrsitmilar sized inter-planted cotton
strips. Following mowing of lucerne, howeve&r, dilutusnumbers did not increase in the inter-
planted cottonCreontiades dilutusnay have moved onto weeds adjacent to the fitdd &%
increased numbers were sampled from there (Mendéhat 1997). Another explanation is that
the mirid population on lucerne is a different (aig) species to that which occurs on cotton. To
interpret resource use by the green mirid, whialemowned for its use of multiple hosts, thus
requires that this apparent difference in hosttplae be explained. Can it be explained by the
presence of two species using different host pPatitsot, then how can the differential use of thes
two host species be explained? Resolving thesdiqngss critical to the effective management of
these pests. For example, lucerne may not proueaessful trap crop for green mirids if host

associated cryptic species are present acrosstiieszop hosts.
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The evidence for cryptic species witln dilutuswas explored by sampling mirids from adjacent
patches of cotton and lucerne at three geographeaparated sites. Microsatellites were used to
assess gene flow between the insects in adjacgmhosts. In addition, host feeding was
determined by amplifying chloroplast intron mark&mn the gut of a subsample of individual
mirids (Hereward & Walter 2012) to determine whethegs from each of the crops had fed upon
the alternative crop. This method previously regddhat whereas two particular plant species in
the genugullenare likely the primary hosts for green mirids ie #irid interior of Australia,
individuals collected from these hosts had oftehdie other plant species as well (Hereward &
Walter 2012). With this approach, we could thus wdsether green mirid individuals move
between cotton and lucerne. A lack of movement doetbwith a lack of gene flow (mating)
between hosts would provide strong evidence foptieeence of cryptic species. Alternatively,
movement across the two hosts by members of aesspgicies would require a better
understanding of the functional relationship ofegrenirids with each of these hosts. In either case,
the resolution provided by such an approach prevadsound basis from which further ecological
research can be developed to underpin pest manageptens for this pest, should be applicable

to many other insect pests, and is expanded idifoeission.

5.3 Materials and Methods

5.3.1 Sampling

Mirids were collected at three sites separateddyslof km. At two of them cotton and lucerne
grow within 50m of each other — Biloela (24°38150.52E) in central Queensland, and Narrabri
(30.20'S, 149.57E) in central New South Wales (Fig. 5.1). At thage sites, about 750km apart,
30 individuals were collected from each host pldoteniles and adults of both sexes were
collected. The third sample was collected at Enag(28.57S, 148.23E), which is about 250km
from Biloela, and about 900km from Narrabri, wheotton was separated from lucerne by about

5km. These samples were all collected in Januaby 2Big. 5.1), and stored in ethanol.
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Location Host Plant Date n
Biloela cotton Jan-07 19
Biloela lucerne Jan-07 16

Narrabri cotton Jan-07 24
Narrabri lucerne Jan-07 23
Emerald cotton Jan-07 26
Emerald lucerne Jan-07 29

Figure 5.1. Sample locations and number of indiaign) from each sampling event that were

used in the microsatellite analyses.

5.3.2 Microsatellite genotyping

DNA was extracted using a modified salt precipitatprotocol based on that of Millet al.(1988).
Nine microsatellites (mirsat-2F, mirsat-4B, mir8&t; mirsat-Al, mirsat-3H, mirsat-6B, mirsat-5C,
mirsat-G8, and mirsat-7G) were amplified and sepdran a MegaBACE 4000 capilliary
electrophoresis system (Amersham Biosciences)eradriset al. (2010). Microsatellite peaks

were confirmed and binned manually.

5.3.3 Gut content analysis
Fifty individuals were selected from each host pktrBiloela and Narrabri. ChloroplashL intron
markers were PCR-amplified from whole insect detilddNA (as above) using the primers: ¢
A49325 (5'CGAAATCGGTAGACGCTACG) and d B49863
(5’GGGGATAGAGGGACTTGAAC) (Taberleet al.1991). PCR conditions comprised: 25ul
reactions using Platinum Tagq (Invitrogen), N each primer and 1.5 mM Mg€amplified with
the touchdown cycling conditions described by (dafRiveraet al.2009). These primers yield
different sized PCR products for cotton (600bp) luwgrne (400bp). Selected products were
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sequenced on the ABI 3730xI platform (Macrogergnsure that each fragment was from the
correct plant. Subsequently, these fragments weparated by agarose gel electrophoresis and
scored for each individual bug.

5.3.4 Statistical analyses of microsatellite data

The presence of null alleles was inferred fromaata using the expectation maximization
algorithm of Dempsteet al. (1977), and globaldr (Weir 1996 ) computed with and without the
ENA correction in FreeNA (Chapuis & Estoup 200MeThumber of alleles and heterozygosity
(observed and expected) were computed in GenAlEX6.

We used the clustering algorithm as implementeé8TIRUCTURE (Pritchar@t al.2000), which
uses gene frequencies to assign individuals tespagified number of clusters (K) within a Markov
Chain Monte Carlo framework. We used both the “aduone” and “no-admixture” models. In the
former, individuals are allowed shared ancestrwbeh populations. This model deals better with
the complexity of many biological systems, and g&ath hybrids in a more natural way. The “no-
admixture” model assumes that populations are eliscand is less appropriate for mirids in the
cotton/lucerne context, but is better able to detabtle structure. We ran these models with alll
nine loci “with nulls”, and for the seven loci thetiowed little evidence of null alleles (“no nu)ls”

to test for the effect of null alleles on the irece of this algorithm. We used a burn-in of 50,000
iterations and a further 500,000 iterations andnaitallow the use of population designations for
the inference of cluster membership. Under eachastethe algorithm was run 5 times for each
value of K (K = 2 to K = 5). The results were petetdiand averaged using CLUMPP (Jakobsson &
Rosenberg 2007) and plotted using “distruct” (Rbseg 2004).

We used NewHybrids to infer whether the genetia dadicate the presence of separate gene pools
(i.e. species) and, if so, whether F1 or F2 hybemsdd be detected. This algorithm also uses an
MCMC approach to determine the posterior probahbdftindividuals belonging to five classes, but
uses an explicit genetic model for hybridisatiohepproach does not require that parental gene
frequencies are known, or that separate pure Ergpecies have been genotyped (Anderson &
Thompson 2002). We ran this algorithm on both tindl$” and “no nulls” datasets. Several runs
were initiated for each dataset to ensure thas&nee results were converged on each time, then
used a burn-in of 500,000 iterations, followed BY D00 iterations. The results were plotted using
“distruct” (Rosenberg 2004).
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5.4 Results

Two loci (mirsat-3E and mirsat-1A1) showed evideataull alleles (Table 4.1) and our analyses
were run with and without these loci (see beloWe(r 1996 ) Global &t was 0.063 with all 9 loci
and without ENA correction (Chapuis & Estoup 200t 0.058 with ENA correction. With just
the seven loci with low null allele frequencieolgl Fstwas 0.041 without correction, and 0.41
with correction. The loci were variable acrosspgulations sampled, with a total of 104 alleles

when the null-prone loci were included and 83 whenincluded (Table 5.1).

Table 5.1. The specific microsatellite loci (leérid column) amplified across all samples. Given
for each of these is the number of alleles (NA)am&equency of null alleles (Null), globad

without ENA correction, global 4t with ENA correction, observed (Hand expected

heterozygosity (§.
NA Null GFsrw/o ENA  GFstwENA  Ho He

Mirsat-2F 11 0.058 0.02 0.03 0.55 0.61
Mirsat-46B 8 0.108 0.02 0.02 0.25 0.54
Mirsat-3E 16 0.228 0.23 0.21 0.27 0.65
Mirsat-1A1 5 0.142  0.03 0.02 0.07 0.20
Mirsat-3H 19 0.103 0.04 0.03 0.38 0.48
Mirsat-66B 3 0.032 0.09 0.19 0.02 0.05
Mirsat-5C 17 0.049 0.01 0.01 0.70 0.80
Mirsat-2G8 13 0.061 0.02 0.02 0.28 0.51
Mirsat-7G 12 0.078 0.11 0.10 0.61 0.69

When the two loci with higher null allele frequeesiwere excluded and the admixture model was
used, no difference was detected in cluster assgghusing the structure algorithm (Fig. 5.2A).
When all 9 loci were included and the no admixiueel used, some weak structure seems
present, with Emerald samples having greater asgghto one cluster than the other samples (Fig.
5.2B). This pattern is not evident, however, urtdlersame model with the “no nulls” dataset (Fig.
5.2C). With this same dataset and K increasedréetithe admixture results show some individuals
have a higher posterior probability of belongingtthird cluster, with the rest having an even
assignment to all three (Fig. 5.2D). When the NEVBRYDS algorithm was used with the “no

null” dataset these same individuals were assigntdsome ambiguity to either the second
parental species category or the pure F2 catefagy%.2E, see individuals marked with an
asterisk). In analyses with all nine loci, thesdividuals were assigned with higher posterior

probability to the second parental category (datashown).
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A. Structure No Nulls Admixture K= 2

B. Structure Nulls No Admixture K= 2

C. Structure No Nulls No Admixture K=2

D. Structure No Nulls Admixture K= 3

E. New Hybrids No Nulls
— . x F—— — ik ] 3 R 3 N = — = , = , = = — P = ol , — —
Cotton Lucerne | Cotton | Lucerne I Cotton | Lucerne
Biloela Jan 2007 | Narrabri Jan 2007 I Emerald Jan 2007

Figure 5.2. Results of the clustering analysesoperéd with Structure and NEWHYBRIDS. Each
bar represents one individual and the shading septs the posterior probability that the individual
concerned belongs to each of K clusters (whichvergabove the bar diagrams). Asterisks above
the bottom diagram (E) indicate the 15 individuabt have a greater than 50% posterior
probability of assignment to a separate parenedisp (black) or an F2 hybrid (grey) in the
NEWHYBRIDS analysis.
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The chloroplast intron markers amplified from migdt contents resulted in two different sized
products, 600bp (cotton) and 400bp (lucerne), 8@ancotton-sized products and 5 lucerne-sized
products were sequenced to confirm their idenfibe cotton-sized sequences were all identical
and are an exact match f8ossypiunhirsutum(GenBankplastnsearch). The 5 lucerne-sized
sequences were also identical, and matdhedicago sativavith a single base pair difference. One
representative sequence of each crop species wasitégl in GenBank (accession numbers: cotton
= submitted, awaiting accession lucerne = subthitievaiting accession). From our analyses of gut
contents of individuals from adjacent cotton antehne fields, 35% of mirids sampled in cotton
had also fed on lucerne (n = 98), and 18% of tmaisiels collected from lucerne had also fed on
cotton (n = 99) (Fig. 5.3). Of those collected atton, 24% returned evidence of having fed only on
lucerne (n = 98). Those from lucerne indicated 12 fed only on cotton (n = 99) (Fig. 5.3).

Narrabri - Cotton  Narrabri - Lucerne Biloela - Cotton Biloela - Lucerne

N Individuals 50 49 48 50

C - Fed Cotton 68.0 % 10.2 % 62.5% 14.0 %
L - Fed Lucerne 24.0 % 85.7 % 22.9% 78.0 %
B - Fed Both 8.0 % 4.1 % 14.6 % 8.0 %

Figure 5.3. Gel (top) shows typical results of gl content analysis of 14 bugs (numbers below).
Clearly evident is the separation of cotton-am@iifPCR products (C), lucerne-amplified products
(L), and individuals that had both cotton and lmeeDNA in their guts (B). The table (below)
shows the number of individuals (%) from each atiten from which these products were
amplified.

5.5 Discussion

Before this study, green mirids had shown everycattbn of comprising cryptic species across
cotton and lucerne. Interpreting the host use ed¢hinsects in terms of them belonging to a single
species was not straightforward. The novel appboatf these two different molecular approaches
within a sampling strategy based on prior obseowatiof the ecology of these bugs has resolved the
problem. We detected high gene flow between catahlucerne, and even evidence, based on
their feeding, of frequent movement between thesectops. Our results therefore indicate that the
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unusual patterns of host plant use recordefatilutusare not a consequence of hidden host-
specific cryptic species. Furthermore, fragmentheflength that we amplified from the mirid gut
contents can evidently be only detected withindl28 hrs post ingestion (Hoogendoorn &

Heimpel 2001; Gariepgt al.2007; Fournieet al.2008; Muilenburget al.2008). Out gut content
analysis therefore shows that individual miridd wibve between these hosts frequently when they
are planted nearby, to the extent that a quartell biugs investigated from cotton had evidence
only of lucerne in their guts, and with 12% of tadsom lucerne having fed only on cotton at the
time of capture (Fig. 5.3). Below, we interpret diadings in relation to previous studies, and then
outline the implications for further research orar mirids and the consequences for their

management.

5.5.1 Gene flow across host plants

Genetic differentiation was low across all our sksfjglobal kt= 0.041 in the “no nulls” dataset),
consistent with high gene flow. Under the most eovative parameters (the admixture model and
the “no nulls” dataset), the STRUCTURE algorithrdigates a lack of genetic structure across host
plants and across geography from our microsateléita (Fig. 5.2A). This finding is broadly in line
with preliminary allozyme work undertaken by (Mil&895), where no differentiation was found
between cotton and lucerne. Conversely, the NewiHglamalysis implicated 15 individuals as
being either a second species or pure F2 crosgpH(EE), but these individuals are not associated

predominantly with cotton or lucerne.

In situations with low differentiation the modeldeal methods that we used in this study can
sometimes infer structure that might not be biatatly relevant. NewHybrids specifically relies on
the presence of gene frequency differences betameries (Anderson & Thompson 2002). We
used the Structure algorithm with and without thé-prone loci under different model conditions
to determine whether this same pattern would beriedl. Although it has been shown that
clustering analyses, such as STRUCTURE, are insensd low frequencies of null alleles
(Carlsson 2008), when we included loci with relalyhigh frequencies of null alleles (0.14 and
0.22, Table 2) quite different outcomes that weoolgically reasonable were returned (Fig. 5.2B).
When the number of clusters, K, was set to 3 tsasge individuals were assigned to the third
cluster. On closer inspection of the genotypeslthandividuals that clustered differently to the
other samples mostly had a higher number of |cati éine homozygous for a single allele, and this
may have led to the clustering algorithms sepagdtiem. Possible causes of this pattern of

homozygosity are discussed in the following subsact
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5.5.2 Multiple host use and management of green mirids

Green mirids are endemic to Australia and founkigh numbers in the arid interior in association
with two native central Australian legum€si. cinereunandCu. australasicunfFabaceae)
(Hereward & Walter 2012). Using the same micro$isgdbci as used here (Table 1) we found
genetic evidence of bottlenecks and long distanigeation between the arid interior and more
eastern sub-coastal cropping regions (JPH, uniddigata). The individuals with increased
homozygosity in Fig. 5.2E may be the result of igrants from inland populations, or their
offspring. The gut contents analysis showed the¢igmirid individuals will move frequently
between cotton and lucerne and a significant ptapoof individuals will feed on both when they
are planted close to each other (Fig. 5.3). Togethese data indicate that green mirid individuals

form a single gene pool (or species), with indialduthat associate with both cotton and lucerne.

The influx of mirids to cotton has been charactstias sudden and widespread, with these bugs
appearing across most cotton crops in the relgteelensive cotton growing region Biloela (for
example) within a 24 hr period, as demonstratedrbg consultant surveys and field sampling
(Miles 1995). Green mirids are present in lucembigh numbers at this time, but sticky trap data
showed that numbers of mirids in lucerne did nopdappreciably at the time of mirid influx to
cotton (Miles 1995).

Lucerne supports consistently higher numbers odsithan cotton, which is a relatively poor host
for them (even though low densities are enouglatse damage (Chinajariyawong 1988; Kkean

al. 2004)). This difference appears to have a sernsasigs, because more mirids colonise lucerne in
choice tests, but the survival of adults and nymphs choice tests did not differ between the two
hosts (Mensah & Khan 1997). Further, lucerne isambosely related to the primary hosts of green
mirids, namelyCu. cinereunandCu. australasicumvhich are also Fabaceae, than is the
malvaceous cotton (Hereward & Walter 2012). Howgeperformance testing has been largely
limited to a single generation of these bugs, beeaaaring them under laboratory conditions for
much longer than that is difficult. The useillento rear mirids may provide a solution to this
problem. Green mirids are highly mobile and we hae@otion at what distance the flying bugs
detect potential host plants and respond to themyen the cues to which they respond. Most
likely, the mirids invade both crops from a distaatirce at the same time, but the high numbers
already in lucerne mask their arrival. The hostd@ag mechanism in green mirids, particularly

long range cues, clearly require directed research.
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The field trials of (Mensah & Khan 1997) indicatiba@t when lucerne is mowed, mirid numbers do
not increase appreciably in adjacent cotton, butata show that when these two crops are planted
next to each other, a relatively high proportiomofid individuals do move between the two crops
and a substantial proportion feed on both. Mowirggine is likely to be enough of a disturbance to
cause these insects to move further than adjaotioincstrips, and possibly a considerable distance
given their high propensity for “startle” flight drtheir obvious flight capacity (JPH, unpublished
data). Our collective results indicate that greands are likely to move a lot, both within sites
(even when the primary host is present (Herewalllditer 2012)) and across distances up to 2000
km (JPH, unpublished data). The former may be aequence of disturbance, the latter related to
prevailing weather, but these aspects require duitivestigation if the invasion of cotton by these
insects is to be understood.

Our results indicate that lucerne may not be aalittap crop for green mirids on the basis of
movement and preference alone. The results of Megsd Khan (1997) may instead be a
consequence of higher predator abundance in theayed lucerne strip&ullenspecies may

prove to be a better option and it is likely tHet bpportunity to test this proposition will arese

both Cu. cinereunandCu. australasicunare under investigation as drought tolerant pasttwps
(Lori et al.2009; Bennetet al.2010; Suriyagodat al.2010; Bellet al.2012). Should these species
be domesticated and planted as crops it is alstyltkat they will support large numbers of green
mirids that are likely to move into cotton, givdrat they support very high numbersfdilutus
(Hereward & Walter 2012), and that gene flow betw€allenin the arid interior and cotton in
eastern regions has been documented (JPH, unpedblistia). Future attempts to rear green mirids
under laboratory conditions should, however, ingas¢ the use dCullenas a host, as a reliable
method of maintaining more than a couple of ger@ratwould enable experimental approaches to

understanding host detection and localisation.

5.5.3 Conclusions
Although previous ecological data raised the padsilof cryptic species under the single taxtn
dilutusdiffering mainly in their use of cotton and lucefmests, we find no evidence to support this
suggestion. Their unusual pattern of host useivel&d these crops thus needs an ecological
explanation, the beginnings of which are offereceh®ur approach to testing for the presence of
cryptic species in green mirids, a combination ofeoular analysis of gene flow and gut contents
analysis using chloroplast markers, has allowesliisue to be clarified. Previous data can now be
interpreted in a new light, and future researckdalions set accordingly. However, our results also
provide a methodological lesson; care must be takesn analysing microsatellite data that null
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alleles are dealt with adequately and that appatganalytical models are chosen. The approach
outlined in this study should be widely applicatdéherbivorous insect pests, and understanding the
species status of economic pests is critical ®rpmeting their ecology and thus setting accurate

management guidelines.
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Chapter 6: General Discussion

Creontiades dilutusthe green mirid, is considered a major pest tbaaalthough it is only ever
found in relatively low numbers on this crop. Cottoay be a relatively poor host for this species
or it may simply not be attractive to them. Nevel#iss green mirids are targeted for pesticide
control because low numbers are sufficient to cags@omic damage to cotton. The current
economic threshold of one mirid per metre of rovnd& 1999; Whitehouse 2011) is an order of
magnitude lower than the abundance reached orpleods that attract the highest numbers of these
bugs, lucerne (up to 30/m (Miles 1995)) &hallen (about 34/m, Appendix A3.1) (both Fabaceae).
Understanding the ecology of this bug, and thesbafsits use of cotton, therefore required that the
association of green mirids with multiple host pdabe assessed outside of the cotton agricultural
system as well as within, and that methodologieddweloped to assess host plant use under field

conditions.

In this discussion | outline current perceptiongeneralist habits in herbivorous insects, and the
theoretical and methodological problems that pugabgeneralists pose. | then propose a

conceptual and methodological framework for ingegtng multiple host plant use, with particular
reference to the results presented here on gresasnirinally | summarise the implications for the
management of green mirids in cotton that arismftieese results, and highlight aspects of green

mirid ecology that warrant further investigation.

6.1 Perceptions of ecological generalists

In the 420 million years or so since the emergaridbe first insects (Engel & Grimaldi 2004), they
have become the most diverse class of organistie ihistory of life. This diversity has long
intrigued biologists. Most insects are herbivorand are host specialists (Bernays 1998), and there
is evidence that phytophagy has favoured diveedifim (Mayhew 2007; Mitteet al. 1988). To

some extent the diversity of insects might theretoe explained by adaptation to specific host plant
defences, or to specific host plant cues that wmaddimise the chances of localising an appropriate
food source, oviposition site or mating partner.

Host plant generalists, by contrast, are diffitcolunderstand in terms of specific adaptationshSuc
generalist species and their host use are ofteveden the context of optimisation strategies
(Scheirset al.2000) or enemy free space (Jeffries & Lawton 1984latu et al.2004). Optimal

diet mixing has also been proposed to favour gdieation, but there is no evidence that mixed
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diets provide direct nutritional benefits in thdymhagous heteropterans investigated thus far
(Bernays & Minkenberg 1997; Velasco & Walter 1993).

An ability to use multiple resources appears tam®bvious advantage in terms of resource
availability (Futuyma & Moreno 1988). If that asspimon is correct, why do so many insects have
a narrow diet? Many explanations rely on the cohoéftrade-offs” in performance on different
hosts. The basic principle behind the trade-ofdaym is that there must be a fitness cost to
maintaining a generalist strategy, and therefdrmass benefit to developing a specialist strategy
The fitness benefit of specialist feeding habits wantral to Ehrlich and Raven’s (1964) co-
evolutionary theory of insect-host plant interagtipwith the evolution of adaptations (like
detoxification mechanisms) to deal with plant sel@og metabolites representing the fitness cost.
Subsequent phylogenetic analyses have mostly aagver, supported the generality of co-
evolutionary theory with respect to insect-planéractions (Lopez-Vaamond al. 2003; Mitteret
al. 1991; Percyet al.2004; Weintrauket al. 1995). The lack of phylogenetic support for stdot
evolution even extends to the close relationshipvéen internal parasites and their host organisms
(Garciaet al.2011; Jaret al.2012) and even some obligate pollination mutuaightachadeet al.
2005).

At the core of these explanations for generalibiteas an assumption that intraspecific
competition (optimisation strategies) or interspea@ompetition (enemy free space) is the
predominant determinant of the behaviour and tlhwusidance of insect herbivores. This perception
prevails despite the early recognition that plasources are rarely fully exploited by herbivorous
insects and that scant evidence exists for di@tipetition between them (Jermy 1984), or for such
competition having influenced their evolution (Lawt& Strong 1981). This perception of
generalist species might, to some extent, be atathbto anthropomorphism and the unrivalled
ingenuity of humans in exploiting resources welfdred those necessary for our survival. Whatever
the underlying philosophical basis, interpretatitres relate to optimisation strategies, the
acquisition of “enemy free space”, and performamnaéee offs all implicitly assume that fitness is
increased by efficiency gains though the use otipialhosts. Under this scenario, herbivorous
insects that use multiple host plants are expdotstiow flexibility in host plant preference anaus
across their distribution as they switch to alté@x@ahost species and adapt to local conditions as

they maximise fitness within the range of resouseslable (Fox & Morrow 1981).

A general interpretation of insect-host plant ielaghips requires that multiple systems be assessed
because a pattern observed in one system may lubivhen extended to others. This is highlighted

by the subsequent phylogenetic re-assessmentsatfisvhow referred to as Ehrlich and Raven’s
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(1964) classic co-evolutionary theory (Thompson®)@escribed above. For example, a “double
dated” phylogeny of monophagous psyllids and tlegjume host plants indicates a host plant
radiation around 5 million years prior to the pslyHadiation, with over 60% of the psyllid radiatio
being attributed to subsequent host switching ratien to co-speciation (Perey al.2004). But

what should focus such studies of insects thatudéple host plants?

Statistical meta-analyses of published datasets hagome a popular tool for biologists to tease out
patterns across multiple studies. However, if theng@ry data in the studies that are eventually
incorporated into such an analysis were not cabbat a manner that renders them comparable
methodologically, a confident interpretation canbetmade. A further stricture is that “the study of
patterns must be free from any assumptions abogepses, if they are to be used to test
hypotheses dealing with the mechanisms of evolu(Ghapleauet al. 1988). In the case of
adaptation and speciation, however, process hasitmgdicitly elevated above the primary pattern
observed in nature (Walter 2013). Interpretatiomaftiple host use by herbivorous insects has
tended to rely on the practice of generating bdtsost plants with little justification for the
inclusion of each. Such lists generally includeidearange of plants, many of which are incidental
to the ecology of the herbivore in question. Thenps involved are thus treated typologically rather
than quantitatively (Walter & Benfield 1994), obsag the primary pattern of multiple host use.
Although some attempts have been made to catedwsdists into ‘reproductive hosts’ or
‘incidental hosts’, the typological approach congs to hinder our ability to understamolw an

insect uses different host plants let alorisy.

The elevation of process over pattern (which ismftonsidered merely descriptive) has also
filtered through to the study of multiple host dseherbivorous insects. For example, Fox &
Morrow (1981) interpreted some herbivore specidseasg generalists through the evolution of
specialist host relationships locally. Data werespnted to support this hypothesis, but the species
status of the insects concerned was determineddaically (rather than in population genetics
terms (Chapter five)), and the geographic distrdysuaind host species range of the insect
herbivores were not documented quantitatively. Tresiiew therefore failed to provide a method to
assess the overall pattern of multiple host userately. The spatial variability of host use was,
instead, assumed, and multiple explanations prdvifleese include availability of suitable hosts
(both spatially and temporally), community charastes such as the relative abundance of hosts
vs non hosts, rapid shifts in the genetic basgreference, direct or indirect competitive
interactions with other herbivorous insects, défages in host physiology, presence of predators,

and the predictability of host abundance. To dgv@lgeneral understanding of multiple host use in
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insects thus requires a method that is capabletefhining the primary pattern of host use. Only

then can the underlying functional processes anthar@ésms be investigated and interpreted.

To date, a consistent methodology has not beeemex$ to assess these patterns in nature. More
accurate general interpretations of multiple hest clearly require that individual herbivorous
species must be assessed quantitatively in termiewfinteractions with their environment, and

this must be conducted across their geographidlalisbn and with respect to all host plants with
which it associates (so that the different host&secan be assessed relative to one another). This
point forms the basis of the approach recommenaéuis chapter. In brief, the species limits of the
herbivore must be defined accurately and the aaogiof the insects with each host must be
ascertained quantitatively across the geographigaaf the species so that the stability of these
patterns can be assessed across space and thimaghhese aspects are outlined more completely

and justified further below.

6.2 Conceptual and methodological framework

6.2.1 Species limits

The evolutionary significance of host plant use lbardetermined only if the variation in host use
can be ascribed to the level of the individual,gbpulation, or the species. The misinterpretation
multiple resource use as a consequence of thenuesé undetected cryptic species in the taxon
under investigation has received more attentioantbg (Jenkinget al.2009; Bonebraket al.2011;
Burnset al.2008; Heberet al.2004; Loxdaleet al.2011), and was a possibilty not acknowledged
by Fox and Morrow (1981). The contribution of malkx approaches to understanding ecological
problems has undoubtedly played a role in the pmemge given to cryptic species recently
(Bickford et al.2007), although the appropriate theory and otbanriiques have long been
available (Paterson 1981; 1991; Walter 2003).

To deal most realistically with the adaptations andlogy of organisms, species must be defined in
population genetics terms, simply because sexpabdeiction and gene flow play dominant roles

in the distribution of genes and thus adaptatidhgrefore, an understanding of diet breadth and
variation in host use is reliant on the prior ekshinent of the limits of the species in question.
Here a species is defined as a species gene ptiah which individuals have the potential to
recognise and localise appropriate mating partaedsthus complete fertilisation under natural

conditions (Paterson 1981). Species limits mustdsessed within the context of the natural
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environment because the mechanism by which indal&ddetect, localise and interact with
appropriate mating partners (the specific mategeition system of Paterson) can be heavily
dependent on environmental context, and results frage trials can be ambiguous (Fernando &
Walter 1997). Many insects have such an intimdtgiomship with a specific host plant, or a subset
of specific host plants, they may never encountemivers of closely related species under field
conditions despite mating and producing viableprffeg with them under laboratory conditions
(Claridgeet al. 1985, 1988; Drosopoulos 1985).

The importance of environment in defining the lignitf a species gene pool is central to the
recognition concept of species (Paterson 1986)li¢tixjests of rates of gene flow across the host
species used by insect herbivores under naturalitboms have, however, remained relatively rare.
In one notable exception, presumed ‘host race®sifinia nubilalis which are able to hybridise
and produce viable offspring under laboratory cbods (Liebherr & Roelofs 1975), were shown to
cross-mate at frequencies below 1% under naturalitons using a model-based analysis of
microsatellite markers (Malausd al.2007). Surprisingly, such explicit tests of gelosvfrates

have not been conducted on host associated pamsaif the apple maggdRilagoletis

pomonelld, the textbook example of sympatric speciationrént rates of gene flow across apple
and hawthorn populations Bf. pomonellaemain untested with a model that infers the r&telo

and F2 hybrid production, despite the recent reitimgnthat the origins of the major differences
between these putative races were allopatric. BAtliese races has been associated with different
mountain ranges in Mexico (Fedetrral.2003; Fedeet al.2005; Michelet al.2007). Further, fixed
differences in plant volatile recognition are evitlbetween genetically differentiated populations
of R. pomonelldahat attack different hawthorn species in the USAget al.2012). That these flies
mate only on or near their natal host fruit undetunal conditions is widely recognised, but the
status of host associated populations continubs tddressed through reproductive isolation

criteria as determined through laboratory crosResl ¢t al.2010).

Recent research on tRhagoletis pomonelleomplex has also clearly demonstrated the critical
importance of geography in understanding speaieisli The geographic context of hybridisation,
when it does occur, is critical to assessing tkelyiorigins of differences in host plant
relationships, and associated genetic differeotaff hePauropsalta annulatapecies complex of
cicadas in eastern Australia illustrates this paath of the three component species in this
complex is strongly associated with a small nundferucalypt tree species. A spatially explicit
analysis of the calling songs of the males, acaittomponent of the specific mate recognition
system of these insects, revealed that these didastavere stable across the entire distribution of

each species, but that one of these species sseted by two sub-species that hybridise where
84



their ranges overlap. Each subspecies maintairsstency in their calling song structure, host
plant associations and ovipositor length acrossebeof their respective distributions, despiis th
localised hybridisation. This pattern is more panious with allopatric divergence and
subsequent range expansion than with sympatrigagpmt as sympatric divergence would fail to
explain the presence and stability of these belaaideatures over such vast areas of allopatry. If
only the zone of overlap between these two subspdrad been investigated the pattern would fit
that of sympatric ecological speciation (Rundle &M 2005). This example not only highlights the
importance of geographical context in determinipgcges limits, but also in assessing possible

modes of speciation.

The careful application of theory and techniquel toe interplay between them, is therefore crucial
to defining species limits accurately, and it mustdone in this way before diet breadth can be
determined. In the case of the green mirid, geducafly replicated tests of gene flow between
cotton and lucerne (Chapter five, Fig. 5.2) did sugpport the hypothesis that cryptic species
explain the reported differential use of these hest plants by this bug (Mensah & Khan 1997;
Miles 1995). Analyses of gene flow across mostefdgeographic distribution @. dilutus
(Chapter four) also indicate that it is most likalgingle species across all host plants testesl. Th
low diversity (high similarity) of CO1 sequencesgF.1), admixture and gene flow evident from
the microsatellite data (Figs. 4.4 & 4.5) and trealvdifferentiation between populations@ullen
and alternative hosts (Fig. 4.6) all support thigppsition. Without further exhaustive samplingsit
difficult to rule out the possibility that cryptapecies do exist under the na@edilutus but were
not encountered during this thesis. It is cleawdner, that a single speci€3, dilutus does use
multiple host plants. The following section outkn@n approach to testing interpretations of
multiple host use once the species status of tip@nsm in question has been clarified, and it is

clear that individuals from a single species aragimultiple host plants.

6.2.2 Testing and interpreting multiple host use across the distribution of species

Optimisation-based interpretations of multiple hast tend to assume that each of the potential
hosts within a given list can and will be readiged by individuals of a herbivorous insect as they
maximise their fitness relative to one another iane@lation to environmental change (and even as
species optimise in relation to one another). Dggchl prediction that follows from this line of
reasoning is that the rates at which a generadesties uses a given host plant species should vary
across space and time in response to competitidoiuer selective pressures envisaged to

influence host relationships of these insects.
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The prediction outlined above can be tested oripst plant use by a particular species is
guantified systematically across its geographigeaand can be falsified if host plant relationship
are spatially and temporally stable. Despite a g@paucity of systematic quantitative studies of
this nature in the literature, a striking tren@vsédent in those that do exist. Although broadly
regarded as generalists, the herbivorous insetiismiltiple hosts that have been quantitatively
assessed tend to have a patrticularly close associgith only a small subset of those hosts (Clarke
et al.2001; Mannergt al.2011; Milne & Walter 2000; Popple & Walter 2010eMscoet al. 1995;
Walter & Benfield 1994; Zalucket al. 1994). This observation has lead to the designatio

primary hosts. These are the plants with whichehesects are most regularly associated, and on
which they are found at highest abundance, oryahuionary terms, the hosts to which the species
is primarily adapted. Extensive research into thegie-temporal stability of these patterns would

provide key insights into the general applicabibfyinterpretations based on optimisation.

Establishing the pattern of host use in terms etigs limits of the herbivore concerned and its
primary hosts, as well as the geographic and teahgtability of these patterns, is therefore caitic
to scientific hypothesis testing among alternagix@cesses. Defining the primary host of an insect
herbivore (that uses multiple hosts) is also @itio structuring subsequent research into host use
Tests of the variability of host plant relationshighe relevance of “enemy free space”, or the
physiological responses of the insects to alteradtost plants might have only limited value if
they are conducted solely on secondary or incidiéaists, which is not an uncommon practice.

Helicoverpa armigeraa widespread species that is considered a gestehals a strong attraction

to pigeon peaGajanus cajahbut also accepts other plant species for ovimrs{iRajapakse &
Walter 2007). This strong attraction to the primaogt has lead to the adoption of pigeon pea as a
trap crop foH. armigerain transgenic cotton systems, with the aim of stgithe development of
resistance (Sequeira & Playford 2001). Analysgslarit volatiles and sensory responses to those
volatiles show that each of these alternative hesiigs only a subset of the volatiles emitted by
pigeon pea, indicating that the mechanism of mieltiost use in this species is likely due to a
reduced threshold of host acceptance (Rajapeikak2006). Researchers continue to ignore this
result when designing tests of oviposition behav{@alucki et al.2012), gene expression
responses to different host plants (Kotktial.2012; Maria de la Paat al.2012), nutritional value

of hosts (Hematet al.2012) and trade-offs between adult oviposition langal performance (Liu

et al.2012). Despite the strong negative selection asdumbe provided by transgenic cottbh,
armigeraoviposition preference in relation to tobacco, @oetand cabbage has, however, remained

consistent across three decades (Zalathki.2012).
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Although laboratory based behavioural tests camigeovaluable insights into the host location
mechanism of herbivorous insects, they almost tabily exclude environmental context and long-
distance host-location cues. This can lead to@ejmncy between the observed host range under
laboratory conditions, and the realised host ramgker field conditions, a situation that is
commonly reported (e.g. Mannesal.2011; Rafteet al.2008). It is therefore desirable to assess

host-use in relation to the natural environmertheforganism in question (Mannetsal.2011).

Chloroplast markers extend ability in this respecthey provide a method of detecting past feeding
behaviour in field collected insects. This approhak been applied to various organisms, including
herbivorous insects (Handeletral. 2010; Jurado-Riverat al.2009; Navarreet al.2010; Valentini

et al. 2009). This approach has, to date, been predomtyregpplied typologically to refine host lists
generated previously. In this thesis | developedproach to understanding multiple host use by
insects by building on these technical advancescigally, | combined them with a quantified

field survey of the relative insect abundance acpdant species available locally and the relative
regularity with which the different host plant specwere used. This combined approach has
already yielded new insights into green mirid haant relationships.

The consistently higher abundance of green mindswvo species in the genQsllen highlighted

that these Australian native legumes are the pyirhasts ofC. dilutus(Chapter three, Fig. 3.3).
Further comprehensive testing of the temporal ktabif this pattern should be a research priority
as discussed above. Miles (1995) did note, howdlat lJarge numbers of green mirids were found
on Cullenduring her surveys some 15 years prior to thisithéndicating that green mirid host-use
has remained stable over this period. The gut abiealysis showed, however, titatdilutuswill
feed on other plant species, and that a propodiahose collected from these primary hosts had
done so (Table 3.1).

Quantitative analyses of the stability of insecsthaant relationships must be conducted
systematically before predictions following fromtiopisation based interpretations of multiple host
use can be falsified. It is clear, however, thahsexplanations fail to account for the proximate
mechanisms that might lead to multiple host usthbyintroduction of the unnecessary intermediate
of “efficiency” (Finlay-Doney & Walter 2012). In thcase of green mirids, it seems most plausible,
based on the evidence presented in this thesitharatid environment to which this species is
primarily adapted, that multiple host plant usa fsxed adaptation to survive ephemeral conditions.
This has been demonstrated experimentallyenara viridula a heteropteran that also uses
multiple hosts (Velasco & Walter 1993).0f dilutusindividuals were using different host plants to

maximise their fitness relative to each otherpoother species, then the pattern of host use would
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be expected to vary across space and time. Instedién has likely been the primary host of green
mirids for some time, and in agricultural areaslne hosts the highest abundance of green mirids.
This crop is visually similar, and phlyogenticatlipser toCullenthan other crop species tltt
dilutususes, suggesting that the observed pattern ofusest driven by the primary adaptations of

this bug rather than inter or intra-specific conpmt.

6.3 Implications for management of green mirids at future research

priorities arising from this thesis

The sequence data and phylogenetic trees presenthdpter two (Figs. 2.2, 2.3, 2.4) confirmed
that green and brown mirid€ ( dilutusandC. pacificu$ are well separated species, as realised by
earlier morphological studies on green mirid (Cfangawong 1988; Malipatil & Cassis 1997;
Miles 1995).Creontiades dilutuandC. pacificusare closely related (Chapter 2.1), but the gesius i
globally widespread and has not received much geyletic attention. Sequence data also helped
determine that the emergent mirid pest in the USH&inally believed to be the Australi&h

dilutus, was actually a different species (Coleneaal. 2008). Subsequent taxonomic examination
of the USA mirid revealed it was in faCt signatusindigenous to the Americas, and this species
has since received considerable research intékasis{rong 2010; 2010a Armstrorg al.2009a;
Armstronget al.2010; Armstronget al.2009b; Armstronget al.2009c; Breweet al.2012). Given
that a number ofreontiadesspecies are agricultural pests and use multipdésha thorough
phylogenetic analysis in combination with detaidedlyses of host use across this ecologically
poorly understood genus may provide an evolutiopargpective to host use within this group and
thus contribute to interpreting the functional agpef multiple host use.

Creontiades dilutufad significantly lower genetic diversity in thétochondrial CO1 gene
sequences thad. pacificugFig. 2.5). Miles (1995) noted differences in therphology of the egg
opercula of these two species that possibly indttataptations to relatively dr§ (dilutug or wet
(C. pacificug conditions. This hypothesis is apparently boraehy the distribution of these two
bugs, with brown mirids restricted to the relatjvelet coastal regions of Australia, and green
mirids present throughout the arid regions (Fig.2The difference in genetic diversity between
these species likely correlates to the stabilitpabulations in these two habitats, a point thag wa
explored more fully in Chapter four (also see bglow

Given thatC. dilutusis endemic to Australia, and in particular haspaaiions and a distribution

that indicate a close association with the aridriot of Australia, it seemed strange that so few

88



native host plants had been recorded. During tvawsyef field surveys | added 22 native host
plants to this already extensive list (currently®ant species). As outlined in the previous segtio
however, our understanding of multiple host useldess hindered, rather than aided by host plant
lists. Creontiades dilutuss found more regularly and at consistently higtemsities on two species
in the genuullen namelyCu. australasicunandCu. cinereun{Chapter three, Fig. 3.3). Gut
content analyses demonstrate, however, that gr@ahindividuals will move between other plant
species and feed on these different species, elien wollected from their primary hosts (Chapter
three, Fig 3.4).

The green mirid has been notoriously difficult taintain, under laboratory conditions, for more
than two generations (M. Khan, Queensland Depattwfesgriculture Forestry and Fisheries,
pers. comm2009). By establishing that these two species angapy hosts foC. dilutusl have
provided a new option for laboratory rearing thaynenable future studies to explore, more fully,
the cues used for host location and acceptancehdrarore, no effective biological control agents
have been found for green mirids to date. Someiddials have been observed carrying mites but
these cause little mortality (M. M. Miles, QueemsldDepartment of Agriculture Forestry and
Fisheriespers. comm2010). Future attempts to locate biological cdragents for use in the
integrated pest management of this bug (for examgieparasitoids) would be best directed
towards the original geographic distribution ananary host plant species, nameé&ullenspecies
growing in inland areas of Australia, rather thia@ €xpanded range of this pest in eastern
agricultural cropping regions. Perhaps more wogymterms of mirid abundance in agricultural
regions is the proposal to uSelllenspecies as pasture crops in Australia (Be#ll.2012; Bennett
et al.2010; Loriet al.2009; Suriyagodat al.2010).

| assessed gene flow betwe@ndilutus’native arid range and host plants and the easteppitig
regions (where it causes economic damage) usinguitresatellites that | developed (Chapter

two), and CO1 sequences of recent material andlsaropllected much earlier, in 1983/1993. The
analysis of these data revealed a spatiotempabaigmic pattern of genetic differentiation and
gene flow. The low diversity of CO1 haplotypes &nel shift in predominant haplotype over time
(Chapter four, Fig. 4.1) indicate that populatiartlenecks (perhaps severe) followed by expansion
may not be uncommon in this species, likely theltesf fluctuations between dry and wet periods
in the arid interior. The microsatellite data shdvtleat although some differentiation is detectable
between regions, strong evidence exists for admaxand migration (across vast distances)

between the arid interior and subcoastal croppaggons (Chapter four, Figs. 4.3 & 4.4).
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Genetic differentiation across host plants wasstroing, but there were more rare alleles present in
samples collected from the primary host. This cdwspattern of weak differentiation as revealed
by the STRUCTURE analysis (Fig. 4.5). If this pattes observed in other species that use multiple
hosts, it highlights the importance of quantifyimgst use in studies that assess host associated
genetic differentiation in herbivorous insectsgheen mirids, the adaptations to the arid
environment (multiple host use, and dispersal) Hikedy not only allowed the colonisation of new
environments, but continue to be the predominatgrdenant of current patterns of genetic
differentiation. Currently a single pesticide (Fipil) is used heavily to control green mirids in
cotton (Whitehouse 2011). Although no resistandeipoonil or other pesticides has been reported
to date inC. dilutus the American mirid pedtygus lineolarishas developed increasing levels of
resistance to organophosphates (hal.2012). Continuing gene flow from arid inland
populations into the eastern cropping regions woel@xpected to dilute resistance genes, and
therefore reduce the ability @f. dilutusto develop fixed resistance to pesticides. It iasyever,
expected thatlelicoverpapunctigera(which also disperses into cotton from inlandsjiteould be
less likely tharH. armigera(which is mostly restricted to cropping regionsjtyvelop resistance to
Bt toxins (Gunning & Easton 1994).

Previous research highlighted discrepancies iusigeof cotton and lucerne by green mirids. The
tests of gene flow presented in this thesis shattiese discrepancies are not caused by the
presence of cryptic species on these two crop liGéigpter five, Fig. 5.2). Further, the analyses of
chloroplast sequences showed that when cottonumednle are adjacent, a proportion of green
mirid individuals will move between these crops &ed on both (Fig. 5.3). Miles (1995) surveyed
green mirid abundance in lucerne plots prior ta, fmiowing the influx of green mirids to cotton,
and concluded that lucerne was not the source mdigrthat invade cotton crops. These results can
be explained, however, by green mirid dispersahfioland sites (Fig. 4.5), if they settle at the
same frequency on cotton and lucerne. Anticipategnumber of mirids likely to turn up in cotton
in any given year is difficult. We first need toderstand what causes them to take long distance
flight, and whether it is a controlled behaviourleast on leaving the plant initially. Althougheth
isolation by distance analyses (Chapter four, &i8) indicates recent dispersal, the frequency with

which such events might take place is still an ompesestion.

The chloroplast analysis (Chapter five, Fig. Sti)icates that attractiveness may not be the reason
that lucerne trap crops appeared to be effectineansah & Khan's (1997) study, because of the
considerable movement between these two crof3. lojylutusdemonstrated in this thesis. The

presence of unsprayed lucerne strips possibly babstnumbers of predators of green mirids, such
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as spiders@xyopes molariysand damsel bugsiNabis kinbergij (Whitehouseet al.2011a), which
might explain the observed efficacy of these stimgslensah & Khan's (1997) work. Species of
Cullen, specificallyCu. cinereunandCu. australasicummay prove to be better trap crops than
lucerne, but green mirids do move between thesegoyi hosts and other plant species (Chapter
three). Without structured research into the heatching and acceptance mechanisms in green
mirids it is therefore difficult to predict how efttive this approach would be. Bd@l. cinereum
andCu. australasicunare currently under investigation, in Australia,diought tolerant pasture
crops (Loriet al.2009; Bennetéet al.2010; Suriyagodat al.2010; Bellet al.2012). Together, the
results presented in this thesis indicate thatrgreieids disperse readily, even over long distances
and will accept hosts other than their primary lpdaht species as they terminate their dispersal
flight and even as part of their local movemenis therefore possible that the introduction othe
species as widespread pasture crops would insteddge large numbers of green mirids that may
subsequently move into the cotton system. Cle#ltl/reason for their movement and acceptance of

alternative hosts needs to be addressed.

6.4 Concluding remarks

The debate about the evolutionary significancecofagical specialisation vs generalisation in
terms of resource use has intensified recently) gpiecial reference to insect host-plant
interactions. Loxdalet al.(2011) considered the improbability of generaiiabits evolving given

the reduction in competition that should follow wtspecialist habits evolve. Conversely, Deratis
al. (2011) argued that true generalists not only gkist are an essential precursor to the evolution
of species with specialist habits, and that turndetween the two states (especially given the
increased likelihood of extinction in specialises@s) can explain a balance between the two
habits. In contrast to these two perspectives)tamative argument has been developed to indicate
that our perception of “generalists” might not h&een accurately developed from the outset,
mainly because the functional relationship of tieects with their hosts (or prey) has been ignored
to a large extent, and that a more mechanisticgreation is needed as a basis for developing

robust generalisations (Finlay-Doney & Walter 2012)

The research presented here®milutusextends this latter perspective, for it indicates we do
need to know much more about individual speciesuba multiple hosts, how they do so and why.
Understanding the primary patterns of multiple hest under natural conditions (and the stability
or variability of these patterns) is critical teethvaluation of alternative processes, and ap@i@pri
testing of alternative hypotheses. To this endaghgroach outlined and justified in this chaptdr wi
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contribute to the development of more robust gdisatéons about the ecological and evolutionary

significance of the “generalist” way of life in loévorous (and other) insects.
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Abstract.

Research was conducted to evaluate the possithifitya plant bug damaging cott@opssypium
hirsutumL., in south Texas is actually green mit@reontiades dilutu§tal, which is the primary
plant bug pest of cotton in Australia. Moleculangarisons targeting a fragment of the COL1 region
of mitochondrial DNA were made d@reontiadespecimens collected from the Lower Rio Grande
Valley of Texas and specimens of green mirid amaviarmirid, C. pacificusStal, collected from
Queensland, Australia. The emerging south Texdercpest is neither of the species tested from
Australia; rather it is a closely related, possiilgigenous species. Further morphological
systematics work is needed to identify @rontiadespecies from Texas, and collection of

additional specimens from several locations whieieknown to occur is ongoing.

Introduction

The mirine genu€reontiadeDistant is widely distributed in temperate, subicapand tropical
regions of the world (Yasunaga 1997). Several gsesie reported to damage a number of
vegetable and field crops, particularly legumes @wttbn,Gossypium hirsuturb. A mirid in the
genusCreontiadeghat feeds on cotton terminals, squares and srobdl is considered an annual
pest in the Lower Rio Grande Valley and CoastaldB&gions of Texas (Norman and Sparks 2002,
Fromme 2006, Parker 2006). Feeding damage cart neguiscission of squares and small bolls.
Treatment thresholds have yet to be experiment@lgrmined, however, recommendations
concerning action levels and insecticide choicesgaly follow guidelines developed faygus
spp. (Norman and Sparks 2002). Specimens the sauioor collected from the Lower Rio Grande
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Valley and provided to taxonomists were identifeexC. debilisVan Duzee, (J.C. Schaffner,
Department of Entomology, Texas A&M University) ©r dilutusStal (M.D. Schwartz, Agriculture
and Agrifood Canada, Ottawa, Ontario, Canada). ineieid, C. dilutus is the primary plant bug
pest of cotton in Australia (Khan et al. 2004). D gene has proven to be useful in a molecular
analytical approach for characterization at theegseevel in arthropods (De Barro et2000,
Goolshy et al. 2006). De Barro and Goolsby (unphgd data) used the D2 expansion domain
sequence of the 28S rRNA to compare specimensctadlédrom the Lower Rio Grande Valley with
specimens of. dilutusfrom Australia. Preliminary evidence indicated ttte Texas mirid could
beC. dilutus

With a divergence of opinions as to the true taxoicadentity of the mirid from south Texas, our
objective was to use a molecular analytical apgrdagyeting a fragment of the COI region of
mitochondrial DNA to determine the degree of nuttEsequence divergence between
Creontiadessp. from the Lower Rio Grande Valley a@ddilutusfrom Queensland, Australia and
infer phylogenetic relationship between the twoydapons. Such knowledge can provide insight

into the potential need for search of natural eesrand/or biological control options for this pest.

Materials and Methods

Collections ofCreontiadessp. adult specimens were obtained with a sweefroratnettleleaf
goosefootChenopodium muralke., and London rockeGisymbrium irioL., at two locations in the
Lower Rio Grande Valley, Texas, U.S.A. Collectiaigireen mirid C. dilutusStAl, and brown
mirid, C. pacificusStAl, were collected with a sweep net from a conuiaplanting of pigeonpea,
Cajanus cajar(L.) Millsp., near Byee, Queensland, Australia. e molecular comparison, 10
specimens each @freontiadessp. andC. dilutusand five specimens @&. pacificuswere used in
this study. Adult insects were preserved in 95%mbhat - 200 C prior to extraction. Collection
and specimen data (including GenBank accession etgntor the individuals used in the
molecular comparison are shown in Table 1. The h&ladbomen and legs of each specimen was
removed and only the thorax used for DNA extractmavoid inclusion of inhibitors from the head
and possible protein contamination from the gue fémaining body parts were stored at the
University of Queensland for future analyses. GeicddNA was extracted with the DNEasy
extraction kit from Qiagen, with an elongated lysisl2 hours. PCR was performed on the genomic
DNA using the Folmer primer set: LCO1490: 5-GGTCAAAATCATAAAGATATTGG-3',
HCO02198: 5-TAAACTTCAGGGTGACCAAAAAATCA-3' (Folmerteal 1994). These primers
amplify a 658 b.p. fragment of the COI region otauhondrial DNA. PCR 28 reactions were set
up using Qiagefagpolymerase according to the manufactureris ingtmstin reactions with a

1.5mM Mg2+ concentration. Cycling conditions wessf@llows: 3 minutes of initial denaturation
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at 95° C followed by 30 cycles of denaturation for 1 mimat 95 C, 1 minute of annealing at 80

C and 1-minute extension at“@. Product checking was carried out on a 1% agageke
visualized by ethidium bromide staining and ultralet illumination. PCR products of the expected
size were recovered from all samples and sequdridedctionally by MACROGENTM on a
3730xI DNA analyser using the above primers. Segeemwere edited using Chromas Pro
(Technelysium Pty. Ltd.) and BioEdit (Hall 1999ndaaligned using ClustalW (Thompson et al
1994); this produced a 567-bp-processed fragméitiFP(Phylogenetic Analysis Using Parsimony
[*and Other Methods]) (Swofford 2002) was usedrfeighbor-joining, parsimony, and maximum
likelihood estimation. For parsimony, 101 nucleetfbsitions were informative (of 567).
Bootstrapping was performed for 1,000 replicatiisrandom addition sequence replicates, tree-
bisection-reconnection (TBR) and MulTrees in effeEbr maximum likelihood, MODELTEST
(Posada and Crandall 1998) indicated that the ammstopriate model of nucleotide substitution
was GTR+G where the proportion of invariable s{tegqualed zero and the gamma shape
parameter (G) equalled 0.2252. Nucleotide freque=naiere A = 0.3406, C = 0.1613, G =0.1715, T
= 0.3266. Bootstrapping was performed for 100 ogpions (10 random addition sequence
replicates, tree-bisection-reconnection (TBR) andTvees in effect). Three uniq@ pacificus

haplotypes were used as the outgroups in all aeslys
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Table Al1.1.1. Collection and Specimen Data for@neontiadespp. Individuals Used in
Molecular Comparison.

GenBank

accession
Location Date Host plant Species Specimen code number  Sex
Byee 14  Pigeonpea  C. dilutus QLDbyeeFWD1 EF016724
Queensland Mar. QLDbyeeFWD2 EF016725 M
Australia 2006 QLDbyeeFWD3 EF016726 F
QLDbyeeFWD4 EF016727 F
QLDbyeeFWD5 EF016728 F
QLDbyeeFWD6 EF016729 F
QLDbyeeFWD7 EF016730 M
QLDbyeeFWDS8 EF016731 M
QLDbyeeFWD9 EF016732 M
QLDbyeeFWD10 EF016733 F
Byee 14  Pigeonpea C. pacificus QLDbyeePACFWD1 EF016734
Queensland Mar. QLDbyeePACFWD2 EF016735 F
Australia 2006 QLDbyeePACFWD3 EF016736 M
QLDbyeePACFWD4 EF016737 M
QLDbyeePACFWD5 EF016738 F
Hidalgo 15 Nettleleaf C.sp TXFWD1 EF016739 F
Co. Texas Feb. goosefoot TXFWD2 EF016740 M
2005 TXFWD3 EF016741 M
TXFWD4 EF016742 M
TXFWD7 EF016743 F
TXFWD8 EF016744 F
TXFWD10 EF016745 M
TXFWD11 EF016746 F
TXFWD12 EF016747 F
TXFWD14 EF016748 F
Cameron 9 London C.sp TX1FWD1 EF016749 F
Co. Texas Mar. rocket TX1IFWD2 EF016750 M
2005 TX1FWD3 EF016751 F

M
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QLDByeeFWD10

Fig. 1. COIl maximum likelihood tree with bootstreggdues forCreontiadesspp. QLDByeePAC =
C. pacificusrom Byee Queensland, Australia (outgroup); QLDBy =C. dilutusfrom Byee
Queensland, Australia; TXFWD + TX1FWDGreontiadessp. from South Texas, USA.
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Fig. 2. COI parsimony tree with bootstrap valumsdreontiadespp. QLDByeePAC €.
pacificusfrom Byee Queensland, Australia (outgroup); QLDBy =C. dilutusfrom Byee
Queensland, Australia; TXFWD + TX1FWDGreontiadessp. from South Texas, USA.
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Results

From the total of 28 individuals examined, the p8a@mens from Texas contained nine unique
haplotypes, the 1Q. dilutusspecimens only three and the f@epacificusalso three unique
haplotypes. All three analytical methods resultettientical reconstructions. Fig. 1 shows the
relationships resulting from maximum likelihood bysés. The Texas and Australia groups were
separated by bootstrap values of 100 on each br&octparsimony, an identical tree was produced
with only small differences in bootstrap valuegy(F2). The branch leading to all of the Australia
sequences was supported by a bootstrap value adridéhe Texas branch was supported by a
value of 94. Neighbor-joining provided the samatiehship. The Texas mirids all had a within
group similarity of 99%Creontiades dilutufrom Australia had a within group similarity of 99%
The between group similarity was 89-90%. In COls sluggests they might be different species

because a 2-5% difference equates to approximatelylion years (Brower 1994).

Discussion

The fact that there are nine unique haplotypekerlB Texas specimens sequenced suggests that a
recent invasion of Texas I6y. dilutusis unlikely because invasions generally involveralis

number of founders with low genetic variability. 801 is a relatively conservative gene and the
great diversity observed in this study suggestsGheontiadespecies has been in Texas for a long

time.

Other evidence supports the molecular analyseghbanirid from Texas is n@. dilutus In the
Texas mirid, the egg operculum turns a jet bladkrcafter incubating for approximately 48 hours
at 250 C, whereas the operculum of green mirid éggs Australia remain an opaque color until
eclosion regardless of incubation temperature (Kark personal communicatioi@reontiades
dilutuseggs hatch in 4 to 5 days at 30-350 C (Khan &x0#14), whereas the least time recorded
from oviposition to egg hatch for the Texas misdBidays. Also, in the Texas mirid, 1st-3rd instars
have multiple red bands on the antennae rathertheasingle band on the distal segment &.in
dilutus Generalist polyphagous species are prime caredidat harboring specialist cryptic species
that cannot be distinguished by morphology alonis. possible that this is the case withdilutus

in Australia. Further genetic analysis of specimieosy a geographic spread and range of host
species is ongoing. This will reveal the presemzkextent of any cryptic divergence, which can be

examined in relation to the Tex&mneontiades

Differences in species characterization at the oubde level found in this study may indicate that a
revision is warranted to define a new morphologataracter set to separate species in this taxon.
We are collecting additional material from Texasaltbons to support this taxonomic need.
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Appendix 3.1 Incidence records of the green miGdeontiades dilutusbtained from a survey of

the literature and field survey results preseme@hapter 3. Refernces: A = Chinajariyaong 1987,

B = Miles 1996, C = Malipatil and Cassis 1997, Bllkan 1999, E = This thesis.

Juveniles

Family Species Common Name Present Reference
Aizoaceae Tetragonia tetragonoides New Zealand spinach N D
Aizoaceae Trianthema portulacastrum Y A
Amaranthaceae Alternanthera nodiflora Common joyweed D
Apiaceae Trachymene glaucifolia Blue parsnip B
Asteraceae Calotis multicaulis Burr daisy B
Asteraceae Flaveria australasica Speedy weed N B
Asteraceae Helianthus annuus Sunflower Y A C,DE
Asteraceae Ixiolaena chloroleuca B
Asteraceae Rhodanthe floribunda B
Asteraceae Senecio glossanthus Slender groundsel N B
Asteraceae Silybum marianum Variegated thistle Y
Asteraceae Verbesina encelioides Wild sunflower Y D,B,E
Asteraceae Xanthium occidentale Noogoora burr N
Asteraceae Blumea saxatilis Y
Asteraceae Brachyscome campylocarpa
Asteraceae Epaltes cunninghamii Y
Asteraceae Polycalymma stuartii Poached-egg daisy N E
Asteraceae Senecio depressicola N E
Asteraceae Senecio gregorii Annual yellowtop, fleshy groundsel Y E
Boraginaceae Echium plantagineum Paterson's curse NR

Trichodesma zeylanicum var.
Boraginaceae zeylanicum Camel bush, cattle bush N
Brassicaceae Rapistrum rugosum Wild turnip Y D,B,E
Brassicaceae Sisymbrium thellungii African turnip weed N
Brassicaceae Blennodia pterosperma Wild stock, native stock Y
Brassicaceae Phlegmatospermum cochlearinum Y E
Brassicaceae Sysimbrium irio London rocket N E
Cactaceae Aporocactus flagelliformis NR
Chenopodiaceae Salsola kali Salwort N
Chenopodiaceae Atriplex angulata Angular saltbush N E
Chenopodiaceae Chenopodium auricomum Queensland bluebush N E
Compositae Carthamus tinctorius Safflower Y D
Compositae Gnaphalium luteo-album Jersey cudweed N A
Compositae Sonchus oleraceus Common sow-thistle AE
Cucurbitaceae  Citrullus vulgaris Melon NR C
Cucurbitaceae ~ Cucumis sativus Cucumber NR C
Fabaceae Cajanus cajan Pigeon pea Y A C E
Fabaceae Crotalaria sp. Rattlepod Y B, C
Fabaceae Cullen cinereum Annual verbine Y B, E
Fabaceae Glycine max Soy bean Y A
Fabaceae Indigofera hirsuta Hairy indigo Y B
Fabaceae Lupinus sp. Lupine D, C

Continued overleaf
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Appendix 3.1 Continued

Juveniles

Family Species Common Name Present Reference
Fabaceae Macroptilium atropurpureum Siratro N B
Fabaceae Medicago polymorpha Burr medic Y A E

A B, D, C,
Fabaceae Medicago sativa Lucerne Y E
Fabaceae Melilotus indicus Hexham scent Y AB
Fabaceae Phaseolus vulgaris Green bean Y D, C
Fabaceae Pisum sativum Pea NR C
Fabaceae Rhynchosia minima Rhyncosia Y B, C
Fabaceae Sesbania cannabina Sesbania B, D
Fabaceae Vigna radiata Mung bean A, B,D,C
Fabaceae Vigna unguiculata Cowpea NR C
Fabaceae Cicer arietinum Chick pea N E

Loose flowered rattlepod, bluebush

Fabaceae Crotalaria eremaea pea Y E
Fabaceae Crotalaria dissitiflora Grey rattlepod, plains rattlepod Y E
Fabaceae Cullen australasicum Cullen Y E
Fabaceae Swainsona galegifolia Gilgai darling pea, down's pea bush Y E
Fabaceae Trigonella suavissima Channel clover
Fabaceae Vicia sativa subsp nigra Narrow leaf vetch
Geraniaceae Erodium cygnorum Blue storkshill, wild geranium Y E
Goodeniacea Goodeniacea heterochila B
Goodeniaceae  Goodenia cycloptera E
Goodeniaceae  Scaevola parvibarbata Y E
Gramineae Avena sativa Oat NR Cc
Gramineae Dactylis glomerata Cocksfoot NR C
Gramineae Echinochloa crus-galli Barnyard grass A
Gramineae Ehrharta erecta Panic veldt grass N A
Gramineae Paspalum dialatum Paspalum N A
Gramineae Sorghum bicolor Sorghum A
Gramineae Triticum aestivum Wheat NR C
Haloragaceae Haloragis glauca Glauca Y D
Liliaceae Asparagus officinalis Asparagus NR C

A B, D, C,
Malvaceae Gossypium hirsutum Cotton
Malvaceae Malva parviflora Marshmallow C,D,E
Malvaceae Malva australiana Australian hollyhock, flood mallow Y E
Molluginaceae  Glinus lotoides Hairy carpet weed Y D
Myrtaceae Leptospermum/ Melaleuca spp. Teatree NR C
Polygonaceae Rheum rhabarbarum Rhubarb NR C
Rosaceae Malus pumila Apple NR C
Rosaceae Prunus persica Peach NR C
Rosaceae Pyrus communis Pear NR C
Rosaceae Rosa sp Rose NR C
Rosaceae Rubus idaeus Raspberry NR C
Rutaceae Citrus limon Lemon NR C

Continued overleaf
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Appendix 3.1 Continued

Juveniles
Family Species Common Name Present Reference
Rutaceae Citrus sinensis Orange NR C
Scrophulariaceae Stemodia florulenta N E
Solanaceae Datura inoxia Thornapple N D
Solanaceae Lycopersicon esculenum Tomato NR
Solanaceae Solanum nigrum Black berry nightshade Y D
Solanaceae Solanum tuberosum Potato NR
Umbelliferae Coriandrum sativum Coriander N D
Umbelliferae Umbelliferae NR C
Verbenaceae Verbena litoralis Y A B
Verbenaceae Verbena supina Trailing verbena D
Verbenaceae Verbena tenuisecta Mayne's pest A B, C
Vitaceae Vitis vinifera Grape NR C
Zygophyllaceae Tribulus terrestris Caltrop Y A B
Zygophyllaceae  Zygophyllum lodocarpum N E
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Appendix 3.2. Creontiades dilutusollection data showing all sites sampled durhmgfield

survey reported in Chapter 3. Juv = Juveniles pt@se

Common Name Family Date Lat Long Elev Total Mean Juv
Burr medic Fabaceae 28/07/2007 150.60706 245043 1 16 0 0 NA
Lucerne Fabaceae 28/07/2007 150.51276  24.37395 169 0 0 NA
Lucerne Fabaceae 28/07/2007 150.52171  24.37525 176 O 0 NA
Lucerne Fabaceae 28/07/2007 150.52314  24.37698 171 0 0 NA
Blue storkshill, wild geranium Geraniaceae 28/00/20 150.51912 24.37488 172 0 0 NA
Chick Pea Fabaceae 29/07/2007  148.0923  23.46574 190 0 0 NA
Wild Turnip Malvaceae 29/07/2007 148.0923  23.46574190 0 0 NA
Vetch Fabaceae 29/07/2007  148.0923  23.46574 190 0 NAa
Spiked malvastrum Malvaceae 29/07/2007 148.0923 46334 190 1 01 N
Chick Pea Fabaceae 29/07/2007  148.0923  23.46574 190 0 0 NA
Burr medic Fabaceae 29/07/2007 148.16142 23.5013 3 18 0 0 NA
Asteraceae Malvaceae 29/07/2007 148.19818  23.4985270 0 0 NA
Blue storkshill, wild geranium Malvaceae 29/07/200148.19818  23.49852 170 0 0 NA
Lucerne Fabaceae 29/07/2007 148.20941  23.57894 191 0 0 NA
Wild Sunflower Asteraceae 29/07/2007 148.11391 5588 163 2 0.2 N
Blackberry nightshade Solanacae 30/07/2007 145.28114  23.55155 256 0 0 NA
Burr medic Fabaceae 30/07/2007 145.28114  23.5515556 2 0 0 NA
Muellers salltbush Chenopodiaceae 30/07/2007 14833 23.54188 270 0 0 NA
Burr medic Fabaceae 30/07/2007 144.22381 23.4380488 1 0 0 NA
Muellers salltbush Chenopodiaceae 30/07/2007 13812 23.43804 188 0 0 NA
Bullamon lucerne, white scurfpea Fabaceae 31/07/20042.45028  22.23838 169 0 0 NA
Grey rattlepod, plains rattlepod Fabaceae 31/07/20042.45028 22.23838 169 2 02 N
Coffee senna, arsenic bush Caesalpiniaceae 31007/2A42.11104  22.21488 226 0 0 NA
Annual Verbine, native lucerne Fabaceae 1/08/20089.6Y076  23.41438 192 146 146 Y
Blue-rod Plantaginaceae 1/08/2007 139.6707 23.41618 115 2 2 W™
Galvanised burr Chenopodiaceae 1/08/2007 139.66923.41635 114 0 0 NA
Native verbine Fabaceae 31/07/2007 139.65477 28315 119 33 33 Y
Galvanised burr Chenopodiaceae 31/07/2007 139.65423.41563 119 0 0 NA
Annual Verbine, native lucerne Fabaceae 1/08/20089.58743  23.94401 105 102 102 Y
Galvanised burr Chenopodiaceae 1/08/2007 139.54723.94401 105 0 0 NA
Loose flowered rattlepod, bluebush pea  Fabaceae 8/2D07 139.54537  24.12115 99 70 7Y
Small-beard Fanflower Goodeniaceae 1/08/2007 #33% 24.12115 99 38 38 Y
Camel bush, cattle bush Boraginaceae 1/08/2007 54897 24.12115 99 8 08 Y
Annual Verbine, native lucerne Fabaceae 1/08/20089.46623  24.37087 79 344 344 Y
Green Pussytail Amaranthaceae 1/08/2007 139.46508.37205 86 0 0 NA
Loose flowered rattlepod, bluebush pea  Fabaceae 8/2007 139.46506  24.37405 86 84 84 Y
Annual Verbine, native lucerne Fabaceae 2/08/200B9.06527  25.87944 37 62 6.2 Y
Loose flowered rattlepod, bluebush pea  Fabaceae 8/2B007 139.0538 25.87966 56 38 38 N
N/A Asteraceae 3/08/2007 139.07843  26.67069 21 5 5 0y

N/A Asteraceae 3/08/2007 139.07843  26.67069 21 3 3 0¥
Wild stock, native stock Brassicaceae 4/08/2007 .2Z/B17  26.57427 18 31 31 Y
N/A Goodeniaceae 4/08/2007 137.27917  26.57427 18 404 Y
Annual yellowtop, fleshy groundsel Asteraceae 4087 137.2745  26.57424 17 3 03 N

Continued overleaf
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Appendix 3.2 continued

Common Name Family Date Lat Long Elev Total Mean Juv
Wild stock, native stock Brassicaceae 5/08/2007 .M¥R21  26.32323 67 12 12 N
Green mulla mulla Amaranthaceae 5/08/2007 137.04226.32323 67 0 0 NA
Tangled mulla-mulla Amaranthaceae 5/08/2007 132042 26.32323 67 0 0 NA
Poached-egg daisy Asteraceae 5/08/2007 137.04221.32323 67 1 01 Y
Annual yellowtop, fleshy groundsel Asteraceae 5087 137.04221  26.32323 67 14 14 Y
Loose flowered rattlepod, bluebush pea  Fabaceae 8/26007 138.81915 25.9011 29 15 15 Y
Tangled mulla-mulla Amaranthaceae 6/08/2007 138819 25.9011 29 0 0 NA
Camel bush, cattle bush Boraginaceae 6/08/2007 81385 25.9011 29 0 0 NA
Tall Verbine, Georgina lucerne Fabaceae 7/08/200B8.811915 25.9011 29 109 109 Y
Fan saltbush, angular saltbush Chenopodiaceae 20@B/ 138.81915 25.9011 29 2 02 Y
Queensland bluebush Chenopodiaceae 7/08/2007 P3%.81 25.9011 29 4 04 N
Wooly headed Burr daisy Asteraceae 7/08/2007 13881 25.9011 29 7 07 Y
Tall Verbine, Georgina lucerne Fabaceae 7/08/200B8.86397 25.9002 36 240 24 Y
Australian Hollyhock, flood mallow Malvaceae 7/0807  138.85397 25.9002 36 6 06 N
N/A Asteraceae 7/08/2007 138.85397 25.9002 36 18 8 1Y
N/A Asteraceae 8/08/2007 140.34479  25.84281 51 8 8 Oy
Tall Verbine, Georgina lucerne Fabaceae 9/08/200740.7B364  27.74113 30 30 3V
Annual yellowtop, fleshy groundsel Asteraceae Q087 140.65095  27.93677 41 7 0.7 N
Wild stock, native stock Brassicaceae 9/08/2007 .1BWH7  28.49232 21 48 48 Y
Annual yellowtop, fleshy groundsel Asteraceae Q087 140.18757  28.49232 21 8 08 N
Gilgai Darling pea, Down's pea bush Fabaceae 12008/ 141.91533 29.5757 160 78 78 Y
Coopers clover Fabaceae 10/08/2007 141.91533 2B.575160 19 19 Y
Pop saltbush Chenopodiaceae 10/08/2007 141.91533 .57%0@ 160 0 0 NA
London rocket Brassicaceae 10/08/2007 141.91533 5739. 160 48 48 N
Bullamon lucerne, white scurfpea Fabaceae 10/08/20041.91533 29.5757 160 19 19 Y
Blue storksbill, wild geranium Geraniaceae 11/08/20 144.41601 30.93653 83 21 21 Y
Burr medic Fabaceae 11/08/2007 144.41601 30.93653 3 8 0 0 NA
London rocket Brassicaceae 11/08/2007 144.41601 93863 83 0 0 NA
Blue storkshill, wild geranium Geraniaceae 11/08/20 145.81435 30.1743 100 7 0.7 NA
Blue storksbill, wild geranium Geraniaceae 12/08/20 146.7766  29.95203 77 42 42 Y
Common sowthistle Asteraceae 12/08/2007 146.7766 .95203 77 0 0 NA
Lucerne Fabaceae 12/08/2007 146.35038 29.9615 115 202 N
Wild Turnip Malvaceae 12/08/2007 148.15509  29.99946132 5 05 N
Common sowthistle Asteraceae 12/08/2007 148.15509.999246 132 32 32 Y
Vetch Fabaceae 13/08/2007 149.78924  30.32028 201 0 0 NA
Common sowthistle Asteraceae 13/08/2007  149.78924.32828 201 0 0 NA
Burr medic Fabaceae 13/08/2007 149.78924  30.3202801 2 0 0 NA
Wild Turnip Malvaceae 13/08/2007 149.79217  30.32563207 2 02 Y
Vetch Fabaceae 13/08/2007  149.77808  30.31509 207 202 Y
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Appendix 4.1. Pairwise Fst's for all sites at which microsatelitvere genotyped in Chapter 4. NS = Not significaR = 0.00001-0.000095, ** P =
0.000001-0.00001, *** P < 0.000001.

BIL- BIL- BIL- EMR- EMR- EMR- EMR- EMR- BIR- SIM- SIM- SIM- SIM- SIM- SIM- SIM- EYR- MIL - MIL- MIL - MIL - TIL- BOU- WAL - BRE- BRE- BRE- BRE- BRE- NAR- NAR- NAR-
GH MS1 MS2 VE1 MS GH CA VE2 BS BP1 GC SG1 BP2 SG2 CE CA CA Ts SG Sl Ccp EC EC MP MP MS1 EC pPC MS2 MP GH MS

0.074 0.120 0.098 0.085 0.057  0.061 0.070 0.077 0.050 0.030 0.046 0.046 0.065 0.081 0.104 0.093  0.193 0.188 0.137 0.096 0.111 0.121  0.056 0.173 0.119 0.133 0.223 0.192 0.169 0.030 0.071

NS 0.182 0.061 0.077 0.111 0.162 0.063 0.064 0.097 0.091 0.069 0.128 0.129 37.1 0.154 0.131 0.194 0.151 0.111 0.075 0.105 0.122  0.055 0.137 0.083 0.106 0.138 0.134 0.148 0.073 0.061
o ** 0.181 0.168 0.130 0.046 0.098 0.119 0.099 0.089 0.079  0.124 0.167 0.145  0.062 0.102 0.193 0.188 0.174 0.193 0.192 0.214 0.157 0.226 0.190 0.203 0.278 0.329 0.298 0.114 0.146
ek * o 0.012 0.048 0.117 0.039 0.034 0.044 0.060 0.047 0.076 0.076  0.077 0.125 0.084 0.185 0.142 0.117 0.072 0.062 810.0 0.028 0.086 0.053 0.064 0.109 0.084 0.073 0.074 0.067
ek ** Hx NS 0.021 0.108 0.047 0.032 0.053 0.056 0.064 0.065 0.048 0.051 0.115 0.081 0.162 0.148 0.100 0.053 0.050 0.051 0.045 0.141 0.068 0.070 0.114 0.114 0.070 0.072 0.066
ek ek ek NS NS 0.079 0.055 0.031 0.039 0.042 0.048 0.042 0.050 0.026 0.102 0.077 0.186 0.185 0.132 0.086 0.076  8%0.0 0.048 0.143 0.089 0.091 0.158  0.150 0.081 0.067 0.085
NS NS NS ** *x bl 0.044 0.073 0.029  0.025 0.039 0.006 0.068 0.067 0.053 0.062 0.173 0.168 0.147 0.149 0.143 0.124 0.109 0.214 0.154 0.173 0.269 0277 0.234 0.067 0.114
NS NS NS ** il ** NS 0.014 0.013 0.051 0.021 0.025 0.083 0.050 0.052 0.041 0.153 0.117 0.099 0.098 0.103 0.080 0.059 0.131 0.073 0.103 0.162 0.165 0.156 0.054 0.061

* NS * NS NS NS NS NS 0.012 0.048 0.014 0.049 0.065 0.024 0.088 0.070 0.132 0.107 0.073 0.057 0.080 0.082 0.042 0.114 0.051 0.087 0.106  0.139 0.077 0.075 0.068
NS NS NS ** ** ek NS NS NS 0.027 0.004 0.010 0.061 0.036 0.050 0.038 0.170 0.148 0.117 0.103 0.095 0.097 0.044 0.125 0.072 0.090 0.149 0.155 0.126 0.054 0.079
ok NS NS NS NS * NS NS NS NS 0.008 0.007 -0.009 0.043 0.073 0.067 0.169 0.151 0.113 0.065 0.071 0.082 0.039 0.163 0.112 0.107 0.184 0.156 0.106 0.046 0.072
NS NS NS NS NS NS NS NS NS NS NS 0.020 0.069 0.053 0.074 0.058 0.204 0.181 0.157 0.115 0.114 0.128 0.069 0.074 0.094 0.122 0.184 0.213 0.169  350.0 0.062
NS NS ek NS NS NS NS NS NS NS NS NS 0.034 0.025 0.077 0.058 0.164 0.157 0.125 0.103 0.104 0.072  0.064 0.195 0.122 0.130 0.230 0.218 0.181 0.063 0.094
NS NS * NS NS NS NS NS NS NS NS NS NS 0.031 0.126 0.096 0.177 0.170 0.119 0.047 0.061 0.062 0.069 0.212 0.130 0.117 0.199 0.179  0.096 0.090 0.096
o NS x * NS * NS NS NS NS NS NS NS NS 0.122 0.100 0.178 0.178 0.132 0.100 0.113 0.092 0.078 0.201 0.124 0.132 0.202 0.194 0.105 0.112 0.129
e ek NS ek ek ek NS * il Hx ** NS ** ek e 0.002 0.147 0.144 0.118 0.150 0.132 0.140 0.132 0.205 3%0.1 0.120 0.192 0.232 0.217 0.081 0.100
Hax Hx ek x ok e NS el il Hx ** NS NS * Hx NS 0.153 0.142 0.114 0.120 0.099 0.110 0.106 0.174 020.1 0.097 0.166 0.187 0.168 0.069 0.078
bl bl bl ok ok ok bl bl Hx bl ek * ** * bl ok pok Hx 0.013 0.015 0.126 0.144 0.128 0.169 0.307 0.197 0.188 0.223 470.2 0.245 0.178 0.149
bl bl bl ok pok bl bl Hx il Hx rox * ** * bl ok pok Hx NS 0.012 0.114 0.132 0.129 0.138 0.248 0.158 0.166 0.187 980.1 0.220 0.168 0.129
Hx il Hx bl bl bl Hx Hx Hx ok Hx NS Hx Hx bl bl ok NS NS 0.064 0.087 0.084 0.100 0.239 0.130 0.125 0.154 680.1 0.175 0.121 0.088
il il i bl il il il i ok i bl NS * ** NS ok ok Hx ok il ** 0.009 0.038 0.056 0.203 0.096 0.084 0.123 0.116 0.073 0.082 0.049
ok ok ok ok ok ok ok ook ok ok ok ok ok ok ok ok ok ok ok ok NS 0.027 0.068 0.179 0.091 0.070 0.125 0.110 0.070 0.078 0.052
ok ok ook ok ok ok ok ok ok ok ok NS * *k * ok ok ok ok ok ok NS NS 0.090 0.242 0.113 0.102 0.184 0.172 0.131 0.087  6%0.0
ek ** Hx NS NS * * o NS NS NS NS NS NS NS e ek ek Hx e il Hx ek 0.090 0.038 0.075 0.136 0.082 0.081 0.050 0.053
ok ok ok >k ok ok ok ok *x wx ok NS *x * whx ok ok >k ok xhx wx ok ok ok NS 0.066 0.174 0.213 0.191 0.210 0.132 0.125
wak ok xhx ik ok ok ok xhx ** ok xhx NS * ok xhx wx ok ok ok ok xx wx ok NS NS 0.066 0.091 0.105 0.102 0.083 0.064
ok ok xhx ok ok ok ok xhx xhx wx ok NS * * whx ok ok >k ok xhx wx ok ok ok ok wak * *x 0.024 0.045 0.048 0.104 0.090
ok xhx wx ok ok ok xhx whx % ik wx NS = * whx ok ok >k ok xhx wx ok ok ok ok ok * ** ok 0.091 0.096 0.185 0.149
ok *k ok *k ok ok ok ok NS ok *k NS * * ok ok ok ok ok ok ok ok ok ok ok ok ok NS 0.066 0.173 0.148
bl NS * NS NS NS * NS NS NS NS NS NS NS NS ** *x il ek * NS NS ** NS * NS NS NS NS 0.180 0.156
NS * * ok ok ok NS NS ok NS NS NS NS NS ok * ok ok ok ok ok ok ok ok NS ok ok ok ok * o *k 0.010
ok ok ok ok ok ok *k * *k ok *k NS NS NS ok ok ok ok ok ok *k ok * ok *k ok ok ok ok * NS
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Appendix 4.2. Custom Perl script for converting the output of Bskss into a tabular format (tab

delimited text) that can be read into excel.

#!/usr/bin/perl

use warnings;

use strict;

#ask the user for the name of the intput and output files

print "Please enter the name of the file you would like to sort:";
my $inputfile =<>;

chomp $inputfile;

my $fileextension = "_table.txt";

my $outputfile =$inputfile.$fileextension;

#open file handle to GMALLZoutput, and output file

open (IN, "$inputfile") or die ("could not open file \n");
open (OUT, ">$outputfile") or die ("could not open output file \n");

#define results,INTO,FROM and confidence arrays

my @POPS;
my %FROM;
my $pop;

#set population counter to zero
my $countINTO = 0;

#read in file line by line,chomp, and split on spaces

while (my $line = <IN>){
chomp $line;
my @words = split (/\s/, $line);
#use if else loop to retrieve the data and push into arrays
if ($line =~ /migration rates into/){
push (@POPS, "$words[5]");
#count the number of populations using the INTO Hash
$countINTO++;
}

#take the from population and assign to the pop variable to use as a key for the hash
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elsif ($line =~ /From\s+population/){
$pop = $words[5];
}
#take the mean and push into the hash using the key defined in $pop above
elsif ($line =~ /mean for this distribution/){
#substitute the comma at in the mean value for nothing

$words[5] =~s/,//;

push (@{$FROM{$pop}}, "$words[5]");
}
#take the 2 confidence intervals and push into the same hash-key as above
elsif ($line =~ /Confidence interval: \(([\d\.\-e]+), ([\d\.\-e]+)/) {

push (@{$FROM{$pop}}, $1);

push (@{$FROM{$pop}}, $2);

else{

}

# print to screen the number of populations using the counter and list them from the INTO array

print "The number of populations read in from this file is $countINTO: \n";

printjoin ("\n", @POPS),"\n";

#print to screen the data array for the first key in the hash to make sure the data has been read in correctly
print "The data for the first population are:\n ";

print $POPS[0], "\t";

printjoin ("\t", @{$FROM{$POPS[0]}}),"\n";

#print the title lines to the output file
print OUT "\tINTO\nFROM\t";
print OUT join ("\tlower 95% CI\tupper 95% CI\t", @POPS),"\tlower 95% CI\tupper 95% CI","\n";
#print the relevant data to the output file using foreach loop on the keys stored in the @POPS array
foreach my$element(@POPS){

print OUT $element, "\t";

print OUT join ("\t", @{$FROM{$element}}), "\n";

close IN;

close OUT;

exit;
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Appendix 4.3. Results of 10 runs of the BayesAss Algorithm ushegmicrosatellite data generated in Chapter 4 ewerages and total number of

times the result was achieved.

Run 1 INTO

FROM Biloeala_Jan07 Biloeala_Jul07 Emerald_Jan07 Emerald_Jul07 Simpson_Aug07 Eyre_Aug07 Milparinka_Aug07
Biloeala (0.66683- (7.39965e-08- (5.02067e-19- (3.32989e-07- (1.53536e-10- (7.11051e-09- (9.83695e-10-
Jan07 0.6784 0.707641) 0.0070 0.0452114) 0.0004 0.003253) 0.0042 0.024694) 0.0018 0.00997136) 0.0033  0.0228437) 0.0010  0.00673681)
Biloeala (1.97263e-07- (0.667002- (1.19479e-19- (1.82551e-09- (7.23795e-12- (1.21336e-08- (2.16905e-10-
Julo7 0.0037 0.0218262) 0.6860 0.73877) 0.0004 0.00417796) 0.0020 0.0124083) 0.0007  0.00459683) 0.0031  0.0197063) 0.0010  0.006328)
Emerald (4.89443e-06- (5.81098e-08- (0.979833- (0.000111429- (3.73778e-12- (3.19796e-08- (4.08876e-10-
Jan07 0.0719  0.202911) 0.0099 0.0625765) 0.9951 0.999842) 0.0220 0.0678772) 0.0008  0.00565865) 0.0167  0.0734202) 0.0012  0.00736538)
Emerald (5.71019e-07- (1.05101e-08- (5.11782e-20- (0.666905- (1.85787e-11- (3.44023e-09- (4.33423e-10-
Julo7 0.0039 0.0208117) 0.0067 0.0412441) 0.0003  0.00376354) 0.6756 0.69682) 0.0010 0.00677542) 0.0030  0.0206527) 0.0011  0.0070801)
Simpson (0.0777035- (0.118365- (3.86987e-19- (0.214859- (0.972231- (0.181072- (1.53769e-10-
Aug07 0.2042  0.313396) 0.2363 0.314413) 0.0005 0.00438976) 0.2705 0.313468) 0.9884 0.99779) 0.2628  0.319667) 0.0010  0.00663297)
Eyre (3.11746e-07- (4.3607e-08- (5.69822e-18- (8.96927e-08- (3.79801e-11- (0.666881- (9.75528e-09-
Aug07 0.0043 0.0261688) 0.0060 0.0355629) 0.0004 0.00396491) 0.0033 0.0189611) 0.0013  0.00854976) 0.6785  0.709454) 0.0010  0.00662263)
Milparinka (1.53908e-07- (3.45161e-08- (1.75299e-18- (1.27571e-08- (2.10314e-12- (8.82275e-09- (0.908962-
Aug07 0.0067 0.0338581) 0.0077 0.0525173) 0.0004 0.00358529) 0.0020 0.0138799) 0.0006  0.00430358) 0.0082  0.0519965) 0.9499  0.983226)
Tilpa (7.83322e-07- (1.56725e-07- (2.18338e-20- (4.76872e-08- (1.0503e-11- (1.48855e-08- (8.65633e-10-
Aug07 0.0037 0.0237166) 0.0059 0.0379281) 0.0004 0.00376541) 0.0024 0.0146492) 0.0006  0.00519674) 0.0034  0.0224988) 0.0009  0.00589077)
Bourke (4.63701e-07- (4.24141e-08- (1.00669e-19- (1.74425e-08- (1.76089e-12- (3.57543e-09- (0.00753945-
Aug07 0.0043  0.0244251) 0.0079 0.0534275) 0.0004 0.00452112) 0.0025 0.0162082) 0.0006  0.00447045) 0.0059  0.0323383) 0.0388  0.0776278)
Walget (3.24112e-07- (1.35444e-08- (1.90086e-18- (8.7395e-09- (4.78229e-12- (3.83433e-09- (2.48078e-09-
Mar08 0.0038 0.0210224) 0.0065 0.0425569) 0.0004 0.00316062) 0.0022 0.0130997) 0.0006  0.00411709) 0.0030  0.0194245) 0.0011  0.00782098)
Brewarrina (3.98688e-07- (2.3886e-08- (1.30596e-18- (2.34841e-08- (9.15475e-12- (3.72919e-09- (3.68338e-09-
Mar08 0.0036 0.0185661) 0.0071 0.0483844) 0.0004 0.00364622) 0.0032 0.0222034) 0.0016 0.0107518) 0.0036  0.0275986) 0.0011  0.00751781)
Brewarrina (9.20529e-07- (8.01388e-08- (3.44704e-18- (2.24617e-06- (2.64693e-11- (2.63357e-09- (8.11857e-10-
Aug07 0.0063  0.0341372) 0.0066 0.045363) 0.0005 0.00456329) 0.0073 0.0316891) 0.0009  0.00633113) 0.0052  0.0290449) 0.0008  0.00557596)
Narrabri (2.05186e-06- (2.29592e-08- (7.11133e-21- (1.42722e-07- (2.93519e-12- (4.7969e-09- (6.83574e-11-
Jan07 0.0052  0.0300278) 0.0064 0.04102) 0.0004 0.00343414) 0.0027 0.0171501) 0.0013  0.00916102) 0.0033  0.0225865) 0.0010  0.00733938)

Run 1 Continued INTO

FROM Tilpa_Aug07 Bourke_Aug07 Walget_Mar08 Brewarrina_Mar08 Brewarrina_Aug07 Narrabri_Jan07
Biloeala (4.432e-09- (4.91797e-18- (3.33056e-06- (2.27126e-08- (7.45878e-19-
Jan07 0.0037 0.0258471) 0.0012 0.0108073) 0.0047 0.0278879) 0.0021 0.0135338) 0.0008  0.00694764) 0.0029  (2.2976e-05-0.0157413)
Biloeala (5.8575e-09- (3.22533e-20- (2.63161e-06- (1.32199e-08- (2.0626e-18-
Julo7 0.0034  0.0229855) 0.0012 0.011788) 0.0038 0.02177) 0.0019 0.0126379) 0.0007 0.00686865) 0.0032  (2.08972e-05-0.0179983)
Emerald (9.43397e-09- (5.34879e-19- (0.0630721- (1.29902e-05- (4.46801e-20-
Jan07 0.0067 0.0453171) 0.0012 0.011044) 0.1384  0.221493) 0.0604 0.142269) 0.0009  0.00864056) 0.0844  (0.0219378-0.159718)
Emerald (2.5182e-08- (4.99194e-21- (1.01852e-05- (2.01118e-09- (7.31168e-19-
Julo7 0.0036  0.0273294) 0.0012 0.0114505) 0.0036 0.018035) 0.0020 0.013271) 0.0007 0.00737683) 0.0029  (5.17117e-06-0.0145041)
Simpson (1.69573e-08- (5.50922e-18- (0.0164464- (0.00808063- (7.4827e-19-
Aug07 0.0072  0.0471737) 0.0013 0.0132781) 0.0705  0.154175) 0.0573 0.126239) 0.0009  0.00805367) 0.1306  (0.0529714-0.211686)
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Eyre (3.87404e-09- (3.61669e-20- (1.09456e-05- (5.15959e-09- (9.79551e-18-
Aug07 0.0033  0.0230904) 0.0010 0.00947349) 0.0041 0.0200717) 0.0021 0.01388) 0.0007 0.00665668) 0.0031  (1.11705e-05-0.015068)
Milparinka (3.44355e-07- (3.39566e-19- (4.19911e-06- (5.95276e-08- (6.24208e-19-
Aug07 0.0169 0.0761808) 0.0010 0.00992565) 0.0048 0.0282772) 0.0022 0.0144668) 0.0007 0.00592589) 0.0035  (5.14545e-06-0.0163889)
Tilpa (0.667085- (2.88559e-18- (6.33709e-06- (7.28799e-09- (1.92337e-18-
Aug07 0.6793 0.713382) 0.0011 0.00936205) 0.0042 0.0227416) 0.0021 0.0135378) 0.0007  0.00696427) 0.0029  (8.84213e-06-0.0156315)
Bourke (0.165902- (0.951875- (6.61631e-06- (2.22932e-08- (1.79062e-18-
Aug07 0.2602  0.320459) 0.9867 0.999637) 0.0062 0.0313009) 0.0029 0.0172517) 0.0008 0.00965827) 0.0737  (0.0340398-0.125298)
Walget (1.41282e-08- (2.85425e-18- (0.666885- (2.7291e-08- (2.04544e-19-
Mar08 0.0036  0.0241292) 0.0008 0.00794715) 0.6762  0.70235) 0.0021 0.0150908) 0.0008 0.00652754) 0.0030  (8.07701e-07-0.0145779)
Brewarrina (5.07069e-08- (5.16844e-19- (0.0274727- (0.793613- (1.42597e-19-
Mar08 0.0045 0.0305915) 0.0010 0.0100938) 0.0732  0.133212) 0.8600 0.942955) 0.0008 0.00788308) 0.0046  (6.48631e-06-0.0213492)
Brewarrina (3.01588e-09- (3.86581e-20- (6.88528e-06- (9.10149e-09- (0.965468-
Aug07 0.0040 0.0232465) 0.0013 0.013302) 0.0058 0.0301522) 0.0027 0.0166124) 0.9907 0.999684) 0.0118  (0.00104914-0.0342328)
Narrabri (7.03016e-09- (6.34511e-20- (6.71325e-06- (5.82435e-08- (1.55851e-19-
Jan07 0.0035 0.0234638) 0.0010 0.0104022) 0.0045 0.0226859) 0.0022 0.0146461) 0.0007 0.00637227) 0.6736  (0.66689-0.690011)

Run 2 INTO

FROM Biloeala_Jan07 Biloeala_Jul07 Emerald_Jan07 Emerald_Jul07 Simpson_Aug07 Eyre_Aug07 Milparinka_Aug07
Biloeala (0.954951- (5.90459e-08- (0.00417827- (0.00022126- (2.76346e-11- (2.70211e-09- (5.34219e-09-
Jan07 0.9865 0.9997) 0.0120 0.0653415) 0.0601 0.132157) 0.0477 0.1237) 0.0018 0.0130852) 0.0051  0.0348814) 0.0015  0.00984498)
Biloeala (1.11362e-18- (0.66708- (8.70454e-10- (3.28449e-07- (3.16723e-12- (6.28802e-09- (1.64709e-09-
Julo7 0.0009  0.00890129) 0.6856 0.730908) 0.0010 0.00699945) 0.0031 0.0172556) 0.0007 0.00447911) 0.0033  0.0218479) 0.0012  0.00773857)
Emerald (7.72332e-18- (3.84104e-08- (0.850401- (0.00174517- (1.77687e-11- (4.3254e-08- (1.34476€-09-
Jan07 0.0013  0.0124838) 0.0086 0.0621388) 0.9190 0.976448) 0.0208 0.0589488) 0.0010 0.00677185) 0.0117  0.0699237) 0.0011  0.00802118)
Emerald (5.02287e-20- (3.00629e-08- (2.11757e-09- (0.666987- (6.18685e-11- (7.99794e-09- (2.8009e-10-
Julo7 0.0010 0.0096683) 0.0068 0.0393727) 0.0011 0.00717368) 0.6761 0.697091) 0.0010 0.00744035) 0.0031  0.023465) 0.0010  0.00649983)
Simpson (1.69832e-18- (0.109963- (1.7107e-07- (0.138912- (0.967738- (0.183584- (3.87504e-09-
Aug07 0.0012 0.0117442) 0.2220 0.31357) 0.0071  0.0312564) 0.2231 0.295368) 0.9865 0.997156) 0.2658  0.319393) 0.0012  0.00881507)
Eyre (7.98796e-19- (4.07603e-08- (9.12125e-09- (4.34825e-07- (3.51331e-11- (0.666926- (3.26422e-09-
Aug07 0.0012  0.0100057) 0.0064 0.0412507) 0.0011 0.0072763) 0.0035 0.0186059) 0.0017 0.00997775) 0.6778  0.706475) 0.0011  0.00696023)
Milparinka (3.51499e-18- (2.6266e-07- (9.76777e-10- (1.72323e-07- (5.19443e-12- (4.38797e-08- (0.896961-
Aug07 0.0013  0.0112523) 0.0182 0.0857426) 0.0013  0.00884785) 0.0034 0.01846) 0.0007 0.00562813) 0.0109  0.0551714) 0.9442  0.985922)
Tilpa (1.87635e-20- (2.16713e-08- (4.31412e-09- (3.52202e-07- (3.49596e-11- (8.92449e-09- (0.00395543-
Aug07 0.0014 0.0121909) 0.0069 0.0434949) 0.0021 0.012885) 0.0032 0.0171371) 0.0007  0.00489462) 0.0042  0.029606) 0.0433  0.090001)
Bourke (2.74341e-18- (2.10052e-08- (2.90762e-10- (3.12142e-07- (1.0838e-11- (9.643e-09- (2.29047e-09-
Aug07 0.0010 0.00973747) 0.0070 0.0477471) 0.0010 0.00710459) 0.0035 0.0207034) 0.0012 0.00917725) 0.0034  0.0230656) 0.0012  0.00809027)
Walget (4.45446e-17- (1.97104e-08- (1.3322e-08- (5.29329e-08- (1.02925e-11- (1.67497e-08- (1.99511e-09-
Mar08 0.0010  0.010039) 0.0060 0.0405809) 0.0012  0.00843872) 0.0029 0.0178794) 0.0009 0.00667198) 0.0034  0.0208099) 0.0012  0.00827524)
Brewarrina (4.74948e-18- (8.51671e-08- (3.78594e-09- (1.01676e-06- (8.32887e-12- (2.8004e-08- (4.3838e-09-
Mar08 0.0012  0.0107358) 0.0063 0.0390482) 0.0016 0.0107513) 0.0032 0.0184683) 0.0008  0.00648072) 0.0032  0.0210253) 0.0010  0.00659539)
Brewarrina (4.17225e-18- (1.68727e-08- (3.20617e-08- (2.36909e-06- (4.70869e-11- (2.73705e-08- (4.205e-11-
Aug07 0.0012 0.0109634) 0.0071 0.0482734) 0.0020 0.0125959) 0.0063 0.0273453) 0.0011 0.00834013) 0.0050  0.0315993) 0.0010  0.00698376)
Narrabri (2.14552e-18- (8.98612e-08- (3.32343e-09- (2.05574e-07- (1.12961e-10- (2.37607e-09- (3.19328e-10-
Jan07 0.0009  0.00909438) 0.0070 0.0436237) 0.0013  0.00820967) 0.0031 0.016452) 0.0018 0.0102919) 0.0032  0.0223057) 0.0010  0.00644287)
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Run 2 Continued INTO

FROM Tilpa_Aug07 Bourke_Aug07 Walget_Mar08 Brewarrina_Mar08 Brewarrina_Aug07 Narrabri_Jan07
Biloeala (2.38381e-13- (8.40484e-09- (0.0300598- (0.0314034- (2.31467e-19-
Jan07 0.0040 0.0276249) 0.0045 0.0293299) 0.1055 0.19982) 0.0977 0.161095) 0.0008 0.00647386) 0.1910  (0.0991774-0.255107)
Biloeala (5.22242¢-18- (8.34836e-09- (4.29755e-06- (1.2822e-08- (4.87205e-17-
Julo7 0.0016 0.0124843) 0.0034 0.0236336) 0.0045 0.0218253) 0.0020 0.0130774) 0.0007 0.00597417) 0.0030  (3.2081e-06-0.0165191)
Emerald (2.51821e-14- (6.72289e-09- (0.0265199- (6.70137e-08- (3.99811e-16-
Jan07 0.0025 0.0221432) 0.0043 0.028804) 0.0834 0.163774) 0.0094 0.0508573) 0.0016  0.0154494) 0.0149  (8.4376e-06-0.0549971)
Emerald (8.80926e-15- (3.71928e-09- (5.0172e-06- (3.98446e-09- (3.72119e-18-
Julo7 0.0019  0.0159398) 0.0033 0.0208111) 0.0042 0.0212336) 0.0020 0.0146249) 0.0008 0.00717352) 0.0027  (1.64007e-06-0.0146112)
Simpson (4.49144e-15- (3.38467e-09- (0.000175141- (3.88434e-07- (6.54583e-18-
Aug07 0.0032 0.0261432) 0.0040 0.0264104) 0.0254  0.087457) 0.0214 0.0782688) 0.0008 0.00838049) 0.0232  (1.12486e-05-0.112894)
Eyre (9.43531e-15- (3.20993e-08- (6.94118e-06- (4.73013e-09- (6.54489e-18-
Aug07 0.0017 0.0152225) 0.0035 0.0220505) 0.0044 0.023226) 0.0021 0.0135494) 0.0007 0.00607682) 0.0025  (7.36414e-08-0.0133866)
Milparinka (1.3735e-14- (1.19241e-08- (3.65116e-06- (1.17813e-09- (2.08744e-18-
Aug07 0.0048 0.0346777) 0.0058 0.035729) 0.0041 0.0206226) 0.0020 0.0127389) 0.0008 0.00754672) 0.0038  (9.51159e-06-0.0201285)
Tilpa (0.913669- (0.213738- (5.41368e-06- (2.02422e-08- (9.79347e-19-
Aug07 0.9706  0.99831) 0.2777 0.323458) 0.0051 0.0274136) 0.0035 0.0203142) 0.0008  0.0073249) 0.0559  (0.0168423-0.099413)
Bourke (2.57571e-15- (0.667019- (7.54108e-06- (1.24647e-08- (4.84461e-19-
Aug07 0.0016  0.0129408) 0.6786 0.709265) 0.0048  0.0269005) 0.0019 0.012874) 0.0008 0.00763267) 0.0028  (2.1531e-06-0.0150628)
Walget (1.04252e-14- (9.06935e-09- (0.666925- (5.11691e-09- (4.70753e-18-
Mar08 0.0017 0.0143552) 0.0037 0.0240351) 0.6768  0.704447) 0.0021 0.0128952) 0.0007 0.0066355) 0.0027  (7.13965e-07-0.014192)
Brewarrina (3.67018e-14- (2.95066e-09- (0.028629- (0.797521- (9.89643e-19-
Mar08 0.0022  0.0198974) 0.0040 0.026408) 0.0715 0.12658) 0.8507 0.903651) 0.0012  0.0106339) 0.0127  (2.79514e-06-0.057358)
Brewarrina (5.75483e-15- (3.01315e-09- (1.00617e-05- (4.91413e-09- (0.95546-
Aug07 0.0020 0.0167414) 0.0037 0.024314) 0.0058 0.0286027) 0.0030 0.0196337) 0.9896 0.999673) 0.0115  (0.00103022-0.0357363)
Narrabri (1.00477e-16- (4.38736e-09- (1.02957e-05- (5.45458e-09- (1.87154e-18-
Jan07 0.0022  0.0198347) 0.0034 0.0218781) 0.0043  0.0210079) 0.0022 0.0171179) 0.0007 0.00550571) 0.6734  (0.666919-0.691638)

Run 3 INTO

FROM Biloeala_Jan07 Biloeala_Jul07 Emerald_Jan07 Emerald_Jul07 Simpson_Aug07 Eyre_Aug07 Milparinka_Aug07
Biloeala (0.666935- (2.48922e-08- (1.58731e-19- (2.20498e-07- (2.07471e-09- (7.72975e-09- (1.26202e-09-
Jan07 0.6776  0.706581) 0.0067 0.0432526) 0.0004 0.00374523) 0.0035 0.0194674) 0.0018 0.0115501) 0.0038  0.0250801) 0.0011  0.00766756)
Biloeala (1.14399e-08- (0.667123- (4.02294e-19- (3.4961e-09- (3.65975e-09- (5.34208e-09- (1.37684e-09-
Julo7 0.0026 0.0161266) 0.6871 0.734561) 0.0004 0.0035515) 0.0030 0.0170887) 0.0011 0.0070737) 0.0033  0.0208433) 0.0010  0.00726986)
Emerald (5.06629e-07- (6.12676e-08- (0.975847- (3.65095e-06- (4.1475e-10- (2.87235e-07- (2.64774e-09-
Jan07 0.0180 0.0745712) 0.0096 0.0558869) 0.9938 0.999777) 0.0202 0.0759413) 0.0023  0.0154752) 0.0247  0.100332) 0.0012  0.00859573)
Emerald (0.20192- (5.55966e-08- (2.27191e-18- (0.715497- (0.0773207- (4.68431e-08- (5.24295e-09-
Julo7 0.2718  0.320958) 0.0106 0.0621027) 0.0007 0.00633218) 0.7898 0.86852) 0.1424  0.210695) 0.0049  0.0315693) 0.0016  0.0101117)
Simpson (3.2594e-08- (0.120479- (2.54434e-18- (0.0831345- (0.779404- (0.167544- (2.11168e-08-
Aug07 0.0048 0.0307719) 0.2297 0.310017) 0.0009  0.00850962) 0.1568 0.230774) 0.8426  0.902871) 0.2545  0.317731) 0.0014  0.00863958)
Eyre (9.41118e-09- (2.17369e-08- (2.63006e-18- (1.53331e-08- (2.46875e-08- (0.667021- (2.44259e-09-
Aug07 0.0029 0.0178093) 0.0068 0.0441288) 0.0004 0.00438113) 0.0033 0.0203782) 0.0017 0.01128) 0.6778  0.706077) 0.0011  0.00768856)
Milparinka (1.17787e-08- (4.14387e-08- (4.42603e-20- (6.33374e-08- (6.55783e-10- (2.67862e-08- (0.899661-
Aug07 0.0045 0.0270276) 0.0072 0.0450145) 0.0005 0.00429708) 0.0026 0.0168456) 0.0011 0.00777743) 0.0035  0.0228838) 0.9367  0.968666)
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Tilpa (3.44708e-08- (7.81155e-09- (2.18184e-19- (2.31295e-08- (1.08253e-10- (1.19008e-08-
Aug07 0.0030 0.020523) 0.0065 0.0415572) 0.0005 0.0043442) 0.0031 0.0186648) 0.0009  0.00619956) 0.0031  0.0224313) 0.0009
Bourke (2.19717e-08- (1.4599e-08- (1.5294e-18- (2.79358e-08- (2.76613e-09- (2.26305e-08-
Aug07 0.0032 0.0217835) 0.0091 0.0513049) 0.0004 0.00317575) 0.0024 0.0157512) 0.0008 0.00588644) 0.0039  0.0249892) 0.0505
Walget (1.61701e-08- (2.88407e-08- (2.1898e-18- (6.99581e-09- (4.68536e-10- (9.8697e-09-
Mar08 0.0028 0.0184114) 0.0064 0.0397932) 0.0004 0.00412222) 0.0029 0.0200819) 0.0011  0.00693086) 0.0034  0.0241535) 0.0011
Brewarrina (2.22126e-08- (2.40132e-08- (7.08945e-19- (1.08174e-08- (1.49649e-09- (4.61398e-08-
Mar08 0.0027 0.0195502) 0.0072 0.0466579) 0.0005 0.00464387) 0.0020 0.0133311) 0.0011 0.007684) 0.0079  0.0467712) 0.0013
Brewarrina (1.03523e-08- (4.76778e-08- (2.43113e-18- (1.51103e-07- (1.44994e-08- (4.50746e-08-
Aug07 0.0035 0.023118) 0.0062 0.0406736) 0.0006 0.00616473) 0.0070 0.0294442) 0.0011 0.00672133) 0.0055  0.0329697) 0.0011
Narrabri (1.22766e-08- (1.70983e-08- (4.18374e-18- (4.5068e-08- (7.27412e-11- (3.13131e-08-
Jan07 0.0025 0.0163957) 0.0070 0.0435271) 0.0004  0.00409658) 0.0034 0.0209452) 0.0019 0.0106821) 0.0036  0.0218526) 0.0010
Run 3 Continued INTO
FROM Tilpa_Aug07 Bourke_Aug07 Walget_Mar08 Brewarrina_Mar08 Brewarrina_Aug07 Narrabri_Jan07
Biloeala (3.29157e-09- (9.88382e-19- (4.95965e-06- (4.00028e-09- (2.62601e-20-
Jan07 0.0035 0.0222645) 0.0012 0.0109641) 0.0042 0.022542) 0.0022 0.0137382) 0.0008 0.00786542) 0.0023  (4.88165e-07-0.0119745)
Biloeala (3.99296e-09- (2.76369e-19- (3.65723e-06- (7.61379e-09- (3.31704e-18-
Julo7 0.0033  0.0208357) 0.0010 0.00972194) 0.0045 0.023624) 0.0020 0.0131952) 0.0007  0.0080098) 0.0026  (1.03744e-05-0.0135637)
Emerald (9.11648e-09- (1.66486e-18- (0.0428196- (4.02323e-07- (2.59836e-17-
Jan07 0.0077  0.0450204) 0.0013 0.0127155) 0.1193  0.207208) 0.0196 0.0827867) 0.0008  0.00648281) 0.1565  (0.0534298-0.244883)
Emerald (6.56429e-09- (3.3944e-18- (0.0212659- (0.0490378- (1.75224e-19-
Julo7 0.0036 0.026541) 0.0015 0.0139871) 0.0863 0.182084) 0.1095 0.16976) 0.0007 0.00674684) 0.0182  (7.87321e-05-0.0642509)
Simpson (1.36277e-08- (3.80359e-18- (4.8185e-06- (2.73069e-08- (4.04625e-18-
Aug07 0.0061 0.042974) 0.0014 0.0125528) 0.0121  0.0577301) 0.0066 0.0419629) 0.0009 0.00757031) 0.0569  (0.00609551-0.137783)
Eyre (4.66093e-09- (9.55227e-19- (1.14926e-05- (7.1513e-09- (3.80762e-18-
Aug07 0.0038 0.0237834) 0.0011 0.011059) 0.0040 0.0216457) 0.0020 0.0128084) 0.0007 0.00718857) 0.0025  (4.22208e-06-0.0144815)
Milparinka (1.59578e-08- (1.09284e-17- (3.07948e-06- (2.69451e-08- (8.22775e-18-
Aug07 0.0056  0.0358339) 0.0011 0.0124173) 0.0040 0.0224434) 0.0021 0.0146072) 0.0008  0.00794572) 0.0033  (5.38252e-06-0.0168202)
Tilpa (0.666911- (1.89484e-19- (3.52942e-06- (1.47397e-08- (1.13124e-18-
Aug07 0.6779  0.707086) 0.0013 0.013312) 0.0037 0.0197355) 0.0022 0.0135226) 0.0008 0.00796319) 0.0025  (8.885e-06-0.012486)
Bourke (0.196051- (0.943898- (2.23659e-06- (4.67138e-08- (2.03556e-18-
Aug07 0.2699  0.321202) 0.9852 0.999621) 0.0042  0.0223648) 0.0022 0.0151171) 0.0007 0.00754128) 0.0531  (0.0144588-0.0981385)
Walget (4.38178e-09- (3.31706e-18- (0.667052- (1.63046e-08- (1.45536e-18-
Mar08 0.0039  0.0297438) 0.0010 0.0097565) 0.6766  0.704876) 0.0020 0.0146923) 0.0006  0.00583872) 0.0027  (1.85892e-06-0.0146777)
Brewarrina (1.38754e-07- (9.67378e-21- (0.0260042- (0.7914- (3.65837e-19-
Mar08 0.0070  0.0429632) 0.0013 0.0133183) 0.0715 0.131082) 0.8441 0.896564) 0.0008  0.00796899) 0.0150  (4.13321e-05-0.0509539)
Brewarrina (5.9285e-08- (4.76681e-21- (6.97529e-06- (3.83624e-09- (0.96713-
Aug07 0.0047  0.0308338) 0.0013 0.0126806) 0.0051  0.0254944) 0.0034 0.0220463) 0.9909 0.999673) 0.0108  (0.00103245-0.0328752)
Narrabri (2.34029e-09- (4.32216e-18- (3.53845e-06- (1.12342e-08- (2.9322e-18-
Jan07 0.0030 0.0205431) 0.0013 0.0115642) 0.0045 0.0258018) 0.0021 0.0153025) 0.0007  0.00699518) 0.6734  (0.666905-0.690607)

(8.50291e-10-
0.00568245)
(0.0204204-
0.0881708)
(8.58732e-10-
0.00669061)
(1.02283e-09-
0.00800539)
(9.84312e-11-
0.00749659)
(7.58956e-10-
0.00693942)
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Run 4

INTO

FROM

Biloeala_Jan07

Emerald_Jan07

Emerald_Jul07

Simpson_Aug07

Milparinka_Aug07

Biloeala
Jan07
Biloeala
Julo7
Emerald
Jan07
Emerald
Julo7
Simpson
Aug07
Eyre
Aug07
Milparinka
Aug07
Tilpa
Aug07
Bourke
Aug07
Walget
Mar08
Brewarrina
Mar08
Brewarrina
Aug07
Narrabri
Jan07

Run 4 Continued

(0.66691-
0.6757 0.697521)
(1.16144e-07-
0.0035  0.0203149)
(2.44569e-05-
0.0654  0.170931)
(2.06594e-07-
0.0029 0.015522)
(0.113043-
0.2198  0.31455)
(6.11893-08-
0.0033  0.0193541)
(3.19537e-07-
0.0076  0.0375459)
(7.80407¢-08-
0.0033  0.0191204)
(3.23205e-07-
0.0032  0.0170881)
(6.65802¢-08-
0.0033  0.0183704)
(3.19286e-07-
0.0033  0.0196149)
(4.89217¢-08-
0.0040  0.0217073)
(1.21593e-07-
0.0047  0.0249114)

INTO

Biloeala_Jul07
(5.57301e-08-
0.0058 0.0345112)
(0.667157-
0.6863 0.739502)
(3.10668e-08-
0.0083 0.0512769)
(3.08684e-08-
0.0063 0.0392054)
(0.134611-
0.2381 0.317023)
(6.74309e-09-
0.0055 0.0362836)
(7.89403e-08-
0.0073 0.0441968)
(3.19672e-08-
0.0064 0.0450379)
(9.6655e-09-
0.0063 0.0399627)
(1.55411e-08-
0.0059 0.0374841)
(8.9183e-09-
0.0063 0.0435783)
(1.09442e-08-
0.0070 0.0457426)
(6.59263e-08-
0.0106 0.0609149)

0.0005

0.0005

0.9941

0.0004

0.0008

0.0005

0.0005

0.0004

0.0004

0.0004

0.0004

0.0006

0.0005

(2.16579e-17-
0.00387732)
(2.50837e-17-
0.00486531)
(0.978387-
0.999847)
(1.09365e-17-
0.00370773)
(4.39061e-17-
0.00710488)
(3.5474e-19-
0.00439302)
(7.49563e-19-
0.00424549)
(1.72357e-19-
0.00323328)
(1.0016e-20-
0.0048428)
(3.69334e-18-
0.00411436)
(7.10363e-18-
0.0040032)
(5.98628e-18-
0.00521129)
(1.18175e-18-
0.00479808)

0.0030

0.0026

0.0234

0.6777

0.2675

0.0024

0.0025

0.0024

0.0023

0.0027

0.0024

0.0073

0.0039

(2.96628e-08-
0.0185481)
(1.13559e-07-
0.015076)
(0.000471537-
0.0717736)
(0.667335-
0.700728)
(0.207258-
0.310195)
(4.13333e-08-
0.0156648)
(4.10111e-08-
0.0165171)
(2.08655e-08-
0.0144822)
(1.17668e-08-
0.0161365)
(2.4513e-08-
0.016455)
(1.50901e-07-
0.0148986)
(1.11692e-05-
0.0279648)
(3.55785e-08-
0.0224816)

0.0006

0.0009

0.0010

0.0031

0.9867

0.0009

0.0006

0.0012

0.0013

0.0010

0.0009

0.0010

0.0007

(5.07571e-12-
0.00486177)
(7.07755e-11-
0.00634611)
(1.76863e-11-
0.00714236)
(5.79907e-10-
0.0140277)
(0.971371-
0.996664)
(1.77716e-11-
0.00614931)
(3.27498e-11-
0.00456622)
(4.38213e-11-
0.00891984)
(1.28048e-10-
0.00806898)
(1.39825e-10-
0.00734378)
(1.92652e-11-
0.00662368)
(4.62219¢-11-
0.00772024)
(1.36469e-11-
0.00584383)

Eyre_Aug07
(4.70958e-09-
0.0034  0.022532)
(1.60468e-09-
0.0038  0.0258752)
(1.51081e-08-
0.0109  0.0603181)
(8.50647e-09-
0.0034  0.0229445)
(0.2007-
0.2736  0.32264)
(0.666936-
0.6779  0.709025)
(5.3999e-09-
0.0032  0.021221)
(3.86776e-09-
0.0030  0.0191896)
(6.43794e-09-
0.0037  0.0232732)
(1.01827e-08-
0.0031  0.0191778)
(9.60447e-09-
0.0037  0.0249067)
(2.33602e-08-
0.0057  0.0359302)
(1.21142e-08-
0.0045  0.0290372)

0.0012

0.0013

0.0006

0.0011

0.0009

0.0010

0.9734

0.0011

0.0011

0.0008

0.0007

0.0007

0.0161

FROM

Tilpa_Aug07

Bourke_Aug07

Walget_Mar08

Brewarrina_Mar08

Brewarrina_Aug07

Narrabri_Jan07

Biloeala
Jan07
Biloeala
Julo7
Emerald
Jan07
Emerald
Julo7
Simpson
Aug07
Eyre
Aug07
Milparinka
Aug07

(6.75428¢e-08-
0.0040  0.0246372)
(2.32002e-09-
0.0034  0.0237507)
(4.32765e-09-
0.0037  0.0257449)
(3.10535e-08-
0.0037  0.0250733)
(9.40672¢-09-
0.0054  0.0331588)
(6.64408e-09-
0.0038  0.026303)
(3.27315¢-07-
0.0157  0.0786484)

0.0037

0.0037

0.0048

0.0034

0.0046

0.0037

0.0050

(8.47695e-09-
0.0269133)
(6.06413e-08-
0.0256108)
(1.25745e-09-
0.031848)
(1.85344e-08-
0.0240836)
(1.4813-09-
0.0314559)
(8.56613e-09-
0.0248771)
(2.13262e-08-
0.0309656)

0.0039

0.0044

0.1415

0.0041

0.0700

0.0041

0.0043

(4.70748e-06-
0.019397)
(1.04114e-05-
0.0226455)
(0.0631889-
0.230191)
(2.11409e-06-
0.0213464)
(0.0183718-
0.142344)
(3.10716e-06-
0.0222038)
(1.43635e-05-
0.0231864)

0.0019

0.0022

0.0380

0.0021

0.0803

0.0020

0.0022

(2.57691e-08-
0.014067)
(5.3699e-08-
0.0136573)
(2.62733e-06-
0.101627)
(7.66318e-08-
0.0135137)
(0.0238666-
0.146857)
(7.26917e-09-
0.0126514)
(4.4147e-08-
0.0160398)

0.0008

0.0007

0.0016

0.0008

0.0012

0.0009

0.0007

(1.835e-18-
0.00631325)
(1.20288e-17-
0.00760656)
(3.83759¢-18-
0.0132786)
(1.80431e-18-
0.00807041)
(2.30888e-17-
0.0114102)
(1.21854e-16-
0.00831602)
(5.72404e-19-
0.00668882)

0.0017

0.0021

0.0364

0.0019

0.1169

0.0020

0.0021

(2.96143e-08-0.010583)

(1.26961e-07-0.0123854)

(0.000163013-0.108569)

(7.10381e-08-0.0127622)

(0.0195283-0.195573)

(4.3952-08-0.0118627)

(5.65289e-08-0.0125694)

(1.58645e-10-
0.00733286)
(1.33847e-10-
0.0086867)
(7.72363e-11-
0.00411975)
(8.20774e-12-
0.00727245)
(1.56996e-11-
0.00650295)
(2.69522e-13-
0.00749486)
(0.920224-
0.998259)
(5.46316e-11-
0.00828139)
(3.94087e-12-
0.00711179)
(1.99082e-12-
0.00587612)
(1.57839-11-
0.0052044)
(1.15554e-11-
0.00547741)
(2.7043e-10-
0.0666864)
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Tilpa (0.667105- (3.6628e-09- (1.91229e-06- (1.86249e-08- (7.7436e-19-
Aug07 0.6787  0.707753) 0.0037 0.0260303) 0.0042 0.0217243) 0.0023 0.0146696) 0.0008 0.0063767) 0.0022  (8.6992e-08-0.013968)
Bourke (1.06393e-08- (0.666933- (9.91644e-07- (6.47567e-09- (9.02311e-19-
Aug07 0.0035 0.0236285) 0.6782 0.707095) 0.0041 0.0225918) 0.0020 0.0127302) 0.0007 0.00689742) 0.0018  (2.73816e-07-0.0114333)
Walget (3.48184e-08- (6.17515e-09- (0.666957- (1.16203e-08- (1.92964e-18-
Mar08 0.0035 0.0224624) 0.0034 0.0250354) 0.6767  0.702575) 0.0020 0.0131452) 0.0009  0.00799671) 0.0021  (4.01195e-07-0.011674)
Brewarrina (1.19183e-08- (3.15127e-09- (0.0279858- (0.798493- (1.63098e-17-
Mar08 0.0043  0.0268295) 0.0033 0.0219513) 0.0704 0.127418) 0.8598 0.930592) 0.0010 0.00786025) 0.0030  (7.9804e-08-0.0197099)
Brewarrina (1.09223e-08- (1.13133e-08- (6.29585e-06- (1.48757e-08- (0.962568-
Aug07 0.0039 0.0284158) 0.0032 0.0217919) 0.0050 0.0260856) 0.0024 0.0166367) 0.9889 0.999727) 0.0148  (0.0014256-0.0428689)
Narrabri (0.183436- (0.212482- (6.58473e-06- (3.60706e-08- (9.91048e-17-
Jan07 0.2665  0.322196) 0.2793 0.324261) 0.0071 0.038141) 0.0028 0.017437) 0.0010  0.00910549) 0.8130  (0.746147-0.906572)

Run 5 INTO

FROM Biloeala_Jan07 Biloeala_Jul07 Emerald_Jan07 Emerald_Jul07 Simpson_Aug07 Eyre_Aug07 Milparinka_Aug07
Biloeala (0.666905- (2.90563e-17- (1.02042e-16- (9.2965e-07- (6.28329e-08- (4.18648e-10- (1.99772e-11-
Jan07 0.6764  0.698717) 0.0025 0.0258233) 0.0008 0.00725718) 0.0039 0.023644) 0.0023  0.0152858) 0.0031  0.0216447) 0.0010  0.00783408)
Biloeala (0.187928- (0.886576- (5.20699e-17- (0.161203- (0.197728- (2.54301e-08- (1.85142e-10-
Julo7 0.2627 0.312641) 0.9695 0.99939) 0.0046 0.0354621) 0.2404 0.30017) 0.2629  0.302943) 0.0047  0.0304373) 0.0013  0.00875736)
Emerald (1.30421e-06- (4.25196e-18- (0.945006- (2.00726e-05- (2.56578e-09- (9.42007e-09- (1.68983e-11-
Jan07 0.0165 0.0725366) 0.0025 0.0210169) 0.9870 0.999867) 0.0128 0.0481261) 0.0013  0.00789725) 0.0083  0.0480697) 0.0008  0.00625521)
Emerald (3.36247e-08- (2.22627e-18- (1.80046e-16- (0.66687- (2.99724e-08- (1.4475e-08- (2.08401e-10-
Julo7 0.0026  0.0165585) 0.0022 0.0210664) 0.0006  0.00575463) 0.6743 0.695677) 0.0019 0.0110414) 0.0033  0.0226154) 0.0013  0.00933527)
Simpson (3.9938e-09- (3.52187e-17- (1.47937e-16- (0.000421076- (0.683715- (0.209395- (2.92316e-10-
Aug07 0.0051 0.0324971) 0.0055 0.0501935) 0.0009 0.00706763) 0.0361 0.100851) 0.7184  0.784436) 0.2756  0.319898) 0.0010  0.00706574)
Eyre (3.6926e-08- (3.13084e-18- (2.27219e-16- (5.62476e-08- (1.59483e-09- (0.66705- (4.0763e-10-
Aug07 0.0028 0.0177012) 0.0019 0.0202902) 0.0006  0.00564269) 0.0031 0.0176047) 0.0018 0.0113322) 0.6785  0.709771) 0.0015  0.0101682)
Milparinka (3.17839e-05- (5.08153e-18- (1.14781e-15- (1.44072e-06- (4.03472e-09- (3.50726e-08- (0.944397-
Aug07 0.0141 0.0518967) 0.0023 0.0246805) 0.0007 0.00615767) 0.0027 0.014671) 0.0011  0.00751598) 0.0062  0.0328331) 0.9762  0.997151)
Tilpa (3.53043e-09- (6.64004e-19- (1.01915e-15- (9.47208e-07- (2.74677e-10- (4.82369e-09- (1.62824e-10-
Aug07 0.0027 0.0173711) 0.0022 0.0208477) 0.0006 0.00572243) 0.0034 0.0189951) 0.0019 0.0123972) 0.0030  0.0202977) 0.0009  0.00711407)
Bourke (2.60914e-09- (4.0528e-18- (4.83875e-17- (4.48921e-07- (1.59419e-08- (1.84299e-08- (9.80941e-08-
Aug07 0.0027 0.0176218) 0.0027 0.0268002) 0.0008 0.00676219) 0.0028 0.0168495) 0.0009  0.00590808) 0.0033  0.0216574) 0.0120  0.0426702)
Walget (4.34026e-08- (6.96031e-19- (8.84991e-17- (2.32401e-07- (6.81725e-08- (1.2104e-08- (1.01279e-10-
Mar08 0.0028 0.0185858) 0.0019 0.0174648) 0.0006 0.00492116) 0.0028 0.0164295) 0.0015 0.00924866) 0.0032  0.0221852) 0.0013  0.00941984)
Brewarrina (1.52782e-08- (8.86332e-18- (5.47473e-17- (7.89308e-08- (1.07575e-08- (1.01084e-08- (1.5969e-11-
Mar08 0.0030  0.0190516) 0.0022 0.0201912) 0.0011  0.00999651) 0.0062 0.0306434) 0.0012  0.00780079) 0.0033  0.0207933) 0.0006  0.00462373)
Brewarrina (3.7598e-08- (4.11381e-17- (4.08595e-17- (6.67658e-06- (1.12898e-08- (1.24617e-08- (4.37105e-11-
Aug07 0.0058 0.0301853) 0.0021 0.0210353) 0.0009  0.00715051) 0.0075 0.0288731) 0.0025 0.0147088) 0.0042  0.0280267) 0.0008  0.00519624)
Narrabri (3.89695e-08- (8.8119e-17- (2.53627e-16- (1.07287e-06- (1.56378e-08- (2.5963e-09- (1.59002e-10-
Jan07 0.0029 0.0182107) 0.0024 0.0215604) 0.0007 0.0060846) 0.0039 0.0208037) 0.0023  0.0133291) 0.0033  0.0219791) 0.0013  0.00920547)
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Run 5 Continued INTO

FROM Tilpa_Aug07 Bourke_Aug07 Walget_Mar08 Brewarrina_Mar08 Brewarrina_Aug07 Narrabri_Jan07
Biloeala (5.42049e-09- (8.51159e-19- (1.06284e-05- (4.02549e-09- (6.70853e-17-
Jan07 0.0041 0.0279136) 0.0010 0.00949119) 0.0044  0.0249448) 0.0017 0.0126523) 0.0008 0.00686752) 0.0026  (3.5461e-06-0.0129222)
Biloeala (4.43242e-08- (4.49253e-19- (0.0366398- (0.0504364- (1.47724e-18-
Julo7 0.0083  0.0446696) 0.0012 0.0126766) 0.1006 0.176834) 0.1094 0.163602) 0.0015 0.0109274) 0.1682  (0.092873-0.230979)
Emerald (4.84399e-08- (4.45036e-19- (0.0220171- (1.97888e-07- (1.92799e-17-
Jan07 0.0061  0.0358003) 0.0011 0.0106137) 0.0931 0.177597) 0.0150 0.0727327) 0.0012  0.0126405) 0.0541  (0.0127569-0.116371)
Emerald (2.42209e-08- (4.25979e-19- (2.86222e-06- (6.65311e-09- (1.09834e-16-
Julo7 0.0038 0.0224873) 0.0010 0.00945908) 0.0044  0.0252974) 0.0023 0.0160113) 0.0007 0.0062879) 0.0026  (2.28267e-06-0.0141561)
Simpson (4.67955e-08- (2.09813e-19- (1.48374e-05- (7.67201e-09- (1.1958e-18-
Aug07 0.0042 0.0277973) 0.0011 0.0104933) 0.0242  0.0921064) 0.0027 0.0167738) 0.0014 0.0125394) 0.0065  (6.47372e-06-0.0325098)
Eyre (4.36983e-08- (2.44369e-19- (1.11717e-05- (8.60942e-09- (2.44312e-17-
Aug07 0.0038 0.0234447) 0.0009 0.00907717) 0.0045 0.0231552) 0.0023 0.0144023) 0.0008 0.00773644) 0.0025  (2.68655e-06-0.0130749)
Milparinka (3.74941e-07- (2.51181e-20- (3.48465e-06- (9.73483e-09- (7.07331e-18-
Aug07 0.0239  0.0940226) 0.0010 0.00908064) 0.0047 0.0237182) 0.0022 0.0155385) 0.0010 0.0079354) 0.0028  (4.3512e-06-0.0162835)
Tilpa (0.667034- (5.04562e-19- (3.31314e-06- (3.00697e-09- (1.53098e-17-
Aug07 0.6790 0.709113) 0.0009 0.0100621) 0.0043  0.0215213) 0.0020 0.015348) 0.0008 0.00731657) 0.0026  (1.7207e-06-0.0137842)
Bourke (0.155057- (0.955531- (1.08107e-05- (3.02691e-09- (5.64281e-17-
Aug07 0.2498 0.316868) 0.9877 0.99943) 0.0044  0.0229985) 0.0026 0.0169832) 0.0008  0.00759304) 0.0551  (0.0202937-0.102757)
Walget (3.92645e-08- (1.02988e-19- (0.666915- (3.44225e-09- (6.09026e-18-
Mar08 0.0037 0.0230338) 0.0009 0.0090525) 0.6765 0.701091) 0.0018 0.0133322) 0.0009 0.0094092) 0.0027  (5.47656e-06-0.0149305)
Brewarrina (8.51052e-08- (7.01071e-19- (0.0273157- (0.799141- (2.95376e-16-
Mar08 0.0056  0.0372869) 0.0011 0.0092886) 0.0696 0.122399) 0.8525 0.903492) 0.0015 0.0128966) 0.0143  (2.55348e-05-0.0497664)
Brewarrina (2.49163e-08- (8.71749e-19- (7.95131e-06- (2.62481e-08- (0.95572-
Aug07 0.0043  0.0263031) 0.0010 0.010516) 0.0052 0.028161) 0.0034 0.0216043) 0.9879  0.999683) 0.0117  (0.00145107-0.0342077)
Narrabri (8.56803e-09- (6.72822e-19- (1.0918e-05- (3.00859e-08- (1.89725e-17-
Jan07 0.0035 0.0251549) 0.0011 0.0102561) 0.0042  0.0246953) 0.0021 0.0140529) 0.0007 0.00567167) 0.6744  (0.666812-0.695431)

Run 6 INTO

FROM Biloeala_Jan07 Biloeala_Jul07 Emerald_Jan07 Emerald_Jul07 Simpson_Aug07 Eyre_Aug07 Milparinka_Aug07
Biloeala (0.66703- (1.30005e-08- (3.18374e-16- (9.78274e-19- (5.34927e-09- (1.21069e-08- (2.13226e-10-
Jan07 0.6760 0.700239) 0.0067 0.0403811) 0.0006 0.00495337) 0.0009 0.00849844) 0.0016 0.0110317) 0.0036  0.0237899) 0.0010  0.00676863)
Biloeala (3.29867e-08- (0.667128- (6.22365e-17- (3.63018e-19- (8.96435e-09- (1.35532e-08- (1.33134e-09-
Julo7 0.0027 0.0191) 0.6856 0.735848) 0.0005 0.00384864) 0.0007 0.00668691) 0.0016  0.0096589) 0.0032  0.0206083) 0.0009  0.00598321)
Emerald (1.09283e-07- (4.20218e-08- (0.966305- (6.59782e-16- (3.26916e-10- (4.6864e-09- (1.06839e-10-
Jan07 0.0171 0.0789792) 0.0081 0.0540048) 0.9914  0.999811) 0.0016 0.0140419) 0.0012 0.00876739) 0.0150  0.0754654) 0.0011  0.00718275)
Emerald (1.27184e-07- (0.109272- (2.33889e-16- (0.959286- (0.202686- (0.183621- (3.36713e-09-
Julo7 0.0063  0.0376837) 0.2271 0.311928) 0.0014 0.0127076) 0.9882 0.999817) 0.2559  0.298859) 0.2678  0.320535) 0.0012  0.00755101)
Simpson (0.194455- (1.74082e-08- (2.23996e-17- (3.7217e-17- (0.684463- (1.31329e-08- (1.13426e-09-
Aug07 0.2698 0.317538) 0.0199 0.111699) 0.0016 0.0130723) 0.0013 0.0131295) 0.7262  0.777204) 0.0061  0.0366052) 0.0020  0.0123666)
Eyre (1.33654e-08- (3.82957e-08- (3.64424e-18- (7.61063e-16- (1.46849e-08- (0.667013- (9.08295e-10-
Aug07 0.0028 0.017794) 0.0068 0.0419391) 0.0005 0.00444894) 0.0008 0.00761328) 0.0015 0.00974833) 0.6779  0.709346) 0.0009  0.00662)
Milparinka (2.35201e-07- (3.73214e-08- (6.81308e-18- (4.89511e-17- (1.03195e-09- (1.32597e-08- (0.903664-
Aug07 0.0081 0.0376775) 0.0067 0.0420011) 0.0007  0.00585345) 0.0011 0.00974463) 0.0010  0.00651755) 0.0046  0.0308575) 0.9441  0.980653)

131



Tilpa (4.57315e-08- (1.94786e-08- (2.94983e-17- (2.14459e-17- (8.31022e-08- (3.92193e-09-
Aug07 0.0030 0.0202685) 0.0065 0.0413772) 0.0005 0.00465551) 0.0008 0.0071951) 0.0036 0.0161878) 0.0033  0.0220524) 0.0009
Bourke (1.96261e-09- (5.86363e-08- (2.48413e-16- (4.41669e-17- (4.52541e-09- (5.32896e-08-
Aug07 0.0031 0.0190056) 0.0076 0.0444885) 0.0006  0.00419755) 0.0008 0.00767175) 0.0012  0.00811989) 0.0040  0.025543) 0.0443
Walget (2.17465e-08- (4.03088e-08- (2.2821e-16- (2.14173e-17- (4.21423e-08- (8.75438e-09-
Mar08 0.0029 0.0172398) 0.0062 0.0407172) 0.0005 0.0044897) 0.0008 0.00755747) 0.0015 0.00930209) 0.0034  0.0215088) 0.0010
Brewarrina (1.747e-08- (2.04321e-08- (4.45507e-16- (6.37457e-17- (2.741e-08- (2.20178e-08-
Mar08 0.0027 0.0170407) 0.0063 0.0392476) 0.0006 0.00514386) 0.0010 0.00930613) 0.0015 0.00907062) 0.0037  0.0211873) 0.0009
Brewarrina (1.04097e-08- (3.65732e-08- (3.45953e-16- (3.32196e-16- (2.54756e-08- (3.77231e-08-
Aug07 0.0029 0.0186534) 0.0063 0.0411432) 0.0007 0.00583819) 0.0012 0.011291) 0.0019  0.0109495) 0.0042  0.0287965) 0.0009
Narrabri (1.86056e-08- (6.61509e-09- (3.99519e-19- (5.29169e-17- (6.49043e-09- (7.441e-09-
Jan07 0.0025 0.0149095) 0.0063 0.0417635) 0.0005 0.00505148) 0.0008 0.0072949) 0.0013  0.00816574) 0.0033  0.0219462) 0.0009
Run 6 Continued INTO
FROM Tilpa_Aug07 Bourke_Aug07 Walget_Mar08 Brewarrina_Mar08 Brewarrina_Aug07 Narrabri_Jan07
Biloeala (7.82492e-09- (1.7741e-19- (7.19432e-06- (2.0846e-08- (2.73637e-16-
Jan07 0.0039 0.0275591) 0.0011 0.012815) 0.0043 0.0219191) 0.0021 0.0147351) 0.0008  0.00734488) 0.0029  (1.14022e-05-0.0138358)
Biloeala (5.94392e-09- (8.1254e-21- (6.83808e-06- (6.98492e-09- (1.49893e-17-
Julo7 0.0038 0.0281701) 0.0013 0.0123478) 0.0040 0.021692) 0.0021 0.0152025) 0.0007  0.00700385) 0.0030  (3.37429e-06-0.0149813)
Emerald (6.97359e-09- (2.29987e-20- (0.0325658- (2.71056e-08- (1.21385e-17-
Jan07 0.0052  0.0337473) 0.0012 0.0108861) 0.1043  0.199657) 0.0101 0.054833) 0.0010  0.00990038) 0.0763  (0.0085731-0.162542)
Emerald (3.6928e-09- (1.54892e-18- (4.28793e-05- (4.57706e-08- (4.13115e-19-
Julo7 0.0048 0.0313842) 0.0011 0.0111211) 0.0248 0.0897573) 0.0079 0.0433932) 0.0012 0.0113748) 0.0648  (0.000518781-0.170425)
Simpson (4.54241e-08- (1.32833e-19- (0.00941528- (0.0482984- (1.86021e-18-
Aug07 0.0057 0.0346368) 0.0012 0.011466) 0.0861 0.187575) 0.1082 0.169799) 0.0009  0.00703396) 0.0754  (5.91531e-05-0.211209)
Eyre (1.06517e-08- (9.76675e-21- (5.05814e-06- (8.55746e-10- (5.65142e-18-
Aug07 0.0035 0.0241413) 0.0011 0.0105999) 0.0043 0.0211913) 0.0021 0.0131835) 0.0007  0.00699956) 0.0028  (6.13096e-06-0.0128813)
Milparinka (5.97856e-08- (7.38463e-20- (1.75217e-06- (1.77211e-08- (3.62502e-19-
Aug07 0.0077  0.0436596) 0.0012 0.0122557) 0.0041  0.0208407) 0.0019 0.0126891) 0.0008  0.00670929) 0.0032  (6.70222e-06-0.0152744)
Tilpa (0.667066- (4.42347e-21- (2.46106e-06- (6.0728e-09- (7.38132e-19-
Aug07 0.6782 0.706217) 0.0010 0.00964697) 0.0041  0.0238906) 0.0023 0.0156211) 0.0007 0.00747824) 0.0029  (7.87476e-06-0.014386)
Bourke (0.193676- (0.954714- (6.69603e-06- (8.11571e-09- (2.28609e-19-
Aug07 0.2721  0.322281) 0.9865 0.999449) 0.0061  0.0289999) 0.0024 0.0161364) 0.0009  0.00786552) 0.0752  (0.0365695-0.122757)
Walget (1.03288e-08- (4.95781e-19- (0.667055- (8.71358e-09- (5.609e-21-
Mar08 0.0034 0.0215646) 0.0010 0.00990706) 0.6767 0.700872) 0.0018 0.0122026) 0.0008  0.00802264) 0.0031  (6.03119e-06-0.0151715)
Brewarrina (8.83867e-09- (3.65309e-19- (0.0290896- (0.796367- (9.0333e-19-
Mar08 0.0041 0.027406) 0.0010 0.0114169) 0.0701  0.123698) 0.8542 0.9094) 0.0010  0.00987081) 0.0042  (1.77578e-06-0.0206683)
Brewarrina (5.03365e-09- (1.48037e-18- (8.91787e-06- (7.85726e-09- (0.964467-
Aug07 0.0040 0.0251826) 0.0010 0.00927669) 0.0064 0.0319318) 0.0029 0.01785) 0.9898  0.999586) 0.0131  (0.00185135-0.0348381)
Narrabri (2.27058e-09- (1.00606e-17- (3.98079e-06- (2.30901e-09- (2.95754e-19-
Jan07 0.0035 0.0249804) 0.0012 0.0116549) 0.0046 0.0237729) 0.0021 0.0146391) 0.0008  0.00816686) 0.6732  (0.666813-0.690527)

(5.44401e-09-
0.00617428)
(0.0102875-
0.0830111)
(4.61589-10-
0.00611738)
(2.06272e-09-
0.00622584)
(1.14431e-09-
0.00655309)
(1.51256e-09-
0.00647065)
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Run 7

INTO

FROM Biloeala_Jan07 Biloeala_Jul07 Emerald_Jan07 Emerald_Jul07 Simpson_Aug07 Eyre_Aug07 Milparinka_Aug07
Biloeala (0.667006- (4.55734e-08- (2.36393e-15- (2.08785e-06- (9.95934e-11- (4.05264e-09- (3.9149e-16-
Jan07 0.6774 0.703924) 0.0068 0.0392622) 0.0008 0.00564456) 0.0034 0.0196435) 0.0016  0.0112402) 0.0034  0.021957) 0.0006  0.00498159)
Biloeala (5.38628e-07- (0.667119- (2.0211e-13- (1.67521e-07- (9.49345e-11- (1.66616e-08- (1.71789e-15-
Julo7 0.0041  0.0219406) 0.6861 0.733527) 0.0009 0.00686356) 0.0037 0.020592) 0.0008 0.00570174) 0.0033  0.0238624) 0.0006  0.00477097)
Emerald (0.00014555- (2.66575e-08- (0.801706- (0.00177931- (3.66445e-11- (6.99197e-08- (4.45161e-18-
Jan07 0.0219 0.0777118) 0.0074 0.0440968) 0.9412  0.99918) 0.0248 0.0672501) 0.0010 0.00661539) 0.0112  0.058273) 0.0008  0.00699364)
Emerald (4.39297e-07- (2.5799e-08- (1.29952e-15- (0.666815- (2.30625e-10- (5.47853e-10- (4.26457e-16-
Julo7 0.0042  0.0272528) 0.0070 0.0477385) 0.0009  0.00682916) 0.6752 0.696975) 0.0015 0.0100123) 0.0032  0.0240278) 0.0005  0.00451673)
Simpson (0.00190563- (0.109497- (4.76342e-12- (0.124615- (0.970663- (0.201853- (6.67374e-17-
Aug07 0.0645 0.148277) 0.2238 0.314799) 0.0042 0.0231465) 0.2111 0.292756) 0.9872  0.997025) 0.2721  0.321724) 0.0011  0.0100368)
Eyre (1.19192e-06- (7.02303e-08- (5.60917e-14- (1.27013e-06- (5.09438e-11- (0.666925- (1.05073e-15-
Aug07 0.0043  0.0211698) 0.0065 0.037535) 0.0010 0.0065931) 0.0031 0.0184587) 0.0009  0.00644901) 0.6779  0.704362) 0.0005  0.00486974)
Milparinka (0.000185188- (3.88271e-08- (1.98321e-13- (8.82857e-07- (1.34827e-11- (2.8982e-09- (0.940351-
Aug07 0.0124  0.0399971) 0.0076 0.0506189) 0.0012  0.00908353) 0.0030 0.0164252) 0.0005 0.00393443) 0.0035  0.0255359) 0.9848  0.999816)
Tilpa (1.44387e-06- (2.13418e-08- (6.82261e-13- (9.71631e-07- (2.19475e-11- (9.16206e-09- (7.57591e-17-
Aug07 0.0041 0.0232285) 0.0067 0.0391033) 0.0014 0.0128372) 0.0032 0.0193973) 0.0006  0.00441047) 0.0035  0.0242529) 0.0077  0.0425673)
Bourke (2.25379e-06- (4.21435e-08- (1.1005e-13- (5.78505e-07- (1.91444e-11- (1.78779e-08- (3.26586€-16-
Aug07 0.0037 0.0214586) 0.0065 0.0398117) 0.0009  0.00659129) 0.0035 0.0178499) 0.0009 0.00616564) 0.0039  0.0281995) 0.0005  0.00469714)
Walget (9.37256e-07- (1.66745e-08- (2.6637e-13- (4.15215e-07- (1.5235e-10- (1.56456e-08- (3.37996e-15-
Mar08 0.0037 0.0217426) 0.0067 0.0420751) 0.0008 0.005632) 0.0034 0.0197082) 0.0013  0.00849561) 0.0034  0.0233989) 0.0005  0.00402841)
Brewarrina (2.11565e-06- (4.28461e-08- (6.1199e-13- (7.63208e-07- (5.72718e-12- (3.10842e-09- (4.11836e-17-
Mar08 0.0037 0.0213899) 0.0068 0.0403791) 0.0013  0.00913394) 0.0030 0.0157043) 0.0011 0.0077674) 0.0041  0.0276045) 0.0006  0.00641986)
Brewarrina (1.85776e-06- (1.16214e-08- (1.57378e-13- (7.97198e-07- (1.24802e-09- (4.84736e-09- (4.67027e-17-
Aug07 0.0056 0.0291481) 0.0062 0.0405243) 0.0020 0.0135856) 0.0066 0.0282014) 0.0016  0.0102913) 0.0049  0.0323107) 0.0006  0.00498408)
Narrabri (0.104353- (1.02732e-07- (9.20874e-13- (0.00504818- (3.29197e-11- (2.21892e-08- (6.3245e-14-
Jan07 0.1905 0.280247) 0.0221 0.114828) 0.0436  0.173904) 0.0560 0.12642) 0.0009 0.00672738) 0.0056  0.0369035) 0.0011  0.00946904)

Run 7 INTO

FROM Tilpa_Aug07 Bourke_Aug07 Walget_Mar08 Brewarrina_Mar08 Brewarrina_Aug07 Narrabri_Jan07
Biloeala (2.87805e-15- (6.6302e-10- (6.40317e-06- (9.26322e-10- (1.68945e-19-

Jan07 0.0016 0.0124651) 0.0039 0.0252873) 0.0043  0.0200636) 0.0020 0.0141895) 0.0008 0.00755709) 0.0017  (9.10325e-09-0.0109264)
Biloeala (1.01717e-13- (1.22029e-08- (3.60414e-06- (5.94442e-09- (9.53031e-19-

Julo7 0.0020 0.0153169) 0.0036 0.0232089) 0.0041 0.0222111) 0.0021 0.0128666) 0.0007 0.00667842) 0.0016  (4.06326e-09-0.0116397)
Emerald (8.53394e-15- (9.27123e-09- (0.0265076- (3.01746e-08- (1.22721e-18-

Jan07 0.0033  0.0276086) 0.0038 0.0264175) 0.0784 0.15561) 0.0115 0.0630259) 0.0016  0.0190034) 0.0121  (2.9503e-08-0.05605)
Emerald (1.54066e-14- (4.70314e-09- (2.5248e-06- (7.75915e-09- (6.4509e-19-

Julo7 0.0018 0.013423) 0.0037 0.0241349) 0.0039  0.0191069) 0.0021 0.0125117) 0.0008  0.00755803) 0.0017  (2.21595e-08-0.0122617)
Simpson (1.47658e-14- (4.46658e-08- (0.00272095- (4.58032e-08- (4.66193e-19-

Aug07 0.0032  0.0230451) 0.0047 0.0315346) 0.0457  0.120314) 0.0075 0.0410133) 0.0014 0.0144489) 0.0076  (1.37618e-09-0.0423647)
Eyre (9.54798e-16- (9.64204e-09- (6.60669e-06- (2.88952e-08- (9.36626e-20-

Aug07 0.0019 0.0156341) 0.0040 0.0249401) 0.0041  0.020109) 0.0021 0.01378) 0.0008 0.00702097) 0.0018  (5.9072e-08-0.0116317)
Milparinka (3.932e-13- (1.44009e-08- (1.19779e-05- (6.15169e-09- (4.83373e-19-

Aug07 0.0091 0.0544858) 0.0049 0.0312933) 0.0046 0.0233218) 0.0027 0.0180108) 0.0006  0.00618395) 0.0020  (5.24934e-09-0.0114086)
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Tilpa (0.893732- (0.207336- (3.65819e-06- (2.50898e-08- (5.85616e-20-
Aug07 0.9630 0.998771) 0.2763 0.322722) 0.0042 0.0228204) 0.0023 0.0157759) 0.0009  0.00844325) 0.0551  (0.0177225-0.103581)
Bourke (1.65971e-13- (0.666853- (3.90416€-06- (4.86603e-09- (1.94575e-18-
Aug07 0.0021 0.0169757) 0.6784 0.709385) 0.0042 0.0219181) 0.0020 0.0151384) 0.0007 0.00741336) 0.0018  (5.36225e-09-0.0125094)
Walget (4.23582e-14- (3.96913e-09- (0.666985- (6.07574e-09- (2.97796e-19-
Mar08 0.0018 0.015709) 0.0036 0.0241279) 0.6768  0.700796) 0.0021 0.0127604) 0.0006  0.00665412) 0.0022  (1.49181e-08-0.0144993)
Brewarrina (9.19241e-15- (3.05829e-09- (0.0313682- (0.800269- (3.04794e-18-
Mar08 0.0026  0.0210684) 0.0037 0.0266693) 0.0719  0.129079) 0.8510 0.901729) 0.0009 0.00882642) 0.0027  (3.14374e-09-0.0180918)
Brewarrina (1.57756e-14- (3.89703e-09- (4.67968e-06- (9.23413e-08- (0.948865-
Aug07 0.0027 0.0217892) 0.0038 0.0233741) 0.0050 0.0266319) 0.0035 0.0199239) 0.9893  0.999625) 0.0132  (0.000993287-0.0393007)
Narrabri (4.53928e-14- (2.45539e-09- (0.0337313- (0.054482- (9.80979e-19-
Jan07 0.0050 0.0363974) 0.0056 0.0344135) 0.0929 0.173563) 0.1091 0.16274) 0.0008  0.00850577) 0.8963  (0.832836-0.946208)

Run 8 INTO

FROM Biloeala_Jan07 Biloeala_Jul07 Emerald_Jan07 Emerald_Jul07 Simpson_Aug07 Eyre_Aug07 Milparinka_Aug07
Biloeala (0.66703- (1.30005e-08- (3.18374e-16- (9.78274e-19- (5.34927e-09- (1.21069e-08- (2.13226e-10-
Jan07 0.6760  0.700239) 0.0067 0.0403811) 0.0006  0.00495337) 0.0009 0.00849844) 0.0016 0.0110317) 0.0036  0.0237899) 0.0010 0.00676863)
Biloeala (3.29867e-08- (0.667128- (6.22365e-17- (3.63018e-19- (8.96435e-09- (1.35532e-08- (1.33134e-09-
Julo7 0.0027 0.0191) 0.6856 0.735848) 0.0005 0.00384864) 0.0007 0.00668691) 0.0016  0.0096589) 0.0032  0.0206083) 0.0009  0.00598321)
Emerald (1.09283e-07- (4.20218e-08- (0.966305- (6.59782e-16- (3.26916e-10- (4.6864e-09- (1.06839e-10-
Jan07 0.0171 0.0789792) 0.0081 0.0540048) 0.9914  0.999811) 0.0016 0.0140419) 0.0012  0.00876739) 0.0150  0.0754654) 0.0011  0.00718275)
Emerald (1.27184e-07- (0.109272- (2.33889e-16- (0.959286- (0.202686- (0.183621- (3.36713e-09-
Julo7 0.0063  0.0376837) 0.2271 0.311928) 0.0014 0.0127076) 0.9882 0.999817) 0.2559  0.298859) 0.2678  0.320535) 0.0012  0.00755101)
Simpson (0.194455- (1.74082e-08- (2.23996e-17- (3.7217e-17- (0.684463- (1.31329e-08- (1.13426e-09-
Aug07 0.2698 0.317538) 0.0199 0.111699) 0.0016 0.0130723) 0.0013 0.0131295) 0.7262  0.777204) 0.0061  0.0366052) 0.0020  0.0123666)
Eyre (1.33654e-08- (3.82957e-08- (3.64424e-18- (7.61063e-16- (1.46849e-08- (0.667013- (9.08295e-10-
Aug07 0.0028 0.017794) 0.0068 0.0419391) 0.0005 0.00444894) 0.0008 0.00761328) 0.0015 0.00974833) 0.6779  0.709346) 0.0009  0.00662)
Milparinka (2.35201e-07- (3.73214e-08- (6.81308e-18- (4.89511e-17- (1.03195e-09- (1.32597e-08- (0.903664-
Aug07 0.0081 0.0376775) 0.0067 0.0420011) 0.0007  0.00585345) 0.0011 0.00974463) 0.0010 0.00651755) 0.0046  0.0308575) 0.9441  0.980653)
Tilpa (4.57315e-08- (1.94786e-08- (2.94983e-17- (2.14459e-17- (8.31022e-08- (3.92193e-09- (5.44401e-09-
Aug07 0.0030 0.0202685) 0.0065 0.0413772) 0.0005 0.00465551) 0.0008 0.0071951) 0.0036 0.0161878) 0.0033  0.0220524) 0.0009  0.00617428)
Bourke (1.96261e-09- (5.86363e-08- (2.48413e-16- (4.41669e-17- (4.52541e-09- (5.32896e-08- (0.0102875-
Aug07 0.0031 0.0190056) 0.0076 0.0444885) 0.0006  0.00419755) 0.0008 0.00767175) 0.0012  0.00811989) 0.0040  0.025543) 0.0443  0.0830111)
Walget (2.17465e-08- (4.03088e-08- (2.2821e-16- (2.14173e-17- (4.21423e-08- (8.75438e-09- (4.61589e-10-
Mar08 0.0029 0.0172398) 0.0062 0.0407172) 0.0005 0.0044897) 0.0008 0.00755747) 0.0015 0.00930209) 0.0034  0.0215088) 0.0010 0.00611738)
Brewarrina (1.747e-08- (2.04321e-08- (4.45507e-16- (6.37457e-17- (2.741e-08- (2.20178e-08- (2.06272e-09-
Mar08 0.0027 0.0170407) 0.0063 0.0392476) 0.0006 0.00514386) 0.0010 0.00930613) 0.0015 0.00907062) 0.0037  0.0211873) 0.0009  0.00622584)
Brewarrina (1.04097e-08- (3.65732e-08- (3.45953e-16- (3.32196e-16- (2.54756e-08- (3.77231e-08- (1.14431e-09-
Aug07 0.0029 0.0186534) 0.0063 0.0411432) 0.0007 0.00583819) 0.0012 0.011291) 0.0019  0.0109495) 0.0042  0.0287965) 0.0009  0.00655309)
Narrabri (1.86056e-08- (6.61509e-09- (3.99519e-19- (5.29169e-17- (6.49043e-09- (7.441e-09- (1.51256e-09-
Jan07 0.0025 0.0149095) 0.0063 0.0417635) 0.0005 0.00505148) 0.0008 0.0072949) 0.0013  0.00816574) 0.0033  0.0219462) 0.0009  0.00647065)
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Run 8 INTO

FROM Tilpa_Aug07 Bourke_Aug07 Walget_Mar08 Brewarrina_Mar08 Brewarrina_Aug07 Narrabri_Jan07
Biloeala (7.82492e-09- (1.7741e-19- (7.19432e-06- (2.0846e-08- (2.73637e-16-
Jan07 0.0039  0.0275591) 0.0011 0.012815) 0.0043  0.0219191) 0.0021 0.0147351) 0.0008  0.00734488) 0.0029  (1.14022e-05-0.0138358)
Biloeala (5.94392e-09- (8.1254e-21- (6.83808e-06- (6.98492e-09- (1.49893e-17-
Julo7 0.0038 0.0281701) 0.0013 0.0123478) 0.0040 0.021692) 0.0021 0.0152025) 0.0007 0.00700385) 0.0030  (3.37429e-06-0.0149813)
Emerald (6.97359e-09- (2.29987e-20- (0.0325658- (2.71056e-08- (1.21385e-17-
Jan07 0.0052  0.0337473) 0.0012 0.0108861) 0.1043  0.199657) 0.0101 0.054833) 0.0010  0.00990038) 0.0763  (0.0085731-0.162542)
Emerald (3.6928e-09- (1.54892e-18- (4.28793e-05- (4.57706e-08- (4.13115e-19-
Julo7 0.0048 0.0313842) 0.0011 0.0111211) 0.0248 0.0897573) 0.0079 0.0433932) 0.0012  0.0113748) 0.0648  (0.000518781-0.170425)
Simpson (4.54241e-08- (1.32833e-19- (0.00941528- (0.0482984- (1.86021e-18-
Aug07 0.0057 0.0346368) 0.0012 0.011466) 0.0861 0.187575) 0.1082 0.169799) 0.0009 0.00703396) 0.0754  (5.91531e-05-0.211209)
Eyre (1.06517e-08- (9.76675e-21- (5.05814e-06- (8.55746€-10- (5.65142e-18-
Aug07 0.0035 0.0241413) 0.0011 0.0105999) 0.0043 0.0211913) 0.0021 0.0131835) 0.0007  0.00699956) 0.0028  (6.13096e-06-0.0128813)
Milparinka (5.97856e-08- (7.38463e-20- (1.75217e-06- (1.77211e-08- (3.62502e-19-
Aug07 0.0077  0.0436596) 0.0012 0.0122557) 0.0041  0.0208407) 0.0019 0.0126891) 0.0008 0.00670929) 0.0032  (6.70222e-06-0.0152744)
Tilpa (0.667066- (4.42347e-21- (2.46106e-06- (6.0728e-09- (7.38132e-19-
Aug07 0.6782 0.706217) 0.0010 0.00964697) 0.0041  0.0238906) 0.0023 0.0156211) 0.0007 0.00747824) 0.0029  (7.87476e-06-0.014386)
Bourke (0.193676- (0.954714- (6.69603e-06- (8.11571e-09- (2.28609e-19-
Aug07 0.2721  0.322281) 0.9865 0.999449) 0.0061  0.0289999) 0.0024 0.0161364) 0.0009  0.00786552) 0.0752  (0.0365695-0.122757)
Walget (1.03288e-08- (4.95781e-19- (0.667055- (8.71358e-09- (5.609e-21-
Mar08 0.0034 0.0215646) 0.0010 0.00990706) 0.6767 0.700872) 0.0018 0.0122026) 0.0008 0.00802264) 0.0031  (6.03119e-06-0.0151715)
Brewarrina (8.83867e-09- (3.65309e-19- (0.0290896- (0.796367- (9.0333e-19-
Mar08 0.0041 0.027406) 0.0010 0.0114169) 0.0701  0.123698) 0.8542 0.9094) 0.0010 0.00987081) 0.0042  (1.77578e-06-0.0206683)
Brewarrina (5.03365e-09- (1.48037e-18- (8.91787e-06- (7.85726e-09- (0.964467-
Aug07 0.0040 0.0251826) 0.0010 0.00927669) 0.0064 0.0319318) 0.0029 0.01785) 0.9898 0.999586) 0.0131  (0.00185135-0.0348381)
Narrabri (2.27058e-09- (1.00606e-17- (3.98079e-06- (2.30901e-09- (2.95754e-19-
Jan07 0.0035 0.0249804) 0.0012 0.0116549) 0.0046 0.0237729) 0.0021 0.0146391) 0.0008 0.00816686) 0.6732  (0.666813-0.690527)

Run 9 INTO

FROM Biloeala_Jan07 Biloeala_Jul07 Emerald_Jan07 Emerald_Jul07 Simpson_Aug07 Eyre_Aug07 Milparinka_Aug07
Biloeala (0.666952- (1.89176e-08- (1.85022e-20- (1.41336e-11- (5.62743e-09- (7.25359e-09- (7.22374e-16-
Jan07 0.6799 0.710616) 0.0067 0.0459342) 0.0004 0.00346316) 0.0026 0.0188414) 0.0023  0.0131269) 0.0036  0.0252859) 0.0006  0.00448712)
Biloeala (8.50543e-09- (0.66709- (1.43946e-18- (1.12705e-10- (1.33401e-09- (1.50264e-09- (8.59598e-17-
Julo7 0.0029 0.0179512) 0.6862 0.736257) 0.0004 0.00381314) 0.0024 0.0179755) 0.0010 0.00783382) 0.0035  0.0254407) 0.0010  0.00776907)
Emerald (1.40485e-06- (3.06568e-08- (0.976007- (3.21779e-09- (6.27379e-09- (4.93599e-09- (3.66068e-15-
Jan07 0.0310 0.101248) 0.0074 0.0501905) 0.9942  0.999923) 0.0099 0.0459188) 0.0017  0.0104006) 0.0076  0.0425737) 0.0006  0.00555756)
Emerald (0.169418- (0.0279181- (5.4098e-19- (0.870558- (0.0741082- (1.53081e-08- (4.68331e-16-
Julo7 0.2528 0.315714) 0.2008 0.310448) 0.0009  0.00785901) 0.9497 0.993691) 0.2456  0.307091) 0.0051  0.0330662) 0.0006  0.00518353)
Simpson (3.54679e-08- (2.792e-07- (7.28558e-18- (2.90717e-09- (0.677714- (0.205011- (4.79767e-16-
Aug07 0.0035 0.021963) 0.0319 0.188979) 0.0006 0.00441412) 0.0167 0.0728093) 0.7375 0.911556) 0.2755  0.323432) 0.0006  0.00471635)
Eyre (3.71214e-08- (1.40047e-07- (7.2644e-19- (2.14688e-10- (2.41062e-08- (0.666841- (5.77428e-16-
Aug07 0.0032 0.0196447) 0.0068 0.0375229) 0.0004 0.0040535) 0.0018 0.0136078) 0.0015 0.00944787) 0.6781  0.706828) 0.0006  0.0053943)
Milparinka (1.62227e-07- (5.92919e-08- (1.06178e-19- (7.26245e-11- (6.13581e-10- (4.67616e-09- (0.967608-
Aug07 0.0058 0.0310253) 0.0142 0.0754497) 0.0004 0.00370478) 0.0018 0.0137644) 0.0014 0.00881104) 0.0044  0.0310586) 0.9904  0.999658)
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Tilpa (6.34573e-08- (2.65944e-08- (8.3932e-19- (1.10205e-11- (1.83729e-09- (8.31445e-09-
Aug07 0.0040 0.0261132) 0.0068 0.0384774) 0.0004 0.00332265) 0.0019 0.0119965) 0.0011 0.00667136) 0.0033  0.0235478) 0.0005
Bourke (1.08693e-08- (7.84442e-08- (3.37556e-19- (1.50598e-10- (3.28674e-08- (9.67599e-09-
Aug07 0.0041 0.0213334) 0.0067 0.047061) 0.0004 0.00377089) 0.0016 0.012564) 0.0015 0.00889934) 0.0032  0.0210851) 0.0008
Walget (4.01181e-08- (2.33356e-08- (2.19912e-18- (1.84239e-11- (2.44758e-09- (7.09918e-09-
Mar08 0.0034 0.0214151) 0.0066 0.0414257) 0.0004  0.00366605) 0.0015 0.0106586) 0.0011 0.0065518) 0.0030  0.0216946) 0.0005
Brewarrina (1.07318e-08- (6.7197e-08- (1.17706e-18- (9.00957e-12- (3.8955e-10- (8.76625e-10-
Mar08 0.0030 0.0202593) 0.0057 0.037389) 0.0004  0.00408564) 0.0026 0.0185534) 0.0009  0.0063699) 0.0028  0.018864) 0.0005
Brewarrina (7.7841e-08- (6.6239e-08- (4.32176e-19- (1.20445e-09- (1.66174e-08- (6.99425e-09-
Aug07 0.0032  0.0210247) 0.0065 0.0433736) 0.0006 0.00427766) 0.0056 0.0283118) 0.0034 0.0150252) 0.0041  0.0272572) 0.0005
Narrabri (3.49217e-08- (2.50858e-08- (2.30931e-18- (3.65503e-11- (1.41865e-08- (1.02566e-08-
Jan07 0.0032  0.0201787) 0.0137 0.0809826) 0.0006  0.00537811) 0.0019 0.0149032) 0.0012  0.00787019) 0.0058  0.0343329) 0.0028
Run 9 Continued INTO
FROM Tilpa_Aug07 Bourke_Aug07 Walget_Mar08 Brewarrina_Mar08 Brewarrina_Aug07 Narrabri_Jan07
Biloeala (1.0837e-07- (8.25947e-09- (3.52331e-06- (5.33837e-09- (4.91316e-18-
Jan07 0.0035 0.0244625) 0.0034 0.0236313) 0.0044  0.0238328) 0.0020 0.013249) 0.0007 0.0061687) 0.0025  (2.02882e-07-0.0152945)
Biloeala (1.14879e-08- (2.62476e-09- (4.30054e-06- (6.17427e-09- (2.22669e-17-
Julo7 0.0036 0.0238233) 0.0036 0.0245277) 0.0047 0.0267685) 0.0019 0.0115059) 0.0008 0.00663577) 0.0021  (1.08655e-07-0.0129281)
Emerald (1.12993e-07- (7.17661e-09- (0.0285451- (1.11689e-07- (1.92928e-18-
Jan07 0.0063  0.0412388) 0.0039 0.0256121) 0.0875 0.171266) 0.0177 0.0852856) 0.0012  0.00991923) 0.0276  (0.000299932-0.0909662)
Emerald (2.07475e-07- (1.72267e-09- (0.0342033- (0.0501875- (5.52079e-19-
Julo7 0.0043  0.0305911) 0.0055 0.0353728) 0.0878 0.16263) 0.1069 0.167002) 0.0010  0.00839797) 0.1329  (0.0583277-0.200723)
Simpson (2.8849e-08- (1.27818e-09- (0.000583793- (4.92204e-08- (6.29003e-20-
Aug07 0.0046  0.0323108) 0.0038 0.025814) 0.0427 0.115242) 0.0036 0.0213158) 0.0009 0.0085151) 0.0086  (2.71861e-07-0.0429138)
Eyre (1.80493e-08- (1.56638e-09- (2.01313e-06- (1.50645e-08- (1.95981e-18-
Aug07 0.0038 0.0232177) 0.0032 0.0187872) 0.0039  0.0200747) 0.0022 0.0160413) 0.0008 0.00664273) 0.0019  (3.03953e-08-0.0123082)
Milparinka (5.90149e-06- (1.14764e-08- (7.34224e-06- (7.4965e-09- (1.22315e-16-
Aug07 0.0276  0.089455) 0.0063 0.0394561) 0.0044 0.0227076) 0.0023 0.0146927) 0.0008  0.00749146) 0.0022  (7.71432e-08-0.0133982)
Tilpa (0.666983- (1.50656e-09- (1.07123e-05- (1.25181e-08- (9.6957e-19-
Aug07 0.6789  0.708299) 0.0038 0.0255124) 0.0047  0.0234516) 0.0023 0.0148101) 0.0008  0.00838551) 0.0025  (2.58348e-07-0.0140615)
Bourke (1.47006e-08- (0.666901- (4.91548e-06- (1.18036e-08- (2.36109e-19-
Aug07 0.0033  0.0208028) 0.6777 0.706744) 0.0042 0.020336) 0.0021 0.0149773) 0.0008  0.0077044) 0.0023  (3.26613e-08-0.0148723)
Walget (1.8303e-08- (2.02049e-08- (0.666875- (4.63611e-09- (9.86723e-18-
Mar08 0.0035 0.0215778) 0.0038 0.0252442) 0.6765 0.701595) 0.0019 0.0136559) 0.0007 0.00616168) 0.0021  (1.39584e-07-0.0118574)
Brewarrina (1.88582e-07- (5.85587e-10- (0.0267119- (0.796088- (8.46819e-18-
Mar08 0.0076  0.0399318) 0.0038 0.0261171) 0.0676  0.122428) 0.8495 0.897664) 0.0010  0.0084289) 0.0027  (5.29987e-07-0.017618)
Brewarrina (4.7216e-08- (1.88242e-08- (9.89769e-06- (5.81959e-09- (0.963653-
Aug07 0.0039  0.0239582) 0.0054 0.0336261) 0.0055  0.0253594) 0.0048 0.0286208) 0.9896  0.999737) 0.0135  (0.00161339-0.0394967)
Narrabri (0.156585- (0.208881- (9.74449e-06- (8.28724e-08- (1.93481e-18-
Jan07 0.2490 0.31185) 0.2759 0.322649) 0.0061  0.0320197) 0.0028 0.019166) 0.0009 0.00781884) 0.7991  (0.744236-0.858755)

(5.56069e-17-
0.00443966)
(9.2423e-16-
0.00717666)
(3.44212e-16-
0.00446466)
(3.84083e-15-
0.00433213)
(4.59188e-17-
0.00363526)
(3.88387e-15-
0.0188761)
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Run 10

INTO

FROM Biloeala_Jan07 Biloeala_Jul07 Emerald_Jan07 Emerald_Jul07 Simpson_Aug07 Eyre_Aug07 Milparinka_Aug07
Biloeala (0.66683- (7.39965e-08- (5.02067e-19- (3.32989e-07- (1.53536e-10- (7.11051e-09- (9.83695e-10-
Jan07 0.6784 0.707641) 0.0070 0.0452114) 0.0004 0.003253) 0.0042 0.024694) 0.0018 0.00997136) 0.0033  0.0228437) 0.0010  0.00673681)
Biloeala (1.97263e-07- (0.667002- (1.19479e-19- (1.82551e-09- (7.23795e-12- (1.21336e-08- (2.16905e-10-
Julo7 0.0037 0.0218262) 0.6860 0.73877) 0.0004 0.00417796) 0.0020 0.0124083) 0.0007 0.00459683) 0.0031  0.0197063) 0.0010  0.006328)
Emerald (4.89443e-06- (5.81098e-08- (0.979833- (0.000111429- (3.73778e-12- (3.19796e-08- (4.08876e-10-
Jan07 0.0719  0.202911) 0.0099 0.0625765) 0.9951 0.999842) 0.0220 0.0678772) 0.0008  0.00565865) 0.0167  0.0734202) 0.0012  0.00736538)
Emerald (5.71019e-07- (1.05101e-08- (5.11782e-20- (0.666905- (1.85787e-11- (3.44023e-09- (4.33423e-10-
Julo7 0.0039 0.0208117) 0.0067 0.0412441) 0.0003  0.00376354) 0.6756 0.69682) 0.0010 0.00677542) 0.0030  0.0206527) 0.0011  0.0070801)
Simpson (0.0777035- (0.118365- (3.86987e-19- (0.214859- (0.972231- (0.181072- (1.53769e-10-
Aug07 0.2042  0.313396) 0.2363 0.314413) 0.0005 0.00438976) 0.2705 0.313468) 0.9884 0.99779) 0.2628  0.319667) 0.0010  0.00663297)
Eyre (3.11746e-07- (4.3607e-08- (5.69822e-18- (8.96927e-08- (3.79801e-11- (0.666881- (9.75528e-09-
Aug07 0.0043 0.0261688) 0.0060 0.0355629) 0.0004 0.00396491) 0.0033 0.0189611) 0.0013  0.00854976) 0.6785  0.709454) 0.0010  0.00662263)
Milparinka (1.53908e-07- (3.45161e-08- (1.75299e-18- (1.27571e-08- (2.10314e-12- (8.82275e-09- (0.908962-
Aug07 0.0067 0.0338581) 0.0077 0.0525173) 0.0004 0.00358529) 0.0020 0.0138799) 0.0006 0.00430358) 0.0082  0.0519965) 0.9499  0.983226)
Tilpa (7.83322e-07- (1.56725e-07- (2.18338e-20- (4.76872e-08- (1.0503e-11- (1.48855e-08- (8.65633e-10-
Aug07 0.0037 0.0237166) 0.0059 0.0379281) 0.0004 0.00376541) 0.0024 0.0146492) 0.0006  0.00519674) 0.0034  0.0224988) 0.0009  0.00589077)
Bourke (4.63701e-07- (4.24141e-08- (1.00669e-19- (1.74425e-08- (1.76089e-12- (3.57543e-09- (0.00753945-
Aug07 0.0043  0.0244251) 0.0079 0.0534275) 0.0004 0.00452112) 0.0025 0.0162082) 0.0006  0.00447045) 0.0059  0.0323383) 0.0388  0.0776278)
Walget (3.24112e-07- (1.35444e-08- (1.90086e-18- (8.7395e-09- (4.78229e-12- (3.83433e-09- (2.48078e-09-
Mar08 0.0038 0.0210224) 0.0065 0.0425569) 0.0004 0.00316062) 0.0022 0.0130997) 0.0006 0.00411709) 0.0030  0.0194245) 0.0011  0.00782098)
Brewarrina (3.98688e-07- (2.3886e-08- (1.30596e-18- (2.34841e-08- (9.15475e-12- (3.72919e-09- (3.68338e-09-
Mar08 0.0036 0.0185661) 0.0071 0.0483844) 0.0004 0.00364622) 0.0032 0.0222034) 0.0016 0.0107518) 0.0036  0.0275986) 0.0011  0.00751781)
Brewarrina (9.20529e-07- (8.01388e-08- (3.44704e-18- (2.24617e-06- (2.64693e-11- (2.63357e-09- (8.11857e-10-
Aug07 0.0063 0.0341372) 0.0066 0.045363) 0.0005 0.00456329) 0.0073 0.0316891) 0.0009 0.00633113) 0.0052  0.0290449) 0.0008  0.00557596)
Narrabri (2.05186e-06- (2.29592e-08- (7.11133e-21- (1.42722e-07- (2.93519e-12- (4.7969e-09- (6.83574e-11-
Jan07 0.0052  0.0300278) 0.0064 0.04102) 0.0004 0.00343414) 0.0027 0.0171501) 0.0013  0.00916102) 0.0033  0.0225865) 0.0010  0.00733938)

Run 10 INTO

FROM Tilpa_Aug07 Bourke_Aug07 Walget_Mar08 Brewarrina_Mar08 Brewarrina_Aug07 Narrabri_Jan07
Biloeala (4.432e-09- (4.91797e-18- (3.33056e-06- (2.27126e-08- (7.45878e-19-

Jan07 0.0037 0.0258471) 0.0012 0.0108073) 0.0047 0.0278879) 0.0021 0.0135338) 0.0008 0.00694764) 0.0029  (2.2976e-05-0.0157413)
Biloeala (5.8575e-09- (3.22533e-20- (2.63161e-06- (1.32199e-08- (2.0626e-18-

Julo7 0.0034  0.0229855) 0.0012 0.011788) 0.0038 0.02177) 0.0019 0.0126379) 0.0007 0.00686865) 0.0032  (2.08972e-05-0.0179983)
Emerald (9.43397e-09- (5.34879e-19- (0.0630721- (1.29902e-05- (4.46801e-20-

Jan07 0.0067 0.0453171) 0.0012 0.011044) 0.1384  0.221493) 0.0604 0.142269) 0.0009 0.00864056) 0.0844  (0.0219378-0.159718)
Emerald (2.5182e-08- (4.99194e-21- (1.01852e-05- (2.01118e-09- (7.31168e-19-

Julo7 0.0036  0.0273294) 0.0012 0.0114505) 0.0036 0.018035) 0.0020 0.013271) 0.0007 0.00737683) 0.0029  (5.17117e-06-0.0145041)
Simpson (1.69573e-08- (5.50922e-18- (0.0164464- (0.00808063- (7.4827e-19-

Aug07 0.0072  0.0471737) 0.0013 0.0132781) 0.0705 0.154175) 0.0573 0.126239) 0.0009  0.00805367) 0.1306  (0.0529714-0.211686)
Eyre (3.87404e-09- (3.61669e-20- (1.09456e-05- (5.15959e-09- (9.79551e-18-

Aug07 0.0033  0.0230904) 0.0010 0.00947349) 0.0041  0.0200717) 0.0021 0.01388) 0.0007 0.00665668) 0.0031  (1.11705e-05-0.015068)
Milparinka (3.44355e-07- (3.39566e-19- (4.19911e-06- (5.95276e-08- (6.24208e-19-

Aug07 0.0169 0.0761808) 0.0010 0.00992565) 0.0048 0.0282772) 0.0022 0.0144668) 0.0007  0.00592589) 0.0035  (5.14545e-06-0.0163889)
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Tilpa
Aug07
Bourke
Aug07
Walget
Mar08
Brewarrina
Mar08
Brewarrina
Aug07
Narrabri
Jan07

0.6793

0.2602

0.0036

0.0045

0.0040

0.0035

(0.667085-
0.713382)
(0.165902-
0.320459)
(1.41282¢-08-
0.0241292)
(5.07069¢-08-
0.0305915)
(3.01588¢-09-
0.0232465)
(7.03016e-09-
0.0234638)

0.0011

0.9867

0.0008

0.0010

0.0013

0.0010

(2.88559¢-18-
0.00936205)
(0.951875-
0.999637)
(2.85425e-18-
0.00794715)
(5.16844e-19-
0.0100938)
(3.86581e-20-
0.013302)
(6.34511e-20-
0.0104022)

0.0042

0.0062

0.6762

0.0732

0.0058

0.0045

(6.33709e-06-
0.0227416)
(6.61631e-06-
0.0313009)
(0.666885-
0.70235)
(0.0274727-
0.133212)
(6.88528e-06-
0.0301522)
(6.71325e-06-
0.0226859)

0.0021

0.0029

0.0021

0.8600

0.0027

0.0022

(7.28799e-09-
0.0135378)
(2.22932e-08-
0.0172517)
(2.7291e-08-
0.0150908)
(0.793613-
0.942955)
(9.10149¢-09-
0.0166124)
(5.82435e-08-
0.0146461)

0.0007

0.0008

0.0008

0.0008

0.9907

0.0007

(1.92337e-18-
0.00696427)
(1.79062¢-18-
0.00965827)
(2.04544¢-19-
0.00652754)
(1.42597e-19-
0.00788308)
(0.965468-
0.999684)
(1.55851e-19-
0.00637227)

0.0029

0.0737

0.0030

0.0046

0.0118

0.6736

(8.84213e-06-0.0156315)
(0.0340398-0.125298)
(8.07701e-07-0.0145779)
(6.48631e-06-0.0213492)
(0.00104914-0.0342328)

(0.66689-0.690011)
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Appendix 3.3.a Summary table of mean migration rate and N (Nunfieares out of 10 (with different starting seedsjttthe migration rate was

significant (lower 95% CI above m=0.02))

Biloeala
Jan07
Biloeala
Julo7
Emerald
Jan07
Emerald
Julo7
Simpson
Aug07
Eyre
Aug07
Milparinka
Aug07
Tilpa
Aug07
Bourke
Aug07
Walget
Mar08
Brewarrina
Mar08
Brewarrina
Aug07
Narrabri
Jan07

Biloeala
Jan07

Mean m

0.028941

0.033185

0.055572

0.124693

0.003187

0.007549

0.003197

0.003271

0.003045

0.002960

0.004181

0.022002

Biloeala
Julo7

Mean m

0.006786

0.007962

0.070120

0.146345

0.005940

0.008548

0.006038

0.006931

0.005886

0.006117

0.006101

0.008825

Emerald
Jan07

Mean m

0.006485

0.000957

0.000801

0.001864

0.000584

0.000669

0.000717

0.000603

0.000562

0.000735

0.000902

0.004884

Emerald
Julo7

Mean m

0.007424

0.026068

0.01593

0.145489

0.002546

0.002214

0.002365

0.002273

0.002217

0.00278

0.005736

0.007927

Simpson
Aug07

Mean m

0.001723
0.027178
0.001232

0.090922

0.001414
0.000868
0.001482
0.001023
0.001104
0.001206
0.001617

0.001405

Eyre
Aug07

Mean m
0.003629
0.003442
0.01379
0.056453

0.215485

0.005729
0.003361
0.004107
0.003219
0.003972

0.00482

0.0039

0

Milparinka
Aug07

Mean m

0.000989
0.001015
0.000968
0.001072
0.001205

0.000971

0.005817
0.023237
0.000966
0.000868
0.000814

0.00271

Tilpa
Aug07

Mean m

0.003588
0.003647
0.005371
0.003594
0.005257
0.003243

0.013591

0.159479
0.003205
0.004675
0.003741

0.054309

Bourke
Aug07

Mean m

0.002215
0.002159
0.002398
0.002302
0.002472
0.002067
0.002864

0.056801

0.002005
0.002128
0.002311

0.057085

Walget
Mar08

Mean m

0.0144809
0.0138438
0.1088559
0.0247706
0.0533265
0.0041842
0.0043839
0.0042793

0.0050576

0.0709096
0.0056218

0.0137231

N

Brewarrina
Mar08

Mean m

0.0115805

0.0127783

0.0252101

0.0244745

0.0453133

0.0020952

0.0021688

0.0023157

0.002342

0.0019757

0.0031758

0.012976

Brewarrina
Aug07

Meanm
0.000783
0.0007984
0.0011852
0.000863
0.0010023
0.0007332
0.0007601
0.0007878
0.0007946
0.0007659

0.001021

0.0007773

Narrabri
Jan07

Mean m
0.0213416
0.0192098
0.0623106
0.0295291
0.0631603
0.0024851
0.0029653
0.0132387
0.0414505
0.002654
0.0067927

0.0125443
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