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Over the past 50 years, crop protection has relied heavily on synthetic chemical pesticides, but their
availability is now declining as a result of new legislation and the evolution of resistance in pest
populations. Therefore, alternative pest management tactics are needed. Biopesticides are pest man-
agement agents based on living micro-organisms or natural products. They have proven potential
for pest management and they are being used across the world. However, they are regulated by sys-
tems designed originally for chemical pesticides that have created market entry barriers by imposing
burdensome costs on the biopesticide industry. There are also significant technical barriers to
making biopesticides more effective. In the European Union, a greater emphasis on Integrated
Pest Management (IPM) as part of agricultural policy may lead to innovations in the way that bio-
pesticides are regulated. There are also new opportunities for developing biopesticides in IPM by
combining ecological science with post-genomics technologies. The new biopesticide products
that will result from this research will bring with them new regulatory and economic challenges
that must be addressed through joint working between social and natural scientists, policy
makers and industry.
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1. INTRODUCTION
In this paper, we discuss the challenges and opportu-
nities for Integrated Pest Management (IPM) in the
developed economies, with emphasis on the European
Union (EU). We focus on a set of crop protection tools
known as biopesticides. We are concerned in particular
with understanding the factors that hinder or facilitate
the commercialization and use of new biopesticide
products.

Over the next 20 years, crop production will have to
increase significantly to meet the needs of a rising
human population. This has to be done without dama-
ging the other public goods—environment and
social—that farming brings. There will be no ‘silver
bullet’ solution to the impending food production
challenge. Rather, a series of innovations must be
developed to meet the different needs of farmers
according to their local circumstances (see, for
example, [1]).

One way to increase food availability is to improve
the management of pests. There are estimated to be
around 67 000 different crop pest species—including
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plant pathogens, weeds, invertebrates and some ver-
tebrate species—and together they cause about a 40
per cent reduction in the world’s crop yield [2]. Crop
losses caused by pests undermine food security along-
side other constraints, such as inclement weather,
poor soils and farmers’ limited access to technical
knowledge [3].

Since the 1960s, pest management in the industrial-
ized countries has been based around the intensive use
of synthetic chemical pesticides. Alongside advances in
plant varieties, mechanization, irrigation and crop
nutrition, they have helped increase crop yields by
nearly 70 per cent in Europe and 100 per cent in the
USA [4]. However, the use of synthetic pesticides is
becoming significantly more difficult owing to a
number of interacting factors:
— The injudicious use of broad-spectrum pesticides
can damage human health and the environment
[5,6]. Some of the ‘older’ chemical compounds
have caused serious health problems in agricultural
workers and others because of inadequate controls
during manufacture, handling and application.

— Excessive and injudicious prophylactic use of pesti-
cides can result in management failure through pest
resurgence, secondary pest problems or the devel-
opment of heritable resistance [7]. Worldwide,
This journal is q 2011 The Royal Society
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over 500 species of arthropod pests have resistance
to one or more insecticides [8], while there are
close to 200 species of herbicide-resistant weeds [9].

— Pesticide products based on ‘old’ chemistry are
being withdrawn because of new health and
safety legislation [10,11]. However, the rate at
which new, safer chemicals are being made avail-
able is very low. This is caused by a fall in the
discovery rate of new active molecules and the
increasing costs of registration [12].

— Further pressures on pesticide use arise from con-
cerns expressed by consumers and pressure groups
about the safety of pesticide residues in food. These
concerns are voiced despite the fact that pesticides
are among the most heavily regulated of all chemicals.

2. INTEGRATED PEST MANAGEMENT
There is an urgent requirement for alternative tactics
to help make crop protection more sustainable.
Many experts promote IPM as the best way forward,
and the EU has placed it centrally within its 2009 Sus-
tainable Use Directive on pesticides [13]. IPM is a
systems approach that combines different crop protec-
tion practices with careful monitoring of pests and
their natural enemies [14,15]. The idea behind IPM
is that combining different practices together over-
comes the shortcomings of individual practices. The
aim is not to eradicate pest populations but rather to
manage them below levels that cause economic
damage. The main IPM tactics include:

— Synthetic chemical pesticides that have high levels
of selectivity and are classed by regulators as low-
risk compounds, such as synthetic insect growth
regulators.

— Crop cultivars bred with total or partial pest
resistance.

— Cultivation practices, such as crop rotation, inter-
cropping or undersowing.

— Physical methods, such as mechanical weeders.
— Natural products, such as semiochemicals or bioci-

dal plant extracts.
— Biological control with natural enemies, including:

predatory insects and mites, parasitoids, parasites
and microbial pathogens used against invertebrate
pests; microbial antagonists of plant pathogens
and microbial pathogens of weeds.

— Decision support tools to inform farmers when it is
economically beneficial to apply pesticides and
other controls. These include the calculation of
economic action thresholds, phenological models
that forecast the timing of pest activity, and basic
pest scouting. These tools can be used to move
pesticide use away from routine calendar spraying
to a supervised or targeted programme.

IPM can be done to different levels of sophistication.
Prokopy [16] outlines four levels: the basic level 1
combines different tactics against one pest on one
crop; whereas the highest level 4 embraces all pests
and crops on the farm within an overall Integrated
Crop Management system that involves members of
the broad policy network (extension services, industry,
Phil. Trans. R. Soc. B (2011)
retailers, regulators) and takes account of the social,
cultural and ecological context of farming.

An analysis of 62 IPM research and development
projects in 26 countries, covering over 5 million farm
households, showed that IPM leads to substantial
reductions in pesticide applications [4]. Over
60 per cent of the projects resulted in both a reduction
in pesticide use (average reduction 75%) and an increase
in yields (average increase 40%). Approximately 20 per
cent of projects resulted in lowered pesticide use (average
60% reduction) with a slight loss in yield (average 5%
reduction) [4]. Some 15 per cent of projects showed
an increase of yield (average 45% increase) with
increased pesticide use (average 20% increase); these
were mainly conservation farming projects that incor-
porated zero tillage and therefore made greater use of
herbicides for weed control. The published evidence
on the use of IPM by farmers outside of R&D projects
is somewhat thin. For outdoor crops, IPM is based
around targeted pesticide use, choice of cultivar and
crop rotations. From a survey of 571 arable and mixed
farms in the UK, Bailey et al. [17] recorded reasonable
levels of adoption of good pesticide practice, including
use of seed treatments (ca 70% adoption) and rotating
pesticide classes (ca 55% adoption), as well as good agro-
nomic practice such as crop rotation (75% adoption).
However, adoption of more ‘biologically based’ IPM tac-
tics was low, such as insect pheromones for pest
monitoring (20%) and introducing arthropod predators
for biological control (7%).

In contrast, biological control plays a central role in
the production of many greenhouse crops. Pesticide
resistance evolved in some key greenhouse pests as long
ago as the 1960s, prompting the development of alterna-
tive methods of management. The pressure to reduce
insecticide usage was reinforced by the adoption of
bumble-bees within greenhouses for pollination. Some
highly effective IPM programmes are now in place,
based around the biocontrol of insect and mite pests
using combinations of predators, parasitoids, parasitic
nematodes and entomopathogens. Short-persistence
pesticides are used on an at-need basis if they are compa-
tible with biological control. Pest management strategies
are also determined through a close interaction between
growers, consultants, biocontrol companies and retai-
lers. In Europe, IPM based around biological control is
used on over 90 per cent of greenhouse tomato, cucum-
ber and sweet pepper production in The Netherlands
[18] and is standard practice for greenhouse crops in
the UK. In Almeria, Spain, the area under biocontrol-
based IPM has increased from just 250 ha in 2005
to around 7000 ha in 2008, while the proportion of
the Dutch chrysanthemum crop grown under IPM
increased from just 1 per cent in 2002 to 80 per cent in
2007 (R. GreatRex 2009, personal communication).
This use of biological control requires considerable
grower knowledge, but it has clear benefits in terms of
reliable pest control, lack of phytotoxicity, a short harvest
interval and better crop quality.
3. BIOPESTICIDES
Biopesticides are a particular group of crop protection
tools used in IPM. There is no formally agreed
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definition of a biopesticide. We define a biopesticide as a
mass-produced agent manufactured from a living micro-
organism or a natural product and sold for the control of
plant pests (this definition encompasses most entities
classed as biopesticideswithin the Organisation for Econ-
omic Cooperation and Development (OECD) countries,
see, for example, [19]). Examples of some biopesticides
are given in table 1. Biopesticides fall into three different
types according to the active substance: (i) micro-
organisms; (ii) biochemicals; and (iii) semiochemicals.
The US Environmental Protection Agency also classes
some transgenes as biopesticides (see §6).
(a) Microbial biopesticides

Bacteria, fungi, oomycetes, viruses and protozoa are all
being used for the biological control of pestiferous insects,
plant pathogens and weeds. The most widely used
microbial biopesticide is the insect pathogenic bacterium
Bacillus thuringiensis (Bt), which produces a protein crys-
tal (the Bt d-endotoxin) during bacterial spore formation
that is capable of causing lysis of gut cellswhen consumed
by susceptible insects [20]. The d-endotoxin is host
specific and can cause host death within 48 h [21,22].
It does not harm vertebrates and is safe to people, ben-
eficial organisms and the environment [23]. Microbial
Bt biopesticides consist of bacterial spores and d-endo-
toxin crystals mass-produced in fermentation tanks and
formulated as a sprayable product. Bt sprays are a grow-
ing tactic for pest management on fruit and vegetable
crops where their high level of selectivity and safety are
considered desirable, and where resistance to synthetic
chemical insecticides is a problem [24]. Bt sprays have
also been used on broad-acre crops such as maize, soya
bean and cotton, but in recent years these have been
superseded by Bt transgenic crop varieties.

Other microbial insecticides include products based
on entomopathogenic baculoviruses and fungi. In the
USA and Europe, the Cydia pomonella granulovirus
(CpGV) is used as an inundative biopesticide against cod-
ling moth on apples. In Washington State, the USA’s
biggest apple producer, it is used on 13 per cent of the
apple crop [25]. In Brazil, the nucleopolyhedrovirus of
the soya bean caterpillar Anticarsia gemmatalis was used
on up to 4 million ha (approximately 35%) of the soya
bean crop in the mid-1990s [26]. At least 170 different
biopesticide products based on entomopathogenic fungi
have been developed for use against at least five insect
and acarine orders in glasshouse crops, fruit and field veg-
etables as well as broad-acre crops, with about half of all
products coming from Central and South America
[27]. The majority of products are based on the ascomy-
cetes Beauveria bassiana or Metarhizium anisopliae. The
largest single country of use is Brazil, where commercial
biopesticides based on M. anisopliae are used against
spittlebugs on around 750 000 ha of sugarcane and
250 000 ha of grassland annually [28]. The fungus has
also been developed for the control of locust and grass-
hopper pests in Africa and Australia [29] and is
recommended by the Food and Agriculture Organization
of the United Nations (FAO) for locust management [30].

Microbial biopesticides used against plant patho-
gens include Trichoderma harzianum, which is an
antagonist of Rhizoctonia, Pythium, Fusarium and
Phil. Trans. R. Soc. B (2011)
other soil-borne pathogens [31]. Coniothyrium minitans
is a mycoparasite applied against Sclerotinia sclerotiorum,
an important disease of many agricultural and horticul-
tural crops [32]. The K84 strain of Agrobacterium
radiobacter is used to control crown gall (Agrobacterium
tumefaciens),while specific strains of Bacillus subtilis, Pseu-
domonas fluorescens and Pseudomonas aureofaciens are
being used against a range of plant pathogens including
damping-off and soft rots [33–36]. Microbial antagon-
ists, including yeasts, filamentous fungi and bacteria,
are also used as control agents of post-harvest diseases,
mainly against Botrytis and Penicillium in fruits and
vegetables [37].

Plant pathogens are being used as microbial herbi-
cides. No products are currently available in Europe.
Two products, ‘Collego’ (Colletotrichum gloeosporioides)
and ‘DeVine’ (Phytophthora palmivora) have been used
in the USA [38]. Collego is a bioherbicide of northern
jointvetch in soya beans and rice that was sold from
1982 to 2003 [39]. DeVine is used in Florida citrus
groves against the alien invasive weed stranglervine.
It provides 95–100% control for about a year after
application [39,40].
(b) Biochemicals

Plants produce a wide variety of secondary metabolites
that deter herbivores from feeding on them. Some of
these can be used as biopesticides. They include, for
example, pyrethrins, which are fast-acting insecticidal
compounds produced by Chrysanthemum cinerariaefo-
lium [41]. They have low mammalian toxicity but
degrade rapidly after application. This short persistence
prompted the development of synthetic pyrethrins (pyr-
ethroids). The most widely used botanical compound
is neem oil, an insecticidal chemical extracted from
seeds of Azadirachta indica [42].

Two highly active pesticides are available based on
secondary metabolites synthesized by soil actinomycetes.
They fall within our definition of a biopesticide but they
have been evaluated by regulatory authorities as if they
were synthetic chemical pesticides. Spinosad is a mixture
of two macrolide compounds from Saccharopolyspora spi-
nosa [43]. It has a very low mammalian toxicity and
residues degrade rapidly in the field. Farmers and
growers used it widely following its introduction in
1997 but resistance has already developed in some
important pests such as western flower thrips [44]. Aba-
mectin is a macrocyclic lactone compound produced by
Streptomyces avermitilis [45]. It is active against a range of
pest species but resistance has developed to it also, for
example, in tetranychid mites [46].
(c) Semiochemicals

A semiochemical is a chemical signal produced by one
organism that causes a behavioural change in an indi-
vidual of the same or a different species. The most
widely used semiochemicals for crop protection are
insect sex pheromones, some of which can now be syn-
thesized and are used for monitoring or pest control by
mass trapping [47], lure-and-kill systems [48] and
mating disruption. Worldwide, mating disruption is
used on over 660 000 ha and has been particularly
useful in orchard crops [49].
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Biopesticides have a range of attractive properties
that make them good components of IPM. Most
are selective, produce little or no toxic residue, and
development costs are significantly lower than those
of conventional synthetic chemical pesticides [8].
Microbial biopesticides can reproduce on or in close
vicinity to the target pest, giving an element of self-
perpetuating control. Biopesticides can be applied
with farmers’ existing spray equipment and many are
suitable for local scale production. The disadvantages
of biopesticides include a slower rate of kill compa-
red with conventional chemical pesticides, shorter
persistence in the environment and susceptibility to
unfavourable environmental conditions. Because
most biopesticides are not as efficacious as convention-
al chemical pesticides, they are not suited for use as
stand-alone treatments. However, their selectivity
and safety mean that they can contribute meaningfully
to incremental improvements in pest control [50]. A
good example is the entomopathogenic fungus
B. bassiana, which is being used in combination with
invertebrate predators against two-spotted spider
mites on greenhouse crops [51]. Spider mites are rou-
tinely managed using regular releases of predators, but
there are often periods in the season when control
breaks down. In the past, growers relied on conven-
tional pesticides as a supplementary treatment but
this has become ineffective because of pesticide resist-
ance and it can have knock-on effects on other insect
natural enemies. Beauveria bassiana is effective against
spider mites, has a short harvest interval, and is com-
patible with the use of predators [51]. So it works
well as an IPM component and is now the recom-
mended supplementary treatment for spider mite on
greenhouse crops across Europe.
4. BIOPESTICIDE COMMERCIALIZATION
Worldwide there are about 1400 biopesticide products
being sold [52]. At present, there are 68 biopesticide
active substances registered in the EU and 202 in the
USA. The EU biopesticides consist of 34 microbials,
11 biochemicals and 23 semiochemicals [53], while
the USA portfolio comprises 102 microbials, 52 bio-
chemicals and 48 semiochemicals [54]. To put this
into context, these biopesticide products represent
just 2.5 per cent of the total pesticide market [55].
Marrone [52] has estimated the biopesticides sector
currently to have a 5 year compound annual growth
rate of 16 per cent (compared with 3% for synthetic
pesticides), which is expected to produce a global
market of $10 billion by 2017. However, the market
may need to increase substantially more than this if
biopesticides are to play a full role in reducing our
overreliance on synthetic chemical pesticides.

Companies will only develop biopesticide products if
there is profit in doing so. Similarly, the decision for a
farmer whether or not to adopt a novel technology
can be thought of in economic terms as a cost-benefit
comparison of the profits to be made from using the
novel versus the incumbent technology. A number of
features of the agricultural economy make it difficult
for companies to invest in developing new biopesticide
Phil. Trans. R. Soc. B (2011)
products and, at the same time, make it hard for
farmers to decide about adopting the new technology:

— Lack of profit from niche market products. Many bio-
pesticides have high levels of selectivity. For
example, bioinsecticides based on baculoviruses,
such as the CpGV mentioned previously, typically
are selective for just one or a few species of
insect. This is of great benefit in terms of not harm-
ing other natural enemies and wildlife, but it means
that biopesticides are niche market products with low
profit potential. To quote Gelernter ([56] p. 296)
‘The features that made most Biological Control
Products so attractive from the standpoint of
environmental and human safety also acted to
limit the number of markets in which they were
effective’.

— Fixed costs. Because conventional chemical pesti-
cides are used so widely, the fixed costs
associated with them are spread over many users
and hence represent a small part of the total cost
of pest control. The knowledge needed by farmers
to get effective control with pesticides is lower than
with tactics such as biocontrol [57,58]. Potential
adopters of biopesticides face large fixed costs of
adoption that will only decrease once the techno-
logy is used more widely, thereby disadvantaging
early adopters.

— Farmers’ risk aversion. For fruit and vegetable crops,
cosmetic appearance is as important as yield when
it comes to making a profit. The risks of producing
an unmarketable crop are high, forcing growers to
be risk averse with respect to new, untested crop
protection technologies. Because conventional pes-
ticides have been the mainstay of crop protection
for over 50 years, there is a wealth of experience
that gives farmers and growers confidence in their
effectiveness. Farmers have achieved scale econo-
mies in pesticide use as a result of ‘learning by
doing’—the concept that one becomes more pro-
ductive at a task the more it is repeated. In
comparison, the more limited evidence base
and practical experience with biologically based
IPM technologies create uncertainty for farmers
[59–61]. Farmers’ risk averse preferences can
result in sub-optimal patterns of adoption of new
technologies [62]. Risk aversion is made worse if
farmers’ expectations of new technologies are
more focused on the potential downsides rather
than the benefits [63].

— IPM portfolio economies. Different IPM tactics work
together as a ‘technology bundle’ or portfolio. If a
farmer wants to switch from using a single chemi-
cal pesticide for pest control to IPM then (s)he
will have to decide which combination of tactics
to use. The number of potential portfolios to
choose from increases rapidly as more tactics are
included [64]: with three tactics there are a total
of seven different portfolios, with four tactics
there are 11 different portfolios and so forth.
Choosing the best portfolio in such cases is extre-
mely challenging. The only realistic option is to
develop a portfolio incrementally. Where a port-
folio is already in place, then a farmer has to
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consider the benefits of adopting a new IPM tactic
in the light of the current portfolio. Farmers want
to use the minimum number of different tactics
for the maximum benefit. Should the new tactic
be added to the existing portfolio, or should it be
used to replace an incumbent tactic? In some
instances, it is possible to replace a conventional
synthetic chemical pesticide with a biopesticide
without disturbing the existing IPM system (as in
the case of using B. bassiana for control of spider
mites in greenhouse IPM). In such a case, the
new biopesticide technology can be adopted
quickly and easily. However, IPM tactics may be
synergistic, such that one tactic in the portfolio
results in an improved performance in others
[65,66]. This is beneficial for IPM, but the interde-
pendency of different tactics in this way can make it
difficult to substitute with new technologies as they
become available.

These factors mean that using conventional syn-
thetic chemical pesticides applied on a calendar basis
can be difficult to replace in favour of an IPM portfolio
of alternative tactics including biopesticides. Chemical
pest control may then become locked into the system
until such a time that it fails, for example, if pesticide
resistance becomes widespread, as in the greenhouse
crops industry. Pesticide ‘lock in’ also means that the
adoption of new technologies will be biased towards
tactics that closely resemble the incumbent pesticide
technology. In the case of biopesticides, the products
that have been most successful so far, such as
microbial Bt, are very similar to chemical pesticides.
This ‘chemical model’ of biopesticide development
has encouraged companies to turn their attention
away from the beneficial, biologically based character-
istics of biopesticides (such as the ability of microbial
agents to reproduce within host populations) and
instead focus on trying to use biopesticides as chemical
pesticide ‘clones’, resulting in unrealistic expectations
of chemical-like efficacy [67].

It is important to stress that chemical pesticides are
and will remain a vital part of crop protection. When
used appropriately they can give excellent control
with minimal adverse effects. The use of chemical pes-
ticides should therefore be promoted within an IPM
framework so that they are used sparingly to minimize
the evolution of resistance in target pest populations.
However, IPM will only work if farmers have access
to a range of crop protection tactics together with the
knowledge on how to integrate them.
5. REGULATORY BARRIERS TO BIOPESTICIDE
COMMERCIALIZATION
Biopesticides encompass a very wide range of living
and non-living entities that vary markedly in their
basic properties, such as composition, mode of
action, fate and behaviour in the environment and so
forth. They are grouped together by governments for
the purposes of regulating their authorization and
use. These regulations are in place: firstly, to protect
human and environmental safety; and secondly, to
characterize products and thereby ensure that
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manufacturers supply biopesticides of consistent and
reliable quality. The EU also requires that the efficacy
of a biopesticide product is quantified and proved in
order to support label claims. Only authorized biopes-
ticide products can be used legally for crop protection.

The guidance of the OECD is that biopesticides
should only be authorized if they pose minimal or
zero risk. For example, the OECD guidance for
microbial biopesticides is that: ‘the micro-organism
and its metabolites pose no concerns of pathogenicity
or toxicity to mammals and other non-target organ-
isms which will likely be exposed to the microbial
product; the micro-organism does not produce a
known genotoxin; all additives in the microbial manu-
facturing product and in end-use formulations are of
low toxicity and suggest little potential for human
health or environmental hazard’ ([68] p. 11). The bio-
pesticide registration data portfolio required by the
regulator is normally a modified form of the one in
place for conventional chemical pesticides and is
used by the regulator to make a risk assessment. It
includes information about mode of action, toxicologi-
cal and eco-toxicological evaluations, host range
testing and so forth. This information is expensive
for companies to produce and it can deter them from
commercializing biopesticides, which are usually
niche market products. Therefore, the challenge for
the regulator is to have an appropriate system in
place for biopesticides that ensures their safety and
consistency but which does not inhibit commercializa-
tion. Until very recently, it is true to say that
government regulators—with the probable exception
of the USA—were unfamiliar with biologically based
pest management and were therefore slow to appreci-
ate the need to make the regulatory process
appropriate for biopesticides rather than treat them
in the same way as synthetic chemical pesticides.

The decision whether or not to authorize a biopes-
ticide product is made on the basis of expert opinion
residing within the regulatory authority. When the reg-
ulators lack expertise with biopesticides, they tend to
delay making a decision and may request the applicant
to provide them with more data. There is also a risk
that the regulator—using the chemical pesticide regis-
tration model—requests information that is not
appropriate. Some regulatory authorities, the UK,
for example, have acknowledged that basing the regu-
latory system for biopesticides on a chemical pesticides
model has been a barrier to biopesticide commerciali-
zation [69]. A key question is whether the regulator,
having recognized a problem, is able to do something
about it. Social science theory indicates that govern-
ment regulators and other bureaucratic organizations
are vulnerable to ‘goal displacement’, during which
they turn their focus away from achieving outcomes
and instead concentrate more on internal processes
[70]. This can lead to systemic problems and stand
in the way of introducing innovations into the regulat-
ory system. This is not to say that regulatory
innovation is not possible, and where there is sound
evidence that a particular group of biopesticides pre-
sents minimal risk, the regulators have modified the
data requirements. For example, the OECD regards
semiochemicals used for arthropod control as
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presenting minimal hazard, with straight chain lepi-
dopteran pheromones that form the majority of
semiochemical-based biopesticides being thought suf-
ficiently safe as to justify ‘substantial reductions in
health and environmental data requirements’ [71].
Other innovations are also being developed, which
we discuss in the following sections.
(a) New European Union legislation could

promote biopesticide use

The EU passed a package of legislative measures in
2009 based around IPM, including the Framework
Directive on the Sustainable Use of Pesticides (EU
DG Environment). IPM principles do not become
mandatory until 2014, but member states have been
encouraged to use rural development programmes
(funded under the Common Agricultural Policy) to
provide financial incentives to farmers to start imple-
menting IPM before this date. In the Commission’s
view, further research is still needed to develop suc-
cessful crop-specific strategies for the deployment of
IPM and this should include multidisciplinary
research. The Commission also regards it as ‘crucial
that Member States support the development of certi-
fied IPM advisory services organised by cropping
systems to bridge the gap between research and end-
users and help farmers for the adaptation of IPM prin-
ciples to local situations’ ([72] p. 7). Although such
services can be provided privately and their quality
guaranteed by a system of certification, it may be
that countries that have retained state extension ser-
vices, such as Denmark, have an inherent advantage
in providing IPM advice in a cost-effective way.

Alongside the Sustainable Pest Management
Directive, the EU also introduced a regulation that
substantially amended the plant protection legislation
embodied in Directive 91/414 [73]. This directive pro-
vided for a two-tier system of regulation involving the
Community and member state levels. However, it
quickly became evident that mutual recognition
between different member states was not working,
hence undermining the functioning of the EU internal
market and deterring the development of biopesticides
and other innovative products. One of the solutions
advanced was to divide Europe into climatically similar
zones (‘ecozones’) where registration in one member
state would facilitate registration in others in the
same zone. This proposal proved controversial
during the passage of the legislation. It was eventually
achieved with northern, central and southern zones
and an EU-wide one for greenhouses.

The new legislation gives a specific status to non-
chemical and natural alternatives to conventional
chemical pesticides and requires them to be given pri-
ority wherever possible. Biopesticides should generally
qualify as low-risk active substances under the legis-
lation. Low-risk substances are granted initial
approval for 15 years rather than the standard 10. A
reduced dossier can be submitted for low-risk sub-
stances but this has to include a demonstration of
sufficient efficacy. One requirement for low-risk sub-
stances, that is still to be elaborated, is that their
half-life in the soil should be less than 60 days and
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this may cause problems for some microbial biopesti-
cides, such as rhizosphere-competent antagonists of
soil-borne plant pathogens.

The new European legislation does not give the bio-
pesticides industry all that it may have hoped for, but it
does give biopesticides legislative recognition and
opens up the potential for faster authorization pro-
cesses and effective mutual recognition. This will
require sustained work by those interested in the
wider use of biopesticides. Many of the details of
how mutual recognition in ecozones will operate in
practice remain to be resolved, for example, how
member states will interact with one another during
the process. The achievement of real gains is very sen-
sitive to the detailed implementation of the new
procedures. What is clear is that the considerable vari-
ations in the levels of resource available to regulatory
authorities in different member states will be a
constraint on effective delivery.
(b) European Union member state regulation

In the EU, having a system of mutual recognition of
plant protection products means that it is possible
for one member state to engage in regulatory inno-
vation and gain a first mover advantage over other
member states. In relation to biopesticides, it is
arguable that Britain has taken such a position.

Concern about the lack of availability of biopesti-
cides in the UK led to the introduction in June 2003
of a pilot project to facilitate their registration. Its
aim was to increase the availability of biopesticides
by improving knowledge and raising awareness of the
requirements of the UK government regulator (at the
time, the government regulator was the Pesticides
Safety Directorate (PSD) but it has subsequently
become the Chemicals Regulation Directorate
(CRD)). In April 2006, the pilot project was turned
into a fully fledged biopesticides scheme. Prior to the
introduction of the scheme, just four products had
been approved between 1985 and 1997. Following
the introduction of the pilot project, seven products
were guided to approval. In April 2007, five products
were at various stages of evaluation and several other
companies were discussing possible applications with
PSD. Two products were approved in 2009 and several
were at various stages of the registration process.

In order to better operate the scheme, the regulator
provides specialist training on biopesticides to mem-
bers of its pesticide approvals group and has assigned
a biopesticides champion. PSD thought it desirable
to involve as many people in their pesticide approvals
group in this work as possible, rather than having a
unit that only dealt with biopesticides and which
would probably have insufficient work. Trained staff
members are able to participate in pre-submission
meetings with applicant biopesticide companies. Par-
ticularly if they are held early in the process, they can
help applicants to plan the acquisition of the data
they need for registration and also avoid the compi-
lation of any material that would be superfluous. A
number of such meetings were observed on a non-par-
ticipant basis as part of our research. The meetings
enabled the identification of gaps in the application
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dossier and mutually helpful discussions of how these
could be filled, for example, by using data published in
the scientific literature. The UK scheme charges
reduced fees for biopesticides: £22 500 for microbial
biopesticides, £13 000 for pheromones and £7500
for taking either through European Food Safety Auth-
ority (EFSA) procedures. Before the introduction of
the pilot project, there was a standard fee of £40 000
for everything termed a biopesticide. In comparison,
the cost of core dossier evaluation, provisional
approval and EFSA review for a synthetic chemical
pesticide would be between £120 000 and £180 000
from March 2007. CRD intends to continue to operate
the biopesticides scheme with reduced fees.

The scheme has had to face a number of challenges.
It has involved CRD reaching out to non-traditional
‘customers’ who may be suspicious of the regulatory
authority because they have no experience of working
with them. As a biopesticides consultant commented
in interview in our research, ‘pre-submission is a key
element because registration is still an unknown, a
lot of fear, people want me to hold their hands, intro-
duce them to PSD’. From a CRD perspective, the
biopesticides scheme was seen as a pathfinder in
Europe and it could make it the preferred regulation
authority for such products providing it is able to
maintain the process of regulatory innovation.
6. FUTURE DIRECTIONS
Governments are likely to continue imposing strict
safety criteria on conventional chemical pesticides,
and this will result in fewer products on the market.
This will create a real opportunity for biopesticide com-
panies to help fill the gap, although there will also be
major challenges for biopesticide companies, most of
which are small and medium enterprises with limited
resources for R&D, product registration and promotion.
Perhaps the biggest advances in biopesticide develop-
ment will come through exploiting knowledge of the
genomes of pests and their natural enemies. Researchers
are already using molecular-based technologies to
reconstruct the evolution of microbial natural enemies
and pull apart the molecular basis for their pathogen-
icity [74–76]; to understand how weeds compete with
crop plants and develop resistance to herbicides [77];
and to identify and characterize the receptor proteins
used by insects to detect semiochemicals [78]. This
information will give us new insights into the ecological
interactions of pests and biopesticides and lead to new
possibilities for improving biopesticide efficacy, for
example, through strain improvement of microbial
natural enemies [79]. As the genomes of more pests
become sequenced, the use of techniques such as
RNA interference for pest management is also likely to
be put into commercial practice [80].

We stated earlier that biopesticide development
has largely been done according to a chemical pestici-
des model that has the unintended consequence of
downplaying the beneficial biological properties of bio-
pesticides such as persistence and reproduction [67] or
plant growth promotion. The pesticides model still has
much to offer, for example, in improving the formu-
lation, packaging and application of biopesticides.
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However, it needs to be modified in order to investigate
biopesticides from more of a biological/ecological per-
spective. For example, biologists are only just starting
to realize the true intricacies of the ecological inter-
actions that occur between microbial natural enemies,
pests, plants and other components of agroecosystems
[81]. Take entomopathogenic fungi for instance. We
now know that species such as B. bassiana and M. aniso-
pliae, traditionally thought of solely as insect pathogens,
can also function as plant endophytes, plant disease
antagonists, rhizosphere colonizers and plant growth
promoters [82]. This creates new and exciting opportu-
nities for exploiting them in IPM, for example, by
inoculating plants with endophytic strains of entomo-
pathogenic fungi to prevent infestation by insect
herbivores. There are opportunities also to exploit the
volatile alarm signals emitted by crop plants so that
they recruit microbial natural enemies as bodyguards
against pest attack [83–85] and to use novel chemicals
to impair the immune system of crop pests to make
them more susceptible to microbial biopesticides
[86,87].

The biopesticide products that will result from new
scientific advances may stimulate the adoption of
different policies in different countries. We have seen
this already with genetically modified (GM) crops. In
the USA, Canada, China, India and Brazil, farmers
have been quick to adopt transgenic broad-acre crops
expressing Bt d-endotoxin genes. For example, in the
USA, 63 per cent of the area of maize planted, and
73 per cent of the area of cotton, now consists of
GM varieties expressing Bt d-endotoxin genes [88].
The US Environmental Protection Agency includes
transgenes in its categorization of biopesticides. In
Europe, by contrast, there has been widespread resist-
ance among consumers to GM crops and the EU
excludes them from the biopesticide regulatory pro-
cess. Another complex issue surrounds the regulation
of biopesticides that have multiple modes of action.
For example, species of the fungus Trichoderma,
which are used as biopesticides against soil-borne
plant pathogenic fungi, are able to parasitize plant
pathogenic fungi in the soil; they also produce anti-
biotics and fungal cell wall degrading enzymes, they
compete with soil-borne pathogens for carbon, nitro-
gen and other factors, and they can also promote
plant growth by the production of auxin-like com-
pounds [89,90]. Some Trichoderma products have
been sold on the basis of their plant growth promoting
properties, rather than as plant protection products,
and so have escaped scrutiny from regulators in
terms of their safety and efficacy.

In general, the adoption of IPM tactics is correlated
with farmer education and experience and the crop
environment (with IPM being adopted more on horti-
cultural crops [91]). We have mentioned previously
that biocontrol-based IPM has been adopted widely
by the greenhouse crops industry but is not used
much by growers of broad-acre crops. Greenhouses
represent intensively managed, controlled environ-
ments that are highly suitable for IPM. Biocontrol
adoption was undoubtedly helped by the fact that
greenhouse crop production is labour intensive and
technically complex, and thus growers already had a
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high level of knowledge and were used to technological
innovation. How IPM and alternative technologies
such as biopesticides can be taken out to broad-acre
crops and the wider rural environment—where
human capital is spread thinly and where the ecologi-
cal environment is far more complex and less stable
than in a greenhouse—is an interesting question,
and one where public policy is likely to play an
important role.

One proposed solution is to develop a ‘total system’
approach to pest management in which the farm
environment is made resistant to the build up of crop
pests, and therapeutic treatments are used as a second
line of defence [92]. The total systems approach is
based: firstly, on managing the agroecosystem to pro-
mote pest regulating services from naturally occurring
biological control agents, for example, by providing
refugia and alternative food sources for natural enemies
within the crop and in field margins; and secondly, on
making greater use of crop varieties bred with tissue-
specific and damage-induced defences against pests
[92]. Biopesticides would have an important role as
back-up treatments in this system, although some
biopesticides could also be used as preventative treat-
ments, e.g. fungal endophytes (see above). A big
advantage of this approach would be in preventing bio-
pesticides being viewed as just another set of ‘silver
bullet’ solutions for pest control, and thereby avoid
repeating the mistakes of the chemical pesticides era.
To make IPM work in the total system concept, insti-
tutional arrangements would be required that: provide
a market for natural pest regulation as an ecosystem ser-
vice; promote biopesticides and other environmentally
benign technologies in agriculture; value human and
natural capital in rural areas; and synthesize knowledge
on natural science, economics, and the social dimension
of agriculture and the rural environment (see,
for example, [93]). Such a holistic system for pest
management would require far better integration of
the existing policy network [94]. This may seem like
an ambitious proposition, but it is becoming
increasingly necessary.

One area that certainly warrants greater consider-
ation for the future is the attitude of the public and
the food retailers to biopesticides and other alternative
pest management tools. There is concern among the
public about pesticide residues in food but there is
little public debate about the use of alternative
agents in IPM. In our research, we have found that
the major food retailers have done little to engage in
discussions about making biological alternatives to
synthetic chemical pesticides available to farmers and
growers. This is unfortunate given the importance of
retailer-led governance in the agricultural economy.
It is farmers and growers who are particularly affected
by problems of pesticide resistance and the withdrawal
of conventional plant protection products, and yet they
are ‘policy takers’ rather than ‘policy makers’ and have
to operate within the constraints of a stringent regulat-
ory framework while at the same time coping with the
market power of the supermarkets. Unfortunately, the
public/mass media debate about the future of agricul-
ture has become increasingly polarized into a conflict
between supporters of ‘conventional’ versus ‘organic’
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farming rather than considering what practices
should be adopted from all farming systems to make
crop protection more sustainable. It is our contention
that biopesticides are not given due attention in
debates on sustainability. In this regard, it is worth
concluding with Pretty’s comment that sustainable
agriculture ‘does not mean ruling out any technologies
or practices on ideological grounds. If a technology
works to improve productivity for farmers and does
not cause undue harm to the environment, then it is
likely to have some sustainability benefits’ ([4] p. 451).

This work was funded through the UK Research Council
Rural Economy and Land Use (Relu) programme (project
RES-224-25-0048). Relu is funded jointly by the
Economic and Social Research Council, the Biotechnology
and Biological Sciences Research Council and the Natural
Environment Research Council, with additional funding
from the Department for Environment, Food and Rural
Affairs and the Scottish Government.
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