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THESISABSTRACT

The island sugarcane planthoppdfumetopina flavipesMuir (Hemiptera:
Delphacidae) is the only known vector for Ramu stilisease of sugarcane. Ramu
stunt disease appears confined to PNG, but dideasgopulations oE. flavipesare
known to occur throughout the Torres Strait islardhipelago and on the northern
peninsula area of Cape York, Queensland, Austrdllee presence of these populations
represents a significant threat to the commeraiadiyction of sugarcane in Australia,
which occurs approximately 700 km south of Ehdlavipespopulations on the northern
peninsula area of Cape York, Queensland.

In order to mitigate the risk d&. flavipesand/or Ramu stunt disease invasion into
Australia through the Torres Strait, and to contiéb to the development of a
management program f&:. flavipespopulations in the Torres Strait, there is a need f
a detailed understanding of the mechanisms whiiste &. flavipesinvasion success in
the Torres Strait.

Anthropogenic movement of infested sugarcane wasthgsised to be important
for initial dispersal into, as well as recolonisatiof populations throughout the Torres
Strait. The ability of mobile life stages &. flavipesto survive over time on cut
sugarcane stalks was assessed. Whilst nymphsduiid éeave the stalk at different
rates over time, almost half of the initial popidatof nymphs and almost one third of
the adults survived six days-situ on cut stalks. E. flavipesis therefore capable of
surviving extended periods of time on deterioratimogt plant material, implying that
human mediated movement of cut stalks may playrgoirtant role in the dispersal of
E. flavipes

In addition to the anthropogenic movement of irddssugarcane, long-distance,
wind-assisted immigration from Papua New Guinea nh&y responsible for the
continued presence & flavipesin the Torres Strait and on the tip of north Quésamns
Simulation was used to prediEt flavipeswind-assisted immigration potential from
Papua New Guinea into the Torres Strait islandsnaathland Australia. Field studies
were used to test the predictions. Wind-assistadigration from Papua New Guinea
was predicted to occur widely throughout the Tor&tgit islands and the tip of
mainland Australia, especially in the presenceropital depressions and cyclones.
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Simulation showed potential for a definite, seasanamigration which reflected
variation in the onset, length and cessation of ghenmer monsoon. In general,
simulation predictions did not explai. flavipes observed infestations. The
discrepancy suggests that post-colonisation presessch as the temporal and spatial
availability of host may be equally or more impottghan possible wind-assisted
immigration in determining population establishme@rsistence and viability.

For phytophagous insects lile flavipes the distribution and abundance of host
plants is highly important in regulating establigmy growth and population
persistence. The relationship between host plattilsution and abundance, ad
flavipes distribution, abundance and levels of populati@mnectivity in the native
range Papua New Guinea, and the introduced reditimecTorres Strait and northern
peninsula area of Cape York, was establishdgl. flavipesuses a wide range of
Saccharumhost species in Papua New Guinea, and occupaney amd abundances
differ significantly among host types. For hostscommon to both Papua New Guinea
and Torres Strait, the proportion of plants occdpia Papua New Guinea was
significantly greater than in Torres Strait. Tradikely to be the result of greater overall
host plant density and connectivity in Papua Newn€a E. flavipesabundance per
plant did not differ significantly between the twegions suggesting a possible plant-
specific abundance and/or dispersal threshold em@gnt of location. Whilsk.
flavipes presence and persistence was highly variable rae sborres Strait locations,
large and stable infestations occurred along thetewme edge of the Torres Strait
archipelago. These populations appear to link Pdgea Guinea to the northern
peninsula area, and offer a potential incursiontercior Ramu stunt disease. The
stability of these populations appears to be aaseti with the availability and
persistence of host plants, which in turn is sigaiitly affected by location-specific
variations in cultivation practices.

Information on hypothesised dispersal mechanisnms aembined with analyses
of population genetic structure to investigate theasion dynamics oE. flavipes
through the Torres Strait. Analysis of data froighémicrosatellites in 648 individuals
suggest that frequent, wind-assisted immigratieamfimultiple sources in Papua New
Guinea contributes significantly to repeated cadation of Torres Strait islands close to
Papua New Guinea. In contrast, intermittent lorsgathce, wind assisted immigration
better explains patterns of genetic diversity atndcture in the southern Torres Strait

and on the tip of mainland Australia. Significgeinetic structuring associated with the
2



presence of clusters of highly related individuaturs throughout the region. In
general, this suggests thfllowing colonisation by small numbers of indivals,
population growth on each island is kin-structureth little post-establishment
movement. There is some evidence that secondamemments between islands are
restricted by quarantine zones. Control of thenthlapper may be very difficult on
islands close to Papua New Guinea given the pragyens

Results suggest that implementation of pre-emptisaagement dt. flavipesvia
particular cultivation techniques, such as the fimmeous tip-pruning of all sugarcane
plants in the area, may be an effective meansmfaloand/or eradication for the pest in
parts of the Torres Strait. EradicationEfflavipesfrom northern Torres Strait islands
appears unlikely given the propensity for annuahsgion, but may be achievable further
south where local populations appear highly inddpabhand isolated.

The creation of a planthopper-free buffer zonehgouthern Torres Strait would
serve to reduce the invasion threat to commerciatialian sugarcane. Pre-emptive
management oE. flavipesin the Torres Strait islands and on the northezninsula
area of Cape York, Australia, is thus recommendgdguthe strategy outlined in this
thesis. Pre-emptive managemen€offlavipeswould be simpler and preferable to the
direct management of Ramu stunt disease shoutddelected in the Torres Strait.



CHAPTER 1 GENERAL INTRODUCTION

11 THESISRATIONALE

The environmental and economic costs of biologicahsions are key issues for
many countries (Pimenteit al. 1999). Australia’s international position as arary
industry and export-based economy means that vitéé to maintain ‘area freedom’
from the devastating pests and diseases preseanamy other countries. There have
been a number of new pest incursions into Austrfatien the northern neighbouring
countries of Papua New Guinea (PNG), Indonesialamadr Leste in the past ten years,
with these generally coming at a high cost. Faneple, the ensuing eradication effort
following the detection of papaya fruit fly in Cas, Australia, in 1995 cost an
estimated $33 million over 4 years (Cantedlial. 2002).

Preparedness may assist in avoiding expenmige-hocand reactionary responses
to new invasions (Leungt al. 2002). Much difficulty lies in attempting to idefy
which of the myriad exotic pests and diseases cqatentially become a major
problem should an incursion occur, the most likelyursion pathway for a particular
pest, and the specific background ecological camditthat may either facilitate or
impede an incursion.

There are three recognised critical stages thairadwering the invasion process,
being transport, establishment and spread (Lockveb@d. 2007). Invasive species are
transported to new regions in a number of waystivAgarticipation in long-distance
migrations with the assistance of prevailing seabwainds can result in movement over
vast distances (Dingle 1996). Alternatively, ineasmay simply be the result of
progressive range expansion via diffusion (Lubin&de&vin 1988). In recent times, an
increasing number of invasions have been the diresult of human-assisted
introductions well beyond the invasive species emndeaange (Williamson 1996). The
use of different transport mechanisms may conteildifferently to invasion success
because they promote relatively different levelspadpagule pressure; that is, how
many individuals are transported and how oftenghHiropagule pressure is thought to



be a major determinant of early invasion succes$#t @&nhances the likelihood of
establishment and persistence (Simberloff 2009).

Habitat availability is important in determining vasion success during
establishment and spread (Simberloff 2009). Thissigecially true for organisms with
specific habitat requirements and low mobility (Hkin& Gilpin 1997). If host plants
are patchy and widely dispersed relative to thecisgemobility, they become more
difficult to locate, compromising colonisation (Thhas & Hanski 1997). On the other
hand, if colonisation is successful, large distanoetween host plants can result in low
levels of dispersal, or connectivity, between papiahs (Thomas & Hanski 1997),
which in turn may contribute to population declared even extinction (Thomas 2000).
In addition, if host plants are very patchy at awasion front, spread may be very slow,
or unlikely (Lockwoodet al.2007).

Information on factors contributing to invasion sess may be obtained through
detailed studies into the ecology of an invadingtp@formation that may contribute to
the formation of management plans to assist ireeitmiting new invasions or reducing
spread in the case of existing incursions.

Ramu stunt is a devastating, systemic diseasegafrsane that occurs in PNG and
is caused by an as yet unidentified virus (Waderal. 1987; Magareyet al. 2002;
Braithwaiteet al. 2007). In 1986, Ramu stunt disease almost desdrdlye fledgling
commercial sugarcane industry in PNG, when two t@d three main commercial
sugarcane cultivars proved highly susceptible te thisease (Walleet al. 1987;
Eastwood 1990). Currently, Ramu stunt is one @& thajor diseases affecting
commercial sugarcane production in PNG (Kuniataal. 2006). Fortunately, the
disease does not occur in Australia, but virus-frepulations of the only known insect
vector, the island sugarcane planthoppéumetopina flavipesMuir (Hemiptera:
Delphacidae), occur in the ‘spindle-roll’, or agideaf-rolls, of sugarcane grown for
cultural purposes throughout the Torres Straitnd$a(TS) and in communities on the
northern peninsula area (NPA) of Queensland, Alist(duniataet al. 1994; Magarey
et al.2002).

The Torres Strait is one of the most highly regdaguarantine regions in
Australia, partly because there are a number ajuentransport mechanisms operating
in the region that may facilitate exotic speciegaductions. The risk of pest and
disease incursions into Australia is heightenedheylevel of people moving through

the region, the natural dispersal of organismsutinothe TS/NPA, and the close
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proximity of PNG to mainland Australia. Each ofeie factors is hypothesised to
influence the ability ofE. flavipes as well as a number of other invasive pests and
diseasesp move around the region.

E. flavipesappears to feed specifically &accharuni., especiallyS. officinarum
L. (‘noble’ sugarcane) an8. ‘hybrids’ (commercial sugarcane) (Kuniata al. 1994).
Throughout PNG, S. officinarum is a ‘native-domesticated’ sugarcane that is
traditionally cultivated in domestic gardens alddgsa variety of other subsistence food
plants such as sweet potato, yam, papaya, cassavabanana (Brandes 1956).
Subsistence agriculture has long been a way offdifeMelanesian communities, and
today most families in PNG still maintain a gard#gmat contains subsistence food
plants. A similar situation occurs in the TS/NRé#ereS. officinarumandS. *hybrids’
are cultivated in garden patches, but in geneudilsistence gardening is less prolific in
the TS/NPA than in PNG. Besides TS/NPA localityorels collected during quarantine
plant health surveys indicating patchy presencE.dfavipesin the Torres Strait, very
little is known abou€. flavipesgeneral biology and ecology, despite it beingdhby
known vector for Ramu stunt disease.

The northern-most edge of Australian commercialastene plantations are
approximately 700 km south of tlie flavipespopulations that occur on the NPA. At
the time of writing, the gross 2010/2011 value @meercial Australian sugar
production was forecast to be around A$1.69 bill{goster 2010). Approximately
30% of all commercially grown sugarcane varietredustralia are susceptible to Ramu
stunt disease (Dr Robert Magarey, BSES Lpeérs. comn). Based on these figures,
approximately A$500 million export sugar may beriak should Ramu stunt disease
establish in commercial sugarcane plantations.

For an organism to be considered a ‘threat’, it tpess through each of the
recognised invasion phases; these being transgsieblishment and spread, and then
have the capacity to cause either ecological on@oic harm (Lockwoogkt al. 2007).

E. flavipeshas clearly passed through each invasion stage prdsent in the TS/NPA,

and the relative close proximity &f flavipespopulations in the TS/NPA to commercial
plantations on mainland Australia poses a high gs@irantine threat to the production
of commercial Australian sugar. Therefoke, flavipesstatus as a pest of significant
quarantine concern justifies research that wilish$s developing a management plan to

prevent new invasions and limit further spread.



In order to mitigate the risk d&. flavipesand/or Ramu stunt disease invasion into
Australian sugarcane plantations, and contributehéoformation of a comprehensive
management plan foE. flavipesin the TS/NPA, there is a need to investigate the
processes that contributeEo flavipesinvasion success through the Torres Strait.

In bringing ecological information into managemeetommendations, this
work has relevance to other invasive or pest speoigere efforts are being made to

limit their spread beyond particular boundaries.

12 AIMSAND THESIS STRUCTURE

The overall aim of this thesis is to investigate tklative importance of factors
which contribute toE. flavipesoverall invasion success in the TS/NPA. This was

achieved by breaking the overall aim into a nundfefistinct studies.

1. To determinet. flavipespotential for both large and small scale dispeirsah
PNG into and around the TS/NPA,

2. To determine the effect of host plant availabibtythe population structure of
E. flavipesin the TS/NPA,

3. To determine the relative importance of pre- vepss- invasion processes that

contribute tcE. flavipesinvasion success in the TS/NPA.

The final aim of this research was to synthesisaltg, and:

4. To develop an appropriate management plaifdlavipesin the TS/NPA, so
that control measures may be implemented at theopppte stage of invasion.

In this first introductory chapter, the generaldtegical and applied background
and rationale for the research has been outlirtealch of the following data chapters
(chapters two to five) include an introduction ke titerature and general background as

it relates to the specific research questions battdyessed. As each data chapter has



been peer-reviewed and published (excluding chdptrwhich is in review), they are
effectively self-contained, and the thesis is daesthso that each data chapter naturally
builds on from the knowledge gained in the previchagpter.

Chapters two and three investigate the likelihoad aotential for large-scale
dispersal byE. flavipesvia the two most likely transport mechanisms, esgibgenic
movement of infested sugarcane and long-distanaeg-assisted immigration from
PNG. Thus, pre-invasion processes which may duari#i to invasion success are
examined. Chapter two briefly introduces relevaspects of the problem at hand and
the study region, but focuses on anthropogenic mew via infested sugarcane.
Could E. flavipeshitch-hike on sugarcane being moved by people? surdive? A
transportation event is simulated, and results midlicate whether human-mediated
movement is a plausible dispersal mechanisnkfdtavipes The aim of chapter three
is to investigatde. flavipespotential for long-distance, wind-assisted immignatfrom
PNG into the TS/NPA. Computer simulation will beed to predictE. flavipes
potential distribution and abundance in the TS/N®Ailst field studies are used to test
the model predictions.

Once an organism has successfully arrived inva loeation, it must establish.
For host-specific organisms suchBsflavipes the distribution and abundance of host
plants is a potential major determinant of sucegssblonisation, population growth
and ongoing persistence. The purpose of chapterigao derive a detailed spatial and
temporal picture of the influence of differing hoglant availability in PNG and
TS/NPA, onE. flavipesdistribution and abundance throughout both regiofi$is
objective is a critical step in establishing thestpavasion success &. flavipesin the
TS/NPA.

Chapter five overlays spatial patterns of popatatigenetic diversity and
connectivity throughout the TS/NPA on to resulsnirthe previous chapters, to build
insight intoE. flavipesinvasion history and the relative importance @&-prersus post-
invasion processes in determiniBgflavipesoverall invasion success.

The general discussion in chapter six providegraghgsis of all major findings,
and outlines the final recommendations for managerakE. flavipesin the TS/NPA.
Finally, limitations encountered during the studydauggestions for further research

are discussed.



Note: Citation of any publication arising fromgtthesis is coupled in parenthesis
with a reference to the appropriate chapter.



CHAPTER 2 ANTHROPOGENIC MOVEMENT POTENTIAL

Publication Arising:

Anderson, K.L., Sallam, M. & Congdon, B.C. 200Zong-distance dispersal by
Eumetopina flavipegHemiptera: Delphacidae), vector of Ramu stunt:cidture
contributing? Proceedings of the Australian Society of Sugarc@aehnologist29,
226-234.

21 INTRODUCTION

The likelihood that a species will successfullyarose a new region is dependent
upon a variety of pre- and post-invasion ecologiratesses. Primary amongst the pre-
invasion processes is the ability to reach newtiooa. This ability may be enhanced
through the use of particular dispersal mechani@iliamson 1996; Ruiz & Carlton
2003). Should the dispersal mechanism promote lggipagule pressure, then
successful arrival, establishment, persistence sndad is far more likely (Grevstad
1999; Simberloff 2009).

Many studies have focused on post-invasion débtemis of establishment
success, and not on pre-invasion processes (Kolaydge 2001; Puth & Post 2005). If
the relative importance of different dispersal natbms used by a particular pest is
well understood, there may be a chance to dishgdet mechanisms and so reduce the
risk of new invasions or recolonisation (Carlton Ruiz 2005). Such pre-emptive
management is always preferable due to the expensdved in post-hocreactive
control and eradication (Leureg al.2002; Hulme 2006).

A number of dispersal mechanisms that may faadlitavasive species movement
into Australia have been noted (Stanawéawgl.2001; Pheloung 2003; Lintermans 2004;
Floerl & Inglis 2005). One pathway into northernsiralia is from Papua New Guinea
(PNG) through the Torres Strait islands (TS) (Rig.). The Torres Strait encompasses
approximately 48, 000 kfrbetween the southern coast of PNG and the tip peCa

York, Queensland, Australia. There are over 2% nds in the Torres Strait, 17 of

10



which are permanently occupied by traditional Ter@trait Islander peoples of

Melanesian origin, for whom subsistence agricultisrea way of life (Harris 1977;
Bourke 1990).

PAPUA NEW GUINEA

TOP WESTERN Ugar (Stephen)
Q

O Erub
(

Darnley)

TORRES STRAIT

% @ Masig (Yorke)

EASTERN

L}
O |lama .m CENTRAL
O Mabuiag vervis)

WESTERN
Moa (Banks)

¢

Mer (Murray) QD
Oa

O Q Poruma (Coconut)

<J Warraber (sue)

INNER

Muralug

(Prince of Wales)

Northern Peninsula Area
Cape York

AUSTRALIA

Figure 2-1. Map of southern Papua New Guinea amde$ Strait and northern
peninsula area of Queensland, Australia, showiadjttonal island/community groups.
These groups aréop Western Boigu, Saibai, DauanEastern- Ugar, Erub, Mer;
Central - Masig, lama, Poruma, Warrabétestern- Mabuiag, Badu, Moa (Kubin),
Moa (St Pauls)|nner (Thursday Island) - Waiben, Keriri, Muralug, Ngpai, NPA —
Seisia, New Mapoon, Bamaga, Umagico and Injinoo.

The tip of mainland Australia is referred to as tlwethern peninsula area (NPA)
of Cape York, Queensland, where a further five camities of Torres Strait islander as
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well as mainland Aborigines occur; these commusitieing Seisia, New Mapoon,
Bamaga, Injinoo and Umagico. Islands/communities @dustered into groups based
loosely upon geography and cultural relationshipgy.( 2-1). In keeping with
Melanesian traditions, varying degrees of subst&taagriculture occur in both the TS
and NPA. Back-yard gardens often contain a miplahts that may act as hosts for
exotic pests and diseases that are not presenbrinmercial production areas on
mainland Australia.

The TS are of major concern to Australian quaran#nthorities because of the
unique variety of potential dispersal mechanismslRkét 1972; Kikkawaet al. 1981,
Lindsay 1987). Very little empirical informationxists on the specific mode of
operation of different mechanisms, their relativgportance, and whether successful
establishment could result from invasive speci@sguhem.

Plants are often deliberately transported by pe@dick & Lonsdale 2001), and
many organisms are introduced accidentally into hemalities as hitch-hikers on such
material (Macket al.2000). Domesticated sugarcane originated andgifieel in PNG
(Blackburn 1984), and it is reasonable to assunat¢ Wwhen Papuans of Melanesian
descent inhabited the northern TS islands sevkmisand years ago (Barham 2000),
they brought subsistence agriculture items like astne. The social custom of
exchanging food among Torres Strait Islandersrimeédtama (Haddon 1908), and has
likely been occurring over some 3000 years of hurhahitation (Lawrence 1994;
Carter 2001). Historically, noble sugarcanes wezquently traded and gifted within
and within and between island cultural groups avastal PNG villages, either as single
stalks or bundles, with the leaves attached (Hadddr2; Lawrence 1994). It is highly
probably that this practice occurs today, althodlgp magnitude of movement is
unknown.

Stalks were either eaten or planted quickly upsmeipt (Jesse Sagaukaz, Mayor
NPA Regional Councilpers. comn). The conventional method of planting involves
laying the entire stalk on the ground horizontadlyd lightly covering it with soil.
Leaves may or may not be present. Alternativelgiiviidual stalks are cut into smaller
pieces, generally with the terminal section contgjrintact leaves, with each section
planted base down (Fig. 2-1).

The cultural practice of moving and planting canehwerminal leaves attached
(Fig. 2-1) is suspected to be an important way Ehdtavipesis introduced into novel,

or reintroduced into already infested sites witthe TS/NPA (Plant Health Australia
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2004). This is becaude. flavipesadults and nymphs are almost always found within
the protective spindle-roll leaf cluster of the sumpne stalk. For mobile life stages to
colonise a new area, they must firstly be ableutvige several days’ transportation on
cut stalks of sugarcane, and secondly, either leetalibreed on the stalk at the end of a

journey or disperse onto nearby established carpl

- ! -
i ‘ o [
=

Figure 2-2. Sugarcane planted as sections, wéhediminal section (third from

left) complete with leaves.

In this chapter, numbers of actively mobile lifag#s ofE. flavipeswhich could
survive a long range transportation event, and puatentially available to colonise a
new area, are determined. By confirming this, hoimeediated movement dE.
flavipesvia the transport of infested sugarcane stalks rnesoa plausible dispersal

mechanism for this pest species.

2.2 METHODS

Due to the restricted Australian distribution & flavipes and associated
guarantine issues, the field experiment was coreduat the communities of Bamaga
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(10°53'S, 14223'E) and New Mapoon (£82’S, 14223'E), both of which are located
on the NPA. A large cultured patch $f officinarumfjava’ containing a good breeding
population ofE. flavipeswas sourced from New Mapoon. From this, ten staifested
with E. flavipeswere selected and cut at the first visible dewliae highest unfurled
leaf). All of the leaves present on the cut secticere collected intact. Stalks were
bagged individually in fine meshed polyester gabags 1.2 m long and 0.5 m wide to
encapsulate the stalks and tke flavipes Bagged stalks were then transported
approximately 3 km by car to Bamaga.

Prior to the introduction of the outboard motogding occurred throughout the
Torres Strait via large single or double-outriggailing canoes (Moore 1978). A six
day travelling period would almost certainly seeaaoe travel from the PNG coast and
reach the southern Torres Strait islands and nmainlAustralia, an approximate
distance of 200 km. To simulate such a transportavent and determine the survival
of mobile life stages oE. flavipes each of the ten individually bagged stalks were
placed in the shade and left for six days. The rembf nymphs, males and females
migrating off the stalks were counted daily oveedsh six days. Only those insects
which were definitely off the leaves and stalk weomsidered as having deserted, and
were thus counted. At the end of six days, thebamof nymphs, males and females
alive or deadn-situ on the stalks were counted. The initial stargpupulation was
calculated by adding the total population remairongthe stalk to the number of daily
deserters. To ensure all remaining insects wenated after six days, each leaf on the
stalk was removed and unfurled: this method wowaldehproved too destructive had it
been carried out initially. As there was a mixtofdive and dead insects on the stalk
after six days, the end surviving population wakwdated by subtracting the daily
deserters and those which were dead on the stalke @&nd, from the initial starting
population. Each adult was examined for wing-diphsm. Observations on the
condition of the leaves on the cut stalks were alade over the six days.

All statistical analyses and procedures were coedueising SPSS 13.0 for
Windows statistical program (SPSS Inc. 2004). dalla were tested for normality using
the Shapiro-Wilk W test. Statistical comparisorerevachieved using ANOVA unless
otherwise stated. All significance was sePte 0.05.
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2.3 RESULTS

There was a highly significant linear relationsbigtween the mean cumulative
number of adults leaving cut sugarcane stalks dedtime since stalks were cut
(ANCOVA, F;g=468.102, R= 0.983,P < 0.001) (Fig. 2-3). There was no difference
between the mean cumulative numbers of males anthlés leaving the stalk
(ANCOVA, F;5=0.830,P = 0.389), nor was there an interaction betweerasextime
(ANCOVA, F1 5= 3.615,P = 0.094). The mean cumulative number of adultsiten
increased, such that over six days both malesemdlés deserted individual stalks at a
constant rate of approximately three individualseath sex per day. In contrast to
adults, an exponential relationship better explhitie pattern of nymphal desertion of
stalks over timeRy4 = 69.037, R= 0.945,P = 0.001) (Fig. 2-3). Nymphs appeared to
desert slowly up to day three, at which point theam cumulative number of nymphs
leaving greatly increased with time.

40 ¢

35 |

w
o

N
()]

[E=Y
(6]

Mean cumulative total leaving
N
o

[
o

Time (days)

Figure 2-3. The relationship between time sincediia¢gk was cut and the mean
cumulative totaE. flavipesadults ( —#— ) and nymphs (--4-:--) leaving sugarcane
stalks over time (2 SE).
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There was a significantly larger total number ofliuduals in the initial
population than in the population surviving after days ¢, = 60.431P = 0.016). A
significantly higher proportion of nymphs surviveédan adults, but there was no
difference between the numbers of surviving adwdtes and females§, = 33.191 P
= 0.029). Of the initial nymph population, 48 % 143) were left alive in the spindle
roll after six days. A similar proportion of theitial population of males and females
survived on the stalk for six days; this being 220.7) and 27% (+ 0.8) respectively
(Fig. 2-4). There was no interaction between difage and numbers surviving, 4 =
0.557,P =0.576).
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Figure 2-4. Proportion of the initial populatioh®. flavipesnymphs, adult males

and adult females alive per stalk after six daysutrsugarcane (2 SE).

All of the adults (n = 508) counted had wings whiektended beyond the
abdomen. No adults exhibited obvious reduced mesaetathoracic wings that may

have indicated the presence of a flightless foAhthe end of day six, the only entirely
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green tissue present on the sugarcane stalks wie amner leaf of the spindle roll and
at the base of the inner leaves. All of the ol#aerves were brown and appeared very

dry, probably indicating major water loss from #ialks.

24 DISCUSSION

Insects possess an innate ability to escape detenig host plants to find others
which are more optimal, especially if the insect ars host plant have co-evolved
(McClure 1983). E. flavipesis thought to have evolved on sugarcane in PNG (see
chapter four) and may thus be able to quickly detkanges in sugarcane host quality.
Visual observations made during the course of ttieement indicated that the cut
sugarcane stalks were drying, and wilting is kndaamprompt dispersal in leafhoppers
(Waloff & MacFadyen 1980). Planted sugarcane edsegrow five days after
irrigation has stopped (Haet al. 2000). A cut stalk would be expected to detererat
quicker than an intact plant starved of waterhase is no soil moisture available to the
cut stalk. That adults began dispersing from stadkthin a day of cutting likely
indicates a fast response to some aspect of htesiatation.

Whether any individuals are left on a stalk to omde following transportation
will be dependent upon the starting population.sidkimbers of individuals per stalk
varies greatly throughout the TS/NPA, and may raimgm zero individuals to ‘hot-
spots’ of infestation, where plants may harboumasiy as 279 individuals on a single
stalk. However, when infested, the average TS/Nifastation per stalk is 32.7
nymphs and 3.99 adults (calculated from data dalteduring 2006, for chapter four).
A ‘banana boat with a 40 — 60 hp outboard motovetisafrom the PNG area around
Saibai, Boigu or Dauan to the mainland in abour foufive hours, but you can do it
much quicker in a speed-boat’ (Jackson Sailor, ialiah Quarantine and Inspection
Service - Bamagaers. comn). Given the average TS/NPA stalk infestatiorgne
day travel period through the TS in a boat wouldab®le time to reach any number of
destinations throughout the region, with the majooif the starting population stilh-
situ on the stalk.

As the number of arriving colonists at any one timknown to be proportional to

colonisation success (Drake & Lodge 2006), it isqiinle that the small remaining
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proportion of adults survivingn-situ on a stalk toward the end of six days may decrease
the likelihood of colonisation. A small colonisimgppulation decreases the propagule
pressure, or availability of colonists, but theraynbe as yet unknown characteristics of
E. flavipes ecology and life-history that serve to negate theffects following
immigration (Lawton & Brown 1986; Williamson & Fdt 1996; Denncet al. 2008).
For example, if sugarcane was particularly abundanthe destination island, then the
E. flavipesdispersing from stalks that had just been deliveesgecially if it was a
short trip, may be more likely to locate suitabtesthand potentially colonise to form
large populations (Lawton & Schroder 1977). Gelhgraost-specific insects such as
E. flavipesare considered to have a high searching abiligtltav the discovery of even
rare hosts (Debach 1965), and host abundance isrkim increase the potential for
successful colonisation (Worner 2002). This sdenaray be more likely on Torres
Strait islands such as Boigu, Saibai and Mer, wisegarcane is grown abundantly in
many gardens, or where there are large patchegddsugarcane, such as Ngurupai.
Similarly, the presence of similar numbers of malad females may offset any
negative effect of a small introductory populatibacause mate location in a new
habitat may prove very efficient. Mate calling byales occurs immediately upon
settlement on a host plant (Denno 1994b). Thig aihd call’ strategy appears to be
particularly successful under low density condisidar locating virgin females that are
newly arrived (Denno & Roderick 1990). Generattygratory female planthoppers are
not mated and will search for a mate upon arrina new habitat (Denno 1993).
Interestingly, nymphs responded more slowly thaaoltadto deteriorating host
quality and remained on the cut stalks until dageh when they left at a faster rate.
Nearly half of the initial population of nymphs sived the six day treatment, so if
colonisation conditions were satisfied, nymphs nago possess the capability to
colonise a new area. Nymphal flavipestend not to leave a sugarcane plant unless
disturbed, but it was observed that if knocked franstalk, they could easily move
several metres by running sideways, backwards ppihg. Perkinsiella saccharicida
Kirkaldy nymphs exhibit similar movements, and ifdcked off are able to disperse a
metre or two from the host cane or return to thethmane within a few hours
(Pemberton 1949). If a transported stalk was pthim a patch which already contained
established sugarcane plants onto which the nyrophlsl walk, feed and develop into

adults, it is likely that this would lead to a sassful colonisation event.
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The adults of many species of planthoppers extakiteme wing dimorphism
(Denno 1994b). Macropters are fully winged induats capable of long-distance
migratory flight, whilst brachypters are flightleskie to varying degrees of wing
reduction (Denno 1994b). Brachypters disperse bypimg or walking, and their
movement is generally limited to within 10 metrdégheeir host plant (May 1975). Not
one of the adults inspected during this study asddbany marked reduction in wing
length, implying that every individual is capableflht. However, in some species of
planthopper, a sub-macropterous form may also,exts¢re flight capability is limited
due to partially reduced wings (Waloff & MacFadyE980). Sub-macropterous forms
probably do not disperse via flight but can dispeskort distances via walking or
hopping (Denno 1994b). Certainly it was noted s@heE. flavipesindividuals did
not fly when disturbed, but instead ran sidewaysen@as others did engage in flight of
a few metres. Further research is required toalethe presence of a sub-macropterous
form in the island sugarcane planthopper.

Results of this chapter clearly demonstrate Ehatavipesindividuals are able to
survive for up to six days on a cut stalk of sugae; which is ample time for
movement across the entire Torres Strait. Althabhghmagnitude of such movement is
unknown, anthropogenic movement may be highly igwdr in facilitating the

movement okE. flavipesthroughout the Torres Strait.
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CHAPTER 3 WIND-ASSISTED IMMIGRATION POTENTIAL

Publication Arising:

Anderson, K.L., Deveson, E.D., Sallam, M. & Congd&C. 2010. Wind-
assisted migration potential of the island sugagcplanthopperEumetopina flavipes
(Hemiptera: Delphacidae): implications for managingursions across an Australian
quarantine frontlineJournal of Applied Ecology7, 1310-1319 (IF = 4.2, ERA = A)

31 INTRODUCTION

Annual, north-westerly monsoonal trade winds maynmte dispersal of exotic
organisms through the Torres Strait (Farrow & [@ralO78; Farrowet al. 2001).
Unlike other transport mechanisms, wind provides tberfect opportunity for a
‘continuing rain of propagules’ from PNG into theS/NPA, a process that could
enhance the survival of exotic species in the redithreshet al. 1983; Simberloff
2009). In general, planthoppers rely on wind fognations over significant distances
(Kisimoto & Rosenberg 1994). Consequently, windisted, long-distance migration
from PNG may explain, at least in part, the disttibn and extinction/recolonisation
dynamics of. flavipesin the TS/NPA.

The likelihood and relative magnitude of long-dmsta, wind-assisted migration
can be determined using trajectory analyses thairprorate meteorological data and
ecological parameters for the organism of inte(@aynoldset al. 1997). In this
chapter, such analyses were used to determinend-agsisted migration d&. flavipes
from PNG into the TS/NPA and beyond is possibled &m gain an insight into its
potential frequency and the likely resulting distition.
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3.2 MATERIALSAND METHODS

3.2.1 The long-distance migration model

The long-distance migration model used in this pinds developed to predict the
change in distribution dflelicoverpamoths following a migration event (Rochesggr
al. 1996). Fallout regions have been accurately ptediby the model for a variety of
noctuid moths (Greggt al.2001). The model has since been used to showvihds
between 100 — 400 m altitude were sufficient tomgport mosquitoes from PNG into
the TS and onto mainland Australia during the monsseason (Ritchie & Rochester
2001), as well as to predict trajectories for idgimtg the direction and distance of
locust migrations in Australia (Devesehal.2005).

The long-distance migration model uses a numbesubfmodels to calculate a
resulting distribution following a period of migram, in the following manner (from
Rochesteet al. 1996). First, a representative, random samplensécts’ is generated
by selecting their location from a source populataefined by the user. Then, each
insect is flown along its trajectory, which is deténed by the wind velocities around it
and its responses to environmental conditions eéxpezd during the flight. The
responses are randomly selected from a set oflpessisponses (the range of which is
specified by the user), which can change duringflight. The end point of each
trajectory is accumulated and passed to the rgmydtlation distribution sub-model,
and once the result distribution remains constiduet,final numbers and distribution of
insects is calculated. When the sub-model parametee random variables, their
values are randomly selected from a uniform prdiglistribution using the Generic
Spatial Insect Model (GenSIM) random variates gatoer The assignment of arbitrary
distributions to the random model parameters esatlle model to be flexible as it
examines various behavioural influences on lon¢adise migration (Rochestet al.
1996). In doing this, the full range of parametalues and their impact on flight is

examined during the simulations, and is thus redldm the resulting distribution.

3.2.2 Source population

E. flavipessource population was defined as an area of rgughl500 kn,

extending approximately 260 km along the southeastof PNG and 100 km inland
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from the PNG coast, with the Fly River forming therth-eastern boundary, and the
border between PNG and West Papua forming the webtmundary (Fig. 3-4). The
environment is mainly lowland alluvial plains andn$, and freshwater swamps
(Paijmans 1976), and contains an abundanck.dfavipes‘wild’ host plants, these
being Saccharum robusturBrandes & Jeswiet ex Grassl aBdspontaneurh., which
form pure stands in suitable habitat (Paijmans 1978s well, E. flavipeshas been
sampled on the highly favoured hos$s eduleHassk.,S. officinarum L. and S.
‘hybrids’ in local village gardens and surroundsa@areyet al.2002).

The source population is represented as a grigdeimtodel, and the distribution of
insects within the source population is based emtiimber of insects within each grid
square (Rochestast al. 1996). The starting location of each insect ieseéch grid
square is randomly generated (Rocheseral. 1996). In this study, the source
population contained 250 x 10 krgrid squares, and we nominated 40 insects per 10
km? grid square, giving a total 10, 000 individuals raiing on each datélhe size of
the source population was used as an index ofeflative density of possible migrants.
In light of recently published data which shofsflavipesabundance in PNG may be
as high as 201 adults per plant (Chapter four; Agate2009), the specifietD insects
per 10 knmi may be a highly conservative estimate, especiallyareas of high host

abundance.

3.2.3 Flight parameters

A number of parameters are required by the modeirder to calculate flight
direction and distance during the simulations. ta&Hy nothing is known abouE.
flavipes migratory capacity, but migratory flight behavioigr well documented for a
range of other planthopper species. In keeping thié majority of migratory take-offs
by planthoppers in tropical regions occurring asld(Padghanet al. 1987),E. flavipes
has been observed to move to the stalk tips of cential sugarcane at Ramu Agri-
Industries, PNG, at dusk (K. Korowi, Ramu Agri-Irstiies Ltd.pers. comn). For this
reason the take-off time specified in the model W&s80 AEST. The flight bearing
offset angle required by the model allows the sated flying insects to ‘control’ the
direction of flight. In nature, many insects arapable of this, particularly when
correcting for crosswind drift (Dingle 1996; Chapmat al. 2008). However,

planthoppers are known to migrate at altitudes witlee wind speed exceeds their flight
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speed, so their flight displacement is primarilfuaction of wind direction and speed
(Kisimoto & Rosenberg 1994; Rilegt al. 1994). The offset angle specified in this
study thus allows for nil to minor control overgftit direction during simulations. In
the absence of data f&. flavipes the remaining parameters were based on ranges
published foNilaparvata lugensStal andSogatella furciferaHorvath) (Ohkubo 1973;
Seinoet al.1987; Watanabe & Seino 1991; Kisimoto & Rosenld€g4) (Table 3-1).

Table 3-1. List of estimatdal. flavipesflight parameters

Parameter Minimum Maximum
Flight bearing offset angle (degrees) 45 -45
Flight speed (metres per second) 0 2
Flight duration (hours) 1 24
Flight altitude (metres) 100 1000

3.24 Simulations

The wind sub-model uses outputs from the limitezhagrediction system (LAPS)
regional atmospheric circulation model run by thesthalian Bureau of Meteorology
(BOM) (Puri et al. 1998), and was first used to generate wind trajexs for each 24
hour period between 1 January 2003 to 31 Decentt@f,Zrom three PNG locations,
being Morehead (inland PNGJ®&'37”S 14P38'19"E, Buji (Coastal PNG) ®9'05"S
14214'17"E, and Daru (Coastal PNGJ®1'42”S 14312'36”E. The three locations lie
in the north-west, north-east and south of the@®population area, respectively. Each
24 hour wind trajectory projection was saved asaplgcs file, and visually assessed.
For each 24 hour projection, if any of the windectories ran from the PNG source
population into the TS/NPA, the full model whiclcarporated insect flight parameters
was run for that date, and the resulting distritrutof immigrants calculated at 21
TS/NPA locations (Table 3-2). Alternatively, ifl &ind trajectories ran in a northerly
direction away from the source population, nil ingnation into the TS/NPA was
recorded and the full model was not run. Trajgcgmulations were not possible for
several nights in July 2005 or 15 February 2006cabse LAPS outputs were

unavailable.
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Table 3-2. Torres Strait island and northern psudenarea locations sampled for
predicted numbers &. flavipesfrom resulting distribution.

Traditional group | Location GPS Co-ordinates
NPA Bamaga 1853'38.13"S 14223'20.76"E
New Mapoon 1662'01.38"S 14223'08.05"E
Injinoo 1054'32.13"S 14219'24.57"E
Inner Muralug 10'36'33.57”S 14212'34.81’E
Ngurupai 16835'34.89"S 14214'53.99"E
Waiben 1634'55.79"S 14213'19.49°E
Keriri 10°33'18.37”S 14213'10.20"E
Western Moa - Kubin 1014°02.02"S 14213'14.27°E
Moa - St Pauls 101'06.68"S 14219'42.79'E
Badu 1609'01.17"S 14210°'12.25"E
Mabuiag §57'25.26"S 14211'13.88"E
Top Western Boigu %©3'50.34"S 14213'11.80"E
Dauan 825'08.35"S 14232'29.76"E
Saibai §22'54.16"S 14236'42.39°E
Eastern Ugar 930'27.72"S  14332'49.06"E
Erub 935'08.24"S 1446'14.67E
Mer P54'53.91"S  14%02'29.55"E
Central Masig 915'01.82"S 1434'46.84"E
lama §53'54.93’S 14246'06.97"E
Poruma 1603'00.23"S 14803'54.22"E
Warraber 1612'16.69"S 14249'24.35"E
3.25 Data analysis

Differences in predicted patterns of seasonal Mbistance, wind-assisted
migration from PNG into the TS/NPA were investightey examining variation in
monthly predicted immigration using non-parametfiziskal-Wallis. This technique
was used due to non-normality of the dataset (Q&ikreough 2006).

The simulated TS/NPA spatial distribution was exaedi to determine whether

certain TS/NPA locations or island/community groupgre at greater risk of
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immigration than others. First, the frequencyrifigration events was examined. If >
0 immigrants were observed within a location oransl/community group on a
particular day, then it was classified as a ‘hithereas zero immigrants were a ‘miss’.
The frequency of hits and misses for each TS/NRAatlon and group were compared
using a two-way contingency table analysis, andaated Pearsoff statistic (Quinn
& Keough 2006). Location data were natural lodpmittransformed to correct non-
normality (Quinn & Keough 2006), and ANOVA and LSDst-hoctests used to detect
any significant difference in the numbers of prégticimmigrants per hit day between
locations. The Welch correction and Tamhamst-hoctests were used for the group
ANOVA due to unequal variance (Quinn & Keough 2006)

E. flavipes simulated spatial distribution and abundangas compared to
observed infestation at different TS/NPA locatiotise latter were calculated using
meankE. flavipesabundance per TS/NPA location over time (Chapter; fAndersonet
al. 2009 for detailed field sampling methodology).m&i constraints at some sampling
locations in 2006 meant that all host plants waeresampled as they were in 2008. To
account for the differential sampling effort betwegears,E. flavipes2006 infestation
was adjusted to reflect the infestation expectadtlie@ total number of host plants
present in that yeaHg), which was calculated &$; = N; / (t1 / t2), whereN; is the
number of plants sampled in 20@6js the hours spent sampling in 2006, &nid the
hours spent sampling in 2008. To determine whesiimulated patterns of wind-
assisted immigration alone could explain the obesgpattern of infestation, regression
analysis was performed on In (x + 1) transformethda correct non-normality. In
addition, a non-parametric Kendall's tau test wasduto determine if any other
relationship existed between predicted immigratod observed infestation (Quinn &
Keough 2006).

A wide array of stochastic processes may affecabishment following
immigration (Williamson 1996; Lockwooét al. 2007). It is not known what these
might be fork. flavipes For this reason, three different establishmeobabilities (100
%, 30 % and 10 %) were used to account for thesr&in comparisons between
simulated immigration and observed infestationgat&his also effectively examines
the changes that would occur as a result of vargogce population (propagule) size

during the modelling procedure.
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3.3 RESULTS

3.3.1 Annual patternsin the TS/NPA

No immigration was predicted from PNG into the TBANfrom June through to
October. For November to May, the mean total mtedi number of immigrants varied
significantly between monthg*= 19.96, d.f. = 6P < 0.01; Fig. 3-1). Immigration in
November occurred in only two of the five study ngeavith November experiencing
the lowest rates of all months in which immigratmecurred. The highest immigration
was consistently predicted to occur during Janugejruary and March, with average
rates between approximately 4000 and 7000 indiNgduaPredicted numbers of
immigrants did not differ significantly between igethree months between yeafs<
3.140, d.f. = 2P = 0.21). During December, April and May, simuthienmigration
rates were lower, but varied considerably more betwyears. In December, highly
variable numbers of immigrants occurred every ykamg the study (between 24 and
5000), while in April, immigrants occurred in ortlyree of the five years and numbers
were highly variable (between 0 and 7455). OnI2®06 were immigrants predicted in
May.

The results suggest that fér flavipes the migratory season begins in December,
or occasionally late November, but that the exaitation date varies from year to
year. The migratory season usually ends in Mabcih,in some years it can continue
until April. Very rarely does the season end inyas it did in 2006. However, in that
year severe tropical cyclone ‘Monica’ traversed €ajprk Peninsula and the Northern
Territory of Australia from mid to late April. Thiresulted in strong winds from PNG
into the TS/NPA persisting until early May, the yiyear during the study when they
did so. This finding clearly suggests that extrameather events can increase variation
in the number of immigrants reaching the TS/NPA &emthen the migratory season

for up to one and a half to two months beyond ikehg-term averages.
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Figure 3-1. Mean number of predictéd flavipesimmigrants per month (2 SE)
throughout the Torres Strait and northern peninsuéa, Cape York, Australia, from
January 2003 to December 2007.

3.3.2 Simulated spatial patternsin the TS/NPA

Wind-assisted migration from the theoretical PN@rse population to all
sampled locations in the TS/NPA appears possibhportantly, it was noted during
visual assessment of the 24 hour wind trajectooyegtions, that some trajectories from
PNG end south of Cairns, which is a major commeéstigarcane production area, as
occurred on 12 March 2003 (Fig. 3-2). In respdngéis result, BOM Mean Sea
Level Pressure (MSLP) weather charts were exanforegl 12 March 2003 at 4 pm
and 10 pm AEST, ii) 4 am, 10 am and 4 pm on thiMa&:h 2003, and iii) for the 20
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days during the study period where every TS/NPAtion was predicted to receive

immigrants. A number of synoptic scenarios appede responsible.

Princess Charl§tte Bay 4

-~

2003-03-12 24hr flight: 250m:18.30 AEST

Y

Figure 3-2. Model simulation @&. flavipestrajectories from Morehead, Buji and
Daru, Papua New Guinea, and Bamaga, northern pdaiasea, Queensland, for a 24
hour flight from 18.30 AEST on 12 March, 2003 whéine modelled trajectories end

south of Cairns, Australia.

On the 12Viarch 2003, tropical cyclone ‘Craig’ was presenthia Gulf of
Carpentaria but was downgraded to a tropical low e®ssed over the southern area of
Cape York. Therefore, very long southward trajgesoappear to be associated with a
depression or cyclone present further south oveeQ@rk. In general, blanket
immigration throughout the TS/NPA is associatechweither i) a low pressure system

or a tropical cyclone in the Gulf of Carpentaripailow over the tip of Cape York
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Peninsula which produces similar southward moverbehover shorter distances, and
lii) @ more complex situation with lows to the wesid east with a ‘trough line’ running

across top of Cape York Peninsula or through the TS

(a) ' PNG

NPA

(b)

Figure 3-3. E. flavipessimulated migration from theoretical Papua New @ain
(PNG) source population (black shaded area) toTthrees Strait island and northern
peninsula area (NPA) of Cape York, Australi@ ¢ampling locations), for (a) 12
February, 2004, and (b) 11 March, 2005. Light geyark grey squares indicates a

low to high abundance, respectively, of potentianigratingE. flavipes
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The proportion of hits differed significantly betere TS/NPA locationsyf =
2261.50, d.f. = 20P < 0.001) and island/community groupé £ 2138.47, d.f. = 5P <
0.001). This is because not every TS/NPA locatorgroup sampled was hit with
immigrants on each day. For example, most Cegtmlp locations as well as all Top
Western and Eastern group locations were hit ofretuary 2004 (Fig. 3-3a), whilst
on the 11 March 2005, all locations except Mer wet¢Fig. 3-3b).

For hit days only, the mean In (predicted numbenwhigrants per year) differed
significantly between TS/NPA island/community greups 4471= 120.88,P < 0.001;
Fig. 3-4). The Top Western group was predictedetteive the most immigrants per
year of all groups, followed by the Eastern, thesm €entral groups (Tamhapest-hoc
tests). The NPA, Inner and Western groups recethedfewest immigrants, with
numbers of immigrants being relatively similar (Trranepost-hoc NPA and InnerpP =
0.612; Inner and WesterR,= 0.193; NPA and WesterR,= 0.045; Fig. 3-4).
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3.33 Simulated versus observed infestation

There was no significant lineaFy » = 0.50, Adj R = -0.025,P = 0.49) or
monotonic (correlation coefficient 0.12, P = 0.46, n = 21) relationship between the
mean predicted immigration and the mean observisstation per TS/NPA location
(Fig. 3-6). Therefore, in general, the number rafmigrants predicted to reach each
location per year due to wind-aided migration aldnes not match observed patterns of

E. flavipesinfestation throughout the TS/NPA.
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Figure 3-6. Relationship between the mean numlbepredictedE. flavipes
immigrants per year and the mean obserkZedlavipesinfestation per year for all
TS/NPA locations. Lines represent the theoretigdected infestation should 100 %,
30 % or 10 % of the mean number of predicted imamtg establish (traditional
island/community group symbols: NPAR, Inner O , Westerna , Centrgli , Top
Wester® , Easteh ).

These data can also be compared to the three tetmathievels of establishment
success. The results suggest that some individeations may fit the theoretical
relationships. For example, the observed infestatat Saibai, Bamaga, Ngurupai and
Waiben close to the line of 100 % of immigrantsooasing (Fig. 3-6). Infestations at
Masig and Erub appear consistent with 30 % of tieglipted immigrants successfully

establishing (Fig. 3-6). However, there does nmpear to be a general level of
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establishment success that would allow the numbpeeslicted to match observed
infestation throughout the TS/NPA. Similarly, withisland/community group, there
does not appear to be a general level of estabdishrsuccess where the predicted
numbers of immigration match the observed infestati For example, the predicted
immigration to all locations within the NPA groug identical, but the observed
infestation is highly variable; a pattern repeatetbss most groups. Importantly, there
are a number of locations in the TS/NPA with ncestétion at all, despite relatively

high rates of predicted immigration.

3.4 DISCUSSION

Simulation results strongly suggest that wind padegi multiple opportunities for
E. flavipesto immigrate from PNG into the TS/NPA. Althouglased on general
planthopper flight behaviour, this result could thee for any organism that migrates
with wind assistance. Simulations predict that igmation should begin in late
November or December, peak between January andhiMand rarely continue past
April.  This finding is consistent with the frequbnobserved movement of large
numbers of different insect taxa from PNG into i@ during the monsoon season
(Farrow & Drake 1978). No immigration was predicfeom June through to October
during the dry season, when circulation is domithaby south-easterly trade winds
(Suppiah 1992). Variability in the onset, lengtidacessation of the monsoon season,
including associated summer monsoon winds, is cexnahd closely linked to cycles
that include the Madden-Julian oscillation, El Nif@outhern oscillation phenomenon
and the Quasi-biennial oscillation (Suppiah 1992he intricate way that these and
other cycles interact to cause monsoon onset ntalayi difficult to develop accurate,
predictive models of year-year variation in immigva from PNG. However, analysis
of wind direction and strength associated withipatar synoptic events may allow risk
alerts at appropriate times.

On average, cyclones pass through the TS once eigiy or so years (Babbage
1990). This study spanning five years and inclgdone cyclone is thus fairly
characteristic of average extreme weather eventiromece. Cyclones are known to

affect monsoon onset (Suppiah 1992), so delayedsommm cessation in April 2006
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resulting in a continuation of the immigration sgasintil May of that year, may have
been caused by the presence of TC Monica. As argeabservation, a depression or
cyclone in the Gulf of Carpentaria or over Cape R¥Beninsula establishes suitable
wind conditions to allow for long-distance, widesad immigration from PNG into
northern Australia. Such wind conditions were isight to carry mosquitoes from
PNG to the NPA for 79 % and 57 % of the days duidegember 1997 and January
1998 respectively (Ritchie & Rochester 2001). Vgindn one particular night
transported mosquitoes a distance of approximad@y km (Ritchie & Rochester
2001). For planthoppers, seasonal displacememsianare known to occur annually
on monsoon winds, particularly those associatet fmintal depressions and typhoons
(Rosenberg & Magor 1987). The continuous air cusa@llow long-distance transport
from several hundreds to thousands of kilometreayaftom the source population
(Kisimoto 1976; Seinat al. 1987). The development of a low pressure systethe
Gulf of Carpentaria, at the least, was thoughtecebsential for insect migration from
PNG to Cape York (Farrow & Drake 1978). Resultggast there is potential fd.
flavipesto easily be transported similar distances withithw& aid of such systems.
However, when low pressure systems are present,onigt may they extend the
immigration season and potentially promote widesgrenmigration, they may also
potentially transpork. flavipessouth of the NPA to commercial sugarcane growing
regions near Cairns. Of interest is tEatflavipeshas not been detected south of the
NPA. Many factors could be responsible for thisraaly. Perhaps it is only a matter
of time, as was the case with the incursion of stayee smut into the Ord River
Irrigation Area in Western Australia, which was Mg suspected to be wind-borne
from Indonesia (Croft & Braithwaite 2006).

Even allowing for minor flight control, it appeattsat prevailing wind conditions
and distance from PNG are the dominant processgsomsible for the resulting
predicted distribution oE. flavipes The Top Western group of islands may have
received the greatest number of immigrants bectngseare close to PNG, and because
trajectories over a range of wind directions, frowrth-west through to south-east,
contact islands in the group, particularly Boigrhis finding is consistent with the Top
Western islands, of all islands, receiving the tggla numbers of exotic fruit fly
species from PNG (Technical Advisory Panel on exdtuit flies for Plant Health
Committee and Primary Industries Standing Commit&®94), and other wind-

dispersed organisms like disease-carrying midgeb ransquitoes (Johansest al.
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2003). The predicted frequency of immigrants peug dwindles as northerly winds
become more frequent and/or with greater distarcoa PNG. Farrow & Drake (1978)
suggest that wind trajectories from the Papuaroregiould rarely reach Cape York, so
that a successful southward crossing of the TSumbkely. In contrast, results suggest
thatE. flavipes at least, may regularly reach the NPA duringrttesoon season, and
locations in the Western, Inner and NPA groupseiallower than other groups, may
still be at risk of annual invasion.

Clearly, uncertainties are an issue in predictiwaetling, and error and bias can
cause predictions to fail (Rega al. 2002). In this case, the impact of altering some
model parameters (for example to reflect naturalndance variation in the source
population) may lead only to over or under-estioratof individuals in the resulting
distribution, not to a change in the resulting ritisttion itself. As discussed earlier, the
resulting distribution is primarily driven by winaot arbitrary decisions made during
the modelling process. Therefore the predictivevgroof the model is high, and
distributional inferences are unlikely to be inemtr(Johnson & Gillingham 2008).

Overall, results of this chapter suggest a higremtal for wide-spread, wind-
assisted immigration from PNG into the TS/NPA. fEhare some locations where
wind-assisted immigration alone appears to be @ goedictor of observed infestation.
It may be that levels of immigration are sufficiemit those locations to ensure that
establishment is highly successful. In general éxaw, the predicted distribution does
not match the observed patterns of infestationuinout the TS/NPA. Importantli.
flavipesis absent at some locations, despite predicted-assisted immigration and
abundant host plants. These findings suggest #figrnate factors influence
establishment and population viability beyond nurabef colonists. On-island
processes and or propagule pressure provided lgy ottmigration pathways such as
the anthropogenic movement of infested sugarcaag,ba of equal, or greater relative
importance in determining the distribution and atance ofE. flavipesn the TS/NPA.
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CHAPTER 4 HosT PLANT DISTRIBUTION AND ABUNDANCE

Publication Arising:

Anderson, K. L., Sallam, N. and Congdon, B. C. 20D8e effect of host plant
structure on the distribution and abundance of i8land sugarcane planthopper,
Eumetopina flavipe$uir, vector of Ramu stunt disease of sugarcafiels Research
141, 247-257 (IF = 2.81, ERA = B).

4.1 INTRODUCTION

Population structuring in insects that have resdcor specific host plants is
driven primarily by the quantity, distribution awdriability of hosts in both time and
space (Denno & McClure 1983; Brower 1985; Lawret®84; Worner 2002). Host
plant distribution may be relatively continuous,adternatively, hosts maybe scattered
naturally throughout the landscape in small patckiest are widely dispersed.
Similarly, agricultural management practices maynpote fragmentation of host plants.
For example, the annual turnover of a crop maylresuemoval of all infested host
plants before replanting begins. Such host plaftipness and stochasticity generally
means that host plant patches may be difficultifigects to locate in either time or
space (Thomas 2000; Grilli 2006). When this i triuost plant patches are less likely
to be successfully occupied by dispersing insetftshowever, such a host plant patch
iIs occupied successfully, constant immigration angbositive population growth is
required or occupancy is unlikely to continue (Matidr & Wilson 1967; Hanski
1994; Thomas 2000).

In contrast, insect populations in large, stablst ptant patches are more likely to
avoid local extinction than those occupying smaltcpes (Williamson 1981; Hanski
1994; Williamson & Fitter 1996; Thomas 2001). Leargnd stable host patches that
cover larger areas should also be easier for disgeinsects to locate (Root 1973).

When populations do occur in large, stable hosthest, particularly populations that
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specialise on that host plant, they tend to exlalpbsitive abundance correlation with
host availability: this is termed the ‘resource cemtration hypothesis’ (Root 1973).
Also, high population abundance generally translatéo greater dispersal potential
(Denno 1994a; Komoneret al. 2004). When many individuals are constantly
dispersing between patches i.e. the propagule ymess high, then connectivity
between patches is also high. High patch conngctivay ensure that total population
abundance remains relatively stable, that recadtiois of empty host plant patches
occurs quickly and that populations remain highdysistent (Hanski 1994; Williamson
& Fitter 1996; Hanski & Gilpin 1997; Thomas 2001jti/2002; Allendorf & Lundquist
2003).

E. flavipesappears to be feed specifically on certain spadi&accharuni., and
has been recorded fro®. spontaneurh., S. robustumE.W. Brandes & Jeswiet ex
Grassl,S. officinarumL. (‘noble’ sugarcane) an8. ‘hybrids’ (commercial sugarcane)
(Kuniataet al. 1994). Throughout PNG, all four of these hoses/pccur and together
form a relatively continuous distribution across tandscape. Commercial sugarcane
(S hybrids) is grown only in the Ramu Valley, ov@peoximately 7, 500 ha of which
approximately 1,000 ha of the total area under mage is managed by small-scale out-
growers. S. spontaneurand S. robustumare considered to be ‘wild’ and may be the
dominant species in suitable habitats throughous FRaijmans 1976)S. officinarum
is considered a ‘native-domesticated’ sugarcaneisatrdditionally cultivated alongside
S. edulg'pit-pit’) and other subsistence food plants sashsweet potato, yam, papaya,
cassava and banana (Brandes 1956) (Fig. 4-1)sisSeibce agriculture has long been a
way of life for Papuans, and today almost everyifigm PNG still maintains a garden
that contains the aforementioned plant speciesddbasize can range from a very small
plot in a back-yard to a larger plot of 0.4 ha or $arger plots may be situated a short
walk from the dwelling, and may be tended by sdviarailies. S.‘hybrids’ are grown
less commonly in village gardens th@nofficinarum

In contrast to PNG, onl\s. officinarumand S. hybrids are cultivated in the
TS/NPA (Sallam & Anderson 2006). In gardens irhdeNG and TS/NPA, the age and
number of cultivated sugarcane plants may varyiwidtnd between gardens, but in
general, subsistence gardening is less prolifitSMNPA than in PNG. In the TS/NPA,
patches ofS. officinarumand S. ‘hybrids’ are highly fragmented at a regional lsca

because the plants are scattered over a humbetaods and communities. Further
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fragmentation also occurs within the islands anchrooinities due to hypothesised
variation in the timing of specific cultivation mtaces.

Figure 4-1. Typical subsistence garden withofficinarum banana, pineapple,
papaya and cassava being grown in a small backptdat Lae, in Papua New
Guinea.

The aim of this chapter is to derive a detailedtiaband temporal picture of the
effect of differing host plant availability in PN&d TS/NPA ork. flavipesdistribution
and abundance in both regions. This was achieydddt examiningE. flavipeshost
usage, host occupancy and abundance in PNG, therorbparing these parameters
between PNG and TS/NPA, and finally by determinvtetherE. flavipespopulation
structure varies over time relative to host usagehe TS/NPA. Understanding.
flavipeshost preferences, as well as how changes in hast plhailability influence
population structure, is a critical first step istablishing the invasion potential &f
flavipesas it colonises new regions; specifically, recatation in the TS/NPA.
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4.2 METHODS

4.2.1 Host plant identification

E. flavipeswas collected from throughout central PNG and tB&NPA (Fig. 4-
2). Representative sub-samples of these insect® ween sent to Australian
Delphacidae expert G. A. Bellis, in Darwin, Ausi@alto confirm species identification.
In order to establistE. flavipeshost range, known host speci€S. (fobustum, S.
officinarum, S. spontaneum, 8ybrids), as well as other closely related, piaén
alternative hosts (from the grass Family Poacea&eg wxamined in PNG and TS/NPA.
The identity and presence of potential alternaligsts in the study area was established
from searches of the literature and the Queenshartbarium HERBRECS database
(Grassl 1946; Brandes 1956; Kuniataal. 1994; Kellogg 1998; Hodkinsoet al. 2002;
Queensland Environmental Protection Agency 200ble identification of all plants
from which insects were collected in PNG was urakam by a single trained Ramu
Agri-Industries Ltd. staff member. Host identificen in TS/NPA was done by the
author (Kylie L. Anderson). If a host plant in th&/NPA was not clearly identifiable, a
specimen was collected and sent to B. M. Waterhdusstralian Quarantine Inspection

Service Botanist, or the Queensland Herbariumidemtification.

4.2.2 Sampling in Papua New Guinea

In PNG insects were collected at a total of 11ssispread across seven locations.
The four main locations visited were Lae (coasiallands, two sites), Madang (coastal
lowlands, two sites), Goroka (highlands, two sitasyl Ramu (commercial sugarcane
plantation, two sites) (Fig. 4-2). Three otherabons, approximately half-way between
Lae and Ramu, Ramu and Madang, and Ramu and Gaveka,also sampled. Sites at
each location were approximately 10 — 25 km apart.

At each location/site, insects were collected frasnmany host types as possible
for comparative purposes. When a host was pregelaast five stalks from each of five
plants per site were sampled. Plant replicate=aeh site usually occurred in a single
garden and were rarely more than 500 m apart; mest much closer. For the five
stalks sampled per plant, a visual count of all pgrand adulE. flavipespresent in the

spindle roll was obtained and in the majority ofe&s a sub-sample of 5-80 flavipes
40



was collected via aspiration. Samples were placed ©%d@thanol and later used to
confirm species identification or for further maléar analyses.
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Figure 4-2. Map ok. flavipessampling sites at Madang, Goroka, Ramu and Lae
in Papua New Guinea, relative to sites in the T08#ait and northern peninsula area
of Queensland, Australia.

4.2.3 Sampling in TS and NPA

Between 13 March and 7 April, 2006, 16 TS and fiNBA locations were
sampled forE. flavipes Time allowed for sampling at each location vdyiand was
dependent upon when transport on and off the isleaslavailable. At each location, as
many sugarcane plants as time permitted (minimum pvants at Injinoo and Moa

(Kubin), which were the only ones there) were ediind the presence or absenck.of
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flavipesrecorded for each plant. Up to five stalks frommmany plants as the time
permitted (minimum two plants at Ugar) were sampledtructively forE. flavipesby
cutting the spindle roll off the stalk at the firgsible leaf joint or ‘dewlap’ (where the
sheath turns into the leaf blade) on each sambdkl. sLeaves from the spindle roll
were unfurled one at a time and Bll flavipesremoved via aspiration, placed in 100%
ethanol and transferred to the laboratory for idieation and counting.

To determine if the distribution and abundance wfascane and. flavipes
changed over time, a second survey of the TS/NP&awsaducted from 26 March to 17
April, 2008. Seventeen TS and five NPA locationsravsampled foE. flavipes. E.
flavipes presence/absence was recorded from every sugaptameat each location.
Up to five stalks at five plants per location wesampled fork. flavipesas described

above.

4.3 ANALYSES

43.1 Host plant occupancy

The effects of host type, region (PNG and TS/NRA&)Y sample year on patterns
of E. flavipes host plant occupancy were examined using Pearson@sts of
proportions. Host plant occupancy was measurdtieaproportion of the total number
of plants sampled at each location that were pasforE. flavipesnymphs or adults.

To test for the effect of host type &n flavipesoccupancy, samples from all host
types from all sampling locations in PNG were coredan a single analysis. This was
possible because sampling effort per host typeaeh docation was equivalent. The
results of this test indicated that some host tyfpesticularly S. officinarumand S,
‘hybrids’) could be pooled for further analysesggesults). Therefore, the level of
occupancy in the different regions (PNG and TS/NPA&s examined using
presence/absence data from five randomly sam§ledfficinarumplants from every
location in PNG, and TS/NPA whete. flavipesoccurredin 2008 (Bamaga, Keriri,
Yorke, Boigu, Dauan, Saibai, Mabuiag, Badu, Ugamibh&n, Ngurupai and Erub).
Both S. officinarumand S ‘hybrids’ plants were combined in TS/NPA. It was
necessary to pod. officinarumandS. ‘hybrids’ plants from TS/NPA as neither host

type occurred in sufficient numbers on its own g bbcation. Changes in occupancy
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between sampling years were tested in the TS/NRA oAresence/absence data from
every plant visited at all TS/NPA locations postifor E. flavipesin either year of
sampling were used. The test was repeated fdil&taS/NPA locations positive for

E. flavipesn both years of sampling (see results).

4.3.2 E. flavipes abundance on occupied plants

Using plants known to be occupied, the relationstiptween host plant type,
and/or regional locations and sample yearEorflavipesabundance were quantified.
Abundance relationships for nymphs and adults \aeedysed separately as the number
of nymphs on a plant is a measureeoflavipesbreeding success, whilst the number of
adults is an indication dE. flavipesbreeding activity and dispersal potential. Of the
four host types, onlg. officinarumandS. eduleéhad at least three, with a maximum of
six, occupied plants per site. Therefore, a Paitedt was used to examine the effect of
these two host types da. flavipesabundance, independent of any site effects. Data
from this analysis were bordering on non-normagréfore a Wilcoxon Signed Ranks
test with marginal homogeneity test was used tdicomesults from the Paired t-test.

Welch ANOVA was used to examine the effect of heisticture orE. flavipes
abundance between regional locations (PNG and TAYNPThe Welch statistic is
preferable to thd--statistic when the assumption of equal variancey ime invalid
(SPSS Inc. 2004). Data from at least five or sigupiedS. officinarumplants at each
PNG location and from one to five at each TS/NPAatmn were used. Sampling
locations in PNG and TS/NPA were spread over alainspatial scale and sampling
effort was equivalent. Sample sizes were unavoydaohaller per location in the
TS/NPA because of clear differences in occupanigsrégsee results). A Mann-Whitney
test was used to examine the effect of sample gre&r. flavipesabundance throughout
the TS/NPA. Plants from all TS/NPA locations thatre positive forE. flavipesin
either year of sampling were used. The test wasated for ‘stable’ TS/NPA locations

positive forE. flavipesin both years of sampling (see results).
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4.3.3 Host plant occupancy and abundance in TS/NPA over

time

Regression analysis was used to examine the nedhilo between host plant
occupancy and. flavipesabundance over time in the TS/NPA. Plants samjtad
TS/NPA locations that were positive during eitheamspling year were used in the
regression analysis. Then, hierarchical clustadysis using average linkage between
groups, and based on squared Euclidian distanstantlardised variables, was used to
group TS/NPA locations that were homogenous wittpeet to level of host plant
occupancy ané. flavipesabundance.

For all analyses, data normality and equality afiance assumptions were met,
or corrections applied, when parametric tests wisierl. All statistical analyses were
performed using SPSS 13.0 for Windows (SPSS In@4R0

4.3.4 Cultivation practicesin the TSINPA

Cultivation practices can have a major impact ost lpdant patch structure and
stability, and therefore affect the distributiobuadance and persistencekofflavipes
populations. To assist with the interpretatiomesiults, gardeners throughout the region
were interviewed during the 2008 survey in an atieto identify trends in plant origin
and cultivation practices. Questions asked weyeD(d the sugarcane in your garden
come from this island, another island or PNG? niéther island, which one? (2) Do
you practise any pest control on the sugarcanegfeslf what type? (3) Do you harvest
and replant your sugarcane? If yes, what tim&efyear and why? (4) Does everyone
on the island harvest and replant at the same tiGBgMHow do you replant your

sugarcane? (6) Once planted, how do you look wfter sugarcane?

4.4 RESULTS

44.1 PNG: Host range, host plant occupancy and abundance

In PNG, a total of 224 plants were sampled oveesducations. Potential host

types sampled (*?’ denotes uncertain identificatjowere S. eduleS. officinarum S.
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robustum S. robustum‘mountain form’, S. spontaneumS ‘hybrids’, Pennisetum
purpureum ?P. purpureum,?Sorghumsp. andMiscanthussp.. P. purpureum 7P.
purpureum,?Sorghunsp. andMiscanthussp were each sampled at one sie.eduleS.
officinarumandsS. robustuntit is likely thatS. robustummountain’ form is a variety of
S. robustumtherefore the two host types were pooled in rinalyses) occurred at
every sampled site. In contra$t,‘hybrids’ sugarcane occurred only at Ramu, &d
spontaneunwas present at four of the seven sampled locatidie identification and

number of host species sampled per location is sansed in Table 4-1.

Table 4-1. Number and identity of potential flavipeshost species sampled per

location and site in Papua New Guinea, with occapaate per host type.

Location Host E O R S H P ?P So M
Site
Lae 1 6 6 5 5
2 5 5 5 4 1 5
Ramu 1 5 5 5 5 5
2 5 5 5 5 10
Madang 1 5 6 5
2 5 5 5
Goroka 1 5 5 6 5
2 5 5 6
Between Lae 1 5 5 5 5
and Ramu
Between Ramu 1 5 5 5
and Madang
Between Ramu 1 5 5 5 5
and Goroka
Total plants sampled 56 57 56 25 15 5
Number plants occupied 37 57 28 4 15 0 0 0 0
Proportion plants 66 100 50 16 100 0 0 0 0
occupied within host type

Host plant codes: Saccharum eduldE), S. officinarum(O), S. robustum(R), S.
spontaneun(S), S. ‘hybrids’ (H), Pennisetum purpureur(P), Pennisetunpurpureum(?P),
?Sorghunsp. (So) andliscanthussp. (M).
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Up to four differentEumetopinaspecies were collected from the host types
sampled; identification of species other tharflavipeswill be reported elsewherek.
flavipes was detected on five host typ& edule S. officinarum S. robustumsS.
spontaneumand S. ‘hybrids’. There was a significant difference & flavipes
occupancy rate between host types in PNG (Peafsen 72.72, d.f. = 4P < 0.001).
All sampledS. officinarumand S ‘*hybrids’, 66% ofS. edule 50% ofS. robustunmand
16% of S. spontaneuiplants were infested (Table 4-1).

S. eduleplants were consistently occupied By flavipesat Lae, Madang and
Goroka site-1, bus. eduleat Goroka site-2 was not occupied. There wasistamily
less than 50% occupancy 8f robustunmplants byE. flavipesat Lae, Madang and
Goroka. At Lae, Madang and Goroka, variable nusloéiS. eduleand S. robustum
plants were occupied, whereas at Ramu all werepiedu S. spontaneurplants were
occupied at the lowest rate of all host types. ofaltof 11E. flavipesnymphswere
detected on four of 25 plants sampled (nine nyngohtsvo plants at Lae, one nymph on
one plant at Ramu and one nymph on one plant abkaprwhereas no adults were
detected. The identity of these specific nymphs hat yet been confirmed, and
nymphs and adults of undescribétlimetopina sppwere often sampled ors.
spontaneum Therefore, if at allS. spontaneurappears to be a very poor host Er
flavipesand was not included in further analyses. Thedsglhecorded abundances of
E. flavipesnymphs and adults on individual plants per hosesypre summarised in
Table 4-2.

Table 4-2. Highest recorded abundanceEofflavipesnymphs and adults on

different host plant types in Papua New Guinea.

Life stage Host type Location Abundance
Nymphs S. edule Lae 65
S. officinarum Madang 287
S. robustum Ramu 201
S.‘hybrids’ Ramu 17
Adults S. edule Lae 40
S. officinarum Lae 49
S. robustum Ramu 15
S.‘hybrids’ Ramu 3
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Due to the high variability and consistently lowcapancy rates observed &n
robustumat Lae, Madang and Goroka this host type was robaded in the abundance
analyses across these sites. Thereflreflavipesabundance was only compared
betweerS. eduleandS. officinarumat the Lae, Madang, Goroka and Ramu sites. There
was no significant difference in nymph or adult mtéance betwees. eduleand S.
officinarumat Lae, Madang, Goroka, Ramu and between Ramu aathihg, nor adult
abundance per plant betwe&n eduleand S. officinarumat Lae, Madang or Ramu
(Paired t-test; nymphs t = -0.958, d.f. #7753 0.05; adults t = -0.794, d.f. = B,> 0.05;
Wilcoxon signed ranks test; nymphs Std. MH stattisti-0.963,P > 0.05; adults Std.
MH statistic = -0.825P > 0.05). The pooled location mean abundance (LdbE.
flavipesnymphs orS. eduleandS. officinarumrespectively, was 12 (5) and 20 (9), and
for adults was 5 (2) and 8 (3) respectively. Papaohs ofE. flavipeswere always more
variable onS. officinarumthanS. edulebut were never consistently higher on eitBer
officinarumor S. eduleat any location

Ramu was the only location where a comparison wassiple between the
abundance oE. flavipesnymphs and adults on each of the four main hostst{#p
edule, S. officinarum, S. robustand S. ‘hybrids’. The abundancergimphs at Ramu
was significantly different betwee®. edule, S. officinarum, S. robustuand S.
‘hybrids’ (Welch ANOVA, F3 15094= 3.581,P < 0.05). Despite the significance of the
Welch ANOVA, the Games-Howell post-hoc test did m#ntify specific host types
that were significantly different. Therefore, tlsggnificant difference in nymph
abundance between host types detected by ANOVAargjimal and must be interpreted
cautiously. Nymphs appear more abundant and memiable onS. robustunthan on
the other host types (Fig. 4-3).
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Figure 4-3. MearE. flavipesnymph () and adult @ ) abundance on four
different host types at Ramu, PNG (2 SE).

However, one particula®. robustunplant at Ramu, which was a clear outlier,
supported an average of 201 nymphs, which meartsitthiegas much more heavily
infested than any othe3. robustumplants sampled at Ramu, or other sites, where the
mean abundance was less than an average of fopigmér When the Welch ANOVA
was re-run with this individual plant removed, thevas no significant relationship
between nymph abundance and host type (Welch ANG¥YA; s3= 3.18,P = 0.05).

The mean abundance of adults per plant was signific different betweers.
edule, S. officinarum, S. robustandS ‘hybrids’ at Ramu (Welch ANOVAF3 1566=
5.570,P < 0.05). Games-Howell post-hoc tests revealedifstgntly more adults of.
robustumthansS. edule, S. officinaruor S. *hybrids’ (Fig. 4-3).

The mean abundance Bf flavipesadults (SE) orf. robustunplants was 7 (2).
In comparison, the mean abundance of adults onptet$. robustunplants at Lae,
Madang and Goroka was less than two, again mushtihes their mean abundance at
Ramu. Therefore, heavy infestation ®f robustunby nymphs and adults at Ramu
appears an exception rather than a tregd flavipesis usually not as abundant &
robustumas it is on other host types.

48



4.4.2 PNG and TS/NPA: host plant occupancy and abundance

There was a significant difference in host plartupancy rate between PNG and
TSINPA (Pearsory® = 40.07, d.f. = 1P < 0.001). All'S. officinarumhost plants
sampled in PNG (n = 57) were occupied, compareddth of the total number @&.
officinarum and S ‘hybrids’ plants sampled in TS/NPA (n = 60). Hower, when
nymph and adulkE. flavipesoccurred on a plant, the overall abundance pesteade
plant was not significantly different between PN@&I & S/NPA (ANOVA nymphsF;,
79= 0.791,P > 0.05; adultsF;, 75= 0.331,P > 0.05) (Fig. 4-4). The heaviest individual
infestation of nymphs in PNG was at Madang (anayeif 287 nymphs on the plant),
and in the TS/NPA was at Ngurupai (an average ofy80phs on the plant). For adults,
the heaviest individual infestation in PNG occuratd.ae (an average of 49.2 adults on
the plant), and in the TS/NPA at Bamaga (an aves&d® adults on the plant).
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Figure 4-4. Mean abundancekfflavipesnymphs ) and adults@d ) per plant
(2 SE) in PNG and TS/NPA.
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4.4.3 TS/NPA: Host plant distribution, occupancy and
abundance over time

In 2006, 21 locations were visited and a total 80 &5. officinarumand S
‘hybrids’ plants were sampled. In 2008, 22 locasiavere visited and a total of 585
officinarum and S. hybrids plants were sampleckE. flavipesdistribution was highly
variable at many locations in the Torres Straitrauwme (Fig. 4-5). However, at ten
locations, Boigu, Dauan, Saibai, Erub, Masig, MaguiBadu, Waiben, Ngurupai and
Bamagak. flavipeswas detected in each year (Fig. 4-5). These loeativere termed
‘stable’ because of the continued presenc&.oflavipescompared to other locations.
Sugarcane§. officinarunor S ‘hybrids’) was not present at Seisia in 20068.Jmagico
in 2006 and 2008, and at Kubin in 2008, but occuatevery other location sampled.
Potential alternative hosts sampled, and on wHiehnet were nde. flavipes were P.
purpureum(Bamaga and Horn)?Phragmites australigBadu), Zea maygUgar and
Mer), ?Rottboellia cochinchinens{&eriri and Mer),Sarga plumosur{near Seisia) and
Cymbopogon citratuglama). A large, wild patch ofS2 robustunwas discovered on
Mer in 2008, and a herbarium specimen submittedQiceensland Herbarium
(submission number KLA1001)E. flavipeswas not detected on th&.?robustumbut
only a few peripheral plants were sampled as tliehpaas very tall and dense and

surrounded by thick forest.
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Figure 4-5. Map of the Torres Strait and hemh peninsula area of Queensland,
Australia, sampling sites with results from 200@ 2008 field surveysX = E. flavipes
detected in both years of samplinX E=flavipesdetected in either 2006 or 2008,

O-=E flavipesnot detected in either year of sampling.

Overall occupancy of host plants in the TS/NPA dat change significantly
between years (Pearsgh= 2.69, d.f. = 1P > 0.05) (Table 4-3). Similarly, there was
no significant difference in overall occupancy aish plants at the stable locations
between years (Pearsgh= 2.3, d.f. = 1P > 0.05) (Table 4-3).

Overall E. flavipesabundance in the TS/NPA did not differ significgrbetween
sampling years (Mann-Whitney z = -1.32> 0.05) (Table 4-3). Also, abundance did
not differ between years at stable locations (M#fmtney z = -0.99P > 0.05) (Table
4-3).
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Table 4-3. Comparison betweEn flavipeshost plant occupancy and abundance

between sampling years throughout TS/NPA and atestacations.

Year Occupancy Rate (%) Mean Rank Abundance

Entire TS/INPA| Stable locatiorjsEntire TS/NPA| Stable location
2006 44 (n=179) 49 (n=141) 39 (n=43) 32 (n=33
2008 37 (n=419) 42 (n=364) 33 (n=29) 28 (n=26

S

There was a significant positive relationship betwehe level of host plant

occupancy and In (x + 1) transformed mdanflavipesabundance. The relationship

may be described by both logarithmic and linear @®@NOVA, logarithmicF, 2o=

13.605,P < 0.01, Adj R = 0.35; linearF;, = 8.18,P < 0.01, Adj R = 0.24), and

although the non-linear model provides a bettetdfithe data, the variation explained

by either model was relatively low (Fig. 4-6).

These relationships suggest that although the ahtkost plant occupancy is

highly variable throughout the TS/NPA, an increasé&ost plant occupancy results in

increasedE. flavipes abundance.

However, regardless of the rate of plsit

occupancy, average. flavipesnumbers per plant appear to trend towards an Uppir

of approximately 60.
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Figure 4-6. Relationship between the proportioplahts infested and the mean
abundance ot. flavipesper plant (In (x + 1) transformed) in the Torresa$ and

northern peninsula area of Queensland.

After hierarchical cluster analysis, five TS/NR#htion clusters were evident at
a rescaled distance of 5.5 (Fig. 4-7). Howevesséhmay be grouped into two major
clusters. Cluster 1 contains stable locations e/Befflavipesinfestation was consistent
but decreasing or low over time (low proportiorptdnts infested with a low abundance
of E. flavipe3, or locations wheré&. flavipeswas detected in only one or other year of
sampling (Fig. 4-7).
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Figure 4-7. A dendrogram displaying results fronslaster analysis of Torres
Strait and northern peninsula area of Queenslacatitms over two years of sampling
host plant occupancy and mdanflavipesabundance per plant. Two major clusters are

shown.

WhenE. flavipeswas detected at a specific location in the firsiryaf sampling
but not the second, it was because the occupiedspted longer occurred, and whEn
flavipes was detected in the second year only, it was usuall new plantings.
Therefore, cultivation practices directly affece thresence or absencekfflavipesin
the TS/NPA. With the exception of Keriri 08 and M&n 08, all locations in the first
cluster occur in the Central and Eastern groupfslands (Fig. 4-8).

Cluster 2 includes seven of the ten locations athvk. flavipeswas detected in
both years of sampling; Bamaga, Boigu, Dauan, &aadu, Mabuiag and Ngurupai
(Fig. 4-7). At each of these locations, the saangd, well-tended individual host plants

or host plant patches occurred and sustained ¢ensisnedium to heavy infestations in
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each year of sampling. Every location in Clustaiuster occurs in the Top Western,
Western, Inner or NPA group, and these locatiomsimuan almost straight line north-

south along the western border of the TS archipe{&ay. 4-8).

Uga I (Stephen)

Erub

(Darnley)

w Masig (Yorke)

) Cluster 1
% lama (vam)

Mer (urray) (@

TORRES STRAIT
PROTECTED ZONE

Muralug
(Prince of Wales)

Northern Peninsula Area
Cape York

AUSTRALIA

Figure 4-8. Map of the Torres Strait and northeeninsula area of Queensland
displaying two main clusters based ugenflavipeshost plant occupancy and mean
flavipesabundance per planK = E. flavipesdetected in both years of samplingX E.=
flavipesdetected in either 2006 or 20080 E=flavipesnot detected in either year of

sampling.
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4.4.4 Garden cultivation practicesin the TS/NPA

A total of 24 people from Saibai, Boigu, Moa (KuhiMoa (St Pauls), Badu,
Waiben, Mer, Mabuiag, Warraber, Poruma, lama, Ugaub, Keriri, Ngurupai and
New Mapoon were interviewed. Sharing of vegetafplanting material between
gardeners appears very common throughout the TS/NB&nting material on the NPA
appeared to be sourced from both within and betwadleer NPA communities, whereas
planting material at TS locations appeared to lecgnl mainly on-island. There was a
general feeling that illegal planting material mstyfl be imported into the TS/NPA
from PNG, and moved throughout the TS/NPA, desRiarantine regulations which
prohibit such movement (Australian Government 190&) appeared to be standard
practice throughout the TS/NPA that at least oneeyear at around the same time,
sugarcane was harvested and replanted. Replamtings using stem cuttings either
with the ‘tops’ (apical tip complete with leavesgnd/or the ‘bone’ (stalk without
leaves), which are cut from existing plants. Horewharvesting and replanting may
take place at any time of the year. The level adtyplanting care appears to vary
considerably and often determines the level of es&ftl plant establishment. If cut
sections are not replanted, they are given to dtmailies at the same location, or at
other locations (although this may happen at ang tiluring the year), or left in the sun

to dry and then burned.

4.5 DISCUSSION

In PNG, E. flavipesis monophagous (i.deeds on plant species from a single
genus) onS. officinarum S. robustumS. eduleand S. ‘hybrids’. Apart from S
‘hybrids’ which were available only at Ramu, allshglants ofE. flavipesare widely
available throughout PNG. The fact tHat flavipescan occupy four very closely
related host types is not surprising, given thastdelphacidae are associated with
particular monocotyledonous plant taxa (Wilsetnal. 1994). It is generally accepted
that the genuSaccharunevolved and diversified in PNG, which is why PNGvery
rich in Saccharunspp. (Brandes 1956; Clayton & Renvoize 1999). &iptheticallyS.
edule S. officinarumandS. robusturmare more closely related to each other than they

are toS. spontaneunfirvine 1999; Amalraj & Balasundaram 2006), whitabdern
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commercial S ‘hybrid’ sugarcanes are a cross betwe®gn officinarum and S.
spontaneunglrvine 1999). Therefore, the four major hostagmfE. flavipesare very
closely related. That, along with the fact thatG®N as rich irEumetopina sppas it is
in Saccharum sppand cultivarsprovides support for the theory thiat flavipesand
Saccharummay haveco-evolved (M. R. Wilson, National Museum Walgsers.
comm).

Results of this study suggest ttgt spontaneurs not a favourable host fdt.
flavipes This result is unexpected given the close mtetiip betweels. spontaneum
and the other host types, and that a previous dtadyrecorde&. flavipesas abundant
on S. spontaneunn PNG (Kuniataet al. 1994). The reason for this discrepancy is
currently unknown, but it may be due to eithereijnporal or spatial variation iB.
flavipes occupancy ofS. spontaneundlue to unknown ecological factors, or ii) the
presence of as yet undescribed cryiometopina sppon S. spontaneum Further
study, particularly on the taxonomy of tBeimetopinacomplex, is required to clarify
this issue.

In PNG, occupancy rates differed significantly betw the four host types. These
differences could be due to either behavioural guezfce (i.e. insect choice), or
differential survival on different host types. $hatudy did not test possible functional
reasons for the variation, but it is well knowntteaccessful host plant colonisation is
greatly influenced by the behavioural and physimalgadaptations of the herbivore
(Wasserman & Futuyma 1981). Therefore, it is reabte to assume that because the
S. officinarumandS. hybrids plants sampled were always occupied ¢onised), that
E. flavipesmay be most suited t8. officinarumand S. ‘hybrids’ for a variety of
behavioural and/or physiological reasons. Howekelflavipesis also clearly able to
occupy and us8. eduleandS. robustumalthough to a lesser degree.

In PNG, the mean abundancekofflavipesdid not differ betweel®. eduleandS.
officinarum and throughout most of PN&. flavipeswas much less abundant &n
robustumthan on other host types. This general patterrelative distribution was
reversed at Ramu, wheke flavipesabundance was higher & robustunthan on the
other three host types. Importantly, this siteefpe result was driven by high
abundance on one particular robustunplant thatwas located next to a large, recently
deforested patch of rainforest which in turn, wasated beside a local garden that was

not sampled. Taken together, these findings sugfestS. robustummay be a sub-
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optimal host compared to the other three host typesthat effective use of this sub-
optimal host may occur under specific ecologicaetuanstances.

While E. flavipesis clearly able to achieve high abundances onoait principal
host types, there was also considerable variatiansect numbers from plant to plant
both within and between hosts. Therefore, it appélaat once occupied, particular
plants regardless of host type may have specitithates which favour increased
abundance oE. flavipes Specifically for herbivorous insects such E&sflavipes
various attributes including the presence of nosthmants in or near the host plant
patch, the distance between host plants, the geloiged size of the patch and/or of
individual plants, or differences in plant struetuphysiology or nutritional quality etc.
can cause variations in abundance (Denno 1994&.ndt known specifically which, if
any, of these mechanisms drive differencesEinflavipesabundance, but findings
suggest they may be at least, if not more importaah host-specific differences
between the principal hosts tested.

Of the fourSaccharumhost types used regularly &y flavipesin PNG, only the
two apparently most favourabl8, officinarumand S. *hybrids’, occurred throughout
the TS/NPA. Occupancy rates for these hosts diffenarkedly between PNG and
TS/NPA, in that all of theS. officinarumplants sampled in PNG were occupied,
whereas fewer than half of the total numberSofofficinarumand S. ‘hybrids’ plants
sampled in the TS/NPA were occupied. In PI$GofficinarumandsS. eduleoccurred at
every location, and5. edulewas planted adjacent to, or in the same gardefs.as
officinarum Large patches of wil&. robustunmalso occurred at most locations. As
predicted under the resource concentration hypistreesd other resource availability
theory (Andrewartha & Birch 1954; Root 1973; Schitera2000), the presence of
abundant, stable and multiple host types implieg thoth resources and therefore
colonising individuals should be readily and cotgifly available both within and
between locations in PNG. The consistently greleel of occupancy observed in
PNG supports this hypothesis.

In the TS/NPA, host plant occupancy was less tHaf5 The structure of host
plants in the TS/NPA differed vastly from that ilN®, in that host plants were not
equally abundant at different locations, were sames totally absent, and were highly
fragmented due to ocean barriers between the mapfriocations. Theoretically, the
occurrence of insects is dependent upon how capadigiduals are at ‘tracking’

changes in host distribution and abundance, ahdst plant structure is stochastic in
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space and time, tracking may be very difficult (ftes 1994). Findings suggest that
there are several specific locations scatterecugirout the TS/NPA where cultivation
practices result in frequent and sudden loss ofigied host patches. The loss of host
appears to be directly responsible for either acgdn in the overall rate of occupancy,
or local extinction over both the short or longernt. At these locations, new
colonisations and subsequent population establishro@n only occur if host plant
patches are replanted and colonists are availatoleable to track and reach them from
outlying locations.

Although the occupancy rate of host plants in TSN#as much lower than in
PNG, the mean abundancemfflavipesper occupied plant did not differ between the
two regions. There was evidence that this wastda® abundance threshold exhibited
by E. flavipes populations on individual plants. These findingsnftict with
expectations under the resource concentration hgpa thatE. flavipesshould be
more abundant per individual plant in PNG becatsenumber and availability of host
types is greater there. In many insects, crowdinghost plants triggers dispersal
(Schowalter 2000). If this is true &f flavipesit would explain my results and suggest
that as populations on individual plants approdmhdbundance threshold, individuals
are dispersing from the plant and may be colonisimgccupied host plants nearby. |If
colonisation was successful, abundance on thesasplaould also increase to a
threshold, and the process thus repeat until alhtpl at a location are occupied at
similar abundance.E. flavipesbreeding potential appears to be similar on occlpie
plants throughout PNG and TS/NPA, therefore thieihces in the results obtained for
each region may relate to &l officinarumplants in PNG being occupied at, or near
this threshold abundance whilst those in the TS/NIPA not. If true, an important
implication of this finding is that it may be pdsk to estimate absolute. flavipes
population growth potential at any specific locatibased upon the number of plants
present and/or occupied. Locations which contagh population growth potential are
likely to produce large numbers of dispersing ca@tsndue to the high propagule
pressure, therefore control &. flavipescould be targeted preferentially at such
locations.

While both the distribution and persistence Ef flavipes populations in the
TS/NPA was highly variable, a number of clear, gaheatterns of infestation were
observed. First:. flavipeswas not detected at several locations despiterésepce of

host plants. Second, a group of Central and Hasstands tended to sustain either
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consistent low infestations or populations thatevprone to local extinction. Third,

stable, medium to heavy infestations were suppateslands that formed a relatively
unbroken chain along the western edge of the T&rétically connecting PNG to

mainland Australia at the NPA. Although it is nalear that cultivation practices

impact heavily upon host plant occupancy and pdjulgersistence at many locations
(particularly those where infestations rates avg) |survey data suggest that cultivation
practices are similar throughout the TS/NPA. Thisans that in general, site-specific
differences in cultivation are unlikely to be thengipal factor responsible for the lack
of insects at some locations and increased pansestaf populations at others.

One reason for increased persistencE.dfavipespopulations at only a subset of
locations may be because there are more gardetiesd locations, and therefore a
larger pool of hosts. More gardens means that atgreroportion of hosts would
remain available at any one point in time despitstof the sugarcane in gardens being
replanted at some time during each year. Howeweilst the presence of refuge
populations associated with greater host abundayageexplain increased persistence at
stable locations, it does not account for re-esthblent at locations wheke. flavipes
populations have become locally extinct. Therefaeeolonisation from off-island
sources must also be occurring in the TS/NPA. iSis, possible that locations with
greaterE. flavipespersistence over time may also have greater rdt@mmigration
from off-islands, whilst islands that are recol@unly after long periods &. flavipes
absence may have much lower rates of immigration.

Results of this chapter clearly show that changedaost plant distribution,
abundance and availability are important in regdgE. flavipespopulation structure at
a local scale. Cultivation practices, which vampotughout the Torres Strait, appear to
be primarily responsible for local extinction, amdthe maintenance of very low

infestations in some areas of the Torres Strait.
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CHAPTER 5 PoPULATION CONNECTIVITY INTHE TS/INPA

Publication Arising:

Anderson, K. L. and Congdon, B. C. In review. Rugling invasion route and
dispersal mechanisms with population genetic charatics of a quarantine pest.
Molecular Ecology(IF = 6.457).

5.1 INTRODUCTION

The environmental and economic costs of biologicahsions are key issues for
many countries (Pimentebt al. 1999). Understanding the ecological factors
contributing to invasion success is important wiseeking to implement effective
control strategies for invasive species. Forenamsbng factors shown to influence
invasion success is the ability of an organismispetse to new regions (Lockwoed
al. 2007). If an invasive species is regularly tramtgd along multiple pathways, then
the probability of its successful establishmentinsreased (Kolar & Lodge 2001).
Importantly, the dispersal history of an organismyrbe reflected in the current spatial
pattern of population genetic structure (Sakaial. 2001; Excoffieret al. 2009).
Specifically, population genetic data can providduable insight into an organisms
dispersal pathways (Congdaet al. 1997; Alvarezet al. 2007; Suhret al. 2010),
invasion routes (Zepeda-Pawdbal.2010) and more broadly, overall invasion potential
and pest status (Darlingt al. 2008; Gardner-Santaret al. 2009; Jianget al. 2010).
Therefore, when coupled with additional ecologic&rmation on life history strategy,
population genetics analyses provides a strongsbasi which to formulate pest
management strategies (Rollieisal. 2009).

On infested sugarcané&. flavipesresides among the growing leaf-rollsE.
flavipesis widespread throughout PNG (Magarmyal. 2002), where it is considered
native (Wilson, M. R. 2006, pers. comm.). Resuitarf Chapter four reveal that in

PNG,E. flavipescommonly occurs on four speciesSdccharums. ‘hybrids’ grown in
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commercial plantations in the Ramu Valle&y, officinarumand S. edulewhich are
grown in residential gardens, a8drobustumvhich grows wild and is highly abundant
in suitable habitat throughout PNG (Paijmans 1976hese four host species form a
relatively continuous distribution across the laragse, likely promoting large and stable
E. flavipespopulations in PNGChapter four; Andersoet al.2009).

A different situation exists in the TS/NPA, whé&teflavipesoccurs on the only
two host species preseft, ‘hybrids’ andS. officinarum These hosts are cultivated for
local use only, but also occur as untended plamwigg wild at some locations
(Chapter four; Andersoet al.2009). Both long term survey data (Gough & Peters
1984; Chandler & Croft 1986; Allsopp 1991; Grimsha997; Magarey 1997; Magarey
2003; Anderson 2005) and recent intensive samglamgirm thatkE. flavipespresence
is highly variable in space and time, and locairetions and recolonisation occur
frequently (Chapter four; Andersat al.2009).

Simulation modelling suggests that southward vaassisted immigration is
likely to occur from PNG into the TS/NPA during teemmer monsoon season
(Chapter three; Andersaet al.2010). The resulting number of immigrants peansl is
a function of wind direction and distance from Pihapter three; Andersaat al.
2010). As discussed, wind is known to facilitaied-distance dispersal in planthoppers
(Kisimoto & Rosenberg 1994) and a pattern of deafjrdispersal probability with
distance from a source as suggestedfdtavipesn Chapter threés a feature of many
models that describe wind-mediated dispersal (Ol&bevin 1989). However,
despite an apparent high potential for wide-spreaail-assisted immigration from
PNG, in general:. flavipeddistribution and abundance as predicted by thesielso
does not agree with the actual distribution anchdbace of TS/NPA populations
(Chapter three; Andersaet al.2010). Many factors could account for this dipaecy.
One of these is the presence of alternate dispeasialvays, such as historic or
contemporary human-mediated movement of infestgdrsane among island
communities.

If anthropogenic movement of sugarcane does otiwen, patterns of movement
should be restricted by two quarantine zones wiigst between PNG and mainland
Australia. These zones have been establishediohta balt the movement of pests and
diseases that could damage Australia’s animal &t pndustries (Australian
Government Department of Foreign Affairs and Tra€85). Movement of ‘declared’

items is permitted within PNG, the Torres Stramtected Zone, the Special Quarantine
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Zone, and mainland Australia, but not between z¢Rigs 5-1). Sugarcane is a
declared item, so effectively there should be nbrapogenic movement of sugarcane
between quarantine zones.
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Figure 5-1. Map of the southern coast of Papua [Sewea, Torres Strait islands
and Northern Peninsula Area of north QueenslandirAlia. Quarantine delimitations
of the Torres Strait Protected Zone and the Spégiarantine Zone boundaries are
delimited by the dotted lines. Islands are alsowsh by cultural group, being Top
Western, Western, Central, Eastern, Inner, NPAteon peninsula area).

In this chapter, microsatellite genetic marker ey are used to evaluate both
large and small-scale population genetic diffesditth and connectivity within and

among island and mainland populationskofflavipesthroughout the TS/NPA. The
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primary hypothesis is thaE. flavipesmost important method of transport into the
TS/NPA is long-distance, wind-assisted dispersahflPNG. If so, populations across
the TS/NPA should show a decrease in genetic diyeasd connectivity with distance

from PNG source populations, associated with fewwenigrants reaching peripheral

sites (Austerlitz et al. 1997). In the most southgopulations, this is likely to produce
population growth from matings among limited nunsbef colonists, and then their

offspring. Thus, these populations should exHambily-associated genetic structuring
and limited connectivity to other sites, especialtylocations distance from putative
PNG source populations. Exceptions may suggesttteanate dispersal pathways are
operating. Therefore, specific tests for populagenetic structuring within and among

quarantine zones are conducted.

5.2 MATERIALSAND METHODS

5.2.1 E. flavipes sampling

In 2006 and 2008E. flavipeswere collected fromS. officinarumand S.
‘hybrids’ at 17 TS and five NPA locations (see deagfour for detailed collection
methodology) Individuals sampled from a single host patch wesfingd as a
population, thus 31 populations were sampled (T&Hl¢ Host patch size ranged from
a single plant with a single stalk, to multipleteintwined plants with hundreds of
touching stalks and leaves. To limit the likelidaaf sampling only related individuals,
or under-sampling which could lead to biased alfedgjuencies (Loweet al. 2004),
equivalent numbers of individuals were collecteonfrfive randomly selected stalks
located throughout each patch. Ideally, samplespcizsed 25 individuals per patch
(five individuals from each of the five randomlylesgted stalks), but ultimately sample
sizes per patch ranged from nine to 27 individudlsless than 25 individuals were
available on the five focal stalks, then where paton and patch size permitted
additional samples were randomly collected fromenbtistalks within the patch.
Samples were transferred immediately to 100 % elhaRepresentative sub-samples
of adults were submitted to Delphacidae taxonom@stA. Bellis, Darwin, Australia to
confirm morphological identification. Voucher spaens from Bamaga, New Mapoon,
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Badu and Saibai Islands were lodged with the QuaedsMuseum, Brisbane,

Australia.

5.2.2 DNA methods and microsatellite characteristics

To quantify genetic structure i&. flavipes whole insects were sent to the
Australian Genome Research Facility Limited for DRAtraction, PCR amplification
and microsatellite genotyping at eight polymorplaci, which have not previously
been reported (Table 5-2). For PCR, the initialadering step was at 42 for 5 min,
35 amplification cycles of 9€ for 30 s, annealing temperature (Table 5-2) fos4and
1 min of extension at 7€, with a final extension at @ for 3 min, with samples held
at £C. Applied Biosystems 3730 DNA Analyser platformrasvused for genetic
analysis. GeneMapper 4.1 software (Applied Biaayst) was used for scoring alleles.
Microsatellite and primer sequences were submiibe@Genbank (Loci and respective
Genbank accession number: 1-TER-327 JN565018; 24ERIN565019; 3-TER-527
JN565020; 4-TER-627 JN565021; 5-TER-727 IN56502ZER-827 IN565023; 7-
TER-1027 565024; 8-TER-10 JN565025).

The presence of null alleles, scoring error duesttgtering and large allele
dropout were tested with Microchecker 2.2.3 (Vans@dioutet al. 2004). Cervus
3.0.3 (Kalinowskiet al. 2007) was used to estimate the frequency of ridlea per
locus. Linkage disequilibrium (LD) was analysedngsthe likelihood ratio test, with
10, 000 permutations in Arlequin 3.5.1.2 (Excofie¢ral. 2005).
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Table 5-1.

Torres Strait island and northern psulen area of mainland

Queensland, Australia sampling locations by cultisland grouping and sampling

year.
Traditional group Location Population  Year GPS cdimates
NPA Bamaga 1 2006 10°53'37.97"942°23'20.82"E
2 2006 10°53'22.48"S 142°23'24.92"E
2008 10°53'37.97"S 142°23'20.82"E
4 2008 | 10°53'22.48"S 142°23'24.92"E
New Mapoon| 1 2006 10°52'10.56"S142°23'0.35"E
2 2006 | 10°52'17.37"S 142°23'8.04"E
Inner Keriri 1 2008 10°33'12.83"S142°13'2.11"E
Waiben 1 2006 10°34'55.69"S142°13'19.49"E
Ngurupai 1 2006 10°35'43.82"S142°14'57.39"E
2 2006 10°35’34.85"S 142°14'53.96"E
3 2008 | 10°35'38.99"S 142°14'56.96"E
Central Masig 1 2006 9°45’0.40"S 143°24'52.21"E
2006 9°45'1.71"S 143°24°46.76"E
3 2006 | 9°45'5.83"S 143°24'38.94"E
Western Mabuiag 1 2006 9°57'10.26"S  142°11’'32©01”"
2 2008 9°57'25.00"S  142°11'13.73"E
3 2008 9°57'25.43"S  142°11'13.23"E
Badu 1 2006 10° 9'1.03"S 142°10'12.33’E
2 2006 | 10°9'0.17"S 142°10'13.14’E
3 2008 | 10°9'20.35"S 142°10'6.00"E
Top Western Dauan 1 2006 9°25'8.19"S 142°32'2%68
2 2008 9°25'7.01"S 142°31'46.87"E
3 2008 9°25'8.19"S 142°32'29.68"E
Saibai 1 2006 9°22'54.07"S  142°36’42.39E
2 2006 9°22'37.29"S  142°37'32.80’E
3 2008 | 9°22'52.12"S  142°36'40.99"E
4 2008 | 9°22'34.08"S  142°37'25.68"E
Boigu 1 2006 | 9°13'48.63"S  142°13'8.68"E
2 2006 9°13'50.22"S  142°13'11.74’E
3 2008 9°13'51.81"S  142°13'13.38’E
4 2008 9°13'48.93"S  142°13'16.05"E
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Table 5-2. Annealing temperati@ (T,), cloned allele size (CAS), total number
of alleles (A), inbreeding coefficient @ asterisk (*) indicates significance Bt=

0.05), per loci for eight pairs of novil flavipesmicrosatellite primers.

Locus Sequence (5-3") Repeat CAS| T | A Fs

8-TER-10 F TTTGCTGTCAACTCCCATTG (AC)3 189 55 | 25 | -0.0252
R GATGAGAGATGACAAGA (AC)24

1-TER-327 | F TGAGGCGTGGCTGCTAGT (AC)16 164 52 | 23| 0.1451*
R CATTTCCATTAGTAATTTTCCCTCA

2-TER-427 F TCATTTCAGCAAATTGTGAGC (AC)11(AC)g | 135 52 | 15 | -0.0189
R CCCTATGATCACTTAGCAACCA

3-TER-527 F GGAATACTGGGTGTGAGTTGC (CA); (CA); | 170 55 | 45 | -0.0415
R AATGAGGCCGACTTGTATGC

4-TER-627 F GCTCACGTTCAAGCTTCCTC (CA) o 195 55 | 24 | -0.0539
R GAGGGGAGAGGGAGTGAGAG

5-TER-727 F TGCATGGGTAATGAAGTGGA (CA)s(CA); | 202 52 | 28 | 0.0057
R GTAATGGACGGGCTACAGGA (CA)11

6-TER-827 F GCCTGGCACTCACATACACA (CA)16 122 52 | 17 | 0.4747*
R TCACTAGCTTGCAGTTTGCTG

7-TER-1027 | FTTCTGGCATACTGGGTGTGA (CA)3(CA)s | 153 52 | 9 -0.1334
R CCGGCAGATAGGAGTTTGAG

5.2.3 Population genetic variability

Population genetic characterisation was done lgutating the expected @iand
observed heterozygosity ¢ Locus by locus departure from Hardy-Weinberg
equilibrium (HWE) was tested by determining sigeaice of the inbreeding coefficient
Fis (heterozygosity deficit), with 10, 000 permutason Arlequin. Allelic richness is
an important measure of genetic diversity (Petial. 1998), and so was used in this
study. As allelic richness is highly dependensample size, the data was standardised
using rarefaction, in the program HP-RARE v Jur2066 (Kalinowski 2005). The
standard sample size chosen was nine individudigshamvas the smallest sample size
per population obtained. All multiple comparisBnvalues were corrected for false
discovery rate (FDR), which controls the proportairsignificant results that are false

positives (type | errors) (Benjamini & Hochberg 539
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524 Population connectivity and genetic structure

To ensure that F-statistics, which measure popuatiifferentiation based on
allele identity, are an appropriate measure of fajmn genetic differentiation for this
data, as opposed tosRwhich is an allele size-based measure of diffeméoh that
assumes a stepwise mutation process, the testlmesar Hardyet al (2003) was used.
The multilocus Rt value was not significantly higher than the me&ar (P = 0.564).
The allele size permutation tests therefore doreetal any significant contribution of
stepwise mutations to population differentiatidmerefore kr is a suitable statistic for
use.

Isolation by distance was examined in the firsttanse to test the standard
theory of increasing genetic differentiation witeographical distance (Wright 1943),
and to obtain a preliminary estimate of the maglatwf inter-population gene flow
throughout the TS/NPA. A Mantel test was conducteth pairwise Slatkin’s
linearised k1 [Fst/(1-Fs7)] and the natural log of pairwise geographic dises
(Rousset 1997). Significance was assessed wit® p88mutations in Arlequin. To
calculate the geographic distances, latitude anditode co-ordinates recorded in the
TS/NPA on a Garmin GPS 60 device were uploadeddog® Earth 5.1.3533.1731
(Google Inc. 2009). Distances between samplingtions were calculated using the
Google Earth ruler tool at ‘eye view’ 1 km above tiround for consistency.

To examine the applicability of the “wind-immigrati hypothesis”, regression
analyses were used to test for an effect of ismidby distance from knowa. flavipes
infestations along the southern coast of PN@&. flavipeshas been recorded on
sugarcane grown in the southern coastal PNG vilageSigabaduru, Mabaduan, Daru
and Buzi on many occasions (Waterhoaseal. 1995; Grimshaw 1999; Magarey al.
2002). In factE. flavipesis so common in these villages that Australian @uotne
and Inspection Service (AQIS) scientists rarelylemtl it during routine plant health
surveys, instead just noting its continued preséGecenshaw, J. F. 200pers. comn).
GPS co-ordinates for each of these four potentalrce populations are recorded
during AQIS plant health surveys. The PNG co-ortdisalong with GPS co-ordinates
for each sampled TS/NPA infestation, were uploattedsoogle Earth. Distances

between each TS/NPA population and the closest RMiage infestation were
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measured using the Google Earth ruler tool, asribestpreviously. These distances
were used as the predictor variable in the regyasanalyses.

Foll and Gaggiotti (2006) recommended populatioacsft Fstas particularly
usefulfor estimating the genetic uniqueness of individugpbulations within a group of
populations when used in conjunction with allelichness as a measure of genetic
diversity (Gaggiotti & Foll 2010). Mean populatiéiar was calculated in the program
Geste (Foll & Gaggiotti 2006), and used along wailelic richness (A), and the
multilocus inbreeding coefficient (§}, as dependent variables in the linear regression
analyses.

Overall genetic differentiation throughout the NBA was assessed withk
(Wright 1965) using analysis of molecular varian(@MOVA). Despite the
assumptions of & often being violated in natural populations, itnegns useful in
describing population structure (Pearse & Crand#D4). Spatial hierarchical
AMOVA was used to test whether significant genelifferentiation occurred between
quarantine zones within the TS/NPA. Populationgewgrouped as follows: (i)
mainland Australia (NPA) (Bamaga and New Mapooii),Jpecial Quarantine Zone
(SQZ) (Keriri, Waiben and Ngurupai), and (iii) Tesr Strait Protected Zone (TSPZ)
(Masig, Mabuiag, Badu, Dauan, Saibai and Boigu all cases, significance &
values was assessed with 10, 000 permutationslégéin.

In addition to classic &t analyses, clustering methods provide good evidéarce
inferring population structure (Estowgt al. 2010). The Bayesian clustering method
implemented in Structure v 2.2.3 (Falushal. 2003) was used to test for evidence of
population genetic structuring, assign individualpopulations and to identify admixed
individuals (Falushet al. 2003). Although Structure supposedly assumes dHat
potential source populations have been sampled abkgigning individuals, as opposed
to alternate assignment methods such as GenedR@sg2t al. 2004), Rollinset al.
(2009) found that results using either method viergeneral agreement. In any event,
there are no inferences made regarding the origispecific individuals, instead
discussion concentrates on broader patterns. Adscture assumes that within
populations, loci are in HWE (Pritchaet al. 2000), but violation of this assumption
does not appear to significantly affect Structuesutts (De Barro 2005; Browet al.
2011). As the number of genetic clustéf$ in the data was unknown, Structure was
used to assign individuals into the most likly Results folK = 1 toK = 33 were

evaluated, being no genetic structure atkal=(1) to every sampled population being
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genetically distinct = 31). Estimates d were based on 10 iterations, each with a
burn in of 50 000, and Markov Chain Monte Carlo (MC) lengths of 100 000 using
the admixture model and correlated allele frequesaci The optimal value df was
based on both log probabilities [Pr (X|K)] an&, which may provide a more realistic
value ofK (Evannoet al.2005). Summary outputs were viewed in Structamwdster v
0.6.1 (Earl 2011). Structure assigns each indalitlua cluster based on the valuegof
or the proportions of an individual’'s genome thaigioated from K populations
(Pritchardet al. 2000). Individual assignment to a particular tdusvas based on the
largest average proportion of their genotype assida a cluster over the 10 iterations.

As per the hypothesis that there will be relatedlviiWuals within populations, a
maximume-likelihood model, Colony v 2.0.1.1 (JonesVdang 2010), was used to
analyse specifically for genealogical relationshipghin and between populations, by
reconstructing sibling relationships (sib-shipsColony employs a group-likelihood
approach using MCMC procedures, where all indivislua the entire sample are
considered simultaneously and partitioned intarmkisive genetic groups that maximise
the likelihood of the proposed family relationsigpnes & Wang 2010). Colony is also
able to account for genotyping errors (Jones & W2040). Individuals (n = 648, 7
loci) were pooled, and an allelic dropout rate df @, and 1.5 % for other errors were
assumed. Female monogamy and male polygamy wésetest because it appears
unlikely that female planthoppers mate repeatedhgreas multiple mating by males is
common (Claridge & Vrijer 1994). Three long andetthh medium runs were conducted,
each with different random seed numbers. Resudie viested for convergence by
plotting the change in Log-likelihood as a functminthe number of iterations (Jones &
Wang 2010), and only inferred sib-ships with a patahty over 0.9 were plotted.

Input files were formatted using Convert 1.31 (Gign 2004), Microsatellite
Toolkit (Park 2001), Genalex (Peakall & Smouse 2086d PGDSpider 2.0.0.2
(download from http://heidi.chnebu.ch/doku.php?igdspider).

5.3 RESULTS
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5.3.1 Microsatellite characteristics, Hardy-Weinberg
Equilibrium and Linkage Disequilibrium

A total of 648 individuals from 31 populations wesampled throughout the
TS/NPA. All eight loci were polymorphic, with atéd of 186 alleles. No scoring errors
or allele drop-out were detected.s Malues at Loci 1-TER-327 and 6-TER-827 were
significant (Table 5-2). However, thgsFalue at 1-TER-327 was closer to the range of
Fis values at other loci, except for 6-TER-827 (selwg Analyses run with and
without 1-TER-327 did not change any significanagtcomes, so this locus was
included in all analyses to increase statisticalgro

The Rsvalue at 6-TER-827 was an order of magnitude latigen that of other
loci (Table 5-2). Further, 77% of populations skadvsignificant deviation from HWE
at this locus, and Microchecker indicated it waelly due to the presence of a null
allele. Cervus estimated the frequency of nulele at 6-TER-827 to be 0.52.
Consequently this locus was excluded from all fertanalyses. For the remaining
seven loci, significant HWE deviation occurred igefof seven and six of seven loci at
Keriril, Mabuiagl and Dauan2, respectively (App&ntl). However, there was no
significant global deficit of heterozygotes in teogopulations (multilocus population
Fis values not significantly different from zero) (fgpting information 1). Isolation by
distance calculations were conducted with and witlibese three populations. In no
instance did their inclusion alter result significa, so results presented include all
populations.

Significant LD occurred in most populations aftéAE correction (Appendix 1).
This result was expected, given that some samplggulptions may have been
influenced by processes such as founder effectsirddeding, which are known to
cause LD (Slatkin 2008). Importantly, no loci weansistently linked across multiple
populations, so it was assumed loci assorted indkgely for statistical testing.

AMOVA was used to determine if different host typasd/or sampling at
different times caused genetic substructure atlesitgcations (Balloux & Lugon-
Moulin 2002). All samples bar one were collecteshf patches consisting of only one
host type, except at New Mapoonl, where samplee teden from a single host patch
which consisted of botlS. officinarumand S ‘hybrids’. No significant genetic
structuring by host type was observed (AMOVA; E -0.02,P = 0.54) at this location,

so these samples were pooled. Similarly, the dawse patches at Bamaga and Dauan
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were sampled in 2006 and 2008, but were coded aghaas Bamagal and Bamaga3,
Bamaga2 and Bamaga4, and Dauanl and Dauan3, respecthese samples were

treated at separate populations in later analyses.

5.3.2 Population connectivity

Isolation by distance analysis revealed a signitiqzositive correlation between
Slatkin’s linearised & and the natural log of geographic distance (ManteD.15,P =
0.0003) (Fig. 5-2). Despite the significance as trelationship, the Mantel value of
0.15 suggests that geographic distance is a rebatpoor predictor of levels of genetic
differentiation. High levels of genetic variabjlitvere consistently observed between

pair-wise Slatkin’s linearisedskrvalues regardless of distance between populations.
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area of Australia.
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5.3.3 Factorsinfluencing population genetic diversity and

structure

Mean population allelic richness was significantggatively related to distance

from PNG, with distance explaining 75 % of the &tidn in allelic richness differences
between sites (Adj R= 0.751,F1 26 = 91.566,P < 0.001; Fig. 5-3a). Populations close
to PNG were significantly more genetically divetisan populations on the NPA.
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Figure 5-3. Effect of distance from nearest likElyflavipesPapua New Guinea
source infestation on (a) mean population allethness (&), and (b) mean population
genetic differentiation (§&) in the Torres Strait and northern peninsula aoéa
Queensland, Australia.

Mean population & throughout the TS/NPA significantly increased with
increasing distance from PNG. Distance from PNGnalexplained 77 % of the
variation in Rkt (Adj R? = 0.770,Fy, -9 = 101.38,P < 0.001; Fig. 5-3b). Populations
close to PNG contributed significantly less to theerall population structure than
populations on the NPA. Distance from the neadliksty PNG infestation was not a
significant factor in determining the populatiorbiaeding coefficient, suggesting that
inbred populations occur throughout the TS/NPA (Rfj= -0.005,F; o = 0.863,P =
0.361).

534 AMOVA, Structure and Colony

A global Fst of 0.32 P < 0.001) suggests that significant population genet
differentiation occurs throughout the TS/NPA. @€ ttotal variation, 68 % occurred

within populations, with the remaining 32 % vareti among populations also
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significant. After FDR correction, 463 of the 4p&pulation pair-wise & comparisons
were significant. Only Badul and Badu2 (both saw@@006) and Saibai3 and Saibai4
(both sampled 2008) were not significantly diffdrénom each other (pair-wisest=
0.004, P = 0.29, pair-wise & = 0.014,P = 0.07, respectively). Results of the
hierarchical AMOVA indicated significant regionatrigcturing also occurs, where
16.6% of the overall variation was attributed toauntine zone. However, only
20.06% variation occurs among populations withiargatine zones which is low when
compared to the 63.34% of variation that occurdiwipopulations (5r = 0.37; ksc =
0.24, ker = 0.17; P < 0.001). So although significant, grouping pofales by
quarantine zone only weakly explains populationegienstructuring in the TS/NPA.
The majority of genetic differentiation is explathat the individual population level.
Structure analyses indicated the highest averagdikelihood over 10 runs
occurred aK = 26 (-11745.70) (Fig. 5-4). Using the Evanno modtifEvannoet al.
2005), theAK statistic peaked & = 26 (3.93) (Fig. 5-4). These results support ¢hafs
the AMOVA, which suggest that strong populatiousturing occurs in the TS/NPA.
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Figure 5-4. Results of Structure cluster analyersK = 1 — 33E. flavipes
populations sampled throughout the Torres Straihds and northern peninsula area of
Australia, showing average log likelihood LnPr (X|&n the primary axis, witiAK

values on the secondary axis.

Close examination df = 26 revealed three general patterns (Fig. 5-5ajst,Fi
each of eight clusters contained either all theividdals sampled from a single
population, or all the individuals sampled fromtaer groups of populations. The
majority of populations in these clusters are ia southern TS and on the NPA. For
example, all individuals sampled from Waibenl atidttaee Ngurupai populations
formed a single cluster (Fig. 5-5a). Second, fdusters contained 100% (or close to)
of the individuals sampled from a single populatspras well as individuals sampled
from more northerly locations in the TS/NPA. Inpport of the AMOVA pair-wise
comparison result, Structure assigned 96% of tb®inuals sampled from Badul and
100% from Badu2 to a single cluster, which alsduded a number of individuals
sampled from Saibail-4. Finally, the remainingstdus contained a mix of individuals
sampled from a number of islands close to the c@dsPNG. These clusters
occasionally included an individual sampled frorpapulation further south. A clear
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pattern to note is that the proportion of admixedividuals within populations
decreases with distance from PNG (Fig. 5-5a).

The AK statistic also suggested that broader structurcaurs, with peaks & = 3
(3.11) andK = 10 (2.88) (Fig 5-4). A reasonable biological lex@ation was not
apparent folK = 10, butK = 3 was examined to determine if the clusters coathin

populations grouped according to quarantine zohéwthey did (Fig. 5-5b).
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Figure 5-5. Structur& plots to estimate the number of genetic grougs (
present across the Torres Strait and northern pelairarea of Queensland, Australia.
Each plot is presented in population order, codedfciows: Bamaga (Ba), New
Mapoon (Nm), Keriri (Ke), Ngurupai (Ng), Masig (Ms\Mabuiag (Mb), Badu (Bd),
Dauan (D), Saibai (Sa), Boigu (Bo), and grouped duarantine zone: northern
peninsula area (NPA), the Special Quarantine Z8G¥Z(), Torres Strait Protected Zone
(TSPZ). Each sampled individual is represented bgrtical bar showing the degree of

admixture, where (a) results fiir= 26; (b) results foK = 3.

The Colony analyses suggested significant familycstire throughout the
TS/NPA; a total of 10, 845 dyads (4554 full-sib &#D1 half-sib) with a probability
over 0.9 occurred. Plots of the change in Logliliked values as a function of the
number of iterations from each of the replicatesrurere consistent, indicating that the
annealing procedure produced convergence and wasrfub (Jones & Wang 2010).
Individuals were assigned to their correct sampliocation close to the Australian
mainland, suggesting a high degree of reliabihityhie overall assignments (Fig. 5-6).

Figure six graphically depicts the distributionfamily structure throughout the
TS/NPA. A ‘mosaic’ sib-ship pattern between Banfaaand Bamaga2-4 (and to a
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lesser extent Dauanl-3) likely reflects common atmgeover time, as each population
pair were on the same plants sampled in two difteseears. Colony suggests the
presence of only full-sibs at Mabuiagl and Mabuia@Be sib-ship pattern surrounding
Boigu, Saibai and Dauan, close to the coast of P&jpears ‘scattered’ as a result of
sib-ships between multiple populations and locati¢Rig. 5-6). Although not the
dominant sib-ship pattern, this effect extends &l In contrast, the pattern of sib-
ships appears ‘linear’ for the remaining islandsaasesult of sib-ships occurring
between individuals within a single population, tora lesser extent either between
populations within a single location. For examphelividuals sampled from Bamaga,
New Mapoon and Hammond do not appear to be corohéotgpopulations at other
locations; this pattern agrees with the Structlustering atk = 26. Many individuals
sampled from Waiben and Ngurupai are related heehalf or full-sib level, which are
geographically ‘next door’.

Pair-wise comparisons suggests two individuals fiiabenl (sampled 2006,
negative for live adults in 2008) were full-sibs tee majority of individuals at
Ngurupai3 (plants not present 2006, sampled 2@0®),that many individuals between
the two locations were related at half-sib levéhen asked during the survey, the
owner of the sugarcane plants at Ngurupai3 said h&tte sourced the plants from
Waibenl. Similar linear sib-ships occur across Ndapoonl and 2, Waibenl and
Ngurupail and 2, as well as between Ngurupail, @ &n Further examples of
directional across-location sib-ships are evidestiveen Badul and 2 and Saibail, 2
and 3, where a number of individuals from Saibeai @lated at both full and half-sib

level to the majority of individuals at Badul and 2
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northern peninsula area (NPA), the Special Quarandione (SQZ) and the Torres

Strait Protected Zone (TSPZ). Population codesEBamaga (Ba), New Mapoon (Nm),
Keriri (Ke), Ngurupai (Ng), Masig (Ms), Mabuiag (NltBadu (Bd), Dauan (D), Saibai
(Sa), Boigu (Bo).
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5.4 DISCUSSION

In this chapter, genetic variation of the islangawgane planthoppegumetopina
flavipes throughout the island archipelago of the TorrgaiBwyas analysed. In keeping
with previous trajectory modelling fdt. flavipes(Chapter four; Andersoat al. 2010),
and commonly used dispersal curves for wind-imntigna that predict fewer
immigrants at the range extreme (Okubo & Levin 198@ predicted that distance
from PNG would affect the magnitude and rate ofds@ssisted immigration into the
TS/NPA. The primary hypothesis that long-distava@d-assisted dispersal from PNG
drivesE. flavipesnvasion into the TS/NPA is supported by the firgdirof this chapter.

A significant isolation by distance effect across Torres Strait suggests that at
the macro-scale, geographic distance does have sdlmence on gene flow between
populations within the TS/NPA. However, levels ofngtic variation also clearly
demonstrate that populations only four metres agant be as genetically distinct as
populations 100 km apart. This variation likelyntidbutes to the relatively poor fit of
the isolation by distance model, which clearly dnesconform to expectations under a
stepping-stone scenario where gene flow occurs loethyeen neighbouring populations
(Kimura & Weiss 1964). It is expected that varidustorical and ecological factors
will alter patterns expected under isolation bytatise, and violate the assumption of
regional equilibrium (Hutchison & Templeton 1999%0r example, a classic isolation
by distance effect can be tempered by continuahtreductions via long-distance
dispersal from a source (Ramakrishredml.2010).

Populations on Boigu, Saibai and Dauan islands hvldce geographically
adjacent to the PNG coast-line, exhibit signifitamtigher genetic diversity and lower
population-specific genetic structuring than popales closer to and on mainland
Australia. This indirect evidence suggests thatagice from PNG, rather than the
classic isolation by distance expectation, bettpfaens the population genetic variation
and structure observed through the TS/NPA. Suehnate distance measures often do
better explain genetic differentiation because thegount for the impact of alternate
features on gene flow (Lowet al.2004; Storfeet al.2007).

High levels of within population genetic diversigs well as admixture, as
observed close to PNG, are commonly attributed udiiphe independent introductions

from a number of genetically diverse source popatat (Allendorf & Lundquist 2003;
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Kolbe et al. 2004; Chuet al.2011) or a single large introduction from a higtlyerse
source (Colauttet al. 2005). Large, seasonal founding events by meltipdlividuals
from PNG, as promoted by wind could thus explai@ ¢jeneral trends in our results.
The apparently random assignment of individualscltssters by Structure, and the
dominant ‘scattered’ pattern of inter-populationlat@nships observed between
northern populations also fits with a model of gaheandom distribution of founder
populations, which appears the norm for long-distgplanthopper migrants (Perfect &
Cook 1994).

In contrast, populations in the southern TorreaiGand on mainland Australia
exhibit low levels of population genetic diversigyd increasing genetic structuring.
Combined, these characteristics suggest that poprgain the southern TS and NPA
are founded via increasingly rare immigration eseoy relatively fewer individuals
than populations close to PNG, as would be expeitéiese distant locations under the
wind immigration scenario. Lower relative genetariation in introduced populations
can be due to a severe bottleneck caused by liniitedders from limited sources
(Lowe et al. 2004; Colauttiet al. 2005). Progressive range expansion where
populations are colonised one after the other itin@ar stepping-stone model of
colonisation, can produce a decrease in genetirglty along the range (Excoffiet
al. 2009), and there may be a small element of secpmdavement contributing to the
significant isolation by distance relationship. wéver, pair-wise comparisons and
Structure results show almost all sampled populati@re genetically distinct,
independent aggregations, so a north to south,rgssiye ‘island-hop’ mode of
dispersal is not consistently supported by results.

Results from a number of studies that compare pregavind direction with
population genetic data support the findings o$ tthapter. Analysis of the brown
planthopperNilaparvata lugens(Stal) mtDNA showed higher haplotype diversity in
northern populations was consistent with a seasoathward migration from south-
eastern China to Korea, as predicted by weathéerpat(Munet al. 1999). A similar
study was conducted on white backed planthogueyatella furcifergHorvath) ISSR
markers. Significant genetic differentiation bednwesampled regions, and patterns of
population clustering suggested that north®rrfurciferamigrated from a number of
southern locations (Liwet al. 2010). Bemisia tabaci(Gennadius) microsatellite data
suggest that in Australia, two main north and sqdpulations occur with high levels

of gene flow between them. The levels of admixtuitkin the two populations suggest
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south to north movements, which reflect prevailigd trajectories at a time of year
when the whiteflies are most active (De Barro 2005)

Significant genetic heterogeneity is clearly evidédmoughout the entire region
(Fst = 0.32), suggesting that gene flow following caation is limited. Bayesian
modelling also indicated high levels of geneticusturing, and Colony results
suggested that the relative level of differentiatis due to aggregations of related
individuals within populations. The aggregationgpe@ar particularly evident on the
NPA. A ‘colonisation syndrome’ has been descriftgdmigrating planthoppers, where
initial colonisation densities may be low but ragdpulation growth quickly occurs
(Kuno 1979). Dispersal limitation within host pa¢s was shown for the planthopper
Delaphacodes scolochlo&Cronin 2009), and for other planthopper speciesy |
dispersal by nymphs and some adults result in gtraggregations on host plants
(Perfect & Cook 1994). Such aggregations may keadigher levels of inbreeding,
where small populations could consist of a singtaify of full-sibs (Orsiniet al.2008),
or even subpopulations of family groups which pranto older, more established
populations (Gileet al. 1998). Breeding systems and gene flow are prirdemers of
genetic differentiation within populations (Ches4€91). Results agree qualitatively
with the colonisation syndrome described for plapthers involving limited dispersal
post-colonisation. Therefore, it is feasible tggest that forE. flavipes population
growth is kin-structured and serves to enhancetiveldounder effects through the
TS/NPA, ensuring that strong genetic differentiageersists over time.

It is possible the highdt values are a result of sampling error, such agpbagn
only related individuals. Distinct efforts were desto sample across entire host patches
to avoid this possibility. Although the resultsreaot presented, all samples per island
were pooled in the first analyses. Wahlund effestse immediately evident, and the
sampling unit was reduced to single host patciessults likely reflect the reality, in
that populations can indeed be composed of relagididuals. It is also possible that
within a host patch, family groups occur on indiadl stalks, so that multiple families
were sampled.

Significant hierarchical AMOVA and Structure clustg at K = 3 support the
hypothesis that secondary movement between angitloin islands could occur, and
appears restricted within quarantine zones. Wadrghall three Ngurupai populations
cluster together, and a very tight family relatioipsexists between these populations.

Anecdotally, the sugarcane plants at Ngurupai3ckviwere not present in 2006, were
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sourced from Waibenl. Thus, the linear pattersilefships across these two locations
could represent a known, directional movement &fsted sugarcane. In support of
such movement occurring and resulting in live imndlials, a reduced number of
individuals survive over time on cut stalks (Chapteo; Andersoret al. 2007). Also,
cut stalks denuded of all adults and nymphs, btit wable eggs present in the leaf vein
can hatch after transplantation (K. L. Andersonpubslished data). Although no direct
evidence exists to support the occurrence of aptgenic movement in the TS/NPA,
New Mapoonl and 2 are connected through relatesichals, as are Badul and 2 to
Saibail thru 4; these could represent deliberateements. Although it would be very
difficult to catch a person in the act of movingested sugarcane, experimental
transplantation of infested stalks would quantifypplation genetic patterns resulting
from such movement, and add support to resultsepted here that quarantine zones

appear to limit secondary, potentially anthropogemovements dE. flavipes
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CHAPTER 6 GENERAL DiscussiON

6.1 INTRODUCTION

The overall aim of this thesis was to determineréiative importance of pre- and
post invasion processes contributing to the invasioccess of the island sugarcane
planthopperE. flavipesthrough the Torres Strait. In chapters two anedhdispersal
mechanisms which potentially enable movement to megions were explored.
Chapter four examined the on-island influences adt tplant dynamics, which drive
colonisation, population growth and persistencejlsivtchapter five drew together
results from the preceding data chapters usingsstal molecular methods. Here, the
main findings from each chapter are summarised,thadinal recommendations for

management dk. flavipesin the Torres Strait are outlined.

6.2 ANTHROPOGENIC MOVEMENT OF INFESTED
SUGARCANE

Results presented in chapter two clearly indichtd E. flavipesmales, females
and nymphs can survive up to six days on cut sagarcalbeit providing relatively
small colonising populations at the end of thatetimThe starting population size on
each stalk has important ramifications on the numbmd individuals available for
colonisation at the end of a transportation evelfitthe source population was large
enough, anthropogenic movement could result inmatecolonising individuals being
moved to all regions of the TS/NPA.

The cultural history of the Torres Strait appeaos have provided ample
opportunity for the transportation of sugarcandkstandE. flavipesthroughout the
region, thereford. flavipesmay have been present in the Torres Strait for fadsdof
years. Individuals present on a stalk after trartsgion may also possess an ability to

colonise existing sugarcane plants upon introdactidthough this remains to be tested.
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Both nymph and aduk. flavipesare able to vector Ramu stunt disease (Kureaial.

1994), so this pathway remains a potential intréahycroute for the disease into
Australia. Therefore, human-mediated movementnéésted plant material has the
potential to be an important component in the disgdeof the island sugarcane

planthoppekE. flavipes

6.3 LONG-DISTANCE, WIND-ASSISTED IMMIGRATION FROM
PNG

Wind may be an important dispersal vector tor flavipesthat could allow
significant, seasonahcursions into and throughout the TS/NPA. Islaokdse to PNG
appear at high risk of immigration via wind-asgistBspersal, whereas results suggest
wind may contribute to recolonisation at other tamas throughout the TS/NPA but at a
lower frequency. In addition, simulations showhdttlong-range movement could be
in the order of hundreds of kilometres; if this wérue then insects could potentially be
transported to commercial sugarcane growing regieas Cairns, Australia.

However, the general discrepancy between pattdrimdestation as predicted by
wind-assisted immigration and observed infestatsupports the hypothesis that
alternative factors are more important than lewélsnmigration as promoted by wind
in determining the overall invasion succes&oflavipesn the Torres Strait.

This is the first study to model patterns of wirgbigted immigration of an
invasive pest species from PNG, and associate suafigration with a range of

different weather events.

6.4 ON-ISLAND DYNAMICSOF HOST AVAILABILITY

Large and stable patches of multiple host plantaiiom PNG, likely promoting
high rates of host plant occupancy on favourabl hges. In stark contrast to PNG,
host abundance and stability throughout the TS/NB#Aes considerably in space and
time. This could be partly because host plantsspeatially fragmented in the TS/NPA
due to ocean and land barriers, but potentially pt@nts are temporally fragmented as
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well, due to location-specific cultivation practsce The high levels of host plant
fragmentation appear to be responsible for patdsg plant occupation throughout the
TS/NPA. For this reason, host plant availabiligylikely to be the most important
determinant ok. flavipesestablishment success, population growth and pensis in

the Torres Strait.

6.5 POPULATION GENETICSAND CONNECTIVITY

In chapter five, information on hypothesised dispémechanisms was combined
with analyses of population genetic structure teigeine whether long-distance wind-
assisted dispersal from PNG was primarily respdasifor immigration into the
TS/NPA. Analysis of data from eight microsateBiten 648 individuals suggest that
frequent, wind-assisted immigration from multipl@usces in PNG contributes
significantly to repeated colonisation of Torresafitislands close to PNG. In contrast,
intermittent long-distance, wind assisted immigmatbetter explains patterns of genetic
diversity and structure in the southern TorresiSarad on the tip of mainland Australia.
Significant genetic structuring associated with pnesence of clusters of highly related
individuals occurs throughout the region. In gehethis suggests thafollowing
colonisation by small numbers of individuals, p@tigdn growth on each island is kin-
structured with little post-establishment movementhere is some evidence that
secondary movements between islands are restiogteglarantine zones. Results of
chapter five suggest that control of the planthoppay be very difficult on islands
close to PNG given the propensity for annual inmasbut may be achievable further

south where local populations appear highly inddpabhand isolated.

6.6 MANAGEMENT RECOMMENDATIONS

Planthoppers are entirely dependent upon the preseh suitable host plants
(Denno & Perfect 1994). Results of chapter fouggast that the availability of host
plants in the TS/NPA can be severely impacted baglloultivation practices; yet long-
term detection records indicdEe flavipespresence in the TS/NPA for at least 28 years.
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Intensive sampling during this research revealeat thithin a two year periqdE.
flavipes populations appear to ‘blink’ in and out of existenin that extinction and
recolonisation events cause the distribution ofytaipns to change in space and over
time (Chapter four; Andersoat al. 2009). Individual populations may be transient
because of variation in host plant availability Bobng-term regional persistence is
ensured; results suggest this is because anngalorisation occurs via wind-assisted,
long-distance immigration from PNG.

Allsopp (1991) suggested eradication Ef flavipesin the TS/NPA may be in
order, but no further moves were made to enabge tGultivation practices, such as tip-
pruning, burning, and replanting of stalks couldsesely reduce infestation size
(Chapter four). A planned, simultaneous tip-prgnéffort throughout the region may
effectively removeE. flavipes only host, thereby reducing and/ or eradicating
infestations (Chapter four; Andersat al. 2009). Despite this strategy, permanent
eradication ofE. flavipeswould appear unlikely on islands close to PNG given the
suggested high propensity for seasonal recolonisatCertainly, a ‘rain of propagules’
enhances establishment and survival (Simberloffo0but annual tip-pruning may
achieve a temporary reduction in population siZae. contrast, a similar tip-pruning
strategy may achieve permanent eradication ingbéhern TS given the apparent lower
invasion pressures and isolation.

There is some evidence that suggests anthropogeovwement occurs, and is
restricted by quarantine zone (Chapter 5). Suchiement cannot be prevented, only
discouraged through penalties. A tip-pruning sggton the other hand may reduce the
likelihood of an infested stalk being moved. Alsaltivation practices that are likely to
impact on host availability and indirectly reducdestation size could be encouraged,
especially close to PNG. Finally, provision of atgane varieties resistant to Ramu
stunt disease will reduce the likelihood of diseastablishment. Pre-emptive
management okE. flavipesis highly preferable over the eradication of Rantunt
disease should it be detected in the TS/NPA.

By manipulating host availability, a reduction imetoverall TS/NPA infestation
and eradication on islands close to mainland Alisteand on the NPA may actually be
achievable. In this wayk. flavipesoverall invasion success and persistence in the
TS/NPA could be significantly reduced, and the toeaof a planthopper-free buffer

zone in the southern Torres Strait may reduce tineict invasion threat to commercial
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Australian sugarcaneE. flavipesmanagement is highly preferable over Ramu stunt
disease eradication should it be detected in tHBIFS.

Controlling Ramu stunt disease, should it entertBéNPA, would prove much
more difficult than control ofE. flavipesin the manner suggested. The current
cultivation practice of sharing sugarcane plantmgterial may act to spread Ramu
stunt, as the disease is systemic and known tadpra replanting of infected setts
(Waller et al. 1987). Should disease control be required, eptasts would need to be
removed, as opposed to the removal of just infetstpsl as for the control &. flavipes
Culturally, the removal and destruction of onlyastied tops, even done repeatedly over
time, is highly likely to be more acceptable todgrers than the total removal of all
sugarcane planting material, and the necessaryisoav of suitable replacement
sugarcane. Therefore, the eradication of Ramu stisease would be infinitely more
difficult than implementing a pre-emptive strategged at managing or eradicating the
disease vectdt. flavipes.

Importantly, any control and/or eradication Bf flavipespopulations in the
manner recommended in this thesis be consultatieéord, during and after
implementation, to gain co-operation and minimisgact in Aboriginal and Torres

Strait islander communities.

6.7 FUTURE RESEARCH

lllegal movement of sugarcane is suspected to ofroun coastal PNG villages
into the Torres Strait. Data from chapter fourvgéd the private allele count from two
particular TS populations was incredibly high, cating that those alleles did not occur
anywhere else in the TS/NPA (see Appendix 1). Bmipulations were sampled in
2008, and were not present in 2006. One of thesereed on a sugarcane patch in the
‘PNG garden’ on Dauan Island.E. flavipessamples collected from PNG coastal
villages during routine Australian Quarantine Ingdpmn Service plant health surveys
could be targeted for genetic analyses, and indlude a population connectivity
analysis with samples from throughout the TS/NPAjclv have already been typed.
Such analyses may provide evidence that illegabssecountry movement occurs.

Time constraints meant that this could not be doneclusion in this thesis.
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E. flavipescapability for wind-assisted immigration from PNGsvnot directly
guantified in this study due to the expense ane tinvolved. However, such studies
have been undertaken in the Torres Strait befaafdseret al. 2003), and would be
worthwhile repeating foE. flavipes Using results from the simulations conducted in
chapter three, peak immigration times may be tadyé&br high-level air sampling, for
which a number of methods are recommended, inaudsing nets suspended under
aircraft (Dingle 1996). Quantification of such neowent would validate the simulation
results and conclusions drawn in chapter three.

A larger-scale study looking at recolonisationdaling extinction would provide
excellent insight into the invasion process in Tloeres Strait. The three Top Western
islands of Boigu, Saibai and Dauan could be tatyiietotalE. flavipeseradication via
tip-pruning as suggested. Given the hypothesigegensity for large numbers of
annual introductions at these islands, the timedtolonisation and numbers of founders
could be studied. Alternatively, the occurrenceerbtic fruit flies such on the Top

Western islands during the summer monsoon coulgsbd to similar advantage.
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APPENDIX 1. SUMMARY OF E. FLAVIPESGENETIC
VARIATION AT 8MICROSATELLITE LOCI

Part 1. Bamaga to Waiben.

Summary of genetic tianiafor Eumetopina flavipesait 8

microsatellite loci for each population plus theeall data set, in the Torres Strait and on the

northern peninsula area of Cape York, Queenslandiralia; number of alleles ¢\ expected

heterozygosity (H), observed heterozygosity gH(*) indicates significance & = 0.05, allelic

richness (A), private allelic richness ), multilocus inbreeding coefficient g, mean

population &t (Fst), proportion significant linkage disequilibriumrmgopulation P > 0.05) (%

sig. LD).
New New

Locus Measure Bamagal Bamaga2 Bamaga3  Bampdddpoonl Mapoon2 | Keriril Waibenl|

n 26 27 25 25 25 17 22 25
8TER 10 Nl 3 4 3 3 2 1 3 3

He 0.544 0.610 0.56571 0.59673 0.08156 0 0.63848 4028

Ho 0.539 0.815 0.56 0.6 0 0 1* 0.08*
1TER 327 'l 4 4 5 2 4 3 3 2

He 0.492 0.431 0.6977 0.37224 0.5913 0.12298 0.65041D.50286

Ho 0.154* 0.333* 0.33333* 0.4 0.73913 0.125 0.42857*0.72
2TER 427 | Na 4 4 4 4 2 2 4 2

He 0.571 0.684 0.72754 0.45633 0.5102 0.48663 0.753[7'D.42857

Ho 0.24* 0.667 0.47826%| 0.48 0.52 0.4117¢ 1* 0.36
3TER 527 | Na 4 5 5 5 2 1 5 3

He 0.359 0.768 0.57551 0.69143 0.50286 0 0.76638  70/m4

Ho 0.385 0.815 0.44 0.76 0.56 0 1* 0.76
4TER 627 N 1 4 1 4 2 2 3 1

He 0 0.686 0 0.47918| 0.45796 0.5133y 0.65539 0

Ho 0 0.815 0 0.44* 0.44 0.47059 0.81818 0
5TER 727 N 4 6 4 5 2 2 4 2

He 0.55 0.837 0.45959 0.60409 0.50286 0.51515 0.724p40.48082

Ho 0.577 0.889 0.44 0.56 0.48 0.8823%* 1* 0.36
7TER 1027 | N 2 3 2 1 2 2 2 1

He 0.238 0.238 0.07837 0 0.4898 0.3707[7 0.38372 0

Ho 0.269 0.259 0.08 0 0.64 0.4705¢ 0.5 0
Overall Na 22 30 24 24 16 13 24 14

He 0.393 0.608 0.44349 0.45714 0.44808 0.28699 0.653[LD.32058

Ho 0.309 0.656 0.333084| 0.46286 0.48273 0.33718 063209 0.32571

Ar 2.25 3.31 2.49 2.53 2 1.64 3.11 1.76

Ap 0 0.06 0 0.01 0.06 0 0.59 0

Fis 0.251* -0.0591 0.22417* -0.00534  -0.11942 -0.2816-0.32309 0.10588

Fst 0.549 0.409 0.511 0.517 0.66 0.716 0.518 0.72

% sig. LD | O 0 0.047619 0 0 0 0.52381 0.14286
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Part 2. Ngurupai to Mabuiag. Number of alleleg)(Nexpected heterozygosity £} observed
heterozygosity (F) (*) indicates significance & = 0.05, allelic richness (#), private allelic
richness (A), multilocus inbreeding coefficient @, mean population & (Fst), proportion
significant linkage disequilibrium per populatidd ¥ 0.05) (% sig. LD).

Locus Measure Ngurupail  Ngurupaj2 Ngurupai3 Masig¥asig2 | Masig3 Mabuiagl Mabuiag? Mabuiag3
n 25 25 21 20 15 9 14 13 9
8TER 10 Nl 3 3 2 4 6 5 4 3 4
He 0.46939 0.59673 0.39605 0.707 0.812 0.791 0.67989.62462 0.79085
Ho 0.44** 0.56 0.52381 0.79 0.933 0.889 0.92857* 6B 1
1TER 327 M 3 3 3 6 5 5 5 2 3
He 0.54531 0.63032 0.62253 0.82 0.81 0.745 0.69312 47007 0.68627
Ho 0.4 0.79167 0.52381 1 1 0.444 0.57143 0.69231 laml
2TER 427 N 2 2 2 4 3 6 3 2 3
He 0.3942 0.50709 0.25087 0.74 0.645] 0.8116 0.64815 .49261 0.21569
Ho 0.43478 0.66667 0.28571 0.9 1* 1 1* 0.76923 0.22272
3TER 527 N 5 6 10 4 4 8 6 4 3
He 0.69681 0.69878 0.66899 0.76 0.722 0.924 0.80423 .77899 0.66013
Ho 0.70833 0.8 0.71429 1* 0.857 1 1* 1* 1
4TER 627 N 2 2 9 4 3 4 4 2 2
He 0.15603 0.11968 0.55981 0.74 0.595 0.399 0.64286 .52 0 0.52941
Ho 0.08333 0.125 0.42857* 0.94* 0.5 0.444 0.7142p 1* 1*
5TER 727 N 1 2 2 4 4 5 6 3 4
He 0 0.08156 0.39605 0.7 0.738 0.667 0.7936p 0.64923).73333
Ho 0 0.08333 0.42857 0.8 0.929% 0.444 1* 1* 1
7TER 1027 | N 1 3 1 4 4 4 4 4 1
He 0 0.22204 0 0.68 0.59 0.712 0.67984 0.75385 0
Ho 0 0.24 0 1* 0.643 0.778 1% 1 0
Overall Na 17 21 29 30 29 37 32 20 20
He 0.32310 0.40803 0.41347 0.74 0.702 0.721 0.70597 61282 0.51653
Ho 0.29521 0.46667 0.41497 0.92 0.83741 0.714 0.8877®.9011 0.61905
Ar 1.95 2.26 2.43 3.75 3.58 4.16 3.55 2.76 2.63
Ap 0.01 0.01 0.37 0.32 0.23 0.46 0.34 0.03 0.37
Fis 0.08148 -0.1788 -0.05941 -0.29 -0.33¢63  0.049§ AD30 | -0.46725 0.02141
Fst 0.651 0.561 0.429 0.37 0.34 0.198 0.313 0.511 0.48
% sig. LD | O 0.28571 0.09524 0.619 0.90476 0.048 0.61905 axy1 0.04762
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Part 3. Badu to Dauan. Number of alleles\)(Nexpected heterozygosity £ observed
heterozygosity (i) (*) indicates significance & = 0.05, allelic richness (#, private allelic
richness (A), multilocus inbreeding coefficient @, mean population & (Fst), proportion
significant linkage disequilibrium per populatidd ¥ 0.05) (% sig. LD).

Locus Measureg Badul Badu2 Badu3 Dauanil Daugn2 Baugn
ni| 25 13 25 25 16 25
8TER 10 Na | 3 2 5 11 9 9
He | 0.50694 | 0.27077| 0.64539 0.77306  0.7908 0.82319
Ho | 0.52 0.15385 0.66667 0.92 0.7333B* 0.82609
1TER 327 M| 5 5 4 9 6 9
Heg | 0.7551 0.71429 0.56245 0.8253% 0.58462 0.81905
Ho | 0.8 0.90909 0.4 0.58333F 0.3076%9* 0.38889*
2TER 427 Na | 3 4 5 6 6 7
He | 0.50857 0.51515 0.68889 0.6205} 0.8004 0.67592
Ho | 0.56 0.45455 | 0.73913| 0.58333 0.9375 0.72
3TER 527 Na | 5 5 7 13 10 10
He | 0.73714 | 0.80519| 0.68816 0.86879  0.873%6  0.86892
Ho | 0.8 0.72727 | 0.40909f 0.91667 0.9333B* 0.95455
4TER 627 Na | 3 3 4 6 9 6
He | 0.65878 | 0.671 0.59091| 0.75918 0.81835 0.7611
Ho | 0.72 0.63636 0.63636 0.76 0.6875f 0.7727
5TER 727 Na | 4 4 5 9 9 8
He | 0.64898 0.72105 0.68883 0.7649 0.81609 0.76216
Ho | 0.64 0.6 0.75 0.56* 0.46667F 0.81818
7TER 1027 M| 2 2 3 5 4 6
He | 0.18367 0.07692 0.27343 0.74939 0.70115 0.58188
Ho | 0.2 0.07692 | 0.30435| 0.68* 1* 0.57143
Overall Ny | 25 25 33 59 53 55
He | 0.57131 | 0.53920| 0.59115 0.76589  0.76931  0.75603
Ho | 0.60571 0.50829 0.55794 0.71476 0.72372 0.72169
Ar | 2.89 297 3.13 4.53 45 4.47
Ap | O 0 0.36 0.2 0.44 0.29
Fis | -0.04582 | -0.12941] -0.0455 0.09538 -0.0137 -0.062p
Fst | 0.446 0.39 0.368 0.126 0.134 0.146
% sig. LD | 0.142857| 0.04762 0.14284 0.6666[ 0.57143 0.52381
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Part 4. Saibai to Boigu.

Number of allelesyYNexpected heterozygosity £ observed

heterozygosity (H) (*) indicates significance & = 0.05, allelic richness (#), private allelic

richness (A), multilocus inbreeding coefficient @, mean population & (Fst), proportion

significant linkage disequilibrium per populatidd* 0.05) (% sig. LD).

Locus Measure Saibail Saibai2 Saibai3 Saibaig Boigy Boigu2 Boigu3 Boigu4

n 25 25 25 25 25 25 11 15
8TER 10 N 6 9 7 8 10 9 6 6

He 0.74204 0.82041 0.76522 0.82024 0.86122 0.77796 72682 | 0.74769

Ho 0.68 0.8 0.73913 0.6087 0.88 0.76 0.6 0.4614%
1TER 327 M 5 8 9 7 8 9 5 6

He 0.68213 0.79344 0.81878 0.8227 0.7890[1 0.78964 4503 | 0.79894

Ho 0.78261 0.79167 0.6 0.66667 0.6666Y 0.59091L 027270.57143
2TER 427 | Na 4 5 5 5 6 6 5 6

He 0.65714 0.70776 0.72898 0.72125 0.71099 0.70449 77104 0.75132

Ho 0.52 0.72 0.72 0.61905 0.54167 0.72 0.777Y8 0914
3TER 527 | Na 7 10 10 9 13 14 6 9

He 0.70204 0.85633 0.76507 0.86152 0.8744 0.880119 5827 | 0.88308

Ho 0.68 0.76 0.83333 0.68182 0.94444 0.73918*  0.8555 0.61538
4TER 627 N 4 5 6 3 5 6 4 4

He 0.68898 0.57796 0.7151 0.63508 0.64058 0.74645 9606 | 0.65833

Ho 0.68 0.56 0.76 0.8125 0.43478 0.83333 0.666p7 0.75
5TER 727 N 6 10 7 8 13 9 6 3

He 0.71691 0.85878 0.8484 0.82051 0.8653[1 0.8049 66382| 0.30115

Ho 0.69565 0.88 0.83333 0.8 0.76 0.52** 0.4** 0.3333
7TTER 1027 | N 4 3 4 5 7 7 5 5

He 0.22449 0.40163 0.36571 0.50887 0.67347 0.79735 683a@6 0.64368

Ho 0.24 0.36 0.4 0.5 0.64 0.88 0.8 0.6
Overall Na 36 50 48 45 62 60 37 39

He 0.63053 0.71661 0.71532 0.74144 0.77360 0.78588 290(¢ | 0.68346

Ho 0.61118 0.69595 0.69797 0.66983 0.69537 0.72048 8185 | 0.578

Ar 3.4 4.25 4.08 4.21 4.6 4.56 4.03 4.01

Ae 0.15 0.1 0.09 0.22 0.17 0.22 0.31 0.25

Fs 0.00208 -0.00024 0.04311 0.03756 0.09195 0.08129 .15585 0.11481

Fst 0.312 0.175 0.181 0.182 0.099 0.141 0.198 0.207

% sig. LD 0.14286 0.09523¢ 0 0 0.14286 0.3809p .147Z8B6 0.19048
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