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ABSTRACT: To provide sufficient food and fiber to the increasing global population, the technologies associated with crop
protection are growing ever more sophisticated but, at the same time, societal expectations for the safe use of crop protection
chemistry tools are also increasing. The goal of this perspective is to highlight the key issues that face future leaders in crop
protection, based on presentations made during a symposium titled “Developing Global Leaders for Research, Regulation and
Stewardship of Crop Protection Chemistry in the 21st Century”, held in conjunction with the IUPAC 13th International
Congress of Pesticide Chemistry in San Francisco, CA, USA, during August 2014. The presentations highlighted the fact
that leaders in crop protection must have a good basic scientific training and understand new and evolving technologies, are
aware of the needs of both developed and developing countries, and have good communication skills. Concern is expressed over
the apparent lack of resources to meet these needs, and ideas are put forward to remedy these deficiencies.

KEYWORDS: crop protection, stewardship, sustainable agriculture, women in agriculture, smart systems, nanopesticides, GM crops,
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■ INTRODUCTION
In the future, as the global population increases, it will be
essential to produce more food from a decreasing arable land
area. Crop protection chemistry leaders can play an important
role in this, but they will face several key challenges and will
need to be able to integrate results from research spanning
agriculture, food, water, health, energy, and the environment.
At the same time, they should be able to take into account
new and evolving technologies and how any changes to
current practices would be perceived by the general public.
Key areas for future leaders include sustainable agriculture,

the role of women in agriculture, new and developing tech-
nologies, communications, developing regions, training needs,
and changes in regulations. Variously experienced career
professionals in industry, academia, and government from
developing and developed economies gave presentations on
these topics, followed by discussion breakout sessions,
in a symposium held in conjunction with the IUPAC 13th
International Congress of Pesticide Chemistry in San
Francisco, CA, USA, during August 2014. The objective of
the symposium was to develop specific recommendations for
ensuring that future leaders and innovators in crop protection
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technology are broadly trained, have a global perspective, and
rely on the best available science.

■ SUSTAINABLE AGRICULTURE

This is an issue that cannot be ignored for leaders in crop
protection and the topic was addressed by K. S. B. Miglioranza
in her presentation “Sustainable agriculture: Where are we
going? Stewardship and Sustainability for Crop Protection
Practices”. Since 1960 there has been a significant increase in
food production, and although the population has doubled
since then, there has been a dramatic decrease in the
proportion of the population going hungry. However, over
this period land cultivated for food production has been lost
due to urbanization, desertification, salinization, soil erosion,
and other consequences of unsustainable land management.
This trend is likely to be exacerbated by climate change and the
growing of biofuels.1 The worldwide population is still
increasing, and global food production must rise by 70% by
2050 to meet the demands of the increase in population, and
about 80% of this increased production must come from
existing arable land through higher yields. Given these trends,
increasing food production will need crop improvement
through breeding and increased inputs of fertilizers and
pesticides, particularly in developing countries, where nearly
90% of the increase in annual production will take place.2 It is
in these countries where the practices of sustainable agriculture
are most important today; in developed countries these are
already mostly in place. Sustainable agriculture enables the
production of sufficient food without compromising the ability
of future generations to do the same; this includes sustainable
land management to maintain or enhance this vital resource.
Sustainable agriculture can be considered to integrate three
main goals: environmental health, economic profitability,
and social and economic equity.3 In working with developing
countries future crop protection leaders must ensure that the
lessons of the past are not forgotten and, by good stewardship,
that farming techniques are used that protect the environment,
public health, animal welfare, and human communities. In addi-
tion, agricultural techniques and policies should offer innovative
and economically viable opportunities for growers, laborers,
consumers, policymakers, and many others in the entire food
system. This implies interdisciplinary efforts in research and
education, involving not only crop protection leaders but also
farmers, farm workers, consumers, and policymakers in the
developing countries.

■ WOMEN IN AGRICULTURE

Smallholder farmers produce more than half the global food
supply from a small portion of the farmable land available.
Women smallholders comprise an average of 43% of the
agricultural labor force of developing countries with up to 79%
in the least developed countries.4 Structural changes now
underway in world agriculture will necessitate that future
agriculture leaders consider the important role of women in
feeding an increasing population according to A. Farenhorst in
her presentation “Agricultural Education, Research and
Outreach: The Importance of Diversifying our Action”. For
smallholders men are typically the “public face” of family-
owned farms and have access to resources seldom available to
women farmers, including land, financing, and technology. For
future progress it is important that the training of women
farmers must address the specific constraints they face.

Empowerment requires women to be part of the decision-
making process, including the development of new technolo-
gies, the communication and scientific awareness thereof, and
the transfer of best practices through training, education, and
stewardship. Bringing yields on the land farmed by women
up to the levels achieved by men would increase agricultural
output in developing countries between 2.5 and 4%.5 The
challenge for crop protection leaders is how to strengthen
gender equality to ensure that women have the same access to
education and training as their male counterparts and are able
to participate equally in the decision-making process.

■ NEW TECHNOLOGY

Technology is having a major impact on agriculture in
developed countries and, in time, this will trickle down to
economically and technologically developing regions. In her
presentation “There Is Nothing Permanent Except Change”,
N. Peranginangin looked at the new and upcoming technol-
ogies from the viewpoint of a young scientist in the agro-
chemical industry. Many of the upcoming technologies are
based on the massive increase in computer power now
available, linked with the potential for miniaturization. Some
examples are “smart systems”, which can build a database of
information about each plant. This can be used to detect the
onset of disease, which can then be treated automatically; thus,
only those plants that require attention are sprayed instead of
spraying an entire field. By observing the development of each
plant, crop yields can be predicted more accurately. Automated
harvesters can then use the database to identify and gather
individual produce whenever it is ready for harvest.6 Integrated
field computers are also now used, which give precision
guidance, autosteering, control of application rate, automatic
boom control, and wireless data transfer. Communication and
data transfer systems are becoming more rapid and easier
to use, and more and more data are being produced to be
examined and cross-examined, which requires “big data
analytics” to support better decision-making.7 Increases in
computing power have allowed the development of Web-based
and more complex models, such as cloud-based environmental
models for evaluating pesticide risks to ecosystems.8 For the
21st century it is essential that the leaders have an under-
standing of the latest technologies, multidisciplinary thinking,
and improved ways of working, as well as an ability to integrate
opportunities, promote innovation, and develop the right tools
to make the right decisions. For all professionals, training will
be ongoing throughout their careers.

■ DEVELOPING TECHNOLOGIES

Technologies are constantly being developed and adopted by
the farming community. As examples of these developing tech-
nologies, presentations were made concerning nanotechnology
and genetically modified (GM) crops. Nanopesticides, or nano
plant protection products, represent an emerging technological
development that, in relation to pesticide use, could offer a range
of benefits including increased efficacy, durability, and a reduction
in the amounts of active ingredients used, hence leading to
reduced environmental exposure. However, it is essential that any
risks associated with the use of nanopesticides are understood and
that relevant tests are included in the regulatory requirements.
This topic was discussed in the presentation “Nanotechnology
and Development of Plant Protection Products: Regulatory
Considerations” of R. Kookana. Over the past few years the
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number of scientific publications, including patents, dealing
with nanomaterials and agriculture has increased exponentially.9

Interestingly, there is currently no widely accepted definition
of a nanopesticide, although a working definition has been
proposed thus: “a nanopesticide is a pesticide product where
nanotechnology, i.e. the use of materials that have a physical
form with at least one dimension in the range 1−100 nm, is
employed to enhance the efficacy and/or reduce the environ-
mental footprint of a pesticide active ingredient”.10 Engineered
nanoparticles (ENPs) are receiving increasing interest in the
development of a range of plant protection products. However,
there is an increasing body of evidence that the factors and
processes affecting the environmental behavior ENPs may
differ from “conventional” substances and consequently, that
methods used in current risk assessment approaches may need
refining or replacing.9 For scientists involved in this technology
and also the public at large to be convinced of the safety of
nanopesticides, it is necessary to address aspects such as
analysis and characterization, environmental fate assessment,
and ecotoxicological risk assessment in aquatic and terrestrial
ecosystems. The initial approach is to assess whether the
presence of the nanopesticide introduces potential differences
compared to the conventional active ingredients. From this
comparison any proposed changes in the test methodology
could be used to facilitate the development of regulatory
approaches for nanopesticides.
G. Kleter introduced the subject of GM crops in his

presentation “New and Evolving Technologies: GMOs
(Genetically Modified Organisms)”. GM crops have been
readily adopted in some countries, for example, the United
States, Brazil, and Argentina, but not in other regions, for
example, Europe. Nevertheless, since the introduction of GM
crops in 1996 the area dedicated to them has increased year on
year, and in 2013 a record 175.2 million hectares of GM crops
was grown globally. With regard to the traits introduced into
these crops, most are of potential benefit to the agricultural
sector, particularly insect and herbicide resistance. Recent
developments indicate that the GM crops soon to be
introduced into the market will have a more diversified range
of traits such as nutritionally improved crops with enhanced
vitamins, polyunsaturated fatty acids, and other nutrients of
interest, as well as crops with nonfood uses such as biofuel or
pharmaceutical production. Similarly, crops created with new
technologies at the borderline between conventional breeding
and recombinant DNA technology are emerging, such as the
introduction of genetic material from the same or closely
related plant species (e.g., cisgenesis) and targeted mutations in
host plant genes without the introduction of exogenous DNA
(e.g., oligonucleotide-directed mutagenesis). Whereas the safety
assessment of these crops follows a rigorous, internationally
harmonized approach and the scientific consensus is that GM
foods do not pose any risk, leaders have found themselves
confronted with other arguments beyond safety in public
debates, and there is significant hostility in some countries
against GM crops. It must be recognized that there is a
distinction between scientifically assessed risk and perceived
risk, and the public’s beliefs about risk may be very different
from the beliefs of experts. Leaders in crop protection must
acknowledge that perceived risk, even in the absence of any
scientific evidence, can be a powerful force in the non-
acceptance of new technologies. Such awareness of societal
issues could be stimulated, for example, by inclusion of

pertinent features of social sciences and humanities into the
curricula of future leaders’ education.

■ COMMUNICATIONS

Communications today are more rapid than they have ever
been, and this area was reviewed by R. Hunter in his presenta-
tion “Living with Instant Communication”. Every day we are
bombarded with instant informationsurfing the Internet,
exchanging emails, and using our social media networksand
with each piece of information we are challenged to make quick
decisions. Managing communications in this environment
requires a proactive strategy of preparedness, community
building, and understanding how to best deliver your message
to your audience. For leaders in crop protection it is essential
that they understand how negative campaigns are created and
what can be done to reduce their impact. Of course, if there is
any truth in the campaign, this needs to be acknowledged in
a transparent manner. It also should be noted that purely
scientific arguments by experts may not be enough to convince
the public, who may not have sufficient understanding of the
finer points, for example, in the debate on GM crops. This is
not a new problem and was flagged in R. Don Wauchope’s
paper in 2000 where he wrote that “It is the despair of scientists
that the public is so very ignorant technically, but public fears,
ignorant or not, have to be addressed, both because it is a
democracy and because it is the humane thing to do”.11 New
campaigns are generally focused, for example, on bees, not
wildlife, or on children, not the environment. Criticisms may be
based on some sort of reported evidence, and the issues are
promoted to be “solvable” by one simple action, for example,
banning a class of pesticides. However, leaders must also try to
counter “black swans” by anticipating and being prepared for
issues that might suddenly arise. In addition, there is a need to
better communicate the agrochemical industry’s considerable
investment in science and technology resources necessary to
address society’s human health and environmental concerns.
Finally, positive responses, rather than negative statements,
should be prepared, which can be easily understood and which
are not full of impenetrable jargon.

■ DEVELOPING REGIONS

Important challenges will arise from the need to provide
sufficient food in developing regions where populations are
predicted to increase significantly in the coming years. Two
presentations were made that reflected on the challenges faced
by developing regions: the first by N. A. Shakil on “Views from
a Scientifically Emerging Region − India” and the second by
J. O. Lalah on “Pesticide Use in Kenya: An Overview of
Importation, Regulation and Related Environmental Issues”.
The population of India is expected to grow from 1.2 billion in
2011 to 1.6 billion in 2050, and agriculture will need to increase
its productivity to provide the additional food required. It is
estimated that only 20% of the cultivated area is treated by crop
protection measures, and there are significant crop losses due to
pests and diseases. The major class of pesticide used in India is
insecticides, representing some 60% of all pesticides used; how-
ever, their use is not without problems. These include inappro-
priate dose rates, increasing pest resistance, poor application
technology, destruction of beneficial organisms, illegal residues,
and counterfeit formulations. A further difficulty in ensuring the
correct use of pesticides is the fact that there are 428 languages
with 1224 dialects. Residues are of particular concern arising

Journal of Agricultural and Food Chemistry Perspective

DOI: 10.1021/jf5060744
J. Agric. Food Chem. XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/jf5060744


from either intentional use of pesticides for protection of crops
or the unintentional exposure of crops. The challenges facing
crop protection leaders include the training of farmers in the
selection of appropriate pesticides and their correct use, the
provision of good spray equipment and its use by trained
operators, and an inventory of obsolete stocks with a plan for
their disposal. Currently, India is also carrying out research into
various integrated pest management (IPM) techniques with a
view to reducing pesticide use. Research is also being carried
out on the potential for safer pesticides based on natural
products using plant extracts and plant essential oils.
East Africa, comprising Kenya, Ethiopia, Uganda, and

Tanzania, is a developing region with an important agricultural
sector. In these agriculture-based economies, smallholder
farming accounts for about 75% of agricultural production
and over 75% of employment.12 In Kenya the agricultural
sector is the mainstay of the economy, contributing an
estimated 27% of the GDP, and the rapid expansion of
agriculture has resulted in a 3-fold increase in annual pesticide
use. Despite the increased use of pesticides, about 40% of food
production is still lost to insect pests, weeds, and plant diseases.
Without the proper training of farmers, environmental
problems can arise with increased use of pesticides. An example
is the Lake Naivasha area, where there has been a significant
increase in irrigated farming, mainly of horticultural crops,
especially flowers. The discharge of water from greenhouses
and agricultural runoff has contributed to pollution of the lake
with, for example, some insecticide residues in sediment and
water exceeding recommended criteria for the protection of
aquatic life and preservation of water quality.13 A problem in
Kenya, as well as in other African countries, is the misuse of
pesticides to kill wildlife where there is a conflict between the
human population and the wildlife.14 This includes killing
predators of cattle and the protection of crops against birds.
Other critical issues in Kenya regarding the use of pesticides are
record keeping, education and awareness of the hazards of
pesticides, lack of laboratory capacity for analyses relating to
contamination, training, and a better implementation of existing
laws backed up by prosecutions. In addition, it is necessary to
strengthen collaboration networks locally and internationally so
that technology, scientific knowledge, and skills are transferred
and kept up to date.

■ TRAINING
The future of crop protection relies on universities and
technical institutes to carry out research and provide graduates
trained in crop protection technologies. The issues besetting
academic departments involved in crop protection were
discussed by B. Rubin in his presentation “Training Crop
Protection Leaders − The Academia Point of View”. Despite
the recognized need to increase food production, the role of the
crop protection industry is often underestimated. The interest
of our future leaders, namely, young scientists and graduate
students in crop protection chemistry, is declining. The number
of universities and colleges that offer crop protection related
studies is decreasing markedly. In the agrochemical industry
there has been a reduction in the number of research-based
companies due to mergers, with a concomitant increase in the
number of generic companies. The impact of the change in
the direction of academic research toward more “basic” and
more “sustainable” is reflected in the course syllabi neglecting
the “applied” science. Moreover, it results in a recognized
shortage of skilled employees and group leaders in both the

pesticide research based and generic companies. It is proposed
that there should be a deeper and significant involvement of the
agrochemical companies in academic research and education,
actively sponsoring M.Sc. and Ph.D. programs, supporting
institutional initiatives to open new pesticide-related study
programs and research. Academics must work cooperatively
with the agrochemical industry to attract the interest of the
younger generation for research that transforms agriculture
from low-tech to high-tech. The lack of suitable graduates is
already beginning to affect industry.
The continuing need for well-trained professionals was

the subject discussed by M. Leggett in his presentation “Crop
Protection Industry − Workforce Needs”. It has been
estimated that the global workforce in agriculturally related
industries will grow by 6.3% between 2012 and 2015.15

Compared to 2012 a larger proportion of the workforce will be
from Asia and South America, balanced by a smaller proportion
in Europe and North America. Taking the United States as an
example, more than 1000 new scientists are expected to be
required by 2015, mainly in the areas of plant sciences, plant
breeding and genetics, and crop protection. Other areas
requiring new scientists are environmental studies, toxicology,
statistics, and communications. Nearly half (46%) of the new
hires will need a doctoral degree, 27% a master’s degree,
and 26% a bachelor’s degree. However, it is recognized that
companies have difficulty finding quality applicants to fill the
roles they have available and will need to retrain some hires in
new disciplines. Companies will need to work directly with
university departments and support the educational aspirations
of motivated students.

■ REGULATORY AFFAIRS
To have safe and effective crop protection, registration of
chemicals by government officials is an absolute necessity. The
data needed for registration are immense and complex,
requiring well-trained professional individuals with a broad
understanding of both the registration process and the diversity
of issues. Therefore, a shortage of such individuals could
negatively affect the number of new and innovative crop
protection products for submission to the registration process.
In her presentation “Training Crop Protection Leaders −
Views from Government”, J. Van Emon touched on the
knowledge required for registration. The process of registering
a pesticide is a scientific, legal, and administrative procedure
having several components. One needs only to peruse the U.S.
Code of Federal Regulations, Chapter 1, Subchapter E−Pesticide
Programs, to gain an understanding of the complexity of the
process and technical skills required.16 The process, in part,
includes examining the ingredients of the pesticide; the
particular site or crop where it is to be used; the amount,
frequency, and timing of its use; and appropriate storage and
disposal processes. To help with the registration process, the
U.S. EPA Office of Chemical Safety and Pollution Prevention
has developed a series of harmonized test guidelines for use in
the testing of pesticides and the development of test data for
submission to the EPA.17 The guidelines specify methods that
the EPA recommends to generate data that are submitted to
the Agency to support registration of a pesticide under the
Federal Insecticide, Fungicide and Rodenticide Act (7 U.S.
Code 136) and the setting of a tolerance or tolerance exemp-
tion for pesticide residues under Section 408 of the Federal
Food, Drug and Cosmetic Act (21 U.S. Code 346a). Risk
assessments are performed to evaluate the potential harm to
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humans, wildlife, fish, and plants, particularly endangered
species and nontarget organisms. Human health risks range
from short-term toxicity to long-term effects such as cancer and
reproductive system disorders. Environmental stewardship is an
integral part of this process and must address contamination of
surface water or groundwater from leaching, runoff, and spray
drift. For crop protection that is based on biotechnology or
transgenic plants, substantial equivalence must be proven,
including compositional analysis, toxicity, allergenicity, and
unintended effects on nontarget organisms. The many facets of
the registration process, as described above, illustrate that the
training of crop protection leaders must include several topical
areas. It is not possible to be an expert in all of these areas, but
researchers who are involved with fulfilling the regulatory
requirements for crop protection chemicals should be able to
effectively communicate with regulatory officials. This training
is also appropriate for individuals who want to become regu-
latory officials so they will have sufficient knowledge to appre-
ciate the complexities of crop protection research, develop-
ment, and registration.
Following the presentations there were three breakout

sessions to formulate the challenges and requirements of crop
protection leaders in the future. The sessions were based on the
needs of industry, led by B. Saha and C. Corsi, the academic
outlook, led by J. Jenkins and H. Miyagawa, and thoughts
from government, led by D. Hamilton and C. Howard.

■ KEY ISSUES FOR CROP PROTECTION
Global Concerns. Today approximately 1 in 8 of the global

population is suffering from chronic undernourishment and,
unless additional food resources can be found, this figure will
increase as the population rises from about 7 billion today to
9 billion in 2050. In addition, climate change and increased
biofuel production represent major risks for long-term food
security. To provide sufficient food and fiber to the increasing
population, the technologies associated with crop protection
have grown ever more sophisticated but, at the same time,
societal expectations for stewardship, human safety, environ-
mental protection, and agricultural sustainability with respect
to use of crop protection chemistry tools are also increasing.
This is particularly the case in developed countries, where
regulations are widely used to safeguard health and the
environment through best management practices. In develop-
ing countries, farm families are first and foremost concerned
with producing sufficient food to survive. Regulations
safeguarding health and the environment have been employed
in these areas by multinational companies and large farms, but
this is not necessarily the case on small family farms. Poor
economies and the inability to develop and deliver government
outreach programs for the safe and efficient use of pesticides
put an additional barrier on meeting the same standards that
are demanded and enjoyed in developed countries.
New and Evolving Trends. New technologies are

constantly being developed that have the potential to change
the way agriculture is carried out. An example of a relatively
new technology is nanotechnology. Nanopesticides or nano
plant protection products represent an emerging technological
development that, in relation to pesticide use, could offer a
range of benefits. A more mature technology, if still not readily
accepted in some regions, is the use of GM crops for insect
resistance, herbicide resistance, and enhanced nutritional value.
It is thought that many new developments will take place in

the emerging economies of the world, possibly including the

development of a higher percentage of new compounds as
pesticides. These may be natural products or derived from
natural products modified using the increasing knowledge and
innovation in synthetic chemistry. Nanopesticides and bio-
pesticides,18 botanical and microbially derived chemicals, are
playing an increasing role in pest management, and this will
lead to a rethinking on registration strategies. Currently, the
emphasis for registration is on “conventional” chemicals, but
the upcoming bio- and nanopesticides do not necessarily fit
with today’s registration requirements. It is also important that
clear definitions are available for these new types of pesticides.
New requirements need to be defined so that their use can be
properly regulated and label recommendations enforced.
The properties of the nanomaterial that enhance its desired

efficacy compared with the normal material may also influence
differences in physical and chemical properties that require
specification control different from that of the normal material.
Biological pesticides, for example, bacterial larvicides, require
different specifications from those of manufactured chemicals.
For example, the relevant impurities in biological pesticides are
more likely to be microbial or fungal impurities than chemical
impurities. Another example is that of accelerated storage
stability testing at elevated temperature, which has a theoretical
basis and is used for chemicals, but is unlikely to be suitable for
some biologicals. Thus, some of these pesticides do not fit into
current specification guidelines, so these are either under
revision or will have to be revised.19

Harmonized registration requirements, championed by the
OECD, are becoming more frequent, particularly in the more
developed countries. Harmonization will allow governments to
share work on pesticide registration and reregistration, leading
to an overall decrease in the associated costs. Harmonization of
the data and methods used to test and assess pesticide risks is
also important as it not only helps governments work together
but ensures the quality of the data and the rigor of the assess-
ments. Registration requirements must be based on scientific
principles and take into account the difference between risk and
hazard. Increasingly there is a tendency to use quantitative
structure−activity relationship (QSAR) techniques for toxicol-
ogy and ecotoxicology predictions, and these must be
harmonized between countries and introduced through the
regulatory system at the same time. Harmonization of the
regulatory procedure would be of particular interest to
developing countries, but they may not be in a good position
to participate due to a lack of infrastructure, including human
resource capacity.
With the rise in computing power and the many different

ways of collecting information, “big data” storage and
interpretation will be increasingly more relevant (“big data” is
an all-encompassing term for any collection of data sets so large
and complex that it becomes difficult to process them using
traditional data-processing applications). For example, farmers
in developed countries or associated with multinational
companies are generating significant amounts of data through
the use of “smart systems” such as integrated field computers
allowing for the use of precision technology in applying
chemicals. Although this may enable better record-keeping by
the farmer, it raises the question as to who else, for example,
agricultural extension personnel affiliated with local, regional, or
federal governments, should have access to these data. In
addition, there are important questions regarding how the data
are stored and how to preserve confidentiality and maintain
privacy.
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As patents expire, generic manufacturers come into the
industry with their versions of previously patent protected
pesticides. Today, generic pesticides are produced by many
sources and sold by companies specializing in supplying these
to farmers. The issue for governments is how to regulate these
products with regard to their meeting agreed specifications for
active ingredient and impurity content. In addition, there is
the particular problem of how to deal with the intellectual
property rights associated with the data and the costs incurred
in obtaining that data. Counterfeit pesticides are a substantial
problem, and this problem could increase as, for example,
smallholders increase their use of pesticides.
Communication. With the increase in Web-based

communication tools such as Twitter and Facebook, together
with the ease of uploading blogs, information can now be
broadcast without consistent checking of facts. Today, the lines
between journalists and bloggers have become seriously blurred
when it comes to online content, and journalists are often
bloggers compensated on a per “hit” basis. In addition,
scientists may seriously overstretch the implications of their
research to draw attention to it and thereby garner more
financial or administrative support. This can lead to articles on
pesticides typically having exaggerated headlines and often
highlighting a mistrust of the chemical industry, based on the
result of hyperbolic conclusions that fail to incorporate realistic
exposures of the general public. Information and data are
available to the general public but may not be in a format that
the average nonspecialist can fully understand, whereas purely
scientific arguments by experts may not be enough to convince
the public. Communication to nonspecialists should be via
methods that are appropriate to the target audience through,
for example, journals, trade magazines, newspapers, broadcast
media, and social media. Communication must be open,
honest, and, above all, timely, to build trust between the
audience, the wider community, government, and industrial
corporations. For the public to have a better understanding of
scientific topics more, attention should be paid to science,
technology, engineering, and mathematics (STEM) education
to encourage students to take an interest in STEM subjects at
an early age.20 Furthermore, STEM education needs to enhance
children’s interest by broadening the scope of classes and
teaching age-appropriate science. Methods for broadening the
scope of classes should include offering courses beyond general
science (e.g., ecotoxicology for children, atmospheric chemistry,
etc.). Teaching age-appropriate science would mean that
younger children could learn science through directed experi-
ments, which are fun and interesting, whereas older children/
young adults could be tasked with preparing their own experi-
ments, researching the outcome, and developing results. To
achieve this, academics and school teachers need to continually
update their knowledge and use modern techniques of teaching
to capture the interest of their students of whatever age.
Stewardship. When pesticide use is not in compliance

with the label instructions, there can be a negative effect on
human health, the environment, and trade. It is important that
stewardship schemes are in place to minimize any hazards
inherent in their use. Similarly, out-of-specification and counter-
feit pesticides can also pose problems even when used accord-
ing to label instructions. Stewardship, a life-cycle approach to
product management, is the responsible and ethical way to
manage crop protection products from their discovery and
development to their use and the final disposal of any waste.
The overall aim of the stewardship approach is to maximize the

benefits, and minimize any risk, from using crop protection
products.21 Stewardship schemes must reflect the needs of the
market into which pesticides are being sold and ensure that
they deal effectively with any specific local issues, for example,
misuse of pesticides for killing wildlife. Proper education and
training are necessary if stewardship schemes are going to work
effectively, and there should be systems in place to measure
their effectiveness. To minimize repeating the mistakes of the
past, a history of pesticide chemistry and responses to past
problems should be included in the education and training
courses.

Training Needs. In most cases initial training takes place in
universities or other technical institutes. Most academic
departments relevant to training in crop protection chemistry
have a primary focus in the biological sciences. In the past there
were many academic units around the world that focused on
“agricultural chemistry”; however, these departments have
largely all disappeared. Since the late 1980s entomology
departments no longer hire faculty to provide training or
conduct research in crop protection chemistry and toxicology; a
similar situation exists in plant pathology. Agronomy and weed
science departments fare better, but are still deficient in
meeting the need. In addition, rarely do engineering depart-
ments provide training or conduct research in application
technology. Academic training in formulation chemistry has
always been rare. Undergraduate training rarely covers crop
protection chemistry in the context of agronomic practices;
rather, the focus is on the evaluation of risks to human health or
the environment, which is also the focus of most research
faculties. Effective training of future crop protection chemistry
leaders, who will need to have a good understanding of the
many different facets of crop protection, will require a
multidisciplinary approach, including basic and applied
graduate training in

• chemical, physical, and biological sciences;
• agronomy, agroecology, and soil science;
• risk assessment (occupational and public health, environ-

ment, and trade);
• computer and systems science (data handling, mode-

ling).

Training for regulatory work is virtually nonexistent except
for on-the-job training. Courses that would prepare individuals
to transition from academic to regulatory/industry work are
needed. Internships or mentorships would also be valuable to
training. In addition, those involved in regulatory work need to
know the history of regulatory development and the responses
to historic issues of concern. Good communication skills will be
an absolute necessity for future leaders, and increased training is
needed in this area. Those unfamiliar with agriculture practices,
including the public, policy makers, and members of the
scientific community, generally lack an adequate understanding
of the regulatory oversight of agricultural technologies. Future
leaders must be able to effectively communicate risk assessment
methodologies that inform the risk management process, which
is designed to meet strict human and environmental health
protection goals.

■ PROPOSALS FOR CHANGE
The key issue for leaders in crop protection in the 21st century
is the need to have appropriate training, and this should be a
continuing process throughout the careers of those involved in
crop protection. Academia universally claims to be sensitive to
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the needs of employers, and many profess to strategic planning
that attempts to keep pace with changing workforce require-
ments and to forecast future needs. However, at research
universities the reality is often that faculty members are hired
primarily on the basis of current and anticipated funding
sources and their ability to secure external funding. It has been
a continuing trend over the years that government funding of
crop protection chemistry is generally meagre and wholly
inadequate.22 Industry funding is also not common for research
that must meet stringent regulatory requirements, because
laboratories must be good laboratory practice (GLP) compliant
and the results must remain confidential, thus precluding timely
publication in scientific journals. In addition, many faculties
conducting relevant basic or applied research, and thereby
training graduate students with expertise useful to industry, are
reluctant to accept industry funding due to the perception of
industry bias.
The key factors required to ensure the development of crop

protection leaders in the 21st century are

• outreach programs in crop protection for schools,
colleges, and universities, possibly organized via industry
associations − to give students an understanding of crop
protection issues from an early stage;

• outreach to university students to consider a career in
crop protection chemistry;

• outreach to university administrators as to the need for
crop protection chemistry research dealing with climate
change, food security, invasive species, etc.;

• ensuring that the basic science behind crop protection is
adequately taught;

• attracting the best students to study crop protection by
◦ joint industry and academia programs supported

by scholarships with involvement of scientists from
industry in teaching and supervision of research
students,

◦ direct funding from industry for research projects
suitable for M.Sc. and Ph.D. theses, and

◦ less restrictive publication policies from industry;
• ensuring long-term funding for research faculties to train

graduate students that may become future crop
protection chemistry leaders, this will require a significant
change in government funding policy, which over the
past two decades has largely moved away from funding
“controversial” crop protection technologies;

• creating a new curriculum at universities − “Food
Security and Crop Protection Science” − that will cover
major aspects of crop production;

• in the longer term providing an academic environment
that allows future leaders to excel at teaching, research,
and outreach;

• teaching communication skills as an integral part of the
training of crop protection leaders − including more
evidenced-based communication in both scientific
journals and more general publications that highlight
the global benefits of crop protection products;

• more investment by industry in public relations and
stewardship to counteract the negative image of certain
aspects of crop protection, including a better under-
standing of society’s concern and the need to respond in
a reasoned manner when misinformation arises.

There is a need for increasing productivity in agriculture as
the global population increases, but the land mass available to

agriculture either remains the same or is shrinking due, for
example, to urbanization. At the same time the percentage of
the population in developed countries actively working in
agriculture is falling, and this trend is beginning to occur in
developing regions as the countries become less poor. As the
general population becomes more remote from the issues
involved in maintaining a secure food supply, the need for crop
protection measures is less appreciated by the public. At the
same time, well-publicized real or perceived problems with
crop protection methods lead to a negative view of their
usefulness.
The prevailing view of the participants at the Symposium was

that in order to prepare leaders for crop protection in the future
there should be dedicated departments in universities, teaching
and researching crop protection systems, thus reversing
the disappearance of units focused on “agricultural chemistry”
that existed in the past. These departments should concentrate
on the fundamentals of chemical, physical, and biological
sciences, together with modules on risk assessment, formulation
chemistry, new technologies in crop protection, computer
modeling, communication techniques, and regulatory issues.
The key for training well-rounded crop protection leaders is to
develop faculties in universities that enjoy good administrative
support, that have appropriate and adequate funding, and that
develop a reputation as a first-class unit that can attract the best
students.
As an IUPAC sponsored symposium, the recommendations

will be passed to the members of the IUPAC Division of
Chemistry and the Environment and, in particular, the Advisory
Committee on Crop Protection Chemistry with a view to
initiating a follow-up program. Members of these bodies are
representatives of academia, industry, and government and are
well placed to instigate a suitable project to see how the
recommendations can be implemented.
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