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Foreword

The international workshop on “Implementation of Biocontrol in Temperate Regions in Prac-
tice — Present and MNear Future” took place at Research Centre Flakkebjerg, Denmark on No-
vember | to 3, 2005, The workshop was initiated by the Danish Centre for Biological Control,
and arranged by the Department of Integrated Pest Management, Danish Institute of Agricul-
tural Sciences. The workshop attracted 80 participants from 10 countries, mostly from North-
ern Europe. A number of specialists participated as invited speakers to give a state-of-the-arn
in a specific sector, The programme contained 40 oral presentations and 19 posters addressing
practical application of biological pest control in a wide range of areas: field crops, green-
houses, forestry, animal husbandry and stored products. The participants thus had a unigue
opportunity to draw on the experience obtained from biocontrol application in other sectors.

The overall impression from the workshop is that biclogical control has great potential in
temperate regions and that a substantial amount of research has led to successful application
in several sectors. It is my hope that the workshop will promote further application of biologi-
cal control in temperate regions

I would like to thank the Ministry of Science, Technology and Innovation for providing funds
for the Danish Centre for Biological Control via the research programme FOTEK 111 The
contributions from the sponsors of this specific workshop: Borregaard BioPlant, EWH Bio-
Production, Garta and Mortalin A/S, are gratefully acknowledged. 1 would like to thank
Kirsten Jensen and Sonja Graugaard for editing the language and compiling the proceedings,
respectively. Finally the members of the organizing committee are thanked for delightful col-
laboration.

Lise Stengird Hansen
Head of organizing committee

Organizing committee
Lise Stengard Hansen
Annie Enkegaard
Sabine Ravnskov

Tove Steenberg

Sonja Graugaard
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Proceedings of the International Workshap “Implemartation of Biecontred in Praciice in Temperate Regions — Present and
Near Furire ™, Research f'q'm.rn-“'l'.i.ﬂ:h-fhwrg_ Diewrmrark, Newvember 1=3, 2005

Introduction to different strategies of biocontrol

Jargen Eilenberg
Department of Feology, The Roval Veterinary and Agricuftwral University, Thorvaladsensvef
A, DE-187 1 Frederiksherg O, Devmark

Abstract: Biological control (or biocontrol) 15 defined as the use of living organisms to control pest
organisms, | use the term “pest” for insects, mites and veriebrate pests, plant diseases, and weeds. Four
complementary strategics of biocontrol cxist and these are defined and brefly outlined.

Key words: Biocontrol, hiological control, classical biological control, inoculation biological control,
inundation biological control, conservation biological control

Introduction

Biclogical control {or biocontrol, which is synonymous) has been defined a number of times.
A recent definition by Eilenberg er af (2001) is:

“The wse of fiving organisms to suppress the popadation density or impaci
o o specific pest organism, making i Jess albnndennt or fess domaging then
ir wenrld otherwise be’

Biological control in plant crops is placed among other possibilities in integrated pest man-
agement. The main point is that in biological control the agent must be a living entity {vira
included)

Biological control has traditionally often been seen as a vision. DeBach (1964) gave this
wording of the vision

We wendldd poind ont et peaple fortunare enough 1o have witnessed a
striking example of biofogical control taking place wsually become

‘trwe believers”, but some of those, who happen later to see only the final
resull can be unimpressed if not downright sceprical”

Biological control can be divided into four complementary strategies: classical, inoculation,
inundation and conservation. The strategies are defined (based on Eilenberg ef al (2001) and
Eilenberg (2005)) and briefly described below, It should be mentioned that some authors have

preferred to write the prefixes as adjectives for the latter three strategies, thus naming the

AN Report Noo F19 2006), £1-13. 11



strategies: classical, inoculative, inundative and conservative (Hajek, 2004). 1 prefer to use the
noun form of all prefixes, but these differences in grammar are not significant.

Classical biological control

The imteriional infroduction of an exotic, wswally co-evolved, hiological
controd agem for permanent establisfiment and long=term pest conirol’

Classical biological control has been a very significant strategy within biological control since
the striking success with the introduction of the ‘Vedalia beetle” 1o control scale insects in
California in the late 1880"s, The early successes were the reason for the term “classical’,
which cannot be understood without this historical dimension,

The strategy was {and still is) among the most successful to manage introduced pest spe-
cies in North America and other parts of the world, while it has never been a significant ele-
ment in biological control in Europe. This is due to two reasons: first, the major bulk of Euro-
pean pests are native and their natural enemies are already present, and secondly, classical
biological control needs a strong, regional co-ordination of the efforts, which has normally
not been the case in Europe.

Inoculation biological control

*The imtentional release of a living organism as a biological control
argend with the expectation that iwill maliply and control the pest
o an extended period] bt net permanently”

The main principle of inoculation biclogical control is that a pest population increases in size
but in due course, before this population density has reached the potential maximum, a bio-
control agent is inoculated in small to moderate amounts. The goal is that the natural enemy
increases in population size and thus controls the pest over a period of time. The inoculated
biocontrol organisms will, however, not establish permanently at a sufficiently high popula-
tion density to prevent damage. New inoculations must be carried out after a period of time.

It can be postulated that inoculation biological control represents a reestablishment of a
natural balance, temporarily distorted by man. Soil for cropping is inoculated with other addi-
tives to enhance growth (mycorrhiza for example) and inoculation with a biocontrol agent can
be seen as a moderate help to speed up a natural process.

Inundation biological control

FThe wse of living organisms to confrol the pesis when control is
achieved exelusively by the released erganisms themselves”



The principle is as follows: a pest population increases in size, but at a certain time a
biocontrol erganism is applied in large amounts (*inundated’). The pest is quickly controlled
and the population density of both the pest and the biocontrol agent decrease over time. The
pest population will, after a period of time, increase again and a new application of a
biocontrol agent is needed. The term “biopesticide” is often associated with inundation
biological control, linking the concept rather closely to the use of chemical pesticides.
Inundation can be hard to separate from inoculation and these two strategies are often together
called “augmentation”.

Inundation is probably the strategy for biological control, which most easily can be ex-
plained to everybody: the population density of a nasty pest is too high, and a biocontrol agent
is applied 1o control the pest

Conservation biological control

‘Madificarfon of Nie envivommen! or existing pracifces o protect and
enhiance specific enemies or ofher orgamisms jo redvee the effect of pesis’

A pest species occurs at high population levels due to insufficient effects of the natural
enemies. MNatural enemies include all kinds of biological regulation: macro- and
micreorganisms  controlling  invertebrates, weeds and  plant  diseases, including the
antagonistic microorganisms responsible for “suppressive soils’. To perform conservation
biocontrol, the environment is modified or the practice is changed in order to enhance the
natural enemies, which are already present. They increase in population size and their effect
results ina lower pest population,

Among the four biclogical control strategies, conservation biological control can be seen
as the one most tightly connected to the main principles of organic farming, which has
protection of the existing natural enemies as one of its main principles.

References
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Biological control through conservation of natural enemies of agricul-
tural and forest arthropod pests — recent practices and possibilities

Barbara Ekbom
Department of Entomology, Swedish University of Agricufinral Sciences, Box 7044, 5-750 07
Uppsala, Sweden

Abstract: Many inscet pests are subject to the action of natural enemics that commonly occur in their
ceosystems, These naturally occurming predators and parasitoids ofien plav an important role in sup-
pressing pest populations. A better understanding of the factors that influence natral enemy efficacy
under ficld conditions in agriculture and foresiry will indicate how best to conserve and ¢nhance en-
demic species that contnbute to mortality i pest populations, Heterogeneity 15 an important faclor
influcneing populations of insect pests and their natural encmics in agricultural landscapes. We need
to consider the landscape in terms of how inscels move between habitats, Inscels require a variety off
resource bvpes and these resources should be within their movement range. One example presented is
from a forest ccosvstem where a potential pest. the pine sawfly is most ofien held in check by natural
encmies, bul a slight change in environmental factors mav allow the pest Lo escape natural encmy con-
trol. Another well-studied cxample presented 15 the interaction between polvphagous predators and the
bird chermv-oat aphid in spring cereal agroccosvsiems. Evidence is presented (o show that ground-
living generalist predators have an important impact on the size of aphid populations. This impact
prevents vield loss. The results of empincal and theoretical studics have indicated that predation dur-
ing the time when aphids are colonizing the felds s very important for biological control, Knowledge
of the lactors that may upsel the biological control balance belween enemics and pests may help pre-
dict outbreaks where additional control measures must be used.

Key words: [nscet pests, predators, parasitoids, cereal aphids, ping saw fligs, outbreak, ephemeral habitat

Introduction

Many natural occurring predators and parasitoids often play an important role in suppressing
pest populations. Sometimes, however, this “natural” control does not limit pest numbers
sufficiently to avoid damage of economic importance. To enhance “natural” control we need
better knowledge of the factors that influence natural enemy efficacy,

Pest dynamics in forests, which are perennial habitats, are often characterized by episoic
outbreaks (Myers, 1988). The reason for these outbreaks is often unclear (Liebhold &
Kamata, 20000 and two competing theories are invoked to explain insect outbreaks. One puts
climatic factors at the forefront while the other suggests that biotic interactions such as natural
enemy attack are most important. Recent work {Dwyer er al., 2004) proposes that at low pest

DIAS Report No. 119 (2006), 15-20. 15



densities generalist enemies may hold pest populations at a low level and at high pest
densities cycles may be driven by specialist parasitoids and pathogens. Complex dynamics are
generated when effects of weather cause unpredictable shifts between low and high pest
densities (Stone, 2004).

Agricultural systems are often dominated by ephemeral habitats. Pests in agricultural
fields are usually not permanent residents and will recolonize fields each season (Wissinger,
1997) making it difficult for pests and enemies to have a close relationship. Traits of natural
enemies in disturbed habitats are not the same as those associated with natural enemies in
perennial habitats (Wiedenmann & Smith, Jr., 1997). Annual crop systems are frequently dis-
turbed, which can make it difficult for natural enemies to perform successful pest suppression,
Therefore, for predators 1o occur in fields afier disturbances, farmers are dependent on the
predators” ability to recolonize, It 15 important that the predators maintain a high population in
proximity to the field and have a high dispersal ability to reduce the time lag between recolo-
mization of natural enemies and establishment of pest. If this is the case, a synchrony will be
created between predator and prey, which will lead to more successful pest suppression
(Wiedenmann & Smith, Ir., 1997).

Forest Pest: Pine Sawfly (Neodiprion sertifer)

This insect 15 well studied (Larsson e a@f, 2000), and a great deal of knowledge has
accumulated on demographic parameters and population dynamics. Research has shown that
ground-living predators, such as small mammals (Hanski, 1987), and cocoon parasitoids can
have an important impact on the population dynamics of the pine sawfly, These enemies are
assumed to have a typical type L functional response, which is often found for vertebrates
where leaming is involved and where prey is aggregated.

A model was built to analyse population dynamics of the pine sawfly (Larsson ef af,
20007, Using demographic parameters from both the laboratory and the field, the action of
predators, both on larvae and cocoons, as well as plant quality were considered, We found a
system that had multiequilibria (Figure 1) (Belovsky & Joern, 1995}, At low population levels
the cocoon predators held the population in check, but it was possible for the population to
escape control when plant quality changed.

When trees grow on good soils the generalist cocoon predators may often be able to hold
pine sawfly levels low. Work by Herz & Heitland (2003) showed that predation on another
sawfly, Diprion pini, was highest in stands where the soils were most fertile and where there
was dense understory vegetation.

Potential applications of these results are 1) monitoring programs that target poor soils
and pure pine stands where the risk of escape from cocoon predation is highest, 2)
identification of abiotic factors that will influence plant quality. In order to be able to suggest
methods of enhancement for better pest control in forests, it is important that dominant
species in the natural enemy communities of forest arthropod pests are identified. It is also



essential o consider tri-trophic interactions as well as the possibility that there may be
interference between different groups of natural enemies.

[ T

| Low resin acid, poor spils

High resin acid,
fertile soils

i 2 4 i & 10 [ ]
N(t)
Figure 1. Recruitment curves for the pine sawfly. Modified from Larsson ef af (2000). The
straight dashed line is the equilbrium value.

Agricultural pest: Bird cherry-oat aphid (Rhopalosiplium padi)

The bird cherry-cat aphid 15 a migratory pest. It spends winters on the bird cherry tree
(Privns poafus) as an egg. The aphid migrates to grass hosts after 2 to 3 generations on the
winter host. Many aphids will land in annual crop fields where cereals are grown. In at least 4
of every 10 years the migrating population is so large that reproduction in cereal fields leads
to aphid numbers that will cause economic losses. There are many natural enemies in the
agricultural landscape; both specialists such as ladybugs and parasitoids as well as generalists
like carabids and spiders. The generalist predators most often belong to local populations.
Field inventories have shown that high numbers of generalist predators are often correlated
with low numbers of aphids in cereals, while there is no such correlation with specialist
natural enemies (Ekbom & Wiktelius, 1985).

Simulation studies (Ekbom er af, 1992) have shown that predation dunng the
establishment phase of aphad migration will have a great impact on the population
development of the bird cherrv-oat aphid in cereal fields (Figure 2). We also had reason to
believe that landscape surrounding the fields could be important as many natural enemies
utilize field margins and other perennial habitats for overwintering (Bommarco & Ekbom,
2000).



Number of R. pad

With early predation
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Figure 2. Development of the bird cherry-oat aphid population in a cereal field. Model exam-
ple. The broken line is population development without predation during establishment, The
solid line is population crowth with predation,

Landscape, farm managenent and biological control

Studies were carried out on 10 farms in the Uppsala area of Sweden. Five organic farms and 3
conventional farms that were paired according to landscape features were inventoried. We
looked at number of aphids armiving at the field, the predation rated during establishment and
aphid growth rate with and without natural enemies (Ostman ef al., 2001a).

We found that both landscape features and farm management influence biological
control. Low numbers of establishing aphids and high predation rates were associated with
high perimeter to area ratios (generally smaller fields) and a high proportion of perennial
crops in the surroundings. Number of establishing aphids was lower and predation rates were
higher on organic farms in comparison with conventional farms with similar landscapes. We
also estimated the value of biclogical control as an ecosystem service in cereal fields (Ostman

efal, 2003),
EILT 6
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Figure 3. Average yield increase and monetary profit attributable to natural enemies in
Swedish cereal fields. From information in Ostman er al. 2003,
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The results of our studies showed that predation on aphids arriving 1o the fields is most
important for successful biological control. Landscapes with high perimeter to area ratios
i{small fields and many non-crop habitats) and high proportions of perennial crops such as
meadows and leys facilitate biological control. Predators on organic farms and in complex
landscapes are in good condition (Ostman er af., 2001b). Availability of alternative prey may
be important and thereby result in enhanced predator abundance on organic farms and in
complex landscapes.

Conclusions

Natural enemies are doing an important job for us, in both perennial habitats like forests and
ephemeral habitats found in annual crops in agriculture. We must find ways to enhance their
biclogical comtrol potential so that they can hold pest populations at levels where no economic
damage occurs. To do this we should seek ways to increase natural enemy numbers and en-
hance their predation rates. Some factors that have been shown to be important and warrant
further investigation are the influence of habitat quality, landscape structure and management
practices. We also need to know more about the composition of communities of natural ene-
mies found in differently managed ecosystems and the interactions occurring between differ-
ent species of enemies.
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Organic amendment and disease control. Perspectives for biological
control of soil borne diseases
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Abstract: Several field trnials i Sweden and Denmark have shown promiging effecls using orpanic
amendment for prevention and control of soil bome discases. However, these results have often been
dilficult to reproduce in feld studies, where the varation in the natural level of infestation varies and
the interaction with many different growth factors blurs the result, Field studies are often carried out in
ficlds with high infestation levels where a biological control using green manure has insufficient effect
as soil disinfection method. Several mechanisms are included in biological control of soil bome dis-
cases using organic amendments, The paper will rmse a discussion on the perspectives, dogmas and
facts for biological control of soil bome discases by showing examples of ficld studies in different
horticuliural crops and forest nurserics,
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Biocontrol of the pollen beetle in rapeseed: which strategy?

Heikki M.T. Hokkanen
Department of Applied Biology, Helsinki University, Box 27, FIN-OOOT S Helsinki, Findand

Abstract: Parasitoids, predaiors, insect pathogenic fungi, nematodes and microspondia have all shown
promise in the biological suppression of the pollen beetle Mefigethes aenens in rapeseed. Under fa-
vourable conditions, in Finland pollen bectles are locally and temporanly already under efMcient natu-
ral control by one or several of these agenis. but overall the pest remains as the number one pest of
rapeseed in Finland, as well as clsewhere in Europe. Conservation biological contral to enhance natu-
ral control, particularhy by the parasitond Phradis moriorelins, appears as the most feasible approach (o
solve the problem. Field and simulation data are used o demonstrate how a simple change in the ull-
age practice may be enough to obtain efficient control. Several other options are, or will be, available
subject o successhul registration of microbial products based on the fungt Metariizinm anfsopdioe and
Beawveria bassiona and the nematode Stefrmernema feltiae. Strategies and methods of applving these
agzents have been developed to facilitate either inundative treatments or ecosvstem restoration to (re-)
establish the presence of these agents in agricultural fields. Several eritical components of agriculiural
practice have been wdentificd for maxamising the control by biological agents, These include dirget
drilling of the crop afler rapeseed, undersowing the rapeseed crop with white clover and either com-
plete avoidance or strict targeting of chemical insccticide applications in time and space. Crop rotation
should be designed also w consider the mobility of the key insects (rapeseed fields close w0 previous
vear s rapesced fields) as well as the need for soil-bome antagonists to reevele in alternative host spe-
cies when rapeseed is nod grown (e.g. elover to harbour Sirona rool-weevils). The microsporidium
Nosewia meligethi could be (re”hntroduced to rapeseed growing areas using the classical biocontral
sirategy 1o dampen natural Quctvations in pollen beetle densities and 1o further suppress the mean
population densities of the pest. The increasing popularity of dirget drilling gives good reason 1o be-
lieve that with further help from the [PM components described here, permanent biological contral of
the pollen beetle can be achicved in Northem Europe.

Key words: Parasitonds, predators, entomopathogenic fungi, entomopathogenic nematodes, micro-
sporida, biological control, integrated control, pest management, turnip rapesced

Introduction

In Finland, the natural control factors and management of the pollen beetle Meligethes aenens
F. have been studied by my group since 1983 (see eg. Hokkanen er al., 1986, 1988, Hok-
kanen, 1993, 2000; Hokkanen & Lipa, 1993), The aim of this paper is 1o review the role of
different antagonists in limiting the numbers of the pollen beetle and to estimate their poten-
tial for use in biological control of the pest in northern Europe.

PAAS Report No. 119 (2006), 25-31. 23



Parasitoids

Two species of parasitoids occur commaonly on M aenens in Finnish oilseed rape (OSR)
fields: Phradis morionelfins (lchneumonidae) and Diospidns cagriter (Braconidae) (Hokkanen ef
al., 1988). The former is the dominant species, [, capito being virtually absent in most loca-
tions in most years but occasionally reaching up to 20% level of parasitism locally. The per
cent parasitism of pollen beetle larvae by . morionellns was studied in Finland for 11 vears
(1985-1995) at 35-70 different locations (13 regions), covering the total area of rapeseed
cropping in Finland (Hokkanen, 2006). The total proportion of pollen beetles removed (sensu
van Driesche ef al, 1991) from the new generation adult population (% parasitism at each
region weighted by the area of rapeseed grown in that area) vaned between the highest level
in 1987 at 49.5% to the lowest in the following vear (1988) at 7.5%; usually the proportion
was around 30% (Figure 1), Pollen beetle antack decreased from severe in the early 19805 to
moderate in 19851988, with rising levels of parasitism by P. moriomelins, After the 1988
crash in Phradis populations, pollen beetle attack jumped again to severe until the early
19905, after which some balance appears to have been reached (Figure 1) Insecticide sprays
to control the all-time high populations of the cercal aphid Rhopalosiplum padi in 1988 are a
likely explanation for the parasitoid crash in 1988,
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Figure 1. Pollen beetle overall damage severity 1982-1992 {grey line, dots) and per cent para-
sitism 1984-1995 (black ling, triangles) in Finland. Damage severity data: Agricultural Re-
search Centre of Finland survey data. (From Hokkanen, 2006),

Parasitoids appeared to significantly lower the pollen beetle populations as soon as 30-40%
parasitism was reached (Figure 1). In 1985-88 the drop in pollen beetle damage severity may
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have been caused by the high levels of parasitism. The parasitoid crash in 1988 appears to
have released the pollen beetles from this natural control, which afierwards seemed to catch
up only slowly (Figure 1), To further study this situation, a dynamic simulation model was
constructed (Kaukoranta & Hokkanen, unpublished) to describe the rapeseed plant, pollen
beetle and parasitoid interaction. This suggested that pollen beetle populations can indeed be
held at a very low level by Phradis if the interaction is not dismupted by pesticide applications,
or if the parasitoid population is enhanced by some other simple means, such as using direct
drilling in establishing the crop following rapeseed. This avoids the mechanical destruction of
the parasitoid pupae, which overwinter in the field soil, and can result in a four-fold increase
in parasitoid numbers in the following vear (Hokkanen er af, 1988), This prediction of the
maodel still awaits validation in practice, but all available data suggest that in Finland biocon-
trol of the pollen beetle is possible using simple conservation biological control methods,

Predators

Polyphagous predators have been shown to be important natural enemies of pests of oilseed
rape under certain conditions. In Germany, Thiele (1977) concluded that about 50% of pollen
beetle larvae/pupae may be eaten by predatory ground beetles during larval drop and pupation
in soil. In Finnish rapeseed fields, carabid and staphylinid beetles along with spiders are the
most commaon predators (Hokkanen, 2004). Over 40 species of ground beetles were deter-
mined over several years of studies, but there was a large variation between years and sepa-
rate fields in the species composition, with only a few species occurring predictably (eucon-
stant species). These include Prerostichus melanarins, Amara enryviota, Harpales rufipes,
Cedertroes melanocepialus and Cliving fossor (Hokkanen, 2004

Besides ground beetles, other potentially important predatory groups in the rapeseed
agroccosystem in Finland have been encountered as follows (data from Hokkanen, 2004):
Staphyvlinid beetles and spiders are very common in pitfall traps, yellow water traps and in
photoeclector catches. Abundance of both groups is roughly one half of the number of carabid
beetles, Lacewings are encountered only occasionally, but regulary, as are predarory bugs,
Nabis ferus and Anthocoris nemornm have been identified from rapeseed fields. Predatory
ladybeerles occur usually in very low numbers on rapeseed. However, in the exceptional vear
of 1988, following a “ladvbeetle explosion’, they were significant predators of pollen beetle
larvae on all rapeseed fields in southem Finland: typical densities were 40-50 Iadybeetles."mz
owver all of the rapeseed fields (Coceimella sepremprnciata, Adalio bipnciota).

Impact of insecticide treatment on predator activity has been studied on two occasions: in
1983 fenitrothion was sprayed on one part of a field, and the other half was untreated. Spray-
ing had a drastic effect on carabid activity: three times as many were captured on the un-
treated part. Species that appeared particularly affected were Lasiotrechns discus, Patrobus
atrorifirs and Syrechies nivalis. However, studies in 1999-2000 with lambda-cyhalotrhin re-
vealed no differences in carabid activity densities between untreated, insecticide treated or
Mertarhizivem-treated plots (Hokkanen, 2004).
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Impact of predators on pollen beetle numbers has been studied on two ocecasions in
Finland, indicating that with proper management they also can be highly effective antagonists
of the pest (Hokkanen, 2004);

(1) Exclusion experiments in 1985 showed that there was no significant impact on the
number of emerging pollen beetles from predator exclusion (total of 11,105 beetles were col-
lected from the emergence traps). A likely explanation is the seasonal dynamics of carabids in
annual crops in Finland: the activity is at its lowest during pollen beetle pupation, 2™ and 3"
week of July. Activity density dynamics differ, however, depending on the crop: data from
rapeseed, sugarbeet, cabbage, and timothy indicate that in more permanent crops (e.g. timo-
thy) some key carabid species maintain activity throughout the summer (Varis er af, 1984)

(2) An intercropping experiment in 1993 revealed no differences in the number of pollen
beetles/plant, % parasitism or overall predator activity densities between the monocrop and
intercrop. The number of emerging new generation pollen beetles, however, was drastically
reduced in the intercrop as compared with the monocrop, which produced about 5 times as
many F1 pollen beetles as the intercrop per surface area, or about 2.5 times as many per rape-
seed plant (Figure 2). Higher predator pressure (lower total number of prey, but equal number
of predators) in the intercrop is a likely explanation, worthy of further investigations.
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Figure 2. Number of predators per pitfall trap, relative to rapeseed plant density, in the
monocrop (MC) and intercrop (1C), and number of M. aeneus F1/m® from both systems. Pu-
pation occurs around day 200 in Finland. {(from Hokkanen, 2004),

Insect pathogenic fungi

The entomopathogenic fungi (EPF) Metarhizinm arisopliae and Beawveria bassioina have
repeatedly been shown to kill effectively the adults and larvae of the pollen beetle (e.g. Butt e/
al., 1994; Husberg & Hokkanen, 2001; Hokkanen et ol unpublished). For example, spray
treatment in the field with M. anisopdioe caused 75% mortality in pollen beetle larvae {(Hok-
kanen ef af, unpublished). Field treatments, however, have consistently not resulted in any
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significant reduction in the new generation pollen beetle numbers, either via soil treatment or
via fungal sprays (Hokkanen, 1993; Hokkanen ef al, unpublished).

Sail treatment with EPF has, however, been shown to cause dramatic indirect effects via
increased overwintering mortality in the pollen beetle. Hokkanen (1993) demonstrated that
although soil treatment with B, bassiara did not reduce F1 numbers in the autumn, the over-
wintering survival was halved compared with that in untreated controls (from 14% to 7%).
Fungal treatment affected significantly the beetle weights: even under optimum food re-
sources the beetles emerging from treated soils were 16% lighter than beetles emerging from
control soils. Reference beetles collected from the wild were before overwintering still much
lighter than either of the experimental groups (46% lighter than the experimental reference),
resulting in only 3% survival over the winter (Hokkanen, 1993),

As agricultural soils throughout Europe have been shown to be almost deserts with re-
spect to the occurrence of EPF (Zec-Vajinovie er al., 2006), they could easily be (rejeolonised
with these fungi in order 1o add a significant new natural montality factor of not only the pol-
len beetle but also of many other key pesis of OSR. The technology to do this exisis and is
used for example in Switzerland to colonise meadows with Beanveria brongniariii to control
Melalantha mefofoniina (Enkerli er af, 2004),

Another approach for using EPF is to knock down pollen beetle peaks early in the season
using trap crops and honeybee-mediated, targeted application of EPF. We are experimenting
with M. anisoplice, spread 1o a wmip rape trap crop by honeybees before the main crop is
attractive to the beetles, in order to infect the beetles before they damage the main crop (Cook
& Hokkanen, in prep.).

Insect pathogenic nematodes

Biological control using entomopathogenic nematodes (EPN) has with a few exceptions been
restricted to intensive cultivation systems in greenhouses and nurseries. So far, they have not
found their place in the management of pests in any of the large-scale agricultural crops, and
therefore, the markets for nematodes have remained small.

My group has studied the potential application of EPN in controlling OSR. pests, in re-
cent vears in collaboration within the MASTER consortium (see Williams ef af, 2002). Series
of field tests in Finland have consistently shown excellent pollen beetle control, using opti-
mum timing (beginning of pupation of M. aerens, early July) and a “sufficient’ dose (1 mil-
lion 1/m*) of the EPN Steinernema feltiae, For example in 2002 the treatment provided
03 8% control (Menzler-Hokkanen & Hokkanen, 2005). Flea beetles were reduced by 50.1%,
and no non-target effects were detected, except that the pollen beetle parasitoid Phradis mo-
rionelfus was reduced to the same extent as its host, by 94.4% (via host depletion). Another
study in 2004 showed that even with a much lower dose, excellent pollen beetle control re-
sults can be achieved (Figure 3), similar results have been obtained in other countries against
the pollen beetle and other OSR beetlle pests within the collaborative field trals in the
MASTER project (Hokkanen er af., 2006).
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Figure 3. Relative effect of Steinerncma feltiae treatments at different doses on some rapeseed
target pests in Finland in 2004, Watertreated control = 100,

Problems in translating these excellent results into practice include: (17 it 15 usually not possi-
ble for a farmer to carry out treatments at the optimum time (end of flowenng) and (2) the
high dose often required for good control is prohibitively expensive. To overcome these, my
group is investigating a low dose, controlled-release nematode delivery system (“NemaBag”)
that can be applied at a suitable time (e.g. at sowing). Another approach that we study is con-
servation biological conirol following inoculative release of EPN; this work focuses on de-
signing optimum crop rotations and the use of white clover as undercrop in rapeseed to sup-
port alternative hosts such as Sitoma weevils for the EPN. It can be concluded that EPN show
good activity against key oilseed rape pests (Hokkanen e/ of, 2006) and that the controlled-
release, lowrate delivery system merits intensified study as a possible way of making progress
towards practical use of EPN in controlling pests on OSR and other major outdeor crops

Insect pathogenic microsporidia

The intracellular obligate parasite Nosema (Amncalifa) meligeds occurs at endemic levels in
Finland outside the rapeseed growing areas but is virtually absent from areas where rapeseed
is grown (Hokkanen & Lipa, 1995). The parasite is specific to the genus Meligethes, occurs
typically as a chronic disease with lowered fecundity and lifespan of the host and causes high
overwintering mortality. It is transmitted both horizontally and vertically and is an “ideal’
insect pathogen from the population dynamics point of view (sessn Anderson & May, 1982),
QOur studies in Finland indicate that N, meligetfn probably is incompatible with current OSR
cropping practices, because it hardly ever occurs in areas where rapeseed is grown. Such an
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incompatibility is probably a result of frequent insecticide treatments, which probably kill
diseased (weakened) individuals more effectively than healthy ones, thus practically curing
the population of the Nesema disease. Our studies further show that Nosema infections lower
beetle weights on the average by 13%, which is enough to explain the observed increases in
the overwintering montality of the beetles (Hokkanen & Lipa, 1995) It is possible to artifi-
cially spread the disease, but probably the only feasible way to use it in biological control
might be as classical (re?jintroductions into pollen beetle populations. These would have to be
associated with some changes in cropping practices in order to create a conducive environ-
ment for the disease to act. Its role could then be to stabilize natural fluctuations in pollen
beetle population levels, afler these otherwise are kept at low levels by parasitoids, predators
and other pathogens (EPF, EPN)

Conclusions

There appear to be several feasible ways to achieve biological control of the pollen beetle in
OSR cultivation. Some techniques can be implemented at any time (e.g. parasitoid and preda-
tor management, use of direct drilling and undercrop; pesticide use patterns), while others
may need further research and development - and in some cases, registration (e.g. use of EPF,
EPM and Nosema).

In brief, in order to maximise bio-control by pollen beetle natural enemies, we should:

+ not plough the field after OSR harvest (parasitoid management)

« not spray insecticides on OSR, nor on the following crop; or use very tight spray
windows if treatments are absolutely necessary (parasitoid management, Nesema
enhancement)

« undersow or intercrop with clover (predator enhancement; alternative hosts for
nematode replication such as Sitoma root weevils)

+ design crop rotation to consider the mobility of the key insects (rapeseed fields close
to previous year’s rapeseed fields to enhance parasitoid migration)

# re-introduce insect pathogenic fungi and nematodes to the OSR cropping systems
{inundative, inoculative applications)

* knockdown pollen beetle peaks using trap crops and honeybee mediated, targeted
application of EPF

+  re-introduce Nosema meligeini (inoculative or classical introductions)
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Predator preferences — implications for conservation biological control
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Abstract: Preference for prey is an important ¢riterion when assessing the control potential of a given
predator. It was found that Anthocoris nemornm L. prefers Aphis pomi De Geer to Dysaphis plamtagi-
nea (Passerini). Earlier choice experiments with A, nesrorem and A, nemoralis (Fabr.) for apple and
pear pests showed preferences that differed between the two anthocorid species. For example in a two-
choice cxpenment A. memoralis prefermed Cacopsylla pyri (L) while A. memarnm prefermed A, pami,
Oviposition preference experiments showed that A. nemorm prefers o oviposil on apple leaves and
A, nenoralis on pear leaves, Since the oviposition sile selected by overwintering adull anthocorids in
spring will determing the distribution of the far more numerous — and less mobile — offspring, oviposi-
tion preference will have a major impact on resulting biological control. Field samplings show that 4.
nemaralis 15 more common in pear and A, wesorim in apple, thus confiming results from preference
experiments, It was observed that 4. pemorim was commaon in stinging nettle, Knowledze of prev and
plant preferences of individual predator species can be used for predicting their contribution to bio-
logical control in a given habitat. Sueh information can also be used to oplimise functional biodiver-
sity for conservation biological control.

Key words: Aphis pomi, Dysaphis plantaginea, Anthocoris nemorum, preference

Introduction

Anthocoris nemornm and A. wemoralis are important predators in apple and pear orchards
They are polyphagous, preving on aphids, mites, psyllids and lepidopteran eggs and voung
larvae. 4. memoralis is particularly important in controlling pear psyllids (Solomon er af.,
2000%. 4. memormm has been considered to have little preference for any prey, but a recent
study documented differences in its preferences for some aphids of importance in greenhouses
(Meyling er al, 2003). Several studies have documented the distribution of anthocorids
among various habitats and annual changes in distribution among habitats (Fauvel, 1999),
Sall, little is known about what guides the distnbution. One mechanism documented is attrac-
tion of anthocorids to psyllid induced volatiles (Scutareanu e af, 1997). This paper presents
results from a prey preference experiment and relate this 1o results from previously reponted
prey preference studies and o two swudies of anthocorid oviposition  preferences,
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Materials and methods

Anthocoris nemorim females were field collected five days prior to the experiment and were
kept in thermo cabinets (L16:D8 photoperiod, 20 + 1°C) and fed surplus grain moth (Sifo-
troga cerealelia (Oliver)) ezgs until use in assays, For details about Anthocorid rearing, see
Sigsgaard (2005a). Fourth instar of A. poumi, green apple aphid and 1. plantaginea, rosy apple
aphid were field-collected on unsprayed apple trees immediately before the experiment. Prey
preference was assessed in small units (30-ml plastic cups) Aphids were provided fresh
pieces of apple leaves, and ten individuals of each prey were used. Aphids were allowed to
settle for at least 15 min. before a predator was introduced. Anthocorids were starved for 24 h
prior to experiments. Aphid nymphs were selected to obtain comparable sizes. Preference was
assessed after 1.5 h. Control was used to assess mortality in the absence of predators. Low
control mortality allowed analysis without corrections. A paired 1-test was used 1o analyse
difference in numbers of the two species consumed (SAS Institute, 1999) Preference (o) was
analysed following the method of Chesson (1983) that allows for analysis of preference in
experiments with food depletion (i.e. where the number of prey available is not assumed con-
stant during the experiment).

Results and discussion

Anthocoris nemaram killed (dead and eaten) significantly more green apple aphids than rosy
apple aphids (Figure 1). A paired t-test of data revealed significant preference for the green
apple aphid. The difference between numbers of the two species eaten was highly significant
(t=354 df =16, P < 0.0001) and the calculated prey preference for green apple aphid was
0.67 {ci. 0.60-0.75).

Aphids eaten
- (5] L)

=]

D. plantaginea A porni

Figure 1. Numbers of £, plaviaginea and A. pomi eaten by A, pemorwm in 1.5 h,
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Amthecoris pemoram also killed more green apple aphids than pear psyllids (. i),
with significant difference between the proportions killed of the two species. This was in con-
trast to A. memoralis which preferred pear psyllids (Sigsgaard, 2005b). In the same study it
was found that both species strongly preferred pear psyllids to female spider mites (Pavony-
chws wlmi). Prey preference studies suggest that A. semorwm is a better aphid predator than 4.
nemoralis and thus a better candidate for biological control in apple. In a situation where ap-
ple trees have a mixed infestation of rosy and green apple aphid, results suggest that a higher
proportion of green apple aphid will be removed. Adult spider mites were the least preferred,
and a major role in controlling these by anthocorids should not be expected if alternative prey
is available, However, immature spider mites may be a more preferred prey.

While A. memerum preferred 1o oviposit on apple leaves (75% egas laid on apple), 4.
nemoralts preferred pear leaves (71% eges laid on pear leaves) (Sigsgaard, 2004), Oviposition
was also guided by the presence of prey, honeydew and leaf damage (Sigsgaard, 2005a).
Since the oviposition site selected by overwintering adult anthocorids in spring will determine
the distribution of the far more numerous - and less mobile — offspring, oviposition prefer-
ence will have a major impact on resulting biological control. Orchard samplings show that 4.
memoralis s more common in pear and A, nemorym in apple (Sigsgaard, 2005¢), thus con-
firming results from prey preference and oviposition preference experiments. The densities of
the two anthocorid species on non-crop plants also vary, It was observed that 4. nemornn was
abundant on stinging nettle. Centain flowers have also been shown to attract A. memorum and
A nemeradis. For example comflower and corn camomile are attractive to A memoriwm (Fitz
Gerald & Solomon, 2004). Knowledge of prey and plant preferences of individual predator
species can be used for predicting their contribution to biological control in a given habirat,
Such information can also be used to optimise functional biodiversity for conservation bio-
logical control,
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Abstract: Biodiversily is essential for the proper funclioning of ccosvsiems. Several of such lunclions
(ecosystem services) have direet or indirect benelits for humans, One of these 15 biological control of
pests and weeds. Biological control is important for agncultre. vet agriculiure has a profound influ-
ence on this function. A novel agricultural technology, which can have a role in increasing food secu-
rity 15 the feld growing of genetically modified (GM) crop plants. The GM plants, when released, wall
influcnce the habitats they are grown in, and conservation biological control as an important service
should be considered. This poses several challenges to biocontrol specialists, The important steps in
testing whether GM plants have an impact on bological control agents are vet imperfect (limited spe-
cles range, inconsistency in selecting species, methodological imperfections),

Key words: Biological control, GM plants, nsk assessment, environmental impact

Introduction

Biodiversity is essential for the proper functioning of ecosystems (Vitousek & Hooper, 1993),
Several such functions, termed “ecosvstem services” (Daily e/ al, 1997) have direct or indi-
rect benefits for humans. Ecosystem services have traditionally been considered inexhausti-
ble, due to their scale and intensity. With a human population currently at =6 billion, our im-
pact on global scale reached a point where we can, and do, modify ecosystem services (Vi-
tousek et af., 1997). Ecosystem services cannot be replaced by technology, and their function-
ing is arguably crucial in both developed and developing regions of the world.

Food security and resource use are important concerns for societies. Science and tech-
nology can have important roles to help achieve these societal goals, but any new technology
should consider the impact on the environment (Hails, 2002). A novel agricultural technol-
ogy, which can have a role in increasing food security, is the field growing of genetically
modified (GM) crop plants. Currently, GM plants are grown on an estimated 80 million ha
worldwide, mostly in developed countries (James, 2004). The theory and practice of GM
plant growing has a wide range of relevant questions that are currently unsettled.

In this paper | argue that the environmental impact assessment of GM crops should be
done using the theoretical framework of ecosystem services, and that one of the major ecosys-
tem functions to consider is natural biclogical control of pests and weeds. Subse-
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quently, aspects related 1o biological control, especially species selection and laboratory test
conditions, are discussed.

The important steps in testing whether GM plants have an impact on biclogical control
agents are not consistently developed and there are several shortcomings (limited species
range, inconsistency in selecting species). The GM plants, when released, will influence the
habitats they are grown in, and conservation biological control as an important service should
be considered. This poses several challenges to biocontrol specialists.

Review and discussion

Ecosystem services

Ecosystem services (ESs) operate on vast scales and have been recognised as irmeplaceable
(Daily, 1997). ES have been classified into several groups. The prodiciion of goods includes
products that are harvested or used directly, such as food, medicine, fibre and timber, energy,
industrial products and genetic resources, Regenerarion processes include detoxification, de-
composition, soil fertility maintenance, air and water purification, seed dispersal and pollina-
tion. Stabilising processes encompass coastal and river channel stability, moderation of
weather extremes, floods and drought and the compensation of one species for another. Bio-
logical control also falls into this category of ESs, ESs also include fife-fulfilling finctions of
aesthetic beauty, cultural and spiritual inspiration and inspiration for scientific discovery.
Human domination of the Earth

ESs have traditionally been considered inexhaustible (Daily ef af., 1997) but the continuing
increase in the population size of humankind brought impacts of previously unimaginable
magnitude on the Earth’s ecosystems (Vitousek ef af, 1997). Examples range from the 40-
50% of ice-free land surface heavily transformed by humans through the doubling of fixed
nitrogen available to plants via the production of fertilisers (Vitousek ef al, 1997) to the cur-
rent, human-drven extinction wave (Ldver, 2001a).

Agricuiture and envirenmental impacts

The basis of human population growth is agriculture, which uses only a small fraction of plant
and animal species that exist but produces most of the calories the human population needs
(Tilman ef af, 2002). During historic times, the intensity of agriculture has been increasing.
Important elements of this process include a) the continuing decrease of the part of the popu-
lation involved in agriculture, b) replaced by more energy-intensive methods of production
and c) with subsequent increasing impacts on environment, Even in developed countries,
where agriculture involves only a small segment of the population and the share of such pro-
duction may be a small %6 of national income, agriculture remains an important environmental
quality dnver (Tilman er af, 2002, Hails, 2002). New technologies continue to emerge, and
their spread is increasingly faster. The latest such development is the growing of genetically
maodified crops (Conway, 1997},

GM craps in the world

The first GM crops were commercially grown in 1996, At the latest estimate (James, 2004)
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there were about 80 million ha of genetically modified crops grown in 17 countries of the
world, Since the beginning, the same 4 crops {cotton, maize, soybean, canola) make up >95%
of the area under GM crops, and most of the growing area is found in 5 countries: USA, Can-
ada, China, Argentina and Brazil. Two traits: herbicide resistance and insect resistance domi-
nate, with a smaller share of cultivars containing both traits. Currently only one crop has more
GM than non-GM area, that of sovbean (James, 2004),

GM crops and biological control

GM crops have significant potential environmental impact and nisks (NRC, 2002). Therefore,
pre-release risk assessment is required before such crops can be grown in the field. This ofien
includes the demonstration of “no environmental harm”, although the kinds of proof neces-
sary for such an such assertion are not specified (NRC, 2002), One reason that we should be
concerned about “environmental harm™ is indeed the potential impact on ESs (Léwver, 2001b),
Beneficial organisms are often included in pre-release nisk assessment, although the expressed
link between them and the ES they provide is not made clear (Birch ef e, 2004). Biological
control by natural enemies is one such ES, and this is the rationale to include species that are
important in biological control (Lévei, 2001b).

Pre-release testing of natural enemy impacts

The number of natural enemies tested so far is not large. A recent review {(Lovei & Arpaia,
2005) could anly list 32 species of natural enemies that have ever been examined for the ef-
fect of GM plants, directly or indirectly. These included 35 studies on 18 species of predators
in 3 orders. Seventeen studies were on Heteroptera (involving 11 species), 7 on Neuroptera
{all on the green lacewing, Chryseperia carnea) and 11 on Coleoptera (including species of
two families, Coccinellidae and Carabidae). More than a single study was done on a handful
of species: the coccinellids Adalia bipimctate (3 studies) and Cofeomegifla maculana (4) and
the heteropterans Perilius biocwlatus (3), Geocoris puncticeps, Orins tristicolor and O in-
sidiosns (2 each). For parasitoids, a similarly small and fragmented database exists, No test
has been done on other types of natural enemies (e.g. pathogens). Summarising the available
guantitative data, while most of the parameters indicated neutral impact, nearly 30% of the
quantified characters showed a significantly negative impact, underlining the necessity for
pre-release testing,

Kelection of species for pre-release testing

As pre-release testing is necessarily limited, preferably species that are “important™ in provid-
ing a biocontrol service should be selected for pre-release testing. However, ecological impor-
tance is not an obviously clear concept (Hurlbert, 1997). Criteria for selecting natural enemy
species for testing seems 1o be more or less ad hoc (Lovei & Arpaia, 2005), at maximum us-
ing limited surveys (Cowgill & Atkinson, 2003 ) or existing information (Romeis ef af., 2004),
To put this on a more solid basis, Birch ef af. (2004) suggested a method to organise available
information and defined the criteria to arrive at a defendable selection of natural enemies for
such testing. The criteria 1o be scored include feeding habit, occurrence/distribution in the
habitat, abundance, presence over season, linkage to habitat and significance of the function
provided by that species. All these criteria are scored on scale | (high) to 3 (small). All crite-
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ria have equal weight, and species with the lowest combined scores are selected for further
assessment, then testing,

Future challenges related to hiological conirol

While the above selection method is an improvement over the current practice, there remain
significant challenges to biological control practitioners 1o be able 1o correctly assess the im-
pact of GM crops on natural enemies and to harmonise GM crops with biological control,
These are, not surprisingly, location- and crop-specific. Here only salient points for (Morth,
but not only) European conditions are mentioned.

The first challenge is to perfect the process by which species significant in biological
control can be selected for pre-release tests. First, the empirical base has to be expanded, as
arguably significant natural enemy groups, both arthropods (e.g. spiders, predatory flies) and
representatives of other groups (virtually all) have never been tested. Test conditions have to
be more realistic (Ldvel & Arpaia, 2005).

Another challenge is to improve the understanding of the significance of biological con-
trol at field vs. landscape level to better understand the movement patterns by natural enemies
and the conditions influencing them (Clough er al., 2005),

Several natural enemies are omnivores, and the complexity of exposure routes and im-
pacts from host plants and prey need clarification.

The link between biodiversity and biological control effectiveness is not vet sufficiently
clear, and this is also linked to the urgent need to design monitoring regimes for the field im-
pacts of crops authonised for commercial growing,

Conclusion

There is a good understanding of the imponance of biclogical control in agriculure, and nu-
merous papers on risk assessment of GM crops mention tests on natural enemies. As argued
by Liwver (2001b), the inclusion of the ESs concept 15 more than a mere semantic change. Ag-
riculture has a profound impact on environmenmal quality in Europe, and due to a combination
of factors mentioned above, all new technology will have to be closely scrutinised for its envi-
ronmental impact (Hails, 2002). The underlying reason is that humankind cannot afford to
further degrade ESs. Biological control is an important ES, and therefore such impact assess-
ment studies need to be extended to specifically consider the impact on biological control.
This should not only extend to a careful selection of important species for laboratory, pre-
release studies, but to more careful test conditions, and specifically to test the impact of such
plants on biological control function on semi-field and field scales,
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Abstract: The main prev of many avian predators is rodents. Avian predators may consume enomons
amounts of prev and are therefore frequently considered potential biocontrol agents of rodent pests.
The use of perch poles and nest boxes for attracting avian predators and increasing their acuvity lo-
cally has proven successful by several studics worldwide. Perhaps for this reason such methods are
commonly used in forestrv in Denmark, Scientific documentation in general on the effects of perch
poles and nest boxes on the prev population, however, is sparse, and even less when it comes o the
effect on the damage caused by the pest rodent population. In some places, the methods have lead 1o
successiul control of radent pests, but other studies have Miled 1o prove any effect on the rodent popu-
lation. The results of a predator attraction vs. predator exclusion study carmied out in Denmark and a
similar study carried oul in Tanzamia will be summarised. Whereas the Danish study showed divergem
results, the Tanzanian study showed positive effect of perch pole and nest box wse on the crop vield,
Despite of that there was no further ciTect from control on the rodent population. This indicates that
predators affect the foraging behaviour of the rodents.
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Abstract: Filth Mies have a wide array of natural enemies that can be exploited for augmentative bio-
logical control. There are several important predators of v eges and larvae, including the mite Mae-
rocheles muscaedomesticae, the histend beetle Carcinops pumilio, and the black dump flv Mvdroraea
aenescens. Mass rearing methods have been developed lor these predators, and O premifio and M. ae-
mescens are now available as products from commercial inscctaries. The most widely wsed natural
enemics are pteromalid pupal parasitoids in the genera Museidifierax and Spalangia. Rearing methods
for these parasitoids are straightforward but require close attention to detail and the biology of the
species being produced. The first requirement is an ¢fficient method for mass-rearing hosis: house
flies can be grown for 30,50 per 10,000 v pupac. Pupac arc exposed 1o hosts for about 3 days, using
host:parasitoid ratios that ensure high rates of parasitism without causing excessive mortality because
ol superparasitism. Rearing protocols also need (o take into account whether the species 1s solitary or
gregarious and the aggressivencss of parasitoid larvae in superparasitized hosts. Parasitoid releases
have been demonstrated to be an effective fly management tool in several studics, including tests in
Denmark, New York, Marvland, Nebraska, and Florida, Most filth My parasitoids are vulnerable 1o
Nowema discase that can cause a S0% reduction in wasp fecundity, but infection can be prevemted by
carcful screcning at the time of colony founding and can be controlled by drug and heat therapy, Adult
flies are subject to infection with parasitic nematodes and the fungal pathogens Ertomophthora mus-
coe and Beawveria bassiana, OF these, 8. bavsiana has the greatest potential for operational fly control
because it is cconomical to produce, has a long shelf life and can be deploved in a vancty of wavs. A
baculovirus (SGHV) was discovered recently that may hold promise as well; the virus causes hyper-
plasia of the salivary glands and shuts dovwn evanan production.

Key words: House (v, stable v, biological control

Introduction

At present, the most promising targets for biological control of livestock pests are muscoid
flies. The house fly (Musca domesiica L) and stable fly (Stomonys caloitrans) have received
the greatest attention, and this review concentrates on the status of biclogical control
programs to control these pests. Pasture pests such as horn fly and face fly are vulnerable to
many of the same natural enemies as pests of confined animals, but the operational challenges
of biocontrol in isolated manure pats on pasture have not been addressed.
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Filth flies are vulnerable to attack, parasitism or infection at every life stage. Table |
outlines the various natural enemies of flies and the fly life stage that is attacked. Eggs and
young larvae are preyved on by predacious mites and beetles, and older larvae are parasitized
by nematodes and attacked by larvae of the black dump fly Hydrotaea aenescens. Adult flies
are subject to infection by fungal and viral pathogens. The biocontrol potential and status of
these natural enemies will be addressed in the sections that follow in an attempt to summarize
and update more comprehensive reviews that have been done on this topic in the past
(Patterson ef af., 1981; Axtell, 1986; Patterson and Rutz, 1986; Rutz and Patterson, 1990;
Axtell and Arends, 1990; Legner, 1995, Geden and Hogsette, 2001).

Table 1. Matural enemies with potential use for biological control of filth flies.

Natural enemy Fly stage attacked
Predators
Macrochelid, uropodid and parasitid mites Eggs
Carcinops pumilo (Histeridae) Eggs & young larvae
Hydrotoaea aenescens{ Anthomyiidae) Larvae
Nematodes
Steinernematids, heterorhabditids Larvae
Paraiotonchinm mscaedomesiicae Larvae
Parasitoids
Encyrtids { Tachinaephagns zealardicns) Larvae
Diapriids ( frichapria spp.) Young pupae
PMeromalids & chalcids (Muscidifiiray, Spalangiea) Older pupae
Pathogens
Erttemaphithora mriscae complex Adulis
Beanveria, Metarlizinm Adults
SGHV virus Adults
Predators
Mites

A large and varied guild of predator mites attacks eges and newly hatched larvae of muscoid
flies in livestock and poultry facilities. Although urpodid and parasitid mites are commonly
found, the most abundant and important species 1s the macrochelid Macrocheles
muscaedomesiicae. This mite has a cosmopolitan distnbution and is found in accumulations
of cattle, poultry, pig and sheep manure. Adult females feed on fly eggs and newly hatched
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larvae as well as alternate prey including other flies, acarid mites and nematodes (0" Daonell
and Axtell, 1965, Geden and Axtell, 1988). Attack rates on house fly prev generally are in the
range of 10-20 fly immatures killed per female per day under normal conditions but are
suppressed when mites are crowded or presented with an abundance of altenate prey
(reviewed in Geden, 1990). Development from egg to adult is completed in only about 2 days
at 27-30°C (Wade and Rodriguez, 1961). Female mites live for about 24 days and lay most of
their eggs in the first two weeks after emergence (Filipponi and Petrelli, 1967). Dispersal to
new habitats is via phoretic transport of adult mites on flies (Farish and Axtell, 1971; Borden,
1989,

M. muscaedometicae is an important natural regulator of fly populations in the field
{Legner, 1971; Legner ef af, 1973; Axtell, 1963). The short development time of the mite
allows populations to fluctuate widely in response to changes in the abundance of flies and
other prey. This species has considerable potential as an augmentative biological control
agent that could be particularly useful in sitwations such as calf hutches or newly cleaned
poultry houses where resident natural enemy activity is low. The mites can be easily reared
using nematodes as prey (Singh ef af, 1966), and Ho ef af. (1990) decribed a mass-rearing
protocol in which mite populations could be increased 70-fold per generation. At this time
there are no known commercial producers of M. muscacdomesticae.

Beetles

Animal manure is home o a vanety of predacious beetles, especially in the families Histeridae
and Staphylinidae {Legner and Olton, 1970; Peck and Anderson, 196%; Pfeiffer and Axtell, 1980,
Aak and Ottesen, 2002). The most common and important beetle predator of filth flies is the
histenid beetle Carcineps prmifio. Although O pumilio is most abundant in poultry manure,
this species occurs over a range of habitats throughout much of the world and is often found
in calf bedding. There are two larval instars and all motile stages attack fly eggs and other
prey items such as acarid mites. Development from egg to adult takes about three weeks
under normal conditions (Fletcher ef al., 1991), and adults can live for up to two years. Adult
fecundity varies depending on the quality of food sources and competition but can be up to 10
eges per female per day (Geden, 1984, Achiano and Giliomee, 2004, Kaufman ef af | 2001a).
Adults disperse by flight in response to declining availability of prey (Geden er al, 1988;
Kaufman ef al., 2000, 2002).

Attack rates of C. pemifio adults range from 10-100 fly immatures killed per adult per
day depending on temperature, competition and the presence of alternate prey (Geden and
Axtell, 1988, Geden ef af, 1988). Populations in the field tend 1o be relatively stable and
beetles form aggregations in preferred subhabitats (Tobin ef al., 1999; Tobin and Bjoernstad,
2003; Geden and Stoffolano, 1988). Beetle populations take a heavy toll on fly immatures,
and their populations can be conserved and promoted by manure management practices (Peck
and Anderson, 1970; Hinton and Moon, 2003; Kaufman er al.. 2002; Mullens ¢ al, 1996;
Geden and Stoffolano, 1988). In addition, beetles can be collected using traps baited with
prey or UV light and moved to other facilities (Kaufman er al, 2002), . pumilio can be
reared in the laboratory using house flies or other prey, but they are relatively costly to
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produce because of cannibalism and their long development time, The beetles are currently
being produced by a commercial insectary in the US ({IPM Labs, Locke, NY), who
recommends making small inoculative releases after manure cleanout,

Hydrotaea aenescens,

Larvae of the black dump fly H. gemescens, also commonly known by the former generic
name Chphyra, are facultative predators that can kill about 15 house flv larvae each per day
(Geden ¢f al., 1988). Adults of this species tend to prefer dark places, are not prone to emigra-
tion from animal production facilities and are generally less pestiferous than are those of the
house fly (Nolan and Kissam, 1987). They are commonly found in poultry houses, where they
can achieve dominance over house flies when their populations are augmented by rearing and
release programs (Turner and Carter, 1990; Turner er al, 1992). The flies also develop in ma-
nure of cattle and pigs (Hogsette ef al., 2002, Farkas ef al, 1998), Mass-rearing methods have
developed for this species (Hogsette and Washington, 1995). Although they are available
from several commercial insectaries in the US and Europe, there is litile documented informa-
tion on the efficacy of black dump fly releases in production systems other than poultry.

Nematodes

Steinernemuatids and Heterorhabditids

Steinernematid and heterorhabditid nematodes have been studied extensively for control of
filth flies, with mixed results. In laboratory studies using substrates that are favorable for
nematode survival, fly larvae are highly susceptible to most of the entomogenous nematodes
that have been tested (Renn ef af., 1985; Geden ef al., 1986; Mullens er afl., 1987a; Taylor ef
al., 1998). However, results on more natural substrates have generally been disappointing.
An early repon suggested that nematodes were effective for controlling fly populations in
British Columbia poultry houses (Belton er al, 1987), but several other swmudies have
demonstrated that the nematodes perform poorly in poultry and pig manure (Geden ef af,,
1986, Georgis ef af, 1987, Mullens e aof, 1987, Renn, 1995, 1998). Cow manure, especially
when mixed with soil or bedding, may be a more suitable habitat for nematode use ( Taylor ef
all, 1998). Adult flies are less susceptible to parasitism than larvae on treated filter paper but
can be infected by visiting bait stations with parasites (Renn ¢f af, 1985; Renn, 1998). In spite
of these mixed results, nematodes are widely available from commercial sources that promote
their effectiveness for control of fly larvae.

Paraiotonchinm muscadomesticae

The life eyele of P. muscadomesiicae is similar to that of P (Hewerondencims) autmmnalis in
the face flv, Musca autumnalis (Coler and Nguyen, 1994, Geden, 1997a). Young adult
nematodes are deposited from the ovares of infected femal flies into fly breeding habitats,
where they mate and females seek mature fly larvae, Mated female nematodes penetrate the
larval cuticle and enter the haemacoel. As the fly develops into the adult stage, the nematodes
2o through first a panthenogenetic and then a gametogenetic generation resulting in the
production of about 30,000 nematodes per fly. The nematodes then move into the ovaries of
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the fly where they are deposited during “mock oviposition”. Infected flies live about half as
long as uninfected flies and do not produce any eggs. The parasite, which has only been found
in Brazil, appears to be fairly specific for house flies. So far, two attempts to get
miuseaedomesticae established in the US have been unsuccessful, but it may have potential as
an inundative biological control agent.

Parasitoids

Preromalids and chalcids

About a dozen common pteromalid and chaleid parasitoids are found attacking fly pupae
throughout the world. Most species are cosmopolitan in their distnbution and nearly all are
solitary parasitoids; that is, produce a single parasitoid progeny per host. There are a few
gregarious  parasitoids, most notably  Muscidifirax  rapiorellus,  Nasomia  vitriperenis,
Trichomaolopsis duwbins and T sarcophagae. The biology of these species is quite similar;
females sting host pupae, host-feed, then deposit their eggs in the space between the puparium
and the developing fly immature within, Parasitoid larvae feed externally on the host and
pupate within the puparium, after which the adult chews an exit hole and escapes.
Development of most species is complete in 2-4 weeks, The literature on fly parasitoids is
voluminous and bevond the scope of this article to review; reviews can be found in Patterson
ef al. (1981), Axtell (1986), Patterson and Rutz (1986), Rutz and Patterson (1990}, Axtell and
Arends (1990), Legner (1995) and Geden and Hogsette (2001).

The two most common and imponant genera of pleromalids are Spalangio and
Muscidifurar, and of those the two most frequently encountered species are 5. cameroni and
M. raptor (e.g. Birkemoe e al, 2004, Gibson and Floate, 2004; Hemandez er af, 2004,
Hogsette er al., 2001; Skovgard and Jespersen, 1999; Floate ef af., 1999). These two species
differ in several key regards, with characteristics that compliment each other. M. ragror has a
short development time (about 14 days at 27°C), a short lifespan (about 2 weeks), a high
attack rate (up to 20 hosts killed/female/day), is very sensitive to pesticides, and tends to
forage for pupae near the surface of the flybreeding substrate. In contrast, 8. cameroni has a
longer development time {about 26 days), a long lifespan (about 3 weeks) and a lower attack
rate (up 1o 10 hosts/female/day) but is less sensitive to pesticides and is highly effective at
locating pupae buried deep in the breeding substrate (Geden 1996, 1997h, 1999, 2002; Geden
el al., 2005). Both of these species are found in a diverse range of habitats worldwide. There
are some situations in which other species can predominate. For example, Splavgic emdines
ifound in warmer climates) and 5 sigrogenea (cosmopolitan) are most commonly found in
outdoor habitats such as feedlots, spilled silage, stockpiled manure and the open-sided poultry
houses that were often seen in California and the southeastern US,

Releases of parasitoids, especially when combined with other IPM components, can
increase rates of parasitism to levels that provide an adequate degree of fly control (Morgan
and Patterson, 1990, Geden ef af., 1992; Petersen and Cawthra, 1995; Crespo ef af., 1998,
Skovgard and Nachman, 2004). In other instances, parasitoid releases have had little impact
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on fly populations or parasitism levels (Mever ef al, 1990, Andress and Campbell, 1994,
Weinzier] and Jones, 1998; McKay and Galloway, 1999, Kaufman er al, 2001b), The rea-
sons for success and failure of parasitoid releases for fly control are not obvious and in many
cases may have been site-specific. In general, releases have been most effective when they
were preceded by local surveys to determine the most appropriate species for release and
when releases were coupled with improved sanitation and curtailed use of hard pesticides as
premise treatments. Releases of combinations of species with complimentary niche charac-
teristics may be more effective than single-species releases, but little work has been done on
this subject (Kaufman et al, 2001b, Geden and Hogsette, 2005).

Fly parasitoids can be reared for as little as $0.50 per 10,000 parasitized pupae in
material costs using inexpensive flvrearing media (Hogsette, 1992). Several species are
available to farmers from many commercial insectaries in the Americas and Europe. They
are shipped as parasitized pupae, which can then be either scattered or deployed in release
stations. Release stations have the vinue of providing a degree of protection from the envi-
ronment and predation by rodents and arthropods, but they must be deployed in areas near
fly breeding sites because parasitoid dispersal can be limited to a faidy small range (Tobin
and Pitts, 1999; Floate ef al., 2000, Skovgard, 2002). The quality of commercial parasitoids
15 variable. Parasitism can vary considerably between shipments (Geden and Hogsette,
2005), and colonies of solitary parasitoids can easily become comtaminated with fast-
developing gregarious species such as N vitripennis and M. raptorellus. In addition, many
colonies of parasitoids are infected with a debilitating Nosema disease that can reduce the
wasps' fitness by as much as 90% (Zchon-Fein ef all, 1992; Becnel and Geden, 1994; Geden
ef e, 1995a). Fortunately, the disease can be prevented by careful colonyfounding practices
and managed using heat and drug remediation methods (Boohene et al | 2003a,b).
hther parasitoids
The pteromalids are ectoparasitic, mostly solitary parasitoids of fly pupae. In most regions
there are no parasitoids that attack the fly's larval stage. One species that holds promise for
filling this empty niche is the encyrtid Tachinaephagns cealandicns. 1. zealandicns is a gre-
garious endoparasitoid that attacks mature larvae of several muscoid flies in the southern
hemisphere, The adults are proovigenic, do not need to host-feed, and can kill up to 25 fly
larvae/day (Oton and Legner, 1974; Ferreira de Almeida ef af, 2002ab). Massreanng this
species is challenging because the parasitoids are more easily reared on calliphorid and sar-
cophagid hosts than on house (lies. 1. zealandicns is also susceptible 10 Nosema disease, but
the disease can be managed by a combination of drug therapy followed by isolation of indi-
vidual female lines (Ferriera de Almeida er af, 2002¢; Geden ef af, 2003}, The diapriid para-
sitoid Trichopria nigra also has potential as a classical biccontrol agent for filth flies. T2 migra
is a proovigenic endoparasitoid that attacks pupae of all ages of a variety of muscoid fly pests
and is highly gregarious, producing 5-50 parasitoids'host depending on host size and species.
Both T zealandicus and 17 nigra need to be evaluated for their host range and compatibility
with native species to determine whether these exotic species are appropriate for release. In
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the current regulatory climate it may be difficult 1o obtain permission to import and release
these “empty niche” biocontrol candidates,

Pathogens

E. muscae conplex

Adult house flies are susceptible to infection with the fungal pathogens Emfomophiora muscoe
and £ selizophorae, which typically kill the flies 4-6 days after exposure to conidia. Flies
become infected when exposed to conidia discharged from cadavers of infected flies. The
intensity and duration of conidial discharge and the survival of conidia depend on tlemperature
and relative humidy conditions (Krasnoff er al, 1995; Kalsbeek ef al, 2001a; Madeira, 1998;
Six and Mullens, 1996, Mullens and Rodriguez, 1985), Natural epizootics are common in the
fall months in temperate regions, with infection rates commonly exceeding 50% (Mullens e/
al, 1987k Six and Mullens, 1996; Watson and Petersen, 1993, Steinkraus er af, 1993),
Although E. mmscae may be an important natural regulator of fly populations it remains
unclear whether this pathogen can be manipulated for augmentative biological control, Mass-
rearing methods have been developed to produce large numbers of infected flies (Mullens,
1986}, and field releases of L. muscae and £ schizophorae have resulted in increased disease
prevalence (Kramer and Steinkraus, 1986; Steinkraus er afl, 1993; Geden er al, 1993; Six and
Mullens, 1996). The impact of releases on fly control may be dampened by the need for high
fly populations to sustain epizootics (Geden er af., 1993) and by the ability of the flies 1o
mitigate the effects of infection by resting in warm areas to raise their body temperature
(behavioral fever) (Watson er e, 1993; Kalsheek ef al., 2001h).

Beauveria and Metarhizium

Field populations of house flies and stable flies usually have low rates of infection with A
bassiana and M. anisoplioe (Steinkraus ef af, 1990; Skovgard and Steenberg, 2002). In
laboratory bioassays, larval and adult flies are lighly susceptible to these entomopathogens.
Virulence varies widely depending on strain and formulation, and adult house flies are
particularly susceptible to sugar baits with 8. bassiang conidia (Kuramoto and Shimazu,
1992; Geden ef al.,, 1995b; Watson ¢r al, 1995, Darwish and Zayed, 2002; Lecuona er al.,
2005), Laboratory and field data indicate that use of entomopathogenic fungi is compatible
with other natural enemies including C. pwmilio, & comerons and M. rapter (Geden ef af.,
1995, Kaufman ef afl.. 2005, Nielsen ef al., 2005). Field data on efficacy at present are limited
to two studies. Watson ef al. (1996) applied B. bassiana to the inside walls of calf hutches and
observed up to 47% infection among house flies in the wreated hutches. Kaufman er al. (20035)
found that space sprays with 8. bassianeg in poultry houses provided fly control comparable to
that observed in houses treated wath pyrethnn. 8. bassiana 15 currently being commercially
produced for fly control by JABE, Inc., Pine Level, NC, USA,

SGHV virus

In 1993, Coler ef al. (1993) reported the discovery of a double-stranded DNA non-occluded
baculovirus infecting house flies on dairy farms in Florida. Infected flies develop hyperplasic
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salivary glands and infected females fail to develop their ovaries if they are infected soon afier
after emergence, The primary route of infection appears to be per os, when uninfected flies
visit food onto which infected flies have regurgitated virions. In a survey conducted in the
summer of 2005, we found infection rates of up to 30% of field-collected flies; nearly all of
the infected flies had undeveloped ovaries. High levels of infection are correlated with high
populations of flies, presumably due to the increased opportunities for co-feeding of infected
and uninfected flies. SGHVY of house flies, which appears to be related to a baculovirus of
tsetse flies (Jaensen, 1978, Sang ef al, 1996), may have potential for microbial control of
adult flies if it can be incorporated into baits with no loss of potency.
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ences from Danish and Swedish experiments
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Abstract: Parasilic nematodes compromise wellare and cause production losses in grazing raminants,
Biological contral (BC) by means of nematode-destroving fungi has been investigated against the
most important gastroantestinal parasitic nematodes of ruminants.

In Denmark the fungus Drddingronia ffagrans has been tested in in-door studics and in field
trials with set-stocked, first season grazing (FSG) calves. Dose titration studies showed an increasing
activity of I} flagrans with increasing number of parasite eggs in facces and increasing dose. In sev-
cral field trials dailv feeding of fungal spores (0025-1 million'kg body weight) for 2 to 3 months re-
duced the level of infective larvae on pasture and the subscquent overall production inercased signifi-
cantly for fungus treated calves compared fo unircated controls, Swedish irials have confirmed the
promising prospects of [0 fagrans. In a plot trial where dung from FSG calves treated with either
ivermectin bolus, fed fungal spores or non-treated controls was placed on the plots, none, or very ew
larvae were recovered around ivermectin pats, while the numbers of larvae were significantly reduced
around fungus pats compared o samples from contral plots. In a gracing tnal 3 groups FSG calves
were compared (first 4 groups set-stocked): controls, ivermectin bolus treated, fungus fed for 3
months, treated with a copper oxide wire particle bolus, or evasive grazing, Evasive gravang caused
slightlv higher or equal weight gains (o that found for the ivermectin group while the fungus group
showed as good as or slightly lower gain than the ivermectin group.

Twao 3-ycar trials with lambs, applying 0.25 million spores/kg body weight daily for & wecks up
to 3% months, showed significantly increased production benefit (weight gain) both under set-stocked
experimental (DE) and normal (S) farm management conditions. This effect was only found when
ewes were parasile-free al time of lum-oul, and it was found that not all measured parasitological pa-
rameters during the season managed to support the resulting production effect.

In conclusion it can be said that BC as pnnciple have been shown to work, but to be imple-
mented under practical farming condiions in Scandinavia, furiher iechnological development is
needed and subsequent testing on-farm 15 required
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The pupal parasitoid, Spalangia cameroni, as biocontrol agent of house
flies and stable flies on confined Danish dairy cattle farms

Henrik Skovgard
Department of Integrated Pest Managemen, The Daviish Pest Infestation Laboratory, Danish

Instituie of Agriculinral Seiences, Skovbrynet 14, DE-2800 Kgs. Lynghy

Abstract: In the period 19902004 cxicnsive rescarch activitics took place on hymenopicran pupal
parasitoids (Pleromalidac) as possible biological control agents against house Nigs, Musca domestica
(L) and stable Mies, Stomoxys calcitrans (L) on confined Danish dairy cattle and swing installations,
Baszed on imitial sudies, which aimed 1o describe the relative abundance and parasitism of the parasi-
toids, it soon became clear that the solitary pupal parasitoid Spalangia canreroni Perkins was a candi-
date for field releases. Subsequently, an inundative approach was determined for the lield releases of
5 cameroni on two organic dairy cattle farms one of which served as control without parasitonds,
Everv second week from mad-April and up to Ociober in the release vear between 1 and 200 female
& cameroni were manually introduced per m° of the straw beddings, Scason-long parasitism of senii-
nel house fly pupac averaged 35.8% in the release farm versus 8.4% in the control farm, respectively.
Compared with the control, the mean density of house Rics and stable Nics per animal was distinctly
suppressed due 1o 8. cameroni releases in the period August-Seplember of normal peak abundance of
flics, From early summer and onwards the pteromalid, Muscidifirax raptor Giranlt and Sanders oc-
curred frequently along with 5 canerons in the stable environments. Based on the results, the cost-
elfectiveness of using 5. cameroni in v control 1 discussed.

Key words: Biological control, Spalangia camerom, house {lv, stable {1y, dairy cattle

Introduction

The house fly, Musca domesiica (L) and the haematophagous stable fly, Stomoxys caleitrans
(L.} are pests on livestock farms. They develop in decomposing organic manure or other de-
caying organic matter and can both be a nuisance to the animals, farm operators and
neighbours of the farm. Especially the stable fly can affect animal welfare and cause reduction
in weight gain of beef cattle and milk production of lactating cows if the animals remain un-
protected (Berry er af,, 1983, Campbell er af., 1987). Although house flies have not direcily
been proven to reduce the performance of the animals, suppression of this fly is necessary due
to nuisance or public health problems (Chavasse ef afl, 1999; Iwasa ef al., 1999).

Pupal parasitoids (Hymenoptera: Pteromalidae) have been extensively studied as biologi-
cal agents for fly control (Legner & Olton, 1968, Rueda & Axtell, 1985a; Bellini & Maini,
1988; Hogsette ef al, 1994, Klunker, 1994, Lysyk, 1995, Floate ef af, 2000). In
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Denmark the solitary ectoparasitoid, Spafangio comeroni Perkins is abundant on most dairy
cattle farms with straw embedded pens or boxes for calves. On modem dairy cartle units with
loose housing systems 5. camerond is common as well in the straw embedded areas for animal
resting, Spadangia cameroni seems therefore to have the potential for control of house flies
and stable flies at indoor sites (Skovgard & Jespersen, 1999, 2000). Furthermore, based on the
literature, successful fly control is mainly linked to the inundative approach where large num-
bers of parasitoids are released into such more or less enclosed animal units as can be found
in dairy cattle operations in Denmark.

The aim of the present paper is to present the results of studies conducted in 2001 and
published in Skovegird, (2004) where 8. cameroni was released into organic dairy cattle farms
to assess the controlling effect on house fly and stable fly populations. Further, the cost-
effectiveness of using 5. camerond compared with larvicides as used in the traditional farming
systems will be briefly discussed.

Material and methods

Experimental sites

The study was performed on two organic dairy cattle farms near Copenhagen. One farm was
designated as ‘release’” unit, i.e. received regular releases of 5. camerenti, and one was un-
treated.

Each farm hosted from 70 to 100 milking cows, 30 to 60 heifers and 30 to 40 calves.
Young calves were abundant during April from June and again in September to November,
Fly-breeding sites on the farms were associated with the straw embedded areas and accumu-
lated organic matter below water bowls and feed bunks, Lactating cows were on pasture from
May to October and during early morning and late afternoon were only in the stables for milk-
ing.

No releases of 5 cameroni were conducted outdoors as removed manure was deposited
more than 1 km from the two farms and with little immature house flv and stable fly devel-
opment.

Rearing of 8. cameroni

The laboratory culture of 8. cameroni used for massrearing was established from individuals
collected on a single farm in 1997 and later supplemented each vear with new specimens from
other farms to minimize the risk of inbreeding. Massrearing of parasitoids took place by
weekly exposure of ML deorestica pupae (12-36 h) to adult 5. cameroni for 2-3 days. The pu-
pae were then incubated at 25°C, 60% r. h. and 12:12 (L:D) for the parasitoids to emerge,
which occurred between day 21 and 25, To determine the number of parasitoids emerged and
their sex ratio, 100 parasitized pupae were randomly sampled each week and incubated under
similar conditions as described above. Adult parasitoids were occasionally stored at 15°C for
4-6 days prior to release.



Releases af K. cameroni

Every second week starting in mid-April 100 female 5. cameroni per m” of the bedding areas
were spread out by hand. From July and until October this release rate was increased to 200
females per m*, mainly, to cope with the rapidly growing fly populations.

Activity of parasitoids

The activity of 5. commeroni was determined by means of sentinel mesh bags (5 x 10 cm), each
containing 30 laboratory-reared house fly pupae (12-36 h-old) (Rutz & Axtell, 1979). On each
of the two farms 20 bags were distnbuted in sites of fly development and covered with or-
ganic material to reduce desiccation of the exposed fly pupae. Spalangia cameroni generally
requires live fly pupae for complete development, Hence, 1o determine the percentage of sen-
tinel fly pupae alive at the time of exposure, two bags were kept in the laboratory in a similar
environment as described above, After seven days of exposure, the bags were returned to the
laboratory and incubated at 25°C and 60% r. h. for another seven days. Intact fly puparia were
then placed in 25 ml ventilated plastic vials, covered with 4-5 ¢m of sawdust and held for ap-
proximately 60 d for parasitoid emergence. Dead individuals were stored in 70% ethanol for
later identification of species. Fly puparia without emergence holes were dissected 1o detect if
parasitoids had died.

Fly abundance

The relative densities of flies were estimated by weekly observations using visual indices
(Kristiansen & Skovmand, 1985) on approximately 8-10 animals per farm, where index 0
denotes 0-3 flies, 1: 4-6, 2: 7-12, 3 13-25, 4: 26-50, 5: 51-100, 6: 101-200 and 7: 201-400
flies per adult animal, respectively. The indices were converted to a measure of fly density by
use of the median of the various intervals. In order to provide a mean number of flies per
animal and week, the flies were pooled and divided by the total number of scouted animals.
At high fly densities it was difficult to distinguish reliably between adults of M. domestica
and 8 calcitrans,

Results and discussion

Fly abundance and parasitism

The numbers of house flies and stable flies on the control farm increased from June-July to a
maximum of about 300 flies per animal in August-September, followed by a decline in late
September due mainly to decreasing ambient temperatures. Compared with the unireated farm
this study demonstrates that releases of 8. camerani every second week had a significant posi-
tive effect on the overall percentage parasitism of sentinel house fly pupae, with 8.4% + 1.5%
(SE) for the untreated farm and 35.8% + 6.3% (SE) for the treated farm, respectively. This
increase in parasitism clearly reduced the abundance of house flies and stable flies per animal
to acceptable low levels (Figure 1)
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Figure 1. Density (+5E) of house flies (solid bar) and stable flies (open bar) per adult animal,
and percentage parasitism (solid line) of untreated farm and 5. cameromi release farm. Abun-
dance of flies was recalculated from fly indices where median values are used (see text and
Skovgird, 2004),

It was surprising that the stable fly was suppressed to a similar low level as the house fly al-
though larvae and puparia of the stable fly are often located at deeper depths. Puparia of house
fly aggregate more often in dryer materials and along the periphery of less trampled and
cooler parts of the confined areas (McPheron & Broce, 1996, Thomsen, 1938, Tobin & Pius,
2002). An explanation may be that since immature larvae and puparia of the house fly and
stable fly were mainly found in the upper 3-10 cm due 1o extreme heat produced in the bed-
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ding (=40°C) and anaerobic conditions below, 8. cameroni was able 1o locate the stable fly
puparia with relative ease, Funthermore, 5. cameroni is known 1o search for fly pupae in the
depth of the organic matter and does not completely avoid moist or moderately heated micro-
environments {Smith & Rutz, 1991; Geden, 1999 Geden, 2002).

Relative abundance of parasitoids

Sparlangica cameroni dominated in the sentinel mesh bags with 80.5% to 93.1% of the parasi-
toids recovered on the release and untreated farms. Other species of parasitoids recovered
were Spalangio nigripes Curtis (0.8-8.5%), Muscidifurax raptor Girault & Sanders (4.0-
6.0%). Pachyerepoidens vivdemiae (Rondani) (<5%) and the ichneumonid Plyvgadenon fuma-
tor Gravenholst (0,3-6,9%), The findings of 8 migripes, M. raptor, P. vindeniae and P. fuma-
for in addition to 5. cameron’ were expected as they have been reported in previous investiga-
tions {Skovgard & Jespersen, 1999, 2000, Skovgird & Steenberg, 2002). M. ragror is of par-
ticular interest as this species has a shorter development time than 5. cameroni (Geden, 1997,
Mann ef af., 1990) and is known 1o prefer to search in the upper layers of the manure (Rueda
& Axtell, 1985b). This behaviour complements that of 5. cameroni, which mainly searches
deeper in the organic matter. Hence, M. rapior may be a potential candidate if mixed with .
cameroni to cover a larger range of flybreeding microhabitats,

Costs of producing 8. cameroni

Farmers need to be convinced of the economic feasibility of using 5. cameroni as a method of
fly control. Economic feasibility will reflect, in part, the number of parasitoid wasps needed
for effective control. Release rates based on the abundance of flies exist (Morgan ef all, 1981).
These may not work in practice for the farm operator, where more simple methods are
needed, based either on the number of female parasitoids as a function of the area to be pro-
tected or on the number of animals. Although such information can be found in the literature,
the numbers of female parasitoids 1o be released may differ considerably as suggested by sup-
pliers or the numbers applied by researchers in their attempt to control the nuisance flies.
Cranshaw ef al. (1996) reported that suppliers recommended 56 females per m® for sufficient
fly control, whereas in the study by Rutz & Axtell (1979) in poultry facilities 178-381 females
per m” of M. raptor were released. In the present study 100-200 female parasitoids per m’
were released every second week to achieve acceptable control of the house fly and the siable
fly. Whether this level can be reduced further or has to be increased depends on several fac-
tors, e.g., time of the year, sanitation practice, and activity of naturally occurring parasitoids.,
For example, from April to and including May the activity of released 5. cameroni was low as
a result of low temperatures, whereas it increased markedly later in the fly season where 200
females per m® resulted in a significantly higher level of parasitism (Figure 1).

Commercial production costs for 8. cameroni on the black dump fly, Hwdratoea aenescens
{Wiedemann) (Diptera: Muscidae) that is used for house fly control in swine facilities is €0.41
per thousand parasitoids (Mortalin production Aps. Denmark-DK). Based on a release rate of
100 female 5. cameroni per m’ every second week from mid-April to July (six releases), sub-
sequently increased to 200 females from July to October (six releases), the estimated annual
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costs of fly control per farm and e.g., 100 m® of straw bedding will be €148 - based on a sex
ratic of 1:1. In comparison, annual costs of fly control with larvicides (2% cyromazin, Mona-
lin production Aps. Denmark-DK) on a farm of a similar size (€0.68 per m” per treatment)
will be €408, assuming six treatments are performed during the fly season. The present exam-
ple shows that 5. cameroni clearly is competitive on the market compared with a larvicidal
product. The low price of parasitoids produced on H. genescens is explained by the fact that
the firms already have a massive production of H. aenescens pupae and additional demands
for parasitoid production will add little to the total costs.

The production of 8. camerond on pupae of the black dump fly may lead to speculations
whether field-released 5. cameroni will have similar effect had they been cultured on house
fly or stable fly pupae instead. Based on a laboratory study (no cheice/choice experiments) by
Torp (2005), which aims to examine whether the natal host influences on 5. cameronis” later
host choice showed that rearing 5. camerond on pupae of H. aenescens for many generations
had insignificant influence on the females performance when offered either pupae of M. do-
mestica or Stemaxys calcirans.

Futire perspectives

Steps that might lead to further progress in the biological control of house flies and stable flies
could be to expand the interval between two releases of parasitoids early in the spring by
more than two weeks. Later, in the fly season, it is likely that there will be a demand for a
high number of released parasitoids, which could be a mixture of both newly hatched indi-
viduals and individuals that will hatch with time in the bedding. This could be a solution that
will make the use of parasitoids highly cost-effective compared with other control methods.
Such an approach needs, however, to be confirmed from field expenments before being rec-
ommended.
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Fungi for control of the poultry red mite, Dermanyssus gallinae
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Abstract: The pouliry red mite 15 a major pest in European cgg production, and new control methods
are needed. Emomopathogeme fungt may have potential for mite control, and this is being studicd as
part of the EU funded CHIMICO project. The paper 15 a bricl summary of the outcome of the work
with entomopathogenic fung

Key words: Entomopathogenic Tungi, Beawverta bassiana, Metarhizinm anisoplfiae, Dermanyssus
sallinoe

Introduction

The poultry red mite (Dermenyssus galfinge) is the number one pest in European egg produc-
tion, and is currently almost impossible to control during the production cycle with traditional
measures. High populations of the haematophagous mite stress the birds and decrease their
welfare significantly. Furthermore, it is likely that the mites act as reservoirs for zoonotic bac-
teria since the mites will hide in the structure and thus be out of reach of the sanitation meas-
ures carried out between flocks. The transition in the EU from traditional battery svstems to
furnished cages is likely to increase the mite problems even further.

In an EU funded project initiated in 2001, partners from the United Kingdom, Spain and
Denmark attempt to develop a novel control method based on entomopathogenic fungi and
semiochemicals to be combined in a trapping system, in which mites are inoculated with fun-
gus and then disseminate the fungus to conspecifics. As the mites spend most time off the
hens, form aggregations in cracks and crevices and will need to be controlled at temperatures
{and to a lesser degree also relative humidities) conducive for fungus infection, entomopatho-
genic fungi seemed good candidates.

This paper provides an overview of the progress of the work on entomopathogenic fungi,
which includes their natural occurrence in poultry farms, screening of isolates for virulence
against mites and effects on mite fecundity, transmission of infection under laboratory and
semi-field conditions as well as on the longevity of fungal conidia under the abiotic condi-
tions prevailing in layer farms,
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Material and methods

Mite rearing and fungus isolates

Mites were reared # vivo on caged hens. Most tests were performed with adult blood-fed fe-
males. Three isolates of Beawveria bassiane and two isolates of Metarfizinm anisoplioe were
selected early in the project, and the majority of tests were carried out using one isolate of
each species. Fungi were cultivated at 25°C for 3 weeks on plates with Sabouraud dextrose
agar, air-dried over night and stored over silicagel at 4°C until use.

Bieassays with mites

Bioassays were carried out in glass wbes where mites were held in groups of 10 individuals.
Dry conidia were sucked into the glass wbes, and surplus conidia were subsequently removed
by transferring the mites to other glass tubes. Mites were incubated at 25°C/85% rh. and LD
12:12 for 10 days, during which the mortality was recorded at intervals.

Conidial longevity

Percentage germination in conidial powders was determined on plates with SDA. In the case
of dried M. anisaplice, the test needed to be prolonged in time in order to allow for full ger-
mination to occur, Tests ranged from long-term longevity studies at 25°C/85% r.h. 1o shon
term exposure tests where conidia were exposed to different concentrations of gaseous am-
modia.

Semi-field experiments

High populations of mites were treated with fungus added to hollow perches. At intervals
mites were allowed to feed on a caged hen. Two weeks afier treatment populations were har-
vested by suction and weighed.

Results and discussion

Among the five selected isolates, B. hassiana consistently proved to be most virulent. Simi-
larly, the three K. hassiamg isolates proved be most persisient over time, when dry unformu-
lated comidia were stored at abiotic conditions similar to those found at poultry farms. Even
very high concentrations of ammonia did not impair the germination of conidia of either spe-
cies nor their infectivity to mites. None of the isolates caused a reduction in fecundity of
blood-fed females. Transmission rates were high, with up to 80% transmission at a ratio of
5% treated mites. At present, an isolate of Beanveria bassigna has been selected and its mass
production is being optimised. Semi-field experiments showed that the fungus is capable of
reducing the population growth even at very high mite levels. However, control levels were
not satisfactory, and further experimentation is needed before the full potential of the fungus
is reached. This isolate will be tested in field experiments at a later stage. Future application
scenarios could include traps with fungus (with or without an attractant), combination of fun-
2us and diatomaceous earth or surface treatments using oil-formulated conidia.
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Abstract: We are working on developing a biological control agent (BCA) based on Clanosiachys
rosea "IKT26".

Fsolarion, selection and field performance

fn planta screening was used for selection of candidates with multifactor or plant related mechanisms
of control and well adapied 1o the environment where they are 1o act. A strain “1K.726" with high effi-
cacy against several seed-bome diseases was selected. A bioassay with plants grown in sand has been
developed for testing IK726, This assay reflects the performance of IK726 under field conditions and
thus, has been a unique wol for developing the BCA funther. GEP field westing of efficacy is now be-
i carried oul.

Production, formulation and delivery

IK.726 can be produced using both wet and dry fermentation. Our expeniences are restricted to small
seale fermentations although production of C. posea in large seale has been reponied. Formulation of
IK 726 has resulted in a good shelfl life of the product, Sced treatments mav be adapted in a way that
will ensure both optimal conditions for seed germination and for the BCA delivered with the seed.
Coating of carrol seeds with [K726 effectively controlled seedling discases caused by Afternaria spp.
and. biopriming almost cradicated Alternara spp. on carrol seeds and enhanced scedling cstablish-
ment. There have also been indications of control of soil-bome discases using seed treatment with
IKT26. IKT726 can also be incorporated in greenhouse substrates such as sphagnum peal, compost or
rockwool for use with protected crops or, it can be used for phyllosphacre application, This is cur-
rently under further investization.

Malecular approaches for understanding the bielogy ef IK726

DNA reporters transformed into [K726 (GUS, GFP, DsRed) are used 1o study fn si inleractions. In
this way we have observed comdial germmation, colonization and comdiogenesis in soil, in sphagnum
peat, in vermiculite and on seed, roots and leaves. Moreover in sine interactions with Aflternaria sp.
have been studied. Work focusing on enzymatic activities as they relates to biocontrol is in progress.
Ell-pegisiration including visk assessmeni

EU-registration including nsk assessment stll needs o be addressed although some relevant informa-
tion has been gathered. This is believed 1o be done in close collaboration with an industrial pariner.
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Development and registration of biocontrol products - experiences and
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Cedomon® and Cerall®
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Abstract: The bacterium Prendomonas chilororaphis, sirain MA 342, is the acuve ingredient of the
seed treatment biocontrol products Cedomon and Cerall (BioAgn AB, Uppsala, Sweden). The prod-
ucts have been shown o contral a large range of seed-bome discases in eercals. Cedomon, which 15 an
oil-based formulaiion, is mainky used for covered sceds as barlev, oats and speli. The water-based
formulation Cerall is primarily used for seed-treatment in non-covered seeds like wheat, rve and triti-
cale. Since the first commercial application cight vears ago, more than 1,5 million hectares in Europe
have been drlled with Cedomon treated barley. The new product Cerall has since 2003 been used on
commercial seed lots in Sweden, Finland and Austria. Different aspects of production, formulation and
application with relevance for product development will be covered as well as experiences from the
challenging EU regulatory process for biological control agems/products.
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Abstract

Creneral Feguirement

Requirements for efficacy data in order to obtain a Danish suthorzation of a biological control agent
follows in principle the same requircments as for conventional pesticides and based on Direclive
93 TLEEC amending the Commission's Dircetive 914 14EEC conceming the placing of plant protection
products on the market. The necessarv data can come from Damish tnals or trals from comparable
regions, where the climate (lemperature, rain, water balance), length of growing season, soil conditions,
agnicultural praciice, culiivars, vield, ete. do not differ significantly from Damish conditions.

Efficacy requirements for regisirasion in Denmark

The specific requirements for efficacy data for both conventional pesticides and biological products are
listed i “WVeledende krav  nl  effektivitetsdata med  henblik  pa  dansk  godkendelse  afl
plantcbeskyvttelsesmidler™ (Guidance to requirements for efficacy data in order to obtam a Damsh
authorization).

Specific Freguiremenis o dunber of irials and dose levels

Field trials must have been conducied in al least 2 growing scasons for new active substances and a
lcast one growing scason for new formulations of known active substances. In the major crops and for
each of the major pathogens a mimimum of & tnals are required of which 3 trials must be dose re-
sponse tnals with several dose rates (1/1, 1/2 and 14 x normal dose). In minor crops or crops with
various harmful organisms, and for products with new formulations of known active substances less
data are required.

Kesistance

In case there are reasons (o expect development of resistance or in case of documented resistance in other
harmful organisms or crops, results from a recent and representative Danish investigation of the sensitivity
of the population of harmful organisms must be provided, or investigations from a comparaive area. In
such cases a management stratepy designed (o minimize the likelihood of resistance or cross-resistance
developing in the target specics must be provided.

Phviovencicily

Information on the phytotosicity of a product is required when adverse effects have been observed on the
host plants in the efficacy trials. The safety of a product 1o the main cultivars of the main crops for which
it is recommended must be demonstrated. As it traditionally is known that seed treatments have a high risk
of phytotose there will normally be requirements for data on 2/1 * normal dose.

DIAS Report No. 119 (2006), 79, 79



B0



Proceedings of the International Workshap “Implemartation of Biecontred in Praciice in Temperate Regions — Present and
Near Furire ™, Research f'q'm.rn-“'l'.i.ﬂ:h-fhwrg_ Diesrmrark, Novenrber 13, 2005

REBECA - a project to review regulation of BCAs

Ralf-Udo Ehlers, Olaf Strauch
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Abstract: Biclogical control agents (BCAs) are sustainable and environmentally sale tools to manage
pest insects, nematodes, weeds and discases in agriculture, foresiry and horticulture. However,
registration of BCAs largely follows rules developed for svnthetic pesticides, thus many possibly
irrelevant investigations, ¢.g. on the ecoloxicology, are requested. Costhy risk assessment studies and
long-term evaluation of dossicrs keep these products oft the market. For example, the average time
frame for the EU evaluation of dessicrs according o Directive 914 14/EEC for beneficial micro-
organisms on Annex | is = %2 months compared with 23 months for the same products in the USA.
The objective of the Policy Support Action REBECA 15 to accelerate the regulation process for BCAs
and make it more cost-¢iTective without compromises to the level of safetv. The action will conmect
stakeholders from industry, science, regulation anthonbes, policy and environment (o form a network
within Ewrope and bring together the expertise and critical mass necessary 10 improve regulation
procedures for BCAs in Europe. REBECA will provide potential experts, who can assist the ELJ and
member states in the evaluation of risks and regulation of BCAs, and will identify future EU research
tasks to develop effective nisk assessment procedures and balanced regulation strategies.

Key words: Biological control agenis, regulation, registration, EL

Project objectives and structure

Biological control agents (BCAs) are increasingly occupying their place in Integrated Crop
Protection Programmes. They are sustainable and environmentally safe tools managing
invertebrate pests, weeds and diseases in agriculture, forestry and horticulture. However,
registration procedures have been established for microorganisms, semiochemicals and
botanicals, which prevent their immediate market introduction. In conirast, macrobials
(insects, mites and nematodes) are exempted from registration in most European countries.,
European SMEs, through the sale of macrobial BCAs, increased their tumover from almost
zero to =100 million € within the last two decades.

Registration largely follows rules developed for synthetic pesticides (Council Directive
1991/414/EEC), thus many possibly irrelevant investigations, e.g. on the ecotoxicology of
microorgansims, are requested. Costly risk assessment studies and long-term evaluation of
dossiers keep these products off the market. EU Annex 1 inclusion for the microorganism
Psendomonas chlororaphis (the active ingredient of the product Cedomon”) took mere than 8
vears and an investment of over 2.5 million €. This situation cannot attract monetary inputs
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into the biocontrol sector and thus no further products will be registered in the futre,
Compared with the biocontrol market in the USA (59 BCAs registered), the market in Europe
is exposed to major restrictions, resulting in only 5 BCAs included in Annex I (Table 1),
More striking is the fact that the time frame for the EU evaluation of dossiers is 82 months
compared with 23 months for the same products in the USA. Regulation authorities in the
USA seem to be able to consent to waivers more easily based on the knowledge they have
already acquired. Consequently, less time and money is involved. Registration fees are lower
for the applicants because governments pay most of the costs. In the EU, on the contrary, the
applicants pay all the costs. Registration boards may be less experienced and thus require
more data prolonging the registration process at increasing costs

Table 1. Microbial products on Annex | Dir. 914 14/EEC or in the registration process (- xx)
and time frame for processing of dossiers in the EU and the USA (EPA).

EU EU time

Organism period frame EPA time frame
(months)
(month.vear)  (months)
Paecilomyces fimosorosens Preferal * 5.94-6.01 55 6l
Coniothyrium mivitans Contans® 11.98-8.03 57 15
Pseudomonas chloroaphis Cedomon™ 1.96-4.04 99 -
Ampelomyvees guisqualis AQ10" 296-10.04 104 ?
Spodoprera NPV Spodex” T.97-xx =00 12
Cliocladitm catenalatum Prestop” 3.99-10.04 67 13
Bacillus subtilis Serenade” 5.00-xx = 56 14
Pseudomyza flocenlosa Sporodex™ 3.00-xx =46 39
Paecilomyees lilacinus Bioact™ 10.02-3% =27 11
Average time period for completion 8.4 23.4

Several European governmentis have developed sirategies 1o reduce the inputs of chemical
pesticides and concomitantly support the use of sustainable, biological control strategies. For
instance the UK and NL try to encourage registration of BCAs by reducing the registration
fees. Sweden intends to propose strategies and amendments of legislation during the fourth
round of the EU review of active ingredients to allow “products of low concern”™ to remain on
the market. Urgent need for harmonisation and reduction of requirements have resulted in the
development of more balanced directives (e.g., Directive 2001/36/EC amending Council
Directive 1991/414/EEC concerning the placing of plant protection products on the market)
and guidelines {e.g. OECD Guidance for Registration Requirements for Microbial Pesticides,
2003). However, this has not yet resulted in an casier access to EU markets,
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The low number of BCA products in the EU alarmed the Evropean Commission and a
call was published in the Sixth Framework Programme (Priority 8.1, Scientific Suppon to
Policies) for the formation of a network action targeting BCAs; “Developing a balanced sys-
tem for registration, including Macroorganisms, Microbial Biopesticides, Plant Extracts and
Semiochemicals”™ (Call identifier FP6-2004-55P-4). According to that call the Scientific Sup-
port Action REBECA was proposed.

The major objective of REBECA is to accelerate the registration process of BCAs to re-
duce costs and at the same time maintain the level of safety to producers and users of these
compounds and to consumers of agricultural products. The project will yield proposals on
how regulation of BCAs can be balanced according to their potential hazards, REBECA will
review the current legislation requirements for BCAs at EU and member states level and
compare the rules with those applied in other countries like the United States, Canada and
Switzerland, where BCAs have an easier access to the market. The risks related to the use of
BCAs will be reviewed, and appropriate risk assessment strategies to estimate risks to human
health and the environment related with the use of BCAs will proposed. The variability of the
different BCAs makes necessary a specific analysis of related risks according to their nature.
Risks related to the use of semio-chemicals, for instance, differ from those related to the use
of microbials. The risk assessment thus needs to consider specific characters of the different
groups of BCAs. Potential risks will be evaluated and a cost-benefit analysis of regulation
will be performed. In this analysis risks to humans and the environment will be compared.
Costs, necessary to perform the investigations to estimate potential risks will be estimated. A
comparative analysis will weigh the benefits and risks of regulation and will compare these
among different groups of plant protection products,

Based on the review of current regulation practices and the evaluation of potential risks,
proposals will be developed and road maps designed for appropriate and balanced regulatory
testing of microbial BCAs {e.g. insect viruses, bactena, fungi), for macrobial organisms {e.g.
mites, insects, nematodes) for semiochemicals (insect pheromones) and botanicals (extracts of
plants and microorganisms). Costs and benefits related to different levels of regulation will be
reviewed and trade-offs evaluated. REBECA will also contribute to the definition of low-risk
products, which may be exempted from registration and develop proposals for alternative
regulation systems. REBECA will bring together stakeholders from industry, science, regula-
tion authonties, pelicy and environment to spread knowledge and experience in regulation
and safety of BCAs and to identify those fields that need further research to assist regulation.
A major objective of this action is to form a network within Europe bringing together the ex-
pertise and crtical mass necessary to improve regulation procedures for BCAs and 1o dis-
seminate relevant information among companies developing BCAs and regulatory authorities
on EU and national level and other interested stakeholders. The action will provide potential
experts, who can assist the EU and member states in the evaluation of risks and regulation of
BCAs and identify future research tools to support the development of balanced regulation
strategies.
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Table 2, Project pariners

Partner Abbr.  Country
Ralf-Udo Ehlers, Christian-Albrechis-University Kiel CAU  Germany
Herrmann Strasser, Leopold-Franzens-University LFU Austria

Lucius Tamm, Research Institute of Organic Agriculture FIBL Switzedand
Jeffrey Bale, University of Birmingham UOR United Kingdom
Heikki Hokkanen, University of Helsinki UHEL  Finland

Anita Fjelsted, Danish Environmental Protection Agency DEPA  Denmark

Dr. Wolfang Oellrich, Chemical and Agrochemical Services GAB Germany
Dr. Ulrich Kuhlmann, CABI Bioscience CABI  Switzedand

REBECA will be launched on 1 January, 2006. The action will be organised by eight project
partners { Table 2), which will be responsible for 7 work packages (Table 3). So far nearly 200
experts in the fields of science, regulation, industry and policy from all over Europe have in-
dicated their interest to make contributions to the action. All national and community authori-
ties responsible for regulation and registration of pesticides in the EU will be identified and
affiliated into the list of external expens and will be informed abowt all relevant issues of the
Action by the coordinator. External experts will have a strong influence on the outcome of the
Action via the workshops, conferences, the Internet page and by contact with the Action co-
ordinator and partners. In this way all expernts will be able to discuss the outcome of the action
with the project pariners and with each other. The project partners will be responsible for the
implementation of valuable contributions from the external experts within the action. Experts
in the field, who are interested in the Action should contact the co-ordinator
(ehlersibiotec uni-kiel de). Further information will be available from 1% February, 2006 at
www.rebeca.eu.

Table 3. Work package list,

Waork package title Prll:i?tﬁnl:'l::ﬂim
Project management and dissemination of results CAU

Inventory of current legislation and guidance documents GAB, CABI, DEPA, CAU
Risk assessment Microbials LFU, CAU

Risk assessment Botanicals & Semiochemicals FIBL

Risks assessment Macrobials uoB, CAU
Risk-benefit analysis of regulation UHEL
Measures 1o accelerate regulation processes DEPA
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Proceedings of the International Workshap “Implemartation of Biecontred in Praciice in Temperate Regions — Present and
Near Furire ™, Research f'q'm.rn-“'l'.i.ﬂ:h-fhwrg_ Diesrmrark, Novenrber 13, 2005

Natural enemies to control stored-product pests in grain stores and
retail stores

Matthias Schiller. Sabine Prozell
Biclagical Conswltemce, Hosemannstr, 8, D-10409 Berlin, Germany

Abstract: In temperate regions, durable stored products become infested mainly by insects and mites,
Rodents and birds are of minor importance. There are approximately 120 species of beetles, moths,
psocids and mites which are common. Natural enemies against almost all of them are known,
However, only few have been studied in detail and applicd i practice for biological control, The
biology of the most important natural enemics is illustrated, and selection criteria for natural enemics
in the stored-product environment discussed. Information on simulation models improving our
understanding of populations dynamics s given. Current commercial apphcation of beneficials in
grain stores, food processing industrnv and retail stores is described. Biological control of stored-
product pesis is alwavs a component of an integrated control approach. Early deteetion of pests and
good sanitation 15 crucial 1o achieve effective control. Strategies for successful combination of
physical. chemical and biological control are outlined.

Key words: Biological control, predators, parasitoids, simulation models, integrated control

Introduction

Stored product pests attack dry plant products which are stored for a longer period. Most of
these organisms are insects, namely beetles and moths, and there are also a number of psocid,
mite and rodent species which are regularly occurring in stores. Natural enemies against al-
maost all of them are known (Schéller, 1998). Stores are usually closed structures, which offer
promising prerequisites for the application of natural enemies for biological control.

Helbig (1996) speculated about future application of biological control of stored-product
pests in Europe (Table 1), He thought that applications related 1o food are unlikely, that the
application in large stores has low potential and that there will be little acceptance by
consumers in private households. Ten vears later, we see commercial applications in these
ficlds thought to have low potential (Table 1). Parasitoids are applied by pest control
companies in Germany, Ausiria and Switzerland, and many people use egg parasitoids in their
private households to control stored-product moths,

In the USA, the Federal Register (Anonymous, 1992} published a rule that allows the
release of parasitoids and predators into stored grain, stored legumes, and warehouses in the
US. The mle makes the use of beneficial insects subject to regulation by the Federal
Insecticide Fungicide and Rodenticide Act (FIFRA) and exempt from the requirement of a
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tolerance in food products. In Europe there are no adhered-to regulations to releases of
beneficials in stored-product environments. Recently, in Germany a DIN MNom was
developed for Pest Control where biocontrol is included, As long as beneficials do not
become part of food, there are many opportunities to apply beneficials in grain stores and
retail stores. In the following, research and application of natural enemies in these
environments in the temperate regions of Europe and the USA is reviewed.

Table 1. Criteria for the use of biological control of stored-product pesis. Estimation for the po-
tential of application by Helbig (1996) and current commercial application, + = high potential, 0
= intermediate potential, - = low potential nicer,

Criterion Category Potential Current
according to | commercial
Helbig, 1996 | application
Pest species Lepidoptera + +
Coleoptera 0 +
Mites - 0
Beneficial Parasitoid + +
Predator + +
Pathogen - -
Type of product |Fodder ¥ -
Raw material for industrial + +
processing
Raw material for production of 0 +
foods
Foods - +
Type of store Large scale store - +
Small scale farmer store + +
Processing industry 0 +
Food wholesale trade 0 +
Food retail trade + +
Private household - +
Type of storage | Bulk + +
Packed products + +
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Release strategies

Classical biological control

Classical biological control usually involves searching for natural enemies of an exotic pest
insect in its country of origin and importing them. There is no case of classical biological
control of stored-product pests in temperate regions. As typical stored-product pests are
almost cosmopolitan in distribution and do not develop in natural habitats in temperate
climates, it is unlikely that classical biological control will be applied here

Augmentative conirol

Augmentative control involves using mass-reared beneficial organisms and releasing them
before the pest population reaches high numbers. In stored-product protection, generally the
pest organisms have a high intrinsic rate of increase, and the pest population build-up has to
be prevented; therefore, inundative releases, using mass-reared predators or parasitoids, have
been used in the majority of cases. The timing of the releases has to be synchronized with the
growth of the pest population. Monitoring with traps can help to determine the best time to
release mass-reared beneficial insects. Generally, low numbers of insects initially infest
commodities; therefore, parasitoids or predators need to be released early before pests reach
high numbers, Inundative releases are most effective when there are more parasitoids released
than hosts.

Grain stores

Freshly harvested grain comes in from the field with zero stored-grain insect contamination.
This is true for grain that is grown in the northem parts of Europe and the USA. Afier the
erain has been deposited into bins, stored-grain insects that are in the local area may be
attracted to the grain. Normally, stored-grain insects immigrate into the grain mass at low
numbers dunng the storage period. In one study, it was estimated that approximately 4-6
insects moved into the bin per day in a bin of wheat in central Kansas (Hagstrum, 2001),
During the summer, grain temperatures favour insect development (20-25°C). Under these
conditions, stored-grain beetles will go through one generation in about 30 days, and every 30
days they will increase about ten-fold in number.

Predators

The best studied stored-grain insect predator is the warehouse pirate bug, Xyfocoris ffavipes.
This insect is known as an efficiemt predator of eggs, larvae and pupae of beetles and moths,
Some interesting biological characteristics of the warehouse pirate bug are that it requires a
low number of prey to complete development and uses cannibalism to survive when prev is
absent. It is not effective against large larvae and adult pests as well as internal feeders,
Optimum temperature range for development is 30 to 35°C. They do not develop below 19°C,
Adult longevity is from 23 to 30 days for females at 24°C 1o 32°C, and 30 days at 21°C. Prey
are located by intense random searching activity, An attack is successfully completed when
the predator is able to insert its stylet into the softer areas of the body of the prey, after which
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death usually follows within 30 to 60 s. The victim is held by the predator until the body
contents are completely consumed. These predators are larger than most parasitoids, and
cannot penetrate as deeply into the grain mass as the parasitoids (Arbogast, 1975, Keever ¢f
al., 1986).

The predatory mite Chepleins ermdifns is approximately 0.5 mm long, with two large
pedipalps in front of the body (Figure 1). It reproduces parthenogenetically, i.e. without
males, Females lay their eggs in clusters and guard them until the young hatch. All
developmental stages are predators and thus they do not damage stored products. The
predatory mites can also be cannibalistic, when there is a lack of other food. The predator is
resistant to low temperature and does not develop at temperatures below 12°C. They are also
resistant 1o organophosphate insecticides, . ernditus prefers slowly moving prey species to
fast moving ones and has a voracious appetite. It is relatively easy to mass rear, and space
requirements are well known. The predatory mites can complete their life cycle at
temperatures and humidities ranging from 12 to 35°C and 60 to 9% RH, respectively. The
higher the temperaiure and humidity, the faster is their development. Their life cycle lasis
from 18 to 164 days depending on temperature (Zd'arkova and Hordk, 1999). Zdarkova and
Pulpan (1973) tested the survival of the predators at low temperatures ranging from -1.7 to +
2.0°C and relative humidities of 80 to 90%. The best results were obtained at + 2.0°C, Fifty
per cent of population of the predatory mites survived for 62 days, and 8% for 200 days
without losing their ability to reproduce when transferred back to favourable conditions,
Individual stages of mites prefer prey sizes similar to their own size. All stages of mites prefer
to consume larvae, while adults were consumed least frequently. The eggs were also eaten in
spite of the fact that the predators preferred moving prey (#d'arkova and Horak, 2000).

Figure 1. Chevletus ernditus consuming prey.

Parasitoids

Most of the parasitoids that attack the primary beetle pests of stored wheat are in the families
Pteromalidae and Bethylidae. These parasitoids are typically small (1 to 2 mm) and do not
feed on the grain. They will normally die within 5 to 10 days if no beetles are present in the
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arain. These parasitoids are found natwrally in the grain, which suggests that afier they are
released they may continue to suppress pests for many years (Sinha er al, 1979).

Wasps of the genus Cepfalonomia search for larvae of beetles that develop outside the
grain kernel. Ceplafonomia jarsalis (see Lukas, this volume) and C. warerstoni will parasitise
the saw toothed and rusty grain beetles, respectively. Ceplalonomia waterstoni lays a mean
of 2.3 eggs per day on the last instar larvae of the rusty grain beetle. Development takes 12 to
22 days at temperatures between 25 and 30°C. Adult wasps live 5 to 20 days depending on
temperature. They will search within the entire grain mass and in cracks and crevices to find
pest larvae. Both species are naturally occuring in Europe and the USA.

The parasitoid wasps Anisopreromalus colandrae, Theocolaxe elegans and Laviophagus
distingnendus lay their eggs on host larvae or pupae inside grains, because of this, the
ovipositor is inserted into the grain kemel. Females are able to distinguish between uninfested
and infested grain kernels. The host larva is paralysed prior to oviposition. After emergence
from the egg, the parasitoid larva feeds on the host larvae from the outside, thereby killing it
Pupation of the parasitoid takes place inside the grain. Developmental time of
L. distingwendus (Figure 2) at 26°C is 20 days, adults live for about 12 days.

Figure 2, Lariophagus distingnendus foraging for hosts,

Depending on temperature and pest species, the optimal time to release parasitoids into stored
grain is about three to five weeks from when the freshly harvested grain was put into a bin, At
this time, the later larval stages are stariing to develop, and it is these stages that the parasitic
wasps find most suitable for stinging and depositing eggs on. If the wasps are released too
early, they will not find enough older beetle larvae to parasitise, and they will either leave the
bin or die before they have had a chance 1o parasitise, If the wasps are released too late, then
the beetle larvae will have escaped parasitisation by developing into adults, Releasing the
sufficient number of parasitoids is also important. Previous studies have shown that releasing
about twice as many wasps as adult beetles that are present in the grain works well. Releasing
too many parasitoids is not cost effective. In stored grain, two or three properly timed releases
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are thought 1o be adequate because the wasps will reproduce in the grain, continuing 1o sup-
press the beetle populations,

Field studies

Only a few large-scale field studies have been conducted on the use of beneficial insects to
suppress beetle pests in stored grain. Flinn ef al. (1996) showed that augmentative releases of
the parasitoid wasp T elegans were very effective in suppressing lesser grain borer popula-
tions in large bins of stored wheat., After 198 days from initial beetle release in 1993 and 131
days from initial beetle release in 1994, the beetle population in bins treated with parasitoids
was suppressed by 98 and 91% in comparison with control bins. In the USA, the Federal
Grain Inspection Service (FGIS) standard for insect-infested wheat is two or more live insects
per kg of wheat, After 131 days from initial beetle release in 1993, lesser grain borer densities
in the treatment and control bins were 0,05 and 2.06 insects’kg, respectively. Thus, the beetle
density in the treatment bin is well below the FGIS threshold. Because of the high lesser grain
borer release rates in 1994, both the control and treatment bins were above the FGIS threshold
(81.03 and 6.94 beetles/kg). Although a very high beetle release rate was used in 1994, the
wasps still managed to suppress lesser grain borers by 91%, indicating the same level of ef-
fectiveness as in the 1993 study.

This study showed that the parasitoid wasp 1. elegany effectively suppressed lesser grain
borer populations below economic levels for up to 198 days of storage. Cool temperatures in
the fall helped suppress the beetle population in the first experiment. Grain naturally cools in
the fall, and this cooling can occur earlier it aeration is used. Under U.S. wheat storage condi-
tions, parasitoids would need to suppress beetle populations for about 60 to 90 days until the
grain begins to cool in the fall. The wasps used in this study often occur nawrally in stored
grain (Hagstrum, 1987). Grain managers need to be aware of the benefits these wasps have in
suppressing beetle infestations and not confuse them with pest insects. These parasitoid wasps
will continue to parasitise beetle larvae and develop into adult wasps until the grain tempera-
ture falls below 20°C in the winter. At this temperature, beetle development and reproduction
will also cease.

Data from Flinn and Hagstrum (2001) indicated that insect fragments were greatly re-
duced in grain treated with parasitoid wasps. In this field swdy, Phreocolar elegans was re-
leased for suppressing populations of Rfvzopertha domimica in six bins, each containing 27
tonnes of wheat. Beetles were released into all six bins at monthly intervals for 3 months,
Parasitoid wasps were released into three of the bins, 21 days afier the first beetle release.
After 131 days of storage, wheat samples from the bins were milled to determing the effects
of parasitoid releases on insect fragment counts in flour. Fragment counts averaged 56 and
487/50 g in the treatment and control bins, respectively; a reduction in the former of 8994,

In Germany, a number of studies have been conducted on the use of biclogical control
agents to suppress insects in stored grain. These studies have shown that parasitoids must be
able to find pests over large distances and at considerable depths within bulk grain to be effec-
tive. The host-finding ability of L. disvingnendus was examined under field conditions in ac-
tual grain bins. In a grain bin and a flat storage, adult parasitoids were released on the grain
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surface. The parasitoids were able to find and parasitize hosts located up to 4 m vertically and
horizontally from the release point within one week; grain depths greater than 4 m were not
tested (Steidle & Scholler, 2002), It was hypothesized that a prophylactic release of wasps at
the beginning of the grain storage could result in an effective suppression of pest beetles,
Thus, the ability of L. distimenendns to suppress S granarins was examined in the laboratory
in 3 1 jars with wheat over a period of 7 months. The following host-parasitoid ratios were
studied: 1:0.2, 1:0.5, 1:1, 1:2, 1:5. Regardless of ratios, the population size of 5 gramarins
was reduced in the presence of L. distingnendis by 75-90% over the whole period (Reppchen
ef al, 2003). This indicated that [. distingwerdis is highly suitable for the biological control
of stored product pest beetles in bulk grain, In 2003, the laboratory experiments were scaled
up and L. distingnendns was released under field conditions. The suppressive effect was
shown after 3 months even at a high initial beetle population of 3000 beetles per 75 kg wheat,
Field releases included silos, flat stores and an in-transit ship treatment.

The laboratory rearing of L. disiinguendns started in Germany in 1995, The developmen-
tal period until the commercial application took almost 10 years. During this time, many as-
pects of the biology of this parasitoid were investigated in the laboratory. Important in the
context of biological control was the finding that the females use larval faeces as kairomones
for long-range host finding (Steidle and Scholler, 1997) and that /. disiinguendns has a pref-
erence for environments with low relative humidity (Steidle and Reinhard, 2003 ).

L. distingnendis was recorded in Germany before 1950 (e.g. Hase, 1920) and was conse-
guently listed in the Hymenoptera volume of the Entomofauna Germanica (Dathe er af , 2001)
as native to Germany, but without collection localities. Between 1995 and 2005, six records
of natural occurrence of L. disiingnendis were found (Figure 3). The most northern record is
from Schleswig-Holstein near the border with Denmark, the most southern from Switzerland,
St. Gallen close 1o the border with Germany and four records in between from Hamburg, Ber-
lin, Nordrhein-Westfalen and Sachsen-Anhalt. Four records are from private households,
where it was found together with the warchouse beetle Stegobinm pasicenm. One of the re-
cords from Hamburg is from a pigeon’s nest, indicating that this species is able to develop
outside buildings, too. For Southern Europe, L. distingrendus was recorded from Greece (Pa-
padopoulow and Athanassiou, 2004), Spain (Lucas and Riudavets, 2002), Porugal {Carvalho
ef al., 2000} and outside Europe it was recorded e.g. from Korea (Yoo er af, 1989), China
{(Zhachui ef af , 1998), Japan (Kamijo, 1981) and Russia (Smirnov and Polejaeft, 1937),

For the knowledge of the natural distribution of species applied for biclogical control, it
is important o document records prior to mass releases. Figure 3 shows the localities where
L. distinguendus was released for biological control in 2008, the first year of a wider applica-
tion of this beneficial. There were releases in all countries except for Saarland and Mecklen-
burg-Vorpommern, as L distinguendns was released in Hamburg and Berlin against other
beetles as well.

In the Czech Republic research has been conduced on the use of predatory mites to
control pest mites in stored grain, These studies have shown that biological control of mites
can be used as a preventive measure in empty grain bins and to prevent or suppress mite pest
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populations in stored grain. Initally, populations obtained from natural reservoirs and
preserved under low temperatures were used for biological control. Later on, a technology for
mass rearing was developed in order to use this method on a large scale. The predators were
sold in paper bags, each containing 2,000 to 3,000 live specimens of Chevletus erudites under
the commercial name of Cheyletin.

Preventative applications of predatory mites can be used in empty grain stores, One cause
of infestation of stored food materials by mites is insufficient cleaning of empty bins
Particles of seeds and other residues provide food and shelter for the stored food mites. Hence
the disinfestations of empty bins are very important for post-harvest protection. If this is not
done, the residual pest population surviving in the bins from the previous season infests the
freshly loaded grain. Chemical treatment, especially with synthetic pyrethroids, does not work
well for controlling mites. The pesticides do not penetrate all small cracks and crevices of the
floor, where the mites may find a shelter. Therefore a biological agent 15 recommended. The
predatory mites should be released by distributing the contents of one bag of Chevletin evenly
over an area of 100 m’. Higher effectiveness is achieved if the bin is mechanically cleaned
before application of Cheyletin. The predatory mites can be applied one week after chemical
treatment.

T e

Figure 3. Matural occurrence of the store chaleid Lariophagns distingnendus in Germany
{white wriangles) and commercial releases in 2005 (black squares. several close sites: white
sfjuares).
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Prevemative applications of predatory mites can be made in bulk grain, oo, Ten
predators per 100 kg of grain can be applied as a preventive measure if the following
conditions are met; 1) The moisture of the stored material is higher than 14% and the
infestation by mites is likely; 2) the material will be stored for at least three meonths. The
predators are released evenly on the grain surface (Zd'arkova & Horak, 1990).

Sivwfations

A computer model was developed for C. weaiersioni parasitizing the rusty grain beetle (Flinn
and Hagstrum, 1995). This model was instrumental in determining the optimal time to release
parasitoids and the correct number to release in the field study that Flinn er af {1996) con-
ducted. Parasitoids are most effective when releases are timed so that parasitoids find the 4"
instar larvae before they become adults, Once the beetles enter the adult stage, the parasitoids
cannot attack them, The simulation study showed that changing the timing of parasitoid re-
lease had a greater effect than releasing more parasitoids. Releasing parasitoids at 20 days
after initial storage, instead of after 40 days, resulted in a 75% greater reduction in host popu-
lation. To achieve the same level of control, the model predicted that 20 times more parasi-
toids would need to be added if wasps were added at 40 days compared with 20 days.

The simulation model SITOPHEX (Figure 4) was developed to optimise timing of re-
leases and number of L. distinguendus to be released in control situations (Prozell ef af.,
2004). The simulation study showed that releasing the parasitoids twice, in autumn, 4 weeks
after harvest, and in spring can be sufficient to prevent population build-up in the following
summer. This is also the current recommendation for preventative application (Figure 5).
Integration
Combination of chemical and biclogical control using Chevlens ermditis is possible. When
the infestation of acaroid mites is higher than 1,000 mites per kg of material, or when other
insect pests are also present, il is necessary 1o suppress the population of mites using insecti-
cides. Both fumigation and contact insecticides can be used. After the treatment, sampling
needs to be done, because the mortality of the pest mites may not be 100%. Predatory mites
can be applied as early as one week after the chemical treatment. Three organophosphates
(pirimiphos-methyl, chlorpyrifos-methyl, chlompyrifos) were tested on two species of acaroid
mites, Acarns siro and Tyrophagns putrescentiae, and on six strains of C. erndifns originating
from laboratory and field populations of different sources, such as grain stores, a chaff pile
and pheasant feed. The organophosphates were almost equally effective on both acaroid mite
species. 1t was found that chlorpyrifos-methyl was most toxic against . erudits, The effec-
tiveness of pirimiphos-methyl and chlorpyrifos was approximately equal and was three times
lower than the effectiveness of chlorpyrifos-methyl. The strain least susceptible to all the or-
ganophosphates tested was the one that survived fumigation by phosphine. Obviously, it is
better to use the most resistant strain of 0 ermdiins to manage acaroid mites in situations
where these chemical insecticides are being used (Zdarkova, 1997).
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Figure 4. Surface of the simulation programme SITOPHEX for the granary weevil Sifopfilis
granarius and the store chalcid Lariophagus distinguendus (Prozell ef al, 2004), showing the
numbers as a function of time of young larvae (&, upper curve), eggs (o, light grey curve,
second from top), old larvae (A), females (thick grey line at the bottom), and pupae (thick line
at the bottom, only visible from 02.07 10 31.08).

The release of parasitoids in grain is compatible with aeration and cooling of the grain. None
of registered grain protectants, including diatomaceous carths, seem to be compatible with
macroorganisms for biological control, Protein-enriched pea flour is toxic and repellent to
several major stored-product pests but not to the parasitoids Anisopreramalus coalandrae and
Ceplralonemiar wertersionn (Hou ef al., 2003). Large-scale tests showed a reduction of the rice
weevil population by 99 8% when pea flour at 0.1% and A. ealardrae were combined (Hou e/
al., 2003).

Commercial application

CHEYLETIN was used in the past in the Czech Republic, but there seems to be very limited
application at present. The cost of the application of CHEYLETIN as prevention in empty
stores is 2 € for 100 square metres. The cost of the control of acaroid mites in grain is 4.60-1 1
€ per tonne, depending on the degree of infestation.

In Europe, commercial application of benefials in grain has staried, but in the United
States, predators and parasitoids are not frequently used to control insect pests in stored grain,
However, there are a few biological control companies that produce insects that can be used
to suppress insects in stored grain, The majority of the early adopters of storedproduct
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biological control are in the organic foods business, The cost of one release unit of Lariopha-
gus distingnendns or Anisopteromalus calandrae containing 30 females is 10.25 € For pre-
ventative treatment, one release unit with a mixture of Lariophagus disfinguerndes and
Anisopreromealus calfandrae per 100 square metres in empty stores and one release unit of
Lenrtophargns distingmendus for 15 tonnes in bulk grain s recommended.
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Figure 5. Recommended timing for the release of Lariophagus distinguendus against Sitophilus

gremarring in bulk grain.

The estimated price for a treatment of a grain store with 3,000 tonnes, which is slightly in-
fested with Ephestia elutella, by releasing Habrabracon liebetor would range between 210 €
(30 cent/tonne) and 3,000 € (1,26 cent/tonne), depending on the level of infestation (Prozell &
Scholler, 2000). The releases of Habrobracon hebetor and Trichogrammea evanescens can be
combined and timed as in Figure 6.
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Figure & Recommended timing for the release of Habrobracen hebetor and Trichogramme
evanescens in bulk grain against the warehouse moth Fphestia elutella.
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Warchouses and retail stores

Warehouses harbour a wide variety of storedproduct pests. The presence of bag storages, in
addition to processing areas, provides a wealth of microhabitats and a comparatively high
species richness.

The pest species complex of milling areas consists of insects that feed on broken or
milled grain. In both Europe and the USA these include: the Mediterranean flour moth fphes-
tice kwelmielfa, the red Nour beetle Tribodinm castanenm, the confused Nour beetle Frifodinm
confusum, the broad-hormed flour beetle Gnathocerns cornutus and the cadelle Tenebroddes
manritanicns. Additionally, in small bakenies the Indianmeal moth Plodba imterpunctella can
be a dominant pest developing on flour. Moreover, the Mediterranean flour moth can be the
primary pest in bakeries utilizing refrigerated storage (e.z. 15°C), due to its low developmen-
tal threshold of 8-10°C. In bakeries, high temperature and relative humidity conditions allow
the mass development of hygienic pests including: the German cockroach Blatella germanica
and the house cnicket Acheta domesticns.

The layout and environmental conditions of warchouses and retail stores is perhaps only
slightly less varied than the products contained within them. Not surprisingly, a great diver-
sity of arthropods is found in both warehouses and retail stores including many of the maoths
and beetles associated with bulk stored products as well as more specialized pests such as the
dermestid beetle Artfirerms verbasei in Europe or the warehouse beetle Trogoderma variabile
in the USA, the cigarette beetle Lasioelerma serricorne and the drugstore beetle Stegobium
panecinm, The Pyralid storedproduct moths such as the Indianmeal moth and the Mediterra-
nean flour moth are perhaps the most important pests of these systems and can be difficult 1o
manage due to their broad dietary range, relatively short life cycle, late larval ability to pene-
trate packaging materials as well as the adult moths” efficient dispersal ability.

Biological control in warechouse and retail store facilities present some interesting chal-
lenges for the manager or pest control professional. First, a great diversity of products from a
variety of sources may be present in warehouses and retail stores, each with its own history of
pest exposure and management. Second, the stock will be rotated in or out on a sometimes
unpredictable basis that can result in overlapping generations of product and therefore pests.
Finally, because of their relative proximity 1o the consumer there is lintle if any chance detect-
ing and removing infested products prior to their sale.

Predators

Blattisocivs farsalis is a polyphagous predatory mite found frequently in food processing fa-
cilities in association with several pest species, mainly phyciting moths (Graham, 1970). It
was shown 1o prey on eggs of the mold mite Tirophagns putresceniiae, the Indianmeal moth,
the Mediterranean flour moth, the tropical warehouse moth, the cigarette beetle, the rusty
grain beetle Crypiodestes ferruginens, the red flour beetle, the bean weevil dcamthoscelides
obiecins, first instar of the booklouse Lipascelis bosirychophila (Riudavets ef al., 2002a) and
the confused flour beetle (Riudavets and Quero, 2003). In a choice experiment, B, farsalis
showed a clear preference for eggs of the Indianmeal moth over those of the confused flour
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beetle and the Mediterranean flour moth (Riudavets & Quero, 2003) as well as for eggs of the
tropical warehouse moth over those of the red flour beetle (Haines, 1981),
Parasiteids
Augmentative biological control consisting of mass releases of insect parasitoids or predators
is the most promising type of biological control for warehouses, and retail stores. This is pri-
marily because of the combination of product diversity, temporal and spatial heterogeneity,
and product proximity to the final customer, Both egg and larval parasitoids have been ap-
plied for the management of storedproduct moths in the above situations.

frichogramme spp. is small endoparasites of Lepidopteran eggs. The major advantage of
Trichogramma species as biological control agents is their extremely small size, with adult
egg parasitoids measuring only 0.3 mm in length, making them virtually invisible 1o the cas-
ual observer. Frichogramma spp. 15 probably best suited to use as a preventative treatment on
uninfested, packaged products. Trichogramma spp. lay their eggs in Lepidopteran eggs (Fig-
ure 7). killing the developing moth embryo prior to hatching and therefore preventing the
damaging larval stage. The parasitoid larva consumes the contents of the moth egg, pupates
and emerges as an adult wasp in 7 to 14 days. Adult parasitoids mate shortly after emergence,
and a single female wasp is capable of parasitizing up to 50 eggs in her adult lifespan of 3 to
|4 days. Frichogramme spp. generally forage while walking on a substrate. Typically, parasi-
tized eggs are fixed to a card and can be stored at 8 to 12°C for up to seven days.

Figure 7. The egg parasitoid Fiichogrammea evarescens.

Mo allergic or other adverse reactions have been reported from the use of Trichogramma spp.
in glasshouse or storedproduct conditions. Several species of the genus frichogranma have
been released 1o manage the Indianmeal moth, the Mediterranean flour moth as well as the
warehouse moth in warehouses in Europe, North America and Australia as well as in retail
stores in Germany, Ausiria, Canada and the USA, In Europe, . evanescens is currently re-
leased commercially in retail stores and warehouses (Prozell & Schéller, 2000). In the USA, T
prefiosum and 17 parkers were found to occur naturally in peanut warehouses (Brower, 1984).
Trichogramme species typically have a fairly broad host range with many strains reared on
the eggs of storedproduct moths, However, various species and strains of Trichogramima may
differ significantly in the acceptance of eggs of storedproduct moths, especially those of the
Indianmeal moth, Schéller and Fields (2003) evaluated a number of different Nearctic species
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in the laboratory and found T deion and T2 presiosum to be most suitable to control the In-
dianmeal moth. The egas of all species of storedproduct moths would most likely be parasi-
tized by the previously mentioned Lrichogramma species,

Trichogrammea are usually released as pupae glued to egg cards at the rate of at least 500
females per card, and one card per linear metre of shelving. Higher release rates may be
needed for situations where shelving is more than 2 m in height (Prozell er af, 2004). Tricfo-
gramma spp. do not establish (Hansen & Jensen, 2002), and they are short-lived (2-7 days);
thus, release cards need to be replaced every 3 weeks.

Habrobracow heberor is a gregarious ectoparasitoid of moth larvae. Female A, feberor
parasitise the larvae of several species of storedproduct moths, including Indianmeal moth,
Mediterranean flour moth, warehouse moth (Ephesiia efwella) and the ropical warehouse
moth (Cadra canredla) (Figure 8)

Figure 8. The larval parasitoid Habrobracon frebetor.

Contrary to frichogrammea species, H. hebetor are strong flyers with good long-range search-
ing ability and a longer lifespan, This allows wider dispersal within the facility and the poten-
tial of establishing a population, making inoculative releases an option (Schaller and Prozell,
2001). Female parasitoids paralyse their hosts prior to oviposition, with paralysis always lead-
ing to the death of the host. K. hebetor will paralyse significantly more larvae than they can
parasitise, making them well suited for control of wandening larva. Long-range host finding is
mediated by kairomones, volatile components of the webbing of the larvae (Strand er al,
1989}, Activity starts at 12°C; females can lay up to 100 eggs, and oviposition starts at 16°C,
reaches a peak at 30°C and ends at 44°C (Genieys, 1924), Total life cycle at 30°C ranges from
Q-10 days with adult females living 7 to 23 days. Furthermore, in unheated stores, pupae and
adults are capable of overwintering (Franqui Rivera, 1995). Adults and pupae can be stored at
& to 12°C for seven days. No allergic or other adverse reactions have been noted with workers
in the field. H. hebetor is released as pupae attached to cards at a rate of 25-530 females per
card.

Field studies in warehouses and retail stores

In Germany, the foraging behaviour of frichogramma evanescens was tested on wooden
shelves. 20 batches of 10 sentinel eggs each were placed on the shelf. The shelf was 160 cm
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high, 66 cm in width and 41 em in depth, Pupae of 7. evanescens shortlly before emergence
were placed 8 cm (release point 1) and/or 150 cm (release point 2) from the floor on the shelf.
The number of 7. evanescens per release point was 200, 500, 1,000, 2,000 or 4,000, respec-
tively. With each parasitoid release, every sentinel egg patch was found at least once. Releas-
ing 200 1. evanescens was less effective compared to releasing more than 200, The effective-
ness of releasing 200, 500, 1,000, 2,000 and 4,000 . evanescens was 652, 919, 946, 93.8
and 100%, respectively. In a second experiment, sentinel eggs were placed in comparable
positions on both wooden and metal shelves in retail stores. Despite the larger surface area
due to food packages, host-finding by 7. evanescens was as good as in the laboratory expeni-
ment (Prozell ef al, 1995). In a third experiment, the oviposition site selection of Indianmeal
moth was investigated. Most eggs, i.e. 75%, were deposited on shelves, and 25% directly onto
the packages. Consequently, studving the foraging behaviour on shelves is a realistic scenario,
Packaging itself was shown to effectively protect food packages from ¥ evanescens. Flour
packaged in paper bags is not moth-proof, but no 1. evanescens were found inside these pack-
ages when the wasps were foraging on experimental shelves ( Ambrosius, 2003).

To evaluate the consumer acceptance of biological control in retail stores, a questionnaire
was distributed in organic food shops. Customers were asked for their opinion about releasing
parasitic wasps in retail stores (Prozell er o, 1995). Although no detailed information was
available at that time about the usage of biological control of maths in private appartments,
almost 50% claimed to release parasitoids. Out of the group that decided not to release, 50%
said that they did not dislike all insects, but did dislike those that are stinging and dangerous
and that more information would be appreciated. A microbiological study {Ambrosius, 2003)
showed that bacteria were suppressed on moth eggs used for rearing 7. evavescens by the use
of UV radiation to sterilize the moth eggs. This technique has become standard for the pro-
duction of 1. evarescens,

Encouraged by these resulis, commercialisation started in 1997, Since then, no com-
plaints due to the release of 17 evanescens and H. heberor have been recorded. At least 180
retail shops are currently using 7. evanescens. The duration of release ranges from 8§ to 12
months, depending on the moth species. The retailers evaluated the success of the biological
control programme by the number of complaints by customers due to moth infestation and by
the detection of infested packages in the stores. In private households, . evamescens is fre-
guently released, too, and for many people this was the first personal expenence with biclogi-
cal control (Prozell & Scholler, 2003)

In the USA and Canada, currently only a limited number of field studies have been con-
ducted exploring the potential of various Trichogramma species and M. heberor for the man-
agement of storedproduct moths under warehouse and retail conditions. Cline er al (1984)
explored the potential of H. hebetor to protect uninfested corn meal packaged in paper bags,
adjacent to food debris infested with wandering larva of the almond meoth under simulated
warehouse conditions. Their findings indicated that . heberor significanly reduced the num-
ber of larvae that penetrated paper packages although the parasitoid by itself did not com-
pletely mitigate damage.



In the USA, three species of frichogramma, namely Trichogramma deion Pinto and
Oatman, " ostrinice Pang et Chen and T, pretiosum Riley, were evaluated as potential bio-
logical control agents for the Indianmeal moth in retail stores. A single shelving unit was used
in each trial and foraging success was tracked via a grid of sentinel egg patches. The shelving
units were either bare or were stocked with simulated packages and consisted of pallet units
with five shelves measuring 1.83 m high by 1.22 m wide by 0.61 m deep. 15 sentinel egg
patches were placed in identical arrangements on each shelf as well as on the floor beneath
the unit. In trials with packaging, 24 boxes totalling 3.97 m® surface area/shelf were placed on
the four lower shelves. Approximately 500 female frichogramme sp. were released at the
centre of the shelving unit and allowed 1o forage for 48 hours and per cent parasitism was
recorded after seven days. Foraging success as well as the spatial pattern of parasitism dif-
fered significantly among the three Trichogramima species with 7. defonr performing the best
of the three species. Additionally, packaging affected the foraging efficiency of 1. ostriniae
and T prefiosum but did not appear to affect 1. deion (Grieshop ed al., 2004).

Integration

Augmentative biological control programmes are compatible with a variety of other manage-
ment tactics including insect-resistant packaging, cool temperatures, heat treatments and some
insecticides and fumigants (Schaller, 1998). The release of parasitoids in a biological control
programme needs to be integrated with pest monitoring and sanitation programmoes. Localized
infestations typically occur in treated buildings, and these can be targeted by trapping and
visual inspection of the storage facilities. Pyralid moths are monitored with the help of
pheromone-baited traps. Natural enemies should be released when the susceptible stages of
the pests are present. Trichogramma spp. and Blartisocins farsalis should be applied when
adult moths are active, ideally beginning with the first appearance of moths. The monitoring
of pyralid moths with pheromone-baited traps is compatible with the release of T. evanescens,
H. hebetor and V. canescens, I coloured funnel traps are used, they should be green or trans-
parent rather than yellow or white, because the parasitoids are attracted by these colours
(Scholler and Prozell, 2003).

Hygienic and sanitary measures in storage are a prerequisite to avold the mass develop-
ment of a pest species. As natural enemies were shown to be most effective at low pest densi-
ties (Zd'arkova, 1996), the development of proper hygiene programmes is therefore critical for
the successful application of beneficial insects. Similarly, augmentative releases made after a
heat treatment might be used in an attempt to prolong control efficacy by caiching pests that
escape lethal temperatures as well as new immigrants into the system. Finally, insecticides
that leave a minimum of residual, such as fumigants, may be compatible with augmentative
releases, provided releases are made after fumigant residues have dissipated. Bait-based for-
mulations have been shown to be compatible with the release of Trichogramma evanescens. If
cockroaches like the German cockroach B. germanica or the Oriental cockroach . orienialis
are present in bakeries, they should be controlled before releases are made. The side effects of
three compounds formulated as gels, Fenitrothione, Hydramethylnone and Fipronil on
I. evanescens have been tested. All three insecticides were found to have no side effects on



T, evanescens, i.e parasitism and emergence of progeny was not affected. The simultaneous
release of T. evamescens and the application of gels were tested in practice (Schéller er al,
2002), Generally, spraved residual insecticides are toxic to beneficials, However, certain pyre-
throids are 2 to 145 umes more toxic fo L. knelviella than wo V) canescens (Elliott er af.,
1983). A review of integration of biological and non-biological methods to control storedpro-
duct pests can be found in Schéller and Flinn (2000),

Cemmercial application

The cost of a treatment in private households with Frichogramma evanescens is usually 23 €
plus postage. In Germany, the release of natural enemies in warehouses and the retail trade is
part of an integrated pest management. The release of beneficial insects without a consultation
is not recommended, and prices for the whole programme depend largely on the pest control
situation {Prozell & Schéller, 2000), Examples would be between 500 and 3,000 € per yvear
per facility, depending on the size of the facility. However, as the surface and nature of the
stored products determine the number of 1. evamescens to be released, cost can not be given in
€/m’” Against the Indianmeal moth, nine releases are recommended from mid-April to mid-
October (Figur 9); of course this has to be adapted to the local situation it adult moths are
present cutside this period.
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Figure 9. Recommended timing for the release of Frichogramma evanescens against the In-
dianmeal moth in warehouses with packed products and the retail trade.

Cost of application is low, as biological control “formulations” such as pupal cards containing
Trichogramma sp. or M. heberor can be fairly easily distributed in the warehouse by untrained
workers. Unlike traditional insecticides, there are no applicator or customer safety concemns.
There are only some potential problems in releasing biclogical organisms ¢lose to foods that
are in the final stages of packaging. For example, in retail shops a possible mis-use would be
to place the release units close to meat or other food of animal origin, Currently, release cards
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containing 3,000 Trichogramma evanescens can be purchased for € 1,15 per card, while a
release card containing 25 ff. hebetor can be purchased for € 3,60 per card.

Research needs

Progress has been made on the way 1o integrated control of storedproduct pests based on bio-
logical comtrol. However, a lot of knowledge is still missing, With every previously unexperi-
enced storedproduct situation, due 1o e.g. new products or storage Iypes, new questions anise,
This is mostly due o unknown effects of habitat complexity on parasitoid or predator forag-
ing efficiency. Knowledge on these factors would aid the development of effective release
guidelines for natural enemies. Beside bulk grain and warehouses, biological control in only
few other storage situations was investigated to some extent, ¢.g. bakeries and mills {Scholler,
2004, A lot of information on the biology of natural enemies of storedproduct pests is avail-
able, due to their role as model organisms. However, mass rearing techniques for many bene-
ficials are not known yet. Further research on the integration of biological control with other
pest control methods would be needed, especially on aeration and cleaning of the grain in
bulk grain storage and on the combination of specific sanitation measures and heat treatments
in warehouses and retail stores.
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Biological control of post harvest diseases
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Abstract: Postharvest infections represent multi-million Euro damage to the fruit and vegetable produc-
ing industrv. Fungicide treatments have been the main method for controlling postharvest diseases of
fruits and vegetables, However, altemative methods such as biocontrol are needed due (o a generally
restricled pesticide use and the progressive loss of effectivencss due to development of lungicide-
resistant pathogen populations. In the postharvest environment, biological control of wound invading
necrotrophic pathogens by means of antagomistic microorganisms is a very promising altcmative as (1)
exact environmental conditions can be established and maintained, (2) the target area i well defined and
accessible - directly onto the harvested product — and the BCA ofien encounter minimal competition
from indigenous microorganisms on the product, and (3) expensive control procedures are cost-gifective
due 1o the relauve high value of harvested fruit and vegetables. However, strict food safety considera-
tions regarding direct application of microorgamisms to food products as well as consumers reluctant
acceptance of deliberate BCA application to frunt and vegetables must be carcfully addressed. Some
postharvest rots result from preharvest latent infections and may therefore be difficult to control with
postharvest application of BCAs,

Al least four products are available for postharvest biocontrol of wound pathogens: Aspire, based
on the veast Condide ofeaphila (Ecogen Inc. Langhom PA. USA). Yield plus based on the veast
Cryprococens albides (Anchor veast, Cape Town South Afnica) and Bio-Save 110 and Bio-5ave 111
based on the bacterium Prsendomenas syringae (EcoScience, Orlando, FL, USA). These products are
mainly developed for control of postharvest rots of pome and citrus fruit. Antagonists alone do not al-
ways provide commercially acceptable control of decay, but their activity can be enhanced by manipula-
tion of the environment or the formulation of the BCA, by the use of mixtures of niche overlapping
antagonists or by phyvsiological or genctic manipulation of the biocontrol mechanism. Furthermore inte-
gration of BCAs with other methods such as heat treatment, UV -irradiation, chitosan or CaCl; applica-
tion, low doses of lungicides or controlled atmosphere (CA) storage has improved control efficacy. As-
pects of postharvest biocontrol of wound pathogens and latent infections will be discussed based on
literature review and research at our department.
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Invasion of Trichogramma evanescens into food packages and the risk
of food contamination

F. Ambrosius’, C. Adler', Ch. Reichmuth', J.L.M. Steidle’
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Abstract: Consumer packages were emptied and tested with a solution of Rhodamin red for leaks that
could allow the invasion of stored product pests or parasitoids. Package tvpes for bird food (cardboard
boxes), grownd hazelnuts (bags of polyethylenc foil). Nour (paper bags), baby food (cardboard boxes
with 2 aluminium foil bags inside) and maize flour (Polenta, paper bags) found o be not inseet-proof’
were lested for the nvasion of Trichogramme evanescens adulis by placing 2 siicky tapes with
100y Sitewroga cerealella cppes cach inside the cmpty packages. This test was carried out under labora-
tory conditions both in a plastic box with a volume of 354 1 and under semi-ficld conditions with
packages displaved on an industnal shellf, Under extreme conditions with approamately 400 77 eva-
nescens adulls hatching on top of each tested package in the plastic box. 12% of the packages were
found to be invaded compared with only 2% of the packages displaved on an industrial shelf. In order
to define minimum pore sizes for the invasion of adult T evanescens, additional tests were cammied oul
bv placing parasitized cgg cards with hatching adults in a set of wire mesh screens with aperiures be-
tween 0.5 and 0.063 mm. 77 evanescens was found to be able 1o invade apertures as small as 0.2 mim
but was retaingd by apertures of 0,13 mm or smaller. Under practical conditions in a shop, the chance
of invasion and the nisk of food contamination with pathogenic germs by invading T2 evanescens 15
regarded as rather low.

Key words: Package, pore size, oviposilion

Introduction

Food packages made of paper, cardboard or polyethylene foil are frequently attacked by
stored product insects. Packages sent to the Institute for Stored Product Protection for deter-
mination of pest species have mostly been infested by moths, with the Indian meal moth Plo-
dig imferprnctella HOENER being by far the most important one, /. inferpumcielfa antacks a
broad varety of products such as grain and grain products, nuts, chocolates and dred fruits. If
adult females cannot invade the product directly, they lay their eggs in the vicinity of open-
ings, and the neonate larvae hatching from these eggs find their way into the food and feed
products. They canmot penetrate packaging material by chewing due to the fact that their
mouthparts are still too weak, in contrast to the grown larvae, which may penetrate packaging
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material in their search for a spot for pupation. Detailed studies on the quality of packaging
materials to resist stored product pests and the effects of ionising radiation of food rations
were carried out for the U.S. Army (Proctor e¢f al, 1954), Khan (1982, 19834, 1983 b) inves-
tigated the resistance of various mono and compound foils against the attack of various stored
product pest species and studied the invasion through tiny openings in packages. A review on
stored product protection in the context of food packaging is given by Wohlgemuth &
Reichmuth { 1998).

The egg parasitoid Frichogramme evanescens WESTWOOD is a natural antagonist of
stored product moths and is used commercially in German pet food shops and whole food
stores to control stored product pyralids (Prozell er al,, 1995, 1996; Scholler er al., 1997),

A potential risk in applyving parasitoids around consumer packages is the risk of food
contamination by individuals entering into the packages, The following study was carred out
to investigate if 7, evarescens invades packages and how frequently this might occur.

Material and methods

Tnsect redring

T evanescens was cultivated at 25°C on eggs of the Angoumois grain moth Sitetroga
cerealefla OLivier, which had been glued onto a piece of cardboard and sterilized by UV
light {1 h) prior to parasitisation. The . evanescens individuals hatching from the egg cards
used in this experiment all had approximately the same age and it was observed that males
hatched earlier than females and searched around for mating partners.

P interpunctella was reared on wheat bran and broken almonds at 25£1°C and 65+5%
rh. Eggs were obtained by placing fertile adults in an oviposition container, where females
laid their eggs through a fine wire mesh sieve {(aperture 0.2 mm) into a bowl. Eggs were then
counted and placed on sticky tape in batches of 100, Preliminary tests had shown that eggs
fixed on this tape were readily parasitised by T evanescens and that adult parasitoids did not
become stuck on the surface of this tape. Two pieces of tape with 100 eggs each were placed
inside of a package that was subsequently closed with a sealing tape and tested for invasion
by voung adult T. evanescens. Parasitised moth eggs were the critenia for successful invasion.
Testing food packages
Food packages were chosen to comprise the most frequently used package types. Therefore,
paper bags containing wheat flour or corn meal (“Polenta™), respectively, bags made of poly-
ethylene (PE) foil containing ground hazelnuts, cardboard boxes containing bird food and
cardboard boxes contaiming sealed aluminium bags with baby food were tested. Packages
were emptied and cut into halves. Openings in the package were made visible by pouring a
solution containing Rhodamin red into each half, thus staining a test package in the area
where liquid ran out. Tests with Rhodamin red have been described in earlier publications
(Wohlgemuth & Reichmuth, 1998).



Laboratory test in plastic boxes

The package types found leaky in the Rhodamin red staining test were also tested for invasion
by 1. evanescens, For this purpose packages were opened in a central portion which could eas-
ily be sealed again, and emptied of all products. Two pieces of tape cach containing 100 F, in-
ferpninciello ezps were placed inside and the packages were sealed again. The packages were
then exposed to voung adult 77 evarescens in a square translucent plastic box and an egg card
with approx. 400 T evemwescens was placed on top of each tested package (Figure 1), Each
box was 63 cm long, 44 cm wide and 20 em high (volume: 55.4 1). The box was covered with
a plastic liner fixed to the upper rim of the box with adhesive tape, sticky on both sides.
Preliminary tests had shown that both the box and the covering plastic foil were antistatic and
did not adversely affect the locomotion behaviour of 77 evanescens, Experiments were
performed at temperatures ranging from 20 to 29°C following diumal changes, at a relative
humidity of 43% to 53% and 16:8 h (L:D2) light regime. Each package type was tested in 15
replicates. After an experimenal period of 7 d the tapes with £ inferpunctello cggs were
removed from the package and kept in a Petri dish for another two days before examining
them for parasitation. Eggs found dark in color were regarded as parasitised.

Figure 1. Package type for ground hazelnuts equipped with moth eggs and an egg card with 1
evaiescens in a plastic box during the invasion test,

Nemi-field fest on an industrial shelf

In order to simulate a practical application of 1. evanescens, 5 empty food packages of each
type equipped with moth eges as described above were displayed on an industrial shelf (2.4 m
wide, 1.6 m high, 0.4 m deep) in the same room where the plastic boxes had been kept (size
approx. 40 m*). A total of four egg cards of I, evanescens each containing approx. 3,200



adulis was added by sticking a card in the middle of both the top and the bottom shelf and one
at medium height both on the left and right side of the shelf (Figure 2). This resembles the
standard release method of 7 evanescens in control measures against stored product moths,
Temperatures were kept above 24°C by heaters to avoid lower temperatures due to winter
conditions outside. The relative humidity was kept between 45 and 50% with the help of
humidifiers (Defensor). This experiment was carried out under a similar light'dark regime as
the previous test in three replicates for an experimental period of 9 d each.

e —
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Figure 2. Industrial shelf with empty test packages equipped with moth eggs for invasion by
T. evamescens. Egg cards with T2 evanescens are marked with white arrows.

Laboratory test in a sef af wire mesh sicves

A set of 6 stainless steel wire mesh sieves (Retsch Co., Haan, Germany) was assembled in the
way that the largest aperture was at the bottom, the smallest at the top. Apertures (open
distance between two parallel metal threads) were 0.5 mm, 0.4 mm, 0.3 mm, 0.2 mm,
0135 mm, 0.1 mm and 0.063 mm, respectively. The inner diameter of each sieve was 200
mm, Two commercially available egg cards with approx. 3,200 parasitized eggs of &
cerealella were placed in the dish below the sieve with the largest apertures. The finest sieve
was covered with a translucem plastic sheet that was fixed with adhesive tape. Light
conditions were natural dayvlight in a laboratory room without direct sunlight in late fall
(approx. 12 hdaylight: 12 h dark). This design was chosen to separate T. evanescens adults by



size due to their negative geotaxis and positive phototaxis. The experimental period was 6
days. At the end of the experiment, the set of sieves was tumed onto the side and flushed with
CO: to narcotisise [ evanescens and to prevent narcotised individuals from falling back
through larger sieves. Subsequently, the set was wrned upside down and disassembled while
continuously flushing with COx from below. All individuals found in the various layers were
collected into small glass vials, frozen over night at -20°C and counted under a microscope.
The experiment was carried out in two replicates.

Results and discussion

Testing food packages for leaks

The Rhodamin red staining test showed that cardboard boxes for bird food were leaky in all
comers and seams where two layers of cardboard were connected. Plastic bags for ground
hazel nuts were found leaky at both bottom and top seals that are produced by a rapid welding
process prior to and after filling in the product. The vertical seam in the middle of the back of
the package, however, was found well sealed. Wheat flour bags were insect proof” with one
exception, where a leak was found in the bottom region. The good seal may be attributed to
the additional tag glued on top of the bottom seal covering the central part of the paper folds,
a good and even seal of the vertical seam and a sufficiently strong seal of the tightly rolled top
end of the paper bag. In contrast, the cardboard boxes used for baby food were found leaky
both at the top and bottom due to the fact that lashes were glued together at just a few points

Figure 3. Set of wire mesh sieves for testing the size distribution of T2 evanescens,
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and some additional perforation at the top end of the box. The two aluminium bags with baby
food inside the cardboard box, however, were found completely leak-proof (W = 30}, OF the
I5 tested com meal bags (Polenta), all top ends were found leaky as well as one bottom seal,
Mo leak could be discovered in the vertical seam. The percentage of packages with leaks is
wiven in Table 1.

Table 1. Percentage of leaky packages detected with the Rhodamin red staining test (n= 15).

Cardboard | Plastic bag | Paper bag | Cardboard | Alumin. Paper bag,
box, bird | hazelnuts, |wheat box, baby | bags, baby | Polenta,
location food, 120g (200 g Nour, 1 kg |food, 500 g |food, 250 g |S00g
Bag top - 87 0 - ] 100
seam
Top - - - 60 - -
perforation
Top left 33 - - 100 - -
Top centire 27 - - 0 - -
Top right 100 - - 100 - -
Bag vertical 0 ¥ - 0 0
seam
Bottom lefi 73 - - 100 - -
Bottom ctr. 67 - - 0 - -
Bim. right 100 - - 100
Bag bottom - 73 7 - 0 7
seam

Laboratory test in plastic boxes

Of the votal of 75 packages tested, parasitised moth eggs were found in 9 packages, four of
these packages were the cardboard boxes for baby food, three paper bags for Polenta (Table
2). This proves that 7. evemrescens may accidentally invade a not sufficiently insectproof
package on its random search for host eggs, though the frequency of this incidence should be
much lower under practical conditions than the ones tested here, where up to 400 T
evanescens were exploring one package. The flour bags that had proven quite well sealed in
the Rhodamin red leakage test were not found invaded by 17 evanescens.

Semi-field test on an industrial shelf

The number of packages found invaded under semi-practical conditions on a shelf with
various package types was considerably smaller than that in the plastic box, even though a

-test revealed that these differences were not significant (Table 2).
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Table 2. Amount of packages found invaded by T, evemrescens in the experiments in a plastic box
and on an industrial shelf

Plastic boxes Shelf 12 P
Cardboard box, §
141 150 103 03091 ns.
bird food, 120g ’ s
Plastic b
AshE bag. 141 15:0 103 03091 ns.
hazelnuts, 200g
Paper bag, 150 150 . ;
wheat flour, Tkg
Cardboard box
’ 114 13:2 083 03613ns.
baby food, 500g ? e
Paper bag,
12:3 15:0 333 0.0679ns.
Polenta, 500g . ? s

"number of non-invaded packages : number of invaded packages.
n.s.; not significant

Laboratory test in a set of wire mesh sieves

The test conducted in a set of laboratory sieves showed that at least a few T7 eveamescens can
invade through openings as small as 0.2 mm while none of the tested more than 4,000
individuals crawled through an aperture of 0.15 mm (Table 3). That the majority of wasps
was found remaining in the bottom dish may be due to the fact that 72 evamwescens hatches
from these egg cards over a period of two weeks and at the end of the experiment just one
week had passed. Perhaps prolonged experimental times could have prompted a more
pronounced upward movement of I evanescens. Another reason may be that the steep metal
walls of the sieves were not easy to climb or that the wire meshes, forming a horizontal
barrier, made upward movement more difficult,

Probability of invasion and risk of contamination

According to the results of this study, the risk that single specimens of T\ evamescens used for
stored product protection around packed goods enter food packages and contaminate food cannot
be ruled out. However, the fact that only in very few experiments wasps have been found to in-
vade the packages strongly indicates that the probability of invasion is rather low.

Another important aspect to consider is the probability that 7. evemrescens could become a
vector of pathogenic germs. One possibility could be that mass cultures are contaminated with
pathogenic germs. This risk can be regarded as rather low due to the fact that the entire juvenile
development of I evanescens takes place inside a moth egg. Individuals used for biological con-
trol even develop in UV-sterilised eggs. In an earlier study sterilised and non-sterilised 5. ce-
realella eggs had been compared for bacterial growth by stirring samples for 30 min in aqua
bidest with addition of 0.01% Tween 80 {polyethylenglyeolsorbitanoelate) solution and subse-
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quently transferring them onto Agar plates. Afier 7 d in darkness at 21°C or 37°C, respectively,
the plates were checked for the presence of bacteria, fungi and veasts. While non-sterilised eggs
contained about 40 germs per egg on average, in sterilised eggs a maximum of 4 germs was
found (Schaller & Koch, unpublished data).

Table 3. Distribution of adult T, evanescens in a sieve after 6 d.

Experiment 1 Experiment 2
Nleve aperiire Absolute nos %o of total Absolute nos %o of total
= (1,063 mm 0 0 0 0
=0.1  mm 0 0 0 0
=015 mm 25 1.5 57 23
=02 mm 296 17.2 50 20
=03 mm |6E a8 129 5.1
=04  mm 110 6.4 140 5.5
=05 mm 1119 65.1 2154 85.1
(bottom dish)
Total no. of 1718 100 2530 100
adult T- evan.

Another risk could be the uptake of germs by adult 1. evamsescens, either orally or by the body
surface. In nature, individuals may feed on plant juices. In the environment of a shop, the
presence of accessible liquids is rather improbable. Also the transpont of germs on the body
surface can be ruled out because pools of pathogenic germs are not to be expected within
reach of ¥ evamescens in the environment of a shop. In conclusion, the authors judge the risk
of fiood contamination due to 1. evanescens released around packed products as rather low,
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Abstract: Two recent projects have dealt with the potential of biccontrol of pests in grain storcs and
flour mills in Denmark. In grain stores the most imporiant pest is the granary weevil Sitophilns
grararius, An investigation is being carried out to elucidate the effect of combining parasitoids against
the larvac with entomopathogenic fungi against the adult weevils. Two pieromalid parasitoids are being
used in the study: Lariophagns distinguenches and Anisopreromalus colandrae. As the result of a
screening programme a strain of Beavveria bassiana was selected for the investigations. A “semi-field”
investigation 1s being conducted at present using continers with 9 kg of grain infested with 8. granarins,
The trial involves the following: i) addition of L. distimguendrs, i) addition of A. calandrae, i) addition
ol B. hassiana, and different combinabions of the natural enemies. The inal will run for a total of 24
weeks, Preliminary resulls are presentid,

Another project has clucidated the potential of using the egg parasitoid Frichogramma merkestamica
or the egg predator Blatisociis tarsalis Tor contrel of the Mediterranean four moth Ephiestiao keelniclla
in Danish Mour mills, Biological studies revealed that both natural enemies were active and able 1o
reproduce under the wemperature conditions found in flowr mills. Two field tnals were conducted; the
results are discussed,

Key words: Grain stores, Mour mills, Strophilns gronarins, Loriopiagus disingrendus, Anisopteromalis
calandrae, Beawmveria bassiana, Ephestia buehniella, Trichogramna rkestarica, Blanisocius tarsalis

Introduction

In grain stores in Denmark and northem temperate regions the most important pest is the
granary weevil Sifophilus gramarins L. (Coleoptera: Cucurlionidae). Several species of
parasitoids have potential as biological control agents of . graverins larvae (Scholler & Flinn,
2000). However, the long oviposition period of 5. gramarius makes it difficult to rely on larval
parasitoids alone for satisfactory control. Entomopathogenic fungi may have potential for
control of the adult weevils, as they infect related species (Adane ef af, 1996) and also can kill
significant proportions of weevils when applied in high dosages (Athanassiou er o, 2005). An
investigation is being camed out to elucidate the effect of combining parasitoids against the
larvae with entomopathogenic fungi against the adult weevils. Two species of larval parasitoids
are being used in the study: Lariophagns distinguendus Forster and Amisopiteromalis calamdrae
(Howard) (both Hymenoptera: Pteromalidae). As the result of a screening programme a strain
of Beawveria bassiana (Hyphomyeetes) was selected for the investigations. A “semi-field”
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investization is being conducted. The trial involves different combinations of the nawral
enemies. Preliminary results are presented below.

Another project has elucidated the potential of using the egg parasitoid Trichogranma
furkestarica Meyer (T, evanescens Westwood) (Hymenoptera: Trichogrammatidae) or the egg
predator Blattisocins tarsalis (Berlese) (Acan: Ascidae) for control of the Mediterranean flour
maoth Fpfrestia knelniella Zeller (Lepidoptera: Pyralidae) in flour mills. Biological studies re-
vealed that both natural enemies were active and able to reproduce under the temperature condi-
tions in flour mills when the first flour moth eggs occur in spring in Denmark (Hansen, 2000,
Hansen and Jensen, 2002; Nielsen, 2001; Nielsen, 2003). Twao field trials were conducted; the
results will be discussed.

Biocontrol of Sitephilus granarius in grain stores

Muterials and methods

A semi-field experiment was conducted using 60 plastic containers each with 9 kg of wheat
grain infested with 5 grawarivs. The infestation was initiated by adding two adult &
granarins per kg grain. After the pest population was established, two species of parasitoids,
L. distinguendus and A, calmdrae (1.5 per kg grain) and the entomopathogenic fungus B
bassiana (2 x 10° spores per g prain, isolate no. 678 originately isolated from Musca
cleynestica) were added, either alone or in combination. The units were placed at 20°C, T0%
RH. After varying periods of time (7-26 weeks), densities of pests and natural enemies were
determined. Mortality in weevils and parasitoids caused by the fungus was determined as
well

Results

After 7 weeks 65% of the initial adult 8. grawmerins had died in units treated with the fungus,
compared with 5% in the untreated units. After 16 and 20 weeks the reduction in the pest
population related to the untreated control was 50-92%. The greatest reduction was seen in
units with f. disiinguendns or A. calandrae, The pest density was intermediate in units with a
combination of parasitoids and fungus, The investigation is ongoing as present; the population
development will be determined one more time.

Biocontrol of Ephestia kuehniella in flour mills

Materials and methods
Field trials were conducted in two industrial flour mills from April until mid-October. In mill
A the egg parasitond 1. furkesionica was released in the galleries above and below the grain
and flour silos, a total of four rooms. The beneficials were released weekly as pupae in rates
ranging from 300 to 600 per m’, starting in April.

In mill B a trial was conducted with the egg predator £. iarsalis in a 5-storey room
containing a bran silo and treatment plant, total volume of the room: 1,100 m’. 65400
predators were released weekly.
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In both trials the pest population was monitored weekly by the means of pheromone traps
{funnel trap, AgriSense-BCS Ldt., UK.). Pheromone trap data from the previous years were
obtained from the mills’ files for comparison. In both locations chemical control {aerosol
treatment with pyrethrum) had been conducted on a regular basis; in mill A once a week and
in mill B twice daily. This was stopped during the trials.

Results

In mill A daily trap catches were generally below 10 moths per day, with occasional peaks
reaching 25 moths per day, during the three vears with chemical control prior to the trial.
During the trial with T2 ferkestanica trap catches were below 15 moths per day for most of the
trial in three rooms; in mid-September trap catches increased to higher levels in two of these
rooms, In the fourth room trap catches passed 20 per day in June and remained high for the
remaiming period. The overall result 1s that moth levels were similar to the previous years in
twor of the rooms, with an increase late in the season in one of these two. In two other reoms
moth trap catches were higher than during the previous yvears. However, it must be stressed
that these results are compared with a chemical treatment; it is practically impossible to obtain
an untreated control unit for comparison in an industrial flour mill.

In mill B the maximal trap catch during the previous four years with chemical control
was 12 moths per day. During the trial with B, rarsalis daily trap catches were below 2 moths
per day (P.S. Mielsen, pers. comim. ).

Discussion

The potential for using biological control in durable stored producis is considered 1o be good.
Time is generally not a limiting factor although there are seasonal variations in temperatures.
Grain, e.g., enters storage at harvest with high temperatures and in some cases high moisture
content. When possible, the grain is aerated with ambient air to cool the grain and remove
moisture. In Denmark grain temperatures usually reach levels below 15°C in October and are
as low as 5°C during winter. This means that the parasitoids must be established in the pest
population and kill a large proportion of the larvae before their activity stops due o low tem-
perature. Steidle & Schaoller (2002) found that Lariopheagus distingmendus were active in ex-
periments in silo bins with temperatures ranging between 16 and 20°C at the end of the trial,
If, in addition to this, the lifespan of the adult 5. gravarins is reduced during the first weeks of
storage by infections of 8. bassicna, the proportion of pests surviving the winter is estimated
to decrease. The present investigation is being conducted at 20°C; at this temperature the ini-
tial results indicate that the parasitoids alone lead to the greatest reduction in the pest popula-
tion. The results are similar to those obtained by Reppchen e al. (2002), but the present in-
vestigations involved far fewer parasitoids in relation to pests. The reduction is smaller in
units with both K. bassiana and parasitoids; it seems that the fungus affected the parasitoids
negatively. However, the fungal dose was relatively high in the present case. It is encouraging
to see that the fungus led to high mortality in the pest population and obviously continues to
do so, even after 20 weeks. In the future targeted application of the fungus should be devel-
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oped, eg. by combining fungus with a potent attractant; this could mavbe overcome the con-
straints of the fungus killing parasitoids.

The tnal with £ farsalis in flour mills resulted in very low pest levels during a whole
season, this was very encouraging, but it must be stressed that only one area was treated. Fur-
ther trials must be conducted with this species. The results with the egg parasitoid T7 fwrke-
stemvica were more variable, Differences may be due to the differing value of grain and flour,
respectively, as food for flour moths. This may have affected their population development.
Different temperatures in the rooms may also have affected the results. Though less encourag-
ing, the potential of this species must be further siudied.
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Is Cephalonomia tarsalis suitable for biological control of Oryzaephilus
surinamensis?

Jan Lukas
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307, Prague 6, Czech Republic

Abstract: The saw-toothed grain bectle, Chzaephilns surinamensis (Linacus)  (Coleoplera;
Silvanidac). 15 ong of the most abundant pests of stored and processed groin i the Crech Republic.
Both adults and larvae cause damage and are wsually found on grain damaged by other insccis.
Biological control using Cephalonoemia tarsalis {Ashmead) (Hyvmenoptera: Bethvlidae) 15 a possible
alternative to currently applicd chenmical control agamst this pest. An overview of currently obtained
resulls on: 1) temperature dependent development, 2) emperature dependent functional response, 3)
susceptibility of € farsalis adults to deltamcthrin, 4) compatibility of Cheyletus erudines (Schrank)
(Acan; Chevietidae) and C. tarsalis in biological control of stored grain pests and 3) temperature and
time dependent survival and fecundity of C. tarsalis is presented and discussed.

Key words: Cephalonomia tarsafis, Oryzaephilns surinamensis, biological control

Introduction

The saw-toothed grain beetle, Oryzaephilis surinamensis (Linaeus) (Coleoptera; Silvanidae),
is a cosmopolitan stored-product secondary pest whose adults and larvae cause economic
damage. This pest is considered as a key pest of stored and processed grain in the Czech Re-
public. Fumigants and contact biocides are recommended and broadly used in control pro-
grammes of this pest. Nevertheless, because of a ban of methyl bromide, resistance, toxicity
and residues of biocides, there is a need for altemative control means. One possible alterna-
tive 15 use of natural enemies.

Cephafonomia is a genus of parasitoids of the larvae and pupae of small eryptic beetles
that feed upon stored products, bark and fungi. C. farsalis was found to parasitise 0. surina-
mensis by Powell (1938), Although O rarsalis reportedly uses several different stored prod-
uct beetle hosts, it appears to be primarily associated with O swrinamensis (Howard er af,
1998). This parasitoid 15 naturally present in stored products in the Czech Republic (Lukas,
2002). The basic biology of the parasitoid was described by Powell (1938). Some aspects of
behavioural traits of this parasitoid were studied by (Howard er af, 1998, Cheng ef af, 2003,
2004, Lord (2001) conducted experiments on compatibility of this parasitoid with an ento-
mopathogenic fungus Reawveria bassiane. Lukas (2005) described its temperature dependent
functional response.
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O tarsaldis is studied in our laboratory with an aim to assess its suitability for biological
control program with regard to temperature requirements, This study presents an overview of
currently obtained results on: 1) temperature dependent development (Luka$ & Stejskal,
2005), 2) temperature dependent functional response (Lukas, 2005), 3) a susceptibility of C.
forrsalis adults to deltamethnin (Lukas & ﬂamhr:rgcrcwa, 2006), 4) Compatibility of Cheylens
ernclins (Schrank) (Acari; Cheyletidae) and . tarsalis in biclogical control of stored grain
pests (Zd'arkova ef al), and temperature and time dependent survival and fecundity of (.
farsalis (Lukag, 2006).

Material and methods

Insect rearing
Cultures of Ceplarfononria tarsalis and Ovyzoephifus surivamensis onginated from stored
wheat samples obtained from a warchouse near to Prague in 2002, O swrinamensis was
reared on rolled oats and €. farsalis on 4" instar larvae of (). surinamensis in wheat. Both
cultures were maintained in climatic chambers in a constant temperature of 30°C, relative
humidity of 75-80% at a photoperiod of 16:8 (L:D).
Susceptibility of Cephalonomia tarsalis adilts fo deftamethrin
The dipping technique was adopted for the bicassay with adult males and females of . rar-
salis. The test solutions of the insecticide were prepared by dilution of appropriate amounts of
K-Orhrine 25WP with distilled water containing 5% Tween 80 to make desired concentrations
of 0.01%, 0.05%, 0.1%, 0.5%, 1%, 1.5% and 2%. For control tests, insects were dipped in
distilled water containing Tween 80 only. Experiments were done with 120 males and 200
females per test data of LCs. The definition of death was that the adults did not respond to
prodding with tweezers. No control mortality was observed during experiments. All bicassay
tests were conducted in an environmental chamber at 25£1°C at a photoperiod of 16:8 (L:D).

The analysis of the influence of deltamethrin on the mortality of Cephalonomia tarsalis
was done by means of GLM logit analysis using the R freeware statistical package
(hitp:/feran.atr-project org) assuming quasibinomial distributed residuals o adjust overdis-
persion and asymmetries in the distributions (Crawley, 2002). Examination of the residuals
confirmed the fit of the models to the data.
Temperature dependent developmental echaracteristics of Cephalonomia tarsalis
The 4" instar of €. surinamensis larvae served as hosts. The experiments were conducted in
parallel in four temperature-controlled chambers at four constant temperatures of 21°C, 24°C,
27°C and 30°C at L16:D8 photoperiod and RH 75%. Eggs of . rarsalis 0-12 hours after be-
ing laid on larvae of (4 surinamersis were placed at each temperature. The hatching of larvae,
pupae and adults were checked at 12-hour intervals. For each temperature, rate of develop-
ment (rD: day '), a reciprocal of the development duration, was calculated for the overall de-
velopment of (. farsalis, The relationships between developmental rate (rD) and
temperature { T) were described by a linear model:

M=a+hT
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from which the lower developmental threshold (LDT = -a'b) and the sum of effective tem-
peratures (SET =1/b) were calculated. Slopes and intercepts of the linear models were esti-
mated by the linear procedure of QCexpert 2.5 statistical program,
Age specific fecundity amd survivership of Cephalonomia tarsalis in different temperatures
Age specific fecondity of mated females of C rarselis and survivorship of both males and
mated females of . farsalis were studied at constant temperatures of 21°C, 24°C, 27°C, 30°C
and 33°C in temperature-controlled chambers. The preoviposition period, number of laid eggs
and survivorship of males and females of C. tarsalis were recorded daily until the parasitoid
had died. Hosts were renewed (replacement of parasitized hosts) daily until the female died.
The analysis of the influence of temperature and age on the preoviposition period, mum-
ber of laid eggs and oviposition period of C. farsalis was done by means of GLM logit analy-
sis and survival analysis using the R freeware statistical package, Examination of the residuals
confirmed the fit of the models to the data.
Compatibility of Cheyletus eruditus and Cephalonomia tarsalis in biological control of
stored grain pesis
Twelve cardboard barrels (22 cm in diameter, height 50 cm), each loaded with 7 kg of clean
sterile wheat and 0.5 kg of oat flakes, were used to simulate a stored grain environment. The
barrels were covered with cloth and left at 22°C and 75% RH for a week to balance the mois-
ture content of the wheat, Pairs of barrels were infested with mites and beetles to give the fol-
lowing six combinations:

la, b — 1,000 mites A. siro

IMa.b — 100 beetles (X suriramensis

Ma b — 1,000 mites A sire + 100 beetles O, surivcmensis

IVa b — 1,000 mites A siro + 50 predators C. eruditis

Vab = 100 beetles 0. surinamensis + 4 parasitoids Ceplialovontia farsalis

WVia b~ 1,000 mites 4. siro + 50 predators O ernditus + 100 beetles () swrinamensis +

4 parasitoids Cephadonomia forsalis.

The mites and their predator came from cultures reared in the laboratory at 25°C and 75% RH
on wheat germs, the predators were reared on lettuce seed with 4. sire as prev. The expen-
ment lasted 3 months, samples (100-200 g) were taken at the end of each month. Berlese fun-
nels were used to extract the mites, and the beetles were sifted out and counted. At the end of
the experiment all wheat from the barrels was sifted out and beetles and parasitoids were
counted

Functional response

Functional response of mated experienced 3-day-old females of (. farsalis paralyzing ). su-
rinamensis larvae was studied at constant temperatures of 21°C, 24°C, 27°C, 30°C in tem-
perature-controlled chambers. Expenienced €. farsalis females (96 hours old) were placed for
24 hours in a plastic jar containing 10 g of wheat and provided with 10 4™ instar . surina-
mensis. A factorial arrangement of all treatments replicated as complete blocks was used.
Treatments included four constant temperatures (see above) and targeted host densities of 0,
1,2 4 8 loor 32 4™ instar larvae of € surinamensis. Experimental blocks were replicated
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10 times, After 24 hours, the female parasitoids were removed from the experimental jars and
the number of paralyzed host larvae was recorded.
A type 11 disk equation for parasitords (Rovama, 1971) was fitted to the obtained data;

al™ )
Np’ = M[l = E-'KF{— mJJ

where N is the number of hosts attacked, M are the number of hosts available, a is the in-
stantaneous search rate, ¥'is the total time of the experiment, #f is the number of parasitoids
and fJris the parasitoid handling time. A nonlinear analysis of the R freeware statistical pack-
age was used to estimate the coefficients a and Th.

A model capable of predicting functional response over a range of temperature was used

{Flinn, 1991}
alP: )
M= Nf[l B B.‘lp[— 1 -.-ﬂ{ﬁu+ X+ X0 JNrJ]

where X is the temperature (*C) and the other parameters are as previously described. A
nonlinear analysis of the R freeware statistical package was used to estimate the coefficients

a, fin, fir, B

Results and discussion

Susceptibility of Cephalonomia tarsalis adules to deltamethrin

Males and females of O farsalis were unequally sensitive to deltamethrin (F=6.1, df=1,13,
p=0.05); males were more sensitive than females. Lethal concentrations for males and females
of € farsafis are summarized in Table 1,

Table 1. Estimates of lethal concentrations (LC) of deltamethrin for Cephalonomia tarsalis
males and females. The LC« values were calculated based on the mortality at 24h.

MALES FEMALES
Deltamethrin cone, %o SE cong, %o SE
LD10 0.074 0103 0.290 0076
LD25 0374 0.074 0.685 0.059
LI5S0 0,758 0,060 1.201 0.059
LD73 1.249 0.091 1.875 0.075
LD90 1.878 0.129 2754 0.099
LD99 3930 0.233 5724 0.169
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The sex of the insects was found to important for explaining the monality of . farsalis
exposed to deltamethrin. A possible explanation could be differences in size between males
and females (males | 0805 £ 0,009 mm, females 1.268 £ 0.005 mm; Cheng ef al, 2003),
MNevertheless, Baker and Weaver (1993) did not find any differences between males and fe-
males of duwisopieromalus colondrae exposed to malathion despite the fact that males were
significantly smaller than females. The fact that females of . rarsalis are less sensitive to
deltamethrin than males would also indicate a potential for breeding a resistant strain of this
parasitoid under laboratory conditions.

Temperature dependent developmental characteristics of Cephalonomia tarsalis

The temperature dependent effects on the rate of development (RD) of . farsalis are summa-
rized in Table 2. In all stages the developmental times were shorest at 27 and 30°C. Egg de-
velopment was shortest at 30°C and lasted on average 1.1 days. Likewise, the shortest larval
development time of . farsafis was 5.2 days at 30°C and the shortest pupal development
time was 5.2 days at 27°C.

Table 2. Temperature dependent developmental constants of Cephalonomia tarsalis.

Egg Larvae Pupae Overall
LDT 18.6°C 16.8°C 17.9°C 15.5°C
SETk 15DD 413 DD 49.3 DD 1648 DD

Age-specific fecundity and survivorship of Cephalonomia tarsalis in different temperatures
The preoviposition period was nonlingarly temperature dependent. Females that oviposited
first did so at 30°C after 1-2 days. At 21°C females started to oviposit at the age of 2-8 days.
An increased preoviposition period of 1-6 days of age was recorded at 33°C. Adult longevity
was temperature and sex dependent. Adulis lived longer at lower temperature, and females
lived longer than males. The overall mean longevity of males was 4-8 davs at temperatures
ranging between 21 and 33°C. At 21°C males lived for up to 17 days. Mean longevity of fe-
males varied between 43 days at 30°C and 82 days at 21°C. An individual female lived more
than 90 days at 21°C. Oviposition period was negatively linearly temperature dependent. Fe-
males oviposited on average for 54 days at 21°C but for 33 days at 30°C. Egg production was
nonlinearly temperature dependent. Up to 198 eggs were laid by an individual female during
its lifetime at 27°C. A maximal mean fecundity of 110 eggs per female was recorded at 27°C
but only 32 eggs per female (mean) were laid at 21°C. Figure 1 shows the mean age specific
fecundity at 21°C, 24°C, 27°C and 30°C. The rate of egg laying was highest at 30°C and low-
estat 21°C.
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Figure 1. Mean age specific fecundity of Ceplurfonomia rarsalis at different constant tem-
peratures (21°C, 24°C. 27°C, 30°C; n=12 for each treatment). The experiment is ongoing.

The results show that temperature strongly influenced survivorship and fecundity of . -
sarlis. The optimal temperature range for reproduction is between 24 and 30°C. Preliminary
results (not shown) suggest no reproduction at 18°C and very limited reproduction at 36°C,
These findings are in accordance with lower and higher developmental thresholds (LDT and
HDT) for development of O sarsafis. LDT for eggs of O farsalfis is 18.6°C (Lukas & Ste-
jskal, 2005) and HDT for overall development of . farsafis is slightly above 36°C (unpub-
lished), Mevertheless, outside of these temperature boundaries O, farsalis paralyze and host
feed on larvae of O surinamensis (unpublished). Flinn & Hagstrum (1995) found the highest
age-specific fecundity of Cephalowomia waterstoni at 35°C, no fecundity at 40°C and very
low fecundity at 21°C. . tarsalis seems to be about 5°C more cold tolerant and less high
temperature-adapted than O waierstoni. Moreover, females of O tarsalis survived longer
than females of O, warerstori at similar constant temperatures,
Compatibility of Cheyletus eruditus and Cephalonomia tarsalis in biological control of
stored grain pests
Synchronous application of both natural enemies resulted in more effective control of €1, smri-
mamensis than treatment with either biological agent alone; the number of beetles was only
1/40th of that in the control. The predator reduced A. siro 1o 7 specimens compared with 5000
in the control. The parasitoid multiplied from 4 1o 21 specimens. The predatory mites were
observed to prey on the eggs of beetles,

It was found that C. ermdiins enhances the control of O swrinamensis. Eggs of the beetle
serve as an alternative food source for O, erndifns when the main prey A, siro is scarce. Fur-
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ther research is needed 1o quantify this effect, Nevertheless, this finding leads 1o predicting a
higher stability of a biclogical control programme based on O erudfinns.

Functional response

Handling time { 7)) was inversely proportional to temperature and ranged from 0.167 at 21°C
to 0,024 at 30°C. Instantaneous search rate () also changed with temperature. It was lowest at
30°C and highest at 27°C. The predicted maximum number of paralyzed larvae in 1 day
(1711 was highest at 30°C (41.7 larvae/day) and 27°C (21.3 larvae/day). But the value of Th
at 30°C was on the board of significance (p=0.051). A temperature-mediated functional re-
sponse equation explained 77% of the variance in the paralyzation rate. The temperature de-
pendent functional response equation fitted to the data set (F* = 0.77, p<0.0001) is shown in
Figure 2. The optimal temperatre for paralyzing the maximum number of host larvae is
about 28°C,
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Figure 2. Temperature dependent functional response of Ceplradonomia farsalis paralyzing
Cephalonomia tarsalis larvae.

Functional response analysis is commonly used 1o help predict the potential of parasitoids 1o
regulate a host population (Oaten and Murdoch, 1973). Estimated instantaneous search rates
for . farsalis were relatively high at all temperatures. The highest search rate was found at
27°C, lower at 21°C and 30°C and not significant at 24°C (p=0.05). . tarsalis was able to
attack and paralvze up to 21.3 larvae at 27°C. Flinn (1991) found that C. waiersioni antacked
7.5 larvae in 12 hours at 25°C,

Considering the suitability of (. tarsalis for biological control programs of (L swrina-
miensis, it is necessary to take into account that not all paralyzed hosts are used for oviposi-
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tion. Some of them serve as a source of nutrient (host feeding) for maturation of eges and
some are abandoned. Thus, host feeding is an important monality factor which is welcomed
for parasitoid. Moreover, paralyzed host larvae are not able to recover. The parasitation rate
indicates only the number of hosts used for reproduction of parasitoid but the paralyzation
rate is of greater importance, as it is shows the real capacity of the parasitoid to suppress the
pest population. . tarsafis is highly host specific as it seems that (). surinamensis is its ex-
clusive host (Howard ef af, 1998, unpublished data). Developmental time of . farsafis is
shorter Lukas & Stejskal (2005) than of its host (Hagstrum and Milliken, 1988). Results of all
the presented studies suggest that this parasitoid could be an effective biological control agent
against the population of COryzaephilus surinamensis,
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Abstract: English oak (Owercns robur) is a very important hardwood in Denmark. However, poor
slorage polential of acorns resulting (rom recaleitrant behaviour combined with irregular fruiling,
hampers planting of Danish sced sources. In order to maximize survival of acorns, they are stored at
low temperatures (3% (o 0°C). Acom does not tolerate drving and therefore the moisture conlent 1s
kept high, approximately at 38%, during the whole storage period. However, the humid conditions
favour growth of harmful indigcnous microorganisms. The pathogen Ciboria barschiana (Zopf)
Buchwald is the most serious problem affecting acom storage (Delatour & Morelet, 1979 Ther-
motherapy (hot water treatment) 15 oflen used to eliminate this fungus, but it has been observed that
the treatment favours growth of “moulds™ duning the subsequent storage. Mould fungi surviving the
treatment may eventually invade the seceds which are morg vulngrable afier hot water treatment (Gron-
deau & Samson, 19940 Thus changes in microflora related to treatments with thermotherapy may
reduce acom storability (Kehr & Schrocder, 1996), Therelore, thermotherapy has tvpically been fol-
lowed by a fungicide treatment. because more environmentally friendly control measures arc not
available. The aim of the work -summanieed in the following - was 1o test the impact of different alter-
native control measures on English oak acom storability and control of Ciboria and other fung afTect-
ing viability during low temperature siorage. For details in materials and methods, resulis and discus-
sion, sec Knudsen e afl (2004).

€ rosea isolate [K726 and commercial BCAs: Supresivit™ (Trichoderma harstanum) and Binab
TE™ (I, harzianum+T. polysporum), Rotstop™ (Phlebiapsis gigantea), FZB2AWG™ (Bacillus sub-
tilis), Cedomen™ (Psendomonas chlororaphis) and Mycostop™ (Strepromvees griseoviridis)) were
tested on Ciboria batsehiana-infected English oak acorns during cold humid storage. The BCAs were
applicd (o acoms with and without hot water treatment and compared with the fungicide (Prochloras-
Mangan™").

The hot water treatment (2.5 hours at 41°C) was effective in eliminating Cthoria. Afler 4 months
of storage, 16% of the acoms were infected in the untreated control compared with 096 in the hot wa-
ter-treated control. All hot water-treated acoms germinated much better than treatments based on
skimmed acoms, Aller storage for four months, all reatments except control + sticker (Sepiret) had a
positive effget on germination, When applied without hot water treatment, all BCAs had a positive
¢ffect on survival of acoms and reduced development of Ciboria,

Heot water treatment reduced the abundance of Cladosporinm spp. and Papulaspora spp. but en-
hanced the growth of Aliermaria spp., Mucoracea and Penicillinm spp. In contrast, several BCAs in-
cluding O rosea IKT726 significantly reduced the growth of these fungi when combined with hot water
treatment. Moreover €. rosea IK726 reduced the growth of Fusarinm spp. and Acremoniella
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atra; fungi which might be pathogenic (o acoms, Also a scarcely recorded taxon as Acrospeira mirahi-
fiz was inhibited by C. rosea 1K726 (Knudsen ef al., 2000).

Therefore, there are promising perspectives in using biological control for improving sced quality
during storage of recaleitrant seeds.
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Biocontrol in the mycorrhizosphere
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Abstract: The mycorrhizal association of fungi with the roots of land plants in natural, undisturbed
ceosvaiems logicallv includes associabions with other functional groups of sol microbes, including a
myriad of rthizobacteria, other rhizosphere fungl, and diverse fauna that contribute 1o successful plant
growth and health. We have atlempted 1o characterize qualitative changes in populations of rhizobac-
tena associoted with plants with mycorrhizae in what is called the “mycorrhizosphere”™. Microbial
populations in the myeomrhizosphere can change dyvnamically over time and are influenced by what
microbes are present in the background seil or growth medium and by the process of selective enrich-
ment of specific lunctional groups of microbes from that medium due io root exudation and arbuscular
myvcorthizal {AM) fungus hyphal exudates. The mycorrhizosphere phenomenon incluedes specific roles
that some rhizobacteria might play in combination with myeorrhizal fungi, especially in relation to
plant growih enhancement and increased antagomism agamst soilbome pathogens. Plant diseases are
rare in undisturbed ccosystems compared to disturbed agroccosystems where they often cause scrious
economic loss. Discase suppressive soils occur naturally or due to specific management practices, and
are thought 1o invelve soil type and specilic bacteria, lungi, or actinomyectes. However, | believe that
myeorrhizae play a significant role as well, In our research, we have explored factors that alfect AM
formation and have determined that AM formation causcs an increase in levels of antagonistic bacte-
ria, provided the background soil contains effective antagonists 1o be selectively increased. This has
led me 1o describe a new mycorrhizosphere paradigm that 15 a microbial hierarchy wherein roots at-
tract mvcorrhizal fungi and the latter atract bacterial associates. The result is a “team”™ svstem that
functions to support plant growth and health. The microbial components of the system must come
from inoculation (mycorthizac) or selection of bacterial associates from the bulk soil or potting me-
divm. Optinization of any preduction svstem comes from having microbes, such as bacterial antago-
nists, selected from a medium with high microbial diversity, that are efficacious and compatible and
therefore can function in tandem. This myveorthizosphere paradigm mvolving plants forming AM thai
select specific bacterial associates can explain the suecess of the AM symbiosis in supporting plants
for some 460 million vears.

Key words: Mycorrhien, rhizosphere, hyphosphere, myveosphere, plant growth-promoting rhizobacte-
ria (PGPR). biological control, antagonistic potential, arbuscular mycorrhizal fungi (AMF)

Introduction

My interest in understanding the rhizosphere has always been from the perspective of control-
ling soilborne diseases through some manipulation of the microbial populations
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therein, My assumptions or beliefs are that root health is the product of microbial activities in
the rhizosphere, and that above-ground plant growth is a reflection of the health of the root
system, A parallel assumption, based on my observations and those of others, is that root
disease is rare in natural ecosystems, due to microbial support systems in the rhizosphere soil
associated with plant roots. My goal has always been to characterize the microbial systems
involved in normal healthy growth of plants and to incorporate that knowledge into agricul-
tural systems as a means of improving crop productivity and health. This has led me to be-
lieve that among the rhizosphere microbial populations with the greatest influence, arbuscular
mycorrhizal {(AM) fungi are the most important, but only in combination with bacterial asso-
ciates in what we now call the “mycorrhizosphere”,

A number of mechanisms have been proposed whereby mycorrhizae can reduce the inci-
dence and/or severity of diseases, Such proposed mechanisms are based on research using
experimental systems that vary between researchers, and the results do not allow for compan-
soms or final conclusions. Thus, it may be that multiple mechanisms are involved overall, and
that it might not be impossible 1o point to any one as the most likely. However, among those
proposed, including mycorrhiza-enhanced nutrition, competition for nutrients and infection
sites, morphological changes, changes in chemical constituents of plant tissues, alleviation of
abiotic stress, and microbial changes in the mycorthizosphere (Linderman, 1994, 2000), the
latter seems to be the most likely and has been the focus of my research.

The mycorrhizosphere concept

The rhizosphere phenomenon, as described by Hiltner {1904), described the increase in mi-
crobial populations in the soil next to roots, induced initially by nutrients released from the
roots. The realization that mycorrhizae altered the microflora in the rhizosphere led to the
expanded concept of the mycorrhizosphere (Linderman, 1988) in which mycorrhizae signifi-
cantly influence, qualitatively and quantitatively, the microflora due to altered root physiol-
ogy and exudation (Ames er al., 1984, Bagyaraj, 1984; Finer and Garbaye, 1994; Meyer and
Linderman, 1986; Secilia and Bagyaraj, 1987, Gryndler, 2000). But the paradigm of the my-
corrhizosphere, as imitially descnbed (Oswald and Ferchau, 1968, Rambelh, 1973, Linder-
man, 1988), is not complete, both temporally and spacially, and in terms of the dynamic proc-
esses that occur. Following the initial enrichment by root products that are specific to the
plant species, the dynamic process is influenced by the age of the plant, the nature and treat-
ment of the soil, foliar applications, environmental factors, fertilizer applications and host
nutrition, and last, but not least, by the microbial interactions that occur therein. Because they
establish a persistent interface between the host root and the soil, mycorrhizae become per-
haps the only stable microbial system in the rhizosphere. While increases and decreases in the
abundance of certain types of microorganisms have been reporied, how and when those
changes occur has not been determined fully. Further, descriptions of qualitative changes in
microbial populations with potential functional activity have only inferred that such activity
would occur because of the increased numbers of microbes with that potential. Measurement
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of actual in site activity, such as antagonistic activity against a specific pathogen, has not been
documented.

Consideration of the microbial shifts that can be induced by the formation of my-
corthizae requires examination of the sources of nutrient enrichment within the my-
corrhizosphere: (a) root tissue exudates and sloughed cells, and (b) AM fungal hyphal exu-
dates (Figure 1). Both can have qualitatively specific chemical components that favor some
microbes and not others (Andrade ef af, 1997, 1998a, b; Qlsson ef af , 1996; Vancura ef af.,
1989). When considering the microbial composition of the mycorrhizosphere, the sum of the
two sources must be included. Thus, rhizosphere soil is soil adjacent to roots and infu-
enced by root exudates, while mycorrhizosphere soil is soil adjacent to mycorrhizae and
influenced by exudates from both the root tissue and the fungal hyphae. Both have in-
creased populations of specific microbes selected from the bulk soil.

Figure 1. Bacterial growth on the hyphal surface of an arbuscular mycorrhizal fungus on agar
in response W nutrients exuded from the hypha. (Photo from R P. Schreiner).

Recent studies have physically separated AM fungal (AMF) hyphae from roots or roots +
AMEF hyphae by means of mesh that restricts root growth but allows AMF hyphae 1o pass
through, and have distinguished micrebial changes induced directly by the hyphae due to their
specific exudates (Andrade ef al., 1997, 1998a, b; Filion ef af, 1999, Vancura ef al,, 1989),
Others have examined the interactions of the AMF hyphae with other microbes in a two-
compartment i vifro system that also separates hyphae from host roots (Fortin er o, 2002),
The i vitro system, of course, eliminates the dynamic interactions that occur from having
different hosts, different AMF symbionts, changing environmental conditions, and from hav-
ing a myriad of other microbes that would be present in a soil system. MNonetheless, there is
information derived from both culture-based and non-culture-based systems that sheds light
on what the mycorrhizosphere phenomenon is and how it relates to microbial shifis that could
affect plants, Our research has been strictly culture-based.
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Rhizosphere/mycorrhizosphere microbial composition

A myriad of microbes can be present and functioning in the rhizosphere of plants, including
rhizobactenia, rhizosphere fungi, fauna, and mycorrhizal fungi. How these microbes may in-
teract and function in relation to plant growth and health is of great interest and relevance,
Owr research focus, however, has been limited to bacteria-mycorrhiza interactions.

Rhizobacteria. Bacteria that occupy the rhizosphere/mycorrhizosphere soil can have
various functions in relation to plant growth and health. We know that some of those bacteria
can be antagonistic to soilborme pathogens, based on in vitro tests showing inhibition due to
the production of antibiotics or other inhibitors. What is often not appreciated, however, is
that many, if not most, of the antagonists are also plant growth-promoting rhizobacteria
{PGPR) (Mahaffee and Kloepper, 1994; Pieterse ef o/, 2003). We have confirmed this in tesis
with petunia using a range of bacterial or actinomycete antagonists to inoculate young seed-
lings. All of the antagonists stimulated plant growth and flowering, and thus would be classi-
fied as PGPR (Linderman, 1993} (Figure 2). Of course, other bacteria, such as symbiotic or
free-living nitrogen fixing bacteria, can also be considered as PGPR (Bashan er af., 2004),
We should not forget, too, that some of the rhizobacteria might have deleterious effects on
plant growth (deleterious rhizobacteria, DRB), presumably due to the production of toxic ma-
terials that retard plant growth (Nehl er af,, 1997, Suslow and Schroth, 1982).
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Figure 2. Experimental data showing that rhizebacteria anmtagonistic toward soilbome patho-
gens can function as plant growth-promoting rhizobactenia (PGPR) in enhancing the growth
{A) and flowering (B) of inoculated petunia plants compared to the water control {Linderman,
1993,
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Arbuscular mveorrhizae (AM), We know of many benefits of AM 1o plant growth and
health, due to the unique capacity of AMF to colonize host plant roots internally as well as
externally into the surrounding soil. The soil hyphae and spores provide a source of inoculum
for new infections as well as uptake of water and nutrients from the soil (Smith and Read,
1997). Exchange of materials within the root takes place by means of the arbuscules. The
symbiotic relationship that is established is reported in many publications documenting many
benefits to plants. Those benefits include improved plant growth under nutrient {especially P)
deficient conditions (Figure 3), improved tolerance to soil toxicity from heavy metals and
salinity, improved transplant success, improved crop uniformity, improved root development
on cuttings and transplants, improved drought tolerance, and improved disease tolerance.
Benefits to plant growth can also be the result of improved soil structure by means of en-
hanced formation of water-stable aggregates resulting from the entanglement and binding of
microaggregates into macroaggregates (Tisdale ef af, 1997, Wright and Upadhyaya, 1996).
Such aggregates are significant sites within the mycorrhizosphere, providing conditions for
microbial activity within the aggregates, such as phosphate solubilization (Andrade, 1998b) as
well as the production of other bacterial metabolites and substances that hold the aggregates
together. The point to remember, however, is that the microbial products within the aggre-
gates would be immediately available for uptake by the AMF hyphae and translocation to the
plant root. Those microbial products may contribute significantly to the overall effects of the
mycorrhizae on plant growth and health (Bethlenfalvay and Linderman, 1992),

Figure 3, Growth enhancement of redwood seedlings (left) and lavender (right) inoculated or
not with Cilomus infraradices and grown in P-deficient growth media.

Effects of AM on discases

Koot disease management strategies: Among the strategies for managing soilborne diseases
(including chemical, cultural, and biological strategies), 1 have always favored the biological
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approaches, including microbial amagonism and organic amendments, 1 have a keen interest
in understanding the basis for natural disease suppressive systems, with the hope of transfer-
ring the key components into agncultural production systems, In analyzing effective suppres-
sive soil systems, such as the Ashburner system for controlling Phytophthora root rot of avo-
cado in Australia, 1 accept the involvement of bacteria or actinomyces, increased in popula-
tion due to the build-up of an organic laver on the soil, in the disease suppression, but reason
too that the roots had to be colonized by AM fungi as well. So, understanding the factors that
affect AM formation and how they could contribute to the disease suppression has been a per-
sonal goal.

AM formation and benefits: Arbuscular mycorrhizae are best known for their effects on
plamt growth due to increased capacity of colonized roots 1o absorb water and nutrients from
the soil, especially under P-limiting conditions. Other benefits as mentioned above, however,
are not well understood. An underlying need in all cases, however, 15 to determine how to
incorporate mycorrhizae into the production systems in order to realize the benefits, espe-
cially under environmental stress conditions.

The general consensus of mycorrhiza researchers has been that mycorrhizae function
primarily as scavengers of nutrients from the soil, but they also induce significant physiologi-
cal changes in their host plant, one of which is to alter the quantity and quality of root exu-
dates (Graham ef af, 1981). The result of those changes is a shift in the microbial composi-
tion in the mycorrhizosphere soil. In defining the mycorthizosphere, however, one must con-
sider the processes and components that are involved in establishing mycorrhizae in the first
place, including the soil or substrate; the microbial dynamics in the rhizosphere over time;
and inputs of fertilizers as well as organic matter amendments to soil or to soilless potting
media. A mynad of microbes occur in the bulk soil, and every soil or soilless medium has a
different composition of microbes and is physically and chemically different, depending on
the parent material, geographic origin, and cropping history or plant cover. In artificial sub-
strates or other soilless media, these traits are generally very distinet from those of soil. The
substrate variability can, in my opinion, significantly affect the formation and function of
AM, thus explaining in part why different studies under different conditions vield different
results.

We have investigated the effect of different components of soilless plant growth media
used in the nursery industry on the establishment and function of the AM symbiosis. If we
hope to employ AM on plants to suppress soilbome plant diseases. or any other beneficial
function for that matter, we must first evaluate the most commonly used materials in soilless
media to determine which favor and which suppress AM formation. Our work has been a con-
tinuation of the work of Menge ¢/ af. (1982), who showed that organic matter in soilless nurs-
ery media inhibited the establishment of AM. We investigated different peat mosses to deter-
mine if they were responsible for the inhibition and found that some inhibited but did not
completely suppress AM formation (Linderman and Davis, 2003a). We examined the use of
coconut fiber (coir) as a soilless medium component and found that it did not adversely affect
AM formation (Linderman and Davis, 2003b). We then examined the use of different com-
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mercial organic and inorganic fenilizers to determine which were more compatible with AM,
In general, we found that organic fertilizers were more compatible with AM formation, pre-
sumably because they require microbial breakdown and thus more slowly release bound nu-
trients. However, inorganic fertilizers were compatible if the P content was kept low (Lin-
derman and Davis, 2004). Currently we are investigating the amendment of soilless media
with different composts to determing their influence on AM formation. In general, different
composts inhibit AM formation in soilless media, presumably due to their high P content.
Composts do not inhibit AM formation in soil, however (Linderman er af., 2003). Nonethe-
less, composts in general add 1o soilless media a more diverse microbial community, some of
which could have significant effects on AM formation and function, both negative (Hetrick et
al., 1986) and positive. Some may provide microbes that are “helpers” in the formation of
AM (Garbaye, 1994).

Disease suppressive systems: There are numerous examples of disease suppressive soils,
such as the Ashbumer system for controlling root rot of avacado caused by Phyropfvhora cin-
namami (Linderman er all, 1983). Ashburmer was a farmer who sought to transfer what ap-
peared to be natural pathogen suppression in the adjacent rain forest into his avocado orchard.
He deduced that the key was to create a layer of organic matter around the trees that would
simulate the accumulated litter layer in the forest. The intense microbial activity that occurred
iti the decomposition of the organic matter appeared 1o be responsible for the disease suppres-
sion that he observed. The roots that grew into the decomposing organic matter were free of
the pathogen and thus were able to support normal growth of the trees. Work by Australian
scientists showed that heat-tolerant bacteria or actinomycetes were involved in the observed
pathogen suppression (Figure 4). The component of the microbial community that was not
considered by them, however, was the AM fungi that surely had colonized those roots,

Many reviews on the subject of plant disease suppression by mycorrhizae (Azcon-
Aguilar and Barea, 1994, Caron, 1989, Dehne, 1982; Filion er af, 1999, Hooker ef al., 1994,
Jalali and Jalali, 1991; Linderman, 1992, 1994, 2000; Linderman and Paulitz, 1990; Zak,
1964) have focused on the mechanisms of interaction such as (a) enhanced nutrition, (b) com-
petition for nutrients and infection sites, (¢) morphological changes, (d) changes in chemical
constituents in plant tissues, (e) alleviation of abictic stress, and (f) microbial changes in the
mycorrhizosphere. Depending on the disease and the environmental situation, any or all
mechanisms could be involved, but change in microbial populations in the mycorrhizosphere
seems 10 be the best explanation, yet the least studied,

We believe that mycorrhiza formation establishes a selective pressure on microbes in the
background soil, and that the greater the diversity of microbes, the greater the chance that
antagonists would be increased. Our hypothesis is that changes in antagonist populations in-
duced in the mycorrhizosphere can influence the incidence and severity of plant diseases
{Figure 5). We developed an i vitro method of assessing the antagenistic potential of bacte-
rial populations that oceur in the rhizosphere soil of plants with or without AM against a
range of soilborne, root pathogens. We define the antagonistic potential as the sum of the po-
tential of bacteria to suppress any specific pathogen, and the antagonistic potential index
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Figure 4. Biological suppression of Plyvtoplihora cinnamomi due to activity of specific mi-
crobes from Ashburner’s avocado orchard soil, demonstrated by means of heat treatment us-
ing aerated steam to establish specific temperatures at (left to right) ambient, 120°F, and
212°F for 30 min. Each flat was inoculated with the pathogen and seeded to susceptible jaca-
randa. Heat tolerant microbes, such as spore-forming bacteria or actinomycetes, were shown
to be responsible for the suppression. Photo by P. Broadbent as presented in Linderman ef af
1983,

Figure 5. Pythium root rof on snapdragon plants not inoculated with AM fungi. Inoculated
plants were disease free



(API) as the number generated by summing the widths of the in vitro zones of inhibition
against a pathogen by all the bacterial antagonists isolated. Bacteria are isolated from dilution
plates of rhizosphere or mycorrhizosphere soil extracts, Our results show that, in general,
when AM are formed, there is an increase in the number and proportion of bacteria from the
mycorthizosphere soil that can inhibit specific pathogens i vitro, compared to those from
rhizosphere soil from non-mycorrhizal plants (Figure 6).
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Figure 6. Antagonistic potential index { AP1) of rhizobacteria from rhizosphere soil around
roots of plants with or without AM (VAM) against the soilbome pathogens Pyilvinm irregu-
fare (P), Phyiophihora cinnamoni (Pe), Rhizoctonia solani (Rs), Sclerotium cepivoram (Sc),
Thielaviopsis basicola (Th), and Cvlindrocladinm scoparizm (Cs) (Linderman, 2000},

A number of factors can influence the potential and magnitude of disease suppression due to
mycorrhizosphere microbial populations. One significant factor is the microbial diversity as
affected by the amendment of soil or potting mix with composted materials (Figure 7). The
host species or genotype within the species can also affect the nature of root exudation and the
specifics of the AM association. Any change in the combination of host and fungal endophyte
can alter the energy supply to the microbial associates in the mycorrhizosphere. As mentioned
before, the soil or growth medium can provide different numbers and kinds of microbes that
become AM associates, and different soils have different AMF to form the AM association. It
i5 also important to consider the temporal aspects of AM formation in relation to infection by
pathogens: time to establish the mycorrhizal association, to effect physiological change, and
to establish a fully functional extraradical mycelial network will affect the effectiveness of the
mycorrhizosphere microbial community to suppress root pathogens. For many annual crop
plants, time required for disease onset is often too short for AM to become established. This
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fact strongly suggests the need for establishing AM and their antagonistic associates as early
in the production cycle as possible, even by preinoculating transplants before outplanting into
the field.
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Figure 7. Antagonistic potential of garden soils amended with composts for | year (soils 1 and
23, 3 years (soil 3), or non-amended (soils 4 and 5). The antagomistic potential index (APT)
was determined against a series of soilbome pathogens: Pyihinm (rregnlare, Phviophithora
cinnameoni, Whizoctonia sofari, Sclerotiom cepivorum, Thiclaviopsis basicola, Cylindrocla-
clivem scoparinm, and Fusarinm oxysporun.

In our studies, inoculating marigold scedlings with the AMF Clomus iniraradices and trans-
planting them into soil, amended or not with compost, increased the APl dramatically only on
plants with AM (Figure 8).
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Figure 8. Antagonistic potential index (AP1) of soil amended or not with compost { 10% Na-
tures Needs Compost (NN) or non-amended control) and inoculated or not with the AMF
Cilownns intraradices (V). The data indicate that the API increases dramatically against all
pathogens in mycorrhizosphere soil compared to rhizosphere soil from non-mycorrhizal mari-
zold plants. Pathogens used were: Pythivm irregulare, Phytopduhora cimramoni, Riizoctonia
serlaued, Sclerotiom cepivorwm, Thielaviopsis basicola, and Oylindrocladinm scopariom.

Other roles of AM bacterial associates

While our studies have focused on antagonistic bacterial associates of AM in the my-
corrhizosphere, we should consider other possible roles that bacterial associates may play in
plant health. Bacterial associates of mycorrhizae could also alter the normal life cycle stages
of the pathogens involved. For example, root infections by species of Plniophiiora normally
produce sporangia that release zoospores that inifiate root infections. Sporangia production is
stimulated by metabolites of soil bacteria, but some bacteria can also inhibit sporangia pro-
duction. We are currently characterizing populations of rhizobacteria for their capacity to in-
hibit sporangia production. This is a follow-up of earlier work (Meyer and Linderman, 1986)
where we demonsirated that an exiract of rhizosphere soil from the roots of mycorrhizal
plants inhibited sporangia production of . cimvamomi, compared to an extract of rhizosphere
soil from a non=mycorrhizal plant. If we could increase populations of sporangia inhibitors in
soil, we could prevent root infections from being initiated, much as was demonstrated in the
Ashburner system in Awustralia, and has been demonsirated recently (Sultana ef o/, unpub-
lished results) by testing sporangia production in response to bacteria isolated from the roots
of Phytophthora-infected avocado roots. They found a high population of sporangia stimula-
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tors and fewer sporangia inhibitors. We also have developed some preliminary results indicat-
ing that antagonistic bacteria isolated from compost can suppress sporangia production by
Fhyiegdvthora ramornn in a bioassay,

Another approach to ereating suppressive soils would be to increase populations of cellu-
lose-producing microbes that could lyvse the mycelivm of Phyvrophithora as was demonstrated
by Downer ef af. (2001). Mulching avocado trees with organic matter increased populations
of cellulase-producing microbes that decreased the population density of the pathogen, lead-
ing to improved tree growth and health.

Summary, conclusions, and future prospects for disease management

Formation of an effective AM symbiosis in production agriculure can be important under a
number of stressful situations, including the growth-limiting effect of P deficiency, soil salin-
ity, drought stress, and disease pressure, Several management strategies must be considered in
order to assure AM formation and the prospect of having any effect on plant performance in
early growth stages or after transplanting. Preinoculation of transplants seems to be a logical
approach in order for AM to effectively address any future stresses. Nursery practices for pro-
duction of transplants with AM should include organic fertilizers or inorganic fertilizers with
low P, could include peat or coir as an amendment to the soilless growth media commonly
used, and could include the use of compost to increase the microbial diversity of the medium
that could contribute to potential disease suppression. Without that diversity, there might be
too few of the needed bacterial associates to complete the “team”, the members of which
function in tandem to support or enhance plant growth and health, This means that the my-
corthizosphere paradigm is actually a hierarchy wherein the plant roots select and allow for-
mation of AM, and the extraradical hyphae, along with modified host root exudates changes
(Graham ef al, 1981; Lynch and Whipps, 1990), select specific bacterial associates and sus-
tain them, in part, by means of specific hyphal exudates (Bago er af, 1996, Bansal amd
Mukerji, 1994}, The specificity of AM function that we see could be explained in terms of
quality and completeness of the mycomhizosphere team that can vary with different AM fungi
and the soil/growth medium and the microbial populations contained therein. [ believe that all
soils contain microbial components capable of performing needed functions that aid “normal”
plant growth. This mycorrhizosphere paradigm could explain the success of the AM system
for some 460 million years (Remy er o, 1994; Smith and Read, 1997, Taylor ef al, 1995;
Simone &f af | 1993),
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Biological control of arthropod pests in outdoor crops — the new
challenge
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Abstract: Matural regulation of insect pests can be improved by conservation biological control. How-
ever, these efforts are not alwavs sufficient to keep pest infestations at an cconomically acceptable
level. In some vears o some locations natural enemics may oceur in the feld oo late or in insulficient
numbers. Inundative and inoculative biclogical control can provide a supplement 1o natural control
and conservation biological control, Both methods generallyv involve mass-rearing and mass release of
naturally occurring beneficials. Inundative/inoculative biological control is still little used in outdoor
crops m lemperate regions and results are variable. Some current successful practices will be presented
together with a preliminary overview of augmentative biological contral in Europe. Research publica-
tions will be used to discuss challenges for developing biclogical control. Analysis will include meth-
ods used in selecting biological control agents, release methods, and the ecological factors, which may
limit or enhance the efficacy of releases. Strategies for future inundative/inoculative biological contral
in outdoor crops will be discussed.

Key words: Inoculation, inundation, augmentation, arthropod, predator. parasitoids

Introduction

In outdoor crops the use of naturally occurring species is the first option to consider when
reviewing possibilities for biological control. However, natural biological control and altera-
tions of the agricultural system aimed at increasing functional biodiversity to support natural
enemies — conservation biclogical control — are not always sufficient to keep insect pest at-
tacks at an acceptable level. Inoculative or inundative biological control may provide the ad-
ditional control needed. In view of further restrictions in pesticide use and increasing interest
in organic and [P products biological control will probably become more attractive,

This paper covers inoculative and inundative biological control by predators and parasi-
toids, Following the definition by Eilenberg ef af. (2001) inoculation biological control is bio-
logical control in which periodic releases of natural enemies are made, and control is mostly
expected from the offspring of the released beneficials, while in inundative biological control
in general a higher number of organisms are released and immediate control is intended 1o be
obtained from the released organisms themselves.
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The potential of inoculative or inundative biological control to suppress anthropod pests
is recognised but is yet only used commercially in relatively few outdoor crops, Currently
natural enemies are used on perhaps 100,000 ha in Europe out of an estimated total world area
of 16 mill ha (van Lenteren, 2003a). The number of species for sale has increased from less
than 10 species in 1970 to over 125 species in 2000, The worldwide tumover of natural ene-
mies was estimated to be 30 mill USD in 2000 with an estimated annual growth rate of 15-
20% with 75% of the commercial augmentative biocontrol taking place in northern Europe
and north America (van Lenteren, 2003b). Data for use of predators and parasitoids in green-
houses are available, but not for field applications. However, an estimated 20% of the com-
mercial natural enemies are used for field applications (van Lenteren, 2003a), Excellent over-
views on the use, extent and challenges of augmentative biological control exist, though
mostly with a focus on greenhouse biological control (see for example van Lenteren (2000)
and others by this author) and will not be attempted here.

The most widespread current practice in outdoor crops in Europe is inundative releases in
maize of [richogrammea brassica Bezdenko (Hymenoptera: Trichogrammatidae) against (Js-
trivia mebifalis Hilbner (Lepidoptera: Pyralidae) (approx. 100,000 ha); in vineyards of preda-
tory mites against mites (approx. 40,000 ha), in orchards control of spider mites and rust
mites by predatory mites is most widespread ( Dypflodromas pyri Scheut. and Amblyseins
eonelersoni Chant (Acari: Phyvtoselidae)) but biocontrol agents are also released against Lepi-
dopteran pests (Vrichogrammea sp) and Homopteran pests (dmhocoris memaoralis (Fabr.)
{Heteroptera: Anthocoridae) against pear psyllids) (approse. 30,000 ha orchards under biologi-
cal control). Finally Phvtoseindus persimilis Athias-Henriot and other phytoseiid predatory
mites are used against spider mites in strawbernes (less than 20,000 ha). Table 1 is a prelimi-
nary summary of current practices in Europe based on communication with biocontrol com-
panies and their homepages, individual researchers, and other published sources, Species in
production are listed by van Lenteren (2003a)

Published results of experiments with inoculative or inundative biological control in
temperate regions show variable degrees of success in suppressing target pests to an aceept-
able level. Current practices with a focus on selected case-studies from pome fruit, vegetables
and maize will be treated in more detail and used in an analysis of which factors may yield
success. Central ecological factors of importance to successtul biological control will be dis-
cussed including unfavourable environmental conditions, mortality, dispersal of the natural
enemy, host refuges from natural enemies, and predation of released natural enemies. Finally
economical limitations to inoculative or inundative biological control will be discussed.

Current practices
Predatory insects

Several predatory insects are available for biological control in outdoor crops in northern
Europe. These include Heteroptera (4. memoralis), Diptera (dphidoleres  aphidimyza
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(Rondani) and fpisyrpius balrearns (De Geer)), Coleoptera (Adwlia Bipunctara (L), Aleo-
chara bilineata (Gyllenhal)) and Neuroptera ((Clrysoperla carnea (Stephens)).

Amthocoris nemaoralis 15 used against pear psylhids (Cacopsyfla pyrd (L) and O pyriceda
(Foerster) Homoptera: Psyllidae)). In Italy the area treated may be over 100 ha, In the Nether-
lands it is an important product for outdoor releases. Pear psyllids overwinter as adults and are
ovipositing in pear from early spring. If infestation is heavy, considerable damage can be
caused by nymphal feeding on the flower stalks and leaves, which diminishes plant growth by
withdrawal of plant sap while the secreted honeydew favours the growth of sooty mould.
Outbreaks are associated with climate in the given vear and previous insecticide use (Bues ef
al, 1999, Horton ef afl., 1992},

Improved natural control can be achieved by avoiding or strongly reducing insecticide
use and by conservation of natural enemies in orchards and surrounding hedgerows (Fitzger-
ald & Solomon, 2004). For the last five years or more the Danish advisory service has advo-
cated a no spray strategy to pear growers with pear psyllid problems. However, these effons
are not always sufficient to keep the infestation at an economically acceptable level.

An alternative to chemical control of outbreaks of pear psyllids may be early release of
mass-reared anthocorids, Biocontrol companies suggest spring release of 1,000-1,500
adults/ha of pear orchard at 5-6 release points, and possibly repeated releases. However, pub-
lished results are variable. In an ltalian experiment releases of adults were not different from
control {Beninato & la Morella, 2000). In a preliminary release trial in the Netherlands (1,200
adults in 36 release points) the treated orchard was also not significantly different from the
control (M. Kers, pers. comm.). In southern France releases at elevated rates of 17,000-24 000
led to negligible losses irrespective of initial infestation level (Faivre-D'Arcier ef ., 2001). In
contrast to this, spring and early summer releases of around 5,500 adults/ha were considered
effective depending on proper timing - i.e. availability of prey without the infestation becom-
ing too high - and aveidance of insecticides (Faivre-D'Arcier ef af,, 2001). The relatively low
infestation of psyllids during some trials made assessment of control effects on vield difficult.
Release of A. nemoralis eggs in France did show effect, but was labour intensive, and preda-
tor mortality was high (Rieux ef af, 1994), Release of nvmphs in the US was effective, but at
elevated release rates of 300 nymphs per tree, releases were principally aiming at demonstrat-
ing an effect (Unruh & Higbee, 1994).

Field releases of A. nemoralis nymphs in experimental plots in Denmark yielded reduc-
tions of pear psyllids of up 1o 40%. Releases had an effect across orchards, though not signifi-
cant when separately analysing the orchard where the psyllid infestation was lowest, Only in
the orchard with the highest early infestation did high release (two releases of 30
nymphs/tree) give better control than low release (two releases of 10 nymphsitree). An as-
sessment of yield did not show any significant difference (Sigsgaard, 2005a; Sigsgaard, un-
publ.).

The current practice of releasing adult anthocorids apparently has variable degrees of
success. The underlying mechanisms have not been studied in detail. If variable results from
published experimental releases of adults are related to dispersal of the highly mobile adult
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anthocorids, releases of nymphs may present a possible alternative strategy. The generally
small plots of release in experiments may also lead to “flooding’ from the surrounding un-
treated part of the orchard, something which appeared to be the case in a preliminary experi-
ment in 2003 (Sigsgaard, 2005a),

Afenchara bilinearo (Coleoptera: Staphylinidae) a staphylinid, which acts both as a para-
sitoid and a predator, is being used to control Delia spp. (Diptera: Anthomyiidae) in artichoke
and other vegetables in northern France (Table 1), Published results from control of cabbage
root fly Dedia radicun (L), a major pest of cabbage, were positive. The costs of rearing adults
compared favourably with insecticidal control (Finch et al., 1999) though high numbers had
to be released. Other difficulties include accurate timing as rove beetles attack fly magoots
(the damaging stage) and 100 early release will lead 1o rove beetles migrating away

In IPM and organic apple orchards the rosy apple aphid, Dwsagrinis plevnaginea Pass,
(Homoptera: Aphididae), 15 the second most important pest after the codling moth (Ovelia
pomosseffa (L) (Lepidoptera: Tortricidae)). Damage thresholds are very low, and this has re-
sulted in intense spraying across Europe and the appearance of resistance to pesticides. Aphi-
didetes aplidimyza (Diptera: Cecidomyiidae), F. balteatns (Diptera: Syrphidae), A. bipinc-
fata (Coleoptera; Coccinellidae) and O carnea (Neuroptera: Chrysopidae) have all been used
against various aphid species under outdoor conditions. The first three were tested in Switzer-
land against 2. plastaginea. In preliminary cage experiments they performed equally well,
but outdoors A. bipuncrata larvae performed best under cool spring conditions and were there-
fore selected for further study (Wyss ef al., 1999a; Wyss ef al., 1999b), Larvae introduced in
April controlled the aphids mainly at 1:1 and 5:1 predator-prey ratios. An early release ap-
pears decisive if biological control is to be successful in apple orchards (Wyss er af, 1999a),
The predator-prev ratios were favourable compared with the ratios used by Hagley (1989) to
control green apple aphid Aphis pomii De Geer (Homoptera: Aphididae) on apple trees with
chrysopids (1:10 and 1:19), Larvae of 4. hipunctara were released in rather cold weather con-
ditions and when aphid fundatrices were scarce. Reinforcing the action of natural populations
of enemies at a crucial time seemed to work well for the indigenous predators used in these
trials.

Release of A. bipunciara for autumn contral of 1. plavnaginea also showed promise in
reducing the number of observed fundatrices on apple trees in spring 1999, though early pyre-
throid treatment was supenior (Kehrli & Wyss, 2001), Failure of releases of Chrysoperia
ritfilabris (Burmeister) and A, apdiadimyza to control A, peni (Grasswite & Burns 1995) may
have been due 1o too late releases or to “flooding” of small experimental plots.

Aphidoletes apfidimyza are used in a few Danish plant nurseries to control aphids (Table
1}, while in the US chrysopids are used on a much larger scale than in Europe.

In France, apterous Harmonia acyrichis Pallas (Coleoptera: Coccinellidae) from field col-
lected apterous individuals are now reared and sold for control of aphids in garden crops and
ornamentals (Table 1), The reduced ability to disperse makes it easier 1o target releases and
reduces the risk of spread.
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Parasitoids
For field releases Frichogramma wasps are the most successful biocontrol agents and are used
against various Lepidopteran pests (Smith, 1996).

One of the most cited and successful examples of biological control in Europe is the con-
trol of the European com borer, () subilalis, with 1. brassicoe,

Cultural controls such as adjusting planting dates can reduce the level of €0 nebifalis lar-
val injury. In agroecosystems characterized by high crop diversity, crops that are less attrac-
tive than other crops to ovipositing moths during a particular com borer generation may gain
a significant degree of protection by their proximity to more attractive crops. Finally, winter
survival of (). mubifalis is influenced by tillage practices, and sanitation by ploughing at the
end of the maize-growing season is compulsory in some countries,

In the mid-nineties . brassicae cost the same or up to 60% more than insecticides
(Bigler, 1994). To appreciate the comparative role of biclogical control, information on areas
treated with insecticides can be helpful. Data on areas treated with insecticides against com
borer are hard to get, but ten years ago approximately 300,000 ha were treated with insecti-
cides in France and a couple of thousand hectares are treated in Germany. The future use of ¥
hrassicae may depend on future spread of Bt maize.

After twenty years of intensive research, 1. brassica produets are now annually applied
to approximately 7,000 ha in Switzerand, 11,000 ha in Germany, perhaps 150 ha in Austria,
and 80,000 ha in France (F. Bigler, pers. comm.). In initial field trials in southern Switzerland
larval attack was reduced by 70% when the parasitoid was released at a rate of 300,000 indi-
viduals'/ha (a mixture of mature, prepupae and young larvae), released at 30 points’ha. One
third were released at the beginning of the 1st generation of the pyralid, the remaining at the
beginning of the 2nd generation (Bigler & Brunenti, 1986).

After initial success an apparent failure was experienced in 1980, Apparently parasitoids
loose their ability to parasitise efficiently when continuously reared on a factitious host. The
failure was cormected when rearing methods were changed from continuous rearing on a facti-
tious host (Sitotroga cerealella (Olivier) (Lepidoptera: Gelichiidae) or Lphestia kneliiella
Zwolfer (Lepidoptera: Pyralidae)) to a basic rearing on the true host under semi-natural condi-
tions, while the factitious host was used to produce higher numbers for release. Currently, T.
hrassicae is released in plastic or paper packets designed to provide protection for the wasps
against weather extremes and predation until emergence in the field. ‘Trichocaps’ packets are
hollow cardboard capsules (2 cm diam.) each containing approximately 500 parasitised /.
kuehmiella epgs (Kabir er af, 1990). Trichogrammea inside capsules are induced into an
overwintering (diapause) state in the insectary and then stored in refrigerated conditions for
up to nine months. This system allows for production during winter months and distribution
to growers when needed in the summer with a possibility to manipulate and extend the emer-
gence period of parasiteids and increasing the “residual™ activity of a single application to
approximately one week

In commercial orchards only extremely low levels of codling moth can be tolerated, as
insecticide applications have generated an economic threshold of less than 1% fruit damage
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(Cross ef al., 1999), However, thresholds will be different for small growers and for organic
growers, who do not accept the use of insecticides. Thus, in Germany the commercial use of
1. vacaecioe Marchal and 1. denddredimd Matsumura against the codling moth and plum maoth
(Crrapholita fiunebrana Treitschke (Lepidoptera: Tortricidae)) has been expanded for small-
scale fruit crops. Frichogramme species are also being offered for the control of vine moths,
Lobesia bosrama (Schiff) (Lepidoptera: Tortricidae) and Eupeecilic ambignella Hilbner
(Lepidoptera; Tortricidae), on grapevine in home gardens. A strain of T. evanescens West-
wood is available against cabbage pests, especially noctuids. Research has been conducted on
the biclogical control of Awrographa gammea (L.} (Lepidoptera: Noctuidae) in spinach, and of
pea moth (Cyelia migricana Fabr. (Lepidoptera: Tortricidae)) and leek moth (deralepiopsis
assectella Zeller (Lepidoptera: Acrolepiidae)) in organic farming in Germany (Zimmermann,
2004},

Trichogramme can also be used in forestry. For example 480 million females of the ege
parasitoid 2 mivrwm Riley was aerially released on 30 ha of boreal forest infested by the
spruce budworm, Charistonewra fimiferana (Clemens) (Lepidoptera: Tortricidae), in Canada,
providing effective short-term population suppression of spruce budworm and significant fo-
liage protection. Releases were also thought to complement late larval parasitoids, which have
been suggested to be important in initiating budworm population collapse (Bourchier &
Smith, 1998).

Aphid parasitoids such as Aphicins ervi Haliday (Hymenoptera, Braconidae) are used in
a small scale in plant nurseries. Experimental releases of A. rhopalosiphi De Stefani Perez in
cereal fields in Belgium were not more efficient than the use of flowering strip in one year,
and less efficient than flowering strips in the next, making field releases far too costly com-
pared with the value of the crop (Levie ef af, 2005). In the Netherlands and elsewhere trials
are currently conducted with augmentative releases of Aphelinns mali Hald. (Hymenoptera;
Aphelinidae) against the woolly apple aphid, Friosoma lawigernm (Hausmann) (Homoptera:
Aphididae) (H. Helsen, pers. com.).

Predatory mites

Predatory mites are principally used in orchards, vine orchards and strawberry. Phytoseiid
mites are capable of controlling Pawomyches wlmi Koch (Acari; Tetranychidae) and Aculus
sehifechrendali Malepa (Acan: Eriophyidea) in apple and are used in several countries. Pesti-
cide treated orchards devastated by spider mites in the 1970°s stressed the need to replace
pesticides with an alternative control. In the UK organophosphate-resistant strains of 1. pyri
were found in 1982, and resistance has also developed in other apple growing regions. A
management strategy was then devised that built on preserving and’‘or introducing these resis-
tant strains to orchards (Solomon er all, 2000). Another important phytoseiid predatory mite
in orchards is A. amdersoni. The predatory mites are commercially available. They can be
transferred on twig cuttings or on felt bands.

Tephlodromus pyri can survive and reproduce on other prey than mites and on fungi and
pollen, which help maintain populations when spider mites populations are low. Thus in un-
sprayed orchards it will rarely be necessary to release predatory mites {Solomon er al,, 2000),
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In strawberry T2 pyri is also found but is not effective. In strawberry and on hops the non-
native phytoseiid mite . persimilis is used to control Tetrarmvehns wrticae Koch (Acari;
Tetranychidae). It usually does not overwinter and has to be released each year. Also other
predatory mites haven proven effective (Cross ef af, 2001),

Challenges for developing biological control

In oudoor crops released natural enemies will have to function under natural weather condi-
tions and with plants and other arthropods in the agroecosystem. The interaction of the re-
leased biocontrol agent with natural biclogical control and conservation biological control
will be a key issue. The risk of non-target effects also need to be clarified prior to use, though
this must be considered to be of transient nature when releasing native natural enemies. Fi-
nally, the economic cost will determine to a large extent the application of biological control,
Several factors may affect future cost.

Chaice of biocontrol agent

Priortising among the range of natural enemies based on their expected efficiency is quite
difficult. With native natural enemies, a natural starting point will be already available eco-
logical data on the performance of the natural enemies against a given pest, in a given crop.
Criteria used in a screening to select among A. bifineaia and A. bipustulara (L) included the
rate of increase, host specificity and host acceptance and a development time well synchro-
nised with that of the host (Foumnet ef af., 2000). Screening for natural enemies will also pro-
vide information that can be used in determining rearing and release methods. The ability to
aciually rear the natural enemy is an important criterion,

Interaction with natural and conservation biological control

Available ecological data on a given species are needed to prioritize between control methods.
For inundative/inoculative releases such data together with field cage assays can provide in-
formation about whether the natural enemy released can function under the environmental
conditions given and can provide important criteria to select the most appropriate beneficial,

Timing of release can be crucial for released beneficials’ ability 1o keep the pests under
control (Campbell & Lilley, 1999). Together with timing also performance in cool spring
conditions will often be an important criterion under northern conditions with pests such as
aphids and psyllids, which can build up populations at low spring temperatures. Timing was
of key importance in spring release experiments to control 1. plartaginea, and early release
considered key to success (Wyss ef al., 1999a). Other abiotic factors of importance for per-
formance include wind speed and solar radiation, which were used to select between two
Frichagramme parasitoids (Ehler, 1998, Fournier & Boivin, 1999),

Dispersal of the natural enemies away from the release site may limit control. For a
highly mobile predator such as A, wmemoralis dispersal may explain variable results of release
experiments. It is possible that dispersal of natural enemies is less important in larger-scale
farm releases than it s in small-scale experiments. The same can be said about the expen-
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ments in which massive influx of pest has overwhelmed the released natural enemies. This
stresses the need for larger-scale assessments.

An integrated strategy combining conservation biological control and inocula-
tivedinundative biological control may for example be strategies that both attract natural ene-
mies and maintain released natural enemies (Sigsgaard, 2005b). Increasing functional biodi-
versity in conservation biological control may also affect the outcome of inunda-
tive/inoculative biological control. Thus survival may be improved and dispersal of released
natural enemies decreased by providing flowering food plants (Nagarkatti er af., 2003). Food
sprays (sugars, protein sources) may likewise be used to maintain relcased beneficials in the
area of release as well as to atract beneficials and shows promise for release of coccinellids
(Obrycki & Kring, 1998}, Such an effect was observed in releases of Chrysoperla sp. against
aphids in beet root (Ehler ef af, 1997), Non-tarzet effects from inoculative/inundative bio-
logical control include cannibalism and intra-guild predation. For example released
Chrysopids may prey on coccinellid larvae (Obrycki & Kring, 1998),

When native beneficials are released marking techniques may be used to assess the
spread of released individuals (Hagler & Naranjo, 2004). More complex interactions (as re-
lease of more than one species) can be assessed by immunoassay or per-methods.

Rearing conditions and release

Both abiotic and bistic rearing conditions are often kept stable. This may lead to a selection
pressure for those individuals best fited for these conditions. For example, the use of facti-
tious hosts/prey, which is both practical and economic, may affect performance of the biocon-
trol agent, as experienced with the early failure of the I. brassicae releases. Incompatibility
between natural enemies and the field population against which they are released has also
been suggested as reason for failure in other studies (Ehler er ol 1997). Rearing conditions
kept as near as possible to the conditions under which they are meant to be used are likely 1o
be less problematic, but may be in conflict with needs 1o rationalize rearing.

Standard methods for quality control have been developed for 20 natural enemies by the
International Organization for Biological Control (IOBC). Criteria include sex ratio (at least
50% females), number of females released per hectare, longevity, fecundity and capacity to
parasitise/prey on the natural host. Future work will include guidelines for additional natural
enemies, optimising and validating current tests, optimising sample numbers, developing less
labour-intensive methods, developing simple end-user tests and last but not least developing
testing methods than can relate laboratory tests to field performance including tesis for flight
potential (Bolckmans, 2003). For example. a central release point experiment showed that
diapausing and fresh parasitoids dispersed in all directions, but that percentage parasitism by
fresh parasitoids was higher (van Schelt & Ravensberg, 1990).

An assessment of the quality of I. brassicoe produced by four companies showed that
requirements were met overall. For example, the number of parasitised eggs released per hec-
tare was, with one exception, considerably higher than the standard of 100,000 given by the
companies. Survival rates of 16.7-66.7% were, however, lower than the 10BC standard of
&0% and fecundity was also often below 10BC-standards (Hassan & Zhang, 2001).
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The release method also affects control. For example, cannibalism in release units may
reduce efficiency (Daane & Yokota, 1997}, or it may be necessary to protect released preda-
tors against predation, Mechanical dispersal of beneficial 15 often necessary to be rational,
Risk of side effects
In cases where native natural enemies can be used this should be the first priority 1o reduce
any risk of side effects from exotic natural enemies. Probably the risk of side effects from
releases of native natural enemies will be fairly small though seasonal effects can be expected
when the number of one beneficial is temporarily artificially raised. An EU project *Evaluat-
ing environmental risks of biocontrol introductions in Europe’ had ¥, hrassica as a case study.
The parasitoid was inmtroduced from Moldavia to western Europe some 30 yvears ago. 1t is sur-
viving in Switzerland in low numbers all the vear round. Lynch er af (2001) conclude that
augmentative releases lead to population-level non-target effects quite often, but that these
releases are justified by their transience and boundedness in space.

With respect to exotic natural enemies their use is regulated by national legislation. The
biocontrol indusiry has a good record of environmental safety, and code of conducts and reg-
istration only are the main rule throughout Europe. A FAQ Code of Conduct from 1996 exists
for release of exotic biocontrol agents (BCA). Guidelines on safe use of biological control
also exist from the European and Mediterranean Plant Protection Organization (EPPO) ( 1998)
and CABI (2002). The Organisation for Economic Co-operation and Development (OECD)
published a guidance document in 2003,

On IBMA (The International Biocontrol Manufacturers Association) request IOBC work
for coordination of BCA regulation in Eurcpe. In the future EU will harmonize BCA registra-
tion. In 2005 a dialogue between the EU Commission (Directorate General Health and Con-
sumer protection -DG SANCO) and IBMA on revision of EU directive (91/414/EEC) regula-
tion on plant protection products was initiated, introducing compulsory mutual recognition
and a special procedure for “low nisk products™,

Cost

Use of predators and parasitoids in outdoor crops still builds on relatively few species. His-
toncally, successes have required a combination of lack of control with insecticides, and/or a
positive economic comparison of biological control to pesticides. This criterion was also used
in an evaluation of 31 augmentative biclogical control experiments (mostly North Amencan)
(Collier & WVan Steenwyk, 2004), concluding that typically augmentation was less cost-
effective than pesticide reatment and that efficiency was ofien too low, The use of predatory
mites in strawberries was one case, which they found cost-efficient, with costs of release mak-
ing up less than 1% of total costs, and 15 indeed a method that is becoming more widespread.
However, considering augmentative biological control as a component in integrated biologi-
cal control makes criteria applied for insecticides less valid. In addition, economic models are
generally unsuitable for assessing the negative externalities for ecology and human health.
The benefit-cost ratio of pesticides is always overestimated. Estimates of yield loss with pes-
ticide reductions or removal are based on incomplete data. Taking these costs into account the
benefit-cost ratio of even the extreme scenarios fall from the high estimates of 40 to -2.1 in
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the US and to only 1.5 in Germany (Pretty & Waibel, 2005). Hence, claims that pesticides
outperform biclogical control may in many situations only hold true as long as external costs
are considered irelevant and ecosystem services from biological control are not considered.

Strategies for future inundativefinoculative biological control in outdoor crops

The use of inundative/inoculative biological control is growing and this trend will probalbly
continue driven by future withdrawal of insecticides and the spread of centified IPM and or-
ganic production which require plant protection alternatives. Also consumer demands for un-
sprayed produce will further this development. Reduced pesticide input can help conserve
natural enemies and will help to improve natural biclogical control.

Current evidence of pesticide reductions at country level includes policy-led pesticide re-
duction programmes in Sweden, Denmark and the Netherlands and there have been some
considerable reductions, Thus in Denmark consumption fell by 40% from 1985 to 1995
though the frequency of applications was not reduced (2.5/ha'year). A recent national Spanish
initiative regards control of vectors of tomato viruses, which cause serious losses in green-
house production and where insecticides have largely failed. In two provinces outdoor re-
leases in and between crops and in gardens are made to control vectars. In one province re-
duced pesticide use has been furthered by also releasing control agents against other pests (see
Table 1). The future of the programme appears promising and a general increase in interest in
biological control is seen due to a combination of failure of traditional chemical control, the
decrease in permitted pesticides as well as the efficacy of biological conirol. Economic prob-
lems of growers and competition on the market on the other hand may lead to reduced bio-
logical control, which apparently is the case in Italy.

Probably, future development of augmentation will be depending on a move away from
product models that approach biological control products as little more than chemical product
replacements and better exploit their capability of being integrated with natural and conserva-
tion biological control. In an integrated biological control approach the acceptable level of
contral from inundative/inoculative releases will be determined from case 1o case, in interac-
tion with natural and conservation biological control.

The large greenhouse production and the well-developed biocontrol industry, which pro-
vides it with natural enemies, is an advamtage for developing biological control for outdoor
crops. The technology and know-how for rearing natural enemies is largely in place, some
native biocontrol agents for outdoor crops are already in mass production and developments
in mass production, quality control, storage, shipment and release of natural enemies have
lowered production costs and led to better product quality. With further development in fields
like long-term storage and release methods a reduction in costs of biclogical contral may be
expected. Increasing demand may assist in this process so that it will become easier and more
economic to apply in the future.
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Abstract: The use of biological control (BC) in Danish glasshouses has a long history, beginning with
the use of Phyteseinins persimilis in cucumbers agaimst spider mites in the middle of 1960, Since 1983
all Danish producers of cucumbers and tomatoes have been using biological control of pests. In oma-
mentals aboutl 30 per cent of the Danish producers are using some kinds of biological control, or more
correctly, arc using integrated pest management, IPM. In the past 15 years some growers have imple-
mented biological control against diseases. Particularly Prichoderma harziamum is used for control of
rool diseases and grav mold, Boirwis cinerea. Many growers still use pesticides to control pest and
discases. These are easy o buy and use in the glasshouses, although some growers are of the opinion
that thev are expensive. The release of new pesticides is faster than release of new beneficials and
microbiological producis for discases control in glasshowses — i other words a bottleneck for more
practical use of biclogical and microbiclogical products.

Key words: Pests, diseases, biocontrol

Introduction

Biological control (BC) of pests is used by many pot plant producers in Denmark. Most of the
growers use BC from time to time and only a few growers use BC solely. The growers are
still keen on using BC and wish to leam more but prefer BC in combination with the use of
chemicals, IPM.

Biological control of pests

The pests are spider mites {fewranyvehas spy), thops (Fravklimella occidenalis, Thrips
fabaci), aphids (Myzus persicae and others), whiteflies (Triafenrodes vaporarioram, Bemisia
farhacd), sciand flies (Sciaridae), leaf miners (Liriomyza spec) and caterpillars {Lepidoptera).

New chemicals have forced back the use of BC in both vegetables and omamentals.

BC of spider mites is used by almost every producer of cucumbers, The release of Phyto-
seinfus persimilis and Amblyseins cucrmeris in the glasshouses takes place at the beginning of
the season and continues every second week but gives some troubles in the summer. It is very
difficult to control spider mites by the use of chemicals due to resistance.
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Many pot plant producers are using BC and chemicals in combination — the chemical
treatments in the summertime,

BC of thrips 1s a combination between the use of dmblvseins spp., Orins spp. and fy-
poxespis mifes. In vegetables the use of BC of thrips is high, but a wide use of spinosad and
fibronil in pot plants has lessened the use of BC. The export of pot plants is also a bottleneck,
because some countries do not allow for occurrence of &, occidenialis, If Plant Inspection
Services find F. occidentalis in the plants, they will stop the import of pot plants from Den-
mark for a period of time, as we have just seen in Russia, where they have stopped the import
of Danish pot plants for one month.

Ancther problem in pot plants is B tabaci, especially in Poinsetia, Some countries have
a zero-tolerance level for 8. tabaci, caused by fear of virus transmissions. The control of B
fabaci by means of BC is often difficult, due to the fact that the production area of Poinsetia
cuttings 15 situated overseas in Kenya and the Canary Islands. There they have a high infec-
tion rate of pest and often use the chemical imidachloprid, which has a persistence as long as
16 weeks for Encarsia formaosa and Eretmocerus eremicis.

The nomal procedure to contral & fabaci in Denmark is to dip unrooted cuttings in sus-
pensions of Ferticilliven fecanii and/or Paccilomyees fimosorosens. A mix between £ for-
mosa and [, eremicus and/or use of chemicals as pyriproxyfen, buprofezin and imidachloprid
is used during the season.

A successful story

BC of sciarid flies is a combination between the use of Bacillns thuringiensis, nematodes and
H. mifes. When growers ask advice about control of sciarid flies, 90% of the questions refer to
the use of BC and the last 10% to the use of chemicals.

New pests

New pests, i.c. pests only recently seen in Denmark, have become a major problem over the
last 5 years. We have seen caterpillars and larvae from Duponchelia foevalis in Begonias,
Kalanchods and Cyolamen. Bacillus thuringiensis and 5. miles are used to control these pests,
sometimes in combination with light traps.

Microbiological agents
Trichodermea harziarm is used against root- and leaf diseases. In pot roses T fuarzicomm is
sprayed on the plants after the first and second cut to control Botryiis cinerea in the flowers,

buds and the leaves. Mycostop (Sireptomyces spye) 1s used against root diseases, but not so
often as 1. harziawean, because of the higher price of this product.
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The most common diseases

Gray mold is a problem in many pot plant cultures and also in the production of tomatoes and
cucumbers,

Powdery mildew is a large problem in pot plants and vegetables. The use of sulphur and
chemicals is the only solution so far, together with the use of more resistant varieties,

Root diseases caused by Fusarivm spp., Phvtopinhora spp., Pyvtiinm spp. and Riizocto-
mia sofani in pot plants such as Gerbera, Campamila, Cyclamen and Begonia are almost en-
tirely controlled by chemicals,

The slow release of microbiological products for diseases control in Denmark and EL is
a bottleneck for the replacement of chemicals in the production. The high cost in connection
with the governmental control is a problem for the often small companies producing these
microbiological agents.
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Abstract: Control of damping-ofl in Caucasian lir (dbies nordmamniana) during seedling emergence
and establishment through seced treatments with the antagonistic fungus Clowosiacivg rosea K726
was mvestigated under laboratory and feld conditions.

Seed treatment with the antagonist before the dormancy-breaking cold treatment was tested on
two seed lots. The seeds, cold-treated for 3 and & wecks at 4°C, had a moisture content of 33%, Ger-
mination and scedling development was compared for laboratory germination in vermiculite and sow-
ing in the nurserv. Fungi from discased seedlings were wdentified to at least genus level.

In the laboratory trial, Fusarium oxysporum was found in 30% and Papulaspora immersa in 28%
ol the isolations, In the held mal, F oxysporum and Pychinm spp. were found m the diseased seed-
limgzs. The biocontrol agent C. rosea 1K 726 enhanced scedling emergence under both laboratory and
field conditions. One sced lot (D31) had an optimum germination speed when cold-treated for 3 weeks,
and the other sced lot (028) needed 6 wecks (o obain fast germination. This latter seed lot showed,
however. sigmificantly enhanced scedling emergence in a Neld experiment, when 3 weeks™ cold treat-
ment was combined with a treatment with C. rosea 1K 726.

Owverall, the results show that seed treatment with O rosea [K 726 has a promising potential for
improving emergence and feld survival of 4. nerdmanmiana scedlings,

Key words: Pythinm wliimun var wltimmm,; Fusarinm oxysporim; Caucasian fir; seed vigour, stratifi-
cation, time of application

Introduction

Caucasian fir (Ahies nordmainmiana) is an imporntant forest species in Denmark, particularly
for Christmas tree and greenery production. Damping-off during nursery preduction, which
may be accentuated by use of seed of poor quality, is a major problem. This has led to inten-
sive treatments with fungicides and soil fumigants, since at present more environmentally
friendly control measures are not available

Although Caucasian fir seeds are orthodox, i.e. they tolerate drving and low storage tem-
peratures, they can only be stored for 3-5 years (Planteavisstationen, 2005). To break
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dormancy, seeds of this species usually benefit from cold treatment (stratification) for 3-6
weeks at 4°C and the optimal seed moisture content for controlled dormancy release {avoid-
ance of germination during cold treatment) is 33% (Jensen, 1997),

The vse of antagonistic microorganisms (BioControl Agents, BCAs) to control seedling
diseases in forestry nurseries has scarcely been investigated. But seed treatment with BCAs
has been shown to be beneficial against seed borne pathogens and it may also protect against
soil bome diseases during germination and seedling development {Ahmad & Baker, 1987,
Seed treatment with Clomostaciivs rosea (IK726) is effective against Fusarivm and Alrermaria
diseases of cereals and carrots (Knudsen er af , 1995; Jensen ef af., 2000, Jensen er al., 2004)
and also Pydfiium diseases in sugar beet (Jensen ef af, 1996). O rosea 1K726 is rhizosphere
competent (Knudsen er af, 1996, Libeck er af, 2002) and survives better on roots than in soil
(Johansen er af., 2005,

As seed-bome fungi such as Fusarium spp. may proliferate during stratification of forest
seeds, seed treatment with a BCA when starting up the cold treatment can be beneficial
{Hoefnagels & Linderman, 199%9) When coated on carrot seeds in differemt wet seed tech-
nologies such as seed priming, O rosea 1K 720 has been shown 1o be very effective in con-
trolling seed borne diseases and stimulating seedling emergence (Jensen ef af, 2004). A bio-
control effect has also been shown with this isolate at low temperatures in connection with
cold humid storage of acorns ((wercus robur), where the acoms were hot water-treated and
then coated with the BCA before storage (Knudsen ef al, 2004). Moreover, O, rosea IK726
performed very well in field studies with Abies mordmanniana seed coating, where the isolate
was compared with several commercial materials (Knudsen ei all, submitted).

The objectives of the present work were to: (i) test the effect of seed treatment with a
BCA before cold stratification on seedling emergence and survival in a controlled environ-
ment and (i) to compare this with a field study in a Danish forest nursery.

Material and methods

Seed

Seed lots of Abfes nordmariicra from Tversted (no. 031) collected in 2002 and from Ambo-
lauri, Georgia (no. 028) collected in 2001 wiath, respectively, low and high seed quality and
respectively low (03 1) and high (028) dormancy levels,

Cold treatments

Seeds were cold treated at a controlled moisture content (m.c.} of 33 + 2% (fresh weight ba-
sis), which was obtained by soaking the seeds in water for 12 h and checking the m.c. using
the ISTA low constant temperature oven method (ISTA, 1999), After adjustment of the m.c,
by either adding water or drving slightly at room temperature, the seeds were cold treated at
5°C in loosely folded plastic bags. The m.c. was measured indirectly by weighing every sec-
ond day, and water was added when necessary. Optimal length of cold treatment (io break
dormancy) was determined by comparing germination after respectively 3 and 6 weeks’ cold
treatment. When seeds were prepared for the field experiments, m.c was determined four
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times: before and after soaking, after approximately seven days of cold treatment, and at the
end of the treatment period.

Crermination tests

After cold treatment, germination tests were made in vermiculite, Four replicates (boxes) of
50 seeds per treatment were incubated at 20°C in 12 hours” light. Germination was recorded
weekly until all seeds were either germinated or dead. Germination was considered to have
occurred when the radicle was the same length as the seed. After germination the test was
extended until the seedlings had shed the seed coat and the cotyledons were visible. Germi-
nated seeds were recorded in the following categories: germinated and healthy seedlings,
germinated and dead seedlings, or abnormal seedlings. Non-germinated seeds were opened
and recorded as fresh, dead or empty (ISTA, 1999), Germination was expressed as percentage
germinated seeds of the total number of seeds, as well as the total number of full seeds (total
number of seeds — number of empty seeds).

Post-emerged diseased plants were removed from the boxes and washed carefully and
surface sterilized. Tissue pieces were plated on semi-selective media 1o obtain isolates of
Rhizoctomia sola, Pyihivm spp, Phyvtophitora spp. and Fuesarivm and other species. A similar
procedure was used for isolation from diseased plants sampled from the field.

BCA production

Inoeulum of . rosea TK726 was prepared as a storable clay formulation according to the pro-
cedure of Jensen ef o, (2002), The clay formulation was applied as a suspension in water.
Ficld experiment

Field experiments were carried out in 2004 at Fosdal nursery approximately 10 km ENE of
Fjerritslev in Thy, North-Jutland (U'TM 32V NJ 253 308). Preparation of seed beds and sow-
ing density were according to normal commercial procedures at the nursery. Seed beds were
prepared by a bed forming machine, seeds were sown at a density of 2000 seeds per m® and
after sowing seeds were covered with 1 em of coarse sand. Watering and manual weeding
were done as required. The experimental design was a complete randomized block design
with five blocks. Each block consisted of a 1 m wide seed bed and each plot was 5 m long.
Plots were separated by 0.5 m untreated seed bed (guard strips). Blocks were separated by 0.5
m wide wheel tracks.

. rasea was applied before stratification as 0,005 g clay inoculum per g seed resulting in
4 % 107 cfu per g seed. Seeds were mixed with liquid formulations of the BCA in plastic bags
and the coating was applied by stomaching the bag for 2 min. Evaluation of density of living
propagules at the time of sowing was assessed by plate dilution of washings of seed samples
of three replicates of five seeds. At sowing the ¢fu were measured to 2.6 x 10" per g seed.

The seeds were sowed on May 11. First seedling assessment was made after | month
{June @) and second assessment after 2 months (July ) by counting seedlings in 10 x 10 cm
squares. A 30 x 30 em frame with wires 10 cm apart in each direction resulting in nine
squares per frame was placed eight times in each plot in a predetermined pattern with 15 ¢m
between each site of assessment and diagonally across the plot, At the second assessment,
seedlings in the three diagonally placed squares of the frame were removed for disease as-
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sessment. Plants were washed and inspected by magnifving glass for disease symptoms, The
seedlings were sorted into plants with 1) post-emergence symptoms or deformations, and 2)
healthy plants.

Results

The germination tests of seed lots 031 and 028 disclosed that these seed lots contained 403
and 23 4 empty seeds, respectively. On the basis of full seeds, germination was 80.8 + 12.3%
and 75.6 £ 12.5% for seed lots 031 and 028, The corresponding germination percentages for
lots 031 and 028, when empty seeds are included, are 48 and 63%, respectively. Speed of
germination after 3 weeks’ cold treatment calculated as mean germination time was 5.1 £2.3
and 29.7 + 4.8, and after & weeks 134 + 1.1 and 19.8 + 2.7 for seed lots 031 and 028, respec-
tively.

There was a tendency (although not statistically significant) that clay and ' rosea had a
positive effect on germination after 3 weeks of cold treatment (Figure 1). This was most pro-
nounced for seed lot 028 Conceming disease rates, seed lot 031 had a higher rate of post-
emergence diseased and dead plants with 22 9% and 20.4% after 3 and 6 weeks' cold treat-
ment respectively. The figures for lot 028 were 9.5 and 5.7% resulting in corresponding dif-
ferences in total numbers of healthy seedlings (Figure 2). Isolation from diseased plants from
031 and 028 gave Fusarinm oxypornm (30% of isolations) and Paprlaspora immersa (28% of
isolations). In seed lot 031 there was a statistically significant lower number of diseased and
dead plants in the pre-C. rosea treated compared with the pre-clay-treated seeds after & weeks
of cold treatment. Thus after 3 and & weeks of cold treatment 10.7 and 9 3% were either dis-
eased or dead in the pre-C. rosea compared with 31.5 and 54.1% in the pre-clay-treated seeds,
respectively (Figure 2). However, these levels were not significantly different from those in
the water control. In seed lot 028, there was a statistically significant difference between the
numbers of diseased plants in the pre-(". rosea treatment after 3 weeks (1.7%) and the control
(9. 5%).

The field experiment resulted in a very low number of plants (results not shown) at the
first assessment 4 weeks after sowing due to a rather cold season. After 2 months, a signifi-
cantly higher number of emerged seedlings were found for the (. rosea treatment of seed lot
028, cold-treated for 3 weeks, compared with the untreated control (Figure 3). The numbers
comespond to 26% germinated healthy plants compared with 19% in the control. Analysed by a
3-factor statistical model, and sorting data by treatment period, a general significant (p=0.0111)
effect of treatment with C. rosea in combination with 3 weeks of cold treatment was obtained
Moreover, a significant effect was obtained with seed lot 028 at both cold treatment periods
(=<0.0001}).
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Figure 1. Accumulated laboratory germination percentages of two seed lots of Abies nord-
maricne cold-treated for 3 ("37) or & weeks ('67), respectively, and treated with clay or (.
rosea IK726 before cold stratification compared with untreated control.

A seed lot from Tversted, Denmark (no. 031) maturated in 2002 and

B: seed lot from Ambolaun, Georgia (no. 028) maturated in 2001,
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Figure 2. Total laboratory seedling emergence and healthy seedlings of Abies povdmanmiana,
Tversted 031/2002, and Ambolaun, Georgia 028/2001 cold-treated for 3 (*3") or 6 weeks
(6"}, respectively and treated with clay or (. rosea IK726 before cold stratification compared
with untreated control. Different letters above the bars indicate significant differences in
numbers of healthy seedlings between treatments according 10 T-test for variable (Bonferonni
{Dunn test)).
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Figure 3. Field emergence assessed 2 months after sowing in a 2004 field experiment using
seeds of Abies nordmanmiana Tversted 031/2002 and Ambrolauri 028/2001, treated with the
biocontrol agent O rosea IKT726 in a clay preparation or clay alone, applied before 3 or &
weeks of cold treatment. Different letters above the bars indicate significant differences in
numbers of seedlings between treatments according to T-test for variable (Bonferonni {Dunn
fest)).
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If data are sorted by seed lot there is a significant effect of cold treatment period for seed
lot 028 (p<0.0001) and for treatment with . rosea for seed lot 028 (p=0.0099) and a small
significant effect of (" rosea treatment of seed lot 031 (p=0,0481),

There was a general and significantly higher post-emergence disease level in seed lot 031
compared with seed lot 028 {(p=0.001) and a significantly lower number of diseased seedlings
in 3 week cold-treated, (rosea-treated 028 seeds, compared with corresponding clay control
(p=0.5 ) results not shown). Isolations from samples of diseased plants resulted in recovery of
¥ oxysperum and Pyihizim spp.

Discussion

The importance of seed bome pathogens varied amongst the seed lots used in this study. The
highest disease level was observed in seed lot 031, Seed-borne Fusarinm axyspornum was in-
volved, but also Papelaspora imimersa, which was found in 28% of isolations from diseased
plants in vermiculite, was also prevalent on the seeds (Knudsen et all, submitted). However,
P immmersa could not be isolated from diseased plants from the field, which is in accordance
with another study from a Danish forest nursery (Larsen ef e, 2004). It therefore seems that
P. fmmersa is unable to compete with other microorganisms under field conditions. Papni-
laspora spp., along with Pewicillinm, Riizopus and Trichoderma, has previously been re-
ported on Abies seed in high frequencies in 111 samples in the Czech Republic (Prochazkova,
1991). Papuilaspora was found in 41% of the seeds, but was not reported to be pathogenic
(Prochazkova, 1991)

The germination test of the seed lots demonstrated the variation in optimal stratification
period that is found between seed lots. Although it is usual to attempt to optimise the cold
treatment period before sowing in the nursery, practical circumstances, weather, etc. may of-
ten mean that the treatment that is actually given is either shorter or longer than what was rec-
ommended for the seed lot. It has been demonstrated that C. rosea establishes and grows on
seeds during cold stratification especially in the area of the seed coat, where the radicle pro-
trudes at germination (Knudsen ef al., submitted), In the field experiment, the 3-week cold
treatment of seed lot 028 was sub-optimal and resulted in lower field emergence, compared
with the optimal & weeks” treatment. However, treatment with 1K726 significantly improved
the emergence of this seed 1ot This shows that optimal cold treatment is of impontance with
regard to survival of emerging seedlings and that the BCA can have a positive effect, proba-
bly due to control of harmful fungi, during a long germination period. In the germination test,
which was made in stenle vermiculite, there were no significant differences between survival
of treated seeds after respectively, 3 and 6 weeks cold treatment. This indicates that the lower
field emergence after 3 weeks of cold treatment was due to harmful fungi in the soil.

Forest seed are more genetically diverse and often have a lower germination capacity
compared with agricultural or horticultural crop seed. In addition to this, A. nordwaniana
seed lots often contain large fractions of empty seeds (they are difficult to remove during
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processing), which may constitute a source of pathogen inoculum and food substrate for mul-
tiplication of inoculum in the soil.

In conclusion, the results show that a strategy based on application of the BCA (. rosea
1K726 before cold treatment has a good potential for improving seedling emergence and sur-
vival of A, sovdmanicna in the field.
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Ulocladium atrum and Glomus mossae control Botrytis cinerea grey
mould and counteract darkness stress effects in pot roses
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Anstract: A three-lactorial design was applied o study elfects of plant darkness stress, Ufocladinn
atrnm and Crlomus mossae on Soirdis cinerea grey mould and plant vigour in pot roses. The interac-
tion ¢ifect of the three wreatment factors significantly mfluenced the discase response. Under non-
siress conditions £ arenm reduced disease incidence from 25% to 9%, The discase incidence in-
creased o 74% under stress, bul was reduced to 14% when LD atrwer was also applied. Hence, the
plant discase status was significantly improved by U0 arrm application in both stressed and non-
siressed plants, when comparing to non-treated control plants. 6. mossae tended to interact positively
with £ afrm under non-stress conditions (discase reduction from 23% to 2%) and negatively in
darkness (reduction from 74% to 22%). Although simultancous application of I airum and . mrossae
gave a significant disease reduction in stressed plants, the reduction was not significant, when compar-
ing o untreated, non-siressed plants. G, mossae signilicantly reduced non-speeifie leal will incidence
from 42% to 23%. Darkness sigmificantly reduced the number of leaves formed above the pruning stub
b 50%. U0 g eMiciently counteracted this efMect, but had no such effect under non-siress condi-
tions, {5 mossae and 00 aoem additively increased the total number of leaves per plant (32% in-
crease), and also increased plant op drv weight, & mossae had no effect on dry weight under siress
conditions, though, (7, mossae rool colontzation increased significantly (from 71.2% 1o 81.5%) by 11
atener treatment. Darkness negated this elfect
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Mycorrhizal fungi and crop protection: experiences from The Netherlands

Jacqueline Baar
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Abstract: Myveorrhizal fungi are soil fungi that have the ability to enhance the growth and develop-
ment of the majority of plants. Mycorrhizal fungi live in symbiosis with their host plants plaving a
vital role in the acquisition of mineral nutrients (N, P) and water from the soils in exchange for carbon
from the plants. Alse, myveorrhizal fungi can suppress the development of below- and above ground
pathogens. Twoe major groups of mycorrhizal fungi are distinguished: ectomycorrhizal fungi (EMF)
that mainly associate with trees and arbuscular mycorrhizal fungi (AMF) that mosily associate with
grasses, herbs, forbs and some tree species. Also, colomization of AMF can also occur on crops includ-
ing onions, lecks, wheat. rve and maize.

During the last few vears, the interest in mycorrthizal fungs has grown i The Netherlands. This
has resulted in inereased application of EMF and AMF. A selection is discussed in this presentation.

Ecological management of urban trees has ingreased in The Metherlands and mveorrhizal fungi
recenily stanied to beeome a parl. AL Applied Plant Research, below ground development of EMF was
observed with microscopic and molecular techniques, and related to the health conditions of trees and
environmental conditions. Based on these observations. treatments to improve health conditions of the
trees were laken,

For agricullural svstems, the near future policies in The Netherlands are reduced use of chemical
fertilizers and crop protection agents including fertilizers, This enables possibilities for enhanced ap-
plication of AM fungi resulting in the promotion of mineral uptake by crops and enhancement of de-
fence mechanisms against pathogens,

Recently. a cooperative praject between Plamt Rescarch International and Applied Plant Rescarch
has started with the objective to develop crops with enhanced responsiveness to AM fungi. This pro-
jeet focuses on crops in open arable svstems. In 2004, the project has started with analvsis of onion
roods with molecular techmigues (PCR) al orgamic and conventional omons farms in Zeeland and
Flevopolder. Diversity of AMF was relatively high in the organically and conventionallv managed
ficlds in the Flevopolder and even in the conventionally managed ficlds AMF was observed. These
results show that the Duteh soil conditions are switable for the development of AMF. Recently, ficld
experiments in the Flevopolder and Zeeland were carried out with the addition of specific inoculum
resulting in improved development of the onions and reduction of fungal pathogens.

Also, for closed agricultural systems such as the growth of crops in greenhouses mycorrhizal
fung can be applied. Thus far, interest was only coming from Dutch growers of organic crops. Ap-
plicd Plant Rescarch has carnied oul two experiments on the addition of inoculum of AMF and cucum-
bers. Further rescarch is planned for more effective application of AMF on greenhouse crops.
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The mite pathogenic fungus Neozygites floridana for the control of the
two-spotted spider mite

Ingeborg Klingen, Karin Westrum, Nina Trandem, Inger Nordengen
The Norwegtan Crop Research Tnstitnte, Plam Protection Center, Hogskoleveien 7, N-J432
As, Norway

Abstract: Neozygites floridana 15 a fungus in the order Entomophthorales that infects and kills the
two-spotted spider mite, Terramvelns wrticae. In o study conducted in Norwegian strawberry Giclds, N,
Sflaridana infected and killed T wrvicee in all 12 fields studied. Infection levels up to 90% were regis-
tered, and the highest infection levels were observed late in the scason. The infection levels throughout
a scason vared considerably, To evaluate factors that may be importanit for conservabional biological
control, the effect of pesticides used in strawberries on the N. foridana infection level was also stud-
icd. The pesticides tesied were three fungicides: Euparen (tolvIfluamd), Teldor (fenhexamid), Switch
(evprodiml + Nudioxonil) and one acaricide: Mesurol {mercaplodimethur). The experiment indicates
that Euparen and Switch do not affeet the N, foridana killing capacity, but both Teldor and Mesurol
do. Methods lor the production and storage of N floridana-inlected T uricae cadavers for inocula-
tive/inundative biological control in strawberries were established in owr laboratory and are presented
briefly in this paper. Similar methods mav be adapted for the inoculative/mundative biological control
of T wriicae in for example greenhouse crops.

Key words: Neozygires flortdana, Tetranyefis nricae, natural enemy, biological control, strawberries

Introduction

Neozygites floridamea is a fungus in the order Entomophthorales that infects and kills the two-
spotted spider mite, Tetravyvels wrticae. N, floridana 1s the key regulator factor of I wriicae
in many crops, and conservational biclogical control of this fungus by adaptation of pesticide
spray programs are well known in maize and soybean in the USA (Cross er al, 1999). To our
knowledge, few systematic studies have been conducted on M. floridana as a mortality factor
of . mrticae in northem Europe. Some studies have, however, been conducted in Poland
which indicate that N. floridana may be impontant for the regulation of 1. wriicae in several
cultures (Mietkiewski ef af, 1993, 2000). When N, floridina is used to control ¥, wrvicae, 115
important both to get an infection established (inundative/inoculative control) and to conserve
naturally existing infections (conservation). To conserve naturally occumring N foridana,
chemical pesticides, especially fungicides, need to be used carefully.

In a study conducted in Norwegian strawberry fields we aimed at establishing which N.
Moridana infection levels could be found in 1. wrifcae in strawberries and to clarify the effect
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of pesticides used in this crop on the N. foridang infection level (conservational biological
control). Inocculative or inundative biological control by the use of N. floridana has also been
suggested (Kennedy & Smitley, 1988; van der Geest ef al, 2000), but to our knowledge not
yet used in practice. In our work we therefore also aimed at establishing methods for
production, storage and release of N. foridane for the inoculative/inundative biological
control of ¥. wrticae in strawberries.

Material and methods

Conservation approach

To observe N, foridarna infection levels in ¥. wrficae populations in strawberries, leaves were
collected two times during the season from 12 different fields located from the North East to
the South East of Norway. The collections were conducted in 2002 and 2003, The first collec-
tion was conducted at the end of June/the beginning of July, and the second was conducted a
month later. To study the variation in infection levels throughout a season, one field was also
collected weekly from March to September during 2003, Leaf samples were observed for N,
Moridana-infected 1. nrticae by using a technique where 1) sriicae was washed out and ob-
served for AL _floridara hyphal bodies in the microscope.

To study the effect of pesticides used in strawberries on M. floridana and 17 wriicae,
strawberry leaf disks were dipped in the fungicides Euparen (tolylfluanid), Teldor (fen-
hexamid) or Switch (cyprodinil + fludioxonil), in the acancide Mesurol (mercaptodimethur)
or in water (control) and placed in 25 ml vials with water agar. ¥. wrticae were placed on top
of treated leaf disks to feed for 48 hours, After 48 hours of feeding, half of the I. wrticae in
cach treatment were inoculated with N, forvdar, the rest were not treated with N, foridana,
1. wroicae was then placed individually on leaf disks in vials and observed daily for infection
and death.

Inoculativednundative approach

A method adapted from Delalibera & Hajek (2004) using Cryo wbe lids, pins and fresh
strawberry leaves was established in our laboratory for a small-scale production of N flori-
dona-infected 1. wrifeae cadavers. A method adapted from Oduor ef of. (1995, 1997) for stor-
ing N floridana infected 17 nrvicae cadavers was also established in our laboratory, We tested
several methods for the inoculation of N foridasa into a T, wrvicae population in a strawberry
field. Most of them involved inoculation of N. foridana-infected T wrticae cadavers into the
field. In addition, one of the tested inoculation methods involved the use of still live but N
Moridana mtected 1. wricoe. A full desenption of the methods tested will be published else-
where.
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Results and discussion

Conservation approach

N. flovidana infected and killed 77 wriicae in all 12 strawberry fields studied, and infection
levels up to 90% were registered in August. Infection rates throughout a season varied con-
siderably, and the highest infection rates were observed late in the season. Being this far
north, A foridana infections were also found surprisingly early in the spring at the first sam-
pling date, March 18, 2003,

In our experiment on the effect of pesticides wo V. Foridana and 7. wrticae, the 1. wriicae
control mortality was too high (52.5%), and new studies are being conducted. Our preliminary
studies indicate, however, that tolylfluanid and cypradinil + fludioxonil did not affect the N
Moridane killing capacity, but that both fenhexamid and mercaptodimethur did. Tolylfluanid
and fenhexamid also had a direct Killing effect on T7 wrticae that is infected by N Joridana,
Surprisingly, the acaricide mercaptodimethur did not cause morality in F. wrficae, but this
may be due to a possible resistance in the ¥ wrticae laboratory culture {Figure 1),
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Figure 1. Effect of pesticides on N, floridama and ¥ wrvicae. Light green bars indicate % mor-
tality of healthy {not infected) 7. srticae. Dark green bars indicate %o morntality of N._foridasa
infected 7. mrticae.

Inocalativednundative approach
Both long- and short-term control of 7. srticae by the use of N foridana may be relevant,
depending on the culture in question. For short-term control in annual field crops the most
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imponant factor would be the establishment of a M. foridana epizootic as early as possible in
the season, In this part of the season, however, the temperatures are quite low. Short-term
control in greenhouses may also be of interest. In this system an early establishment of N
Morideana will be less dependent on the temperature requirements of the fungus since green-
house production probably provides optimal temperatures for the fungus. Long-term control is
relevant in perennial cropping systems (e.g. strawberries). A M foridana infection for short-
or long=term control may be established in a 77 wrticae population by the use of N. foridarna-
infected T mrifcae cadavers.

A small-scale production of N. floridana-infected 1. wrifcae cadavers was successfully
established at our laboratory, We are now able to have a stable production of quite a high
amount of N foridana-infected T wrticae cadavers for laboratory experiments and probably
also field incculation. Long time storage (at least 12 months) of N, foridana-infected 1. urei-
cae cadavers has also been established, and we are therefore able to start new N Tovickana in
vive production any time of the year. Also greenhouse experiments with N._floricana as a bio-
logical control agent against I wriicae in greenhouse crops may therefore be relevant.

None of the field inoculation methods tested until now have resulted in successful estab-
lishment of N. foridana in our strawberry field. We hypothesise, however, that live but M
Moridena-infected T2 wriicae 15 a method that can be developed for successful inoculation,
Live but N FToridana-infected T wrticae will probably seek out microhabitats suitable for
promoting sporulation and dispersion of the fungus before they die. Further studies are being
conducted to test this hypothesis. At the time we tried to inoculate the strawberry field with
live N. foridana-infected T. wriicae, we were not able to produce a high amount of fungus
infected 7. wrticae. Hence, only a low number (about 1/m®) was inoculated into the field.
Since we now are able to produce higher numbers of N._floridana infected 72 nrticae we will,
in 2006, inoculate with a higher number (at least 4/m°). Laboratory experiments, which may
reveal other factors that are involved in a successful field inoculation, will also be conducted.
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Abstract: The possibility of implementing arbusgular myvcorrhizal fungi in commercial tomato and
cucumber production to mercase rood health was examined. Initally, three commercial AM products
were tested for colonization in the most used cultivars of cucumber and tomato grown with different P
levels in the nutricnt solution. In general, the results showed that growth of cucumber was unafTecied
bv a 50% reduction of P an the nuirient solution (o 20 ppm) and that plants were 10-15% colomsed
aller Tour weeks, which is the approximate tme Tor transplanting. On the other hand, tomate plants
were only colonised at very low P levels, where the plant had unacceplable growth for commercial
production. Furthermore, experiments in three commercial cucumber nurserics were conducted 1o
evaluate the effect of AM fungi on plant growth and vield of cucumber under commercial conditions.
In the firsl production evele from January o July, the growers had no problems with root diseases and
AM did not influence vield in two of the nurseries, but in the third nursery inoculation with my-
corrhiza resulted in approximately 4% more first class cucumbers compared with plants without my-
corrhiza. In conclusion, our results show that it is possible to implement myveorrhiza in commercial
cucumber production, but most likely nol in tomato production,

Key words: Cucumber, tomato, mycorthiza, Pythinm, greenhouse, Phosphorus

Introduction

Arbuscular mycorrhizal fungi are well known for their plant beneficial features such as plant
growth promotion (Smith & Read, 1997) and biocontrol of root pathogens (Whipps, 2004).

Most plants form mycorrhiza under natural conditions, whereas plants in horticultural
greenhouse production systems oflen are grown in rock wool or peat-based growth media,
where AM fungi are absent. Hence, in these systems it is necessary 1o inoculate the plants to
benefit from AM fungi.

Commercial inocula of AM fungi are available, but have in many cases not been exam-
ined for compatibility with grower practice. One of the main bottlenecks of integrating AM in
horticulture is that AM is sensitive to high levels of phosphorus fertilization, which is com-
mon for horticultural crops both vegetables and ormamentals. Also compatibility with methods
to control root diseases such as fungicides and biocontrol agents are important to consider
(Larsen ef ai, in press).
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Cucumber and tomato are among the most imporiant greenhouse-grown vegetables in
Denmark. In these systems inert growth media such as Grodan (rock wool) are used
sometimes in combination with recirculation of the nutrient solution, The main disease
problems in this system are caused by root pathogens (mainly Pythitn) and foliar pathogens
{mainly mildew). Cucumber colonised with mycorrhiza has shown biocontrol features against
Pytfriwm (Larsen ef af, 2003), but has no effect on mildew (Larsen & Yohalem, 2004)

The objective of the project is to examine the possibility of integrating AM fungi in
production of greenhouse-grown vegetables in order to increase plant health and tolerance
against plant root diseases.

Material and methods

Controlled experinents

Two similar fully factorial experiments were conducted under controlled greenhouse condi-
tions with cucumber and tomato, respectively. Each experiment had three factors: 1) plant
variety (3 levels), 2) mycorrhizal inoculum (4 levels, without, TerraVital, Bionze and Triton)
and 3) phosphorus (4 levels, 0, 25%, 50% and 100% of normal practice (40 ppm P). Each
treatment had four replicates with three plants each. Plants were grown for 4 weeks in 10 x 10
cm Grodan blocks. At harvest shoot dry weight and mycorrhiza root colonization were exam-
ined.

Grower experiments

Three experimenis were conducted in commercial cucumber nurseries in the spring
production (January to July) each using different varieties (Naomi, Euphoria, Mystica) of
cucumber. Transplants were produced at low P (20 ppm P in nutrient solution) with and
without mycorrhiza and after transplanting the plants followed the normal practice in each
nursery. Plant development and yield were measured, and in one nursery the quality of the
cucumbers (class 1 or 2) was also recorded.

Results and discussion

Overall mycorrhiza formation was reduced with increasing phosphorus levels in the nutrient
solution in both cucumber (Figure 1) and tomato (Figure 2). This is a well-known phenome-
non (e.g. Olsson ef o, 1997) and is the main bottleneck for integration of mycorrhiza in hor-
ticulture (Larsen ¢/ af, in press). The differemt commercial mycorrhiza inocula resulted in
differem levels of colonisation, Inoculation with Biorize resulted in the highest level of colo-
nisation. Cordiki ef af (2004) also tested several different commercial AM inocula and found
that some were more efficient than others at developing mycorrhiza when mixed in a peat-
based growth substrate,

However, it is important to note that no clear relationship with root colonisation intensity
and plant growth and protection has been found. Also very high colonisation levels may result
in plant growth depressions {Larsen & Yohalem, 2004). The examined tomato varieties over-
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all developed lower mycorrhizal fungus root colonisation than found with the cucumber varie-
ties, Such differences in compatibility between AM fungi and host plant are also well known
(e.g Ravnskov & Jakobsen, 1995),
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Figure 1. Average arbuscular mycorrhizal fungus root colonisation in three cucumber varie-
ties (Waomi, Euphoria, Mystica) four weeks after sowing and inoculation with three different
commercial mycorrhiza inocula (Triton, Bionze and TerraVital) as influenced by phosphorus
levels in the nutrient solution (0, 25%, 50% and 100% of nursery practise). Error bars repre-
sent standard error of the mean,
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Figure 2, Average AM fungus root colonisation of three tomato varieties (Cedrico, Aromata,
Axxion) four weeks after sowing and inoculation with three different commercial mycorrhiza
inocula (Triton, Biorize and TerraVital) as influenced by phosphorus levels in the nutrient
solution (0, 25%, 50% and 100% of nursery practice). Error bars represent standard error of
the mean,
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As expected, plant growth of both cucumber and tomato increased with incresing levels
of P in the nutrient solution (Figures 3 and 4). In tomato the highest growth was found with
100% P, whereas in cucumber 50% P resulted in the same growth as 100% P, indicating that
the P levels in the nutrient solution could be reduced to 20 ppm P, which seemed to be com-

patible with mycorrhiza formation.
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Figure 3. Average shoot dry weights of three cucumber varieties (Naomi, Euphoria, Mystica)
four weeks after sowing as influenced by phosphorus levels in the nutrient solution (0, 25%,
50% and 100% of nursery practice 40 ppm P) and inoculation with three different commercial
mycorrhiza inocula (Triton, Biorize and TerraVital). Error bars represent standard error of the

mean.
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Figure 4. Average shoot dry weights of three tomato varieties (Cedrico, Aromata, Axxion)
four weeks after sowing as influenced by phosphorus levels in the nutrient solution (0, 25%,
50% and 100% of nursery practice 40 ppm P) and inoculation with three different commercial
mycorrhiza inocula (Triton, Biorize and TerraVital). Error bars represent standard error of the
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In cucumber, inoculation with mycorrhiza resulted in plant growth promotion with Ter-
raVital at all levels of P except without P, whereas Triton and Biorize only promoted plant
growth at the higest P level, The growth promotion at the 1008 P coincided with almost no
mycorrhiza formation, indicating that other components in the AM inocula could be responsi-
ble for the growth promotion. Inert growth systems such as rock wool-based are deficient in
microbial activity, and applying mycorrhiza inocula to these systems may not only result in
mycorthiza formation, but also in introduction of mycorrhiza associated bacteria (Mansfeld-
Giese ef al., 2002). Indeed, mycorrhiza-associated bacteria from the genus Paenibacillus have
been shown to promote growth of cucumber plants (J. Larsen, unpublished). Consequently,
the underlying mechanisms for the growth promoting effects of the various AM inocula need
to be further investigated,

In the grower experiments with cucumber, no differences were found between mycorhi-
zal and non-mycorrhizal plants in terms of growth and yield. However, in the third nursery
using the cultivar Naomi, plants inoculated with mycorrhiza resulted in a 3.8% increase in the
yield of first class cucumber (Figure 5), which for this specific nursery would correspond o
an extra profit of approximately 50,000 Euro in the spring production. None of the nurseries
had root disease problems in this production, so the influence of mycorrhiza on this parameter
could not be examined.

In conclusion, our results show that it is possible to implement mycorrhiza in cucumber,
but most likely not in tomato. The plant health improving features of AM fungi still need to
be shown in practice. Also the plant growth promoting effects of AM inocula as well as the
observed increase in cucumber quality need to be confirmed.
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Figure 5 Numbers and quality of cucumbers of the variety Naomi harvested in the spring
production January to July 2004 in a commercial nursery, inoculated (AM) or not (NM) with
the AM fungus inoculum Biorize. Error bars represent standard error of the mean,
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Biological seed treatment for control of seed-borne Alternaria spp. in
carrot seed

Birgit Jensen, Dan Funck Jensen, Inge M.B. Knudsen
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Abstract: The fungal antagomsts Plectosporinm tobacimon 1R1755, Clovestachys rosea 1RT726 and
IK 1878, O rovea . catemidara TK1871 and C. solani TK 1889 were applicd during priming of carrot
seed, 1.e. biopriming, The ive BCAs have previously shown high biocontrol efficacy against the seed-
bome pathogens Afternaria radicing and Alvernaria dancd when applicd by seed coating, Priming of
carrot seeds increases speed and uniformity of sced germination and improves final stand under envi-
ronmental stress conditions. However, a detrimental effect on plant health can be expected if the seeds
to be primed are infected with pathogenic fungi. In the present expenments occurrences of A, douct
and A rodicing and saprophvtic fungi belonging to Ulocladivm, Cladosporium, Mucorales and
Fenicitlivm increased significantly during  hyvdro-priming. However, biopriming with isolates of
Clowostachys rosea, O sodans and O rosea [ catenufote almost eradicated these fungi, while P. raba-
cinum was less effective. At the same time all isolates mulnphied 3- to 8-fold on the seed. In estab-
lishment tests conducted in sand. watcr-primed seeds had a lower healthy scedling stand than un-
primed seeds. In contrast, biopriming resulted in a scedling stand that was better than for both un-
primed and water-primed sceds and again the Clonostaciys spp. 1solates were most efficient. The ¢f-
fects of 1K726 coating and 1K 726 blopriming in combination with heat treatment of sced were tested
in the Neld. IK726 biopnming of heat-treated seed naturally infected with Afiernaria spp. resulled in
the significantly highest plant stand of all treatments including a Thiram coating of unprimed seed,
IK726 is compatible with commercial pelleting and coating technologies. and therefore the perspec-
tives for practical use arc promising.

Key words: Gliocladivm roseum, Fusarium wabacinem, dram priming, heat treatment, integrated control

Introduction

Alternaria danci (Kithn) Groves & Skolko and Altermaria radicing M.D. ¢f E. (syn. Stem-
phvlis radicimim (Meier, Drechsler et Eddy) Neerg.) are both important seed-borme patho-
gens, causing seed decay and damping-off in carrot (Dancns carota L), Alternative methods
for contral of the seed-borne carrot pathogens 4. danci and A. radicing are needed especially
in organic vegetable production, Potential antagonists have been isolated from carrot and bar-
ley tissue and screened in carrot seedling assays using seed naturally infected with both
pathogens and with seed artificially infested with a high level of A. radicing, respectively.
Among 141 candidates representing over 25 species, isolates of Clomosiachys spp.
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(. rosea [ rosea (Link: Fr) Schroers ef af. (syn, Gliocladinm rosewm Bainer, Bull), C. solani
((Harting) Schroers & Gams) . salani, and " rosea . cavenmfara (Gilman & Abbaott) Schro-
ers, (syn. Cliocladinm caienndaimm Gilman & Abboit)) generally turned out to be the most
effective antagonists against pre- and post-emergence death caused by A dhwved and A
raclicim (Jensen ef al, 2004).

Priming of seed is a process, which helps to accelerate germination and improve seedling
establishment in many crops, especially under unfavourable environmental conditions or in
soils infested with plant pathogens. During priming water availability is restricted to maintain
a moisture content that will allow physiological processes of germination to occur but prevent
the completion of germination and radicle emergence. Priming, where the elevated but re-
stricted moisture content is based solely upon controlled water addition, e.g. drum priming
and hydro-priming (Rowse, 1996, Tylkowska & Van den Bulk, 2001; Jensen ef af,, 2004), 15
used commercially in carrot both in Denmark and in other EU countries. On the other hand,
priming may also have a detrimental effect on plant health if the carrot seeds to be primed are
infected with pathogenic fungi (Jensen ef af., 2004, Tylkowska & van den Bulk, 2001). How-
ever, when the antagonistic fungus . resea was applied during a priming process based only
upon water addition (biopriming), A. dewed and A. radicing were almost eradicated and seed-
ling establishment was significantly improved (Jensen ef af, 2004). Priming in relation to
beneficial microorganisms has mainly been studied as method to apply e.g. growth promaoting
bacteria and BCAs to seed with the purpose of proliferation and establishment of the microbes
on seeds during priming (Harman ef af., 1989, Wright ef af , 2003a).

The main objectives of the present study were to evaluate 1) the potential of five fungal
BCAs to multiply on seeds during priming and at the same time depress seed injuries caused
by fungal pathogens, and 2) the feasibility of integrating such BCAs into commercial seed
priming and seed coating technologies for field application.

Material and methods

Seed material

Carrot seed of the variety Royal Chantenay Rola lot 133087 was used in growth chamber and
ficld experiments. Lot 133087 was naturally infected with A, radicing (7.5%) and A, donci
(5.1%). Lot 133002 of the same variety infected naturally with 4. radicing (7%) and A. dauci
(4%5) was also used in the field trials.

Antagonistic fungi and their production

. rosea, IKT726 was isolated from barley roots (Knudsen er af, 1995), while . roseq,
IK 1878, ( rosea § catenlata TK 1871, O solaori 1K 1889 and Plectosporium tabacim (van
Beyma) M.E. Palm er @, IK1735 were isolated from carrot material, Peat-bran preparations
of the BCAs and a clay formulation of IK.726 were prepared according to Jensen et al. (2002),
For field tnals, Danisco Seed produced IK726 on a carrier according to their internal proce-
dures. Furthermore, the commercial product TRIOO3, a formulation of Vrichoderma
Farzigenam isolate 1295-22 was used in the field trials.
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Seed coating and heat freatment

For seed coating, amounts of dry formulations of BCAs resulting in 1 x 107 cfu/ml were sus-
pended in sterile water and shaken for 1 min on a vortexer, Seeds were then coated by shaking
1 g of seeds with 4 ml of the adjusted conidial suspension on a shaker (IKA-Vibrax) at 130
rpm. for 10 minutes. Subsequently, the seed were air-dried on filter paper for 1 b in a laminar
flow hood before planting. Effects of antagonist treatments were compared with water treat-
ment and with the chemical fungicide Iprodione (20 ml kg seed), while Thiram was used as
fungicide control in field trials. Emergent Genetics' " conducted heat treatment of seed for
ficlds by immersion of seed in hotwater bath at 52°C for 15 minutes. Danisco Seed used their
protected film-coating techmique for application of BCAs to untreated, heat-treated, primed
and bioprimed seed. Danisco Seed also evaluated the compatibility of IKT726 with colour,
binder and the insecticide Promet used for film-coating in plate well diffusion assays,

Seed priming and biopriming

The general steps in the priming procedure for laboratory experiments were as follows: Seeds
were imbibed for 16 h in running tap water, subsequently seeds were dried 10 39% moisture
content (m.c.). Seeds were then immediately incubated at 15°C for 13 days. During the prim-
ing period seeds were regularly shaken. After incubation, seeds were dried to 7-8% m.c and
stored at 4°C. For biopriming, a defined amount of peat-bran inoculum of the antagonists (1.5
x 10% ¢fu/20 g seed at 39% m.c ) was applied immediately after the seeds were adjusted to
39% m.c. Subsequently, seeds were treated as described for piming. Priming for field trials
was performed by Emergent Genetics'"' according to their internal procedures based on the
principles for laboratory priming described above,

Estimation of occurrence of fungi on seed and guantification of antagonists on seed

The occurrence of Afiernaria spp. and other dominating fungal genera after priming and bio-
priming was assessed with a deep freeze blotter test (ISTA 1996). Samples were taken during
the priming process at 1, 8 and 14 days’ priming. The presence of Altermaria spp. and other
fungi on the seed was then recorded under a dissection microscope (Olympus 5ZH) after 7
and 10 days’ incubation. Fungal occurrence on seed was expressed as percentage of seed
where a fungal species was identified. The population density of antagonistic fungi on carrot
seed (cfu'seed) was determined at 1- to 3-day intervals during the priming period by dilution
plating on semi-selective medium of washing water from the seeds (Jensen ef af,, 2002),
Assessment of seedling emergence

For growth chamber experiments treated seeds were sown in washed coarse sand moistened
with tap water (3:1 v/v}) in plastic boxes (50 seed/box) and incubated at 20°C £ 1°C as de-
scribed by Jensen ef af., (2004). Each treatment was replicated four times {in total 200 seeds
per treatment) and arranged in a fully randomized block design. Seedling emergence was re-
corded from 4 to 21 days after sowing, Dead and wilted plants were removed and post-
emergence infection by A. dowei and A. radicing was confirmed by incubating the wilted
plants near ultraviolet light (NUV) and examination by dissection microscopy. In field trials
plots consisted of 10-metre doubled rows and each treatment had four replications in a ran-
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domized block design. Seedling emergence was counted at approximately 50% emergence
and at 100% emergence and expressed as plants per row,

Results and discussion

Priming of carrot seed having 7.5% and 5.1% infection with 4. radicing and A. dowci,
respectively, resulted in significant increase in occurence of both pathogens (Figure 1). Thus
occurrence of A. radicing was increased 3-fold, while occurrence of A. dawci was increased 8-
fold on primed seed. A. afternara occurred on almost all seed after priming, Other saprophytic
fung like lfocladiom, Cladosporiom, Mucorales and Penvedflim spp. occurred on < 2% of
unprimed seed, but during priming occurrences of all these fungi increased to approximately
20%%. Our results are in agreement with Tylkowska & Van den Bulk (2001) finding that
hydropriming increased Aftermaria spp. on carrol seed, and with Wright ef ol (2003b) finding
that sporulating fungi (no species identification) increased by 2 to 4 log, cfw'seed during
drum-priming. In contrast, biopriming with the (lownostachys isolates K726, IK 1871, IK1878
and 1K 1889 almost eradicated the Afternaria pathogens as well as the range of saprophyiic
fungi (Figure 1). Biopriming with P tabacimem 1K1755 did not suppress the naturally
oceurring microflora as efficiently as the Clowostachys spp. antagonists. While naturally oc-
curring fungal species were significantly reduced on seed during biopriming, the applied
BCAs themselves multiplied significantly during the priming period to reach a level of 4 to 8
x 10" cf/seed (Figure 2a). The isolates of C.rosea and C. rosea f. catemdata had the highest
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Figure 1. Effect of bopriming on occurrence of fungi on carrot seed. (IK726 = Clonasiachys
rose, IK1878 = O rosea [ catermlata and 1889 = O sodani),
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proliferation rate. In a study with application of Trichoderma spp. during drum priming
Wright ef al (2003a) found that the density of I7 harzigrim 1205-22 and 77 virens G20 on
seed either remained constant or decreased during priming of carrot seed, and they concluded
that application of Trichaderma spp. during drum priming generally reflected survival of the
inoculum rather than proliferation of these fungi. Thus, it seems that fungal isolates of
Clowostachys spp. and P, dabacinmm are more adapted to the high humidity during hydro-
priming of carrot seed. Microscopy of seed during [K726 biopriming has revealed that the
antagonist colonizes and sporulates the whole seed surface (Jensen ef af , 2004). Evaluation of
the biocontrol efficacy in sand assays showed that biopriming with all BCAs improved plam
emergence significantly compared with the priming treatment (Figure 2b). IK726 was the
most effective amagonist resulting in 88% seedling emergence, which is not significamly dif-
ferent from the Iprodione treatment, while IK1755 was least effective with 71% seedling
emergence. Moreover, all priming treatments decreased the peniod for maximum seedling
stand from 10 to 8 days (Figure 2b).
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Figure 2. Biopriming of carrot seed with the fungal antagonists Pleciosporivm fabacinum 1755,
Clonostachys rosea IK726 and IK1878, C. rosea [ catemulaia 1K 1878 and C. solani TK1889,
(a) Effect of biopriming on multiplication of antagonists on seed during the priming process,
(b} Effects of biopriming on establishment of carrot seedlings in a growth chamber sand test,

', rosea IK726 was selected for further development and field trials among the initially tested
and equally efficiemt Clowastachys spp. antagonists. Mainly because IK726 previously has
proved effective in field control of seed-bome and scil-borne diseases (Knudsen er alf., 1995;
Jensen ef al., 2000; Meller ¢ al., 2003). The present evaluation of the feasibility of integrat-
ing with commercial seed technologies showed 1K726 to be compatible with colour, binder
and the insecticide Promet used for film-coating at Danisco Seed, and IK726 also multiplied
and survived at high number on seed following the biopriming procedure wsed at Emergent
genetics ™. The effect of biopriming or film-coating with IK726 and TRIOO3 on field estab-
lishment of carrot seedlings is shown in Figure 3a. Priming alone decreased the seedling
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number compared with unprimed seed, which probably reflects that naturally occurring Alter-
maiia pathogens have multiplied during priming. Biopriming with K726 on the other hand
increased the seedling emergence to the level of unpnimed seed. The significantly highest
plant stand was achieved with 1K726-coated seed. The situation differed considerably when
seeds were heat treated before either coating or biopriming (Figure 3b). No decrease in seed-
ling establishment was seen after priming, probably because the heat treatment had eradicated
the majority of the pathogenic Alternaria species. Furthermore, IK726 biopriming gave the
significantly highest plant stand, which may be ascnibed to control of soil-borne diseases.
IK.726 has previously shown biocontrol efficacy against Pytfirm iracheiphilum in field trals
i(Maoller ef al, 2003), Biopriming with TRIOD3, with the T. furrzicvnim strain 1295-22 as active
ingredient, had no positive effects on seedling establishment. This is in agreement with
Wright ef af. (2003) finding that the 1295-22 was unable to proliferate during drum priming,

In conclusion fungal BCAs belonging to Clonesiocfivs spp. in particular seem well
adapted for application during priming of carrot seed. Since O roseg IKT726 is compatible
with commercial pelleting and coating technologies, the perspectives for practical uses of this
BCA are promising.
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Figure 3. Coating and biopriming with IK726 and TRI003, respectively. (a) non heat treated
carrot seed and (b) heat treated seed. Unprimed and primed seed were used as controls.
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Using simulation models as a training tool to improve biological
control: Spider mites and predatory mites on greenhouse cucumbers
as a case study

Giista Nachman
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siteisparken 15, DE-2100 Copenhagen (3, Denmrark

Large-scale biological control experiments are both time-consuming and costly. Virtal ex-
peniments by use of computer simulation models may therefore serve as short cuts to obtain
important information on complex agro-ecosystems. My presentation introduced a spatially
explicit stochastic simulation model called Dymabfite, which is part of a comprehensive sys-
tem of various simulation programmes called F/Tol (From Individuals to Metapopulations),
The interactive model confronts the user with the decisions a grower has to make in order 1o
protect his crop against an arthropod pest (in the present case spider mites attacking green-
house cucumbers). Control options are spraying with different types of pesticides, inundative
releases of predatory mites and replanting. Costs and benefits of the various control measures
are evaluated, and at the end of a simulation, mimicking a growing season, the user is in-
formed about his'her skills as a grower. The computer program may serve as a research tool
to obtain better understanding of how spatial processes affect predator-prey dynamics so as to
improve control strategies and as an educational tool to train students in the principles of bio-
logical control.

A preliminary version of FioM is available via http/Swwow bi kudk/staff person,
asp?ID=82. Users are weleome to contact me with comments and suggestions to improve the
program.
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Soil inoculation with Metarhizium and mycorrhiza: a method to
enhance afforestation in Iceland and Faroe Islands
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Kingelem

Abstract: lceland has sulTered from severe coosvstem degradation since i1t°s settlement in 874 and has
lost more than 5026 of the original vegetative cover, The cover of birch { Bemida pubescens Ehrh.), the
only natve forest forming tree species in lecland, has reduced greatly and now covers less than 1.2%
of the land, compared 1o the estimated 20-23% in the vear 874, Today birch is the most common spe-
cigs wsed i alforesiation and 15 extensively wsed in land reclamation on degraded sies, Dug (o low
survival rates of voung tree-seedlings at these sites, it could be hypothesized that lack of beneficial sol
biota is hampering afforestation. A Nordic co-operation programme aims to study the existence of
benehcial ol fungt (mveorrhiza and msect pathogens) in sonl from natural birch stands and degraded
sites in leeland and Faroe Islands and to imoculate birch seedlings with these beneficial soil fungi to
enhance alforestation process in these countrnies. In our study no entomopathogenic fungi were Tound
in soil collected from croded land. In contrast two species, Poecilonyces farinosus and Heanveria
hassiana, wene documented from natural birch habitats and Metarhizinm anisoplioe was documented
from grass habitats. The same pattern could be seen with mycorrhizal fungi: no fungi were found in
croded soil while several momphotyvpes were recorded in birch soil. The most prevalent mycorrhizal
tvpe proved 1o belong 1o the genus Hebeloma, Other commeon specics were Phiglophora finfamndio and
Cemocogenm geophifum, Further, the results suggest that antificial inoculation of these beneficial fungi
in arcas planned for aflforestation could assist in a successiul re-cstablishment of birch in leeland.
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Biocontrol of foliar diseases in horticulture: Screening and application
of Ulocladium atrum for grey mould control

Jiirgen Kihl
Plant Research International, 0. Box 16, 6700 A4 Wageningen, The Netherlanids

Abstract: The objective of our research was 1o develop a concept Tor biological contral of Fotrvies
spp.. to select antagonisis and (o test their use in cconomicallv importani crops. Several rescarch steps
were necessary 1o develop such a biocontrol syvstem: Epidemiological knowledee on discases cansed
by Hotrpis spp. in different crops was necessany 1o identily valid targel tissues. Suitable antagonists
with @ high competitive abiliy during the colonisation of various necrotic plant tissues had o be
sclected. Antagonists with superior ccological competence had o be found. Knowledge on the mode
of action of sclected antagonists was needed to optimise targeting and tming of antagonist
applications. The potential of the control strategy and applications of the selected antagonist had 1o be
studied under ficld and greenhouse conditions,

Key words: Borrvtis cinerea, Ulocladium atrum, antagonist screening, ecological competence

Introduction

Success of biocontrol depends on the use of antagonists with high efficacy and optimum ad-
aptation to the niche in which they have to be active. Success of commercialisation of biocon-
trol agents depends on many more criteria. Consequently, many relevant criteria have to be
considered in a screening programme aimed at the development of biocontrol agents besides
efficacy testing.

Leaf surfaces are characterised by low soluble nutrient content and microclimatic condi-
tions often unfavourable for microbial activity, e.g. water availability, UV radiation and tem-
perature can fluctuate rapidly. Important criteria for applications of antagonists in the phyl-
losphere are cold tolerance, drought tolerance, resistance to high temperatures and UV irradia-
tion and rainfastness of the applied inoculum (Diem, 1971; Hjeljord ef af., 2000, Applied
inoculum should be able to germinate and colonise the target tissue within the few hours dur-
ing wetness periods which are often combined with low temperatures, e.g. during nights with
dew formation. Important criteria for the feasibility of a commercial exploitation are, besides
others, suitability for mass production and possible potential risks of certain antagonist candi-
dates which may jeopardise registration

Examples of testing various characteristics of antagonists under controlled conditions and
field conditions are presented for the antagonist [ fockedimm airm. This antagonist has been
selected for its ability to outcompete Horrpiis spp. on necrotic plant tissues resulting in
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suppression of sporulation of the necrotrophic pathogen. It has been demonstrated that [/
atrum efficiently control diseases caused by B. cinerea in crops such as grapevine, tomatoes
and ornamentals. The antagonist shows many charactenistics which explain its good perform-
ance in the phyllosphere,

Efficacy testing of antagonisis

The bioassay method developed for antagonist screening, based on interactions between Hoiry-
tis spp. and antagonistic fungi on dead leaf tissue, was an effective tool to select antagonists,
Under constamly humid experimental conditions most of the antagonists suppressed sporulation
of B. aclada efficiently in the initial screening experiments (Kohl er al, 1993). Antagonists
originating from necrotic leaf tissue such as 4. altersata and 00 airum were highly antagonistic
even after leaf wetness periods had been interrupted repeatedly on up to three consecutive days
(Figure 1) On the other hand, scil-bome fungi such as Glfocladinm spp. and 1. harciam
showed sensitivity to intermupted leaf wetness periods especially during the early stage of colo-
nisation at the first day after application.

Frequent and rapid fluctuations of the water potential may be highly restrictive for fungal
development in the field, where periods of leaf’ wetness or high humidity are usually interrupted
daily by dry periods. Antagonists aimed at suppression of sporulation of Boirenis spp. and other
necrotrophic leal pathogens on necrotic leaf tissue may only be reliable under field conditions if
they are able to survive duning dry periods and to start to regrowth rapidly with only short lag
times after conditions become favourable for fungal growth again. Bioassays with interrupted
leaf’ wetness periods were the key to differentiate antagonists according to their sensitivity to
dry conditions during the colonisation process.

Mumiber of Botndis conidia cm® Mumier of Bobndis coredia em®

ot Corfinuously wet 400000 e Liaf wesness inferrupbed
:m;m/" 300000
200000 200000
100000 100000
4] - . i)
Contral  Gliodadium  Uscladarmm Confral  Ghocladium Uloctadiurm

Figure 1. Effect of the antagonists (lrocladfom rosewm and Ulocladfum airwm on sporulation
of Boteviis acladls on dead onion leaves incubated at 18°C under continuously wet conditions
(left) or with interruption of the leaf wetness period 16 h after antagonist application (From
Kahl et al, 1995).
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Antagonist populations in the phyllosphere

After application of spore suspensions of antagonists on leaf surfaces in the open field, the
biocontrol efficacy in most cases depends on the homogenous coverage of the canopy surface
by the inoculum and its survival and persistence in the phyllosphere. When {0 afrimr conidia
were applied in dense lily crops to control Boiryiis efliptica, significantly less conidia were
found on leaves from the bottom of the canopy compared to the middle or top levels of the
canopy (Figure 2). Furthermore, the number of conidia on lily leaves declined over time. The
uneven vertical distribution of antagonist inoculum may have significant epidemiological
consequences since primary infections in the host canopies may commence on the older
leaves at the bottom of the canopy where host and microclimate conditions are more condu-
cive to infection and sporulation. These results indicate that the spraying system used in the
study was not suitable and further evaluation of application methods may be required 1o im-
prove penetration of the antagonist suspension in dense crops.

After antagonist application the number of [ airim conidia declined. Rain and wind are
important factors for dispersal of fungal spores. Rain splash has been shown to be an efficient
mechanism for spreading large numbers of pathogen propagules from a source of inoculum
but also wind dispersal may cause redistribution of fungal spores in a canopy (Vioutoglou ef
al., 1995). The relative impontance of wind or rain as dispersal mechanisms for redistributing
antagonists such as U atriem 15 poorly understood. The use of molecular markers may enable
better investigation of the spatial and temporal dynamics of [0 atram,
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Figure 2. Mumber of conidia of {Jocladinm atrum on leaves at the top, middle and bottom

level of a lily canopy after spray application of suspensions containing 2x10° conidia ml”

(From Elmer & Kahl, 1998).

Major losses of amagonist inoculum, especially of ungerminated conidia, on leal surfaces
may be caused by rainfall. When conidia of (7 airimy were sprayed on strawberry leaves and
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incubated under dry conditions so that they remained ungerminated, it could be demonstrated
that after a few hours even ungerminated conidia started to stick to the plant surface (Figure
3). The highest risk of losses caused by rainfall will thus be in situations of rain events shortly
after antagonist conidia have been applied to the field. Further improvement of stickiness of
conidia to leaf surfaces was possible by adding cerain formulations.
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Figure 3. Effect of simulated heavy rainfalls on the recovery of conidia of [locladinm airum
on leaf surfaces of strawberry. Conidial suspensions were sprayed with 1x10° conidia ml™' and
the number of conidia em™ was assessed microscopically.

Besides fluctuations of water availability, UV irradiation is another detrimental factor for mi-
croorganisms on leaf surfaces. To study the possible effect of UV irradiation on conidia of {1
airtm, conidia were sprayed in an onion crop on a hot and sunny day with maximum tem-
peratures of 30°C at bright sunshine or afler sunset. Leal samples were collected during the
consecutive davs and conidial germination was assessed directly after sampling or after addi-
tional incubation in moist chamber. Since dry and hot weather did not support fungal devel-
opment in the field, no germinated conidia were observed on leaves directly after sampling.
After leaves had been incubated in the moist chamber, approximately 80% of the conidia were
germinated (Figure 4). No differences were found in the germinability of conidia exposed
after spraying to bright sunlight and those that had been sprayed after sunset

Studies on the persisience of I airen conidia on cyclamen leaves under greenhouse
conditions confirmed that propagules of this antagonist have the potential to survive on the
surface of green leaves for at least seventy days under dry conditions. When such green leaves
senesced seventy days after the antagonist application and thus became available as substrate
for saprophytic colonisation by both £ cimerca and [0 arrum, propagules of the antagonist
still had the potential to compete successfully with the pathogen (Kohl er af,, 2000). Similar
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results were even found in production systems with topirrigation with regular wetness periods
in the cyclamen canopy.

~ 100
;-; M
-1
5 75
=
3 & ~—22.00]
= —0—11:30
=
E 25
0 ; .
0 1 2 3

Sampling ume (Days after spraving)

Figure 4. Percentage serminated conidia of {locladinm atrum sprayed at bright sunlight
(11:30) or after sunset (22:00) in an onion crop. Leal samples were incubated in a moist
chamber and conidia germination was observed microscopically.

Disease control under commercial growing conditions

Significant disease control of grev mould was achieved with spray applications of [ afrum in
various crops, such as grapevine (Schoene & Kohl, 1999), tomato (Fruit & Nicot, 1999) and
ormamentals (K&hl er al., 2000), Extensive research has been carried out in greenhouse-grown
cyclamen crops produced in various production systems. Regular application of conidial sus-
pensions of [/ atrum (1 x 10° conidia ml™") suppressed the incidence and severity of B. cine-
rea ot in cyclamen under commercial growing conditions (Table 1), Increasing the intervals
between applications of the antagonist from two to four weeks resulted in similar control lev-
els of disease incidence and disease severity. Regular applications of conidial suspensions of
Clenostachys rasea (G. roseum) containing 2 x 10° conidia ml™' suppressed the disease half as
effectively as L. atrim and was similar to [0 afrim treatments when applied with 1 x 107 co-
nidia ml"'. Such antagonist applications reached control levels similar to those of the standard
fungicide programmes used by growers. The results of a series of experiments in different
commercial greenhouses showed that {0 atrum controlled B. cinerea when spraved at four-
week interval, except when the disease pressure of 8. cinerea was extremely high. However,
under such conditions even fungicide applications did not control the discase,
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Table 1. Effect of treatments with [ locladium atrim on the average number of diseased peti-
oles of cyclamen plants of marketable age grown in a commercial greenhouse, Cyelamen
were sprayed twice or three times during a growing period of approximately 230 days.

Treatment Mumber of diseased petioles per plant
Water with 0.01% Tween 80 35 a*

Untreated 28 a

U/, arnm, 3 applications ** 09 b

{1 airum, 2 applications 07 b

*  Figures with a commaon letter do not differ significantly (LSD, 5%).
** 1x10° conidia ml™".

Conclusions

Several research steps were necessary for the development of a successful biocontrol system
for foliar diseases caused by B cimerea in horticultural crops based on competition between
B. civerea and an antagonist on necrotic plant tissues. Epidemiological knowledge on diseases
caused by Boirviis spp. in different crops was necessary to identify valid target tissues. Only
if necrotic tissues that are significant inoculum sources during Bofrylis epidemics can be tar-
geted with a biocontrol agent, such a strategy may result in disease control. Suitable antago-
nists with a high competitive ability during the colonisation of various necrotic plant tissues
were selected in bioassays based on the assessment of competition on the natural substrate
and avoiding any studies using in virro systems, e.g. on antificial agar media. Antagonists with
superior ecological competence could be found. Thorough knowledge on the mode of action
of selected antagonists was needed to optimise targeting and timing of antagonist applications
to different target substrates of different crops. Strong saprophytic competitive ability during
colonisation of above-ground necrotic tissues depends on two parameters: (1) a high enzy-
matic activity for substrate utilisation (Berto ef al, 2001) and (2) the adaptation to the harsh
microclimatic conditions in the phyllosphere. Before applying antagonists in large-scale field
experiments, their ecological atiributes had to be known in order to prevent failure under the
prevailing environmental conditions. In our studies, we investigated the effect of different
constant temperatures as well as constant and fluctuating water potential and the persistence
of conidia of {1 atrum under very different environmental conditions, e.z. in field-grown lily
and greenhouse-grown cyclamen without and with top imigation. The potential of the control
strategy and applications of the selected antagonist {0 airarn was then successfully proved in
various crops under field and greenhouse conditions.
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Abstract: Biological control of pests in protected vegetables has a long history and practical imple-
mentation is a routine measure for many glasshouse-grown vegetables i temperate regions. In recent
vears biocontrol of pesis has in many countrics been extended to include an increasing arca of orna-
mental crops, In addition, other tvpes of crops grown under protection (glass, plastic wnnels, cic.)
have started to become the focus of development of biocontrol, c.g. herbs, hardy nursery stock and
berrics. The diversity of plants grown under protection reflects a greal diversity in pest launa, host
plant characteristics and abiotic conditions and biocontrol programmes must therefore be specifically
tailored for cach culture. Since it can not be expected that a particular beneficial can perform equally
well in all protected erops, methods attempting 1o remedy this fact are being sought. In the paper the
recent achievements and the newest focus within the rescarch on biocontrol of pests in protected crops
will be deseribed and exemplified.

Key words: Biocontrol, pests, prodected crops, greenhouses, integrated coitrol

Introduction

Aside from minor applications in the 1920-40s of the parasitoid Encarsio formosa against
whiteflies in North European glasshouse tomatoes (Speyer, 1927), biocontrol in protected
crops began for real in the 1960s with implementation of the predatory mite Phyitoseinins
persimilis against spider mites (Bravenboer & Dosse, 1962) and the subsequent rediscovery
and implementation of £ formosa in the 1970s (Hussey, 1985). The area on which these two
biocontrol methods were used rapidly increased in Western Europe and Northern America
{van Lenteren ef af, 1992). Simultanously, new beneficials were marketed for use against
secondary pests and by the end of the 1980s, full biological control programmes for glass-
house vegetables were employed routinely implementing eg predatory mites and bugs
against thrips, parasitoids and gallmidges against aphids and parasitiods against leafminers.
Early attempts to implement biocontrol in ornamentals were made in the late 19705 in a
few MNorth European countries (e.g. Wardlow, 1979, Stenseth, 1979), but the general notion
was that biocontrol in ormamentals on a larger scale was unrealistic (van Lenteren & Woets,
1988), primarily because of the low damage threshold of these cultures. However, a break-
through occurred in the late 1980s due to increasing resistance problems and reduced
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availability of pesticides combined with an increasing number of commercially available
beneficials (Figure 1) and a shift in release strategies from inoculative to inundative (Brods-
gaard, 1995) and/or preventive releases. The uptake of biocontrol among ormamental growers
has, however, been slower than among vegetable growers due to factors such as zero-
tolerance for export items, complex production processes, many pest species, lack of safety
periods; and recent marketing of pesticides for which resistance among pest species has not
vet evolved. Despite these limitations implementation of biocontrol in ornamentals (eg. in
Chrysanthemum, roses, Gerbera and Poinsettia), especially in northern temperate regions, in
soame countries now amounts to up o 10-35% of the area (Enkegaard, 2003).

Despite the great success for biocontrol in protected crops, there is, of course, still much
to be done. This is detailed below

& available benelicials
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Figure 1. Development in number of commercially available beneficial arthropods. Adapted
from van Lenteren & Nicoli {2004).

Implementation in additional protected crops

Protected crops are grown in a diversity of constructions offering protection to the outdoor
climate, 1.e. glasshouses, greenhouses, screenhouses, plastic tunnels and the like. The crops
grown under protection encompass a wide variety of plant species and cultivars, including
various vegetables (e.g. tomato, cucumber, sweel pepper, egg plant, melon, leafy salad, leek,
radish), herbs (e.g parsley, dill, thyme, basil), berries (eg strawberry, grape), medicine
plants {e.g ginseng, rose hips) and ornamentals. Ornamentals constitute the most diverse
category of protected crops with more than 400 species of cutting plants, pot plants, bedding
plants, green foliage, hardy nursery stocks and bulbs grown in Europe alone (van Lenteren,
2000), This great diversity in the floral composition of protected crops reflects in an equal
diversity in climatic conditions, growing practices, host plant characteristics and pest fauna,
and consequently also in the species of beneficials needed for biocontrol. It can therefore not
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be expected that a panicular beneficial can perform equally well in all protected crops and
biocontrol programmes must therefore be specifically tailored for each culture.

Examples of protected cultures which recently have been targeted with such programmes
are letiuce and leafy salad (e.g. Bennison ef ol 1999, Head er af, 2002), grapes (Biobest,
2005), leek (Rat-Morris, 1999), herbs (Bennison ef o, 2005), hardy nursery stocks (Bennison
el al., 2002; van der Linden, 2002) and strawberry (Saiki & Wada, 2005). Development of
biocontrol programmes involve pinpointing beneficial species useful for the specific condi-
tions of the crop, determining release rates, frequencies and methods, integrating the use of
biocontrol with other methods, e.g. against diseases, and estimating the economical feasibility
of the programme. As an example, an integrated programme for strawberry with emphasis on
biocontrol could be as shown in Table 1.

Improvement of efficacy of commercially available beneficials

In many cases an existing, commercially available beneficial may not always be sufficiently
effective in achieving satisfactory biocontrol. This can be a result of various factors, eg. host
plant charactenstics: climatic conditions or growing practices affecting the beneficial
negatively, unability of the beneficial w0 cope with pest densitites above a certain level; poor
quality; or suboptimal adaptation 1o pests that, at first, may be percieved as suitable hosts, An
example of the latter is the aphid parasitoid Apfidins colenani, which is very efficient against
some aphids (e.g. green peach aphids) but not others (e.g. foxglove aphids and potato aphids),

Table 1. An example of an integrated management programme for strawberry under protection.

Pest Control methods | Beneficials

Spider mites Biocontrol Predatory mites (Plivioseindus persimilis,
Amblvseins californicns), Gall midge (Feltrella
TIPS )

Strawberry mites | Biocontrol Fredetory mite (Amblyseius cucumeris)

Thrips Biocontrol Predatory mite (A. crcimeris), Predatory bugs
(Chrinis sppa. )

Aphids Biocontrol Parasitoids (Aphidins coleman, A. ervi, Aphelinms

abdominalis); Gall midge (Aphidoleres
apfidinyza), Lady beetle (Adalia hpunciata),
Lacewings ((hrysoperia spp)

Whiteflies Biocontrol Parasiroid (Encarsia formosa)

Vine weevils Biocontrol Nematodes (Heterorfiabditis spp.)

Caterpillars Biocontrol Bacteria (Baciffus thuriengiensis), Lacewings
(Clhirysoperia spp.)

Mematodes Chemical/cultural

Diseases Chemical/cultural

221



One way to overcome such problems would be just to increase the release rates and/or re-
lease frequencies of the beneficial, but this is, of course, in many case uneconomical, and
other ways to compensate for suboptimal efficiency have been devised.

Reduce pest densities

Pest densities may be reduced in various ways in an attempt to help the beneficials to zain
control, the most obvious being a limited use of chemicals for instance prior to beneficial
release or as hot spot treatment in cultures where beneficials are already applied (e.g. van
Driesche ef af., 1999; Richter, 2005). Use of nettings to reduce influx and subsequent build-up
of pests is a well-known method in warmer regions, e.g. the Mediterranean area, but may also
be useful in cooler areas (Teerling & Murphy, 1999), Likewise the use of cultivars with
partial resistance towards pests is a theoretical option, although marketing of such cultivars so
far has not been seen in spite of research on development of methods for screening for host
plant resistance against various pests (e.g. Balkema-Boomstra e/ af., 1999, Satterlin, 1999).
Condition or select for better performance

Attempis to improve the efficacy of beneficials through selection/conditioning have been few
in the history of biccontrol in protected crops. Only the selection of strains of F. persimifis
with resistance to organophosphorous pesticides (to allow their integration in management
programmes employving these) {(e.g. Croft & Morse, 1979; Schulten, 1980) and with an im-
proved adaptation to tomatoes (the original strain did pootly on tomato due 1o trichome exu-
dates) (Drukker er af., 1996), respectively, has resulted in commercial products. Selection of a
strain of B formesa better adapted to low temperatures (to facilitate its use in low-
temperature (and thus energy-saving) tomatoes) (Klapwijk, 1999) has been researched but not
yet implemented.

Combine several beneficial species

Other ways to circumvent insufticient effect of one beneficial is 1o combine the use of several
species against the same pest. Thus, biocontrol of thrips is often based upon a simultaneous
use of several predatory mites (some adapted to leaves, some to flowers and some to soil),
predatory bugs and mirids, nematodes and fungi. Likewise biocontrol of aphids is often based
upon a combined use of several parasitoids, gallmidges, lacewings, coccinellids and fungi. By
using several beneficial species against the same pest it becomes easier to effectively target all
life stages of the pests and to target the pest in the various phases of the production cycle.
Increase dispersal of beneficials

Suboptimal efficiency of a beneficial may result from slow dispersal. This can in some cases
be remedied by increasing the number of release sites either manually or mechanically as-
sisted by blowing beneficials out in the culture via battery-powered air blowers, such as is
used in some places for distribution of the predatory mite Amblyvseins cremmeris (van Dri-
esche ef al, 2002). When insect pathogenic microorganisms are used, dispersal may be in-
creased through vectoring with bumble bees already installed in the culwre for pollination
(Kapongo ef af,, 2005),

Supplement food

Beneficials may be assisted in their establishment and survival if food or prey items are supplied.
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This may be of assistance when target prey densities are low or even when prey is absent, as in
case of preventive releases. Supplement food can be provided as “lunchboxes” directly in the
product, ez, a few spider mites are often included in products of P. persimilis; or the supplement
food may be applied directly to crop in the form of e.g. pollen to assist Amblysefns mites in non-
pollen crops or moth egges for assistance to mirid bugs,

The strategy termed pest-in-first is another way to assist beneficial establishment — in this
strategy, used by some growers of e.g. pepper and egg plants (e.g. Bolckmans & Tetteroo,
2002), the grower deliberately starts a small infestation of pests hereby creating a more stable
foundation for establishment and build-up of the subsequently released beneficials.

Yel another method for assisting establishment of beneficials is by application of breed-
ing units, exemplified with the slow-release system developed and implemented on a large
scale for A. cucumerds, Here the mites are delivered in small sachets containing mould mites
as a food base for reproduction. The mites reproduce in the sachets and the progeny will dis-
perse into the crop over a 4-6-week period.

Banker planis, trap crops and push-pull sirategy

Breeding units can also be in the form of plant-based rearing units, the so-called banker plants. A
banker plant is a plant, e g. a cereal, infested with a herbivore that does not attack the crop, e.g.
cereal aphids. Several such plants are disinbuted in the crop and beneficials, e.g. aphid parasi-
toids, released on them. The beneficials reproduce on the herbivore and the fresh new off-spring
disperse to the crop and attack the crop-harbouring pests. In this way the beneficials can be es-
tablished preventively in the crop prior to any pest infestation and subsequently maintained at
sufficient densities, also during periods with low levels of pests. The use of banker plants reduces
the need for frequent inundative releases and are therefore generally cheaper than repeated inun-
dative releases.

The use of banker plants for aphid parasitoids have been implemented for many years in
protected crops and these systems are now commercially available. But new banker plant sys-
tems are in use or under development — examples are given in Table 2, but there are many
other possibilities. Banker plants have played a very important role for implementation of
biogontrol in omamentals.

Table 2. Examples of banker plant systems in use or under development.

Plant Herhivore Beneficial Target Crop

Cereal Cereal aphids | Gall midge (4. aplideleies) | Aphids Sweet pepper

Ranunculus |Leafminers | Parasitoids (Diglyphns isaea, | Leafminers | Lettuce
Dircrinesa siberica)

Corn Girass mites Predatory mite (P. persimifis) | Spider mites | Omamentals

Nipplewort | Cabbage Parasitoids (£, formasa) Whiteflies | Omamenials

whitefly

Tobacco Moth eggs Mirids (Macrofoplms caligi- | Whiteflies | Omamentals
nasus, Hesperns spp. )

Castor bean | {Pollen) Amblyseins-mites Thrips Sweet pepper
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Trap crops

Trap crops are rather similar in concept to banker plants. Trap crops are plants or cultivars
especially attractive to pests and can therefore act to lure these from the crop plants. Trap
plants themselves are useful for monitoring and may, in addition, assist biocontrol by acting
to reduce pest densities on the crop plants. In addition trap plants may be converted into
banker plants by releasing beneficials on to them. Trap plants are in use in an increasing
number of biocontrol programs for protected crops — a few examples are provided in Table 3.

Table 3. Examples of systems of trap crops under development/consideration.

Crop Trap plant Target pest

Tomato Tobacco Whiteflies

Fuchsia Tomato Whiteflies

Alstromeria Sweel pepper Aphids

Tomato Bean Spider mites

Bedding plants Verbena Thrips

Cucumber Egg plam Whiteflies, aphids, spider mites
Pusl-pull strategy

The principle of trap crops is exploited in the push/pull strategy which aims at “pushing” the
pests from the crop plant, thus helping to reduce pest densities, for instances by use of repel-
lents, antifeedants or oviposition deterrents, and “pulling” them onto trap plants through the
attractive action of the plant itself perhaps assisted by application of attractive substances {e.g.
sex pheromones) on the trap plant and subsequently applying beneficials to the trap plants As
an example, push/pull strategies for the thrips, Frankliniella occidenralis is under develop-
ment using e.g carvacrol as a repellent and using attractive plants and nerol or the plant vola-
tile (£ )-b-farnesene as attractants combined with applications of predatory bugs (Crins spp.)
and soil-dwelling predatory mites (Hypoaspis spp.) on the trap plant (Bennison er af, 2003;
Kornherr & Blumel, 2005; Kornherr ef af, 2003).

Finding new beneficials

In spite of the various methods for assistance 10 beneficial establishment and survival de-
scribed above there are cases where it is too difficult to obtain satisfactory control with the
commercially available beneficial. In these cases the only remaining option if biocontrol is
wished for is to find new beneficial species that are better adapted to the specific
crop/climate/growing practices in which their presence is required or with better conirel effi-
cacy 1o the particular pest in question. These paricular pesis may be current troublesome
pests like some species of thrips and whiteflies, or they may be pests that are in the uprising
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either as secondary pests or pests in the process of expanding their geographical range. Search
for beneficials may also be motivated by a wish to find candidates more easily used preven-
tively than existing beneficials or by a need to find indigenous beneficials, if use of a particu-
lar commercial beneficial is prohibited on account of being exotic,

New beneficials are marketed at regular intervals. Within the past 10 years marketed
beneficials have for instances included mirid bugs against whiteflies and other pests; several
species of Ambfyseins mites against thrips, spider mites and whiteflies; a gall midge against
spider mites; Frefmocerns parasitoids against whiteflies; and a staphylinid beetle against
shore flies and sciarids. A native European lady beetle, Adafio hipunciata, is also a recent
addition, replacing the formerly used exotic species,

Potential candidates for near-future commercialisation are the anthocorid Anehocoris
nemormm (Meyling ef all, 2003), the hunter fly Coenosia atermaia { Sensenbach e af., 2005)
and perhaps shore fly parasitoids (Vinninen, this issue). But there are, of course, many more
potential candidates - new potential candidates can always be found in the local fauna in the
geographical origin of the pest, in the area to which the pest has been introduced or in yet
other geographical regions provided that funding needed for their discovery, evaluation and
utilisation is available (Enkegaard & Brodsgaard, 2005).

Adapting biocontrol to new technologies/growing practices

Greenhouse technologies and growing practices for protected crops are not sfains gro but
change over time for reasons not related to biocontrol but for energy saving purposes or in
attempts to optimise plant growth and yield. These changes in technologies and practices may
influence the biclogy of pesis and beneficials in various ways and thus the outcome of
biocontrol, and biocontrol pest management programmes consequently need to be adapted to
these changes.

As an example, a new prnnciple for climate control s in progress — dynamic climate, de-
veloped for energy saving purposes. The principle in dynamic climate control is to supply
heat and CO: only when the plants can make use of it, i.e. when the light intensity is suffi-
ciently high. As a consequence, the outdoor climate will influence the climate in the green-
house to a larger extent than previously and larger temperature fluctuations will eccur both on
a daily and on a seasonal basis. The implications of this new climate control for biccontrol are
presently under investigation (Jakobsen ef af, 2005).

Other changes in greenhouse technologies involve manipulations to increase photosvn-
thesis and regulate plant growth and flowering through changes in light intensity, spectral
composition and day length. These manipulations may be associated with changes in growing
practices — e.g. pruning, choice of cultivar, changes in plant densities ete. all of which may
affect biological control {Vanninen & Johansen, 2005),
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Implement novel ideas

Various techniques used in pest management in outdoor crops are from time to time sought
implemented in protected crops in an attempt to assist biological control. Examples of such
ideas, novel to protected crops, are the use of mating disruption, sterile insect technique and
plant growth promoting rhizobacteria.

Mating disraption

With the mating disruption (MD) technology the habitat of a pest is looded with pest specific
pheromones, causing confusion among males and making them unable to locate females,
hereby reducing or preventing reproduction. This technique is used successtully in e.g. vine-
vards, orchards and forests and has recently been investigated for its potential in protected
crops for instance against the tomato pinworm in tomato (Ferguson ef af., 1999), for the cab-
bage looper in pepper (McGregor ef af, 2002) and for tortricids in ormamentals (Quaglia,
1993), The use of MD may stand alone or be a tool to reduce pest densities to facilitate the
action of released beneficials. A prerequisite, of course, is that the beneficials will work suffi-
ciently well in the pheromone-loaded environment which for instance is the case with applica-
tion of MD against the cabbage looper where the use of pheromones did not significantly in-
terfere with the performance of Trichogrammea wasps (McGregor ef al., 2002),

Sterile insect technigne

Another novel technique for protected crops is the use of Stenle Insect Technique (SIT)
which involves mass rearing of the pest and stenlising the males by exposing them to low
doses of radiation. These sterile male flies are then released in the pest habitat where they
compete with wild males for mating of the females. The result is reduced reproduction and
decline in the pest population density, or perhaps even eradication.

Investigation into the use of SIT as a supplement to control Liriamyza leafminers is on-
going in California: here it has been possible to successfully sterilise the leafminer species in
question and obtain viable and competitive males (Kaspi & Parrella, 2002). When applied this
technique helps to reduce pest density making it easier to get efficient control with leafminer
parasitoids. The researchers have demonstrated that a combination of SIT and bioconmrol is
more effective for control of leafminers than either technique alone (Weintraub & Cheek,
2005},

The SIT technique has also been investigated for the whitefly Tricdenrodes vaporariorum
where slower population developments have been obtained even though population reductions
were not accomplished because of the arrthenotokous nature of the whitefly resulting in pro-
duction of males from unfertilised eggs (Calvith e af, 1998). In principle, however, SIT may
be used to assist released beneficials in their control of whiteflies.

Plane grovveh-promating rhizobacteria

Plant growth-promoting rhizobacteria (PGPR), initially found to be interesting due 1o their
plant growth stimulating effects, have been shown also to have resistance inducing properties
both to diseases and pesis. For field crops it has been shown that PGPR convey some degree
of resistance to cucumber beetles and aphids on tomato and ongoing research in e.g. Poland is
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investigating the possibilities of exploiting PGRB in greenhouses. It has been shown that ap-
plication of these bacteria results in decreased densities of spider mites and that plants grown
with these bacteria seem to be compatible with biocontrol - in fact stimulating the activity of
predatory mites (Tomezyk, 1999, Tomezyk & Burda, 2005),

The future

The total area worldwide used for production of protected crops is estimated to be about
300,000 ha {of which about 50,0000 ha is under glass) with about 200,000 ha used for
production of vegetables (van Lenteren, 2000). Although the developments within biocontrol
in protected crops in the past decades have been encouraging, the area treated with biocontrol
is still rather small. Therefore, the need for improved biocontrol and for finding and
developing new beneficial agents will continue to exist to allow us to be able 1o combat not
only those pests already harbouring our greenhouse crops but also those that in the future are
bound to appear in these crops as a consequence of the incessantly increasing trade of plants
and plant parts in a more and more globalised world.
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Parasitoids as biocontrol options of shore flies (Diptera: Ephydridae)
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Abstract: Aphaerera debiiitoa Morley (Hym.: Braconidae), Kieidovona pstloddes Westwood (Hym.
Figitidae), and Hevocole neoscarelloe Beardsley (Hvm.: Figitidae) are all larval parasitoids of either
Searella stagnaliv or 5 senvicosta. Parasitonds have the advantage over other iocontrol agents such as
predatony mites and insect parasitic nematodes of being able 10 function also in wet conditions such as
heavily irrigated rockwool cubes or peat pots. We studied the basic biology of A. debilfiara al constant
25°C and conducied a cage experiment with two release rales and strategies of the parasitowd against &
femuicosta in summer temperature conditions. The high parasitisation efficacy and the ability of A4,
debilitata 1o suppress the host population when released in the first period of the 40-day experiment
showed that the parasitoid has a good potential of being an inoculative biocontrol agent of shore Mies.

Key words: Greenhouse vegetables, cucumber, letuce, herbs, inoculative biological control

Introduction

The algal feeding shore flies Scarefla sp. (Diptera, Ephvdridae) (Zack & Foote, 1978) are nui-
sance and cosmetic pests of lettuce, herbs and cucumber seedlings. The control of flies with
chemicals has proven difficult (Lindguist & Casey, 1994). Hydrogen peroxide reduces algal
growth and thus the reproduction of flies but can be phytotoxic (Vinninen & Koskula, 1998),
Nematodes and predatory mites control shore flies in peat only when very high release rates
are used (Vanninen & Koskula, 2003, 2004),

Three parasitoid species, Aphaereta debilitata Morley (Hym.: Braconidae) (Vinninen &
Koskula, 1998), Kieidotoma psiloides Westwood (Hym . Figitidae) (Michael de Courcy-
Williams, pers. comm.) and Hexacola neoscatelioe Beardsley (Hym.: Figitidae) {Diamond ef
al., 2001) are all larval parasitoids of either Scatella stagnalis or 8. tenmicosta, The advantage
of parasitoids may be their ability to exert control in wet media, such as heavily irmigated
rockwool not conducive to efficacy of neither nematodes (Vinninen & Koskula, 2003) or
predatory mites (Vanninen & Koskula, 2004). Furthermore, the parasitoids may be more spe-
cialised on shore flies than nematodes and predatory mites. The host ranges of the above para-
sitoids are curmrently not known. As to A, debilitaia, however, only a few Alysiinae species
inhabit more than one microhabitat and most species appear to restrict their host range to one
family only (Vet & van Alphen, 1985).
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We studied the development of and host utilisation by A. debidira 1o see if the parasitoid
could exert control on shore flies known to reproduce very quickly, especially in summer
conditions with temperatures of 25°C and above,

Material and methods

Parasitisation of host larvae, porasitoid development times and sex ratio af constant 25°C
Fifteen host larvae aged <1 and 1 day, and 20 host larvae aged 2 or 3 days were exposed to
one parasitoid female for 16.5 hours. In the dishes, the larvae lived on a small circle of moist
capillary matting covered with green algae. There were four replicate dishes per age class.
After 16.5 hours females were removed. On day six after egg-laving of flies, 10 larvae from
each dish were removed and placed individually to small plexiglass ring chambers (diam. 1.5
cm, height 1 em) 1o determine the egg-to-adult development times of parasitoids, The sex
ratio was calculated based on the total of parasitoids from the dishes and the chambers,
Life-time fertility and hatching dynamics of A, debilitata af constant 25°C and 161801
Batches of 50 1-day old shore fly larvae were exposed to female parasitoid as long as the
females lived. In the first experiment, the larvae lived on agar overgrown with green algae in
Petri-dishes. In the second experiment, they lived on algal-covered circles of capillary
matting. Both experiments were started with 12 newly hatched females, each having constant
access to a male. Every 24 hours the females were offered a new batch of 50 larvae. When
unparasitised larvae were known to approach hatching, daily checking of the dishes com-
menced to record hatching of parasitoids.
Control efficacy of A, debilitata against S, tenuicosta in insect cages
The experiment (from 6 September until 16 November 1998, 1.e. for 40 days) was a com-
pletely randomised one in a 38 m? greenhouse compartment. During the expenment, shore
flies bred on algae growing on the surface of peat pots. The pots (vol. 0.3 1. 36 pots per cage
measuring 0.6 m® in area and 80 cm in height) were filled with Finnish sphagnum peat and
then inoculated with suspension of green algae to induce profuse algal growth. Temperature
in the greenhouse compartment was set at 25°C and was monitored with a thermohygrometer,
The cages were illuminated { 16L:8D) by high-pressure sodium lamps.

On day O (Sept. 6-7), 36 young female and 36 male shore flies were released in each of
the cages. Then the cages were allotted randomly to three treatments, each with six cages: 1)
untreated control without parasitoids; 2) one-time release of A. debilitata { Ad-once), rate 1.4
females per pot (with males); and 3) five releases at 4-6 days intervals, consisting of 15, 10,
50, 15 and 15 females of A. debifitata (Ad-repeated), making a total of 2.45 females per pot.

The control efficacy was assessed by measuring the following parameters: 1) number of
adult flies emerging per pot sampled every 10 days from the cages {removed pots were re-
placed with new ones overgrown with algae to provide fresh breeding medium for the flies
throughout the experiment); 2} direct population counts of adult flies {and parasitoids) on the
surface of new, fresh pots every 4 days (n=35 pots per cage), and 3) percentage parasitisation
rate determined from a fixed number of pupae sampled per treatment from pots taken to de-
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termine the per pot emergence of insects. The combination of these three monitoring methods
was necessary to understand the dynamics of the interaction between flies, parasitoids and
their breeding habitat, which consisted of both old and fresh pots, Here we only report effi-
cacy based on adult counts from fresh pots extremely attractive to the flies.

Results and discussion

Parasitisation of host larvae of different ages, parasitoid development times and sex ratio at
constant 25°C

During the 16.5 hour exposure period, the females parasitised significantly more hosts when
these were | or 2 days old than when these were still very small (<1 day) or large, 3-day-old,
i.e. closer to pupation (F=7.15, DF=3, P=0.0062, GLM analysis of variance). The
development time of female wasps was significantly longer, or 13.5-14.7 days, depending on
host age, than that of males (12-14 days) (Kruskall-Wallis test at p<0.03), Thus at 25°C, the
development time of parasitoid females is 4-5 days longer than that of the host (cf. Vinninen,
2001; Fischer & Gros, 2004). The proportion of female progeny averaged 45.7 £ 5.5% (S.E.)
over host age categories and was not significantly different between host ages (F=1.64, DF=3,
P=0.2364; GLM analysis of variance). Based on these results, we used |-day-old larvae in the
experiment where the fertility of parasitoids was measured.

Life-time fertility and hatching dynamics of A. debilitata af constant 25°C and 16180

The females’ progeny production peaked on day four at 43.5 daughters and sons (Figure 1). By
day 7, the daily fertility dropped below 10 daughters and sons, During its entire life, one female
produced an average of 227 and 202 daughters and sons in the agar and capillary mat dishes,
respectively. The cumulative fertility of days 1-4 comprised 74% of the total life-time fertility.

{Saatistical comparison of progeny
production between days with
Ao/ GLM + Tukey al p<iL05)

b
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Figure 1. Fertility of Apfaereia debilitata during the life-time of the females (n=24).
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When combining the information obtained from this experiment with the unreponied results
concerning mortality of immature parasitoids in the previous experiment, an intrinsic rate of
increase of 0,261 d' was calculated, This is very close to the r-value of 0,263 d”' of the host
obtained by Winninen (2001), but smaller than what the biological parameters measured for the
host by Fischer & Gros (2004) suggest. In any case, the rp-value of 4. debifitadir compared with
that of its host is high enough to suggest it could control the host when released inoculatively,
Cage experiment: control efficacy of A. debilitata against 8. tenuicosta
Adult shore fly counts showed clearly that both release strategies of A. debifiraia reduced fly
numbers below the level observed in the untreated control (Figure 2). In Ad-repeated cages, the
number of flies remained below 5 per pot on all counting dayvs and was always significantly
lower than those in the controls, These numbers corresponded to control efficacies of 70-92%;,
depending on the day, except on the last sampling day, when 1t was 508 A more detailed
analysis of the data has revealed that the fourth and fifth releases were unnecessary, thus a good
control efficacy would have been obtained with repeated releases totalling 1.8 females per pot.

We conclude that A. debilitata shows good potential of controlling shore flies. This prelimi-
nary conclusion should be corroborated with experiments in actual production conditions, where
the removal of parasitised pupae with the crop may slow down the population development of
the parasitoads, and where releases must be targeted at appropnate phases in the production cycle
{about a week after seedling emergence). Furthermore, an economical and efficient massproduc-
tion method of both the flies and the parasitoids should be developed. Such studies could include
the search for easily-reared surrogate hosts for the parasitoids,

St shaone fy counts per one peat pod in two A, debilirate tresinents
and ihe ustneaied control of a greenbouse experiment
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Figure 2, Number of shore flies per pot (total n=36 per cage, 5 pots counted every 4 days),
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Biological control of tarsonemid mites with predatory Amblyseius
mites in outdoor strawberries

Erik W, Hansen
EWH BioProduction, Cemtervef Svd 4, DEK=4733 Tappernoje, Demmark

Abstract: The strawberry mite Phviememus pallicus has become an increasing problem within the last
five vears in Scandinavian sirawberry fields. Chemical pesticides seem to have a very limited efTect -
in [acl pesticide application scems 1o aggravale the problem due fo its killing of T natural ¢nemies, Tri-
als and observations in Scandinavia indicates that the predatory mile Amblyseins cvenmeris, apphed
for biocontrol in glasshouses, is a good candidate for biocontrol of strawberry mites. The predatory
mile is presently used on ea. 600 ha in Scandinavia.

Key words: Strawberry mite, outdoor strawberry, biocontrol, Phytonemus pallidis, Amblyseius cucn-

meriy

Introduction

The pest mire

The strawberry mite Phytoeemns pallidus (Banks) (Acarina; Tarsonemidae) (= Farsonenis
pallichis) (Figure 1) has become an increasing problem within the last five yvears in Danish,
Swedish and Finnish strawberry fields. Chemical pesticides seem to have a very limited ef-
fect, and field observations indicate that the problem is getting worse when pesticides are
used. This is due to the fact that natral beneficials are killed by the pesticides. The straw-
berry mite 15 0.1 mm long and has minimum 4-6 generations per vear. The development time
from egg to adult 1s around 3 weeks at 15°C, but as fast as 7 days at 25°C (Karl, 1965). The
egg laying is concentrated to young leaves and leaf buds, and the damage is seen from 1010
20 mites per leaf. This means that the mite can build up high numbers of damaging mites and
suddenly result in serious symptoms and damage to the plants. The symptoms of damage are
short-haired leat stems, plants which never become large and normal (but often brown) (Fig-
ure 2) and berries which are partly dried out. The growth of the plants stops completely. Some
growers have completely lost the whole crop due 1o the damage from P pallidies.
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Figure 1. The strawberry mite Phyvronemis pallidis, Figure 2, Damaged strawberry plant,

The bencficial species

The predatory mite Amblyseins cremmeris Oudemans (Acarina: Phytoseiidae) (= Neosefnfus
cucumeris) (Figure 3), which today is used as a routine measure for thrips control in cucum-
ber, sweet pepper and ornamentals in glasshouses, can control a wide range of damaging
mites, among them the strawberry mite. It is polyphagous, consuming a broad spectrum of
prey and even eating pollen and fungi as altemative food. Amblyseins cicumerss is about 0.4
mm long, its colour is brown-clear. Development time from egg to adult is around 9 days at
25°C. Females lay approx. two eges per day (van Houten ef af, 1995). The potential popula-
tion increase in the summertime in Danish strawberry fields (20-25°C) with plenty of food
mites available is very high, therefore the potential for being a good predator is in place.

Figure 3. The predatory mite Amblyseins cucumeris.

Trials and observations

Trials in Scandinavia

Trials in Finland, covering 90 strawberry fields (Tuomo Tuovinen, Jokioinen, 1998), and ob-
servation trials in Denmark (EWH BicProduction, 2001-2005) (Figure 4) and Sweden have
shown that when the predatory mite is released in June, July or August, it will always give a
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partial or complete control of the strawberry mite at the end of September at the latest. The
earlier the release is made, the higher the effect. Amblyseins cucumeris will reproduce in the
field and predate on the population of strawberry mites, Ambfysedns cucumeris 15 in Denmark
and Southern Sweden active until the middle or end of October, until the temperature is
around 10°C in daytime. Frost will hamper the development of 4. crcrmeris and also of the
pest mite. After release A. cucmeris can be found on the underside of the leaves and espe-
cially in unfolded leaves where strawberry mite colonies are concentrated. In 2005 around
250 ha of strawberries in Denmark were treated with predatory mites (EWH BioProduction,
Erik Hansen). The figure in Finland is around 200 ha (Jan Hulshof, Biotus OY, pers. comm.),
and it is unknown for Sweden (but estimated to about 250 ha) and Norway (but estimated to
about 10 ha),

Pesticides and hiological contral

It is obvious that some pesticides like Vertimee, Mesurel and various pyrethroids have a very
toxic effiect on the predatory mites, and release of predatory mites should therefore be delayed
until minimum 4 weeks after spraying with these insecticides. Use of Pirimicarb for aphid
control as well as weed control by various herbicides does not harm the predatory mites. The
use of Bacillns thuringiensis products like Dipel for control of caterpillar as well as use of
sulfur, Missorun and Torque for mite control is not harmful to 4. cwcwmerss, Nor do fungi-
cides harm the predatory mites.

250,000/ha 250,000/ha 1,000,000/ha

Mites per leaf
! | |

16

s
14 EIE

12 H

10 | 844
8 | _

6 39

4 | 15 26 25

2 | o o 08 RIS

29 4 4 4 25 - 31 32 3 B
2000 2000 2000 2000 2001 2001 2001 2001 2001 2001
Week; year

Figure 4. Danish trial with biclogical control of strawberry mites (white bars) with Am-
blvseins cucumeris (Black bars).
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The strategy based on trials and observations year 2000-2005
These following recommendations apply to the use of A. cwcwmeris in open Danish straw-
berry fields;
o Release Amblyseins cocwmeris preventively in August at the latest, and as early as
possible
¢  Release 300,000 Amblyseins cucwmeris in new plantings (less than one-yvear-old
plants)
*  Release 1,000,000 Aublyseins cucumeris in plants more than one year old
«  Release 2,000,000 Amblyseins cuctemeris on serious infestations and in “hot-spots”

The predatory mites must be released on dry plants and can be distributed by hand or, more
efficiently, by a moedified sowing machine (Figure 5). The formulation of predatory mites is a
mix of bran and vermiculite, specially designed for mechanical distribution,

Figure 5. Distribution of predatory mites in a strawberry field with a modified sowing ma-
chine.

Future aspects for mite control in strawberries

It is obvious that a good solution is available and used on approx. 600 ha in Scandinavia,
Other predatory mite species must be looked upon as candidates. These are candidates which
are frost tolerant, so the control period can be prolonged until early spring. This could help to
reduce the early season {March-May) build-up of the pest mite population.
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Clonostachys rosea controls Pythium tracheiphilum in Chinese cabbage
under field conditions
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Abstract: Clonostacfivs rosea (isolate 1K726) controlled leal and head rot of Chinese cabbage (Bras-
sica campesiris L. ssp. pekinensis), caused by Pvthivm dracheipfiilun, in two ficld tnals in 1995 and
199 on naturally infested land in commercial crops in Denmark, Significant 2-3-fold discase reduc-
tions were obtained at a high application rate { 10°-10" conidia m™) of Clomesiachys rosea (isolate
IKT26) i both vears, Discase reduction by Trichederma farzianm (Supresivil) was close Lo signifi-
cance at a high application rate (1 g product m™ corresponding to 7 x 107 ¢ [u, m™) in both vears. In
both trials, the pereentage of marketable heads increased significantly by 10% following a full applica-
tion rate of O rosea, while Supresivit gave a significam 13% vield improvement in 1993 (high appli-
cation rate) but not i 1999, No disease control or vield improvement was found when the two agents
were applied at tenfold reduced rates. A Damish T2 harzianum izolate significamtly increased vield by
13% in 1995 bul gave no discase control. Yield improvements obiained by Supresivit and the Danish
isolate of T7 harzianum mav have resulted from plant growth promotion effects. Products such as Bi-
nab T (¥, harziamm + T polvspornm), Mycostop (Strepromnyees griseoviridis), Polyversum (P, ofi-
gandrnm) and Alietie (fosetvl-Al) as well as two Danish isolates of P, ofigandrm and one of ¥ virens
were also tested in 1993, but none of these gave any disease control or vield effects.

Key words: Brassica campesteis ssp. pekinensis, fosetvl-Al Gliocladivm roseawm, Pethinm ofigan-

drum, Streptomyees griseovieidis, Trichoderma virens, Trichoderma polysporm

Introduction

The presented material is based on work by Meller & Hockenhull (1997), Meller (1999 and
Maller er af, {2003),

In the late 1980s, a new foliar disease of fieldgrown Chinese cabbage appeared in Denmark. It
was the objective of this study to search for possible biological means to control this disease,
based on knowledge of the pathogen and its infection biology, which is presented in outline in
the below,
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The causal agent

The causal agent is the soilinhabiting Pythiwmn wracheiphifum Matta (Maller & Hockenhull,
1997}, which has also been reported to cause a disease problem in lettuce (Lactuca sativa L)
(Matta 1965). While in lettuce the vascular system of the root and rarely the above ground
parts are attacked (Matta, 1965), in Chinese cabbage it is exclusively the foliage, which is
affected. Primary attacks show as a progressing dry rot in the basal mid-rib area of outer
leaves, spreading inwards to the heart and head leaves and often resulting in a complete col-
lapse and rot of the head. Secondary bacterial invasion often leads to a general soft rot of the
plant (Meller & Hockenhull, 1997). Leaf and head rot of Chinese cabbage was proposed as
common name for the disease (Meller & Hockenhull, 1997),

Importance of the disease

In the 19905 the area annually grown to Chinese cabbage in Denmark was about 6-800 ha,
encugh to cover both the Danish demand and a certain export. However, field losses due to /.
fracheiphifim combined with a shift in market demand caused a number of growers o give
up growing Chinese cabbage and caused severe economical problems to others. Since its first
appearance, losses due to the disease soon became important and recurrent in many fields.
Harvest losses of up to 50% of the normal about 35-40.000 marketable heads per ha were ob-
served, not only in fields grown to Chinese cabbage year after year, but also in a few fields,
where neither Chinese cabbage nor lettuce had previously been grown. Incidence of attacked
plants sometimes exceeded 70%, also in fields in which Chinese cabbage was grown for the
first time.

Infection biology and aetiology

According to field cbhservations, plant emergence is not affected in infested fields, and plants
are juvenile resistant to leal infection until three to four weeks after sowing, when they be-
come fully susceptible. In the field, primary attacks do not appear until the beginning of head
closure, approximately 5-7 weeks after sowing (Moller & Hockenhull, 1997; Maoller, 1999),
depending on weather conditions and variety. Prior to this, senescing, shed or flaceid cotyle-
dons and first true leaves may be colonized from the soil by the pathogen, which is thus vital-
ized by fresh nutrition, after a low-nutrition or fungistatic penod in uncropped soil. Pramary
attacks are initiated by soil-bomne inoculum, which is dispersed to the basal area of outer
leaves by wind, rain and irngation water. The above mentioned colonized cotyledons add to
this inoculum. The disease spreads inwards within the plant by direct growth from infected to
non-infected leaves and probably via the stem. Infected outer leaves are rapidly colonized
(few days) and disintegrate on the soil surface within 7-14 days. Inoculum contained in the
disintegrated leaf material may contribute to secondary spread o neighbouring plants by wa-
ter and wind dispersal. Field observations indicate that the inoculum is often uniformly dis-
tributed in the field, primary attacks appearing synchronously at the time of head initiation
throughout the field, but secondary dispersal may be assumed to aggravate disease develop-
ment in the crop. The disease develops most severely in waterlogged field areas and under
humid weather conditions (Maller & Hockenhull, 1997, Maller, 1999). Anacked plants may
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gtill produce marketable heads, if the disease has only spread to the cover leaves and the out-
ermost head leaves, which may be removed by timming at harvest.
Caontrod possibilities
Since the disease problem was new, ne control measures were at hand, and with the increas-
ing public concern over environmental effects caused by pesticides, it scemed unlikely that
chemical agents capable of controlling this soil-borme pathogen were to appear on the market.
The varieties commonly grown were all experienced as highly susceptible, and cultural prac-
tices suitable to reduce disease incidence were not obvious. Since, as mentioned above, severe
disease outbreaks were observed also in fields with no history of letiuce or Chinese cabbage
cropping, application of longer rotation schemes did not seem likely 1o offer a solution either
In consequence, idemifying and developing suitable biocontrol measures became inter-
esting, In 1995 we screened antagomists, which had previously been reported able to control
varous Pythinm spp. Screenings took place in a commercial Chinese cabbage crop on natu-
rally infested land. For comparison, one chemical agent, claimed to control comycetous or-
ganisms in general (i.e. also Pyifiinm spp.) was also included. From the screenings, two prom-
ising antagonists were selected and tested in new field experiments.

Experimental strategy

Timing, targeting and mede of application

Since attacks take place by dispersal from the soil surface to leaf sheaths and since biocontrol
must meet attacks preventively, the soil surface between plants was the target for applications
in the 1995 experiment. First treaimenis were made at the first sign of head initiation, six
weeks after sowing and second treatments were made one week later. All agents were applied
in water suspension, using either a backpack or a bicycle-mounted sprayer.

Nelection of antagonists and agents and their origin

Five fungal and one streptomycete antagonist species as well as a chemical agent were se-
lected for the field screenings in 1995, based on reports of their capacity to control one or
more Pydlrinm-species (Table 1),

The selected antagonists were represented by four commercially available formulations
and five Danish 1solates in the 1995 screening. The latter were propagated on a peat-bran sub-
strate or in VE-suspension (Pytfirm antagonists). At the end of propagation, suspensions were
prepared and concentrations adjusted for field application, which was made within a few
hours. However, a dry diatomaceous clay-based wp formulation of the Danish isolate 1K 726,
securing a long shelf life, was developed in 1996 (Jensen ef af,, 1996) and this formulation
was used in 1999 In the 1995 screening, two agents qualified for further testing, which was
carried out in 1999, Species, origin and application rates of agents tested in 1995 and 1990 are
presented in Table 2,
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Table 1. Reports of control capacity of antagonists and agents selected for experiments,

Antagonisi species/agent Pathogen controlled Authors
Fosetyl-Al Oamyeetes Fernando & Linderman, 1994
Plyvioplihara spp. Schutte, 1994
El-Hamalawi ef af, 1995
Thinggaard, 1995
Clamostachys rosea P nltinim Steinmetz & Schonbeck, 1994
Birgit Jensen, pers. comam,
Trichaderma fiarziamm P wltimuem WaollThechel, 1989
Steinmetz & Schonbeck, 1994
P aphamicermannm Sivam et af., 1984
Putfiium spp. Svedelius, 1988
Trichoderma polveparmm Pyihim spp. Svedelius, 1988
Trichodermi virews P wltimnem WaollThechel, 1989
Knauss 1992
Howell eral., 1993
Wilkite er al, 1994
P aligennerm P nltinin Vesely, 1977
Lutchmeah & Cooke, 1985
Walther & Gindrat, 1987
MeQuilken er al., 19940
F. splendens Thinggaard er af., 1988
P debavventm Vesely, 1977
Streplmyees griseovividis Pytlivm spp. Tahvonen, 1988

While er al, 1990
Lahdenperd, 199

Table 2. Application rates of antagonist isolates and product formulations used in field experi-

ments,

Isolate/product Antagonist speciesfagent  Raies of application, unitsm™ Ohigin

= -1 - 5 & a3 = t

Aliete Fosety l-Al (830% a.1.*) O pgar* 024 pan* Rhine-Poulene
Binab T Trichodernia harstamon + 107 ¢fu ! 10t efu ' Bio-Innovation

Trichoderma polvsporum B

Mveaostop Srepronnees griseovividis 6.7 « 10 efn ': 6.7« 10 efu " Kemira Agro Oy
Foly versum Puriinm oligendrum 710 Bo0sp. - 7«10, o3P, o Remeslo
Supresivit Trichodernia harziamom T 0¥ e 7x 0 efu " Fytovita

(32 Trichadernia virens 7w 10¥ conidia ¥ 5« 10" conidia ¥ WollThechel {19%9)
IK726 Clonostaelns rosea I = 10° conidia ™ &« 107 conidia Konud=sen (159520
MM Puthinm oligandrm 3o 10 propagules ™ 1« 107 propagules ¥ Madsen (1995)
M2 Puthinm eligandrm 9 10° propagules ® 1« 107 Jlm[mgulm U Madsen (1995)
T3 Trichoderma hargianwm 5 = 107 conidin ™ 10 = 10" conidin Wollthechel (1589)
Expenment 1999  Trichodernma harziamm
Supresivit Fytovita

- low rate; T l0fcfn T l0Fefu

- high rate: Clonostachvs rosea T lfefw " 7x 10 fu "

K726 . Knudsen (1992)
- low rate: s 1P fu ™ Gon 10 e fu

- high rate: Lo 1% ® 6o 0Pl ™

" Colony forming units sccording o product specilications. * Germinable oospores according 1o product speci-
fications. ' Hoemecviometer counts. ' Hoemocviometer counts of mixture of oospores and sporangia. ™ Plate

dilution counts. ™" active ingredient.
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Experimental design and statistical treatment of results

A complete randomized block design was used in both years. Plots were integral segments of
the commercial crop, sharing also field cultivation methods with it. Minimum 1-m guard belts
separated plots, and 15-m guard belts secured the experimental area from any routine fungi-
cide treatment practiced in the remainder of the field. All plants were scored individually,
using 4 and 8 level indices to evaluate disease and harvest results, respectively. A double set
of control plots was included in each replication. Scoring took place at harvest time,

Disease and harvest score data were analysed by a generalized linear mixed model for
ordinal data (Breslow & Clayton, 1993, Goldstein, 1995) in a two-way design with treatments
and blocks. This model extends a usual logistic regression model for a binary response (e.g,
healthy vs. diseased) in two ways. First, it allows for outcomes, which fall into several or-
dered categonies, as do the disease and harvest scores in this study. Second, 1t takes into ac-
count the (spatial) field vanation by including random plot effects for the plots in the design.
Recent advances in algorithms and software have made analysis of such models possible in
specialised statistical software (MLwiN program; Yang ef al,, 1998),

In order to control the overall error level when performing multiple comparisons, the
standard significance level of P=0.05 was Bonferroni-corrected by division of P with the
number of treatments compared with control treatments in each experiment. Hence levels
were P=0.005 in 1995 and P=0.0125 in 1999,

Results and discussion

Of the ten agents screened in 19935, one gave a statistically reliable control effect; another was
close to doing so. The other eight had no control effect (Table 3).

Hence, C. rosea IK726 significantly reduced the disease level and increased the harvest
result in both years of testing. In 1995, application of C. rosea 1K726 at full rate (1995: 10%-
10 conidia m™; 1999: 10%10” ¢.fu. m™) significamtly reduced the estimated percentage of
attacked plants. Hence, in 1995 the disease level was reduced from 16.6% (untreated) 10 7.0%
{Table 3, odds ratio 2.67) and in 1999 from 47.6% to 19.8% (odds ratio 3.76). At the same
time, fullrate ", rosea K726 treatment was associated with a significant vield increase of
about 10% in both 1995 and 1999 (Table 3). Lowrate application of €. rosea (107-10% c.fu.
m™) had no effect on disease and harvest yield in either of the two years, however.

Considering that a cautious significance threshold was applied, in 1995 disease control
effects of treatments with the Supresivit formulation of 77 furzicemim at an application rate of
7x10” ¢.fu. m™ were close enough to significance to make it a candidate for the 1999 tests
{Table 3). lts candidateship was further supported by a significant 13% vield improvement
associated with this treatment. However, although the rends were similar in 1999, nong were
significant {Table 3).

In the 1995 screening, the Danish T. farzicosnem isolate T3 clearly had no significant con-
trol effect. Still, a significant 13% yield increase resulted in treatments with this agent (Table
3), comparable with that found in the 1995 Supresivit-12 harziaemom treatments. In 1999, how-
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ever, neither high nor low application rates of Supresivit had any significant control or yield
effects,

Table 3. Disease control and yield results in 1995 and 1999 trials,

Effects on disease Effects on harvest results
Treatment % Diseased  Odds  Pavaless® % Marketable Odds  Pavalues®
plants* ratios” plams® Ratios™
1993 trial
Fosetvl-Al (Alietie) 17.1 09 0ED 37.3 Lo0 09s
. rotea K726 7.0 167 0001 6R2 139 00056
T virens (G2 123 1.42 021 638 1.31 all
P oligandrnm (Polyversum) 13.5 1.28 039 346 080 048
P. oligandrim MMI 13.1 1.32 32 G671 1.51 old
P. oligeenlrarm MM2 17.6 0,93 (.80 0.0 1.11 .31
5. griseoviridis (Mycostop) 148 1.15 6l o4 1.13 045
T. harziannm + T. pafysporam (Binab T) 203 078 037 529 [ % B 1 e
T. harziammne T3 127 137 026 70,0 173 00013
T rarzinnm (Supresivity 9.2 197 o0l 702 175 ooolo!
Untreated 16.6 1 * 574 1 *
i
K726, low® 482 0497 (AR ®3.0 1.02 95
1E.726, high' 19.9 376 00012t 93s 272 00007!
Supresivit, low® 365.0 led 02l B3 136 029
Supresivil, hlghr 9.4 222 045 H23 1.51 LA 4]
Untreated 47.6 1 * 24,8 | *

“Estimated percentages of attacked and marketable plants are calculated from the probabilities of plant discase
sgore > 0 and harvest score < 4, respectively,

"(ddds ratios are caleulated as; [pLA1-p LW [p2A1-p2)), where pl and p2 are the probabalitics of observing
healihy/ marketable plants in response to the twoe treatments (p - control agent; p2: untreated ).

“P-values relate 1o the companisons of treated plots to untreated

“Indicates significance after Bonferroni correction of the significance level from P=0.03 to P=0.003 in 1993 and
P=0.0125 i 19959

0.1 % full apphcation rate.

TFull application rate

The present study demonstrated that reproducible biocontrol of leat” and head rot of Chinese
cabbage could be obtained under field conditions by (. rasea IK726 application. Disease lev-
els were reduced to about 40% relative to the controls in both years in these wreatments. By
comparison, strobilurine-based fungicides, which have recently been released for use in Chi-
nese cabbage in Denmark, may reduce leaf and head rot by 50-73% (Klaus Paaske, pers.
com. ).

The 1995 strategy of targeting the top soil layer at application and avoiding direct treat-
ment of plants aimed at blocking the disease cycle at soil level, avoiding deposition of the
agent on consumable plant pans. Further, the phylloplane was not considered suitable for sus-
taining long term survival of antagonists. However, the accumulation of soil at the bases of
outer leaves, which are also sites of primary attacks, is considerable, and these sites may offer
niches for antagonist survival and pathogen control, in which the accumulated soil volume
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may buffer the diurnal variations in moisture and temperature. Hence, the application strategy
applied in 1999 also sought to utilize this potential benefit. While the disease reduction ob-
tained by (. rosea IKT26 treatments was quite comparable in the two experimental years,
despite the differences in application strategy, it should be noted that the general disease level
was considerably higher (47.6%) in 1999 than in 1995 (16.6%) (Table 3). Hence, the capacity
of the antagonist to reduce disease under an increased disease pressure may possibly in part
be due to the change in application strategy.

Yield improvements were recorded for treatments with . rosea IK726, Supresivit and
the T3 isolate of 77 farziarmem. While the yield improvements obtained in . rosea IKT26
treatments seem to be the likely results of disease control, in the case of Supresivit and the T3
isolate of 1. harzigmem their non-significant control results indicate that plant growth promo-
tion effects may have been involved. Such effects have previously been recorded in cultures
other than Chinese cabbage by e.g. Chang et af. (1986), Windham ef al. (1986), Besnard and
Davet (1993) and Inbar et al. (1996). The yield improvement obtained by Supresivit applica-
tion in 1995 could not be repeated in 1999, and the higher disease pressure may have played a
role in this, The T frzianim-containing product BinabT was applied at a considerably lower
rate than the two other agents, which may in part explain why no measurable effects on dis-
ease or yield were found for BinabT. The low BinabT application rate was due to the low
c.fu. content of the product (Table 1). While for Supresivit 1 g of product per m* sufficed to
obtain an application rate of 7 = 10" ¢.fu. m™, 100 kg of BinabT would have been required to
obtain a comparable rate, which would be inpracticable.

The handling of all tested agents was found easy and suitable for field application pur-
poses at the rates given. Hence, also the clay-based dry formulation of . rosea IK726 proved
easy to handle in spray applications in 1999,

At present commercial formulations of biocontrol agents are not likely to hold ¢ fu. lev-
els higher than 10" to 10" per g as in e.g Supresivit. Hence, the rates of application required
for . rosea to efficiently exent control and improve yield or for Supresivit to improve vield
were very high in view of the market price of such products in general. As indicated by the
results of this study, biocontrol of field diseases with these products seems to be technically
realistic, but a considerable reduction of the general product price level would be required to
abtain a cost-efficient production. Large-scale production associated with increased demands
for products with a documented effect could help reduce prices. Other possibilities of reduc-
ing required application rates may be found in optimizing timing and targeting of application
as well as in adopting cultural practices, which may enhance the effect of biocontrol. In the
case of leaf and head rot of Chinese cabbage, straw mulching might add to the biocontrol ef-
fect of top soil inoculum by physically hampering inoculum dispersal to the primary sites of
attack.
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Interactions among entomophagous insects in IPM programmes
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Abstract: Interspecific inleractions among arthropods in protecied crops has become increasingly
important as the use of sull more complex biological control programs have been implemented into
glasshouse crops. In many areas of Northern Europe. omamental growers are tryving to use biclogical
control of pests by means of benelicial arthropods. This is mainly because the number of registered
effective pesticides is decreasing, One of the many features in which omamental crops differ from
vegelables is the wide range of anthropod pest species that mav attack an omamental crop specics,
Many crops are allacked by six to ten different pest species that have 1o be controlled simultancously
by a set of benelicials. Due o the facts that many pest species are difficult (o control, the damage
thresholds are very low, and the cropping cveles ofien are very complex. several beneficial specics
have to be introduced not only against the pest complex in general but against cach pest species, Many
of the presently used benelicial anthropods are not monophagous. Hence, intraguild predation among
introduced predators or predators swilching away from the target pests are likely to occur. Several
examples from laboratory experiments document intraguild predation among biological control candi-
dates. Fewer studies suggest intraguild predation in glasshouse erops. However, bath control failures
and control delays due to intraguild predation are reported and in such cases the cutcome of the con-
trol programs mav differ from what can be expected based on the experience that has been generated
from the much simpler greenhouse vegelable sysiems.

The positive and negative aspeels of using polvphagous predators have been discussed lor vears
and the wse of monophagous beneficials in biological control programs have been emphasised by
many authors. [n the presenl presentation, we will discuss the role of intraguild predation with a svs-
tem approach and with focus on svstem stability and end contral results.
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Biocontrol of Botrytis cinerea in strawberry: factors influencing
interactions between the pathogen and its fungal antagonists
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Abstract: Many fungi show antagonistic activity against Borwils cimerea in the laboratory, and bio-
control may be an altermative to fungicide sprayings to control grev mould caused by 8. cinerea in
sirawberry, Trichoderma has long been known 10 be antagomistic 1o 8. cinerea, bul feld trals have
shown that it has not been consistent in the control of grev mould in strawberry. This could be caused
by lack of adaptation to the phyllosphere of this soil fungus, We have found that interactions between
B. cinerea and its antagonists are largely dependent on temperature, nutrient availability, and relative
spore concentrations. In an attempt to find new antagonists that are better suited to establish i the
phyllosphere, we have collected fungal isolates from strawberry plants grown ouldoors in Norway.
The isolates were screened for antagonistic activity against 8. einerea by using a detached Mower as-
say, and based on the results of this assay, isolates were selected for field testing. Field trials were
carried out in 2004 and 2005, In 2004, Epicoccum nigram, Trichoderma hamarem, Awreobasiainm
pulfufans, and Acremoninm sp, were tested, There was a high disease pressure in the feld, with 54%
fruit rod in the untreated control plots. £ migrem and A, pudindans both significantly reduced the dis-
case incidence, to 44 and 37% rol, respectively. The other agents did not reduce discase incidence. In
2005, Acrenenium sp, and T hamatem were replaced by Clanostachys roseae and Ulocladium sp.,
and T aerowviride straim P1 was also included in the tnal. Heavy rainfalls duning Mowering caused a
considerable number of Nowers to die (rom ageressive infection by 8. ciwerea. Discase incidence in
ripe fruits was low, with only 3% fruit rot in the control plots. There were no significant differences
between treatments i 2005,

Key words: Bioassay, Berrvis frait rot, grey mould, Fragaria = anarassa, latent infection, indige-
nous fungi

Introduction

Grey mould, caused by the fungus Botryiis cinerea Pers ex Fr, is the most important disease
in strawberry (Fragaria = aranassa) in Norway, B cinerea infects strawberry through open

flowers (Powelson, 1960), and fungicides are applied during flowering 10 protect flowers
from infection. Because of an extended flowering season, fruits and flowers are both present
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in the field during most of the spraying period, leading to the possibility of fungicide residues
in ripe fruits. Biological control using fungal antagonists may have potential as control strat-
egy ( Tronsmo & Dennis, 1977), Trichoderma species have been extensively tested as biocon-
trol agents in strawberry, but control has been inconsistent in Norway (Tronsmo, 1986, Stens-
vand, 1997, Stensvand, 1998). To improve biocontrol efficacy, we need 1o identify factors
that are important for the outcome of the interactions between 8. cinerea and its antagonists
under field conditions. Because Trichoderma species are soil fungi, they may not be the best
suited for control of foliar pathogens. It has been shown that spores of Frichoderma spp. ger-
minate much slower than spores of £ civerea at temperatures that commonly occur during
flowering in Norway (Hjeljord er @/, 2000), and it seems reasonable to assume that antagonist
spores need to germinate at least as fast as B cinereo spores, Furthermore, it is evident that
nutrient availability in the substrate the fungi grow on has great influence on the interactions
between antagonist and pathogen. At low nutrient availability, many antagonists suppress f.
cinerea. However, with increasing nutrient availability B civerea becomes more difficult to
suppress (Hjeljord ed af., 2006). Strawberry flowers, which are very rich in nutrients due to
the presence of pollen and nectar, seem to favour the pathogen (Chou & Preece, 1968).
Screening potential antagonists against B cinmerea under nutrient-rich conditions therefore
seems 10 be very important to ensure that the most suitable isolates are selected for field est-
ifg.

In an attempt to improve biocontrol of B, cimerea in strawberry under field conditions,
we collected indigenous fungi from aboveground parts of field-grown strawberry plants. Iso-
lates were screened for antagonistic activity against B, cinerea using a detached flower assay,
and selected isolates were tested in field trials in 2004 and 2003,

Material and methods

The fungal isolates that had been collected were identified to genus, or sometimes to species
by morphological characteristics. The fungi were grown on agar media (PDA, malt agar or
V&), For the bioassay, known concentrations of spores of the potential antagonist and spores
of B. cirerea were mixed in a water suspension. The spore suspension was applied as three 10
pl droplets in each flower, Flowers were then incubated at high humidity, an either 15 or
20°C, and examined daily for development of sepal necrosis. Isolates selected for field testing
were grown on agar medium (PDA or V8) to produce spores. Spores were scraped off the
agar, and the suspensions were filtered if needed, to avoid clogging of the sprayer by fungal
hyphae. The concentrations of spores in the suspensions were quantified using a haemacy-
tometer. Concentrations of the veasts Awreobasidium pullulans Aulé and Acremoniim sp.
Acr6i)3 were adjusted to 10" cells per ml suspension, while the concentrations of the fungi
Trichoderma bamatum T20, T2 atroviride P11, and Clonostachys rosea (Gliocladinm rosem)
Gr313 were 107 conidia per ml suspension, and the concentrations of the fungi Fpicoccum
wigrom Epl and [lecladinm sp. Ulol7 were 10° conidia per ml suspension. Field trials were
carried out in 2004 and 2005 at the Norwegian Crop Rescarch Institute at As. Norway. The
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experimental field was established in August 2003 with cv. Korona in double row beds with
drip irrigation. Herbicides and insecticides were applied prior to flowering, but no fungicides
were applied at any time, The tnal was set up as a randomised block design with three blocks
and approximately 40 plants in each plot. The field received overhead irrigation during the
day (1 minute per hour from 0800 to 1900 hours) to maintain moist conditions to enhance
establishment of the fungi. Application of antagonists was conducted using a knapsack
sprayer (1.5 bar, 130 /1000 m double row). In 2004, pieces of agar with sporulating 8. cine-
rea Bel0l were placed in the field just before flowering to ensure flower infections. The fol-
lowing year, it was assumed that the build-up of natural inoculum from the previous year was
sufficient for disease development. In 2004, five sprays with the antagonists were carried out
over a two-week period, and in 2005 eight sprays were carried out over a three-week period,
In both years the field was harvested three times per week for a total of 12 and 9 times in
2004 and 2005, respectively. Bernes infected through contact with diseased fruits were de-
fined as healthy in these experiments, since the investigation was aimed at preventing infec-
tion during flowering. Flowers and fruits showing symptoms of grey mould were harvested as
soon as they were detected, and healthy berries were harvested when ripe. At all harvest dates
in 2004 and at two harvest dates in 2005, samples of healthy berries from each treatment were
incubated at room temperature to test for latent infections of B cimerea. Statistical analysis
was performed using the analvsis of variance (GLM-procedure of Minitab 14.20), and treat-
ments were compared using Tukey's test (P = 0.05). Data on accumulated daily precipitation
and mean daily temperatures for both seasons were obtained from a local weather station at

As.

Results and discussion

The bioassay showed that the fungal isolates differed in their ability to prevent B. cinerea
from causing sepal necrosis. In flowers inoculated with B. cinerea only, symptoms started to
appear afier three days, and after 5-6 days sepal necroses had developed from 100% of the
inoculum droplets, The incidence of sepal necrosis was reduced when B. cinerea was coin-
oculated with potential antagomists, B sigrum gave the best result and was able to reduce se-
pal necrosis o 0-35%. Coinoculation with T, arreviride P1 reduced sepal necrosis 1o 63-83%,
All the fungi selected for field trials were able to reduce sepal necrosis incidence, but the effi-
cacy was largely dependent on the relative spore concentrations of the pathogen and the an-
tagonist. In general, the antagonists were more effective when concentrations were higher
than the concentrations of the pathogen than if they were inoculated at the same concentra-
tion,

In 2004, four isolates were tested in the field; T° hamarem, B migram, A puflulans, and
Acremaonizm sp. There was a very high disease pressure in the field, with 54% fruit rot in the
control plots (Figure 1), Treatment with & sigriom and 4. polinlans both significantly reduced
fruit rot incidence compared with the control plots (by 19 and 31 per cent, respectively, P =
0.004), T, hamaten and Acremoninm sp. did not reduce fruit rot incidence compared with the
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control, but treatment with dcremarinm sp. resulted in significantly less fruit rot than treat-
ment with ¥ Juemaiem, In 2004, the flowering season was characterised by dry weather, and
only 11,2 mm accumulated precipitation was recorded dunng the penod of spraying, The har-
vest season had much more rainfall, with 122.8 mm accumulated precipitation. The wet
weather coincided with berry ripening and probably triggered development of stem-end rot of
B. cinerea, which we assume originated from latent flower infections. As water films are nec-
essary for spore germination of B, cinerea (Jarvis, 1962), flower infection was probably fa-
voured by overhead irrigation, but it is also possible that dewfall during night may have pro-
vided sufficient free water for the fungus to infect the flowers. Symptoms developed in incu-
bated berries 2-3 days after picking, but there were no significant differences in postharvest
rot between the treatments, The combination of high disease pressure and wet weather during
harvest favoured disease development, and therefore the results of this field trial indicate that
indigenous antagonists have a potential as biocontrol agents of B, cinerea in strawberry,

3 g

e
=
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Figure 1. Control of grey mould (Hoiryiis cinerea) in strawberry ¢v. Korona, by spraying
spore suspensions of indigenous, antagonistic fungi during Mowering, As, Norway 2004,
Mean of three replicates, significant differences indicated by different letters on top of the
bars (Tukey's test, P = 0.05).

In 2005, we tested the same isolates of . migrum and A. prelfulenes as in 2004, but we replaced
1. hammaim and Acremoninm sp. with C. rosea and {Hocladinm sp. In addition, we included
T, airowvivide P1, which has been tested in several earlier field trials (data not shown), Weather
conditions in the 2005 season differed greatly from those of the previous yvear. During flower-
ing 85 4 mm rain was recorded, while the harvest season was dry with only 32.2 mm rain, A
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considerable number of flowers were killed by B. cinerea during Nlowering because of the wet
weather combined with a high disease pressure. Approximately half of the potential yield was
lost in the field due to flower blight prior to fruit development, and there were no significant
differences between treatments (Figure 2). The vield loss due to Botrytis fruit rot was very
low, with only 3% in the control plots. There were no significant differences between the
treatments at harvest or in the postharvest tests.

The results of these trials indicate that the precipitation pattern during the season had a
great influence on when symptoms of B. cinerea flower infections appeared. Heavy rains dur-
ing flowering promoted disease in earlier stages of development. Sprays with antagonists in
the wet flowering season did not reduce flower blight compared with the contral plots. The
reason for this could be that the amtagonists were unable 1o inhibit aggressive infection of the
pathogen promoted by the climatic conditions, or that rainfall after spraying washed away the
antagonist spores. The preliminary conclusions from this work are that indigenous antagonists
show potential in reducing fruit rot cavsed by latent flower infection with 8. civerea, but ag-
gressive flower infections may be more difficult to prevent. Future work includes testing of
antagonists under different controlled humidity conditions and studies of antagonistic mecha-
nisms. In future field trials we will increase the spore concentrations of the antagonists to see
if this gives improved biocontrol of flower infection by B. cinerea,
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Figure 2. Control of grey mould (Borryiis cinerea) in strawberry cv. Korona, by spraying
spore suspensions of indigenous, antagonistic fungi during flowering, As, Norway 2005
Mean of three replicates.
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Abstract: The use of entemoepathogenic nematodes (EPM) against the vine weevil (iorynchus sulca-
tues was studied under Hield conditions. A number of Nield trials were conducted wsing two commercial
products of EPM, Memasys H (Hererorfabdinis megidis) and Nemasys L (Sreinernema krausser). The
resulls from these trials indicate that low temperature is still a limiting factor for the successful use of
EPN agamnst €2 swdeams i northern Europe, Furthermore, it was observed that application methods of
EPN in field grown strawberrics requires improvement

Key words: Strawberry, biological control, rool weevils, Oviorfynchus suleains, entomopathogenic

nematodes, Heterorhabdivis megidis, Steinernema kranssed

Introduction

In Morway, strawberries are produced mainly outdoors using direct drills or under black poly-
thene mulch, The production area is approximately 1725 ha, with an estimated annual value
of 345 m. NOK (43 m. Euro). Most strawberry production occurs in the southern part of the
country, and it is in the southernmost and western part that root weevils are major problem.
There are several species of root weevils that are associated with strawbernes in Norway, but
it has been shown that the most damaging species is the vine weevil Otiarfnmchns sulcatus
(Stenseth, 1979; Hesjedal, 1982, Moorchouse er all, 1992). Post harvest application of the
pesticide azinphosmethy] against the adult weevils is the most common control method today.
Azinphosmethyl will no longer be available from 2006, and there are currently few alternative
pesticides on the market that are effective against vine weevil adults,

Entomopathogenic nematodes (EPN) are an option for controlling the soil dwelling lar-
vae, In Norway there are three products on the market comprising two species ( Hererorhabdi-
tis megidis and Steinernema kranssei), In 2004-2005 a number of field trials were conducted
to examine the efficacy of these commercial EPN in field grown strawberries. Some of the
results from this work are presented here,

Materials and methods
A total of 5 field wrals were conducted, 4 in the southern pant of the country and one in the
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north-western part. Each trial was set up as randomised blocks along strawberry rows, with
four plots per treatment comprising 16 plants. EPN treatments were applied manually as a
drench per plant in a 100 ml volume with doses of 30,000, 25,000 or 15,000 per plant. Treat-
ments were conducted in early spring or late autumn to target the overwintering larvae, The
spring treatments were assessed after about one month and the autumn treatments after 6-7
months (overwintering). At each assessment 8 plants per plot were dug up and the number of
live €. sulcarus larvae or pupae per plant were counted. Comparisons were made between
untreated control plants and EPN-treated plants using the mean number of larvae per plant (in
blocks).

Results and discussion

In the first spring trial, temperatures were unusually mild for the time of year and never
dropped below 12°C. In this trial Nemasys H and Nemasys L worked quite well at the highest
dose per plant (30,000/plant) applied two times with a week’s interval. The mean number of
larvae were reduced by 89% and 77% for Nemasys H and Nemasys L, respectively. For all
the following trials, two spring trials and two autumn trials, temperatures were below 12°C on
average, ranging from &6°C to 9°C in early spring and late autumn to below 0°C in winter. In
these trials Nemasys H did not work well at all (always less than 30% reduction) and the re-
sults confirm that this nematode product does not work at low temperatures. Nemasys L,
which is considered a cold-active product, did not perform as well as expected. Nemasys L
treatments reduced the number of larvae at best by 50% and 64% at 25,000 and 30,000 per
plant. In strawberry fields infested with root weevils, plamts are usually attacked by at least
two or more larvae, which is sufficient to reduce vields or kill the plant. Therefore a 50% to
6% effect of a nematode treatment is not acceptable.

Nemasys L (Steimeriena kranssel) is reported to be effective at temperatures down to at
least 5°C according to trials in England (Willmott e af, 2002). Similar effectiveness could
not be demonstrated for the field trials conducted in Norway. The field trial in England was
conducted in a controlled manner, whereby strawberry plants in pots containing a known
number of weevil eggs were bunied in the field outdoors, after which nematodes were applied
as a drench in different doses per pot. In the Norwegian trials naturally infested strawberry
fields were used and nematodes were applied in a similar manner to the English trial but on
plants that were growing under black plastic mulch.

It appears that the practical application or use of EPNs in open fields may result in rather
inconsistent or poor results. Application of EPNs has to be improved in such a way that they
are able 1o reach and infect the pest target in the soil and root system.
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The future of biological control: gaps, challenges and options
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Abstract: The Danish Centre for Biological Control was established in 2003, During the period 2003-
2005 four workshops were armanged, covering various aspects of biological control: potential
occupational health problems, environmental effects. wwaching, and implementation nto practice. The
paper briefly outlines the results of the workshops and the future prospects for biological control.

Key words: Biclogical control, Danish Centre for Biological Control

The objectives of the Danish Centre for Biological Control

The Danish Centre for Biological Control was established in 2003, The overall objectives
were 1o support the following activities:

+ Research and development of biological control products for application

* Biological research to support natural regulation of pests, diseases and weeds
e Risk assesment

¢ Teaching and other dissemination of results and possibilities

The centre consists of the main institutions in Denmark working with different aspects of bio-
logical control: The Royal Veteninary and Agricultural University, the Danish Institute of Ag-
ricultural Sciences, the National Environmental Research Institute and the National Institute
of Occupational Health,
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During the period 2003-2005 the centre obtained financial support for specific network
activities. A webpage was etablished (www.centre-biclogical-control.dk) and four well-
attended workshops were arranged.

The workshops 2003-2005

The Centre organised four workshops/conferences in the period 2003-2005, of which three
were international and one was national:

2003 Occupational health nsks of producing and handling organisms for biological
control of pests in agriculture

2004: Health and environmental risks by the use of organisms for biological control of
pests and diseases in agriculture

2005: Teaching biological control (national, in Danish)

2005: International workshop on implementation of biocontrol in practice in temperate
regions - present and near future

These activities allowed us to focus on problems and challenges conceming the future devel-
opment of biclogical control. At the three intermational workshops, invited guest speakers
from abroad ensured a broad perspective. Much new knowledge was presented and discussed.
Abstracts from all workshops are available on our web-page and can be consulted for specific
information about the presentations. Further, concerning the last workshop the proceedings
provide the information given in the presemations.

Future gaps, challenges and options

At the last workshop we tned to summanze the outcome in a few bullet points, which we
found significant for developing biological control to meet future demands:

Chestion £ Is biological conirel adequately wilized and implemenied in FEurope?

Biological control is now implemented and is an existing possibility for many growers, for
example in greenhouse production of vegetables. There was, however, consensus that this
method holds more potential in Europe. There are many unexploited possibilities and society
will get value for money by allocating funding for studies 1o enhance biological control as one
option among several altematives to chemical control.

Chuestion 2: Wit aore We mafor existing constraings?

It was agreed that there is still a mostly unexplored global or regional diversity of species with
attractive properties for biological control. We are not in doubt that fundamental studies of
host-antagonist relationships can still provide us with new options for biological control,
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More attention should be given 1o identifying limitations and bonlenecks for implementa-
tion of biocontrol with focus on compatibility with prevailing farming practice. From the ini-
tiation of any biological control programme, the implementation into practice should be an
integral element.

Technological exploitation, for example in terms of application methods, is far from
being solved. At our meeting, like at many other meetings, scientists and other people with a
strong background in especially application methods were underrepresented. Knowledge gaps
concerning application methods include studies that can improve the survival and activity in
sitw of microorganisms as well as methods to improve the survival and dispersal of beneficial
insects and mites.

The economical constraints are also obvious. In our opinion collaborative studies involv-
ing biologists, economists and sociologists are strongly needed to elucidate the economic
benefits of biological contrel. The immediate response from consumers to biological control
is mostly very positive. The rather long and expensive registration process in the EU for mi-
crobial control agents is, however, a serious resiriction for placing products on the market.

Ouestion 3: Can biofogical comrol meet fivture demainds?

We believe that biological control holds great potential for meeting future demands for
sustainable pest control in our region. The number of challenges is, however, high and the
nature of some of these challenges is partly unknown. We have identified the following
factors that can promote further implementation of biclogical control:

+  More communication with consumers to ensure that perception of biclogical control
as an effective and yet environmentally friendly strategy is maintained

s A critical attitude to avoid types of biclogical control that may have a negative
impact on human health and/or environment

e A rapid uptake of new methodologies and technologies allowing us to study
biological interactions with more sophisticated methods

¢ An effort to imegrate biological control with new cropping methods, for example by
ensuring that biological control methods are in agreement with principles of organic
farming

s Adaptation of biclogical control to future changes in European land use, such as the
recent shift to new crops (e.g plants for biomedicine) or non-productive use (golf
Ccourses efc. ).

s Preparation for the situation created by the increased influx of exotic organisms
resulting from increasing trade and transportation. These organisms possess the
potential of developing into invasive organisms thal represent a threat io native
biodiversity. Especially classical biological control may offer good opportunities for
environmentally friendly control methods.
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Biological control of house flies and stable flies by inundative release
of the parasitiod wasp Spalangia cameroni on two Norwegian pig
farms
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Abstract: Spalangio cameroni 1s a common, naturally occurmnng parasitoid wasp on pupae of house
and stable flies in Norway. This parasitoid has proved efficient in contralling houseflics on Danish
farms where pigs were kept on deep bedding. In the present study we tested the ability of 5. cameroni
to suppress flics on Farms with another manure svstem; pens with shits (in one end) above a gutter in
which a scraper remove manure approximately every sccond dav. Bedding (wood shavings or straw ) is
added to the pens daly. Flv-breeding occur in the gutter at points not covered by the scraper. The
roomms wiene washed with water approximately every eleven-twelve week, Biweekly releases of wasps
(150 190 wasps per square metre) were performed from Apnl to October at two farms durning 2004
and 2005, Each farm had two almost identical rooms with sows and piglets. Wasps were released in
one room while the other room acted as a control, During the second vear of the study the two rooms
were exchanged. Flv numbers was monitored by sticky traps and a visual index based on number of
flics per animal. Parasitism was estimated weekly by use of house fly sentinel pupac in 2004. The per
cent parasitism of sentinel pupae in 2004 averaged 3% i the release rooms on both farms with a
maximum of 16% i Julv and Awgust. This low parasitism is hikely to be caused by a sub-optimal po-
sitioning of the sentinel pupa. A survey of natural cecurring pupae on both farms in August showed a
parasitism of 20-40% for stable and house Mies. There was an overall significant effect of treatment
(wasp release) on house My number on the farms. Furthermore, both stable v and house v numbers
were kept below nuisance level at one farm in 2004, However, the effect varied between farms and
vears and more information is needed in order to recommend wasp release to farms with this particular
IMANLTE S\EH:I'I'I

Key words: Biological control, house flies. hymenoptera, parasitoid, stable flics, wasps

Introduction

Spelamgia cameroni is a common, naturally eccurring parasitoid wasp on pupae of house and
stable flies in Norway (Birkemoe ef af, 2004). It has proved successful in controlling house
flies on Danish farms, when pigs and cattle are kept on deep bedding ( Skovgired, 2004; Skov-
gird & Nachman, 2004). In the present study we tested the ability of 5. cameroni 1o suppress
flies on farms with a different manure system.
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Materials and methods

Manure system

The manure is removed with a mechanical scraper through a gutter down to a cellar approxi-
mately every second day. Bedding {wood shavings or straw) is added to the pens daily after
manure has been manually seraped into the gutter. The facilities are washed with water ap-
proximately every eleven-twelve week. Fly-breeding mainly occur in the gutter at points not
covered by the scraper and in the cellar below the pig facilities,

Experiments

Biweekly releases of wasps (150-190 wasps per square metre) were performed from Apnl to
October at two farms in close proximity to Oslo during 2004 and 2005, Each farm had two
almost identical rooms (each of 160 m’ at Farm A and 272 m® at Farm B) with sows and pig-
lets, Wasps were released in one room while the other room acted as a control. The control
and treatment rooms were reversed during the second year of the study. House fly and stable
fly numbers were monitored by a visual index based on number of flies per animal estimated
at each visit and by sticky traps (6 per room, 0.18 m* surface per trap) hanging for 24 hours.
Parasitism was estimated weekly by use of house fly sentinel pupae in 2004, Data on parasit-
ism for 2005 is not yet available. Air temperatures were recorded by a logger at a central posi-
tion in all rooms. No chemical treatment was carmied out at Farm A during the experiment. At
Farm B, however, both reoms were sprayed with insecticides in July 2005,

Results and discussion

Parasitism

The parasitism of sentinel pupa in 2004 was higher in the release room as compared with the
control at both farms. The per cent parasitism of sentinel pupae averaged 5% in the release
reoms on both farms with a maximum of 16% in July and August. This low parasitism is
likely to be caused by a sub-optimal positioning of the sentinel pupa. A survey of natural oc-
curring pupae on both farms in August showed a parasitism of 20-40%% for stable flies and
house flies in the release rooms.

Fly densities

An overall ANOVA test based on average number of flies per trap for cach treatment with
vear and farm as categorical variables showed a significant effect of treatment (wasp release)
on house flies (F, =487, p=003), The overall effect on stable flies was not significam
(Fis=17.9, p=0.15).

The results from Farm A were much more promising than the results from Farm B. In
2004, the treatment reom on Farm A had a very low number of house flies and stable flies as
compared with the control, which indicates an effect of the wasp release, In 2005, when the
rooms were reversed, the number of stable flies was low whereas the house fly numbers
reached higher values than the control at two dates in July-August. This coincided with a
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breakdown of the air ventilation fan and scraper in the release room, leading to very high in-
door temperatures and a build-up of manure. In order to lower the temperature inside all doors
were kept wide open letting flies from the rest of the farm enter,

The nuisance level of 13-25 house flies per animal set by the Danish Pest Infestation
Laboratory is difficult to compare with our numbers as we did not distinguish between house
flies and stable flies. However, based on all flies the total number of flies per animal only ex-
ceeded 25 once in the release room on Farm A in 2004, In 2005, however, the number of flies
was higher, and it exceeded 50 flies per animal when the scraper was damaged.

One possible difference between the farms is the apparent lack of permanent spots with
manure in Farm B. In Farm A, fly pupae was found at the same locations throughout the ex-
perimental period. This might have sustained a lager population of wasps and ensured a build-
up in wasp number throughout the summer. Another plausible explanation for the difference
in success 15 a larger fly production in the manure cellar on farm B compared with farm A.

Conclusions

Release of 5. cameroni may suppress stable flies and house flies below nuisance levels on
farms with the manure system tested. However, the effect was not consistent on the two in-
vestigated farms, and more information is needed in order to recommend wasp release to
farms with this particular manure system.
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Entomopathogenic fungi for control of stable flies Stomoxys calcitrans
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Abstract: The stable fly Sromoxys caleitrans is a major pest in confined cattle facilities and in pig
farms. I 15 a considerable nuisance o the animals when present in high numbers, and may cause a
reduction in milk vield and weight gain. Therefore, the cconomie importance of this pest raises a de-
mand for improved managementicontrol methods. Entomopathogenic fungi may have potential as a
microbial control component of an inlegrated (v management program. To date, several laboratory
and a few feld studies have evaluated entomopathogenic lungi for control of the house My Musca
domestica, and for some strams of hvphomyeetes success have been achieved. In contrast, very little
focus has been put on the susceptibility of the stable Ny wwards entomopathogenic fungi, and these
studics suller from problems with high control mortality. Furthermore, until presently, biological con-
trol of the stable My has almost exclusively been dirccted against the larval and pupal stages

The aim of this project therefore is o sclect a hyphomyceteous fungus with high virulence
against adult stable Mies. Twelve isolates, representing four species (Beanveria bassiana, Metarhizium
anisapliae, Paecilomyces fumosorosens and Lecamicillinm musearivm), were chosen for the study,
Several of the isolates originate from Mics from Danish livestock farms. The initial selection criterion
was that the fungus must be able 1o grow al abiotic conditions found in siables during summers (in
Denmark). Current bicassavs with four isolates are focusing on the selection of the most virulent iso-
late. This will be followed by transmission studies in cages to determing the practical control potential
of this group of fungi. Preliminary resulis will be presented atl the workshop.
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Abstract: The role of predators (mainly Carabidac, Staphvlinidac and Arancac) as biological control
agents of insect pests has been mveshigated in two difTerent winter oilseed rape management sysicms
in 2003 and 2004, An ICM-system (ICM = Iniegrated Crop Management) with reduced soil cultiva-
tion and no insecticide applications has been compared with a Standard oilsced rape management sys-
tem. The poster presents a short overview of resulls achieved during 4 vears within the EU-project
MASTER (Integrated pest management strategices incorporating bio-control for European oilsced rape
pests — QLES-CT-2001-01447). The following tasks are highlighted:

# ldentification of kev predator specics in Ewropean oilsced rape ficld and  asscssment
their abundance on the basis of a literature review and a Europe wide joint field tnal
in 5 countrics

F  Determination of the  spatio-temporal  within-ficld distnbution of pest larvae &  kev
predators by means of a SADIE-analvis

# Consumption rates and feeding preferences of kev species of carabids by conducting
choice and non-choice laboratory feeding trials. detection of pest remains by microscopi-
cal gut disscction and PCR (Polvmerase Chain Reaction)-technigue

F Predation rates and management related density of web spiders within the  vegetation
laver

7 Asscssment of Staphvlinidac-larvae  from oilsced rape flower stands and their role in
regulation of Meligethes-larvae

Further general information on the EU-project can be found on the project website
wwww iger. bbsre, ac.uk/pie/master/master. him
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Earwig in pome fruit production - a beneficial?
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Abstract: [n the search for new solutions to the pest problems in orchards a possible solution could be 1o
enhance the conditions for the nafurally oceurring predators. One of these is the common carwig Forfi-
ctila anricularia, which 1s verv common in orchards. This paper will present aspects of its biology and
potential use in conservation biological control.

Key words: Common carwig, biological control

Introduction

During the last 20 years the use of many pesticides for pest control in orchards have been
forbidden in Denmark (Lindhard e e, 2003). This has contributed to an increased interest in
alternative control measures against insect pesis. A very common orchard predator is the
common earwig Forficula anricidaria Linneaus. The common earwig is an omnivorous insect
and can contribute positively to pest control in apple and pear orchards (Solomon ef af,
2000). Earwigs also feed on plant tissue and can feed on fruits as well; however, in pome fruit
this is considered of minor importance compared with the beneficial effect. Rearing is
difficult, but conservation biological control strategies can be used to enhance earwig
numbers. One such strategy is the use of artificial houses. This paper is based on a BSc thesis
(Hansen, 2005),

Aim

A good knowledge of the biclogy of the common earwig, its dietary requirements and habitat
needs, is a necessary prerequisite to design orchards in which the earwig will thrive and
contribute to the control of insect pests — conservation biological control (Solomon er al.,

1999,
Biology

The common earwig belongs to the order Dermaptera. The order consist of 1,800 species
divided into families (Gullan & Cranston, 1996), The common earwig belongs to the family
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Forficulidae and is today spread all over the world (Behura, 1956),

The common earwig has a one-year life cycle. The adults mate in late summer or early
fall. After mating the male and female overwinter in the nest, which the female has excavated.
In late winter or early spring the female lays its eges and then drives the male out to protect
the eggs. In the following months she tends the eggs uniil they haich; without this maternal
care the eggs will not hatch, After hatching, the female will continue to nurse the nymphs
until they leave the nest (Lamb, 1976).

It is debated whether the common earwig lays one or two clutches of eggs (Behura, 1956,
Lamb & Wellington, 1975, Stap er af, 1987), but researchers have recently shown the
existence of two sibling species. Crosses between individuals from these two sibling species
are sterile (Wirth ef af | 1998). It is not known to which sibling species the common earwig in
Denmark belongs, i.e. whether it lays one or two clutches of eggs,

The nymphs pass through four nymphal instars before becoming adults. From the third
instar onwards nymphs do not return to the nest chamber but can be found in orchard trees
day and night (Helsen ef af., 1998). The earwig is active at night and needs natural or artificial
refugees for protection through the day (Selomon er af,, 1999),

The common earwig has a lower temperature threshold for development of 6°C (Helsen et
al., 1998). Development from egg to 4" instar takes about 617 day degrees (°DD) and from
egg to adult about 880°DD. By calculating day degree temperature sum above 6°C from |
January the date when the earwig becomes adult can be found (Helsen ef al., 1998), In Den-
mark temperature measurement from Roskilde 2004 has been gathered. Figure 1 shows that
according to data from Helsen (1998) applied to temperature data from Roskilde earwigs
would enter the adult stage in August 2004,

Development diagram
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Figure 1. Development of the common earwig from egg to adult based on temperature dependent
development data from Helsen er all (1998) and temperature data from Roskilde, 2004, provided
by DML The light grey line shows the day degrees needed for the common earwig to reach 4
instar nymphs (617°DD), the dark grey line the day degree requirements for development into
adult (B80°DD) (Helsen er al, 1998), The black line shows the cumulated day degrees with a T,
of 6°C.
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Food

The common earwig preyvs upon many species of insects, in addition to fungi, pollen and plamt
tissue. Several experimental trials have shown that earwigs are able to significantly suppress
populations of aphids and psyllids. Sigmficant pest suppression has for example been
documented for Aphis pomi DeGeer (Carroll & Howt, 1984) and Eriosoma fanigeram
Hausmann (Stap er af., 1987, Mueller er al, 1988), The earwig can cause secondary damage
on already injured fruit and may cause primary damage to soft-skinned varieties of apple
(Discovery). Damage to apples and pears are normally considered insignificant. In other crops
the common earwig is considered a pest (Solomon er af., 2000},

Heabitart

The common earwig requires a protected place in the trees during the day, Young trees do not
provide sufficient natural refuges for earwigs (Solomon er af, 1999). It is possible to set up
artificial earwig refuges and thereby increase the population of earwigs in the trees. The
simplest design is a container with straws or corrugated cardboard attached directly to the tree
or placed in a bottle. The antificial refuges are desirable for the earwigs, but it can also
become a great help for the growers. The use of artificial refuges allows the grower to move
earwigs between trees or remove them completely if they should have a negative impact on
the trees.

Conclusion

Biological control in archards can be improved by providing good conditions for the common
earwig. In young trees there are few natural refuges and arificial refuges can help improve
biological control. It should be kept in mind that the earwig can eat plant material and
therefore may damage fruits or leaves. But this can be controlled by physically moving the
refugees at davtime.

It is important to know whether the common earwig produces one or two clutches of eggs
in Denmark, as this may influence the ability of earwigs to control pests, Temperature is also
an important factor. Data suggest that in Denmark the main contribution from earwigs to
biological control will be in late summer. However, information on temperature dependent
development for Danish populations of earwigs would be useful.
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Abstract: In recent studics we demonstrated the high potential of entomopathogenic nematodes
(Stetrermema felttae, S, carpocapsae) to infeet larvae of the cherry fruit v, Rbagofeis cerass Lo (Dip-
tera, Tephntidac) afier leaving the cherry for pupation m the soil i laboratory, semi-ficld and field
trials. These resulis pointed (o a new approach for biological control of this serious pest on chermies in
Ewrope. Here we explore the requirements for feasible and eflicient imroduction of this method into
practice. One challenge 15 the development of an application technigue which maintains quality and
persistence of nematodes and which is feasible for the grower. We tested the suitability of a tractor
mounted sprav boom for treatment under the canopy arca to apply the entomopathogenic nematodes
(EPN} in several cherry plantations. The aclieved application rate was evaluatled by petri-dish samples
placed on the ground durning spraving. Soil samples were taken at regular intervals 1o assess infectivity
of EPN in laboratory bicassays using the host Galleria mellonella. The applied rate of EPN met the
expectations. Activity of EPN was satishving directly afier application bui dropped duning the follow-
ing weeks. The results are discussed regarding suitable application schedules and prospects for imple-
mentation under different conditions of chermy growing,

Key words: Fruit flics, entomopathogenic nematodes, application technology, Rfwagoletis cerasi

Introduction

The cherry fruit fly, fhagolets cerasi L. (Diptera, Tephritidae) is the main insect pest on
cherries in Europe. The fly causes regular infestations, especially in sweet cherry. Growers
are urged by the market to produce almost completely undamaged cherries. This leads to
regular application of insecticides. Dimethoate is the current product of choice, but the regis-
tration for this purpose is banned in an increasing number of European countries. Treatments
with insecticides have to be stopped in due time before harvest in order to avoid
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residues on the crop, thus leading to unreliable control in many siations. Organic cherry
arowers are left without any option to combat i cerasi efficiently.

In previous studies, we demonstrated the potential of several species of entomopatho-
genic nematodes (EPN) to infect and kill larvae of the cherry fruit fly when they crawl into
the soil to find a place for pupation (Koeppler ef al.. 2004). Entomopathogenic nematodes are
known to be efficient biological control agents for a number of soil-dwelling insect stages and
are nowadays commercially available for control of various pests in outdoor and protected
crops as well as turforass (Grewal ef af., 2005). Beside the pathogenicity for the specific tar-
zet pest and the quality management during the production process, proper application tech-
niques and timing are crucial for their efficacy under field conditions

For control of the cherry fruit fly, EPN need to be applied to the soil. As the dropping of
K. cerasi larvae usually occurs from the whole canopy area, the total soil surface under the
canopy must be treated with nematodes. Our aim was to develop an appropniate technique to
apply EPM in cherry plantations. In home gardens and for treatment of single cherry trees, the
use of a watering can may be suitable. But plantations with many trees require a more time-
efficient technique. We tested a tractor-mounted spray boom to apply the EPN in high water
volume in several cherry plantations and we evaluated nematode activity and persistence af-
terwards, A suitable application technigue is necessary to assess the potential of EPN for con-
tral of the cherry fruit fly under field conditions. It is alsoe an important prerequisite to devel-
oping this method towards practical implementation, especially concerning the easy adoption
by farmers.

Material and methods

Nennrtodes

Trials were performed using the product nemaplus® (e-nema GmbH, Raisdorf, Germany)
containing the nematode Stednernema feltice. The product was dissolved in water according to
producer’s instruction before filling it into the tank, Depending on the experiment, nematodes
were applied at a rate of 125,000, 250,000 or 500,000 EPN/m® with water. Before spraying,
several open petri-dishes were put on the ground within the spraying area and were closed
directly after the spraying boom had passed the petni-dish. In the laboratory, the volume inside
the petri-dishes and the number of nematodes in 50 pl droplets were determined to calculate the
applied rate of nematodes. Furthermore, percentage of motile nematodes was determined as an
indicator for nematode fitess.

Spraving equipment

We used a tractor-mounted spray boom, made for applying herbicides, but with only one pole
(Figure 1). The length of the pole was 2 m. Pairs of nozzles (Type Albuz® 117APG 807, flat
fan nozzle) were fixed on four positions along the pole. The nozzles are recommended for hop
culture and have a flow rate of 1048 1/min at 3.5 bar at 20°C according to the manufacturer,
The tank volume was 350 | and the tank content was recirculated. Filters and sieves in the
system were removed before application. We tested the effect of spraying at different pres-
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sires on applied nematode rate and quality. Petri-dishes were distributed along the spraying
line to evaluate the applied volume per m? and to obtain tank mix samples for determination
of nematode concentration and motility as described above.

Application of EPN in the field

Field application of EPN using the equipment described above was performed at several
cherry plantations during June and July 2005, The spraying was done at a pressure of 3.3 bar
and tractor velocity of 1.5 km/h to achieve the application of 1 1 spray liquid per m?® Pre-
application and post-application irmgation was also done at a rate of | | water per m* in order
to obtain optimum soil moisture and to rinse any nematodes sticking on plant surfaces into the
soil. Mo further imgation was performed afterwards.

Estimation of EPN persistence in the field

On each experimental site, four soil samples { 10x10x10 cm) were taken under the canopy area of
different trees at particular intervals afier the application. In the laboratory, activity of nematodes
in the soil samples was evaluated by placing 10 last instar Gealleria melionella larvae into the soil
samples and evaluating larval moriality after 7 days’ incubation at 25°C,

Figure 1. Spray equipment using a tractor-mounted spray boom for soil application of the
nematode Steinernema feltiae against the cherry fruit fly in cherry plantations,

Results and discussion

Suitabifity of the spraying equipment
In Germany, sweet cherry is a high value crop and consumers demand an insect-free as well
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as insecticide-free product. This urges the grower to apply plant protection measures but also
to observe regulations for avoiding environmental side-effects and pesticide residues on the
crop. For applying pesticides, the use of axial fan sprayers and nozzles which cause low drift-
age is state of the art, and most cherry growers possess such equipment. In a previous experi-
ment we used an axial fan sprayer and the nozzles described above at a pressure of 3.5 bar,
But a reduction in nematode motility by maore than 40% was observed. Probably, this had
been caused by a short increase to 10 bar within the spraying system before nozzles opened
(data not shown). Furthermore, no more than 0.4 | per m?® spray liquid could be created.

With the tractor-mounted spray boom we achieved the desired volume of 1 | spray liquid
per m?® at a tractor velocity of 1.5 km/h. In addition, the applied rate and the quality of nema-
todes were maintained at acceptable levels in comparison with the control (stock solution be-
fore spraying, Figure 2). Muotility of nematodes was not significantly reduced at different
Spraying pressures.

Whether such a system is adopted will depend on the availability to cherry growers. In
conventional farming practice, this equipment is used for herbicide treatments and can be
used after careful cleaning to apply nematodes. However, organic farmers do not use herbi-
cides and therefore may not possess the right equipment. Hence, further exploration of other
tools to apply the EPN properly is needed to reach also the requirements of this target group,

mEPN/cm® = % Motility

mean + S0
b= 2

1

bar

u | + o
control 23

Figure 2. Application rate (EPN/cm?) and motility (%o of total number) of Steinernema feliiae in
spray liquid before spraying (control) and afier spraying at different pressures with a tractor
mounted spray boom in petri-dish samples. Applied rate was 125,000 EPN/m® by releasing 1 |
spray liquid per m?

Persistence of nemetodes in the soil
Application regimes and soil conditions vared between the experimental sites where field
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trials were performed (Table 1). The treatment was done shortly before harvest time, depend-
ing on local weather conditions end of June or beginning of July. Scil samples were taken on
the day of the treatment after post-application irrigation as well as after one week, two weeks
and four weeks,

Table 1. Experimental sites where field application of entomopathogenic nematodes against
larvae of the cherry fruit fly were performed in 2005.

Experimental site EPN/m* | Area [m?, Soil type, pH-value
date of
application

Dossenheim/Baden-Wirttemberg | 500,000 | 640, one row, | 29% clay, 54% silt, 17%

3" June sand, pH = 6,62
Mittelehrenbach/Bavana 250,000 | 1100, six rows, | 34% clay, 41% sily, 25%
5™ July sand, pH=7.15
Wendershausen/Hesse 500,000 | 1200, five Mo data available

rows, 12 July

Stecklenberg/Saxony-Anhalt S00.000 | 2400, four 24% clay, 67% silt, 9%
rows, 14" July | sand, pH = 6,75

Infection rates of exposed wax moth larvae in soil samples taken at the day of application
varied between 55% (Dossenheim), 97% (Mittelehrenbach), 100%6 (Wendershausen) and 73%
i Stecklenberg). In Figure 3, activity of EPN in subsequent soil samples is shown in relation to
the initial infection rate.

One week after application, the relative activity of EPN in soil samples dropped on aver-
age to 60% of the initial value. It is not possible yet to determine if this activity is sufficient 1o
suppress the cherry fruit fly population. This will be done in the following spring by compar-
ing densities of emerged adults in treated and untreated areas in the experimental cherry plan-
tations. But a longer persistence of nematodes in the soil is desirable because drop of cherry
fruit fly larvae may last several weeks, especially if trees are not completely harvested. In turf,
irrigation frequency after the application proved to be a major factor to maintain field efficacy
of applied nematodes (Georgis & Gaugler, 1991), and several irrigation treatments are usually
recommended for 2 1o 4 weeks’ post-application to maintain humid conditions which favour
the homogenous distribution and survival of nematodes in the soil (Wright er of, 2005). In
Germany, cherry plantations are usually rainfed or drip-irrigated. As an alternative, the use of
sprinkler irmigation systems which treat the whole surface under the tree canopy may help to
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retain soil moisture also in cherry plantations after application of nematodes without interfer-
ing too much with other activities of the grower during the busy harvest time,

- Dossenheim -2- Wendershausen -0 Mittelehrenbach —&— Stecklenberg
14

0.8

08 |

0.4 -

0.2 4

relative activity of nematodes
[n

Do oT D14 D28
Day after application
Figure 3. Relative activity of Sreinernema feltiae in soil samples taken after application in

four different cherry plantations {infection rate in soil samples taken on the day of application
(D0} 15 set to 1)
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Abstract: Experiments were performed (o determing the ability of the insccl pathogenic hyvphomyveete,
Mertarhizivm anizoplioe, o germinate, grow and sporulate in the presence of Trichoderma arroviride.
Trichoderma spp. includes mycoparasites commonly found in soil and used in biocontrol of plant dis-
cascs, When conidia of M. amisoplioe and T, adroviride were coinoculated on agar media, T atroviride
overgrew M. anisoplice and prevented its establishment at temperatures from 6-30°C, This ¢ffect was
lessened when M. anisaplice and ¥, arroviride were inoculated at different points on the medium, giv-
ing the msect pathogen ime 1o estabhish a colony and seercte antifungal metabolites, Although both
fungi had growth optima at 253-30°C, separately moculated M amisoplice was best able 1o compete
with T. avrovivide al lemperatures = 18°C, and the antibiosis zone was widest at 30°C. When M. ani-
sopliae and T arrovivide were coinoculated onto black ving weevil larvae (Otariynchus sulcans) gl
20°C, the ability of the insect pathogen to infeet and kall the larvae and sporulate on the cadavers was
not affected by the presence of T arrovivide comidia. These results indicate that while the virulence of
M. anizopdiae 1o the larvae was nol reduced by 10 avrovivide, the ability of the insect pathogen 1o grow
saprophytically and increase its inoculum could be reduced on substrales contmining T arroviride co-
nidia.

Key words: Competition, sccondary metabolite, biological control, fungal interactions

Introduction

In order to infect target insects after application 1o soil or plant surfaces, conidia of insect
pathogenic fungi must remain germinable when exposed to abiotic and biotic stress factors.
Certain applications assume an increase in inoculum of the insect pathogens by saprophytic
growth and/or sporulation on or near the plant to be protected. As part of an investigation to
develop Merarhizinm and Beawveria strains for biocontrol of the black vine weevil {Criorfiyn-
chis silcatus) and other pests, we are investigating the ability of the insect pathogens to com-
pete with other fungi commonly isolated from soil and above-ground plant surfaces, with em-
phasis on isolates with potential for biocontrol of plant diseases. Here we report on experi-
ments designed to test the effect of 17 afroviride on the virulence and saprophytic growth of
M. amixoplice 1solates,
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Material and methods

Fungal isolates

Stock culwres of M. anisoplice and T, airoviride were stored in 20% glycerol at -80°C. For
inoculum production, M. anisoplice isolates NCRI 596, NCRI 9/96, NCRI 1/01, NCRI 6/9%
and MCRI 250v02 were cultured on SDA at 20°C for 14d. Conidia were washed from the agar
in sterile distilled water containing 0.01% Tween 80 and adjusted to the desired concentra-
tion, 17 atroviride P1 (ATCC TO458) was cultured on PDA for 14 d at 20°C, and conidia were
washed from the agar in stenle distilled water and adjusted to the desired concentration, Sus-
pensions were prepared on the day of use and stored in the meantime at 4°C.

Comnpetition on agar media

Three inoculation techniques were used: 1) One 10ul drop of a conidial suspension of a M
anisopliae isolate and one 10 pl drop of T, atroviride, both at a concentration of 8 x 10" ml”',
were placed 50 mm apart on plates of PDA and SDA. 2) Conidial suspensions of M. ani=
sopliae and T, atroviride were mixed in equal amounts to a final concentration of 8 x 10° ml”
and a 10 pl drop of the mixture was placed on SDA and PDA plates. 3) M. anisopfioe conidia
were used at a concentration of 5 x 10° ml™, while 1. atroviride conidia were at a concentra-
tion of 5 x 10° ml"". PDA and SDA plates were inoculated with a 10 ul drop of the mixed sus-
pension 10 mm from the edge of the plate, and then four 10 pl drops of the M. anisopliae sus-
pension were placed 15, 30, 45 and 60 mm from the mixed drop. Control plates were inocu-
lated with the M. anisoplice isolate alone. Two replicate plates of each medium and each M
anisopfiae isolate were inoculated and incubated at 20°C until the ¥, awroviride mycelium
extended across the plate, In another experiment, 10 SDA plates for each M anisoplice iso-
late and 1. avtrovirice were inoculated using technique 3 and incubated at 6, 12, 18, 24, 30 and
35°C. Diameters of the M. amisopliae and T, aroviride colonies were measured daily, until
the I, atroviride myceliom extended across the entire plate. Inhibition % was calculated as
100 % (1-MtMc), where Mt is the area of the M. amisopliae colony exposed to T, airoviride
and Mc is the area of the M. anisopliae colony growing alone, All experiments were per-
formed at least twice.

Bioassay

Adult black vine weevils (Owioriynchus sulfcains) were collected from farmers' fields in west-
ern Norway in the autumn of 2004, The adult vine weevils were kept at 17°C in large plastic
containers with lids with a gauze-covered opening and were fed strawberry leaves. Eggs were
collected daily and were put on carrot pieces in autoclaved peat potting mix moistened with
distilled water and the larvae were reared at 17°C. For the bicassay, final instar larvae were
submerged for 10 sec. in sterile distilled water or in conidial suspensions of . atroviride, 1.
atraviride + M. anisoplioe WCRI 996, or M. amisopliae NCRI 9/96 alone, all at a final con-
centration of 1 x 107 conidia ml”'. The larvae were then placed in 100 ml cups containing ster-
ile soil with carrot pieces at 20°C and after 18 d were examined for mortality and sporulation
of M. arisopdioe or 1, afroviride. There were 8§ repetitions of each treatment, with 5 larvae per
repetition.
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Results and discussion

Compertition on agar media

Two common laboratory media were used for competition experiments, SDA and PDA. SDA
is the richer of the two, containing 4% glucose compared with 2% in PDA. Growth and sporu-
lation of 1. aroviride was better on PDA, while M. anisoplioe grew and sporulated better on
SDA. As results of competition experiments were similar on both media, only experiments on
SDA are reported.

When equal amounts of M. anisepalice and T2 adroviride conidia were mixed and placed
on SDA, conidia of both fungi germinated at about the same time, e.g. 50% germination time
at 21°C was 20 and 21 h, respectively. The radial extension of both fungi was most rapid at
30°C. However, the faster-growing 7. arroviride hyphae covered those of M. anisapliae,
which was unable 1o grow beyond the inoculation drop, No sporulation of the insect pathogen
was seen in any of the mixtures, regardless of temperature.

When the fungi were placed on SDA, the degree of inhibition of M. anisapliae depended
on the distance separating it from 7. airoviride (Table 1). As the distance increased, the M
atisoplige colony was increasingly able to establish a mature colony. By 120 h after inocula-
tion, the appearance of an antibiosis zone around the M. amisopliae colonies indicated produc-
tion of metabolites inhibitory to T. atroviride, this was most obvious at 30°C. The results in-
dicate that M. anisepalice was most sensitive to competition shortly after germination and that
within four to five days after germination the colonies were able to defend a food base.

Table 1. Average area {mm}} and imhibition (%) of Metarfuziom anisopliae colonies on SDA
at 21°C when inoculated together with, or separated from, I7 arroviride. A drop of the mixture
was placed on the agar, and drops of M. andsoplice alone were placed at increasing distances
from the mixture at 15 mm intervals,

Distance from the mixture (mm) 0 15 30 45 o0
M. anisopliae colony area (mm”) 0 78 133 177 254
Inhibition (% of control) 100 70 48 30 0

When the average inhibition of colonies at increasing distance from the mixture was com-
pared at different temperatures, it was seen that M. arisopliae isolates were least inhibited by
F. atroviride at temperatures = 18"C (Figure 1). The standard deviation between isolates indi-
cates that certain strains may be more resistant 1o inhibition at low temperatures, although M
anisopliae in general grew slowly at temperatures below 15°C. All strains were most competi-
tive at higher temperatures and, since 1. afroviride did not grow at 35°C, the three of the five
M. annixopliage strains that did grow at this temperature were uninhibited.
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Figure 1. Effect of temperare on inhibition of Mewarfizivm anisoplice by coinoculated
Trichoderma atroviride. Bars indicate standard deviation between average inhibition of col-
ony area seen in different M. anisoplioe isolates. Inhibition is shown as % of M. amsopliae
colony growing alone.

Binassay
There was little difference in mortality between Chiorfymchis sifcaties larvae treated with M
arnisoplice alone or mixed with T, airoviride (Table 2). The mortality in larvae treated with 1.

Table 2. Mortality of Otiorinarciines swleatus larvae inoculated with conidial suspensions of

Metarhizizm anmisoplioe alone or mixed with Prichoderma airoviride, or 1. airoviride alone,
and incubated on sterile soil for 18 d at 20°C. The control larvae were dipped in water but not

inoculated.
Control | M. anisoplice | M. anisopliae | T. atroviride
+ T. atroviride
Mortality (%0} 12.5 a0 87.5 32.5
M. cmiseplice 0 122 857 619
sporulation on dead
larvae (%0)
1. atroviride 0 0 0 0
sporulation on dead
larvae (%)
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atroviride alone was higher than in the uninoculated control, but when the dead larvae were
incubated, only M. amisopfiae sporulation was seen. The mortality in the T2 atroviride treat-
ment was thus probably a result of cross-contamination between treatments. No sporulation of
I’ aroviride was seen on the dead larvae, although small colonies observed on seil and larval
sheddings indicated that the inoculum was germinable. Living larvae are not a food source for
this soil saprophyte, and thus there was no competition between M. amnisoplice and T, airo-
viride inoculated directly onto the larvae. Further studies are needed to determine the effect of
1. atrowviride on M. anisoplioe inoculated into soil.

Conclusions

Taken together, the results presented indicate that M. awisopfiae is most sensitive 1o T airo-
viride and other common saprophytes from soil and plant surfaces (data not shown) when
attempting to colonize a food base for saprophytic growth, Application of conidia of the in-
sect pathogen to non-sterile soil or plant surfaces may not only result in inhibition of its abil-
ity to increase its inoculum potential through saprophytic growth, but may also result in a loss
of germinability on insect cuticle due to conidial debilitation by the natural microflora. A key
factor is the extent to which the substrate is colonized by other microorganisms at the time of
M. amisapliae application, as a natural or introduced food base would be subject to competi-
tion from more rapidly growing saprophytes. However, if the conidia of the insect pathogen
have little competition for a few days following application, the colonies might be able o
defend the substrate through production of inhibitory metabolites, and thus be able 1o increase
the inoculum through sporulation
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Abstract: The aim of the studv was 1o investigate mortality factors of Diamondback moth in kale
(Brassica oleracea Lovar, acepfala) Dields i the lowland of Kenva. Two ficld experiments were done
during Februarv and Apnl 2005 at two different ficld sites. The first experiment was a pre-release
maoriality study, designed to quantify the natural contribution of parasitoids (o Diamondback moth
larval and pupal mortality, The second experiment was designed to assess the presence of predators on
the soil surface, using pitfall traps. The natural contribution of parasitoids o Diamondback moth lar-
vae and pupal mortality was below 20 per cent in both sites. Parasitoids observed were Oomyzus sobo-
fowskii, Diadegma modlipla and Apanieles sp, Pitfall traps revealed high spider activity, in particular
species belonging 1o Lyveosidae. Other common predatory species include a carabid bectle and an ant
(Phetdole megacephala).

Key words: Diamondback moth, Plutefla xylosiella, biological control, parasitoids, predators

Introduction

Pluteila xylostella (L) (Lepidoptera: Plutellidae), the Diamondback moth (DBM) is a destruc-
tive pest on cruciferous plants worldwide. lts pest status has risen rapidly since the 1960s
when large scale application of insecticides began in vegetable crops (Talekar & Shelton,
1993}, The DBM has developed resistance against most of the insecticides available, includ-
ing toxins of the microbial agent Bacillus thuringensis (Sun e af, 1978, Tanaka, 1992; Bax-
ter ¢f al, 2005; Sarfraz & Keddie, 2005). More sustainable integrated pest management (IPM)
is therefore needed (Talekar & Shelton, 1993). Natural mortality factors can play a role in
restricting population densities. The aim of the study was to investigate natural enemies of
Diamondback moth in kale (Hrassica oleracea Lovar, acephala) fields in the lowland of
Kenya.

Materials and methods
In order to investigate natural enemies’ contribution to DBM monality, two field experiments

were done. The first experiment was a pre-release mortality study, designed to quantify the
natural comtribution of parasitoids o DBM larval and pupal morality, The second
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experiment was designed 1o assess the presence of predators on the soil surface, using pitfall
traps.

Field experiments were conducted during 2005 at two different sites in Kenya: Yatta and
Athi River. Yatta is situated 60 km MNorth East of MNairobi at an altitude of approximately 1252
m above sea level. Athi River is sitvated 40 km South East of Nairobi along the Mombassa
road at an altitude of approximately 1491 m above sea level,

Both fields were divided into sixteen approximately 10x10 metre long plots, Four plots,
one in each row, were used for the experiment.

Pre-release mortality study

To asses the natural enemies’ contribution to DBM mortality, six treatments were applied: a)
Cage closed with glue at the plant base, b) Cage closed without glue, ¢) Cage open with glue
d}, cage open without glue, ¢} No cage with glue and f) No cage without glue. Each treatment
consisted of four plants (with six fully extended leaves each), and one plant from each treat-
ment was placed in each plot. At the beginning of the experiment, leaves were infested with
ten neonate larvae each. One leaf per plant was collected at each sampling date. Larvae or
pupae found at the collected leaves were counted, recorded and incubated separately until
emergence or death upon which the cause was recorded.

The experiment in Athi River was performed in the dry season from 3 February until 13
February and repeated in the rainy season from 7 April until 17 April. In Yatta the experiment
were performed from 17 February until 27 February and repeated from 21 Apnl 2005 uniil |
May.

Presence of predators in the field

Predator activity was monitored using five randomly placed pitfall traps in each of the four
plots. Every other day the traps were collected and the invertebrates were preserved in 70%
alcohol, Monitoring commenced 3 February 2005 and continued until 13 February 2005 in
Athi River and in Yata lasted from 17 February 2005 until 27 February 2005

Results and discussion

Pre-release mortality study

The parasitism of DBM larvae and pupae varied a lot (Figure 1), Since data from treatments
with and without glue were not significantly different, they have been pooled and are in Fig-
ure | seen as three different treatments (cage closed (CC), cage open (CO) and no cage (NC)).
In general, parasitism was below 5% except for the experiment in Yatta during February
where parasitism reached 20% for the CO treatment. The parasitoid found in highest numbers
was Oonyzis sokolowskii. Other parasitoids found were DVadegma mollipla and Apeanteles
spr. Mo parasitoids were found in closed cages.

Significantly more larvae were refound in the closed cage (CC) compared with the two
other treatments (CO and NC). While closed cages protected DBM larvae against natural
enemies, open cages and no cages did not. The difference in mortality between closed cages
and the other two treatments (CO and NC) provides a measure of mortality caused by natural
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enemies. In the closed cage 33-48% of the DMEB larvae infested on the plants were refound,
In both the open cage and no cage treatments 14-26% of the larvae were refound. Based on
these data it can be concluded that larvae exposed to natural enemies suffered up to twice as
high monality, showing that the contribution to DBM meortality can be substantial.

However, there was an unexplained mortality in the closed cage, which could not have
been caused by matural enemies. This unexplained mortality could have been caused by
abiotic factors such as water-stressed plants and high temperatures. However, mortality
caused by abiotic factors appears to be equivalent for all three treatments. This is based on the
fact that monality in the open cage was not different from the no cage treatment, meaning that
the cage did not provide any protection against mortality caused by abiotic factors,

- KO sokolowski |
40 | B Apanteles sp.
& 35 5 WD mollipla
g 20 - 7 ZUnidentified
g 25 7 ?';. )
g 20 ? |
@ 2 . i
& 15 97
10 ” 77 .
2 E é T B ? ? ."-"" o ? 1
0 E :4 ] E ] 2 2 é - 2 =
CO| CC NC|  CO CC NC CO CC | NC|H CO CC NC
February April February April
Yatta Athi River

Figure 2. The percentage of DBM parasitized by, Oomyzus sokolowski, Aparteles sp. and
Digredegma moliypla; and dead DMB where the cause of death was unidentified. The results
are from the experimental sites in Yatta and Athi River, Kenya. {Treaiments: Cage open

(CO), cage closed (CC), no cage (NC))

Presence of predators in the field

A number of potential predators were present in the field. Pitfall traps revealed high spider
activity. Especially two spiders, not vet identified, belonging to Lycosidae were present in
high numbers. Up to 6% of invertebrate trapped, belonged to this family. Other common and
potential DBM predators found were a carabid beetle (15% of invertebrates trapped) and an
ant (Pheidole megaceplala) (65% of invertebrates trapped). . megacephala is a predator on
termites. Further studies on the predator prey range are needed to conclude if they are preda-
tors of DBM.

Possibilities for biolagical control of DEM in the temperate vs. tropical areas

DBEM can also be a serious pest in temperate areas. Research suggests that its origin is in Af-



rica, which is why natural enemies, suitable for classical biological control, possibly could be
found in these areas (Kfir, 1998).
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Fungal bands as a method for biocontrol of Strophosoma weevils
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Depariment of Ecology, The Roval Vererinary and Agricsliural Universite, Thorvaldsensvej
S0, DE-187 1 Frederiksberg O, Devmark

Abstract: In Danish greenery production Sirophosoma capitaium and S melanogrammm [requently
cause damage due to the adult stage feeding on the needles. Chemical control 15 not permitted against
these weevils in Denmark. Therefore aliernative control is needed: this could for example be biccon-
trol using entomopathogenic fungi. The adulis of Sirapfosoma spp. are flightless (with fused elyira)
and as a conscquence adults only disperse by walking, In spring and autumn the adull weevils have
long activity penods where they move back and forth between the sol and the canopy, The weevils’
life evele and behaviour suggest that adults could be targeted during these sctivily periods.

The objective of our study was, under laboratory conditions, 1o test the effect of Tungal bands
placed around the tree stem by observing the behaviour and fungal infection of individual weevils,
when placed 8-10 ¢m below a fungal band impregnated with cither Beanveria bassiana or
Metarhizivm anisoplioe.

The study documented that the majority of the weevils moved upward and got in contact with the
fungal band and thus were at high risk of getting infected. The bands impregnated with 8. bassiana
caused the highest infection level (63%) compared with M. anisoplioe impregnated bands (27%), but
further testing in the laboratory and in the Geld s needed before any recommendation can be given. In
addition, the fungal bands acted as a physical barrier to the weevils, because the weevils do not hike
foaing o the structure covered with fungus,

Key words: Strophosoma, weevils, lungal bands, B bassiarna, M. anisoplice, behaviour, biocontrol,
laboratory studics

Introduction

In Danish greenery plantations the two weevil species Strophosoma melanogrammnn and 5
capitarrn (Coleoptera: Curculionidae) cause serious damage due to the adult stage feeding on
the needles in spring and autumn resulting in economic losses (Harding, 1993, Eilenberg ef
al., 2003, Anonymous, 1999), Both species are flightless (with fused elytra) and as a conse-
guence adults only disperse by walking (Sedlag & Kulicke, 1979, Palm, 1996). During their
activity peried they move back and forth between the soil and the canopy several times (MNiel-
sen ¢f af., 2004). This behaviour gives the potential for using a control strategy that targets the
adult weevils on the tree stem.
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To contral the weevils in the planmations, growers have earlier used synthetic chemicals,
However, since 2003 no chemical pest control is allowed in state forestry in Denmark
{Anonymous, 1998) due to environmental and health factors, For privately owned forests,
there is a recommendation from the Danish state authorities to phase out chemical pesticides
(Ravn, 2000). Therefore alternative control methods are highly needed in order to control the
weevils in greenery plantations, One possibility is biocontrol using entomopathogenic fungi.
In field tests the fungus Metarhiziem anisoplice (Metch.) Sorok. {(Ascomycota: Hypocreales)
showed promising results as a potential biocontrol agent of Stropifrosome spp. when applied to
the soil (Eilenberg ef af., 2003, Nielsen ef af., 2004). Although most studies have concen-
trated on ML anispliae, the entomopathogen Beanveria bassiona (Bals.) Vuill, (Ascomycota:
Hypocreales) may also have a potential since it cause nawral occurring infections in Sropho-
soma populations and has shown infectivity in laboratory bicassays (Mielsen ef al., 2004),

Fungal bands placed around tree trunks have successfully been used in other host-
pathogen systems. For example, fibre bands impregnated with Beawveria brongniariii effec-
tively control the Asian longhom beetle, Anaplophora glabripennis (Coleoptera: Cerambyci-
dae) on Saliv sp. (Dubois ef al., 2004; Dubois ef al, 2004).

The chjective of the present study was to test the effect of fungal impregnated bands on
behaviour and mortality of Strophosome spp. in the laboratory. Thereby, the potential for fun-
gal bands as biocontral will be evaluated.

Materials and methods

Fungal bands

M. arnisopliae 1solate KVL 03-143 (Bipesco 5) and £, bassiarna 1solate KVL 98-20 were used
for impregnating bands. The bands were made of gauze compress covered with 6.5%
Sabouraud dextrose agar (SDA) mixed with 3% water agar inoculated with a conidial suspen-
sion adjusted to 1+10” conidia per ml for M. anisopliae and 1+10° conidia per ml for B. has-
signa, The conidial germination was =98% for both M. awisaplice and B bassiana. Bands
were incubated for approximately one to two weeks at 20°C and stored in the fridge at 3°C
until used in assays. As control a clean gauze compress was used.

Test weevils

The weevils were collected in spring 2005 from Bidstrup, Zealand, Denmark. Cohorts of 25-
S50 weevils were kept in a climate room at 20°C until use.

Experimental set-up

For each treatment a small tree was constructed by using a branch of approximately 40 em
with small twigs eclipsed to the top end symbolising a tree stem. Each stem was placed in
autoclaved sand in a pot. Approximately 10 cm above the sand a fungal band was eclipsed
tightly to the stem. Each experiment consisted of a control treatment, a £. hassiana treatment
and a M. anisoplioe treatment. For each experiment 15 weevils were placed successively on
the lower part of the stem approximately 8—10 cm below the band. Altogether ten experiments
were carried out over a three-months period. Each experiment was carried out with either 5.
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melancgramnnm or S, capitafim only, thus in six of the experiments 5. mefanogranmint was
used as test insect and in four of the experiments 5. capitarmm was used.

The behaviour of each weevil was recorded by scoring the behaviour into one of the fol-
lowing four categories: 1) the weevil had no contact with the band, 2) the weevil had periph-
eral contact with the band, 3) the weevil had full contact with band but never crossed the band
and 4) the weevil crossed the band. Each individual weevil only got one chance to either cross
the band or avoid it. After end session, each weevil was placed in a 30 ml bio-assay cup. Each
bicassay cup contained a small twig of Nordman fir, A. novdmarnsiana, placed in 3% water
agar in order to keep the plant material fresh and ensure high humidity. The cups were cov-
ered with a semi permeable PYVC plastic lid and incubated in a climate room with L:D = 16:8
hours at a temperature of 20°C. Montality and sporulation were recorded for up 1o five weeks.
For practical reasons the weevils were checked twice a week.

Data analysis
Behavioural data were statistically analysed by logistic regression using the GENMOD pro-
cedure in SAS (SAS Institute 1999),

Results and discussion

Fungal infection

Preliminary laboratory experiments documented infection in Strophosomea spp. after exposure
to fungal-impregnated bands placed around tree stems. No significant differences were found
in the level of fungal infection between the two Strophasomea species tested (data not shown),
therefore data for the two weevil species were merged in further analysis. Death due to infec-
tion occurred one to five weeks after exposure, with the majority of weevils dying four to five
weeks after exposure (Table 1). Unfortunately, a relatively high mortality was registered
among control weevils; however no infection with entomopathogenic fungi was observed,
except for one experiment where one weevil in the control treatment was infected with 5.
hessicmiar. This was probably due to a natural occurring infection prior to use as test insect.

Table 1. Total per cent mortality and per cent sporulation in Siraphosomea spp. two-three and
four-five weeks after exposure to fungal impregnated bands.

N 2-3 weeks 4-5 weeks
Treatment Dead (%) Sporulation Dead (%) Sporulation
(%a) (%)
Control 150 42 - 63 0.7
M. arisopliae 150 51 14 78 27
B. bassiang 150 67 45 &5 a3
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In the majority of the experiments (seven out of ten) higher infection levels of Stropho-
s spp. were obtained when exposed to 8. bassiavna impregnated bands compared with A
cortisoplice impregnated bands (Figure 1),
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Figure 1. Diagram of per cent fungal-sporulated Stropfiosomma weevils within five weeks, Ex-
periment no. 1-5 and no. 10 were tested on only 5 mefanogrammnam and no. 6-9 on 8 capi-
fainm. Each experiment was conducted with 15 replicates. Data also included those weevils
that did not get in contact with the fungal bands.,

Belaviour

Mo significant difference in behaviour was found between the two Strophosoma species col-
lected in spring. However, the behaviour of Siraphosoma spp. differed significantly when
presented to fungal bands compared with control bands ( < 0.05). Thus, weevils were more
likely to cross control bands than fungal bands, This suggests that weevils were able to distin-
guish whether bands were impregnated with fungus or not.

Table 2. Total percentage for each behavioural category of Strophosomea spp. when presenied
for bands around the stem.

Treatment | Control (%) M. anisopliae (%) B, bassina (%)
Behavioural category N =150 N=150 MN=150
No contact 11 10 15
Peripheral contact 7 23 21
Full contact 7 43 46
Crossing 75 25 17
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The behaviour of Sirophosama spp. was not significantly affected by fungal species used for
impregnation (/' = 0.1693). However, the percentage of weevils crossing the fungal band was
shightly higher for M. anisopfice than for 8. bassiana impregnated bands (Table 2). Several
explanations for the differences in behaviour are possible. One hypothesis could be that the
weevils do not like footing the fungal band structure. Another hypothesis could be that the
weevils are able to recognise the fungus and thereby avoid it. Nevertheless, this hypothesis
needs to be tested in further experiments.

In conclusion, fungal bands may act both as biocontrol agent as well as a physical barrier
for the weevils,

Acknowledgements

We thank Karen Marie Kjeldsen for skilled assistance in the laboratory, Jan Martin for col-
lecting weevils and Ib Skovgaard for statistical advice,

References

Anonymous 1998: Evaluering af’ Pesticid Handlingsplan 11 og aftalen om afvikling af’ pesti-
cidanvendelse pd offentlige arealer, Miljeministerier 2003, (Onling) Available from;
hp:wewew mst.dbk Last consulted on 08-11-2004 (f Panish).

Anonymous 1999 Skov  og  Landskab, FSL.  (Online)  Awvailable  from
http:/fwww sl kvl Videntjeneste Pyntegroent/5/05--d=-05-03 aspx  Last consulted on 08-
| 1=20004 {fr Dheish),

Dubois, T.. Hajak, AE., Jiafu, H. & Li, Z. 2004 Evaluating the Efficiency of Entomopatho-
genic Fungi Against the Asian Longhomed Beetle, Anoplophora glabripennis (Coleop-
tera: Cerambycidae), by Using Cages in the Field. Environ. Entomel. 33 (1) 62-74.

Dubois, T, Li, Z,, Jiafu, H & Hajak A E 2004; Efficacy of fiber bands impregnated with
Beawverta brongmiartii cultures against the Asian longhorned beetle, Anoplophora
wlabripenmis (Coleoptera: Cerambycidae). Biol. Contr, 31: 320328,

Eilenberg, J., Nielsen, C., Vestergaard, S., Harding, 5. & Auvgustynuik, A, 2003 Biological
control of weevils (Strapdiosormnea spp.) in Danish greenery plantations., I1OBC/WPRS Bull.
26: 55-58.

Harding, 8. 1993: Grasnuder — et aktuelt skadedyr [Strophosomea — a current pest]. Fakia om
skovinsekter, Skoven 8 330-331. (fr Deanish).

Nielsen, C., Eilenberg, J., Harding, 8. & Vestergaard, 5. 2004: Biological Control of Weevils
(Strophosoma melanogrammn and 5 capiitatum) in Greenery Plantations in Denmark.
Pesticides Research No. 91, 84 p.

Palm, E. 1996: Nordeuropas Snudebiller, De kortsnudede arter (Coleoptera: Curculionidae) —
med sarligt henblik pa den danske fauna [Weevils (Coleoptera: Curculionidae) from the
MNorthern part of Europe], Danmarks Dyreliv Bind 7. Steenstrup, Denmark; Apollo Books,
356 p. (I Deish)

3035



Ravn, H.P, 2000: Status for de vigtigste Skadevoldere — ind i det ny drtusind med eller uden
pesticider [Status for the most important pests]. Beretning, Skov- og landskabskonferen-
cen 2000, 98104, (fn Danish),

SAS Institute Inc. 1999: SAS/STAT User’'s Guide, Version 8. 1% ed. SAS Institute Inc. Cary,
NC, USA

Sedlag, U & Kulicke, H. 1979 Zur Biclogie, zum Schadaufireten und Bekiimpfung des
Dichtscuppingen Gtaurtisslers (Strophosomus capitains; Coleoptera: Curculionidae) in
Kiefernkulturen. Beitrige fur die Forstwirtscharf’ Heft 2. (li CGrerman).

306



Proceedings of the International Workshap “Implemartation of Biecontred in Praciice in Temperate Regions — Present and
Near Furire ™, Research Centee J'J'.-.l.ﬂ:h-ﬁ,lu,'rg_ Diewrmrark, Novenrher 13, 2005

A general simulation model based on the interaction between the
pupal parasitoid Spalangia cameroni (Hymenoptera: Pteromalidae)
and its host Stomoxys calcitrans (Diptera: Muscidae) in animal stables
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Abstract: A general stage structured model with temperature as the main driving Toree was developed
for simulation of the interaction between Spalangia cameroni Perking and its host, Stomoxys calcitrans
(L.} in amimal stables. 5 cameroni is alrcady being used for controlling 8 calcitrans and the house My
Musca domestica in slables on a commercial basis.

The model 15 based on a determimstic approach with the equations founded on theoretical con-
siderations. This allows the model to run on data of any pair of parasitoid and their hosts. The model is
applicd 1o real systems by choosing the equation parameters o make them [t actual data. Apant from
temperature the environment 15 considered constant. This includes unlimited food source of the host &
calcitrans, which seems appropriate for svstems such as manure in animal stables.,

Since & cameroni ig a solitary pupal parasitoid the host population could be divided into four
slages, an egg slage, larval stage, pupal stage and an adull siage. Using the same equations, each of
these stages could casily be split into different stages.

Calibration of the parameters and sensitivity analvses is still to be completed, but the preliminary
resulis from model runs so far shows an inerease in the stable My population with increasing dailv
average temperaturcs. This increase is scen as the optimum temperature of approximately 30°C is ap-
proached, above which flv numbers decline, When parasitism is applied to the model, stable v levels
are suppressed by up o 93% as the parasitoid population peaks. The time delay between Ty and para-
sitord population peaks corresponds o approximately the development time of immature parasitoids,
which is abouwt 30 davs,

For validation of the model, seasonal data from stables in Denmark will be used. These studies
give estimates of Iy numbers in stables where 8 camerond have been released regularly throughout
the scason and some without application of parasitoids,
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Population genetic studies of Entomophthora muscae
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Abstract: In the current projects we aim to examing the population genctic structure of Fmto-
maphtfora muscee, an insect pathogen that commonly infects house Mies (Musca domesiica),

Primers were designed 1o amplify vanable regions in proten coding genes of E. muscae, cur-
rently promising loci have been found. This will make it possible to amplily several Eniomophihora
specific sequences directly from infected flies. Single stranded conformation polymorphism (S5CP)
will be used 1o sereen the PCR products for multiple sequence tvpes and cach tvpe will subsequently
be sequenced.

Flies infected with Entemophifiora will be collected from six farms on Zealand and we hope that
this muliilocus genotvping can tell of there 15 any genetic structure in and between the six geographic
Ememaphthora populations, In addition it might also be possible to show il any recombination is tak-
ing place.
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Birch distillate efficiently repels Arionidae slugs from Chinese
cabbages

Bengt Lindgvist, Irene Viinninen, Kari Tiilikkala
Agrifood Research Finland MTT, Pla Provection, 30600 Jokioien, Fiadand

Abstract: Birch distillate 15 a side-product of burming birch wood in a patented owen svstem (o make
charcoal (Charcoal Finland Ov, Alavieska). The distillate contains about 10 000 different bioactive
subslances, many acling as natural delence against pesis and decomposers of birch trees. Preliminary
tests supgested the distillate has potential as plant protectant against thirty or so different pest organ-
izms. In laboratory tests, the distillate was highly repellent to slugs in the family Anonidac. In 20035,
two semi-ficld experiments were conducted to determing the repellent eficacy of the distillate against
Arion insitanions and A. fasciains in outdoor conditions,

Chinese cabbages were grown in plastic pots that received six treatments: 1) control (no collar
around the pot rim. no distillate); 2) no collar+distillate applicd at two weeks intervals to the outward
rim of pots in a mixture of carrier substance (30% distillate, 70% carmer); 3) like 2, but treatment in-
tervals of one week: 4) collar only (cul from a plastic plate and attached around the pot nm o protect
the distillate from rain and sun); 5) collar + distillate applied biweekiyv; and 6) collar+distillate applicd
at one weeks intervals, The experiment was a completely randomized one with four replicates per
treatment. Percentage damaged leal arca was estimated visvallv weekly, In treatments 2, 3, 3 and 6,
damage remained below 3% throughout the four-week experiment. while it reached 5% and 39% in
treatments | and 4, respectively, within the first week and was 100% after two weeks.

The expeniment was repeated over a 6,5-week penod with the same six treatments and daily
damage observations. Now weeds were eliminated from around the pots and eare was taken 1o prevent
cabbage leaves from extending Lo soil surlace 1o ensure slugs could not enter the pots from soil surlace
along plants. Distillate reapplications were stopped afler three weeks when all control plants (treat-
ments 1 and 4) died of damage. Observations in other treatments continued for 2,5 weeks after that. In
all distillate treatments, leal damage was less than 5% for 4-3 weeks, and treatment 6 was free of dam-
agze except the last observation dav, In control treatments | and 4, damage reached 100% in less than
three weeks. Thus birch disillate efficiently repels Arionidae slugs when applied as a protective bar-
rier around plantz, and the efficacy lasting as long as 3 weeks without reapplication when the distillate
is protected from rain and sun,
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The impact of transgenic plants on natural enemies: a critical review
of laboratory studies
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Abstract: We reviewed laboratory tests to study the impact of genetically modified plants on arthro-
pod natural enemies. A wial of 1% species of predators and 14 species of parasitoids have been tested,
most in a few expeniments onlv. Certam groups (braconid wasps) or species (the green lacewing,
Chrvsoperla carmea) have attracted much effort, while representatives of others. including whole or-
ders (e, Dapiera) have no species ever tested. We conclude that laboratory tests are not the "worst
case” scenarios intended by the experimental designs, and often are ecologically not realistic: they
tvpicallv provided ad fibimm feeding, no prev choice, single prev tvpe. no combination of stress fac-
tors and usually umiform temperatures. None of these are representative of feld conditions and most
could be easilv mimicked in more complex laboratory tests. [n most cases (4.3%), studies could not
indicate the level of power required to detect any impact. Small sample size and large variability arg
factors that mask all but very large differences in potential cffcets. For predators, 126 parameters were
quantified, most commonly including survival/mortality (37 cases), development time (22), and body
mass/size (200, For parasioads. 128 parameters were quantificd. the majonty involving lectins or pro-
teinase imhibitors. Most frequently fecundity (23 expeniments), adult longevity, extent of parasitism
(17 cach), body siee, mortalitv, and larval development time were measured. An aggregative scoring
(summarising all quantificd parameters) indicated that laboratory tests quantificd a remarkable number
of cases (30% for predators, 39.8% for parasitoids) where the impacts of the GM plant were signifi-
cantly negative. These involve different parameters, organisms, test methods and significance levels,
but collectively they indicate that the wse of geneticallv modified crops may result in negative effects
on natural enemics of crop pests.
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Abstract; Biological control cannol as vel seriously compele with chemical control in most crops,
either because suitable methods have not been worked oul, control agents are not available, or because
farmers do not consider that they provide rehable cnough control at an acceptable level. A notable
exception 15 the greenhouse industry, where on vegetables in particular, biological control in Europe 1s
the rule rather than exceplion. Short-lerm private benelits usually dictate at farm level which method
of pest eontrol will be used. Pest management decisions, however, do nol only provide private benelils
and cosis 1o the farmer, but also affect the society at large. Megative impacts on the socicty mainly
relate 1o pesticide usage, which involves at least two major categorics ol externalities. Firstly, human
healih can be afTecied by pesticide use, Secondly, natural ecosystems may also be at nisk, through ef-
fects on non-target organisms and subsequently on other members of the ceosyvstem via the foed chain,
Waluing these cxternalities is a difficult and complicated task. Research on the environmental and
socio-economic cosis ol pesticides has shown that the replacement of chemical pesticide ireatments by
biclogical controls would bring immense socio-cconomic benefits to the socicty: the benefits from
controlling the pests would stll acerue. but the negative externalities would disappear. The benefits
that could be accrued by the sociely from a higher degree of adoption of biological control methods
should therefore be incorporated into the decision making and support structures, which determine the
farmer's choice of pest management methods. Becanse of the benefits to the socicty associated with
the replacement of chemical pesticides by biological controls, there should be mechanisms of price
support in lavour of the biologicals, while currently this price support is in lavour of the chemical
pesticides. In addition to this bias in the pricing structure. a major obstacle in the development of eco-
nomically competitive biological control methods has been the requirement for lengthy, costly, and for
the most part, uscless registration procedure for microbial control agents, following the rules onginally
intended for chemical pesticides.

Key words: Pest management decisions, economic evaluations, externalitics, socictal costs, environ-
mental costs, biological control, greenhouse industry, protected crops, contract farming

Introduction

Biological control has many highly interesting economic and social dimensions, many of
which are hardly touched in the scientific literature. The different approaches to biological
control (Eilenberg er af,, 2001) and their applications offer many opportunities for economic
and societal analysis, but these have largely been neglecied. While some biological control
applications are attractive to big business (e g., biopesticides based on Bacilfus thuringiensis),
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and can be considered from a strictly economic point of view as any other saleable product,
many others have no commercial value at all, but can provide huge public benefits (e.g., clas-
sical biological control preventing national parks from being overrun by exofic weeds). In
some other cases biological control can save an industry after chemical pesticides have Failed,
and often biological control can be integrated into a farming system to complement the ac-
tions of other control measures (Menzler-Hokkanen, 2006). A holistic socio-economic analy-
sis of biological control would be desperately needed and would fit for example as an EL
research project; here my aim is just to initiate discussion and to illustrate the field.

Socio-economic aspects of pest management

Farm-level issues
A farmer’s choice of the pest management method is influenced by many factors. These in-

clude:
+  pest pressure at the time when crop is susceptible, and damage potential
¢ direct expense of control (e.g. price of pesticide treatment/ha)
+ indirect expenses (e.g. equipment, fuel)
= time constraints (e.g, 15 there time to carry out freatments at the night time)
« compatibility with other farm operations (e.g. weed and discase control)
¢ knowledge of factors affecting efficacy of treatment
+ expected efficacy of control treatments
s expected change in crop value as a result of pest management
o expected development of market value of the commodity (including price elasticity )
« overall economics of pest management

Sometimes the farmer does not even have a choice: if a crop is grown on a contract, the con-
tractor often determines how the crop is to be treated. In Europe this is an increasing trend,
with large wholesale chains specifying more and more precisely the quality standards for the
products which they agree to buy. Otherwise, at the farm level, the overriding factor in decid-
ing which pest management method to use is the net economic benefit from the pest manage-
ment operation (Mumford & Norton, 1984) combined with perceived reliability of the method
{avoidance of crop failure, sometimes leading to “insurance’ treatments). Although in theory
numerous control altematives exist (such as host plant resistance, cultural control methods,
etc.), the considerations as listed above currently usually lead to straightforward applications
of chemical pesticides, where the fine-tuning comes from choosing the active ingredient,
when and how to apply it and how many treatments are necessary. Overall, it has been esti-
mated that using pesticides results in improved crop revenues in the USA at the rate of about
four dollars for each dollar invested (Pimentel er af, 1997); similar data have been presented
for German agriculture (Waibel er al, 1998). For the UK, benefits at the farm level from pes-
ticide use vary greatly, being in commercial apple production about ten times greater than the
cost (Webster & Bowles, 1996), but in wheat production hardly matching them (Webster ef
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al, 1999), Similarly in Finnish cereal production the private costs of pesticide treatments are
barely recovered by the increase in crop value; indeed, in many cases a negative balance is
obtained (Kurppa, 1990},

Biological control cannot as yet seriously compete with chemical control in most crops,
either because suitable methods have not been worked out, control agents are not available or
because farmers do not consider that they provide reliable enough contrel at an acceptable
level. A notable exception is the greenhouse industry, where on vegetables in particular bio-
logical control is the rule rather than exception. Under the relatively simple, controlled condi-
tions existing in a greenhouse, biclogical control has proven to be also economically superior
to other forms of pest management and therefore has gained overwhelming farmer acceptance
and level of adoption in particular in Western Europe.

Society-wide issues

Pest management decisions do not only provide private benefits and costs to the farmer but
also affect the society at large. Benefits arise from improved farm economies and increased
output of agriculural products, affecting welfare of the farming sector. Negative impacis on
the society mainly relate to pesticide use, which involves at least two major categories of ex-
ternalities. Firstly, human health can be affected by pesticide use. Particular groups at risk
include those who apply pesticides, bystanders and the consumers of food containing pesti-
cide residues (Bowles & Webster, 1995), Secondly, natural ecosvstems may also be at risk,
through effects on non-target organisms and subsequently on other members of the ecosystem
via the food chain. Indirect effects of pesticides may reduce the biodiversity and resilience of
the ecosystem.

Valuing these externalities is a difficult and complicated task. Webster and his co-
workers have considered some of these in a series of papers analysing the economic benefits
of altemative pesticide use scenarios in the UK for wheat and apple production (e.g. Bowles
& Webster, 1995; Webster & Bowles, 1996, Webster er af , 1999), The ratio between private
and society benefits in their example on UK wheat production is illustrative: for every £1
gained by farmers in private benefits in a move from conventional to integrated farming (with
reduction in pesticide usage), there are £6 worth of benefits to the society. The authors con-
clude from this that the govermnment may have a role in the promotion of reduced pesticide
strategies. Another series of papers by Pimentel and co-workers analyse the environmental
and socie-economic costs of pesticide use in the USA (summarised by Pimentel & Greiner,
1997). They calculate that in the US these costs amount to about $3.3 billion every year
(roughly 330 per person per vear). This clearly exceeds the purchase value of all pesticides,
which is about $6.5 billion per year. Thus the real costs of applying pesticides are more than
double of that those paid by farmers and could be viewed as society subsidies to support this
form of pest management.

Replacement of chemical pesticide treatments by biological controls would therefore
bring immense socio-economic benefits 1o the society: the benefits from controlling the pests
would still accrue, but the negative externalities would disappear. Biological control methods
are not known to pose any health hazards to the application personnel, nor to the consumers
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because there are no toxic residues on the products. Negative impacts on the environment
from biclogical control treatments usually do not exist (van Lenteren et af., 2003, 2006, Hok-
kanen & Hajek, 2003}, nor any other of the socio-economic costs similar to those associated
with the use of chemical pesticides (see Pimentel & Greiner, 1997),

How to promuote biological control?

In order for the society 1o acerue the benefits from a higher degree of adoption of biological
control methods, the decision making and support structures determining the farmers” choice
of pest management methods should be influenced. Firstly, the development of new biological
control methods for situations where satisfactory solutions do not currently exist should be
strongly supported by governments, including the market entry of biological plant protection
products. Because of the benefits 1o the society associated with the replacement of chemical
pesticides by biological controls, there should be mechanisms of price support in favour of the
biologicals; currently this price support is in favour of the chemical pesticides at least via their
indirect costs to the society. To balance this out, these external costs should be incorporated
directly into the price of chemical pesticides, which would more than double in price. Because
farmers primarily make pest management decisions based on expected private benefits from
the treatments (cost vs. revenue), this distorts the choice between chemical pesticides and bio-
logical controls and results in the current overuse of chemicals. Under the current competitive
situation, biological control methods have successfully been able to replace chemical pesti-
cides only in very few cases: of the global sales of pesticides, only about 1-2% account for
biological products.

A major obstacle in the development of economically competitive biological control
methods has been the requirement in the major markets to register microbial control agents
following the rules originally intended for chemical pesticides. Many efficient microbial con-
trol agents have been developed, but they are not commercially available. Markets are usually
too small to justify the registration, which is not only costly but also time-consuming. For
example, the bacterium Psewdomonas chiororaphis for treatment against seed-bome diseases
of barley and wheat was developed by a Swedish company and submitted for registration fol-
lowing the EU directive 91/414 in January 1996, It was finally approved in April 2004 after
more than 8 years (Ehlers, 2005). These conditions cannot attract venture capital to be in-
vested into small or medium-sized companies developing biological control products. There-
fore, only large companies with interest in biclogical control products are in the position to
register microbial products that have been developed in Europe. If the access to the market
will continue to be difficult, even large companies may loose their interest in the development
of biclogical control,

Less costly regulation procedures would enhance commercialization of biological control
agents, as can be exemplified by the commercial success of invertebrate agents. Unlike mi-
crobials, these have so far been exempted from registration in most EU member states. Within
the past two decades the market for macrobials has increased from almost zero to a volume
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=100 million € wrnover per year, with the EU being a global leader in this area (Ehlers,
2005), Complete biological control systems are available to control all major pest problems in
vegetable and omamental production in greenhouses, facilitating replacement of broad-
spectrum chemical insecticides. Conditions of low regulation have produced a healthy work-
ing environment particularly for those working in protected crops and have provided sustain-
able control measures, because resistance to parasites and predators has never been observed
to develop. These benefits from the use of microbial control agents have not caused any
measurable damage to the environment so far, and hazards related to the production of insects
or mites (allergies) can be managed and aveided without major costs (Ehlers, 2005). Existing
and threatening overregulation of the biological control market in the EU also contradicts the
objectives of developing sustainable, ecologically and economically sound agriculture and
forestry management systems.

Economics of biological control

Different approaches to biological control are from the cconomic point of view completely
different. Classical biological control is an activity typically carried out by, or on behalf of,
national or regional governments and public research crganizations. In some cases interna-
tional aid agencies provide significant funding for such work. Beneficiaries from the R&D
activity involving classical introductions are to a large extent the researchers employed by the
governmental or international agencies. Several thorough economic assessments of classical
biological programmes have been carried out, indicating spectacular efficiency with a benefit-
to-cost ratio, overall, in the range of 30-40 10 1 {e.g. Cullen & Whitten, 1995, Greathead,
1995 Lubulwa & McMemman, 1998).

Conservation biclegical control usually requires public support for research and farmer
education, but at the implementation level no further government involvement is necessary
(Perkins & Garcia, 1999). Often, measures that could contribute to conservation biological
control are eligible for specific subsidies in the EUJ, Economic analyses concerning the bene-
fits and costs of establishing and operating for example beetle banks are currently not avail-
able.

Inundative biological control involves usually purchased inputs by the farmer, leading to
an expected increase in crop productivity. The inputs — biological control agents — are pro-
duced and marketed by commercial companies, although often the basic research stems from
work carried out at universities and research institutes (Tormala, 1995). This form of biologi-
cal control thus also supports private enterpnises and the associated economic activities. Mar-
kets for inundative biocontrol have changed significantly during the last decade. Their overall
share of the total plant protection market has increased from 1% to current 2%, with an annual
tumover of approximately 150 million € in 2004, and annual increase between 9 and 13%
(Frost and Sullivan, 2001
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European greenhouse industry: where biological control makes a difference

Eurcpean greenhouse industry has been able to keep and increase its competitiveness in the
domestic markets, and it has recently strongly entered also the fresh products markets in
North America. For example, in 1998 and in 1999 annually about 35,000 metric tons of fresh
tomatoes were imported into the USA from the Netherlands — about ten times more than just
five years earlier (Cantliffe & Wansickle, 2003). Productivity in European greenhouses is
nearly three-fold, and in some cases ten-fold, compared with field production in Florida,
Product quality is also generally much higher from greenhouse versus field-produced vegeta-
bles. Competitive cost structures for greenhouse production and greater product quality have
allowed producers from Holland and Spain to increase their presence in the USA markets,
creating greater demand by consumers for their produce (Cantliffe & Vansickle, 2003).

How did that happen? In my view, much of that success is 1o be credited 1o probably the
best example of well-functioning biological control, anywhere. Only a few decades ago,
greenhouse production in Europe was suffering from severe pest problems, difficult to solve
by the available chemical means. The rapid multiplication of greenhouse pests necessitated
routing spray programmes, and commaonly more than 20 sprays had to be applied to a single
cucumber crop in the UK. Under severe selection pressure, the pests quickly developed resis-
tance to one pesticide after the other. The red spider mite Ferranyvels wrticae, one of the
main pests in greenhouses, was the first to develop resistance: strains resistant to azobenzene
appeared already in 1949 (Hussey & Scopes, 1985). Besides the increasing efficacy problems,
many practical problems had to be faced. It is often necessary to make many spray treatments
in the evenings, in order 1o reduce phytotoxic damage to the plants by the pesticides due 1o
sunlight. Furthermore, many chemicals are poisonous, making it essential to operators to wear
cumbersome, protective clothing for their safety.

Biological control in the greenhouses had a modest start in the early and mid 1930s with
Encarsia formosa for whitefly control, and Phyroseinfus persimilis for spider mites towards
the end of 1960s (Hussey, 1985a), Commercial biological control in greenhouses started in
Eurcpe in 1968, with two companies supplying the natural enemies. Currently there are 26
natural enemy producers in Europe, including the three largest in the world. Two natural en-
emy species were available in 1970, but now approximately 100 species are mass-produced
and sold in Europe (van Lenteren, 2000). Progress in the uptake of the biological control
agents by the growers was extraordinanly rapid: by the end of the 1970s up to 74% of the UK
greenhouse cucumbers were produced using P. persimilis and 46% F. formosa; for tomatoes
the figures were 26% and 40% (Gould, 1985). By 1982 already 83% of cucumber growers in
Finland applied . persimilis. Currently biocontrol-based IPM is used on a large scale in all
main vegetable crops in Northern Europe, for example in the Netherlands over 90% of all
tomatoes, cucumbers and sweet peppers are produced under IPM. Worldwide, however, only
5% of greenhouse production is using biocontrol-based IPM (van Lenteren, 2000).

Cost of control is not a limiting factor in greenhouse production. For example in toma-
toes and omamentals pest control costs are only about 1-2% of the total production costs (van
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Lenteren, 2000); therefore, whatever method works best, it will be used by the growers. While
many arguments can be presented in favour of biclogical pest controls, the growers will
choose their pest management usually according to the expected short-term private benefits
(se¢ section one of this chapter). So why have greenhouse producers in Northem Europe in-
creasingly chosen to rely on biological control?

Partially the answer must lie on the overall economics of pest control. The first integrated
programmes for the greenhouse - using biocontrol — were designed to cost only half the sums
incurred in the full chemical programmes, which often involved more than 20 sprays per crop.
It turmed out that this target was far exceeded, being undoubtedly a major factor in the initially
rapid uptake of the technology. For example, the largest cucumber producer in the UK used to
pay £20,000 per vear for pesticides (without considering the application costs); this ap-
proached zero with the use of in-house produced Plyvioseinfus and Fncarsia, Perhaps the most
important result from wsing biological control is the increased crop output, which follows the
cessation of pesticide applications. Yield increases up to 25%, but usually around 10-15%
have been documented (Hussey, 1985b). Abandoning pesticides brings along numerous other
benefits. Perhaps the most important, but unquantifiable, advantage to come from biological
control was the extra time, which growers found at their disposal following its use. During the
summer months, pesticides had to be applied at the end of the normal working day to avoid
phytotoxicity. These applications were both costly and inconvenient as the operators in-
volved, while paid at overtime rates, were kept away from their normal family life and other
social activities (Hussey, 1985b). The application of toxic chemicals within greenhouses also
creates serious hazards to operators who apply them, and their substitution by completely safe
natural methods has been welcomed by both govemnments and growers. Furthermore, lack of
pesticide residues allows products to be sold at any (optimum) time, without regard to safety
periods between pesticide application and marketing. Production of “natural food™ has addi-
tionally provided growers with the possibility to increase the value of their produce by selling
pesticide-free commodities at a premium.

It appears that reliance on biological control in combination with superb scientific, tech-
nical and professional skills of all actors involved, coupled with modem infrastructure, has
created a superior greenhouse production system in Noerthern Europe, unmatched anywhere in
the world. For example, in the Netherlands, only (.5% of the agricultural land is covered with
glasshouses, but they preduce about 20%% of the total value of agricultural production in that
country {van Lenteren, 2000). In my view, such a success would not have been possible with-
out biological control. In addition, while the greenhouse environment makes only a minute
contribution to the national environment, the success of the biological approach in that system
has provided an important stimulus to its use in other systems outdoors.
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Abstract: Conservation biological control employvs the naturallv occurring beneficial organisms in the
regulation of crop pests. This is achicved by modilication of the environment or exisling praclices 1o
prodect and cnhance specific natural cnemies. In our group, several current research projects are focus-
ing on this biocontrol strategy involving insect pathogenic fungi. Knowledge of the ecology of the
natural enemics in question 15 necessary il conservation biological control strategies are 1o succeed.
Cme group of fungi in focus is aphid pathogens from Entomophthorales that can cause natural epizoot-
ics i aphid populations, One project focuses on these fungt at the molecular level for their association
with specific aphid hosts. Another praject Tocuses on performance of entomophthoralean fungi during
the winter and the fellowing carly mitiation of infections i sping. Successiul micction processes of
inscct pathogemic fungi are crucial for conservation biological control. A Ph.D. project focuses on the
infection process of the fungus Pandera necaphidis in comparison with Beawveria bassiana using
different microseopie and biochemical lechmiques. A recently completed Ph.D. project investigaied
natural occurrence of the fungus B bassiama i an orgamcally grown field and adjacent hedgerow. It
was found that the field margin habitat provided an important reservoir of K. hassiana genotypes com-
pared with the agricultural field.

Key words: Natural occurrence, Pandora neoaphidis, host specificity, winler survival, infection process,
Beanveria bassiana, genetic diversity, Entomophthorales, Hyphomyeetes

Introduction

The strategy of conservation biological control was redefined by Eilenberg ef al. (2001} as:
*Modificavion af the environment or existing praciices fo protect and enliomce specific natural
enemies or other organisms fo redice the effect of pests” . This implies that under the strategy
no natural enemies are released, but it involves the enemies that are already present in the
cropping system and/or its surroundings. One group of natural enemies that can be included in
conservation biological control of pests in agricultural fields are the insect pathogenic fungi.
In contrast to the great body of research devoted to the populations of predators and
parasitoids, limited knowledge is available about the basic ecology of these fungi in
agrosystems. Such knowledge is necessary to exploit this biocontrol strategy. We conduct
different research projecis in order to increase our understanding of specific insect pathogenic
fungi that have potential for the regulation of pests in agricultural fields in Denmark. These
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studies include natural occurrence, molecular investigations of the diversity of populations
and associations with insect hosts as well as details of the infection process.

Genotyping of aphids and their fungal pathogens

Under natural conditions fungal pathogens from Entomophthorales can cause complete sup-
pression of outbreaks in aphid populations (Nielsen ef o, 2001). Understanding natural host
ranges in the environment is important for selecting the most suitable conservation strategy.
Aphids in cereals reproduce by parthenogenesis during the summer, thus the aphid popula-
tions in the crop are composed of a mosaic of aphid clones at the time the aphid pathogenic
fungi establish in their hosts. The objective of this project is to study the association between
genotypes of the aphid hosts and the naturally occurring fungal pathogens.

Sarmpling af aphid populations

Aphids have been sampled in two constitutive years (2004 and 2005) in a single winter wheat
field from the arrival of the aphids (at the beginning of June) until the crash in the aphid popu-
lation (late July). The field was divided into 60 plots each of 20 x 20 metre. Each week two
aphids from each plot were sampled and incubated individually in small plastic cups supplied
with a wheat straw, 100 aphids were in addition sampled from a single plot in 2005, The
aphids were observed daily for fungal infection and after dispersal of conidia from fungal
cadavers; the cadavers were stored in the freezer until the DNA extraction. After a week the
surviving aphids and their progeny were also stored in the freezer until the DNA extraction,

In 2004 complete suppression of the aphid population was observed and it was primarily
caused by the fungus species Pandora neoaphidis, In 2005 the emomopathogens did not
cause a similar dramatically crash in the aphid population, the predominant fungus was forfo-
maphithora planchoniana and parasitoids were far more common than the previous year.

The host aphids, in particular the cereal aphid Sitobion avenae, were genotyped using 7
microsatellite markers (S4.X, S16b, S17b, S3.R, $3.43, 551, S10 (Wilson ef af, 2004)) 1o
investigate the association with fungus genotypes down to host clones. Preliminary results of
2004 showed a high clonal diversity of the aphids in the field, but we were not able to detect a
specific pattern of the . neoaplidis infected aphid clones.

Selected Emomophthoralean species (7 neoaphidis and L. planchoniana) are investi-
gated at the molecular level using sequence data. The ITS region of P. secapdidis from 5.
avenge and other host aphid species were sequenced and the sequences were almost identical.
Similar results were found in a recent study of P. meoapiiicds (Tymon ef al, 2005). The lack of
sequence differences in the 1TS region indicates that the isolates are closely related; however,
they can still be composed of genetically different lineages (Tvmon and Pell, 2004). £ plan-
choniana from different aphid hosts displayed some variation in the sequences of the ITS 1
and the first part of the LSU rDNA, an indication that this fungus has high host specificity.
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Winter survival of aphid pathogenic Entomophthorales

Knowledge of performance of aphid pathogenic entomophthoralean fungi during the winter
and the following early initiation of infections in spring is a prerequisite for the development
of long-term management strategies for aphid control. A new project initiated in September
20035 aims to investigate the winter survival and the mechanisms of the early initiations of
infections in spring of insect pathogenic fungi from the order Entomophthorales The project
will focus on three common aphid pathogens: P meoaphidis, F. planchoniana and Conidiobao-
fux obscurus, As test insects, two pest aphids in cereals, the English grain aphid, 5 avenae
and the bird cherry-oat aphid, Rhopalosiphum padi will be used.

In temperate regions the majority of aphid pest species are holocyclic (Dixon, 1998).
This implies that the survival of aphid pathogenic Entomophthorales 1s cntical during the
winter when most of their host insects are in the egg stage. Thus Entomophthorales that atack
aphids must survive in the environment without the original host stages for approximately six
months of the year.

Most entomophthoralean fungi produce thick-walled zygospores or azygospores, gener-
ally referred to as resting spores, to resist periods of unsuitable weather or lack of appropriate
host insects (Hajek, 1997). In contrast to most other Entomophthorales, no i vivo-produced
ZyEo- or azygospores have ever been observed for . neoaphidis (Uziel & Kenneth, 1936),

It has generally been assumed that survival structures, although formed in cadavers
above the soil, typically fall to the ground and accumulate in the soil. Soil has consequently
been considered a reservoir for several entomophthoralean fungi (Hajek & Wheeler, 1994,
Hajek er oo, 1998, Nielsen ef af, 2003). Entomophthoralean fungi have further been docu-
mented on plant material such as the bark of trees and damp wood (Keller, 1987, Steinkraus
& Kramer, 1989, Feng ef af., 1992; Hajek ef al,, 1998; C. Nielsen, unpublished.). Neverthe-
less, the environment for survival is still unknown for the aphid pathogenic entomopthoralean
fungi. This is mainly due to the fact that the morphology of the survival structures is not al-
ways known and, if known, the survival structures are difficult to recognise in a complex soil
substrate and on plant material. Furthermore, the exact requirements for initiation of germina-
tion and conidiation have not been completely elucidated making biocassays (measuring the
mortality of insects) of environmental samples incomplete. Development of DNA isolation
techniques followed by specific PCR amplification of target DNA will thus provide a unique
method for detection of entomophthoralean fungi without prior knowledge of the require-
ments for initiation of germination or recognition of the survival structures in complex media.

Specifically, the following hypotheses will be tested in the project;
* Sol and/or bark are important sources of inoculum for aphid pathogenic ento-
mophthoralean fungi.
*  Factors activating the germination of overwintering entomophthoralean inoculum are
specific to fungal species.
* Specialized thick walled conidia constitute one possible survival stage for P meoapli-
iclis,
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Infection processes of insect pathogenic fungi

Microscopy studies

Successful infection processes of insect pathogenic fungi are crucial for the development of
epizootics in insect pest populations and are thus important to understand for implementation
of conservation biological control strategies. The infection processes of insect pathogenic
fungi in the Hypocreales, Ascomyeota (for example Metarhizitm anisoplice and Beanveria
hassiomea) are well studied (e.g. Butt er af, 1995; Schreiter ef af, 1994), whereas the ento-
mophthoralean fungi have received comparatively little attention (e.g. Magalhaes ef af,
1989). A Ph.D. project focuses on the infection process of the fungus P neoaphidis in com-
panson with 8 bassiaina. The infection process for the fungi are studied both visually, using
different microscopic techniques, and biochemically by investigating cuticle degrading en-
zymes and their properties,

The objective of the microscopy study is to visualize and elucidate the infection process,
especially penetration and colonization, of aphids by B bassiana and P meoaphicis, using
primarily Confocal Laser Scanning Microscopy (CLSM). The material making up the arthro-
pod exoskeleton has autofluorescent properties and can easily be excited by ultraviclet or
visible light (Klaus ef af., 2003). In our preliminary investigations, using CLSM, we found
that the exoskeleton of the English grain aphid 8. avenae is indeed autofluorescent and is ex-
cited by ultraviolet light. Stacks of optical slices can be reconstructed into 3D objects over
time, visualizing the infection process of aphids by selected isolates of B. bassiana and P
neoagdridis, To make this possible it is crucial that the entomopathogens are also visible in
CLSM at the same time. Staining of the fungi is an option and was investigated using cfda
{carboxy fluoresin di-acetate), Nile Red, Calcofluor white and Syto-13. So far, good images
have been obtained using Nile Red and Calcofluor white M2R, which stained the lipids and [3-
polysaccharides, respectively. Caleofluor white: excitation at 351 and 364 nm, emission re-
corded at 400-500 nm; Nile Red: excitation at 343 nm, emission recorded at 580-620 nm.

There are often difficulties with staining fungi properly, such as fading of the probe over
time when exposed to excitation light. Furthermore, there can be problems in getting the stain
deep into the tissue of the specimen. Transformation of the fungus with a fluorescent protein,
sich as the green Nuorescent protein (gfr) could be a solution to the above-mentioned prob-
lems regarding fungal staining (Lorang er ad, 2001). We will comtinue our work with CLSM,
staining and gfp-tagging of fungi to hopefully obtain 3D registration of the infection processes
by insect pathogenic fungi in aphids in sife.

Enzyme assays

The key steps in the infection process are adhesion, germination, differentiation and penetra-
tion. The latter requires the use of cuticle-degrading enzymes and mechanical force. OF the
cuticle degrading enzymes in the hypocrealean fungi, the subtilisin Prl has been shown to be
an important virulence determinant (Butt ef af., 1998). Prl like enzymes are widely distrib-
uted and are important pathogenicity-related enzymes of other invertebrate pathogens (Butt ef
al, 1998). We aim to study the infection processes of . neoapfidis biochemically by identi-
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fying and characterising the enzymes involved. Examples of questions that will be addressed
in the future research are;
= What is the virulence of different . neoaphicis strains?
= Does P, neoaplidis possess the same cuticle-degrading enzymes as hypocrealean
fungi?
* s the regulation of cuticle-degrading enzymes produced by F. meoaphidis under
induction, derepression or repression control?

Hypocrealean entomopathogenic fungi in agricultural fields and hedgerows

Entomopathogenic fungi belonging to the order Hypocreales in the Ascomycota include spe-
cies that have long been investigated for their biological control potential using inoculation
and inundation biocontrol strategies. Many of these species occur naturally in the soil envi-
ronment and as natural infections in most groups of insects in Denmark. They are thus poten-
tial candidates as conservation biological control agents. However, limited knowledge is cur-
rently available of their ecology in agricultural system, which is a prerequisite for future ex-
ploitation using the conservation strategy.

A recent PhD project focused on the natural occurrence of this group of fungi in a single
organically farmed field (Bakkegirden) and its adjacent hedgerow in Denmark (Meyling,
2005). The study documented that the fungus species B Sassiang was common in the soil
environment of both agricultural field and hedgerow. However, the fungus Paecilonyees fir-
masorosens was dominating in the hedgerow soil and was almost absent from field soil. The
distribution of B. bassiana in the agricultural field soil was clumped and it appeared to be
correlated with the cropping system (Meyling, 2005). This observation establishes some in-
teresting hypotheses about how crops affect the occurrence of entmopathogenic fungi in the
soil. Furthermore, B, bassiong was isolated for the first time from leaf surfaces of plants in the
hedgerow (Meyling & Eilenberg, in press). lsolates obtained from phylloplanes were of dif-
ferent genotypes and in general the hedgerow habitat harboured many different genetic groups
of B bassiana, In contrast, isolates from the agriculral field soil all belonged 1o a single
genetic group. This suggests that specific factors in agricultural fields select for certain geno-
tvpes of B bassiana, Hedgerows constitute thus a valuable reservoir of genetic diversity of A
hessiconr in agricultural landscapes (Meyling, 2005).

The project showed that there is a potential for the inclusion of hypocrealean entomopa-
thogenic fungi, particularly 8. bassigna, in conservation biclogical control strategies. How-
ever, the knowledge of factors that determine the observed occurrences needs to be estab-
lished further in the future. We continue to study these systems in a new project funded by
FOIO L
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Phytophagous insects associated with Giant Hogweed: Potential for
biological control in Europe?

C. Nielsen, H.P. Ravn
The Rewal Veterinary and Agricnltwral University, Forest and Lavdseape Denmark, Hers-
freafe Kewgevey L1, DE-2970 Horsfrolm, Denmark

Abstract: Giant Hogweed, Heraclerm mantegazsionum Sommier & Levier (Apiaceac), 15 an invasive
weed in Europe and has spread rapidly during the last decades. The plant i= native to the Caucasus,
South-West Asia, where il oceurs in forest edges and meadows, or al stream sides in montane arcas.
Strikingly impressive in size and height, A mantegozziamune was brought to Evropean botanical gar-
dens as an omamental in the late 19" century, Due 1o a high competitive ability and a large seed pro-
duction the plant has established in many countrics of Europe. especially in Central Europe., where
river banks, damp places and wasle grounds represent tvpically habitats.

Omee established, H. mantegazzianum can become the dominant vegetation forming monospeci-
fic stands. which may reduce biodiversity and degrade habitat quality. Another main reason to control
the plant is the health hazard to humans. The reaction of human skin o contact with plant sap and
subsequent sun exposure causes severe blistenng followed by postinflammatory by perpigmentation.

The need for sustainable solutions to stop further spread and prevent future invasions led to the
initiation of the EU funded “Giant Alien Project”. The overall objeetive was 1o develop an integrated
management strategy that comprises effective, practicable and sustainable means of controlling Giant
Hogweed. Biological control mayv act as component of an integrated approach to prevent the spread off
the plant, and herbivorous insect species associated with . mantegazzianum have been sought in the
invaded area of Europe as well as in the area of onigin in the North Western Caucasus,

The results of ficld surveys revealed more than 160 inseet herbivores on M. mantegazzianm,
however, the majorily of these insects fed poly phagously on the plant. A total of 40 inseet herbivores
were oligophagous or monophagous insect herbivores, Especially sap suckers such as aphids {Aphidi-
dae: Cavariella sp.) and plant bugs (Mindac: Crthops sp.) were found in high abundances but without
sufficient damage to reduce plant vigour. Due to the high fecundity and large roots that allow early
and rapid growth of everwinlering planis, the best candidates for biological coniral are Mower or rood
feeding species that mav reduce sced production or deplete encrgy resources stored in the root,
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Screening for antagonistic microorganisms for Venturia inaequalis
control by means of DGGE community analysis

Arjen Speksnijder, Carin Lombaers-van der Plas, Jiirgen Kihl
Plant Research Iternational, PO Boe 16, 6700 A4 Wageningen, The Netherlanls

Abstract: Veninria inoegualis causes apple scab. The control of the disease in organic apple produc-
tion depends on the use of copper, which will be restricted in future for environmental reasons. Sur-
vival of Vensria on [allen leaves durning winter resulls in earrvover of the disease Lo the next growing
Sea50n,

In a field experiment different treatments were applicd to the leaves in autumn with the goal to
reduce apple scab incidence in the spring. The hypothesis is 1o stimulate microorganisms in the leaves,
which interfere with the pathogen myeclium duning saprophytic expansion of the stroma in the autumn
after leave fall. This may result in a reduction of initials of overwinlering pscudothecia and conse-
quently of sexually produced ascospores in spring.

In the search for environmental fmendly microbial biocontrol agents and stimulation of antagoms-

tic populations i site, conventional screenings techmaues are based on isolation and antagomistic test-
ing. But molecular techniques like DGGE fingerprinting allows to byvpass culturing techniques and
even can identify not vet culturable organisms,
DGGE ingerpriniing s applied (o leal’ samples in autumn o characiense microbal communities,
Multivariant analvsis of data on microbial fingerprints and on pathogen development in the leaf sam-
ples duning winter and spring is applied to identify populations with antagonistic potential. Such po-
tential antagonistic organisms are further identified by their specific DNA sequence.

Preliminary results identifv possible antagonists. The identification based on the sequence can
help to focus on specific isolation or stimulation of a possible antagonist.
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The influence of natal host and learning on later host preference of
Spalangia cameroni (Hymenoptera: Pteromalidae)

AM. Torp', H. Skovgird', H. Phillipsen®

'Department of Integrated Pest Management, Danish Pest Infestation Laboratory, Danish
Tustitite of Agricwlivral Sciences, Skovbrymer 14, DR-28000 Kgs. Lywnghy,  Denmark;
“Deparmment of Ecology, Section of Zoology, The Royal Veterinary and Agricultvral Univer-
sity, DR-187 1 Frederiksherg C, Denmark

Abstract: The pupal parasitoid Spalangia cameroni is used in Denmark as a biocontrol agent against
the stable flv, Stomoxys cofctirans (Lo) and the house (v, Musca domesiica L. in conflined dairy cattle
and swine installations with straw beddings. Because of low production costs the parasitoid 1s reared
on pupae of the “black dump v Hvdrotaea aenescens instcad of house v pupac. This has led to
speculations whether Geld released 5 cameroni reared on Black dump vy pupae have similar control
¢lMect had they been cultured on house My or stable Ny pupac mstead.

Present study aims to examing whether the natal host influences on the female parasitoid later
host preference/choice. This includes newly emerged female parasitonds, which 15 assumed o have
gain little experience on natal host and females that have parasitized for several days on natal host and
therefore are regarded as expenienced. Furthermore, the female parasitoids were given a choice be-
tween one or more host species.

In both the “choice” (more hosts) and the ‘no chowce” (one host) inals 5 cameront did not distin-
guish between the pupal hosts whatever the parasitoid had gain experience on natal host or not. How-
ever, in the ‘no choice” experiment parasitism by the un-expericnced parasitoids was higher than the
experienced ones whereas in the “choice” expenment this picture could only be observed when 5
cameront had black dump flv as natal host. There was no difference in the sex ratio whether & cam-
eroni was reared on house flv or black dump fiv pupac or the parasitoid was cxpericnced or un-
experienced.

Overall monality (parasitism and host feeding combined) of the un-expenenced 5 canrerond in
the “choice” and the ‘no-choice’ tnals was significantly higher (74% and 62%) than for the expen-
enced ones (38% and 47%), respectively. Finally, the mortality of house Ty pupac attained the highest
level (705 and 64%) irrespective the expenience level of 5 camerons or if the parasitoid were un-
experienced or had a “choice” or ‘no choice’. In contrast, black dump flv had the lowest parasitism
level (60% and 4%%), which again was independent of experience or if the female parasitord had a
choice or nod.

Present study has shown that reaning 50 cameroni on the black dump flv or house flv pupac seems
to have little influence on the later performance of this parasitoid in ficld populations of house flv or
stable My,
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Microbial activity for a sound environment - Results from bacterial
inoculations in potatoes and vegetables

M. Wikstrim', M. Hokeberg’, J. Fatehi’, B. Gerhardson®, C. Welch®
'Findus R&D AB, P.0). Box 530, §-267 25 Bjnv, Sweden; ~The MASE laboratories, P.O. Box
148, 5=-T31 04 Uppsala, Sweden

Abstract: The aim of the research carried out within the MASE-programme - Microbial Activities for
a Sound Environment - 15 to supply background knowledge that will facilitate development and use of
microbial based products in food and feed production. MASE, like the sister programme DOM - Do-
mestication of Microorganisms — aiming al accumulating knowledge and support to the biotechnology
industry regarding the fermentation, formulation and safety assessment of "non-conventional™ micro-
organisms, both have the Swedish Foundation for Stratcgic Environmental Rescarch — MISTRA - as a
main funder. The MASE research activities are carmied out in close collaboration with industrial pant-
ners and are locusing on six main areas: environmentally sound production of vegetables, polatoes,
golf courses, cercals, sugar beets, and on biopreservation of food and feed with the use of microorzan-
1SS,

Field experimental rescarch within the MASE vegetable and potate projects, were performed
mainly in the south of Sweden and in Spain. Between two and cight bacterial isolates were fermented
and inoculated to seeds, wbers or roots in 42 full scale ficld experiments during 2004 and 2005, Seed
incculations were performed in spinach, carrols, dill and peas. Root incculations were performed in
iccbere lettuce, broccoli, cabbage, kale, swedes, peppers and tomato. The treated plants in most of
these tested crops showed more enhanced emergence and a more rapid growth than uninoculated con-
trols. Since a rapid emergence ofien meant an advantage over diseases and weeds, this also ofien led (o
sigmificant vield increases. The obtamned vield increases could be explained either by direct plant
growth promotion and/or bv biclogical control of discases. Based on the results oblained we see a
good potential for uiilising the iested bacieria in practical plant production. The fact that some of the
bacterial 1solates regularly induced 2 positive effect in several of the tested crops, also point 1o good
cconomic possibilitics and commercial potential for developing these as product ingredients, How-
ever, unpredictable factors here are costs for registration and for large scale commercial production,
factors that are presently rescarched within the sister DOM-programme in collaboration with industrial
Partners.
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The effect of two release methods on parasitism by Spalangia
cameroni on house flies on Norwegian pig farms

Hivard Gyrehagen, Tone Birkemoe
Norwegran Institite of Public Health, Deparmment of Pest Control, PLO. Box 4404 Nyelalen,
NO-0403 Osle, Nerway

Abstract: The present study tested whether the method of release of wasps had any effect on the rate
of house flv pupae parasitism. We vsed two methods of release: 1) sprinkling of wasps in the pens as
the producer recommended. and 2) release of wasps from protected plastic wbes above the pens. Para-
sitism was monitored by use of sentinel pupac one week prior o and four weeks afler wasp release,
The highest rate of parasitism on house Mies was found after 2 weeks, reaching almost 23% of the wotal
number. The parasitism decreased during week 3 but remained at valwes around 15% in week 4. There
was no significant dilference i parasitism belween the two treatments, However, the data indicate that
sprinkling may increase parasitism the first week afier release relative o release from wbes, whereas
release from the wbes may contribute o wasps being active for a longer ume period.

Key words: Biological control, house flies. hvmenopiera, parasitoid, release method, wasp

Introduction

An ongoing project in Norway is testing the parasitoid wasp Spadangioa camerand for control
of houseflies Musca domesiica on pig farms by use of imported wasps from Denmark. The
wasps arrive from the producer in small boxes. Some of the wasps are already hatched from
the pupae, while others are siill inside the fly pupae in the boxes. The Danish producer rec-
ommends sprinkling of wasps in the pens. However, we experienced that the pigs (especially
piglets) ate the wasps that were sprinkled in this manner. Furthermore, with a daily cleaning
of the pens many wasps would be lost, especially those not yet hatched from the fly pupae

The aim of the present study was, therefore, 10 test whether the method of release had
any effect on the survival of wasps and the rate of parasitism.

Materials and methods

The test was carried out in two separate periods in 2005, one from May to June and the other
from August to September (spring and autumn). In the present study a group of 5-6 pens with
sows and piglets were used as a test unit (repetition) for each release method. On two of the
farms we had only one repetition, on the two others we had two and three repetitions. We
used two methods of release: 1) sprinkling of wasps in the pens as the producer
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recommended, and 2) release of wasps from protected plastic tubes above the pens, Parasitism
was monitored by use of sentinel pupae one week prior to and four weeks after wasp release,
The sentinel pupae were also placed in plastic tubes, perforated and tied to the interior of the
gutters and on the outside of the pens where the farmers scraped the manure out. We had 15
test units, wasps were sprinkled in 8 and released from tubes in 7. These were localized on six
different farms where pigs were kept on a shallow layer of bedding. Sentinel pupae were
changed once a week and, after collection, kept in a climate chamber for wasps to hatch,
Those still not hatched were dissected and checked for parasitism. Only preliminary data from
the spring period {May to June) are presented.

Results and discussion

No parasitic wasp species were found prior to the release of 5. camerani on any of the farms
{Figure 1). The highest rate of parasitism on house flies was found after 2 weeks, reaching
almost 25% of the total number. The parasitism decreased during week 3 but remained at val-
ues around 15% in week 4,

Oreieass fom tubes
W ieinans By spfniking

Parisitism of Spatingis camerani on Bouse flies

Praoi i ek 1 ek 1 ek et 4
Tkt

Timg snce release

Figure 1. Parasitism (mean = SE) of 5 camerami on sentinel pupae of house fMies following
wasp release by sprinkling and use of tubes hanging from the roof

There was no significant difference in parasitism between the two treatments (Anova test be-
tween treatments Fya =031, P = 0.58) (Figure 2).

However, the mean difference in parasitism afier one week indicates a higher initial para-
sitism when the wasps were sprinkled out compared with the release from tubes. Also, it may
look like the wasps were active longer when they were released from tubes, as this treatment
showed a slightly higher parasitism after four weeks compared with the sprinkling method.
This can reflect the distance the wasps had to fly from the release point and that they are using
longer time to localize the fly pupae. The method of releasing wasps from tubes could have



resulted in wasps being released from a too concentrated release point as it is reported by
Skovgird (2002) that these wasps have only a limited ability of dispersal.

releans nom Tubes Fesaare By Sprinking

Figure 2. Mean parasitism in the two treatments following release of 8. cameroni.

There was no overall significant difference in parasitism between the two release methods;
release of wasps from tubes or sprinkling out in pens. However, the data indicate that sprin-
kling may increase parasitism the first week afier release relative to release from tubes,
whereas release from the tubes may contribute to wasps being active for a longer time period,
When the results from the autumn are analysed and included, we hopefully will get better and
clearer results,
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Summary

This publication contains proceedings of the International Workshop
on “Implementation of Biocontrol in Temperate Regions in Practice

— Present and Near Future” held at Research Centre Flakkebjerg, Den-
mark on November 1 to 3, 2005, initiated by the Danish Centre for
Biological Control, and arranged by the Department of Integrated Pest
Management, Danish Institute of Agricultural Sciences. The workshop
dealt with practical application of biological control of pests (i.e. plant
diseases, weeds, arthropods, mammals and endoparasites) in a wide
range of areas: field crops, greenhouses, forestry, animal husbandry
and stored products, and was attended by 80 participants from 10
countries, mostly from Northern Europe.

Plant production Horticulture

Gron Viden is issued in separate horticulture, plant production and livestock
farming series. For more information on our publications please visit our
website www.agrsci.dk



