Propositions
Controlling the elusive banana weevil is moféalilt than many researchers thigksthesis)

There are quite some applications of pheromariesh have not been well exploited and yet
are the best contributions to environmentally bempgst control options that can bring hope to
both people and the plangisthess).

Without use of infochemicals, foraging by arphod carnivores would be impossible

regardless of dietary specializati@idle, J.LM. & van Loon, J.J.A. 2008ntomologia Experimentalis et Applicata,
108:133-148).

There are no things known in a way of emotiorappetite, ambition or achievement, that
could surpass in richness and strength the excitewfeentomological exploratiomrice, P.w.

American Entomologist, 49 (3) 2003)

Insects as a group receive minimal legislativetgetion because of small size and distant

evolutionary relationship to humaigtrick, A & Weitzman, M.L.1996. Patterns of belmw in endangered species

preservationLand Economics, 72:1-16).

Plants which can listen to talking neighbourst thre attacked by herbivores have a selective

advantage over those that are deafe, M., Agrawal, A.A. & Bruin, J. 2003. Plantalk, but are they deafPrends in
Plant Sciences, 8:403-405)

The low impact of agricultural research in Africadue to the lack of countervailing power of
farmers to set the research agemdag, N., Houkonnou, D., Offei, S.K., Tossou,&Van Huis, A. 2004. Linking science

and farmers’ innovative capacity, (in press)).

In central Uganda a feast without bananas éast fwithout food.

William Tinzaara

Chemical ecology and integrated management of the banana weevil Cosmopolites
sordidusin Uganda.
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Abstract

Infochemicals (pheromones and kairomones) may piatgnbe used for control of the banana
weevil Cosmopolites sordidus (Germar) (Coleoptera: Curculionida€josmopolites sordidus is a
major pest of East African highland banana andtplas in most banana growing regions of the
world. Theweevil produces an aggregation pheromone thatctdtizoth males and females. The
attractive isomer sordidin has been identified ayiathesized, and is commercially available. The
objective of the research project described inttinesis was to investigate whether an infochemical-
based trapping system can be used to cofitrebrdidus under Ugandan conditions. In laboratory
and field experimentsC. sordidus responded in an additive way to the combinationttaf
fermented plant tissue and the aggregation pheremidme effect was, however, more pronounced
in laboratory than field experiments. Several fextguch as the pest biology, pheromone efficacy,
trap parameters, cropping system and environméatédrs were found to variously influence the
effectiveness of the pheromone-baited traps. Tteetsfof doubling pheromone trap densities from
4 to 8 per ha or€. sordidus population density and plant damage were negégiblan on-farm
experiment The pheromone-trapping system on farmers’ fields tieerefore not effective at the
trap density recommended by the supplier (4 trapdp). Olfactory responses of the banana weevil
predatorsDactylosternum abdominale (Coleoptera: Hydrophilidae) anBheidole megacephala
(Hymenoptera: Formicidae) towards volatiles fromndraa pseudostem tissue (kairomones) and the
synthetic banana weevil pheromone were evaluatea timo-choice olfactometer. Both predators
discriminated between fermenting banana pseudos$soe and clean air. There was no evidence
that the pheromone influences predator distribuéioound the trap in the field. In experiments to
investigate whether pheromone trapping can be rated with use of entomopathogenic fungi,
Beauveria bassiana to controlC. sordidus, we observed that weevils can be aggregated omhana
mats on which pheromone-baited traps are placesaratijacent mats. Infected weevils were also
observed to transmit the fungal pathogen to heailttiiyiduals in the field. Weevil mortality due to
pathogen infection was significantly higher in glothere aggregation pheromone was used in
combination withB. bassiana compared to when the pathogen was applied witti@upheromone.
The data demonstrate that the banana weevil aggregsheromone could be used to enhance the
dissemination oB. bassiana for the control ofC. sordidus. This project provides experimental
evidence to further develop the application of $lyathetic aggregation pheromone to conol
sordidus in Ugandan banana production by small scale fasniére aggregation pheromone should
be considered to be a good component of an IPMesyst which it may not be effective by itself
but stimulate several mortality factors for the ttohof the banana weevil. The next major strategy
for use of pheromones is therefore to further akple potential to integrate entomopathogenic
fungi and nematodes in the trapping system.
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viii
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General introduction

Abstract

Infochemicals play an important role in the biologlymany insect species. An understanding of
their role in plant-herbivore-carnivore interacsocan be used in the development of tools for the
enhancement of environmentally benign alternatteesynthetic pesticides. This review discusses
how chemical information mediates ecological intéoms between organisms and the role of
infochemicals in integrated pest management progrsn Infochemicals can be used in pest
monitoring and as a control measure through malisguption, mass trapping and as a means of
aggregating herbivores at delivery sites for biaabcontrol agents. Particular emphasis is placed
on the potential of using pheromones and kairomamegbe management of the banana weeuvil,
Cosmopolites sordidus (Germar) (Coleoptera: Curculionidae), a pest indoa plantations of East
African highland banana and plantains in most bargaowing regions of the worl@€osmopolites
sordidus produces an aggregation pheromone that attratsnbales and females. This pheromone
has been identified and synthesized and is beiogmmended as an effective method of trapping
and controlling the weevil. The synergism betweamdma plant extracts (kairomones) and the
synthetic pheromone in attractit@ sordidus should be better exploited. Research areas tmat ca
provide information for the development of an irfemical-based trapping system for the
management oC. sordidus are discussed. Finally, research objectives atilesis outline are

presented.

This chapter has been published with modificatiomsTanzaara, W., Dicke, M., van Huis, A. & Gold, CZ02.
Use of infochemicals in pest management with speeference to the banana wee@bsmopolites sordidus
(Germar) (Coleoptera: Curculionidae): a reviémgect Science and its Applications, 22: 241-261.
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1 INTRODUCTION

All organisms utilise information they perceive fidheir environment to maximise fitness, e.g. by
improving food location, reproduction and preda@roidance. Information on environmental
conditions is often available through chemical c{igdl & Carde, 1984; Carde & Bell, 1995; Dicke,
1999a). Chemicals involved in conveying informatiorintra- and inter-specific interactions between
organisms are termed infochemicals (Table 1) amdtitate a subcategory of semiochemicals (Dicke
& Sabelis, 1988). The study of chemicals mediatimgractions between organisms, either within the
same species (pheromones) or from different spdealedochemicals), forms the research field of
chemical ecology (Metcalf & Metcalf, 1992; Roitbe& Isman, 1992). Chemical information is
regarded as a key factor mediating behaviouraleaontbgical interactions between insects and plants.
In recent years, increased research attentiondesdirected towards the role of chemical inforamati

in arthropod biology (Whittaker & Feeny, 1971; Bé&ll Carde, 1984; Metcalf & Metcalf, 1992;
Roitberg & Isman, 1992; Carde & Bell, 1995; Dick899a; Dicke & Vet, 1999).

In this review, chemically mediated interaction$wmen organisms and the role of infochemicals
in pest management are discussed. Our objectiee® summarise how infochemicals have been used
in pest control, indirectly through monitoring adulectly through mating disruption, mass trapping
and by integration with biological control methotsnited information is available on infochemicals
and the banana weev@losmopolites sordidus (Germar) (Coleoptera: Curculionidae). We therefore
review the existing literature on coleopterans sot@gain an insight into the possible role of
infochemicals in the development of an integratest pnanagement programme @@rsordidus and
in particular the development of an infochemicatdxh trapping system for the control of this

weevil.

2 CHEMICAL INFORMATION IN ECOLOGICAL INTERACTIONS

Chemicals produced by plants and insects play armalg in the behavioural responses that determine
the performance, survival and development of tiseats (Vet & Dicke 1992; Steidle & van Loon,
2003; Cournoyer & Boivin, 2004; McGregor & Gillespi2004). Chemicals involved in transmission
of information between individuals of the same $pe@re termed pheromones (Table 1). These
include sex pheromones, aggregation pheromonedraiidpheromones (David & Birch, 1986;
Ridgwayet al., 1990; Agelopoulost al., 1999; Bartelt, 1999). Sex pheromones are prodogexhe

sex (usually the female) and attract members of dpposite sex for mating. By comparison,



General introduction

aggregation pheromones lead to aggregation of msmiifeboth sexes resulting in mating and
aggregation at a food source (Foster and Harri87)19hese are often produced by males. Male
produced aggregation pheromones have been demedstoa a number of weevil species such as
Rhynchophorus palmarum (L) (Rochatet al., 1991), R cruentatus (Weissling et al., 1993), R
phoenicis (Fabricus) (Griegt al., 1993),Metamasius hemipterus (L) (Giblin-Davis et al., 1994b),C.
sordidus (Budenberget al., 1993b), andStophilus spp. (Walgenbac# al., 1983). Social insects, such
as ants and termites, often produce trail pherosdme which individuals may guide other
members of the colony to food sources (Blum, 19Bdll & Carde, 1984). Other pheromones
produced by phytophagous insects include anti-gggjmn pheromones that ensure adequate spacing
when resources are limited (Prokopy, 1981), ovijmsideterring pheromones that females use to
mark the hosts on which they have laid eggs (H&885), and alarm pheromones that serve to warn
conspecific insects of impending danger (Bowerrsal., 1972). Knowledge of pheromones for
carnivorous insects is still rudimentary, with avf@heromones indicated for parasitoids (e.g egg
marking pheromones) and predators (Aldrich, 1999).

Herbivores are known to use plant volatiles (kawoss) to locate a food plant (Visser, 1986).
When herbivores feed on a plant, cell damage esuit there is release of volatiles from the
wound site (Dickeet al., 1990). The amount of volatiles released by hemrgisar by herbivore-
infested plants may affect herbivore responsedgtant. The response to an information source by
the herbivore may depend on physiological stateyipus experiences and abiotic conditions
(Dicke et al., 1998). Host plant selection by herbivores may thected by infochemicals from
competitors (Schoonhoven, 1990) and natural enef@Giesstal & Dicke, 1999).

Chemical information on herbivores presence andhtife may be essential for successful
location of herbivores by carnivore. Plants mayoesl to herbivore attack by producing chemical
cues that attract carnivores to herbivore-infegtiatits (Dicke, 1999a, b). The herbivore-damaged
plant may emit relatively large amounts of plantatites that are not emitted or only emitted in
trace amounts by mechanically damaged plants (Datlaé, 1990).The amount of plant volatiles
released after herbivore attack may be differerdragspecies, plant genotypes, and plant parts and
can be affected by abiotic and biotic factors saglspecies, instars and densities of the herbivores
(Vet & Dicke, 1992). Corn seedlings release largeants of volatile terpenoids after damage
inflicted by Spodoptera caterpillars, which attract the larval parasit@dtesia marginiventris
(Turlings et al., 1990). Similarly, the predatory mithytoseiulus persimilis is attracted by spider
mite induced volatiles produced by bean or cucunpbents (Dickeet al., 1990). The anthocorid

predators Anthocoris nemorum andOrius spp) (Heteroptera: Anthocoridae) were attractepear
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trees infested by pear psylla under field condgigBrukkeret al., 1995). Prey searching and
location is not the only process triggered by hert®-induced plant volatiles. Some predators such
as Metasyrphus corollae (Syrphidae), Chrysopa carnea (Chrysopidae) andCoccinella
septempunctata (Coccinellidae) use these chemical cues to selposition sites (Lewis, 1977;
Shonoudat al., 1998; Steidle & van Loon, 2002).

Table 1. Infochemical terminology according to Recknd Sabelis, 1988

Infochemical: A chemical that, in the natural context convegforimation in an interaction
between two individuals, evoking in the receivebehavioural or physiological
response

Pheromone: An infochemical that mediates an interaction betwerganisms of the same
species whereby the benefit is to the origin-relaieganism [(+, -) pheromone], to
the receiver [(-, +) pheromone], or to both [(+ pheromone]

Allelochemical: An infochemical that mediates an interaction betwdéwo individuals that
belong to different species.

Allomone: An allelochemical that is pertinent to the biojogf an organism (organism
1) and that, when it contacts an individual of &eotspecies (organism 2), evokes in
the receiver a behavioural or physiological respdhat is adaptively favourable to
organism 1 but not to organism 2.

Kairomone: An allelochemical that is pertinent to the bigtaaf an organism (organism
1) and that, when contacts an individual of ano#pacies (organism 2), evokes in
the receiver a behavioural or physiological respdhat is adaptively favourable to
organism 2, but not to organism 1.

Synomone: An allelochemical that is pertinent to the bigtagf an organism (organism
1) and that, when contacts an individual of ano#pacies (organism 2), evokes in
the recover a behavioural or physiological respdhaeis adaptively favourable to
both organism 1 and 2.

3 INFOCHEMICALSAND INSECT PEST CONTROL

Infochemicals, and pheromones in particular, haaenbused widely in pest management and have
been reported to have the advantage of being nootm humans and arthoropods (David & Birch,
1986; Ridgwayet al., 1990; Agelopoulost al., 1999). Pheromones perform most effectively when
employed as part of the integrated control programmwhere they can be used either indirectly for
monitoring (Wall, 1989), or directly to manipulapest populations (Griffithst al., 1991). They
offer the prospect of establishing contact with nolical control agents by attracting pests into an
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environment where these agents might be best pexkeihis can apply to fungal pathogens,
mobile insect predators and parasitoids (Pickéi88). The knowledge on infochemical use by
plants, herbivores and carnivores can be utiliseithé development of new integrated pest control

strategies.

3.1 Pheromones

Successful chemical identification of insect phevass (Butenandt al., 1959) led to an interest in
pheromone research. Pheromones were considered gemeration of pest control agents and rapid
progress was made in the identification and ismtabf pheromones from a wide range of insects
(Table 2). Sex and aggregation pheromones are conmanmwmng weevils. However, the state of
knowledge of weevil pheromones varies broadly anspegies. For some, there is only an indication
that a pheromone exists but for others, there baea detailed behavioural and physiological studies
chemical isolation, identification, pheromone swsik, and commercial development (Table 2).

Pheromones and other behaviour modifying chemicald a great potential as tools for pest
management (Silverstein, 1981; Phillips, 1997; Ageuloset al., 1999; Suckling, 2000). Pheromones
have been used in both monitoring insect populatiand in direct control (Phillips, 1997,
Agelopouloset al., 1999). Pheromone traps provide an easy and eiffiei@y of detecting insect
populations in the field and in storage facilitfesillips, 1997). Control of insect pests can beexed
either by mating disruption (Burkholder & Ma, 198&%) by mass trapping using pheromone baited
traps that lure insects to their death (Giblin-Batial., 1994b) (Table 2). Pheromones also have the
potential to lure pests into traps containing emipathogens that the visiting pests would then gprea
throughout their population (Veghal., 1995; Klein & Lacey, 1999).

Although there have been limited successes, thenfiak exists for using pheromones to control
coleopteran populations by mass trapping. The ddgans that, with few exceptions, coleopterans use
aggregation pheromones, attracting both sexes wigightively affect the reproductive capacity of the
population (Trematerra, 1997; Bartelt, 1999). Thakes mass trapping using aggregation pheromones
theoretically possible, in contrast to the systevita female produced sex pheromones where more
than 90% of males must be captured to effect apletien of the following generation (Bartelt, 1999)
Mass trapping is most promising for insect pestk Wiw fecundity, slow population build up, limited
dispersal and long life span (Giblin-Dawdsal., 1996a). Pheromone traps are species specifichend t
negative impact on non-targets is limited. Othandfiés of using pheromones in pest management
include low costs and low potential for developmarest resistance.
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3.1.1 Monitoring

Pheromones have been used for monitoring pest qiogng of crop pests and orchard pests (Wall,
1989), stored products pests (Burkholder, 1990) farestry pests (Borden, 1993). Monitoring can
assist in detecting the arrival of dispersing angrating insect pests, timing of control measuris,
assessment and population density estimates (Mb\éeig., 1990; Howseet al., 1998). Monitoring
involves establishing a quantitative relationshgiween pheromone trap catches of a particular pest
and the plant damage caused by it. The relationshien used to define trap catch values thatdcoul
be used to identify the economic threshold leveh gdfest for which control measures are necessary
(Suckling, 2000). The monitoring systems have ethlhore effective targeting of all major pest
control tactics including pesticides and biopedési(Suckling, 2000).

Although commercial advances in pheromone-relagstl imonitoring and control technology have
tremendous potential (Howse al., 1998; Smitet al., 1997), there remain challenging technological
issues in the development and use of monitoringcanttol systems (Suckling, 2000). These include
the design of attractant release systems, tramgrdesmid deployment systems, data analysis and
interpretation and the development of expert decisystems. Obtaining quantitative information
about pest populations from trap catch data hagegrdifficult in many cases, especially for strgng|
flying, highly mobile species which may be ablesrape from sticky substances commonly used in
insect traps (Srivastaw al., 1992). In some cases pest species have beendrappeessfully in the
field but their presence did not correlate wellhwitest density and damage levels (David & Birch,
1986). There have also been examples of insectespaot being caught by ineffective traps and

causing crop damage (Tadasl., 1994).

3.1.2 Mating disruption

Mating disruption involves permeating the pest mmwnent with sex pheromones so that the
probability of a female being found by a male, mgi@nd laying viable eggs is reduced below a point
where economically significant damage occurs (C&deinks, 1995; Evendert al., 2000). Pest
control by use of synthetic pheromones to disrgptal mating behaviour is now operational for a
number of lepidopteran species such as the pirlknaoin, Pectinophora gossypiella, the cotton boll
worm, Helicoverpa armigera and the rice stem borézhilo suppressalis (Campionet al., 1989; Hallet

al., 1994; Carde & Minks, 1995; Cost al., 1996; Tamhankagt al., 2000). Use of pheromones in
mating disruption of coleopteran pests has beeortexp for Cylas formicarius (F) (Mason and
Jansson, 1991) and for the African sweet potatwige€. brunneus andC. puncticollis (Downhamet

al., 2001).



Table 2. Examples of weevils and beetle speciegimh pheromones have been reported and chenriidaliified
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Species Subfamily Principle damage Source Identified? Chemical/commerci  Typeof use Reference
al name

Anthonomus grandis Boheman (boll Curculioninae Cotton buds, bolls Male Yes Granlure, grandisol Monitoring Tumlinsehal ., 1969;
weevil) Hardeest al., 1972
Conotrachelus nenuphar  (Herbist) Cryptorhynchinae Unripe fruit of apple, Male Yes Grandisoic acid (8) - Eller and Barte®89
(plum curculio) plum
Cosmopolites  sordidus  (Germar) Rhynchophorinae Banana plant corms Male Yes Coseolu Mass trapping Budenbestal., 1993b
banana weevil Beauhairet al., 1995

Jayaramaset al.,1997
Cylas formicarius (Fabricius) (sweet Apioninae Sweet potato vines ,Female Yes (2)-3-dodecen-1-0l  Monitoring, Mass Janssomt al., 1989, 1993
potato weevil) roots, tubers (E)-butenoaete trapping
Dynamis borass (Fabricius) (palm Rhynchophorinae Inflorensce and crowrMale Yes Ferrugineol - Giblin-Daviset al., 1997
weevil) of palms kairomone No -
Diaprepes abbreviatus (L) (West Otiorrhynchinae Citrus foliage Male andNo - - Harari & Landolt, 1997
Indian sugarcane root stalk borer) female
Popillia japonica (Newman) Rutelinae Plant flowers, fresh Female Yes Japonilure Monitoring Tumlinsal., 1977
(Japanese beetle) leaves, grasses
Prostephanus trunctus (Horn) Larger Bostrichidae (family) Storage grains Male Yes Toai- Monitoring Corketal., 1991
grain borer
Metamasius  hemipterus (L.) (West Rhynchophorinae Sugarcane,  banandjale Yes Ferrugineol Mass trapping Giblin-Dastisl., 1994b
Indian sugarcane borer) palm stems
Rhynchophorus cruentatus  Rhynchophorinae Palm stems Male Yes Rhynchophorol asshtapping Weisslirg al., 1993
(Fabricius) (palmetto weevil)
Rhynchophorus ferrugineus Rhynchophorinae Palm stems Male Yes Ferrrugeneol ss iapping Hallett al., 1993
(Asian palm weevil)
Rhynchophorus  palmarum  (L.)  Rhynchophorinae Palm stems Male Yes Rhynchophorol Mass trapping Rochatal., 1991
(American palm weevil
Rhynchophorus  pheonicis  (F.) Rhynchophorinae Palm stems Male Yes Phoenicol Wagsing Griegt al., 1993
(African palm weevil)
Stophilus granarius (L.) (granary Rhynchophorinae Stored grains Male Yes Sitophilate Mass trapping, Walgenbaclet al., 1983
weevil) monitoring
Prostephanus trunctus (Horn) Bostrichidae (family) Storage grains Male Yes Toat- Monitoring Corket al., 1991

Larger grain borer
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One potential weakness of mating disruption is thiat technique provides no safeguards against
immigration of mated females from outside the dreated with a disruptant (Carde & Minks, 1995).
Thus, mating disruption can work best as an area-wianagement tool (Statetral., 1997) rather than
being used by an individual farmer. A high populatdensity of the target insect can also limit the
control efforts especially if there is competitioetween synthetic and female produced plumes (Carde
& Minks, 1995). Lures involved in mating disruptishould be formulated to release at sufficiently
high rates to prevent mating (Suckling, 2000). &fte: mating disruption requires a high proportdn
males failing to mate females and therefore, lovegdl species that can mate on multiple occasians ar

more difficult to control (Suckling, 2000).

313 Masstrapping

The aim of mass trapping is to control insect sgsebly capturing a very large proportion of the pest
population by deploying pheromone traps in suffitiBumbers. Such an approach assumes that a
reduction in the adult population will lead to atfier population decrease in the next generatioch{B

& Haynes, 1982). In mass trapping strategies iingortant to know the proportion of the population
that is captured and the relationship betweenpttportion and the reduction in the populationhaf t
next generation.

In lepidopterans, mass trapping using sex pherosndwes varying degrees of area-wide and
prolonged success (Ketettal., 1980; Mafra-Neto & Habib, 1996; Tamhanlehal., 2000). This may
have two causes: 1. the sex pheromone (producettyrogdemales) attracts only males (and then not
all of them) and 2. the males are polygamous ardadl proportion of untrapped males can continue to
fertilise a substantial number of females with heglg laying potential (Tamhankatral., 2000).

Several studies have tested the potential of thes napping strategy for the control of coleopteran
insects. This strategy was tested against the esfraik beetlelps typographus (L)(Bakke, 1981), the
Japanese beetleoppillia japonica Newman (Ladd & Klein, 1982), the boll weedhthonomus grandis
grandis Boheman (Hardee, 1982), the European esatkelScolytus multistriatus (Marsham) and the
ambrosia beetleGnathotrichus sulcatus (LeConte) (Birch and Haynes, 1982). Some authors
(Oehlschlageet al., 1995; Alvarez, 1996) have reported successfulresgmn of the pest populations
by use of mass trapping. Use of pheromone trapsfisantly reduced the damage fro@ylas
infestation on potato plants in the Dominican Rdipuflvarez, 1996). Oehlschlaget al. (1995)
described a 17 months mass trapping trial in CBsta during which the population density of the

weevil Rhynchophorus palmarum in a 30 ha commercial palm plantation was subsigntreduced
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using 6 traps/ha. Cost-benefit analyses of usiegguhones in mass trapping for successful studies ha
however rarely been carried out.

Mass trapping using pheromones should be considesedne component of a set of pest
management practices. Deployment of traps alonemofyesult in suppression of a pest population,
especially when the target insect is abundant ascathigh multiplication rate (Birch & Haynes, 1982
Weislein, 1992; Jamest al., 1996). Cuthbergt al. (1977) indicated that large numbers of naturally
attractive sites (e.g crop residues) competedtvaths and hence reduced the trapping effect oftsdol
beetles,S multistriatus. Therefore, to suppress populations of the elnk baetle,S multistriatus
(Birch & Haynes, 1982) and the spruce bark bedissypographus (Weislein, 1992), mass trapping
should be conducted in conjunction with rigorousitaéion programs. The same is true for the mass
trapping ofCarpophilus spp. in stone fruit orchards (Jamesal., 1996) andR. palmarum in plantations
of African oil palm (Oehlschlaget al., 1995).

High trap densities and high trapping frequencyaiten needed to obtain satisfactory levels of
population suppression (Lloyaial., 1981). Continuous trapping Af grandis at high population levels
indicated that as many as 92% of the males emefgang a population were captured with a trap
density of 14 traps/ha (Lloyet al., 1981). Such high trap densities are not pracisahey render the
technique too costly. In contrast, with low popiaatevels, a density of 2.5 traps/ha resulted ligh
rate of elimination of\. grandis (Leggetet al., 1989). Mass trapping tends to be more effectivevat
population densities as was reported&ograndis (Lloyd et al., 1981; Leggett al., 1989; Ridgwayet
al., 1990).

Two major questions have always been raised regatdip density (David & Birch, 1986; Howse
et al., 1998). First, what trap density is required tocaeely sample the pest population? Second, at
what density do traps interact thereby influenghwgsize of the catch in the individual traps? Aaisv
to these questions will help in optimising trapgelaent that is critical to the success of maspitngp

efforts.

3.1.4 Trap effectiveness

A number of factors influence the rate of captukemsects in pheromone traps. Pheromone dose and
release rate influence how traps perform relatvestural pheromone sources and thus determine how
well they attract insects (Muirhead-Thompson, 1994 Groot & De Barr, 1998). Insects may respond
to the colour of a trap and certain trap desigqduca insects more efficiently (Giblin-Davés al.,
1996b; Smitt al., 1997; De Groot & De Barr, 1998). In field studiesng aggregation pheromones as

trap baits, all trap colours tested were equaligieft in attractingM. hemipterus to ground mounted
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bucket traps (Giblin-Davist al., 1996a) andR. palmarum to tree mounted traps (Oehlschlageal .,
1993).Anthonomus grandis responded positively to yellow from a distancegproximately 7 m and at

2 m the majority of weevils orient to this coloather than the pheromone (Legget & Cross, 1978).
Placement of the traps near, within, or away frobentost plants may affect the trap capture depgndin
on the link between the host and mate finding (MchM#91; Muirhead-Thompson, 1991). Catches may
also correspond to the timing of placement of thpg in populations with distinct generations (3ans
etal., 1991).

Trap catches in most cases correlate to envirorahé&dtors such as wind direction and speed,
rainfall and temperature (Jans®bal., 1989; Sappington & Spurgeon, 2000). Wind speediaedtion
may alter pheromone plume shape and size, andequhatomone concentration gradients within the
plume. Upwind orientation by insects to pheromasesell known. Information on the influence of
wind is not available for ground dwelling insectiere wind speed is negligible. Little research has
been carried out to examine the influence of redatiumidity on pheromone-mediated communication
in Coleoptera. For Lepidoptera, Miller and McDoud&aP73) found a negative relationship between
trap catch and relative humidity in a 12-year tragstudy on the spruce budworm. Responsiveness of
pests to pheromones has been demonstrated toseaxtth temperature (Burkholder & Bousch, 1974;
Burkholder & Ma, 1985). Variation in pheromone tregiches with temperature may be attributed to
increased response in the receiver and betteibdistn of the chemicals.

The trap efficiency is further affected by the paislogy. Mated females @& grandis were less
responsive to male produced sex pheromone (gra)dtbhen virgin females, both in laboratory
bioassays and in field tests (Hardtal., 1969). In insect species in which virgin females teapped,
the reduction in the subsequent generation mayrbéetlg related to the proportion removed from the
population. If females are trapped after mating aftel having laid some eggs, the efficiency of the
method decreases. If males were trapped, a vagg f@oportion probably would have to be captured
before there is a noticeable impact on the nextrigion. This is true for many insect species ictvh
both males and females are capable of mating nvaeg (Borden, 1977).

The pheromone trap efficacy is also influenced figraction of the cropping system and the
biology of an insect pest (Hebblethwaite, 1989). palyphagous pests that have non-crops as host
plants, uncultivated areas and weed populationgrgrertant elements of the farming system relevant
to pest incidence. For pests having only one csopast, the pattern of cultivation and proportién o
land cultivated are some of the factors that deterntheir importance. The pheromone trapping
efficiency is influenced by the cropping patternsoflocropping or mixed cropping), but it is also

possible that within a cropping pattern there @llezenes where the pest may be more importamt tha
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elsewhere which may affect the trap catches. Taldpvan effective pheromone trapping system,
biological information, such as the number of gahens per year, range of host plants, dispersal ra
distribution pattern and migratory potential of ffest is generally needed (Borden, 1977).

3.2 Kairomones

Many insects use kairomones to find their hosttplé@viisser, 1986). Among the coleopterans, the boll
weevil, A. grandis, orients to volatile chemicals emanating fromhitst plant cotton (Hardest al.,
1966) and also responds to crushed cotton squBieke(s, 1989). Colorado potato beetles are
attracted to volatiles from undamaged potato plévitsser, 1986) but volatiles from mechanically
damaged or herbivore-damaged potato plants elisitaager attraction in the beetles (Bokerl.,
1997). Female and male sugar cane stalk borer \w&¢aprepes abbreviatus (L) were reported to be
attracted to volatiles from damaged food (HararL&ndolt, 1997). Male and females of the plum
curculio, Conotrachelus nenuphar (Herbst) are similarly attracted to host odor KBpy et al., 1995).
Several studies have demonstrated the attractivef@seudostem and sugar cane stalk odours to palm
weevils in the field (Giblin-Davist al., 1994a). Mixtures of odorants synergistically atied the
Japanese beetlPppillia japonica (Tumlinsonet al., 1977) and bark beetles (Byers, 1992). There are
hardly any data about the maximum distance fronchvkairomones can attract insects.

The efficiency of the kairomones in attracting otsedepends on the odour quality and/or the
amount released. Bark beetles prefer to attackcatwhise dying trees that have odours that are
distinctively different from those of healthy tre@getcalf & Metcalf, 1992). Fermented plant tissues
produce a spectrum of odorants that are significatifferent from those released by healthy plants
(Metcalf & Metcalf, 1992; Giblin-Davigt al., 1994a; Braimah & van Emden, 1999; RocHadl.,
2000). Fermented sap exuding from dead or woundédspwas highly attractive tB. cruentatus
(Giblin-Davis et al., 1996a). Moist fermenting tissue from various palpecies, fruits, sugarcane,
pineapple and molasses are similarly attractivgpdtm weevils (Giblin-Daviset al., 1994a). In
olfactometer bioassays, kairomones triggered thmmgpy attraction of African palm weevilsR.
palmarum, to oil palm. Fermentation processes were impbttaelicit this behaviour (Rochat al.,
2000).

In addition to being used as attractants of insextsaps, kairomones can be used to enhance
attractiveness of insects to pheromone-baited tfap#lips et al., 1984; Giblin-Daviset al., 1994a;
Cerdaet al., 1999). They may also be used in the disseminati@ntomopathogens to target insects
(Vegaet al., 2000). Plant-produced kairomones that mediate $@lsttion by phytophagous insects

could also be exploited to enhance breeding farpiast resistance.
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3.3 Synergism between pheromones and kairomones

Host plant volatiles (kairomones) are known to @ckathe effectiveness of pheromone traps in
attracting weevils (Dickens, 1984; Phillipsal., 1984; Giblin-Davist al., 1994a; Cerdat al., 1999).

In the pine weevilPissodes nemorensis, the male-produced aggregation pheromones grdrafisb
grandisal were attractive in the field only whepldged with odours from the host plant (Phillgs.,
1984). The maize weevil3tophilus zeamais, responded significantly more to male produced
pheromones deployed with grain than to either pher® or grain separately (Walgenbathal.,
1987). Ambrosia beetles in the gen@sathotrichus utilise male produced pheromones that act
synergistically with the host-derived compoundginene and ethanol (Bordehal., 1980). Green leaf
volatiles have a synergistic effect on the atteerctf the boll weevil to its pheromone (Dickens34p
The combination oR. palmarumweevils and palm stem was attractive to both sek#ss species, and
males without host material were not attractiveetier sex in field trials (Rochat al., 1991).
Attraction of palm weevils by synthetic pheromohgnchophorol is synergised by the addition of host
material, such as palm stem or sugar cane (Oehtgaret al., 1993), or by host odour compounds, such
as ethyl acetate (Jafétal., 1993). Attraction of male and femdRe cruentatus to male pheromone 5-
methyl-4-octanol (cruentol) is synergised by védatirom host plant material, such as Sabal pam st
tissue (Giblin-Davist al., 1994a). The response in the field of the Westaimdiugar cane borevl.
hemipterus, to the aggregation pheromone was enhanced bgfeechand fresh plant volatiles (Giblin-
Daviset al., 1994b). Increasing quantities of sugar cane ortigssie generally increase attractiveness
of pheromone-baited trapstb hemipterus (Oehlschlageet al., 1993; Giblin-Davist al., 1994a).

3.4 Infochemicalsand biological control

34.1 Predatorsand parasitoids

There has been increasing interest in the impleatient of biological control programs using
parasitoids and predators and the efficacy of thasg&ral enemies may be enhanced by infochemicals
(Vet & Dicke, 1992; Dicke, 1999a). Application offochemicals in pest control is, however,
impossible without knowledge of the behaviour iretliby these chemicals (Gross, 1981). Infochemical
use, both within and between species can be dtilis@est management by either exploiting the way
the natural enemy responds or by manipulating thece of the infochemical (Dicket al., 1990;
Bottrell et al., 1998). For example, infochemicals can be usedhargce the searching efficiency, host
utilisation and reproductive capacity of naturatmies (Lewis & Nordlund, 1985; Noldus, 1989;
Renwick, 1992; Bottrekt al., 1998).

12
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There are few cases of the applied uses of infoiadsto manipulate the behaviour of predators in
the field by infochemicals. However, data on th& rof infochemicals in predator foraging have
become available for some groups such as predatiteg (Sabelis and Dicke 1985; Dicke & Sabelis,
1988), bark beetle predators (Aukeebal., 2000), heteropteran predators (Van Lebal., 2000) and
coccinellids (Liu and Sengonca, 1994; Steidle aatboon, 2002). The predatehizophagus grandis
(Gyll.) (Coleoptera: Rhizophagidae) is attractettaps baited with a kairomone produced by the bark
beetleDendroctonus micans Kug (Coleoptera: Scotylidae) (Aukerstal., 2000) and in this way the
predator distribution in the field can be monitoréde search time of predators may be reducedghrou
increased aggregation at infested sites or kairersonrces (Vet & Dicke, 1992).

The performance of natural enemies can be enhadmgaghanging their environment by using
infochemicals. Predators and parasitoids may lzeénext in the target area or their search and attack
behaviour may be improved (Noldus, 1989; Lewis &rfita 1990). Hagemt al. (1971) used artificial
honeydew as stimulus to increase predatiohleifothis zea by Chrysoperla carnea (Stephens). The
chemical provided both a kairomone and food supgigrinat increased predator density around cotton
plants. Detailed behavioural studies in patchasecfaried or nectariless cotton plants containogf h
larvae revealed that when nectar was present ipdtod, the wasplicroplitis croceipes (Cresson), a
parasitoid oH. zea larvae stayed longer and parasitised more haatsiwhen nectar was absent (Stapel
et al., 1997). Similarly the release of a synthetic blefidhe sex pheromone &f. zea in cotton
increased parasitism of eggs from 21% in contr86% in treated plots (Lewe al., 1982).

A thorough behavioural analysis is heeded for digwzionclusions on the role of infochemicals in
predator and parasitoid foraging strategies ang tihemploy such chemicals in pest control (Noldus,
1989; Dickeet al., 1990; Renwick, 1992; Dicke, 1999a). To apply ihmicals in pest control we
need to: (i) know desirable traits of natural eregrand the mechanism(s) by which infochemicals
influence these traits, (ii) have the technologadaility to manipulate these traits prior to andifter

release, and (iii) potential negative effects sagkthe attraction of pest insects (Boéteal., 1997).

3.4.2 Fungal pathogen dissemination

Although certain fungal pathogens have been resedras potential biological control agents of insec
pests (Kayaet al., 1993; Nankinga, 1994), their commercial use hanHbemited by problems to
technically deliver them to the target pests (Ketya., 1993; Laceyet al., 1994; Nankingat al., 1996;
Nankinga and Ogenga-Latigo, 1996). Practical dslieé biocontrol agents to the damaged area of the
plant remains a challenge because conventionalcapph techniques are typically not cost effective

and the target organisms are often difficult tache@®ne possible mechanism of targeted delively is
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contaminating insects with pathogens and lettiegtispread the infective material (McLaugldiral.,
1969; Shapag al., 1977; Pelkt al., 1993; Laceet al., 1994). Pheromone traps have been identified as
possible lures for inoculation devices and subs&cpeghogen dissemination (Vegzaal., 1995; Klein

& Lacey, 1999; Vegat al., 2000).

The movement of infested hosts is considered t@ri® of most important ways in which a
pathogen can be transmitted and dispersed to natatsa(Shapag al., 1977; Vegat al., 2000). With
an effective pheromone and luring device, it maydbatively easy to expose the attracted insecés to
pathogen. These insects would then leave the trdmabituation to the pheromone and return to the
crop disseminating the entomopathogen among theirgopulation (auto-dissemination). The hoped
for advantage of such inoculation rather than imatedkilling with the insecticide would be the
potential for the transmission of the pathogentteinsects in the immediate area magnifying the
effect of the treatment. It would be relatively ye@s this inoculation technigue to contaminate atse
stages hidden inside the plant tissues with pattsogspecially when the egg laying female is inteste
(Zimmermannet al., 1992). This technique allows for specific and ¢aeg delivery of the bioactive
agent that would not be possible using conventiorethods (Vegat al., 2000). The effectiveness of
the auto-dissemination delivery system of fungéh@gens may however be influenced by the biology
(the population dynamics and rate of dispersafhetarget insects.

Various reports are available where pheromones beee used effectively in the dissemination of
fungal pathogens (McLaughlin, 1969; Schwatbel., 1974; Shapast al., 1977; Vegaet al., 1995;
Klein & Lacey, 1999). A bait containing a feedirtgrailant and the protozoaWattesia grandis was
effectively used in spreading the pathogen througlmotton fields for the control of. grandis
(McLaughlin, 1969). In laboratory tests, 96% of test insects placed in the inoculation devicestédi
with pheromone and pathogen got contaminated cadpty 56% that picked pathogens from
inoculation devices containing orijattesia pathogens (Schwallat al., 1974). In the field, over 95%
of the Japanese beetRofillia japonica) that passed through the auto-dissemination thapsg a one-
week period died within the 10-day observation qeefivhile the control mortality during the same
period was 8% (Klein and Lacey, 1999). The inotwatlevice becomes practical especially when the
trap is baited with a pheromone lure that aggregasects of both sexes (Vegal., 1995).

4 INFOCHEMICALSAND BANANA WEEVIL CONTROL

Cosmopolites sordidus is considered to be one of the most serious pEstsananas (Stover and
Simmonds, 1987). The insect can cause yield log® U0% (Sengooba, 1986; Koppenhadeal .,
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1994) through sucker death, toppling and snappsikpfaet al., 1989; Rukazambuget al., 1998;
Mcintyre et al., 2001), and shortens plantation life spans if wottolled (Rukazambugat al., 1998;
Gold et al., 2004). For information on biology and populatioonamics of the banana weevil, see
extensive reviews by Gold (1998), Getdil. (1999b; 2001) and Masanza (2003).

Control of this pest has depended on the use dhsijyn insecticides, which though feasible for
larger commercial growers, is beyond the econompacity of most banana producers in developing
countries such as Ugandaosmopolites sordidus is resistant to a wide range of chemicals (Colins
al., 1991; Goldet al., 1999a). There are hardly any bananas and plarddgties identified with useful
tolerance or resistance @ sordidus (Ortiz et al., 1995). The control of the weevil by cultural metho
such as mulching or the use of split pseudosteps ti@ catch and kill resident and invading weevil
populations has been only partially successful @Dlet al., 1999; Goldet al., 2002). Trapping as a
control method is influenced by environmental festaveevil biology, trapping intensity and frequgnc
(Bakyalire, 1992; Gold, 1998). Efficacy of trappimgalso related to trap density, trap placement,
quality of traps, size of traps and frequency diection (Bakyalire, 1992; Ogenga-Latigo & Bakyalir
1993; Koppenhofeet al., 1994). Re-invasion from neighbours’ fields may hether problem (Okech
et al., 1999; Goldet al., 2001). Enhanced trapping using infochemicals inofygheromones and
kairomones has been identified as a means thdiecased to develop an effective method of trapping
and controlling the weevil. Below we discuss thée rof pheromones and kairomones, and their

integration with biological control methods for thanagement o. sordidus.

4.1 Pheromones
Evidence for a male-produced aggregation pherortondich both females and males@fsordidus
respond was first provided by Budenbetgal. (1993b). Beauhairet al. (1995) detected six male
specific compounds with electroantennogram (EA@Yi#ein volatile collections. They identified and
synthesised sordidin (2,8-dioxa-1-ethyl-3,5,7-ttimybicyclo[3.2.1]octane) (Figure 1), which was the
most abundant of the volatiles. The absolute sthesuistry of the natural sordidin was later
determined (Moret al., 1996; Fletcheet al., 1997). Ndiegest al. (1996) and Jayamarahal. (1997)
developed a large-scale synthesis of racemic sortiidt made field-testing possible. It was attvact
to both males and females, confirming its functas an aggregation pheromone. This has been
synthesized to provide cosmolure pheromones tather with traps are commercially available from
ChemTica International in Costa Rica.

The use of pheromone lures (Cosmolure) for trap@irgprdidus has been reported in Costa Rica

as a promising option (Alpizaat al., 1999; Oehlschlagest al., 2000). Trials of mass trapping in
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plantations of banana and plantains with pherontiapes on plots of 1-250 ha in size, and traps at a
density of four per ha were effective in reducirggwil damage to banana corm by over 60% and bunch
weight was increased by 20% (Alpizaral., 1999; Oehlschlagest al., 2000). Alpizaret al., (1999)
proposed that trap density could be reduced onewily@pulations and damage have been reduced to
low levels. In Costa Rica, trap interference startdecrease at a separation of 20 m (C. Oehlsahlag
pers. commun.), and the effective radius was et vary from 5 to 15 m. Consequently, a trap
density of four traps/ha and moving them every mm@ttregular space intervals was found effective to
bring C. sordidus populations to low levels in the banana plantaitiofi-5 months (Alpizaet al., 1999;
Oehlschlageet al., 2000). Preliminary studies conducted in Ugandavskiqgpheromones to be 18 times
more attractive t&. sordidus than pseudostem traps (Tinzagtral., 2000).

In laboratory and field studies, male produced eg@fion pheromones for some coleopteran insects
are ineffective unless combined with host planatitgs (Oehlschlagest al., 1992; Giblin-Davist al.,
1996a). The weevil appears to show a similar treihdynergistic combinations of species-specific
pheromone and host plant volatiles (Ndiega ., 1996; Jayaramaei al., 1997).

Mass trapping using infochemicals especially pheres is particularly promising for the control
of C. sordidus since the weevils crawl and do not disperse, lsatkes are attracted, and their
reproductive capacity is low (Alpizat al., 1999). Use of pheromones may provide a weevilrobnt
option that is less labour intensive compared ¢oute of pseudostem traps although costs are tixely
increase as pheromones will require importatiostridution and storage. The development of the
infochemical-based trapping system could also leel as a means of disseminating entomopathogens
with baited traps which allow both entry and eXitn@evils. Further research is necessary to develop

these ideas

4.2 Kairomone

Cuille (1950) first suggested that plant kairomosidsct the banana weevil to the host plants. tilega
from the susceptible AAA cooking banana attractemtenweevils than the AB resistant desert types
(Budenberget al., 1993a). Seshu Reddy al. (1993) showed that baits of cooking type banamnas a
more attractive to the weevil than those made sédaype bananas. Decaying banana material is more
attractive than fresh material (Budenbetrgl., 1993a) although it is reported that fresh pseetastare
more attractive than fermented material (Hord &piln, 1956; Delattre, 1980Losmopolites sordidus
seems to prefer corm odours from plants with friatsorm odours from young or adult plants, or from
adult plants with flowers (Cerdaial., 1996). Preliminary studies conducted at ICIPE @mya indicate
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that use of kairomone-based trapping systems witicegsed and buried banana materials attract
weevils (S. Lux, pers. commun.). This trappingeysmight be integrated with entomopathogens.

The potential of using banana kairomones, espgd@imented tissues, as synergists to synthetic
pheromones has not been well exploited, althoughetis information indicating that banana plant
volatiles could be used to enhance the attractsgeoksynthetic pheromones (Ndiege, 1996; Jayaraman
et al., 1997). Further research is needed on host planiredo optimise the use of kairomones in an
infochemical-based trapping system @isordidus control.

(1S,3R,5R,7S)-1

Figure 1. Configuration of sordidin, a major component of the pheromone cosmolure+

4.3 Infochemicalsand biological control of C. sordidus
Studies regarding the effect of infochemicals anlibhaviour of predators 6f sordidus are currently
not available. However, ant and non-ant predator<f sordidus have been reported from Kenya
(Koppenhoferet al., 1992), Uganda (Tinzaaeh al., 1999, Abera, 2004.), and Cuba (Roche & Abreu,
1983; Bendicho, 1987). These predators were méstigd associated with weevil environments in
rotten pseudostem tissues and in larval tunnelpiiohoferet al., 1992; Tinzaareaet al., 1999).
Attraction of predators by the volatiles from tHant-weevil complex has not been investigatedIyet.
possibe that these predators are attracted toebeilvenvironments by volatiles produced by thet hos
plant, the weevil or the weevil-plant complex. Altlgh synthetic pheromones (cosmolure+) are known
to be specific toC. sordidus, their effect on the behaviour of predators hasshs®n investigated.
Information on how infochemicals influence the babar of the predators may increase their chance of
being used in the field as biological control agent

The potential of biological control &. sordidus using indigenous entomopathogenic fungi has
been recently investigated (Pestal., 1995; Nankinga & Ogenga-Latigo, 1996; Nankietal., 1996;
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Nankinga, 1999; Schoeman & Schoeman, 1999; Nankéagdoore, 2000).Beauveria bassiana
showed a great potential for effective controCosordidus (Penaet al., 1995; Nankingat al., 1996).
One of the limiting factors is the lack of an effee delivery technique to the target insects (Niag,
1999). The potential of weevils to be used in tiemimg pathogens from infested to uninfested wisevi
was demonstrated by Schoeman and Schoeman (1988€nination oB. bassiana using pseudostem
traps was tested but found ineffective (Nankin@®9). The development of a pheromone lure could be
used as a means for aggregating weevils to disagrine entomopathogens. Use of pheromone lures
as successful devices for disseminatiorBobassana have been reported effective for other beetle
species (Veget al., 1995; Klein & Lacey, 1999). An above ground ramgptthat allows both entry and
exit of weevils (Alpizaret al., 1999, Oehlschlagest al., 2000; Tinzaara&t al., 2000) could be used in
this regard.

5 RESEARCH NEEDS

Studies available indicate that there is a poteiatiaising infochemicals to contr@. sordidus (Alpizar

et al., 1999; Oehlschlaget al., 2000; Tinzaarat al., 2000). Further information is needed to develop
cost-effective infochemical-based trapping methmadntrol C. sordidus. Information is lacking on
how infochemicals relate to weevil behaviour angirenmental conditions. Other questions to be
addressed are: does adult removal using infoch&ntieae an impact on weevil population dynamics
and damage; and can infochemicals be integratédottier methods such as biological control?

The efficiency of the pheromone traps may be imibeel, among other factors, by the
physiological status of the pest such as reprogeictiaturation and the mating status (Borden 1977;
Janssoret al., 1991). Although pheromone lures are known to etfiemale and male weevils equally
(Alpizar et al., 1999; Tinzaarat al., 2000), there is lack of information on the effetthe pest mating
status and the age ©f sordidus on catches in pheromone-baited traps. We hypathdisat if mature
and mated individuals do not respond to the phengmlares, then trapping will cause limited
suppression of the weevil population in the field.

Catches per trap are reduced when baited trapsswithetic pheromones are placed close to each
other (trap interference) compared to widely spasiadle traps (Schlyter, 1992; Byers, 1999). The
effective trap radius has direct implications omtifap density used and the costs involved andftrer
there is a need to get a more accurate value ohthes before pheromone traps can be used in mass
trapping. Trap placement influences the captuesrfrr many insect pests (McNeil, 1991; Muirhead-

Thompson, 1991). It is not clear whether the barrest plant has any influence on pheromone trap
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catches although we hypothesise that traps pldosd to mats capture more weevils than traps placed
between mats. Information is therefore requiredttan attraction range of the pheromone trap, its
effective radius and on trap location relativehi® lhost plant.

High trap densities may be needed to obtain higéldeof pest population suppression (Howstse
al., 1998). High trap densities may not be practicakemlly to resource-poor farmers as they render
the method too costly. The trap density of foupsgraer hectare and moving the traps to new loation
once a month was reported effective in reducingvpepulations to low levels within 4-5 months in
Costa Rica (Alpizagt al., 1999). The assumptions here are: (1) the weewilements are limited and
there is no reinvasion of areas that have already brapped; (2) the traps remove a high propodion
weevils within the trap area in a month. The petamga population reduction using pheromone traps
was however estimated using trap catch numbersiandverall population densities in the banana
plantations. The effectiveness of a trap densitfoof traps per hectare needs to be evaluated under
different agro-ecological conditions. Placing trapsthe whole plantation without changing trap
location monthly could be cost effective if timé&ea to reduce weevil populations is low. Informatio
Is needed on the proportion of weevils trappedupérarea so as to make decisions on when to change
the location of the traps (in case of mobile treg®) when to stop trapping when the population has
been reduced to low levels. The rate of reductfome®vil population and damage using different trap
densities needs to be determined. The questiorsititald be answered here is which trap density is
most cost effective. The pheromone trap catches toelee correlated to environmental factors such as
wind direction, rainfall and temperature. Such iinfation would assist the farmer in managing the. tra

Deployment of pheromone traps alone may not resybiest population suppression when host
material is abundant, providing good conditionsdest multiplication (Birch & Haynes, 1982; Vite &
Baader, 1990; Jamesal., 1996). Many crop residues compete with trapsethereducing the effect
of the traps. The effect of banana residue manageore pheromone trap catches is not known.
Mulching influences weevil movements in banana takions (C. Gold and G. Kagezi, unpubl. data),
but how much this would affect pheromone trap @gdhk not known. Therefore, the influence of farm
management practices such as mulching and sanitatipheromone trap catches needs to be studied.

Herbivore damaged plants are known to produce ildahat attract carnivores (Dicke, 1999a).
Such volatiles may lead to increased carnivore ijeasound the plant that may lead to reduced
herbivore damage. Predators@fsordidus are normally found in weevil infested rotten psesidms
and galleries (Koppenhofet al., 1992; Koppenhofer, 1993; Tinzaataal., 1999; Abera, 2004.). Are
these predators attracted to such environment katiles produced by the host plant, weevil or the

weevil-plant complex? The role of pheromones irugricing such an interaction has not been
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investigated. The potential of usiBgbassiana in Uganda to contrdC. sordidus control was promising
(Nankinga, 1999; Nankinga & Moore, 2000). Howeware of the limiting factors is the lack of an
effective delivery technique (Nankinga, 1999; RoyP&ll, 2000). Use of pheromone lures to infest
beetles witlB. bassiana and to disseminate it to other beetles is pos@ithan & Lacey, 1999; Vegat

al., 2000), but needs to be studied @sordidus.

In conclusion, there is limited information on wdeinfochemicals for the control &. sordidus.
However, according to the available informationather coleopteran insects, there is a potential for
development of an infochemical-based trapping sydi@r the control ofC. sordidus. There are
however research gaps that need to be investigatgdnerate information for use in developing an
infochemical-based trapping system for the corifoC. sordidus. Research aimed at investigating

some of the aspects mentioned in this review has ingtiated in Uganda.

6 RESEARCH OBJECTIVESAND THESISOUTLINE

6.1 Research objectives
The overall objective of this research project wasvestigate whether an infochemical-based trappi
system can be used to control the banana wegastnopolites sordidus under Ugandan conditions.
The research focus was to elucidate the effectwesfvil aggregation pheromone and host-plant
kairomone on weevil trapping as related to weesfidviour and environmental conditions. Secondly,
the study investigated the impact of adult remavaiveevil population dynamics and damage to the
host plant. Finally, the potential was investigateid combining infochemical (pheromone and
kairomone) use with biological control using predatand entomopathogens for the management of
the banana weevil. Specific objectives of this aesewere:
1) To evaluate the relative attractivity of hosdrglvolatiles and the aggregation pheromone to
the banana weeuvil.
2) To evaluate factors that influence pheromonp #tiectiveness in capturing the banana
weevil.
3) To determine the effect of pheromone trap dgmsitbanana weevil population density and
damage.
4) To evaluate olfactory responses of predatoth@banana weevil to host plant volatiles and
the aggregation pheromone.
5) To determine the effect of aggregation pheromare the dissemination of an

entomopathogenic funguB, bassiana, for the control of the banana weeuvil.
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6.2 Thedsoutline

In chapter 2, | evaluated bioassay set-ups for use in invdstgarientation responses of the banana
weevil to host plant volatiles and the synthetigragation pheromone. Results of weevil orientation
responses in the different bioassay set-ups iratidhiat the banana weevil responds in an additaye w
to the combination of volatiles from fermented b@ngpseudostem and the synthetic pheromone.
Detailed laboratory and field studies were thendooted to investigate whether host plant odours
enhance the effect of the aggregation pheromoretaaction of the banana weewhépter 3). The
effect of the dose and age of the pseudostem tisseahancing the aggregation pheromone was
evaluated.

The efficiency of the pheromone traps may be imibeel by factors related to the physiological
status of the insect, trap parameters, environiaatars and farm practices. An understandingoo? h
these factors influence pheromone trap catchesdwasdist in trap deployment for the control of the
banana weevilChapter 4 describes studies on the effect of sex, age,dimleé mating status and
density of the banana weevil on response to theeggtion pheromone. The effect of trap parameters
(e.g trap placement, trap type and trap radiugh@momone trap catches are investigateghapter 5.

This chapter also describes studies on the resdtipnbetween pheromone trap catches and
environmental factors such as rainfall, relativentdity, temperature and wind speed.

Mulching is commonly practiced by farmers in Ugamdaa means to conserve soil moisture and
reduce soil erosion. Studies to test the hypothisis mulching may impede dissemination of the
pheromone through the field leading to reduced tatphes are described ¢hapter 6. My studies
determined the effect of mulching levels on numlaes sex of weevils captured in pheromone-baited
traps. The distances moved by weevils relative h® pheromone-baited traps in mulched and
unmulched areas have been determined.

The success of the pheromone trapping system depamdvhether it can suppress the pest
population and the subsequent damage to the coogsdess this, | conducted experiments described in
Chapter 7. In Costa Rica, a trap density of 4 traps perdnecivas recommended to be effective in
reducing banana weevil populations to low levetera#-5 months. The effectiveness of this trap
density (4 traps per ha) was questionable in Ugardaditions. The effect of increasing pheromone
trap density on trap efficiency was therefore itigased.

In Chapter 8, | investigate olfactory responses of the predabdithe banana weevil to host plant
volatiles and the aggregation pheromone. The pedastuch asDactylosternum abdominale

(Coleoptera: Hydrophilidae) aritheidole megacephala (Hymenoptera: Formicidae) are mostly found

21



Chapter 1

in environments harbouring weevils, such as psdedopdraps and rotten pseudostem tissue. |
investigated whether these two predator speciesatiracted to such environments by volatiles
produced by the host plant, weevil or the weeahpkomplex.

In chapter 9, | investigate the potential of using the aggregatpheromone to enhance
dissemination of the fungal pathogBeauveria bassana to control C. sordidus. Candidate fungal
pathogens have been identified for use in thepastagement strategy of the banana weevil but their
use has been limited by the lack of an effectivievely system. The pheromone might be used to
aggregate weevils at field delivery sites of théhpgen. The successful use of pheromone lures to
enhance the dissemination®fbassana would require that weevils can enter a trap, lposad to the
fungus and leave the trap. | studied whether dissdion would be greater when the pathogen is
placed inside the pheromone trap, around the trapaond the trap and on a few adjacent mats.

Finally, the data of this research project aregirsteed inchapter 10 to present an overview on
infochemicals and the management of the bananailwéediscuss the role of the aggregation
pheromone in mass trapping, synergistic effectaost plant odours to the aggregation pheromone,
integration of the pheromone with biological cohfiar the management of the banana weevil. This
project provides ample experimental evidence tohéur develop the application of the synthetic
aggregation pheromone to control the banana weewlgandan banana production by small scale

farmers.
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Chapte2

Different bioassays for investigating orientation
responses of the banana weevil, Cosmopolites
sordidus, show additive effects of host plant
volatiles and the synthetic pheromone

Abstract

Three different bioassay methods to investigatentation behaviour of the banana weevil,
Cosmopolites sordidus (Germar) (Coleoptera: Curculionidae) to host plaotatiles and the
synthetic pheromone (cosmolure+) were comparechcArhotion compensator was used to record
walking tracks in response to three odour soureparsitely. The data show that sordidus uses
odour-conditioned anemotaxis in its orientation ttte odour sources tested. Of the two
olfactometers tested, a dual port olfactometer gusan continuous airflow, showed stronger
discrimination byC. sordidus to the different odours compared with a doublépiblfactometer.
The results of all three bioassays indicate fBasordidus respond in an additive way to the

combination of fermentation plant volatiles and slgathetic pheromone.

This chapter has been published as: Tinzaara, WkePM., Van Huis, A., Joop, J.J.A & Gold, C.S. 2008fferent
bioassays for investigating orientation respon$eébeobanana weeviCosmopolites sordidus (Germar) show additive
effects of host plant volatiles and the synthetieppmoneEntomologia Experimentalis et Applicata, 106: 169-175.
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1 INTRODUCTION

The banana weevilCosmopolites sordidus (Germar) (Coleoptera: Curculionidae) is consideaed
major pest in most banana growing regions of thddM@&tover & Simmonds, 1987), particularly
for cooking bananas and plantains (Sikeral., 1989; Kiggundu, 2000). The weevihuses yield
reductions through impeding sucker establishmemtewvly planted crops (Mclintyret al., 2001),
plant loss and bunch size reduction (Rukazambaigal., 1998) and mat die-out (Gol al.,
unpubl. data). This pest can cause yield losse® U0% (Sengooba, 1986; Koppenhadeal .,
1994) if not controlled.

Cosmopolites sordidus populations may be monitored in the field (Mitdhel978) and
controlled (Goldet al., 2002) using split pseudostem or rhizome trapdleC(1950) and Budenberg
et al. (1993a) reported attraction of the weevil by titda from banana pseudostem and rhizome
(kairomones). Fresh and rotting materials have Ibeparted to be equally attractive (Budenbeirg
al., 1993a) although other reports indicate thathfreems are more attractive than fermenting
material (Hord & Flippin, 1956)Cosmopolites sordidus prefers corm odours from plants with fruits
to corm odours from young adult plants with or with flowers (Cerdat al., 1996). Kairomones
can also be usetb enhance the attractiveness of the pheromone eftheiget al., 1993b;
Oehlschlageet al., 2000) buthis has not been investigated in any detail.

Evidence of male-produced aggregation pheromonehich both females and males Gf
sordidus respond was first provided by Budenbet@l. (1993b). Beauhairet al. (1995) detected
six male-specific compounds eliciting electroantsgnam (EAG) activity in volatile collections.
They identified and synthesised sordidin that wessrhost abundant of the volatiles. The absolute
stereochemistry of the natural sordidin (1S,3R,59R(#)-1-ethyl-3,5,7-trimethyl-2,8-
dioxabicyclo[3.2.1]octane) was later determined (Mbal., 1996; Fletcheet al., 1997). Ndiegest
al. (1996) and Jayamaras al. (1997) developed a large-scale synthesis of raceordidin that
made field-testing possible. It was attractive adhbmales and females, confirming its function as
an aggregation pheromone. This has been formubtéthemTica International in Costa Rica to
provide so-called Cosmolure+ pheromone. Use ofnodsre+ for trapping weevils has been
reported in Costa Rica as a promising option (Adpit al., 1999; Oehlschlagest al., 2000).
Preliminary studies conducted in Uganda showed piheromone to be up to 18 times more
attractive toC. sordidus than pseudostem traps (Tinzaetral., 2000).

Cosmopolites sordidus orientation response to kairomones and aggregatimromone has

been investigated using a variety of bioassay pst-such as olfactometers (Budenbetgl.,
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1993a, b; Treverrow, 1994; Cerdial., 1999; Ndieget al., 1996), choice chambers (Bakyalire &
Ogenga-Latigo, 1994) and a locomotion compensaige(izi, 1999). As no systematic comparison
of bioassay set-ups has been made, it remainsarubev bioassay set-up affects weevil responses
to infochemicals.

We compared different bioassay set-ups to investigaentation responses Gf sordidus to
host plant volatiles and the synthetic pheromoreel @sther singly or in combination. We addressed
the following questions: 1. Do fermenting banan@wd significantly increase attraction Gf
sordidus to pheromone? 2. How attractive are fermentingabarodours t€. sordidus compared to

pheromone?

2 MATERIALSAND METHODS

2.1 Site

The work was conducted at the Laboratory of Entagywl| Wageningen University, in a dark room
at 21-25°C and 60-70% relative humidity. During the locomatcompensator experiments, the red
light source (red fluorescent tube, Philips "368Wa&d", Philips, Eindhoven, The Netherlands) was
only switched on after the weevil had walked foD @@conds on the sphere, to assist in changing
treatments and to place another weevil on the spHdre red light source was always switched on

during the olfactometer experiments.

2.2 Insects

Experiments were conducted using weevils colleétech Uganda three weeks prior to the first
experiments. The insects were maintained in anbiatu at 22°C and 70-80% relative humidity.
They were fed on banana corm and pseudostem pleatesere secured from Uganda and kept in a
refrigerator at 4°C until use. The photoperiod cycle (L12: D12) wdsfted such that the
scotophase was from 09.00 am to 21.00 jveevils (without distinction by sex) were used in
bioassays not earlier than 3 weeks after reveriegphotoperiod cycle. Previous observations
indicated that the sex of the weevil had no eftecresponse to host plant volatiles (Budenlstrg
al., 1993a) and to the synthetic pheromone (Alpezat., 1999; Tinzaarat al., 2000) and therefore
weevils were not sexed in these experiments. Weewuded for experiments were placed
individually in clean plastic boxes (15 x 10 x 8)cwithout food for 12 hours before the bioassay.
For the locomotion compensator tests, a piece adsgbearl coated reflective material was glued

onto the elytra of the weevil at the beginningld starvation period.
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2.2 Treatments
Three different odour sources were used in theyst@g fermented pseudostem tissue, (ii)

pheromone, (iii) pheromone + fermented pseudosiesud. Clean air (iv) was offered as control.

2.3 Fermented pseudostem tissue.

The experiments were conducted using banana pdeundasaterial of East African highland
banana plantsMusa spp., AAA-EA group), cultivar Mbwazirume. Bananaepdostems were
collected from freshly harvested plants in Ugamuicked in a cardboard box and shipped to the
Netherlands, Wageningen University. Shipment took flays and some of the material had already
begun to ferment upon arrival in Netherlands. Thatemal was chopped into pieces. To get
fermenting materials, chopped pseudostem pieces wept at 21-25C in plastic containers,
producing full fermentation within 7 days. The makwas then stored in a freezer and thawed
when needed in bioassays. The plant odour souncébdth the locomotion compensator and
olfactometer bioassays was 50g of fermented pséemopieces, used singly or in combination
with the synthetic pheromone.

2.4 Pheromone

The pheromone lure obtained from ChemTica Inteonali in Costa Rica consisted of a
polyethylene pack containing 90 mg of pheromonesrfudure+) released at a rate of 3 mg/day
(A.C. Oehlschlager, pers. comm.). The cosmolurethe pack was pure sordidin with no other
additives other than the dye for visualization (A@zhlschlager, pers. comm.). For storage, packs
were tightly sealed and kept in a dark cupboar2lla25°C. After a container with pheromone had
been opened, the pheromone packs were stored fretiwer at —5C. The lures were used within

30 minutes after removal from the freezer.

2.5 Bioassay set-ups
Comparing weevil responses to different odour semisgas done using a locomotion compensator,

adouble port olfactometer and a double pitfall difexeter.
2.5.1 Locomotion compensator

The response dof. sordidus to plant volatiles and synthetic pheromone singlynocombination

was studied using a combination of a locomotion pensator and a wind tunnel (for detailed
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description see Thiery & Visser, 1986). The methodolved attaching a piece of reflective
material (functioning as a mirror) on the elytraaof insect. Each insect was placed on top of a 50
cm diameter sphere and observed by a detector.détector used the reflection of a beam of
infrared light that was projected onto the inseonT a light source above, whereby changes in the
position of the insect were detected. As the instmtted walking, the change in its position was
detected, which initiates two motors to rotate sipbere in the opposite direction with the same
walking speed as the insect. Thus, the insect staythe same position on top of the sphere while
walking. Two pulse generators in contact with tiphese detect the rotations of the sphere, and
pulses were recorded and analysed by a micropracelse recordings of the insect's movements
were stored in a computer for calculation of trabkracteristics.

Locomotory responses . sordidus were evaluated using the odour sources as indicate
above. The fermented pseudostem tissue (50g) ve&elin a 10 cm diameter petri dish before
placing them in a wind tunnel. The pheromone lueas Wwung on a tripod stand and whenever being
used in combination with pseudostem tissue, it @dag hung in such a way that it touched the
surface of the pseudostem tissue. An individualwlegas placed on the sphere (2 m from the
odour source) over which an air stream with a spe#esicm/s carrying the respective odours was
blown from the wind tunnel. Wind speed was measuisadg an anemometer (Therm anemometer
642, Lamprecht, Germany). Each weevil was exposeah tair stream for 900 seconds. Each weeuvil
was exposed to each of the odour sources, randamibe sequence of odour sources over the
experimental days. This testing procedure allowacheweevil to have at least one hour of rest
between each stimulus. Forty-eight weevils weréetesver a period of 10 days. An exhaust fan
continuously removed air after it had streamed tiversphere.

The following four track parameters were used tangidly the weevil's behaviour: (i) walking
speed (mm/s); (ii) straightness of walking, thetegra of vector length and total track length (rang
from 0O to 1); (iii) upwind length (mm), the net tiace from origin towards the odour source along
a straight line after 900 seconds; and (iv) upwirdtion, the quotient of upwind length and total

track length (range from —1 to +1).

2.5.2 Double port olfactometer
A double port olfactometer as described by Cesidal. (1996) was used for evaluating weevil
response to fermented banana plant volatiles angyththetic pheromone. The apparatus consisted

of a plastic tray of 45 x 30 x 14 cm with a lid.
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The same odour sources as those used in the looomoampensator bioassay were used
except that both port and pitfall olfactometer®waktd exposing a weevil to two odour sources at
the same time. The odours compared in this set-ene \{i) fermented pseudostem tissue versus
clean air, (ii) pheromone versus clean air, (ihlepmone versus fermented pseudostem tissue, (iv)
pheromone versus pheromone + fermented pseudostam,tand (v) fermented pseudostem tissue
versus pheromone + fermented pseudostem tissue.

Charcoal-filtered air was pumped through jars doimg odour sources and into a choice arena.
The arena had two inlet ports for the two differedbur sources on one end (0.5 cm diameter
tubes) and a single exhaust port on the other &indcontaining each odour was led separately to
either of the inlet ports. The airflow rate (mea&slwith an airflow-meter) from each odour source
into the choice arena was 1 I/min and air was estieguat the opposite side at a rate of 2 I/min.
Weevils were released individually at the down-wamtl facing the upwind direction. A maximum
of ten minutes was allowed for each weevil to cledostween the two odour sources. A weevil was
considered to have made a choice on reaching omleeobdour ports or if after ten minutes the
weevil was within 2 cm from the odour source pArms containing odour sources were alternated
after testing five individuals to correct for angfareseen asymmetry in the set-up. Each weevil was
used only once and after testing ten individudis, dpparatus was washed with ethanol and air-

dried before subsequent use.

2.5.3 Double pitfall olfactometer

A double pitfall olfactometer, modified from thetag used by Budenberg al. (1993b) and
Treverrow (1994) was used for evaluation of weeesponse to different odour sources. It
consisted of a plastic tray (45 x 30 x 14 cm) inaliitwo 200 ml flasks containing different odour
sources were placed. A plastic plate sealed théammr, with two 4-cm-diameter holes in the
middle and 10 cm from each end of the centre lih¢he long axis. The two flasks protruded
through these holes but the rims of the flasks vaéigmed with the cut surface of the plastic plate.
A sheet of paper covering the plastic plate wakaoegl after each comparison.

The odour sets compared in this set-up were thee sasnthose used in the double port
olfactometer except that the fermented pseudostepheromone versus clean air were not used
because odour sources were limiting.

One weevil was placed in the centre of the areratame. After 10 minutes, the position of the
weevil (i. e inside jar, within 2 cm from the janr and more than 2 cm from the jar rim) was

recorded. The positions of the odour sources wiegenated after every five tests to compensate for
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any unforeseen asymmetry of the set-up. Fresh aslmunces were used for every comparison set.
The apparatus was washed with alcohol and air-dregdre any subsequent use. Each weevil was
used only once. Ten individuals were tested fopaase per day per odour set. At least three odour
source comparisons were made per day and each deompavas repeated on four days. Weevils

were considered to have mauate choice if found beyond 2 cm from the rim of flaesk.

2.6 Statigtical analysis

The walking track parameters of the weevil on fewmotion compensator were analysed using the
Wilcoxon’s matched pair signed rank test of SPSSwimdows release 10 (SPSS Inc., Chicago,

1999), followed by Bonferroni correction for mul@comparisons. Results of the olfactometric

bioassays were analysed using the binomial test-fdsponding weevils were excluded from the

analysis of the olfactometer tests.

3 RESULTS

3.1 Locomotion compensator bioassay

The results of the track parameters recorded wigh lbcomotion compensator f@. sordidus
indicate that the weevils responded significant® € 0.05) stronger to the combination of
pheromone and fermented pseudostem than to pheeoarqrseudostems alone (Table 1). Upwind
fixation was found to be the most sensitive paramai compare the response @fsordidus to
different odours. The data on all walking track gmaeters showed that weevil responses to
fermented plant odours or the pheromone were mgifgiantly different (Table 1). Mean
straightness was equal (P > 0.05) for all treatségdgted. Compared to the clean air control, the
locomotory response of. sordidus to the pheromone or pseudostem either singly or in
combination was generally characterised by an asmé degree of upwind fixation (Figure 1),
longer upwind length and higher walking speed (&4l

3.2 Double port olfactometer

Cosmopolites sordidus moved more frequently to the port releasing thetstic pheromone than to
that releasing the odour of fermented pseudostem double port olfactometer (Table 2). The
weevil responded significantly (P< 0.05) more te ttombination of pheromone and pseudostem

than to the pseudostem alone. The comparisdd. gbrdidus response to the combination of the
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pheromone and pseudostem with the pheromone aldneotl show a significant difference. The

mean number of non-responding weevils was 33% ubisdgioassay set-up (Table 2).

Table 1: Parameters (meanS.E) of walking tracks on a locomotion compensabiC. sordidus in response to

different odour sources.

Treatment Upwind Total length ~ Walking Straightness  Upwind
length (mm) (mm) speed (mm/s) fixation
Clean air 652+ 308a 5814 352ab 6.5:0.4a 0.83 0.0la 0.080.05a
Fermented pseudostem 2169+ 337b 5813t 325a 6.5+ 0.4a 0.820.02a 0.3%10.05b
Pheromone 1865+ 322b 5805t 243a 6.4t 0.3a 0.82 0.02a 0.3# 0.05b

Pheromone + Fermented pseudosteg®20+ 273c 6608 263b 7.4 0.3b 0.82-0.02a 0.5% 0.04c

Means followed by a different letter in a colume aignificantly different (P< 0.05), Wilcoxon’s nehied pair signed
rank test followed with Bonferroni correction af= 0.05/6 = 0.008. Total number of individual wdewexposed to
odour sources (n) =48

Table 2: Response @f sordidus to odour sources from fermented banana pseuddisene and synthetic
pheromone in a double port olfactometer

Comparison of volatile source A versus B Source AourBe B Non- % non-responders
responders

Pseudostem versus clean air 17* 8 15 38

Pheromone versus clean air 18** 6 16 40

Pheromone versus pseudostem 20* 10 10 25

Pheromone + pseudostem versus pseudostem  18* 9 13 33

Pheromone + pseudostem versus pheromone 17 12 11 27

*P<0.05 **P<0.01 for a binomial test between twaadsources, n =40 (individuals tested per odoir se

3.4 Double pitfall olfactometer

Cosmopolites sordidus did not show a significant difference between siiethetic pheromone and
fermented pseudostem odour (Table 3). There wagn#isantly (P<0.05) higher response Gf
sordidus to the combination of pheromone and pseudostemtthaither the pheromone or volatiles
from the pseudostem alone. The mean number of egpending weevils was 45% using this

bioassay set-up (Table 3).
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Table 3: Response @f sordidus to odour sources from fermented banana pseuddistene and synthetic
pheromone in a double pitfall olfactometer.

Comparison of volatile source A versus B Source AourBe B Non- % non-

responders responders

Pheromone versus pseudostem 12 9 19 48
Pheromone + pseudostem versus pseudostem  16* 7 17 3 4
Pheromone + pseudostem versus pheromone  17* 6 17 43

* P < 0.05 for a binomial test between two odowrses, n = 40 (individuals tested per odour set)

4 DISCUSSION

Kairomones from fermenting host plant tissue thahasce attractiveness of male-produced
aggregation pheromone have been reported for \vam@evils in the subfamily Rhynchophorinae
(Budenberget al., 1993b; Weisslinget al., 1994; Giblin-Daviset al., 1996a). The results of our
study using a locomotion compensator demonstrdtad™ sordidus have a significantly stronger
response to the combination of the synthetic phermrand fermented pseudostem odours than to
pheromone alone or fermented pseudostem alone.ast umexpected that on the locomotion
compensator the synthetic pheromone and fermersieaidpstem odours were equally attractive to
C. sordidus. Previous studies conducted in the laboratoryiarttie field (Jayaramaet al., 1997;
Alpizar et al., 1999; Tinzaarat al., 2000) showed the pheromone to be more attrathiae the
fresh pseudostem tissue. This discrepancy migleixpiained by the no-choice situation employed
during the locomotion compensator experiments. Sdigpsome reports indicate that fermentation
of host plant materials generates a strong incrieasee amount and variety of the volatiles emitted
(Rochatet al., 2000). Thirdly, the results could have been cffié by the concentrations of
fermented pseudostem tissue and the synthetic iplog® that might have been different between
our study and those reported previously. Odourasserate, distance to the odour source and air
speed all differ between studies. However, one c@ufjue that separated odour fields offered
simultaneously as in dual port olfactometers regrean artificial situation and that the no-choice
situation is more representative for normal forggeonditions. We plan to test several pheromone-

to-kairomone ratios in subsequent tests.
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1000 mm

Figure 1. Representative walking tracks@fsordidus on a locomotion compensator in response to: (A)
Clean air, (B) fermented pseudostem tissue, (Cjgohene, and (D) pheromone plus fermented pseudostem
tissue. Tracks of the same four individuals expdseeach of the odour sources mentioned were ratydom
selected from the collection of walking tracks nelmml during the study. An arrow indicates directidrthe

air stream over the servosphere.
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Our results of the walking track parameters ofliheana weevil demonstrate that the response
of this weevil to different odours can be studisihg a locomotion compensator. Similar to what
was reported for other insects such as the Colopatiato beetlel(eptinotarsa decemlineata Say)
(Bolter et al., 1997) and the predatory buRgrillus bioculatus (Fabr.) (van Looret al., 2000),
upwind fixation reflected the strength of oriematimost sensitively. The results of the double port
olfactometer, contrary to the results on the locbhomocompensator, suggest that the pheromone
was more attractive than fermented pseudostem sddure results of all the tests using the
locomotion compensator and the two olfactometermatestrate that responses to fermented plant
volatiles and to synthetic pheromone are addithihough the data of the double port olfactometer
on enhancement of the effect of the pheromone biyjngdermented volatiles is not significant, it
showed the same trend as for the locomotion conapenand the double pitfall olfactometer.

Still-air pitfall olfactometers have been used tady weevil responses to different odours
(Budenberget al., 1993a; Cerdat al., 1999). In our bioassays, the mean number ofraspending
weevils was greater when using the double pittHdotometer than the double port olfactometer
(Tables 2 & 3). The time that was given to weetolsa make a choice was possibly not sufficient.
Treverrow (1994) reported that up to 24 hours aeded for most weevils to respond in a double
pitfall olfactometer. For the double port experimevhere there is a continuous flow of air, an
increase in observation time may reduce the nurabaobn-responders. However, this may not be
possible with the pitfall olfactometer since theseno exhaust extraction of volatile from the
apparatus. The double port olfactometer allowedricuous flow of air that could have led to
higher responsiveness than in the pitfall olfactttmeThere is a possibility for odours to mix
leading to confusion in weevil response in thd-atil pitfall olfactometer.

Our results generally indicate that there is a e of combining the synthetic pheromone
with fermented plant volatiles to enhance trapceffy, as in the case of several Curculionidae
species including the palmetto weewhynchophorus cruentatus Fabricius (Giblin-Daviset al.,
1994a) and the western Indian weeMEtamasius hemipterus sericus (Olivier) (Giblin-Davist al.,
1996b), where a combination of fermented host pksgue and synthetic pheromone were
deployed to create successful trapping systemshéustudies should be conducted to demonstrate
the efficacy of the combination of fermented banéssue and the synthetic pheromone under field
conditions. Dose-response and longevity studidsotf fermented and fresh plant extracts need to
be conducted to optimise deployment of these \efatin combination with the synthetic

pheromone.
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We conclude that bioassay set-up is an importadtorfato take into consideration when
evaluatingC. sordidus orientation response to volatile infochemicalgiiierget al. (1992) made a
similar conclusion in a study in which three biagsset-ups (i.e Y-tube olfactometer, wind tunnel
and glasshouse chamber) were compared for invéstighe response of a braconid parasitoid,
Cotesia glomerata (L.), to volatile infochemicals. The locomotion compensatet-up is to be
recommended as a sensitive device for evaluatireyilveesponse to infochemicals in a no-choice
situation. Both the dual port and pitfall olfactaerebioassay set-ups could be used for evaluating
C. sordidus response to infochemicals in a dual choice simafi his study provides baseline data
for our future in depth investigations of respongesmixtures of kairomones and the synthetic

pheromone.
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Host plant volatiles enhance the responses of the
adult banana weevil, Cosmopolites sordidus, to the
synthetic aggr egation pheromone

W. Tinzaara, C.S. Gold, M. Dicke, A. van Huis & P.E. Ragama

Abstract

Attraction of adultCosmopolites sordidus (Germar) (Coleoptera: Curculionidae) to volatifesm
banana pseudostem tissue and the synthetic pheeor@msmolure+ presented singly or in
combination was studied in the laboratory and mfibld. Olfactometric studies in the laboratory
showed that 50 g of fermented banana pseudostsuaet{sultivar Mbwazirumeylusa spp, AAA-

EA group) was as attractive as pheromone (releas8dmg/day) but more attractive than 50 g of
fresh pseudostem tissue. Volatiles from pseudosigsue had an additive effect on attraction of
weevils to the pheromone in the laboratory butetfiect was not significant in the field. Field taa
showed that attractivity of weevils was positivelyrrelated with the amount (dose) of fermented
tissue added to the pheromone although a signtficknse-effect was shown only by field
experiments. There was a decrease in number ofilw@aught with increasing age of pseudostem
tissue that was used to enhance the pheromor@ sordidus attraction. Both results of laboratory
and field trials indicated an increased weevilaatiion with an increase in pheromone release rate.
The results generally indicate that fresh or fermenpseudostem tissue may contribute to the
enhancement of pheromones but the effect was rge Enough to warrant their deployment for the

optimisation of the infochemical-based trappingaysfor the management Gf sordidus.
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1 INTRODUCTION

The banana weeviGosmopolites sordidus is an important pest of highland banana in Ugaiitia.
biology and pest status @. sordidus have been reviewed by Godétl al. (2001). The adults are
free-living, though most commonly associated widmdna mats and crop residues (Geilcl.,
2004). They crawl short distances and may be sadefur extended periods (Godtl al., 1999a).
Eggs are placed in the leaf sheaths and corm dtatbe of the banana mat (Abetal. 2000). The
larvae tunnel in the corm, damaging the vasculatesy and weakening the stability of the plant.
Yield losses of up to 100% have been recorded @drag 1986). In Ugand&,. sordidus has been
an important factor in the decline and disappeaaidighland banana in the central region (Gold
et al., 1999c).

The use of pheromone- and kairomone-based tragystgms has been suggested as a means to
control C. sordidus (Budenberget al., 1993b; Jayaramast al., 1997; Tinzaaraet al., 2002a).
Budenberget al. (1993b) first reported evidence for an aggregagiberomone released by méle
sordidus. Beauhaireet al. (1995) isolated a fraction of the major componehtthe pheromone,
confirmed its bioactivity, named it sordidin andi@tlated its structure. Mot al. (1996) identified
the natural configuration and enantiomeric identifysordidin as (1S,3R,5R,7S)-(+)-1-ethyl-3,5,7-
trimethyl-2,8-dioxabicyclo[3.2.1]octane. Jayaranetral. (1997) synthesised four isomers (exo-B,
endo-B, endo-A, exo-A) of sordidin. All four isonsepccur naturally in a ratio of 1:4:4:44. Ndiezgje
al. (1996) and Jayaramaah al. (1997) found that a mixture of them was moreaative than the
individual isomers. Currently, the lures (contagia mixture of the four sordidin isomers) are
synthesized in Costa Rica by Chemtica Internatiamal sold under the trade name Cosmolure+.
The pheromone attracts both males and females Hautséx ratio (males: females) has been
observed to range from 1:1 to 1:3 (C.A. Oehlschiggers. Commun.).

Alpizar et al. (1999) reported that pheromone-baited pitfalpsrattracted 5-10 times more
weevils compared to unbaited sandwich traps. Jayamnat al. (1997) suggested that pheromone-
enhanced mass trapping could lead to successftiotaf C. sordidus. Trials of mass trappinG.
sordidus with Cosmolure+ baited pitfall traps (4 traps/bpaced at 20 m and moved to untrapped
adjacent locations monthly) on plots of bananas @adtains ranging in size from 1-250 ha were
reported to be effective in reducing weevil cornmdge by over 60% and increasing bunch weight
by 20% over a 5-6 months trapping period in Costa RAlpizaret al., 1999). This suggests that
the use of pheromone lures may provide a weevitroboption that is more effective and less

labour-intensive than the use of pseudostem tridpsugh monetary costs are likely to increase.
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In a number of laboratory and field studies, maledpced aggregation pheromones for some
coleopteran insects have been ineffective unlesbowd with host plant volatiles (Oehlschlager
al., 1993; Jaffeet al., 1993; Giblin-Daviset al., 1994a; Giblin-Daviset al., 1996b; Reddy &
Guerrero, 2004). Attraction of the palm weewhynchophous palmarum) by synthetic pheromone
rhynchophorol was synergised by the addition ofnpstiem or sugar cane host material (Oehlschlager
et al., 1993), or by host odour compounds such as attethte (Jaffet al., 1993). The amount of host
plant material added to traps also matters. Oelalgehet al. (1993) found that pheromone traps
containing 30 pieces of sugar cane captured sggmfly more palm weevils than traps with 7 to 15
pieces. Attraction of male and femdRaynchophorus cruentatus to male pheromone 5-methyl-4-
octanol (cruentol) was synergised by volatiles fitwwst plant material, such as Sabal palm stemetissu
(Giblin-Davis et al., 1994a, 1996b). Giblin-Daviet al. (1996b) reported an increased response of
Metamasius hemipterus sericeus with increased amounts of sugarcane quantityapstiup to some
threshold level. Under field conditions, the resmorof the West Indian sugar cane boldr,
hemipterus to the aggregation pheromone was enhanced by riggchand fresh plant volatiles (Giblin-
Daviset al., 1994a).

Budenberget al. (1993b) and Jayaramaast al. (1997) postulated that combinations of the
species-specific pheromone and host plant volatilag have synergistic effects @ sordidus,
although such effects have not been well studiedr @reliminary studies in the laboratory
(Tinzaaraet al., 2003) provided an indication that host plantatités may enhance the aggregation
pheromone. There is, therefore, a need for detilsaratory and field investigation into the rofe o
additional volatiles for the development of an efifee pheromone-based trapping system for the
control ofC. sordidus.

In laboratory bioassays, the response level ohgaaf insects has been positively correlated to
pheromone dose (Coffelt & Burkholder, 1972; Hardsteal., 1974, Howseet al., 1998). If
pheromone release rate is too low, a lure may b#ective simply because a threshold for insect
response is not met. This suggests that the reladéseof a lure during the trapping period is an
important concern. Hallettt al. (1999) reported an increased respons®. dérrugineus with an
increase in pheromone dose. Pheromone releasanat@teraction with host plant material acting
as kairomone in attractinG. sordidus has not been investigated in detail. Informationtioese
aspects will be needed for the development of dochremical-based trapping system for the
control ofC. sordidus.

There are studies that revealed that the efficdgjamt tissues as additives to the pheromones
varies with time (Weisslinget al., 1992; Oehlschlageet al., 1993; Rochatet al., 2000). A
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sugarcane additive tissue was reported to be ueaetfiter 15 days, the optimum being one week
(Rochatet al., 2000). Use of sugar cane as an additive to ptheromone rhynchophorol
significantly increased its effectiveness but aticm decreased after 3 days (Oehlschlage.,
1993). The sugarcane was only effective for 1 twe2ks. The banana pseudostem tissue used in
conventional trapping is known to decrease in ditraness after 3 days (Bakyalire, 1992). The
longevity of banana pseudostem tissue in enhanphgromone-baited traps has not been
investigated.

The main objective of this study was to establiskkairomones (pseudostem tissue) can
contribute to the attraction df. sordidus to the male-produced pheromone. Experiments were
conducted to examine: (i) additive effects of psmtem tissue to pheromone, (ii) effect of the
amount (dose) of pseudostem tissue and pheromade(iig the age of the pseudostem tissue in
enhancing pheromones, for attractiorCosordidus. Experiments were carried out under controlled

conditions in an olfactometer in the laboratoryvad as under field conditions.

2 MATERIALSAND METHODS

2.1 Sitedescriptions

Laboratory studies were conducted in a dark room @n) at the IITA Sendusu Farm®82'N,
32°35'E, 1260 metres above sea level (m.a.s.l.)) &mt&@8 km northeast of Kampala, Uganda. The
windows and the door of the room were tightly seéakth black polythene sheets. Ambient
temperature in the laboratory ranged from 22 t6@8During the study period, the room had a red
light that was switched on during all experimemtsacilitate taking data without disturbing thettes
insects. Bioassays were conducted between 9.0(hdrb.@0 pm. An electric fan (40 cm stand fan,
Evernal®, 50W) was always on during bioassays to providetem.

Field studies to examine the attractivity of hoktnp volatiles and pheromone @ sordidus
were conducted at Sendusu Farm and the Kawandaultgrial Research Institute (KARI){5'N,
32°51'E, 1190 m.a.s.l.) and adjacent farmers’ fiellsiisite (Senge) 1 km to the north of KARI.
Both sites have two rainy seasons (March-May angteBgber-November) with mean annual

rainfall of 1200-1250 mm and daily mean temperatfr21°C.
2.2 Pheromone and pseudostem volatiles

All pheromone lures used in these studies wererddarom ChemTica International in San Jose,

Costa Rica. They were sealed in plastic and senbbyier (transit time < 1 week) and subsequently
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stored in a freezer upon arrival until use. Eachrpmone pack contained 90 mg of Cosmolure+
with a release rate of 3 mg/day (A.C. Oehlschlagers. comm.). They were used in their release
device packs.

Pseudostem tissue of cultivar Mbwazirumduga spp. AAA-EA group) was used in the
laboratory bioassays. Pseudostem pieces (appradymat x 1 x 1 cm) of freshly harvested
pseudostem (not infested wi@ sordidus) were used. Fresh Pseudostem tissue was harnasted
the day of the experiment. To get fermented mdserehopped pseudostem pieces were kept at
room temperature in 10 litre plastic containers #adays. The pseudostem material was weighed
using a Mettler balance to obtain standard quastito be used in the assays. Fifty g of banana
pseudostem tissue were used for laboratory bioagsxgept for the experiment testing effects of

different quantities of the pseudostem tissue).

2.3 Insects

Adult C. sordidus used in bioassays were trapped from farmers’ bmstands in Masaka District
(1200-1300 m.a.s.l) using split banana pseudostaps t(Mitchell, 1978). The weevils were
brought to the laboratory and maintained in 1@ lpfastic buckets, each containing about 2 kg of
fresh corm of the banana cultivar Mbwazirume. Thercpieces were replaced with fresh material
every 4-5 days. The buckets were covered with patdd lids to allow aeration while preventing
the insects from escapingleevils (unsexed) were kept in the dark room whth ted light on for at
least 15 h prior to being used. Preliminary obsgrma indicated that keeping the weevils in the
dark room increased their response in the bioa3dayuse of a red light allowed us to work during

daytime hours. Each weevil was used in a singlayaasd then discarded.

2.4 Double pitfall olfactometer
All laboratory bioassays were conducted using abtbopitfall olfactometer (Figure 1), adapted
from Phillips and Burkholder (1981). The apparatesisisted of a round plastic basin (50 cm
diameter, 30 cm deep) with two 4 cm-diameter hatebe base 2 cm from each end of the diameter
line. The two flasks protruded through the two Bateaking sure that the rims of the flasks aligned
well with the cut surface of the basin.

One weevil was placed at the centre of the olfaetemarena in each bioassay set. Each adult
was exposed to the odour source(s) for a maximurihOofminutes after which the insect was
categorized as active (moved > 2 cm from the relga@nt), semi-active (moved < 2 cm) or

inactive (displayed no movement). The location afve weevils was also determined: (a) within a
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pitfall; (b) < 2 cm from the release point; (c) > from the release point. The sequence of odour
sources was randomised over the experimental dagsh odour sources were used for every
comparison. After testing each odour set, the gtparwas washed with ethanol and air-dried to

eliminate cross-contamination.

+— 50ecn——————>

<— Plastic
basir

Weevil release
point

2¢C

Odour source A Odour source B

Figure 1: A double pit fall olfactometer (not toase) set-up used in evaluating weevil response
to host plant volatiles and the synthetic pheromarthe laboratory.

2.5 Additive effects of pseudostem tissue and pher omone (experiment 1)

2.5.1 Laboratory bioassays

Fresh pseudostem tissue, fermented pseudostam,tesd pheromone (Cosmolure+) were tested
for their relative attractivity t&. sordidus. The odour sets (pairs) that were compared irdtheble
pitfall olfactometer are presented in table 1.lestst six comparison odour sets were tested per day
and each comparison was repeated on six days. éwetevils were tested per odour set per day.
The positions of the odour sources were alternafesdt testing six weevils to compensate for any

unforeseen asymmetry of the set-up.

2.5.2 Field trials

Trials were conducted to test attractivity of phmeome and kairomone (pseudostem tissue) in
banana stands under field conditions. Treatmentsisted of different infochemicals placed in

pitfall traps that were then placed in the bandoéspin trial 1 (rainy season, March-April, 2002)

treatments were: (i) pheromone, (ii) fermented fgestem tissue, (iii) pheromone + fermented
pseudostem tissue, and (iv) control (water). Treats in trial 2 (dry season, May-June 2002)

included the same four treatments plus: (v) freseudostem tissue and (vi) pheromone + fresh
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pseudostem tissue. Treatments for trial 3 (wet@®asnd 4 (dry season) were similar to those of
trial 2 except that trial 4 had no control. A seagCosmolure+ package was used in pheromone
treatments. Fermented pseudostem tissue and freshe twas obtained as described above.
Treatments were assigned to plots with similar nemslof weevils. In all trials each treatment was

replicated four times.

Table 1: Odour sets of fresh or fermented pseudos$issue and the pheromone that were compared in a
double pitfall olfactometer (experiment 1)

Comparison odour sets Fresh Fermented Pheromone Pheromone + fresPheromone + fermented
tissue tissue tissue tissue

Air X X X X X

Fresh tissue X X X

Fermented tissue X X

Pheromone X X

Pheromone + fresh tissue X

The first two trials were conducted in 8-year o&héna plots (30 x 18 m or 10 x 5 mats: mean
40 mats per plot) (cv Atwalira, AAA-EA) separateg b0 m alleys at [ITA’s Sendusu Farm. The
plots were kept weed free and not mulched. At theebof the first trial, there was a mean of 28 (
0.2 s.e)C. sordidus per pseudostem trap (two traps of cv Atwalira pat) in the selected plots.
The third and the fourth trials were conductedextide in a 0.5 ha field (5-year old) planted with a
mixture of East Africa highland bananas (AAA-EA &g8). Residue management, detrashing and
weeding in the field were done. There were £9.(L s.e) weevils per pseudostem trap in the field
at the onset of the trials. In all trialS, sordidus captured in pseudostem traps were released at the
base of the mat of capture.

Pitfall traps consisted of 10-litre buckets (25 dimmeter at the top, 18 cm diameter at the base
and 28 cm height) with two windows for weevil entiyt in the sides (Figure 2). One pitfall trap
was placed in each plot. This was set at the blgeeanat nearest to the centre of the plot. & th
third trial, traps were placed at the base of banmaats approximately 20 m apart, 10 m from the
stand border. Pheromone lures were suspended wigthoa string from the ceiling of the bucket.
Fresh or fermented material (500 g) was placed lal&litre-plastic cup at the bottom of pitfall
traps for use in combination with pheromone or lgingseudostem material was changed every 3

days. A liquid detergent (11) was added as a rigtgiagent and renewed after six days. Attracted
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insects walking on the soil fall in the trap anditmumber can subsequently be determined. Traps

were checked fo€. sordidus every three days for 30 days.
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Figure 2: A bucket pitfall trap (not to scale) leaitwith the pheromone and banana pseudostem tissue.

2.6 Amountsof fermented tissuefor enhancing the pheromone (experiment 2)
2.6.1 Laboratory bioassays
To evaluate the effect of adding different amoumwtfs fermented pseudostem tissue (cv
Mbwazirume) to enhance pheromone effectivenessttimcting C. sordidus under laboratory
conditions, the following comparison odour setsidouble pitfall olfactometer were tested: in the
first trial: clean air vs. 10, 50, 100 and 200 gymostem tissue + pheromone, and pheromone + 10
g pseudostem tissue vs pheromone + 200 g pseudbssem® were included.

Twelve weevils were tested for response per odeuper day. All comparison odour sets were
tested on each day and the experiment was repéatesix and seven days for trial 1 and 2
respectively. Odour sources were alternated aéisting six individuals and the apparatus was

washed with alcohol and air-dried.

42



Enhancement of the pheromone with host plant vekatil

2.6.2Field trials

Two field trials under this experiment were coneéucto determine the effect of using different
amounts of fermented pseudostem tissue on enhaatiragtivity of pheromones tG. sordidus.

The treatments used for trial 1 were: pheromone0® @, + 500 g and +1000 g fermented
pseudostem tissue. The treatments of the secaldvere similar to those of the first one except
that the treatment of pheromone + 50 g was addeglsTwere of a completely randomised design,
with treatments replicated six times. The fermerigsle and pheromone lures as described above
were used in this study. The pseudostem mater@in(the middle part of the plant) was weighed
using a Waymaster balance to obtain the differerdumts used for each treatment.

The first trial was conducted in the rainy seasApri-May, 2003) at Senge (5 km from
Kawanda) in a 0.5 ha field (5-year old) plantedhwat mixture of East Africa Highland bananas
(AAA-EA types). Residue management, detrashingwaeeding in the field was moderately done.
Weevil incidence was estimated at the start ofttlad using pseudostem traps (Mitchell, 1978).
There were 1.540.1 s.e) weevils per pseudostem trap in the fiéddmopolites sordidus captured
in pseudostem traps were released at the base afdahof capture. The second trial was conducted
using the same field in the relatively dry seashrytAugust 2003,). The agronomic conditions in
the field during the second trial were similariioge during the first trial.

The pitfall trap described in experiment 1 was usedure 2). Fermented material (according to
treatment) was placed in a plastic container abtteom of pitfall traps for use in combination kwit
pheromone. Pseudostem material was changed eveays3 Traps were checked fGr sordidus

every 3 days for 33 and 36 days for trial 1 andspectively.

2.7 Pheromonereleaserate and interaction with fermented tissue (experiment 3)

2.7.1 Laboratory bioassays

A trial to evaluate the effects of pheromone redeaste and fermented tissue interaction on
attractivity of C. sordidus was conducted using a double pitfall olfactométethe laboratory. The
two treatments consisted of one and three lurepertively, in pitfall (conical) flasks with 50 g
fermented pseudostem tissue. Pheromone lures {cimgt®0 mg sordidin; release rate 3 mg/day)
(A.C. Oehlschlager, pers. comm.) were used. Thuwgas assumed that the two odour sources were
releasing pheromone at a rate of 3 and 9 mg/dgectsely. Odour sources were alternated in the
olfactometer after testing six individuals and #pparatus was washed with alcohol and air-dried

after testing 12 weevils.
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2.7.2 Fied trials

The effect of pheromone release rateCosordidus response to pheromone traps was evaluated in a
farmer’s field at Senge and in an on-station fetidKARI. One, two or three pheromone lures were
placed in pitfall traps described in experimenPheromone traps were checked every three days

and weevils found were recorded and removed frarirtdp. The trial was conducted in 30 days.

2.8 Effect of pseudostem tissue age (experiment 4)

Three trials under this experiment were conductedArl and Sendusu to determine the effect of
age of the pseudostem tissue in enhancing pherofoométraction ofC. sordidus. The treatments
were: (i) pheromone + 500 g of 3 days old fermeniggle, (i) pheromone + 500 g of 9 days old
fermented tissue, (iii) pheromone + 500 g of 15sdalg fermented tissue and (iv) pheromone + 500
g of 30 days old fermented tissue. Trial 1 and Peve®nducted banana fields at Sendusu and KARI
respectively. The third trial was conducted in baana fields at KARI. There were six banana
plots for trial 1 at Sendusu (42 mats per plot) tad 2 at KARI (120 mats per plot), while triale®
KARI had 12 plots each consisting of 48 mats. Fridland 2 lacked treatments (iii) and (iv)
respectively while trial 3 had all treatments. Tneents for trial 1 and 2 were replicated two times
while those in trial 3 were replicated three times.

The pseudostem material of cultivar Mbwazirume (Mgpp, AAA-EA group) was chopped
and placed in pheromone traps in a plastic contaRseudostem tissue was changed after 3, 9, and
15 days for treatments (i), (ii) and (iii) respgety. The pseudostem tissue for the fourth treatmen
was not changed during the trapping period of 3G dahe pheromone (Cosmolure+) was used in
packs releasing 3 mg/day.

A pitfall trap made out of a 10-litre bucket wagdgFigure 2). The pheromone was hung from
the top of the bucket using a nylon string. Theupsstem tissue (500g) was placed in a plastic
container and placed at the base of the bucketifAllgrap baited with either the pheromone or
pseudostem tissue of different ages was placedeabase of the mat in the banana plots. Soapy
water (1) was added to the trap as trapping agedt was changed every 6 days. Traps were

checked every three days. The number of weeviltioag was recorded and discarded.
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29 Statistical analyses

Numbers of responding weevils in the double pittdiactometer were analysed with a two-tailed
binomial test (null hypothesis: both odour souraes equally attractive). Non-responding weevils
were not included in the analysis. Data on fieldleation of the additive effects of host plantuess

to pheromones, and on field evaluation of pheromefease rate, pseudostem tissue amounts and
longevity on enhancing weevil response to pheromamere log transformed and analyzed using
the mixed model procedure of SAS (SAInstitute Inc., 1990), and means were separatex) us
the Student-Newman-Keuls test (SNK). A regressionlysis using log-transformed data was
conducted to determine a relationship between weatches and (i) the amount of fermented
pseudostem tissue used in combination with thegohene; and (i) age of the pseudostem tissue

used for enhancing the pheromone.

3 RESULTS

3.1 Additive effects of pseudostem tissue and pheromone (experiment 1)

3.1.1 Laboratory bioassays

Cosmopolites sordidus was strongly attracted to both host plant volatiEnd the synthetic
pheromone presented singly or in combination aspewed to clean air in a double pitfall
olfactometer (Figure 3). Fermented pseudostemdisss more attractive ©. sordidus than fresh
tissue. The presence of fresh or fermented pseemiosssue enhanced attractivity of pheromone
lures in comparison to pheromone lures alone. Thene no differences in attractivity between

pheromone + fermented tissue and pheromone + fiiesle.

3.1.2 Field trials

In trials 1 and 3 under field conditions, pheromamas significantly more attractive than the
fermented tissue and control but equally attractovéhe combination of the pheromone and the
fermented tissue (Figure 4). However, in trials il &, the addition of fermented tissue to
pheromone-baited traps increased attractivit§.tsordidus by 50% compared to pheromone alone.

Fresh pseudostem tissue contributed significantiyé attraction o€. sordidus only in trial 4.
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3.2 Amountsof fermented tissue for enhancing the pheromone (experiment 2)

3.21 Laboratory bioassays

Increasing the amount of tissue added to the phaverdid not significantly increase weevil response
(Table 2). A regression analysis on percentage Wweesponse versus the amount of fermented

pseudostem tissue added to the pheromone shoveedsignificant relationship @& 0.64, P=0.055).

3.2.2Fiddtrials

In the first trial, only the combination of pherone plus 1000 g of fermented pseudostem tissue
attracted significantly more weevils than the phwoe alone (Figure 5). The combination of
pheromone with 100 g and 500 g of fermented pséewiosssue attracted similar numbers of weevils
among themselves and compared to the pheromone. dlorthe second trial, the pheromone in
combination with 500g of pseudostem tissue attdasignificantly more weevils than pheromone plus
50 g of fermented pseudostem tissue, but attramethr numbers of weevils to pheromone plus 100 g
and pheromone plus 1000 g of fermented pseudosieuet A regression analysis on weevil catches
versus the amount of fermented pseudostem tissdedaid the pheromone showed a significant
relationship for the first field trial #0.06, P=0.001), second trial ¥R0.15, P=0.001) and for both
trials (R=0.10, P=0.001). An increase in the amount of fewet pseudostem tissue added to the
pheromone led to an increase in weevil catchesapstalthough it levels off at larger pseudostem

weights.

Table 2 Number ofC. sordidus responding to the pheromone (PH) in combinatiah different amounts of
fermented pseudostem (FP) tissue in the doublallpitfactometer in the laboratory (experiment 2).

Comparison odour sources Number of weevils % of responding ~ Numbers of non-
(A vs. B) responding weevils choosing  responders
source B
Source A Source B

Clean airvs. PH+ 1 g FP 10 36 *** 42.9 38

Clean airvs. PH+ 5 g FP 9 37+ 441 36

Clean airvs. PH + 10 g FP 10 37*** 44.1 35

Clean air vs. PH + 50 g FP 5 45x** 53.6 34

Clean airvs. PH + 100 g FP 6 47r** 56.0 31

Clean air vs. PH + 200 g FP 6 46*** 32.0 32

Significantly different values are indicated with*{P< 0.001) binomial test on individuals that pesded

to either odour source. Responding weevils inclinbse foundn pitfall and less than 2 cm from odour
source. Seventy two and 84 weevils were testedrésponse in the first and second trial
respectively.
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Air | Phemmone ok

Air | Fresh tissue hk

Air | Fermented tissue ok

Air |  Pheromone+ fresh tissue

Air | Pheromone+ fermented tissue
Pheromone Fresh tissue n.s
Pheromon | Fermented tissue n.s
Pheromone | Pheromone+ fresh tissue  #«
Pheromone | Pheromone+ fermented tissue
Fresh tissue | Fermented tissue ok
Fresh tissue | Pheromone+ fresh tissue

Fermented tissue

| Pheromone+ fermented tissuex

Pheromone + fresh tiss! | Pheromone+ fermented tissug. S

I I T I 1 I T I I T 1

40 30 20 10 0 10 20 30 40 50 60

Number of weevils responding

Figure 3: Number ofC. sordidus responding to pseudostem tissue compared to simthheromone in a pitfall
olfactometer in the laboratory. Significant diffete/alues are indicated with: * (P<0.05), ** (P<0)0¥* (P<0.01), n.s
= not significant, binomial test between individsighat responded to either odour (n=72, respondiggyils including
those found in pitfall and less than 2 cm fromadeur source) (experiment 1)
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3.3 Pheromonereleaserate and interaction with fermented tissue (experiment 3)

The number ofC. sordidus (30) that responded to three pheromone lures double pitfall
olfactometer in the laboratory was significantlyegier than the number &. sordidus (16)
attracted to a single lure (binomial test, P = @)02However the number of weevils attracted per
lure was greater for single (16 weevils/lure) tf@multiple lures (10 weevils/lure).

In field plots on-station at KARI, slightly mor@. sordidus were caught in pitfall traps baited
with three lures than with either one or two lufégure 6). The traps baited with one lure captured
more weevils per mg pheromone released (i.e. 1é/Ngmg) than traps baited with two or three
lures (0.9-1.0 weevils/mg). In Senge, trap catahese low and there were no differences in the

numbers ofC. sordidus attracted to pitfall traps baited with differentmbers of lures.

a
=3 Control
7 4 O Fermented tissue
= Pheromone
m Pheromone + fermented tissue
6 O Pheromone + frestissue

3 Fresh tissue

Number of weevils/trap/3 da

Trial

Figure 4: Mean numbert§.e.) of weevils attracted by host plant tissue tredsynthetic pheromone
presented singly and in combination in a pitfaiptin the field. Within a trial, bars with the salater

are not significantly different (Student-Newman-HKketest, P<0.05) Fresh tissue and pheromone + fresh
tissue treatments were not included in trial 1 tiad 4 lacked the control (experiment 1). The tneents
were replicated four times in trials.
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Figure 5: Mean number (£s.e.) of weevils capturegheromone (Ph) traps baited with different
amounts of fermented pseudostem tissue (FP) addéer field conditions. Bars followed by

similar letters within a trial are not significanttlifferent (Student Newman-Keuls test, P<0.05)
(experiment 2). The treatment Ph + 50 g FP wasirgci triall, and treatments in both trials
were replicated six times.
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Figure 6: Mean numbets$.e.) ofC. sordidus captured in pheromone traps releasing pheromorm#fatent
rates under field conditions. Within a field, béosowed by same letters are not significantly eifint, Student-
Newman-Keuls test, P<0.05 (experiment 3). Treatmeete replicated four times in both trials.
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3.4 Effect of pseudostem tissue age (experiment 4)

The pheromone-baited traps in which the pseudosssme was changed every 3 and 9 days caught
equal numbers of weevils (Figure 7) at both Sendusll KARI. Significantly lower numbers of
weevils were caught in the traps that had the psstach tissue changed every 30 days than traps
that had the tissue renewed after 3 and 9 day#\Ri KAt Sendusu, traps in which the pseudostem
tissue was changed after 3 and 9 days caught isgmilfiy more weevils than those traps that had
the pseudostem tissue changed after 15 daysalrBtriraps baited with pheromone and the tissue
changed every 3, 9 and 15 days, attracted simuanber of weevils. The traps that had the
pseudostem tissue changed after 9 days attrageiicantly more weevils than traps that had the
tissue changed after 30 days (P < 0.05). Theregeasral decrease in the weevils caught in the
traps at both KARI (=0.13, P=0.004) and Sendus@=0.21, P=0.001) with increasing period of
changing the pseudostem tissue.

357 O Ph + 3 days -old PT

O Ph + 9 days -old PT

9\ 307 a a
3
() ]- T E Ph +15 days -old PT
= 257 l l
% B Ph + 30 days -old PT
'§ 207 b
s
© 157
0]
£
S 107 £
c T
g
g 5 2

0 T

Trial 1 Trial 2 Trial 3

Figure 7: Mean numbert§.e.) of weevils recaptured in traps baited witkerpmone (Ph) and
pseudostem tissue (PT) changed after 3, 9, 15 @ndags at KARI and Sendusu under field
conditions. Means of bars within a site with similetters are not significantly different, Student-
Newman-Keuls test, P< 0.05 (experiment 4). Triahdl @ did not have treatment Ph +15 days-old
PT and Ph + 30 days-old respectively. Treatmentsrital 1 and 2 were replicated two times while
those in trial 3 were replicated three times

50



Enhancement of the pheromone with host plant vekatil

4  DISCUSSION

Strong attraction of insects to fermented plantatilds has been reported for other
Rhynchophorinae, includinBhynchophorous palmarum andR. cruentatus to fermenting chopped
sugarcane (Jaffet al., 1993; Giblin-Daviset al., 1994a). Fermentation processes may affect both
the quality and the quantity of volatiles releaselich in turn resulted in increased insect respons
Moist fermenting tissue from various palm specfasis, sugarcane, pineapple and molasses were
reported to be more attractiveRocruentatus (Giblin-Daviset al. 1994a). In both laboratory and field
studies, the synthetic pheromone and plant vofatilere each attractive €@ sordidus. In a direct
comparison in our laboratory bioassays, the feraepseudostem tissue showed greater attractivity
to C. sordidus than fresh pseudostem tissue. The low attractibriresh pseudostem tissue
compared to the fermented tissue in our labordt@gssays may have been due to low quantity of
volatiles released in addition to lack of moisturéhese tissue€osmopolites sordidus is known to
respond positively to moisture gradients (Roth &IM/i1963).

In many Rhynchophorinae, pheromones and kairompnaeduce synergistic effects (Giblin-
Daviset al., 1994a; Giblin-Davist al., 1996a; Cerdat al., 1999; Rochatt al., 2000). However,
our studies in the laboratory demonstrated an i@@diaither than a synergistic effect. In the field,
an additive effect of pseudostem tissue to the gghene was observed in two out of four field
trials. The field data suggest that it may not beassary to use a combination of pheromone and
fermented pseudostem tissue in the mass-trappogrganme for the control df. sordidus. It is
possible that the amounts (500 g) may not have beengh to cause significant enhancement of
the pheromone. The hypothesis that an increaseeimmount of fermented pseudostem added to
pheromone would increase weevil response was siguptwr a limited extent by our field data but
not by the laboratory trials. An increase in ing@sponse with increased amount of plant tissue as
additives has been reported for other weevils (@iDbaviset al., 1996b; Oehlschlaget al., 1993).
They argued however that increasing the amounpdanit tissue to pheromone traps would be too
cumbersome and not practical.

A large number of weevils were captured in thedfied traps baited with pheromone and in
traps with pheromone plus pseudostem tissue irrdimy season than in the dry season. These
results are consistent with other reports of greadealt activity in rainy compared to dry conditfon
(Gold et al., 1999b). In the dry season, when weevils are imacand possibly buried in the soil),
stronger cues might be required to attract wedtigs in the rainy season and therefore adding
pseudostem tissue may have more additive effeet.ifffiochemical threshold for the respons€of
sordidus may be higher in the dry season than rainy season.

Various authors that have reported a positive Gtrom between pheromone release rate and
insect response (Coffelt & Burkholder, 1972; Hardea., 1974, Howseet al., 1998; Hallettet al .,
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1999). Our data also support this for the bananaviveln our study, traps baited with one lure
captured more weevils per mg pheromone releasedl(6 weevils/mg) than traps baited with two
or three lures (0.9-1.0 weevils/mg). Thereforepfran applied point of view, it is better to spread
three lures in three traps rather than to concentteem in a single trap. We also think that the
modest increase in trap efficiency recorded hemesdwt outweigh the increased costs of using
greater release rates of the pheromone.

The effect of banana pseudostem tissu€ aordidus when used as additives to the pheromone
was observed to decrease with time. There waslehigeevil catch in traps when the plant tissue
was renewed after 3 and 9 days than after 15 daysvaen it was not renewed at all. Our results
are comparable with observations of Roclatl (2000) who found for the palm weevilR.(
palmarum) that sugarcane tissue as an additive to the pt@re rhynchophorol became ineffective
after 15 days. Oehlschlageral (1993) also reported that the sugarcane was eféert the traps
for only 1 to 2 weeks. The decline in the attramtigss of the banana pseudostem tissue could be
attributed to the rapid dehydration of the tissuducket traps especially during the dry days or to
changes in the composition of the volatiles mixture

In general, laboratory results showed that hoshtplenlatiles can enhance the aggregation
pheromone, but the effect was not significant ie tield. Besides, including fermented or fresh
pseudostem tissue, as kairomones would renderrdipping system more labour intensive and
costly, as fermentation requires utensils for gjeralhe materials would also require frequent
replacement for effective trapping efficacy. Theref our data suggests that the banana
pseudostem tissue may play a limited role in théaanement of the pheromone for the
management df. sordidus.
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Theinfluence of age, female mating status and density
of the banana weevil, Cosmopolites sordidus, on its
response to aggr egation pher omone

W. Tinzaara, C.S Gold, M. Dicke, A. van Huis & P.E. Ragama

Abstract

Laboratory and field experiments were conductadgbthe hypotheses that the response of the banana
weevil, Cosmopolites sordidus (Germar) (Coleoptera: Curculionidae) to aggregagpberomone is
affected by age, female mating status and weensitle Laboratory bioassays were conducted using a
double pitfall olfactometer while a bucket pitfadap was used in field experiments. Immature and
mature weevils (males as well as females) respoededlly to the pheromone in laboratory bioassays
while in the field, 40-days-old weevils had a sgenresponse to the pheromone than 10-days-old
weevils. The response of unmated weevils to thegphene was stronger than the response of mated
weevils both in the laboratory and field experinsentVeevil response to the pheromone was not
significantly influenced by weevil density. The algirovide insight in aspects of weevil biology that
influence mass trapping of this insect pest usiegaggregation pheromone.
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1 INTRODUCTION

The banana weevilCosmopolites sordidus (Germar) (Coleoptera: Curculionidae) is consideaed
major insect pest of bananas in East Africa (&bhll., 1999). The pest can cause yield losses of up to
100% (Sengooba, 1986) and shorten plantation piée $Goldet al., 2004a). @smopolites sordidus
adults live up to four years and females have aftmundity (Goldet al., 2001). The sex ratio is 1:1
(Gold et al., 2001). The weevil rarely flies and seldom cramtse than 50 m in three months (Geld

al., 2001). Eggs are placed singly within the basthefhost plant (Abera, 2000). After hatching, the
larvae tunnel into the corm and pseudostem of ldo& pvhere they develop and pupate. The emerging
adult is free-living but most often associated viaéimana mats or crop residues (Gald ., 2004b).

The adults are attracted by volatiles (kairomoeesanating from banana plants, especially cut or
damaged corms (Gold al., 2001). This has been utilised in trapping of wilseusing pseudostem
material. The males produce an aggregation phereniwordidin) that is attractive to both sexes
(Budenberget al., 1993b). Currently, the pheromone is synthesge@hemtica International and sold
as lures (containing a mixture of the four sordidimmers plus plant volatiles) under the trade name
Cosmolure+.

Control by mass trapping using pheromones may fheeirced by biology the pest (Hardeteal .,
1969; Borden, 1977; Obeng-Ofori & Coaker, 1990;s3anet al., 1991). For instance, mated females
of the cotton boll weevilAnthonomus grandis were less responsive to male-produced aggregation
pheromone (grandlure) than virgin females, botlaloratory bioassays and in field tests (Haelek,
1969). In insect species in which virgin femaleg &mapped, the reduction in the subsequent
generation may be directly related to the propartiemoved from the population. If females are
trapped after mating and after having laid somesgetig efficiency of this control method decreases.
If males were trapped, a very large proportion plby would have to be captured before there is a
noticeable impact on the next generation. Thigus for insect species in which both males and
females are capable of mating many times (Bord8i/)l The efficiency of the pheromone traps
may be influenced, among other factors, by the iplygical status of the pest such as reproductive
maturation and the mating status (Borden, 197 &stawt al., 1991).

Although the aggregation pheromone are known tactboth female and male weevils (Alpizar
et al., 1999; Tinzaarat al., 2000), there is lack of information on the effeftage and female
mating status o€. sordidus on catches in pheromone-baited trapgsmopolites sordidus become
sexually mature 20 days after emergence (Uzakadg)19Ve hypothesize that if mature and mated

individuals do not respond to the pheromone luttesn trapping will cause limited suppression of
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the weevil population in the field. A high poputati density of the target insect can also limit the
control efforts especially if there is competitioatween synthetic and insect produced plumes (Howse
et al., 1998). Mass trapping tends to be more effe@tew population densities as was reported for
Anthonomus grandis (Leggetet al., 1989; Ridgwayet al., 1990). The relationship between weevil
densities and weevil response to pheromone luregalsa not been investigated @rsordidus.

The current study was undertaken to test the hyseth that th€. sordidus response to the

aggregation pheromone is affected by differencega) density, female mating status and density.

2 MATERIALSAND METHODS

2.1 Sitedescription
Laboratory studies were conducted in a dark room3B) at the IITA Sendusu Farn82’ 32°35°E,
1260 metres above sea level (m.a.s.l.)), locatekn2®ortheast of Kampala, Uganda. The windows
and the door of the room were tightly sealed wittthk polythene sheets. Ambient temperatures in the
laboratory ranged from 22 to Z&€. During the study period, the room had a redt lifjat was
switched on during all experiments to facilitat&ing of data without disturbing the test insects.
Experiments were conducted between 9.00 am and @@0An electric fan (40 cm stand fan,
Everna®, 50W) was on during experiments to provide aemnatio

Field studies to examine the attractivity of aggt&m pheromone t€. sordidus were conducted
at Sendusu Farm and the Kawanda Agricultural Relsdastitute (KARI) (625'N, 3251'E, 1190
m.a.s.l.) and adjacent farmers’ fields in Senganlnorth of KARI. Both sites have two rainy seasons
(March-May and September-November) with mean anrawafall of 1200-1250 mm and daily mean
temperature of 23C.

2.2 Pheromone sources

The pheromone lures for use in laboratory bioassa field experiments were obtained from
ChemTica International in San Jose, Costa Ricay Were sealed in plastic and sent by courier
(transit time < 1 week) and subsequently stored freezer upon arrival until use. Each pheromone
pack contained 90 mg of Cosmolure+ with a release of 3 mg/day (A.C. Oehlschlager, pers.

comm.). They were used in their original plastickzae material.

55



Chapter 4

2.3 Insects
A culture of banana weevils was established in adshhouse at KARI using weevils that were
trapped using pseudostem traps (Mitchell, 1978nfridanana plantations in Masaka District.
Weevils were released to 30 | capacity bucketsaioimy pared (chopping off roots and outer
layer) corms. After laying eggs on corms for 5-Fsjaadult weevils were removed. The corms
were then placed in drums that were covered wifagyrus mat to allowing ventilation. Corms
were sprayed with water when necessary to mairgaiappropriate relative humidity until adult
weevils emerged (after about 50 days). Weevil cefwere established at a month interval to raise
weevils of different ages.

All weevils used in our studies were kept in thekd@om with the red light on for at least 15 h
prior to being used. Preliminary observations iathd that keeping the weevils in the dark room
increased their response in the bioassay. The fuserexd light allowed us to work during daytime

hours. Each weevil was used in a single assaytemddiscarded.

2.4 Double pitfall olfactometer

All laboratory bioassays were conducted using abl#opitfall olfactometer (Tinzaaret al., 2003).
The apparatus consisted of a round plastic baBisr{bdiameter, 30 cm deep) with two 4 cm-diameter
holes at the base 2 cm from each end of the diatmete Two flasks protruded through the two holes
with their rims aligning well with the cut surfaoéthe basin.

One weevil was placed at the centre of the olfaetemarena in each bioassay set. Each adult was
exposed to the odour source(s) for a maximum ahitutes after which the insects were categorized
as active (moved > 2 cm from the release pointhjaaive (moved < 2 cm) or inactive (displayed no
movement). The location of active weevils was astermined: (a) within a pitfall; (b) < 2 cm from
the release point; (c) > 2 cm from the releasetp®ine sequence of odour sources was randomised
over the experimental days. The odour sources reéaed after each bioassay to eliminate a potentia
location effect. Fresh odour sources were usedvery comparison. After testing each odour set, the

apparatus was washed with ethanol and air-drietitonate cross-contamination.

2.5 Sexand ageof C. sordidus (experiment 1)

Laboratory bioassays. We tested weevils of different sex and ages forr tlesponse to pheromone
lures in a double pitfall olfactometer. The treattseconsisted of immature (10 days old) and mature
(40 days old) weevils. Weevils used in the studyewsmllected from the established culture that was

raised as described above. Their sex was deterrareding to Longoria (1968). Female and male
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weevils were maintained separate until requiredofoassays. There were two jars connected to the
arena containing odour sources, i.e. one jar hagblieromone (1 pack, releasing at a rate 3 mg/day)
and the other had clean air (control). A weevil wigEed individually at the centre of the arenaqiib

from the odour sources) in the bioassay set anl \waevil was used in only one set of test. Eighteen
weevils from each age/sex category were testechensame day for their response to synthetic
pheromones. The experiment was repeated on fousr (daya total of 72 weevils were tested per age

category per sex).

Field experiment. Field experiments to determine the effect of agd sex on weevil response to
pheromone lures were conducted at KARI in a bafiatthplanted with cultivar Atwalira (Musa spp,
AAA-EA group). The different ages (treatments) afewils used for the experiment were: (i) 10-days
old weevils and (ii) 40-days old weevils. Each tmeant was replicated in three plots. The plot sias

10 mats x 12 mats at a spacing of 3 m x 3m and plete separated by 10 m wide alleys. The plots
were cleanly weeded and self-mulching. In each, pleevils were released on selected mats in the
following distance ranges: on trap mat (0 m), andwats less than 5 and more than 5 m from the
pheromone traps.

Weevils were collected from an established weewituce (described above) of different ages
according to the treatments. Weevils were markedrding to age and release distance from the
pheromone traps. Eight weevils (4 males and 4 feshalere released on selected mats in the evening
when they are active and can escape from pred&@aesirap mat of 0 m, and three mats less than 5
and four mats more than 5 m from the pheromonedb&iaps were used in each plot.

The 10 | bucket pitfall trap (Tinzaashal., 2000) baited with pheromone was placed in théspl
one day after releasing the weevils. The traps wé&aeed at the centre of the plot and only one
pheromone lure was placed in each trap. Pheromaps tvere checked everyday and weevils
recaptured were counted and recorded. The sex iatahak of release of recaptured weevils was
recorded. The experiment was conducted over agefiB0 days. At the end of the sampling period,
the percentage of weevils recaptured from the reiffe distances and of the different ages was
calculated.

2.6 Femalemating status (experiment 2)
Laboratory bioassays. The hypothesis that the mating status of femaldsieinces response to
pheromones was tested in the laboratory. Weevilsated from the established culture immediately

after eclosion were sexed. One set of 100 femadwiggvirgin) of the same age were kept in a ptast
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bucket until maturity while another set was exposedn equal number of males and kept together
until they started egg laying.

Both mated and unmated females were tested in dhble pitfall olfactometer. One weevil
was placed at the centre of the arena at a time.oflour sources (pheromone and clean air) were
rotated after testing three weevils. The appanatasthen washed with alcohol and air-dried before
subsequent use. Twelve weevils of each group (matddunmated) were tested on the same day
and the experiment was repeated on five days.

Field experiment. The field experiment was conducted at the KARidve field to evaluate the effect
of the mating status and ovarian development goores to pheromone-baited traps. The treatments
consisted of mated and unmated female weevils. Wgesere collected from the established culture
(described above) at KARI. They were sexed immeljiafter emergence. A batch of females was
kept with males (mated weevils) and the other batak kept without males (virgin weevils). The
weevils were then kept in the laboratory for a rhobéfore release in the field. The weevils were
marked according to the mating status and release m

Prior to releasing weevils in the field, 20 weewaifsach mating status were used to determine pre-
treatment oocyte numbers. The weevil ovary wasedisd under a microscope and the numbers of
small, medium and mature oocytes were counted.nisked females of each mating status were
released per mat in each of the four plots in ttemieg (7.00-8.00 p.m) on the following mats: (ieo
trap mat at 0 m, (ii) four mats at less than 5, @rceight mats at more than 5m from the pheromon
trap.

Pitfall traps baited with the pheromone were pldodtie plots as described in experiment 1. Traps

were checked every day and weevils recaptured ieeoeded according to distance/ mat of release.

2.7 Cosmopolites sordidus density (experiment 3)

Laboratory bioassays. The influence of weevil density on response terpimone was evaluated using
a double pitfall olfactometer in the laboratory. &/ densities (treatments) tested for each sex wer
(low density), 8 (medium density) and 16 (high digihgper 100 gm corm. Weevils collected from the
established culture and separated by sex weredpiagaastic containers (diameter 30 cm, height 20
cm) under three density conditions. Weevils welld hader these conditions for 48 h until use in the
bioassay. During the bioassays, one weevil wagagsetkat the centre of the arena at a time. Differen
density treatments were tested on the same dag o sex category was tested per day.
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The individuals (8 weevils) tested per sex constitua replicate and there were six replicates.
Observations for response were taken after 10 esndithe odour sources (pheromones and clean air)
were rotated after testing four weevils in the bgagy to eliminate the location effect. After tegtih
weevils (one replicate), the apparatus was washéu alcohol and air-dried to eliminate cross

contamination.

Field experiment. The treatments were: (i) 4 weevils/mat, (ii) 8 wkmat, and (iii) 16 weevils/mat.
The experiment had a randomized design with thepéicates. The experiment was conducted at
Sendusu in 8-year old banana plots planted wittivanlAtwalira and separated by 10 m wide alleys.
The plot size was 5 mats x 5 mats at a spacing wf 8 3m. The plots were well weeded and
unmulched. The resident weevil population size esignated before releasing the weevils. The mean
resident weevil incidence per mat in plots used &as1.8 and 4.0 for low, medium and high density
plots respectively. The weevils were released pplaunent the existing resident weevil population.
Weevils were marked prior to release accordingeto and released per mat in the ratio 1:1 (male:
female).

A pitfall trap baited with the pheromone as desatiim experiment 1 was then placed in the plots
to capture weevils. Traps were checked every theses for 30 days and weevils recaptured were

recorded according to distance of release andosadifferent densities.

2.8 Statigtical analysis

In all experiments, data for weevils respondinghi® odour sources or percentages of the recaptured
weevils in the field were analysed usingztest for contingency of the Minitab statisticalckage
(Minitab, 1995). The mean number of oocytes of chated unmated females before their release was
compared using a student’s t-test. The numberseeWilg recaptured from plots of low, medium and
high weevil densities were log transformed and yemaal using analysis of variance with the SAS
statistical package (SAS, 1990). The means wergamd using student-Newman-Keuls (SNK) test.
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3 RESULTS

3.1 Sexand ageof C. sordidus experiment 1)

Laboratory bioassays. Orientation responses by males and females tpitemone in the laboratory
setup were similar (Table 1). The response by m@2s= 0.22, P = 0.64) and femaleg (= 0.05,
P=0.82) to the pheromone was not dependent on itgadiirthe weevils. There was no association
between sex and maturity of weevils respondingh&éopgheromonex@ = 0.49, P = 0.48) (Table 1).
Sexual maturity and age of the weevils (mature Viedeing 30 days older than immature ones)

appeared not to influence weevil response to phamesiin the laboratory.

Field experiment: In the field trials, larger proportions of the-d8y old weevils were captured in the
pheromone-baited traps than for 10-day old weesatlsll distances of release from the pheromone-
baited trap (Figure 1). However, the differencesavanly significant for weevils recaptured from mat
>5 m from the pheromone trag2( = 4.06, P = 0.04). The percentage of weevilsptecad dropped
considerably when the weevils were released omidtenear the pheromone trap compared to those
released further away. The sex ratio (male: fen@leyeevils that responded to the pheromone was

1:2.3 and 1:1.4 for immature and mature weevilgaeisvely.

Table 1: Number of sexually immature and matungtad. sordidus responding to pheromones in
double pitfall olfactometer.

Weevil sex Maturity Pheromone  Cleanair % of wisahiat responded
Males Immature 46 2 66.6

Mature 41 1 58.3
Females Immature 36 3 54.2

Mature 40 4 61.1

Only weevils found inside the pitfall and less ti2acm from the pitfall are presented in the tableal
numbers of weevils tested were 72. Immature weewdise 10 days old while mature weevils were
more than 40 days old.
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Figure 1: Percentage number of weevils of differagées recaptured from different
distances relative to the pheromone-baited trap.r&#o of the recaptured weevils was
1: 2.3 for 10-days old, and 1:1.4 for 40-days okkwils. Bars with the same letters are
not sianificantlv differentx2-test. F > 0.05)

3.2 Femalemating status (experiment 2)
Laboratory bioassays. Unmated female weevils responded significantlyrantm pheromone than
mated ones in laboratory bioassays (Table 2). Téreeptage of non-responders was, however,

relatively high for both mated (52%) and unmate@®f weevils.

Table 2: Number of mated and unmated fer@alsordidus weevils found at different positions from the odou
sources in the double pitfall olfactometer (N =.60)

Mating status Responding weevils Non-responders
Pheromone Air

Mated 21 7 32

Unmated 34 2 24

Unmated females responded significantly more thranated femalesx@ = 4.9, d.f. = 1, P=0.03, 2x2
contingency table test).
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Field experiment: Significantly more small and mature oocytes webserved in mated than in
unmated weevils prior to release into the fieldy(ffe 2). The percentages of unmated (24.1%) and
mated (19.2%) weevils recaptured in pheromone-thaii@ps in the field were similaK2=0.61,
P=0.44) (Figure 3). The percentage recapture df bwted and unmated weevils was similar from
the trap mats and mats less than 5 m from thebwapvas significantly higher for unmated weevils

from mats greater than 5 2=4.06, P=0.04) from the pheromone-baited trapufieidt).

87 a
S 71
: 2 T
261 T l
[
S, L
g 51
o) b -
S 4 T Mated
2 | a 0 Unmated
a
g 31 T T
c
S 5 L [T
[ a
= T
17 I
O I T I
Small oocytes Medium oocytes Mature oocytes

Figure 2: Mean (x+ s.e.) number of oocytes for mated wamdated female weevils
used in the experiment to determine the effecthaf mating status on weevil
response to the pheromone. Bars for each oocytearstedgth similar letters are not
significantly different (t-test, P > 0.05).

62



Physiological factors influence banana weevil resgo

30

25

20

a B Unmated

]
15 a Mated

% weevils recapture

Week 1 Week 2 Total
Sampling week

Figure 3: Percentage of mated and unm#&tesbrdidus recaptured in pheromone-baited
traps. A total of 216 weevils were released foreaating status in the four plots. Bars
with similar letters are not significantly differefiP>0.05x2-test).

407 a
351 a
a
. 301
= a
§ 25
@ 00 B Unmated
é’ O Mated
L 151
=
N 107
b
5_
0 - T T 1
Om <5m >5m

Distance range (m)

Figure 4: Percentage of mated and unmated weeadaptured from different distances from the
pheromone- baited trap. Bars with similar letteesret significantly different (P>0.0%2-test).

63



Chapter 4

3.3 Cosmopolites sordidus density (experiment 3)

Laboratory biocassays. Males, females and mixed weevil groups under eamhsity treatment
responded similarly to the pheromone in a doulifalpolfactometer (P> 0.052-test), and therefore
data of the three sex groups were pooled for anmalysis. Weevils that had been kept at each of the
three different densities prior to the bioassayrditidiffer in the degree of attraction to the gimeone
(Table 3). Previous weevil density appears notaweehsignificant effect on weevil response to the

pheromone.

Field experiment: In the field experiment, the percentages of weeecaptured (only marked weevils)
from plots with low weevil density (7.8%), moderatensity (7.5%) and high density (6.6%) were
similar (2=3.33, d.f.=2, P=0.19) (Table 4). Sex ratios alapured weevils from the three density
plots were similary2=5.2, d.f.=2, P=0.73), although more females timates were recaptured in all

densities.

Table 3. Number ofC. sordidus of different densities that responded to the phmeree in a double pitfall
olfactometer

Weevil density Number responding Non-responders
Pheromones Clean air

Low 74 5 65

Moderate 82 13 49

High 59 8 77

A total of 144 weevils (72 per sex) were tested gensity. The number weevils responding to the
pheromone of different densities was not signifiqgg@=3.65, d.f.=2, P=0.16, 3x2 contingency table).

Table 4. Number and sex ratio of weevils recaptimgoheromone-baited traps from field plots witffetient
densities at Sendusu, Uganda.

Treatment Mean resident Number of weevils recaptured Unmarked

weevils/ mat  Males Females Sex ratid% of released

(M:F) weevils
4 weevils/mat (400) 0.9 24 70 1:2.9 7.8 228
8 weevils/mat (800) 1.8 49 132 1:2.7 7.5 305
16 weevils/mat (1600) 4.0 112 206 1:1.8 6.6 471

The total number of weevils that were added in edithe banana plots per treatment is indicatdatackets.
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4 DISCUSSION

The physiological state df. sordidus may influence its response to the aggregationgrhene.
Males and females &. sordidus of different ages were evaluated for responsadgheromone in

a double pitfall olfactometer. Both males and fessaksponded to the pheromone although the sex
ratio was skewed for females especially in fielpemxments. A sex ratio of captured insects which
is skewed for females has been previously obseforedeevils in the subfamily Rhynchophorinae
(e.gMetamasius hemipterus) (C.A Oehlschlager, pers. comm.). As females ai@nk to be more
active and move greater distances than males gséaech for oviposition sites and mates (Gald

al., 2001), more females than males could have bagtuied in pheromone-baited traps.

Receptivity ofC. sordidus to the aggregation pheromone source may vary agtéh Immature
and mature weevils responded equally in a doulifallpolfactometer. Weevils that were mature
had a stronger response to the pheromone than umenateevils in our field experiments.
Increased response with age has been previoustyteepfor other coleopteran insects such as
Anthonomus grandis (Borden, 1977; Obeng-Ofori & Coaker, 1990; Jansgoal., 1991). On the
other hand, a decrease in sensitivity to aggregapioeromone with increasing age has been
recorded for many other beetles. Walgenbach anksiger (1986) found that adult maize weevils
Sitophilus zeamais Motschulsky, up to one week old, showed a sigaificresponse to the male-
produced aggregation pheromone (Sitophilate), wiigevils from 2 to 6 weeks old showed no
response to pheromone, and weevils from 8 to 10ksvexd were significantly repelled by
Sitophilate pheromone. The increased response \aaben C. sordidus could be explained by
changes in the importance of particular behavioitin mcreasing age. Mature weevils may benefit
from the aggregation if it leads to increased ngatihances of individuals.

In both laboratory and field experiments we obsértfeat unmated females had a stronger
response to the pheromone than mated weevils. @lpilunmated females dietamasius
hemipterus were attracted more by aggregation pheromonebior¢dory bioassays (Ramirez-lucas
et al., 1996). Searching for males to mate with couldH#ereason why more unmated fem@le
sordidus responded to the aggregation pheromone. Captummngated and fertile females could
play a significant role in slowing down the popidat build up of the pest in a mass trapping
approach. Capturing femal€. sordidus when they have laid eggs on the host plant would
contribute less to suppressing the pest.

In our laboratory studies, there was no signifiadifference between weevils that responded to

the pheromone at low, medium and high weevil dgngitour field experiments, the proportion of
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weevils recaptured from the different density platsre similar. The results did not support our
hypothesis that weevils respond less in conditwits high weevil density where the pheromone
trap may compete with natural pheromone sourcesn@ing and starvation are some of the factors
that have been reported to influence responsesetts to pheromones (Walgenbach & Burkholder,
1986). Piercest al (1983) found reduced responses by the bedetigaephilus surinamensis to
beetle or frass volatiles with increasing populataensity. Insects in crowded cultures did not
respond to volatiles but transfer to fresh medithower densities restored response.

In general, our results showed that the physiokigstate ofC. sordidus influences their
responsiveness to the aggregation pheromone. TiHisffect trap efficacy as well as laboratory
bioassay results. The interpretation of laborattata and trap catches in the field situation must,
therefore, depend on knowledge of the behaviour @ngiology of insects. Information on the
effect of the sex, age, female mating status, asd gensity on pheromone traps catches may be

necessary in planning mass trapping programmeg tisénaggregation pheromone.
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Chapte®

Factorsinfluencing pheromonetrap effectivenessin
attracting the banana weevil, Cosmopolites sordidus

W. Tinzaara, C.S. Gold, M. Dicke, A. van Huis & P.E. Ragama

Abstract

Studies were conducted in Uganda to evaluate theence of distance, environmental factors, trap
location and trap type o@osmopolites sordidus (Germar) (Coleoptera: Curculionidae) catches in
pheromone-baited traps. A pheromone-baited buck&llliptrap was used in the studies. Trap
efficiency decreased with distance from the phemntrap. Of the weevils released within a
distance of 0.5, 1, 2 or 4 m from the pheromonéebatraps, 9-13% were recaptured within a
trapping period of 30 days at all places, whichgasgs a low efficacy of the pheromone lures.
Relative humidity showed a significant positiveatenship toC. sordidus catches in pheromone
traps, while wind speed, temperature and rainfalrbt have an effect. Pheromone-baited traps
with banana leaves covering around the trap cagtiigher numbers df. sordidus compared to
uncovered traps. More weevils were captured in gwhene-baited traps placed in alleys than on
mats. Information on how various factors influepteeromone-baited trap effectiveness will assist

in designing a pheromone-based mass trapping gyréte the control ofC. sordidus.
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1 INTRODUCTION

Pheromones and other behaviour modifying chemibalsl a great potential as tools for pest
management (Cardé & Minks, 1995, 1997; Phillip€@7t Agelopoulogt al., 1999; Suckling, 2000).
Pheromones have been used in both monitoring ipsgetlations and in direct control (Phillips, 1997,
Agelopouloset al., 1999). Pheromone traps provide an easy and eiffiei@y of detecting insect
populations in the field and in storage facilitfesillips, 1997). Control of insect pests can beexed

by mass trapping using pheromone-baited trapdutainsects to their death (Cardé & Minks 1995,
1997, Giblin-Davist al., 1994a). The application of pheromone trapping irequoptimization of the
trapping method.

A number of factors are known to influence the @ffeeness of pheromone traps in capturing
insects, such as distance of insects to traps\®&chll992; Byers, 1999; Labokeat., 2000), trap
location (McNeil, 1991; Muirhead-Thompson, 1991),eather (e.g. rainfall, wind speed,
temperature) (Janssah al., 1989; Labokeet al., 2000; Sappington & Spurgeon, 2000), and trap
type (Murad, 2001). Here, we investigate the tragmf the banana weeviCosmopolites sordidus
Germar) (Coleoptera: Curculionidae) with its aggtezn pheromone that is available in synthetic
form (Budenberget al., 1993b). Information on the effects of the abawentioned factors on
trapping effectiveness would be useful in develgpanpheromone-based trapping system for the
control of this pest. In this paper we evaluate hbevdifferent factors influence trap effectiveness
in capturingC. sordidus.

Cosmopolites sordidus feed on banana corm and are attracted by vola(kegomones)
emanating from banana plants, especially from cutlamaged corms (Treverrow, 1994). This
feature has been used to make pseudostem trapd éGal., 2002). The males produce an
aggregation pheromone (sordidin) that is attractovéoth sexes (Budenbesdtyal., 1993b). The
role of infochemicals (kairomones and pheromonesthe management @&. sordidus has been
reviewed by Tinzaarat al. (2002a). Both kairomones and pheromones have begfied for
application in a trapping system to contélsordidus (Alpizar et al., 1999; Tinzaarat al., 2000,
2003; Kagezkt al., 2002). In Costa Rica, traps baited with Cosnetufa mixture of four isomers
of sordidin) were 5-10 times more effective at edling C. sordidus adults than conventional
pseudostem traps (Jayaranaral., 1997; Alpizaret al., 1999). In on-station trials in Uganda,
pheromone-baited traps captured up to 18 timesaay nveevils/day as pseudostem traps in a field
heavily infested with weevils (Tinzaaehal., 2000). Trapping with pheromones, however, result

in only limited population reductions in on-farmadwation studies conducted in Uganda (Kagezi
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al., 2002). Factors such as trap maintenance, croppysgerss, residue management and
environmental conditions were postulated to havectdd pheromone efficacy. Studies conducted
in Australia showed that to maintain the traps waghkwell it may be necessary to cover them with
fresh banana leaves to reduce the temperature cath@ep the area around the trap moist to
encourage movement of the weevil (Murad, 2001).

Seasonal differences in trap catche€ogordidus most likely reflect weather effects on weevil
activity patterns rather than population dynamié®I¢l et al., 2001). In the laboratory, Uzakah
(1995) found activity to be positively correlatedrelative humidity and negatively correlated with
temperature and light intensity. Whi@@ sordidus adults appear more active in moist conditions
(Gold et al., 2001),it remains unclear how soil moisture and other emmental factors might
affect catches in pheromone-baited traps.

The objectives of this study were to determine #ifcacy of pitfall traps baited with
Cosmolure+ in relation to: (1) the distance betwiap and weevil source; (2) the proximity of the

trap to banana plants; (3) environmental factand; @) covering traps with banana leaves.

2 MATERIALSAND METHODS

2.1 Sitedescriptions

Field studies were conducted at IITA’'s Sendusu Faf82'N, 3235'E, 1260 metres above sea level)
(m.a.s.l.), located 28 km northeast of Kampala (idigd and Kawanda Agricultural Research Institute
(KARI) (0°25'N, 3251’E, 1190 m.a.s.l.) located 12 km north of Kampatad farmers’ fields at Senge
(adjacent to KARI). Both sites have two rainy seas(March-May and September-November) with
mean annual rainfall of 1200-1250 mm and daily nteawperature of ZC.

2.2 Pitfall trap design

Pitfall traps were made from 10-liter buckets (39 leeight, 30 cm rim diameter). The sides of the
buckets were cut to allow adult sordidus to enter the traps (Tinzaaehal., 2000). The buckets
were then buried such that the cuts were flushnagiéine soil. In each trap, a single Cosmolure+
lure was suspended by a nylon string 3 cm overstapy water. Each lure contained 90 mg of
pheromone with a release rate of 3 mg/day (C. @bladger, pers. comm.). The lures were obtained
from Chemtica, International in San Jose, Costa.Ritiese were shipped in closed polythene bags

by express mail to Uganda and stored in a freezidruse.
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2.3 Rangeof trap effectiveness (experiment 1)

2.3.1 Attraction of C. sordidus released at different distances fromtraps

Pheromone-baited pitfall traps were placed in #wre of six subplots (4413nconsisting of 7 rows

of 7 banana mats (cv Atwalira, AAA-EA) spaced iB & 3 m arrangement in an established banana
trial (Figure 1). The plots were well weeded andhaiit mulch.Cosmopolites sordidus infestation
levels were estimated by placing a 30-cm pseudopiece on each of the mats (Mitchell, 1978) prior
to the initiation of this experiment and an averafy¢.9 (+0.2 s.e.C. sordidus adults were trapped per
piece. Field collecte®. sordidus of unknown age distribution collected from farmdislds were
marked and released at a rate of 5 males and Sefemtithe base of each of the 49 mats. Sex was
determined on the basis of punctuation on theuws{t.ongoria, 1968). The weevils were marked by
gently scratching the elytra with a dissecting blddistinct marks were made to indicate releasetpoi
(mats) and sex. The weevils were released at dugkiecember 2002.

|3m|

\ N\ \ \ L L L
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X— ? ? PT = Pheromone trap
X= 49 release points on mats

¥ 4 A\

Figure 1: A schematic diagram of the banana matisdarplot where weevils were released.

A pheromone-baited pitfall trap containing a sinGlesmolure+ lure was placed at the centre of each
subplot one day after weevil release (Figure 1§ ffaps were checked daily for 30 days and captured
weevils were recorded according to sex, releasat poid direction of release mat. Distances of mats
from the pheromone traps on which weevils wereaseld were measured.

The numbers of marked insects captured from edehse point were used to compute the trap
performance within a given distance from the trépe average performance (P) was determined
directly from the total number of marked insectsgtd and the total of marked insects released nvithi

a given distance (radius) from the pheromone-baitgaldt (performance (P) = the number of marked
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insects caught divided by the number of insectsaseld within a given distance from the trap dhg T
proportion of female and male weevils recapturealliplots from <5 m, 5-10 m and > 10.1-15 m was

estimated.

2.3.2 Attraction of C. sordidus released in vicinity of trap

The objective of this trial was to determine thetaee rate of C. sordidus released in the vicioity
pheromone-baited pitfall traps. The experiment e@slucted in unmulched banana plots at Sendusu
(5 mats x 10 mats cv Atwalira, spacing 3 by 3 ner®@mone-baited pitfall traps containing a single
Cosmolure+ lure and liquid detergent as a retainiggnt, were placed in the center of the plots. The
release distances from the pheromone trap werd,®5and 4 m in each of the four cardinal direxio
(i.e. 16 release points) in each of six plots. Foafes and four females (bearing distinctive marks)
were placed in the field at each release pointuak cone day after placement of traps. Traps were
checked daily and captured weevils were identif@their release point. The proportion of weevils
that were recaptured from each distance was c#dculand subjected to analysis of variance
(ANOVA) with the use of SAS software (SAS, 1990)ams were separated by the Student-Newman-
Keuls (SNK) test.

2.4 Environmental factors (experiment 2)

The influence of environmental factors (rainfalinidity, temperature, wind speed and direction) on
pheromone trap captures was studied in the plets isexperiment 1 between December 2002 and
May 2003. Pitfall traps were maintained at the sdmeation with pheromone lures being renewed
monthly. Traps were checked daily for captured weeBoth marked and unmarked weevils were
counted. Wind speed, temperature, rainfall andtivelshumidity were recorded daily using an
automated weather instrument (CR-10X, Campbellrite Inc.) that was placed 300 m from the
experimental plots. A linear regression analysisgughe SAS statistical package (SAS, 1990) was
done to determine the relationship between weedidhes and wind speed, temperature, rainfall and

relative humidity per day.

2.5 Coveringthetrap with banana leaves (experiment 3)

2.5.1 Covering the whole trap

The objective of this experiment was to determirg@vering the entire pheromone-baited pitfall srap
with banana leaves would increase captureS. gbrdidus. The treatments consisted of covered and

uncovered pheromone-baited traps. Trials wererriwo established banana stands in Senge (Senge 1
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and Senge 2) and one at KARI in the wet seasori{Mmay 2002). The banana stands (approximately
2.5 x 2.5 m spacing) in Senge were three yearscoltsisted of mixed highland banana cultivars and
had moderate levels of management (residue psemostere present but trash removal and weeding
were well done). The KARI trial was placed in thgear old banana plots (36 mats, cv Atwalira, 3 x 3
m spacing, 5 m grass alleys between plots) with kignsities ofC. sordidus. The plots were well
managed and mulched with elephant grBsar{isetum purpureum).

Prior to the placement of pheromone-baited pitfalbs, pseudostem traps (2/mat) were placed in
the field to give an indication of. sordidus abundance Cosmopolites sordidus captured in
pseudostem traps were counted and released. Tpapesmaveraged 2.8 (0.8 s.e) adults in the Senge
stands and 6.0Gt(2.2 s.e) adults in the KARI plots. Different treaints were assigned to plots with
similar numbers of weevils. The experiment at KARiIs repeated in the dry season (January-February
2003).

Four pheromone-baited traps were placed in Sengiglit traps in Senge 2, and six traps in the
field at KARI. Traps were spaced at least 20 m tapgfaidiquid detergent (liquid soap) was put in
traps as a retaining agent and was changed evedags. Alternate traps were covered with four
fresh banana leaves that touched on the ground ahGrom the trap. Each trap was considered a
replicate; thus, there were 2, 4, and 3 replicate3enge 1, Senge 2 and KARI, respectively. Seven
replicates of each treatment (with and without Ipani@aves) were used when the experiment was
repeated at KARI in the dry season.

Traps were checked for weevils every three daysyhath time the leaves would be replaced
with fresh ones. The trial was conducted for 30sdddata within a field were compared using a
student’s t-test. The fields used were differenteinms of management and size of resident weevil
population, so it was not possible to compare ffeeeof trap covering between fields.

2.5.2 Covering around the trap

Two trials were held concurrently to determine dfiect of covering with banana leaves around the
pitfall trap baited with the pheromone. In thesalrthe covering was only done around the pitfal

and did not include the pheromone. These trial® wenducted at Kawanda banana plots in the wet
season (Apri-May 2004). The treatments were pifaps with and without banana leaves around the
trap and both types of traps were baited with thergmone. The first trial was conducted in banana
plots (36 mats, cv Atwalira, 3 x 3 m spacing, 5 rasg alleys between plots) that were well managed
and mulched with elephant grag¥gnisetum purpureum). The second trial was conducted in banana

plots about 500 m away with similar conditions gtdhat they were not mulched.
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Prior to the placement of pheromone-baited pitfalbs, pseudostem traps (2/mat) were placed in
the field to give an indication of. sordidus abundance Cosmopolites sordidus captured in
pseudostem traps were counted and released. Tpapesmaveraged 4.4 (.2 s.e) adults in the stands
for the first trial and 2.44 0.7 s.e) adults in the plots for the second trial.

Four and three pheromone-baited traps were plaeetrgatment in trial 1 and 2 respectively.
Traps were placed in the central mat per plot.gditl detergent (liquid soap) was put in traps as a
retaining agent and was changed every six daysridte traps were covered with fresh banana
leaves such that the area of about 0.5 m radiusndreéhe trap was covered. Each trap was
considered a replicate; thus, there were 4 an@lRates for trial 1 and 2 respectively.

Traps were checked for weevils every three daysyhéth time the leaves would be replaced
with fresh ones. The trials 1 and 2 were conduéted33 days and 30 days respectively. Data

within a trial were compared using a student’sst:te

2.6 Trap location relative to the host plant (experiment 4)

To evaluate the effect of trap location (relatieethe host plant) on trap catches, the following
treatments were used: a) pheromone-baited trapebatwats (1.5 m from mats), and b) pheromone-
baited trap on mats. The traps were placed inteelgiots at KARI (as described for experiment 3)
and at Sendusu. The plots at Sendusu were plaittebanana cultivar Atwalirausa spp, AAA-EA
group). There were six traps in the field at KARtdour traps in the field at Sendusu for eacthef t
two treatments. The plots at KARI were mulched vAénnistem purpereum and the plots at Sendusu
were not mulched. The experiment was run for 3G diayeach site. The number of weevils captured
was recorded, and the weevils were taken to therdédry to determine their sex. The number of
weevils captured from different locations accordimgheir sex category was compared usiRg &est.
The numbers of weevils attracted to the two tragations relative to banana mats were compared

using a student’s t-test.

3 RESULTS

3.1 Rangeof trap effectiveness (experiment 1)

Trapping efficiency decreased with release distanoa the pheromone-baited trap (Figure 2).
Trap catches contained significantly (P < 0.05) enfamales than males at each of the different
release distance ranges (Figure 3). When weevite wadeased in the close vicinity of the trap,

more weevils were recaptured from 0.5 m (14.1%) maned to those recaptured from 4 m (7.3%)
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(Figure 4). The percentage of weevils recapturedhim pheromone-baited trap at all release

distances was generally low.
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Figure 2: Percentage of weevils recaptured when releasedifferent distances from the
pheromone-baited trap.
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3.2 Environmental factors (experiment 2)

The percentages of weevils recaptured from diffed@rections relative to the pheromone-baited
trap were similar (Table 1). Weevil attraction went influenced by the direction of release relative
to the pheromone trap. There was no associatiomeleet sexes of recaptured weevils with the
direction of release (P = 0.18, d.f. =28 = 5.098). A regression analysis of weevil catcimes
pheromone-baited traps with relative humidity’®11, P=0.001) showed a significant, positive
relationship (Figure 5). Rainfall (R= 0.009, P=0.36), wind speed %R 0.013, P=0.26) and

temperature (R0.026, P=0.11) did not show a significant relagtoip to weevil trap catches in
pheromone-baited traps.

Table 1: The percentage of weevils recaptured @rgughone-baited trap in different directions from
the point of release.

Direction/location ~ Number of weevils Number of weevils recaptured
from trap released * Males Females % of total
Pheromone trap mat 40 4 10 35.0
North 200 4 19 12.0

East 200 9 14 12.0
South 200 5 14 9.5
West 200 8 18 13.0
Total 840 30 75 12.5

* Sex ratio =1:1. The association between sex cdptured weevils with direction was not
significant (P=0.17, d.f.=32=5.098, 4x2 contingency test).

3.3 Coveringthetrap with banana leaves (experiment 3)

Covering the whole trap: In all banana fields, uncovered pheromone-baitagds captured more
weevils compared to wholly covered traps althodghdifferences were statistically significant in
only 2 out of 4 trials (P<0.05) (Figure 6). Thereresmore weevil catches in pheromone traps in the

first trial that was conducted in the rainy seaman in the second trial that was conducted in the
dry season at KARI.

Covering around trap: The pitfall-pheromone-baited traps where the dogewas done only

around the trap captured significantly (P< 0.05yemweevils than uncovered traps for both trials
(Figure 7).
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Figure 7. Mean number (ts.e) of weewils captured in pheromone-batted traps covered
with banana leaves around the trap compared with uncovered traps. Means within a trial
with similar letters are not significantly different (t-test, P=0.05)

3.4 Trap location relativeto the host plant (experiment 4)

More weevils were collected in traps placed indheys (2.8 weevils/trap/day) than at the base of
mats (1.7 weevils/trap/day) at KARI. There werengigantly more females and males that
responded to traps in alleys than on the mat irkihRIl experiment (t-test, P<0.05). In Sendusu,
however, similar numbers of weevils were caughdliays (1.8 weevils/trap/day) and on the mats
(1.7 weevils/trap/day). Relative trap catches aom ittt and between mats were similar for both
weevil sexes at SendusxlE0.552, d.f.=1, P=0.35) and at KAR{2=0.025, d.f.=1, P=0.87). Equal
numbers of males and females were captured in tregpsvere placed in alleys and on the mats in
the experiment at Sendusu (Figure 8).
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means with the same letter are not significantifedént (t-test, P>0.05).
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4 DISCUSSION

Several factors (such as the pheromone efficaap, parameters and environmental factors) may
influence the pheromone trap effectiveness (Schiyit892; Byers, 1999; Janssehal., 1989;
Labokeet al., 2000; Sappington & Spurgeon, 2000; Murad, 2001 Yhe present study, we found
that C. sordidus catches in pheromone traps were influenced vdyidug the distance from the
trap, placement and trap type, and environmentabfa (e.g relative humidity, wind speed and
rainfall).

There were generally low proportions of releasedwie that were recaptured from the different
release distances. One possible explanation fdn 8mwe recapture rates is that weevils may be
attracted to within the vicinity of the trap but ynaot necessarily enter it (Tinzaaetzal., 2002b). An
alternative explanation may be that a large propordf the released weevils dispersed out of the
attraction range. In our studies, there was a woatis decline of weevil catches with increasing
release distance from the pheromone-baited tragvid¥s studies estimated the pheromone trap
effective attraction radius to range from 5-15 rmgsnterference studies (A.C. Oehlschlager, pers.
comm.). Our data suggests that the trap may be efi@&tive in the range up till 10 m.

More females were attracted to the pheromone-b&itgs than males in our studies. A sex ratio
of captured insects which is skewed for females b&en previously observed for weevils in the
subfamily Rhynchophorinae (elletamasius hemipterus) (C.A Oehlschlager, pers. comm.). As
females are known to be more active and move greliséances than males as they search for
oviposition sites and mates (Gadddal., 2001), more females than males could have bagtured in
pheromone-baited traps.

A relationship between climatic factors (rainfatglative humidity and temperature) and
pseudostem trap catches@fsordidus was reported by Arleu (1982). Uzakah (1995) fowrabvil
activity in the laboratory to be positively corried to relative humidity and negatively correlatath
temperature and light intensity. In our field saglirelative humidity but not rainfall showed asg
relationship withC. sordidus catches in pheromone-baited traps. Although weer known to be
active in moist conditions (Goldt al., 2001), the dissemination of pheromone may bepleasdl
during the rainy season. The mean temperatureglatinstudy was 19.% (+1.8 S.D). Temperature
is known to increase the dissemination rate oftheromone and insect activity (Maseral., 1990;
Howseet al., 1998) and therefore a positive relationship widevil catches was expected. However,
no relationship between temperature and catch&s sfrdidus in pheromone traps was observed.

Also, there was no effect of wind speed on weeaitloces in our studies, which may be attributed to
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the wind speed being negligible at the soil lemehie field. A non significant effect of wind speeal
pheromone trap catches of the sweet potato we@yihg brunneus) was reported in Uganda (Laboke
et al., 2000). Recapture rates of weevils that wereaseld in different (wind) directions from the trap
were similar, suggesting that there was hardly ayd influence on weevil movement to the
pheromone trap. The results may be attributed ¢obiblogy (sedentary, hidden in residues and
corms) of the weevil.

Pheromone-baited pitfall traps that were not calevgh banana leaves tended to capture more
weevils than traps that were wholly covered. Osuits suggest that covering the pheromone-baited
trap interferes with the pheromone disseminatiod hence affected the number of weevils that
respond. Possible hindrance of the weevils to eéhtetraps could also have led to the lower catches
in traps covered with banana leaves. Studies céedun Australia argued that coving with fresh
leaves keeps the area around the trap moist tousag® movement of the weevil and eventual
capture in traps (Murad, 2001). When consideringstace, our experiment was conducted both in
the wet and the dry season, and in both conditianspvered traps captured more weevils than
covered traps. This suggests that moisture playmshasignificant role in influencing the number of
weevils captured in covered pheromone traps.

When the experiment was conducted with the covetonge only on soil around the pheromone-
baited trap, higher numbers of weevils were cagtimecovered compared to uncovered traps. This
result agrees with observations from Canary IslgA@dsCarnero, pers. comm.) and from Australia
(Murad, 2001). The possible explanation is thateciogg may maintain moisture around the trap and
may also limit creation of gaps between the trag @e soil on drying which may prevent weevil
entry into traps.

Placement of pheromone traps near or away fromhtdst plant may influence trap catches
depending on the relationship between host and fradeng (De Groot and Debarr, 1998). We
thought that if a pheromone trap is placed neaiost blant, volatiles from the host plant may
synergise or enhance trap catches. In our studye thhas no evidence to support our expectation of
finding more weevils on the mats. Weevils are Uguaar banana mats which are associated with
sites for oviposition and mates (Bakyalire, 199ald&t al., 2004b).

In general, our study demonstrated that trap paeamas well as environmental factors influence
the numbers ofC. sordidus captured in pheromone baited traps. An understigndn how these

factors influence trap catches can assist in éffetitap deployment for the control Gf sordidus.
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The effect of mulching on banana weevil, Cosmopolites
sordidus, movement relative to pheromone-baited traps

W. Tinzaara, C.S Gold, M. Dicke, A. van Huis & P.E. Ragama

Abstract

A study was conducted in Uganda to determine tHeckefof mulching on banana weeuvil,
Cosmopolites sordidus (Germar) (Coleoptera: Curculionidae), movemenatred to pheromone-
baited traps. Three banana treatments were useckdabe different mulching levels: (1) bananas
without mulch (control); (2) bananas with thin mul¢< 3 cm thick); and (3) bananas with thick
mulch (6 cm thick). Pheromone-baited traps wereqaan the plots and weevil trap catches were
monitored. Weevil catches in pheromone-baited trfaps both mulched and unmulched plots
were generally similar. The mulching level did nafluence the ratio of males to females
recaptured. The numbers of weevils captured ingrhene traps at different distances from their
release point were lower in the dry season thahenwvet season and they were not influenced by
mulch levels. Mulching levels in plots did not idéince the numbers of weevils recaptured from
different directions. The results generally indecettat mulching had no effect on weevil catches in
pheromone-baited traps. Mulching is therefore cdibfgawith the use of pheromone-baited traps

in the control of the banana weevil.
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1 INTRODUCTION

The banana weeviGosmopolites sordidus (Germar) (Coleoptera: Curculionidae), is a magstpof
bananas in East Africa. Weevil larvae cause dantggéoring into the corm which results in
reduced nutrient uptake of the plant. The adulttddgy is characterised by nocturnal activity,
hydrotropism, long life span (up to four yearskléecundity and limited mobility (Golet al.,
2001). The insect rarely flies and moves only shkiistances by walking. The weevil tends to be
more active in moist than in dry conditions andntove further in mulched than unmulched systems
(Gold et al., 1999b). Mulched systems often support largerufadons than unmulched systems
(Price, 1993; Rukazambungial., 2002).

Mulching has been a widely recommended practid¢artoers in Uganda as a means of conserving
moisture and reducing soil erosion in banana pian& For example, Rukazambugaal. (2002)
found a yield increase in mulched farms. Neverdglthe banana weevil pest status may be greater in
mulched than unmulched systems. Yield loss to kamagevil was 14 tonnes/ha in mulched systems
compared to 8 tonnes/ha where mulching was notepflRukazambuget al., 2002).

The use of the banana weevil aggregation pheror@asenolure+ is currently being studied in
Uganda for the control of. sordidus. Results of laboratory and field experiments am@npsing
(Tinzaaraet al., 2000, 2003). The pheromone trap efficiencyss atfluenced by an interaction of the
cropping system (including mulching) and the biglogf an insect pest (Hebblethwaite, 1989).
Mulching influences weevil movements in banana falaons (Goldet al., 1999b), but to what
extent this would affect pheromone trap catchesCofordidus is not known. Therefore, the
influence of farm management practices such ashingcon pheromone trap catches needs to be
studied.

Mulching may have several effects on efficacy oéngmone lures in attracting. sordidus.
First, the mulch may impede dissemination of therpmone through the field, as well as the
weevil’'s ability to detect the pheromone’s presefiee the mulch may put an extra layer between
the weevil and the odour). Second, weevils tenleéanore active and move further in mulched
fields, presumably due to differences in soil maist Such activity may make weevils more
responsive to the lures, as well as increase lteéHood of the weevils coming into contact with it
(i.e. move through the effective range of the lure)

The objectives of this study were to: (i) determihe effect of mulching on number of weevils

captured in pheromone-baited traps; (ii) deterndistances moved by weevils relative to the
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pheromone-baited traps in mulched and unmulchetd;pdmd (iii) determine the effect of direction

from the pheromone-baited trap on weevil catchesuiched and unmulched plots.

2 MATERIALSAND METHODS

2.1 Sitedescription

The experiments were conducted in a field trighatITA Sendusu Farm {82'N, 3235'E, 1260
metres above sea level), located 25 km north dakiampala, Uganda. The site has two rainy
seasons (March-May and September-November) witmmeaual rainfall of 1200-1250 mm and

daily mean temperature of 2L

2.2 Experimental design

Pheromone efficacy in attractii@ sordidus under different mulching regimes was studied inad t
planted at Sendusu. The trial consisted of threstiinents: (1) bananas without mulch (control); (2)
bananas with thin mulch; and (3) bananas with timckch (see next paragraph for details). Plots
(306.3 ) consisted of 7 rows of 7 banana matsiga spp., cv Kibuzi, AAA-EA type) planted in a
2.5 x 2.5 m arrangement. Plots were separated by dleys. The treatments were placed in a

completely randomised design with four treatments.

2.3 Fidd history, planting and management

The experimental field was previously planted watmana cultivar AtwaliraMusa spp, AAA-EA
type) which was wiped out by weevil infestation.eTfield was sprayed with Chlorpyrifos in
August 2002 before ploughing. The field was plante@ctober 2002. The planting material was
obtained from farmers’ fields in the Masaka Did{ridganda. Prior to planting, the pseudostems
were cut 15 cm above the collar. The suckers wese pared (cleaned by chopping off roots and
the outer layer of the corm) and those showing ye@evil damage were rejected. The remaining
suckers were immersed in a solution of Chlorpyrifb$ ml per litre of water) for 30 minutes to
reduce banana weevil and nematode infestationgd&maet al., 2002c). Suckers were placed 10
cm below the soil surface in planting holes (60diameter, 60 cm deep) containing soil and 20 kg
of cow dung manure. Replanting where suckers didgeominate was done in December 2002.
Plant density was maintained at three plants per Wvaeds were controlled by spraying with
Roundup (glyphosate) every 2-3 months. Plant desirak and detrashing (removal of old leaves)

were conducted when needed.
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Grass mulches (mixtures &anicum maximum, Imperata cylindrica and Brachria spp.) were
first applied when the crop started to flower (M2§03). Five trailers (200-300 kg per trailer) of
mulch were applied in the treatment (per plot) floick mulch and two trailers of mulch were
applied in the treatment for thin mulch. Suppleraentmulching was done every four months using
the mulch material in the ratio of 5: 2: 0 for thi¢hin and no mulch respectively. The mulch was
approximately 6 cm and < 3 cm thick for thick ahdhtmulch respectively. No mulch was applied
in the control plots.

2.4 Cosmopolites sordidusrelease

Adult C. sordidus were collected from farmers’ fields in Masaka Dttusing pseudostem traps
(Mitchell, 1978). Weevil sex was determined usingvature of the last abdominal segment (Roth
& Willis, 1963) and punctuation on the rostrum (lgomia, 1968). Prior to release, weevils were
marked by making scratches on the elytra with nitstmarks for each banana mat per treatment.
Weevils were released in the evening (7.00-8.00 aunthe base of the mat in each plot by placing
them in shallow holes around the base of each T&t. weevils (5 females and 5 males) were
released per mat. The distance of mats from theoptene-baited trap was recorded.

2.5 Pheromone source and trap placement

Cosmolure+ (Chemtica International, San Jose, CRegta) was used as a pheromone lure in all
experiments. It is comprised of a polythene packwe sordidin (1S,3R,5R,7S)-(+)-1-ethyl-3,5,7-

trimethyl-2,8-dioxabicyclo[3.2.1]octane) (Mod al., 1996) that is released at 3 mg / day (A.C.
Oehlschlager, pers. comm.). For storage, packe vigitly sealed and kept in a dark cupboard at
21-25°C. After a container with pheromone had been opeiiedpheromone packs were stored in
the freezer at —&C.

Banana weevil aggregation pheromone was place@dh plot in pitfall traps. A pitfall trap
prepared out of a 10-litre bucket was used in éiigeriment (Tinzaaret al., 2000). The trap was
placed at the base of the banana mat that wag agtitre of the plot, one week after releasing the
weevils. The pheromone lure was hung from the foj@® bucket. One trap per plot was placed at
the central mat. Traps were checked every thres ttaynake sure that they flushed well with soil
level. A liquid detergent solution (1 litre) wasapkd in the trap as a trapping agent and was
changed every five days. Pheromone traps were giested during the wet season in August-
October 2003 (trial 1). The experiment was repeate¢de dry season between December 2003 and

February 2004 (trial 2). Between trials, split pdestem traps were placed on each of the banana
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mats in the plot (two pieces per mat) once per weekemove weevils and reduce existing

populations.

2.6 Sampling and data collection

2.6.1 Pheromone trap catches and sex ratio of weevils

Pheromone-baited traps were checked every thrge fd& 60 and 66 days for trials 1 and 2
respectively. Recaptured weevils were recorded;eplan vials and taken to the laboratory for
differentiation according to their sex and mateléase.

2.6.2 Weevil movement relative to the pheromone-baited trap

The number of weevils recaptured in pheromone-tditgps within 18 days dfap placement was
used to determine weevil movement relative to thp in plots of different mulch levels. Numbers
of weevils recaptured in pheromone-baited trapsewecorded according to the mat of release. To
calculate distances moved by weevils, each banatamithe plot was allotted co-ordinates. Data
on weevil captures were grouped before analysierdow to distance ranges moved relative to the
trap.

2.6.3 Effect of direction on weevil catches

The direction of banana mats relative to the phermybaited traps on which weevils were released
was recordedThe direction from where the weevils came was datexd only for the weevils
found in pheromone-baited traps in the first 18sdafypheromone trap placement. The data were
then grouped into direction quarters representeBast (SE -NE), North (NE-NW), West (NW-
SW) and South (SW-SE) for analysis.

2.7 Dataanalysis

The mean weekly number of weevils captured fromsptd different mulch levels was analyzed
using ANOVA of SAS (1990) and means were separagdg a Student-Newman-Keuls (SNK)

test. The association of weevil trap catches witkeation and distances moved in the different
mulch levels was analyzed using a contingency taésé on numbers, followed by Bonferroni
correction,a = 0.05/3 = 0.017, for multiple comparisons for dbothat showed significant

differences.
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3 RESULTS

3.1 Pheromonetrap catchesand sex ratio of weevils

In the wet season (Trial 1), significantly more weevils (marked and unmarke@ravcaptured in
pheromone-baited traps in thick mulch plots infing week than in thin and no mulch plots (P <
0.05) (Figure 1). In all subsequent sampling webkscatches were similar among treatments (P >
0.05). There was an observed decline of weevihest with time from all mulch levels. The total
number of marked weevils that were recaptured ftbiok mulch and thin mulch plots were
significantly higher than from unmulched plotg’ € 18.4, d.f. = 2, P = 0.0001) (Table 1). More
females were captured in mulched (=thin or thickanuplots than control plotxt= 19.7, d.f. = 2,

P = 0.0001), while for males the numbers recaptivetdveen treatments were similaf € 1.49,

d.f. =2, P =0.48).

In the dry season (Trial 2), weevil catches were similar for the three mulchengls (P > 0.05) in
all sampling weeks except in the seventh week whercatches were higher from no mulch plots
compared to thin mulch plots (P < 0.05) (FigureThere were no differences in total numbers of
weevils recaptured from plots of different mulckidbs (*= 2.36, d.f. = 2, P = 0.31) (Table The
numbers of malesxf = 0.15, d.f. = 2, P = 0.93) and femaleg ¢ 2.73, d.f. = 2, P = 0.26)

recaptured from the different mulch levels wereilsim

Comparison between seasons (Trial 1 and 2). The total numbers of weevils captured in pheromone
traps were higher in the wet (trial 1) than in thy season (trial 2) for thickx{=68.9, d.f.=1,
P<0.001), thin¥?= 51.0, d.f. = 1, P < 0.0001) and no mulch levgfs<(8.7, d.f. = 1, P = 0.003)
(Table 1). The ratio of males to females recaptimdabth seasons for each of the mulch levels was

similar. In all instances more females than malesewecaptured (P < 0.05).
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Figure 1: Mean number ($.E.) of banana weevils captured in pheromonestyaraps in
mulched and unmulched plots during the wet (tr)edrdd the dry season (trial 2).
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Table 1: Total number and sex ratio of weevilsaated to pheromone-baited traps in plots of differe
mulching levels (after 60 and 66 days for trialnl 2 respectively) at Sendusu, Uganda. In eacintesd, a
total of 490 marked weevils (245 males and 245 fes)awere released per plot, one week before a
pheromone-baited trap was placed in the centradt plot.

Trial Treatment: Number of weevils captured Male:
Mulch layer Males Females Unmarked Total recaptured female$

1 (Wet season) Thick 67a 158a 209 225a 1:24
Thin 6la 143a 184 204a 1:24
None (control) 54a 94b 167 148b 1:1.7

2 (Dry season) Thick 17a 67a 148 84a 1:3.9
Thin 19a 66a 121 85a 1:34
None (control) 19a 83a 126 102a 1:4.4

"Numbers in a column, per trial, followed by the sdetter are not significantly different (continggrtable
test followed with Bonferroni correction of = 0.05/3 = 0.017 for multiple comparisons).

The ratio of males to females recaptured was sagmifly different from 1:1 in all mulch levels (P95,
contingency table test).

3.2 Weevil movement relative the pheromone-baited trap

Of weevils released at distances of 3.1- 6.0 m@hed.0 m from the pheromone-baited trap more
individuals were recaptured in the thick mulch tivathe no-mulch treatment during the wet season
(trial 1) (Table 2). Recapture of weevils from atlikstances from the trap were similar for the

different mulch treatments. During the dry seagbmal 2) the recapture of weevils per release

distance were similar between mulch levels (TabldBe number of weevils recaptured per release

distance was higher in the wet season (trial I) thahe dry season (trial 2).

3.3 Effect of direction on trap catches

During the wet season (trial 1) the numbers of wesdhat were recaptured in pheromone traps
from the south and east directions from the trapewarger than those that were recaptured from
north and west directions in all mulch levels (TEaB). More weevils were recovered in thick mulch
than no mulch plots for the eastern and westeections. The numbers of weevils recovered from
mulched and unmulched plots were similar for thatlsern and northern directions. During the dry
season (trial 2), the numbers of weevils recapturedulched and unmulched plots were similar for
southern, eastern and western directions (Tableu)or the northern direction more weevils were

recovered from thick mulch than no mulch plots.
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Table 2: Number of weevils recaptured in pheromioaiéed traps after release at different distana®s the traps in mulched and unmulched plots

during the first 18 days of trap placement.

Trial Release distance from Number of Number of weevils recaptured from a distance P (Contingency
pheromone trap (m)  weevils released Thick mulch Thin mulch None mulch table test)

1 (Wet season) 0.0- 3.0 200 18 24 0.1
3.1- 6.0 640 62a 39ab 38b 0.014
6.1- 9.0 960 64a 41ab 38b 0.011
9.1-12.0 160 9 8 2 0.094

2 (Dry season) 0.0- 3.0 200 8 2 4 0.13
3.1- 6.0 640 14 17 24 0.22
6.1- 9.0 960 15 14 14 0.98
9.1-12.0 160 1 6 2 0.09

Numbers in a row that are followed by the samieldetre not significantly different (contingencpl@atest followed with Bonferroni correction

of a = 0.05/3 = 0.017 for multiple comparisons).
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N
Table 3: Percentage of weevils recaptured froneckfit directions relative to the pheromone-baitap in plots with different mulching

levels. The number of weevils released per divadt each of the four plots was 480 weevils (240est 240 females) while 10
weevils were released per pheromone trap mat.

Trial Direction of weevil % of weevils recaptured P(Contingency table test)
recaptured Thick mulch Thin mulch None mulch

1 (Wet season) Pheromone trap mat 25.0 20.0 17.5 70 0.
South 14.2 11.9 9.8 0.11
East 12.5a 9.4ab 7.0b 0.017
North 7.9 4.2 5.2 0.036
West 7.9a 6.0ab 3.5b 0.015

2 (Dry season) Pheromone trap mat 2.5 5.0 0 5. 0.81
South 3.3 3.1 9.0 0.04
East 6.0 6.3 5.4 0.85
North 2.9b 5.4ab 8.8a 0.0003
West 5.0 25 4.6 0.11

Direction quarters represent East (SE -NE), NadB-NW), West (NW-SW) and South (SW-SE). Numbers irow followed by similar
letters are not significantly different (continggrtable test analysis on numbers followed with Bordni correction oft = 0.05/3 = 0.017
for comparisons).
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4 DISCUSSION

The amounts of mulch in plantations have been teddo affect activity patterns . sordidus.
Gold et al. (1999b) found greater weevil movement in mulclieggh unmulched banana stands.
Rukazambugat al. (2002) and Price (1993) recaptured more weevilsnuiched banana plots
compared to unmulched plots. This is likely to eefl increased survivorship of adults and/or
altered movement patterns (i.e. tenure time) withanfield as a result of mulching (Rukazambuga,
et al., 2002). This may have been mediated by a betierorenvironment (higher soil moisture
levels, more constant temperature and relative tityniand improved refuge against enemies) in
mulched plots. In our study, weekly pheromone atches from mulched and unmulched plots
were generally similar. However, the total numbefsveevils recaptured in pheromone-baited
traps in mulched plots were higher in thick mulcipdots than unmulched plots in the wet season
but catches were similar in the dry season (Tapl&He data did not agree with our hypothesis that
mulching may affect trap catches. The higher regapin thick mulch plots during the wet season
could be related to the higher weevil activity andvement during the wet conditions. Weevils are
active in wet/moist conditions and become sedertaring dry conditions (Golet al., 1999b) and
their ability to detect pheromones may be decreased

Equal numbers of males and females were releaseauintrials. In both mulched and
unmulched plots, more females than males were teih Similarly, Delattre (1980) caught more
female weevils than males in pseudostem trapserfigihd during the rainy season when moisture
was high. Mulching did not affect the sex ratictloé captured weevils. Female weevils may move
more and may have greater activity as comparedaiesras they search for oviposition sites and
mates (Goldet al., 1999b). Indeed, it has been reported that femvalevils are more attracted by
the male produced aggregation pheromones than rBileenberget al., 1993b; Tinzaarat al.,
2004c).

Weevils are reported to be more active and movgedpulistances in mulched than unmulched
areas (Goldet al., 1999a). Our results indicate that more weeviseacaptured from thick mulch
than no mulch plots only in the distance rangethiade to nine meter during the wet season. In the
dry season there was no effect of distance on #evivcatch. Therefore, the effect of mulch level
on the distance the weevil covered towards thequhene baited traps was not substantial. The
results do not support the hypothesis that durivegywet season the pheromone may adsorb to
mulch leading to reduced catches in the traps.rilimbers of weevils captured in pheromone traps

from different distances in the dry season wereelothian in the wet season and not influenced by
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mulch levels. This implies that weevils are lestivacduring the dry season. Weevils become
sedentary in the dry season (Gaddal., 2001) and chances of coming in contact with the
pheromone lures are low.

There was a limited effect of mulch level on theediion from which weevils were recaptured
relative to the pheromone-baited traps. Weevil mmmt from a given direction relative to the
pheromone trap has an association with the wirettilon. The results of our study imply that wind
direction did not substantially influence trap ¢egs. Our recent studies showed that wind speed
was reported to have a limited effect on weevip tcatches (Tinzaaret al., 2004c). Moreover,
wind speed at the ground level in banana plantati®expected to be low.

The proportion of adul€. sordidus recaptured in pheromone traps in the differentcmigvels
was 7-11% in the wet and 4-5% in the dry seasoctoFathat contribute to the low pheromone trap
catches in our banana cropping system have beeuss8isd (Tinzaaret al., 2004c). Trap catches
are likely to be influenced by pheromone efficaklpwever, since the pheromone traps in this
study were not very effective in recapturing highmioers of weevils, the effect of mulching on trap
catches may have been underestimated.

The results of this study generally indicate thatahn levels did not have a substantial effect on
weevil catches in pheromone-baited traps. The raiffemulch levels did not have an effect on the
sex ratio of weevils captured. Mulch level had & s@mnificant effect on the distances moved by
weevils towards the pheromone-baited traps. Althaihg number of weevils caught in pheromone
traps in the dry season was numerically lower, ffeceof mulching was observed on trap catches.

Mulching therefore is compatible with use of pheoora traps in banana plantations.
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Chapter/

Effects of two pheromone trap densties againg
banana weevil, Cosmopolites sordidus, populations and
their impact on plant damage in Uganda

W. Tinzaara, C.S Gold, G.H. Kagez, M. Dicke, Avan Huis, CM. Nankinga, W. Tushemererwe & P.E. Ragama.

Abstract

An on-farm study to evaluate the effect of pheroetmap density on the population of the banana
weevil, Cosmopolites sordidus (Germar) (Coleoptera: Curculionidagas conducted in the Masaka
district, Uganda. The pheromone used was the wsewdfgregation pheromone that is
commercially available. Forty-two farms were asemjrto one of three treatments: 0, 4 and 8
pheromone traps/ha. Pheromone lures were changetthimat which time the traps were moved to
a different location within the stand. Adult weepibpulation densities were estimated by using
mark and recapture methodology at 0, 6, 12, 182dnthonths, while damage to the banana corm
was assessed at 0, 3, 6, 12, 18 and 21 months thiacgtart of the experiment. Pheromone trap
captures were generally low: about 10 weevils pap tper month. There was no significant
differences in mean catches of €rdidus per trap per month except for February 2002 where
doubling the pheromone trap density decreased Wwea&tzhes. Although not significant, decreased
efficiency was also the trend in higher trap deesiover all the data sets. Doubling the number of
traps however increased the number of weevils dapghha per month from 11.2% to 18.4%.
There was no significant difference in plant damagéveen the pheromone treatments in low
compared to high trap densities. Possible reasonghke low trap efficacy in this study are

discussed.
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1 INTRODUCTION

Trapping with pseudostems to control the bananavilye@. sordidus, has been recommended by
national research and extension programmes (@o#l., 1993; Ndegeet al., 1995) although the
efficacy of this method remains a subject of cordgrey (Gowen, 1995). Nevertheless, reductior@. in
sordidus populations following trapping with pseudostemsehbeen reported by Koppenhottral.
(1994), Masanza (1995), Ndegeal. (1995), Seshu Reddy al. (1995), Ngode (1998) and Gaitl

al. (2002). Yet, farmers’ adoption of this method teen limited due to trapping materials not
being available (Golét al., 2002), high labour requirements (Seshu Ready., 1999; Goldet al.,
2002), and lack of confidence in its effectiveng€sennyongat al., 1999).

The limitations associated with pseudostem trappange led to attempts to develop more effective
means of trapping, such as the use of synthetioptwnes. Budenberg al. (1993b) were the first to
report evidence for an aggregation pheromone edelag maleC. sordidus. Subsequently, Beauhaire
et al. (1995) isolated a fraction of the major comporathe pheromone, confirmed its bioactivity,
named it sordidin and elucidated its structureuidicly stereochemistry. Ndiegs al. (1996) and
Jayamararet al. (1997) developed a large-scale synthetic racesmididin that made field-testing
possible. Currently, the pheromone is synthesingdasta Rica by Chemtica International and sold
as lures under the trade name Cosmolure+. Thisoptwre has been recently tested in the
laboratory and in the field fd. sordidus response (Tinzaart al., 2002b, 2003).

Compared to pseudostem trapping, pheromone lurgs tiee advantage of increased trap
efficiency with less labour requirement. Pseudostesps normally last for only 3-7 days and
require frequent visits to remove and destroy a@ubrdidus, which may enter and leave the traps
(Gold et al., 2001). By contrast, pheromone lures last onetmdrhese are most commonly placed
above pitfall traps that drown entering weevilsgigaret al., 1999; Tinzaarat al., 1999a).

The use of aggregation-pheromone lures for trapathgtC. sordidus has been reported in Costa
Rica (Alpizaret al., 1999) and in Uganda (Tinzaagaal., 1999a) as a promising option. These
researchers employed a mass trapping strategy f@ingpgheromone-baited pitfall traps per ha, in
which traps were initially spaced in a single lidg@ m apart and 10 m from the border of the
plantation. Each month the traps received new lareswere moved 20 m further into the banana
stand. This procedure reduced corm damage by rmare@0% in 4-5 months, while bunch weight
increased by 20% (Alpizaat al., 1999).

This trapping method (Alpizaet al., 1999; Tinzaaraet al., 1999a) employs three tacit
assumptions: (1) in one month the traps removela proportion of the weevils within 20 m of the
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trap; (2) adulC. sordidus are sedentary and there is limited immigratiomweévils to those parts of
the field that have earlier been treated by tragpp(B) there is a low reproductive potential leadin
to limited population build up. Studies in Ugandavé also shown tha&l. sordidus is a sedentary
insect although some adults may move up to 60 fiwénmonths (Goldet al., 2001).

Cosmopolites sordidus is an important pest of highland cooking banaviasé spp, AAA-EA) in
East Africa. The results from the study by Alpizaal (1999) suggest that pheromones might offer
promise in helping control this pest in this regigkithough C. sordidus biotypes may exist
(Ochieng, 2001), preliminary on-station trials igahda showed Cosmolure+ lures to be highly
attractive toC. sordidus (e.g. collecting up to 18 times as many weevilspasudostem traps)
(Tinzaaraet al., 1999a).

In Africa, cropping systems are more diverse andagament less intense than in Costa Rica,
suggesting that field conditions affecting pheromdrap efficacy may not be comparable. An
additional constraint to using pheromones in Afrisathat they are not manufactured locally,
entailing high costs and problems with importatidistribution and storage. High pheromone trap
densities and high trapping frequency are ofteredo obtain satisfactory levels of pest poputatio
suppression (Wolét al., 1971; Lloydet al., 1981). Yet, Alpizaret al. (1999) employed a relatively
low number of traps, i.e. 4 per hectare, to conth@ banana weevil in Costa Rica. For the
American palm weevilRhynchophorus palmarum (L.), Oehlschlageet al. (1992) suggested that a
low trap density (2 traps/ha) would be as effectigea high density (6 traps/ha). In contrast, with
low population levels, a density of 2.5 traps fh@otton fields resulted in a high rate of elimioat
of the boll weevil,Anthonomus grandis grandis Boheman (Leggett al., 1989). There are no data
available on the effect of pheromone trap density @ sordidus populations in Ugandan
conditions. Therefore, the objective of this stweys to evaluate the effectiveness of two densities
of pheromone traps in reducing weevil populatiom$ damage in farmer’s fields.

2 MATERIALSAND METHODS

2.1 Sitedescription

The study was conducted in Kiseeka sub-county, keashstrict situated 30 km southwest of
Masaka town, Uganda from August 1999 to March 200Re site was at 1200-1300 m above sea
level with two rainy seasons (March to May and Sefiter to December) and with mean annual
rainfall of 1300 mm. The site consisted of sevemisbas (i.e Busubi, Kakamba, Kiwangala,

Kikenene, Nakalembe, Nakateete and Ngereko) that used for the study.
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2.2 Farm selection

Forty-two farms (6 per parish) were selected tdigaate in this study. Selected farms had banana
stands that were at least two years old and caedaat least 100 mats. A baseline survey was
undertaken on selected farms to determine the &fizZé. sordidus populations, damage levels,

plantation residue management standards, banamhstes and farm isolation.

2.3 Treatmentsand experimental design

The three treatments in this study were: 0 (coptdl(low-density) and 8-pheromone traps/ha
(high-density). Each farm was considered a reidaarmers were selected on a volunteer basis for
trial participation during a stakeholders meetimg einsure cooperation during the study. The
allocation of the farmers to treatments was dondaoely.

The number of traps for individual farms was cadtedl by multiplying trap density times the
size of the banana stand. When this produced dractdf traps per farm, we used a mean density
over the course of the study (e.g. if a farm wasetteive 2.5 traps per month, we would place 2
traps the first month and 3 traps the next month).

2.4 Pheromonetrap design and placement

Pitfall traps were made from 3-litre buckets 18 diaameter, 16 cm height (Tinzaaghal., 1999a).
The sides of the buckets were cut to allow a@ulsordidus to enter the traps. The buckets were
then buried such that the cuts (lower edge of timelows) were level with the soil surface. In each
trap, a single lure (Cosmolure+) was suspended ®wen the water by a nylon string. Each lure
pack contained 90 mg of pheromone at a releaseofé&@ang/day (Oehlschlager, pers. commun.).
Soapy water (1 L) was placed in the trap to fat#itdrowning of the weevils.

The first traps were placed at the base of banaata approximately 20 m apart, starting 10 m
from the stand border. Each month we replacedutesland moved the traps 20 m further into the
stand. Farmers were advised on the importance oftanaing the pitfall traps lower edge window
flush against the soil surface. In addition, oetdiassistant based at the site checked the tvapg e
five days to make sure that the traps were coyrg@tdiced against the soil, and the water in thestra

was replenished if necessary.
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2.5 Cosmopolites sordidus collection from traps
The field assistant removed and countedGhsordidus adults that had entered each trap every five
days. The date, trap number and number of weets wecorded on a data sheet.

2.6 Cosmopolites sordidus adult population estimates

Adult C. sordidus populations were estimated at 0, 6, 12, 18 andan@tths using the mark and
recapture methods described for banana weevil fog P1993) and Gold and Bagabe (1997). Split
pseudostem traps (30 cm long) (Mitchell, 1978) walexed at the base of every mat in smaller
fields, and alternate mats in larger fields. Thdegs after placement the traps were checked for
adult C. sordidus. These were counted, marked by scratching theaelyith a surgical blade
(distinct marks were made for each sampling dateq, released at the same spot. A second set of
pseudostem traps was placed two weeks later whikesjuent checking of traps after three days.
The numbers of marked and unmarkadsordidus adults were recorded. Weevil adult populations
were estimated through mark and recapture usingLitheoln index (Gold & Bagabe, 1997):
N=m*n/r, where N is the population estimate; mhe humber of released (marked) individuals; n
is the total number of collected weevils; and the number of marked individuals which were
recaptured (Southwood, 1978). Population estimaft€d sordidus were converted from numbers
per farm to density per hectare.

Previous mark and recapture studies using seqlidrdigping at the base of banana mats
demonstrated considerable mixing of released adwith the rest of the population
(Rukazambunga, 1996; Gold & Bagabe, 1997). Moredvesordidus biology (i.e long life span,
low fecundity and limited mobility) further suggesiat the assumptions of the Lincoln index were

met.

2.7 Bananacorm damage

Cosmopolites sordidus damage on the corms of recently harvested plaatsagsessed at 0, 3, 12,
18 and 21 months using the cross section methdgbtif et al. (1994). Cross sections were made
through the collar (corm/pseudostem junction) dmdugh the corm 5 cm below the collar. In each
cross cut, the percentage of surface area consbmél sordidus larvae was estimated for the
central cylinder and outer cortex. The mean offtlue scores was calculated to estimate total cross

section damage.
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2.8 Dataanalysis

Data on pheromone trap catches, weevil populatioh tatal cross section damage scores were
subjected to analysis of variance (ANOVA) using @1eM procedures of SAS (SAS, 1990). Means

were separated by the Student-Newman-Keuls (SN#{) #eregression analysis was conducted to
determine the relationship between the mean nuofheeevils captured per month and the average

rainfall (mm).

3 RESULTS

Baseline data collected on study farms with thekrnalease-recapture method revealed a mean
initial population of 15,00@. sordidus adults/ha on control farms, 11,000/ha on low-tlepsity
farms and 12,000/ha on high-trap density farmsuiféid.). At the beginning of the experiment, the
number ofC. sordidus adults /ha in control, low and high trap densigynis were statistically
similar (P> 0.05). On subsequent sampling occasioiMay 2000, December 2000 and June 2001,
the number of estimated adults/ha were signifigalaiver in low pheromone trap density farms
compared to control farms (P<0.05). In May and Ddzer 2000 the estimated number of weevils
at the high trap density farms was similar to thahe control farms. The number of weevils/ha in
low and high-trap density farms were statisticallyilar on all sampling occasions (P> 0.05). Only
on one sample occasion (June 2001) both low arf thégp density farms had significantly lower
number of weevils than the control farms. The aardand pheromone treated farms showed similar
numbers of adulC. sordidus/ ha during the last sampling occasions (Decembéd zand March
2002) of the experiment.

The pheromone pitfall traps caught a mean of Gaige = 7.1 — 13.9¢. sordidus adults per
month under low-trap density conditions, and a mea.7 (range = 6.4 — 11.6) in high-trap
density treatments (Figure 2). The meanCofsordidus per trap per month in low and high-trap
density farms were statistically similar exceptidgrthe sampling month of February 2001 when
mean catches were significantly higher (P<0.05lpu-trap density farms than high-trap density
farms. The relationship between the mean numberelils caught per month and average rainfall
(mm) was not significant #£0.16, P=0.13) (Figure 2).

Pheromone trap captures in this study corresporadni@an monthly removal of 39 weevils/ha
at low-trap density (0.4% of estimated field popiolas) and 70 weevils/ha at high-trap density
(0.6% of estimated field populations). Interpolatmf baseline population estimates suggests initial
population densities of 345 and 377 weevils witail0 m radius of traps ilow- and high-trap
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density treatments. This would indicate that dowblhe number of traps increased the number of
weevils caught per ha per month from 11.2% to 18.7B# trap efficiency however decreased from
2.8% and 2.3% by doubling trap density within teearted 10 m (314 #radius, which is the
most effective range of attraction by the pheromibaps (A.C. Oehlschlager, pers. commun.).
Weevil corm damage was generally low and statibficeimilar (P>0.05) among treatments
throughout the experiment except in September 20@DDecember 2000 when the mean damage
difference in controls farms compared to pheromtneated fields was higher (Figure 3). In
September 2000 and December 2000, weevil corm danmagpw- and high-trap density farms

were statistically similar (P> 0.05).

4 DISCUSSION

The mean monthly removal @. sordidus from farmers’ fields was generally low in this gy It
was therefore not surprising that there were lidhiteductions in adulC. sordidus population
density or in weevil damage compared to in the robrftelds. In Cameroon, Messiaen (2001)
similarly observed that pheromone traps were nfeticé¥e in reducingC. sordidus populations.
Alpizar et al. (1999) on the other hand reported significantypaon and damage reduction in
Costa Rica. In laboratory studies using olfactometrethods and a locomotion compensator, the
pheromone was observed to be attractiv€.tsordidus and the effect was higher when presented in
combination with fermented pseudostem tissue (Erest al., 2002b, 2003).

Doubling the number of traps in the present stuitygased the number of weevils caught per
ha per month but did not reduce damage to theldihie trap efficiency per month (within the 10
m radius) however decreased from 2.8% to 2.3% klpliteg the trap density. Catch per trap may
be lower when the pheromone traps are placed &t thign at low densities (Schlyter, 1992). In
preliminary studies conducted in Costa Rica, therpmone traps captured mdzesordidus at low
than at high trap density and this was attribuedrap interference (C.A. Oehlschlager, pers.
Commun.). However, since pheromone traps in ouystvere not very effective in capturing high
numbers of weevils, the effect of doubling trap gignon the number of weevils captured per ha
may have been underestimated. Theoretically, tleetefeness of mass trapping could be improved
by increasing the density of traps (Knipling, 1978)t densities higher than eight traps per ha are
neither economical nor practical. Future researthUganda should focus on improving the

efficiency of pheromone traps, before further omAfatudies are undertaken.
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The poor performance of pheromone traps in Ugandwa Inave resulted from several factors
that might be improved upon. The success of supprgpest populations depends on the efficacy
of the trap used. Pheromone release rate may nmfudow traps perform relative to the natural
pheromone sources and thus determine how well #tiegct insects (Mason & Jansson, 1991;
Oehlschlagekt al., 1995; Smitet al., 1997; De Groot & De Barr, 1998). Cosmolure+agled in
plastic containers of 90 mg releasing at a rat8 aig per day (Oehlschlager pers. comm.). This
release may not have been sufficient to stimulagewV response in our cropping system. The
number of weevils attracted by Cosmolure+ may deroed by increasing the release rate of the
pheromone or by using two lures per trap. Increptile number of lures per trap may increase the
number of weevils captured but the efficiency (nemlbaptured per lure) may be decreased.
Increasing the number of lures has the disadvarmbgeking the trapping system costly. There are
also cases where reduced pheromone trap catchés Higher release rates of the pheromone were
observed (Howset al., 1998; Hardie & Minks, 1999). In this case the ois®ay reach a response
threshold before reaching the pheromone trap.

Pheromone pitfall traps need to be placed tightrsgahe soil surface to allo®. sordidus to
enter. A gap between the pitfall trap was ofteneobsd in our study, especially during dry
conditions. If there is a gap between the trap thedsoil surface or if the lower edge of the cut
window is not level with the soil surface, weewildl find it difficult to enter into the trap restithg
in reduced trap catches. Chemtica Internationaldessgned a ramp trap to avoid this problem
(Alpizar et al., 1999). Alternatively, researchers in Australiver the tops of the pitfall traps with
banana leaves to maintain moisture and reducetémperature. This leads to increased weevil
activity and eventually higher catches (Murad, 200fhzaaraet al., 2004c). Higher capture rates of
C. sordidus were observed in the wet season (February to Apdl August to November) than in
the dry season (December to January and May to).JiHgwever, this difference was not
statistically significant.

Pheromone trap efficacy can be influenced by ioteva of the cropping patterns
(monocropping or mixed cropping) and farm managdnexels (Hebblethwaite, 1989). In contrast
to plantain and Cavendish banana production sysiei@esta Rica, highland banana in Uganda is
most often produced in complex crop mixtures witv Imanagement levels. During the course of
this study, we observed that weedy fields and $ieMdth poor sanitation (i.e. poor removal of
banana residues) tended to have lower trap catohasleaner fields. Pheromone trapping may not
result in the suppression of the pest populatiepe@ally when host plant residues provide a basis
for pest multiplication (Weslein, 1992; Jamesal., 1996). In banana fields that are poorly
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managed, the pheromone may have to compete wittilesl from residues and stumps. Non-host
plant volatiles (such as from weeds) have also beported to have inhibitory effects that interfere
with insect responses to pheromones (Diclatrad., 1992; Byerset al., 1998; Reddy & Guerrero,
2004).

Even with a possible improvement of field resufessmers may only be willing to accept the
technology if their perception of costs is addrdsSéne lack of immediate and obvious effects of
pheromone trapping on banana weevil populationscanth damage is likely to discourage farmers
from using this method. For example, farmers in eqgrarts of Uganda were reported to have
abandoned pseudostem trapping after a few weeksubedhey observed no immediate reduction
in weevil numbers or crop improvement (Getdil., 1993).

In conclusion, pheromone-trapping system on farinfegkls was not effective. Preliminary
observations in on-station and on-farm trials ssggeat aduliC. sordidus may aggregate at mats
adjacent to pheromone traps without entering thp (Tinzaareet al., 2002b). If this is the case,
pheromone traps might be integrated with the dsfivef entomopathogens (e.dgeauveria
bassiana andMetarhizium anisopliae). Application of these microbial control agentsilcbthen be
concentrated at mats adjacent to pheromone traffgerrthan applied throughout the field. These

aspects are currently being investigated in Uganda.
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Chapter8

Olfactory responses of banana weevil predatorsto
volatiles from banana pseudostem tissue and
synthetic pheromone

W. Tinzaara, C.S. Gold, M. Dicke & A. van Huis

Abstract

As a response to attack by herbivores, plants oah & variety of volatile substances that attract
natural enemies of these insect pests. Predatotheobanana weevilCosmopolites sordidus
(Germar) (Coleoptera: Curculionidae) such @&mactylosternum abdominale (Coleoptera:
Hydrophilidae) andPheidole megacephala (Hymenoptera: Formicidae) are normally found in
association with weevil-infested rotten pseudostantsharvested stumps. We investigated whether
these predators are attracted to such environnigni®latiles produced by the host plant, by the
weevil or by the weevil-plant complex. We evaluatptedator responses towards volatile
kairomones from banana pseudostem tissue (kairashoard the synthetic banana weevil
aggregation pheromone Cosmolure+ in a two-choitactmeter. The beetl®. abdominale was
attracted to fermenting banana pseudostem tissti€Casmolure+, while the aft megacephala
was attracted only to fermented pseudostem tisBogh predators were attracted to banana
pseudostem tissue that had been damaged by waeadklirrespective of weevil presence. Adding
pheromone did not enhance predator response tdilesldrom pseudostem tissue fed on by
weevils. The results show that the predators ales tabperceive volatiles from banana pseudostem
tissue. The number of both predators recovered pgudostem traps in the field from banana mats
with a pheromone trap was similar to those in pestai traps less or more than 5 m from the
pheromone. Thus, there was no clear evidence likawvéevil's aggregation pheromone influences
predator distribution around the trap in the field.
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1 INTRODUCTION

During host searching, natural enemies of herbw®iosects (predators and parasitoids) are known
to utilise volatile chemicals emitted by plantsharbivorous insects (Vinson, 1976; Vet & Dicke,
1992; Dicke & Vet, 1999; Turlinget al., 1995). Natural enemies that forage for herbiusrbosts

by using infochemicals may have a problem concegrnghability and delectability of these stimuli
(Vet & Dicke, 1992; Wiskerket al., 1993). Stimuli from the host’s food are well-eleiable but are
not reliable in indicating host presence. Hostadsdistimuli are generally the most reliable sources
of information but are not easy to detect by nadtereemies especially at long distances (Vet &
Dicke, 1992). Therefore, natural enemies such aasgaids when faced with the reliability-
detectability problem have evolved mechanisms miihig easy-to-detect stimuli to reliable but
hard-to-detect stimuli (Vet & Dicke, 1992). Natuerlemies may also exploit pheromones of their
victim as kairomones in long distance herbivoreatam (Wiskerkeet al., 1993). The use of
chemical information that is both reliable and e&sydetect enhances natural enemy searching
efficiency (Vet & Dicke, 1992).

Infochemicals, both those used within and betwgrties, can be utilised in pest management
by either exploiting the way the natural enemy oesls or by manipulating the source of the
infochemical (Dickeet al., 1990; Vite & Baader, 1990; Foster & Harris, 199Fnr example,
infochemicals can be used to enhance the seardfiiogency, host utilisation and reproductive
capacity of natural enemies (Renwick, 1992; Tudiagal., 1995; Scutareanet al., 1997; Steidle
& van Loon, 2003; McGregor & Gillespie, 2004). Theare few studies on the application of
infochemicals to manipulate the behaviour of predabr parasitoids in the field (e.g., Drukletr
al., 1995; Shimodaet al., 1997; Bernasconet al., 2001). However, data on the role of
infochemicals in predator foraging have become labbks for several groups such as predatory
mites (Sabelis & Dicke, 1985), pentatomids (Van h@bal., 2000), anthocorids (Drukkest al.,
1995; Dwumfour, 1992), chrysopids (Reddyal., 2002) and coccinellids (Steidle & van Loon,
2002). The predatdrhizophagus grandis (Gyll.) (Coleoptera: Rhizophagidae) is attractedraps
baited with a kairomone produced by the bark beB#adroctonus micans Kug (Coleoptera:
Scolytidae) (Aukemat al., 2000) and this can be exploited to monitor thelater's distribution in
the field.

The banana weevlosmopolites sordidus (Germar) (Coleoptera: Curculionidae), a major pést
bananas in Uganda has predators that have beelfy rfastd in environments harbouring weevils
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such as pseudostem traps and rotten pseudostem, tiften in larval tunnels (Koppenhoferal.,
1992; Koppenhofer, 1993; Tinzaaehal., 1999b; Abera, 2004). Some ant species that Hawe t
potential to controlC. sordidus include Pheidole megacephala, and Tetramorium guineese (Mayr)
(Hymenoptera: Formicidae) (Gokd al., 2001, Abera, 2004). Non-ant predators knownr&y @n
weevil eggs and larvae inclu@actyl osternum abdominale (Fabricius) (Coleoptera: Hydrophilidae),
Euborellia annulipes (Lucas) (Dermaptera: Carcinophoridae) afu/reocephalus interocularis
(Eppelscheim) (Coleoptera: Staphylinidae) (Koppeffes et al., 1992). Of these threeD.
abdominale and P. megacephala are the most abundant predators in environmenterped by
weevils in Uganda (Tinzaastal., 1999b; Goldet al., 2001; Abera, 2004).

Dactylosternum abdominale and P. megacephala are generalist predators that feed on micro-
fauna and —flora of decomposing plant tissues, aggssmall larvae of insects. Decomposing tissue
IS more attractive to these predators than fregs gopenhoefer, 1993). Use of infochemicals by
generalist predators during prey location have dmrumented (Dwumfour, 1992; Scutareabu
al., 1997; Haberkern & Raffa, 2003; Steidle & van Lp@903; McGregor & Gillespie, 2004).
Information on how volatiles from decomposing bamaseudostem tissue influence these predators
in their host searching and host location is natilable. Therefore, we have investigated the
behaviour of Dabdominale and P. megacephala predators under laboratory and field conditions to
assess whether they use volatile infochemicalscagsd with banana weeuvils.

An aggregation pheromone has been identifiedCfosordidus, which is specific to the weevil
(Jayaramaret al., 1997). A synthetic pheromone source containinggure of the four sordidin
isomers is sold under the trade name Cosmolure€. fieromone has been studied in the
laboratory and in the field for the managementofordidus (Tinzaaraet al., 2000, 2003), and
attracts both males and females (Alpiggal., 1999; Tinzaarat al., 2000). The pheromone-baited
trap captures up to 18 times more weevils thamaextional split pseudostem trap (Tinzaetral .,
2000). Information on the effect of this aggregatgheromone on the behaviour of the weevil's
predators has not been investigated. Several spe€i@redators have been reported to use the
aggregation pheromones of their hosts during hemtching and location (Dwumfour, 1992; Vet &
Papaj, 1992; Hedlunet al., 1996; Haberkern & Raffa, 2003; Steidle & van hp2003).

The objectives of this study were to determine Wwaet(i) volatiles from banana pseudostem
tissue andC. sordidus pheromone attract the predat@sabdominale andP. megacephala, (ii) the
predators respond to host plant volatiles and wéiethis response is dose dependent, (iii) the
pheromone enhances the predators’ response to Ivdeevaged pseudostem tissue, and (iv) the

pheromone affects the predators’ distribution adopineromone-baited traps in the field.
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2 MATERIALSAND METHODS

2.1 Sitedescription
Laboratory and field studies were conducted at Kal@aAgricultural Research Institute (KARI)
(0°25'N, 3251’E, 1190 metres above sea level), 13 km nortkashpala, Uganda. The site has two
rainy seasons (March-May and September-Novembeh an average precipitation of 1180 mm
per year. Average daily temperatures range betwkerand 28C. Relative humidity in the
laboratory ranged from 60 to 80%.

A field experiment was conducted in banana plotsARI| planted with cultivar Nabusausa
spp, AAA-EA group).The plot size was 10 x 12 mats (a banana mat derdiplants arising from
a common corm/rhizome) at a spacing of 3 x 3 m. filoés were weeded after every two months

and were not mulched.

2.2 Volatiles

Pieces of fresh pseudostem (less than a weeklateest) from the banana cv Nabusa collected
from banana fields at KARI, were placed in plastatainers for seven days at room temperature to
get fermented pseudostem tissue. Fresh pseudostene twas collected at the time of the
bioassays. Fifty grams of either fresh or fermemseludostem tissue was used for bioassays. This
same dose was previously successfully used foiestuaf the weevil’'s response to infochemicals
(Tinzaaraet al., 2003).

The pheromone lures for use in laboratory bioasaagsfield experiments were obtained from
ChemTica International in San Jose, Costa Ricay Were sealed in plastic and sent by courier
(transit time < 1 week) and subsequently stored freezer at -83C upon arrival until use. Each
pheromone pack contained 90 mg of Cosmolure+ withelease rate of 3 mg/day (A.C.
Oehlschlager, pers. comm.). The pheromone packs wdividually used as odour sources in their

original plastic package material.

2.3 Predators

Adults of the beetl®. abdominale and the anP. megacephala were selected for use in laboratory
bioassays to assay their response to infochemiBatslators were collected by hand searching in
rotten banana pseudostems and corms from the dislidkept on a non-substrate tissue (wetted
tissue paper) in the laboratory for 24-48 hourf®eiise in bioassays. Neither age nor sex of the

collected beetles was known. Worker ants of unknagawere used.
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2.4 Olfactometer

An olfactometer similar to that employed by Lofgreinal. (1983) and Cordova-Yamauci al.
(1998) to study laboratory response of ants to lhamaeevil aggregation pheromone was used in all
our experiments. The apparatus consists of a Bestni 19 cm in diameter and 4 cm in height,
without a lid (Figure 1). Two holes were made tlgloudhe sides of the dish close to the base and
two delivery tubes were inserted into them. A filpaper was placed at the floor of the Petri dish
and wetted with about 50 ml of water before eash ©ne of the (arms) tubes of the olfactometer
was connected to a jar (125 ml) containing an odmurce to be tested and the other to a jar

containing clean air (as control). Volatiles eatethe arena by diffusion for jars.

Petri dish (19 cm

© / diameter)

125 ml conical flask
[ = odour source

Figure 1: An olfactometer (not to scale) that wasdifor evaluating banana weevil predators for
response to infochemicals in the laboratory.

A single predator was placed at the centre of thactometer arena. Each predator was
observed for a maximum of 10 minutes and was censitto have responded when it entered one
arm of the olfactometer or when at the end of tamutes, the predator was within less than one cm
from the entry port of the arms. After testing fivelividuals for each odour set, the odour sources
were replaced with fresh ones. For all experimets, individuals of each predator species were
tested for all odour sets per day. The first expert was repeated during six days (n=30, total
number of individuals per predator species per odset) while the rest of the laboratory
experiments were repeated on 10 days (50 indivedpal predator species per odour set). Each

predator individual was tested only once and thecadded. Treatment and control arms were
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exchanged after testing each predator by connettiegubes at the opposite side to avoid trail
formation. This had been observed to occur espgamthe case oP. megacephala in preliminary
tests. The apparatus was washed with ethanol atlied before using a new predator.

2.4 Experiments

We conducted six experiments with abdominale andP. megacephala. The first five experiments
were done in the laboratory using a two-choiceabtfmeter and the sixth experiment was done in
the field.

2.4.1 Testing the symmetry of the olfactometer

This experiment was conducted to test whether @&egtibnal bias interfered with the responses of
the two predator species in the olfactometer. Tdlwing odour sets were compared in this
experiment: (i) clean air vs. clean air (ii) fernesh pseudostem tissue vs. fermented pseudostem

tissue.

2.4.2 Predator response to pseudostem tissue and weevil pheromone

The response of the predators to banana pseudtistera and the weevil’'s aggregation pheromone
was evaluated in this experiment. The odour setswiere tested in the olfactometer were (i) fresh
pseudostem tissue vs. clean air, (ii) fermentedighs®tem tissue vs. clean air, (iii) pheromone vs.
clean air, and (iv) fermented vs. fresh pseudosigsne.

2.4.3 Predator response to different dosages of fermented pseudostem tissue

This experiment was conducted to determine wheihetator response to infochemicals was dose
dependent. The odour sources were: 1, 5, 25 andy ISermented pseudostem tissue. Predator
response to volatiles emanating from these amoointsssue was compared to clean air in the

olfactometer.

2.4.4 Predator response to pseudostem tissue fed upon by weevils

This experiment was conducted to determine wheteing by weevil larvae influences predator
response to the banana pseudostem tissue. Thmérdgatwere: (i) fresh pseudostem, fed on by
weevil larvae for 48 hours and larvae removed (F;L([R) fresh pseudostem, fed on by weevil

larvae for 48 hours and larvae present (F-LP), @ndweevil larvae alone. The following odour

sets were compared: (i) F-LR vs. clean air, (ilfFvs. clean air (iii) larvae vs. clean air, (A LP
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vs. larvae, and (v) F-LR vs. F-LP.

Pseudostems of the cultivar Nabusa were collected fhe fields at KARI. Weevil larvae (3
5Minstar) collected from the field were allowed t@®deon fresh pseudostem tissue for 48 h. Five
larvae were placed on a pseudostem piece meas30irgl0 cm. After 48 h at 22-2&, the tissue
had been tunnelled and tissue had turned dark bamgnvas used in bioassays with or without the
larvae present. The larvae that were tested withoad were collected from the field 24 hours
before bioassays. They were placed in Petri digBesn diameter) with a non-substrate food
material (moist tissue paper).

2.4.5 Predator response to weevil-damaged pseudostem tissue in the presence of pheromone

This experiment was conducted to evaluate whetherpresence of pheromone enhances the
predators’ responses to volatiles from banana pstenh tissue without weevil larvae feeding. The
following odour sets were comparatively testedptieromone vs. clean air, (ii) F-LR vs clean air,

(iif) F-LR + pheromone vs. clean air (iv) F-LR +giomone vs. F-LR.

2.4.6 Field distribution of predators around the pheromone-baited traps

A field experiment was conducted at KARI to detarenihe distribution of banana weevil predators
around pheromone-baited traps. We evaluated thethggis that predators aggregate around the
trap mat as a result of a response to the pheroraadéor weevil-related volatiles. A pitfall
pheromone-baited trap (Tinzaasgal., 2000) was placed at the centre of each plotpyeater
was placed in the trap to retain the predators hiagt entered. The soapy water was renewed at
every sampling occasion. The pheromone traps wheeked every three days and predators
captured in the traps were recorded and taken ¢o ldboratory in vials for sorting and
identification. Soapy water was renewed at evenypdi;ag occasion.

Ten fresh split pseudostem pieces (each 30 cm leagy placed in the plots at the same time of
installing the pheromone traps. In each plot, pestain pieces were placed on the pheromone trap
mat and on four mats in each of the distance rafigel-5 m and 5.1-10 m from the pheromone
trap. Selection of the distance ranges was baggewous data on response by the weevil to the
aggregation pheromone (Tinzaagaal., 2000). Six replicate plots were used. To deteenthe
distribution of predators around the pheromoneeitaps, predators were searched for in banana

pseudostem pieces after 30 days at different adisgafrom the trap.
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25 Statigtical analysis

The x2-test for goodness of fit was used to determine theepesice for one of the stimuli tested
during the olfactometer bioassays (distributioexjected values 50:50). Field data on the number
of predators and the weevils distributed aroundotieromone-baited traps relative to distance were
subjected to analysis of variance (ANOVA) using @ieM procedures of SAS software (SAS, 1990he
means were compared usitltge Student-Newman-Keuls (SNK) test. A regressioalysis was
used to determine the relationship between weeadlpedator catches in pheromone-baited traps.

3. RESULTS

3.1 Testing the symmetry of the olfactometer

Both predator specid3. abdominale and P. megacephala responded equally to clean air vs clean
air and to fermented pseudostem tissue vs. fermg#eudostem tissue (P>0.05) (Table 1). There
were fewer non-responders fd?. megacephala (22%) than D.abdominale (40%) in the
olfactometer apparatus used. The data indicatethigabpparatus showed no symmetrical bias in

evaluating responses of these predators to barssnapstem tissue and the pheromone.

Table 1. Number of predators responding to cleamrad fermented banana pseudostem odour sourees in
two choice olfactometer in the laboratory at KARfanda.

Comparison odour sourcesDactylosternum abdominale Pheidole megacephala

(A/B) A B No response A B No response
Clean air/clean air 10 9 11 12 11 7
Fermented/fermented tissue 9 8 13 11 13 6

A total number of 30 individual predators were éesper comparison set. The response of the prediator
the two odour sources did not differ significanB>0.05,x2- test)

3.2 Predator response to pseudostem tissue and weevil pheromone

Both D. abdominale and P. megacephala preferred fermented pseudostem tissue over clieafiP€0.001
and P<0.01 respectivelyBoth predatorghose equally for fresh tissue and clean air (Rd@)r In a
direct comparison beetles chose in similar numlb@rgshe fermented and the fresh pseudostem
tissue. Significantly more beetles moved to theesid the olfactometer with the pheromone
(P<0.01) than to the one with clean air. M&emegacephala ants chose for the fermented tissue

than for fresh tissue (P<0.05), while their chdieéween clean air and pheromone was similar.
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[ ] Dactylosternum abdominale  [_] Pheidole megacephaia

n |
K 258 (14)
Fresh tissue . Fermented tissue
Y 005 (16)
19 12ns (19)
Clean air - FPheromone
9 28 ** (13)
| 10 21+ | .
Clean air § | (1 EI}FErrrrl'amtecl tissue
l 10 22 ™ l (18)
13 15n.s (22)
Clean air . | Fresh Tissue
11 15n.s . (24)
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% predators responding to odour sources

Figure 2: Eesponse of the banana weewil predators DL abominale and F. megacephala to
volatiles from banana peeudostem tissue and the pheromone in an olfactometer:
percentage of responding individuals of each predator per comparison set, choosing one
aodour source or the other Significantly different walues are indicated with * P<0.03,

#+p<(.01 and ¥**P<0.001; n.s = non significant at P=0.05, y-test, =320 (total numhber
of individuals tested per odour set) The non-responding predators are indicated in
brackets at the right ofbars.

3.3 Predator response to different dosages of fermented pseudostem tissue

The response of botb. abdominale and P. megacephala to fermented pseudostem tissue was dose-
dependentAt all doses the number &f. abdominale andP. megacephala choosing the side of the
olfactometer with the fermented banana tissue vigiseh than the number choosing the side with

clean air (Table 2), even when small amounts wesed udown to 1 g). However, only the
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following responses were significant: mdde abdominale chose for fermented pseudostem tissue
when 5, 25 and 125 g were used than for cleanaai, moreP. megacephala chose for the
pseudostem tissue when 125 g was used comparetédan air Both D. abdominale and P.

megacephala also preferred 50 g of fermented tissue over cééaexperiment 2, Figure 2).

Table 2: Dose related responsdDactyl oster num abdominal e and Pheidole megacephala to fermented
banana pseudostem tissue in an olfactometer.

Amount of tissue Dactylosternum abdominale Pheidole megacephala

(g) offered versus Fermented Clean air No response Fermented Clean air No response

clean air pseudostem pseudostem
1 18 14 ns 18 14 12 ns 24
5 21 10 * 19 16 12 ns 22
25 25 Q *** 16 20 14 ns 16
125 32 8 *** 10 26 10 ** 14

*P<0.05, **P< 0.01, **P<0.001 = significant diffences between fermented pseudostem and cleggRair (
test, n =50 (individuals tested per odour sety m®n significant difference (P>0.05).

3.4 Predator response to pseudostem tissue fed upon by weevils
The presence of the larvae did not influence tleglgiors’ responses to pseudostem tissue. More
abdominale chose for fermented pseudostem tissue with orownttfieeding larvae present than for
clean air (P<0.05) (Figure 3).There was no sigaifto(P>0.05) difference between the numbers of
beetles choosing: 1. for the larvae versus cle@r2afor fermented pseudostem with larvae versus
larvae only; and for fermented pseudostem tisstie &iher larvae present or absent.

More P. megacephala ants chose the side of the olfactometer with feted pseudostem with
larvae present than for the side with clean aiy §Rk0.05). There was no significant difference in
the responses between the other odour sourced.teste

3.5 Predator response to weevil-damaged pseudostem tissue in the presence of pheromone

More D. abdominale beetles chose for damaged pseudostem tissue floch the feeding had been
removed (F-LR) than for clean air (P<0.05), but wiplheromone was added to the banana tissue
(F-LR+PH) the effect was no longer significant (g 4). When the effect of the pheromone was
tested versus clean air or in the presence of iaiedepseudostem tissue (without larvae), there was
no significant effect (P>0.05). The af megacephala preferred the odour from fermented

pseudostem tissue in absence of the pheromonebuihen the pheromone was present.
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Figure 3:Response of predators in an olfactometer to feresetissue with (F-LP) or
without (F-LR) feeding weevil larvae: percentage responding individuals of each
predator per comparison set, choosing one odoucsar the other. Significantly different
values are indicated with *P<0.05 and **P<0.01;=s0n significant at P>0.0&-test, N=
50 (total number of individualested per odour set). Non-responding predat@snaicated in
brackets at the right of bars.
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Figure 4: Response of predators in an olfactometeiermented tissue with (F-LP) or without
feeding weevil larvae (F-LR) combine with the phaome (PH): percentage of responding
individuals of each predator per comparison seposlng one odour source or the other.
Significantly different values are indicated witRP<0.05; n.s = non significant at P>0.Q&-test,

N= 50 (total number of individuals tested per odset). Non-responding predators are indicated in
brackets at the right of bars.

3.6 Field distribution of predators around the pheromone-baited trap

The presence of pheromone traps had no effectemtafor distribution in the field. The number of
D. abdominale andP. megacephala that were recovered on the mats where pheromaps twere
present compared to those that were recoveredtmata less or more than 5 m from the trap were
similar (Table 3). Numbers of weevil adults wergngiicantly higher at the pheromone trap mat
than on mats less 5 m and in the range of 5.1-ftom the trap. The number of weevil larvae
recovered at all distances from the pheromonevisiegsimilar.

The antsP. megacephala were the only predators that were captured inptheromone-baited
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traps in the field. The mean number of weevils Bndhegacephala captured in pheromone traps
was 2.4 £ 0.4 S.E) and 4.2+(1.2 S.E) per plot per three days respectivelyrd@keas no significant
relationship between the numbers Bf megacephala and the number of weevils caught in
pheromone-baited traps£0.04, P=0.61).

Table 3. Mean number (xse) of predators @dsordidus recovered from pseudostem pieces placed at
different distances from the pheromone-baited itndpanana plots at KARI, Uganda.

Predators an@. sordidus Number of insects recovered from different distance
(m)
0 0.1-5 5.1-10 m

Labia spp (Dermaptera: Labiidae) 2.0+ 0.9a 0.80.3a 1.30.6a

Dactylosternum abdominale (Coleoptera: Hydrophilidae) 4.8+1.0a 3.20.9a 3.31.0a

Pheidole megacephala (Hymenoptera: Formicidae) 2.0+1.2a 0.30.3a 0.60.3a

Banana weevil larva&. sordidus 3.8+2.0a 1.%0.4a 1.*0.7a

Adult banana weevil<Z. sordidus 21.5:6.3a 7.%2.3b 6.51.2b

In each of the six plots, there were 10 pseudostaps at each of the points per distance rangenMéa
each predator an@. sordidus followed by similar letter in a row are not sigoéntly different (P > 0.05,
SNK).

4 DISCUSSION

Predators of the banana weevil are often observel@composing banana tissue such as harvested
stumps and then often in tunnels where banana \veggs, larvae and pupae are normally found
(Koppenhofer, 1993). The results of our olfactometgeriments demonstrate that the predddors
abdominale and P. megacephala respond to volatiles from banana fermented pseadosissue.
Attraction to the food of its host was similarlypoeted for several predator species such as
Anthocoris nemorum (Heteroptera: AnthocoridagDwumfour et al., 1992), Orius tristicolor
(Hemiptera: Anthocoridae) (Van Laerhovenal., 2000) andChrysoperla carnea (Neuroptera:
Chrysopidae) (Reddst al., 2002).

Many predator species are known to respond momltiles from herbivore-damaged than
undamaged plants (Geervligtal., 1994; Dicke, 1999b). Damaged plants become matiractive
soon after the herbivores start feeding on thensk®eét al., 1990, Turlingset al., 1990, Dicke &
Vet, 1992; Geervliegt al., 1994). In our study, the predators did not dilstrate between volatiles
from damaged pseudostem tissue with or withoutldheae. In addition, neither predator species
discriminated between volatiles from weevil lanaa clean air. Similar data have been reported
for other tritrophic systems as well (e.g. Turlirggsl., 1990; Dicke & Vet, 1992; Geervliet al.,
1994), including a system consisting of fermensngstrates, a fungivore and its parasitoid (Dicke
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et al., 1984). Fermented pseudostems that had not baewagkd by weevil larvae were also
attractive to the predators. Stimuli originatingrr the host habitat may influence host habitat
location although volatile stimuli originating frothe host are more reliable (Vet & Dicke, 1992,
Wiskerkeet al., 1993). Our results indicate that the predateqsedd on volatiles from fermented
pseudostem tissue and that prey odour does noaplale in prey and habitat location.

Several species of natural enemies have been eeptwtuse the aggregation pheromones of
their hosts during host searching and location @& &apaj, 1992; Wiskerket al., 1993; Hedlund
et al., 1996; Reddyet al., 2002; Wertheimet al., 2003). In our study, the predatory bedie
abdominale was observed to respond significantly to the pherencompared to clean air in the
laboratory. There was, however, no evidence thatpileromone enhances predator response to
volatiles from weevil-damaged pseudostem tissuthénlaboratory. The arR. megacephala was
not attracted to the banana weevil's aggregatioargghone in the laboratory. In the field the
number of predators recovered in pseudostem mafaeed near the pheromone trap and those
placed more than 5 m away in the field was simil@ur data indicate that banana weeuvil
aggregation pheromone has no effect on the preddistribution around the trap. The
environmental conditions in the banana field arefogeneous with natural background volatiles.
Although volatiles from the herbivore itself woytdovide reliable information to the predator, the
distribution of both predator species in the figlds not related to the number of adult weevils
captured in pheromone traps indicating that theregmgion pheromone released by méle
sordidus is not used by the predators in the field. In &ddito the lack of response to the
aggregation pheromone, generalist predators suébrmscine ants have not been reported to use
prey derived chemicals as kairomones during foag{dosens & Toussaint, 1985). In contrast,
several other predator species have been repartede pheromones of their prey during prey
searching and location (Dwumfour, 1992; Hedlwhdl., 1996; Haberkern & Raffa, 2003; Steidle
& van Loon, 2003).

Our study demonstrates that the predators discaitmibetween fermented banana pseudostem
tissue and clean air. The banana weevil aggregati@nomone did not show either synergistic or
additive effects to the banana tissue in termstodction of the banana weevil predators.
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Chapter©

Use of pheromone-baited traps enhances dissemination
of entomopathogenic fungi to control the banana
weevil, Cosmopolites sordidus

Abstract

Previously, candidate strains of the fungal patho&eauveria bassiana have been identified for
use in integrated pest management of the banamalv@esmopolites sordidus. However, the lack

of an economic and effective delivery system to im&e field effects has been an important
limiting factor to their application. Integrationf ggheromone trapping and application Bf
bassana may provide a cost-effective strategy for the omnbf the pest. We conducted field
studies to determine the potential for pheromontetdraps to aggregate the banana weevil around
the trap. Field transmission and use of differeslivéry systems oB. bassiana using pheromones
were investigated. There were significantly moreewis captured in pseudostem traps at the
banana mat where the pheromone was present thadjacent mats. We further observed that
infected weevils could transmit the fungal pathotgehealthy individuals. Most of the dead weevils
due toB. bassiana infection were found at the base of the planhimleaf sheath and from soil near
the mat. There were significantly more weevils tthi@d after incubation due to pathogen infection
from plots where pheromones were used in combinatdh B. bassiana applied on the mats
where the pheromone trap was placed and four atjacats than when the pathogen was applied
without the pheromones. Our data demonstrate ti@tbinana weevil aggregation pheromone
Cosmolure+ could be used to enhance the dissewmmnati B. bassiana for the control ofC.

sordidus.

This chapter was published in a slightly differeetsion as: Tinzaara, W., Gold, C.S., Nankinga, @k& M., van
Huis, A., Ragama, P.E. & Kagezi, G.H. 2004. Intégraof pheromones and the entomopathogenic furgtHe
management of the banana weelijanda Journal of Agricultural Sciences, 9:621-629
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1 INTRODUCTION

The banana weeviCosmopolites sordidus (Germar) (Coleoptera: Curculionidae) is an impairta
insect pest of bananaslsa spp., AAA-EA genome group) and plantains (AABAfrica (Gold et

al., 2001). Weevil oviposition takes place at theeba$ the plant (Aberat al., 2000). After
hatching, the larvae bore in the corm, causing dgmasulting in reduced nutrient uptake of the
plant. Attack in newly established banana standg lead to crop failure. Heavy infestation in
established fields may lead to plant loss, redumetth weights, mat disappearance and shortened
life span of the plants (Rukazamburejal., 1998; Goldkt al., 2004a).

Adult banana weevils are soil dwelling nocturnat aelatively sedentary insects (Uzakah,
1995; Goldet al., 2001). They are widely known to favour crop desis and moist environments,
including places in or under newly cut or rottingepdostems, decaying stalks, cut or damaged
corms and moist trash (Goétlal., 2004b). Females tend to be more active thangr{@eldet al.,
1999b). In six months of release, some weevils iesaed to move 60 m while many moved less
than 5 m (Whalley, 1957).

Control of the banana weevil is difficult. Culturabntrol is labour intensive while chemical
control is too expensive and can only be affordgevbalthier farmers in Uganda. Use of microbial
control provides a plausible method for the managgerof this pest (Nankinga, 1999; Nankinga &
Moore, 2000; Godonou, 2000). Candidate strains iGatate G41) ofBeauveria bassiana (Bal)
Vuillemin have been identified for the managemehttitee banana weevil (Nankinga, 1999).
Weevils infected with the pathogen show signs otosys within two weeks. Mortalities up to
100% due toB. bassiana infection have been reported in the laboratory nffiaga, 1994).
Dissemination oB. bassiana using pseudostem traps was tested but found oieie(Nankinga,
1999). An economic and effective delivery system to maxanfield effects still needs to be
developed. Using pheromones for the delivery oberipathogens to control the banana weevil has
been previously suggested (Budenbetrgl., 1993b; Goldet al., 2001; Tinzaarat al., 2002a,
2004a) but no research has been done to investigngther this is possible.

Entomopathogenic fungi such Bsbassiana have the potential to grow, multiply and persist o
the insect which they eventually kill (Roy & P&2Q00). In addition, infected individuals can move
away from the infected point, thus carrying thehpgen throughout the insect’s habitat. The
transmission of the fungal pathogen by the banasevivto conspecifics has been demonstrated in
the laboratory (Nankinga, 1994; Schoeman & Schoerh89; Godonowet al., 2000). Detailed

information on the extent thd3. bassiana can be transmitted from infested individuals tan-no
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infested conspecifics is necessary to develop fattefe delivery system for the pathogen. As the
movement of infected hosts determines the way imchvia pathogen is transmitted and spread
within a field (Fuxa & Tanada, 1987), the behaviotiinfected banana weevils in the field should
be studied. However, the question remains whetheetransmission of the fungus from the infected
individuals to healthy ones can be enhanced by apglication of pheromones under field
conditions in Uganda. A gallon ramp trap that wssdiin Costa Rica (Alpizat al., 1999) and was
tested for efficacy in Ugandan conditions (Tinzagtral., 2000) could be used in this regard. This
trap is designed to allow both entry and exit ofewbs. The use of pheromone as lure for the
dissemination oB. bassiana has been reported to be effective for other bed#dein & Lacey,
1999; Yasuda, 1999; Veghal., 2000).

The objectives of this study were to: (1) deterntime potential for the pheromone-baited traps
to aggregate banana weevils around a pheromong (p@valuate the field transmission Bf
bassiana from infected to uninfected banana weevils (3)edeine the effect oB. bassiana
infection on weevil behaviour (movement and loaatiom the field, and (4) evaluate the different

delivery systems dB. bassiana using pheromone for the control of the weeuvil.

2 MATERIALSAND METHODS

2.1 Study site

The studies were conducted at the Sendusu Farnmheofirtternational Institute of Tropical
Agriculture (IITA) (°32'N 32°35'E and 1260 meters above sea level (m.a.s.oyatéd 28 km
north east of Kampala, Uganda and at Kawanda Alguiai Research Institute (KARI) {R5'N,
32°51'E, 1190 m.a.s.l.) located 12 km north of Kamp&lath sites have two rainy seasons (March-
May and September-November) with mean annual dhiofal200-1250 mm and a daily mean

temperature of 2C.

2.2 Source of pheromones and B. bassiana

Cosmolure+ (Chemtica International, San Jose, Clegta) was used as a pheromone lure in all
experiments. It is comprised of a polythene packwt sordidin (1S,3R,5R,7S)-(+)-1-ethyl-3,5,7-

trimethyl-2,8-dioxabicyclo[3.2.1]octane) (Mogt al., 1996) that is released at 3 mg/day (A.C.
Oehlschlager, pers. comm.). For storage, packe tightly sealed and kept in a dark cupboard at

21-25C. Pheromone packs from opened containers weredsioithe freezer at -&.
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Beauveria bassiana (isolate G41) (3 x 1Dconidia/g)was obtained from the Laboratory of

Pathology at KARI in a crushed maize formulatiordascribed by Nankinga and Moore (2000).

2.3 Aggregation of C. sordidus around traps (experiment 1)

To determine the degree to which banana weevilseggte near pheromone-baited traps, trials
were conducted at Sendusu and KARI. The experimei@endusu was conducted in 8-year old
banana plots (25 x 25 m, 40 plants/ plot, separbtied0-m wide alleys) planted with cultivar
Atwalira (Musa spp. AAA-EA type). The plots were weeded and self-rhirig. The banana field at
KARI was also planted with the highland cultivarwadira. The field consisted of experimental
plots (36 mats, 3 x 3 m arrangement) in which tleewil population had increased over the three
years of the plantation age. Five-m grass alleymrs¢ed plots. The plots were mulched with
elephant grassPénnisetum purpureum). Prior to the placement of pheromone-baited bitfaps,
pseudostem traps were placed in the field for thi@gs to give an indication of banana weevil
abundance. The banana weevils captured in psemddsips were released on the mat of capture
after counting and recording their numbers.

Pitfall traps baited with pheromone were placedhia selected plots. Each trap was prepared
out of a 10-litre bucket (for details see Tinzaeral., 2000). The pheromone pack was hung from
the top of the bucket. One trap per plot was plaatetthe central mat. There were 12 pheromone-
baited pitfall traps (one per plot) placed in eatlthe fields for 30 days. Traps were checked every
three days to make sure that they flushed well wiih level. A liquid detergent solution (1 litre)
was placed in the trap as a collection agent arsglohianged every five days. After the pheromone
trapping period of 30 days, two pseudostem trapsctidll, 1978) were then placed at the base of
each mat in the study plots. The number of wedwlsd in each pseudostem trap was recorded
after three days and at three different distanc@m®s the pheromone-baited trap, (i) at mats where
pheromone was present (i) mats less than 5 m ftempheromone-treated mats, and (iii) mats

more than 5 m from the pheromone-treated mats.

2.4 Field transmission of B. bassiana (experiment 2)

Two trials to evaluate field transmission Bf bassiana from infected to uninfecte@. sordidus
were carried out at Sendusu banana plots. Theti@stvas conducted in a plot planted with banana
cultivar Nabusa Musa spp, AAA-EA group). The second trial was conductedanother plot
planted with the same cultivar located at 200 nmfttbe plot used for first trial. The plot size for
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both trials consisted of 42 mats, at a spacing »f33m (i.e 3 m between the mats). The five year
old banana plots used were unmulched and well-vekatithe start of the trials.

Before release of weevils, pseudostem trappingasaducted to determine H. bassiana was
present in plots. Two split pseudostem pieces pwkreed per mat and checked after three days. For
each mat, three of the captured living weevils waaeed in petri dishes and taken to the laboratory
for incubation, while the number of dead weevil©wimg mycosis (whitish fungal mycelial
growth) was recordedVeevils brought to the laboratory were individugtiaced in a petri dish
with moist tissue paper at 25-2C and 80-90% r.h. Observations for mycosis werertagvery
three days for a period of 21 days.

The weevils used wemllected from the Masaka district, Uganda (140douth of Kampala),
marked according to sex, mat of release, and whelley were inoculated with the fungus. Ten
infected weevils (5 males and 5 females) were sel@ger mat one week after the release of 16
uninfected weevils (8 males and 8 females) perim#tie same plot. Weevils were released in the
plots (on marked mats) in the evening (7.00-8.08)pwhen they were active and can avoid
predation.

To infect weevils in the laboratory, healthy onesrevplaced in 3-cm diameter petri dishes
containing 2 g of maize-formulatel bassiana (approx. 3 x 19 conidia/g) for 6 h. After 6 h,
infected weevils were placed in petri dishes (9diameter) with moist tissue paper and maintained
in the laboratory (25-2€, 80-90 % r.h.) for three days before releasimegrtin the field.

In both trials pseudostem trapping was conducted 7, 14, 21, @54dndays after release of
infected weevils. Two split pseudostem pieces vptseed per mat and inspected after three days.
For every sampling occasion, weevils captured yptaeed in vials according to mat of capture and
type of release (released infected or uninfectadl, taken to the laboratory for incubation. In the
laboratory at KARI, weevils were placed accordiogdgcapture mat in petri dishes (9-cm diameter)
lined with moist filter paper. For each samplingejave monitored the number of dead weevils
showing signs of mycosis from each plot after thdtags for a period of 21 days .The data of the
five sampling dates were pooled before analysis.

Hand searching in the plots was carried out ewsoyweeks after release of infected weevils to
determine the proportion of dead weevils in thddfie&Searching was thoroughly done in the
different locations in the plot (i.e. in leaf sheasoil near the mat, residues off mat and in a)jley

Both infected and uninfected weevils found wererded.
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2.6 Relativedispersal of C. sordidusin thefield (experiment 3)

This experiment was conducted to investigate whethfection of weevils withB. bassiana
influenced their dispersal in the field. Infectetlauninfected weevils were released in the plots as
described in experiment 2. Pseudostem trapping aeaslucted 7 and 14 days after release of
infected weevils. Two pseudostem pieces were plpeednat and inspected after one day. Data on
numbers of weevils per mat was recorded. Weevilevptaced back on the mat of capture. The

distance moved by the recaptured weevils was Gkl

2.7 Locationsof C. sordidusin thefield (experiment 4)
Trials to determine locations of dead banana weelik tdB. bassiana infection were conducted in

cages and in the field plots.

Caged trial: An open cage trial was conducted at Sendusuttrmdae locations of weevils killed
by B. bassiana infection. The cages were prepared out of polyhsimeets by sewing to form a
cuboid (120 x 90 x 60 cm) in which soil was placBthkes were put on sides of the cuboid to make
the polythene sheets straight. Sword suckers @flgnts per cage) were planted at a spacing of 30
x 30 cm in the open cages so that the soil le\adhred the collar of the plant. The sides of theesag
were 30 cm higher than the soil level to reducewlescape. After planting, some grass mulch was
placed evenly in the cages to simulate naturad teinditions. There were six replicate cages.

Weevils were inoculated in the laboratory with neafarmulatedB. bassiana. Weevils were
kept in petri dishes (3-cm-diameter) containing @f ghe pathogen for six hours. Then they were
placed in petri dishes (9-cm diameter) lined withigh tissue paper. After three days they were
released into the cages. Ten infected weevils (&srend 5 females) were released per plant in the
evening (7:00 — 8:00 p.m.). Weevils had been ctdttdrom the Masaka district (Uganda), and
marked according to sex and mat of release.

Sampling for dead weevils with mycosis was carried two weeks after releasing of the
weevils. The plots were searched and plants thewotgd. The numbers of dead and alive weevils
were recorded for each of the following locatiotis:mulch, (ii) soil near mat, (iii) soil in alleys

(iv) plant base in leaf sheath, (v) pseudostem,d@m surface, and (vii) inner corm.
Field trial: Two trials were conducted to determine the laoetipreferred by weevils infected by

the pathogen. The trials were conducted in the gaoie as used for experiment 2 in which details

of weevil release are described. Searching and Isegripy hand in the field was conducted every
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two weeks after release of infected weevils. Wedeal in the following locations: (i) trash, (i)
residues (iii) soil near mat, and (iv) plant basdeiaf sheath. Dead weevils showing mycosis were
recorded according to the locations of recoverye pbrcentage of weevils of the total recovered
was calculated for each location. The locationsctel in the field are different from those in the

cage trial because it was not possible to upramitplin the field.

2.8 Pheromone-baited delivery systems of B. bassiana (experiment 5)

The experiment to evaluate the rate of transmissioB. bassiana to the banana weevil using
different delivery systems was conducted at Sendlise treatments (delivery systems) applied to
plots were: (i) control, (ii) pathogen applied tentral mat (Bb), (iii) pheromone + pathogen inside
trap (Ph + Bb-IT), (iv) pheromone + pathogen arothreltrap mat (a trap mat is where pheromone
baited trap was placed) (Ph + Bb-AT), and (v) ph@ne + pathogen on trap mat and four adjacent
mats (Ph + Bb-AT + 4 mats). Each treatment wasicagld three times. The experiment was
conducted in six-year-old banana plots at Senduantgd with cultivar Atwalira. Each plot
consisted of 5 by 5 mats, spaced at 3 x 3m. Fifpdets were selected and those that had gaps (i.e.
missing mats) were re-planted. The experiment waisdonducted in July 2003 and repeated using
the same plots six months later, i.e. in JanuaB@42Crushed-maize formulated pathogen (200 g)
was applied by spreading the formulation at theelwiseach mat or placing it inside a pheromone.
Mulch was applied over the fungus to prolong ity (Nankinga, 1999).

In both replicates, weevils that had been colleftech Masaka and kept in the laboratory for a
week were used. Ten weevils (5 females and 5 matesked according to their sex and mat of
release, were released at each of the mats. Weesfitsreleased in the evening (7:00 — 8:00 p.m.).

A gallon trap with a ramp that allows easy entrg a&xit of the weevils was used (Figure 1).
The trap was made out of a 5-litre jerry can. Adaw was cut in each side of the jerry can and the
flap folded down to make a walk-in ramp. The galtosps were placed at the centre of selected
plots two days after weevil release.

Pseudostem trapping was conducted after 14, 284andays. The recaptured weevils were
inspected for pathogen infection, and the distdra®a the site of recapture to the fungus source or
pheromone source was recorded. The weevils were fhlaced in vials (in groups) according to
distance of recapture (trap mat — 0 m, less tham &d more than 5 m from the pheromone-baited
mat) and taken to the laboratory for incubation #imeh assessing percentage mortality. In the
laboratory, weevils were individually placed in petlishes lined with a moist tissue paper

according to recapture distance. This was donamidss than two h after collection from the field.
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The number of dead weevils showing signs of mycésis each plot or treatment at different
distances was recorded every three days for adbgdl days.

On the same day the pheromone traps were checigation for dead weevils was also done
at the following locations in the field: (i) trasfi) corm or pseudostem residues, (iii) soil bytma
and (iv) plant base in leaf sheath. Weevils wittcosjs were recorded.

When the pheromone lure sachets in the pheromaps were observed to be empty, they were

replaced with new ones.

L1

o Sy

A

Nylon string

A

Cosmolure+ pack

Formulated fungal
pathogen

Walk-in ramp

Figure 1: A gallon trap baited with the aggregation pheromone Cosmolure+ and the
formulated fungal pathogen, Beauveria bassiana (Tinzaara et al., 2000)

128



Aggregation pheromone and deliveryBeauveria bassiana

29 Statigtical analysis

The data on weevil aggregation around the pherorbaited trap were square-root-transformed
and analyzed using ANOVA with the SAS software (8A8istitute Inc., 1999). Means were
separated using the Student-Newman-Keuls test (SBis)ances moved per week for infected and
non-infected weevils were compared using a t-l#s. association between the number of weevils
and distance range moved was analysed using“ttest. The percentage of weevils recovered by
pseudostem trapping from plots with different paggo delivery systems that showed mycosis after
incubation were analysed using contingency taldede numbers (pooled for two trials), followed
by Bonferroni correctiong = 0.05/6 = 0.008, for multiple comparisons for daathat showed

significant differences.

3 RESULTS

3.1 Aggregation of C. sordidus around traps (experiment 1)

Prior to the experiment, pseudostem trap captwesaged two weevils in the Sendusu stands and
six weevils per three days in the KARI plots. Thean numbers of weevils captured in pheromone
traps in the trapping month were 18.2 (+ 3.7 sez)t@p per three days and 14.8 (= 2.1 s.e) ppr tra
per three days for Sendusa and KARI plots respagtiAfter the pheromone trapping period,
significantly (P<0.05) more (at least twice as mjawgevils were captured in pseudostem traps at
the base of the trap mat than at mats < 5 m on»ffbm the trap mat in the two locations (Figure
2). The number of weevils captured on mats < 5m>@nch away from the pheromone- baited trap

were statistically similar (P>0.05).

3.2 Field transmission of B. bassiana (experiment 2)

None of the 120 weevils that were sampled in takl fbefore the experiment showed any signs of
infection after incubation for 21 days in the ladtory. In contrast, after the releaseBobassiana
infected weevils, infected weevils were recovef@tithe weevils recovered by searching, about 5-
10% of the weevils that were in the field (unmankadd those that were released uninfected died
due to pathogen infection (Table 1). Four to sepencent of those that were recovered by
pseudostem trapping died due to pathogen infeetfi@n incubation in the laboratory for 21 days.
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Figure 2: Mean (3 .E) banana weevils captured with psendostem traps on banana mats at different distances (m)
from the pheromone-baited trap: trap mat = mat where pheromone had been placed prior to the psendostem
trapping period, < 5 m = mats less than 5 m, and > Sm= mats greater than 5 m from the pheromone trap. Mean
of bats with similar letters are not significantly different (P=0.05, 3tudent-Wewman-Fewls test). There were 12
pheromone-baited traps per location.

3.3 Relativedispersal of C. sordidusin thefield (experiment 3)
There was an association between the level of isfe@nd the distance moved by weevj)2 &
27.8, d.f. =4, P = 0.00004). Among weevils thad baen released uninfected, a higher percentage
was found on the same mat of release or on a s&th@n 3 m from the release point, as compared
to weevils released infected (Table 2). Still, 02686 of the infected weevils released moved for
distances ranging from 3 to 12 m from the releasatpThe mean distances (m) moved per week
by infected (0.96+0.15) and uninfected (1.17+0.0v@evils were not significantly different
(P>0.05, t-test).
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Table 1: Percentage banana weevil mortaliti.tbassiana for uninfected and laboratory infected
adults released into banana fields at Sendusu, ddgand recovered by searching and pseudostem

trapping.
a) Searching
Treatment Weevils recovered showing mycosis
Number Number dead % mortality
recovered
Released infected 113 107 94.7
Released uninfected 147 14 9.5
Unmarked (field weevils) 199 11 5.5

Pooled mortality of weevils for two trials with éabaving three searching occasions

b) Pseudostem trapping followed by incubation in the laboratory

Treatment Weevils recovered showing mycosis
Number Number dead % mortality
recovered
Released infected 56 37 66.1
Released uninfected 595 39 6.6
Unmarked (field weevils) 876 37 4.2

'Pooled mortality of weevils for two trials with éabaving five sampling occasions

Table 2. Percentage of weevils that were releadedted and uninfected that were recovered by
pseudostem traps after moving different distancdke field.

Distance moved Infected weevils Uninfected weevils
(m) Number % recaptured of Number % recaptured of
recaptured total recaptured total
0-3 135 714 300 52.3
3.1-6 30 15.9 121 21.1
6.1-9 11 5.8 86 15.5
9.1-12 4 2.1 38 6.6
>12 9 4.8 29 5.1

There was an association between the distancegangeed and the level of infection of the
banana weevily2 = 27.8, d.f. =4, P = 0.00004, 2 x 5 contingetatyte test).
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3.4 Locationsof C. sordidusin thefield (experiment 4)

Caged trial: Out of the total number of weevils (720) that wezkeased infected witB. bassiana
in six cages, 81.9% were recaptured. The majofitweevils dead due t8. bassiana infection
were recovered on the corm surface (70.7%) (Tapl&&y few dead weevils due & bassiana
infection were found in alleys and in the pseudoste

Field trial: Most of the dead weevils (>70%) infected with feghogen were recovered in the leaf
sheath at the plant base and soil near the matgBabThe number of dead weevils recovered from
the leaf sheath was higher than those recovered dther locations combined. There were equal
numbers of dead weevils due to pathogen infecta were recovered from soil near the mat,
residues and trash. Equal numbers of dead male$earales were recovered within the different

locations in the banana field.

Table 3. Percentage of weevils infected vltibassiana recovered with mycosis in different
locations in an open caged trial at Sendusu, Uganda

Location No. of weevils recaptured in eacBo of total recovered with
location with mycosis mycosis
Male Female
Corm surface 191 226 70.7
Soil near mat 26 28 9.1
Leaf sheath 35 16 8.6
Inside corm 20 14 5.8
Soil in alleys 14 5 3.3
Mulch 5 6 1.8
Pseudostem 2 2 0.7
Total 293 297 100

The total number of weevils recovered with mycegs 590 out of the 720 weevils that were
released. Five weevils were recovered alive.
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Table 4. Percentage of weevils killed Bybassiana infection of the total that were recovered by
hand searching in different locations in the barfeid.

Location of recapture Number of recaptured weevils % weevils showing signs
Males Females Total of mycosig

Plant base- leaf sheath 48 52 100 51.8

Soil near mat 19 17 36 18.7

Residues 16 16 32 16.6

Trash 15 10 25 12.9

'Pooled percentage of dead weevils recovered irerdifit locations for two replications (three
searching occasions per replication). Equal numbtreales and females were recovered in each

of the locations)2- test, P>0.05).

3.5 Pheromone-baited delivery systems of B. bassiana (experiment 5)

More weevils died due pathogen infection from pleteere pheromones were used in combination
with B. bassiana applied around the trap and on four adjacent c@tgpared to all other treatments
(Figure 3). This was true for all distances frora trathogen release point. The number of weevils
recovered from plots whei® bassiana was used alone without pheromone traps that diedtalu
pathogen infection was generally lower but simi@rthose from plots wherB. bassiana was
applied inside and around the trap. The data shaivthe weevils can pick the pathogen from the
aggregation point and disperse it: weevils shovdigms of mycosis were recovered beyond 5 m
from the pathogen release point. Overall, more v&eled due tdB. bassiana infection in plots
whereB. bassiana was applied on the trap and four adjacent matS¢apthan where the pathogen
was applied in the pheromone trap or around theopmene trap (5.1%). Equal numbers of dead
weevils were observed when the pathogen was appisde and around the trap, although the
percentage mortality was significantly higher thren the pathogen was applied alone without the
pheromone trap.

Significantly more weevils infected with the patleogwere recovered by searching in plots
where the pathogen was applied around the trap fplus adjacent mats compared to all other
treatments (Table 5). The number of dead weevitlsvsiy mycosis recovered by searching was
similar for plots whereB. bassiana was applied inside the trap, around the trap mdtwithout

pheromone traps.
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Figure 3: Percentage of weevils that died and showed signs of moycosiz after incubation for 21 days and
tecaptured with pseudostem traps at different distances from the pathogen release point (central’ pheromone
trap mat) in banana plots using different ways of applying B bassiana. Bb=FE bassiavma applied alone, PhtBh-
IT= B bassiana placed inside pheromone (Pl trap; Ph+ Bb-AT =E bassiana placed around pheromone trap
mat; atid Ph+Bb-AT + 4 mats = B Bassianag placed around trap mat and four adjacent mats. The percentages in
a column followed by similar letters are not significantly different (tested per distatice from pathogen release
point): 422 contingeney table test followed by Bonferrond cotrection «=005/8=0.008. The total number of dead
weevils is indicated in the bars, Analysis was done onmunbers and the four weevils dead from the control plots
wete not inclhaded in the analysis.

Table 5. Number of weevils recaptured by searclanglifferent distances from the pheromone trap or
fungus release points in plots with different detiv systems that were found dead dueBtdiassiana
infection.

Treatment Number of weevils recovered by searching
Om <5m > 5m Overall
Bb 3 2 0 5b
Ph + Bb-IT 6 5 2 13b
Ph + Bb-AT 7 4 2 13b
Ph + Bb-AT + 4 mats 9 14 10 38a

Bb=B. bassana applied alone, Ph+ Bb-ITB. bassana placed inside pheromone (Ph) trap; Ph+ Bb-BT =
bassana placed around pheromone trap mat; and Ph + Bb-ATmats =B. bassana placed around trap
mat and four adjacent mats. The data presentbe itable is pooled for two trials. There were news
recovered in control plots by searching. Numbekseasvils in column “Overall” followed by similartters
are not significantly different: chi square te$itiwed by Bonferroni correctiog=0.05/6=0.008.
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Aggregation pheromone and deliveryBeauveria bassiana

4 DISCUSSION

Pheromone lures have been used successfully tadspeghogens to suppress populations of insect
pests (Vegat al., 1995; Klein & Lacey, 1999). Possibilities of mgipheromone for dissemination of
fungal pathogens for the control 6f sordidus have been previously suggested (Budenleerg.,
1993b; Goldet al., 2001; Tinzaarat al., 2002a). Aggregation pheromone may be used rtact@.
sordidus at sites where the entomopatho8ebassiana is delivered. Successful use of pheromone lures
in the dissemination dB. bassiana would require (1) that weevils can enter a trapgekposed to the
fungus and leave the trap; and (2) that the furggus be transmitted from infected to uninfected
weevils. In our study the potential of the pherommtmaggregate weevils around the pheromone-baited
traps was demonstrated. More weevils were obsemdlde mat where the pheromone trap was placed
compared to positions on mats 5 m away. The agtpegeffect is likely to be influenced by the
efficacy of the pheromone trap. If the pheromoniaets a higher proportion of the population to the
pathogen delivery site, chances of transmissiorldMeelincreased. Pheromone efficacy will need to be
further increased to attract more weevils to thp that would lead to higher percentage transnmssio

B. bassana. Theoretically, the strategy of using the pheromimnaggregate weevils on the pathogen
delivery sites would have the advantage of redutiagamount of fungal pathogen applied per uné are
compared to the technique of treating individualsnfglants), and would be less labour intensive.

The effective control of the banana weevil usingrpmone in a delivery system fBr bassiana
assumes that infected individuals can disperse tihenmfection point carrying the pathogen througho
the pest’s habitat. We have observed in our stualyteevils that were released uninfected intorea a
where infected weevils had been introduced prioevager found dead with the fungus. It is impatrtan
to note that previous assessment of pathogen-mfechd shown that the pathogen was not present in
the plots before the trials started. Although petage mortality was low, it is possible that under
suitable conditions (e.g. more moisture) such alle¥ infection would increase the overall inoculum
level. This fungus-carry-over-effect through the applmatf pheromone has been previously reported
for sweet potato weevil€ylas formicarius (Fabricius), as an effective way of spreading ftivgal
pathogens throughout a specific habitat (Yasud29)19

Observations on field locations preferred by irddctveevils indicated that most cadavers were
found within the vicinity of the banana mat (i.etbe corm, leaf sheath at the base of the matratini
soil near the mat). These results have an impdrtgiication for the use of this pathogen in thatool
of C. sordidus: after being infected witt8. bassiana the weevils move to locations where healthy
individuals oviposit and mate (Gadtlal., 2004a). This has the potential to increase asoftpathogen
transmission during mating or individuals may bataminated with the conidia from the cadaver. In
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laboratory studies, Nankinga (1994) observed tlaaistnission was higher from dead banana weevils
than from live infected ones.

We know that the capacity to disperse, in addithost factors, pathogen virulence, infectivity
and persistence is a key factor in the ability mbmopathogens to develop epizootics (Roy & Pell,
2000). The use of an attractant in the systemtaddacing a deleterious agent into a pest populatio
requires that the lured individuals can sufficierdisperse after visiting the self-contaminatingg si
(Vegaet al., 1995; Klein & Lacey, 1999; Roy & Pell, 2000). Imirostudy using different delivery
systems, it was observed that a number of weddtsdied due t8. bassiana infection were recaptured
at a distance of 10 m from the pathogen source. Sttggests that these weevils were contaminatad wit
the pathogen from the gallon trap baited with therpmone and dispersed after infection. Placenient o
the pathogen in the pheromone trap and on a feacaalj mats was found to be more effective in
disseminating the pathogen compared to other dglsystems that were tested. The observed generally
low mortality or transmission of the fungal pathogeuld be because the pheromone was not effective
in attracting a large proportion of the weevilgslalso possible that the amount of the pathoge §)
was not sufficient. The amount of pathogen placetthé dissemination trap was reported to influence
the effectiveness of the delivery system (Roy &,R€I00).

Our study generally demonstrated that weevils aggregate around pheromone-baited traps.
Application of B. bassiana in combination with pheromone-baited traps enhadri@nsmission of the
pathogen from infected to uninfected individualksidges are currently in progress to evaluate tfeeef
of integrating pheromones with bassana on weevil populations and damage. If the stratedgund
promising, the data will be used in exploiting ogipnities for integration of pheromones into a lolera
IPM programme to control the banana weevil. Fursihedies will be required to investigate the amount
of pathogen that is required in the pheromone fibagffective control of the pest. Additional field
testing will be required to further validate thdidkry system oB. bassiana using pheromone-baited
traps.
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General discussion

Infochemicals and banana weevil control

1 INTRODUCTION

Many organisms depend on chemical information tmmanicate with each other, to find suitable
food or to avoid their enemies (Vinson, 1976; Reith& Isman, 1992; Vet & Dicke, 1992; Steidle
& van Loon, 2003; Carde & Millar, 2004). Insectsdaother arthropods appear to be especially
dependent on chemical stimuli that allow makingcid®ns’ that affect survival and reproduction
(Schoonhoveret al., 1998). Chemicals that influence behaviour, whacé termed infochemicals
(Dicke & Sabelis, 1988), can be exploited by mand&velop environmentally benign pest
management options (Lewis & Nordlund, 1985; Diekal., 1990; Vite & Baader, 1990; Dicke,
1997; Foster & Harris, 1997). Infochemicals, esaicpheromones can be used in pest monitoring
and as a control measure through mating disrupt@ass trapping and as a means of aggregating
herbivores at delivery sites for biological contagients (Phillips, 1997; Giblin-Daves al., 1996a;
Howseet al., 1998; Hardie & Minks, 1999).

Control of the banana weevlosmopolites sordidus (Germar) (Coleoptera: Curculionidae), a
pest of East African highland banana and plant@imsost banana growing regions of the world is
difficult. Cultural control is labour intensive whichemical control is too expensive and can only
be afforded by wealthier farmers. Current reseaeslts suggest that no single control strategy
will provide complete control of the banana weegh IPM strategy involving several methods
(e.g cultural control, biological control, host pltaesistance, and judicial use of chemical coptrol
might offer the best chance for success in comiglihis pest (Goldt al., 2001). The aim of this
research project was to investigate whether infocbals (pheromones and kairomones) can be
used in an IPM approach for the banana weevil galipst al., 1999, Tinzaarat al., 2002a).

The banana weevil produces an aggregation pherorti@teattracts botimale and female

conspecifics (Budenberg al., 1993b). The most abundant pheromone componerttidso was
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identified, synthesized and tested (Metral., 1996; Fletcheet al., 1997; Jayamaraet al., 1997).
The pheromone, synthesized in Costa Rica by Chanmiternational and commercially available
under the trade name Cosmolure+, has been reconachexsdan effective method of trapping and
controlling the banana weevil (Alpizet al., 1999; Tinzaarat al., 1999a). Use of pheromone lures
may provide a weevil control option that is morteefive and less labour-intensive than the use of
pseudostem traps.

The overall objective of this research project wasvaluate the potential of using the weevil's
aggregation pheromone to control the banana wemsder Ugandan conditions. Therefore, the
chemical ecology of the banana weevil needed tonestigated. The research focus was first to
elucidate the effects of the weevil aggregationrpim®ne and host-plant kairomone on weevil
trapping as related to weevil behaviour and envirental conditions. Second, we investigated the
impact of adult removal on weevil population dynesnand damage to the host plant. Finally, the
potential was investigated of combining infocherhigse with biological control using predators
and entomopathogens for the management of the hanaevil. Specific experiments were
conducted to determine: 1) the additive effecthast plant odours to the pheromone; 2) the factors
that influence pheromone trap effectiveness; 3)dfiect of pheromone trap density on weevil
population and damage; 4) whether the predatotiseobanana weevil respond to host plant odours
and the aggregation pheromone; and 5) whethergipeegation pheromone can be used to enhance
dissemination of the entomopathogenic funBulsassiana for the control of the banana weeuvil.

In this chapter, an overview is given on the use¢hefaggregation pheromone and host-plant
kairomone as components of an integrated manageapenbvach of the banana weevil, viz. the use
of the aggregation pheromone in mass trapping, rex@maent of the pheromone with host plant
volatiles (kairomone), and integration of the pmeone with predators and entomopathogenic
fungus, for the control of the banana weevil (Fegly.

2 PHEROMONESAND BANANA WEEVIL CONTROL

Control of insect pests can be achieved by magpitrg using pheromone-baited traps that lure
insects to their death (Janssral., 1993; Giblin-Davist al., 1994a; Howset al., 1998; Hardie &
Minks, 1999). Successful suppression of the pestilpdon by mass trapping using pheromones has
been previously reported for other weevils, suchthasboll weevil Anthonomus grandis grandis
(Hardee, 1982), the sweet potato wedlas formicarius (Alvarez, 1996) and the palm weevil

Rhynchophorus palmarum (Oehlschlageret al., 1995). Therefore, the potential for using an
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aggregation pheromone to control coleopteran ptpofaby mass trapping exists. The advantage is

that, with few exceptions, coleopterans use aggmgpheromones, attracting both sexes. By trapping

males and females the reproductive capacity opdpeilation will be negatively affected (Trematerra,
1997; Hardie & Minks, 1999). The banana weevil pnesne Cosmolure+ attracts both males and
females (Alpizaret al., 1999; Tinzaarat al., 2000), suggesting that the banana weevil is@l go
candidate for mass trapping. Mass trapping is rpaghising for insect pests (such as the banana

weevil) with low fecundity, slow population buildoulimited dispersal and long life span (Giblin-
Daviset al., 1996a).

Predators: beetles Entomopathogens e.g.
and ants Beauveria bassana |,
P4 and nematodes s
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Figure 1. The aggregation pheromone Cosmolure+casmgonent in the integrated management

of the banana weeviCosmopolites sordidus. The thickness of the lines represents the relative
importance of the indicated effect.

Use of the aggregation pheromone Cosmolure+ fpiping the banana weevil was reported in
Costa Rica as a promising option (Alpizaral., 1999). The studies in Costa Rica indicated that th
pitfall trap baited with the pheromone captureda O times more weevils than the pseudostem traps
(Alpizar et al., 1999). In preliminary studies conducted in Uganithe pitfall trap baited with the
pheromone captured up to 18 times more weevils gswudostem traps (Tinzaastal., 2000).
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The pitfall pheromone-baited trap captured morewlge¢han the gallon-with-a-ramp trap (Figure
2). The numbers of weevils captured in my subsegsienlies were lower than in the initial tests
and more were captured in on-station studies thdarmers’ fields (chapters 4-7). Possible reasons

for the low trap efficacy in my studies are dis@gss the next section.
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Figure 2: Trap types (not to scale) used in this project: (a) pseudostem trap, (b) gallon trap with a ramp,
and (c) pitfall trap (Tinzaara ef al., 2000). The banana pseudostem pieces placed in a gallon trap were
baited with an insecticide (carbofuran).
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To optimise trap placement, it is critigg) to kndwe trap density that is required to adequately
sample the pest population (David & Birch, 1986wdect al., 1998). The effective trap radius has
direct implications on the trap density used arldtee costs. Studies in Costa Rica estimated the
radius of effective attraction of banana weeviltbg pheromone trap to range from 5-15 m (A.C.
Oehlschlager, pers. comm.). The effective trapumdivas estimated to be 10 m. My studies
confirmed the observation from Costa Rica (chapjetn mass trapping strategies, it is important
to know the proportion of the population that ipttaeied. The proportion of weevils recaptured in a
month within a range of 10 m from the trap or ewrethe close vicinity (< 0.5 m) of the trap was,
however, generally low (up to 14%). One possiblpl&xation for such low recapture rates is that
weevils may be attracted to the trap but remaig wmihin the vicinity without entering it (Tinzaara
et al., 2002b). An alternative explanation may be tharge proportion of the released weevils
dispersed from the trap.

Farmer adoption of the pheromone trapping systeth v more likely when vyields are
increased by a significant reduction of the we@apulation and, consequently, its damage. In
Costa Rica, mass trapping trials in plantationdariana and plantains with pheromone traps at a
density of four per ha were effective in reducingewil damage to banana corm by over 60% and
bunch weight was increased by 20% (Alpiga@l., 1999). Studies were conducted to investigate
whether these results could be replicated undendlyaconditions (chapter 7). Banana fields with
weevil populations of up to 12,000 weevils per haMasaka district, Uganda were used. In
pheromone-treated fields (at trap density of 4 tna@s per ha), adult banana weevil population or
corm damage was not significantly reduced when @vetgpto the control. The proportion of adult
banana weevils captured in pheromone traps wassthit the trapping system probably had only
limited impact on the insect’s pest status on stiadgns. In my studies, because of the low weeuvil
catches in pheromone traps, doubling the numbé&aps from four to eight per hectare increased
the number of weevils captured, but not the rateedbiction of weevil damage. Theoretically, the
effectiveness of mass trapping could be improvednioyeasing the density of traps (Knipling,
1979), but densities higher than eight traps peareaneither economical nor practical. My data,
which are in agreement with studies conducted im&aon (Messiaen, 2001), suggest that the

pheromone trapping system by itself was not effeatn the Ugandan banana cropping system.
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3 EFFECTIVENESS OF PHEROMONE TRAPPING

Several factors (such as the pheromone efficacgp tparameters, cropping system and
environmental factors) may influence the pheromivap effectiveness. An understanding of how
these factors influence catches of the banana Wweepheromone-baited traps is critical in the

effective deployment of the trap.

3.1 Pheromone efficacy
The success of suppressing pest populations depentdse efficacy of the trap used. Pheromone
dose and release rate may influence how traps rpenfelative to the natural pheromone sources
and thus determine how well they attract insectagdh & Jansson, 1991; De Groot & De Batrr,
1998). Cosmolure+ is packed in plastic containdr8Gmg releasing at a rate of 3 mg per day
(Oehlschlager pers. comm.). The number of weetitaced by Cosmolure+ may be enhanced by
increasing the release rate of the pheromone wskng two lures per trap. Increasing the number
of lures per trap may increase the number of weeadptured but the efficiency (number captured
per lure) may be decreased (chapter 3). Increasieghumber of lures has the disadvantage of
making the trapping system costly. There are ases where reduced pheromone trap catches due
to higher release rates of the pheromone were wddgHowseet al., 1998; Hardie & Minks,
1999). In this case the insect may reach a resgbnsghold before reaching the pheromone trap.
The efficacy of the lure may also depend on how wek stored and on the length of the
storage period. The low pheromone efficacy (duetrtmsportation and storage) may have
contributed to the low weevil catches in traps tatisn and on-farm (chapter 7).

3.2 Trap parameters
Trap placement should be appropriate to have & largportion of the weevil population enter the
trap. The location of the trap relative to the halsint has been observed to influence trap catches
(McNeil, 1991). Weevils are normally found at theesb of the banana mat (Bakyalire, 1992; Gold
et al., 2004b). The pheromone-baited traps placed abdlse of the banana mat were expected to
capture more weevils than those placed in allegsvéver, in my studies weevil catches did not
depend on the location relative to the banana ometpter 5).

Pheromone trap maintenance is another major fabr influences catches in traps. Trap
catches in on-station fields where the trap waslegty checked were normally higher than in on-

farm studies (pers. observ.). Low trap catches weserved in pheromone traps where the soapy
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water was not regularly replaced. The traps alsal e keep contact with the soil as this facilgsate
the entry of the weevils. Covering the soil arodhd trap with banana leaves may maintain the
moisture around the trap and this keeps the sodomtact with the trap (Murad, 2001). In my
studies pheromone-baited traps with banana leamesiag the soil around the trap captured higher
numbers of weevils compared to uncovered trappfen®).

Trap size, colour and shape are some of the atlygiparameters that may influence pheromone
trap catches. These parameters were not investigatay studies since previous studies with other
members of the Rhyncophorinae subfamily (dejamasius hemipterus) showed that these factors
did not have a substantial effect on pheromonedaaghes (Oehlschlagetral., 1993; Giblin-Davis
etal., 1996a).

3.3 Cropping system
The pheromone trapping efficiency may be influenlsgdropping pattern (monocropping or mixed
cropping), whether particular crops have one oesdvplanting seasons, or whether planting is
consolidated into blocks of single crops or congwisof small fields of various crops
(Hebblethwaite, 1989). For example, mass trappiit @osmolure+ pheromone was a success in
Costa Rica where the experiments were conducteldrge and well-managed cropping systems
(Alpizar et al., 1999), while in Uganda bananas are producedimptex mixtures of crops with
low management levels. The pheromone may compete neatural volatiles in the system that
reduces its effect. Non-host plant volatiles haeerbreported to have inhibitory effects that
interfere with insect responses to pheromones @iskt al., 1992; Byerst al., 1998; Reddy &
Guerrero, 2004).

The role of mulching on weevil catches in pherommaps was not known and yet mulching is
a practice that is widely recommended to farmerd&Jganda for conserving soil moisture and
reducing soil erosion. Weevils are reported to hgrneater activity and movement in mulched than
unmulched areas (Gold al., 1999b). | hypothesised that mulching resultdowwer catches in
pheromone-baited traps when the mulch odour wouldknthe pheromone perception by the
weevils. However, mulching may also increase weewilivity leading to higher catches in
pheromone traps. My experiments to test these hgges showed that similar numbers of banana
weevils were captured in pheromone-baited trapmiutched and unmulched plots (chapter 6).
Mulching is therefore compatible with the use ofpimone-baited traps in the control of the

banana weevil.
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Pheromone trapping may not result in the suppressidhe pest populations especially when
host plant residues provide a basis for pest nlidéafon (Weslein, 1992; James al., 1996). In
banana fields that are poorly managed, the pheremuey have to compete with volatiles from
residues and stumps. This may imply that residu@agement in banana fields in Ugandan
cropping systems will need to be improved beforepleging the pheromone traps. However,
although residue management may to contribute aatiglly to pheromone trap catches, | was not
able to investigate the role of this factor on wkeatches in pheromone traps during my research
period. Studies on the role of residue managemeanpleeromone trap catches are, however,

currently in progress in Uganda.

3.4 Environmental factors

Climatic factors such as rainfall, relative humyditemperature, wind speed and direction have
been reported to influence insect catches in phenerbaited traps (Jansseinal., 1989; Laboke,

et al., 2000; Sappington & Spurgeon, 2000). In my figtiddies, there was no relationship between
temperature or wind speed and catches of the bameewl in pheromone traps (chapter 5). The
wind speed at the soil level in banana fields gligéble and was expected to have limited effect on
weevil trap catches. Relative humidity but not falinshowed a significant positive relationship
with weevil catches in pheromone-baited traps.llimg studies, more weevils were caught in the
wet season than in the dry season although theteffas not statistically significant. A reason
could be that during the dry season weevils haficdifies in entering the trap as shrinking soll
produced a gap between the trap and the soil sufdtapter 7). Pheromone-baited pitfall traps
need to be placed tightly against the soil surtacallow the banana weevil to enter. In a related
study (chapter 5), it was demonstrated that cogetire soil around the pheromone trap with
banana leaves kept the trap tight to the soil esriserved soil moisture around the trap. Thidded
increased trap catches in our studies and in tbaséucted in the Canary Islands (A. Carnero, pers.
comm.) and Australia (Murad, 2001). The effect of@ring the soil around the trap is probably

only effective during the dry season and may natdeessary during the wet season.
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4 ENHANCEMENT OF THE PHEROMONE WITH HOST PLANT ODOURS

There are a number of laboratory and field studieg demonstrated that the effect of male-
produced aggregation pheromones of several insdetcan be enhanced by host plant volatiles
(Oehlschlageet al., 1993; Giblin-Daviset al., 1996a; Hallett al., 1999; Reddy & Guerrero, 2004).
Synergism in which responses to the mixture of pimene and plant volatiles is greater than the
combined responses to the individual componentsbieas reported for several weevils in the
subfamily Rhynchophoridae, such Rspalmarum and M. hemipterus (Giblin-Davis et al., 19944,
Rochatet al., 2000). However, laboratory studies in which selvditferent bioassay set-ups were
used for evaluating banana weevil orientation raspe showed that host plant volatiles have an
additive rather than a synergistic effect to thetsgtic pheromone with respect to banana weevil
attraction (Tinzaaraet al., 2003, chapter 2). Detailed studies were therdgcted on relative
attractivity of the host plant tissue and the aggt®n pheromone Cosmolure+ to the banana
weevil in the laboratory and in the field (chap®r In the laboratory, | used a double pitfall
olfactometer because this set-up was easy to &briudenbergt al (1993b) and Treverrow
(1994) used a similar apparatus for evaluatingotlr@ana weevil response to banana kairomones. |
further observed that volatiles from pseudosteraugshad an additive effect on attraction of
weevils to the pheromone in the laboratory butethect was limited in the field.

A weak dose-dependent additive effect was obsert@deudostem tissue to the pheromone in
the field. A dose dependence response to the pleer®@rombined with different ratios of the host
plant volatiles was reported for the palm weeRilpalmarum (Oehlschlageet al., 1993) and the
West Indian sugar cane bor®f, hemipterus (Giblin-Daviset al., 1994a). The catches of the banana
weevil would theoretically be improved by increasihe amounts of pseudostem tissue added to
the pheromone trap but this would make the trapmggtem labour intensive and costly.
Enhancement of the aggregation pheromone with psteich tissue was not influenced by the
banana cultivar (W. Tinzaara & C. Gold, unpubl.)y tudies generally suggest that for mass
trapping of the banana weevil, the pheromone shbaldsed alone rather than combining it with
either fresh or fermented pseudostem tissue.

5 INTEGRATION OF INFOCHEMICALSWITH BIOLOGICAL CONTROL

Mass trapping should be considered as one compafienset of management practices. An IPM
strategy involving several methods might offer best chance for success in controlling this pest
(Gold et al., 2001). The pheromone and kairomones may plasitiaat role in enhancement of
predators and entomopathogens for the controleob&imana weevil (Figure 1).
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5.1 Infochemicalsand predators

Infochemicals serve as cues mediating interactemeng plants, herbivorous insects and their
natural enemies (Vet & Dicke, 1992; Dicke, 2000rlihgs et al., 1995; Steidle & van Loon, 2003).
They play an essential role in almost all stageprey searching and prey selection (Diekal.,
1999a). Understanding the role of these chemicatsbe important for effective deployment of
predators as biological control agents. Predatbateur can be manipulated in the field by the use
of infochemicals (Sabelis & Dicke, 1985; Dickeal., 1990; Foster & Harris, 1997; Steidle & van
Loon, 2002).

Predators of the banana weevil are often obsermedecomposing banana tissue such as
harvested stumps, pseudostem traps and often mrelsinvhere banana weevil eggs, larvae and
pupae are normally found (Koppenhofet al., 1992; Koppenhofer, 2003). The beetle
Dactylosternum abdominale andthe ant Pheidole megacephala are the most abundant predators in
environments preferred by weevils in Uganda (Tinzah al., 1999b; Goldet al., 2001; Abera,
2004). These predators are generalists that feemiom-fauna and —flora in decomposing plant
tissues, and on eggs and small larvae of inse@sama pseudostem tissue in a decomposing
condition is more attractive to these predators thdnen fresh (Koppenhoefer, 1993). Use of
infochemicals by generalist predators during poeation has been documented (Dwumfour, 1992;
Scutareanwet al., 1997; Haberkern & Raffa, 2003; Steidle & van Lp@®03; McGregor &
Gillespie, 2004). Information on how volatiles frodecomposing banana pseudostem tissue
influence these predators in their host searchimg) lacation was lacking prior to the research
described in this thesis (chapter 8). We assesdextherD. abdominale and P. megacephala
predators under laboratory and field conditionduagatile infochemicals associated with banana
weevils. Both predator species discriminated betwesatiles from fermented pseudostem tissue
and clean air. Neither of the predators discrineddietween volatiles from weevil larvae and clean
air. Although volatiles from prey may be reliablees (Vet & Dicke, 1992; Wiskerket al., 1993),
fermented plant volatiles appear to be more importa the predators of the banana weevil than
volatiles from the prey itself during habitat aney location. This suggests that the decomposing
pseudostem traps (kairomones) and residues nornfiallpd in the banana fields may be
manipulated to enhance natural enemy populatioid lopi (Masanza, 2003).

The banana weevil aggregation pheromone had nesime&rgist nor additive effects to volatiles
from the banana tissue with respect to attractioth® banana weevil predators. My field studies
did not show that the pheromone influences predaisiribution around the pheromone trap. In

contrast, several other predator species have flepemted to use pheromones of their prey during
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prey searching and location (Dwumfour, 1992; Hedlenhal., 1996; Haberkern & Raffa, 2003;
Steidle & van Loon, 2003).

5.2  Theaggregation pheromonefor delivery of Beauveria bassiana

Entomopathogens such as the funBeauveria bassiana have the potential to control the banana
weevil but their application is limited by the ladk a viable delivery system (Nankinga, 1999;
Nankinga & Moore, 2000; Godonou, 2000). Pseudosteaps can be used to deliver fungal
pathogens (Figure 1) but were found ineffective riNiaga, 1999). The aggregation pheromone
Cosmulre+ has been suggested as an option thabecarsed to aggregate the banana weevil at
delivery sites of entomopathogens (Budenbeirgl., 1993b; Goldet al., 2001; Tinzaarat al.,
2002a, b). Successful use of pheromones for dgligérfungal pathogens has been reported for
several insect pests (Klein & Lacey, 1999; Yasu®9; Vegeet al., 2000). The development of a
pheromone trapping system for dissemination of dgigial control agents would require
pheromone-baited traps that allow both entry andadxhe banana weevils (Tinzaaaal., 2000).
Successful use of pheromone lures to enhance dissgom of B. bassiana would also require that
large numbers of the pest are attracted to the tkéyere they pick up the pathogen and infect
healthy individuals outside the trap. This delivegstem would have the advantage of reduced
costs as only a limited amount of the pathogereeded in traps and field applications would not be
necessary.

Pheromone-baited traps were observed to aggrepatdbdanana weevil on trap mats and
adjacent mats in my field studies (Tinzaatal., 2004a, chapter 9). These studies demonstrated
that weevils can get contaminated with the pathoffem the gallon trap baited with the
pheromone and that they disperse after infectionz@laraet al., 2004a, chapter 9). Infected
weevils were observed to effectively transmit thegus to uninfected individuals in the field.
Infected weevils were mainly found within the vigynof the banana mat (i.e leaf sheath at the base
of the mat and in the soil near the mat) (FigureTBese results have an important implication for
the transmission of the pathogen: after being tefitavith B. bassiana the weevils move to
locations where healthy individuals oviposit andtenéGold et al., 2004b).Placement of the
pathogen in the pheromone trap and on the mateoptteromone trap (Figure 3) and on a few
adjacent mats was found to be more effective ifveehg the pathogen compared to placing the
pathogen only inside the trap. Although the pemgatof weevils infected in the field was 5-10%
after 42 days, it is likely that greater numberslddecome infected over time.
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Crallon trap baited weith
Cosmobme +

Formlated fimgal
pathogen

(b)

Figure 2 Maize formulated fungal pathogen, Seauveria bassiana applied around banana mat
and in a gallon trap baited with the aggregation pheromone (a). White mycelium growing out
of dead weewils found at the base of the banana plant in the leaf sheath (b)),
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The percentage transmission is also likely to iaseewhen more pathogen is placed in the trap. My
data are promising for incorporating this methodaistrategy to control of the banana weevil.
Further studies should be conducted to investiglaefactors that can improve the percentage

transmission for the control of the banana weevil.

6 FUTURE RESEARCH ASPECTS

The aggregation pheromone is species specific lamaegative impact on non-targets is limited.
The pheromone has a low potential for developmémpiest resistance. A major restriction to use
of the banana weevil aggregation pheromone is tadadility and the price of the lures. The
pheromone lures are commercially available in Cédtza at about 2 US dollars per lure. In
addition to the costs of the lure, the costs ohdpmrtation, distribution and storage will be
prohibitive to subsistence farmers in Uganda. For future use, a study should be conducted
about the feasibility of locally producing an efige pheromone that can be easily accessed.

Mass trapping by using the aggregation pheromoaeeatioes not seem to be an effective
method for the control of the banana weevil undgahdlan conditions, even at an increased trap
density. The trapping system did not substanti@tjuce weevil populations and damage to banana
plants. Whatever the cause of the low trap catctese appears to be little practical scope for
further optimizing the trapping system with pheraramnly under Ugandan conditions. The next
strategy for use of pheromones is to exploit théemimal of integrating it with the use d.
bassiana and entomopathogenic nematodes (EPNS).

Studies to evaluate the effect of integrating phemoe trapping with the use Bf bassiana on
weevil populations and its damage to banana plargsbeing conducted in Uganda. Should the
integration strategy prove effective in reducingewiepopulation densities and damage in the field,
this method would have the advantage of reduciegathount of fungal pathogen applied per unit
area compared to the technique of treating indadiduats (plants). Moreover, it would be less
labour intensive. Subsequently, studies would logiired to investigate the amount of pathogen
required in the pheromone trap for effective cdnobthe pest. Additional field-testing will be
necessary to validate further the delivery systérB.dassiana using pheromone-baited traps on
farmers’ fields.

The potential of integrating pheromone trappinghvahtomopathogenic nematodes (EPNs) has
been reported to be promising for control of the@drea weevil in the French West Indies (M.

Guillon; pers. comm.). The potential of using ERNg Steinernema carpocapsae) to control the

149



Chapter 10

banana weevil has been reported by Schmitt (1998)Taeverrow and Bedding (1993). EPNs are
widespread and are more effective against banareviwkarvae than against adults (Pena &
Duncan, 1991). Their widespread use will be limiigdack of a viable delivery system. The EPNs
need to be evaluated in Uganda and opportunitiesntegration with pheromones should be

explored for the management of the banana weevil
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Samenvatting

Chemische signaalstoffen spelen een belangrijki i biologie van veel insectensoorten. Kennis va
hun rol in de interacties tussen planten, herbiverecarnivoren kan belangrijk zijn voor het onkeilen

van milieuvriendelijke methoden van plaagbestrgdiChemische signaalstoffen, vooral feromonen,
kunnen niet alleen worden gebruikt voor het moeitaran insecten maar ook voor directe bestrijdarg v
plaaginsecten. Met behulp van signaalstoffen kupagengen tussen insecten worden verstoord, insecte
massaal worden gevangen, en insecten naar pleldweienvgelokt waar natuurlijke vijanden aanwezig
ziin. Feromonen and kairomonen zijn signaalstoffiem zouden kunnen worden gebruikt voor de
bestrijding van de banananenkev@osmopolites sordidus (Germar) (Coleoptera: Curculionidae).
Cosmopolites sordidus is een serieuze plaag in hooggelegen banenergdania Oost Afrika en
bananenplantages in andere delen van de we@tmopolites sordidus produceert een
aggregatieferomoon dat zowel mannetjes als vrosiva@trekt. Het attractieve isomeer sordidine is
inmiddels als zodanig geindentificeerd en gesyistatd, en ook commercieel verkrijgbaar. Het daal v
het onderzoek dat is beschreven in dit proefsctugds het onderzoeken of een op-signaalstoffen-
gebaseerde vangstmethode kan worden gebruiktstiejdieg van de bananenkever in Uganda.

In verschillende biotoetsen werd de respons vamadanenkever op de geur van de bananenplant en
synthetisch feromoon (cosmolure+) met elkaar vekgel, daarbij gebruik makend van drie opstellingen:
een locomotiecompensator, een dubbele zogenaanitfi@l ‘wifactometer en een twee- keuze
olfactometer(hoofdstuk 2). De kever reageerde in de verschillende opstellirmgevel op de geur van
gefermenteerd ‘pseudostam’weefsel van de banaméngla op het aggregatieferomoon. Het meest
aantrekkelijk was echter een combinatie van digegelDe locomotiecompensator is aan te bevelen om
de respons van de kever op signaalstoffen te eealue een geen-keuze situatie, terwijl de andeee t
olfactometers in een twee-keuze situatie kunnemevogebruikt. Andere laboratorium- en veldproeven
(hoofdstuk 3) bevestigden dat het feromoon het meest attraisti#foor de kevers als het wordt
aangeboden in combinatie met plantengeuren.

Daarnaast werd, wederom in laboratorium- en ve@m@o, de efficiéntie van het feromoon, het effect
van de biologie van de plaag, verschillende vaagstpeters, teeltsystemen en omgevingsfactoren op de
aantrekkelijkheid van het aggregatieferomoon vaotbdnanenkever onderzog¢hbofdstuk 4-6). Het
doel van deze studies was het verstrekken varmate@ die van belang is voor het ontwikkelen vam ee
optimale feromoonval voor het bestrijden van deahankever. De leeftijd van de kever had geen effect
op de respons op feromonen in het laboratoriunt. id@geerden evenveel mannetjes als vrouwtjes op de
feromonen maar in het veld werden significant messuwtjes dan mannetjes gevangen in
feromoonvallen. De respons van de kever werd igeifisant beinvioedt door de dichtheid aan kevers
het veld. De vangstefficiéntie nam af naarmate farad tot de feromoonval toenam. Er bleek geen
relatie te bestaan tussen temperatuur of windsdedimede grootte van de vangst in feromoonvallen. E
bestond een positieve correlatie tussen de retatiachtigheid (niet regen) en de vangst in
feromoonvallen. Daarnaast werden er meer keverangew in feromoonvallen die bedekt waren met
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bananenbladeren dan in vallen zonder bladeren.abgsv in feromoonvallen was over het algemeen
hetzelfde in percelen waarin de bodem rondom daresplanten werd bedekt met droog gras als in
percelen waarin dat niet werd gedaan. Deze bedgkkim de bodem met droog gras (om vocht zodoende
beter vast te houden) gaat dus prima samen mgebetik van feromoonvallen.

Het effect van verschillende dichtheden aan ferawalen op de bananenkever populatie en de
schade aan de banenplanten werd onderzocht irkpenneent bij de bananentelers zZélbofdstuk 7).
Veranderingen in de keverpopulaties en de schadedaawortelstronken dankzij het gebruik van
feromoonvallen waren verwaarloosbaar. Een verdirgbelan het aantal vallen veroorzaakte een
verwaarloosbare toename in het aantal gevangemskgseha per maand, van 0.4% tot 0.6%. De schade
aan de planten nam zelfs helemaal niet af bij demubbeling. Het gebruik van feromoonvallen in een
plantage van de teler zelf was niet effectief laijdichtheid aan vallen die werd aanbevolen door de
leverancier, nl. 4 vallen per ha.

In het laboratorium werd de respons van twee nigkeurvijanden van de bananenkever,
Dactylosternum abdominale (Coleoptera: Hydrophilidae) eRheidole megacephala (Hymenoptera:
Formicidae), op geur van de pseudostam van de &aplant (kairomonen) en het synthetische feromoon
van de bananenkever onderzocht in een twee-kedaetooheter (hoofdstuk 8). Dactylosternum
abdominale reageerde zowel op geur van gefermenteerde psammtesefsel als op Cosmolure+, terwijl
P. megacephala alleen reageerde op de geur van gefermenteenddgssamweefsel. Voor de natuurlijke
vijanden van de bananenkever lijkt de geur vanrgefeteerde pseudostamweefsel belangrijker te zijn
dan de vluchtige stoffen die door de bananenkealewnrden geproduceerd om de kever en zijn habitat
te vinden. Er werd in het veld ook geen bewijs gelem dat erop duidde dat de verdeling van natkeirlij
vijanden rondom de vallen werd beinvioed door érermhoon.

Vervolgens werd het gebruik van feromoonvallen terspreiding van de entomopathogene
schimmel,Beauveria bassana, onderzochi(hoofdstuk 9). De kevers aggregeerden zowel op bananen
planten waarop feromoonvallen waren geplaatst plsaangrenzende planten. Geinfecteerde kevers
verspreidden de schimmel vervolgens naar oorsplinrgeinfecteerde individuen in het veld. Er was
significant meer sterfte onder de kevers in degbenowvaar de schimmel was gebruikt in combinatie me
het aggregatieferomoon dan in de percelen waachiesel werd ingezet zonder dat daarbij gebruik
werd gemaakt van het feromoon. De data laten ziehet aggregatieferomoon van de bananenkever kan
worden gebruikt om de verspreiding vBnbassana te vergemakkelijkerDit zou een veelbelovende
methode kunnen zijn voor de bestrijding van de hanieever

Tot slot wordt er een overzicht gegeven van hetujjelan het aggregatieferomoon en de geuren van
de bananenplant zelf in een geintegreerde besggdbrm van de bananenkeykoofdstuk 10). Dit
project heeft meer dan voldoende experimenteejbepgeleverd om de toepassing van het synthetische
aggregatieferomoon door telers, die in Uganda epélschaal bananen telen, verder te ontwikkeleh. H
is daarbij vooral belangrijk om een combinatie fenomoonvallen met entomopathogene schimmels en
nematoden verder te exploiteren.
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