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Invitation

Please provide us with material on any of the topics mentioned above. Your assistance is
crucial to obtain a reliable, worldwide picture of the importance of biological control. You
can either send material per email to the ediworpy post to Prof.dr. J.C. van Lenteren,
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Laboratory of Entomology, Wageningen University, P.O. Box 8031, 6700 EH, Wageningen,
The Netherlands.

Warning and Request:

1. The first versions of this internet book are strongly biased, so provide me with
better/dher information and the result will be a more balanced version

2. If you find mistakes or better data than given below, contact me!

3. You are free to use the information presented in this internet book, but be so kind to refer
to this source as: J.C. van Lemte (ed.), 2007. Internet Book of Biological Contrd!. 4
Edition, www.lIOBGGlobal.org, Wageningen, The Netherlands.

Disclaimer

Although we have done our best to check the correctness of the information presented in this
internetbook, neither IOBC nor theditor is responsible for mistakes. Mentioning of brand
names and companies/industries/organizations in the text does not mean that IOBC supports
products or ideas of these organizations.

Aim of the International Organization for Biological Control of Noxious Animals and
Plants (IOBC-Global) is to promote the development of biological control and its
application in integrated control programmes

IOBC coordinates biological control activities worldwide and has 6 regional sections (Africa,
Asia, East Europ, North America, South America, and West Europe) and many working
groups.

The mission of IOBC Global idustrated in the followingnission statement A Bi ol ogi c al
control is a scienecbased process, planned, conducted, delivered and evaluated byfteams o
colleagues. There is a high degree of international cooperation and free exchange of
biological control germplasm. The highest ethical and scientific standards are upheld in the
conduct of biological control. It is investigated as the first option fet panagement, and
replaces chemical control as the base strategy of integrated pest management. The desired
outcome of biological control is scierbased, sustainable, casftective, resource

conserving and environmentally compatible management of giestgiculture, forestry,

medical and veterinary importance, urban areas, interiorscapes and environmental areas.
Biological control results in a global reduction in pesticide use and conservation of biological
di versity. o

Boller, E.F, J.C. van Lenterenand V. Delucchi (eds.) 2006International Organization for
Biological Control of Noxious Animals and Plants: History of the first 50 Years (2956).
IOBC, Zirich, 287 ppThis book can be obtained by sending 10 Euro or 15 US Dollars in an
enveloppe td’rof.dr. J.C. van Lenteren, Laboratory of Entomology, Wageningen University,
POBox 8031, 6700 EH, Wageningen, The Netherlands.
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INTERNATIONAL ORGANIZATION

for BDIOLOGICAL L

af Noxious Animals and Plants

For all
i nformation about | OBC andGlobaldrigs regi ons,

B WPRS: West Palaearctic Regional Section
B EPRS: East Palaearctic Regional Section
B APRS: Asian Pacific Regional Section
W ATRS: African Tropical Regional Section
B NRS: Nearctic Regional Section

B NTRS. Neo Tropical Regional Section

International role and accomplishments of IOBC

IOBC is the only truly worldwide organization representing research in biological control in
various global, regional and national organizations (e.g. IUBS, FAO, EC, ICE) for more than
50 years

IOBC developed practically applied biologlaontrol and integrated pest management
programs

Copyright IOBC 3
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IOBC was the first to develop IPM guidelines for all major crops in Europe and has since
continued to contribute to the development of principles of sustainable agriculture, e.g.
guidelines on Integratd@roduction.

IOBC initiated and caleveloped Guidelines for the export, shipment, import and release of
biological control agents and other beneficial organisms (International Standard for
Phytosanitary Measures Number 3, 32 pages, 2005; Secretariatiofeimational Plant
Protection Convention; availablevavw.FAQO.org

IOBC initiated and caleveloped methods to test side effects of pesticides on natural enemies,
which are now the official standard for testing sffects in the European Union pesticide
registration procedure and published as the EPPO standard for Environmental Risk
Assessment Scheme for Plant Protection Products, Chapter 9, PP 3/9, EPPO Bulletin 33, 99
131; available atittp://archives.eppo.org/EPPOStandards/PP3_ERAYSK3).pd).

IOBC initiated and caleveloped with the natural enemy producers guidelines for mass
production and quality control of beneficial organisnee(kttp://www.amrgc.ory

IOBC codeveloped with OECD a document on Guidance for Information Requirements for
Regulation of Invertebrates as Biological Control Agents (IBCAs) (OECD Series on
Pesticides Nurdr 21, Environment Directorate; Organisation for Economi€peration

and Development, Paris 2003, 22 pages; Availabitpt/www.oecd.org/dataoecd/
6/20/28725175.pdif

IOBC caontributed information on biological control and biodiversity to the FAO report
ARGenetic resources of importance to agricult

Reviewed and made important contributions to paragraphs on sustainable agriculture and pest
management irhe UN-coordinated International Assessment of Agricultural Science and
Technology for Development (to appear in 2008)

Provided information to several organizations about natural enemies as quality indicators for
biodiversity, and natural enemies as teganisms for side effects of pollutants and for
pesticides as indicator of in and off field rtamget effects

10BC
- OILB


http://www.fao.org/
http://archives.eppo.org/EPPOStandards/PP3_ERA/pp3-09(2).pdf
http://www.amrqc.org/
http://www.oecd.org/dataoecd/6/20/28725175.pdf
http://www.oecd.org/dataoecd/6/20/28725175.pdf

IOBC Internet Book of Biological Control Version 6, Spring 2012

uaplo UIWEISI?E!T ﬂABEﬂIﬂGEﬂ I.Ml IO UIWEB ITEIT HABEHIIGEN >

NEDERLAND Y 80¢ * NEDERLAND 800?

¢ LANDIOU\WIWE!SITE!T ﬂAGEﬂIlGEﬂ LAIDIOWUIWEISIT!IT WAGEHIIGEI

Ok

f ~
g

(1918

NEDERLAND 30° 3 . , NEDERLAND § 80°

Stamp related to the success of biological control researain The Netherlands showing
greenhouse whitefly andEncarsia formosa

Copyright IOBC 5



IOBC Internet Book of Biological Control Version 6, Spring 2012

1. Introduction

Biological control*- the use of an oapism to reduce the population density of another organism

is the most successful, most cost effective and environmentally safest way of pest**
management . |t is natureds own way to keep
Biological control is presnt in all ecosystems, both natural and man made, and is always
active. The result of natural biological control is that the earth is green and that plants can
produce sufficient biomass to sustain other forms of life. Without biological control, the
production of energy by plants would be a tiny fraction of what is produced currently.

Natur al (biological) control I's the redu
since the evolution of the first ecosystem some 500 million years ago, can be faalhd in
ecosystems and takes place without human interventions. In addition to natural forms of
biological control, man started to use arthropod biological control around the year 300 by
using predatory ants for control of pests in citrus orchards (seaidesif predators).

Large scale use of biological control started in 1888 with the releastoddlia
ladybird beetles to control a scale insect in citrus in California (see below). Many permanent
successes have been obtained since, resulting in anndiéd pfomillions of dollars, and
these profits are accumulating continuously as biological control is permanent in contrast with
chemical control where resistance against the pesticide develops.

Due to the facts that (1) earth will have to feed about librbihuman beings in the
near future, (2) fossil energy is running out, and thus are conventional synthetic pesticides, (3)
man cannot continue to pollute the environment and reduce biodiversity at the same dramatic
rate as during the past 100 years, @gdtiral research needs to be redirected to a systems
approach. In such an approach, pest management will be a guiding theme instead of being the
marginal issue it was during the past 60 years. Guiding, because methods to prevent or reduce
pests influencall agronomic methods from the design of cropping systems to the harvest of
crops. Modern pest management will strongly depend on biological control, because it is the
most sustainable, cheapest and environmentally safest pest management method (9ee table
In additon, it has important benefits for farmers and consumers (see table 2). Biological
control is expected to make up-88% of all crop protection methods in the year 2050.

*Biological has been defined in many ways. The simplest definition isg isata to reduce
biota (International Biological Program)
**Pest = organism (plant, animal or protist) occurring in such numbers that it creates damage

Biological control at work: no
problem to enter the
greenhouse and harvest the
crop at the optimbmoment!
With chemical control, there is
generally a neentry period of
several days to protect workers
from health risks
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Some facts about biological control:

1 Natural (biological) control is constantly active in all world terrestrial ecosystems on 89.5
milli on km?

1 Most of the potential arthropod pests (95%, 100,000 arthropod species) are under natural
(biological) control; all other control methods used today are targeted at the remaining
5,000 arthropod pest specigsis ecosystem function of natutablogical control is
estimated to have an annual minimum value of 400 billion US$ per year (Costanza et al.,
1997), which is an enormous amount compared to the only 8.5 billion US$ annually spent
on insecticides.

| Classical biological control is applied 86 million km? (350 million hectares), which is
about 8% of land under culture, and has very bigiefitcost ratios of 2500 : 1

f Augmentative, commercial biological control is applied on @nilon km? which is0.4
% of land under culture, arithsa benefitcost ratio of 25 : 1, which is similar to or better
than chemical pest control

1 More than 5,000 introductions of about 2,000 species of exotic arthropod agents for
control of arthropod pests in 196 countries or islands have been made duriagtth2(o
years, and more than 150 species of natural enemies (parasitoids, predators and
pathogens) are currrently commercially available (van Lenteren et al., 2006).

Table 1. Comparison of data on performance of chemical and biological contr(fter
Lenteren, J.C. van, 1997. Fradomo economicu® Homo ecologicustowards

environmentally safe pest control. In: Modern Agriculture and the Environment, D. Rosen, E.
Tel-Or, Y. Hadar, Y. Chen, eds., Kluwer Acadamic Publishers, Dordrectgi}7

Chemical control* Biological control

Number of ingredients tested > 3,5 million 2,000
Success ratio 1: 200,000 1:10
Developmental costs 150 million US$ 2 million US$
Developmental time 10 years 10 years
Benefit / cost ratio 2:1 20:1

Risks of resistance large small
Specificity very small very large
Harmful sideeffects many nil/few

*Data for chemical control originate from material provided by the pesticide industry; data as
per 2005. In 1980 10,000 compounds were tested per year, in 2004 this had increased to
500,000per year (Stenzel, 2004)

Thousands of natural enemy species leanvot
yet been tested for usdhess in biological
control programs
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Table 2. Advantages of biological control for farmers and consumers
Why do farmers use biological control? Thegntion the following advantages (e.g. van
Lenteren, 2000):
1. Strongly reduced exposure of grower and spray personnel to toxic pesticides
2. Lack of residues on the marketed product
3. Lack of phytotoxic effects on (young) plants, and no premature abortion of$leuwvd
fruit. As a result, often yield increases are obtained when biological control is applied.
4. Release of natural enemies takes less time and is much more pleasant than applying
chemicals in humid and warm greenhouses
5. Release of natural enemies usualtgurs shortly after the planting period when the
grower has sufficient time to check for successful development of natural enemies;
thereafter the system is reliable for months with only occasional checks; chemical
control requires continuous attem,
6. Chemical control of some important agricultural pests is difficult or impossible because
of pesticide resistance
7. With biological control there is no safety period between application and harvesting the
crop, so harvesting can be done at any moment whighrticularly important with
strongly fluctuating market prices; with chemical control one has to wait several days
before harvesting is allowed again
8. Biological control is permanent: once a good natural enaaiways a good natural
enemy
9. Biological contol is appreciated by the general public. This may result in either a
quicker sale of crops produced under biological control, to a better price for these crops,
or both.
Consumers, politicians and policy makers add the following important advantadiss dfhis
the growers:
1. Low risk of food, water and environmental pollution
2. Contribution to sustainable food production
3. Contribution to protection or even improvement of biodiversity
4. No pesticide residues on food

Table 3. Estimated world market value naturaland commercial biological control and
biologically based pest management

Control method US$ billions

Natural biological control 400,000 1¢P
Biological control with arthropods and nematddes ,130x 1¢°
Biological control with micreorganism$ ,020x 1¢°
Bacterial and fungaderived toxiné ,120x 1¢°
Botanical pesticidés ,100x 1¢°
Behavioural modifying chemcicéls ,070x 1¢°
Plant material resistant to pests and diseases, norf GMO 6,000x 10

Plant material resistant to pests, diseases and herbicides, GMO PM

Costanza et al., 19F&xtrapolated from van Lenteren, 1997, various recent unpublished sources and
Bolckmans/Ravensberg personal communication November 2005
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Table 4. Estimated world market for chemical pesticiés in 2004Agrow 466, 18
February 2005)

Pesticide US$ billions % Euro billions

Herbicides 14,829x 16 454 12,161 x 16

Insecticides/Acaricides 8,984 x 16 275 7,366 x 16

Fungicides 7,088x 1¢F 21.7 5,812x 1¢F

Others 1,764x 1¢P 5.4 1,446x 10

Total 32,665x 10° 26,785x 1¢°

References
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Lenteren, J.C. van, 1997. Biologicalhased crop protection: major trends for th& Zéntury. In: Pant Based
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2. Discovery of natural enemies and a bit of entomological history

Origin of entomology and ecologgafter Needham, 1956 and Sméhal., 1973; for full text
see van Lenteren, 2005)
Current opinion is that entomology originated in China. The Chinese have invented
sericulture in 4700 BC, the culture of mulberry plants and the indoor rearing of silkworms in
1200 BC, chemical control afisects in 200 AD, biological control of insects with predatory
ants and insect ecology in 300 AD, honey bee rearing in 400 AD, etc. etc. (Chou, 1957;
Konishi and Ito, 1973). The idea of the food web was first recorded in China in the third
century: A fator which increases the abundance of a certain bird will indirectly benefit a
population of aphids because of the thinning which it will have on the coccinellid beetles
which eat the aphids but are themselves weat
examples concern the role of three species of predators in biological pest control, a bird, a
coccinellid and an ant. In fact, they are also early descriptions of what we would characterize
in modern ecology as studies on mtiiiphic interactions.

See thdable at the end of this chapter for an overview of important historical facts in
the history of entomology

History of entomology in Européafter Beier, 1973 and Morge, 1973; for full text see van
Lenteren, 2005)

In Europe, Aristotle (38822 BC) is usally seen as the founder of general entomology and

of entomology as a science (Morge, 1973), although other Greeks, starting with the poet
Homer (ca. 850 BC), wrote about insects. Aristotle classified insects, and had a good
knowledge of anatomy and morpbgy. It is worth mentioning here that Aristotle in his
Historiae animalium describes the attack by hymenopterans on spidefsliasvs: "The

wasps called "ichneumon", which asenaller than other wasps, kdpiders, carry them in
some crevice of a walbr somewhere else, knead them with madd lay into them their

eggs from which other ichneumon wasps are generated"

During Roman antiquity, there was little interest in pure entomology, with the
exception of Pliny (2&9; Gaius Pliny Secundus, or PliMaior) but he scarcely made any
original observations in nature. The Romans did, however, write major works on agricultural
entomology in the period from 250 BC until 400 AD, which contain many suggestions for
pest prevention or control (Morge, 1973).Werdrdo wait till the end of the I2century for
new developments, when Europe wasacquainted with the heritage of the Greeks and
Romans, revived by the Arabs in the preceding centuries. Based on the translation of Arabian
sources by the Scotsman Mich&eotus, much of the lost knowledge was regained (Morge,
1973). A great work of the later Middle Ages relating to entomology isRbealium
Commodorum Libri Xllwr i tt en between 1304 and 1309 by
(1230- ??). He added his owsbservations to earlier collected material. His book became the
European manual of agriculture for about 300 years and contained many measures to prevent
or control insect pests (Morge, 1973).

During the next three hundred years, very few
developments irentomology occurred in Europe due to
the prevalent mysticism and -&bntrolling doctrinal
dogma of the church (Beier, 1973). Even the discovery of
the printing press (approximately 1450) could initially not
help to spread entomological information to It
educate people. Some books appeared with illustrations of
insects, but the poor quality of the wood engravings made
them unrecognizable. During this period, the works of
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Aristotle and Pliny were translated again, and once more without adding new atitorm

Due to an increasing amount of misunderstandings, errors, mistakes and misinterpretations,
these translations led to an even vaguer image of entomology than before. It took until the
appearance obe Differentiis Animalium Libri Decerm 1552, writen by the Englishman
Edward Wotton (1494555), before a good summary became available of knowledge
accumulated before, including the work of Aristotle. In this same period, Conrad Gessner
(1516 - 1565), wrote hisHistoria animalum,including one volume m insects (published
posthumously in 1634; for details, see Vidal, 2005). Gessner, like Wotton, also compiled
earlier knowledge, but included his own observations. Most of the other publications from
this period in which insects are mentioned were stibrggly influenced by mysticism,
absurdism, and moralism related to religion.

A real breakthrough in entomology was the
work of the Italian Ulisse Aldrovand(15221605).
Although he was still much subjected to the influence
of Aristotle, he was an excefieobserver and exposed
. facts that he had determined by his own research. As a
! pioneer of pure natural research, he was by far the most
| outstanding among the compilers of his time. He
. produced several hundred volumes of manuscripts and
! excerpts. His big filo-volume De Animalibus Insectis
¢ libri VII, published in 1602, was the first work of

literature in the world dealing with insects and
illustrated with recognizable wood engravings. He thus finally established entomology, and
especially systematic entomglpas a science (Beier, 1973). He was also the first to describe
the emergence of parasitoid larvae from a host caterpillar (see Tremblay and Masutti, 2005).
His interpretation of the emergence of larvae was, however, not yet correct and it would take
abou another 60 years before the first accurate interpretations of insect parasitism appeared in
Europe.

To be added: history of entomology in other regions; please provide us with material

Discovey of predators(after Smith et al., 1973; for full texés van Lenteren, 2005)

Because of the obvious act of predation, predators have been mentioned for pest control long
‘ A1 ago in many independent sources (see e.g. Needham, 1956,
SCIENCE AND  1986; and various authors in Smith et al., 19E)ly farmers

CIVILISATION IN might have alreadyobserved and appreciated the action of
CHINA predators, as predation is obvious and easy to understand.

Biological control was first applied when man began keeping cats

to protect stored grain from damage by rodents. The earliest

LU GWELDJEN, mu recorded historical example obiological control concerns

s Egyption records of 4,000 years ago that depict domestic cats as

, useful in rodent control. Thugredators like cats were already

e e used for thousands of years to control mice. Konishi and Ito
A O s 14 (1973) state t h a he fifstTthh ase @tuialn e s e

PART I: BOTANY enemies to control insect pests. Nests of an @etophylla

' smaragdina were sold near Canton in the third century to use

for control of citrus pests such agsseratoma papillossE&hi

Han, approximately 300 AD: Nan Fang Tshao Mhuang:

Records of the Plants and Trees of the Southern Regibims).

ants build nests in trees and such nests were collected and sold to

JOSEIFH NLEDHAM, r.ns, r.h

HUANG HSING-TS5UNG, nrm

CAMBRIDGE UNIVERSITY PREss
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farmers. In order to aid the foraging of the ants, bamboo bridges were
build between the citrus trees. DeBach (19#5erved this practice

still being used in North Birma in the 1950s and Needham (1956)
mentions of its continued use in China. All early efforts employed
general predators like mongooses, owls an other birds, toads, ants
and the likeThe earliest graphieecord of an insect also concerns a
predator, the horne¥espa orientalis which was depicted as an
hieroglyph representing the Kingdom of Lower Egypt by King
Menes about 3100 BC (Harpez, 1973). It can still be seen today on
wall paintings and inscriptions pillars in many of the ancient
temples and tombs in the Nile Valley.

Discovery of parasitoid¢for full text see van Lenteren, 2005)

Insect parasitism was understood much later than the phenomenon of predation, because of
the complicated biologicaklationships between parasitoids and their hosts. Although often
described as parasites, Aent omophagous insec
(Reuter, 1913). True parasites live at the expense of their hosts without actually daeising t

death of the host. Parasitoids always kill their host, after spending the larval period as a true
parasite; the adult is frdei vi ng. Despite this distinction,
widely used.

After the first use of insect predators jppaoximately 300 AD in China, it would take
about 800 years in China and almost 1300 years in Europe before the phenomenon of insect
parasitism was discovered. As a result of the study of old publications reported in papers by
Cai et al. (2005), the discexy of insect parasitoids by the Chinese can now be put at 1096,
which is about 600 years earlier than was thought until October B¥¥t parasitism was
known in China for a long time in the form of parasitic tachinid flies of silkwoBwnbyx
mori L.). These tachinid flies were first mentioned in Chinese literature around 300 A.D. The
developmental cycle of this tachinid (possibly a species of the gewmursstg, including egg
deposition on the host, were clearly described by Lu Dian in 1096. Ttedades the first
descriptions of insect parasitoids from Europe with about 600 years. Another parasitic fly, a
flesh fly (possiblyBlaesoxipha lapidos®ape) was noted as the main parasitoitladusta
migratoria manilensisMieyen in 1196. The first Chinegecord with a correct description of
the life cycle of a hymenopteran parasitoid dates from 1704.

Early European literature had apparently been poorly studied until recently, because
many new facts about insect parasitism were found in this literadmge,the European
discovery of parasitism can be predated with 25 years (van Lenteren & Godfray, 2005). The
authors most frequently credited for the European discovery of the parasitoid life cycle are
Antoni van Leeuwenhoek, John Ray and Antonio Vallisnaedund the year 1700. Other
authors who published works on entomology in th& d&ntury, and who mentioned insects
that we now recognize as parasitoids, were supposed until recently not to have understood the

: , parasitoid life cycle. After rereading muoi this
literature, this supposition appears to be correct for
Aldrovandi, Goedaert, Johnston, Malpighi,

, Mouffet and Redi (van Lenteren & Godfray,
2. 2005). However, Lister, Merian  and
Swammerdam (with the help of the painter
~ Marsilius) all arrived at the coect interpretation
<= of insect parasitism after observing most or all life
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history stages. The first correct interpretation of parasitism that we can trace, but which does
not include the critical observation of oviposition by the adult female, is thataih8ierdam

in 1669. The first recorded observation of oviposition that we can find is by the painter
Marsilius but described by Swammerdam in 1678. Van Lenteren and Godfray (2005) thus
suggest Jan Jacob Swammerdam (assisted by Otto Marsilius) should ibed oneth the
description of the discovery of the parasitoid life cycle in Europe.

For the discovery of parasitism in Germany,
Italy, France and Japan, see repectively Vidal
(2005), Tremblay & Masutti (2005), Carton (2005)
and Hirose (2005).

Discovery of insect parasitism in Africa,
North, Central and South America, Asia (except
China), Australia and New Zealand took place after
1700 (for references, see van Lenteren, 2005). We
appreciate receiving information about the
discovery of insect parasitoids apiedators for other countries.

The discovery of insect parasitism in thé"Xentury in China and in f7century in
Europe, has led to the highly successful and environmentally safe use of hundreds of species
of parasitoids in biological control today.ge Gurr and Wratten, 2000; van Lenteren, 2003;
van Lenteren et al., 2006).

See table 1 below for an overview of important historical facts in the history of
entomology.

Table 1. Highlights in entomology and discovery of parasitoids (for full text, seean Lenteren & Godfray, 2005)
ca-310 Aristoteles (Greece, 384322 BC)Historia Animalum natural history and taxonomy of animals

ca 300 Guo Pu (China, 276324) Commentary on the Literary Expositonentions tachinid parasitoid but does not undecsitzs
biology (see Cai et al., 2005)

1096 Lu Dian (China, 1042 1102)New Additions to the Literaty Expositfambserves and describes the full cycle of insect parasitism
by tachanid parasitoidirst description of phenomenon of insect paraitism based on observation of complete life cyclsee
Cai et al., 2005)

1321 Dante Alighieri (Italy, 1265 1321)La Divina Commediamany records to insects

1551:1634Conrad Gessner (Germany, 1518565)Historia Animalum encyclopedic work summaing all earlier information and his own
obervations, classification of animals, the volume on insects was published posthumously in 1634 (see Vidal, 2005)

1552 Edward Wotton (Britain, 14921555)De Differentiis Animalium Libri Decenencyclopedic worlsummarizing earlier
information

1602 Ulisse Aldrovandi (Italy1522 1605)De Animalibus Insectis Libri V/llobserved emergence of parasitoid larvae from caterpillar,
did not understand phenomenon; Al dov mtamobgyi(séeslreibiap dnd Masuttic ons i der
2005)

1660 John Ray (Britain, 16271705)Catalogus Plantarum circa Cantabrigiam nascentjwhserves emergene of parasitoid larvae
from caterpillar in 1658 (see van Lenteren and Godfray, 2005)

1662 Johannes GoedaédHolland, 16171668)Metamorphosis Naturali$3 volumes with many drawings of larvae, pupae and adults of
parasitoids, describes emergence of larvae and adults of parasitoids, does not understand phenomenon of parasitism (see van
Lenteren and Godfray, 26)

1668 Francesco Redi (ltaly, 16261697)Esperienze Intorno alla Generazione degli Insettiservation of emergence of parasitoid
larvae from host, but did not understand phenomenon of parasitism (see Tremblay and Masutti, 2005)

1669 Jan Swammerdam (Halhd, 1637 1680)Historia Insectorum Generalisbserved many parasitoids in larval, pupal and adult
stage, makes a classification of internal/external parasitoids, did not observe oviposition by parasitoid but says thésexpects
happenfirst correct European interpretation of phenomenon of insect parasitisnfsee van Lenteren and Godfray, 2005)

1670/71 Martin Lister (Britain,1639- 1712 suggested in a letter published in the Philosophical Transactions of the Royal Society, that
there are insés that lay eggs in other insects (see van Lenteren and Godfray, 2005)
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circa 16750tto Marsilius (Holland, 16191678) tells Swammerdam how parasitoid eggs are laid in host insect (see van Lenteren
and Godfray, 2005)

1678 Jan Swammerdam and Otto Marssli(Holland) observation and description of complete life cylce of parasitoid on p. 709 of the
Book of Naturgposthumously published in 1738st European description of phenomenon of insect parasitism based on
observation of complete life cyclésee varLenteren and Godfray, 2005)

1679 Maria Sybilla Meriam (Germanifiolland,1647- 1717)Der Raupen wunderbare Verwandeluofserves emergence of parasitoid
larvae from caterpillar, draws many parasitoids (see Vidal, and van Lenteren and Godfray, 2005)

1685 Martin Lister (Britain,1639- 1712 De Insectissupposes that the larvae that Goedaert saw emerge from caterpiller had
developed from eggs that were laid earlier by an insect in the caterpillar (see van Lenteren and Godfray, 2005)

16851691Maria Syhlla Merian (GermamyHolland, 1647- 1717)Der Raupen wunderbare Verwandelufigal version, 3 volumes, gives in
the preface of this posthumously published version of 1717 a correct interpretation of insect parasitism based on abeggation
laying byparasitoid, supposedly in period 168691 (see van Lenteren and Godfray, 2005)

1686 Marcello Malpighi (ltaly, 1628 1694)Opera omniaobserves ermergence of parasitoids but does not understand phenomenon of
insect parasitism

1687 Antoni van Leeuwenhde(Holland, 1632 1723) letter 59, observes larvae and adult parasitoids, supposes they developed from

eggs
laid in or on host by parasitoid, expresses the same opinion in several later letters, but did for a long time noyseglBgg la
parasitoid (se van Lenteren and Godfray, 2005)

1690-1705John Ray (Britain, 16271705) interpretes phenomenon of insect parasitism correctly, but did not observe egg laying by
parasitoid; his correct interpretation was posthumously published Hidteria Insectoumin 1710 (see van Lenteren and
Godfray, 2005)

1692 Diacinto Cestoni (Italy, 16371718) sends letter to Vallisnieri in which he describes the attack of a whitefly by a parasitoid (see
Tremblay and Masutti, 2005)

1696 Antonio Vallisnieri (ltaly, 1661 1730)Dialoghi, sopra la curiosa origine di molti insetfiublishes a correct interpretation of
insect parasitism, but did not yet observe oviposition by parasitoid (see Tremblay and Masultti, 2005)

1700 Antoni van Leeuwenhoek (Holland, 1632723); leter 134, describes in great detail the observation of oviposition and whole
development of parasitoid based on experimentation, provides picture of parasitoid in position of attack (see van ldenteren an
Godfray, 2005)

1702 D. Nomoto (Japan, 16651714)Methods for Sericulturementions tachinid parasitoid of silkworm, but does not know its biology
(see Hirose, 2005)

1704 Pu Songling (China, 16401715)Works of Mr. Liao Zai Notes after Disasteobserves emergence of hymenopteran parasitoid
from catepillar; did not see oviposition, probably first Chinese paper in which hymenopteran parastoid is described (see Wanzhi
Cai et al., 2005)

1717 Maria Sybilla Merian (Germanklolland, 1647- 1717)Der Raupen wunderbare Verwandelufigal version, 3 volumegpreface
to this version provides description of full cycle of insect parasitism based on observation of all stages supposediyesade be
16851691 (see van Lenteren and Godfray, 2005)

Discovery of pathogens of insects
Diseases of silkworms were reciged as early as th 18th Century, although diseases of bees
were known to the Greeks and the Romans. Many publications in the sixteenth, seventeenth and
eighteenth century deal with diseases of silkworm, a very important industry at that time.
Vallisnieri was the first to mention the muscardine disease of silkworm. De Reamur described
and was the first to |IIustrate a funguSordyceps infecting a noctuid larva in 1726. The
microbial nature of these diseases was not yet realized.
From William Kirby's clapter on "Diseases of
Insects” (Vol. 4 (1826) of An Introduction to
Entomology by Kirby & Spence) we learn that it was
recognized that true fungi grew in the bodies of insects
as saprophytes and possibly as parasites. Agustino Bassi
was the first to expegnentally demonstrate in 1837 that
a microorganismBeauvaria bassianaaused an animal
disease, namely the muscardine disease of silkworms. It
was also Bassi who published the idea to use
microorganimsm for insect pest control in 1836. Later,
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in 1874, Pateur suggested the use of microorganisms against the grape phylloxera in France.
These suggestions did not result in practical application.

Metchnikoff tried to develop biological control for the wheat cockchafensppilia
austriacg a serious pest afereal crops in the area of Odessa, Russia. In 1879 he published a
paper onMetarrhizium anisopliagand his experiments led to the conclusion that the fungus,
when mass produced, and properly introduced in the field might result in effective contrdl. Base
on Metchnikoffs workMetharrhiziumwas mass produced in 1884 in the Ukraine, and the spores
were tested in the field against a curculionid in sugar ebdiius punctiventrjs

To be added: information on bacteria, viruses, protozoa and nematodes
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3. Development of idea to use natural enemies for pest control and
classification of types of biological control

First use of classical biological control (= use in inoculative releases)

Introducedalien pests often cause dramatic outbreaks and are presumed to have arrived without
their natural enemies. In 1887, this [@éd/. Riley to propose the introduction of natural enemies

to control the cottony scalkerya purchasiwhich had recently appeared in California and was
devastating the newly established citrus industry. Natural enemies where found in Australia,
transprted to and released in California and saved the citrus industry from almost certain
collapse(DeBach, 1964).

First use of augmentative biological contr@gE use in inundative and seasonal inoculative
releases). Based on R.F. Luck and L.D. Forster, 2Q0@lity of Augmentative Biological
Control Agents: A Historical Perspective and Lessons learned from Evaluating
Trichogramma In: Quality Control and Production of Biological Control Agents: Theory and
Testing Procedures. J.C. van Lenteren (ed.), CARllishing, Wallingford, UK 231246),

and various other sources.

In Europe, R. Réaumur (in 1734) is supposed to be the first to propose the tactic to use
insect predators for insect control: he adviced to release lacewings in greenhouses for the control
of aphids.The notion of periodically releasing natural enemies was later suggested by F.
Enock (1895) at a meeting of the London Entomological and Natural History Society. He
suggested the po drchogranima Flanders {1948) falaar areditselix 0
Gillet, the Horticulture Commissioner of California, with a similar notion. In an 1882 meeting
in El Dorado, California, the Horticultural
Commi ssi oner stated that,
[given all the money spent to fight noxious
insects that we] havenever tried to raise
ichneumon flies by the million and let them
loose wherever there are any insect pests to
destroyo. Al so Decaux,
natural enemy releases as part of an integrated
control tactic for fruit pests in France. Finally,

Kot (1964, pg. 278) cites Radeckij as initiating
experiments in 1911 on rearing and introducing
Trichogramma evanescen&/estwood for the
control of Cydia pomonella(L.) (Lepidoptera:
Tortiricidae). Radeckij collected the parasitoid
from Astrakhan province in Turkian and
introduced it into Turkistani apple orchards.
However, the first sustained use of
augmentative biological control involved the
suppression of the citrophilus mealybug,
Pseudococcus calceolariae  Fernald
(Homoptera: Pseudococcidae), a pest of cimusouthern California, which began sometime
between 1913 and 1917. The biological control agent, the coccinéhlygptolaemus
montrouzieri Mulsant (Coccinellidae: Coleoptera), initially introduced as a classical
biological control agent, was unable ta\sue in sufficient numbers to affect control with out
augmentation. This coccinellid is still being used in citrus to suppress mealybug pests and it is
still commercially available. The initial success of this tactic led to an expansion in its use
againstother pests, beginning with the most widely used augmentative biological control
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agents, Trichogrammas peci e s . Their use began in the
developed a mass production system for them (Flanders, 1930).

First use of conservatiomiological control(=actions that preserve or protect natural

enemies, Ehler 1998).

Until recently, conservation biological control has been the least well studied area of
biological control (Ehler, 1998) and also the performance of conservation bidlogmnteol

has received little attention. This picture is changing quickly, however, and | refer to

Gurr et al. (2000) forrmextensiveeview of this area of biological control.

Conservabn biological control habeen used for several ages, but has beenmented

poorly. It was due to the use of chemical pesticides that the role of naturally occurring
beneficial insects in pest reduction became clear. Spraying often resulted in reduction of the
target pest, but could also result in the creation of skggrpests and resurgence of the
primary pests when the natural enemy fauna was decimated as an effect of spraying.
Understanding of this phenomenon made farmers and researchers aware of the need of more
careful use of chemical pesticides, and this reguftexctions to protect natural enemies.

Two very well documented cases of conservation biological control relate to the
development of integrated pest management in fruit orchards in North America and Europe,
and they are summarized by Croft (1982) andy&1(1982) respectively. An extensive multi
year study (1964995) in the Netherlands (Gruys, 1982; Blommers, 1994) clearly showed
that over half of the 24 species of arthropod pests in apple orchards can be controlled fully or
substantially by biologicadr cultural methods. Natural control was, however, disrupted in
most of the orchards by extensive chemical sprays which became a routine procedure after the
1940s. Reintroduction of natural enemies from unsprayed orchards, use of selective pesticides
and ketter timing of sprays resulted in restoration of the apple orchard ecosystem where
natural control could function and where the number of pesticide sprays went down by 60
90%.

Well thoughtout use of pesticides to safe natural enemies is just one exaimple
conservation biological control; this form of biological control includes many more activities
to preserve and protect natural enemies and these will be summarized elsewhere in this book.

Types of biological control
One may find many definitions ofpes of biological control in handbooks and articlesre
we only present a fevin this book, we distinguish:

- classical biological control

- augmentative biological control

- conservation biological control

Classical biological contro{(= use of natural eméies in inoculative releases; usually, both
the pest and the natural enemy are of exotic origin)

Classical biological control can often be summarized as follows (Bellows, 2005):

1. When a pest organism has invaded a new area, its population will grow aotilpies
all available resources

2. If an effective natural enemy is released, it takes abodblgenerations before it starts to
reduce the pest population

3. The pest population is then reduced to very low numbers, usu@ltyrders of magnitude
lower than prior to natural enemy release; a control level unsurpassed by any other pest
control method
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4. Control is permanent, the pest and natural enemy continue to exist at very low densities
without disruptions or outbreaks.

References:
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Augmentative biological control(= use of natural enemies in inundative and seasonal
inoculative releases). Based, among others, on unpublished information provided by R.F.
Luck.

Augmentative biological control utilizes one to several releases of a natunay émeuppress

a pest during the course of a season or a ¢
with consistent pest suppression in the absence of augmentation is not its aim. Frequently,
augmentative releases are an outgrowth of an unsuccesgbalrtially successful effort to

establish a natural enemy permanently, i.e. a classical biological control program (Smith and
Armitage 1931, Flanders 1949). Under such circumstances, augmentative releases are meant

to supplement an established complexenfiemic and/or exotic natural enemy populations

during critical periods when the natural enemy complex is incapable of suppressing the pest
consistently on its own. It is seldom the case that a commodity, and the method under which it

is grown, is devoidf such a complex, although the pest management practices applied in a
particul ar circumstance can hamper t he cor
biological control attempts to foster this complex with fsruptive pest management

tactics and toassist it with periodic releases of natural enemies and othedisptive

tactics, i.e., integrated pest management. Augmentative biological control is one tactic in a
pest management strategy that seeks sustainability in the management of a pest(eognple

Rabb et al. 1976, Flint and van den Bosch, 1981, Haney et al. 1992, Trumble and Morse 1993,
Luck et al. 1997, van Lenteren, 2000).

Augmentative biological control has been used in several contexts. 1) It has been used
as one or a few releaseslafge numbers of a natural enemy that seek to suppress the pest
population immediately. This tactic is often referred to as inundative biological control. The
release ofTrichogramma brassicadBezdenko (Hymenoptera: Trichogrammatidae)(=
evanesceng/estwood Maldavan strain Voegelé et al. 1975TomaidisPint. and Voeg),

Copyright IOBC 18



IOBC Internet Book of Biological Control Version 6, Spring 2012

ENERMIX |

Containers with various species of mass produced natural enemies

against populations of the one or two generation, European cornfstmia nubilalis
Hubner, (Lepidoptera: Pyidhe) in northern Europe (Voegelé et al. 1975, Hassan 1981,
Bigler 1986) is an example of such an approach. 2) It also has been used as a single release of
a natural enemy that seeks to establish a po
This is often referred to as seasonal inoculative biological control (van Lenteren & Woets,
1988). A well documented Californian example of this tactic was the release, i.e., the seeding
in, of endemic predatory mitesyphlodromus cucumeri©udemans orT. reiculatus
Oudemans, against a strawberry pest, the cyclamen PRhitg¢pnemug=Steneotarsonemys
pallidus (Banks), in the first year of a foyear production cycle, typical for this crop during
the 19506s. Once seeded i ne plantshand soppressed the e d a t
cyclamen mite during the fowyrear production cycle (Huffaker and Kennett, 1953, 1956).
This quadrennial production cycle, however, is no longer used commercially for strawberry
production in California. 3) Finally, augmentativi®logical control has been used as multiple
releases of a natural enemy to augment a population whose effectiveness has been constrained
by seasonal climatic conditions affecting it or its host, or by disruptive factors, such as ants,
dust, or pesticidese, in a perennial crop. In this case the pest population in the field can also
serve as a field insectary, amplifying the released natural enemy population early in the
season to affect season long suppression of the pest. This, too, has been refasred to
inoculative biological control. An example of this tactic that involves field amplification is the
long practiced spring releases Aphytis melinudDeBach (Hymenoptera: Aphelinidae) to
suppress California red scakonidiella aurantii(Maskell) (Homgtera: Diaspididae) for the
annual growing season in southern California (Lorbeer, 1971; Grabner et al., 1984; Moreno
and Luck, 1992).

Augmentative biological control consists of three elements: 1) the mass production of
an augmentative biological contralge nt ( s ) and its economics,
i mpact on a targetds population density in
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with the ecology and population dynamics of the agent and its host or prey, and (3) the
economics assockd with pest suppression and crop production in a commodity in relation to
the development of a sustainable pest management program at a specific geographical
location.

Hi storically, many of the early fAproduct |
biological control efforts in which permanent establishment of the natural enemy was sought.
When this goal failed, augmentative biological control evolved as a replacement or interim
solution and the production system was adapted to this goal. This wessthéor black scale
on citrus in southern California. Black scale, inadvertently introduced around 1880, was one
of sever al pests that threatened citrusé ea
Graebner et al., 1984). It, along with sevenahored scale pests, was initially controlled with
hydrogen cyanide fumigation (Quayle 1938). Trees infested with these pests where tented,
and potassium or hydrogen cyanide gas was pumped into the tents for a period of
approximately 50 min. (Quayle 193&8uch control, however, was expensive (Quayle, 1938;
Graebner et al., 1984) and, at times, caused fruit or tree damage (Quayle, 1938). Also, as with
most chemical approaches, black scale, along with another soft scale pest and several armored
scale pestsHomoptera: Diaspididae), eventually developed resistance to this treatment
(Quayle, 1938; Dickson, 1941). Thus, a classical biological control program was mounted,
which led to the introduction of numerous parasitoids (Bartlett, 1977), the most impdrtant o
which wasMetaphycus helvolygantroduced from South Africa in 1937. It reduced black
scaleds severity by 85 to 90 percent (Bart|l
sporadic pest of citrus in southern California.

The first use of the stilmost often used parasitoid in augmentative programmes,
Trichogramma of which we are aware, arose from an attempt to release and establish two
exotic species from Austria for the control of the exotic brésih moth, Nygmia
phaerorrhoea(Donovan) (£uproctis chrysorrhoeal.) (Lepidoptera: Lymantridae) in the
northeastern US during the ear [2§0). ArSeidenic ( Hov
American Trichogrammaspecies,T. minutumRiley (= T. pretiosaRiley, Pinto 1998) was
also collected from browtail moth eggmasses in northeastern US. Both the American and
European species were reared on brtaihmoth eggmasses and the parasitized eggs were
stored at cool temperatures during the winter to synchronize their emergence with the
presence of the mmt h 6 snasseg i the field. In 1988 large numbers of the European
species were reared and released but, as expected from laboratory observations, these releases
were unsuccessfulrichogrammahad difficulty penetrating the chorion of the moth eggs,
reaching the lower layers of the mulyered, setae covered egmss.

It was the development of a mga®duction system fofrichogrammaby Flanders
(1930), however, that spurred the use of these parasitoids as augmentative biological control
agents His development of a production system for this wasp was stimulated when codling
moth eggs were detected as heavily parasitized Taychogrammasp. in 1926 in a southern
California walnut grove. This level of parasitization was thought to have anisenthe
presence of eggs of a migrating butterfly, the painted Medpessa cardulL. (Lepidoptera:
Nymphalidae), that laid its eggs on herbaceous species in spring, especially in disturbed
habitats (Scott, 1986). Flanders assumed that the availabilihesé butterfly eggs early in
the season allowedrichogrammato parasitize and build up its density on them and then
move onto codling moth eggs. Thus, Flanders reasoned, if these parasitoids could be reared in
sufficient numbers early in the season anke | eased t o coincide Wi
oviposition during the first generation, the moth might be suppressed to subeconomic
densities (Flanders 1930). After testing several hosts on which to mass rear the wasp,
including the Mediterranean flour mothAnagasta (Ephestia) kuehniella(Zeller)
(Lepidoptera: Pyralidae), the potato tuber md®hthorimaea operculelldZeller) and the
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Angoumois grain mothSitotroga cerealellgOliver) (Lepidoptera: Gelechiidae), he ch&e
cerealella eggs reared on wheat kelsmieor mass producinglrichogramma The total
production per unit weight of grain reached its maximum much more quickly with wheat than
with corn kernels (Flanders, 1934). However, he maintained his small cultures on corn
because they required less hamgllof equipment to maintain the small colony. Thus, the
rearing system he employed depended on his rearing objective, a part of which sought to
minimize rearing and maintenance costs. He elimin@eduehniellaeggs as a host for
Trichogrammabecause it w&a much more susceptible to larval parasitism and its webbing
habits caused problems in handling the culture (Flanders, 1930). Better sanitary methods and
rearing techniques have minimized these latter factors as problems andl. iehniella

eggs are alsased for mass production @fichogramma(e.g., Voegelé et al., 1975, Bigler
1986). The eggs of these two moths are the principal hosts used to magschegramma
species except in the Peopleds Republims,c of
Saamia cynthia (Drury) and Antherea perniyi (GnérinMadneville) (Lepidoptera:
Saturniidae)), and the rice grain mo@urcyra cephalonicgLepidoptera: Pyralidae) are the
principal hosts used in the Peoplebds Republ i

Consenation biological control

In conservation biological control, the environment is manipulated or modified to improve the
effectiveness of already established natural enemies through: (i) provision of missing or
inadequate requisites such as alternativeshasipplementary food or shelter; and (ii) by
elimination or mitigation of hazards or adverse environmental factors such as poor cultural
practices, indiscriminate use of insecticides and other adverse physical or biotic factors (see e.g.
van Lenteren, 198. One aims gpbrotection, maintenance or increase of existing populations

of biological control agentsonservation of natural enemies has been suggested in Europe as
early as 1827 by G.L. Hartig. Many attempts to augment existing natural enemy populati
have been made thereafter, often on a local sale. Most are inadequately documented and are,
therefore, not treated in any detail hesee e.g. Greathead, 1976).

Beautiful examples of several aspects of conservation biological control is the IPM
progranme developed for pest control in fruit orchards in Europe (Blommers, 1994). A Dutch
study clearly showed that over half of the 24 species of arthropod pests in apple orchards can
be controlled fully or substantially by biological or cultural methods (&rui982).
Reintroduction of natural enemies from unsprayed orchards to previously heavily sprayed
orchards, use of selective pesticides and better timing of sprays resulted in restoration of the
apple orchard ecosystem where natural control could funetimh where the number of
pesticide sprays went down by-80% (Gruys, 1982).

An analysis of 51 recerstudiesto enhance conservation biologi@ntrol (Gurr et al.,
2000), showed that the vast majority of projects were successful in showing significant
benefits for the natural enemies. However, a significant beneficial effect on natural enemies
did not always result in a stronger reduction of pest populations or better yields. Because of
the empirical approach that typifies many of these studies until effects of agroecosystem
diversification on searching behaviour and success of arthropod natural enemies are still
poorly understood and need to be studied with priority in order to be able to design fine tuned
farming schemes that are based on pestmen.
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4. History of biological control

Below, information is preserddor:

ATRSIOBC: Africa South of the Sahara

NRSIOBC: North Ameria

NTRSIOBC: Latin America

WPRSIOBC: Europe

History for several regions/countries needs to be written, information is available for:
Australia: several books and publications
Central ad East Europe: books and publications
North America: several books, recent book edited by Mason

Early history of biological control

(this text is for a large part based on Greathead, 1994)

Prerequisites for a scientific approach to biological controkewike general acceptance that
insects do not arise by spontaneous generation (F. Redi in 1668), the appreciation of the
importance of pests in reducing crop vyields, the correct interpretation of behaviour and
development of predators (circa 300 AD in Chisae chapter discovery of natural enemies)
parasitic insects (J. Swammerdam in 1678; see chapter discovery of natural enemies) and
pathogens (W. Kirby in 1824; see Kribe & Spence, 1826), and evolution of the idea to use
natural enemies in the control ofgts. In Europe, R. Réaumur (in 1734) is supposed to be the
first to propose this: he advised to release lacewings in greenhouses for the control of aphids.

During the 19th Century taxonomy strongly developed and many biological studies of
natural enemiesvere made. Practical ideas and tests about application of biological control
gradually advanced. It was Erasmas Darwin, the grandfather of Charles Darwin, who published a
book on agriculture and gardening in 1800 (Phytologia) and in it he stressecetbé matural
enemies in reducing pests. Moreover, he suggested to control aphids in hothouses by artificial
use of predaceous syrphid fly larvae. Augmentation of ladybird beetles for control of hop aphis
in the field and aphids in greenhouses was alscestyd by Kirby & Spence (1815).

The first introductions of predators followed the colonisation of tropical islands by
Europeans. Possibly the first successes followed the introduction of the Indian mynah bird,
Acridotheres tristisinto Mauritius in 1762dr control of the red locusP@tanga septemfacigta
(Greathead, 1971). Other introductions were less successful, including the notorious
introductions of the giant toa®@¢fo marinuy from Cayenne into Cariibbean islands for control
of white grubs $caralaeidag in sugar cane fom 1830, and of the Indian mongddeepéstes
auropunctatusinto Carabbean and Indian Ocean islands for rat control starting in 1870. These
generalist predators were of some initial benefit, but later became pests and wereeninglicat
the extension of endemic species of birds.
control have become careful and prefer to release specialist natural enemies, which do not attack
useful organisms. The first of these more carefully plammeatluctions is believed to be that of
a predatory miteTyroglyphus phlloxergefrom the USA into France in 1873 for control of
phylloxera, but these releases were not successful.

The suggestion that parasitoids might be exploited for pest controlovasade until
1856, when A. Fitch proposed introducing them against the European wheat midge, Contarinia
tritici, in the USA. The first introduction did not take place until 1883 w@etesia glomeratus
was established in the USA for control of the cabldagterfly,Pieris rapag(Greathead, 1994).

In 1835, the Italian A. Bassi showed that the infectious muscardine disease of silk worms
was caused by a fungus knowrBesauveria bassianaMuch later, in 1878, exploitation of fungi
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for pest control was attgted in Russia by E. Metchnikoff, when he began a culture of the green
muscardine fungudMetarhizium anisopligefor control of the grain beetl&nisoplia austriaca

and later for control of other beetles. Studies on silkworm diseases by L. Pasteyirl866n

1870 established bacteria as causes of insect diseases, but only one species was used in pest
control inititally, Bacillus thuringiensisit was first isolated in Japan (1901) and later again in
Germany (1911). Successful commercial exploitationaghgeved in the 1950s.

Biological control of weeds did not start until after 1850. The American entomologist
Asa Fitch was the first to suggest biological control of weeds in about 1855, when he observed
that a European weed in New York pastures had nerisan insects feeding on it. He suggested
that importation of European insects feeding on this weed might solve the problem. The first
practical attempt dates from 1863, whPactylopius ceylonicusvas distributed for cactus
control in souther India aftehey had been observed to decimate cultivated plantings of the
prickly pear cactufpuntia vulgarisin northern India (Goeden, 1978). In 1865, the first
successful international importation for weed control took place, when this same insect was
transferre from India to Sri Lanka, where in a few years time widespread populations of the
same cactu)puntia vulgariswere effectively controlled.

Thus, by the late focentury, knowledge was sufficient for the emergence of biological
control. At that timeyery few chemical pesticides were available, so the first applied
entomologists had to be resourceful and use any effect pest control available, whether cultural,
mechanical, biological or chemical. In fact, they practised something similar to what n@xcal
Integrated Pest Management (IPM).

Until 1900 plants were often transported without carefully checking for potential pest
organisms. Transport was on the decks of sailing ships and, to increase their chance of survival,
in the Wardian Case (a portalgreenhouse). However, pests were also easily transported in
these cages on their target crop, and many pests had already become cosmopolitan before plant
quarantine regulations were introduced at the end of theetfury. Introduced pests often
causalramatic outbreaks and are presumed to have arrived without their natural enemies. In
1887, this led C.V. Riley to propose the introduction of natural enemies to control the cottony
scalecerya purchasiwhich had recently appeared in California and devastating the newly
established citrus industry. Natural enemies where found in Australia, transported to and released
in California and saved the citrus industry from almost certain collapse. This success triggered
more introductions of, mainly, ladyd species, but seldomly with the same control success. The
outcome of these first years was (1) a realisation that not all natural enemies were capable of
controlling a pest and (2) the beginning of the search for a scientific approach to biological
control.
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Introduction

This overview of biological control of pestthé term is used to include animals, pathogens
and weeds) includes the area covered by the Afrotropical Zoogeographical Region, i.e., Africa
south of the Sahara and the islands in the Indian and Atlantic Oceans closer to Africa than
other continents. Beferthe European colonization, Indonesians are known to have reached
the East African coast and Madagascar, and traded with the inhabitants. This trade may have
been responsible for the introduction of some exotic pests like the Asian cereal stem borer,
Chilo partellus(Swinhoe) andChilo sacchariphagu¢Bojer) together with its natural enemy,
Cotesia flavipegCameron). European colonists also brought new crops and their associated
pests, like many scale insects and soil pests.

A number of the pests that ceed the region after World War Il have been targeted
for biological control. These include the cassava pé&sbsionychellus tanajoéBondar) and
Phenacoccus manihadiilatile-Fererro, introduced from South America on illegally imported
planting material,Liriomyza trifolii (Burgess) which reached Kenya on chrysanthemum
cuttings from Florida imported for multiplication afineus boernerAnnand is believed to
have reached Africa on pine twigs imported for graftiRgostephanus truncatugHorn)
arrived by sea in maize sent as famine relief. A notable example on the island of Mauritius is
the south east Asian banana skippE€rignota thrax (Linnaeus)) which almost certainly
gained entry at the time of civil disturbances when troops were flown at night froaydval
to help keep order.

Native pests have spread also and expanded their range with human assistance. The
coffee mealybugPlanococcus kenyakee Pelley, is an example, having spread into Kenya
from Uganda. These too are sometimes good targets.

However, he majority of pests in Africa are native and many of them have a full
complement of natural enemies which leaves few opportunities for classical biological
control. Here methods for conservation or augmentation may be appropriate. The first applied
entomdogists appointed by the colonial governments became enthusiastic about the
opportunities offered by introducing natural enemies which offered permanent control without
the need for input from farmers.

In this review programmes are discussed which have beparticular significance in
the development of biological control in Africa. Many of them are treated in detail in
Neuenschwander et al. (2003) so that only brief mention is made here. Notably, the large
number of successful biological control prograesnagainst weeds in South Africa since the
end of World War II, many of them of conservation importance, are not discussed because
they are reviewed by Zimmermann & Olckers (2003).

The BIOCAT database (Greathead and Greathead, 1992 and updated to end 2001)
contains records of introductions of insect natural enemies made against insect pests. The
pattern of introductions and their successes for the Afrotropical Region are not very clear
because too few data are available to be reliable indicators of aftretite period 1890
1980. However both the world figures and the Afrotropical figures show a sharp increase in
the rate of successful controls and establishments during the 1980s. The figures for the 1990s
probably show the same trend but the final outcommany of the successful introductions
during this decade is not yet clear (for details and figures about successes, see Greathead,
2003).

Table 1 shows the countries of the Afrotropical Region that have made more than ten
introductions and the number insect pest species successfully controlled in each of them. It
is of interest that those countries at the top of the table are ones that had early biological
control successes. The results being obtained in Mauritius resulted in the neighbouring island
countries starting biological control programmes. Similarly work in the eastern African
countries was stimulated by successes in Kenya and also to some extent South Africa. It is
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notable that the only West African countries included in the table appealylé&rause of
the unsuccessful campaign agaifdanococcoides njalensi¢Laing) in Ghana and of
Liriomyza trifolii in Senegal. Summary information for all successful biological controls of
insect pests up to 1979 is provided by Greathead (2003; Table 2).

Information on biological control of weeds worldwide up to 1996 is contained in the
fourth edition of the catalogue edited by Julien and Griffiths (1998) and for an overview of
successful weed control projects, see Greathead (2003; Table 3). Weedchiotogitrol
programmes show an increasing number of introductions each decade with the exception of
the 1940s and steady establishment and success rates (species contributing to control). The
trend towards increasing activity in biological control of wekds continued with both the
number of new releases and the number of new weed targets increasing in each five year
period between successive editions (Julien and Griffiths, 1998). A frequently noted and
important difference between insect biological con&nd weed biological control is the
higher establishment rate (63%) and success rate (27.9%) for weeds as compared with rates
for insects; 33.5% establishments and 11.2% successes (data from BIOCAT).

Table 1. Countries making more than ten introductionsof insect biological control
agents against arthropod pests (data from the BIOCAT database, Greathead 2003).

Country No. of | No. of| Year

introductions and | pests | started

(successful

controls)
Mauritius 132 (10) 22 1913
South Africa 106 (11) 32 1892
Kenya 53 (6) 18 1911
Ghana 47 (2) 5 1948
Seychelles Islands| 30 (6) 13 1930
Madagascar 28 (3) 11 1948
Cape Verde Island{ 25 (2) 10 1981
Uganda 24 (3) 9 1934
Réunion 22 (4) 9 1953
Zambia 22 (2) 6 1968
St Helena 20 (4) 6 1896
Sénégal 17 (1) 3 1954
Tanzania 17 (3) 8 1934
Comoros Islands | 12 (0) 2 1969

First attempts at biological control (1892920)

Documented biological control on the African continent began with the independent
introductions ofR. cardinalisinto the Cape Colony in 129 The introduction was made as a
direct result of news of the outcome of its introduction into California. There followed a
period of indiscriminate introduction of beneficial insects, chiefly ladybirds for aphid control,
with little success. In easterrfrica, the first biological control attempt was made in Kenya in
1911 against an aphi&chizaphis graminurfRondani), which had first appeared in 1909
damaging the wheat crop, by introducing the parasitojdjphlebus testaceipd€resson)

and the prdator Hippodamia convergen&uérinMéneville), but neither is known to have
become established. In West Africa biological control activity does not seem to have begun
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until after World War I, but even then was much less extensive than in other pares of th
continent until the 1980s.

Biological control was the principal means for combating major pests in Mauritius,
particularly in sugarcane where spraying with pesticides is both inefficient and uneconomic.
On sugarcane the first target was a white grOyctes tarandus(Olivier) native to
Madagascar, which was readily controlled by introduction of its parasit@dslia
oryctophagaCoquillett (Hymenoptera: Scoliidae), imported from Madagascar in 1917. Less
readily controlled was another white grithyllophaga smithi which had been accidentally
introduced from Barbados with sugarcane varieties shipped in tubs of infested soil.
Introduction of its parasitoidsTiphia parallella Smith, from Barbados in 1915 did not
provide control and a campaign followed itoport and release parasitoids of other white
grubs, principally from Madagascar, Indonesia, the Philippines, and South Africa, of some 42
species, chiefly Scolioidea and Tachinidae. Of these only 7 other species became established
by the time work stoppeith 1951 after a misguided attempt to introduce the giant taid,
marinus(Linnaeus) (Amphibia: Bufonidae), from Trinidad which fortunately failed. By then
the importance of the pest had declined, probably due to a combination of the results of
breedingvarieties better suited to the island and improved agronomic methods as well as the
establishment of parasitoids. Other sugarcane pests were more readily controlled. The
Seychelles and Madagascar began biological control after World War | but Réunioot did
start until the 1960s.

Insects were targets for biological control of all the early efforts mentioned above.
However, the earliest attempt to control a weed took place in South AfricaDantylopius
ceylonicugGreen) was obtained from the Queensl&ndkly Pear Commission in 1913 and
achieved spectacular control @fpuntia vulgarisMiller (Cactaceae) within a few years.
Subsequent effort to control oth®puntiaspp. in South Africa up to the 1950s followed the
lead of Queensland.

The first attemptdo use microbial agents took place in South Africa when in 1896
unsuccessful attempts began to culture and distribute fungal pathogens of locusts. Then in
1912 experiments were carried out on controlling grasshoppers @aitcobacillus
acridiorumd 6 H @ (Badtelia) which, as in other countries, were a failure.

Activity was interrupted by the World War |. but several major programmes were
carried out until the availability of DDT and other synthetic pesticides after World War 1l
caused a temporary declimeinterest in biological control. For details of all programmes see
the comprehensive review of biological control activity in the Afrotropical zoogeographical
region up to 1970 by Greathead (1971). Here only a few particularly significant programmes
which influenced the development of biological control activity in African countries can be
mentioned but see Table 2 in Greathead (2003) for a complete overview.

Major programmes and new insights (192840)

After World War | response to the demand for bgital control agents led to the setting up

of the Farnham House Laboratory in 1927 under the Imperial Bureau of Entomology to find
and supply biological control agents for the British Empire. In fact from the outset work was
also carried out for other cotries. The Farnham House Laboratory was directed by W.R.
Thompson, a Canadian who had worked in France for the United States Department of
Agriculture laboratory set up to find natural enemies for control of the gypsy ingtra(tria

dispar (Linnaeus)) inthe USA. The Farnham House Laboratory was soon involved in
supplying natural enemies to African countries and in assisting with several of the major
biological control introduction programmes that were carried out until World War 1l.. W.F.
Jepson was empyed by the Laboratory to work with the Mauritius authorities on the
campaign to contrdPhyllophaga smithi
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In Kenya, a landmark programme took place against a mealybug which began to
devastate coffee plantations and food crops in the Kenya highlan823n L was identified
initially as Planococcus lilacinugCockerell) and efforts were made to obtain natural enemies
from the native home d®. lilacinusin South and Southeast Asia. Many species were shipped
to Kenya and cultures of natural enemies dieotmealybugs were obtained from California,
Hawaii and Japan but attempts made to culture them in quarantine failed. Partly as a result of
these failures, it was realised that the mealybug was a new species, desdAlzethesccus
kenyaelLe Pelley. Unfotunately, early efforts with natural enemies from Uganda had failed
and this delayed the discovery that the mealybug had originated in Uganda, north west
Tanzania and the Congo. However, new importations from Uganda, made in 1938, included
two species ofAnagyrus(Hymenoptera: Encyrtidae) which readily bred Bnkenyaeand
rapidly established following releases in the same year. By 1949 control was good in almost
all areas and incipient outbreaks were controlled by the release of parasitoids. Theasituatio
was disturbed during the early 1950s by the use of persistent chlorinated hydrocarbon
insecticides to control other pests on coffee but wasstablished when nepersistent
insecticides replaced the chlorinated hydrocarbons. In 1959 it was estimattetriie £10
million had been saved against an outlay of a total expenditure of not more that £30,000. This
programme emphasised the need for accurate identification of the pest and the need to look in
its native distribution area for effective natural eresnlit also supported the concept of J.G.
Myers developed while working on biological control of sugarcane stem borers in the
Caribbean using parasitoids from South America (Greathead, 1994) that ecological islands
with high biodiversity exist within comtental areas and are profitable places to search for
natural enemies. This led the coffee research authorities in Kenya and Tanzania to fund
research on biological control of coffee bugsitestiopsispp., and leaf minenseucoptera
spp. during the 1960&reathead, 1971 and references therein). Unfortunately, no new and
effective natural enemies of either of these two pests were found and insecticides continue to
be applied for their control.

In South Africa an Australian weevilzonipterus scutellatussyllenhal, was first
discovered attacking young growth in eucalyptus plantations in 1916. It remained largely
confined to coastal areas until 1925 when it began to spread rapidly into the interior. Feeding
by the weevil and its larvae destroys the tendarngoshoots causing poor growth and
distortion of trees in plantations. An entomologist was sent to Australia, where the weevil is
not a pest, and he soon found an-pggasitoid,Anaphes nitengGirault). This along with
other parasitoids was shipped touBoAfrica but it was the only one to be successfully bred
and released. By 1935 it had achieved economic control in all areas except the Highveld.
Gradually the parasitoid seems to have adapted to the cooler conditions at higher altitudes as
control has gbstantially improved. This success was achieved against predictions that egg
parasitoids are less effective than natural enemies of the later stages. It has also been repeated
elsewhere wherever the parasitoid has been released, including East Africaabtat,
Mauritius and St Helena (Greathead, 1971 and references therein).

In Mauritius, pest control of sugarcane white grubs dominated biological control
activity during the interwar period (see above). In the Seychelles a complex of scale insects
on coonuts (principallyEucalymnatus tessalatSignoret),Chrysomphalus ficudshmead,
Ischnaspis longirostrigSignoret) andPinnaspis buxBouché) were the most important insect
pests and in 1936 investigations began. As there were no effective nativ@ eagmies,
coccinellid predators were introduced from East Africa and If@héocorus distigmdKlug)
and two species dExochomudrom Africa andC. nigrita (Fabricius) from India became
established. The results were spectacular, with control achie\ednatter of months and a
substantial increase in the coconut crop from 1940 onw&dsigrita became the most
abundant species and remains so. It was also introduced from Sri Lanka into Mauritius in
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1939 for control of another scale insect on cocgniispidiotus destructoSignoret. It has
proved to be a good colonist and has reached the African mainland and is now well
established in East Africa and in southern Africa (Samways, 1989).

During this period a major effort was made in South Africa torobmrickly pear
cactus QOpuntia spp.). Dactylopiusspp. were also introduced into Mauritius in 1928 and
provided good control until the establishment of the Australian coccinéhgptolaemus
montrouzieriMulsant, in 1938 for control of the pineapple atydug, Dysmicoccus brevipes
(Cockerell). No recoveries were made on pineapple but by 1950 it was affecting control of
cactus, as it did in South Africa, a€hctoblastis cactoruniBergroth) was introduced to
maintain control (Greathead, 1971). Otherwiser¢ were no significant efforts to control
weeds during this period.

The response to synthetic pesticides (19400)

At the end of World War Il new powerful, broad spectrum synthetic pesticides became
available for agricultural use and in many countbesogical control was abandoned as a
result. Many of the remaining biological control practitioners responded by trying to
demonstrate that biological control was cheaper and provided permanent control. At the same
time air transport was becoming univar&nd for the first time consignments of natural
enemies could be sent across the world as eggs or pupae in a few days at most, instead of
several weeks on ships when they frequently required the attendance of an entomologist to
maintain the culture. Coagquently, it was tempting to economise on detailed ecological
studies and the development of methods for laboratory culture by shipping large numbers of
agents for direct release on arrival. In this way it was possible to send numbers of species,
releaseliem and see whether they became established instead of sending one or a very few
carefully studied species for multiplication and release. Thus, the lessons learned in the
preceding period were forgotten and the success rate fell, with the result teat io$t
promoting biological control it acquired a reputation of being unlikely to succeed and at best a
last resort to be considered only if all else failed.

Dr Thompson and some of the staff of the Farnham House Laboratory went to Canada
to continue theirwork in 1940 and after the war the service became the Commonwealth
Institute of Biological Control (CIBC). Work in developing countries was expanded and an
East African Station opened in 1962 in Uganda and a West African Substation in Ghana in
1969 (Gredtead, 1994). The purpose of these was to assist African countries and to find
natural enemies for export to other regions. In francophone West Africa, Madagascar and
R®uni on biological control programmes start
Recherches Agronomiques Tropicales (I RAT) an
Scient i f i-Mpu(@RST@WY (@dundresuil, 1986).

One target for biological control was the potato tuber mBtithorimaea operculella
(Zeller), a native of South Amea which has become a major pest of potato, tobacco and
other solanaceous crops throughout the warm temperate and tropical zones of the world.
Efforts to find biological control agents began as long ago as 1918 with the importation and
release of North Anrecan parasitoids in Europe and South Africa but these were ineffective.
Exploratory research showed that South America was the native home of the insect and
natural enemies from there appeared to have greater potential for biological control.
Introductionprogrammes were carried out in most countries active in biological control, many
of them with the assistance of CIBC which maintained cultures at its Indian Station at
Bangalore. These included most anglophone southern and eastern African countries,
Madagscar, Mauritius and the Seychelles. Only Zambia and Zimbabwe claimed spectacular
results but the practicability of relying on biological control is in doubt.
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The campaign against cereal and sugarcane lepidopterous stem borers in a number of
countries, whth took place during the 1950s and 1960s, is typified by the campaign in
Mauritius. However, although one stem boi®esamia calamistislampson, was controlled
by introduction of its parasitoidCotesia sesamiagCameron), from Kenya in 1951,
importationsof parasitoids of other genera of stem borers principally from India and Trinidad
against the most damaging bor€hilo sacchariphagusduring 19401965 failed to result in
a single species becoming established although earlier introductions of pasasftaither
Chilo spp. from Sri Lanka in 1939 had at least resulted in establishment although none had
any impact on the stem borer problem. In 1961 efforts began to obtain parasit@ds of
sacchariphagudrom Java, although these efforts had includedagomeffort involving the
breeding and release of more than 62,000 individuals of a paraBitaicheophaga striatalis
Townsend. This parasitoid was also introduced into Réunion where some 80,000 flies were
released but again without becoming establisf@@&stathead, 1971 and references therein).
This negative result contrasts with those achieved in the New World tropics where tachinid
parasitoids have successfully controlled the major gestiraeca saccharalis(Fabricius)
(Lepidoptera: Pyralidae) in a mber of countries (Cock, 1985) and justified the effort made
to establishDiatreaophaga striatalisS. calamistiswas also controlled in Madagascar by
Pediobius furvugdGahan) imported from East Africa in 1969 (Greathead, 1971). In East
Africa and South Afica detailed ecological studies preceded introductions but even then no
results were obtained at the time. In francophone West Africa releases of parasitoids cultured
in France were made but little detail has been published. The results of all these \wirei
comprehensively reviewed by the contributors to Polaszek (1998).

The importation of a predatory mitBdellodes lapidariafound to be effective against
the lucerne fleaminthurus viridigL) in Australia, into the Western Cape in South Africa
was aimed at controlling the pest in cultivated legume based pastures. Over 78,000 mites were
released between 1963 and 1966 and successful establishment and significant impact on pest
numbers were achieved.

The Asian rhinoceros beetle Ofyctes rhinoceros (Linnaeus) Coleoptera:
Scarabaeidae)) appeared in Mauritius in 1962 near the Port Louis docks, suggesting that it had
arrived on shipping. During the following decade it spread across the island destroying
coconut and ornamental palms. Introductions oééhsatural enemies failed to check it, as
on Pacific Islands where it was eventually controlled by introduction of a host specific virus.
In 1970 this virus was introduced into Mauritius and rapidly brought the beetle under control.
This example is intesting as one of the few instances where an insect pathogen has proved
to be an effective classical biological control agent. An African species of rhinoceros beetle
(O. monocerogOlivier)) is a pest in the Seychelles Islands. Insect natural enemies also
proved ineffective in controlling this species and in 1:33dn attempt was made to use the
rhinocerosvirus to control it. It infectedD. monocerasbecame established in the field and
caused a substantial reduction in damage levels but the infedgoanichithe degree of control
was less than fdD. rhinoceros

In Ghana after it was established that the native mealy®lagpcoccoides njalensis,
was the principal vector of swollen shoot disease of cacao and that its own natural enemies
did not provideadequate control, efforts were made to import and establish natural enemies of
other species. These included species shipped from California, Trinidad and Kenya during
194855. Since early direct releases into the field failed, parasitoids were mass aedred
released during the later years of the programme. In all some 880,000 individuals of ten
species were released to no avail before the programme was abandoned (Greathead, 1971).

Another programme in which relatively large numbers of inappropriate ahatur
enemies were released without success was the attempt to control the Karoo caterpillar,
Loxostege frustalisZeller, a serious pest of sweet Karoo buBlentzia incanaDruce
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(Asteraceae), following ecological changes resulting from overgrazing by skmedpis
instance parasitoids of the congeneric beet web worstjcticalis(Linnaeus), were obtained

from the USA and released directly into the field during 19@2vithout any recoveries in
follow up surveys during the two seasons after releases celmsedidition, one of the
parasitoids,Chelonus insulari(Cresson) was maseared on a factitious hosEphestia
kuehniellazZeller (Pyralidae). In spite of problems with disease, just under 6 million were
reared and released during 1B Initial clains of recoveries were discounted when it was
discovered that they related to a similar native species, not previously recorded from the
Karoo caterpillar (Greathead, 1971).

Most new initiatives for the biological control of weeds during this period largely
consisted of introducing agents that became available as a result of research for countries in
other regions. As well as continuing efforts to control prickly pear cactus, introductions were
made in East, South and West Africa and the Indian Ocean Idlandentrol of Lantana
camaralLinnaeus and in South Africa for control Eiypericum perforatunkinnaeus (Julien
and Griffiths, 1998). However, alongside research on stem borers in cereals, studies on insects
affecting witchweeds Striga spp.) were carriecbut by the CIBC in East Africa. New
initiatives were also being made to discover biological control agents for control of woody
weeds, mostly of Australian origin, that were displacing native vegetation in South Africa.
This work has led to the introducti@f some very effective agents which are now controlling
several of these plants very effectively (Julien and Griffiths, 1998).

Highly successful control resulted from the campaign in Mauritius to control the weed
Cordia curassavicgJacquin) Roemer andBultes, an invader from the Caribbean which had
developed dense thickets that were displacing pasture and natural vegetation. Research in
Trinidad resulted in the introduction of two leaf feeding chrysomelid beetles in 1947. One of
them, Metrogaleruca obsura (Degeer), became established and by 1950 much of the scrub
was dying and continued defoliation was reducing its competitive power. To combat
recolonisation, seed destroying insects were studied andEomgoma attivaBurks, was
selected for introdumn and successfully established. Together these two agents have
reduced the status @f curassavicao that of a minor roadside weed (Greathead, 1971; Julien
and Griffiths, 1998).

New approaches to biological control and IPM (192@W00)
By the 1970s ralisation of the disadvantages of sole reliance on synthetic pesticides had
resulted in moves towards developing integrated pest management (IPM) programmes in
which biological control was a major component.

Citrus pests in southern Africa provide onehd first examples of the development of
IPM in Africa. Scale insects are major pests of citrus wherever it is grown and the crop has
been the subject of biological control programmes around the world. This started in California
with the control oflcerya purchasi and eventually resulted in the development of IPM
programmes in which biological controls suppress all the scale insects. In South Africa the
success withl. purchasi was followed by haphazard and unsuccessful introductions of
ladybirds. Interestigly, one of themCryptolaemus montrouziemnly became established as
an effective predator dPlanococcus citri(Risso) in 1939 whemactylopiusspp. had been
established for control dDpuntiaspp., provided alternative hosts, and annual releases were
no longer required. Following the lead of Californiéphytis spp. were imported and
successfully controlle@€hrysomphalus ficuandLepidosaphes beckiNewman) but species
introduced for control ofAonidiella aurantii (Maskell) failed to become establesh
However, pioneering work by E.C.G. Bedford showed #hahurantiiis suppressed by the
native Aphytis africanuQuednau and, provided indiscriminate insecticide applications cease
and steps are taken to control ants, IPM can be successful.
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Renewed cdiidence in biological controls also led to an end to the practice of
haphazard shipment of natural enemies at minimal cost and a return to well funded research
programmes involving the selection and careful study of candidate biological control agents
for control of arthropod pests prior to their introduction. This had long been done in weed
control programmes where the prevention of damage to economically important plants was a
prime concern.

The establishment of the International Institute of TropicaliAdiure at Ibadan in
Nigeria in 1967, principally concerned with the breeding of improved crop varieties,
eventually provided a new focus for pest management and biological control in tropical
Africa, especially West Africa which had been the least aclihe first of a new generation
of international biological control programmes developed following the discovery of a mite,
Mononychellus tanajgaon cassava in Uganda in 1971 and a mealyBgenacoccus
manihotiin 1973 in the Congo. Both new pests comoaf South America and are believed to
have reached Africa on smuggled planting material. The CIBC soon obtained funding for
research on their natural enemies in Trinidad and South America but the IITA was designated
to carry out implementation of biologiceontrol. This began in 1980 with the appointment of
H. Herren to lead the programme, which became the largest and most costly biological control
programme ever undertaken. Outstanding controPofmanihotiwas obtained with the
encyrtid parasitoidApoanagyrus lopezDe Santis shipped to IITA in 1981 through a newly
established CIBC quarantine facility in the UK. Progress with controlling the mite was slower
and less dramatic than with the mealybug, and only began to succeed once the climates of the
souce area in South America and the infested areas of Africa were carefully matched and
predators were obtained from areas of north west Brazil with a similar climate. However, the
most successful specieSyphlodromalus aripdelLeon, is confined to shoot sipand so
allows persistence of the host population and is also better able to survive on alternative
sources of food whehll. tanajoais scarce. It is now established in some twenty countries and
has reduced mite damage by more than 50%. This narrow didegiendency contrasts with
A. lopeziwhich came from Paraguay and southern Brazil, yet was rapidly successful
throughout the range of climates of the infested areas in Africa.

The confidence in biological control in West Africa generated by the succdsP .wi
manihoti enabled rapid progress in mounting a programme for control of the mango
mealybug,Rastrococcus invadendilliams, when it appeared in Togo and Ghana in 1982.

An encyrtid parasitoidiGyranusoidea tebydgNoyes, was found in its native homelirdia,
guarantined, released and had suppressed the mealybug in Togo within two years.
Subsequently, the mealybug has been controlled throughout the area which became affected
by G. tebygiand another encyrtidnagyrus mangicoldNoyes, which is the more portant

agent in urban areas.

There was also renewed interest in controlling cereal stem borers at the International
Centre for Insect Physiology and Entomology (ICIPE) in Nairobi, which had been initiated by
T.R. Odhiambo in 1970. This programme initialxplored intercropping and methods of
enhancing existing natural enemies but also undertook a concerted, and eventually successful,
attempt to introduce the parasitdiibtesia flavipesfor control of the major immigrant pest
specieChilo partellus Prevous attempts to introduce this parasitoid by CIBC in 1888n
Uganda and Kenya and by South African entomologists in-898Bad failed (Polaszek,
1998).

Other collaborative programmes also developed, including a regional programme
against forestry pesin tropical Africa which was coordinated by the International Institute of
Biological Control (formerly CIBC) from its Kenya Station, set up in 1980 to replace the
former East African Station in Uganda which was closed in 1979. The appearance of a
devasating attack on ornamental and plantation cypresses in Malawi in 1985 and later Kenya
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and Tanzania by an immigrant aph@inara cupressi(Buckton), stimulated the development

of a regional programme to find biological control for this species. Interestlsa renewed

in controllingPineus boernerwhich had appeared in Kenya on exotic pine plantations in the
1960s, and after the failure of an eradication programme, had been the subject of an earlier
unsuccessful biological control programme. This aplad spread in the meantime and had
reached as far south as the northern provinces of South Africa.

The floating water weed water hyacintkighhornia crassipegMartius) Solms
Laubach), which originated in South America and has been spread by horticulturist
throughout the tropics on account of its showy flowers, has long been present on the African
continent. This weed had been controlled successfully on the River Nile in the Sudan during
the 1970s by introduction of insect control agents. Although presesg¢veral other rivers, it
did not attract international attention until it invaded Lake Victoria down the Kagera River
from Rwanda. Its rapid spread in the lake threatened fisheries, transportation and the
hydroelectric power station at Jinja in Ugandaeve the River Nile leaves the lake. The 1IBC
Kenya Station was also involved with the FAO in developing an international campaign
against it, but action was delayed by disagreements among the three riparian countries
(Kenya, Tanzania and Uganda) on pties and on the safety of biological control. This has
eventually been implemented with very promising initial results. Later the Kenya Station
became part of a wider initiative to develop a mycoherbicide to complement the action of
insect agents, the Im@ational Mycoherbicide Programme farchhornia crassipe€ontrol
in Africa (IMPECCA) also including South Africa, Malawi, Nigeria, Benin and Egypt. Insect
control agents had already been established in these countries but had not always been as
successfuas was hoped.

Another invasive pest, the larger grain bor&rogtephanus truncatys which
appeared in Tanzania in 1981 and shortly afterwards in Togo, spread into neighbouring
countries causing devastating damage to stored maize and other crops.rédapgmch
programmes were initiated in West Africa in collaboration with the German Gesellschaft fur
Technische Zusammenarbeit (GTZ) and in East Africa with the British Natural Resources
Institute (NRI). When it was realised that the beetle was breedimgtural habitats the
possibility of biological control was considered. Field studies in its native home in Mexico
detected a histerid predatderetrius nigrescen@d_ewis). Unexpectedly, it was attractedRo
truncatuspheromone traps arfél truncatuswvas shown to be, at least, a preferred host, if not
its only host, and so a potential biological control agent. Releases have been made in both
East and West Africa where it is now well established. Its presence is linked to substantial
reductions ofP. truncatusin natural habitats and so colonisation of grain stores has been
reduced.

Classical biological control of pests of medical and veterinary importance has seldom
been successful but stable flies that were a serious constraint on dairy farming inusaurit
have been substantially controlled by introduced parasitoids. Puparial parasitoids of dung
breeding flies were introduced in 1988 but did not solve the problem. Intensive surveys
showed that they had in fact greatly reduced numbers of the dungnigrepdciesStomoxys
calcitrans (Linnaeus), but had not affected numbers of another sp&ciesger Macquart
which was found breeding in rotting sugarcane tops. Studies in Uganda, started as part of a
worldwide survey of filth fly natural enemies, showadsubstantially different parasitoid
spectrum ofStomoxyspp. breeding in rotting vegetation to that found in dung pits. When the
parasitoids from puparia in rotting vegetation were introduced during-18%b substantial
drop in stable fly numbers togace and numbers remain at an acceptable level during most
of the year.

Perhaps the most innovative biological control programme was initiated in 1989 for
the control of locusts and grasshoppers. The desert Id8cisis(ocerca gregarigForskal))
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outbre& of 198688 coincided with the banning of dieldrin which had been the mainstay of
locust control since the 1960s. The FAO sought suggestions for novel environmentally benign
control measures and supported the funding of work on semiochemicals at ICIREeand
development of a biopesticide by a consortium of IIBC, [ITA and Département de Formation
en Protection Végétaux (DFPV) of the Comité permanent-EtiEis de Lutte contre la
Sécheresse au Sahel (CILSS) which came to be known as LUBILOSA. The bidpestic
programme investigated the proposition that fungi provided the best possibility of biological
control using spores formulated in oil. This was based on the observation by C. Prior that oil
formulations overcome the requirement that high humidity isle@¢dor the germination of
spores of entomophagous fungi (Prior and Greathead, 1989). The concept proved to be viable
and eventually resulted in the registration of a product, Green Muscle, based on a strain of the
green muscardine fungus with a narrow th@nge,Metarhizium anisopliaevar. acridum

Driver and Milner, for locust control in South Africa and subsequently elsewhere. The
discovery opens the way for the development of other biopesticides based on entomophagous
fungi for the control of other antbpod pests such as termites.

Most biological control research in Africa has aimed at achieving classical biological
control as a first objective. However, there are numerous serious pests native to Africa which
do not offer obvious opportunities for thepproach. For example, research on natural
enemies of the boll worrflelicoverpa armigergHubner) in Africa, Asia and Australia had
shown few gaps in indigenous natural enemy spectra which could be exploited. Consequently,
a new initiative was launched 987 to look for alternatives. The CIBC Station in Kenya
undertook studies on natural enemy impact on a range of important crops with the objective of
exploring their potential for enhancement in IPM (van den Berg, 1993). Similarly, cowpea
pests have beea target for IPM exploiting natural enemies including a possibly adventive
parasitoid Ceranisus femoratu&ahan) which appeared in Cameroon in 1998 and has been
redistributed to Benin.

In Kenya, coffee is a crop where biological control has been impaiterg biological
control of the mealybuélanococcus kenyasas implemented. This was overlooked in the
1950s when persistent organochlorine insecticides were applied for the control of antestia
bugs Antestiopsispp.). Not only did this cause resurgentenealybugs but also outbreaks
of leafminers Leucopteraspp.) which had been suppressed by their native natural enemies. A
change to noipersistent organophosphate insecticides timed to coincide with peak adult
leafminer numbers allowed biological casitof mealybug to be restablished. However,
spraying of copper fungicides for control of coffee berry disease was implicated in initiating
outbreaks of a native speciéserya pattersoniNewstead, in the early 1980s. Investigations
showed that the primgal natural enemy is a ladybirBodolia iceryaelanson, and efforts by
growers to conserve this ladybird and other natural enemies resulted in a reduction in numbers
of I. pattersoniby the end of the decade.

During the 1980s there was increasing conedrout the impact of introduced species
on natural ecosystems and, in particular, criticism of the impact of past introductions of
biological control agents on ndarget species, and a demand for more stringent screening of
potential classical biologicatontrol agents prior to importation and release. One response
was the convening of a an expert consultation by the FAO in 1991 which drafted a Code of
Conduct for the import and release of exotic biological control agents which was published in
1996 (FAO,1996). This is followed by agencies involved in the introduction of biological
control agents into Africa, many of whom were represented at the expert consultation, notably
the InterAfrican Phytosanitary Council (IAPSC) whose country members have rebpionsi
for approval of introductions of biological control agents into African countries. Biological
control in Africa has also been affected by the Agenda 21 of the Rio Earth summit of 1992.
As a result of these developments African governments are maah aware of biological
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control and biological control agents are being more thoroughly tested and evaluated before
importation and release of exotic species is permitted. This will also ensure that in the future
fewer but better researched agents are itedoand will hopefully result in a higher success

rate for introductions. Greater environmental awareness should also provide a spur to the
development of IPM systems minimising the use of broad spectrum chemicals and making
greater use of indigenous kagiical control agents and biopesticides. However, concern for
the environment and the preservation of biodiversity needs to be tempered by the realities of
African agriculture, which remains predominantly the concern of resource poor farmers. As
eloquently argued by Neuenschwander and Markham (2001), the regulatory framework
should not be made so prescriptive and cumbersome that biological control is replaced by
more destructive alternatives, such as broad spectrum chemical pesticides, which few farmers
can afford or are equipped to use safely (see also the chapter in this internet book on
Legislation and regulation of biological control agents)

However, classical biological control is providing a benign means of limiting the
damage done to natural ecosysseand endangered species by exotic pests. Progress in the
control of invasive plants, principally from Australia, threatening the unique South African
fynbos vegetation is discussed elsewhere by Zimmermann & Olckers (2003). A further
example is the conttof the polyphagous cosmopolitan scale ing&thezia insignidSrowne
in St Helena where it was threatening the survival of the national tree, the endemic gumwood,
Commidendrum robustunSerendipitously, the scale had already been controlled in East
Africa in the 1950s when it was causing severe nuisance by damaging urban flowering trees,
especially jacarandaJdcaranda mimosifloliaG. Don), by introduction of a ladybird,
Hyperaspis panthering=irsch from Trinidad, since shown to be specific to the genus
Orthezia Thus, it was relatively straightforward to obtain the ladybird from Kenya for
quarantining and introduction into St Helena where it has provided very successful control.

Although there remain opportunities for classical biological control, andooibt more will

occur as a result of accidental introductions of pests and invasive species, the principal need is
for IPM schemes optimising the impact of indigenous natural enemies. This will, most likely,
take the form of measures to conserve and regghéhe action of arthropod natural enemies

and the development of selective biopesticides for application as sprays or dusts.
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History of biological control in North America, the Nearctic Regional Section (IOBMRS)

By 1850 biological control obtains full attention in the USA, where imported pests were taken a
large toll of (often also) imported cropsatBmologists (e.g. Asa Fitch, C.V. Riley, Benjamin D.
Walsh) suggested to import natural enemies from their homeland. It was C.V. Riley who
organized the first intra state parasite transport in the USA: he sent parasitoids of the plum
curculio Conotrachalis nenuphgrto different localities in Missouri. Riley was alos the first to
propose conservation of parasitoids of the rascal leafcrumpler of fruit theeebésis
indigenellg by collecting larvae in their cases in anthter and then putting them awapm

the tree sufficiently far so that the larvae could not reach the trees anymore, but the parasites
emerging from the parasitized ones could easily in the next spring. It was again Riley in 1873
who stimulated the first international transfer of ahragpod predator by sending the predatory
mite Tyroglyphus phylloxeraé Europe for control of the grape phylloxe@aktulosphaira
vitifolii) to France. It established but did not result in effective control.

The first international shipment of a predstinsect took place in 1874, when aphid
predators, among whicloccinella undecimpunctataere shipped from England to New
Zealand. The ladybird beetle established. The first intercountry transfer of parasitic insects was
that of Trichogrammafrom the USAto Canada in 1882. The first intercontinental parasitoid
shipment took place in 1883, and was once more, organized by Rilayteles glomeratusas
sent from England to the USA for control of cabbage white butterflies and established. We will
have to wa another 6 year before the spectacular success Rattolia took place, again
masterminded by Riley.

For more detailed reviews, see:
DeBach, P., ed. 1964. Biological Control of Insect Pests and Weeds. Cambridge Univ. Press, Cambridge: 844 pp.
DeBach, B.1974. Biological Control by Natural Enemies. Cambridge University Press, Cambridge: 323 pp.

History of biological | ' control in Latin America,

the Neotropical Regional Section (IOBBITRS).After van Lenteren & Bueno, 2003.
Augmentative biologidacontrol of arthropods in Latin America. BioControl 48: 1P309.

Although biological control has been practised in Latin America since the start of the 20
century, the written history of this field of science is limited, except for Chile (Rojas, 2005).
Aspects of the history of biological control for Brazil can be found in Gomes (1962), for
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Chile in Rojas (2005), and for Peru in Wille (1956). Hagen and Franz (1973) provided the
first overview of biological control in South and Central America. A recemtew on
classical biological control in Latin America is given by Altieri and Nichols (1999). Until the
1970s the attempts to use natural enemies in South and Central America were scattered and
uneven. The best known cases of biological control that haea implemented in several
Latin American countries are (1) the introductiorRafdolia cardinalisfor control of cottony
cushion scalel¢erya purchagi, (2) the release dEncarsia berlesfor control of the white
peach scaleRseudalacaspis pentagonaand (3) the introduction oAphelinus malifor
control of woolly apple aphidgriosoma lanigerury which have usually led to substantial or
complete control. During the 1970s biocontrol activities intensified in Latin America as the
result of the formatin of departments of entomology and biological control.

Activities were very limited until the 1970s in Argentina, Brazil, Chile, Colombia,
Ecuador, Uruguay and Venezuela (see table 2) and most programmes were based on classical
(=inoculative) biological ontrol. Peru was most active during this period (Wille, 1956).
Augmentative releases were only used in British Guyana (Myers, 1935), and to a limited
extent in Bolivia (Zapater, 1996) and Peru (Hagen & Franz, 1973).

Table 2. Application of biological contol in Latin America in the period 188071 1970 (based on Hagen and
Franz, 1973; van Lenteren & Bueno, 2003)

Country Main pests for which biocontrol was developed Inoculative Augmentative
Argentina white peach scale, woolly apple aphid, cottony cushion scale  + -
Bolivia frog hoppers in sugarcane, woolly apple aphid, ogttmshion scale+ +/-
sugar cane borers witfelenomus

Brazil as in Argentina, and coffee berry borer, fruit fly, sugar cane boret -
British Guyana sugar cane borer withrichogrammaandTelenomus + +
Caribbean sugar cane borer, cottony cushgwale + +
Chile as in Argentina, and mealybugs + -
Colombia woolly apple aphid, sugar cane borer + -
Costa Rica citrus blackfly + -
Cuba citrus blackfly + -
Ecuador Icerya montserratensis + -
Mexico citrus blackfly + -
Panama citrus blackfly + -
Paraguay unknown ? ?
Peru as in Argentina, and scales on cotton, alfalfa aphid, sugar cane borer +/-
Puerto Rico mealybugs, cottony cushion scale, and other scale insects + -
Uruguay as in Argentina + -
Venezuela woolly apple aphid, cottony cushion scale, and sugar cane borer+ -
Total number of countries with inoculative or augmentative control 16 4

Information about biocontrol in Central America and the Caribbean Islands is even more
scattered than that of South America (Hagen & Franz, 1973). The best exampbrs ¢bhc
complete biological control of the citrus blackfljJeurocanthus woglumias a result of
inoculative releases with the parasitdgletmocerus seriugnd/or Amitus hesperidunin

Cuba, Costa Rica, Mexico and Panama, (2) the use of tachinid anddptaran parasitoids
(including inundative releases wifrichogramma to control sugar cane borer on different
Caribbean islands (Simmonds, 1958; Bennett & Hughes, 1959), and (3) control of several
species of scales with coccinellids in Puerto Rico (Wold®58).
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History of biological control in Europe, the West Palearctic Regional Section of IOBC
(IOBC-WPRS).Based on Greathead (1976).

Development and application of biologiaadntrol in Europe have been reviewed by
Franz (1961a, b), Krieg & Franz (1989), Greathead (1976), Hagen & Franz (1973) and van
Lenteren & Woets (1988). The initial practical demonstration of biological control in Europe was
carried out in France in 1840:.NBoisgiraud released the caraliidlosoma sycophantd..)
against the gypsy mothymantria disparL.)) on poplars. At the same time in Germany, J.R.C.
Ratzeburg moved heavily parasitizésendrolimus pini (L.) into an outbreak area and
recommended the e@f ants [Formica rufagroup) against forest defoliaters. The method of
artificial colonization of forest ants has been studied extensively in the 20th century (for a review
see Greathead, 1976). Also efforts to increase insectivorous birds by prowsimy fiacilities
were popular in Europe, and the ant and bird work can said to be specific elements in the
European pattern of biological control (Franz, 1961b). Conservation of natural enemies has been
suggested in Europe as early as 1827 by G.L. HaMagy attempts to augment existing natural
enemy populations have been made thereafter, often on a local sale. Most are inadequately
documented and are, therefore, not treated in any detail here.

The earliest unsuccessfut attempt to colonise a naturahemy in Europe was the
importation of the acarid predat&hizoglyphus phylloxera@Riley & Planchon) in 1873 for
control of the grape phylloxehdteus vitifolii Fitch . The first success in use of exotic organisms
dates from 1897 when the Portuguesgarted and established the vedalia be&t®lolia
cardinalis (Mulsant) against the cottony cushion sdakrya purchasiMask. following its first
appearance in Europe in the previous year. The labybird beetle was later introduced in other
European counts and the success strongly stimulated interest in "classical” biological control.
Several other coccinellids were introduced against a variety of pests, but these programs were
less successful.

The first introduction of a parasitoid dates back to 190&rwBerlese imported
Prospaltella berlesi(Howard) against mulberry scal@seudaulacaspis pentagor@arg.)
(Berlese & Paoli, 1916). The failure of the 197814 campaign to control the Colorado potato
beetle Leptinotarsa decemlineatéSay) tempered the #siasm for biological control in
Europe. Classical biological control has been relatively unsuccessful in Europe. The main reason
for this is that few pests have been imported to Europe ("scarcity of obvious candidates").
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Simmonds and Greathead (197 Ajreate that more than 60% of the 200 insect pest species in

the USA have been imported, whereas few arthropod pests were imported to Europe. However,
the statement that biological control will be most successful in situations where natural enemies
are impoted from abroad, against pests which were also imported, is a dogma unnecessarily
hampering developments and not longer tenable. During the past decades, for it has been shown
that all combinations of exotic and native natural enemies and pests aréryuogtiie.g. table 2

in van Lenteren et al., 1987).

One notable exception to a number of failures to employ exotic natural enemies against
exotic pests was Speyer's success in using the pardsicadsia formos&ahan for control of
Trialeurodes vaporaorum (Westwood) in greenhouses (Speyer, 1927). This parasitoid is still
commercially used on a large scale, and forms the focal point in integrated pest management
(IPM) programs for greenhouses (van Lenteren & Woets, 1988). The use of native natural
enenmes for biological control during the first part of the 20th century has been summarized by
Sachtleben (1941). Greathead (1976) has updated that summary. Since Greathead's (1976)
review a number of native natural enemies has been evaluated and seldstddgical control
and these are now commercially used (van Lenteren et al., 1987; van Lenteren, 2003).

Interest in biological control lessened with the appearance of the synthetic pesticides after
1940, but the development of resistance and the reéwogaf unwanted sideffects during the
1950's revived interest in biological control, and led to the formation of the International
Organisation for Biological Control (IOBC) in 1955 (nhow the Western Palaearctic Regional
Section of the IOBC). This Eurepn section of the IOBC has been the driving force behind a
change of thinking in crop protection since, and coordinated many cooperative biological control
projects (van Lenteren et al., 1992; and see www.|l[OEZRS.org).

Inundative types of biological atrol were first taken up in Russia in 1913 with the mass
rearing and periodic releasesTafchogrammaspp. Trichogrammaspp. have not been used in
inundative programs on a large scale in West and South Europe, but présehtigrammais
commercially aplied. This work has been reviewed by Schieferdekker (1970). The first
experiments date from the 1920's (Voelkel, 1925). Most of the inundative releases were
discontinued and rated unsuccessful (Greathead, 1976). Presently one project with
Trichogrammaseems commercially successful, that of the controOstrinia nubilalis with
Trichogramma evanescenkundative releases have also figured in the attempt at biological
control of the olive flyDacus oleadGmel.)) byOpius concoloiSzépl. (Liotta & Mineo,1968).

In Italy the O. concolor was successfully used during the 1960's. The most important
developments of augmentative releases in West Europe have been in greenhouses (van Lenteren
& Woets, 1988; van Lenteren, 2000).

Europe has served as important seufor export of natural enemies for more than a
century, principally to the USA and Canada (Clausen, 1978, Greathead, 1976). Collection and
exportation of natural enemies has been the area of activity of the Commonwealth Agricultural
Bureau's Internatiohdnstitute of Biological Control (CIBC; now CABI), the European Parasite
Laboratory of the USDAJSA and the Commonwealth Scientific and Industrial Research
Organization (CSIRO) Australia, but many European countries contributed to the search and
shipmenbf natural enemies.

In this section, the European developments of microbial control are not summarized, but
see Steinhaus (1956) and Zimmermann (1986) for reviews.
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History of IOBC

A book about the history and future of IOBC has been published recentlyBoller, E.F,
J.C. van Leteren and V. Delucchi (eds.) 200mternational Organization for Biological
Control of Noxious Animals and Plants: History of the first 50 Years (‘Z98f%). IOBC,
Zirich, 287 pp. The book can be obtained by sending 10 Euro or 15 US Dollars in an
envelope to Prof.dr. J.C. van Lenteren, Laboratory of Entomology, Wageningen University,
POBox 8031, 6700 EH, Wageningen, The Netherlands

The first official plenary session of IOBC took place on 20 November 1956 in
Antibes, France, after ideas had been expressedablish an international orgamitzon of
biological control at the "8 International Congress of Entomology in 1948 in Stockholm,
where experts in this field met under the auspices of and supported by the International Union
of Biological Sciences|(BS). At that time, ecologists and entomologists had serious
concerns about environmental and health effects of chemical pest control, and they considered
biological control an important potential alternative for pesticides. Biological control was, of
couse, not new to scienc&he reason that IOBC originally developed in Europe and was
limited to that area for its first 25 years of existence, was due mainly ttatckeof a
coordinating organation for biological control in this area. Other areas, lil@thern
America and the British Commonwealth (including Australia and New Zealand), had strong
organkations and a long standing history in the field of biological control. Still it was felt
necessary by many biological control researcheefsrim a trulyworldwide organiation that
would overview and coordinate the activities of this environmentally safe method of pest,
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disease and weed management. The formation of IOBC Global encountered some early
diplomatic difficulties when anotherganization, the hternational Advisory Committee for
Biological Control(IACBC), also claimed worldwide leadership in biological control. It was
the International Union of Biological Sciences (IUBS) which took the initiative to assist in
trying to solve this problem. Undehe leadership of F. Stafleu, Secretary General of
International Union of Biological Sciences, an agreement was finally reached at a historic
meeting between IOBC, IACBC and IUBS held from2¥ November 1969 at Amsterdam,
The Nethednds. At the end othe meeting participants did, among others, agree that the
name of the new organisation should be IOBC = International Organization for Biological
Control. In 1971, IOBC Global was established

The formation of numerous working groups resulted in excellrk andseveral
important biological control and integrated pest management (IPM) projects, and later
integrated plant protection (IPP) projects were developed and implemented. The activities of
the various Regional Sections have evolved differently,experiences in certain regions
have helped deslopments in other regiondVith its global network of collaborating
scientists, IOBC now has the status of a dependable, professional organisation providing
objective information about biological control anBM. We expect that the IOBC will
continue to play an important role in realizing sustainable and environmentally friendly food
production worldwide.
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5. Current situation of biological control (including region/country
revieuws)

Introduction

In this chapter, we aim to summarize the current situation with regard to biological control
world wide.However, it is often difficult to obtain reliable dataoal areas under different

forms of biological control. Particularly, information about inoculative (classical) biological
control is hard to get. Anyone who has this kind of information is kindly asked to send this to
the editor of this book, who will theinclude it in this chapter.

Natural biological control

Natural (biological) control is constantly active in all world terrestrial ecosystems on 89.5
million km?. Most of the potential arthropod pests (95%, 100,000 arthropod species) are under
natural (bological) control; all other control methods used today are targeted at the remaining
5,000 arthropod pest species.

Current use of inoculative (classical) biological control

Inoculative or tassical biological is the regulation of an exotic pest byiexatural enemies.
Classical refers to the spectacular early successes in pest control by using exotic natural
enemies such as the cottony cushion sdeé&rya purchasin California with the predatory
coccinelledRodolia cardinalisimported from Austrka in 1888 (Caltagirone, 1981). This
specatular success was followed by that of biological control of a weed, the prickly pear
(Opuntiaspp.), in Australia with the pyrali@actoblastus cactorunmported from Argentina

in the 1920s, and many other sussss Comprehensive world reviews of classical biological
control cases can be found in DeBach (1964), Clausen (1978; this review illustrates, among
others, that natural enemies had been imported against 294 species of arthropod pests and
weeds by 1978), liag & Hamai (1976) and Bellows & Fisher (1999). An early history of
biological control was written by Doutt (1964). Caltagirone (1981) provides details of 12
successful classical biological control programmes that were developed in the peried 1950
1980. C#tagirone & Doutt (1989) extensively describe the earliest classical biological control
success, that of the control of cottony cushion scale: it is an unparralleled history in the annals
of entomology for its drama, human interest, political ramificatians significance.

Classical biological control is estimated to be applied on 3.50mkin? (350 million
hectares), which is about 8% of land under culture, and has verpdmngiitcost ratios of
20-500: 1

Table **. Worldwide use of major inoculative (classical) biological control programmes (after ***)

Natural enemy Pest and crop Area under control (in hectares)
Rodolia cardinalis Cottony cushion scale from 1888 onwards

USA

Europe
Cactoblastus cactorum Prickly pear from 1920** onwards

Australia
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Current use of augmentative biological contrfdased on van Lenteren & Bueno, 2003).
Augmentative biological control is applied worldwide, andrenthan 150 species of natural
enemies are now commercially available for augmentative biological control (see table with a
list of these species elsewhere in this internet book). Data on current use of augmentation are
very hard to obtain and, thus, thetimates given below are incomplete. The latest
comprehensive worldwide review dates from 1977 (Ridgway and Vinson, 1977), which
provides data about the use of natural enemies in the USSR (on 10 million hectares), China (1
million hectares), West Europe 30,000 hectares), and North America (<15,000 hectares).
Since the time of that review, more than 100 new species of natural enemies have become
available and are commercially produced or mass reared by governmental institutes (van
Lenteren, 1997, van Lesten, 2003). An overview of the most important applications of
augmentative biological control is given in the table.

Concerning the use of egg parasitoids, the former USSR ranked first in application of
Trichogramma(> 10 million hectares; Filoppov, 1989pllowed by China (all crops: 2.1
million hectares; Li, 1994; 2 million hectares of the Asian cornbddstrinia furnacalis
Guenée withTrichogramma dendrolinMatsumura in 2004; Wang et al., 2005) and Mexico
(1.5 million hectares; Dominguez, 1996). Tlmemer USSR claimed to have treated more
than 25 million hectares annually witfrichogrammain the 1980s (Filoppov, 1989 and
personal communication), but others have questioned the way in which these areas were
calculated: it seems that fields which haelceived for example three treatments of
Trichogramma were included three times in the estimates. Therefore, the area under
biological control in the previous USSR was reestimated as maximally 10 million hectares.
Application withTrichogramman Japan, 8uth East Asia, South America, USA, Canada and
Europe is limited because of economic reasons (high labour costs involved in mass
production) and more intensive use of pesticides that have a negative effect on natural
enemies. Estimates of applications witlhichogrammain all other countries with the
exception of the former USSR, China and Mexico are in the order of 1.5 million hectares.
Inundative releases dirichogrammafor control of lepidoptorous pests are being studied in
more than 50 countries. Othegg parasitoids, lik@rissolcus basalisare used on much
smaller areas (see table 1).

Also, natural enemies attacking larval and pupal stages are not used to a large extent in
augmentative biological control in field crops, with the exception of theofiggotesia
parasitoids against sugarcane borers in Brazil and several other Latin American countries. In
Brazil 23.6 million cocoon masses Gf flavipesand 1.5 million adults of the tachinid fly
Paratheresia claripalpidVulp. were released over an ada200,000 hectares of sugar cane
in 1996 (Macedo, 2000).

Microbial biocontrol agents such as nematodes, fungi, bacteria and viruses are applied
on more than 1.5 million hectares to control soil dwelling pests (Federici, 1999; Jatkson
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al., 2000) and abee-ground pests (Federici, 1999; Gelernter & Lomer, 2000). The largest
area under treatment with microbials seems to be that of soybean whacarsia
gemmatalisHUbnercaterpillars are controlled with its nucleopolyhedrovirus (AgMNPV) on 1
million hectaes, but also Russia (1 million hectares) and Cuba have large areas treated with
microbials (table 1).

Greenhouse pests are currently managed through biological control on 5% of the about
300,000 hectares of protected cultivation worldwide (van Lent@@0). Although this is a
relatively small surface, it is one of the main areas for commercial production and release of
natural enemies. The large number of natural enemies presently available, often with several
species for each pest, has made greenhmo®gical control programmes stable and reliable
(Albajeset al, 1999).

Worldwide, there are about 85 commercial producers of natural enemies for
augmentative forms of biological control: 25 in Europe, 20 in North America, 6 in Australia
and New Zealand in South Africa, about 15 in Asia (Japan, Korea, India etc.), and about 15
in Latin America. The worldwide turnover of natural enemies of all producers was estimated
to be 25 million US$ in 1997, and about 50 million US$ in 2000, with an annual godwth
15-20% in subsequent years (Bolckmans, 1999, and personal communication). Currently,
more than 75% of all activities in commercial augmentative biocontrol (expressed in
monetary value) take place in North Europe and North America. Emerging markdiessre t
of Latin America, South Africa, Mediterranean Europe, and China, Japan and Korea in Asia.
In addition to the commercial producers, there are many natural enemy production units
funded by the government, such as in Brazil (40 facilities), China (nmamyber unknown),
Colombia (more than 20 facilities), Cuba (more than 200 facilities), Mexico (30 facilities) and
Peru (more than 20 facilities) (for references the section on current situation of biological
control in Latin America, for China ség, 1994).

Currently, augmentative forms of biological control are applied on up to 17 million
hectares (see table 1).

Table 1. Worldwide use of major augmentative biological control programmes (after van Lenteren, 2000.
Measures of Success in Biological Control {Arthropods By Augmentation Of Natural Enemies. In:
Measures of Success in Biological Control, G. Gurr & S. Wratten (eds.). Kluwer Academic Publishers,
Dordrecht: 77-103)

Natural enemy Pest and crop Area under control (in hectares)
Trichogrammaspp. Lepidopteran pests in vegetablesreals, cotton 3-10 million, Russia
Trichogrammaspp. Lepidopteran pests in various crops, forests > 2 million, China
Trichogrammaspp. Lepidopteran pests in corn, cotton, sugarcane, tobacco 1.5 million, Mexico
Trichogrammaspp. Lepidopteran psts in cereals, cotton, sugarcane, pastures 1.2 million, S. America
AgMNPV Soybean caterpillar in soybean 1 million, Brazil
Entomopathogenic fungi Coffee berry borer in coffee 0.55 million, Colombia
Microbial agents Lepidopteran pests and others 1 million, Russia 2004
Cotesiaspp. Sugarcane borers 0.4 million, S. America, China
Trichogrammaspp. Lepidopteran pests in cereals and rice 0.3 million, SE Asia

>30 spp. of nat. enemies Many pests in greenhouses and interior plant scapes 0.05million, worldwide
Trichogrammaspp. Ostrinia nubilalisin corn 0.05 million, Europe

Egg parasitoids Soybean stink bugs in soybean 0.03 million, S. America
Orgilussp. Pine shooth moth, pine plantations 0.05 million, Chile

5 spp. of nat. enemies Lepidoptera, Homoptera, spider mites in orchards 0.03 million, Europe

Situation for regions/countries (to be written)

Current situation ofbiological control in Neotropical Regional Section (IOBEPRS)
To be written
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Russia

M.V. Shternshis, 2004. Ecologically safe control of insect pest: the past, the present and the
future. In: Emerging concepts in plant health management, R.T. Lartey 8aésaC, eds.
Research Signpost, Kerala, India, 4BI2.ISBN: 81-7736227-5. The review article by Dr.
Margarita Shternshis focuses on the most widespread micribial control agents used in Russia:
Bacillus thuringiensis, baculoviruses, entomopathogenic fuagd some microbial
metabolites. Special attention is given to the enhancement of the insecticidal activity and
relevant formulations. Dr. Shternshis estimates that in 2004 at least 1 million of hectares are
treated with microbials in Russia, while it wedamillion hectares before 1989 (pers. comm.
Shternshis, 2005).

Macrobials,mainly Trichogrammaare estimated to be used on 3 million hectares in 2004,
while it were >10 million hectares before 1989 (pers. com. Sadomov, 2005).

Current situation of biologcal control in Neotropical Regional Section (IOBGITRS).

After van Lenteren and Bueno, 2003. Augmentative biological control of arthropods in

Latin America. BioControl 48: 123139.

Information about current use of biological control in Latin America @srgin the table 2

was compiled from Altieri & Nichols (1999; only classical biocontrol), Zapater (1996),
various papers cited below, and from personal communications with M. Gerding (Chile), R.
de Vis (Colombia), A.L. Valido (Cuba), L.A.R. del Bosque (M&}, and G. Gonzalez
(Panama). Below the situation for augmentative biological control is summarized per country.

Table 2. Present situation of biological control in Latin America (after van Lenteren & Bueno, 2003.
Augmentative biological control of arthropods in Latin America. BioControl 48: 123139).

Country Main pests for which biocontrol was developed Inoculative Augmentative
(hectares)

Argentina very limited: sugar cane borer willtichogramma + +/- (<100)
Bolivia very limited: sugar cane borer with egg parasitoids and tachinids+/- +/- (?)
Brazil sugarcane borer with parasitoids, soybean caterpillar with AgNPVirus,

soybean bugs with parasitoi®&rexwoodwasp with nematodes  + +(1,320,000)
Chile pine shoot moth witl®rgilus obscuratorhouse flies with parasitoids,

many other augmentative progransie development + + (50,000)
Colombia cotton, soybean, sorghum and suger cane pestgigtiogramma

and other parasitoids, house flies with parasitoids, many different

pests with entopmopathogens in various crops + + (800,000)
Costa Rica cotton and sgar cane pests witfrichogramma, Cotesiand

Metharizium + +(thousands)
Cuba sugar cane borer withixophaga diatraeaPanonychus citrwith

Phytoseiulus macropilid,epidoptera withrrichogramma + +(700,000)
Ecuador sugar cane and corn with Eldrichogramma coffee berry borer  + +(?)
Guatemala pests in cotton and vegetables witlichogrammaand baculovirus +/- + (20,000)
Honduras vegetable and sugar cane pests WiddegmaandCotesia resp. +/- +/- (?)
Mexico corn, soybean, sugar cangrus pests witifrichogrammaand others+ +(1,500,000)
Nicaragua classical biocontrol, corn, cotton, soybean pests Withogramma + +/- (?)
Panama sugar cane borer witBotesia flavipes + +(4,500)
Paraguay soybean caterpillar with AQNPVirus ? +(2100,000)
Peru sugar cane, rice and corn pe§tsg¢hogramma, Telenomygests in

citrus (localAphytig, pests in oliveNlethaphycusand others + + (>1,300)
Uruguay sugar cane borer witfrichogramma + +/- (<100)
Venezuela corn army worm witilrelenomus + + (4,300)
Total number of countries with inoculative or augmentative control 16 17
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Argentina
In Argentina augmentative biological control is considered with enthusiasm, although
application is still limited (Basso & Morey, 1991; Zapater, 1996).

Bolivia
In Bolivia augmentative biological control is considered with esidism, although
application is still limited (Basso & Morey, 1991; Zapater, 1996).

Brazil

Besides classical biological control (several programmes, the most recent one concerns
control of Sirex wood wasp with entomopathogenic nematodes and 3 parasitedis;&
Penteado, 1998). Brazil is very active in augmentative biological control with about 44 mass
production facilities. Brazil applie€otesia against sugar cane borer on about 300,000
hectares (Macedo, 2000, and Arigoni, personal communication), Agds &gainst soybean
caterpillar on more than 1,000,000 hectares (Moscardi, 1999), egg parasitoids of soybean
bugs on 20,000 hectares (Corfeareira, personal comunication), the egg parasitoid
Trihcogramma pretiosuns released in an area of about 2,6@8tares of open field tomatoes
againstTuta absolutaN. Hiji, personal communicationgnd the predatory mitdeoseiulus
californicus against the spider mit€anonychus ulmin apple orchards on about 1,800
hectares (Monteiro, personal communicationpl®&gical control of pests in greenhouses is
now under development (Bueno, 1999).

Chile

In Chile, many new activities took place since 1970 (Rojas, 2005). A large augmentative
project is running on control dkhyacionia buoliangpine shoot moth) with thparasitoids
Orgilus obscurator(50,000 ha) andrichogramma neruda{200 ha, experimental). Other
experimental programmes concern greenhouse tomatoes, where whitelleufodes
vaporariorun) is controlled with severaEncarsia and Eretmocerusspecies, iad the
leafmining caterpillaiTuta absolutawith Trichogramma nerudaiFurther, flies in poultry and
other livestock are controlled by periodic releasedVofscidifurax raptorand Spalangia
endius since 1990. Many other pests are under study for biologealtrol with
entomopathogens (all Chilean information based on M. Gerding, personal communication).

Colombia

In Colombia, augmentative biological control is intensively applied in the Valle del Cauca,
where about 200,000 ha cultivated with cotton, sogb&assava, tomato, sorghum and
sugercane receive periodic release§mthogramma The use offrichogrammain cotton

has recently sharply decreased because of the occurreAoghohomis grandiat the end of

the 1980s. In 1991Trichogrammawas still gplied on 30,000 ha of cotton, now the
parasitoids are only used on 5,000 ha. The use of biocontrol in sugar cane has increased
recently. Three parasitoids Trfichogramma exiguum Metagonistylum minenseand
Pharatheresia claripalpis are introduced to comt the sugarcane borerDigtraeca
saccharali3 and other caterpillars on about 130,000 ha. Flies in poultry and other livestock
are controlled on a large scale by periodic releasddusicidifuraxand Pachycrepoideus.

Also, Lepidoptera are under augmentatibiological control on large areas of forest.
Colombia has been working on the mass production technology of parasitoids, predators and
entomopathogens (Garcia, 1996), and had 30 mass production facilities for macrobial
biocontrol agents in 1990, a numkbat has decreased to 9 producers in 2000. Colombia
seems to have broughtichogrammato South America at the end of the 1970s, and from
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there its application has spread to Costa Rica, Venezuela, Paraguay, Ecuador and Brazil.
Colombia is well known forts research an application on entomopathogenic fungi such as
Beauveria bassiana Verticillium lecanii Metarhizium anisopliaeand Paecilomyces
fumosoroseusThe largest applications concern (1) the sprayingedHuveria bassianand
Metarhizium anisopliaeon 550,000 ha of coffee against the coffee berry borer
(Hypothenemus hampeand (2) the application ddeauveria bassianagainstOpsiphanes
cassinaon 130,000 ha of oil palm, but the entomopathogens are also used for control of
Anthonomus grandisn coton, thrips in ornamentals, whiteflies in beans and tomatoes,
grasshoppers in pastures and insect pests in rice and citrus. Currently, Colombia has 5
producers of entomopathogenic fungi. The National Center for Coffee Research (CENICAFE)
is doing extensiveesearch on the imported parasitoidephalonomia stephanoderand
Prorops nasutaf the coffee berry borer. These parasitoids are now mass reared and released
in coffee fields (Bustillo et al., 1995). Colombia has several integrated control programmes
for greenhouse pests (see below; de Vis, 1999)

Costa Rica
Costa Rica usebrichogrammao control pests in cotton and sugarcane (Hernandez, 1996).

Cuba

Cuba has shown many activities in the field of augmentative reléasgsogrammaspecies

are applied mre than 685,000 ha for control of Lepidoptera in pastures, cassava and
vegetables (A.L. Valido, personal communication). Sugar cane borers are controlled with the
native tachinid parasitoidixophaga diatraeaand the spider mitd®Panonychus citrivith the
predatory mitePhytoseiulus macropiligareas unknown but large; Aleman et al., 1998).
Further, the use of insect pathogenic fungi is particularly impressive, with an area of 516,895
ha treated in 1995 (Altieri and Pinto, 1975). An interesting progracameerns the control of

the sweet potato weeviC{las formicariuy in more than 15,000 ha with predatoPhéidole
megacephalaants) and entomopathogenic nematodéstérorhabditisspp.) (A.L. Valido,
personal communication). Cuba has more than 220 ecerf@r the production of
entomophages and entomopathogens (Altieri & Nichols, 1999), where large amounts of insect
pathogenic fungi an@acillus thuringiensisas well asTrichogrammaspp. and sugar cane

borer parasitoids are produced. Based on the infomate had available, we estimate that
currently a total area of 700,000 ha is under biological control in Cuba, because the predators
and parasitoids (used on 700,000 ha) are released in the same crops as where the pathogens
(used on more than 500,000 laa¢ applied.

Ecuador

Ecuador has recently started with augmentative control of pests in sugar cane and corn using
local species ofrichogramma(Klein Koch, 1996). Further, there is some integrated control
and biological control of pests in roses (abtQtha), and natural control of leafminers in
ornamentals in the field (about 50 ha).

Guatemala
Guatemala is usingrichogrammaagainst pests in cotton (14,000 ha), and a baculovirus
against pests in vegetables and cotton (3,500 ha).

Honduras

In Honduras augmentative biological control is considered with enthusiasm, although
application is still limited (Basso & Morey, 1991; Zapater, 1996).
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Mexico

Mexico has been very active in developing augmentative control during the past 30 years.
Many species of natal enemies (parasitoids, predators and pathogens) are mass produced in
the more than 30 centers for rearing of beneficial insects. Augmentative releases with
Trichogramma and other parasitoids, predators and pathogens are made in crops like corn,
cotton, sugar cane, sunflower, coffee, tobacco, soybean, sorghum, vegetables, ornamentals,
bean, wheat, citrus and forests on 1,500,000 ha annually (Dominguez, 1996). Some examples
about augmentative releases by one organization (Centro Nacional de Refereborarde
Biologico) in their five production centres (Centros Regionales de Estudios y Reproduccion
de Insectos Beneficos) in 1998 arErichogrammareleases on more than 640,000 ha,
Chrysoperla on more than 100,000 hd&labrobracon on more than 45,000 ha &n
entomopathogenic fungi on more than 6,000 ha (H.C.A. Bernal & L.A.R. del Bosque,
personal communication). In addition to natural enemy production by these centres,
commercial sugar mills and other companies are also producing biocontrol agents like
Trichogrammarfor at least another 100,000 ha and entomopathogenic fungi for more than
50,000 ha (H.C.A. Bernal & L.A.R. del Bosque, personal communication).

Nicaragua
In Nicaragua augmentative biological control is considered with enthusiasm, although
applicaton is still limited (Basso & Morey, 1991; Zapater, 1996).

Panama
Panama is usin@otesia flavipegor control of sugar cane borers in sugarcane on about 4500
ha.

Peru

Historically, Peru mainly worked on classical biological control and has importedthaore

100 species of biological control agents since 1904. Augmentative programmes have been
developed recently for control of pests in, among others, asparagus, sugar cane, rice and corn
(Trichogramma, Telenomyspests in citrus (locahphytig, pests inolive (Methaphycus,
Coccophagus, Chrysopejlaand pests in potat€ppidosomp tomato Paecilomycespp.),

coffee and forestsBeauveria. Peru currently has 82 mass rearing facilities for natural
enemies and 27 laboratories for production of entomogatis (Beingolea, 1996; Programa
Nacional de Control Biologico del Servicio Nacional de Sanidad Agraria (SENASA),
information leaflet, 2000). In these 109 facilities 27 species of biological control agents are
mass produced. In the 1970s the national tasgdor introduction and rearing of beneficial
insects rearedrichogrammaspp. for releases on about 1,300 ha (Altieri & Nichols, 1999).
Peru aims to apply biological pest control on about 240,000 ha within the coming 5 years
(SENASA, inormation leafle2000).

Uruguay
In Uraguay augmentative biological control is considered with enthusiasm, although
application is still limited (Basso & Morey, 1991; Zapater, 1996).

Venezuela
Venezuela is usingielenomus remuagainstSpodoptera frugiperdan corn (Ferer, 1998).

Current situation of biological and integrated control in Western Palearctic Regional
Section (IOBGWPRS).
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Although IOBGWPRS is one of the most active regions, has many working groups and
publishes 1615 bulletins annually with proceedingsrogetings, the area under biological
and integrated pest management is not documented very well, with the exception of
augmentative releases in greenhouses, maize, orchards and vineyards.

Where is biological control and IPM used in Europe?
Until 1950 integated pest management was not recognized as such but the main elements were
already in use for centuries. Organic pesticides were hardly available before that period and
many different control techniques were combined. Cultural control, host plant resistach
biological control were important aspects of the overall activities to reduce pests and diseases.
Interest in integrated control developed shortly after the appearance of the synthetic pesticides
after 1940, because of the development of resistandethe recognition of unwanted side
effects (see chapter on IPM).

In Europe, IPM programmes are commercially applied currently in different crops (see table
3 and 4 extracted from van Lenteren et al., 1992 and van Lenteren 1993). Some programmes are
better characterized as guided or supervised control than with the term IPM, e.qg. field vegetables,
cereals and several orchard control procedures, because the difference with conservative
chemical control lays only in the application of spray thresholdeadsof applying calender or
preventive sprays. Others are based on one or a few biological control components, e.g.
vineyards and mais. Finally there is a category contain many different elements of IPM, like the
orchard and greenhouse programmes. Allg@mmes summarized in the table result in
considerable reductions in use of chemical pesticides 92%) and several IPM procedures are
applied on significant areas.

The first overview of biological control in Europe that appeared after the van Lenteren
(1993) review is the one by Sigsgaard (2006) in which all open field applications of
augmentative biological control are discussed, and all natural enemies that are currently in use
are |isted. Sigsgaardods over vitrelwnlysnbreased a t h at
little since the 1990s.

The successful IPM programmes in West Europe have a number of characteristics in
common, such as:

1. Their use was promoted only after a complete IPM programme had been developed
covering all aspects of pesmtd disease control for a crop

2. An intensive support of the IPM programme by the advisory/extension service was
necessary during the first years

3. The total costs of crop protection in the IPM programme were not higher than in the
chemical control pragmme

4. Non-chemical control agents (like natural enemies, resistant plant material) had to be as

easily available, as reliable, as constant in quality and as well guided as chemical agents.

Table 3. Guided and integrated control prgrammes applied in Rirope (after van Lenteren et al., 1992and
van Lenteren, 1993)

Crop Type Elements Area under IPM in Europe/
Reduction in pesticides
field vegetables guided monitoring- sampling- warning 5% of total area
hostplant resistance diseases/pests 20-80% reduction
cereals guided monitoring- sampling- forecasting 10% of total area
hostplant resistance diseases 20-50% reduction
maize integrated mechanical weedinghostplant resistance 4% of total area
diseases biocontrol of insects 30-50% reduction
vineyards integrated biocontrol of mits - hostplant resistance 20% of total area
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diseases, pheromone mating disruption 30-50% reduction
olives integrated cultural control biocontrol insects very limited

hostplant resistance diseases/pests

monitoring- sampling- pheromones

orchards guided monitoringsampling 15% of total area
apple/pear selective pesticides 30% reduction
integrated monitoring- samplingi pheromones 7% of total area
biocontrol- selective pesticides 50% reduction
hostplant resistancdiseases
greenhouse integrated monitoring- sampling- biocontrol pests ~ 30% of total area
vegetables and diseases, heglant resistance disease$0-99% reduction

Table 4. Most important augmentative biological control programmes in Europe (these programmes are
included in the above table, and are completed with data from Sisgaard, 2006)

Crop Pest Natural enemy Area under biological control in hectares/ Ref
maize Ostrinia nubilalisTrichogramma brassicad 00,000/ van Lentereret al., 1992;
Smith, 1996; Sigsgaard, 2006
orchardsapple various various 30,000 / Blommers, 1994; van Lenteren
/pear et al., 1992Sigsgaard, 2006
greenhouses many many 50,000 / van Lenteren, 200Bheng et al.
2005
strawberries  Tetranychus  Phytoseiulus persimilis < 20,000 / Sigsgaard, 2006
urticae
vineyards Tetranychus  Typhlodromus pyri 40,000 / van Lenteren et al., 1992;
urticae Amblyseius andersoni Sigsgaard, 2006

Numbers of researchers working on biological control

Table 5. Estimated numbers of biological control researchers per country/region

Country/region Biocontrol research Entomologists Source
public private

Argentina 20 2 M. Zapater, 2006

Brazil 300 15 R.Parra, 2005

Canada 200 J.L. Schwartz, 2005

Chile 30 10 100 M. Gerding, F. Rodriguez, 2005

China > 8,000 Qin Junde, 1992

Japan 100 20 1,100 XVI Int Congr Entomol. 1980
Yano pers com 2005

Mexico 225 Biocontrol site Mexico

Netherlands 50 30 200 J.C. van Lenteren, 2005

South Africa 45 R. Kfir, 2004

Uruguay 5 15 C. Basso pers com 2006
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6. Biological control of weeds

The section on biological control of weeds is based on and summarized from an article by
R.E.C. McFadyen (2003) and was adapted by J.C. van Lenteren. All mistakes should
therefore be attributed to J.@an Lenteren.

Introduction

The economic and environmental importance of weed control is considerable, herbicides
make up 47 percent of the world agricultural sales (Woodburn, 1995). In developed countries,
most weed control is by application of herbicidd®ugh mechanical weeding is increasing
(Figure 1) In developing countries, weeding, usually by hand, accounts for up to 60 percent
of the total preharvest labour inpiand weeding is also applied in organic farming in
developed countries (Figure X)uncontrolled, weeds can cause complete yield loss, and next
to native weeds, invasive weeds cause enormous environmental damage. Biological control of
weeds has a very successful history. Unlike the biological control of insect pests, where
conservatiorand augmentative biological control play an important role, classical biological
control is the mainstay of weed biological control. Conservation biological control is hardly
used, augmentation is occasionally used with mycoherbicides and insects ¢s@e doad in

the deliberate use of grazing animals for weed control (Popay & Field, 1996).

\) (“ ,_% 1

Figure 1. Left, mechanical weeding of thistles in 1930; right, mechanical weeding in 2000
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Figure 2.
Hand weeding on an ecological farm in The
Netherlands, 2000.

Augmentation and conservation biological control of weeds

The use of fungi to control weeds is an example of augmentation biological control. Much has
been published about the use of fungi, but until now there has been little actualthse i

field, though recently some successes have been obtained. One example is the use of
Chondrilla Rust Fungus?uccinia chondrillaefor control of Skeleton Weed in Australia
(Parsons & Cuthbertson, 2000). Another example is the biological control aficamdird
Cherry,Prunus serotinaby the fungusChondrostereum purpureunm Europe (De Jong et

al., 1990)Figure 3)

Native insects are sometimes used for weed control in a combination of augmentation
and conservation biological control, but also h@ractical application is very limited
(examples in Mc Fadyen, 2003).

Augmentation of exotic, introduced biological control agents is more widely used,
particularly in cases where the dispersal capacity of the biocontrol agent is poor and the weed
occurs indiscrete scattered areas. Examples are the control of cacti in Australia and South
Africa through the regular redistribution of mealybugs (Hosking et al., 1988; Moran and
Zimmermann, 1991), and control of the floating fern salvisal\{inia molestpin isolated
water bodies by the salvinia weev@yrtophagous salviniggMcFadyen, 2003).

Classical biological control

Classical biological control of weeds has a history going back to the early 1900 (programs
against lantana) and the 1920s (programs agamckly pear cactus)(Julien & Griffiths,

1998). Initially, weed biological control has tended to be concentrated on rangeland, so to
countries with large areas of rangeland and in order of importance biological weed control:
the USA, Australia, South Afta, Canada and New Zealand. With biological control of
rangeland weeds success rates have been high. For example, Hawaii has a success rate of
close to 50 percent, with 7 out of 21 weed species under complete control and significant
partial control of thre more (Mc Fadyen, 2003). There is an increased emphasis now on using

bi ol ogi cal control for weeds i n;Figuetfukoa I eco
references of weed biological programs see table 1. Europe has very few weed biological
controlprograms (Reznik, 1996), though there are recent initiatives towards biocontrol of five
major crop weeds (Scheepens et al., 2001) and proposals for biocontrol of other introduced
weeds such asSolidago altissima(Jobin et al., 1996) and the introduced shRrunus
serotina(de Jong, 2000).
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Figure 3. Silver leaf symptoms on an American bird chdtrynus serotinainoculated with

the fungusCondrostereum purpureurfupper left), the fungus on a stem of sweet cherry,
Prunus avium{upper right), Amean bird cherry stumps two years after treatment (bottom),
and containers with a watery suspension of mycelium of the fungus, sold during several years
as BioChon in The Netherlands (bottom right). All pictures courtesy of M. de Jong,
Wageningen University

Classical biological control of weeds depends on the introduction of natural enemies and as
such are subject to legislative control. In countries with a long history of biocontrol, the
legislation system is well developed and generally understoodcargtad by scientists,
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