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Abstract

The false codling motFCM), Thaumatotibia leucotret@Meyrick) (Lepidoptera: Tortricidae), is an
important pest of citrus in South Afrieandchallenging to manage due to its inconspicuous nature.
effective method currently being employed foe areawide suppression ahe FCM is the Sterile
Insect Technique (SITand the effective dispersal of sterile moths is very important for success with
SIT. This study was conducted in the Addo area of the Sundays River Valley (Eastern Cape) wher
the programme is commercially ed. In this study sterile male moths were released in different
orchards on a citrus farnand in nearby velat different times of the yeaand their dispersaias
monitored through the use of pheromone tragarious climatic factors were monitoredhis
provided insight into the locatlispersal of sterile male FCM adults in respotseabiotic cues
(particularly climatic factors). The movement thie FCM in four citrus cultivars, namely lemons,
navelandValenciaorangs andmandarins and ithe nearbyveld (open field) wasdeterminedat six

different stages of the year

Results clearly indicatethat sterile FCM movement is concentrated within citrus orchards, as very
few moths were trapped beyond 80 from the release point, particularly inavel and \alencia
orchards. Of the climatic factors measyrednimum and maximum temperatures had the most
significant influence on FCM dispersand based on the results, various recommendations are made
for the releases of sterile FCM in an amdde SIT manageent programmes on citrug\ better
understanding of the dispersal capabilitiestttd FCM in an agricultural systenunder different
conditions and at different times of the year, is invaluable not only in improving release strategies ir

an SIT programmedi in planning future control strategies agathstFCM.
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Chapter | GENERAL INTRODUCTION

1.1Introduction

Effective conn r o | i's i mportant due to associated ecor
many export marketsThe false codling moth (FCM),Thaumatotibia leucotreta Meyrick)
(Lepidoptera: Tortricidae)s a pest of citrus in South AfricdNewton, 1998)Several different modes

of control are registered and used commercialygeting different life stages (Moo& Hattingh,

2012). One of these is ti&erile InsectTechnique (SIT), which was commercialised in the Western
Cape in 2007 and in the East&ape in 2011andnow being applied over several thousand hectares
(Nepgen, 2014). The principle of Sfor FCM is to flood citrus orchardsveeklywith large numbers

of radiaton-induces sterile mothat a target ratio of 10 steritaothsto onewild male moth (Sotter,

2009).

This areawide means of controllinthe FCM has been thoroughly researchadd has resulted &
reduction in FCM infestation of up to 94% (Hofmeyr & Hofmeyr, 206&wever, one aspect of the
application of an SIT programnier FCM that has warranted further research is the dispersal capacity

and behaviour of the released sterile motheeporton such a studfpllows.

The FCM is the most important phytosanitary pest restricting the export of Jdutian citrus into
many of Suth Africals overseas markets, includitige UK, USA, China,lran and Japam record
113 million cartons of citrus were exported from southern Africa in 2013 (CGA 2013). South Africa is

the second largest exporter of citrus in the world (CGA 2013)

1.2 Distribution of the false codling moth

The insect is endemic and indigenous to Africa, generally south of the Sahara and mostly in tropice
and subtropical areas (Schwartz, 198though the FCM occurs in all citrus producing areas of
southern Africa, pest pressre varies dramatically in the differemégions and is generally less
abundant in the far northern argddoore & Kirkman, 2011a) The moth is known to occur in citrus

in Souh Africa, Mozambique, Zimbabwe&waziland (Hepburn, 194 5tofberg,1954) and Malawi
(Sweeney, 1962).

1.3Host plants ofthe false codling moth
The FCM hasinvaded cultivated crops from its wide range of indigenous plasits (Gunn, 1921;
Stofberg, 939, 1954; Pearson, 1958chwartz, 1981). Schwartz (1981) reviewethed?1 cultivated

and 14 indigenous wild hogtlants in suthern Arica alone In cultivated cropst is particularly
6



severe on citrugfig. 1), but also attacks many other deciduous, subtropical and tropical(Paitser,
1980) A recent survey in the Vggern Cape revealed few alternative hosts (HohiR&04). Thisis
not the case in the Eastern Caférkman & Moore, 2007, as FCM infestation reaches its peak
relatively early in thegrowing seasorbefore the fruit mature@viooreet al, 2005, indicatng a build

up on other hosts beforgpe citrus fruitareavailable in meaningful quantities.

Navel oranges yielded three times as mampoths as Valencia fruit in labatory trials Georgala,

1968. Grapefruit and mandarins are less susceptible, andniang and limes larval development is
rarely, if ever, completeGunn, 1921; Newton, 1998; Moore & Kirkma20Q11a).The FCM is also
known as a pest of acorns, walnuts, olives, tea seeds, and almonds and infests cotton in mc

equatorial areas (Newton, 1998

Fig. 1 Navelorangeinfested withthefalse @dling moth

This may be because of their greater acidity and excessive juice. Unlike Zimbabwe and East Africa
there is no record dhe FCM attacking cotton in South Africa. Pearson (1958) suggestedmioiatr
South African conditions the moth preferentially confines itself to ripening citrus fruit during late

summer and winter when tton bolls might be susceptible.

1.4 Life history of the false codling moth

In South Africathe FCM has abousix generatins per year (Bloemst al, 2003 andthe mainadult
activity peaks occur in summer and autumn (Hofn&\€alitz, 1991). Thegeneréional peaks aren
Deember, January, MarcMay, SeptembeandNovenberin the Eastern Cap@loore pers. comm)

The life cycle of theFCM includes egg, larval, pupal and adult stages. The complete life cycle ranges

from 30 days (under optimal conditions) to 174 days (under least optimal cond{ifemnstteet al,
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2003) Within an uninterrupted supply @lant hosts, adult F@ remain active throughout the year
and theras no diapaus@iaber, 1980).

1.4.1 Egg. The eggis flat (Fig 2) oval and translucent with shiny reticulatesculpure. It measures
approximately Inm in diameter and is frequently inconspiasly inadepression of the rin@Daiber,
1979a) In laboratory cultures eggs are laid on any clean flat surface. At an optimum temgpefatu
25°C females can lathree to eight eggs per fruit and up to 800 oweir life span. If there are
numerous fenas many eggs can accumulate on the fruit. However, only a few survive Gureato
competition forfood and cannibalisnNewton& Crause 1990. The egg is susceptible to parasitism
by trichogrammatidparasitoids(see 1.6.4¥or about half of its typicalife span ofsix to 12 days
(Hepburn, 1947Georgala, 1969; Daiber, 197%chwartz, 198l Hatching occurs at all times of the
day.

Fig 2 False codling motleggon a fruit surfacéPeterStephenCitrus Research Intertianal)

1.4.2 Larva. The firstinstar is extremely delicate and frequently suffers high mortality. Low humidity
causes egg and first instar mortality in laboratory cultures, while low winter temperatures are lethal tc
those stages in the fielgCatling & Aschenborn, 1978; &ber, 1980).There are five larval instars
(Stofberg 1954; Daiber 1979b). Younger larvae feed near the surface while older larvae bore toward
the centre. Temperature and poor food quality can slow down the rate of larval develofiment.
young larva is often cannihslic towards eggsandthe larva completes its development in a single
fruit (Catling & Aschenborn, 1978). If the host has a hard rind, such as an acorn, entrance is made
the base or attachment to the cup where softer tissue exists. When the hosofhasd, such as
citrus or peacks the larvae will burrow into the rind almost anywdelarvae prefer the navel end
(of anavel orange) or an injured area or cut in the rind.some host, such as avocado, the entrance
is marked bythe formation of a raised blemislon the rind(Diaber 19798; Newton& Crause 1990).
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The larval period lastl2 to 33 days in warm weatha@nd 36to 67 days in cool weatheBy the time
the larvais readyto leave the fruit, the fruit mighdlreadyhave droppedDaiber, 1979c; Newton
1998)

Fig 3 A false codling motharva in anorange

1.4.3 Pupa. After the prepupal stagethe insect pupates in loose soil beneath surface debris or in
cracks in the soil. It constructs a silken cocoon incorporating trash and soilega®iapae are cream
coloured and soft, maturing to a hardened dark br@@unn 1921, Newton 1998) The completed
cocoon closely resembles the sl is difficult to find The cocoon invariably lies on tseil surface
(Staberg, 1954). The prpupal anl pupal stagesccurwithin the cocoonThe prepupal stage is light
beige in colour (Newton, 1998) while the pupal stage is dark brown (Stofberg, T@84)upal stage

is completed within 210 80 days in the field, depending tiretime of year (Daiberl97%).

1.4.4 Adult. The adult moth is small and dark brown to gréiales are smaller than females and can
be distinguished by densely packeslongated scales on the hind tibia, an anal tuft of scales, and a
scent organ near the anal angle of eactt-hiing (Gunn 1921; Hepburn1947; Stofberg1954;
Georgala 1969; Daber, 1980; Newton 1998) Females mate shortly aftéheir emergence from
pupae, withirtwo to threedays (Stofberg, 1954and commence laying eggs.

Fig 4 Adult sterilefalse coding moth



1.5Economic importance ofthe false codling moth

The South Africacitrus industryis large withSouth Africa rankedsthe second largest exporter in the
world after Spain(CGA Key Industry Statistic2013) In 2013 South Africa exported appxonately

113 million cartons (each weighing Xg) of citrus varieties to foreign countries (CGA Key Industry
Statistics, 203). Annual losses of more thdl00 millionten years agto the southern African citrus
industryareattributed tothe FCM (Moore,2004a). These losses are mostly caused by a reduction in
yield at orchard level, caused by fruit dropping off the taedpostharvest decay due to undetected
infested fruit that are packed and export&d. citrus cultivars are susceptible to attackttwthe

exception of lemons and limes.

Navel oranges, which contribute significantly to the total citrus production in South Africa, are
particularly susceptible to FCM attack (Georgala, 1968). Within the cultivar greater numbers of eggs
arelaid on certan selections than on others (Logeal 2014). Infested fruit drop from trees as early

as November, when fruit are no more than 15 to 20 mm in diameter (Stofberg, 1954; N&&R)n

In extrerme cases of infestation FChan cause reductions of up to 8QR®fmeyr, 2003). Newtoret

al. (1986) reported that in surveys in the Rustenburg and Nelsgeas ofMpumalanga Province

area 206 to 30% of total fruit drop was due the FCM, while up to 90% of fruit drop ofarms in the
Citrusdalarea Western Cap@rovince was dued FCM infestation. Newton (1988noted losses of

10% to 20%in certainnavel orange cultivars on selected farms in the Citrusdal area between 1982

and 1985. Control ahe FCM is therefore extremely important.

Some breign markets regdthe FCM as a phytosanita pest and will rejecan entire consigmentif

its presencen fruit is recorded(Moore, 2002a; Kirkman, 2007)The increased risk and potential
threatof FCM established outsidgouthern Afica recently resulted in a zero t@ace policyfor FCM
enforced at packouses that send fruit to sensitive markéte USA in particular is concerned with
the establishmerthereof the FCM due toa similar climate to that of South Africa. If the moth were
to establishitself in the USA substantial economic losswould be experienced (Stibick, 2008).
Certainmarkets for example the USA, require a cold sterilization process on fruit destif@dhese

markets.

1.6 Control of the false codling moth
1.6.1 Population monitoring
Population monitoring systems allow a forecast of the FCM populations present in citrus orchards anc

allow growers to make important decisions for appropriate and necessary control interventions
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(Schwartz, 1972)Inspecting forFCM eggs on citrus fruit is difficulas they are very small and
transparentThe only effective means of monitoring FCM population levela gheromonebased
trapping system (Hofmeyr, 2003)he trap consistof a sexpheromone dispenser that attractsle
moths and a polybuterd®sed adhése for ensnaring the aths. These components are contaiimeal

beige PVC pipe or gellow delta trap.

This kind of monitoring system has been regarded as essential for the development of a practice
programme for any means of effective controkled FCM (Schwartz, 1972)For the first couple of
yearsof monitoring with these traps, it is importaot observe infestation, fruit drop and damage in
relation to the trap counts and to captilnedata of each orchard. This historic desmassist growers

to decice wrento apply control measas (Hofmeyr, 2003)The thresholdvalues(of 10 adult male
moths per trap per weeklp not aply anymore due to the phytosanitary statushefFCM and as a
result corrective measures should be applied regardledse gbdpulation levels in traps and fruit
inspection points (Moore, 2011A.peak in trap catches can be used for accurate timing of a corrective

application by assuming that a peak in egg hatch would occur two weeks later (Moore, 2011).

1.6.2 Orchard sanitation

Orchard sanitation is the regular removal andrdeson of all fallen and hanging fruit mch are
infested, damaged or decayjrandremains the single most importaf€CM control measure, with
other measurebeing complimentary to sanitatiqMoore & Kirkman, 2008).Research has shown
that it is possible to remove an average of up to 75%Cd larvae from an orchard by conducting
weekly orchard sanitatioinom December to Jurn@loore & Kirkman, 2008§. Until the 1980s the only

method of controllinghe FCM in citrus orchards was sanitation (Moore, 2002).
The purpose of this saation procdure is threefoldDu Toit, 1998) Firstly, for control of FCM,

secondlyfor control of fruit fly and thirdly for removal of fungal spores from the orchandhich are

capable of causing primary infection or secondary decay of fruit

11



Fig 5 An example of pooorchard sanitation

Schwartz (1974) stated orchard sanitation should begin immedstetyharvesting of an orchaisl
completed. All fruit on the groundnd left hanging in trees must bemoved, thus eliminating any
possible means of FCM completing its life cycle over winter. This will help restrict the overall size of
the FCM population during the following season. However, numerous field trails vetlrG
throughout the country indicated that fruit infestation most often peaks during early December, so it i
essential that orchard sanitation starts no later than early December (Moore et al, 2004). This wi
enable the removal of invested fruit ensuingm the normal November/December peak in FCM

popuationto restrict the overbkize of the FCMpopulation during théllowing season.

Larvaemost oftenleave fruit soon after they have fallen. Therefore,tharbest results, sanitation
must be condtted at least at weekly intervdlgloore & Fourie, 1999Kirkman etal., 2008) Mature

larvae sometimes leave the fruit while they are still on the tree. It is therefore strongly recommende

that obviously infested fruit on the tree must be removed dsangation(Schwartz 1974).

Fig 6 An example ofanorchardwhere goodanitationhas been conducted
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The false codling moth is an extremeatfiallengingpest to control. Eggs are laid continually during
the fruiting period of citrus and odmatchingthe larva bores into the fruit within a few hours. As a
result it is imperative that producers put a concerted effort into sanitation. In -aeplelated
experiment in the Eastern Capeovince Ullyett andBishop (193) found that e total losof fruit

after November wareduced from &% inun-sanitisedrees to 3.3% with sanitation once a week.

From April until completionof the harvest orchard sanitation should be done on a weekly basis and
where possible more often. All fruit removed frdahe orchards should be burnt in an incinerator,
buriedundera 30 cm layer of soilor crushed with a fruit crushéFig 7) (Hepburn, 1947; Georgala,
1969; Newton, 1998)Caution should be taken not to dig a pit that cannot be filled and covered
immediately, agarvae from the first lot of fruit vii have time to escape and developed furthkeuit
canalso be placedh old petrol drums haffilled with water, seakd with lids and leftfor six days
(Stofberg, 1954)

A i

Fig 7 Fruit collected from orchard sanitati@arushed bya fruit ausher

1.6.3 Microbial control: granulovirus

Threevirus productsased on th€ryptophlebia leucotretgranulovirus (CrleGVare registered in
South Africa forthe control of the FCM on citrusand havebeensuccessfully incorporateohto
Integrated Pest ManagemenPN) programmes(Moore 2002. These produs are Cryptogran,
Cryptex(Moore, 2002)and GrathanfMoore, pers. comm). When applied correctly FCM control has
been recorded for up to 17 weeks with a single application, avitlaverage of 70% reduction in
infestation over that time (Mooret al, 2004). Up to 87% reduction in FCM infestation has been
recorded in field trails omavel oranges with a single application of Cryptogran (Kirkrearal,
2008). Molasses has been showo significantly and consistdptimprove the efficacy ofvirus
products for the control dhe FCM (Mooreet al, 2004).This islikely to be the result ahe feeding
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attractant and sticker effecbf molasssefHilliar & Hill , 2013) The sugar compomé of molasses
may cause neonate larvae to feed more actieelythe surface of the fruibefore attempting
penetration into the frui@Mooreet al, 2004) This will result in the ingestion of a lethal dose of virus
before penetration behaviour beginsli{liar & Hill, 2013. Cryptex is now registered to be applied
without molasses (Hilliar & Hill, 2013).

1.6.4 Biological control

Biological control forms an important part of the natural control of the FCM in many areas. Rllyett
Bishop(1939) listed 25 kown natural enemies of the FCM of which 12 species are known to occur in
South Africa Many biological controloptions have been triesigainstthe FCM in citrus orchards.
These includgarasitoids pahogens(e.g CrleGV referred to in the previous secfipand predataos.
Four eggparasitoidsand two larvalparasitoidshave been identified as having potential as biological
control agents (Mooré& Fourie, 1999). Compared to larval and puparasitoids egg parasitoids
should be considered tmeost promisig, because if applied correctly arfdthey are effectivethey

will controlthe FCM before damage occuris, the same way as insectiegldo. However larval and
pupal parasitoidsonly control the pest &r the damage has been done (Newton, 1998; M&ore
Fourig 1999).Neverthelessconditions insome regions are more conducive to the proliferation of this
natural enemynamelyeggparasitoidg Trichogrammatoidea cryptophlebige¢han in other regions.

The commercial rearing and releasing of naturaheee for suppression of the FCM was considered
as early as 1939 (Riplest al, 1939). Probably the most effective predators are ants, which have been
shown to dramatically reduce planted false codling moth pupae in research trials (Bavaies
2014). This is a strong justification for not poisoning ants on an orchard floor but rather just
eliminating them from entering trees, where they can disrupt natural enemies of other pests.
Release of the egg parasitiddcryptophlebiaeshould be initiated as dgras October, and should be
released repeatedly while the fruit susceptilleur releases of 2800 per hectare arasually
adequate, except in the Western Cape where a fifth release per hectare is réfporede( al.,
2004) Undisrupted by injudiciosispraying between 8% and 100% egg parasitisaf the FCMhas

often beenecorded, resulting in up to a 6/4%&duction in infestatiom navel orangefrom December

to harvestaboutMay) to the total elimination ofthe FCM by harvestime (Moore & Fourie,1999;
Moore & Richards, 2000, 2001 & 200Zvery effort possible should beae to avoid disruptive

sprayshripicideshave the worst affecturing the season.
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1.6.5 Chemical control methods

No insecticides were registered for use agalmsECM on citrus until the early 1980s. divever the

first chemical trials foFCM control were conducted by Gunn in about 1926, but the results were not
satisfactory (Hepburn & Bishop, 1954wenty-one years latein 1947 DDT was found to réuce

fruit infestation ly abouttwo thirds or nore (Hepburn, 194719493. Gammexane, fixed nicotine
(Myburg, 1948 ard parathion (Thiophos) (Hepbyrh94%) were also found to reduce infestation

the FCM but not to the same extemats DDT. In later field trails two synthgc pyrethroids,
cypermethrin and deltamethrin, applied two to threathbeforehe harvest, reduced fruit drague

to the FCMby an average of 90% (Hofwr, 1983b).In some regions a reduction in efficacy of
pyrethroids due to resistandevelopment was ssbquentlyreported (Hofmeyr & Hofmeyr, 2005).
Through the yearthe main focus on the application of insecticides has been to achieve the highest Kill
of the target pegpossible (Debach, 1974). This philosophgwever comes withits own problems
namely many of these products have not been entirely compatible with integrated pest managemer
programmes and have been detrimental to natural eneraiesng secondary pest repercussions.

Nomolt SC (teflubenzuron), a benzoylurea insecticide, is also resgister the control ofhe FCM on
citrus. The efficacy of Nomolt has been questioned recently duautbple cases of resistance
(Moore, 2002)to the pyrethroids and its use.Alsystin (triflumuron)is also registered for chemical
control ofthe FCM in citrus. Howeverthe FCM hasdeveloped resistance to this product in the
Western Cape Province (Hofmeyr & Pringl#998) and possibly in the Mpuwanga Province
(Moore, 2000). Alsystin is also known to be detrimentalh® ¢gg parasitojdrrichogrammatalea
cryptophlebiagHattingh & Tate 1997)

Two otherpyrethroids Meothrinand Cypermethrirare registeretbr commercial FCM controlThey
are potentially toxic to avide range of natural enemies and their effectigene variabldHofmeyr,
2003; Mooeet al, 2004b).

In 2011 two new chemical insecticides were registered for use atf@fstM, namelyDelegate and
Coragen. These two products appear to have comparable eflisa@lly reducing FCM infestation
by between 50%nd60% if applied corretly (Moore & Hattingh 2012).

1.6.6 Attract -and-kill
This product consists of a synthetic pheromone and a pyrethrorddfem) in a gel formulation and

is applied by handusingapceal i br at ed di spenser that delive
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to the pheromone and are killed soon after making contact with the pyrethroid active ingfiddkent.
only attractandkill product registeredbr controling the FCM on citrusin southern Africa is Last
Call FCM (Moore & Hattingh, 2012)Field trials indicate thatts efficacy when used togethevith
mating disruption is superido that ofattractandkill againsthe FCM (Hofmeyr & Hofmeyr, 2002).
However, this was tested in a situation of fairly high FCM pressndely all accountsts efficacy is
better in lowpressure FCM regior®1oore & Hattingh, 2012)

1.6.7 Mating disruption

During 1999 the first mating digption product for FCMontrol (developed by BASF) was registered

for use on citrusA few years later Isomate was registe(®tbore & Hattingh 201p Another mating
disruption product, Checkmate FGKM which is a spragpplied capsule suspeosi was notas
effective as IsomatéMoore & Kirkman, 2010, 2011aMating disruption and attraetndkill are still

being used for the control of FCM but to a lesser extent, but both are being used as part of an IPI
package and not as a stealdne treatments.

1.6.8 Sterile InsectTechnique

Sterile Insect Technique (SIT), a method of releasing sterile insects into a wild population in an effor
to control them, was independently pioneered by three researchers in the early twentieth centur
Ser e b rsgereticksiudied onDrosophila melanogastefMeigen) (Diptera: Drosophilae) at the
Moscow State University in the 1930s and 1940s, supported the principles of Mendelian genetics fa
the advance of Soviedgriculture bythe use of chromosomal translocations to cameiited partial
sterility for pest population suppression (Robinson, 2002LanadaSIT proved to be successful

the control ofthe codling moth Cydia pomoella (Bloem & Bloem, 2000)This technique haalso

been used to eradicatnd suppress Amecan screwwormCocHiomyia hominivorax(Coquerel)
(Diptera: Calliphoridag)in the United States and Mexico. Si@isalso been used against tropical fruit
flies (Diptera: Tephritidae) in many countries, tsetse fligslassinaspp in Zanzibar, horn fly
Haematobia irritans(Linnaeus) (Diptera: Muscidag)n cattle in Texas, and very successfully against
pink bollworm on cotton in California (Pedigo & Ric2006).This is achieved through reproductive
mate attrition.Generally the male insect is exposed wiadon and thereby rendered sexually sterile.
With this methodsterile males are released at an dl@rding ratio to the wild males, to ensure that

the probability of a female mating with a sterile maléiigher than her mating with a wild male
(Myburgh, 1963; Hofmeyret al, 2004). Mating with a sterile male prevents the female from
reproducing (Kirkman, 2007 he transfer of sterile sperm durintatingby the sterile males aids in

reducing FCM populations within the orchards.
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Varying levels of stelity can be induced in insects for release in an SIT prograndshsolute
sterility might notalways be required and is in fact undesirable for some species in which increasing
amounts of radiation will seriously compromise their competitiveness in tdelfegdidoptera require

high doses of ionizing irradiation to be fully sterile azahto a certain extent be regarded as radio
resistant (Lachanc& Graham 1984).If they are exposed to sgberilizing doses and either inbred or
outcrossed witHertile caunterparts, their offspring (F1 generation) se@wvhigher level of sterility

than their parenténherited sterility) and in addition the level of sterility in F1 females is lower than

in F1 males.

Spatial modelling work on the SIT (Plast al., 1984 Wolf et al, 1971 Lewis & Driessche, 1993;
Marsula& Wissel, 1994; Barclay, 1992) has confirmed ttied consideration of spatial effects is
important in the development of effective SIT prognaes. Numerous experimental studies have
shown that most malmoths fly upwind in response to detecting a conspecific female sex pheromone
(Carde, 1984). An evenly distributed target population, sparsely dispersed over a wjdeilarea

increasehe efficacy of an SIT programme.

Forthe codling moth the combinedlease of sterile insects and guayasitoidsvas first suggested by
Nagy (1973). Experiments by Bloeeat al (1998) demonstratemside field cageshat an additive
suppressive effect can be reall when sterile moths are released at a 10:1-fta@ding ratio
(sterile:wild) together withTrichogramma platneriNagarkattiwhen comparedo containing wild
moths that received sterile mothsparasitoidsonly. In the case of FCM, it was shown to be that an
overflooding ratio of 10:1 (sterile:wild) is maintad in orchards under Sit for it to be successful
(Hofmeyr & Hofmeyr, 2003 After mating with a treated male a fem&€M will lay largely infertile
eggs, thereby reducing the population (Schwartz, 197%8%)oratory experiments by Hofmegt al
(2004) slowed promise in the use of SIT in the controtte FCM in the Western Cagerovince of
South Africa. In a 35 héeld trial, with SIT Hofmeyr & Hofmeyr (2003 reported a 94.4% reduction
in FCM infestation.

Two subsequerttials with SIT conducted in th&astern Cape and Limpopo achieved more than 80%
reduction in FCM infestation (Hofmeyr& Hofmeyr, 201Q Moore 2011b). Tis technique was
commercialised by Xsit (Pty) Ltd in 2007 and is now being applied over more tharhd5fiitrus

in the Western Caplerovinceand more thaB8400ha in theSunday<River Valley in theEastern Cape
Province with good success (Nepg2ld.
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Due to the phytosanitary status and resistance by FCM to the commonly used pastiaidesrus
producing areas of South Africthe potential for SIT has expanded enormously. Other facoch

as insecticidal resistance, the negative effect of insecticides on the environment and consumer
opposed to chemical residues on fraén be seen as contributitaythis potential The siccess of an

SIT programme is dependent on efficient application of the technology to achieve its objectives in ¢
timeous mannerand alsothe on dispersal ability of the sterile FCM being released. Another aspect

that needs to be studied is the influeacdictation of the weather on the dispersal of sterile FCM

SIT is not a stanealone technology, but should be integrated with other pest management
technologies, such as bait application, virus sprays and sanitation in an area wide pro@mame
et d., 2005)

1.7 Dispersal of mothsn general

As there is a continued and growing interest in the usieofe insecttechnique (SIT) as a tactic for

the suppressioar eradication of key Lepidoptera pestsich aghe FCM andthe codling mothCydia
pononellaL. (Lepidoptera: Tortricidae) (Bloerat al, 2005; Carpenteet al, 2005; Simmongt al,

2010; Vreyseret al, 2010), the establishment of simple and inexpensive bioassaysathatetect
differences in thejuality of reared, sterilized and releasinsectsand monitor field performances
essential.

Animals search for appropriate sources of fowmdter, mates and oviposition sites for growth and
reproduction (Bell, 1991). Howevesuch searching behaviour has sds@at animals must balance
with potential beefits gained from the resourceéhese osts include energy expended on movement
itself, time taken away from other activities and risk of predation while searching (Bell, 1991). The
attraction of male moths to female pheromones is aegtiblished model for longistance sexual
communication (MafrdNeto & Carde 1994 Vetter & Baker 1984; Vickers et al1991 Willis &

Arbas, 1991). During pheromomeediated upwind flight, male moths are considered to be scrambling
for females and thus beanajor costs of finding a mat@.e. energy and risk(Greenfield, 1981;
Thornhill & Alcock, 1983). Scramble competition occurs when a finite resource that is shared
between competitors, such as a sexually receptive female, is reduced with increasiagjopopul
density.Fitness (of sterile mleg is critical for early arrival (at the females) for matif8uccessful
location of a calling female depends critically on flight performance. Because muscle efficiency is
strongly temperature dependent over a widage of ambient temperatures, flight muscles of
endothermic moths need to be heated before a moth can engage in upwind locomotion (Dorsett, 196
Heinrich, 2007; Heinrich & Mommsen, 1985; Krogh & Zeuthen, 1941).
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Most wild male codling moths are short dista dispersers (Schumachet al., 1997), often
remaining within 1Ikm of the release site. This form of dispersal is probably typical of sterile codling
moths as wellWhile individual sterile male codling motrave been observed to fly great distances
(upto 8km in one study) (Man& Wildbolz, 1977), most males are recaptured near sel&zgcations.
Datain a studyby Thistlewood et al (2004 indicatel that very few moths were recaptured beyond

800m from any release sitend none more thankBn away.

Numerous experimental studies have shown that most male moths fly upwind in response to detectir
a conspecific female sex pheromone (Carde, 1984). Mating occurs when a male successfully follows
female pheromone plume to its sour@de diamondback mothDBM), Plutella xylostella(L.)
(Lepidoptera: Plutellidag)is known to be able to migrate over long distances (Macketh2&3
Lorimert, 1981, Chu, 1986). Howeverlittle is known about its dispersal ranges within active host

crops or local dispersal ragg

The dispersal of released irradiateddling moths was studied using maiieleaserecapture test
(Wesling& Knight, 1994 Bloemet al, 1998). Reportsvere madeon the progress in Tunisia during

the last two years with massaring of the carob motand assessing the performance of irradiated
substerile males in the fieldlhese field assessments were done over a period of three years
(Mediouni, 2005)The data showed that the substsrilj dose of 400 Gy did not affect the ability of

males to dispeesunder field conditions.

1.8. Dispersal ofthe false codling moth

Being nocturnalthe FCM is anight flyer (Diaber, 1978)and not known to fly during the day
(Stofberg 1954). Pheromone trapping in transects across the agricultural landscape hashsthown t
FCM males are concentrated within citrus orchards or very close to them. However, some FCM mals
individuals were trapped at distances of up to aboukrh.5rom the nearest citrus orchard or known
host plantgStotter, 2009) This raises questions alidhe FCMO slispersal ability. While relatively

little is known about the dispersal capabilitieghad FCM, significant genetic variation exists between
populations in South Africa. Very little is known about female FCM dispersal, particularly after
mating (Stotter, 2009)The dispersal of insects over a given area as well as the dispersion ability of
individuals plag a significant role in SITControlling a population of insects capable of moving vast
distances, such as medflgormally requires isolatio of the treatment area to prevent reinvasion
(Hendrichset al,, 2002).
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The FCM has beepreviously described aspoorly dispersing specgg(Newton, 1998)This assumed
poor dispersal ability may be responsible for the occurrence of genetically dtmdations, which
may be separated from each othgrless thanone kilometre (Timm, 2005)lt is clear that FCM
populations are higher both within citrus orchards and surrounding vegetation whear#émeture
citrus fruit available for infestan, whle population sizes, anthovement of males, are significantly
lower during winter when there is no matém@t on treeqStotter, 2009).

FCM males have been found tespond to FCM females up tme kilometre away (Omer1939;

Timm, 2005).Schwartz (198) found that females dispersed up ton3&fter matingo lay their eggs.

It may be possible that males disperse further than females while searching for a mate. Timm (2005
suggested that FCM individuals may vary genetically in their capacity to digpenstong distances,

with dispersal possibly being limited within agricultural systems where host mants in high
density This will further be aided in a perennial crop such as citrus, where various cultivars ripening
and being harvested at diffeteimes are being produced in the same area.

In the Citrusdal region of the Western Cape it was fahatithe FCM is concentrated within or very
close to citrus orchardéStotter, 2009) Exceptions to this occur where alternative host plants are
situatedclose to orchards. Ratheit is clear thatthe FCM does not move into orchards from
surrounding indigenous vegetati¢@totter, 2009). Citrus orchards appear to be the reservdindor
FCM to move into surrounding vegetation. It is clear that relatifelyFCM male individuals move
further than a few hundreaetresfrom citrus orchards. ThereforECM control strategiesan focus
primarily or eversolely onthe orchard environmef&totter, 2009)The dispersal ability ahe sterile

FCM determines theuccess of an SIT programme and the effective application of the technique and
the influence of other factors that might influence the dispersal ability of the release sterilsunhths

as theweather.
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Chapter I OBJECTIVE OF THE STUDY

2.10bjective ofthe study

The mjective ofthe studywasto understand thdispersabiology and behaviour dfterile malefalse
codling motls within an SIT programmeand thusto help in planning control strategiesThe
researchesought to understand how far, in whidirections and how successfully released moths
dispersedand to identify the factors dictang and influenng their dispersal. Thignformation is
importantto assist with allthe control strategies influenced in any way by moth dispersal and the
decsionmaking affected by these findings. However, most importantly, these findinghehato
improve sterile moth release strategies, such as whamdtevhen not toeleasethe spacing between
release transectsxdwhetherthere should evdre any altemtion inthe numbers of moths releaspdr
hectare or per area
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Chapter Il

3.1Trial sites

The triab wereconductedat the Addo Research Statio8 3 A3 406 1 4 6 6 S beloAghdtd thed 3 6

Institute for Tropical and Satropical Crops (ITSC) of the Agricultural Research Council. It is situated

MATERIALS AND METHODS

nearAddoin theSundays Rer Valley in the Eastern Cape Province of South Africa.

Table 1 Details of trial sites (orchards) used in the study

Tree spacing | Tree
Cultivar Year planted Orchard Tree spacing| within rows | height and
number between density
rows

3 m high
Navels 1998 C8 2m 2m anddeng
(Washington

2 m high
Valencia 2000 E3 6m 3m andsparse
(Midknight)

2.5m high
(Lemon 2002 F9 6m 1.5m andsparg
Limoneirg

25 m high
Soft citrus 2000 J6 6m 3m anddeng
(Nules
Clementing

The fifth site (veld)were open veld, mostly with low non FCM host bushes next to the farm.
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3.2 Trial layout

The layout of the trial was identical for each of the five difesr orchards and an open vel@he
experimental design was a random complete block avitkentralrelease pointTraps were set out in
the four main directions (drth, East SouthandWes) andat four dstances (30, 60, 100, 159 from
the release pot (Figure 8) Trapswere hungon poleswhere theravasno suitable tree in the correct

positionin the orchards and in the open vétig 14).
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|:| Moth release point

- Traps in northerly direction
|:| Traps in easterly direction

Fig 8 Tria layout for all orchard sites
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- Traps in westerly direction
_ Traps in southerly direction

A | B | ¢ | D E F G | H | 1 | J K
1 0 0 0 0 0 150 m 0 0 0 0 0 1
2 0 0 (o} 0 (o} o] o] 0 0 0 o] 2
3 (o] 0 0 0 0 o] o] 0 0 o] o] 3
4 0 0 (o} 0 (o} o] o] 0 0 0 o] 4
5 0 0 (o} 0 (o} o] o] 0 0 0 o] 5
6 (o] 0 0 0 0 100 m o] 0 0 o] o] 6
7 0 0 (o} 0 (o} o] o] 0 0 0 o] 7
8 0 0 (o} 0 (o} o] o] 0 0 o] o] 8
9 (o] 0 (o} 0 (o} o] o] 0 0 o] o] 9
10 0 0 0 0 o 60 m 0 0 0 X 0 10
11 0 0 0 0 o o] o] 0 0 o] o] 11
12 0 0 (o} 0 (o} o] o] 0 0 o] o] 12
13 0 0 0 0 o 30m o] 0 0 o] o] 13
14 0 0 0 0 o o] o] 0 0 o] o] 14
15 (o] 0 (o} 0 (o} o] o] 0 0 o] o] 15
16 | 150 m 100 m 0 60 m 30 m o 30 m 60 m o 100m 150m | 16
17 0 0 0 0 o 0 o] 0 0 o] o] 17
18 0 0 (o} 0 (o} (o} o] 0 0 o] o] 18
19 0 0 o 0 o 30 m o] 0 0 o] o] 19
20 0 0 o 0 o o 0 0 0 0 0 20
21 0 0 o 0 o o o] 0 0 o] o] 21
22 0 0 (o} 0 (o} 60 m o] 0 0 o] o] 22
23 0 0 0 0 0 0 o] 0 0 o] o] 23
24 0 0 (o} 0 (o} (o} o] 0 0 o] o] 24
25 0 0 (o} 0 (o} (o} o] 0 0 o] o] 25
26 0 0 0 0 0 100 m o] 0 0 o] o] 26
27 0 0 0 0 0 0 o] 0 0 o] o] 27
28 0 0 0 0 0 0 o] 0 0 o] o] 28
29 (0] 0 (o} 0 (o} (o} 0 0 0 o] o] 29
30 (0] 0 (o} 0 (o} 150 m 0] 0 0 o] 0] 30
A | c | E | F G | H | 1 [ 3 K




The letters on th&X-axis indicate the orchard rows and the numbers olY theis the trees within the
orchard rows. The lettet in row J indicate where a tree hasebn removedThe grey partndicates

Washington Navels and the white pBehianinha Naveal A grey line on the white pashowswhere

Washington Navels va been planted between Bahianinha Navels.

Fig 9 Map of the Agricultural Research farm Addo @33 461466 S, , hédAth@ the3 6 0 ¢

orchards in which the sterile FCM were relea@8dogle Maps)(Refer to table 1 for more detail).
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3.3Weather data

The weather data recorded were minimum and maxifmamperaturg wind direction, wind geed,
relative humidiy and rainfall. This was done on a daily basis for the selagrperiod that the yellow
delta traps were checked aftbe releasdor each of the six release datdfiese weather parameters
were captured only from after dusk untiteafmidnight, as this is the period that moths are known to
be active, as they are nocturnal (StotB809). Weather dataecorded by the weather station the
Addo Researclgtationfarm were usedWWeather parametestich againfall, minimum and maximum

temperatures, relative humidity and wind speed werecalselatedo the different wind directions.

3.4 Source of moths

Sterile FCMs were supplied by Xsit(Pty) Ltd which is conducting a commerci&CM SIT
programmaen the Sundayg®iver Valley. Xsit is jointly owned by River Bioscience (Pty) Ltd aitie
Technol ogy l nnovation Agency (TIA) of t he
production facility issituated in Citredal in the Western Cap@2° 356 2 0 606452 ol &d )
moths are transpted to the Eastern Capéth cold-immobilized transportThe noths were released
onthe same morning dheirarrivalatXsitb s pr emi ses i n t hedwSekemsiag s
cooler box with ice cubes untiheywerereleasedReleases were domgthin an hour from the time
the moths were received from Xsibn each occasioof the six releasesXsit supplied 20Qy sterile

FCMs for thetrial whichweredivided into 40g groupsof sterile FCM.

3.5 Preparation of the moths for release

3.5.1. Weighing the moths

F

In order to determine the number of sterile moths released on any occasion, the average mass of c

sterile mothhad to be determinedlhis was done by weighingn each ofthe 10 occasions to

determine an average weight per moth.

26



3.5.2 Dyeing the moths

It was necessary to determine whether the dye had any detrimental effect on the released mott
Consequently, 100 g (4 000 of sterile moths) were coloured with fluorescent powder dye (rocket red
and another 100 g were left undyed. To dyentlm¢hs they were put into a container and powder dye
added. The container was then shaken gently until the moths were covered with dye. Yellow delt:
traps were set out in é¢hfour main directions (north, east, south and estiat four dstances (30,

60, 100, 150m) from the release poir{Figure 8). The dyed and undyed moths were then released
simultaneously in the central release point. The traps were checked after five days when the numbe
of dyed and undyed moths caught in the traps were countedoanmhied. The trial was conducted

twice, once on 8 December 2012 and again on 9 December 2013.

Analysis of variance (Anova) was performedtbanumber ofdyed and undyeBCMs trapped using

GLM (General Linear Models) Procedure of SAS software (Version A5 Institute Inc, Cary,
USA). Randomised block split plot Anova was done considering release dates as block replicates
types of FCM (dyed and undyedasthe main plot factor andhe trap® direction and distance as
subplot factors.The ShapireWilk test was performed to test for normality (Shapiro, 1965).
Percentages were subjected to square transformation to improve normality (SnE2R@pFisheids

-least significant dference was calculated at td8% level to compare treatment means (Q898)

A probability level ofC6% was considered significant for all tests.

3.6 Release ofterile mothsin dispersal trials

The sterile mothsreceived from Xsiwere placed in a cooler box witheicubego keep them cold.
For each release point (site) 40 fgnooths (determined to be approximately 1625 moths) were then
weighed in apetri dish (figl0) andreleased (as described in 3.ZTrial layout). The noths were
weighed and released aftbeywereremoved from the cooler box and warmed(aitowed to reak
ambient temperaturedo thatthey could get active beforéheir release. The were then released
manuallyinto the canopy of theelease point treed/ost of the sterile released moths settle in the

canopy of the release point tree (fig. 11), some ofr¢heased moths fell on the ground where they
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could be preyed on by anRReleassweredoneaboutnine@® 6 ¢ | o c kornings The Inoghs were
releasedn 18 December2012and on29 January 11 March, 6 May, 16 Septembeand4 November

2013

Fig. 11 Sterilemothson citrusleaves aftebeingreleasd.

3.7 Trial monitoring

Sixteen traps loaded with Lorelei pheromone |(fRver Bioscience, Port ElizabetlSouth Africd

were used to ctch the released motla eachrelease pointThe raps were set owds described in
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section 3.2 (Trial layoutfFigure 8).The yellow delta traps wengositioned so thathe prevailing
wind (usually soutkeasterly)could blow through the trap and carryettpheromone plume into the
orchard as FCM adult males are believed to flpwind The monitoring of traps was doih@ seven
consecutivedaysafter each releas®©n each daylethe moths(sterile and wild mothsfound in each

trap wereremovedand countd.

Fig. 12 A yellow Delta FCMpheromonérap hangingin a citrustree

Traps werehung approximately 2n above ground level and in the canopy of the tree. All tree

branches around the trap weeenoved to ensure free movementhe mothdn and ot of the traps

Trap managememwas conductedo ensurethat the traps remainegffective The dickiness ofthe
sticky liners(trap floors) wasmaintained to ensurthat the moth captures were not compromised
Foreign matteon the sticky linersuch & dust and leavesjasremovedevery day New sticky liners

were used on each release date.

The Lorelei dispenser contains liquid pheromama is permanently sealedts polyethylene tip
responsible for pheromone releaseprotected by a transpareptastic cap which is removed when

in use To insertthe Lorelei phermone dispensento the yellow delta tram@ crosswvascutjust to the
side of the roof apex, usirggsharp knif€Fig 13a). Each cutvasabout 2cm long. The dispens&ras
then insertedhrough the centre of the cro§sg 13b), with the stopper of the dispenser flush against
the roof of the trajffig 13b) (May et al, 2010).Lorelei dispensers, was replaced after 5 months.
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Fig 13a A crosscutin the roof of the yellow delta trap intehich theLorelei pheromone dispenser
will be inserted.

Fig 13b A Lorelei pheromone dispenseserted into a yellow delta trap

30



Fig 13c A Lorelei pheromone dpenser with the protective plastic cap removed to reveal the
polyethylene tip through whiclhé pheromone is dispensed.

Fig 14a

Fig 14b
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