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Was die Raupen lassen, das fressen die

Heuschrecken; und was die Heuschrecken

lassen, das fressen die Käfer; und was die

Käfer lassen, das frißt das Geschmeiß.

Joel 1, 4
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1a Summary

Acanthoscelides obtectus (Say) (Col.: Bruchidae) and Zabrotes subfasciatus

(Boheman) (Col.: Bruchidae) are the major post harvest pests of dry beans in

Latin America. Breeding of resistant bean varieties has been successful against

Z. subfasciatus, but these varieties remain susceptible to A. obtectus. The aim of

this study was to find a biological control against A. obtectus, and to test whether

this control method could be part of an IPM system, integrating resistant bean

varieties and parasitoids.

1. The longevity and the progeny production of three larval/pupal ectoparasitoids

of A. obtectus were evaluated, with and without food source. Dinarmus basalis

Ashmead (Hym.: Pteromalidae) produced the highest number of progeny and

had the longest reproductive lifespan, making it the most promising agent for the

control of A. obtectus compared to Anisopteromalus calandrae (Howard) (Hym.:

Pteromalidae) and Heterospilus prosopidis (Viereck) (Hym.: Braconidae). Honey

given as a food supplement to the synovigenic species D. basalis and

A. calandrae increased their lifetime progeny production through an increased

reproductive lifespan, while in the pro-ovigenic species H. prosopidis,

consumption of honey resulted in a higher number of progeny through an

increased daily oviposition rather than an increased oviposition period.

2. Over a period of three years, samples of recently harvested beans were taken

from small-scale farms in Restrepo, Valle de Cauca, Colombia. The level of

infestation by A. obtectus was found to be low, but consistent over this period. At

harvest time 90% of the bean samples were infested by the weevil. Based on

emergence data it can be concluded that oviposition by A. obtectus in the field

had been restricted to a very short period before harvest. The only parasitoid

which emerged was Horismenus ashmeadii (Dalla Torre) (Hym.: Eulophidae),

being recorded from 21% of the samples. The samples in which the parasitoid

was found carried an average of 5 parasitoids per 1000 beans, with a maximum

of 12 parasitoids. During 16 weeks of storage, two weevil generations emerged

causing visible damage ranging from 0.5 to 34% of the beans (average of 14%).
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While H. ashmeadii attacked the first generation of A. obtectus in the field, it

failed to attack or develop under storage conditions.

3. The control potential of D. basalis was tested under different conditions in a

laboratory long-term study. A single introduction of the parasitoid at the beginning

of the experiment resulted in a significant reduction of bean damage compared to

the control without parasitoids. Weevil reduction was mainly influenced by host

larval age at the moment of parasitoid introduction, with parasitoids being more

effective against populations of younger host larvae. Parasitoid density affected

the reduction rate as well. In two of three arrangements a higher number of

introduced parasitoids resulted in significant higher level of weevil reduction. The

availability of sugar sources did not improve pest suppression. High weevil

reduction was correlated with a low progeny production. This indicates that

weevils were reduced more by host-feeding than by oviposition.

4. Based on the findings from the laboratory experiment, on-farm experiments

under standard Colombian storage conditions with natural weevil infestation were

performed. A single introduction of the parasitoid D. basalis within a week after

harvest resulted in weevil eradication on farms with low levels of natural

infestation. Suppression of the weevil population on farms with high natural

infestation depended on the development stage of the weevil population at

harvest time. Introduction of the parasitoid to younger weevil instars resulted in a

weevil reduction of 88 to 97%, while development of populations of older weevil

instars was delayed by the parasitoid, without reducing the build-up of the

population.

5. The development of A. obtectus and the control potential of D. basalis were

evalutated for three bean varieties containing different amounts of the protein

arcelin (a resistance factor to Z. subfasciatus) as well as for an arcelin-free bean

variety (control). In arcelin containing beans larval development of A. obtectus

was prolonged, allowing the parasitoid longer access to vulnerable stages. The

parasitoid eradicated the weevils in 60 to 80% of the replicates using arcelin

containing varieties, and in 50% using the susceptible variety. In moderate

arcelin containing varieties, reduction of the weevil population was higher than in
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the arcelin free variety. In the variety with the highest arcelin content reduction by

D. basalis was inefficient in four of ten replicates. Based on these results it can

be hypothesized that bean varieties with a moderate arcelin content are most

suitable for use in IPM programs against A. obtectus and Z. subfasciatus.

In conclusion, biological control by D. basalis is discussed in the context of insect

characteristics in the chosen system, environmental influences on the control

potential, and possibilities for IPM in small-scale storage systems.
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1b Zusammenfassung

Die Bohnenkäfer Acanthoscelides obtectus (Say) (Col.: Bruchidae) und Zabrotes

subfasciatus (Boheman) (Col.: Bruchidae) sind die Hauptlagerschädlinge

getrockneter Bohnen in Südamerika. Es gelang resistente Bohnensorten gegen

Z. subfasciatus zu züchten, die jedoch weiterhin anfällig für A. obtectus sind. Das

Ziel dieser Studie war es, eine biologische Schädlingsbekämpfung für A.

obtectus zu finden und nachzuprüfen, ob diese mit den oben erwähnten

resistenten Bohnensorten in einem integrierten Schädlingsbekämpfungs¬

programm angewandt werden kann.

1. Langlebigkeit und Produktion von Nachkommen dreier Ektoparasitoiden der

Larven/Puppen von A. obtectus wurden, auch im Zusammenhang mit dem

Einfluß von Nahrungsquellen, untersucht. Dinarmus basalis Ashmead (Hym.:

Pteromalidae) produzierte die größte Anzahl von Nachkommen und verfügte

über die längste reproduktive Lebenszeit, was ihn, verglichen mit

Anisopteromalus calandrae (Howard) (Hym.: Pteromalidae) und Heterospilus

prosopidis (Viereck) (Hym.: Braconidae), zum vielversprechendsten Gegen¬

spieler für die Bekämpfung von A. obtectus macht.

Honigzugaben erhöhten Lebensdauer und Nachwuchsproduktion der beiden

synovigenen Arten D. basalis und A. calandrae, indem die reproduktive

Lebenszeit verlängert wurde. Bei der pro-ovigenen Art H. prosopidis wurde mit

dem Zugeben von Honig eine höhere Anzahl von Nachkommen eher durch eine

Erhöhung der täglichen Eiablage als durch eine Verlängerung der Eiablagedauer

erreicht.

2. Über eine Dauer von 3 Jahren wurden Proben frisch geernteter Bohnen von

Kleinbauern in Restrepo, Valle de Cauca, Kolumbien, gezogen. Der Befall durch

A. obtectus war sehr niedrig, aber über den gesamten Versuchszeitraum

vorhanden. 90% aller Proben waren zur Zeit der Ernte von dem Schädling

befallen. Basierend auf den Schlupfdaten wird angenommen, daß die Eiablage

von A. obtectus im Feld auf eine kurze Dauer vor der Ernte beschränkt ist. Nur

ein einziger natürlicher Gegenspieler wurde in den Proben gefunden: der
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Parasitoid Horismenus ashmeadii (Dalla Torre) (Hym.: Eulophidae) kam in 21%

der Proben vor. Im Mittel wurde eine Befallsstärke von 5 Parasitoiden pro 1000

Bohnen gezählt; der maximale Befall waren 12 Parasitoiden pro 1000 Bohnen.

Während 16 Wochen Lagerzeit schlüpften zwei Schädlingsgenerationen, die

einen sichtbaren Schaden an 0.5 bis 34% der Bohnensamen verursachten.

Horismenus ashmeadii griff zwar die erste Generation von A. obtectus im Feld

an, vermehrte sich aber nicht im Lager.

3. Das Bekämpfungspotential von D. basalis wurde unter verschiedenen

Konditionen in einer Langzeitstudie im Labor getestet. Die einmalige Freilassung

von Parasitoiden zu Beginn des Experiments führte zu einer signifikanten

Senkung der prozentualen Bohnenschädigung im Vergleich zu einem

parasitoidfreien Kontrollansatz. Die Schädlingsunterdrückung wurde

hauptsächlich vom Alter der Wirtslarven zum Zeitpunkt der Parasitoiden-

freilassung beeinflußt, wobei die Parasitoiden erfolgreicher gegen Populationen

jüngerer Wirtslarven vorgingen. Auch die Parasitoidendichte beeinflußte die

Reduzierung des Schädlings: In zwei von drei Versuchsansätzen wurden die

Schädlinge signifikant reduziert, wenn eine höhere Anzahl Parasitoiden

freigelassen wurde. Der Zusatz von Honig hatte keine Wirkung auf die

Unterdrückung des Schädlings durch die Parasitoiden. Höhere

Vernichtungsraten des Schädlings wurden erzielt, wenn die Nachwuchsraten des

Parasitoiden gering waren. Das deutet darauf hin, daß mehr Schädlinge durch

host-feeding (Aussaugen der Wirtslarven durch adulte Parasitoiden) als durch

Eiablage getötet wurden.

4. Basierend auf den Ergebnissen des Laborexperiments wurden Freiland¬

versuche unter kolumbianischen Lagerbedingungen und mit natürlich auf¬

tretendem Schädlingsbefall durchgeführt. Eine einzelne Freilassung von

Parasitoiden der Art D. basalis innerhalb der ersten Woche nach der

Bohnenernte führte zur Schädlingsausrottung auf Farmen mit geringem

natürlichem Schädlingsbefall. Die Schädlingsvernichtung auf Farmen mit hohem

natürlichen Schädlingsbefall hing von dem Wirtslarvenalter zum Zeitpunkt der

Ernte ab. Die Freilassung von Parasitoiden zu jüngeren Larvenstadien führte zu
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einer Schädlingsreduktion von 88 bis 97% nach 16 Wochen Lagerzeit. Die

Freilassung von Parasitoiden zu Populationen von Wirtslarven in älteren Stadien

verzögerte zwar deren weitere Entwicklung, aber der Aufbau der Schädlings¬

population wurde nicht reduziert.

5. Im letzten Versuch wurden Bohnensorten einbezogen, die durch die

Beinhaltung des Proteins Arcelin resistent gegen Z. subfasciatus sind. Es wurde

die Entwickung von A. obtectus in drei Bohnensorten mit verschieden hohem

Arcelingehalt bzw. einer arcelinfreien Bohnensorte untersucht und die

Auswirkung der veränderten Entwicklung der Schädlingslarven auf das

Bekämpfungspotential von D. basalis beobachtet. In arcelinhaltigen Bohnen war

die Entwicklungszeit von A. obtectus verlängert, wodurch der Parasitoid mehr

Zeit hatte, die verwundbaren Larvenstadien anzugreifen. In 60 bis 80% aller

Wiederholungen mit arcelinhaltigen Bohnensorten und in 50% der

Wiederholungen mit der anfälligen arcelinfreien Bohnensorte kam es zur

Ausrottung des Schädlings durch den Parasitoiden. In den Bohnensorten mit

mittlerem Arcelingehalt war die Reduzierung der Schädlingspopulation höher als

bei der anfälligen Bohnensorte. Bei der Sorte mit dem höchsten Arcelingehalt

hingegen war D. basalis in vier von zehn Wiederholungen wirkungslos. Auf

diesen Ergebnissen basierend wurde angenommen, daß sich Bohnensorten mit

einem mäßigen Arcelingehalt am besten für die integrierte Schädlings¬

bekämpfung von A. obtectus und Z. subfasciatus eignen.
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2 General Introduction

The Common bean, Phaseolus vulgaris L, is a member of the family

Leguminosae, tribe Phaseolae, subfamily Papilionideae. The flowers develop into

a straight or slightly curved fruit, the pod. Seeds may be round, elliptical,

somewhat flattened, or rounded-elongate in shape, and have a rich assortment

of coat colors and patterns. They also vary greatly in size and weight, ranging

from 50 mg/seed in ancestral forms of P. vulgaris collected in Mexico to more

than 2000 mg/seed in some large-seeded Colombian varieties (Adams et al.,

1985). The high protein content (approximately 22%) renders the bean the most

important food legume in the developing world (Faure et al., 1997).

Mexico is probably the origin of the bean, from where it was introduced to the

center of Central America, followed by the Caribbean coast up to Colombia,

Venezuela and eventually to Brazil (Gepts & Bliss, 1988). Gepts & Debouck

(1991) suggested on the basis of phaseolin types, that there are three areas of

Phaseolus domestication: Central America and Colombia for small-seeded bean

types, and Peru/Argentina for large-seeded bean types. Beans spread widely in

post-Colombian times and reached Europe by the sixteenth century. They

probably spread to coastal parts of Africa not long afterwards with the slave trade

of the Portuguese (Allen et al., 1989).

Latin America is the main bean producer and consumer in the tropical world, with

a large part of the bean production taking place on small-scale farms ranging in

size from 1-10 ha, often on sloping land of limited fertility. Farmers consider

beans as a high-risk crop that does not merit good agronomy because they are

disease susceptible (van Schoonhoven & Voysest, 1989). Besides diseases and

weeds approximately 70 insect species affect common or dry bean production

before and after harvest, but only a part of these pests are of economical

importance (Cardona, 1997).

The most important post-harvest pests of stored beans in Latin America are the

bruchids Acanthoscelides obtectus (Say) and Zabrotes subfasciatus (Boheman).

They are cosmopolitan, but not necessarily the most important pests of
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Leguminosae on other continents. For example, Callosobruchus chinensis (L.)

and C. maculatus (F.) have their origins in Asia and Africa, where they are the

main post-harvest pests of cowpea. There is strong evidence suggesting that

with the slave trade across the Atlantic certain members of the genus

Callosobruchus became established in the West Indies and South America

(Southgate, 1978).

The life histories of the four bruchid species mentioned above are quite similar

(Howe & Currie, 1964). First instar larvae enter the bean seed and develop inside

the seed, forming a feeding chamber. The larvae molt four times before reaching

the pupal stage. The newly formed adult may remain in the chamber for several

days before escaping through the so-called window, a small circular area of the

feeding chamber adjacent to the seed coat. The adult weevils are usually

sexually mature when they emerge from the seed and mate shortly after

emergence (Arbogast, 1991). Acanthoscelides obtectus has the special behavior

of dropping the eggs loosely over the seeds, while the other species attach them

to the seed testa. The first instar larvae of A. obtectus wander around before

entering the seed, whereas first instars from other bruchid species bore through

the eggshell and seedcoat in one process. Within the Bruchidae, there are

differences in the ability to persist under field or storage conditions. Although the

bruchids are generalists, they do differ in their preference for grain species

(Southgate, 1978).

Colombian farmers harvest the beans for storage after the pods have dried in the

field. They test for dryness by biting into the seed. If it is hard enough, no teeth

marks remain on the seed testa. At this point the farmers pull out the dead plants

and spread them on the ground. After a short period of drying they hit with sticks

on the plants until the seeds fall out of the pods. Seeds are cleaned from dust

and kept in the sun to dry a little longer. Then the crop is put in sacks and stored

for a short time or sold directly to the merchants. Currently, many Colombian

farmers sell the beans directly after harvest, often without keeping any seeds for

the next sowing or for family consumption, because of the destructive power of

the bruchids. Prices are often low at harvest time. The possibility of safe storage
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could help farmers to wait for better prices, and would possibly even stabilize

market prices (van Schoonhoven, 1976).

Man's fight for food has always also been a struggle against the environment.

Climate, animals, plant diseases and weeds destroyed the crop and left man to

starve. First pest control practices were probably religious ceremonies because

irregularities in the number of pests seemed to be supernatural (Zehrer, 1980). A

well-known example is the grasshopper plague sent as the eighth plague by God

to punish the Egyptians and which was lifted after they promised to free the

Israelis from slavery: "Da wendete der HERR den Wind, also daß er sehr stark

aus Westen ging und hob die Heuschrecken auf und warf sie ins Schilfmeer, daß

nicht eine übrigblieb an allen Orten Ägyptens" ("The holy bible", Lutheran

translation; Second book Moses; 10, 19).

Traditional methods of pest control were developed regionally. An important

method is the prevention of infestation by crop rotation, choice of harvest time,

selection of suitable varieties, selecting undamaged grain for storage, and

storage conditions (reviewed by Zehrer, 1980). In addition to the preventive

measures, active control methods evolved. First mechanical methods such as

picking of pests by hand, sifting out insect pests, winnowing by using the wind,

and inflicting physical damage to pests (reviewed by Zehrer, 1980). Knowledge

of the toleration limits of insects allowed farmers and merchants to make use of

the effects of temperature and humidity (e.g. sun, fire, application of moist heat)

as well as of mineral substances (e.g. sand, dust), natural gases and substances

of animal and plant origin (e.g. dung, pyrethrum, neem, vegetable oils) (reviewed

by Zehrer, 1980). Many of these traditional methods are still practiced nowadays.

Farmers' management methods of bean bruchids in eastern and southern Africa,

for instance, include solar heating, varietal selection, removal of infested grain at

harvest, admixing grain with ash and botanicals, enrobing the seed with mud,

use of different storage methods, and granary hygiene (Abate & Ampofo, 1996).

After World War II, synthetic pesticides became prominent in agriculture and

dominated pest management programs. During this era farm productivity rose by
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more than 60% (Allen & Rajotte, 1990). The problem of pesticide resistance, first

noted in the pre-IPM (Integrated Pest Management) era, gained recognition

during the IPM era as commonly used pesticides became ineffective (Allen &

Rajotte, 1990). After 1959, IPM became a major research strategy in

entomology, although it has taken many years to get only limited successful

implementation of IPM on farms (Perkins & Patterson, 1997).

The concept of IPM was developed by entomologists as an answer to the

undesirable side effect of insect resistance to pesticides (Zadoks, 1989). IPM

was defined by the FAO in 1968 as a pest management system that, in the

context of the associated environment and the population dynamics of the pest

species, utilizes all suitable techniques and methods which are compatible and

possible to maintain the pest population at levels below those causing

economically unacceptable damage or loss. As resistance, a genetic-

evolutionary phenomenon in response to a selection pressure, has been

demonstrated with almost every pest-management tactic so far (Pedigo, 1996), a

combination of several tactics is desirable. However, for every pest management

Programm it has to be proven that the combined methods do not influence each

other negatively.

Currently, pest management of stored beans is either non-existent or relies

unilaterally on synthetic insecticides (fumigants and contact insecticides). For

both insecticide types the issue of user-safety, particularly for on-farm user in

developing countries, is critical (Dorn, 1998). Increasing public concern about

toxic residues in food and environment have provided an unprecedented

opportunity for the wider adoption of biological control (Greathead, 1990), which

is often the major component of IPM programs (Kaaya, 1994).

The implementation of biological control agents relies either on inoculative or

inundative releases. Inoculative releases proved to be successful in perennial

crops, where the control agent is expected to colonize and spread throughout an

area naturally. Inundative, i.e. repeated periodic releases are recommended for

discontinuous systems (Parrella et al., 1992). Storage systems as practiced on-

farm are to a large degree discontinuous systems. In Colombia, beans are
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harvested at an interval of approximately four month. This yields a discontinuous

pattern of storage on-farm and only a low proportion of beans is likely to allow for

continuous infestation in cracks and crevices. Accordingly, inundative releases of

natural antagonists of storage pests seem to be appropriate for on-farm systems.

The aim of this study was to find an agent for inundative biological control of the

bean weevil A. obtectus and further, to combine this method with the use of

resistant bean varieties already investigated to control Z. subfasciatus.
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3 Control potential of three hymenopteran parasitoid

species against the bean weevil, Acanthoscelides

obtectus in stored beans: The effect of adult parasitoid

nutrition on longevity and progeny production1

Abstract

Longevity and progeny production of three hymenopteran parasitoids of

Acanthoscelides obtectus (Say) (Col Bruchidae) were evaluated when kept with

or without food sources In absence of adult food, Dmarmus basalts Ashmead

(Pteromalidae) and Heterospilus prosopidis (Viereck) (Braconidae) lived longer

than Anisopteromalus calandrae (Howard) (Pteromalidae) Dmarmus basalis

produced the highest number of progeny and had the longest reproductive lifetime,

making it the most promising parasitoid for the control of A obtectus

Anisopteromalus calandrae performed poorly with A obtectus and thus seems

unsuitable as a control agent against this host Heterospilus prosopidis had a

shorter oviposition period than D basalts, resulting in a lower lifetime progeny

production To determine the effect of food sources, either honey, sugarcane, or

host larvae were offered to the parasitoids Honey was a suitable food source for

all three parasitoids Honey as a food supplement for the synovigenic species

D basalis and A calandrae increased their lifetime progeny production through an

increase in reproductive lifetime, while in the pro-ovigenic species H prosopidis,

consumption of honey resulted in a higher number of progeny through an increase

in daily oviposition rate rather than an increase in oviposition period Positive

effects of sugarcane and host-feeding were only observed for D basalis

3.1 Introduction

The common bean (Phaseolus vulgaris L.) is produced in over 75% of

developing countries, with the greatest concentration in Latin America. It is

also one of the most important foods in the developing world, where small

scale farmers are the principal producers.

The bruchids A. obtectus and Z. subfasciatus are the major post harvest pests

of dry beans in Latin America. Acanthocelides obtectus attack the bean seeds

in the field and subsequently infest storage units, while Z. subfasciatus attack

1
Based on publication Schmale, I

,
F L Wackers, C Cardona, and S Dorn (2001) Control

potential of three hymenopteran parasitoid species against the bean weevil in stored beans

The effect of adult parasitoid nutrition on longevity and progeny production Biological Control

21, 134-139
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only stored seeds (Cardona, 1989). When left untreated, weevil populations

grow exponentially and can completely destroy the stored crops within a few

months (Chapter 4). While bean varieties with resistance against

Z. subfasciatus have been identified (van Schoonhoven et al., 1983), and

developed for use (Cardona et al., 1990), non-toxic methods for the control of

A. obtectus are still lacking.

Non-toxic means of control are of particular significance for on-farm storage in

developing countries (Dorn, 1998). Biological control can be a viable tool, as

beneficial insects may occur naturally or can be released where needed by

farmers. Furthermore, biological control of A. obtectus is expected to be

compatible with bean cultivars with resistance to Z. subfasciatus and thus can

be used in integrated pest management programs in regions where both

bruchid species occur together (Dorn, 1998).

The effectiveness of natural enemies used in augmentative biological control

can be optimized by selecting species based on several key criteria (Pak &

van Lenteren, 1984). This study compared three bruchid parasitoids with

respect to their longevity and progeny production. I included the synovigenic

ectoparasitoid D. basalis, which has previously been shown to be a promising

control agent against Callosobruchus chinensis (L.) (Islam & Kabir, 1995),

Callosobruchus maculatus (F.) and Bruchidius atrolineatus (Pic) (Ouedraogo

et al., 1996; Sanon et al., 1998) and is also reported on Callosobruchus

subinnotatus (Pic), A. obtectus, Z. subfasciatus, and other grain-attacking

beetles (Rasplus, 1989). The synovigenic ectoparasitoid A. calandrae has

been identified as one of the most promising candidates for biological control

of a wide range of storage pests, including maize weevils, rice weevils, and

several bruchid beetles in beans (Ghani & Sweetman, 1955; Williams & Floyd,

1971; Brower et al., 1996). The pro-ovigenic solitary ectoparasitoid H.

prosopidis is known to attack a wide range of bruchid beetles (Kistler, 1985).

I measured longevity and progeny production for the above three candidate

species. Both of these parameters can be strongly affected by food availability

(Laetemia et al., 1995). Especially in storage systems, supplemental food can

be expected to be an effective tool to enhance parasitoid efficacy (Wäckers et

al., 1998). I tested the effect of three different food sources on parasitoid

longevity and progeny production.
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3.2 Materials and Methods

Beans

In all experiments the commonly cultivated susceptible bean variety

Phaseolus vulgaris L. var. Diacol-Calima (Leguminosae) was used. Seeds

were obtained from the farm "La Providencia" in Restrepo, Valle de Cauca,

Colombia. They were harvested the same year the experiments were

conducted. Following harvest they were kept in the freezer at -12°C for one

week to remove any backround pest infestation.

Herbivore

The experiments were carried out with A. obtectus (Col.: Bruchidae). A locally

collected and periodically renewed colony of this species has been

maintained by the Bean Entomology Laboratory at CIAT (Centra Internacional

de Agricultura Tropical), Cali, Colombia on P. vulgaris for 15 years. Cultures

were maintained using methods described by van Schoonhoven et al. (1983),

at 26°C and 80% RH. Fourth instar host larvae are the preferred stage for all

three parasitoid species tested (Heong, 1981; MarWai & Fujii, 1990; Smith,

1993). To obtain fourth instars for the experiments, eight beans were infested

with 20 5-day old eggs of A. obtectus. The number of larvae penetrating the

beans was indirectly assessed by subtracting the number of unhatched eggs

and dead first instars from the number of eggs first introduced. Larvae

reached the fourth instar stage by day 13.

Parasitoid species

Dinarmus basalis (Hym.: Pteromalidae). This parasitoid was collected and

reared from A. obtectus attacking P. vulgaris L. var. Diacol-Calima in a grain

storage in Buga, Valle de Cauca, Colombia. Subsequently this parasitoid was

reared on A. obtectus on P. vulgaris L. var. Diacol-Calima by the Bean

Entomology Laboratory in CIAT.

Anisopteromalus calandrae (Hym.: Pteromalidae) and Heterospilus prosopidis

(Hym.: Braconidae). These species had been reared on C. chinensis on

cowpea (Vigna unguiculata Walp.) by the Applied Entomology group, ETH

Zürich. Before being used in the experiments a colony was established on

A. obtectus on P. vulgaris L. var. Diacol-Calima at the Bean Entomology

Laboratory in CIAT.
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All parasitoid species were reared at 20-25°C, 70% RH and 12:12 L:D by

providing freshly emerged parasitoid cohorts with beans containing fourth

instars of A. obtectus. Under these conditions, emergence began

approximately 18 days after parasitisation.

Experimental site

Conditions in experimental chambers were 20-25°C, 70% RH and 12:12 L:D,

which corresponds to the local natural habitat of the pest.

Longevity

Newly emerged parasitoid females (0-24 hours old) were kept in groups of

five individuals in a plastic vial (21cm3). The following potential food sources

were offered: (1) a drop of honey, renewed weekly; (2) a mature sugarcane

stem piece (approx. 1cmx1cmx0.5cm), added one time at the beginning of

the experiment; (3) bean seeds infested with fourth instar A. obtectus,

renewed weekly; (4) bean seeds infested with fourth instar A. obtectus and a

drop of honey, both renewed weekly; (5) uninfested bean seeds, added one

time at the beginning of the experiment; or (6) control without food source.

The number of surviving parasitoids was counted daily. Each treatment was

repeated six times, resulting in 30 parasitoids per treatment and species.

Progeny production

Upon emergence, female and male parasitoids were kept together for 16-24

hours to allow for mating. Subsequently, each female was placed in a vial with

eight beans containing approximately 20 fourth instars. The following food

supplements were tested: (1) a drop of honey, renewed weekly; (2) a mature

sugarcane stem piece (approx. 1cmx1cmx0.5cm), added one time at the

beginning of the experiment; or (3) control without food supplement.

Beans were changed daily and parasitoids were provided with new

unparasitised fourth instars until they died. Parasitised beans were kept in

individual vials for 30 days to count the emerging parasitoids and bruchids.

Parasitoid females that did not produce offspring or escaped during the

experiment were not considered. Every treatment was repeated with 30

females.

To obtain data with direct relevance to biological control, I assessed the

number of progeny actually produced rather than fecundity. As a
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consequence my study does not reveal possible differential mortality during

larval development under different treatment regimes. I measured the lifetime

progeny production, i.e., the progeny one female produces over the course of

its life, as well as the cumulative progeny production, i.e., the progeny one

female produces daily, recorded over its lifetime.

Data analysis

For statistical analysis of longevity and mean lifetime progeny production, I

used the Friedman repeated measures analysis of variance on ranks. To test

for differences between the median values, I used Dunn's Method. For

statistical analysis of cumulative progeny production, I used polynomial

regression analysis.

3.3 Results

Longevity

When kept without food sources, D. basalis and H. prosopidis both lived

approximately 50% longer than A. calandrae (Table 3.1). Food sources

significantly influenced the longevity of all species tested. Dinarmus basalis

had the longest average lifespan when kept with infested beans plus honey.

This lifespan was three times as long as that of individuals kept with honey,

sugarcane, or infested beans. Dinarmus basalis kept with uninfested beans or

without food source had a significantly shorter lifespan than the individuals in

other treatments.

The lifespan of A. calandrae kept with infested beans plus honey and honey

was four to five times as long as that of individuals kept with sugarcane,

infested beans, uninfested beans, or no food source. Unlike in D. basalis,

there was no significant difference between the treatment with honey and

honey plus host larvae for A calandrae.

The lifespan of H. prosopidis kept with infested beans was significantly shorter

when compared to the other treatments. Honey only had a positive effect on

longevity when host larvae were present.
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Table 3.1: Mean longevity of Dinarmus basalis, Anisopteromalus calandrae,

prosopidis females kept with different food sources.

and Heterospilus

D.

Range

basalis

Mean*

A. calandrae

Range Mean*

H. prosopidis

Range Mean*

infested beans and honey 19-99 64.4a 3-65 40.7a 6-22 14.6a

honey 18-113 23.0b 13-90 49.8a 10-21 16.7a

sugarcane 14-27 22.0b 2-15 10.4b 7-21 16.1a

infested beans 15-35 23.7ab 4-18 10.3b 3-15 11.3b

uninfested beans 5-18 12.3c 5-13 10.1b 10-18 14.6a

no food source 7-20 15.5c 6-13 10.4b 7-19 15.7a

*ln each column, means followed by different letters were significantly different according to

Dunn's method (p<0.05).

Lifetime progeny production

Of the three species investigated, D. basalis showed the highest mean

lifetime progeny production, twice as high as H. prosopidis and seven times

as high as A. calandrae (Table 3.2).

Food supplements had a significant effect on the progeny production of all

species tested. Dinarmus basalis females kept with honey produced

significantly more offspring than females deprived of food. No significant

differences were detected among the other treatments.

Both A. calandrae and H. prosopidis had significantly higher progeny

production when kept with honey than with sugarcane or no food

supplements. Neither of the three species showed a significant difference

between sugarcane and the treatment without food supplements (Table 3.2).

Table 3.2: Mean lifetime progeny production of Dinarmus basalis, Anisopteromalus
calandrae, and Heterospilus prosopidis females kept with different food supplements.

D.

Range

basalis

Mean*

A.c

Range

alandrae

Mean*

Hi

Range

orosopidis
Mean*

honey 2-53 28.0a 2-12 6.6a 1 -26 13.5a

sugarcane 2-41 23.2ab 1 -7 2.4b 1 -16 8.1b

no food supplement 4-40 18.7b 1 -6 2.6b 2-16 8.3b

In each column, means followed by different letters were significantly different according to

Dunn's method (p<0.05).

Cumulative progeny production

Dinarmus basalis laid eggs during its entire lifetime(Figure3.1A).Themajorityoftheeggswerelaidinthefirsttendaysafteradultemergence.Thehighestaverageoffspringproductioninonedaywas2.7(honey),2.5(sugarcane),and2.2(withoutfoodsupplement).Uptoday25thecumulativeprogenyproductioncurveofD.basaliskeptwithhoneyandsugarcanedidnot
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differ significantly (F = 2.043, 0.2 < p < 0.25). Around day 25 the females kept

with sugarcane and without food supplement died, while those females kept

with honey laid occasional eggs up to day 79 (Figure 3.1 A), which raised their

lifetime progeny production by 32%.

Anisopteromalus calandrae also laid eggs during its whole lifetime (Figure

3.1 B). When kept with honey, the number of eggs a parasitoid laid during one

day was nearly constant throughout its lifetime. Kept with sugarcane and

without food supplement, the daily rate of offspring production decreased until

the female's death. The highest average offspring production in one day was

0.4 (honey), 0.5 (sugarcane), and 0.9 (without food supplement) (Figure

3.1B).

Heterospilus prosopidis laid eggs over the first 9 days (Figure 3.1C). The

highest average offspring production in one day was 3.8 (honey), 2.4

(sugarcane), and 2.0 (without food supplement). There was a significant

difference in the daily progeny production between the treatment with honey

and the treatments with sugarcane (F = 14.785, p < 0.0005) and without food

supplement (F = 15.225, p < 0.0005), but no difference in the reproductive

period (Figure 3.1 C).

3.4 Discussion

Based on egg maturation, parasitoids can be classified as synovigenic or pro-

ovigenic (Godfray, 1994). Females of synovigenic parasitoids continue to

mature and deposit eggs during their adult lifetime. Females of pro-ovigenic

species complete oogenesis prior to eclosion and generally are capable of

laying their entire egg supply soon after emergence (Thompson, 1999).

The two synovigenic species in my experiments, D. basalis and A. calandrae,

responded to a honey supplement with a 1.5 and 5 fold increase in lifespan,

respectively. Given continued egg deposition over their complete lifetimes,

such enhanced longevity translates into an increase of mean lifetime progeny

production by the factors 1.5 and 2.5, respectively. Under the conditions in my

trial, D. basalis engaged in host-feeding. Females with access to both host

hemolymph and honey increased their lifetime three-fold compared to females

feeding on only one of these resources. These two food sources seem to

contain complementary nutrients for this species. This corresponds to findings
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of Morales-Ramos et al. (1996) for Catolaccus grandis, a parasitoid of the boll

weevil. In this species, however, the effect of host-feeding is restricted to egg

production as it fails to increase parasitoid longevity (Morales-Ramos et al.,

1996).

For the pro-ovigenic species H. prosopidis, which does not engage in host-

feeding, access to adult food sources increases the number of progeny by

increasing oviposition rates. Honey likely provides the energy required during

oviposition. The lower offspring production in absence of this energy source

indicates that parasitoids in these treatments covered their energetic needs

through egg resorption. Thompson (1999) suggested that food sources allow

pro-ovigenic species to increase their lifetime progeny production through

oviposition of the complete egg load. In absence of food sources females may

die with non-oviposited eggs in their ovaries. This situation may apply under

natural conditions, when the host encounter rate can be low. However, my

experiments show that carbohydrate feeding can also increase lifetime

progeny production through an increase in daily offspring production. In my

study, the effect of honey on H. prosopidis longevity was lower than expected

from previous work (Wäckers et al., 1998). This difference might be due to

seed suitability, parasitoid source, environment, and/or honey composition.

Sugarcane seems to be less suitable than honey. While D. basalis could still

utilize this carbohydrate source, other species tested did not benefit from

sugarcane. This is likely due to the fact that the sugar source solidifies when

the sugarcane stem dries out, reducing food accessiblity to the parasitoid

(Wäckers, 1999).

Anisopteromalus calandrae is considered inferior to D. basalis as a control

agent since it produces a lower number of progeny over its lifetime in bean

storage systems. In my studies, the longevity of A. calandrae did not increase

in the presence of host larvae. This species is known to engage in host-

feeding on Sitophilus granarius L. (Cotton, 1923; Ghani & Sweetman, 1955)

and C. chinensis (Wäckers et al., 1998). My longevity and progeny production

data indicate that A. calandrae was either impaired in locating or reaching the

host larvae, or that its acceptance of A. obtectus is poor. Several authors

(Cotton, 1923; Ghani & Sweetman, 1955; Smith, 1992; Smith & Press, 1992;

Wäckers et al., 1998), the latter using the same parasitoid strain, reported
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good performance by A. calandrae on different seed-host-systems, as

suggested by higher longevity and fecundity of parasitoids. It is unclear which

component of the tritrophic system - plant, pest, or parasitoid strain -

contributes to the low effectiveness of A. calandrae in my system. However,

my studies demonstrate conclusively that A. calandrae would be unsuitable

for the control of A. obtectus on P. vulgaris L. var. Diacol-Calima seeds.

Based on my studies the pteromalid parasitoid D. basalis appears a promising

candidate for biological control of A. obtectus in stored beans. Under

comparable conditions it produced consistently more progeny than A.

calandrae and H. prosopidis. Furthermore, the fact that it had the longest

lifetime under nearly all conditions should give D. basalis a competitive

advantage over H. prosopidis. In the field, A. obtectus scatters oviposition over

a period of approximately two to three weeks. As the susceptible fourth instar

of the bean weevil is available during four to five days (CIAT, unpublished

records), parasitoids introduced at the time of storage have to cover a period

of up to four weeks. My data show that only D. basalis reaches sufficient

longevity and progeny production to cover this entire period, especially when

used in combination with suitable food sources.
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4 Field infestation of Phaseolus vulgaris by

Acanthoscelides obtectus, abundance of its natural

enemy Horismenus ashmeadii and consequences for

storage2

Abstract

Over a period of three years nineteen 1kg-samples of recently harvested

beans (Phaseolus vulgaris L.) were taken from eight small-scale farms in

Restrepo, Valle de Cauca, Colombia The level of infestation by

Acanthoscelides obtectus (Say) (Col Bruchidae) was found to be low, but

consistent At harvest time 90% of the bean samples was infested by the

weevil The average level of infestation amounted to 16 weevils per 1000

beans, with a maximum of 55 weevils Infested beans usually carried multiple

larvae with a maximum of 13 larvae Based on emergence data, I conclude

that oviposition by A obtectus in the field had been confined to a very short

period before harvest This relatively narrow window in time can be used for

proper timing of control measures Spontaneous parasitisation was noted for

one species only, Horismenus ashmeadii (Dalla Torre) (Hym Eulophidae),

which emerged from 21% of the samples The samples in which the

parasitoid was found carried an average of 5 parasitoids per 1000 beans,

with a maximum of 12 parasitoids During 16 weeks of storage, two weevil

generations emerged, which caused visible damage ranging between 0 5

and 34% of the beans (average of 14%) While H ashmeadii attacked the

first generation of A obtectus in the field, it failed to attack or develop under

storage conditions This discards H ashmeadii as a post harvest control

agent

4.1 Introduction

Many species from the family Bruchidae are world wide pests of beans both in

the field and in storage. After first instar larvae hatch from the eggs, they

penetrate the seeds. The larvae develop and moult inside. After pupating, the

adult beetles emerge from the seeds and leave typical physical damage in

form of empty feeding chambers. In addition to quantitative damage also

qualitative damage arises from contamination by excrements, pheromones,

2
In preparation as Schmale, I

,
F L Wackers, C Cardona, and S Dorn Field infestation of

Phaseolus vulgaris by Acanthoscelides obtectus, abundance of its natural enemy Horismenus

ashmeadii and consequences for storage
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and bodies of the insects, which can provoke allergica! reactions (CIAT,

1986). Further, damage by the bean weevil likely includes a lower germination

of damaged bean seeds (Zacher, 1930).

In 1986, CIAT (1986) estimated economic losses due to bruchid damage in

Colombian warehouses to be 7.4% after 45 days of storage. Other sources

reporting on different periods of storage found 35% losses in Mexico and

Central America, and 13% in Brazil (cited in CIAT, 1986). However, these

data are difficult to compare, as types of beans and storage varied and losses

are directly correlated to the duration of storage.

Colombian farmers respond to the bruchid problem by selling their yield at the

time of harvest, irrespective of the fact that at this period market prices are

usually at their lowest. CIAT (1986) estimated that this constitutes a 50%

income loss in comparison to better prices that could be obtained a few month

following harvest. It is furthermore expected that spreading of the bean supply

over a certain time period would stabilise bean prices in general (van

Schoonhoven, 1976).

One of the two major bruchid species causing damage to stored beans in

Latin America, A. obtectus, is known for its ability to infest the beans already

in the field by ovipositing loose eggs in growing pods (Cardona, 1989). Dispite

its economic importance, little or no information is available on the timing and

level of this field infestation. Acanthoscelides obtectus prefers cooler climates

at higher elevations, and thus, can be found in mountainous and subtropical

regions, in which it occurs as the only insect pest of stored beans (Cardona,

1989). A report from Colombia indicates that losses attributed specifically to

A. obtectus amounted to approximately 2% after emergence of the first weevil

generation in on-farm storage (Baier & Webster, 1992). Little is known on the

period of oviposition in the field. Available observations indicate that females

deposit their eggs when the pods are becoming dry (Thiery & Jarry, 1985).

Along with the lack of knowledge on the herbivore-plant interactions, there is a

lack of knowledge on natural antagonists attacking A. obtectus in the field.

This study aims to quantify natural level and timing of field infestation by A.

obtectus, and to investigate the subsequent dynamics of the herbivore

populations under typical Andean storage conditions. By taking samples of
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various sites over a period of three years I were also able to make a survey

for natural antagonists in the beans at the time of harvest.

4.2 Material and Methods

Beans

All observations were made on the commonly cultivated susceptible bean

variety Phaseolus vulgaris L. var. Diacol-Calima (Leguminosae).

Initial bean damage

To investigate the quantity of natural field infestation by A. obtectus, a total of

19 samples of about 1 kg of beans was taken from a total of eight small-scale

farms in Restrepo, Valle de Cauca, Colombia (1360 m above MSL). Sampling

took place at 15 dates over a three years period (1997-1999). Samples were

taken on-farm within the first week after harvest. Time of harvest was noted

for each sample.

At the time of harvest every bean seed was examined for insect damage, in

particular weevil or parasitoid emergence holes. Subsequently the samples

were kept in glass jars in a laboratory chamber at 20-25°C and 70% RH. All

newly emerged insects were removed from the jars and counted at weekly

intervals. Samples were discarded after five weeks, which covers the

development time of the weevil under the given conditions. This ensured that

the majority of emerging adults was recorded and prevented the counting of

the F1 generation.

Storage experiment

To investigate the population dynamic of A. obtectus, beans were stored on-

farm in Restrepo, in 1998 and 1999. The climatic conditions averaged over 25

years in this region are 19.6°C; 82.25% RH and 86.75 mm (GIS, Centra

Internacional de Agricultura Tropical). Precipitation during the experimental

period was elevated due to the climatic phenomenon 'El Nino' and rainy and

dry seasons were less distinct. After harvest, beans were spread-out for sun

drying in their pods, then threshed and afterwards filled into 40 kg

polypropylene sacks for storage. Seeds were then kept on-farm for 16 weeks.

At time of harvest, 1 kg of beans was removed to evaluate the initial field

infestation. Over a period of 16 weeks 0.5 kg of beans were removed at
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weekly intervals by inserting a sampling tube through the polypropylene sack.

To control for variation in vertical distribution of the insects, half a sample was

taken from the lower and half from the upper part of the sack. To prevent

multiple sampling from the same position 32 sample sites were chosen

randomly at the beginning of the experiment. The bean samples were brought

to the laboratory, kept under the same controlled conditions and evaluated in

the same manner as described above. Bean damage was evaluated in

percentage of beans containing at least one emergence hole at the time of

sampling. I also measured the damage intensity, which is the average number

of emergence holes per damaged bean seed. Since larvae inside the seeds

are not visible (in contrast to the attached eggs of other bruchid species),

beans were kept for five weeks to also assess larval infestation at time of

harvest.

4.3 Results

Initial bean damage

Weevil emergence

An average of 26, 13, and 14 A. obtectus adults emerged from 1000 bean

seeds in the years 1997, 1998, and 1999, respectively. Therefore, the

mean infestation over the whole period was 16 weevils per 1000 seeds,

with a maximum of 55 weevils. Only 2 of the 19 samples were without

weevils (both in 1998). In the three successive years emergence started in

the 3rd, the 4th, and the 5th week after harvest, respectively (Figure 4.1).

Acanthoscelides obtectus adults emerged over a period of three weeks,

following a normal curve of distribution.

Parasitoid emergence

Hymenopteran parasitoids were discovered in 11 samples from four farms

with fields in the center of the village. They uniformly belonged to a species

of the genus Horismenus (Hym.: Eulophidae), which was determined to be

Horismenus ashmeadii (Dalla Torre) or alternatively an undescribed

species close to H. ashmeadii (with a longer female gaster) (det.: Christer

Hansson, Institute of Zoology, Lund, Sweden). In the following, the species

will be referred to H. ashmeadii. Emergence of H. ashmeadii occurred over
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Figure 4.1. Emergence of the bruchid Acanthoscelides obtectus from P. vulgaris var. Calima

samples collected in Restrepo, Valle de Cauca, Colombia, in 1997, 1998, and 1999. Data

sorted according to field site (hollow symbol: field situated in bean growing center; filled

symbol: field situated outside the bean growing center). Number of weevils related to 1000

bean seeds (approximately 500g).
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the same period as emergence of A. obtectus, but there was greater

variation between farms with respect to the peak of emergence (Figure

4.2). The fraction of samples yielding parasitoids was 100%, 55%, and

25% in 1997, 1998, and 1999, respectively. In parasitised samples an

average of 6, 3, and 18 H. ashmeadii adults emerged from 1000 bean

seeds in these years. Over the whole period, a maximum of 12 parasitoids

per 1000 seeds emerged.

Storage experiment

During 15 weeks of storage time, two bruchid generations emerged (Figure

4.3). The first weevil generation represents offspring from weevils, which

oviposited in the field, i.e. the initial natural field infestation (see above).

Natural infestation was in both years higher on farms with fields situated in the

center area compared to farms with fields situated outside the bean growing

center. In the first case, means of 19 to 40 weevils emerged from 1000 bean

seeds (high initial infestation), in the second case means of 0.7 to 15 weevils

emerged from 1000 bean seeds (low initial infestation) (Figure 4.3). In 1998

and 1999 emergence of the second weevil generation started on three farms

with high initial infestation in the 10th and 11th week after harvest and on one

farm with low initial infestation in the 15th and 14th week after harvest,

respectively. By the 16th week of storage the second weevil generation had

emerged and overall damage level over both years reached up to 34% in

case of high initial infestation and up to 5.7% in case of low initial infestation

(Figure 4.3). Mean damage intensity was 3.9 holes per damaged bean in the

generation originating from the field and 1.9 holes per damaged bean in the

second generation.

H. ashmeadii only appeared in one generation, representing parasitisation in

the field. Attempts to rear H. ashmeadii failed under laboratory conditions as

well. Neither females which were offered beans in combination with weevil

eggs nor females presented with various larval stages produced offspring.
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damaged beans is given for samples collected in1998 and 1999. Beans were counted as

'damaged' when at least one emergence hole caused by A. obtectus was visible.

4.4 Discussion

Initial bean damage

Almost 90% of the bean samples taken at harvest were infested with the

bruchid A. obtectus. As these samples represent only a small part of the

typical storage unit (0.5 to 1kg of approximately 65kg), the actual chance of a

storage unit to be non-infested is close to zero.
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As the mean development time from egg to adult in A. obtectus under the

given storage conditions amounts to approximately 35 days (Schmale,

personal observation), the timing of A. obtectus emergence in the storerooms

indicates that infestation had taken place during two weeks prior to harvest.

Considering some variance in insect development, I can conclude that

infestation by A. obtectus was concentrated in a very short window in time,

resulting in a distinct emergence peak. This shows that A. obtectus requires a

particular stage of maturity of the bean pods for oviposition, as it was found in

C. chinensis for dry yellow pods (Shinoda et al., 1992). Different time windows

of infestation in the three experimental years were likely due to climatic

differences, pre- and/or post-harvest.

The first weevil generation was consistently small, as on average only 16

weevils emerged from 1000 bean seeds. This result coincides well with the

damage level of 2% reported for the natural field infestation of A. obtectus in

the closely situated Colombian village Darien (Baier & Webster, 1992).

Infestation was regularly higher in samples originating from fields in the bean

growing center of Restrepo, where beans are permanently present in the field,

as compared to fields situated outside the bean growing center, where crop

rotation resulted in bean free periods. Therefore, beans from outlying areas

could be more suited to storage than beans from bean growing centers.

Infested beans from the field mostly bear multiple larvae, with numbers of up

to 13 larvae recorded in my evaluations. Acanthoscelides obtectus females

oviposit a cluster of eggs into the same pod. It is likely that only a few pods

are infested, but due to the weevil's high intrinsic rate of increase under

storage conditions this is sufficient to cause a rapid destruction of stored

beans.

Storage experiment

After harvest, the weevil generation which penetrated bean seeds in the field

emerge in the storerooms. Damage is little at this time, since clustered

oviposition into pods results in a high damage intensity, but a small

percentage of damaged seeds. The mean number of emergence holes

decreased with the emergence of the second generation from approximately 4

to 2 holes per damaged bean. In C. chinensis females choose undamaged

seeds for oviposition (Ignacimuthu et al., 2000) likely to prevent larval
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competition (Credland et al., 1986). In A. obtectus the eggs are scattered free

over the seeds and first instars rather than adult females decide which seed to

penetrate. Their entering behavior is induced by thigmotactic stimulation

produced by a contact area between two seeds, or between a seed and the

pod wall (Labeyrie, 1962). Success in penetration depends on the seed coat

hardness and on the length of the period the larvae spend outside the seed

(Thiery & Jarry, 1985). Umeya & Kato (1970) stated that first instar larvae use

the entrance holes of previous larvae, resulting in clustering of weevil

damage. My studies showed that more first instars penetrate undamaged than

occupied seeds. It remains to be determined if the decrease of damage

intensity in A. obtectus is due to actual avoidance of occupied seeds by first

instars or whether it reflects differences in spatial arrangements of beans

between pods and storage bags.

With the emergence of the second weevil generation the percentage of bean

damage increased to unacceptable levels. Total crop loss (approximately 5%

visible damage) was reached at approximately 10 to 12 weeks after harvest in

43% of the samples representing high natural infestation. This means that an

unacceptable number of weevil larvae was already developing inside the bean

seeds from the 5th week after harvest onwards.

About 20% of the samples contained the parasitic wasp H. ashmeadii. Its

spatial distribution in my study coincided with the highest density of its bruchid

host, since it was only found in the central areas. Even though H. ashmeadii

may reduce A. obtectus in the field, it is not of use as post harvest control

agent. Nevertheless, introduction of another parasitoid species into the

storeroom may be an effective tool in controlling weevil infestation. Other

parasitoids of grain attacking beetles, like the larval parasitoid Dinarmus

basalis Ashmead (Hym.: Pteromalidae) were found in grain stores in the

Cauca Valley, but did not occur in the storages on-farm. This is likely due to

the short storage periods, if beans are stored at all.

Control of A. obtectus seems to be most promising when targeted against the

first weevil generation, as damage by the first weevil generation is small. At

the time of harvest weevil larvae are still in stages suitable for larval

parasitoids. Being able to predict emergence of this initial A. obtectus

generation will help to fine-tune inoculative or inundative biological control
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programs. The possibility to deduce the time of infestation in the field could

open up opportunities for other control methods as well. The fact that the time

window of infestation is very narrow means that control methods such as early

harvest, mating disruption technique, chemical control, and biological control

could be precisely targeted and control may be achieved by a single

application.
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5 Effect of host larval age, parasitoid density, and nutrition on

the control potential of Dinarmus basalis against the bean

weevil, Acanthoscelides obtectus3

Abstract

In long-term laboratory studies, the control potential of Dinarmus basalis Ashmead

(Hym Pteromahdae), a natural enemy of the bean weevil, Acanthoscelides

obtectus (Say) (Col Bruchidae), was tested One single introduction of the

parasitoid at the beginning of the experiment resulted in a significantly lower

percentage of bean damage compared to the control without parasitoids After 16

weeks of storage a 48 to 75% reduction of the weevil population was achieved

Weevil suppression was mainly influenced by host larval age at the moment of

parasitoid introduction, with parasitoids being more effective against populations of

younger host larvae Parasitoid density affected the reduction rate as well In two of

three treatments a higher number of introduced parasitoids resulted in a

significantly higher weevil reduction The availability of sugar sources did not

improve pest suppression Parasitoid efficacy is likely depending on their

responses to host age Weevil reduction was found to be higher in treatments

yielding lower parasitoid progeny production This indicates that weevils were

reduced more by host-feeding than by oviposition Consequences for biological

control are discussed

5.1 Introduction

In recent years integrated pest management (IPM) and, as a part of it, biological

control is gaining importance because of pest resistance caused by unilaterally

used pesticides, as well as an increasing demand for user and consumer safety.

Doubts on the effectiveness of biological control (e.g. Southgate, 1978) were

cleared up by investigations about parasitoid releases and their efficacy in pest

3
In preparation as Schmale, I

,
F L Wackers, C Cardona, and S Dorn Effect of host larval

age, parasitoid density, and nutrition on the control potential of Dinarmus basalis against the bean

weevil, Acanthoscelides obtectus
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reduction (i.e Press et al., 1984; Agricola et al., 1989; Parrella et al., 1992; Islam

& Kabir, 1995; Sanon et al., 1998; Stolk, 1998). Especially in developing

countries, where user safety is a critical issue, IPM programs including biological

control may be a promising alternative particularly for storage systems on small-

scale farms (Dorn, 1998).

Pest mortality due to parasitoids may be induced by oviposition, host-feeding or

wounding. Most studies have focused on oviposition behavior of parasitoids,

since in classical and inoculative biological control establishment of a parasitoid

population is desired. In the case of inundative parasitoid releases, in which the

eradication of the pest is anticipated, any mechanism contributing to pest

destruction is welcome. The relative impact of oviposition and host-feeding as

well as parameters which influence these behavioral aspects have to be known

to optimize inundative control systems.

In many parasitoid species females are able to perceive the quality of host larvae

(e.g. Gauthier et al., 1996; Gauthier et al., 1997) and to determine the sex of their

progeny accordingly (Eggert et al., 1999). For each host a female has to decide

whether to feed on it or to deposit a mated or unmated egg. To date we know

little about the effects of single parameters, such as host density, parasitoid

density, encounter rate, host larval age, and nutrition, on the behavior of

parasitoids. The issue how several of these factors interact in the parasitoid

females decision has received even less attention. Here I evaluated the effect of

three parameters - host stage, parasitoid density, and food availability - as well

as their interaction.

In long-term studies, carried out with the bean weevil A. obtectus and its natural

enemy D. basalis, effects on host-feeding and oviposition behavior of D. basalis

and thus, on its control potential, have been investigated.
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5.2 Material and Methods

Beans

The experiment was carried out with the commonly cultivated susceptible bean

variety Phaseolus vulgaris L. var. Diacol-Calima (Leguminosae), subsequently

named 'Calima'. Seeds were obtained from the farm "La Providencia" in

Restrepo, Valle de Cauca, Colombia. They were harvested a year before the

experiments took place. Following harvest, they were kept in a storeroom at 5°C

to prevent any pest development.

Herbivore

The experiments were carried out with A. obtectus. This strain had been reared

with locally collected and periodically renewed colonies by the Bean Entomology

Laboratory at CIAT (Centra Internacional de Agricultura Tropical), Cali, Colombia

on P. vulgaris for 15 years. Cultures were maintained at 26°C, 80% RH using the

methods described by van Schoonhoven et al. (1983).

Parasitoid

Dinarmus basalis had been collected and reared from A. obtectus feeding on

beans of type 'Calima' in a legume grain storage in Buga, Valle de Cauca,

Colombia. Subsequently the parasitoid was reared on A. obtectus feeding on

'Calima' by the Bean Entomology Laboratory in CIAT.

Experimental procedure

Experiments were carried out at 22(+/-1)°C, 70% RH and 24 D, which

corresponds to the storage conditions in Colombian bean growing areas. Glass

jars (height: 26.5 cm, diameter: 16 cm) were filled with each 3 kg bean seeds. To

match field infestation at the time of harvest (Chapter 4) beans were

consecutively infested at 14, 7 and 0 days before the start of the experiment with

60, 120, and 30 eggs of /\. obtectus, respectively. One day before each new

infestation the bean were carefully mixed to achieve a more random distribution

of host larvae.

At the beginning of the experiment ('early') or 11 days later ('delayed') one to

seven day old D. basalis pairs were introduced. In part of the treatments a food
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supplement (0.1 ml honey) was added to plastic tubes (length: 5 cm, diameter:

2 cm) closed with gauze (1 mm2 mesh size) on both sides. The tubes were

placed in the middle of the glass jars. The mesh size of the gauze allowed the

parasitoids to pass through and feed from the honey, while excluding the larger

weevils.

Treatments

The following treatments were carried out in ten replicates each: (1) 5 D. basalis

pairs/kg beans, introduced early, with honey (E5h); (2) 5 D. basalis pairs/kg

beans, introduced early, without honey (no food) (E5nf); (3) 2 D. basalis pairs/kg

beans, introduced early, with honey (E2h); (4) 2 D. basalis pairs/kg beans,

introduced early, without honey (no food) (E2nf); (5) 5 D. basalis pairs/kg beans,

introduced delayed, with honey (D5h); (6) 5 D
.
basalis pairs/kg beans,

introduced delayed, without honey (no food) (D5nf); (7) control treatment

without parasitoids and without honey (control). The following treatment was

carried out in five repetitions: (8) 1 0 D. basalis pairs/kg beans, introduced

delayed, with honey (D10h).

Population dynamics

Every week the number of A. obtectus and D. basalis was counted in a 10.5 cm x

14.7 cm area marked on the bean jar. When too many insects were present in

the counting area to allow enumeration, a third part of the area was counted (3.5

cm x 14.7. cm) and later multiplied by three.

Insect population augmentation and bean damage

After 16 weeks all adult insects, as well as the number of damaged and

undamaged beans in each glass jar was counted.

Data analysis

For statistical analysis I used Friedman repeated measures analysis of variance

on ranks. To test for differences between the median values I used Fisher's

PLSD. For statistical analysis, data were transformed by the natural logarithm.
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5.3 Results

Population dynamics

The storage period of 16 weeks allowed A. obtectus to develop two generations

(no graph shown). The first generation was present in the weeks 4 to 8 and the

second generation in the weeks 11 to 16 after begin of the experiment. In all

treatments the second weevil generation was larger than the first one.

Dinarmus basalis also developed two generations. The first generation emerged

in weeks 3 and 4, the second generation in weeks 6 to 8 (no graph shown). In

the weeks 9 to 16 single living parasitoids were observed, but no further

emergence peaks were recorded.

Insect population augmentation and bean damage

Introduction of parasitoids resulted in a significantly lower weevil number

compared to the control without parasitoids (Figure 5.1). Calculated over the total

storage period, parasitoids reduced weevil numbers by 48 to 75% relative to the

control (Figure 5.1), which resulted in 33 to 70% reduction of bean damage.

In the following, treatments which differed in only one attribute are compared.

Effect of host larval age

When parasitoids were released to populations of younger host larvae (early

parasitoid introduction) weevil suppression was significantly higher (by

approximately 50%) compared to the delayed parasitoid introduction (Figure 5.2).

In contrast to the high weevil reduction parasitoid progeny production was low in

treatments with early parasitoid release. Mean parasitoid progeny per female

was significantly higher when parasitoids were released later, to populations of

older host larvae (Figure 5.2).
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Figure 5.1. Mean number of A. obtectus after a 16 weeks storage period. Numbers refer to 1 kg

bean seeds. Treatment abbreviations stand for: E = early parasitoid introduction (day 0); D =

delayed parasitoid introduction (day 11); 2, 5, 10 = number of introduced parasitoid pairs; h =

honey given as food supplement; nf = no food supplement. Columns capped with different letters

were significantly different according to Fisher's PLSD (p<0.05).
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Figure 5.2. Comparison of treatments with different time of parasitoid introduction: Numbers of A.

obtectus adults and D. basalis progeny per female after 16 weeks storage period. Numbers refer

to 1 kg bean seeds. Treatment abbreviations stand for: E = early parasitoid introduction (day 0);

D = delayed parasitoid introduction (day 11); 2, 5, 10 = number of introduced parasitoid pairs; h =

honey given as food supplement; nf = no food supplement. Stars stand for significant difference

between the two columns according to Fisher's PLSD (p<0.05).
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Effect ofparasitoid density

Releases of different numbers of parasitoids resulted in 25 to 50% weevil

suppression. Introducing a higher number of parasitoids improved weevil

reduction significantly in treatments without food supplement or with older host

larvae (Figure 5.3). Again parasitoid progeny production showed an inverse

effect, with four times as many parasitoids emerging when initial parasitoid

density was low (Figure 5.3). In the treatment with early release and honey no

significant differences in weevil reduction or progeny production were found

whether there were two or five parasitoid pairs introduced.

Effect of food supplements

Addition of honey remained without direct effects on the weevil population and on

the parasitoid progeny (Figure 5.4). However, under conditions of low initial

parasitoid density, the supply of honey resulted in an improvement of weevil

reduction comparable with the weevil reduction resulting from an increase in

initial parasitoid density: weevil reduction in the treatment E5h was significantly

higher than in treatment E2nf, but differed not significantly from E2h (Figure 5.1).

5.4 Discussion

Dinarmus basalis seems to be a promising control agent for A. obtectus. Weevil

populations in treatments with parasitoid introduction were reduced between 50

and 75% compared to the control treatments without parasitoids. In none of the

treatments weevil eradication - which would be desirable in stored product

protection - was achieved. However, in on-farm experiments (Chapter 6) with

comparable parasitoid numbers weevil eradication was achieved in 54% of the

replicates. Thus, I assume that at lower levels of actual field infestation by A.

obtectus, as well as under natural environmental conditions (e.g. higher

temperatures) D. basalis may be even more efficient in real storage systems than

it was in these laboratory studies.



44

-£ 7

ce
to
ce
-Q

CD „

Q. 3

>^

S 2
en

o

Q- 1

CO
eu n

Enf

Figure 5.3. Comparison of treatments with numbers of parasitoids introduced: Numbers of A.

obtectus adults and D. basalis progeny per female after 16 weeks storage period. Numbers refer

to 1 kg bean seeds. Treatment abbreviations stand for: E = early parasitoid introduction (day 0);

D = delayed parasitoid introduction (day 11); 2, 5, 10 = number of introduced parasitoid pairs; h =

honey given as food supplement; nf = no food supplement. Stars stand for significant difference

between the two columns according to Fisher's PLSD (p<0.05).

Figure 5.4. Comparison of treatments with or without food supplements: Numbers of A. obtectus

adults and D. basalis progeny per female after 16 weeks storage period. Numbers refer to 1 kg

bean seeds. Treatment abbreviations stand for: E = early parasitoid introduction (day 0); D =

delayed parasitoid introduction (day 11); 2, 5, 10 = number of introduced parasitoid pairs; h =

honey given as food supplement; nf = no food supplement. Stars stand for significant difference

between the two columns according to Fisher's PLSD (p<0.05).
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Best weevil suppression was achieved when the parasitoids were released to

weevil populations of younger larval instars. Although the number of parasitoid

progeny was significant lower, early introduced parasitoids reduced twice as

much hosts as later introduced parasitoids. This inverse pattern between weevil

reduction and parasitoid offspring production can be explained by selective host

use by the parasitoid. Suboptimal larvae are probably either used for host-

feeding, as shown for many parasitic Hymenoptera (DeBach, 1943; Bartlett,

1964; Heimpel & Rosenheim, 1998), or deposition of male eggs, contributing to a

male biased sex ratio (Gauthier et al., 1997). Optimal host larvae, on the other

hand, are likely used for deposition of female eggs (Heimpel & Rosenheim,

1998). Thus, early introduction of parasitoids may be profitable as it results in

higher weevil reduction due to host-feeding. Introduction to older host stages

may result in higher parasitoid progeny, but lower weevil reduction. Apparently,

oviposition or handling of larger hosts in general requires more time than does

host-feeding on small hosts. It is not probable that different results in parasitoid

progeny were achieved due to host limitation, since the number of A. obtectus

remained a multiple of the parasitoid progeny and the weevil population was in

no case eradicated.

Parasitoid density influenced the suppression of the weevil population in

treatments without food supplement or with delayed parasitoid introduction. In the

treatment with food supplement and early parasitoid release parasitoid density

did not influence reduction levels. Islam & Kabir (1995) found a 70% reduction of

Callosobruchus chinensis L when five D. basalis pairs were introduced into a

storeroom with rests of red lentils, but 30 to 50 parasitoid pairs were needed for

weevil eradication. Conceivably the number of parasitoids used in my studies

was too small to achieve weevil eradication since weevil infestation levels were

the same as used by Islam & Kabir (1995). The highest number of parasitoids in

my experiment was one third of the number achieving weevil eradication (Islam &

Kabir, 1995).

In populations of older host larvae (delayed introduction), an increase in

parasitoid density resulted in a decrease in parasitoid progeny production. This is
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also confirmed by studies with C. chinensis on red lentils (Islam & Kabir, 1995)

and with Bruchidius atrolineatus on Vigna unguiculata (Gauthier et al., 1997). In

both studies more progeny per female parasitoid was produced at lower

parasitoid densities. This can be explained by interference between searching

and drilling females, as observed by Gauthier et al. (1997). In populations of

younger host larvae parasitoid density did not effect significant differences in

progeny production, which was generally low in these cases.

Food supplements can prolong the lifespan and enhance offspring production of

D. basalis (Schmale et al., 2001). Therefore I expected a considerable influence

of food supplements on parasitoid and weevil population dynamics. However, in

this experiment no significant difference was found between treatments with or

without food supplements. Possibly, D. basalis did not need other food sources

than host larvae, as enough hosts were available. Nutrition may become more

important when infestation by the weevil is small. Furthermore, parasitoid

females in my experiments had access to honey until the experiment started. As

Lewis et al. (1998) stated, temporary availability of food may be sufficient to

satiate parasitoids, which could explain that there were no effects of nutrition

during the experiment.

DeBach (1943) already mentioned the importance of host-feeding for pest

suppression of Saissetia oleae (Bern.) by the encyrtid parasitoid Metaphycus

helvolus (Comp.). In my study the highest pest reduction rates were achieved

concurrently with low oviposition rates. Likely, high weevil mortality was due to

host-feeding, which seems to be the more efficient way of short term pest

suppression. To achieve high host-feeding rates, D. basalis should be introduced

to the beans as early after harvest as possible. Weevil larvae may still be in

younger host stages and infestation levels of A. obtectus are lowest. High

parasitoid density supports host-feeding, too, but increases the financial costs for

pest control. Feeding of the adult parasitoid females before their release may be

of advantage.
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6 Biological control of the bean weevil, Acanthoscelides

obtectus, by the native parasitoid Dinarmus basalis on

small-scale farms in Colombia4

Abstract

Acanthoscelides obtectus (Say) (Col Bruchidae) is one of two main bruchid pests

of stored beans in Latin America This weevil is the only important post-harvest

pest of beans in the higher elevations of the Andean hillsides Acanthoscelides

obtectus attacks the bean seeds in their pods in the field and continues its

development in the stores, where it can destroy the whole crop within months I

evaluated the potential of the parasitoid Dinarmus basalis Ashmead (Hym.

Pteromahdae) to control natural infestation by A obtectus on seven farms All

samples taken at harvest already contained a certain level of weevil infestation in

immature stages, hidden inside the bean seeds If left untreated, weevils caused

visible damage of up to 40% within a storage period of 16 weeks In this study I

distinguished between farms with low and high levels of infestation at time of

harvest A single introduction of the parasitoid D basalis within a week after

harvest resulted in weevil eradication on all four farms with a low level of initial

infestation Suppression of the weevil population on the three farms with a high

level of initial infestation depended on the developmental stage of the weevil

population at harvest time Introduction of the parasitoid to younger weevil larvae

resulted in a weevil reduction of 88 to 97% The development of populations of

later weevil instars was suppressed by the parasitoid but not stopped The results

show that biological control of the bean weevil by its natural enemy D basalis can

be improved by harvesting beans as early as possible

6.1 Introduction

The common bean (Phaseolus vulgaris L.) is produced in over three-quarters of

developing countries with the greatest concentrations in Latin America. It is

predominantly produced by small-scale farmers and represents one of the

principle sources of dietary protein.

4
In preparation as Schmale, I

,
F L Wackers, C Cardona, and S Dorn Biological control of the

bean weevil, Acathoscelides obtectus, by the native parasitoid Dinarmus basalis on small-scale

farms in Colombia
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The main pests of stored beans are the bruchids Zabrotes subfasciatus

(Boheman) and Acanthoscelides obtectus (Say). Zabrotes subfasciatus attacks

the beans only in the stores (CIAT, 1986), while infestation of A. obtectus begins

in the field in drying pods, and continues in the stored beans (Jarry & Chacon,

1983; Baier & Webster, 1992). Optimum temperatures for growth differ between

the two species: A. obtectus prefers cooler climates at higher elevations, and

thus, can be found in mountainous and subtropical regions, whereas Z.

subfasciatus prefers lower altitudes and warmer tropical zones (Cardona, 1989).

As a consequence A. obtectus is the only post-harvest insect pest of the beans in

higher elevations of Andean hillsides.

Small-scale farmers in Latin America store only a low proportion of their beans

for family consumption, as the destructive power of the bean weevil induces them

to sell their crop immediately after harvest, even at low prices. Storage over a

period of a few months, until supply is low, could help the farmers to sell their

crop at more favorable prices and would also stabilize bean prices in general

(CIAT, 1986).

While damage to crop plants may entail a reduction in harvest quality and

quantity, damage to stored products often represents a total loss due to low

tolerance by the consumer. On the other hand, consumers are concerned about

pesticide use in warehouses and stores. Biological control may be an answer to

this conflict situation. Such an approach would also meet the needs on the

farmer's level, since they call for non-toxicant means of control allowing safe

handling (Dorn, 1998). Laboratory experiments have shown that D. basalis may

be a satisfying control agent for A. obtectus. Weevil populations were

significantly reduced in the presence of the parasitoid. Best reduction was

achieved when parasitoids were released to younger weevil instars, likely by

host-feeding (Chapter 5).

The aim of this study was to verify the successful weevil suppression by D.

basalis, as found in above mentioned laboratory studies, under on-farm

conditions.
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6.2 Material and Methods

Beans

For all observations I used the commonly cultivated susceptible bean variety

Phaseolus vulgaris L. var. Diacol-Calima (Leguminosae). Beans were cultivated

on the same farms where the experiments were performed.

Experimental site

Experiments took place on six small-scale farms in Restrepo, Valle de Cauca,

Colombia (1360m above MSL; 19,6°C; 82,25% RH; 86,75mm; dates from GIS

CIAT: average over 25 years).

Farm 1: SMURFIT, Carton de Colombia; commercial tree farm, where beans are

planted in monoculture on an irregular basis. Field: beneath the buildings apart

from the village center. Storage: part of working hall used otherwise for seedling

cutting. Investigation took place in 1998.

Farm 2: La Esperanza; field owned and laboured by a spare-time farmer; it was

the first time he had planted beans; monoculture. Field: apart from the village

center. Storage: part of the residential house in the village center, stone walls

with open windows, normally not used. Investigation took place in 1999.

Farm 3: La Isabela; leased by a farmer; main culture pineapple intercropped with

beans. Field: beneath the farmstead apart from the village center. Storage: part

of the farmstead, walls of clay, storage of tools and seeds for next planting.

Investigation took place in 1999.

Farm 4: Protrerillo; farm owned and laboured by a farmer family; beans planted

in monoculture, irregularly. Field: beneath the farmstead apart from the village

center. Storage: shed at the side of the farmstead, walls of wood, one side open,

normally not used. Investigation took place in 1999.

Farm 5: Santa Rosa; farm owned and laboured by a farmer family; irregular bean

planting; monoculture. Field: beneath the farmstead near the village center.

Storage: part of the farmstead, walls of stone without windows, storage of tools

and seeds for next planting. Investigation took place in 1998.

Farm 6: La Providencia; farm owned and laboured by a farmer family; regular

bean planting in monoculture or intercropped with maize. Field: beneath the
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farmstead near the village center. Storage: storeroom nearby the farmstead,

walls of stone, storage of tools and seeds for selling and planting. Investigations

took place in 1998 (a) and 1999 (b).

Unspecified pest control was applied from some farmers before bean planting or

in the early growth of the bean plants. While pod ripening and storage no other

pest control than the biological control of the experiment was applied.

Herbivore

All experiments were carried out with the field derived infestation of A. obtectus.

Parasitoid species

The experiments were carried out with D. basalis. This parasitoid had been

collected and reared from A. obtectus attacking P. vulgaris L. var. Diacol-Calima

in a grain storage in Buga, Valle de Cauca, Colombia. Subsequently they had

been reared on A. obtectus on P. vulgaris L. var. Diacol-Calima by the Bean

Entomology Laboratory in CIAT.

Experimental procedure

In 1998 and 1999 recently harvested bean seeds were stored with natural insect

infestationon on three and four small-scale farms, respectively. Each sack

(polypropylene) contained 40 kg bean seeds. At time of harvest, 1 kg of the

beans was removed to evaluate the initial field infestation. One to 7 day old D.

basalis were introduced into the storage sacks within a week after beans were

bagged. In one third of the sacks a food supplement (honey) was added inside

plastic tubes (length: 40 cm, diameter: 3 cm) closed with gauze (1 mm2 mesh

size) alongside the tube, which were placed vertical in the middle of the sacks.

The size of the gauze allowed the parasitoids to pass through and feed from the

honey, while excluding the larger weevil. Especially in storage systems,

supplemental food can be expected to be an effective tool to enhance parasitoid

efficacy (Wäckers et al., 1998). Honey prolongs the lifetime of D. basalis and

increases its progeny production (Schmale et al., 2001).

On each farm, three treatments were compared: (1) 5 D. basalis pairs (maximum

1 week old, mated) per kg beans were added; (2) 5 D. basalis pairs were added,
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as well as a honey tube; (3) as a control I kept one sack with only the field

infestation. On farm 1, treatment (1) was not applied because of a lack of

parasitoids.

Over a period of 16 weeks 0.5 kg of beans were removed at weekly intervals by

inserting a sampling tube through the polypropylene sack. To control for variation

in vertical distribution of the insects half a sample was taken from the lower and

half from the upper part of the sack. To prevent removing beans from the same

place twice, 32 sample sites were chosen randomly at the beginning of the

experiment. The bean samples were brought to the laboratory and kept in glass

jars in a chamber at 20-25°C and 70% RH. All newly emerged insects were

removed from the jars and counted at weekly intervals. Samples were discarded

after five weeks, which covers the development time of the weevil under given

conditions. This ensured that I recorded the majority of emerging adults and

prevented the counting of the F1 generation.

Bean damage was measured as percentage damage: Beans were counted as

'damaged' when at least one emergence hole made by A. obtectus was visible at

the time of collecting the sample. Since larvae inside the seeds are not visible (in

contrast to visible eggs on the testa for Z. subfasciatus) they have no impact on

value and thus, were not counted as 'damaged'. For the same reason, parasitoid

emergence holes were not taken into account, because these small sized holes

are hardly noticeable. I also measured the intensity of infestation, which is the

average number of emergence holes per bean, calculated by dividing the total

number of holes in a sample by the total number of seeds sampled.

For farm 1 and farm 5 insect development in the fourth week could not be

evaluated, as the respective samples were treated by mistake with low

temperatures (see Figure 6.1 and 6.2).
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6.3 Results

Low initial weevil infestation

Initial field derived weevil infestation was small (mean of 0.7 to 15 weevils per

1000 bean seeds) on farms number 1 to 4 (Figure 6.1). Acanthoscelides obtectus

larvae had already developed inside the seeds when beans were stored (Figure

6.1B). Without parasitoid introduction adult weevils emerged 4 to 6 weeks after

the beginning of storage, resulting in first visible damage (Figures 6.1A+B). In

weeks 7 to 10 the second generation larvae hatched (Figure 6.1B). Beginning

week 13 the second weevil generation emerged and bean damage increased

accordingly. Without control, bean damage reached levels of 0.6% to 5.7%

during the 16 weeks storage period. This period encompasses emergence of two

bruchid generations (Figure 6.1 A).

Parasitoid introduction resulted in eradication of the weevil in all replicates

irrespective of food supplements (Figure 6.1 B). Dinarmus basalis attacked the

weevil larvae immediately after their introduction to the stored beans. Thus,

already the first weevil generation was eradicated (Figure 6.1B) and no bean

seeds were damaged (Figure 6.1A). Parasitoid larvae developed inside the

beans from the first week after parasitoid introduction (Figure 6.1C). On farm 1,

weevil development recorded in week 14 and 16 after harvest was likely due to

infestation from the control treatment stored close by, as no larvae were found for

11 weeks of storage previously to this infestation.

High initial weevil infestation

Initial natural weevil infestation was high (19 to 40 weevils per 1000 bean seeds)

on the farms 5, 6a, and 6b. At initiation of storage, the weevil larvae were

younger on farm 5 as compared to farms 6a and 6b.

Younger weevil larvae at initiation of storage (farm 5)

Weevil larvae were already developing inside the seeds when beans were

stored. After emergence of the weevils, which had penetrated the seeds in
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Weeks after harvest

treatment with parasitoids and honey " untreated farm 1 farm 3

A treatment with parasitoids, but no food control farm 2 farm 4

Figure 6.1. Farms with low initial weevil infestation: Percentage bean damage (A), number of A.

obtectus larvae inside stored bean seeds (B), and number of D. basalis larvae inside stored bean

seeds (C) during 16 weeks of storage.
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the field, a small level of damage became visible starting at week 5.

Without control by parasitoids, larvae of the second and third weevil

generation penetrated the seeds starting from week 9 and 15, respectively

(Figure 6.2B). Within 16 weeks of storage, the two weevil generations

together caused a bean damage of up to 40% (Figure 6.2A). In treatments

with control by D. basalis bean damage remained below 5% during the 16

week storage period (Figure 6.2A). While the first weevil generation was

very small in all treatments, parasitoids reduced the second weevil

generation by approximately 95% as compared to the control treatment

(Figure 6.2B). Two generations of parasitoid larvae developed, trailing the

weevil generations by one to two weeks (Figure 6.2C). With food

supplements, bean damage and weevil numbers were slightly higher

compared to the treatment without food (Figures 6.2A+bB). The number of

parasitoids in the second parasitoid generation was higher when food was

supplied (Figure 6.2C).

Older weevil larvae at initiation of storage (farm 6a and 6b)

Freshly harvested beans already contained weevil larvae, which were one

to two weeks ahead in development as compared to larvae on farm 5.

Without control the first generation started to emerge in week 3 to 4

(Figure 6.3B), with first damage found in week 4 (Figure 6.3A). The

second and third generation of larvae penetrated the seeds starting in

weeks 7 and 13, respectively (Figure 6.3B). Bean damage in treatments

without parasitoid addition was around 20% in week 15 and 16 (Figure

6.3A). During the storage period, D. basalis reduced bean damage to

around 5 and 10% in treatments without and with supplied food,

respectively (Figure 6.3A). The number of A. obtectus larvae of the third

generation was a multiple of the second generation (Figure 6.3B).

Development of this weevil generation was delayed by about one to two

weeks in treatments with parasitoids compared to the control, but no
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difference was found in the number of weevil larvae in treatments with or

without control. Three generations of parasitoid larvae were found trailing

the weevil generations by one to two weeks (Figure 6.3C). Food

supplements remained without influence on the control by D. basalis.

6.4 Discussion

This studies reveal the general need for weevil control, since beans on all farms

evaluated were spontaneously infested with A. obtectus at harvest time. When

left untreated, these weevil populations destroyed up to 40% of the crop during a

storage period of 16 weeks. As levels of 5 to 10% visible damage represent a

total crop loss (Cardona, personal communication) half of the untreated crops

were found to be totally damaged at the tenth week of storage.

The success of pest suppression by the solitary ectoparasitoid D. basalis

depended on the level of initial infestation and the advancement of larval

development at the time of harvest. Best results were achieved when the

spontaneous field infestation was low. Weevils were eradicated by D. basalis in 7

of the total 13 replicates with low natural infestation. Since the parasitoids

eradicated the weevil larvae right after the parasitoid release at harvest time, no

adult weevils emerged from the beans, thus preventing visible emergence holes.

Similarly, small populations of the bruchid Callosobruchus chinensis in red lentils

were most effectively controlled by D. basalis in empty storerooms (Islam &

Kabir, 1995). Sanon et al. (1998) also reported a higher efficacy of D. basalis in

small populations of Callosobruchus maculatus in cowpea. As with all control

methods applied at the beginning of storage, there will be remains of weevil

larvae within the seeds, but this damage is generally considered neglegible.

Dinarmus basalis is likely also effective against higher infestation levels of A.

obtectus as long as host larvae are not in an advanced state of development.

This state of development at harvest depends on the length of the period the

beans have been vulnerable to weevil attack, i.e. how long beans have been left

to dry in the field. Similar to C. chinensis, which oviposit on dry, yellow pods

(Shinoda et al., 1992), A. obtectus deposits eggs into dry bean pods during a
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short period before harvest, which is reflected by the short period of emergence

of weevils originating from the spontaneous field infestation. Therefore, beans

which were harvested later contained older bruchid states than earlier harvested

beans. Host quality, among others, has an influence on the control capacity of

the parasitoid D. basalis (Chapter 5). The females are known to reduce A.

obtectus by both host-feeding and oviposition (Islam, 1995; Schmale et al.,

2001). In laboratory experiments A. obtectus was suppressed most effectively

when D. basalis was introduced to younger host stages, probably due to host-

feeding. Thus, a high suppression rate can coincide with a low oviposition rate

(Chapter 5). The weevil damage was reduced by approximately 90% in the 2 of

the total 13 replicates in which spontaneous weevil infestation was high but

beans were harvested early. The parasitoids did not provide sufficient control in

the four replicates in which bean harvest was delayed.

A delay in harvest by one to two weeks has the further drawback that it supports

the attacking rate by the weevil in the field and also prolongs the period in which

the weevil larvae can develop unattacked.

The site of the fields from which the beans were harvested likely had an impact

on the level of infestation: All four farms with low natural weevil infestations had

their fields situated in areas outside the main bean growing region. In contrast,

the three farms with high natural weevil infestation had their fields situated in the

center of the bean growing area. Here, in addition to the high abundance of the

weevil, I also recorded low levels of field parasitisation by a parasitoid of the

genus Horismenus (Hym.: Eulophidae) (Chapter 4). Since A. obtectus seems to

be the only suitable host for Horismenus spec, in this region, I assume that A.

obtectus is permanently present in the center of the bean growing area. This

indicates that biological control in locations with continuous and extended bena

growing may be complicated due to high levels of field infestation. Studies with

parasitoid release in higher numbers or repeated releases have not yet been

conducted, but could achieve a higher suppression rate compared to this

experiment.

Adult parasitoid nutrition with honey increases the lifetime progeny production of

D. basalis (Schmale et al., 2001). Nevertheless, the field results presented here
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do not show any effect of honey provision. As I only introduced food satiated

parasitoids the additional supply of honey might not have detectable enhanced

the nutritional status of the parasitoids. Honey may have lured the parasitoids

away from the host larvae, thereby counteracting a potential positive influence of

the food supplement. Furthermore, host-feeding may represent the main

destructive power of D. basalis (Chapter 5), which limit the impact of food

supplements on oviposition.

These results demonstrate a good control potential for A. obtectus at low

infestation levels in freshly stored beans after inundative release of the parasitoid

D. basalis. This type of release is well adjusted prevailing to the needs of small

scale farmers to eradicate the bruchid pest right in the first generation.
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7 Combining parasitoids and plant resistance for the

control of the bean weevil, Acanthoscelides obtectus5

Abstract

Acanthoscelides obtectus (Say) and Zabrotes subfasciatus (Boheman) (Col

Bruchidae) are the main bruchid pests of stored beans in widespread regions of

Latin America and Africa Host plant resistance based on the protein arcelm is

effective in reducing damage caused by Z subfasciatus, but beans containing

arcelm remain susceptible to A obtectus The compatibility of combining arcelm

resistance with biological control by Dmarmus basalis Ashmead (Hym

Pteromahdae) was investigated in climatic chambers Three arcelm containing

bean varieties with high and intermediate resistance to Z subfasciatus (RAZ

36, RAZ 94 and RAZ 104), and a standard without arcelm (Calima, susceptible

to both weevils) were investigated Immature development of A obtectus on

arcelm containing beans was prolonged by 15% as compared to the standard,

allowing D basalis a longer period of access to vulnerable host stages Over a

20 weeks storage period the combined use of host plant resistance and

biological control yielded best results with RAZ 94 and RAZ 104 In both

varieties, parasitoids managed to keep weevil damage below 1% as compared

to 4 7% in the susceptible standard Actual weevil eradication was achieved in

80% of the RAZ 94 and RAZ 104 replicates, as compared to 50% in the

standard Control levels in RAZ 36, the bean variety exhibiting the highest

resistance to Z subfasciatus, were not enhanced over the standard My results

show that moderate levels of host plant resistance against Z subfasciatus

when applied in combination with the parasitoid D basalis also reduces

damage caused by A obtectus

7.1 Introduction

Latin America, the center of Phaseolus domestication, produces nearly half of

the world's supply of dry beans (Cardona & Kornegay, 1999). Nearly 80% of

dry bean production in Latin America occurs on small-scale farms Post-

harvest losses are predominately due to coleopteran species from the family

5
Based on manuscript Schmale, I F L Wackers, C Cardona, and S Dorn Combining

parasitoids and plant resistance for the control of the Bean weevil, Acanthoscelides

obtectus (submitted)
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Bruchidae. In Latin America the primary pests are Acanthoscelides obtectus

(Say) and Zabrotes subfasciatus (Boheman) (Cardona, 1989). Both of these

species are of American origin and have become cosmopolitan pests of

stored legumes. Though the bean weevil, A. obtectus, prefers higher

latitudes and altitudes than the Mexican bean weevil, Z. subfasciatus

(Cardona, 1989; Karel & Autrique, 1989), their occurrence overlaps in areas

of middle elevation in Latin America (Oliveira et al., 1979) and Africa (Abate &

Ampofo, 1996). Currently, due to the fear of the 'gorgojo' (common Spanish

name for grain attacking beetles), harvested beans are usually not stored on-

farm before being sold. Most Colombian farmers even refrain from storing

bean seeds for their own consumption or successive sowings (van

Schoonhoven, 1978).

The requirements for on-farm storage-control are a high safety to the user

and to the consumer, which requires that residues are minimal or completely

absent (Dorn, 1998). Various alternative control methods have been

identified but only tested in part (e.g. reviewed by van Schoonhoven, 1978;

Lienard & Seek, 1994; Abate & Ampofo, 1996). The main difficulty with the

introduction of alternative control methods are low acceptance by the farmers

and consumers, e.g. with oil or ashes, or the high costs, e.g. metal bins.

Two biologically based methods of control have been developed recently.

Breeding of resistant bean varieties has been successful against Z

subfasciatus (Cardona & Kornegay, 1999). Biological control has been found

to be promising for the control of A. obtectus on bean varieties susceptible to

both bruchid species (Chapter 6).

The protein arcelin, a plant resistance factor causing antibiosis to Z

subfasciatus, has been identified in wild Mexican bean varieties (Osborn et

al., 1988), and successfully bred in cultivated beans (Cardona et al., 1990).

The protein is inherited as a single dominant gene, Arc66, and there are

seven allelic variants which are codominant (Acosta-Gallegos et al., 1998;

Cardona & Kornegay, 1999). Arcelin-1 may be responsible for the higher
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levels of resistance obtained by using this variant in breeding (Cardona &

Kornegay, 1999).

Although the mechanism of toxicity of arcelin to Z subfasciatus has not been

fully elucidated, there is strong evidence that a significant part of its

antimetabolic effect may be due to its indigestibility by gut proteases in the

insect (Minney et al., 1990). Surprisingly, arcelin has been reported to have

little or no effect on A. obtectus, the other major bruchid pest of beans

(Minney et al., 1990; Cardona & Kornegay, 1999).

The parasitoid D. basalis has been recently reported to be a promising

control agent of Callosobruchus chinensis (L.) on red lentil (Islam & Kabir,

1995), and of Callosobruchus maculatus (F.) and Bruchidius atrolineatus

(Pic) on cowpea (Ouedraogo et al., 1996; Sanon et al., 1998).

This larval/pupal parasitoid has been isolated from infested grain legumes

in a local store in Colombia. It has been characterized as a candidate control

agent of A. obtectus on arcelin-free beans (Schmale et al., 2001).

So far, these two control methods for Z subfasciatus and A. obtectus have

been studied separately due to the different performance of each species. An

integrated protection against the two bruchid species could comprise both

plant resistance and biological control. The possibilities for their combined

use had not yet been addressed (Dorn, 1998). Here I investigate whether the

use of arcelin containing beans is compatible with biological control by the

parasitoid D. basalis.

7.2 Material and Methods

Beans

Phaseolus vulgaris L. (Leguminosae) varieties of different resistance levels

to Z subfasciatus were used. Breeding and cultivation had been carried out

by CIAT (Centra Internacional de Agricultura Tropical), Cali, Colombia

(Cardona etal., 1990). Arcelin containing varieties were ranked on the basis

of the Indices of Susceptibility (IS) to Z subfasciatus. Classification ranges
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from highly resistant, with high negative IS values, to susceptible with IS

values from 9 to 11 (Cardona et al., 1990). The IS is calculated using the

formula:

is= In progeny / Z. subfasciatus female
Y im (Cardona et al., 1990)

days till adult emergence

For this study, I chose bean varieties of arcelin type 1 from different lines

(RAZ 36, RAZ 94, RAZ 104). A commonly cultivated bean variety P. vulgaris

var. Diacol-Calima (here named 'Calima') was used as a control. All bean

varieties have been characterized by CIAT (1989; 1997): (1) RAZ 36: IS = -3.0;

white, small seeded beans (18g/100 seeds); (2) RAZ 94: IS =-0.9; red,

slightly bigger seeded beans (29g/100 seeds); (3) RAZ 104: IS = 1.5; red-

brown mottled, large seeded beans (47g/100 seeds); (4) Calima: IS =10.1;

red-white mottled, large seeded beans (54g/100 seeds), no arcelin.

Seeds of the resistant varieties were multiplied at CIAT, Cali. Seeds of the

susceptible control were obtained from the farm "La Providencia" in

Restrepo, Valle de Cauca, Colombia. They were harvested two years before

the experiments took place. Following harvest, they were kept in a storeroom

at 5°C to prevent any pest development.

Herbivore

The experiments were carried out with A. obtectus. This strain had been

reared on locally collected and periodically renewed colonies by the Bean

Entomology Laboratory at CIAT (Centra Internacional de Agricultura Tropical),

Cali, Colombia on P. vulgaris for 15 years. Cultures were maintained at

26°C, 80% RH using the methods described by van Schoonhoven et al.

(1983).

Parasitoid

Dinarmus basalis had been collected and reared from A. obtectus feeding on

beans of type Calima in a legume grain store in Buga, Valle de Cauca,

Colombia. Subsequently the parasitoid was reared on A. obtectus feeding on

Calima by the Bean Entomology Laboratory in CIAT.
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Experimental site

Conditions in experimental chambers were 25(+/-1)°C, 70% RH and 24 D,

which corresponds to the storage conditions in middle elevation Colombian

bean growing areas.

Effect ofarcelin on the development of A. obtectus

Five cm3 of beans (10 to 20 bean seeds, depending on the seed size) were

infested with a total of 20 five-day old A. obtectus eggs. After five days, eggs

which failed to hatch and 1st instar larvae which failed to penetrate the seeds

were counted. Beans were checked daily for adults, which were counted and

removed immediately. Five replicates were conducted, yielding a total of 100

individuals per bean variety.

Insect population dynamics and bean damage

Glass jars (height: 26.5 cm, diameter: 16 cm) were filled with 2.8 to 3 kg

(depending on the seed size) of bean seeds. To simulate the level and

distribution of weevil infestation at the time of harvest (Chapter 4) beans were

consecutively infested at 14, 7 and 0 days before the start of the experiment,

with 60, 120, and 30 eggs of A. obtectus, respectively. One day before each

new infestation the beans were carefully mixed to achieve a more random

distribution of host larvae. At the beginning of the experiment, 15 pairs of D.

basalis of a maximum age of one week were introduced to each test jar. A

food supplement (0.1 ml honey) was added to plastic tubes (length: 5 cm,

diameter: 2 cm), which had been closed with gauze (1 mm2 holes). The size

of the gauze allowed the parasitoids to pass through and feed from the

honey, while excluding the larger weevil. The tubes were placed in the middle

of the beans. In addition to prolonging parasitoid longevity, the provision of

food supply may shift the balance from host-feeding to parasitoid offspring

production (Wäckers et al., 1998).

Every week, the number of living A. obtectus and D. basalis were counted in

a 10.5 cm x 14.7 cm area marked on the bean jar. In those cases in which

insect densities were to high to allow accurate counting, one third of the area



66

was counted (3.5 cm x 14.7 cm) and multiplied by three. After 20 weeks, all

adult insects, as well as the number of damaged and undamaged beans in

each glass jar, were counted. For each bean variety ten replicates were

conducted.

Data analysis

For statistical analysis of both insect population development and bean

damage, the data were transformed with the natural logarithm. Significant

differences were estimated using a one way ANOVA followed by Fisher's

PLSD test. Replicates with complete weevil eradication and without weevil

eradication were analyzed separately.

7.3 Results

Effect of arcelin on the development of A. obtectus

Weevil development was prolonged significantly on arcelin containing beans

as compared to beans without arcelin (Table 7.1). This difference was

similar for all arcelin containing varieties tested and on average amounted to

a delay in adult emergence of approximately ten days. This delay was

reflected in both a later onset of emergence and a wider spreading of

emergences over time (Figure 7.1). While egg and larval mortality before

bean penetration was negligible in all treatments, larval mortality after bean

penetration occurred in all tested varieties and reached a maximal level of

23% in RAZ 36 (Table 7.1). Thus, arcelin containing varieties mainly exhibit

sublethal effects on A. obtectus with a retardation of immature development

as the prominent effect.

Population dynamics

Replicates with weevil eradication

In arcelin containing beans, A. obtectus populations were eradicated

more often than in the variety without arcelin. The best results were

achieved on RAZ 94 and RAZ 104 with weevil eradication in eight of
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Table 7.1. Comparison of bean varieties with increasing Indices of susceptibility (IS) for

Zabrotes subfasciatus (see text for explanation) regarding immature mortality and

development period (egg to adult) for Acanthoscelides obtectus. Initial infestation with

n=100 eggs.

mortality before mortality after mean

IS bean penetration bean penetration development time*

RAZ 36 -3 1% 23% 50.8b

RAZ 94 -0.9 1% 9% 50.6b

RAZ 104 1.5 4% 16% 49.8b

Calima 10.1 3% 8% 40.4a

*Means followed by different letters were significantly different (pO.001; Fisher's PLSD).

-A-6-ft-fl & & AAA"* pA"A"A AAA A"**

RAZ 36

55 60 65 70 75

Days after egg deposition

RAZ 94 0 RAZ 104

80 85 90

Calima

Figure 7.1. Time course of emergence of A. obtectus from arcelin containing (RAZ 36, RAZ

94, RAZ 104) and arcelin free (Calima) bean varieties (n=100; number of eggs at the

beginning of the experiment are defined as 100%).

ten replicates. On RAZ 36 and Calima, eradication occurred in six and

five often replicates, respectively (Table 7.2).

95

Replicates without weevil eradication

Over a 20 week storage period three generations of weevils developed

(Figure 7.2A). Under trial conditions, the first generation of adult

weevils peaked around weeks 4 to 5, the second around weeks 10 to

12, and the third around weeks 17 to 20 (Figure 7.2A). The first



68

generation of weevils was very low in all treatments (Figure 1.2k;

probably due to the impact of the parasitoids), while the number of

parasitoids was at it highest (Figure 7.2B). The second weevil

generation was higher and in general appeared during a short one to

two week period. The highly resistant RAZ 36 was the exception as the

second generation here was scattered over five weeks. The third

generation of weevils was low on RAZ 94, intermediate on RAZ 104

and Calima, and highest on RAZ 36. Again, emergence was observed

over several weeks in RAZ 36. With increasing storage time, the

parasitoid population declined in all treatments. After eight weeks

storage time parasitoids were only recorded on Calima and RAZ 36

(Figure 7.2B).

Insect populations and damage

Weevils

When averaged over all ten replicates, damage was lowest on RAZ

104 with 0.3% and on RAZ 94 with 1% of the beans being affected.

Even when the replicates without weevil eradication were considered

alone (Table 7.2), the damage in these two varieties stayed at a low

level, as did the final number of bruchids. Damage was significantly

higher on the highly resistant RAZ 36 and on the susceptible Calima,

amounting to 4.3% and 4.7%, respectively, averaged over all ten

replicates. In the replicates without weevil eradication these figures

were 10.6% and 9.2%. Three times more weevils developed

successfully on RAZ 36 as on Calima, but this difference was not

statistically significant (Table 7.2). The resulting percentage of

damaged beans was similar for these varieties; in RAZ 36 the number

of seeds per kilogram is higher as compared to Calima (Table 7.2).
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Figure 7.2. Insect population dynamics on bean varieties with arcelin (RAZ 36, n=4; RAZ

94, n=2; RAZ 104, n=2) and without arcelin (Calima, n=5), over a storage period of 20

weeks. Only replicates without weevil eradication considered. Data based on relative

population estimates by weekly counts of living insects in a marked area through the

surface of the glass jar. A: Living A. obtectus in the presence of the parasitoid D. basalis.

B: Living D. basalis expressed as living wasps.
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Tab. 7.2. Comparison of bean varieties of different seed size and IS (see Table 1)

regarding damage levels by Acanthoscelides obtectus and abundance of this bruchid and

resulting number of Dinarmus basalis progeny after a 20 weeks storage period. The data

represent direct counts and are related to one kg of bean seeds in replicates (A) without

and (B) with weevil eradication.

A total number

bean seeds

IS n % damaged

beans*

Mean number

bruchids*

Mean number

parasitoid progeny*

RAZ 36

RAZ 94

RAZ 104

Calima

6332

3438

2331

2010

-3

-0.9

1.5

10.1

4

2

2

5

10.6a

1.3b

4.8ab

9.2a

1063b

54a

200ab

314ab

28ab

5ab

6b

31a

B

RAZ 36

RAZ 94

RAZ 104

Calima

5971

3679

2315

2008

-3

-0.9

1.5

10.1

6

8

8

5

0.02a

0.04a

0.03a

0.13a

0.7a

1.8a

1a

1.7a

2.3a

7.4b

7b

11.6b

*ln each column means followed by different letters were significantly different (p<0.05;
Fisher's PLSD).

Parasitoids

In the replicates with weevil eradication, the weevil population hardly

extended beyond a first generation of parasitoids. Therefore, the final

assessment after termination of the storage period allowed for a more

detailed indication of parasitoid decision with respect to host views. In

the highly resistant RAZ 36 significantly fewer parasitoids emerged

than in any of the other bean varieties (p<0.025; Table 7.2). When

compared to Calima the progeny present in RAZ 36 was reduced by a

factor of five. In all arcelin containing varieties, the sex ratio was clearly

male biased (females:males = RAZ 36: 1:1.8; RAZ 94: 1:3.0; RAZ 104:

1:1.9), while the sex ratio was slightly female biased in arcelin free

Calima (1:0.9) (Figure 7.3).

After the total storage period, parasitoid progeny in those replicates

without weevil eradication was not higher for RAZ 36 than for Calima,

despite the higher number of available bruchid hosts (Table 7.2).
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Fig. 7.3. Mean progeny and sex

ratio of the parasitoid D. basalis,

emerged from host larvae without

(Calima) and with arcelin (RAZ 36,

RAZ 94, RAZ 104). Only

replicates with weevil eradication

were considered. Data based on

direct counts after termination of

the experiment.

7.4 Discussion

Arcelin had previously been described to cause antibiosis against Z

subfasciatus, without providing protection against A. obtectus (reviewed by

Cardona & Kornegay, 1999). My data confirm that the arcelin containing

varieties did not yield sufficient mortality to control A. obtectus, with 23%

being the highest mortality obtained in RAZ 36. However, all arcelin

containing varieties caused sublethal effects in A. obtectus, as development

was significantly retarded and more variable in duration in arcelin containing

beans as compared to the arcelin-free variety. This partial resistance might

be relevant for biological control, as the extended development period of A.

obtectus on arcelin containing varieties prolongs the time window during

which the immature weevils are exposed to the parasitoid. The slow growth -

higher mortality - hypothesis (Clancy & Price, 1987) was confirmed by the

finding that parasitoid efficiency was highest in the two bean varieties with

intermediate arcelin content (RAZ 94 and RAZ 104), resulting in weevil

eradication in eight of the ten replicates, and in a damage level below 5% in

the remaining replicates. This control level exceeded the level achieved with
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the arcelin free standard, Calima, where weevil eradication occurred in half of

the replicates, with a damage level of 10% in the other half. However, the

bean variety with the highest arcelin level (RAZ 36) in conjunction with the

parasitoid provided a lower level of control than the other arcelin containing

varieties. In this case weevil might have escaped the parasitoids through

their extremely slow development. In the case of the arcelin free Calima,

escape of the weevils can be explained by the fast and synchronized A.

obtectus development which likely narrowed the time window for

parasitization.

The low number of parasitoid progeny in RAZ 36 in replicates with weevil

eradication is remarkably. This low parasitoid progeny production may

explain the low control efficiency of the later weevil generations in replicates

without weevil eradication.

Dinarmus basalis is known to discriminate between host larvae on the basis

of host quality, such as differences in host size (Gauthier et al., 1996;

Gauthier et al., 1997). A reduction of bruchid larval size on RAZ 36 has been

observed in a separate experiment (S. Gisler, personal communication).

Suboptimal larvae are either used for host-feeding, as shown for many

parasitic Hymenoptera (DeBach, 1943; Bartlett, 1964; Heimpel &

Rosenheim, 1998), or deposition of male eggs, contributing to a male

biased sex ratio (Gauthier et al., 1997). Optimal host larvae, on the other

hand, are preferably used for deposition of female eggs (Heimpel &

Rosenheim, 1998). The data on offspring production from those replicates in

which weevil eradication was achieved indicate that both responses occur on

arcelin containing varieties. The sex ratio was clearly shifted towards a male-

bias, while the high number of introduced weevil eggs failing to produce

weevil nor parasitoid offspring indicate a high mortality due to host-feeding

rather than parasitization, probably as a result of suboptimal quality of the

bruchid host larvae.

For augmentative releases of parasitoids, high levels of weevil eradication is

more desirable than the establishment of a parasitoid population. Thus,
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parasitoid host-feeding may be important for successful short term control.

However, for the long term storage of beans high levels of host-feeding may

be counterproductive, as the resulting reduction in parasitoid progeny may

impede control of subsequent weevil generations or newly attacking weevils.

In addition to the effects on weevil quality, it is also conceivable that arcelin

caused mortality in the developing parasitoid. While direct toxicity to the

second trophic level has been observed in only a minor proportion of the A.

obtectus population, sublethal effects on the weevil larvae may have affected

the third trophic level, resulting in reduced parasitoid survival. A number of

plant-derived toxicants have been shown to affect natural antagonists via

their prey (reviewed by van Emden, 1997). Nevertheless, in my studies some

parasitoids developed completely in all varieties. Influence of different bean

characteristics (size, curve, color, integument etc.) on the parasitoid is

conceivable but this hardly explains the differences found in my experiments.

The fact that weevils were eradicated in half or more of the replicates in all

bean varieties shows that D. basalis successfully reached and accepted

hosts in all varieties tested.

My results indicate that an IPM system for the control of both Z. subfasciatus

and A. obtectus combining host resistance and parasitoids should be based

on bean varieties with intermediate resistance to Z. subfasciatus, rather than

those with maximal resistance. This study shows the promise of a

combination of biological control and resistant plant varieties for pest

management in storage systems. The combination proved to be of

significant advantage even for situations where A. obtectus has to be

controlled as the only bruchid pest.

Continued studies are required to build a comprehensive pest management

system for legume cultivation and storage, in which both biological methods

described can work complementarily.
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8 General Discussion

The aim of this study was to find a biological control method for the bean

weevil A. obtectus and further, to combine this method with the use of

resistant bean varieties already developed to control Z. subfasciatus.

To investigate components of an IPM system on-farm, field infestation of A.

obtectus was evaluated (Chapter 4). Data on spontaneous infestation by the

weevil were important for simulating field conditions in laboratory

experiments. Meanwhile, potential control agents were compared to find the

most promising candidate for the following experiments (Chapter 3). Three

hymenopteran parasitoids were compared with respect to longevity and

progeny production. Longevity seemed important because it defines the

length of the time the parasitoid has to attack host larvae, whereas progeny

production is important for weevil suppression and for increasing the

parasitoid population. The native parasitoid species D. basalis collected

from a grain store in Colombia fulfils these criteria most promisingly, while

Anisopteromalus calandrae performs poorly with A. obtectus and

Heterospilus prosopidis has a short oviposition period. Thus, all later

experiments were conducted with the parasitoid D. basalis.

In a laboratory experiment, weevil suppression by the parasitoid was tested

when introduced to host larvae under different conditions (Chapter 5). My

findings indicate that both host larval age and parasitoid density affected the

control potential of the parasitoids, while nutrition (supplied only to the

parasitoids) did not influence their control potential. These results confirmed

the suitability of D. basalis as control agent for A. obtectus.

The next step was application on-farm (Chapter 6). The experiment was

performed on several farms under common Colombian storage conditions

with natural weevil infestation. These results, too, show D. basalis to be a

suitable control agent, the on-farm results even outperforming those from the

laboratory.
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After showing that biological control of A. obtectus is a promising means of

pest suppression, its combination with resistant bean varieties was

evaluated in a laboratory storage experiment (Chapter 7). Beans containing

arcelin show resistance for Z. subfasciatus, but remain susceptible to A.

obtectus. Nevertheless, arcelin does also affect the latter, since development

of A. obtectus is prolonged in arcelin containing beans. The overall results of

this experiment coincide with the assumption that D. basalis kills more

weevils, when host larvae stay longer in vulnerable instars (slow growth -

high mortality - hypothesis).

Acanthoscelides obtectus - the remarkable bruchid

The life history of A. obtectus differs in some respects from the biology of

other bruchid species. The most important difference is probably its

oviposition behavior. In the field, females bite a hole into the pod wall and

deposit eggs loosely with the ovipositor into the pod. First instar larvae hatch

from the eggs, wander around and finally enter the bean seeds. Other

bruchid species glue their eggs on the bean seeds (e.g. C. chinensis, C.

maculatus, Z. subfasciatus) or on the pod (e.g. Bruchus pisi) (Zacher, 1930).

First instar larvae of these species drill directly through the egg wall and the

adjacent plant part. In accordance with their oviposition behavior, some

bruchid species attack the beans either exclusively in the field or in the

storage, while others attack beans both in field and store. Acanthoscelides

obtectus larvae enter the seeds while in the field and the first generation of

adult weevils emerges after harvest in the storerooms. The field infestation

observed was very low, but consistent (Chapter 4). A mean of 32 weevils

emerged from 2000 bean seeds. At harvest time, 90% of all samples taken

were infested. During 16 weeks of storage, two weevil generations emerged

causing visible damage ranging between 0.5 and 34% of the beans (average

of 14%).
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The well hidden immature life stages of A. obtectus render it difficult, if not

impossible, to predict the level of the infestation at harvest time. First instar

larvae bore a hardly visible entrance hole and develop inside the seeds. Only

shortly before emergence a characteristic circular 'window' becomes visible

externally. Due to the lack of an assessable level of infestation, the farmers

and merchants are not able to react to a defined threshold and at the time

damage becomes visible it might be too late to stop the spreading pest with

biological control. For this reason and because the tolerable damage

threshold is close to zero, parasitoids should be applied as a preventative

measure directly after harvest to all the beans.

Dinarmus basalis - a promising control agent

Dinarmus basalis has the highest oviposition rate on A. obtectus, compared

with the two other parasitoid species (Chapter 3). The fact that D. basalis is

synovigenic results in a continuous egg supply. Similar to the equally

synovigenic parasitoid species A. calandrae, a higher progeny production

resulted when the lifespan of the females was prolonged by supply of

nutrition (Chapter 3). However, the number of progeny produced was in both

species lower than expected. For D. basalis a lifetime fecundity of 600 eggs

was estimated by Islam (1995) on C. maculatus, which is 30 times as much

as the progeny production observed in this study.

In storage simulating experiments, D. basalis reduced the artificially infested

A. obtectus population by 48 to 75% compared to a control without

parasitoids (Chapter 5). The timing of parasitoid release was important for

the control potential of D. basalis. Weevil suppression by the parasitoid was

high when host larvae were young. These findings were supported by the

results on-farm. The delayed harvest of highly infested beans resulted in a

total crop loss in spite of parasitoid presence, whereas the high natural

bruchid infestation of beans harvested early was reduced by 88 to 97% by the

parasitoid (Chapter 6). Weevil populations of low natural infestation, which
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occurred more frequently in the examined area (Chapter 4), were completely

eradicated by D. basalis (Chapter 6).

It can be concluded that D. basalis is a promising candidate for biological

control against the bean weevil A. obtectus and its control potential is

strongest when host larvae are present as younger instars.

Host-feeding vs oviposition - a trade-off

More than 50 years ago, DeBach (1943) already emphasized the importance

of host-feeding for the suppression of pest populations. Nevertheless,

literature about biological control and herbivore-parasitoid-interactions still

concentrates on oviposition. Often, parasitisation rates are calculated on the

basis of host mortality and pest reduction potential is measured only by a

parasitoid's lifetime fecundity. For example, the slow growth - high mortality -

hypothesis (Clancy & Price, 1987), which predicts a high host mortality due to

parasitoids under conditions where the host grows slowly, was recently

criticised by Benrey and Denno (1997) based on parasitisation rates. The

actual host mortality was not considered. However, studies in this thesis

showed that mortality of host larvae was high along with a low parasitoid

progeny production (Chapter 5 and 7).

High weevil mortality resulted when parasitoids were released to small host

instars. Parasitoid progeny, on the other hand, increased after release of

parasitoids to older host instars (Chapter 5). In storage systems it is more

important to eradicate the weevil than to establish the parasitoid. Therefore,

conditions should be established which encourage parasitoids engage in

host-feeding, as this is more effective than oviposition (Chapter 5 and 7). In

susceptible bean varieties, younger host larvae were reduced more

effectively than older instars. A higher number of released parasitoids can

also affect weevil mortality positively. The prolonged development of A

obtectus in arcelin containing bean varieties provides the parasitoid with

longer access to vulnerable host stages. Again, host-feeding is the process

that results in eradication of the weevil in 80% of the replicates with
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intermediate arcelin content. Parasitoid progeny production is not

proportional to weevil mortality.

Effect of temperature - an advantage on-farm

Suppression rates in the laboratory experiment testing the control potential of

D. basalis on the susceptible variety Calima (Chapter 5) were lower

compared to the results of the IPM experiment which included the same

susceptible variety as a standard (Chapter 7). Although a higher number of

parasitoids was used in the first experiment, the weevils were not eradicated,

whereas in the second experiment eradication occured in 50% of the

replicates. Temperature was the only parameter that differed in the two

experiments for differences in the appearance of the two bruchid species. It

was 3°C higher in the second experiment. Smith (1992) showed for the

pteromalid A. calandrae that increasing temperature has a negative effect on

longevity, but a positive effect on the oviposition rate. The effect of

temperature on host mortality or on host-feeding was not evaluated in that

study, but increasing attack rate and decreasing handling time with

increasing temperature were presumed (Smith, 1994). Probably, the slightly

higher temperature in the IPM experiment led to higher parasitoid activity and

thus, to increased mortality of the weevil. Also, periodically higher

temperatures during the daytime in the storerooms benefited D. basalis

(Chapter 6) compared to the stable temperature in the laboratory experiment

(Chapter 5), resulting in comparatively better weevil suppression on-farm.

However, there might have been other parameters on-farm, which differed,

as well.

IPM - possibilities of overlapping control methods

Integrated pest management is an approach to pest control that uses cost-

benefit analysis to make decisions. Aside from economical reasons,

ecological reasons for IPM programs gain importance. Biological or physical
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control methods are beneficial in delaying the development of insecticide

resistance (Hagstrum & Flinn, 1996).

The control of A. obtectus by the parasitoid D. basalis shows some promise

for further optimisation of the IPM system. Encouraged by observations from

this thesis, I formulate two hypotheses:

i. The efficacy of the parasitoid D. basalis to control A. obtectus can be

increased by the utilisation of arcelin containing bean varieties.

This hypothesis is supported by the findings of the IPM experiment

performed in this study (Chapter 7). The protein arcelin does not

prohibit development of A. obtectus populations, as it does to Z.

subfasciatus populations, but it likely is the reason for a slower

development of A. obtectus. The prolonged access to vulnerable host

larvae by the parasitoid on these bean varieties results in a higher

weevil mortality than observed in arcelin-free bean varieties.

Z The vulnerability of arcelin containing bean varieties to resistance

development by Z. subfasciatus can be diminished by the presence of the

parasitoid.

Dinarmus basalis is a generalist. It has previously been shown to be a

promising control agent against C. chinensis (Islam & Kabir, 1995), C.

maculatus and B. atrolineatus (Ouedraogo et al., 1996; Sanon et al.,

1998) and is also reported on C. subinnotatus, A. obtectus,

Z. subfasciatus, and other grain-attacking beetles (Rasplus, 1989).

This supports the expectation that resistance developing Z

subfasciatus individuals can be suppressed by the parasitoid. Thus,

the heredity of resistance provoking genetical material is markedly

reduced.

From both these argumentations I conclude that a combination of the two

methods, parastitoids and arcelin containing beans, has a high potential to

result in high and sustainable control of the two bean weevil species.
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